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Abstract:  
Hydrogen technologies are experiencing a fast growth as result 

of the most recent governmental decisions in developed countries, 

which are more focused on the reduction of global carbon dioxide 

emissions. This doctoral thesis is devoted to the application of 

graphene-based materials into proton exchange membrane fuel cell 

(PEMFC) technology contributing to new advances related to two 

distinct fuel cell components. The first one deals with the development 

of anticorrosion coatings on copper grids to be applied as cost-effective 

current collectors. The second one deals with the application of 

graphene oxide films as alternative electrolyte to Nafion membranes. 

Both studies are based on solution processing methods, which are used 

to develop cost-effective solutions for this technology that could be 

applied at large scale.  

The dissertation is organized in five main chapters. The first one 

presents a global overview of the state-of the-art of graphene 

applications to PEMFC technology. The second one is devoted to a 

solution processing approach, which is based on a spontaneous self-

assembly process of graphene oxide induced by oxidizable metals. This 

process has been studied in detail on copper substrates. Several 

synthesis parameters have been evaluated to elucidate the reduced 

graphene oxide film formation mechanism. Additionally, self-standing 

layers have been observed to grow in open area substrates between the 

grid strands. The detailed characterization of these films, as an 

extension of the reduced graphene oxide layers formed over the 

substrate, provides interesting information about their structure.  

In Chapter 3, a coating synthesis procedure has been optimized 

for developing corrosion resistant and cost-effective current collectors. 

Reduced graphene oxide coated copper samples have been 

characterized and tested in a 3 electrode-corrosion cell in acidic 

medium to simulate PEMFCs conditions. The optimized coating has 

been applied to prepare current collectors to be tested under real 

conditions in a fuel cell as proof of concept. This synthesis procedure 

has been protected by a patent application recently presented in June 

2021. The development of a corrosion-resistant coating obtained by an 

easy solution processing procedure is not only interesting for PEMFC 

technology, but for many other applications requiring the protection of 

conductive metals in corrosive media. 
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The second objective of this research is assessed in Chapter 4; the 

formation of self-supported graphene oxide films has been studied and 

their physicochemical and permeation properties have been analyzed. 

Different characterization techniques have been applied, such as X-ray 

diffraction, X-ray photoelectron spectroscopy, Fourier-Transformed 

Infrared Spectroscopy in the attenuated total reflectance mode (FTIR-

ATR), tensiometric determination of water contact angles with the film 

surface, electrical conductivity, scanning electron microscopy and gas 

permeability. By considering the low permeability to gases and the 

good proton conductivity of the prepared thin graphene oxide films, 

they have been tested as electrolyte in a proprietary portable fuel cell 

design. This constitutes the second objective of this thesis, which can be 

considered as a proof of concept for using a self-supported GO film as 

membrane between the anode and cathode of a fuel cell. Gas-tight 

anode cells without H2 crossover have been assembled and operated 

showing a performance, which is comparable to that of Nafion-

assembled cells. However, some modifications are required to improve 

the GO membrane durability due to progressive reduction of the GO 

film at the anode side. 

A last chapter compiles the main conclusions drawn from this 

study and advances new strategies for future research.  

To summarize, this Doctoral Thesis has accomplished its two 

main objectives and opens new research lines for PEM fuel cell 

technology through its preliminary promising results. Some of the 

outcomes from this research can find application in other fields by 

adapting synthesis parameters and procedures.
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Resumen: 
Las tecnologías basadas en hidrógeno están experimentando un 

crecimiento muy rápido debido a las decisiones gubernamentales más 

recientes de los países desarrollados, las cuales están centradas en la 

reducción de emisiones globales de dióxido de carbono. Esta Tesis está 

dirigida a la aplicación de materiales basados en grafeno a la tecnología 

de pilas de combustible con membrana de intercambio protónico 

(PEMFC). La investigación llevada a cabo contribuye a avanzar en el 

desarrollo de dos de los componentes de dichos sistemas: los colectores 

de corriente y la membrana electrolito. Con respecto a los colectores de 

corriente, se han desarrollado capas anticorrosión empleando rejillas de 

cobre como sustrato metálico, lo que conlleva un coste de materiales y 

fabricación mucho menor que el de las opciones actuales. El segundo es 

la aplicación de láminas de óxido de grafeno como alternativa a las 

ampliamente usadas membranas de Nafion. Ambos estudios están 

basados en el método de procesado en solución de óxido de grafeno 

para el desarrollo de soluciones más competitivas para esta tecnología, 

y su aplicación a gran escala.  

La Memoria está organizada en cinco capítulos. El primero 

presenta una visión global del estado del arte del grafeno aplicado a la 

tecnología PEMFC. El segundo analiza en detalle el proceso espontáneo 

de auto-ensamblado del óxido de grafeno en suspensión inducido por 

metales oxidables, como fundamento de la síntesis de recubrimientos 

continuos de óxido de grafeno reducido sobre sustratos de cobre. Se 

han evaluado varios parámetros de la síntesis han sido evaluados para 

esclarecer su mecanismo de formación. Adicionalmente, se ha 

observado el crecimiento de láminas auto-soportadas en las aberturas 

de sustratos tipo rejilla. La caracterización detallada de esas láminas, 

que son una extensión de las capas de grafeno reducido formadas sobre 

el substrato, nos aporta una información interesante sobre su 

estructura.  

Basándonos en este conocimiento, en el capítulo 3 se ha 

desarrollado un procedimiento de síntesis de recubrimientos 

anticorrosivos que ha sido optimizado para colectores de corriente de 

pilas de combustible tipo PEM. Las muestras de cobre recubiertas han 

sido caracterizadas y evaluadas inicialmente en una celda de corrosión 

de 3 electrodos, empleando un medio ácido como electrolito para 

simular las condiciones de operación de una pila PEM. El recubrimiento 

optimizado ha sido utilizado para preparar colectores de corriente 

ensayados en condiciones reales en una pila como prueba de concepto. 
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Este procedimiento de síntesis ha sido protegido mediante una patente 

presentada en junio del 2021. El desarrollo de un recubrimiento 

protector contra la corrosión mediante una técnica sencilla de 

procesado en solución no es sólo interesante para la tecnología de pilas 

PEM, sino para muchas otras aplicaciones que requieran protección 

para metales conductores en medio corrosivo.  

El segundo objetivo de esta investigación es evaluado en el 

capítulo 4. En él se analiza el proceso de formación de láminas de óxido 

de grafeno auto-soportadas a partir de dispersiones acuosas de óxido 

de grafeno. Su caracterización fisicoquímica se ha realizado aplicando 

diversas técnicas como: difracción de rayos X, espectroscopía 

fotoelectrónica de rayos X, espectroscopía infrarroja por transformada 

de Fourier en modo de reflectancia total atenuada, determinación del 

ángulo de contacto del agua, conductividad eléctrica o microscopía 

electrónica de barrido, y se ha analizado su permeabilidad frente a 

gases. Considerando la baja permeabilidad de las membranas y su 

conductividad protónica debida a los grupos funcionales, se han 

evaluado las láminas de óxido de grafeno como electrolito en celda de 

combustible. Este constituye el segundo objetivo de la Tesis, el cual 

puede ser considerado como una prueba de concepto para el uso de 

una lámina integral de óxido de grafeno como membrana entre el 

ánodo y el cátodo de una pila de combustible. Se han ensamblado 

celdas de funcionamiento pasivo operando en ánodo cerrado, en las 

que se ha comprobado la estanqueidad del ánodo sin paso de 

hidrógeno at cátodo. La operación de las celdas ha mostrado 

inicialmente unas prestaciones comparables a las ensambladas con 

Nafion en términos de densidad de corriente. Sin embargo, se requieren 

algunas modificaciones para mejorar la durabilidad de las membranas 

de óxido de grafeno debido a la reducción progresiva de las láminas en 

el ánodo. 

En el último capítulo se recogen las conclusiones principales de 

la investigación y las nuevas estrategias para avanzar en 

investigaciones futuras. 

Para concluir, esta Tesis ha logrado sus dos objetivos principales 

y abre nuevas líneas de investigación para pilas de combustible de tipo 

PEM a través de estos prometedores resultados. Algunos de ellos 

pueden ser de interés para su aplicación en otros campos a través de la 

adaptación de los parámetros de reacción y procedimientos. 
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Chapter 1: 
 

Introduction 
 

This Doctoral Thesis is focused on the development of new 

components in portable hydrogen fuel cells. The study aims to improve 

their performance and reduce their cost. Although this is the main 

objective, the advances achieved could be applied to larger PEM fuel 

cells of higher power or even to PEM electrolyzers. 

This PhD dissertation is structured in five chapters. This first one 

will provide a general overview of the state-of-the-art of hydrogen fuel 

cell technologies in its current context. It reviews the required 

challenges for fuel cells to emerge as an efficient conversion solution in 

a transition period towards a more sustainable and decarbonized 

economy with lower environmental impact. It presents the main 

current technical barriers that difficult the development of this 

technology and proposes the general objective of this research. On this 

basis, several more specific objectives are proposed focused on 

searching for innovative solutions for the defined challenges. Chapters 

2, 3 and 4, describe the research performed for development of PEM 

fuel cell components based on graphene oxide applying solution 

processing procedures. Chapter 2 is devoted to the analysis of graphene 

oxide self-assembly and reduction process induced by copper 

substrates. It constitutes a fundamental study of relevance to shed light 

into the formation mechanism of assembled reduced graphene oxide 

(rGO) layers. This synthesis procedure is the basis for the research 

described in Chapter 3. The analyzed process has been applied to 

prepare corrosion protection barriers in copper substrates, which have 

been evaluated as current collectors in PEM fuel cells. Chapter 4 is 

devoted to the synthesis, characterization and application of GO films 

as proton exchange membranes. Each one of these chapters includes a 

review of the state-of-the-art, latest advances and related research 

regarding to those topics. 

A last chapter (Chapter 5) compiles the main conclusions and 

futures research based on the application of the most relevant 

outcomes.  
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1.1 Challenges in hydrogen economy for 
sustainable development 

 

Global warming and pollution have become two major concerns. 

After decades of scientists’ warning, addressing these global challenges 

has been finally considered to be imperative. The decarbonization of 

industrial processes and economic sectors where direct electrification is 

likely to be technologically very challenging or prohibitively expensive 

is both urgent and hard to achieve. Therefore, reducing carbon 

emissions will require looking for alternative green fuels at large scale. 

In this context, hydrogen has a strong potential as energy vector for 

renewable energy storage, since it can contribute to ensure back up 

power for seasonal variations and to connect power production centers 

to more distant demand places.  

The interest in clean hydrogen is now growing globally and, 

consequently, several countries are developing ambitious research 

initiatives along with national hydrogen strategies. The most ambitious 

hydrogen programs are from the United States of Americaa, Japanb and 

Europe c . Since 2010, the International Energy Agency (IEA) d 

coordinates “The Clean Energy Ministerial Hydrogen Initiative” (CEM 

H2I), in which 21 countries are currently participating. Its main 

function is the coordination of policies, programs and projects of each 

participant with the purpose of accelerating the commercial progress of 

hydrogen and fuel cell technologies across all sectors of the economy. 

Deploying hydrogen worldwide faces important challenges that neither 

the private sector nor governments can address alone.  

Driving hydrogen development to pass a tipping point towards a 

new decarbonized economy needs accomplishing several requirements, 

i.e. a critical mass in investment, an enabling regulatory framework, 

new lead markets, sustained research and innovation into breakthrough 

technologies, a large-scale infrastructure network that only 

governments can offer for bringing new solutions to the market, and 

cooperation with other countries.  

                                                 
a https://www.hydrogen.energy.gov ; accessed on June 2021. 
b https://www.env.go.jp ; accessed on June 2021. 
c https://eur-lex.europa.eu ; accessed on June 2021. 
d https://www.iea.org  , accessed on June 2021. 

https://www.hydrogen.energy.gov/
https://www.env.go.jp/seisaku/list/ondanka_saisei/lowcarbon-h2-sc/PDF/Summary_of_Japan's_Hydrogen_Strategy.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0301
https://www.iea.org/programmes/cem-hydrogen-initiative
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From this perspective, the development of hydrogen 

technologies is critical for a competitive and inclusive low carbon 

societye. Building up a hydrogen economy requires a full value chain 

approach that will allow activating a virtuous cycle of increased supply 

and demand for hydrogen. Creating economies of scale is critical to 

reduce costs significantly, but research and development will also be 

crucial to reduce expenditures and improve their competitiveness. R&D 

efforts in collaborative projects have enabled several technologies to 

come closer to maturity. After the high expectations experienced by fuel 

cells in the 2000s, which failed to materialize, some new factors are 

currently enabling the sector to regain momentum1. The improvements 

in technology have substantially reduced fuel cells costs and some 

commercial products are becoming widely available. These 

circumstances and the strengthened global resolve to mitigate climate 

change are currently enjoying a resurgence of interest on fuel cell 

technologies. At this time, large-scale production of fuel cell vehicles 

has begun, and homes are beginning to be heated and powered by fuel 

cells. The key difference, since the last emerging period for hydrogen 

technologies in the 2000s, is that manufacturing scale up and cost 

decreases are helping hydrogen and fuel cells to be commercialized in 

several sectors, from portable electronics and backup power to fork-lifts 

and trucks1,2.  

The fuel cell technology sector has recently identified niche 

market potential with portable fuel cells in applications for education, 

recreational activities, auxiliary power systems (APUs) and military 

devices. However, further research is needed to achieve the necessary 

miniaturization and cost reduction required for fuel cells to be 

integrated into consumer electronics, which will unlock other 

significant market. 

1.2 Hydrogen fuel cell technologies for 
sustainable development. 

The evolution of hydrogen electrochemical technologies (fuel 

cells and electrolyzers) is currently reaching some degree of maturity, 

and some systems are now commercially available. The change of the 

                                                 
e IEA (2020), Hydrogen, IEA, Paris https://www.iea.org/reports/hydrogen, accesed 
June 2020 

https://www.iea.org/reports/hydrogen
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energetic paradigm and the implementation of a neutral-climate 

economy rely on both technologies. 

Fuel cells and electrolyzers share the same principle, and carry 

out the same global reaction, although they work under direct and 

reverse operation modes (Figure 1). A fuel cell is an electrochemical 

conversion device that produces electrical power directly from the 

chemical energy stored in a fuel such as H2. In electrolysis, the cell 

consumes electric energy (E) to produce the fuel (H2) and the oxidant 

(O2). 

 

Figure 1: Global reaction scheme for fuel cells and electrolyzers. 

Different types of cells differing in the nature of the used 

electrolyte have been developed to carry out these electrochemical 

reactions. The electrolyte properties and its ionic conductivity define 

the operation conditions of each cell. Nowadays, cells based on proton 

exchange membranes (PEM)3 and solid oxides (SO)4 as electrolytes are 

the most promising. Solid oxide fuel cells (SOFCs) operate efficiently at 

high temperatures (600-800 ºC)5–7, although current research is oriented 

to decrease the working temperature under 600 ºC to decrease costs and 

enhance durability8. On the other hand, proton exchange membrane 

fuel cells (PEMFCs) operate at lower temperature (under 100 ºC, usually 

at 80 ºC), and those characteristics allow widening their application 

range. 

Nevertheless, they are at different stages of maturity. Whereas 

solid oxide cells are still immature without any significant changes for 

nearly a decade9, PEM-based devices are already being commercialized. 

Although alkaline water electrolysis (AWE) is a mature technology, and 

several megawatt industrial electrolyzers are used for the large-scale 

production of hydrogen in view of different end-uses, they have some 

limitations that impel the industry to look for new developments. 

Current alkaline electrolyzers can hardly operate at the low current 

Fuel oxidation

Electrolysis
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densities required for operation with renewable energy sources. This is 

a limit in view of emerging markets of great potential. From the 

materials standpoint, major research efforts are related to developing 

advanced diaphragms with adapted electrodes or catalysts. Up to 

recent years, most efficient diaphragms used to be made of asbestos, 

which is now forbidden in most countries. The replacement of asbestos 

by composite ceramic/polymer materials is proposed, but there is still 

room for improvement10,11. PEM electrolysis cells offer several 

advantages over AWE systems with more flexible operation 

conditions12 and a wider range of applications. Higher costs are the 

main disadvantage, but they are progressively decreasing by using non-

platinum catalysts and new proton conducting polymers13 that allows 

achieving higher efficiency.  

Fuel cells and electrolysis cells usually differ in their structure. 

The direct and the reverse operation are not usually carried out in the 

same cell, since reversal operation may degrade irreversibly some of its 

components14. However, recent developments have shown their 

feasibility. Electrochemical cells based on both PEM and SO electrolytes 

are being developed in recent years. Reverse solid oxide cells (ReSOCs) 

can be operated either to produce power in SOFC mode or to 

electrolyze steam in SOEC mode15–17. Although this technology is by 

now in an incipient stage, it is expected to play a major role in future 

electric grids, where the share of intermittent renewable energy 

systems, and especially solar and wind power plants, is planned to 

increase. On the other hand, reverse cells based on PEM electrolytes are 

commonly known as unitized regenerative fuel cells (URFCs). 

Although they have been proposed as viable energy storage systems, 

their stability and durability are severely affected by various 

degradation factors induced by the oxygen reduction reaction (ORR) 

and oxygen evolution reaction (OER). As result, no commercially 

available reverse system complies with all the required specifications 

for an efficient and reliable storage of electrical energy. 

Currently, fuel cells and electrolyzers still need further development to 
comply for future demands. In particular, PEM technology, more 
mature than that based on solid oxide electrolytes, should confront 
critical challenges such as its high cost, the corrosion of structural 
components and the membrane durability18. PEMFC technology is the 
focus of the present research, and the state-of-the-art and the most 
recent advances will be reviewed in the following section. 
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1.3 Proton exchange membrane fuel cells 

Proton exchange membrane fuel cells (PEMFCs) find application 

in diverse fields because of their advantages in terms of cleanness and 

high efficiency. They are extremely flexible and find a wide range of 

applications being the most promising candidates for transport due to 

their high power density, fast start-up time, high efficiency, low 

operating temperature, and easy and safe handling.  

 

Figure 2: Toyota Mirai, exhibition during the Hydrogen Energy 
Conference (EHEC) 2018 in Málaga, and images showing details of the 
hydrogen fuel cell system in the vehicle. 

Almost all the major automakers are involved in the 

development of fuel cell electric vehicles. Toyota and Hyundai recently 

introduced their fuel cell electric vehicles (the Mirai (Figure 2) and 

Nexo, respectively) in the market. They provide driving ranges between 

500 and 645 km and cold-start capacity from -30 °C 19. A fleet of fuel cell 

electric buses operates in California, and most of them have achieved 

the durability target of 25000 h in real-world driving conditions. As of 

September 2020, more than eight thousands of fuel cells electric vehicles 
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have been sold or leased in the U.S. and more than three thousand in 

Japan as of September 2019. These countries already have at certain 

zones such as California a network of hydrogen fueling stations that are 

required for the successful deployment of these vehicles. Currently, 

Europe has over 139 hydrogen fueling stations, with approximately 

1500 more planned by 2025. 

Despite all the progress made in the past decades on both 

technological and fundamental research of PEMFCs and after many 

promising developments, some technical challenges in performance 

and lifetime still remain to be overcome. A PEM fuel cell is a rather 

complex system, and several interlinked factors related to material 

properties, engineering designs and operating conditions affect its 

performance and durability. 

1.3.1 PEMFCs structure and components. 

A conventional PEM fuel cell stack is a modular system 

integrated by a set of cells that include diverse components. The 

components of a single cell, which are presented in an exploded view of 

a PEM fuel cell in the scheme in Figure 3, are described in the following. 

 

Figure 3. Scheme showing the elements of a single PEM fuel cell in an 
exploded view. 

End plates 

The major role of the end plates is providing uniform pressure 

distribution between various components of the fuel cell and reducing 

the contact resistance between them. Usually, end plate materials are 

divided into two main categories: nonmetallic materials such as 

engineering plastics, polysulfons, etc. and metallic materials such as 

steel, aluminum and titanium. Nonmetallic materials have not sufficient 
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thermal stability and may be damaged at operational temperature. On 

the other hand, metallic materials have better mechanical properties 

and thermal stability, but their low corrosion resistance and electrical 

insulation should be considered. Aluminum is an ideal material for the 

PEMFC end plate because of its low-density and high-rigidity. Usually, 

to overcome the problem of short-circuits, an insulating layer can be 

inserted between the current collector plate and the end plate, or the 

end plate surface can be modified by applying an electrostatic coating, 

anodizing, etc20. 

Flow field plates and cell stacking 

Flow field plates (FFPs) are used to extract the current produced 

in the electrochemical reaction while helping to maintain the 

mechanical integrity of the cell upon clamping. Their function also 

include a good distribution of the feed gases throughout gas diffusion 

layers using gas channels while removing heat and excess water from 

the active area. 

Flow field plates should be made of materials with good 

chemical stability, high electrical and thermal conductivity, low contact 

resistance with the backing, good mechanical strength, low gas 

permeability, easy machinability, and inexpensive production cost21. 

Different designs are applied for their manufacture, although the most 

used flow field geometrical configurations are typically pin-type, 

parallel, serpentine and interdigitated patterns22. When higher voltages 

are needed, single cells can be connected in series. This arrangement is 

known as fuel cell stack and it can be attained by the use of bipolar 

plates. Bipolar plates are essentially the union of a cathodic and an 

anodic flow field plate in a single component to make an 

interconnection all over the area of the electrodes. This configuration 

allows minimizing voltage drops in the connections between single 

cells. Bipolar flow field plates also fulfill the function to feed gases to 

the gas diffusion electrodes (GDEs) through the channels in each side of 

the plate.  

In the early stages of fuel cell development, graphite was the 

dominating material for current bipolar plates due to its very low 

resistivity and corrosion resistance. However, the lack of mechanical 

resistance, the high cost of mechanization and a certain degree of 

hydrogen permeability are major drawbacks for graphitic plates. 

Although there has been a good amount of research in carbon-based 
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bipolar plates using carbon composites23, metallic materials are 

preferred due to higher mechanical strength, better resistance to shocks 

and vibration, and no gas permeability.24 The main handicaps of the 

usage of metals are their proneness to corrosion processes and the 

increase of the total weight of the cell 21,25–27. Among different metals, 

stainless steel is the most used because of its low cost and availability 

for mass production. Many research groups are currently dedicated to 

development of metallic flow field plates to overcome corrosion 

problems28–30. 

Membrane-electrode assembly 

The combination of two gas diffusion electrodes with the 

membrane electrolyte is called membrane-electrode, usually known as 

MEA. 

Gas diffusion electrode  

The gas diffusion electrode (GDE) is divided into gas diffusion 

layer (GDL) and catalyst layer (CL). The GDL is fundamentally a 

carbon- based microporous layer (MPL) deposited on a porous 

conductive substrate usually made of hydrophobized carbon fibers.  

The gas diffusion layers (GDLs) play different roles in the 

electrodes. They homogenize the diffusion of gas to the electrode, favor 

produced water removal away from the electrodes, and allows for a 

good electrical contact between the catalyst layer and the flow field 

plate. GDLs are made of macroporous carbon-based materials, such as 

woven carbon cloth, carbon paper, carbon felt, or carbon foam. 

Although metals have been also studied as GDL material, carbon is 

widely used because of its chemical stability in acid environment, high 

gas permeability, good electronic conductivity and elasticity upon 

compression. 

An optimization of the thickness of GDLs has to be achieved in 

order to ensure a proper performance. Whereas thinner layers are 

beneficial due to low gas diffusion losses, reducing it too much may 

cause mass transfer limitations, an increased contact resistance and 

weakness in mechanical properties. The optimization of morphology 

and pore size is also essential to avoid water accumulation that causes 

mass transfer limitations. 

Mean pore sizes above 60 μm have been found to have a 

negative effect on cell performance due to water condensation31. 
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Hydrophobic treatments, usually with PTFE, are also applied to the 

carbon materials to control the wettability of the GDL in order to ensure 

an effective removal of the water saturated in the cathode32,33. 

Nowadays, state-of-the-art research is focused in adding hydrophilic 

materials to the hydrophobic MPL to implement wick effect and the use 

of dual-layer MPL with hydrophobicity gradients34. 

Catalyst layer 

Platinum is the preferred electrocatalyst for PEM fuel cells. Its 

high activity at low operation temperatures and good stability makes of 

this precious metal the preferred option for both anode and cathode 

catalytic layers (CLs), although it is usually combined with other non-

noble metals to decrease the precious metal loading and reduce the cost 

of the electrodes. The most demanding challenge for PEM 

electrocatalysts is the oxygen reduction reaction, which causes 70% of 

the total overpotential losses35, thus requiring a higher load of cathode 

catalyst. Up to now, no other viable choices have been found to 

substitute the platinum catalyst, even though there has been plenty of 

research on other types of metallic36 and metal-organic framework-

based electrocatalysts37. Despite platinum alloys have been extensively 

studied to improve its specific activity, corrosion resistance and 

poisoning resistance, they are still far from providing the expected 

improvements, since they also suffer from oxidation, catalyst migration, 

loss of electrode active surface area, membrane degradation and 

corrosion of the carbon support38. 

PEM fuel cells catalyst layers are generally made of 

nanostructured platinum particles supported on high surface area 

carbon black and Nafion ionomer as a binder. This electrode 

configuration results in a three-phase boundary, where the ion 

conducting polymer electrolyte phase is in contact with the 

electroactive phase and the reactants in gaseous phase.  

The catalyst layers can be deposited either on top of the gas 

diffusion layer to form a gas diffusion electrode (GDE) or directly onto 

the polymer membrane to form a catalyst coated membrane (CCM). In 

any case, the electroactive catalyst particles should be connected by an 

ionic conductor with the membrane to provide a way for protons to be 

transported from the anode to the cathode39. 

Since electrochemical reactions are heterogeneous processes 

occurring at the interface between an electrode and an electrolyte, the 
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catalytic active surface area will depend on the dispersion and the 

platinum particle size. In terms of mass activity, it has been found that 

platinum particles in the range from 2 to 4 nm provide the best 

performance40. 

The carbon support does not only fulfill the mission to disperse 

the catalyst particles, but also provides good electronic conductivity to 

enable the extraction of high current densities from the fuel cell. In the 

first stages of fuel cell development, catalyst loading was typically 

around tens of mg∙cm-2 of platinum in the MEA. In recent years, the 

control of platinum particle size and dispersion, has allowed to reduce 

the catalyst loading to few tenths of mg∙cm-2 in the fuel cell41. 

Electrolyte  

Proton exchange membranes play a critical role in these cells. 

They transport protons from the anode to the cathode and separate and 

isolate electrically the oxidizing and reducing chambers in the cell. The 

essential requirements for an electrolyte membrane are the 

impermeability to the fed gases and a high protonic conductivity 

together with low electronic conductivity. The most common and well 

established solid electrolyte used in this type of fuel cells is Nafion, 

which is a polymer of the perfluorosulfonic acid (PFSA) developed by 

DuPont in the mid-1960s. Its structure consists of a 

polytetrafluoroethylene backbone and regular spaced long 

perfluorovinyl ether pendant side chains terminated by a sulfonate 

ionic group42. The ion-conducting properties of these membranes are 

attributable to a structure that consists of a hydrophobic fluorocarbon, 

Teflon-like, backbone with side chains terminating in -SO3H groups.  

Nafion membranes are described by their equivalent weight and 

their thickness. The equivalent weight (EW) is defined as the ratio of the 

number of grams of polymer per mole of sulfonic acid groups of the 

material in the acid form and completely dry. Polymer mechanical 

properties are increased with higher EW ratios and proton conductivity 

is increased with lower EW ratio. The most common Nafion used in 

PEM fuel cell systems is 1100 EW since it has a reasonable balance of 

proton conductivity and mechanical integrity43. It is commercially 

available with thicknesses between 25 and 250 m. The main parameter 

to control for maintaining high proton conductivity is the relative 

humidity and the temperature. These requirements limit PEMFC 

operation temperatures to a maximum value of 80 °C, since operation 
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above will lead to membrane dehydration and subsequent loss in 

proton conductivity and fuel cell performance. Therefore, despite their 

numerous properties and advantages, there are some drawbacks that 

boost looking for alternatives. 

Other membranes have been proposed although none fulfills all 

the needs yet. Several composite membranes have been developed and 

analyzed in recent years for the use in PEM technologies to overcome 

the drawbacks of the commercial perfluorosulfonated membranes. 

Composite fluorinated membranes, with organic and inorganic fillers, 

and non-fluorinated membranes have been recently reviewed by 

Gagliardi et al.44 In the last decades some developments have shown 

promising characteristics and results45–49. Papers reporting high 

performance usually deal with the incorporation of fillers into the 

Nafion matrix. This suggests that Nafion cannot be completely replaced 

yet. Beyond the use of organic fillers like polybenzimidazole and 

polyaniline, whose effects are evident only in direct methanol fuel cells 

at high methanol concentration, carbon (in particular graphene oxide) 

and inorganic fillers are the most promising materials. However, 

research activities on their potentialities are still ongoing.  

Gaskets and fasteners are also needed to seal the cells. Sealing 

gaskets in PEM fuel cells are placed between bipolar plates and the 

MEA. The main function of gaskets is to prevent the leaking of gases 

and fluids inside the cell. In addition, they also work as electrical 

insulators between the parts they separate and provide stack height 

control. Gaskets are generally made of polymeric materials.  

1.3.2 PEMFCs problems and challenges. 

PEMFC technology is currently entering the market worldwide 

for some applications. However, despite the promising achievements 

and plausible prospects of PEMFCs, some problems still remain and 

there is a long way before they can successfully and economically 

replace traditional energy systems. There are several challenges to face 

before wide-spreading commercialization of this technology, including 

a number of technical barriers to overcome. Some of them could be 

solved gradually with time, but others demand a radical approach to 

speed up the developmental process in order to actively compete with 

others in the market.  



Introduction 

 

 
19 

 

Cost savings can be achieved by reducing material costs, 

increasing power density, reducing system complexity and improving 

durability, although some of these issues are interlinked. A cost 

analysis recently published by Thompson et al. suggests several focal 

points for future work in the near and long-term in order to drive the 

fuel cell systems cost to competitiveness50. They have found that the 

catalyst layer and bipolar plates remain the two single greatest 

contributors to cost, and, thus, they are the focal points of near-term 

cost reduction.  

The use of a precious metal as catalyst has been traditionally 

considered the most critical component in the PEMFC cost. For that 

reason, lowering its loadings and maximizing its utilization is one of 

the main strategies, reaching quantities below 0.125 mg/cm2 51–54 have 

been developed. Under such limitation, it has become clear that, in 

addition to the oxygen reduction reaction (ORR) mass activity 

challenge, the kinetic limitation for hydrogen oxidation reaction (HOR) 

catalysts at the anode, must also be overcome53. At the cathode, 

transport limitations have been uncovered which are related to 

ionomer/catalyst interactions. Furthermore, carbon corrosion in 

catalytic layers is also deeply studied, since it leads to electroactive 

surface area loss55. Recently, the critical role of the carbon support used 

to disperse the electrocatalyst on these ionomer/catalyst interactions 

has been revealed. Thus, rational design of carbon structures either 

through modification of commercial carbons or design of completely 

new structures, is now of utmost importance. Alternative catalysts have 

been proposed using M–N–C (metal-nitrogen-carbon) catalysts56, being 

Fe-N-C catalyst the most advanced in the field57,58. If a really efficient 

low cost catalyst was found, probably the cost can be reduced by more 

than a half, which is a very ambitious goal. Currently, the loading target 

of Pt according to DOE 2020 is 0.025 mg·cm−2 and < 0.1 mg·cm−2 for the 

anode and cathode, respectively59. Nevertheless, a still lower loading of 

about 0.0625 mg·cm−2 is required for PEMFC vehicles to stand along 

with internal combustion engine vehicles60. 

Water management and temperature regulation are also critical 

issues to increase efficiency and extend the lifetime of PEMFCs61,62. 

Water, is the main product from PEMFC operation, and it plays an 

important role to keep the membrane hydrated. However, it can cause 

some functional problems; excess water might flood the catalyst layer 

and provoke fuel starvation, decreasing cell performance and 
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increasing at the same time degradation of surrounding materials. 

Under a dehydration situation, the electrochemical activity of the 

membrane can be also affected leading to operation failure61,63–65. 

Changes of temperature can lead to flooding or dehydration episodes, 

leading to irreversible damages and causing unstable PEMFC 

operation66. Further research is required to solve thermal and water 

management in fuel cells, which require complex control subsystems67. 

Numerous studies have been carried out to predict, model or diagnose 

degradation in operational PEMFCs68–73 and to analyze their cost 

impact74. 

The electrochemical reactions and water management processes 

occurring at the catalyst layers affect the performance and degradation 

of the membrane resulting in various degradation mechanisms54. The 

degradation of the membrane can impact the performance of the cell 

and lead to failure of the entire system. The operating conditions and 

the application requirements may even accelerate this process. 

Although Nafion membranes have shown to be highly effective and 

allow for stable performance in cells, the degradation of the polymer is 

observed after several hours of operational working conditions54. 

Considering different degradation phenomena reported by 

several researchers, the membrane integrity is generally affected by 

chemical, thermal, and mechanical degradations75. It is widely accepted 

that membrane degradation results from the synergistic interaction 

between chemical degradation and mechanical fatigue related to the 

changes in the relative humidity54,76. During the electrochemical process 

that occurs in the electrodes, hydrogen peroxide (H2O2) can be 

produced under certain conditions, and it degrades and affects the 

membrane conductivity77. The decomposition of H2O2 into highly 

reactive oxygen species generates an aggressive environment. Oxygen 

containing radicals attack vulnerable sites in the polymer, leading to the 

scission of its chains (backbone and/or side chains), which produces the 

membrane thinning. In addition, the humidity cycling and the stack 

clamping pressure cause important variations in the membrane water 

content and generate mechanical stress, which weakens its structure 

and lead to the formation of cracks and pinholes with the operation 

time. After extensive research on this issued, it is generally agreed that 

the addition of fillers into a Nafion matrix to form nanocomposite 

materials could extend the membrane durability.  
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Flow field plates are also critical components of the fuel cells. 

They are responsible for transporting reactant gases, carrying the 

current from the membrane electrode assembly to the end plates, 

providing heat and water management, and separating the individual 

cells. They contribute approximately to 80% of the weight of the fuel 

cell, 50% of its volume, and 40% of its cost, posing a barrier to their 

commercialization. Due to their large impact on the cost of the PEMFC 

stack, they have also become an extensive focus of research78–80. 

Requirements for PEMFCs flow field plates are different depending on 

the intended application. For transport, they must be light, thin, and be 

able to withstand varying and demanding operation conditions 

(temperatures of 50–90 ºC, high humidity, low pH, and varying loads). 

They must also satisfy the requirements of good corrosion resistance 

and resistance to mechanical shock and vibration. For stationary units, 

weight and volume are demoted parameters, whereas durability is the 

critical concern. On the other hand, price is the most relevant factor for 

commercial use and mass production. The cost of bipolar plates 

accounts for 30–40% of the total price of fuel cell81. It is therefore 

desirable, in terms of cost, weight, and volume, to produce as far as 

possible small and thin flow field plates from affordable materials with 

affordable manufacturing techniques. Graphite is still used as a 

standard for materials, although research is focused on carbon–polymer 

composites, and on metallic materials and their surface treatments at 

present. Carbon-polymer composites present some advantages such as 

good corrosion resistance, low weight, and lower costs of production 

compared to graphite, but their relatively low conductivity and 

mechanical resistance in comparison with metals are some of the 

problems to overcome. Achieving a good balance between electrical 

conductivity and mechanical resistance is, therefore, the greatest 

challenge for these materials. 

Metals provide great advantages for flow field plates production 

due to their good mechanical properties, high electrical and thermal 

conductivities, low gas permeability, easy machinability and low price. 

Thin metal plates of reduced weight and volume reduce the 

disadvantage of their higher density. The main disadvantage of using 

these materials is their corrosion resistance in the acidic and humid fuel 

cell environment, with temperatures around 80 ºC. Most metallic 

materials are not able to withstand these conditions, and their corrosion 

releases ions that contaminate the membrane and the catalyst layer 
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leading to a reduction in cell performance and, in the worst case, 

failure.  

 

Figure 4. Component cost breakdown at a production volume of 
500,000 units/yr for a fuel cell stack50. 

Metallic materials such as gold, which resist the aggressive 

PEMFC environment, are expensive and difficult to access. Other 

metals form a passive layer after corrosion that reduces electrical 

conductivity and increases the resistance between the bipolar plate and 

the diffusion layer. This is responsible for about 59% of fuel cell losses82. 

The greatest challenge for metallic materials is to find an inexpensive 

material with a good corrosion resistance and low contact resistance. 

The solution to this can be found by modifying the composition and 

thickness of a passive layer or by using conductive and corrosion 

resistant coatings, which are currently the most promising and most 

studied methods. The development of metal plates with anti-corrosion 

carbon coatings is one of the most extended approaches83–86. In 

particular, graphene coatings are considered to have a great potential to 

produce effective barriers against corrosion on metals, although 

research on this field requires further efforts.  

Figure 4 presents a graph of the PEMFC components breakdown 

cost that Thompson et al. calculate for a relatively large production 

volume. Flow field plates and membrane constitute more than a third 

of the fuel cell cost. These two elements will be the focus of this study 

using graphene oxide as basic material to propose alternative solutions. 
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1.4 Graphene based materials for PEMFCs 

Graphene has revolutionized the scientific world due to its 

unique properties and versatility. In addition to graphene itself, other 

graphene-based materials are finding interesting applications, such as 

functionalized or doped graphene and graphene oxide. These materials 

are inspiring new research lines, and recent advances are helping 

technologies from other fields to advance. Regarding to PEM fuel cell 

technology, considerable progress has been accomplished using 

graphene based materials. The number of publications dealing with the 

application of graphene-derived materials to PEM fuel cell technology 

is increasing each year, which reflects the importance of looking for 

alternative solutions to the traditional materials. 

Graphene presents high chemical stability, high electrical 

conductivity, large surface area and strong mechanical strength. All 

these properties make this material a good candidate for catalysts or 

catalysis support. Because of this, most of the research lines dealing 

with the application of graphene to PEM fuel cell technology are 

focused in its role as catalyst or catalyst support role87–90. Less 

numerous research approaches are devoted to its use as filler in 

membranes, bipolar plates91–94 and electrodes95.  

Although papers dealing with its application as corrosion 

coating for metallic flow field-plates are scarce, more general papers 

dealing with its corrosion protection properties on metals for diverse 

applications are more numerous96–98. It is generally accepted that 

multilayer graphene coatings are needed to achieve an effective 

corrosion protection, since the presence of small defects in the covering 

layers causes more damage than the complete absence of coating99. Its 

application as corrosion barrier for metals has been extensively 

described in the recent literature100,101. 

On the other hand, graphene oxide (GO) presents quite different 

properties to the ideal graphene, showing strong hydrophilicity, high 

proton conductivity, tunable electrochemical behavior, and low 

electrical conductivity. These properties make GO a good candidate to 

be used in the synthesis of new PEM fuel cell membranes to improve 

their performance and durability. Farooqui et al.102 have published an 

interesting review related to this particular topic, which is mainly 

focused in using GO as an additive for polymers to form composite 

membranes. These new developed membranes have been tested into 
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different fuel cells (hydrogen, methanol, microbial, alkaline…), showing 

a good potential for improvements to enhance membranes 

processibility, and their chemical, electrochemical, and mechanical 

properties103.  

PEMFC technology demands more research looking for efficient 

and cost-effective solutions to foster its commercialization. Carbon 

materials are by now the key in PEMFC technology to provide 

conductive substrates, high stability and good chemical compatibility 

with the membrane to avoid its contamination. Graphene is a carbon 

allotrope with interesting properties that can provide a solution to 

improve existent components. Despite the extensive research on 

graphene-based materials carried out in the last decades, there is still a 

long way to understand their properties, reaction mechanisms and 

structure.  

Graphene has been widely used as a key material in electronics 

and holds the promise in future as a replacement material for silicon 

when silicon-based electronic technology reaches its quantum limits. 

However, the formation of defect-free layers of this material requires 

synthetic methods, which have been developed and extensively 

explored in the last years for meeting the great demand for large-area 

high-quality graphene104. In particular, large-scale graphene with high 

quality is grown on copper foils through a surface adsorption-

dominated chemical vapor deposition (CVD) process. By using this 

method, micrometer-size individual single-crystal graphene domains 

with various shapes or large-area polycrystalline films have been 

achieved. However, this synthesis needs expensive equipment and 

complex techniques which are not easy to apply to the development of 

relatively large components.  

Graphene can be prepared at large scale by chemical reduction of 

graphene oxide (GO). GO functionalities allow the preparation of stable 

colloidal suspensions. Their use is scalable for high volume production 

at low costs, and compatible with the requirements of emerging 

technologies for a variety of substrates. On the basis of this 

consideration, it is proposed the study of the synthesis of graphene-

based films from GO suspensions by solution processing procedures for 

the development of PEMFC copper collectors and proton exchange 

membranes.  
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1.5 Proposed objectives 

The final purpose of this research is to develop new components 

for PEM fuel cell technology based on the processing of graphene oxide 

solutions. This ambitious project includes two different goals.  

The first one considers the development of corrosion protection 

coatings for current collectors. In order to reach this target, the work 

has been fulfilled in two steps: i) study of the parameters and 

conditions influencing the synthesis method of continuous reduced 

graphene oxide (rGO) induced by copper substrates to understand the 

complex formation mechanism of rGO layers (Chapter 2); ii) 

optimization study of the previous synthesis method to obtain 

corrosion protective coatings able to withstand real PEM fuel cells 

conditions. Electrochemical corrosion tests on developed samples and a 

proof of concept in an air-breathing PEMFC is presented in Chapter 3. 

The second one deals with the synthesis and characterization of 

self-supported graphene oxide films to test them as electrolyte 

membrane. Graphene oxide-membrane fuel cells (GOMFCs) have been 

thoroughly characterized and have been evaluated under real 

conditions to assess their viability. This study is presented in Chapter 4.  
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Chapter 2:  
 

Solution processing 
synthesis of graphene self-
assembled films on copper 
substrates 
  

The main objective of this study is the development of a procedure to 
synthesize continuous graphene layers on copper substrates using a 
simple and cost-effective solution processable technology.  

This chapter analyzes in detail a solution processing procedure scarcely 
analyzed in the literature. This method is based on a spontaneous self-
assembly process of graphene oxide and its subsequent reduction 
induced by oxidizable metals. Several parameters including the 
immersion time in the solution, the concentration of the graphene oxide 
(GO) dispersion, the pH or the temperature of the reaction medium are 
evaluated. Techniques such as electron microscopy in scanning and 
transmission modes, energy dispersive X-ray analysis and attenuated 
total reflectance-Fourier Transformed Infrared (ATR-FTIR) and X-ray 
photoelectron spectroscopies have been applied to elucidate the 
reduced graphene oxide (rGO) film formation mechanism. 
Additionally, self-standing layers have been observed to grow between 
strands. These films have been analyzed in detail and provide 
interesting information about the structure of the assembled layers. 
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2.1 Introduction 

2.1.1 Graphene properties and synthesis methods. 

Ideally, graphene can be considered as a perfectly flat and 
infinite two-dimensional sheet formed by trigonally bonded sp2 carbon 
atoms1, without basal plane fluctuations and edge states, but even for 
experiments under the most controlled conditions, some microscopic 
ripples are found2. In contrast to such ideal graphene, real samples 
unavoidably contains edges, suffers from basal plane fluctuations, 
contain defects due to vacancies and heteroatoms3, or adsorbed 
impurities, which lead to an inevitable alteration of its electronic 
structure and increased chemical reactivity4. 

Some experimentally observed graphene properties can be 
reasonable explained by the model that considers free-standing two-
dimensional sheets, but there is some deviation from this ideal concept 
in many other experimental phenomena. The origin of these differences 
is the presence of defects produced during the synthesis procedure. 

Up to now several strategies have been developed to synthesize 
graphene, which could be categorized in six main groups5: 

1. Micromechanical cleavage of graphite flakes using the “Scotch” 
tape method, which allows reliable and easy preparation of high 
structural and electronic quality graphene but suffers from low 
yield; 

2. Epitaxial growth of graphene on single-crystal substrates at high 
temperatures and in ultrahigh vacuum, which can grow large-size 
and high-quality graphene, but requires high-cost fabrication 
systems and suffers from the difficulty in transferring the graphene 
from the substrates as well as low yield;  

3. Thermal-or plasma-enhanced chemical vapor deposition (CVD) of 
graphene from the decomposition of hydrocarbons at high 
temperatures on metal substrates (such as Ni, Cu, Pt) or metal 
oxides (Al2O3, MgO) particles, which allows for fast, uniform, large-
area, high-quality graphene production, but its disadvantage is the 
high-cost of the manufacture and the relatively low yield, although 
it has great potential for further improvement; 

4. Chemical exfoliation of graphitic materials involving oxidation, 
intercalation, exfoliation and/or reduction of graphene derivatives, 
such as graphite, graphite oxide, expandable graphite, carbon 
nanotubes, graphite fluoride and graphite intercalation compounds. 
These methods can potentially afford bulk quantities of graphene, 
especially, from graphene oxide;  

5. Bottom-up synthesis strategies from organic compounds suited to 
synthesize nano/micrographene and graphene-based materials 
from structurally defined precursors. These approaches are focused 
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to precisely control the formation of molecular graphene (<5 nm), 
nanographene (5–500 nm) and integrated macrographene (4500 nm) 
with well-defined structures and high processability;  

6. Other less common methods (i.e. electrochemical exfoliation of 
graphite or graphene growth from direct arc discharge of graphite), 
which have more drawbacks in terms of scalability and quality, 
despite their advantages. 

 

Among all these procedures, the exfoliation of graphite by 
oxidation followed by the subsequent reduction of the obtained 
graphite oxide has been demonstrated to be a primary low-cost strategy 
that can yield large quantities of reduced graphene oxide with high 
processability. Chemical exfoliation yields heavily functionalized GO 
sheets, which consist partly of tetrahedrally bonded sp3 carbon atoms. 
The presence of covalently bonded functional groups originates the 
deformation of the graphene oxide platelets, which are atomically 
rough6 since some of their carbon atoms are displaced slightly above or 
below the graphene plane2.  

The most attractive property of GO is that it can be reduced in a 
certain extent to graphene-like sheets. The removal of oxygen-
containing groups and the recovery of a conjugated structure yields 
reduced GO sheets, which can be considered as a kind of chemically 
derived graphene. Usually, this type of structure generated from GO 
has been named as functionalized graphene, chemically modified 
graphene, chemically converted graphene, or reduced graphene oxide 
(rGO). Residual functional groups and defects modify substantially the 
structure of the carbon plane. Accordingly, it should not be appropriate 
to refer to rGO simply as graphene, since the properties can be 
substantially modified by the presence of defects or oxygenated groups. 

2.1.2 Graphene coating on metals. 
A large number of procedures have been extensively 

investigated in the literature to synthesize graphene protective coatings. 
They can be categorized into two basic approaches: dry and wet 
processing. The dry processing methods include chemical vapor 
deposition (CVD), high temperature pyrolysis of organic molecules, 
rapid thermal annealing (RTA), or powder spray (electrostatic powder 
coating and plasma spray coating). Among the wet processing 
techniques, electrophoretic deposition (EPD), solution spray, dip 
coating, spin coating, drop casting, vacuum filtration, and brushing can 
be mentioned7.  
 
Table 1. Dry and wet coating techniques for the preparation of 
graphene based coatings8. 
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Electrophoretic 

deposition (EPD). 

GO in suspension, which is 
negatively charged, is attracted 
towards a positive electrode by the 
influence of the electric field, forming 
a compact deposit. 

Solution spray 

GO or rGO are mixed with solvents 
to form an ink to be sprayed over a 
substrate, that is then cured under 
heat. 

Dip coating 
Substrate is dipped into a dispersion 
of GO and then dried after 
withdrawal. 

Spin coating 

GO dispersions are applied onto a 
rotating substrate. A thin GO film is 
produced by spreading the 
dispersion by the centrifugal force. 

Drop casting 

GO dispersion droplets are added 
dropwise onto a cationic surfactant-
treated surface for generating 
uniform films and then dried in air or 
a drying oven. 

Vacuum filtration 

Dispersions of GO or rGO are 
vacuum filtered using a membrane 
support to deposit the resulting films, 
which are commonly used as 
antibacterial or anti-fouling 
membranes. 

Brushing 
GO or rGO inks are used to prepare 
corrosion resistant coatings on metals 
and alloys by using a brush. 
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One of the most interesting properties of graphene oxide is that it 
can be used for applications based on solution processable technology9–

13. Graphene oxide can be easily reduced by powdered metals14,15. In 
addition, GO flakes have the ability to become self-assembled from 
solution on several reducible substrates16,17. A large variety of elements 
(Fe, Co, Ni, Cu, Zn, Al) are able to grow three-dimensional rGO films 
on its surface, but the solubility and stability of the metal ions formed 
and their oxides may interfere in the process. As a matter of fact, 
resulting metal ions are usually intercalated and distributed within the 
stacked rGO layers16,18. 

The self-organization of reduced GO platelets has been demonstrated 
on conductive substrates including active and inert metals, 
semiconducting Si, nonmetallic carbon, and even indium-tin oxide 
glass, but apart from the studies reported by Cao et al.16 and Hu et al.17, 
this method of spontaneous reduction and assembly under mild 
conditions has received up to now very scarce attention. The 
development of its potential requires further research in order to 
determine the mechanism of the process and the characteristics of the 
synthesized films.  

D
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Chemical vapor 
deposition (CVD) 

CH4 or C2H2 are injected with Ar and 
H2 into a CVD reactor at 
temperatures close to 1000oC to 
synthesize a corrosion resistant film.  

Rapid thermal 
processing (RTP) or 

rapid thermal 
annealing (RTA) 

Organic materials are applied over a 
metal substrate, and converted into a 
multilayer graphene like coating by 
pyrolysis (naphthalene, coronene, 
anthracene, polyacrylonitrile) or 
annealing (acetone) at 1000ºC.  

Powder spray 

Ceramic composite powders are fed 
with a plasma forming gas at high 
temperature deposited at high 
velocity.  

Polymer composites can be prepared 
by mixing thermoplastics, thermoset 
polymers, binders, pigments and rGO 
in powder form. They are 
electrostatically applied and cured 
under heat.  
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2.1.3 Objective of the chapter: 

The present study analyzes the graphene oxide assembly process 
and its reduction to produce continuous rGO films on planar copper 
substrates with increasing open areas. Parameters such as the assembly 
time, the concentration of the GO dispersion, the pH or the temperature 
of the reaction medium are evaluated. Electron microscopy in scanning 
and transmission modes, energy dispersive X-ray analysis and ATR-
FTIR and XPS have been applied to elucidate the rGO film formation 
mechanism. Additionally, the extended films structures grown between 
strands were analyze in detail. The final objective is to determine if this 
process can be applied for the coating of copper substrates to protect 
them from corrosion. 

2.2 Experimental section 

A commercial dispersion of GO purchased from Graphenea (4.0 
mg·mL-1) was used for the rGO coatings. The pH value for the as 
received suspension was ca. 2.0. For the experiments, the 4.0 mg·mL-1 
dispersion was diluted to 1.0 mg·mL-1 (pH: 2.4) or 0.5 mg·mL-1 (pH: 
2.8). By considering the pH influence on the reaction between copper 
and graphene oxide, the dispersion pH was modified in some cases by 
adding as ligands H2SO4 and NH4OH. 

Four different copper substrates were used for GO self-assembly: 
i.e. a continuous copper film from 3M, and three flattened copper grids 
from Dexmet with different open areas: 2Cu5.5-020FA, Cu5-40FA and 
3Cu7-100F. The nomenclature of the grids indicates in the first number 
the original material thickness, then the material symbol, followed by 
the strand width, and finally the long way of the diamond aperture, all 
those expressed in 10-3 inch units. Optical and scanning electron 
microscopy images of the surface of the applied substrates are 
presented in Figure 1. For the synthesis, the copper substrates were 
immersed in GO dispersions of determined composition for a 
controlled period of time. The rGO self-assembly produced by 
interaction with metallic copper was analyzed as a function of the 
substrate morphology, the immersion time, the initial pH value in the 
suspension and the type and concentration of the added ligands.  

The pH was measured in the bulk GO dispersion before and 
after the synthesis with a Crison pH-meter equipped with a special 
probe for all kinds of medium and pH values in the range between 0 
and 12. 
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Figure 1: Copper substrates used for GO self-assembly: a) smooth and 
flat copper film; b) copper grid with small open area (2Cu5.5-020FA); c) 
copper grid with intermediate open area (Cu5-40FA from Dexmet); d) 
copper grid with large open area (3Cu7-100F). 

The synthesized samples were analyzed by scanning electron 
microscopy (SEM) using a Hitachi FE-SEM SU-6600. Some images were 
taken using an Olympus laser confocal microscope LEXT OLS5000.  

In order to analyze in detail the structure of the resulting rGO 
films, some experiments were performed on bare tabbed TEM copper 
microgrids (square 100 mesh). The effects of the immersion time and 
the GO concentration on the resulting rGO coating were investigated. A 
transmission electron microscope JEOL JEM 2100 from the Spanish 
National Center for Electronic Microscopy was used for the analysis. 
Bright field imaging of the grown films and selected area electron 
diffraction (SAED) measurements were performed. The obtained 
diffraction patterns were analyzed using the CrysTBox diffractGUI 2.21 
software by Klinger19. The representation of the graphene structures for 
the schemes has been produced using the Avogadro software tools20. 

X ray diffraction (XRD) measurements were carried out in a 
PANalytical X´Pert PRO diffractometer operating with Bragg-Brentano 
geometry and using a CuKα radiation source. Data were collected in a 
2θ range between 5 -120 o.  

ATR-FTIR spectroscopic analyses were performed on coated 
copper grids for surface characterization using an Agilent Cary 630 
ATR-FTIR spectrometer equipped with a germanium crystal.  

X-ray photoelectron spectroscopy was carried out on the coated 
grid samples using a scanning XPS microprobe PHI Quantera II, using a 
monochromatic Al Kα source. An Ar-ion gun was used for depth 
profiling. 



Chapter 2  

46 

2.3 Results and discussion 

The study of the interaction of GO with copper has been analyzed by 
using different planar copper surfaces with increasing open areas. They 
have been immersed separately in aliquots of aqueous suspensions of 
GO for a defined period length. Different parameters have been varied 
in order to evaluate the progress and characteristics of the rGO coating 
on them depending on the following variables: the substrate geometry, 
the reaction time, the GO concentration, the ligands in solution and the 
reaction temperature. Resulting with a growth mechanism proposed 
based in the study. Additionally, a deeper knowledge is obtained from 
the resulting stacking structure of reduced graphene oxide. 

2.3.1 Effect of the substrate geometry 
The samples in Figure 1 were immersed for a period of 150 min in an 
aqueous dispersion containing 1 mg·mL-1 of GO. After drying the 
samples in air at room temperature, they were examined. Figure 2 
shows SEM images of the different samples at increasing 
magnifications. It can be observed that, in all cases, copper becomes 
oxidized promoting simultaneously the assembly of GO flakes on its 
surface to form large sheets of reduced graphene oxide (rGO). The 
inhomogeneous appearance of continuous planar surfaces without 
openings gives clear evidence of a redox reaction in solution. The 
micrographs of the samples reveal the preferential formation and 
precipitation of Cu2O crystallites beneath the assembled rGO film on 
low open area substrates (Figure 2 a.4 and b.4), as confirmed by XRD on 
them. In the case of open surfaces (grids), the amount of oxide on the 
surface decreases with the open area, and precipitated crystallites are 
preferentially accumulated in areas far from the borders of the substrate 
surface. By observing the samples at high magnification, a very thin 
skin of graphene covering the substrates surface and the cupric oxide 
crystallites can be appreciated on them as a silky tissue (Figure 2 a4-d4).  

It is worthy to note that in open area substrates, GO flakes can 
get assembled even when they are not in intimate contact with the 
copper surface; the grid substrate is able to promote the lateral growth 
of rGO sheets beyond its surface, even over the holes. Thus, a large part 
of the open areas become covered by a thin film of chemically 
converted graphene (Figure 2 b1-c1 and b2-c2-d2). In general, the 
resulting graphene film covering the surface and the voids is hard to be 
distinguished in the absence of defects, but some of the micrographs 
reveal their presence on the voids with foldings (Figure 2 c2) or tears 
(Figure 2 b2 and d2), or on ripples o wrinkles at the copper surface at 
high magnification (Figure 2 a4, b4, c4, d4).  
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Figure 2: SEM images obtained at different magnifications 
corresponding to rGO films grown by GO spontaneous self-assembly 
and reduction on different copper substrates after immersion in a 
solution containing 1 mg GO·mL-1 for 2.5 h; a1-a4) continuous and flat 
copper surface from 3M; b1-b4) copper grid perforated with elongated 
punctures and a small open area (2Cu5.5-020FA from Dexmet); c1-c4) 
copper expanded grid with intermediate open area (Cu5-40FA from 
Dexmet); d1-d4) copper expanded grid with large open area (3Cu7-100F 
from Dexmet).  

By considering the low pH levels in the reaction medium (ca. 
2.4), the formation of soluble cupric ions (Cu2+) it would be expected 
since it is the preferential form of copper at pH values below 6. The 
cupric ion precipitates most frequently as copper hydroxide [Ksp 
Cu(OH)2 = 2.2 10-20 (M3)] at intermediate pH levels (typically pH 6.5-12) 
and that its precipitation depends on variables such as copper 
concentration, presence of other anions and cations, temperature, and 
time to thermodynamic equilibrium21. A plausible explanation for the 
Cu2O crystallization on the substrate at the metal-solution interface is 
that, as the rGO film grows and spans its surface over the substrate, this 
coating performs as an impermeable barrier for cupric ions. The 
diffusion limitations of soluble Cu2+ ions beneath the graphene layers 
towards the borders of the assembled sheets leads to an increase of their 
concentration at the Cu-rGO interface to reach the bulk solution and it 
causes the precipitation of copper oxides. According to this, the 
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presence of large aggregates of oxides is observed on the continuous 
flat sample (Figure 2 a1-a4), more dispersed crystallites on the low open 
area grid (Fig. 2 b1-b4), and very scarce amount of crystallites on the 
expanded grids with larger open areas (Figure 2 c1-c4 and 2 d1-d4).  

The accumulation of oxides in certain zones probably indicates 
where the rGO sheets have begun to grow and where cupric ions have 
enhanced limitations for diffusion towards the coverage edges.  

2.3.2 Effect of the reaction time. 
The spontaneous self-assembly and reduction of GO on copper grids 
has been explored for longer immersion periods using a dispersion of 
0.5 mgGO·mL-1. The progress of the redox reaction for rGO formation is 
associated to the oxidation of the substrate to produce copper ions, 
which may remain solvated in solution, adsorbed to GO or precipitated 
as copper oxides. The observation by SEM of the synthesized samples 
corresponding to the Cu5-40FA expanded grid reveals that, as the 
reaction progresses, Cu2O crystallites grow progressively in size 
beneath the rGO film, as shown in the images in Figure 3a.  

 

Figure 3: a) SEM images at the same magnification showing the 
formation of Cu2O crystallites simultaneously with the GO self-
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assembly and reduction for increasing immersion periods on the Cu5-
40FA grid; b) estimation of the average crystallite size as a function of 
time on the surface; c) X ray diffraction analysis obtained for a rGO 
coated Cu5-40FA grid for 72 hours (inset: image showing the dark 
coating of the grid); d and e) confocal laser microscope images of the 
rGO coated samples for 22 h (d) and 72 h (e) showing their topography 
in an area of 0.4 mm2. GO dispersion concentration for the synthesis: 0.5 
mg·mL-1. 

The pH of the reaction medium, which was measured in the bulk 
solution before and after the sample immersion, was observed to 
increase with time progressively from its initial value of 2.8 up to 3.8 
after 53 h of reaction. Despite the considerable increase of the pH value 
in the medium, the final measured value would not be high enough to 
induce the precipitation of copper oxides if certain homogeneity was 
considered in the environment of the reaction interface and the bulk 
solution. Therefore, the precipitation of the copper oxides beneath the 
rGO assembled films is indicative of a large local increase of 
concentration of copper ions, which diffusion towards the bulk solution 
is hindered by the graphene film barrier.  

The average size of the Cu2O crystallites has been estimated from 
their measurement in several images for each sample and has been 
represented in Figure 3.b as a function of the reaction time. After two 
days in contact with the GO dispersion, cuprous oxide crystallites reach 

average sizes above 1 m. After 72 hours, the rGO film obtained 
becomes so thick that its analysis becomes difficult by SEM imaging. X 
ray diffraction analysis was performed on this sample, which confirmed 
the presence of Cu2O and rGO on the copper grid (Figure 3.c). An 
optical image of the coated grid is shown in the inset of Figure 3.c. The 
thickness of the coating can be better appreciated in the topographic 
images taken with a laser confocal scanning microscope in Figure 3.d 
and Figure 3.e, which allows a comparison between the coatings in 
samples synthesized for 22 and 72 hours. After 72 h, the amount of 
stacked rGO layers yields a smoother surface, which only allows 
sensing the original geometry of the copper grid.  

According to these results, the progress of the reaction is 
associated to the oxidation of the substrate and a gradual increase of the 
thickness and darkness of the rGO film. In order to gain insight into the 
characteristics of the free-standing rGO film, which covers the grid 
holes, bare TEM copper microgrids were used for the synthesis periods 
in the range between 15 and 120 min. In this case, a lower GO 
concentration of 0.25 mg·mL-1 was used.  
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Figure 4: Transmission electron microscopy images of the unsupported 
rGO films grown in a copper microgrid for increasing period of time: a) 
15 minutes; b) 60 min; c) 120 minutes. GO concentration in the 
dispersion: 0.25 mg·mL-1. 

Just 15 minutes of GO immersion were enough to obtain unsupported 
films on the voids, which grew in thickness with the elapsed time as 
shown in Figure 4. It can be appreciated in the TEM images that some 
GO flakes remain trapped in between the grown rGO layers. Its 
presence contributes to darken the films and introduce in them 
additional defects, which may contribute to break thick films due to 
internal tension forces after drying (Figure 4c). 

2.3.3 Effect of GO concentration. 

The synthesis of rGO films on bare TEM copper microgrids has 
revealed two different types of growth in open area supports. They are 
illustrated in the images in Figure 5 with a GO concentration of 0.25 
mg·mL-1: i) extended rGO layers covering a major part of the holes, in 
which trapped GO flakes can be observed (Figure 5a) and ii) 
monolayers spanning adjacent strands of the microgrid free from 
isolated GO platelets (Figure 5b). 

 

Figure 5: Transmission electron microscopy images of the unsupported 
rGO film grown in a copper microgrid for a 15 minutes period 
immersed in a GO concentration of 0.25 mg·mL-1. Unsupported film 
assembly covering a large part of the grid hole and retaining GO flakes 
inside (a). Unsupported film assembly free from GO flakes and 
spanning two strands of the grid (b). 

The lateral assembly and reduction of GO platelets is probably 
initiated at the copper surface, but, as previously observed, the formed 
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rGO film can be extended beyond the strands and over the holes. The 
reduction process is assisted by the oxidation of the copper surface and 
uses the rGO ability as electronic conductor. If the growth rate of the 
extended film is similar at the different strands surrounding the void, 
the suspended film can be easily completed. By considering that this 
process may proceed simultaneously at both sides of the grid, some GO 
flakes floating in the medium remain trapped between the layers grown 
from both faces, as shown in the images in Figure 5a and in Figure 4. 
On the other hand, if rGO does not grow laterally at the same rate all 
around the hole, the film gets folded onto itself at the internal angles 
and wraps the grid strands up towards the opposite face of the grid. In 
this case, an interdigital membrane between strands is obtained. 

As a matter of fact, for the used concentration of 0.25 mg GO·mL-1, 
the first growth mode of planar films, which retains GO flakes inside, 
prevails over the interdigitated membrane mode. However, this latter 
way, which becomes predominant when the GO concentration 
decreases, seems to correspond to the preliminary stages of the growth. 
By reducing the GO concentration in the initial dispersion by 10 and 100 
times to 0.025 and 0.0025 mg·mL-1, the interdigitated membrane growth 
mode is favored, as illustrated in Figure 6. However, the extension of 
the interdigitated membranes becomes reduced as the GO 
concentration decreases (see micrograph in Figure 5b). It is worthy to 
note that the interaction between stacked rGO layers is very weak, since 
each individual layer can be clearly distinguished at the folding zones, 
where they are separated by relatively large distances. Each grown rGO 
layer contributes to smooth the substrate roughness on its surface and 
reduces the amount of protrusions and sinks on it. This is also an 
evidence of a weak interaction between copper and rGO. By 
considering the observed growth pattern, it is possible that the 
successive stacking of folded layers spanning strands is the antecedent 
for the formation of planar films covering completely the holes. 

 

Figure 6: Transmission electron microscopy images of the unsupported 
rGO films grown for 60 minutes in copper microgrids immersed in a 
GO dispersion of 0.25 mg·mL-1 (a) and diluted by 10 (b) and 100 times 
(c), respectively. 
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2.3.4 Effect of ligands and pH on the synthesis of rGO 
coatings. 

2.3.4.1 Addition of sulfate ligand. 

The support with the largest open area (3Cu7-100F) was further 
analyzed by immersion in a GO dispersion with increasing amounts of 
sulfate ion in the range between 1·10-9 and 4·10-9 M. The pH decrease 
was very small in these solutions (all of them in the range between 2.55-
2.50). However, the effect of the sulfate ligand could be appreciated on 
the images of the four samples in Figure 7. Images denoted as I show 
the self-assembled rGO films spanning the gap between strands, those 
denoted as II are taken from the copper surface near the open areas, 
micrographs marked with III show the copper surface in the strands 
center, and IV denotes detailed images of the corrosion holes on copper, 
the oxide crystallites and their coating.  

 

Figure 7: SEM micrographs of rGO coated samples at different 
magnifications showing the effect of the increasing addition of sulfate 
ligand on the formation of cuprous oxide crystallites in the 3Cu7-100F 
expanded grid. Sulfate concentration in 1 mg·mL-1 GO dispersion a) 10-9 
mol·L-1; b) 2·10-9 mol·L-1; c) 4·10-9 mol·L-1. Immersion conditions: 2.5 h 
at room temperature. Images denoted as I: view of the unsupported 
rGO film formed from the grid; II: detail of the copper surface near the 
open area; III: detail of the copper surface on the strand; IV: closer detail 
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of the rGO film covering the grid surface, with holes and Cu2O 
crystallites. 

The main difference among them is more evident in images 
denoted as II, which show the presence of numerous holes due to 
enhanced dissolution of the copper substrates, which are mainly 
localized on the edges near the hollow areas. By increasing the amount 
of SO42- ligand, the rGO formation seems to proceed faster, since the 
corrosion and precipitation of oxides is more evident. Images denoted 
as III, which show the accumulation of Cu2O crystallites following the 
grooves of the grid surface, do not present significant differences. These 
images (III in Figure 7) can be directly compared with the micrograph 
in Figure 2d.3, prepared under identical conditions without the 
addition of SO42- ions. It becomes clears that the addition of sulfate ions 
promotes the precipitation of oxides on the center of the strands 
probably due to the increased corrosion. As a matter of fact, it has been 
suggested that SO42- ions in GO structures favor proton conductivity 
along the films, and especially for reduced graphene oxide, in which 
epoxide groups favor mixed proton-electric conduction22. The detail of 
the grid borders in the images denoted as IV in Figure 7 reveals the 
accumulation of Cu2O crystallites on those zones, which are covered in 
all cases by extremely thin rGO assembled layers that can be 
distinguished by the wrinkles in the micrographs.  

From the images, it can be deduced that an internal stream of 
ions flows towards the open areas in the direction of the plane between 
the copper surface and the rGO overlayer. This is probably the way to 
decrease the concentration of copper ions at the interface driven by the 
concentration gradient with the bulk solution. Accordingly, a barrier 
effect seems to be originated by graphene for ions diffusion. Their high 
concentration in subsurface streams diffusing towards open areas of the 
grid or discontinuities in the rGO layer is probably the origin of the 
precipitation of the oxides and the accumulation of Cu2O crystallites in 
flat zones of the strands.  

In order to get information about the flux of ions in rGO-coated grids, a 
second series of samples was prepared similarly to that in Figure 7. It is 
well known that hydrochloric acid solutions can effectively dissolve 
copper oxides by formation of chloride complexes23. As a matter of fact, 
previous works Hu et al.17 have applied this strategy to remove copper 
oxides present on chemically converted graphene. Aiming to 
investigate the ion pathways for the removal of oxides from the copper 
surface, the as synthesized samples (before drying) were immersed in a 
diluted hydrochloric acid solution 10-2 M for five minutes. As shown in 
Figure 8, cubic Cu2O crystallites have been mostly removed after this 
treatment, but some hints reveals the pathways for copper ions towards 
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the bulk solution. Mass transport limitations due to the reduced 
graphene oxide barrier have hindered their compete removal. 

A detailed analysis of the samples structure indicates that 
solvated Cu2+ ions seem to be removed from the Cu-rGO interphase 
through subsurface streams flowing toward the bulk solution in rGO 
ripped zones. Thus, branched recrystallization patterns due to the re-
dissolution of Cu2O and recrystallization processes can be observed in 
different images: in between rGO layers (images a.I and b.III in Figure 
8) and over the grid strand at the interface between copper and the rGO 
assembly (image c.III in Figure 8). The formation of these structures 
probably occurs as result of the competition between different physical 
phenomena: i.e. diffusion, capillary forces (due to surface energy 
effects) and crystalline anisotropy24. 

 

Figure 8: SEM micrographs showing the effect of the removal of copper 
oxide crystallites from rGO coated 3Cu7-100F expanded grid by 
immersion in HCl solution 10-2 M. Sulfate concentration in 1 mg·mL-1 
GO dispersion a) 10-9 M, b) 2·10-9 mol·L-1, c) 4·10-9 mol·L-1. Immersion 
conditions: 2.5 h at room temperature. Images denoted as I: view of the 
unsupported rGO film formed from the grid or general view of the 
grid; II: detail of the copper surface near the open area; III: detail of the 
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accumulation of copper ions retained in the interface between the grid 
and the rGO coating; IV: closer detail of the rGO film covering the grid 
surface or the holes produced by copper dissolution. 

Torn rGO layers detached from the coated surface after the 
hydrochloric acid treatment become usually wrapped, curled or rolled 
up over itself as shown in images a.II, b.I, bII, c.II in. The oxidation of 
the copper surface leads to clearly defined polyhedral holes in some 
places (Figure 8b.II and c.II insets). 

Energy-dispersive X-ray (EDX) spectroscopy analyses were 
performed at different regions of these samples in order to estimate 
their composition. The webbing formed over the holes between strands 
is mainly formed by reduced graphene oxide with a C/O atomic ratio 
in the range between 4.1-4.5. Small amounts of copper have been 
detected in the regions of the webbing with branched structures (0.3% 
Cu/16.9% O/82.8% C for the sample in Figure 8a.I), whereas on clear or 
transparent zones in the unsupported rGO film of the sample no copper 
has been detected (0% Cu, 18.1% O and 81.9% C in Figure 8a.I). The 
copper surface is always covered by rGO, resulting in higher amounts 
of carbon for samples produced with higher amount of sulfate ligand, 
probably corresponding to a higher number of assembled layers over 
the copper surface. Average compositions in atomic percentage (%Cu, 
%O, %C) obtained for samples in Figure 8 a, b and c are (68.2% 
Cu/3.1% O/28.8% C), (62.8% Cu/1.3% O/35.9% C), and (5.7% Cu/4.9% 
O/89.4% C), respectively. In these regions, the C/O ratios (above 9) are 
far superior to those found for the rGO films grown on voids. This can 
be attributed to the presence of numerous GO flakes trapped in 
between extended rGO layers in unsupported films. Finally, the atomic 
composition of dendrites appearing on the strands after HCl treatment 
(Figure 8c.III) reveals the presence of the three components (Cu, O and 
C) that could correspond to recrystallized monoclinic CuO, and rGO 
(8.7% Cu/24.9% O/66.4% C). 

2.3.4.2 Modification of the pH with ammonium ligand 

The addition of NH4OH to the GO dispersion has been also analyzed. 
The (NH4)+ ligand is expected to increase substantially the pH of the 
GO dispersion, contribute to the formation of soluble copper complexes 
[Cu(NH3)4]+, modify the copper corrosion rate and, consequently, 
influence the rate for assembly and reduction of the GO flakes. In order 
to analyze the effects of the ammonium ligand on the precipitation of 
oxides and the growth rate of rGO layers on copper, a long synthesis a 
period of 53 h was carried out. A series of samples were prepared by 
immersion of the 3Cu7-100F expanded grid in aqueous GO dispersions 
with increasing aliquots of NH4OH. A sample prepared without 
ammonium hydroxide addition was taken as reference. The pH values 
in the reaction medium were measured before and after the synthesis 
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period. Figure 9 compiles SEM images obtained for the different 
samples and the modification of the pH values after the synthesis.  

It can be clearly appreciated that, although basic solutions favor copper 
oxide precipitation, the addition of ammonia ligand reduces drastically 
the presence of precipitated copper. In the absence of ligands, the 
formation of large Cu2O crystals is observed after 53 h of synthesis 
(Figure 9 a). It is worthy to note that copper oxide deposits begin to 
grow as cubic crystals (see the inset in Figure 9 a.II).  This indicates that 
simple shapes, with well-developed facets, are formed under or near 
equilibrium conditions and can achieve a minimum surface energy, as 
previously seen for samples synthesized for shorter periods (Figure 3a). 

However, when a certain size is reached (above 0.5 m), larger crystals 
seem to grow under conditions far from equilibrium, since they show 
more complicated shapes, which are not necessarily the most stable in 
terms of surface energy (Figure 9a, general view in a.II and detail in 
a.IV). Factors such as mass transport and surface kinetics seem to be 
playing a major role in determining their shapes under the conditions 
originated by the formation of a diffusion barrier between the copper 
surface and the bulk solution. Mass transport-limited growth is 
possibly promoted in samples in Figure 9a and Figure 9b (images II and 
IV), where cupric ions are probably depleted at the top of the crystal 
due to the rGO layers above. Therefore, large crystals grow 
preferentially in planes oriented towards directions different than that 
of the rGO coating (Figure 9a. IV). Polyhedron shape Cu2O crystals, 
whose apexes protrude into the zones of higher ions concentration can 
be clearly observed  

In short, the formation of oxides is inhibited at higher pH values in the 
presence of the NH4+ ligand (Figure 9 c, d and e). The final pH in the 
solutions of the samples after 53 h tends in general to values close to 5.2, 
both for lower and higher pH values. For the samples synthesized in 
solutions with pH values above that (Figure 9 d and e), some wrinkles 
on the reduced graphene oxide layer become apparent on the copper 
surface as channels for subsurface streams of copper ions flowing 
towards open areas to reach the bulk solution and equilibrate its 
concentration gradient. This is clearly appreciated in Figure 9 d (I, II 
and II), and particularly in 9 e (I-II). The formation of channels for 
subsurface solvated ions is so intense for the latter sample that the 
unsupported rGO film spanning the strands is plenty of ripples and 
folds (Figure 9 e.III) and looks like a filamentous film (Figure 9 e.I). 
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Figure 9: Micrographs of the 3Cu7-100F expanded grid after 53 h of 
immersion in 0.5 mg·mL-1 GO aqueous dispersion with increasing 
amounts of NH4OH solution 0.1 mol·L-1: a) no addition of ligands, b) 
0.4·mmol·L-1, c) 0.8·mmol·L-1, 1.2·mmol·L-1, 1.4·mmol·L-1. Values for 
the pH in the GO dispersion are indicated before and after the synthesis 
process. I) Images of the grid strands and the open area; II) detail of the 
strand surface; III) detail of the rGO near the strand border and the 
open area; IV) high magnification image of the crystals or holes in the 
strand surface. 

2.3.5 Temperature rise effect. 

The effect of the temperature rise on the rGO coating on copper 
grids was also analyzed. By increasing the temperature of the 
dispersion medium, the assembly and reduction process of rGO is 
accelerated simultaneously with the oxidation of the copper surface. 
Thicker films of stacked rGO layers are able to grow over the open 
areas by covering completely a significant part of the grid holes at 
higher temperatures, as shown in Figure 10. The SEM micrographs in it 
show the rGO coating obtained after 24 h immersion in 1 mg·mL-1 GO 
dispersions maintained at 30 ºC (Figure 10a), 40 ºC (Figure 10b) and 50 
ºC (Figure 10c), respectively. A general image of the samples and details 
of the unsupported films and the strands surface are shown for each 
sample.  

The increased solubility of copper ions at higher temperatures 
seems to favor their diffusion towards the bulk solution through 
channels formed at the interface between the copper surface and the 
rGO films, since lower amount of oxides are detected underneath the 
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rGO coating. Some precipitated oxides with flower-like structures, 
different to those previously observed, appear at 40 ºC, as shown in 
Figure 10 b.III. Dubey et al. have found this type of structures by 
modulating the processing parameters of chemical oxidation of copper 
surfaces25. They have observed that the alkalinity level in the solution 
determines the morphology of the copper structures formed from the 
oxidation process. At the same time, the increase of temperature 
accelerates the GO reduction and assembly. It can be appreciated in 
images a.I, b.I and c.I in Figure 10. The thickness of the rGO film 
increases notably with the increase of temperature by ten Celsius 
degrees.  

The expansion of the assembled rGO layers spanning the strands and 
covering the holes takes place in relatively short time. However, as 
previously shown, tears, ripples and breaks are frequently produced in 
grown films during the drying process. The accumulation of copper 
ions and GO platelets in between the rGO layers are probably the origin 
of tensions and fractures. As a matter of fact, numerous GO flakes can 
be appreciated between the continuous rGO assembled films in the 
micrograph in Figure 10.c II. As the number of stacked layers increases, 
the consistency of the unsupported films is improved, but, in any case, 
copper ions find channels to leave the layered structure over the grid by 
opening holes or tears in the structure or moving towards the adjacent 
grid cell. In some cases, it has been also observed that the coating has 
been grown preferentially over one of the faces of the grid, and copper 
ions are released through the opposite face. Furthermore, the high rate 
of copper corrosion originates the aperture of flow channels in some 
regions or the trapping of those ions in between the layers of the film, 
which finally precipitate as oxides.  

The higher consistency of thicker films also enhances their 
fragility. Figure 11 shows images of fractures on the coating for ions 
release. Although numerous Cu2O crystallites appear over the copper 
substrate at the rGO teared zones, the metal surface concentrates 
hollow areas originated by the release of copper ions. Previous studies 
have shown that oxide islands on the Cu surface usually follow a three-
dimensional growth mode. The initial oxide growth happens through 
the formation of cuprous oxide islands which eventually coalesce and 
grow in size.  
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Figure 10: SEM micrographs obtained for the 3Cu7-100F expanded grid 
after 24 h of immersion in 0.5 mg·mL-1 GO aqueous dispersion at 
increasing temperature: a) 30 ºC, b) 40 ºC, c) 50 ºC. I) General image of 
the grid after the synthesis process. II) Images of the unsupported film 
spanning the grid strands; III) detail of the strand surface. 

 

Figure 11: SEM images of an rGO copper grid synthesized at 50 0C for 
2.5 h showing the rGO breaks areas with accumulation of Cu2O 
crystallites. 

The kinetics of the oxide formation depends on the temperature and on 
the copper surface and it is dominated by direct impingement and 
oxygen surface diffusion in the first instance, and after coalescence by 
oxygen diffusion into the metal bulk26–28. The removal of solvated 
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copper ions by subsurface streams creates indentations or geometric 
profiles on the copper surface. 

2.3.6 Surface functional groups in reduced graphene 
oxide on copper substrates. 

X-ray photoelectron spectroscopy (XPS) analysis was used to 
probe the functional groups on some of the samples. The spectra in the 
C 1s and O 1s regions obtained for a rGO coated sample synthesized for 
15 minutes with a 0.5 mg·mL-1 GO dispersion at 25 ºC are presented in 
Figure 12 in comparison with those obtained for dry self-supported 
films prepared from the concentrated commercial GO dispersion used 
for the synthesis before (GO) and after reduction in an ascorbic acid 
solution (rGO-AA). The C 1s spectrum for the rGO coated copper grid 
shows peaks at 284.8 and 285.7 eV, which could be assigned to sp2 C 
atoms and some C-C (sp3) atoms in a defective structure of graphene, 
respectively29. A third peak at 288.2 eV can be assigned to C atoms in 
carbonyl groups, indicating that ca. 15% of the carbon atoms are 
oxidized30.  

The C 1s spectrum obtained from GO shows peaks at 284.7, 
286.8, 288.4  and 289.7 eV, which were assigned to the non-oxidized ring 
C=C atoms, C atoms bonded to hydroxyl/epoxy/ether functional 
groups, the C atoms in carbonyl groups, and carbon in carboxylic 
groups, respectively30,31. In this case, the percentage of oxidized carbon 
on the basis of the assignment is ca. 51%. A similar GO sample reduced 
with ascorbic acid (rGO-AA in Figure 12), shows some different 
features from the rGO film reduced in solution assisted by the copper 
substrate. The peaks assigned hydroxyl/epoxy/ether functional groups 
and the C atoms in carboxyl groups become reduced whereas the signal 
corresponding to carbonyl groups remain practically invariable 
accounting for ca. 9% of the total carbon atoms. For this latter sample, 
the percentage of oxidized carbon on the basis of the assignment is ca. 
33%. These data indicate that the copper assisted reduction and 
assembly of GO is much more effective that reductants such as ascorbic 
acid. 
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Figure 12: XPS spectra in the C 1s and O 1s regions for the rGO film 
produced on the copper substrate by self-assembly and reduction of GO 
(Cu-rGO), and for self-supported films obtained from drying the same 
GO dispersion before (GO) and after reduction in an ascorbic acid 
solution (rGO-AA). 

The spectra in the O 1s region reveal some more differences between 
the samples. Whereas hydroxyl groups predominate in the original GO 
sample (signal at ca. 533.1 eV) and are accompanied by chemisorbed 
intercalated water molecules trapped between adjacent graphene oxide 
sheets (contribution at ca. 534.7 eV)29,31,32, the main contribution to the O 
1s is shifted to lower binding energy (ca. 532.6 eV) after reduction 
reaction with ascorbic acid, which could be assigned to the formation of 
ether-type bonds C-O-C. The evolution of GO after reduction and 
assembly on the copper substrate is different, since there is a large 
increase of carbonyl groups (signal at ca. 531.9 eV) which account for a 
73% of the total oxygen content. A smaller contribution at lower 
binding energies (ca. 529.7 eV), corresponding to a 15% of the total 
oxygen, could be ascribed to quinone functional groups or surface 
cupric oxide. 

 In order to reveal subsurface information, a depth profiling was 
applied using an Ar+ ion beam to etch surface layers. Before removing 
material from the sample, a spectrum from the surface of the sample 
was recorded. Then, XPS spectra were registered from the etched 
surface after successive ion gun etch cycles over a selected area of the 
sample. Figure 13 shows the XPS depth profiles obtained for the rGO-
Cu sample in Figure 12. The surface composition of the pristine coated 
grid in atomic percentage is 1.5% Cu, 79.2% C and 19.3% O, which 
confirms that the whole surface was completely covered by rGO and 
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that the small amounts of copper found at the surface were probably 
due to copper ions released from the substrate to the solution during 
the synthesis. The application of ion gun etching cycles reveals that as 
the depth increases the amount of carbon becomes reduced and the 
copper content increases. The depth profiling reveals that the inner rGO 
layers mainly correspond to sp2 domains. The main difference in 
composition in subsurface layers is observed in the oxygen functional 
groups. A progressive decrease of the signal at 531.9 eV due to carbonyl 
groups is followed by a progressive increase of the signal at 529.7 eV. 
Considering that the copper signal at ca. 923.7 eV clearly indicates the 
presence of copper in metallic state, the oxygen contribution at the 
lowest binding energy should be assigned to quinone groups in 
subsurface layers. 

 

Figure 13: XPS spectra in the C 1s, O 1s and Cu 2p3/2 regions for the rGO 
film produced by self-assembly and reduction of GO on a copper 
substrate synthesized for 15 minutes. Sets of spectra indicating the 
number of Ar+ ion bombardment cycles (n) applied to the pristine 
sample (n=0, solid black line); n=1 cycle (blue dashed line); n=10 cycles 
(green dashed dotted line); n=20 cycles (orange dotted line). Synthesis 
conditions: 0.5 mg·mL-1 GO dispersion for 15 min at 25 ºC. 

Additionally, ATR-FTIR spectra were registered for an rGO 
coated grid (3Cu7-100F) and for the dried film obtained from the GO 
dispersion. Both of them are shown in Figure 14. The most 
characteristic features in the IR spectrum of the starting GO are the 
strong broad-band centered at ca. 3255 cm-1, corresponding to the O–H 
stretching vibrations, the peaks at around 2922 and 2854 cm-1, which are 
attributed to sp2 C-H bending and stretching bands respectively, which 
are produced at defects sites of the graphene network; the peak at ca. 
1720 cm−1 arises from the C=O stretching of carboxylic acid groups, the 
band at 1618 cm−1 can be attributed to the aromatic C=C stretching 
mode, and two very intense absorption bands at ca. 1427 and 1053 cm-1 
correspond to the O–H deformation and the stretching modes of C-O, 
respectively33. 
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Figure 14: ATR-FTIR spectra in the C 1s and O 1s regions for the rGO 
film produced on the copper substrate by self-assembly and reduction 
of GO (Cu-rGO), and for a self-supported film obtained from drying the 
pristine GO dispersion. 

On the other hand, the spectrum of the rGO coating of copper 
after the synthesis shows a dramatic decrease of all the absorption 
bands. A much less intense and broad band due to the stretching mode 
of hydroxyl groups at 3338 cm-1 gives a clear evidence of the 
consumption of OH groups during the synthesis; it is accompanied by a 
dramatic reduction of the O–H deformation absorption band (1427 cm-

1) and the C-O stretching mode (1053 cm-1). Featured peaks in the ATR-
FTIR profile are even less intense than the remaining sp2 bending and 
stretching bands at 2922 and 2854 cm-1: The peak at ca. 1580 cm−1 in Cu-
rGO, could be assigned to the C=C stretching mode of skeletal 
vibrations from non-oxidized domains; at 1740 cm−1 the C=O stretching 
mode of carbonyl, ketone and quinone groups can be observed; the 
weak signal at 1164 cm-1 can be attributed to residual C–OH, and, 
finally, at ca. 930 cm-1 a vibration band due to C=C bending in sp2 
carbon . 

2.3.7 Growth mechanism for the assembly and 
reduction of rGO layers assisted by copper substrates. 

In view of the obtained results, several evidences provide 
indications of how continuous graphene-like layers become assembled 
from graphene oxide platelets in suspension. The main growth 
mechanism for rGO coatings could be described according to the 
following steps: 1) interaction of GO platelets with the substrate and 
extraction of basal oxygen atoms from GO by adsorption on the copper 
surface; 2) copper oxidation and dissolution in the aqueous medium 
increasing the basicity at the interface; 3) lateral reaction between 
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reactive functional groups (hydroxyl and carboxyl groups) of GO 
platelets interacting with copper for continuous assembly; 4) diffusion 
of copper ions flowing beneath the rGO assembled layers towards the 
aqueous medium and/or precipitation of Cu2O crystallites at collapsed 
interfaces due to their accumulation; 5) expansion of free-standing films 
suspended over the holes, some of which get folded over their edges to 
resist the formation of multilayers; 6) face to face interaction of new GO 
platelets on the assembled rGO layers by strong Van der Waals forces, 

which react laterally with other GO sheets; this step yields - stacking 
of new continuous rGO layers and further oxidation of the substrate; 7) 
flow of cupric ions plowing through adjacent rGO sheets towards open 
areas driven by their concentration gradient; and 8) shape control of 
subsurface precipitated crystals caused by diffusion limitations beneath 
the rGO film. An illustrative scheme of these steps is presented in 
Figure 15. 

The basal interaction of graphene oxide with the copper surface 
is probably the first step of the process (step 1). Graphene oxide 
adsorption on copper promotes oxidation of the metal, which is able to 
capture oxygen from basal graphene oxide functional groups of and 
increase the basicity in the acidic aqueous medium. As a matter of fact, 
the initial low pH of the reaction medium has been observed to tend to 
a value close to 5.2 as the synthesis proceeds. Dissolution of copper 
from preferential sites leads to the formation of geometric holes and 
indentations in the copper surface after the synthesis, as observed by 
SEM. This evidence is consistent with a pitting corrosion mechanism34. 
In the absence of added ligands and at the low pH values in the 
dispersion, the preferential form for oxidized copper is the formation of 
solvated cupric cations. During the initial period of the synthesis, 
[Cu(H2O)6]2+ complexes are expected to diffuse easily towards the bulk 
solution (step 2). In the presence of ammonia ligand, the formation of 
ammine complexes of copper (II) also favors their diffusion. 

As the reaction progresses, the lateral assembly of GO platelets 
takes place (step 3). Its mechanism is probably similar to the Blodgett-
Langmuir assembly of GO sheets at the air−water interface35. There are 
two fundamental geometries of interaction for single layer platelets: 
edge-to-edge and face-to-face. The strong electrostatic repulsion 
between single layer GO sheets favors the formation of monolayers and 
prevents their overlapping. Accordingly, rGO continuous films, which 
initially cover the copper surface, tend to grow even in the absence of 
basal substrate. The in-plane conductivity of the rGO extended layer is 
probably the element promoting the redox reaction between copper and 
GO. The edge plane hydroxyl groups in graphene oxide are highly 
unstable, whereas carbonyl groups are more difficult to remove31.  
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Figure 15: Scheme of the proposed reaction mechanism for the 
formation of continuous rGO multilayer coating for open-area copper 
substrates. 

According to the results obtained from XPS and ATR-FTIR, it can 
be inferred that the lateral assembly of GO flakes probably proceeds by 
the reaction between edge plane hydroxyl groups. This reaction, which 
is induced by copper oxidation, produce hybrid structures in the rGO 
films, which mainly contain sp2 and sp3 domains, with some carbonyl 
and quinone functionalities. It leads to a substantial reduction of the 
oxygen content, from ca. 30% in the GO before reaction, to values close 
to 19% of atomic percentage in the assembled film. 

Some studies indicate the formation of thermodynamically stable 
carbonyl and ether groups through transformation of nearby hydroxyl 
and epoxy groups, but little is known about the survival of persistent 
residual oxygen groups31. Information about how the oxygen 
containing functional groups of graphene oxide evolve during 
reduction processes is scarce up to now. 



Chapter 2  

66 

The presented results also evidence that the assembled coating 
creates an impermeable barrier for the diffusion of the dissolved 
Cu[H2O]62+ ions, which need to flow through subsurface streams to 
reach open channels towards the bulk solution. This process (step 4) is 
more impeded in continuous flat surfaces and low open area substrates, 
in which the accumulation of precipitated Cu2O oxide leads to less 
homogeneous coatings than in large open-area substrates. Zhao et al 
have investigated the migration paths of the metal species through the 
graphene barrier at the metal/dielectric interfaces to design barrier 
structures able to minimize the metal species migration36. According to 
them, the major migration path for Cu species to penetrate through the 
multiple-layered graphene is the overlapped defects larger than 0.25 
nm2, which correspond to eight-atom vacancy sites at least. Their 
results showed that the barrier potential for Cu species to penetrate 
through the basal plane of graphene decreases with the increase of the 
defect size. 

The accumulation of Cu2O crystallites in some zones beneath the 
rGO coating is not generally associated to the observed geometric 
indentations originated by pitching coalesced islands. It seems rather to 
be associated to the existence or not of flowing paths for solvated cupric 
ions towards the reaction medium. The difference in copper ions 
concentration beneath the coating and at the bulk solution is one more 
factor influencing the driving force for solvated cupric ions to plow 
through the reduced graphene oxide assembled layers towards open 
areas. By considering that the pH value at the point of zero charge 
(pHpzc) in GO dispersions is low37 and that the GO surface is negatively 
charged at pH values above the pHpzc, the electrostatic interactions 
between the solvated metal ions and GO nanosheets become stronger38.  

The addition of ligands like sulfate or ammonia seems to favor 
the movement of copper ions through rGO channels and increase the 
rate for rGO growth on the substrates. Clear signs of these subsurface 
channels have been found by cleaning some of the synthesized samples 
in a highly diluted hydrochloric solution, which has evidenced the 
accumulation of oxides. 

When the diffusion of copper ions is impeded, Cu2O crystallites 
precipitate at collapsed interfaces due to large concentration of ions 
beneath the rGO film. Self-assembled rGO monolayers have been 
shown to be able to grow assisted by copper but not necessarily 
supported on it. Single layers tend to fold and wrinkle at edges to resist 
the formation of multilayers. Accordingly, when the growth rate of 
some of the suspended films is favored in some directions, the free-
standing areas are observed to fold upon themselves to cover both faces 
of the substrate in open areas (Figure 5). If there are not preferential 
growth directions, the rGO film tends to span the grid strands and 
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cover the whole open area (step 5). This usually takes place over 
smooth surfaces as those formed by previously folded rGO layers 
(Figure 6, see also Figures S4 and S11 in supporting information). 

The growth rate of the rGO film covering the substrates depends 
on the ability of copper to continue the redox reaction. After completion 
of the initial substrate coverage, new GO platelets interact face to face 
with the already assembled rGO film by strong Van der Waals forces 
(step 6). The initial stacking of new rGO sheets favors the lateral 
assembly of free GO flakes with them to conform a new stacked 
continuous layer. New overlayers produce with time turbostratic 
arrangements of multilayer graphene39, which may trap some free GO 
flakes between adjacent layers, as observed by transmission electron 
microscopy in copper microgrids (see Figure 5). Their growth is 
accompanied by the subsequent oxidation of the substrate and 
formation of copper ions, whose diffusion to the aqueous medium 
becomes more impeded as the reaction proceeds. 

Cupric ions formed beneath the rGO film are able to diffuse 
through the Cu-rGO interface towards open areas. The formation of 
extended unsupported rGO films may enlarge the flowing path of 
subsurface streams towards the aqueous medium, which plow through 
suspended rGO stacked layers driven by the gradient concentration 
(step 7).  

Large concentrations of ions accumulated in certain areas favor 
the formation of Cu2O crystallites. Small cubic crystallites are grown 
under or near equilibrium conditions and develop simple cubic shapes 
with well-developed facets, which can achieve a minimum surface 
energy. When these crystallites reach sizes similar to the distance 
between the copper substrate and the rGO film on top, their growth is 
hindered in height and truncated octahedral crystals are formed. When 
a depletion zone is formed over a crystal due to the rGO coating above, 
its growth becomes limited by mass transport and yields structures 
with complicated shapes, which are not necessarily the most stable 
(step 8). If a crystal has initially a polyhedron shape, and the apexes of 
the crystal protrude into the region of higher concentration, then, the 
apexes can grow faster than the rest of the facets40. 

2.3.8 Analysis of the stacked structure of rGO layers. 

2.3.8.1 Growth on flattened copper expanded grids. 

Clean flattened expanded grids (3Cu7-100F) were initially used as 
substrates to examine the rGO growth process on them from an 
aqueous GO suspension. They were immersed for 2.5 h in a dispersion 
containing 0.25 mgGO·mL-1. After drying, very thin glitter free-standing 
films grown between strands were easily visible to the naked eye (see 
inset in Figure 16a.1). Figure 16a shows the scanning electron 
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microscopy (SEM) images of rGO films grown on it. The SEM images 
denoted as a.1 and a.2 in it allow the clear observation of one of these 
transparent thin layers because of the presence of a tear in it, which is 
near the zone where the strands form an acute angle. The substrate 
geometry favors the assembly of flakes in the same plane, which form a 
continuous film, not only covering the metallic surface but also 
spanning the distance between strands.  

A detail of the zone where there is a discontinuity between the 
suspended film and the coated grid reveals the presence of a channel 
connecting them (Figure 16.a.2). Assisted by the oxidation of the copper 
substrate, the spontaneous GO assembly process is initiated on the 
strands. The whole substrate surface is observed to become quickly 
coated by a very thin rGO layer, which is detectable by SEM at large 
magnifications due to the formation of some wrinkles in it (see image 
a.3 in Figure 16). However, GO flakes assembly is also favored in the 
medium distance to extend the continuous rGO layer over the holes 
competing with the direct interaction and adsorption of GO on copper. 
By considering that the GO flakes size in the commercial dispersion is 

below 10 m41, the dimensions of the grown films evidence their 
effective assembly in large sizes assisted by metallic copper.Two 
different growing patterns have been observed for the rGO films on the 
hollow areas of the grid. In some of the holes, the film growth is 
observed to take place at a similar rate on the surface of three or four of 
the strands surrounding it. Then, a continuous film is formed, which 
covers almost the whole of the void area, as previously shown in Figure 
16.a.1. The growth of these planar free-standing rGO layers on the holes 
probably proceeds at both faces of the grid simultaneously.  

 

Figure 16: Scanning electron microscopy photographs of a flattened 
copper expanded grid (3Cu7-100F) showing the formation of a rGO film 
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spanning the copper strands. Synthesis period: 2.5 h. a: Extended rGO 
film covering a grid hole: a.1) general view showing an overture on the 
rGO film that allows it to be better distinguished; the inset shows two 
optical images of the 3Cu7-100F grid showing the grid mesh and a 
detail of an extended film grown on it; a.2) detail of an anchoring zone 
between the free-standing film and the film supported over the copper 
strand; the inset shows detail of the subsurface channel with higher 
contrast; a.3) detail of the copper strand surface coated by a thin rGO 
film in which its wrinkles are clearly visible. b.1: interdigital rGO 
membrane grown between adjacent strands showing the formation of 
Cu2O crystallites beneath the assembled film; b.2) detail of rGO 
subsurface channel towards the suspended film; b.3) detail of the cubic 
Cu2O crystallites beneath the rGO coating.  

In contrast, the preferential growth of extended layers just from 
two adjacent strands is probably the origin of the folding of the film 
onto itself towards the opposite face of the grid through the holes. This 
fact produces loose coatings on the substrate forming an interdigitated 
membrane between adjacent strands. The image shown in Figure 16.b.1 
illustrates this case. The rGO film is folded upon itself and continuously 
covers the opposite face of the grid.  

The lateral assembly and reduction of GO flakes expands rGO 
layers and proceeds simultaneously with the oxidation of the metal 
surface and the formation of copper ions. The good in-plane electrical 
conductivity of the rGO film towards the metal favors charge transfer 
processes and its spread. Depending on the conditions at the interface 
(pH, temperature, presence of ligands, etc), copper ions may diffuse 
towards the aqueous medium through channels usually formed in the 
interphase between the copper surface and the rGO coating (Figure 
16.b.2), as elevated wrinkles, or are sometimes accumulated below the 
rGO film and precipitate as Cu2O (Figure 16.b.3).39 These ion channels, 
which are easily observed to plow through the copper strands towards 
the open areas, are more clearly presented in images a.2 (see detail in 
the inset image) and b.2 in Figure 16. 

The degree of reduction of these films has been examined by 
XPS. XPS measurements indicate that the copper surface becomes 
completely covered by rGO. At the grid surface, ca. 80% of the atoms 
correspond to carbon, ca. 19.5% to oxygen, and ca. 0.5% to copper. By 
considering that standard XPS experiments probes the top 10 
nanometers the sample (roughly 20–30 atomic layers), such a low 
copper content is indicative of a very effective coverage of the metallic 
grid immersed in GO for 2.5 h. 

Only one main peak is identified in the initial spectrum in the O1s core-
level region at ca. 532.1 eV, which is precisely related to the oxygen 
double-bonded to carbon in relation with the previously mentioned C1s 
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signal30,42. Copper is present in a very low amount and yields a main 
peak at ca. 932.8 eV and a shoulder at ca. 934.8 eV binding energy. It 
should be noted that the Cu2p core-level XPS spectrum of Cu metal is 
almost identical to that of Cu2O 43, and these characteristics make their 
discrimination difficult. By considering the higher amount of oxygen at 
the surface, the Cu2p3/2 signals should be ascribed to Cu (I) and Cu (II) 
species, respectively. This small amount of copper species detected at 
the surface probably corresponds to the ions diffused from the substrate 
though the assembled films towards the aqueous medium and remain 
associated to basal oxygen species in the GO flakes. It is known that the 
adsorption of metal ions on GO is controlled by chemisorption and 
involves their strong surface complexation with the oxygen containing 
groups on the surface of GO38.  

Figure 17 shows the XPS profiles obtained in the C1s, O1s and 
Cu2p3/2 for the pristine surface of an expanded grid as prepared and 
after several cycles of Ar+ ion bombardment. Regarding the 
composition of the pristine sample, the C1s signal reveals a main peak 
centered at ca. 284.8 eV that is related to sp2 hybridization of carbon in 
an aromatic structure. A shoulder at ca. 288.5 eV could be assigned to 
the carbonyl groups30,44.  

Depth profiling has been applied to build up a layer-by-layer 
picture of the sample structure. Cycles of measurements after ion beam 
etching in a localized area shows that after the initial measurement, the 
copper signal grows progressively in intensity, which reveals the 
effectiveness of the rGO coating. The C1s core-level signal decreases 
when increasing the depth of ion bombardment, but the main peak 
remains invariable, although the carbonyl shoulder practically 
disappears. The change in the profile in the O1s region evidences the 
change of composition in a minimum depth. The peak at ca. 532.1 eV, 
corresponding to double bonded oxygen species, decreases its intensity 
and the signal shifts to higher binding energies (ca. 530.7 eV) as the 
depth increases, which could be related to the presence of quinone 
groups29,45. This result evidences have a higher reduction degree in the 
rGO inner layers. As a matter of fact, the highest amount of oxygen 
containing groups remains at the surface of the rGO coating. As 
expected, the Cu signal intensity increases with the number of Ar+ 
bombardment cycles, and the peak assigned to Cu (II) species is 
extinguished. In inner layers, the presence of Cu (I) species is probable, 
but its amount cannot be estimated from this analysis in the Cu2p3/2 
core-level neither considering the valence band region (not shown). 
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Figure 17: XPS profiles registered for the C1s, O1s and Cu2p3/2 regions in 
a rGO coated 3Cu7-100F grid. Synthesis period length: 15 min. Grey 
profile: pristine sample. White profiles: cycles of Ar+ ion bombardment 
(Note that in the Cu2p3/2 graph the “cycle” axis is inverted and the 
pristine sample appears at the front side). 

2.3.8.2 Growing on bare tabbed TEM copper microgrids. 

With the aim to investigate the structure of these suspended 
films, rGO was also grown on bare tabbed TEM copper microgrids. A 
first series of samples was prepared for increasing periods of time using 
the GO dispersion with a concentration of 0.25 mg·mL-1. An 
examination of the grids confirms that void areas in the microgrids are 
mostly covered by extended planar films, which progressively reduced 
their transparency with immersion time. The analysis of isolated GO 
flakes in these samples indicates that their sizes are in the range 

between 0.2-10 m, in agreement with other detailed studies, which 
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report average flake sizes of ca. 1.0 m and an average height in the 
range between 1.0-1.3 nm for this commercial GO dispersion without 
sonication46.  

Synthesis periods as short as 15 min in an aqueous suspension of 
0.25 mgGO·mL-1, and air dried, were enough to produce the extension of 
rGO layers from the copper surface towards the grid voids, covering 
many of them as shown in Figure 18. As previously noticed for larger 
expanded grids, both growth patterns were also observed. However, 
under these conditions, planar extended films covering partially or 
completely the grid holes (images a and b) were observed to 
predominate over interdigital membranes (image c). Furthermore, a 
relevant difference was observed between both patterns: The presence 
of intercalated GO platelets. Extended planar films seem to be grown 
simultaneously from the obverse and reverse faces of the grid. By 
considering the presence of free GO flakes in the dispersion medium, 
some of them may remain trapped in between. This is clearly observed 
in images a and b shown in Figure 18. Additional rGO layers could be 
stacked on a copper substrate, if it is maintained immersed in the GO 
dispersion for enough time. Accordingly, when a new layer is 
assembled over a previous one, Van der Waals forces favor its growth 
over the existing film. In the case of extended planar films grown over 
the holes, there is probably a weak interaction between consecutive 
layers which allows GO flakes to remain trapped inside.  

On the contrary, the growth of interdigital membranes, which 
result from layers folded upon itself to wrap the metal surface, does not 
show the presence of trapped GO flakes (Figure 18.c). 

 

Figure 18: Transmission electron microscopy images of a copper 
microgrid used for the self-assembly and reduction of GO for a 
synthesis time of 15 minutes; b.1) image showing a planar rGO free-
standing film, which has been extended from the surrounding coated 
copper strands entrapping some GO flakes between its layers; b.2) 
detail of trapped GO flakes between rGO self-assembled layers; b.3) 
detail of an rGO film without trapped GO flakes folded over the reverse 
face of a internal angle of the grid. 

In order to decrease the presence of GO flakes between rGO 
layers, a second set of measurements was carried out on samples 
prepared from dispersions diluted by 10 and 100 times. GO 
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concentrations were reduced to 0.025 and 0.0025 mgGO·mL-1. For these 
samples, no complete coverage of the microgrid holes was observed. 
The copper strands were wrapped by loose coatings forming 
interdigitated membranes in the internal angles formed between them, 
similarly to those formed for short synthesis periods using the most 
concentrated dispersion of 0.25 mgGO·mL-1 (Figure 18.c).  

Figure 19 shows SEM micrographs and selected area diffraction (SAED) 
patterns of the interdigitated membranes. Images a.1 and a.2 in Figure 
19 correspond to a film formed for 15 min with a 0.25 mgGO·mL-1 
dispersion. In this case, the SAED pattern (image a.2 in Figure 19) does 
not show well defined spots, but the formation of streaking 
perpendicular to the reciprocal lattice vector. This effect could be 
ascribed to a distortion in the crystal structure caused by the presence 
of a substantial amount of defects, as shown by Pan et al. by ion 
bombardment of graphene layers 47, or to the pleats, creases, ripples, 
and ruffles formed in the folded film covering both faces of the 
microgrid48. By diluting 10 times the GO solution to 0.025 mgGO·mL-1, 
only very thin layers were observed in a sample synthesized for a 15 
min synthesis period. In this case, the reaction rate was substantially 
reduced and the generated films spanned the strands roughness in 
much shorter distances (images a.3 and a.4 shown in Figure 19). By 
extending the synthesis period to 60 min, additional separated 
overlayers were observed to grow in interdigitated zones. Figure 19.b.1 
illustrates this phenomenon and reveals the formation of an overlayer 
wrapping the first one, but with scarce interaction between them. These 
rGO overlayers formed new looser coatings between adjacent 
anchoring points spanning larger distances. They appear as folded 
layers covering the obverse and reverse of the grid. These grown films 
seem to be free from intercalated GO flakes. The obtained SAED pattern 
in Figure 19.b.2 seems to correspond to three layers of graphene. It 
reveals clearly the formation of two sets of spots with a twist angle of 
26º. They could be ascribed to both parts of the same folded film. A 
third set not so clearly defined with a twist angle close to 10º could be 
ascribed to the incipient formation of a third layer stacked over one of 
the others.  

By diluting the GO dispersion by 100 times to 0.0025 mgGO·mL-1, 
the synthesis of coated samples for 60 min generated several wrapping 
films clearly distinguishable at interdigitated areas (Figure 19.c.1), 
although their extension decreases even more as the dilution increases. 
Under these conditions, a SAED pattern corresponding to twisted 
trilayer graphene is also found with twist angles of 30º and 15º (Figure 
19.c.2). Similarly, two of the three sets of spots should be ascribed to the 
larger rGO folded layer and the third to a new single layer grown over 
one of them. 
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The Moiré superstructures that they formed according to their 
twisted angles are represented in the images b.3 and c.3 shown in 
Figure 19. Their periodicity depends on the rotation degree  and 
represents a new structural length scale of the system49–51. 

 

Figure 19: a.1 and a.2) TEM micrographs and SAED patterns of an rGO 
loose coating formed on a copper microgrid for 15 min with a 0.25 
mg·mL-1 GO suspension; a.3 and a.4) micrographs of rGO films formed 
for 15 minutes with a 0.025 mg·mL-1 GO suspension; b1. b.2 and b.3) 
TEM micrograph, SAED pattern and Moiré superstructure of a rGO 
film formed for 60 min from a 0.025 mg·mL-1 GO suspension;  and c.1, 
c.2 and c.3) TEM micrograph, SAED pattern and Moiré superstructure 
of a rGO film formed for 60 min from a 0.0025 mg·mL-1 GO suspension.  

The analysis of the crystalline structure and arrangement of the 
planar extended rGO layers has been also performed on samples 
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synthesized for increasing immersion period lengths with the most 
concentrated dispersion (0.25 mg·mL-1). SAED patterns obtained for 
films formed for 30, 60 and 120 min are presented in Figure 20a. Despite 
the presence of intercalated GO flakes within the stacked layers, the 
crystallinity of the assembled films increases with time. For a synthesis 
period of 30 min, the SAED pattern shows intense and defined spots 
corresponding to a graphene crystalline monolayer, although certain 
diffusion in them could be appreciated. An overlayer with a small twist 
angle is probably growing or has been grown over the initial film. For 
the sample prepared for a synthesis period of 60 min, two sets of spots 
in hexagonal configuration are observed with a twist angle between 
them close to 10º. A twisted bilayer graphene is mainly formed at this 
step. Additional spots in some regions of the SAED pattern could be 
ascribed to the incipient formation of overlayers (see details of the spots 
in the inset images). Out-of-plane deformations or wrinkles in these 
over layers are probably significant. Therefore, variation of some 
degrees of surface normal in those over layers may lead to more intense 
spots at certain zones. For the longest synthesis period (120 min, Figure 
20a) the same trend is observed, but the twist angle between the most 
intense spots corresponding to the outer layers increases up to 12º. 
However, the analysis of the weaker but well defined diffraction spots 
indicates that the twist angle slightly decreases with depth. It must be 
noted that the trapped GO flakes between consecutive layers are 
probably the origin of some distortion in the arrangement between 
them.  

Figure 20b shows the SAED pattern and the TEM image of a 
quite clear area of a film synthesized for 60 min. In this case, it could be 
more clearly appreciated with an arrangement of at least 15 graphene 
layers stacked with a homogeneous twist angle of 4º. These twisted 
structures are often referred to as turbostratic52. 

According to these results, it could be concluded that the 
increase of GO concentration in the aqueous dispersion accelerates the 
rate for assembly and reduction of GO platelets into growing rGO films 
initiated at the copper surface. Furthermore, this process does not 
require intimate contact of the graphene oxide with the copper surface, 
and new overlayers could be assembled and reduced over the previous 
ones. New stacked layers, which are formed over interdigitated 
membranes, allow expansion of the unsupported film and increasing 
the distance between anchoring zones for new overlayers. This seems to 
be the way for generating larger free-standing films. Consequently, the 
formation of complete planar layers over a hole is possibly a 
subsequent step of the successive stacking of interdigital membranes of 
reduced graphene oxide.  
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Figure 20: a) Electron diffraction patterns of graphene films grown over 
the TEM grid holes at increasing immersion periods of time in a 0.25 
mg·mL-1 GO suspension at room temperature: a) 30 min, b) 60 min, c) 
120 min. b) SAED pattern and TEM micrograph of a rGO coated copper 
microgrid with a synthesis period of 60 min in aqueous GO suspension 
of 0.25 mg·mL-1. The turbostratic arrangement of the rGO self-
assembled film can be envisaged in the SAED pattern. 

2.3.8.3 Calculation of turbostratic factor 

An estimation of the turbostratic factor F according to the twist-
dependent descriptor defined by Gupta et al. 53 could give a clearer idea 
of the influence of the immersion time and the GO concentration in the 
dispersion on the structure of graphene formed on the microgrids by 
spontaneous reduction and assembly. The turbostratic factor F is 
defined as follows: 

𝐹 = 60 +
𝛾𝐴𝑣𝑔 + 𝛾𝑅𝑀𝑆

(𝑛 − 1)!
 

Where, 𝑛  is the number of sextets in the SAED patterns, the 

average twist angle 𝛾𝐴𝑣𝑔  is defined as 𝛾𝐴𝑣𝑔 =
𝛾1+𝛾2+⋯+𝛾𝑛

𝑛
 and only 

depends on n and 𝛾𝑅𝑀𝑆  is the root-mean-square of the angular spot 

spacing and is defined as 𝛾𝑅𝑀𝑆 = √
𝛾1+𝛾2+⋯+𝛾𝑛

𝑛
.  

Figure 21 shows a representation of the turbostratic factor F as a 
function of the variables studied. It could be observed that F increases 
with the immersion time and the increase of GO concentration. Short 
synthesis periods (lower than 1 h) and moderately low concentrations 
are relevant factors to modulate the turbostratic factor.  
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Figure 21: Representation of the turbostratic factor F as a function of the 
immersion time of the TEM copper microgrid in GO dispersion and the 
concentration of GO in the aqueous medium.  

In view of the presented analysis, the synthesis of rGO films on 
open area copper substrates is a breaking-through approach to tailor 
suspended reduced graphene oxide films of relative large size, which 
could be combined with the properties of the chosen substrate. 
Although, the structure of the assembled layers contain larger amount 
of defects than those produced by chemical vapor deposition, this 
procedure yields a number of valuable advantages as a result of its 
easiness and low equipment requirements. This study establishes the 
keys to understanding the growth of the rGO film. The optimization of 
the synthesis procedure may improve the purity and quality of the 
resulting free-standing film. Furthermore, the stacking arrangements 
could radically modify the electronic properties of the generated 
material because of the interlayer π−π interaction54. The open question 
in the literature about the tractability of these type of materials could be 
partially solved by applying this approach55,56. The presented results 
point to this latter remark: by modifying the synthesis conditions or the 
substrate geometry, the twist angle of the stacked graphene layers 
could be tailored. These findings could be of enormous interest for 
some emerging graphene applications, since the identification of the 
relationship between stacking rotations and electronic or optic 
properties is a particularly intriguing subject in the case of few-layer 
graphene structures57–59. 
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2.4 Conclusions 

The self-organization of reduced GO platelets as building blocks into 
extensive bi-dimensional layered structures has been shown to have a 
great potential to create reduced graphene oxide coatings on large-scale 
samples using a simple and inexpensive procedure. Among the metals 
that are able to assist the spontaneous assembly and reduction process 
of GO in dispersion, copper substrates are especially suited for this 
purpose and have been studied in detail. Several factors have been 
observed to influence the bottom-up conformation of continuous rGO 
coating films. Some of them, including the substrate geometry, the 
dilution of the graphene oxide dispersion, the pH of the solution 
reaction, the addition of ligands to the reaction medium or the synthesis 
temperature, have been explored. Several techniques have been applied 
to characterize the samples (SEM, TEM, XPS, ATR-FTIR), which have 
provided complementary information about the particular properties of 
the synthesized coatings and the modification of the substrate along the 
reaction progress 

In view of the obtained results, a reaction mechanism has been 
proposed for the self-organization of GO sheets in aqueous dispersions 
assisted by copper substrates, which include several steps. The 
formation of continuous rGO layers is assisted by copper oxidation and 
is produced from the lateral reaction between edge functional groups in 
GO sheets.  

The rGO coating in continuous flat substrates is not 
homogeneous since the preferential zones of corrosion need to open 
numerous pathways for copper ions removal. When using open area 
substrates, such as flattened expanded grids, the grown layers can be 
extended beyond the copper basal substrate and cover large open areas 
in grids. Each one of the monolayers is an effective barrier for the 
copper ions produced, which diffuse through long channels below the 
coating and in between assembled layers to reach the bulk solution 
through tears of ripples. This self-arrangement process has been 
observed to produce with time a multilayer coating formed by 
continuous reduced graphene oxide monolayers.  

The presented results and the proposed mechanism establish the 
basis to produce tailor-made coatings able to protect copper surfaces 
from corrosion by applying a simple and cost effective procedure. In 
addition to its great potential as anticorrosion treatment, it allows the 
formation of free-standing rGO layers using copper grids as frame for 
their synthesis. Furthermore, by considering the interesting physical, 
chemical, electronic and magnetic properties of Cu2O structures in 
many fields, such as hydrogen production, solar cells, electrodes, 
antimicrobial coatings or filters, catalysts for organic reactions, 
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biosensors, magnetic storage devices, gas sensors and 
supercapacitors60,61, its combination in conductive grids with 
continuous reduced graphene oxide layers open an interesting research 
field for the development of a new generation of devices competing 
with less structured Cu2O/rGO nanocomposites62–66. 
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Chapter 3: 
Corrosion protective coatings 
on copper grids 

 

This chapter compiles the research related to the synthesis of 

reduced graphene oxide coatings on copper grids as effective barriers 

against corrosion. The main objective is the development of copper-based 

collectors able to operate in the aggressive environment of proton 

exchange membrane fuel cells. The synthesis method previously analyzed 

for copper substrates has been the basis to optimize the coating procedure. 

The properties of these reduced graphene oxide layers have been studied 

using copper grids as substrates. The samples have been initially 

evaluated in a three-electrode corrosion cell and have been characterized 

by different physicochemical techniques. An improved protocol has been 

stablished to protect current collectors, which has been tested under real 

operation conditions in air-breathing PEMFCs. Accelerated degradation 

studies and durability tests have been performed for H2 fuel cells 

assembled with reduced graphene oxide protected copper collectors. 

Some of the characterization tests of the samples presented in this 

chapter were carried out at the Uppsala University during a three-month 

stay of the Candidate. During this period (from September 17th to 

December 22nd, 2019), the doctorate student joined the Division of Solid 

State Electronics in the Department of Engineering Science of the Uppsala 

University (Uppsala, Sweden) as visiting student researcher, which is 

certified by the host institution to apply for the international PhD mention.  

Preliminary results of the coating procedure here described were 

accepted and presented at the following conferences: 

- Advanced Nanomaterials Congress 2018, Aveiro (Portugal): oral 

communication under the title: “Graphene as corrosion 

protection films for metal surfaces” 

 

- Advanced Energy Materials 2019, Guildford (United Kingdom): 

oral communication under the title: “Graphene coatings: a 

promising protection for copper”  

Proprietary information related to the developed optimized coating 

procedure has been legally protected under patent [Spanish national 

application number: 202130543. Title: “Procedimiento de obtención de 

recubrimientos anticorrosión de óxido de grafeno reducido y uso de 

estos”. Date: June 24, 2021].   
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3.1 Introduction 

3.1.1 Corrosion protective coatings. 

Corrosion protective coatings have particular relevance in 

environments with high humidity, high salinity, high temperature or 

chemically aggressive compounds. In general, all the protective coatings 

are formed by layers with different properties and functions, which 

depend on the system requirements. Each layer can be metallic, inorganic 

or organic, and contain a primer, one or several intermediate coats, and a 

topcoat.  

The function of the primer is to protect the substrate from corrosion 

and ensure good adhesion to the substrate. Intermediate layers build up 

the thickness of the whole coating and impede transport of aggressive 

species to the substrate surface. They must provide good adhesion 

between the primer and the topcoat. The top layer, which is in contact 

with atmosphere, is responsible for the shine and color, the resistance to 

environmental changes, mechanical impacts and UV radiation, and 

determines the coating useful life.  

In a first approach, coatings could be classified in accordance to the 

mechanism by which they protect the substrate against corrosion. Three 

main groups can be distinguished: barrier protection, sacrificial protection 

or galvanic effect and inhibitive effect by passivation of the surface1. Many 

of these coatings are not electrically conductive, and are not suitable for 

certain purposes.  

In the case of protection of electrically conductive surfaces, there are 

basically two groups of materials which can be employed: the first group 

includes noble metals such as gold, silver and palladium; the second 

group is constituted by passivated metals such as tin or nickel, which form 

a thin oxide film on their surface and act as a protective barrier between 

the metal and its environment2. This passivated film inhibits deeper 

corrosion, and is usually an oxide or nitride with a thickness of 

nanometers. Nevertheless, not all the passivated metals or alloys are 

suitable for corrosion protection of electrically conductive surfaces. 

Aluminum and aluminum alloys develop too thick passivated films, 

which are very stable but highly electrically resistant, and are not suitable 

for conductive applications. 

Alternatively, composite coatings using conductive polymers 

and/or fillers can also be used, although the electrical conductivity of the 

surface is reduced3. Metal powders or carbon-based materials (carbon 

black, carbon nanotubes, carbon nanofibers, graphene, etc.) are commonly 
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used for that type of coatings4,5. Graphene continuous layers have also 

been recently proposed as corrosion barriers, but their practical 

application still requires further research. 

3.1.2 Graphene as corrosion protective barrier. 

Graphene is a material with high potential to produce protective 

coatings against corrosion. Currently, many studies are being focused to 

investigate its barrier properties6.  

It is clear that a continuous single layer of graphene, as ideal 

bidimensional material, is able to establish a barrier effect on the 

substrate7. However, despite the intensive investigations, the anti-

corrosion performances of graphene films in the literature are inconsistent 

and its protection mechanisms are still controversial8,9. The presence of 

defects and cracks in the layers, their lack of continuity in grain 

boundaries, and the formation of nanoripple arrays contribute to 

protection failures10–12. As a matter of fact, although graphene indeed 

offers effective short-term oxidation protection (from minutes to hours), 

Schriver and col.12 have demonstrated that, over long time scales, a 

graphene monolayer produced by CVD on a copper film promotes more 

extensive wet corrosion on a covered specimen than over an initially bare 

one. Several researchers have drawn similar conclusions. Prasai et al. have 

observed a more intense corrosion in defective areas of the graphene 

coating13. Heish et al. 14 and Zhu et al.10 concluded that incomplete 

passivation of graphene coating is due to the presence of defects at grain 

boundaries, which accelerates the corrosion rate of graphene coated 

metals by several folds. This phenomenon has been explained by 

microgalvanic corrosion mechanisms15. The presence of defects and 

impurities, which are unavoidable in industrial production processes at 

large scale, notably decreases the protective ability of monolayers and 

bilayers11. In this regard, Singhbabu et al. have analyzed the feasibility of a 

protocol for the production of reduced graphene oxide coated cold rolled 

stainless steel sheets using an industrial setup16. The electrochemical tests 

of the coated sheets showed that the coatings were unable to protect 

stainless steel from corrosive ions in a saline environment, due to the 

presence of defects in the coating. However, a post-treatment of the sheets 

with sunflower oil followed by heating allowed shielding the pores and 

reduce the corrosion rates by four orders of magnitude as compared to the 

bare specimens. 

In addition to dry processing procedures such as CVD, high 

temperature pyrolysis of organic molecules, rapid thermal annealing or 

powder spray, numerous wet processing methods have also been 
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explored in the literature17. These methods include electrophoretic 

deposition, spray or electrospray coating, dip coating, spin coating, drop 

casting, air-brushing, ink jet printing, screen printing, slot casting, 

metering rod, “Doctor Blade” or chemical bath. Some of them use aqueous 

suspensions of graphene oxide and produce GO layers with different 

reduction degrees. This is the case of coatings prepared by self-assembly 

and reduction during immersion in GO baths18–21 or by electrophoretic 

deposition22–24. These procedures produce a certain reduction of the 

corrosion current densities24. 

Other wet processing procedures require polymers, binders or 

organic solvents to be added25. Leaving aside that some of these volatile 

organic compounds are a major source of toxicity and environmental 

concerns and their use is becoming more restricted by current legislation, 

these composite coatings entail an electrical conductivity decrease at the 

surface1. Recently, Necolau and Pandele have reviewed the most recent 

advances in the field of anticorrosive coatings based on graphene oxide 

nanostructures as active filler26. The mechanisms involved in corrosion 

protective composite coatings containing graphene oxide depend on the 

matrix used. Thus, for polymeric materials, the processing and curing 

might generate local defects in the coating structure which can promote 

the penetration of corrosive agents towards the substrate. The 

functionalization of graphene oxide has been proposed as strategy to 

hinder diffusion pathways for electrolytes. Some of these studies have 

demonstrated a certain grade of effectivity of graphene composites as a 

protective barrier for different metals5,16,27. Corrosion tests, which are 

usually carried out using seawater as electrolyte, have also shown some 

lower corrosion current densities for them than for the bare metal27.  

3.1.3. Metallic materials for PEM fuel cell flow field 
plates and collectors. 

The development of graphene protective coatings is of interest for 

many technological fields, in particular for low temperature fuel cells. By 

now, no single material has been found to perfectly satisfy the diverse 

requirements of flow field plates and collectors for these devices, and 

trade-offs must be made between properties to yield the most favorable 

material for the intended use: stationary, automotive, or portable 

applications3. The materials under consideration can be broadly grouped 

into two categories, metallic or carbon-based. These material groups can 

be further subdivided to include coated metals and composites.  

Graphite has been traditionally used for plates manufacture in 

order to avoid the corrosion problems associated with metals. Despite its 
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good electrical conductivity, corrosion resistance and low density, there 

are some significant disadvantages that may lead to consider and prefer 

other options. The brittleness and porosity of graphite requires thick 

plates (several millimeters) and impregnation processes to maintain the 

gas tightness and the plate integrity in a compressed stack. As a 

consequence, the plates are not lightweight despite the low density of 

graphite. In addition, the graphite machining process is not easy and the 

combined costs of the raw material and the machining result in expensive 

plates that are mainly used as a prototypes. 

Current flow-field-plates manufacturers are predominantly based 

around the manufacture of graphite and composite materials. As a matter 

of fact, graphene has also been used as base material for the manufacture 

of composite plates28. Only a few companies are devoted to metal-based 

production, such as Cellimpact, Intelligent Energy, De Nora, or GenCell 

Corp29. However, the high volumetric power densities required for 

automotive applications is attracting the interest of manufacturers in the 

production of metallic components30. 

Typical metallic plates are made of stainless steel, aluminum, 

titanium and nickel/chromium alloys, and their processing options 

include computer numerical control (CNC) milling, foaming, die casting, 

etching and stamping/ embossing31–36. The stamping process currently 

seems to be the most suited to mass manufacture due to very short 

production times30. Table 1 summarizes the main drawbacks of the 

materials used as substrates for conductive flow field plates and collectors, 

and their coatings. The main disadvantage of using bare metals is their 

chemically instability in the corrosive internal environment of the fuel cell 

(low pH, high humidity and temperatures of up to 80°C). Metals are prone 

to corrosion in this unfavorable environment and may form electrically 

insulating surface layers and leach metal ions into the membrane-

electrode-assembly (MEA)35. Consequently, they can have high interfacial 

contact resistance (ICR) with the gas diffusion electrodes (especially at low 

compression) and increase the cell resistance37. Only precious metals may 

remain chemically stable, but they are too expensive to be a viable option. 

Therefore, more economical coatings must be considered to protect the 

base metal, but taking into account some additional requirements: i.e. a 

similar coefficient of thermal expansion (CTE) between base and coat 

materials to avoid cracking and/or delamination due to thermal cycling of 

the fuel cell, good mechanical resistance to withstand forces of 

compression in a fuel cell stack, and good adherence to the base metal 

.  

Usual coatings could include metals, carbons, polymers and 

https://www.cellimpact.com/
https://www.intelligent-energy.com/
https://denora.com/
https://www.gencellenergy.com/
https://www.gencellenergy.com/
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combinations thereof. Many coatings based on the transition metals and 

their nitrides have been recently developed using different techniques to 

improve the anticorrosion behavior of the stainless steel38. 

Table 1. Disadvantages of different materials for PEM flow field plates or 
collectors29. 

Material Disadvantages 

Graphite Poor mechanical strength, high processing cost, 
high weight and volume. 

Metal Poor corrosion resistance, high interfacial contact 
resistance, formation of passivated oxide films on 
the surface leading to catalyst poisoning and 
membrane contamination by dissolved metal 
ions. 

Carbon/carbon 
composites 

Low bulk electrical conductivity, low mechanical 
strength, high cost. 

Polymer/metal 
composites 

Low electrical conductivity. 

Polymer/graphite 
composites 

Large volume, low corrosion resistance. 

Stainless steel (SS)  Formation of passivated oxide films leading to 
high interfacial contact resistance. 

a-C/SS High corrosion resistance, difficult mass 
production.  

Polymer/SS Low electrical conductivity. 

Gold/SS High cost. 

TiCx/a-C High cost, challenges in mass production. 
TiN/Ti Highly expensive. 
TiN/SS High processing cost. 

Fe/Ni/Cr Poor corrosion resistance, high interfacial contact 
resistance. 

SS/Zr2N2O High processing cost, low surface conductivity. 
Nb, Ti, Hf, Zr and Ta Extremely expensive for commercialization. 
Metal foams, carbon 
cloth 

Low corrosion resistance, high interfacial contact 
resistance, complex mass production. 

TiN/SS High processing cost. 

Fe/Ni/Cr Poor corrosion resistance, high interfacial contact 
resistance. 

SS/Zr2N2O High processing cost, low surface conductivity. 

Nb, Ti, Hf, Zr and Ta Extremely expensive for commercialization. 

 

In order to meet the requirements to obtain acceptable 

performances, good durability, and affordable costs, PEM technology 

advances are led by periodical targets determined by the main R&D 
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agencies. The 2020 targets established by the US Department of Energy for 

flow field plates properties are compiled in Table 238,39. 

Table 2. 2020 targets established by the U.S. Department of Energy for 
flow field plates of PEM fuel cells38,39. 

Properties 2020 Targets 

High corrosion resistance,  
low corrosion current density 

<1 μA cm–2 (corrosion current 
density, Icorr) 

Low interfacial contact resistance (ICR)<10 mΩ·cm2 
High electrical conductivity >100 S·cm–1 

High thermal conductivity >10 W·m–1·K–1 
Low permeability to gases (H2,O2) <2·10–6 cm3·s–1·cm–2 at 80 °C and 3 

atm 

High flexural strength >50 MPa 
High shore hardness >40 

High flexibility = 3%–5% deflection at mid-span 
Low weight <0.4 kg·kW–1 

 

3.1.4 Graphene in PEM fuel cell collectors. 

Some studies on graphene-coated PEM fuel cell collectors or flow 

field plates not involving polymers, resins or binders can be found in the 

literature16,40–46, although experiments under real operation conditions are 

very scarce47. Lee at al. have recently reported promising results after 

testing the performance of a PEM fuel cell assembled with a graphene 

coated Ni-Cr porous plate at the cathode, whereas a two serpentine flow 

channel on a SUS316L plate was used at the anode 47. They used a facile 

spray-coating method in which micro-droplets of a rGO colloid were 

sprayed onto the Ni-Cr foam heated surface.  

Graphene monolayers are up to now quite ineffective because of the 

unavoidable presence of defects in them43. 

Pu et al. grew graphene layers by CVD in bare and nickel coated 

stainless steel specimens intended for use as PEMFC bipolar plates44. They 

tested the samples in corrosion tests using saline solution (3.5 wt.% NaCl, 

seawater concentration) at ambient temperature and found a substantial 

increase of the corrosion rates, although they concluded that graphene 

coating could be a good candidate to avoid corrosion in these components. 

Stoot at al. reported similar corrosion tests in seawater solution for nickel 

coated stainless steel bipolar plates in which multilayer graphene was 

grown by CVD. Although they did not found any advantage of the 

graphene coating in the short and medium term, but long term corrosion 

was reduced. Accordingly, they concluded that those layers could 



Chapter 3 

 

96 
 

considerably increase the lifetime of future-generation bipolar plates for 

fuel cells.  

Other researchers have performed their tests in electrochemical 

cells under environmental conditions closer to those existing in an 

operative PEM fuel cell. Ren et al. tested graphene-coated copper samples 

prepared by CVD in a three-electrode electrochemical cell filled with a 0.5 

M H2SO4 solution45. They analyzed the electrochemical impedance 

response of the samples at the open circuit voltage (OCV) and concluded 

that graphene coatings could improve the corrosion resistance of copper 

bipolar plates. Wang et al. reported a simple method of coating very thin 

graphene films on titanium substrates, and observed enhanced resistance 

to corrosion and decreased electrical contact resistance of the samples 

under simulated environments of proton exchange membrane fuel cells: 

70 ºC, 0.5 M H2SO4 and 2 ppm HF, under bubbling hydrogen or air 

streams. 

3.1.5 Objective of the chapter: 

On the basis of the GO self-assembly and reduction process 

previously analyzed, the study and analysis presented in this chapter aims 

to develop a procedure to synthesize a protecting barrier on the surface of 

copper grids against corrosion.  

In a first step, different coatings will be synthesized and tested in an 

electrochemical cell of three electrodes with a solution of similar pH to 

that of a proton exchange membrane fuel cell (0.5 M H2SO4). Different 

solutions have been traditionally used for accelerated corrosion tests of 

flow field plates and collectors. More recently, standard ex-situ corrosion 

tests for bipolar plates are usually carried out in pH=3 H2SO4 solution 

with 0.1 ppm HF at 80 °C, according to the DOE 2020 targets39. In this case, 

we have used a more acidic solution without fluoride anions and a room 

temperature to simplify the experimental system and the tests. 

The coated samples will be characterized after their synthesis and 

after the corrosion tests to analyze the barrier effect of the reduced 

graphene oxide films. According to the obtained results, the coating 

procedure will be optimized to minimize the corrosion current density.  

Finally, the collectors will be tested under real operation conditions 

as a proof of concept. By considering the scarce information in the 

literature about graphene coated-collectors or graphene coated flow-field-

plates in a fuel cell, this part is particularly breaking-through and 

innovative. The optimized coating protocol will be applied to copper grid 

pieces intended for PEM fuel cell collectors, which will be tested under 

real conditions in a proprietary passive air-breathing fuel cell. This cell 
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designed according to the utility model WO2020240063A1, which is based 

on the invention WO2015025070A1, will be assembled with the coated 

copper collectors and commercial gas diffusion electrodes and 

membranes. This model is intended for portable applications. In general, 

PEMFC technology requires decreasing the weight and cost of its basic 

components, but this is particularly relevant for portable power. The 

previously mentioned model uses gold-plated nickel current collectors. By 

considering the high cost of gold* (47 320 €/kg in April 2021) † and nickel 

(13.79 €/kg in April 2021)‡, the use of copper as substrate (7.78 €/kg)‡, 

would suppose a substantial saving. Furthermore, the formation of a 

reduced graphene oxide coating produced by solution processing from 

graphite as raw material (7 y 12 €/kg) and is also attractive solution. 

In summary, this chapter will describe, analyze and discuss the 

experimental essays performed to develop an effective coating intended 

for PEMFC collectors.  

3.2 Experimental section 

3.2.1 Reduced graphene oxide coating study: copper 
samples preparation. 

Copper grids from Dexmet with intermediate (Cu5-40FA) and large 

(3Cu7-100F) open area have been applied in this study. Grid samples were 

usually cut into coupons with sizes (15 mm x 70 mm) for electrochemical 

corrosion tests. 

For the synthesis, the GO commercial dispersion from Graphenea (4 

mg·mL-1) was diluted to 0.5 mg· mL-1.   

Initially, the surface of the copper substrates was cleaned from 

moisture in acetone bath (Panreac, QP grade) and sonicated for 15 min 

(Ultrasons, JP Selecta). Some samples were also submitted to a reduction 

treatment. A solution processing procedure was selected for reduction. 

Typical efficient reductants such as hydrazine were discarded because of 

its handling and toxicity issues in favor of natural, easy to handle, and 

environmentally friendly compounds. By considering that ascorbic acid is 

not only effective for GO reduction but also for reducing copper ions, 

aqueous solutions of L-ascorbic acid (Sigma-Aldrich) were used at a 

concentration of  4·10-3 M and temperatures between 25 and 50 ºC. Before 

                                                 

* https://www.goldpriceticker.com, accessed on April 2021. 
†https://sempsajp.com, accessed on April 2021. 
‡ https://www.indexmundi.com/,  accessed on April 2020. 

https://worldwide.espacenet.com/patent/search/family/067212298/publication/WO2020240063A1?q=WO2020240063A1
https://worldwide.espacenet.com/patent/search/family/050846950/publication/WO2015025070A1?q=WO2015025070A1
https://www.goldpriceticker.com/
https://sempsajp.com/especial-online/cotizacion-de-metales-preciosos/
https://www.indexmundi.com/commodities/?commodity=nickel&commodity=copper
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drying, the samples were successively immersed in two ultrapure distilled 

water baths. 

A 0.5 mg·mL-1 GO dispersion was used for the tests. Synthesized 

rGO coatings were performed by vertical immersion of the coupons in 

vials. They were disposed in such a way to avoid contact with the vials 

walls. GO immersion took place for periods between 5 min and 2 h at 

temperatures between room temperature and 70 ºC. Samples were then 

immersed successively into two ultrapure distilled water baths before the 

subsequent treatment. 

Some of the samples were dried in air at room temperature, 

whereas other specimens were heated up at slow rate in an oven to 150 ºC 

with and kept at least for 2 h at that temperature; then, the sample was 

naturally cooled to ambient temperature before manipulation. 

3.2.2. Electroanalytical determination of released 
copper ions. 

An ion meter (Eutech model 700 from Thermo Fischer Scientific) 

equipped with a cupric ion selective electrode (Orion 9629BNWP) was 

used for the determination of free cupric ions in the used GO aqueous 

solutions. A standard solution of 0.1 M Cu(NO3)2 (Thermo Fischer Cat. 

No. 942906) was used for calibration purposes. For the measurements, 

aliquots of a cupric ionic strength adjuster (ISA) (Thermo Fischer, Cat. No. 

940011) were added to the dispersion in order to maintain a constant 

background ionic strength for samples and standards.  

 

Figure 1: Images of the ion-meter (A), the cupric ion selective electrode (B) 
and the pH-meter used. 

A ratio 1:50 was maintained in all the cases between the volume of 

ISA solution added and that of the standard solution or sample. In 

addition, a pH-meter (Crison, micro pH 2000) was used to control de 

acidity level of the dispersion, which has a relevant effect on the 

aggregation state of the GO flakes in water.  

After a previous calibration of the ion-meter, the electrode was 
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rinsed and immersed in the GO dispersion vial where the rGO assembly 

had been performed. The corresponding amount of ISA solution 

according to the 1:50 ratio was previously added. After stabilization of the 

system for 10 min. the measurement was registered. Three independent 

measurements were taken for each sample. 

In addition, it was analyzed the capacity of GO in aqueous 

dispersion to retain cupric ions. For this study, known volumes of 

Cu(NO3)2 solutions prepared from the standard with the corresponding 

amount of ISA solution were added progressively to freshly prepared GO 

dispersions. Sample solutions with different GO concentrations were 

evaluated for Cu2+ adsorption. From these tests, it was calculated the 

amount of cupric ions retained by adsorption in GO by estimating the 

difference between the free cupric ions measured in the dispersion as a 

function of the real amount of Cu2+ added. 

3.2.3. Physic-chemical characterization techniques. 

The prepared samples have been characterized by Raman 

spectroscopy, X-ray photoelectronic spectroscopy (XPS), and Fourier 

Transformed-Infrared Spectroscopy in attenuated total reflectance mode 

(ATR-FTIR). The structure of some samples has been analyzed by SEM 

before and after the electrochemical corrosion tests. Additionally, 

thermogravimetric analyses have been performed on the coated specimens 

to test their stability under different atmospheres. 

3.2.3.1 Raman spectroscopy. 

Characterization of the samples by Raman spectroscopy has been 

considered of interest to analyze the bonding type, the domain size and 

the internal stress in the rGO-coated samples as well as amorphous and 

crystalline regions. Raman measurements were obtained under ambient 

conditions at atmospheric pressure. A Renishaw Raman Microscope was 

used, which is equipped with four different energy sources and an optical 

microscope with integrated camera. Raman spectra were recorded using a 

532 nm laser (20X lens). The exposure was limited to 10 seconds using 

only 0.5% power laser and 3 accumulations to obtain better signal to noise 

ratio. 

3.2.3.2 X-ray photoelectron spectroscopy.  

XPS is a versatile and useful tool to characterize the samples 

surface. It provides qualitative and quantitative information about 

elements present on the surface and their molecular surrounding, and 
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allows determining oxidation states, binding atoms, molecular orbitals, or 

transitions п*п from organic groups. XPS can be combined with argon 

ion sputtering to perform a depth profiling. In this way, it allows the 

identification of chemical variations in complex layered structures: from 

the topmost surface of solid materials (~10 nm) to hundreds of 

nanometers into the material bulk. In this case, the technique becomes 

destructive. 

XPS experiments were performed on a PHI Quantera II (Physical 

Electronics, USA) at The Ångström Microstructure Laboratory in Uppsala 

University (Figure 2). The PHI Quantera II was equipped with a vacuum 

system, a X- Ray source, an energy analyzer and a data system. The 

characterization of the samples has been carried out in two different 

modes: i) superficial and ii) deep profiling. The excitation source was Al 

Kα. The analyzer was operated at a pass energy of 224 eV for general 

spectra and 55 eV for high resolution spectra. The accelerating voltage was 

set at 15 kV and the pressure in the analysis chamber was kept below 7·10-

7 Torr during acquisition.  

Using argon gas ion beam for stripping layers of rGO, originated  a 

removal of functional groups that were still present in the sample, and 

consequently a partial reduction of the coating48. In order to avoid any 

kind of alteration in the coating, Raman spectra were collected from the 

samples before their submission to XPS profiling.  

 
Figure 2: Raman (left) and XPS (right) equipment used for the coated 
samples characterization. 

3.2.3.3 ATR-FTIR spectroscopy. 

The presence of functional groups in the surface of the coating was 

analyzed by attenuated total reflectance Fourier transformed infrared 

spectroscopy. An Agilent ATR-FTIR spectrometer equipped with a Ge 

crystal was used. Spectra were registered by averaging a series of 500 
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scans in the range between 4000-600 cm-1, with a resolution of 4 cm-1. 

 

Figure 3: A) ATR-FTIR spectrometer for the analysis of thin film carbon 
layers; B) thermo-balance connected to a quadrupole mass spectrometer. 

3.2.3.4 Thermogravimetry. 

Thermogravimetric analyses (TGA) of the samples were carried out 

under Ar+10% O2 in a Mettler Toledo thermobalance TGA/SDTA851e. 

The sample was placed in a 70 L alumina crucible under a flow of gas of 

20 mL·min-1. The gas outlet was connected to a quadrupole mass 

spectrometer equipped with channeltron and faraday detectors, (QMS 

422) that allowed on-line analysis of the released products. Ion currents for 

a number of mass-to-charge ratios were collected on an interfaced 

computer synchronized with the thermobalance software (STARe SW 

9.01). 

3.2.3.5 Scanning electron microscopy. 

A Hitachi FE-SEM SU-6600 scanning electron microscope has been 

used for inspection of the coated samples. It is equipped with a Schottky 

(thermal) field emission electron source, an Everhart-Thornly secondary 

electron detector for high resolution images and a low impedance 

backscattered electron detector. With an accelerating voltage in the range 

between 1-30 kV, it provides an imaging resolution of 1.2 nm at 30 kV and 

3.0 nm at 1 kV. 

3.2.4. Electrochemical corrosion tests. 

Corrosion tests were performed in a three electrode cell: working 

electrode (WE), reference electrode (RE) and counter electrode (CE). 

Figure 4a shows a scheme of the experimental setup. The reference 

electrode was a chloride-free electrode, a saturated mercury/mercurous 

sulfate (Hg/Hg2SO4) reference electrode with a reference potential of 0.71 
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V vs NHE. The counter electrode was a wound Pt wire. 

Initially, corrosion measurements were carried out in a single 

electrochemical cell. However, in order to avoid the interference of 

liberated ions in the counter electrode, a galvanic cell with double 

compartment and a saline bridge was used (Figure 4c).  

 

 

Figure 4: Initial setup of three electrode single cell (A.1), image of 
electrodeposited copper on the counter electrode during a test (A.2), 
double cell configuration with a salt bridge to avoid copper ions 
deposition on the Pt counter-electrode (B). 

The tests were performed in H2SO4 0.5 M electrolyte to simulate the 

operation conditions of a proton exchange membrane fuel cell. To avoid 

oxygen interferences, the electrolyte was saturated with an inert gas (N2) 

by bubbling it into the solution before the test. Blanketing was carried out 

during measurements by feeding the gas on top of the electrolyte to avoid 

convection. With this setup, the samples were characterized according to 

the following five-step protocol, in which the voltages are referenced to 

the standard hydrogen electrode (SHE).  

1) Determination of the open circuit voltage (OCV). 

2) Linear sweep voltammetry from -0.5 V to 1.2 V SHE at a scan 

rate of 0.5 mV·s-1.  
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3) Cyclic voltammetry from 0 V to 0.4 V vs SHE at 0.025 V·s-1 (10 

cycles) 

4) Cyclic voltammetry from -0.5 V to 1.2 V vs SHE at 0.025 V·s-1 (10 

cycles) 

5) Chrono-amperometry at 1.0 V SHE for 1000 s with an interval of 

0.5s. 

6) Electrochemical impedance spectroscopy at different voltages: 

OCV, -0.55 V, -0.67 V and -1.2 V vs SHE. Frequency range from 

0.007-100000 Hz; amplitude of 0.025 V. 

 

The cell was controlled by a potentiostat/galvanostat (Autolab 

302N). Nova 1.10 software was used to create the protocol, collect and 

treat the data.  

3.2.5. Tests in air-breathing PEMFC. 

3.2.5.1. Fuel cell description and components. 

An air-breathing PEM fuel cell, which is configured according to 

the WO2015025070A1 and WO2020240063A1 patents, has been used for 

the test of the grid collectors. Figure 5 shows a scheme of the cell with an 

exploded view of the components.  

 

Figure 5: Exploded view of the passive air-breathing single PEM fuel cell 
based on WO2015025070A1 and WO2020240063A1.  

This proprietary cell has a self-regulating humidity system 

implemented at the anode chamber that allows free water exchange with 
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https://worldwide.espacenet.com/patent/search/family/050846950/publication/WO2015025070A1?q=WO2015025070A1
https://worldwide.espacenet.com/patent/search/family/067212298/publication/WO2020240063A1?q=WO2020240063A1
https://worldwide.espacenet.com/patent/search/family/050846950/publication/WO2015025070A1?q=WO2015025070A1
https://worldwide.espacenet.com/patent/search/family/067212298/publication/WO2020240063A1?q=WO2020240063A1
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the environment through the surface of a gas-tight membrane. The anode 

chamber consists of a circular PEEK plate with lateral gas fittings for fuel 

inlet and outlet. One of the sides allows for the assembly of the all the 

passive air-breathing fuel cell components in the order: the anode grid 

collector, the anode gas diffusion electrode, the proton exchange 

membrane, the cathode, the cathode collector grid and a pinned plate for 

compression and high air accessibility. The other side of the anode plate is 

isolated from the ambient by a polymeric film permeable to water, which 

is fitted to the anode by another perforated plate of the same material. 

Commercial standard gas diffusion electrodes (ELAT GDE 

LT250EWALTSI, BASF, 0.25 mgPt·cm-2) were used, on woven substrates 

with a Pt loading of 0.25 mg·cm-2 in anode and cathode, and Nafion 112 

membrane between constitute membrane-electrodes assembly (MEA).  

3.2.5.2. Copper current collectors. 

This cell has been designed to operate with gold-plated nickel grid 

collectors, which show excellent durability and stability. In order to 

analyze the performance of the developed reduced graphene oxide 

coating on copper, the same previously tested large open area (3Cu7-100F) 

copper grid was used as substrate.  

Firstly, the copper grid was cut into circular samples of the 

adequate size (4 cm diameter circle) to be inserted into the circular metallic 

frame. Their surface was firstly cleaned with acetone for 15 min in an 

ultrasonic bath. Then, they were immersed in an ascorbic acid solution 

4·10-3 M at 50 ºC for 2 h. Subsequently, they were immersed in successive 

baths of pure distilled water and dried at room temperature. 

Some of these bare copper collectors were directly assembled at the 

anode and cathode of the cell to analyze their durability. A second set of 

pretreated copper substrates were treated in a sputter coater (EMITECH 

K500X) with a gold target, which is shown in Figure 6. Two gold coating 

cycles were applied by each side. A third set of specimens was submitted 

to the optimized reduced graphene oxide coating protocol.  

The different sets of current collectors (bare copper, gold plated 

copper and rGO coated copper) were assembled in the cell by pairs with 

new gas diffusion electrodes and 112 Nafion membrane. Additionally, one 

more set of gold-plated nickel collectors has also been tested in the cell 

under the same operation conditions for comparison. 

The different cells assembled for analysis and comparison and their 

nomenclature are compiled in Table 3. 
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Table 3. Summary of cells assembled with the different current collectors 
for testing. 

Reference Cathode collector Anode collector 

Ni/Au//Ni/Au Ni/Au Ni/Au 

Cu/Au//Cu/Au Cu/Au Cu/Au 
Cu/Au//Cu Cu/Au Cu 

Cu//Cu Cu Cu 
Cu/rGO//Cu/rGO Cu/rGO Cu/rGO 

 

 

Figure 6: Sputter coater (EMITECH K500X) with gold target discs. 

3.2.5.3. Operation in “air-breathing” PEMFC. 

Once assembled, the cells were tested for leaks at the anode and gas 

crossover though the membrane. The cell was flushed with N2, and a gas 

pressure of 1 bar was applied at the dead-ended anode. The gas inlet was 

then closed and the pressure inside the cell was checked to be maintained 

in time. No leaks were detected for the assembled fuel cells. Then, N2 was 

replaced by H2, which was fed under dead-ended anode mode at a 0.2 bar 

overpressure. 

These air-breathing fuel cells were operated at room temperature 

with dry H2 under self-humidity regulation conditions. For the test, it was 

applied a cyclic protocol that includes in each cycle: i) a series of 3 initial 

polarization curves, ii) determination of the open circuit voltage (OCV), 

iii) seven successive potentiostatic steps at 0.5 V for 10 min., and iv) an 

electrochemical impedance spectroscopy (EIS) test under potentiostatic 

mode at 0.5 V applying a perturbation of potential with 0.01 V of 

amplitude, in the range of frequencies between 2000-0.1 Hz. This protocol 

was applied with a Nova procedure using an Autolab 

potentiostat/galvanostat equipped with a booster module allowing for a 

maximum current of 10 A. After the tests, the cells were disassembled and 
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some of them were prepared for post-mortem examination.  

The air-breathing PEMFC model used is normally assembled with 

gold-coated nickel grids as current collectors because of their high stability 

and durability. These grids have also been tested under the same protocol 

as reference for comparison. To prepare gold-coated collectors, the grid 

substrates were firstly cut to the adequate size (4 cm diameter circle) to be 

inserted into the circular metallic frame. Then, the pieces were cleaned 

with ethanol and immersed in an ultrasonicator bath for 30 min.  

 

 

Figure 7: Image of the potentiostat/galvanostat equipped with a booster 
module. 

3.2.5.4. Post-mortem analysis of MEAs by SEM. 

Cross-sectional analysis studies were performed in collaboration 

with the Microscopy and Surface Analysis Group at CIEMAT. A 

metallographic method has been applied to examine in detail the cross-

section of the membrane electrode assemblies used with the different 

current collectors. This preparation procedure is more tedious than sharp 

knife preparation, but avoids the problems of lack of reproducibility and 

the difficulty to perform a planar cut in the microscopic scale that impedes 

a correct visualization using that technique. 

The metallographic preparation used in the study was adapted 

from metal sample preparations. Specimens are entrapped using 

EPOMET® G, a hot compression thermosetting resin, to reduce shrinkage 

during curing and results in a better mount with edge retention. The 

samples have been compressed under 80 bar and a temperature of 150 °C. 

After curing the resin, the specimen was cut in cross-section and the 

surface of a metallographic specimen was prepared by grinding and 

polishing. The grinding was performed with successive sweeps with SiC 

papers (P320, P600, P1200) and water, and finished by polishing with 
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diamond paste (6 microns). The conditions were fixed at a pressure of 0.41 

bar and a disk at 300 rpm for 3 minutes for all the stages of the 

preparation. Due to the insulating character of the resin, a carbon coating 

is applied before introducing the sample in the microscope. 

3.3 Results and discussion 
On the basis of the conclusions drawn from Chapter 2, the 

conditions and the steps required to carry out the synthesis have been 

studied to determine the most relevant parameters influencing the 

effectiveness against corrosion of the rGO layers deposited on copper. 

As previously shown, the GO concentration, the pH of the solution, 

the presence of ligands, the immersion period of the substrate in contact 

with the GO dispersion, the reaction temperature, and the open area of the 

copper grid are relevant parameters influencing the formation of rGO 

coatings on copper. 

Despite the differences observed in the structures of the formed 

rGO films, it can be concluded that: i) the entire substrate surface gets 

covered by rGO, and ii) several subsurface channels are formed at the Cu-

rGO interface for copper ions to diffuse towards the bulk allowing the 

reaction to progress. These two main conclusions lead to consider that the 

efficiency of the coating as corrosion barrier will depend on the open 

paths between the copper surface and the external rGO surface, the 

magnitude of the defects in the grown layers and their respective 

localization.  

It has been previously shown that the grown layers are affected by 

the presence of ligands or by the pH in the reaction medium. For the 

following optimization study, a GO dispersion containing 0.5 mg·mL-1 of 

GO with an acid pH close to 2.8 has been used. 

In a very preliminary attempt, clean copper grids, which were just 

immersed in acetone and submitted to an ultrasonic bath for 30 min, were 

used without further treatment. Reduced graphene oxide films were 

grown on them for increasing periods of time: 4 h, 24 h, 48 h and 72 h.  

By considering that the scarce control on the initial oxidation state 

of the copper surface is a factor of inhomogeneity during the synthesis, a 

previous step of reduction of the samples was then carried out to improve 

reproducibility. A treatment of the substrates in ascorbic acid solution was 

performed just before the synthesis. 

The effect of the initial state of the surface of the copper substrate 

on the growth and properties of the synthesized rGO coatings will be 

analyzed in the following section. 
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3.3.1. Initial state of the copper substrate. 

Copper grids were initially used after a cleaning step in acetone 

without further treatment. In order to analyze their behavior under 

oxygen atmosphere (20 vol.% O2 in Ar), coupons of the Cu5-040F and 

3Cu7-100F grids with different open areas, were submitted to temperature 

programmed oxidation tests. The protocol consisted of a first heating 

ramp at 25 ºC·min, an isothermal step at 300 ºC, a second heating ramp up 

to 400ºC, and a final isothermal step at that temperature. Figure 8 shows 

the results of the mass gain obtained for them, which reveal that the 

oxidation reaction progress slowly with time, and fast temperature ramps 

do not reflect the oxidation reaction evolution. The main mass increments 

are produced with time during the isothermal steps, indicating that 

copper oxidation is a slow process limited by the oxygen diffusion. 

 

 

Figure 8: Temperature programmed oxidation tests with isothermal steps 
at 300 ºC and 400 ºC on clean bare samples of the Cu5-040F and 3Cu7-100F 
grids. Reaction gas composition: 20 vol.% O2 in Ar. Flow rate: 20 mL·min-1. 
Heating rate at the non-isothermal steps: 25 ºC·min-1. 

As a matter of fact, copper oxide can also progress on the surface of 

a sheet at room temperature. The application of a reduction treatment 

provides a different glow to the grid surface as shown in Figure 9. The 

partial immersion of a clean copper grid in a 4·10-3 M solution of ascorbic 

acid for 2 h at 50 ºC removes surface oxides. 
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Figure 9: Image of a copper grid coupon partially immersed in a reducing 
ascorbic acid solution. 

 

 

Figure 10: Temperature programmed reduction tests applied to coupons 
of the Cu5-040F grid: clean sample of the grid (dotted line), sample 
previously oxidized under a 20vol% O2 in Ar flow at 25 ºC·min-1 up to 925 
ºC (solid line). Reaction flow: 10vol% H2 in Ar, 20 mL·min-1. Heating rate: 
25 ºC·min-1. 

The presence of oxides has been explored by thermogravimetric 

analysis in a clean coupon of the 3Cu7-100F grid and in another one 

previously oxidized at 900 ºC in a 20%vol. O2 atmosphere. Temperature 

programmed reduction test of the samples are presented in Figure 10. The 

obtained profiles reveal that CuO formed at the grid surface by previous 

oxidation becomes readily reduced at a ca. 275 ºC. On the other hand, the 

clean sample does not show a clear mass loss. It undergoes a 1.3wt.% 

reduction of its initial weight, which probably corresponds to copper 

oxides formed at subsurface layers by slow diffusion of oxygen during a 

long time exposure to ambient air. Gattinoni and Michaelides have 

reviewed and discussed the state of the knowledge regarding the structure 
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and formation of copper oxides49. The kinetics of long-term oxide growth, 

both in controlled conditions and in ambient air is an issue that still 

remains poorly understood. In any case, according to the TGA data, the 

clean coupon seems to contain a 1.2 wt.% of oxygen in its structure, which 

can contribute to the different behavior of reduced and unreduced 

samples for the rGO synthesis during the solution processing procedure. 

The influence of the presence of oxides on copper will be analyzed 

in the following. 

3.3.2. Synthesis of rGO layers on clean copper 
substrates exposed to air for long periods of time. 

The results previously presented in Chapter 2 have shown that the 

immersion of copper in GO solutions for increasing periods of time leads 

to the formation of GO layers whose thickness increases progressively. 

Lower open area substrates become more easily covered by a continuous 

film of stacked rGO layers without openings on their structure. These 

coatings usually progress in a more inhomogeneous way at initial stages, 

although after extended periods of time a continuous thick covering is 

obtained. Images in Figure 11 show coatings on the Cu5-040F and 3Cu7-

100F grids synthesized over the same long period of 72 h on copper grid 

coupons. For substrates with lower open area, the grown rGO film is 

thicker and denser, whereas it is thinner for the higher open area grid. 

 

 

Figure 11: Images of cleaned copper grids with different open areas coated 
with rGO by immersion in GO solution for 72 h. 

In a preliminary evaluation, the thermal stability of these initial 

coverings has been studied under diluted oxygen atmosphere (20 vol.% O2 

in Ar) as a function of the temperature.  
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Figure 12: Temperature programmed oxidation tests with isothermal steps 
at 300 ºC and 400 ºC on rGO coated grids (Cu5-040F and 3Cu7-100F) by 
immersion in GO solution (0.5 mg·mL-1) at ambient temperature for 72 h. 
Reaction gas composition: 20 vol.% O2 in Ar. Flow rate: 20 mL·min-1. 
Heating rate at the non-isothermal steps: 25 ºC·min-1. 

Differential thermogravimetry (DTG) profiles in Figure 12 reveal 

that the rGO coat in the sample with higher open area is comparatively 

thicker, and that the mass loss in the 3Cu7-100F sample is more than twice 

that in the Cu5-040F grid. It must be taken into account that open areas 

have been also covered by rGO layers. Therefore, more open surfaces 

promote a faster formation of assembled rGO layers. Furthermore, once 

reached the first isothermal step at a temperature of 300 ºC, there is a mass 

gain in both samples that is not immediately increased when the 

temperature is further increased up to 400 ºC. This behavior is similar to 

that observed for the bare samples, although the mass gain is substantially 

lower in this case. Once reached the second isothermal step at 400ºC, the 

mass gain continues in the coated Cu5-040F coupon, whereas it decreases 

for the 3Cu7-100F one. The observed behavior indicates that two 

simultaneous processes are competing in the samples: i) the loss of water 

and surface functional groups from the rGO coating and ii) the oxidation 

of copper species limited by a slow diffusion process. According to the 

results in Figure 8, which show that bare samples gain 3 wt.% and 1.8 

wt.% respectively, it can be concluded that the rGO coatings provide a 

certain barrier effect. It must be also considered that the mass gain 

observed in both samples can be also due to the oxidation of some copper 

ions, which are probably retained in the coating structure. As result, the 

barrier effect of these coatings cannot be completely discarded. 

A thermal analysis of GO reveals that it suffers a main loss of mass 

close to 70 wt.% in the region between 270 and 570 ºC, with a maximum at 

ca. 445 ºC, corresponding to the decomposition of oxygenated groups. 
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Figure 13: Thermogravimetric and differential thermogravimetric curves 
obtained during the temperature programmed oxidation of a GO film 
obtained by evaporation of the GO solution used for the coatings. Reaction 
gas composition: 20 vol.% O2 in Ar. Flow rate: 20 mL·min-1. Heating rate: 
25 ºC·min-1. 

A new set of rGO coated samples synthesized at increasing reaction 

times (4, 48 and 72 h, respectively) on the 3Cu7-100F grid was analyzed in 

the thermobalance under the same oxidizing protocol. Thermogravimetric 

curves of these samples are presented in Figure 14A. It can be appreciated 

that the mass loss in these samples increases progressively with the rGO 

synthesis period. The differential curves obtained for the first heating step 

(Figure 14B) show mass loss peaks centered at ca. 220 ºC, which concur 

with the appearance of a CO2 feature in the mass spectrometric analysis of 

the effluent gas composition (see annex in Chapter 3). The intensity of this 

peak keeps a progressive relationship with the length of the coating 

synthesis stage. According to these results, thicker coatings seem to exert 

better protection, although the obturation of the grid apertures during the 

coating is not a good solution for elements aimed for current PEMFC 

collectors. The thinnest coating, which was produced after 4h immersion 

in aqueous GO, finally results in a 1.3 wt.% gain, which scarcely reduces 

the 1.8 wt.%  increase in the bare grid.  
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Figure 14: A) Thermogravimetric curves obtained for rGO coated samples 
of the 3Cu7-100F grid for increasing GO immersion periods: 4, 48 and 72 
h. Reaction atmosphere: O2 (20 vol.%) in Ar. Heating rate 20 ºC·min-1. B) 
Mass loss obtained for each coated sample after heating up to 300 ºC 
under oxygen as a function of the coating synthesis period. 

 

Table 4 compiles images of the different samples before and after 

being submitted to the oxidation thermogravimetric tests. The appearance 

of the 4h-coating stage sample is particularly striking in comparison with 

that of the bare copper. The color change in its surface indicates the 

presence of a great amount of copper oxides intercalated in the rGO 

structure. Whereas Cu2O has a brown reddish color, which can vary from 

yellow to red depending on the size of the particles, CuO is completely 

black. The striking black color of the 4h-coated coupon reveals the 

formation of CuO in its structure. Furthermore, it can be observed the 

formation of translucent films covering the mesh openings, which become 

darker and opaque with the synthesis time. These films remain unbroken 

during the oxidation treatment in all the samples, but their color changes 

in thicker films from black to brownish. This variation also evidences the 

presence of copper ions retained in the rGO film structure.  
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Table 4. Images of the rGO coatings produced on the clean 3Cu7-100F 
grid for different immersion periods in GO dispersion before and after 
being submitted to the temperature programmed oxidation test. The bare 
copper grid is also included for comparison. 

rGO coating 0h 4h 48 h 72 h 

After 
synthesis 

    

After 
exposure to 
O2 
atmosphere 
(TG tests) 

    
 

The reduction of GO takes place by means of a redox process 

between copper and graphene oxide. By taking into consideration that 

there is a continuous release of copper ions towards the solution, that 

some of them are probably retained in between layers, and that their 

reduction can be difficult in thick rGO layers, it was considered to divide 

the GO assembly into several stages and include after each one of them a 

reduction process to avoid the presence of oxides in the rGO layers. Each 

consecutive assembly and reduction steps will be hereafter referred to as 

“a cycle”. 

In order to evaluate the effect of these cycles on the protective 

properties of the synthesized layers, two samples were prepared with 3 

and 8 cycles and a total duration of the GO immersion stage of 4 h. The 

thermogravimetric analyses of these coupons are presented in Figure 15 in 

comparison with that of the sample without any reduction step. 

A main difference between the samples prepared with intermediate 

reduction steps during the GO assembly and the sample with a single 

synthesis stage is the stability of the coating. The mass loss in these 

samples during the first heating ramp up to 300 ºC is much lower, 

particularly for the 3-cycles sample. Furthermore, during the isothermal 

step at 300 ºC their mass gain is minimal, and much lower than that 

observed for the Cu rGO sample prepared in a single stage. The barrier 

effect for oxygen in these cases is much higher, although when the 

temperature is increased up to 400 ºC, the protection is lost. 
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Figure 15: Temperature programmed oxidation essays with 

isothermal steps at 300 ºC and 400 ºC for rGO coated coupons of the clean 

3Cu7-100F substrate. Coatings have been obtained by immersion in GO 

solution (0.5 mg·mL-1) at ambient temperature for 4 h, but following 

different synthesis protocols: Cu rGO (GO 4h): immersion in GO 

dispersion for 4 h at room temperature; Cu rGO 3 cycles (GO 4h): clean 

substrate submitted to 3 cycles of synthesis (1 h 20 min in GO dispersion+ 

20 min reduction in AA solution); Cu rGO 8 cycles (GO 4h): clean 

substrate submitted to 8 cycles of synthesis (30 min in GO dispersion+ 20 

min reduction in AA solution). Reaction gas composition: 20 vol.% O2 in 

Ar. Flow rate: 20 mL·min-1. Heating rate at the non-isothermal steps: 25 

ºC·min-1.  

 

Images in Table 5 give visual evidence of the importance of the 

cycles in the synthesis process. The reduction step after the immersion in 

the GO dispersion breaks the films covering the mesh voids. The 

reduction of copper ions is probably the reason of the rupture of these 

films. Yin et al. have reported the formation of single-atom-thick copper 

oxide layers with a square lattice both in graphene pores and on graphene 

substrates50. 
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Table 5. Reduced graphene oxide coated samples synthesized on 3Cu7-
100F with a total immersion time in GO of 4h. 

Cu-rGO (GO 4h) Cu-rGO 3 cycles (GO 
4h) 

Cu-rGO 8 cycles (GO 
4h) 

Procedure: 
1. Ultrasonic bath 

in acetone for 15 
min. 

2. 4 h immersion 
in GO. 

 

Procedure: 
1. Ultrasonic bath 

in acetone for 15 
min. 

2. 1 h 20 min 
immersion in 
GO. 

3. Reduction in 
AA solution for 
20 min. 

 

Procedure: 
1. Ultrasonic bath 

in acetone for 15 
min. 

2. 30 min 
immersion in 
GO. 

3. Reduction in AA 
solution for 20 
min. 

 

   
 

 

3.3.2.1 Electrochemical corrosion tests 

Reduced graphene oxide samples synthesized on clean copper 

substrates were also evaluated in the three-electrode electrochemical cell 

in H2SO4 0.5 M to simulate the conditions inside a PEM fuel cell. 

Samples coated for long immersion periods of 48 and 72 h in GO 

were submitted to a linear sweep voltammetry at a slow sweep rate of 0.5 

mV·s-1. Coupons of the Cu5-040F grid were used. Figure 16 shows the 

Tafel curves obtained together with images of the samples before and after 

the electrochemical corrosion test. It can be observed that the bare sample 

has in this acidic medium a corrosion potential Ecorr of -0.27 V vs SHE, and 

this value increases for coated samples up to -0.07 VSHE for the sample 

with a thicker coating. For both coated samples, a small feature can be 

appreciated at ca. 0.3 VSHE, which can be ascribed to Cu2O crystallites 

retained in between rGO layers during the synthesis as previously shown 

in Chapter 2. Above 0.3 VSHE the corrosion current increases in all the 

samples. However, whereas the bare sample becomes completely 
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dissolved in the Sulphuric acid solution at voltages close to 0.72 VSHE, the 

coated samples are able to limit substantially the anodic currents and 

maintain in some extent the integrity of the grids up to 1.2 VSHE. As a 

matter of fact, the sample coated for 48 h had a small area with a thinner 

covering, which was clearly visible to the naked eye. This zone is the main 

area for corrosion in the electrochemical test and constitutes the main 

pathway for the electrolyte to attack the substrate.  

 

Figure 16: A) Tafel curves for rGO coated samples prepared by immersion 
in GO solution (0.5 mg·mL-1) at ambient temperature for 48 and 72 h on 
clean Cu5-040F coupons. B) Images of the as prepared samples. C) Images 
of the samples after the corrosion test. 

On the other hand, the sample with the thicker coating (72h) does 

not show apparently any structural defect after being submitted at a 

voltage of 1.2 V in H2SO4 0.5 M. Figure 17 compiles several images of the 

sample at different magnifications after this corrosion test. It can be clearly 

observed the formation of a continuous coating over the area immersed in 

GO. This coating is not completely adhered to the substrate, and there is 

an interfacial distance between the coating layers. In central areas of the 
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coupon, the structure of the grid can be guessed below the covering 

(image C), and its surface is in general free from oxides (image E). The 

presence of some cracks in the surface (image F) is probably the origin of 

the substrate corrosion, and small CuO crystals are found nearby. The 

corrosion observed in image A in a zone far from the immersion limit, 

probably indicates that the electrolyte ascends by surface capillarity 

between rGO layers though some defects in the immersed part of the 

coating. 

The analysis of the surface composition by energy dispersive 

spectra (images E and F) reveals that there is an almost completely 

reduced graphene oxide film in areas where CuO crystals appear. On the 

other hand, areas where the accumulation of oxide crystallites is lower 

(Image E) the oxygen content of the rGO coating is higher, with copper 

atomic percentages in the range between 0.7 and 3. 

 

 

Figure 17: SEM micrographs obtained for the Cu5-040F grid coated for 72 
h of GO immersion after the electrochemical corrosion test. 
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3.3.3 Synthesis of rGO layers on freshly reduced 
copper substrates. 

It has been previously shown (section 3.3.1) that air exposure of 

copper for extended periods of time leads to the formation of surface 

copper oxides that can be easily removed by reduction in solution by 

reductants such as ascorbic acid (AA). In order to analyze if these oxides 

have a relevant effect on the formation of rGO layers by reduction and 

assembly in GO in solutions, similar tests have been performed on 

previously reduced samples.  

Therefore, the copper coupons were pretreated in a 4·10-3 M AA 

solution at 50 ºC for 2 h before their coating. An examination of the copper 

surface after reduction reveals the formation of geometric holes on the 

grid surface with an average size close to 1 m, which were not previously 

seen in clean samples (Figure 18). 

 

Figure 18. SEM images of the freshly reduced 3Cu7-100F substrate: A) 
general view; B) detail of the surface. 
 

After reduction, analogue samples equivalent to those previously 

prepared in section 3.3.2 were synthesized. A first comparison was carried 

out with samples synthesized on the 3Cu7-100F substrate for 4 h, which 

are presented in the images in Table 6. A preliminary evaluation of their 

appearance gives clear evidence of the effect caused by the introduction of 

reduction steps before and after the rGO synthesis procedure. At first 

glance, a more homogeneous coating is obtained on freshly reduced 

copper surfaces. In addition, further reduction of the rGO self-assembled 

coating provides a more effective barrier against surface corrosion after 

exposure to O2 at 200 ºC. This procedure allows obtaining higher quality 

finishes and a notorious protective feature in copper coupons.  
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Table 6. Effect of the reduction treatments on the protective properties of 
the 3Cu7-100F grid coating: Optical images obtained from coated samples 
before and after submission to an oxidation protocol under 20 vol.% O2 in 
Ar at 200 ºC for 2h. 

 
Coating procedure 

 
A-After rGO synthesis 

 
B-After O2 exposure at 
200ºC 

 

 
1. Ultrasonic bath in 

acetone for 15 min. 
2. 4h of GO synthesis. 

  

 
1. Ultrasonic bath in 

acetone for 15 min. 
2. Reduction in ascorbic 

acid solution. 
3. 4h GO synthesis. 
4. Reduction in ascorbic 

acid solution. 
  

 

For longer GO immersion periods, the initially transparent coating 

becomes darker, as shown in Figure 19. 

 

 

Figure 19: Images of the 3Cu7-100F grid with a rGO coating synthesized 
for 72 h. A) Growth on the clean copper substrate without reduction. B) 
Growth on the previously reduced grid and reduction after synthesis. 

In a similar way, samples synthesized by applying cycles of GO 

immersion and subsequent reduction result in more homogenous coatings 

wrapped around the grid strands that avoid the covering of the mesh 

voids, as shown in Figure 20. The presence of copper oxides on the surface 

of the grid at the initial instants of the immersion in the GO dispersion 

seems to promote the assembly of graphene oxide flakes in the 

surroundings and induce an accelerated growth of rGO layers on top 
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(image A in Figure 20). This fast assembly leads to the formation of 

patches in the mesh, which are able to cover the whole grid for long 

enough periods. This process is faster in copper grid substrates with lower 

open areas.  

 

 

Figure 20: Comparison of the effect of the previous reduction in the final 
coating in 3Cu7-100F samples with 3 cycles of synthesis. A: without 
previous reduction of the grid. B: with a previous reduction step. 

In the case of recently reduced surfaces, the coating process is more 

homogeneous and the assembly of rGO layers is mainly fixed around the 

strands (image B in Figure 20). 

According to these results, the initial state of the substrate surface is 

determinant to obtain homogeneous coatings. To analyze the effect of the 

last reduction step on homogeneous coatings, a thermogravimetric test 

has been performed on samples coated for 4 h on previously reduced 

surfaces. Figure 21 shows the thermogravimetric curves obtained for two 

samples with and without the final reduction step. The final reduction 

seems to stabilize the weight of the sample by reducing the amount of 

retained water in the partially reduced rGO coating. This final reduction 

probably contributes to decrease the amount of surface oxygenated groups 

in the rGO layers and consequently their hydrophilic character and the 

amount of water retained. Even more, during the assembly and reduction 

process of rGO, copper oxides formed and retained in between the rGO 

layers probably favor water retention, which can be released along 

extended periods of time due to their diffusion limitations. 
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Figure 21: Temperature program oxidation test on reduced 3Cu7-100F 
coupons coated for 4 h in GO with (AA-4h GO-AA) and without a final 
reduction step (AA-4h GO). 

 

Despite the more homogenous appearance of these coatings, and 

their better behavior under oxygen atmosphere as previously shown, they 

do not improve their protection against corrosion in an electrolytic cell. 

For the sake of brevity, just some tests will be here presented to illustrate 

it. Figure 22A compiles the results obtained from a linear sweep 

voltammetry test on a sample grid prepared on the previously reduced 

coupon and submitted to a 4 h-cycle of GO immersion and ulterior 

reduction. It is presented in comparison with those obtained for samples 

without previous reduction but with several synthesis cycles completing a 

GO immersion period of 4 h. Their behavior in the electrolytic cell is very 

similar. After a maximum intensity due to copper oxidation at an applied 

bias close to 0.5 VSHE. The image in Figure 22B shows a blue color in the 

solution due to the Cu2+ion, its electrodeposition on the Pt counter-

electrode, and the consistency loss of the grid that still maintains its 

structure due to the rGO coating. 

 

Thicker coatings neither offer good protection under those 

conditions. A similar behavior can be observed in Figure 23. At an applied 

bias above 0.2 V the copper oxidation current grows until dissolving the 

substrate. The structure of the sample after the LSV test up to 1.2 VSHE 

reveals that the grown rGO layers are able to protect the substrate in large 

extensions of the grid, although the presence of defects and cracks 

originates the dissolution of the substrate from those areas. 
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Figure 22: Linear sweep voltammetry tests in H2SO4 0.5 M showing the 
scarce protective effect of different coating procedures just based on cycles 
of GO assembly and reduction for 4 h on the 3Cu7-100F substrate (A) and 
image of the folded sample with 3 GO cycles during the test, when it has 
lost its consistency by partial dissolution of the substrate. 

 

 

Figure 23: A.1, A.2 and A.3) Images of the 3Cu7-100F AA-72 h-AA in the 
electrolytic cell in H2SO4 0.5 M during the linear sweep voltammetry test 
(sweep rate: 0.0005 V·s-1). B) LSV plot of the sample showing the high 
corrosion intensity between an applied bias of 0.2 and 0.7 V. C) Image of 
the coating remaining after the test. 

3.3.4 Effect of the duration of the GO dispersion 

immersion period in a synthesis cycle. 
Surface characterization has been considered to be relevant to shed 

light into the composition and nature of the coatings. Raman and XPS 
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spectroscopies were carried out in order to correlate the structure and 

performance of the coatings.  

Raman spectroscopy is a very useful tool to characterize carbon 

structures in nanomaterials since it allows distinguishing bonding types, 

domain sizes and internal stress, in amorphous and crystalline carbon 

materials. The position and ratio of the main peaks intensities vary from 

each type of carbon material. The G peak (around 1575 cm-1) is related 

with in plane vibrations of sp2 bonds. On the other hand, D peak (around 

1350 cm-1) is associated to out-of-plane vibrations. This band is usually 

attributed to the presence of defects in the form of sp3 bonds. As an 

example, these bands can be observed in Figure 24, which shows the 

Raman spectrum registered for a reduced sample coated with a cycle of 

120 min. 

 

Figure 24: Raman spectrum registered for the rGO layer formed on a 
transparent area of the copper substrate after 1 synthesis cycle of 120 min. 

The ratio between the intensities of the D and G bands (ID/IG) can 

be considered a measurement of the defects in the material structure. 

When the intensity of D peak is higher than that of the G one, it indicates 

the substitution of sp2 bonds by sp3 hybridization and a higher 

concentration of defects in that area51.  

A detailed inspection of the samples during the analysis by Raman 

spectroscopy revealed the presence of different colored areas on the grid 

as shown in Figure 25, i.e.: a main transparent zone, blue areas with purple 

glitter, black zones and unsupported rGO layers grown between 

consecutive strands forming acute angles. The spectra in from a single 

sample taken on each one of these areas differ following a similar trend. 
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Figure 25: Images of different areas observed in a sample during Raman 
spectroscopy characterization session: A) transparent area, B) blue color 
surface with purple glow, C) black zone and D) unsupported film. 

The ID/IG values from Raman spectra at different zones of a series 

of samples prepared with a single cycle coating are plotted in Figure 26. 

The samples were prepared with increasing times for immersion in GO. In 

general, the lowest ratio is achieved at short assembly times, over the 

recently reduced substrate. Spectra taken in transparent areas usually 

have lower ID/IG ratios below the unity, and, consequently they probably 

contain a lower concentration of defects. On the other hand, the ratios in 

spectra from colored areas on the support and from unsupported layers 

show higher ID/IG values close to 1.25, which are maintained at longer 

synthesis periods.  

 

Figure 26: Ratio of intensities for D and G Raman bands at different 
colored zones of the coated grids as a function of the GO immersion time 
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for 1 cycle samples. 

It is well known that the transparency of graphene changes with the 

stacking of overlayers52. Some studies in the literature correlate graphene 

colors with the thickness of the film and the support properties when it is 

exposed to white light53. These studies are in agreement with our 

observations. The coating thickness and the stacking order (as shown in 

chapter 2) have been observed to be modified in certain areas of the 

surface. It is probably due to presence of oxides on the surface beneath, or 

in between the layers, yielding different colored regions with lower degree 

sp2 hybridization. 

 

X-ray photoelectron spectroscopy has also been applied to probe 

the surface of the coatings. In an equivalent series of samples, XPS 

analyses provide the atomic percentage of each element as a function of 

the synthesis time for 1-cycle coating. The obtained results, which are 

shown in Figure 27, indicate that the presence of copper at the surface is 

practically negligible. As a matter of fact, a synthesis period of 15 min of 

reaction is long enough to cover the whole grid. On the other hand, the 

atomic oxygen percentage is in the range between 15-30%, although the 

trend for extended synthesis periods indicates that its content is between 

15-17%. Similarly, the carbon content in the layers seems to get stabilized 

at percentages within range of 75-77%. 

 

 

Figure 27: Atomic percentage on the coating surface at different 
immersion times in GO for 1 cycle synthesis. 
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Figure 28: XPS spectra in the C 1s, O 1s, and Cu 2p3/2 regions for the rGO 
coatings produced during one cycle of synthesis for increasing periods of 
immersion in GO dispersion. 

Figure 28 compiles the spectra obtained for a set of samples produced 

after 1 cycle synthesis of increasing periods of immersion in the GO 

dispersion. In the C 1s region, it can be observed the defective structure of 

the layers in the relative contributions of the C sp2 and C sp3 signals at 

284.8 and 285.7 eV, respectively. The presence of defects seems to be 

higher at reduced synthesis periods since for immersion steps longer than 

45 min the C sp2 contribution predominates. A significant proportion of C 

atoms bonded to hydroxyl, epoxy/ether functional groups at 286.8 eV are 

also present at the surface of coatings prepared by short cycles, whereas 

carbonyl species at 288.4 eV are the main oxygenated groups for longer 

period samples54,55. The spectra in the O 1s region reveals the presence of 

Cu(I) species at the surface in samples synthesized in cycles of up to 45 

min. For longer cycles only ether type bonds (ca. 532.6 eV) or carbonyl 

species (signal at ca. 531.9 eV) are found55–57. The signals at the Cu 2p3/2 

region show the presence of Cu0 and Cu2O for periods of synthesis shorter 

than 30 min, whereas for longer synthesis cycles the small amount of 

detected copper could be assigned to Cu(II) species coordinated with 

oxidized carbon, since a signal similar to that usually assigned to CuCO3 is 

obtained at ca. 935.0 eV.58,59 As a matter of fact, a certain correlation can be 

found among the presence of these species and those related to carbonyl 

bands in the C 1s and O 1s regions. 

 

Additionally, a depth profiling was applied to the samples in order 

to determine the copper content in deeper rGO layers. The coating was 
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progressively etched by an Ar+ ion beam gun over a certain area of the 

sample. One spectrum was taken after each raster cycle. Figure 29 collects 

the data taken at several depths in the coating after 16, 32 and 50 raster 

cycles in comparison with that obtained at the pristine surface.  

It can be observed that the nature of rGO layers changes with depth 

for coatings produced in cycles of up 60 min duration, whereas for a 120 

min coating the C 1s signal remains constant. It is curious the variation 

pattern in the O 1s region for all the series, which shows only carbonyl 

and ether species in the outer layers. The oxygen content in the inner rGO 

layers is practically negligible, except for samples with thinner coatings 

(cycles shorter than 45 min), in which the signals due to copper oxides 

appears. The intensity of the Cu 2p3/2 signal is very low at the surface of 

pristine samples (0 etching cycles), although it increases progressively 

with the number of etching cycles main for thin coatings. For the thickest 

coating prepared for a 2 h period, no copper signal is found even after 50 

raster scans. 

 

Figure 29: XPS spectra in the C 1s, O 1s and Cu 2p3/2 taken during a depth 
profiling on 1-cycle coated copper grids: black line: original spectrum on 
the pristine surface, red line: spectrum after 16 etching cycles, blue line: 
spectrum after 32 etching cycles, green line: spectrum after 50 etching 
cycles. 

 

The cross-section of some of the samples coated with 1 cycle of rGO 

synthesis has been explored by SEM. Figure 30 shows some micrographs 

taken from the sample coated with the shortest (15 min) and the one with 

longest duration of the GO dispersion immersion step (120 min).  

It can be clearly appreciated in the images in A) that the thinnest 
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coating is closely fitted to the copper strands structure, whereas the 

thickest one is looser and there is a significant void space between the 

copper surface and the rGO wrapping. The distance between the copper 

surface and the rGO layers allows seeing the geometric holes on the 

copper surface originated after the oxidation and dissolution of substrate 

(image B.3 in Figure 30). The thickness of the rGO sheath after the 15 min 

is difficult to determine, although after 120 min. it is approximately 170 

nm thick. 

The analysis of these images indicates that in the initial moments of 

the GO assembly, during the dispersion immersion, a close-fitting rGO 

coating is formed. As the assembly process progresses, the copper surface 

becomes oxidized and dissolved and the size of the grid strands is 

gradually reduced. 

 

Figure 30: SEM micrographs obtained for the cross-section of the 3Cu7-
100F grid coated with 1 cycle synthesis of different duration: A) 15 min. of 
the GO immersion step; B) 120 min. of the GO immersion step. 

It was also considered of interest determining the amount of Cu2+ 

ions released to the GO dispersion during the assembly process. A cupric 

ion selective electrode was used to analyze the used dispersions after the 

rGO assembly on the 3Cu7-100F copper substrate.  
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Figure 31: Amount of copper ions released to the GO dispersion during 
the assembly process as determined by the Cu2+ ion selective electrode. 

The measurements of the Cu2+ ion content in the volume of the GO 

dispersion after the synthesis are presented in Figure 31. Those values can 

be considered the minimum amount of copper released to the water 

solution. It is well known that graphene oxide flakes are efficient 

adsorbents for divalent cations, and especially cupric ions60. However 

previous studies reveal a lack of consistency between the reported 

adsorption capacities of graphene oxide and its derivatives61. Whereas 

White el al. estimated a value of 278 mgCu2+/gGO that can increase up to 357 

mgCu2+/gGO under more acidic conditions (pH=6), Sitko et al. reported a 

maximum value of approximately 294 mgCu2+/gGO in the pH range 

between 3 and 7 60. In an ulterior work, these researchers found much 

lower values on graphene oxide/cellulose membranes close to 27 

mgCu2+/gGO at pH=4.562. 

An analysis of the adsorption of cupric ions by GO dispersions of 

adjusted ionic strength indicates that the retained amount of cupric ions 

depends on the GO aggregation in the aqueous dispersion as shown in 

Figure 32. The acidity of the dispersion favors the adsorption of Cu2+ (see 

the points corresponding to the tests Cu-VI, Cu-VII, Cu-VIII and Cu-IX), 

however the main trend indicates that cupric ions are preferably adsorbed 

in very diluted GO dispersions, where the adsorption capacities may reach 

values up to 0.7 gCu2+/gGO. These values largely surpass those previously 

reported in the literature60–62. 
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Figure 32: Plot of the amount of cupric ion adsorbed per gram of graphene 
oxide in solution as a function of the GO concentration in an aqueous 
solution. Data related to the different tests are presented in the tables at 
the right. 

 

According to these results, it must be taken into consideration that, 

as the rGO assembly proceeds on the substrate, certain amounts of cupric 

ions are released to the aqueous solution, and a part of them can be 

adsorbed by GO flakes in the dispersion, in higher amounts at low GO 

concentrations and low pH levels. 

 3.3.5 Optimization of the rGO coatings on copper 
grids. 

Previous results have shown that rGO coatings formed on reduced 

grids with an assembly step of 120 min at 50 ºC seem to provide a 

consistent barrier around the grid surface. Although the application of 

several cycles produces an effective protection under at oxygen 

atmosphere even at temperatures of 200 ºC, preliminary essays in an 

electrochemical cell have shown that they do not hinder electrochemical 

corrosion in an acidic aqueous medium. Therefore, different strategies 

have been evaluated to analyze the vulnerabilities of the synthesized 

layers. With this aim, a set of coated samples were prepared following the 

protocols detailed in Table 7.  

 

The samples have been named with the following code:  

xC/TGO/TdryingY 

where x is the number of cycles, TGO is the temperature of the GO 

assembly process, T is the drying temperature, and Y is a final letter that 

indicates if the sample has been dried at the end of the synthesis (E), if it 
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has been dried between cycles (BC) or if it is used after the solution 

processing in wet state without drying (W). 

 

Table 7. Preparation details of the series of samples for coating 
optimization. 

Reference Coating procedure OCP 
(VSHE) 

Ecorr 
(VSHE) 

icorr 

(A·cm-2) 

3C/25/25E 3 cycles 

 2h GO 25 ºC 

 30 min AA 25 ºC 
Final drying at 25 ºC (at the end 
(E)) 

0.240 0.178 4.3 

3C/50/25E 3 cycles 

 2h GO 50 ºC 

 30 min AA 50 ºC 
Final drying at 25 ºC (E) 

0.240 0.178 19.9 

3C/50/W 3 cycles 

 2h GO 50 ºC 

 30 min AA 50 ºC 
Without final drying, wet (W) 

0.240 0.180 66.7 

3C/50/150E 3 cycles 

 2h GO 50 ºC 

 30 min AA 50 ºC 
Final drying at 150 ºC (E) 

0.230 0.192 57.9 

3C/25/150BC 3 cycles 

 2h GO 50 ºC 

 30 min AA 50 ºC 

 Drying step at 150 ºC 
(between cycles (BC)) 

0.190 0.190 4.1 

1C/25/150BC 1 cycles 

 2h GO 50 ºC 

 30 min AA 50 ºC 

 Drying step at 150 ºC 
(BC) 

0.230 0.243 78.2 

2C/50/150BC 2 cycles 

 2h GO 50 ºC 

 30 min AA 50ºC 

 Drying step at 150 ºC 
(BC) 

0.270 0.180 0.3 

3C/50/150BC 3 cycles 

 2h GO 50 ºC 

 30 min AA 50 ºC 

 Drying step at 150 ºC 
(BC) 

0.250 0.142 3.3 
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Then, using recently reduced substrates in an AA solution at 50 ºC, 

3-cycle coatings were obtained by immersion in GO dispersion at 25 ºC or 

50 ºC, some of the samples were dried at the end of the whole coating 

process at 25 ºC or in an oven at 150 ºC, and other samples were dried 

after each cycle at 25 ºC or at 150 ºC. Finally, some samples were prepared 

with one or two cycles including the drying step at 150 ºC. 

The samples have been evaluated in a three-electrode galvanic cell 

with H2SO4 0.5 M as electrolyte as in previous cases. The values obtained 

for the open circuit potential, the corrosion potential and the 

corresponding corrosion current density have been compiled in Table 7 as 

well. 

It can be observed that, despite the similar synthesis protocol 

among them, the corrosion current density varies significantly in the 

several samples. These values have been estimated at the corrosion 

potential by extrapolating the Tafel slopes in a logarithmic plot of the 

absolute value of current intensity, as shown in Figure 33 for the 

3C/50/25E sample. A cathodic polarization curve on a higher level raises 

the corrosion rate and also raises the corrosion potential. 

The corrosion current has been represented in Figure 34 for the 

whole set of samples. There is an enormous difference among samples 

which differ in the drying step between samples.  

Although the corrosion current density gives some information 

about the protective properties of the coating, the linear sweep 

voltammetry of the samples provides more clear evidences about them. 

Figure 35 shows that those samples with thicker coatings, which have not 

been dried (3C/50/W) or have been dried at higher temperature after the 

whole synthesis (3C/50/150E), experiment a large increase in the 

oxidation current at an applied bias above 0.1 VSHE. As a matter of fact, the 

sample with drying steps between cycles to remove water after each layer 

formation is the one showing a better behavior. 
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Figure 33: Determination of the corrosion potential and the corrosion 
current for the 3C/50/25E sample. 

 

 

Figure 34: Column plot of the corrosion current densities for the set of 
samples in  

Among all the series, two of the samples, which have been 

prepared by assembly at 50 ºC in GO and not dried, or dried at 25 ºC, even 

show a small oxidation peak due to the presence of some Cu(I) species 

that have not been reduced during the cycles. Despite the high oxidation 

currents reached in general by most of the samples, they partially 

maintained their structure after this essay with an applied bias of up to 1.2 

VSHE. An examination of these coated grids after the corrosion tests 
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provides some clues about the process taking place in the electrochemical 

cell. Some scanning electron microscopy images at different 

magnifications are presented in Figure 36 for the coated sample without 

any drying step (3C/50/W). 

 

Figure 35: Linear sweep voltammetry tests of the coated samples with a 
drying step at the end of the cycles or without drying.  

 

Figure 36: SEM micrographs obtained for the 3C/50/W sample after the 
corrosion test submitted to an applied bias of 1.2 V referenced to the 
standard hydrogen electrode. 
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It is clear from the micrographs that an internal corrosion process 

takes place inside the coating of the sample obtained just by solution 

processing, without drying steps. The rGO layers retain a large part of the 

oxidized copper in between the staked layers, with contain water that act 

as electrolyte. Copper oxides form a branched structure under the rGO 

film and probably follow subsurface channels towards open defects in the 

coating, where they are slowly released to the solution. 

In contrast, a different structure is found for the sample coated at 

the same temperature for the GO assembly but with a drying step at room 

temperature by the end of the synthesis (3C/50/25E). The surface of this 

sample, as shown in Figure 37, does not present the accumulation of 

oxides under the coating. However, it reveals the presence of large cracks 

and tears, which are not defects of assembly, but produced after the whole 

synthesis. Torn layers are probably the result of strains on several thick 

layers retaining water between them, which are finally the main pathways 

for substrate corrosion.  

 

 

Figure 37: SEM micrographs obtained for the 3C/50/25E sample after the 
corrosion test submitted to an applied bias of 1.2 V referenced to the 
standard hydrogen electrode. 

On the other hand, a real protective layer is found on the sample 

submitted to a drying treatment at 150 ºC after each synthesis cycle. As 
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matter of fact, no apparent modifications are observed in the sample after 

being treated in H2SO4 0.5 M up to 1.2 VSHE (Figure 38).  

 

 

Figure 38: Image of the 3C/50/150BC sample before and after the 
corrosion test, showing no visual difference on the coating. 

 

As shown previously in Figure 12 and Figure 14, rGO layers loss a 

significant amount of interlayer retained water. The absence of ionic 

species in between layers is critical to limit the corrosion processes on the 

metal. Of course, the solution processing procedure by self-assembly is a 

simple method that produces numerous defects in single coatings. 

However, i) the reduction of inhomogeneities during the assembly on 

freshly reduced surfaces, ii) the formation of relatively thick layers to 

provide a consistent barrier, iii) the chemical reduction of the hydrophilic 

surface groups and the retained copper oxides in each layer, iv) the 

intermediate drying steps for water removal, and vi) the successive 

assembly of different layers to cover and clog inner defects in a stratified 

structure contribute to form an effective coating against corrosion. 

 

A detailed comparison of the Tafel curves obtained for this sample 

and that without drying steps (3C/50/W) (see Figure 39) show the large 

difference between their corrosion intensities. However, the main 

difference takes place at higher bias. 
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Figure 39: Tafel curves obtained for the 3C/50/150BC and 3C/50/W 
samples showing the relevance of the intercalated drying step. 

Figure 40 shows an optical photograph and atomic force 

microscopy (AFM) images in different modes of acquisition. Topographic 

images indicate a scarce root mean square (RMS) roughness of the sample 

on the coated strands, which accounts for a value of 26 nm. The 

“amplitude” image represents a map of the slope of the sample, and 

displays its shape of the sample, which is more easily evidenced. The 

“phase” image, obtained in tapping mode, is a map of how the phase of 

cantilever oscillation is affected by its interaction with the surface. The 

physical meaning of this signal is complicated; it can be give some 

information about the relative softness/hardness of the sample, and its 

chemical nature. It our case, the “phase” image could probably indicate 

the presence of a high reduced amount of oxide in the observed fold.   

 

By considering the effectiveness of the coating up to 1.2 V, the 

sample was submitted to more extreme conditions to analyze its stability. 

Figure 41A presents a linear sweep voltammetry test of the 3C/50/150BC 

sample from 0.0 to 1.6 and 2.0 VSHE. The results obtained for a bare copper 

grid are also included as reference. The uncoated sample is completely 

solved at 0.7 VSHE achieving a peak intensity of 0.8 A.  
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Figure 40: Optical image and atomic force microscopy images (AFM) 
obtained from the 3C/50/150BC sample after being submitted to the 
corrosion test up to 1.2 V. 

As previously observed, the 3C/50/150BC sample has a good 

protection up to 1.6 VSHE. At higher bias, the anodic polarization current 

increases. This is probably caused by the infiltration of SO42- ions from the 

electrolyte, which becomes reduced to SO2 between coating layers. The 

anodic exfoliation of graphite has been described in the literature63,64. On 

positively charged sp2 carbon layers at bias above 1.4 VSHE, water 

electrolysis is produced, since gas bubbles are observed. Under those 

conditions, the oxidation of some graphene edges can take place, and CO 

or CO2 could also appear. Due to the oxidation, sulfate ions (SO42-) from 

the electrolyte are probably intercalated between layers, producing the 

formation of oxygenated groups in inner graphene layers. The presence of 

hydrophilic surface groups probably contributes to increase again the 

interlayer distance, opening ways for the access of the electrolyte and 

increasing copper corrosion.   
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Figure 41: a) Linear sweep voltammetry tests obtained for 3C/50/150BC 
up to 1.6 VSHE (black solid line) and 2.0 VSHE (red dashed line) in 
comparison with bare copper in 0.5 M H2SO4. Sweep rate: 5·10-4 V·s-1; b) 
cyclic voltammetry tests in the range between 0-0.2 VSHE obtained of the 
coated sample before (black solid line) and after (red dashed line) the LSV 
test to up to 1.6 VSHE. Previously the sample has been submitted to a bias 
of 1.2 VSHE (Figure 39); c) cyclic voltammetry between 0.0-1.2 VSHE 
obtained for the coated sample before (black solid line) and after (red 
dashed line) the LSV test to up to 2.0 VSHE. Inset image: Enlargement of 
cyclic voltammetry of the sample after being submitted to 1.6 VSHE.  

In order to analyze the effects of these tests, intermediate cyclic 

voltammetries were performed. Before and after submitting the coated 

sample to 1.6 and 2.0 VSHE, a cyclic voltammetry between 0.0 and 0.2 VSHE 

was carried out, which shows a notable increase of the double layer 

charging current intensity, as it can be observed in Figure 41B. 

Furthermore, once submitted to anodic polarization up to 2.0 VSHE, the 

cyclic voltammetry between 0.0 and 1.2 VSHE reflects the oxidation of the 

copper substrate and the reduction of part of the oxides retained in 

between the rGO layers, although part of the copper ions are released into 

the electrolyte solution. A diffusion limited current is reached above 0.7 

VSHE. 
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3.3.6 Characterization of rGO coatings prepared 
with the optimized procedure on copper grids. 

Additional characterization of coated samples prepared with a 

drying step at 150 ºC after each synthesized layer was also performed.  

Electrochemical corrosion tests on samples prepared with one, two 

and three cycles applying the intermediate drying step at 150 ºC give more 

detailed information about the improved corrosion protection. 

 

Figure 42: Linear sweep voltammetry and Tafel curves obtained for 
samples with 1, 2 and 3 cycles of synthesis at 50 ºC with a drying step at 
150 ºC at the end of each cycle. Experimental conditions: electrolyte H2SO4 
0.5 M, three-electrode electrochemical cell with salt bridge, sweep rate: 
5·10-4 V·s-1. 
 

It is clear from the linear sweep voltammetry (LSV) curves in Figure 

42 that at least three layers of significant thickness are required to offer 

significant protection to the substrate and reduce the corrosion current. All 

of them show similar corrosion potentials and corrosion currents, 

although their behavior at high applied bias is drastically different. Many 

studies in the literature analyze the behavior of graphene coating samples 

by determining the corrosion potential and current in small voltage 

ranges17,24,65,66. However, it is necessary to test these samples under more 

realistic conditions to determine the effectiveness of the coating protection. 

 

Potentiostatic impedance spectra have been also registered for these 

samples at different potentials of the working electrode. Figure 43 

compiles the Nyquist plots obtained of the samples with different amount 

of cycles. At the open circuit potential, the 3 cycles sample exhibits the 

largest impedance, far superior to those of the samples with lower amount 

of cycles. By fixing the test potential at 0.16 VSHE, the samples with one 

and two cycles are polarized at a cathodic potential with regard to their 
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own open circuit potential (OCP) (0.224 VSHE for 1C/50/150BC and 0.272 

VSHE for 2C/50/150BC) and their respective impedance values increase 

substantially in comparison to that of the 3C/50/150BC sample, which is 

maintained at his OCP value. At a bias of 0.0 VSHE all the samples are 

submitted to a cathodic polarization, although the 3C/50/150BC does not 

follow the same trend than the other samples and does not increase its 

impedance values. By submitting the samples at an anodic polarization of 

1.2 VSHE, the Nyquist plot of the coated grids shows a semi-circle profile 

whose intersection with the axes of the real part of the impedance 

indicates the resistance of the coating, which increases approximately 60-

80 Ohms· cm2 per cycle. 

 

 

Figure 43: Potentiostatic impedance spectra obtained for samples coated 
with different number of cycles and a drying step after each cycle at 
different potentials in H2SO4 0.5M. Test potentials versus the standard 
hydrogen electrode: OCP of the sample, 0.0 VSHE, 0.16 VSHE and 1.2 VSHE. 

 

Raman, XPS and SEM analysis of these samples were also 

performed.  
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The analysis of defects in these coatings by Raman spectroscopy is 

represented in Figure 44. In this graph, it can be appreciated a slight 

decrease in the ID/IG ratio when increasing the number of cycles, whose 

appearance is black for these relatively thick coatings. In contrast with the 

previously analyzed samples in Figure 28, all these coatings display a 

homogenous color at the surface. However, according to these Raman 

results, it can be concluded that a similar amount of defects is observed in 

these coatings as compared with black zones in thinner coatings with one 

layer synthesis (see Figure 26).  

Their surface composition as analyzed by XPS is compiled and 

presented in Figure 45. It is clear from the signal at the O 1s region that the 

surface oxygen groups after the first coating (1C/50/150BC) differs from 

those generated after two or three cycles. The distribution of species for 

1C/50/150BC is very similar to those presented in Figure 28 for single 

coatings produced by large assembly periods. Coatings produced over a 

previous rGO layer give place to a much lower amount of carbonyl groups 

at the surface, whereas C=O species  seem to be more abundant on 

coatings directly produced on the copper substrate. 

 

 

Figure 44: D and G Raman band intensity ratio (ID/IG) plotted as a 
function of the number of cycles applied in NC/50/150BC samples. An 
image of the samples surface is presented as reference. 
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Figure 45: XPS analyses of the samples with 1, 2 or 3 cycles of coating with 
intermediate heating between successive cycles (1C/50/150BC, 
2C/50/150BC, 3C/50/150BC). 

The atomic percentage of carbon, oxygen and copper at the surface 

is summarized in Table 8. It can be observed that the surface amount of 

copper in the 3 cycles sample is very low. This small amount is probably 

responsible for the small oxidation peak observed at ca. 0.47 VSHE in the 

LSV tests in 3C/50/150BC samples. 

Table 8. Surface composition expressed in atomic percentage as 
determined by XPS analysis. 

Sample C (%) O (%) Cu (%) 

1C/50/150BC 84.68 14.45 0.86 
2C/50/150BC 80.51 18.17 1.31 

3C/50/150BC 84.99 14.83 0.18 

 

By considering that the produced coating is extremely effective 

against corrosion, copper species found in external rGO layers are 

probably originated during the initial steps of the synthesis during the 

immersion of the substrate in the GO dispersion. Released copper ions are 

probably adsorbed by GO flakes in the solution and incorporated in 

successive assembles layers. By taking into consideration this possibility, 

new samples were prepared using a freshly prepared GO dispersion for 

each one of the rGO assembly steps. XPS analysis of the surface in this 

latter case did not show any trace of copper ions, as it can be appreciated 

in Figure 46.  
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Figure 46: XPS analysis of the surface of coated samples (black spectra) 
and after 70 etching cycles in a depth profiling test (red spectra). A: 
samples synthesized in a unique GO dispersion. B: 3-cycle sample 
obtained using a pristine GO dispersion in each cycle. 

SEM images of the cross-section of this latter sample show the 

detail of the coating (Figure 47). Each protective layer generated has an 

approximated thickness of 0.2-0.4 m. The whole coating of 3 cycles 

generates a 0.6-2.0 m thick film, as shown in the micrograph in Figure 

47C. The stacking of rGO self-assembled layers conform an effective 

barrier between the substrate and the external environment that protect 

copper from corrosion. This barrier is formed by a “mille-feuille” 

structure, which limits in an effective way the permeation of liquid and 

gases. 
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Figure 47: SEM micrographs of the cross-section of the 3C/50/150BC 
sample at different magnifications. A) General view of the coating around 
the copper strands, B) detail of the coating on a border of the strand, C) 
detail of the cross-section of the rGO layer, showing its thickness.  

Some other curious details in this sample can be appreciated in 

additional SEM images shown in Figure 48. Images A and B show how the 

observe and reserve rGO assembled layers converge in a unique film at 

the grid openings providing a hermetic sealing. Image C has been 

registered with backscattered electrons, which give compositional 

information of the sample. It shows the presence of oxide islands probably 

formed after cutting the sample for its examination. 

 

Figure 48: SEM images of the optimized coated grid 3C/50/150BC 
synthesized in each cycle with freshly prepared GO dispersion. A) 
Secondary electrons image showing the assembly between the obverse 
and reverse faces of the grid coating. B) Detail of the union between the 
rGO layers covering both faces of the copper grid. C) Backscattered 
electrons image of the cross-section of the sample. D) Detail showing a 
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pathway for copper ions release towards the surface of the rGO coating. 

 3.3.7 Test in operative PEMFCs. 

The optimized synthesis protocol has been used to prepare current 

collectors for the PEM fuel cell model described in WO2020240063A1, 

which is able to operate under air breathing conditions in a passive mode. 

Its behavior for passive water management has been reported elsewhere67. 

This cell usually operates with gold-plated nickel collectors, which show a 

good performance and durability. In order to evaluate the performance of 

the cell with copper grids protected with the optimized rGO coating, two 

different types of accelerated degradation tests for have been performed. 

As references for the cell behavior with the rGO-coated copper grids, 

additional cells assembled with gold-coated nickel grids, and gold coated-

copper grids have been also evaluated. Additionally, the degradation of a 

cell with bare-copper grid collectors has been assessed. An image of the 

cathode current collector in an assembled cell, which still requires fitting a 

pinned heat sink as final plate, is presented in Figure 49. 

 

 

Figure 49: A) Image of the assembled cell showing the cathode rGO-
coated copper grid as cathode current collector. B) Detail of the rGO-
coated grid assembled at the cathode side. 

The polarization and power density curves obtained after cell 

activation are presented in Figure 50 in comparison with those obtained 

using the originally used gold-coated nicked grids. A similar and 

equivalent performance is obtained in both cases. 

Figure 51 compiles the current intensity and the cell temperature 

achieved in this passive air-breathing PEMFC fed with dry hydrogen at 

0.3 bar overpressure by applying 0.1 V potentiostatic steps of 10 min 

duration in the range between the OCV and 0 V. The results obtained for 

the cell assembled with the rGO-coated grids are presented in comparison 

with those registered for the gold-coated references. A main striking 

difference is observed in the heat management of the passive system. The 

range of temperature in the cell obtained by applying the stepped voltage 

protocol is quite similar in the tested sample and in the gold-coated nickel 

A B
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reference. The measured temperature in these cells achieves a maximum 

around 60 ºC at the minimum cell voltage (see indicative dotted lines in 

images A, B and C in Figure 51). That temperature has been measured 

with a thermocouple near the pinned heat-sink at the cathode, although 

the temperature at the central MEA surface is probably higher. At that 

maximum value of the temperature, the current intensity in the cell 

experiments a sudden decrease with originates an asymmetric profile in 

the current intensity curves of the cells. Despite the gold-coated copper 

collectors lead to similar high temperatures in the cell at similar cell 

voltages, there are two main differences with the other cells: i) the 

maximum current achieved with Cu-Au grids is substantially lower 

(approximately by 30%), and, ii) the decrease of temperature at low 

demands is not so effective as in the other cells. In the case of the Cu-

Au//Cu-Au cell, the temperature oscillates between 38-62 ºC depending 

on the cell voltage, whereas, for the Ni-Au//Ni-Au and Cu-rGO//Cu-

rGO cells, the temperature varies in a wider range between 28-62 ºC. This 

difference is indicative of a better heat management in these latter cells 

due to more efficient heat dissipation. As a matter of fact, the current 

intensity suffers a sudden decrease just before the cell temperature reaches 

its maximum. This occurs when the cell temperature rises in excess and 

the proton exchange membrane becomes dehydrated. In this sense, the 

rGO-coated grids allow for improved heat distribution and yields less 

asymmetric current intensity profiles than the standard reference cell with 

gold-coated nickel grids. 

 

 

Figure 50: Comparative of polarization and power density curves 
obtained for the air-breathing PEMFC assembled with gold-coated nickel 
(blue) and rGO-coated copper (green) current collector grids. 
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Figure 51: Operation parameters (voltage, current intensity, and 
temperature) of the air-breathing PEM fuel cell assembled with the gold-
coated nickel and gold-coated copper current collector references in 
comparison with the rGO-coated copper current collector grid. 

Uncoated copper collectors have also been evaluated for 

comparison. Figure 52 shows the results of an accelerated degradation test 

showing the stability of the cells at a voltage of 0.5 V. The operation 

protocol in this test submits the cell to very demanding conditions every 

hour, cycling the cell voltage between the open circuit potential and 0 V. 

Immediately after its start-up the cell with bare copper collector exhibits a 

fast degradation and after 4 h of operation its performance has been 

reduced by 50%. On the other hand, the rGO-coated current collector grids 

provide good stability to the cell with stable continuous operation for 

more than 100 h.  

 

Figure 52: Accelerated degradation tests performed on the air-breathing 
PEM fuel cell assembled with bare (black symbols) and rGO-coated 
copper (green symbols) current collector grids. Current intensity 
registered at 0.5 V under continuous operation with periodical voltage 
cycling between the OCV and 0 V performed after each hour. 
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The degradation of the Cu//Cu cell is also evident from the 

registered impedance spectra in Figure 53. After a well-defined arc 

obtained during the first hour of operation, a continuous enlargement of 

the impedance is observed with the elapsed time in the following hours. It 

is probably due to the increase of the mass transport resistance in the cells, 

since a smaller contribution at lower frequencies due to charge transfer 

resistance can be envisaged. 

 

Figure 53: Nyquist plot of the electrochemical impedance spectra 
registered under potentiostatic mode at 0.5V for the PEM fuel cells 
assembled with bare copper collectors at anode and cathode (Cu//Cu) (A) 
and gold-coated copper collectors (Cu-Au//Cu-Au) (B). 

A more detailed view of the high frequency values in the arcs is 

shown in the images A and B in Figure 57 for these cells in comparison 

with those obtained for the cells assembled with gold-coated nickel grids 

and the rGO-coated copper collectors. It can be observed that the high 

frequency resistance (RHF) of the cell increases progressively with the 

operation time only for the cell assembled with bare copper collectors, 

which can be due to different reasons, but mainly to membrane drying as 

result of the performance decay. In contrast, the RHF values obtained for 

gold-coated collectors and the rGO-coated copper grid decrease with 

operation time until reaching stable values after more than 10 h of 

continuous operation. 
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Figure 54: Nyquist plot of the impedance showing the high frequency 
resistance values obtained for cells assembled with A) bare copper grids, 
B) gold-coated copper grids, C) gold-coated nickel grids and D) rGO-
coated copper grids. 

The cell performance indicates that the membrane-electrode 

assemblies are as stable with gold-coated collectors as with rGO coated 

copper grids. In order to assess the degradation effects in the components, 

a post-mortem analysis has been carried out by scanning electron 

microscopy. For the cross-section analysis of the current collectors, the 

grids have been cut to examine the central zone of the component. 

Micrographs of the rGO-coated collector at different magnifications are 

presented in Figure 55. The rGO-coating with a thickness of 0.5 m is 

observed to protect the grid structure without failures. Some copper 

particles are observed beneath the coating in one of the sides of the grid, 

but they were probably originated during the synthesis procedure after 

the successive assembly and reduction steps. As a matter of fact, a similar 

analysis of the equivalent bare copper collector in the Cu//Cu degraded 

cell shows that the grid is completely free from oxides and the X-ray 

energy dispersive analysis indicates the only presence of copper (100 at.%) 

(Figure 56). The absence of copper oxides on the grid and the performance 

decay is indicative of the release of copper ions towards other components 

of the cell, in particular to the membrane-electrode assembly (MEA). 
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Figure 55: SEM Images of the cross-section of the cathode rGO-coated 
copper current collector used at the anode side of the (CurGO //Cu-rGO) 
cell after the accelerated degradation test in Figure 52. 

 

Figure 56: SEM micrographs of the cathode collector of the cell assembled 
with bare copper collectors (Cu//Cu) after the accelerated degradation 
test in Figure 52. 

The post-mortem analyses of the MEAs used with those collectors 

are presented in Figure 57. It can be appreciated in the images that, despite 

the drastic performance decay of the Cu//Cu cell, its MEA structure is not 

so apparently modified as that in the rGO-Cu//rGO-Cu cell. The 

compositional mapping reveals that the accelerated degradation test 

induces a thickness reduction of the catalytic layers, especially in the 

anode electrodes whatever the collector composition and structure, as 

recently reported68,69. Pt particles are progressively lost by dissolution 

from the anode catalytic layer and redeposited in other electrode locations. 

It can be clearly appreciated in the images in Figure 57B obtained for the 

MEA in the rGO-Cu//rGO-Cu cell. The Pt at anode catalyst layer has lost 

completely its initial structure, and some Pt spots can be observed at a 

certain distance from the membrane surface. This effect is also observed at 
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the cathode but in lower degree. It must be taken into consideration the 

enormous difference between the operation periods between both cells.  

 

Figure 57: Postmortem analyses of the membrane-electrode assemblies 
used with the bare copper collectors and the rGO-coated collectors in the 
accelerated degradation tests. 

Whereas the Cu//Cu cell was stopped after losing 82% of its initial 

performance for 19 h of continuous operation under accelerated 

degradation conditions, the rGO-Cu//rGO-Cu was stopped after 105 h of 

continuous operation under the same conditions and with a performance 

loss of less than 14%. This performance loss can be clearly assigned to 

other MEA components different from the current collector. It is clearly 

evident the degradation of the Nafion membrane (thickness reduction, 

loss of fluoride ions and sulfonic groups), and dissolution and 

redeposition of Pt in the electrodes. Some of these degradation effects can 

be also envisaged in the Cu//Cu cell, although the main reason for the 

cell performance is due to the poisoning of the catalyst and the ionomer in 

the catalytic layers with copper ions. 
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3.4 Conclusion 
The synthesis process of rGO coatings on copper grid substrates has 

been optimized to obtain a corrosion resistant film able to withstand 

extreme PEM fuel cell operational conditions. The optimization process 

has involved different steps, which have been confronted after 

accomplishing the defined targets. 

Single rGO coatings developed in a unique step were initially 

analyzed, and it was concluded that relatively large self-assembly periods 

were required to reduce the presence of defects in the synthesized films. 

The synthesis of rGO layers on freshly reduced substrates is critical to 

obtain homogeneous coatings. Furthermore, the reduction of the sample 

after the formation of self-assembled rGO layers contributes to reduce 

outer GO flakes partially assembled and the Cu2O crystallites originated 

beneath the rGO layers during the redox process of self-assembly and 

reduction of GO. Ascorbic acid has been proved to be effective for this 

process. Reduce graphene oxide layers prepared according to this 

procedure are able to protect copper from corrosion under oxygen 

containing atmospheres up to 200 ºC.  

Heating these coatings up to 150 ºC is required to remove 

interlayered water, since its presence between layers constitutes an open 

path for the electrolyte to corrode the substrate in electrochemical cells. 

The application of at least three coating cycles has been 

demonstrated to provide an effective barrier against corrosion in 

electrochemical cells up to 1.5 VSHE. Finally, the use of freshly prepared 

GO dispersions for each GO immersion step is required to avoid the 

presence of small amount of copper ions at the outer surface of the rGO 

coating. Some copper dissolved during the initial cycles is released to the 

GO solution and adsorbed by the GO flakes dispersed in it.  

Finally, the optimized coating procedure is able to decrease the 

corrosion current by at least 2 orders of magnitude in an electrochemical 

cell filled with 0.5 M H2SO4 as electrolyte. The achieved current corrosion 

density fulfils the 2020 targets established by the US Department of 

Energy for bipolar plates (<1 A·cm-2)39. 

A proof of concept has been carried out by assessing the behavior of 

the optimized coating on copper grid substrates as current collectors. 

Accelerated degradation tests and postmortem analysis of the degraded 

membrane-electrode assemblies reveal that the coating is an effective 

barrier for using copper as cost-effective substrate. State-of-the-art 

commercial Nafion membrane and electrodes experience faster 

degradation than the developed current collectors, whose excellent 
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stability allows its use under real operation conditions. 

By taking into consideration the cost of alternative materials 

previously used, such as gold (47.320 €/kg)*, a precious metal, and nickel 

(13.792 €/kg), which cost two-folds approximately that of copper (7.784 

€/kg), and that the use of graphene oxide as a derivative of graphite (7-12 

€/kg)†, the use of these type of collectors in PEMFCs allows a substantial 

reduction in the cost. Although these current collectors have been 

developed for portable fuel cells, they could be integrated in cost-effective 

flow field plates made of isolating materials. The application of solution 

processing procedures to develop coatings based on a graphite derivative 

is an attractive solution of easy application and low environmental impact. 

  

                                                 

* https://www.goldpriceticker.com/es/gold-rates/european_union/, accessed on June 
2021 
† https://www.indexmundi.com,  accessed on June 2021 
 

https://www.goldpriceticker.com/es/gold-rates/european_union/
https://www.indexmundi.com/es/precios-de-mercado/?mercancia=niquel&moneda=eur&mercancia=cobre


Chapter 3 

 

156 
 

3.5 References 
(1)  Sørensen, P. A.; Kiil, S.; Dam-Johansen, K.; Weinell, C. E. 

Anticorrosive Coatings: A Review. J. Coatings Technol. Res. 2009, 6 
(2), 135–176. https://doi.org/10.1007/s11998-008-9144-2. 

(2)  Song, J.; Wang, L.; Zibart, A.; Koch, C. Corrosion Protection of 
Electrically Conductive Surfaces. 2012, 450–477. 
https://doi.org/10.3390/met2040450. 

(3)  Wang, H.; Turner, J. A. Reviewing Metallic PEMFC Bipolar Plates. 
Fuel Cells 2010, 10 (4), 510–519. 
https://doi.org/10.1002/fuce.200900187. 

(4)  Qi, K.; Sun, Y.; Duan, H.; Guo, X. A Corrosion-Protective Coating 
Based on a Solution-Processable Polymer-Grafted Graphene Oxide 
Nanocomposite. Corros. Sci. 2015, 98, 500–506. 
https://doi.org/10.1016/j.corsci.2015.05.056. 

(5)  Pourhashem, S.; Vaezi, M. R.; Rashidi, A.; Bagherzadeh, M. R. 
Exploring Corrosion Protection Properties of Solvent Based Epoxy-
Graphene Oxide Nanocomposite Coatings on Mild Steel. Corros. Sci. 
2017, 115, 78–92. https://doi.org/10.1016/j.corsci.2016.11.008. 

(6)  Kirkland, N. T.; Schiller, T.; Medhekar, N.; Birbilis, N. Exploring 
Graphene as a Corrosion Protection Barrier. 2012, 56, 1–4. 
https://doi.org/10.1016/j.corsci.2011.12.003. 

(7)  Lui, C. H.; Liu, L.; Mak, K. F.; Flynn, G. W.; Heinz, T. F. Ultraflat 
Graphene. Nature 2009, 462 (7271), 339–341. 
https://doi.org/10.1038/nature08569. 

(8)  Singh Raman, R. K.; Chakraborty Banerjee, P.; Lobo, D. E.; 
Gullapalli, H.; Sumandasa, M.; Kumar, A.; Choudhary, L.; Tkacz, R.; 
Ajayan, P. M.; Majumder, M. Protecting Copper from 
Electrochemical Degradation by Graphene Coating. Carbon N. Y. 
2012, 50 (11), 4040–4045. 
https://doi.org/10.1016/j.carbon.2012.04.048. 

(9)  Kirkland, N. T.; Schiller, T.; Medhekar, N.; Birbilis, N. Exploring 
Graphene as a Corrosion Protection Barrier. Corros. Sci. 2012, 56, 1–4. 
https://doi.org/10.1016/j.corsci.2011.12.003. 

(10)  Zhu, Y. X.; Duan, C. Y.; Liu, H. Y.; Chen, Y. F.; Wang, Y. Graphene 
Coating for Anti-Corrosion and the Investigation of Failure 
Mechanism. J. Phys. D. Appl. Phys. 2017, 50 (11). 
https://doi.org/10.1088/1361-6463/aa5bb0. 

(11)  Boukhvalov, D. W.; Bazylewski, P. F.; Kukharenko, A. I.; Zhidkov, I. 
S.; Ponosov, Y. S.; Kurmaev, E. Z.; Cholakh, S. O.; Lee, Y. H.; Chang, 
G. S. Atomic and Electronic Structure of a Copper/Graphene 
Interface as Prepared and 1.5 Years After. Appl. Surf. Sci. 2017, 426, 
1167–1172. https://doi.org/10.1016/j.apsusc.2017.07.279. 

(12)  Schriver, M.; Regan, W.; Gannett, W. J.; Zaniewski, A. M.; Crommie, 
M. F.; Zettl, A. Graphene as a Long-Term Metal Oxidation Barrier: 



 Corrosion protective coatings on copper grids 

 

157 
 

Worse than Nothing. ACS Nano 2013, 7 (7), 5763–5768. 
https://doi.org/10.1021/nn4014356. 

(13)  Prasai, D.; Tuberquia, J. C.; Harl, R. R.; Jennings, G. K.; Bolotin, K. I. 
Graphene: Corrosion-Inhibiting Coating. ACS Nano 2012, 6 (2), 1102–
1108. https://doi.org/10.1021/nn203507y. 

(14)  Ya-Ping, H.; Mario, H.; Kai-Wen, C.; Gang, J. J.; Yuan-Yao, L.; Kuang 
Yao, C.; Chang Chung, Y.; Wen-Sheng, C.; Li-Chyong, C. Complete 
Corrosion Inhibition through Graphene Defect Passivation. ACS 
Nano 2014, 8 (1), 443. 

(15)  Sun, W.; Wang, L.; Wu, T.; Pan, Y.; Liu, G. Inhibited Corrosion-
Promotion Activity of Graphene Encapsulated in Nanosized Silicon 
Oxide. J. Mater. Chem. A 2015, 3 (32), 16843–16848. 
https://doi.org/10.1039/C5TA04236D. 

(16)  Singhbabu, Y. N.; Sivakumar, B.; Choudhary, S. K.; Das, S.; Sahu, R. 
K. Corrosion-Protective Reduced Graphene Oxide Coated Cold 
Rolled Steel Prepared Using Industrial Setup: A Study of Protocol 
Feasibility for Commercial Production. Surf. Coatings Technol. 2018, 
349 (May), 119–132. https://doi.org/10.1016/j.surfcoat.2018.05.046. 

(17)  Nine, M. J.; Cole, M. A.; Tran, D. N. H.; Losic, D. Graphene: A 
Multipurpose Material for Protective Coatings. J. Mater. Chem. A 
2015, 3 (24), 12580–12602. https://doi.org/10.1039/c5ta01010a. 

(18)  Cao, X.; Qi, D.; Yin, S.; Bu, J.; Li, F.; Goh, C. F.; Zhang, S.; Chen, X. 
Ambient Fabrication of Large-Area Graphene Films via a 
Synchronous Reduction and Assembly Strategy. Adv. Mater. 2013, 25 
(21), 2957–2962. https://doi.org/10.1002/adma.201300586. 

(19)  Hu, C.; Zhai, X.; Liu, L.; Zhao, Y.; Jiang, L.; Qu, L. Spontaneous 
Reduction and Assembly of Graphene Oxide into Three-
Dimensional Graphene Network on Arbitrary Conductive 
Substrates. Sci. Rep. 2013, 3 (June). 
https://doi.org/10.1038/srep02065. 

(20)  Fernández-Sotillo, A. M.; Ferreira-Aparicio, P. Continuous 
Graphene-like Layers Formed on Copper Substrates by Graphene 
Oxide Self-Assembly and Reduction. ACS Appl. Energy Mater. 2020. 
https://doi.org/10.1021/acsaem.0c01722. 

(21)  Fernández-Sotillo, A. M.; Ferreira-Aparicio, P. Patterning Large 
Free-Standing Reduced Graphene Oxide Films Assisted by Open-
Area Copper Substrates for Graphene Drums. ACS Appl. Nano 
Mater. 2020. https://doi.org/10.1021/acsanm.0c01916. 

(22)  Huda, N.; Bakar, A.; Ali, G. A. M.; Ismail, J.; Algarni, H.; Chong, K. 
F. Size-Dependent Corrosion Behavior of Graphene Oxide Coating. 
Prog. Org. Coatings 2019, 134 (February), 272–280. 
https://doi.org/10.1016/j.porgcoat.2019.05.011. 

(23)  Ma, Y.; Han, J.; Wang, M.; Chen, X.; Jia, S. Electrophoretic 
Deposition of Graphene-Based Materials: A Review of Materials and 
Their Applications. J. Mater. 2018, 4 (2), 108–120. 



Chapter 3 

 

158 
 

https://doi.org/10.1016/j.jmat.2018.02.004. 
(24)  Ho, C. Y.; Huang, S. M.; Lee, S. T.; Chang, Y. J. Evaluation of 

Synthesized Graphene Oxide as Corrosion Protection Film Coating 
on Steel Substrate by Electrophoretic Deposition. Appl. Surf. Sci. 
2019, 477, 226–231. https://doi.org/10.1016/j.apsusc.2017.10.129. 

(25)  Healy, B.; Yu, T.; da Silva Alves, D.; Breslin, C. B. Review of Recent 
Developments in the Formulation of Graphene-Based Coatings for 
the Corrosion Protection of Metals and Alloys. Corrosion and 
Materials Degradation . 2020. https://doi.org/10.3390/cmd1030015. 

(26)  Necolau, M. I.; Pandele, A. M. Recent Advances in Graphene Oxide-
Based Anticorrosive Coatings: An Overview. Coatings 2020, 10 (12), 
1–15. https://doi.org/10.3390/coatings10121149. 

(27)  Kim, H.; Lee, H.; Lim, H. R.; Cho, H. B.; Choa, Y. H. Electrically 
Conductive and Anti-Corrosive Coating on Copper Foil Assisted by 
Polymer-Nanocomposites Embedded with Graphene. Appl. Surf. Sci. 
2019, 476 (July), 123–127. 
https://doi.org/10.1016/j.apsusc.2019.01.066. 

(28)  Antunes, R. A.; De Oliveira, M. C. L.; Ett, G.; Ett, V. Carbon 
Materials in Composite Bipolar Plates for Polymer Electrolyte 
Membrane Fuel Cells: A Review of the Main Challenges to Improve 
Electrical Performance. J. Power Sources 2011, 196 (6), 2945–2961. 
https://doi.org/10.1016/j.jpowsour.2010.12.041. 

(29)  Singh, R. S.; Gautam, A.; Rai, V. Graphene-Based Bipolar Plates for 
Polymer Electrolyte Membrane Fuel Cells. Front. Mater. Sci. 2019, 13 
(3), 217–241. https://doi.org/10.1007/s11706-019-0465-0. 

(30)  Hamilton, P. J.; Pollet, B. G. Polymer Electrolyte Membrane Fuel Cell 
(PEMFC) Flow Field Plate: Design, Materials and Characterisation. 
Fuel Cells. August 2010, pp 489–509. 
https://doi.org/10.1002/fuce.201000033. 

(31)  Wang, H.; Turner, J. A. Ferritic Stainless Steels as Bipolar Plate 
Material for Polymer Electrolyte Membrane Fuel Cells. J. Power 
Sources 2004, 128 (2), 193–200. 
https://doi.org/10.1016/j.jpowsour.2003.09.075. 

(32)  Wang, H.; Sweikart, M. A.; Turner, J. A. Stainless Steel as Bipolar 
Plate Material for Polymer Electrolyte Membrane Fuel Cells. J. Power 
Sources 2003, 115 (2), 243–251. https://doi.org/10.1016/S0378-
7753(03)00023-5. 

(33)  Eom, K.; Cho, E.; Nam, S. W.; Lim, T. H.; Jang, J. H.; Kim, H. J.; 
Hong, B. K.; Yang, Y. C. Degradation Behavior of a Polymer 
Electrolyte Membrane Fuel Cell Employing Metallic Bipolar Plates 
under Reverse Current Condition. Electrochim. Acta 2012, 78, 324–
330. https://doi.org/10.1016/j.electacta.2012.06.024. 

(34)  Hung, Y.; El-Khatib, K. M.; Tawfik, H. Testing and Evaluation of 
Aluminum Coated Bipolar Plates of Pem Fuel Cells Operating at 
70 ??C. J. Power Sources 2006, 163 (1 SPEC. ISS.), 509–513. 



 Corrosion protective coatings on copper grids 

 

159 
 

https://doi.org/10.1016/j.jpowsour.2006.09.013. 
(35)  Silva, R. F.; Franchi, D.; Leone, A.; Pilloni, L.; Masci, A.; Pozio, A. 

Surface Conductivity and Stability of Metallic Bipolar Plate 
Materials for Polymer Electrolyte Fuel Cells. Electrochim. Acta 2006, 
51 (17), 3592–3598. https://doi.org/10.1016/j.electacta.2005.10.015. 

(36)  Tawfik, H.; Hung, Y.; Mahajan, D. Metal Bipolar Plates for PEM Fuel 
Cell-A Review. J. Power Sources 2007, 163 (2), 755–767. 
https://doi.org/10.1016/j.jpowsour.2006.09.088. 

(37)  Lee, S. J.; Huang, C. H.; Lai, J. J.; Chen, Y. P. Corrosion-Resistant 
Component for PEM Fuel Cells. J. Power Sources 2004, 131 (1–2), 162–
168. https://doi.org/10.1016/j.jpowsour.2004.01.008. 

(38)  Asri, N. F.; Husaini, T.; Sulong, A. B.; Majlan, E. H.; Daud, W. R. W. 
Coating of Stainless Steel and Titanium Bipolar Plates for 
Anticorrosion in PEMFC: A Review. Int. J. Hydrogen Energy 2017, 42 
(14), 9135–9148. https://doi.org/10.1016/j.ijhydene.2016.06.241. 

(39)  Hinds, G.; Brightman, E. Towards More Representative Test 
Methods for Corrosion Resistance of PEMFC Metallic Bipolar Plates. 
Int. J. Hydrogen Energy 2015, 40 (6), 2785–2791. 
https://doi.org/10.1016/j.ijhydene.2014.12.085. 

(40)  Kim, J.; Kim, Y. Do; Nam, D. G. Surface Characteristic of Chemically 
Converted Graphene Coated Low Carbon Steel by Electro Spray 
Coating Method for Polymer Electrolyte Membrane Fuel Cell 
Bipolar Plate. J. Nanosci. Nanotechnol. 2013, 13 (5), 3387–3391. 
https://doi.org/10.1166/jnn.2013.7281. 

(41)  Jung, J.; Kwon, M.; Kim, H.-R.; Kim, J. Hybrid Electrode Effects on 
Polymer Electrolyte Membrane Fuel Cells. Int. J. Hydrogen Energy 
2014, 39 (2), 966–973. 
https://doi.org/10.1016/j.ijhydene.2013.10.142. 

(42)  Wang, J.; Min, L.; Fang, F.; Zhang, W.; Wang, Y. Electrodeposition of 
Graphene Nano-Thick Coating for Highly Enhanced Performance of 
Titanium Bipolar Plates in Fuel Cells. Int. J. Hydrogen Energy 2019, 44 
(31), 16909–16917. https://doi.org/10.1016/j.ijhydene.2019.04.245. 

(43)  Stoot, A. C.; Camilli, L.; Spiegelhauer, S.-A.; Yu, F.; Bøggild, P. 
Multilayer Graphene for Long-Term Corrosion Protection of 
Stainless Steel Bipolar Plates for Polymer Electrolyte Membrane Fuel 
Cell. J. Power Sources 2015, 293, 846–851. 
https://doi.org/10.1016/j.jpowsour.2015.06.009. 

(44)  Pu, N. W.; Shi, G. N.; Liu, Y. M.; Sun, X.; Chang, J. K.; Sun, C. L.; 
Ger, M. Der; Chen, C. Y.; Wang, P. C.; Peng, Y. Y.; Wu, C. H.; Lawes, 
S. Graphene Grown on Stainless Steel as a High-Performance and 
Ecofriendly Anti-Corrosion Coating for Polymer Electrolyte 
Membrane Fuel Cell Bipolar Plates. J. Power Sources 2015, 282, 248–
256. https://doi.org/10.1016/j.jpowsour.2015.02.055. 

(45)  Ren, Y. J.; Anisur, M. R.; Qiu, W.; He, J. J.; Al-Saadi, S.; Singh Raman, 
R. K. Degradation of Graphene Coated Copper in Simulated Proton 



Chapter 3 

 

160 
 

Exchange Membrane Fuel Cell Environment: Electrochemical 
Impedance Spectroscopy Study. Journal of Power Sources. 2017, pp 
366–372. https://doi.org/10.1016/j.jpowsour.2017.07.041. 

(46)  Liu, Y.; Min, L.; Zhang, W.; Wang, Y. High-Performance Graphene 
Coating on Titanium Bipolar Plates in Fuel Cells via Cathodic 
Electrophoretic Deposition. Coatings 2021, 11 (4). 
https://doi.org/10.3390/coatings11040437. 

(47)  Lee, G. W.; Shim, G. H.; Kim, J. M.; Seol, C.; Kim, J. H.; Kim, S. M.; 
Ahn, H. S. Two/Three-Dimensional Reduced Graphene Oxide 
Coating for Porous Flow Distributor in Polymer Electrolyte 
Membrane Fuel Cell. Int. J. Hydrogen Energy 2020, 45 (23), 12972–
12981. https://doi.org/10.1016/j.ijhydene.2020.02.092. 

(48)  Tyler, B. J.; Brennan, B.; Stec, H.; Patel, T.; Hao, L.; Gilmore, I. S.; 
Pollard, A. J. Removal of Organic Contamination from Graphene 
with a Controllable Mass-Selected Argon Gas Cluster Ion Beam. J. 
Phys. Chem. C 2015, 119 (31), 17836–17841. 
https://doi.org/10.1021/acs.jpcc.5b03144. 

(49)  Gattinoni, C.; Michaelides, A. Atomistic Details of Oxide Surfaces 
and Surface Oxidation: The Example of Copper and Its Oxides. Surf. 
Sci. Rep. 2015, 70 (3), 424–447. 
https://doi.org/https://doi.org/10.1016/j.surfrep.2015.07.001. 

(50)  Yin, K.; Zhang, Y.; Zhou, Y.; Sun, L.; Chisholm, M. F.; Pantelides, S. 
T.; Zhou, W. Unsupported Single-Atom-Thick Copper Oxide 
Monolayers. 2D Mater. 2017, 4 (1), 1–8. 
https://doi.org/10.1088/2053-1583/4/1/011001. 

(51)  Ferrari, A.; Robertson, J. Interpretation of Raman Spectra of 
Disordered and Amorphous Carbon. Phys. Rev. B - Condens. Matter 
Mater. Phys. 2000, 61 (20), 14095–14107. 
https://doi.org/10.1103/PhysRevB.61.14095. 

(52)  Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.; Booth, T. 
J.; Stauber, T.; Peres, N. M. R.; Geim, A. K. Fine Structure Constant 
Defines Visual Transparency of Graphene. Science 2008, 320 (5881), 
1308. https://doi.org/10.1126/science.1156965. 

(53)  Jung, I.; Rhyee, J. S.; Son, J. Y.; Ruoff, R. S.; Rhee, K. Y. Colors of 
Graphene and Graphene-Oxide Multilayers on Various Substrates. 
Nanotechnology 2012, 23 (2), 25708. https://doi.org/10.1088/0957-
4484/23/2/025708. 

(54)  Stobinski, L.; Lesiak, B.; Malolepszy, A.; Mazurkiewicz, M.; 
Mierzwa, B.; Zemek, J.; Jiricek, P.; Bieloshapka, I. Graphene Oxide 
and Reduced Graphene Oxide Studied by the XRD, TEM and 
Electron Spectroscopy Methods. J. Electron Spectros. Relat. Phenomena 
2014, 195 (March 2018), 145–154. 
https://doi.org/10.1016/j.elspec.2014.07.003. 

(55)  Ganguly, A.; Sharma, S.; Papakonstantinou, P.; Hamilton, J. Probing 
the Thermal Deoxygenation of Graphene Oxide Using High-



 Corrosion protective coatings on copper grids 

 

161 
 

Resolution In Situ X-Ray-Based Spectroscopies. J. Phys. Chem. C 
2011, 115 (34), 17009–17019. https://doi.org/10.1021/jp203741y. 

(56)  Díez, N.; ͆liwak, A.; Gryglewicz, S.; Grzyb, B.; Gryglewicz, G. 
Enhanced Reduction of Graphene Oxide by High-Pressure 
Hydrothermal Treatment. RSC Adv. 2015, 5 (100), 81831–81837. 
https://doi.org/10.1039/c5ra14461b. 

(57)  Chau, Y.; Kwan, G.; Meng, G.; Hon, C.; Huan, A. Identi Fi Cation of 
Functional Groups and Determination of Carboxyl Formation 
Temperature in Graphene Oxide Using the XPS O 1s Spectrum. Thin 
Solid Films 2015, 590, 40–48. 
https://doi.org/10.1016/j.tsf.2015.07.051. 

(58)  Vasquez, R. P. CuCO 3 by XPS. Surf. Sci. Spectra 1998, 5 (4), 273–278. 
https://doi.org/10.1116/1.1247884. 

(59)  Briggs, D. Handbook of X-Ray Photoelectron Spectroscopy C. D. 
Wanger, W. M. Riggs, L. E. Davis, J. F. Moulder and G. 
E.Muilenberg Perkin-Elmer Corp., Physical Electronics Division, 
Eden Prairie, Minnesota, USA, 1979. 190 Pp. $195. Surf. Interface 
Anal. 1981, 3 (4), v–v. 
https://doi.org/https://doi.org/10.1002/sia.740030412. 

(60)  Sitko, R.; Turek, E.; Zawisza, B.; Malicka, E.; Talik, E.; Heimann, J.; 
Gagor, A.; Feist, B.; Wrzalik, R. Adsorption of Divalent Metal Ions 
from Aqueous Solutions Using Graphene Oxide. Dalt. Trans. 2013, 
42 (16), 5682–5689. https://doi.org/10.1039/c3dt33097d. 

(61)  Sabzehmeidani, M. M.; Mahnaee, S.; Ghaedi, M.; Heidari, H.; Roy, 
V. A. L. Carbon Based Materials: A Review of Adsorbents for 
Inorganic and Organic Compounds. Mater. Adv. 2021, 2 (2), 598–627. 
https://doi.org/10.1039/d0ma00087f. 

(62)  Sitko, R.; Musielak, M.; Zawisza, B.; Talik, E.; Gagor, A. Graphene 
Oxide/Cellulose Membranes in Adsorption of Divalent Metal Ions. 
RSC Adv. 2016, 6 (99), 96595–96605. 
https://doi.org/10.1039/C6RA21432K. 

(63)  Hsieh, C. Te; Hsueh, J. H. Electrochemical Exfoliation of Graphene 
Sheets from a Natural Graphite Flask in the Presence of Sulfate Ions 
at Different Temperatures. RSC Adv. 2016, 6 (69), 64826–64831. 
https://doi.org/10.1039/c6ra15447f. 

(64)  Yu, P.; Lowe, S. E.; Simon, G. P.; Zhong, Y. L. Electrochemical 
Exfoliation of Graphite and Production of Functional Graphene. 
Curr. Opin. Colloid Interface Sci. 2015, 20 (5–6), 329–338. 
https://doi.org/10.1016/j.cocis.2015.10.007. 

(65)  Dumée, L. F.; He, L.; Wang, Z.; Sheath, P.; Xiong, J.; Feng, C.; Tan, 
M. Y.; She, F.; Duke, M.; Gray, S.; Pacheco, A.; Hodgson, P.; 
Majumder, M.; Kong, L. Growth of Nano-Textured Graphene 
Coatings across Highly Porous Stainless Steel Supports towards 
Corrosion Resistant Coatings. Carbon N. Y. 2015, 87 (C), 395–408. 
https://doi.org/10.1016/j.carbon.2015.02.042. 



Chapter 3 

 

162 
 

(66)  Merisalu, M.; Kahro, T.; Kozlova, J.; Niilisk, A.; Nikolajev, A.; 
Marandi, M.; Floren, A.; Alles, H.; Sammelselg, V. Graphene-
Polypyrrole Thin Hybrid Corrosion Resistant Coatings for Copper. 
Synth. Met. 2015, 200, 16–23. 
https://doi.org/10.1016/j.synthmet.2014.12.024. 

(67)  Pérez-Guizado, P. A.; Fernández-Sotillo, A. M.; Ferreira-Aparicio, P. 
Passive Regulation of the Water Content at the Anode Chamber 
under Dead-Ended Conditions: Innovative Design of an Air-
Breathing Proton Exchange Membrane Fuel Cell. Energies 2020, 13 
(22), 5880. https://doi.org/10.3390/en13225880. 

(68)  Sorrentino, A.; Sundmacher, K.; Vidakovic-Koch, T. Polymer 
Electrolyte Fuel Cell Degradation Mechanisms and Their Diagnosis 
by Frequency Response Analysis Methods: A Review. Energies 2020, 
13 (21), 5825. https://doi.org/10.3390/en13215825. 

(69)  Dyantyi, N.; Parsons, A.; Bujlo, P.; Pasupathi, S. Behavioural Study 
of PEMFC during Start-up/Shutdown Cycling for Aeronautic 
Applications. Mater. Renew. Sustain. Energy 2019, 8 (1), 1–8. 
https://doi.org/10.1007/s40243-019-0141-4. 



 
 

 





165 
 

Chapter 4: 

Self-supported graphene 
oxide films 

This chapter analyzes the formation of self-supported graphene 
oxide and reduced graphene oxide films from GO dispersions and their 
properties as permeation membranes. GO films have been reported to 
have good proton conductivity and could be considered as proton 
conductor membranes with some interesting properties. Consequently, 
they could be applied as electrolytes in proton exchange membrane fuel 
cells. This is the final objective of this chapter, which can be considered as 
a proof of concept for using GO as membrane between the anode and 
cathode of a fuel cell. 

GO membranes have been synthesized from GO dispersions. 
Consistent self-supported films have been obtained, and some of them 
have been submitted to thermal or reduction treatments. Several 
techniques have been applied for their characterization, including 
Fourier-transformed infrared spectroscopy in the attenuated total 
reflectance mode (ATR-FTIR), thermogravimetry or scanning electron 
microscopy (SEM). In addition, different tests have been carried out to 
examine their properties regarding to water contact angles, electrical 
conductivity, and gas permeability. Synthesized GO films have been 
shown to offer high resistance to the permeation of gases. This resistance 
increases with the gas molecular diameter. At differential pressures 
above 0.15 bar, a certain permeation has been measured for lighter gases 
at increasing pressures.  

These films have been evaluated as electrolytes in fuel cells. GO 
films have been used instead of Nafion in a fuel cell, and a gas tight 
anode without H2 crossover has been assembled. The cells have been 
operated showing a performance comparable to that of Nafion. However, 
some modifications are required to improve the GO membrane 
durability due to progressive reduction of the GO film at the anode side.  

Some of the results in this chapter have been presented at the 
Advanced Energy Materials conference held in Surrey (England) in 2019: 
(Insights into permeation properties of GO and rGO films. A. Fernández-
Sotillo, P. Ferreira Aparicio. AEM 2019, Book of Abstracts).  
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4.1 Introduction 
 

Graphene-based materials are recently finding very interesting 
applications in innumerable technological fields as result of their 
particular properties1. The barrier effect of the two-dimensional layer of 
sp2- hybridized carbon atoms in a hexagonal lattice for gas molecules in 
the perpendicular direction to the graphene plane is of great interest to 
develop membranes and separators2.  

An ideal single-layer graphene sheet is impermeable to gases, even 
to those as small as helium. The electron density of its aromatic rings is 
large enough to repel any kind of molecule and acts as an impassable 
barrier. Bunch et al. demonstrated that a pressurized graphene 
membrane provides a unique separation barrier between two distinct 
regions that is only one atom thick.2 Accordingly, graphene materials 
must contain defects or pores to be used for selective permeation. This 
can be accomplished by using different approaches: producing artificial 
pores in continuous films by applying laser/ion beam drilling or plasma 
oxidation3, stacking of ultrathin graphene flakes such that gas can be 
transported through the interlayer spacing, or a combination of both 
strategies.4 

In a practical way, both graphene and graphene oxide membranes 
are usually obtained from nanoplatelets assembled into laminar 
structures via filtration or coating approaches. The pioneering work of 
Geim et al. related to permeation of graphene membranes showed that 
GO laminates contain bidimensional capillaries that are filled with an 
ordered monolayer of water under ambient conditions.5 As a matter of 
fact, GO laminates are not a barrier for water, but intercalated water 
blocks the permeation of other molecules, such as Helium. Since then, 
numerous applications of assembled GO membranes in water 
purification and solvent dehydration processes have been reported. 

Other studies have shown that gas separation characteristics of 
graphene-based laminates can be modified by controlling their stacking 
structures. Graphene-based membranes may have different 
microstructures and transport pathways depending on their formation 
approaches, and can be applied for distinct processes such as 
nanofiltration6, ultrafiltration7, forward and reverse osmosis8–10, 
pervaporation11 or gas separation4,12–14. The vast bibliography reported in 
the last decade on this subject has been compiled in several reviews15–17.  

Many energy-related applications can find in graphene materials 
good candidates to solve some key challenges in current technology. 
Graphene-based materials may provide large thermal and electrical 
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conductivity, inherent flexibility, outstanding charge carrier rates, unique 
electron transfer, vast surface area, enhanced catalytic activity, great 
mechanical resistance and cost-effective production. All these properties 
are particularly interesting for low and medium temperature fuel cell 
technology, but tailoring the properties of the different components to 
achieve the required functionality still will require much more efforts.  

Several articles and reviews have remarked the interest of using 
graphene materials in fuel cells, but just a few of them are focused on the 
graphene films properties as electrolyte membranes18. Those studies 
devoted to membranes usually consider the formation of composites, 
which are obtained by blending GO and polymers, or multilayer 
membranes16,19.  

GO membranes can be easily fabricated. Filtration-assisted 
techniques20, casting or coating-assembly procedures or layer-by-layer 
assembly methods21–23 are the most commonly used for laminates 
preparation24,25. The procedure used in this study is the evaporation-
assembly method from a concentrated aqueous GO dispersion. 

4.2 Objectives of the chapter 

The following specific objectives were proposed for the research 
described in this chapter: 

a) Synthesizing consistent, continuous and homogeneous self-
supported GO films in a large size and in a reproducible 
way. 

b) Characterizing its properties. 

c) Analyzing its permeability to gases. 

d) Evaluating the potential of GO films as fuel cell electrolyte, 
if gas-tight GO membranes were obtained. 

The final tests of GO films as electrolyte to separate anode and 
cathode chambers constitute a proof of concept for the development of 
GO-based fuel cells: graphene oxide membrane fuel cells (GOMFCs). 

4.3 Experimental section 

4.3.1 Membranes synthesis 

Graphene oxide (GO) membranes were synthesized from aqueous 
GO dispersions. GO was purchased from Graphenea. A small volume of 
a 4 mg·mL-1 GO dispersion was deposited and spread on a hydrophobic 
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PTFE film, which was stretched on a stable metal frame to avoid warping 
and bending (~2 mg GO/cm2). Water in the dispersion was slowly 
evaporated and dried at room temperature in order to obtain self-
supported graphene oxide films (GO). After synthesis, some of them 
were submitted to heat treatment in an oven.  

Other samples were submitted to a reduction treatment. For 
reduction they were immersed in an aqueous solution of ascorbic acid 
(AA) at 50 ºC (4·10-3 mol·L-1), which is an effective and environmentally 
friendly reductant26. 

4.3.2 Structural characterization 

The cross-section of the resulting membranes was examined by 
scanning electron microscopy to determine their thickness. A Hitachi FE-
SEM SU-6600 microscope with a Schottky (thermal) field emission 
electron source was used for the samples inspection. It was equipped 
with an Everhart-Thornly secondary electron detector for high resolution 
images and a low impedance backscattered electron detector. The 
microscope accelerating voltage was in the range between 1-30 kV, and 
allowed for imaging resolution of 1.2 nm at 30 kV and 3.0 nm at 1 kV. 
This microscope belongs to the Microscopy and Surface Analysis Group 
at CIEMAT. 

In order to evaluate the effects of heat-treatment and/or chemical 
reduction in the structure of a given sample, a GO sheet was divided in 
four parts (I-IV). Part I was examined as prepared, part II was reduced in 
a  4·10-3 mol·L-1 ascorbic acid solution, part III was heated up to 150 ºC, 
and part IV was heat-treated at 150 ºC and then reduced in ascorbic acid 
solution. 

X-ray diffraction analysis was carried out in some samples to 
analyze their structure. X-ray diffractograms were recorded in a 
Panalytical X’Pert PRO diffractometer operating in a continuous scan 

mode with Cu K radiation (= 1.540598 Å).  Measurements were carried 
out at 45 kV and 40 mA in a 5<2θ<50° range A 2θ scan step size of 0.0167 
and a scan step time of 85.09 s were applied. 

4.3.3 Physico-chemical characterization 

The presence of functional groups in the surface of the laminates 
was analyzed by attenuated total reflectance Fourier transformed 
infrared (ATR-FTIR) spectroscopy. An Agilent ATR-FTIR spectrometer 
equipped with a Ge crystal was used. Spectra were registered by 
averaging a series of 500 scans in the range between 4000-600 cm-1, with a 
resolution of 4 cm-1. 
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Thermogravimetric analyses of the samples were carried out under 
different flowing atmospheres (Ar, Ar+10%O2, or Ar+10%H2) in a Mettler 
Toledo thermobalance TGA/SDTA851e. The sample was placed in a 70 

L alumina crucible under a flow of gas of 20 mL·min-1. The gas outlet 
was connected to a quadrupole mass spectrometer equipped with 
channeltron and faraday detectors, (QMS 422) that allowed on-line 
analysis of the released products (Figure 1a). Ion currents for a number of 
mass-to-charge ratios were collected on an interfaced computer 
synchronized with the thermobalance software (STARe SW 9.01).  

 Water contact angle (WCA) measurements were carried out on GO 
membranes to test the hydrophobicity of the films as a function of the 
surface groups on graphene oxide. An optical tensiometer (Theta200 
Basic, Biolin Scientific) was used for the tests (Figure 1b). GO films 
submitted to increasing temperatures in the range between 298 and 573 K 
were fixed to a planar surface with the aid of double-sided tape. Water 
contact angles were estimated for samples at ambient temperature (298 
K) and relative humidity (30-35%), using drops with volumes in the 
range between 5-6 μL.  

 

Figure 1: a) Thermobalance-quadrupole mass spectrometer system for 
thermal analysis of the samples; b) optical tensiometer for the analysis of 
the water contact angles in the GO films. 

X-ray photoelectron spectroscopy (XPS) analyses were carried out 
in a Perkin-Elmer PHI-5400 spectrometer. The excitation source was Mg 
Kα (hν=1253.6 eV) with the aperture lenses set to provide and analysis 
area of 1 mm diameter. The analyzer was operated at a pass energy of 
89.5 eV for general spectra and 35.8 eV for high resolution spectra. The 
accelerating voltage was set at 15 kV (20 mA) and the pressure in the 
analysis chamber was kept below 10-9 Torr during acquisition. 

Raman spectroscopy is a very useful tool to characterize the 
structure of graphene-based materials since visible Raman spectra 
depend formally on the configuration of the sp2 sites in sp2-bonded 
clusters.27 The position of the main peaks and the ratio between their 
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intensities vary for each type of structure. The G band at around 1583 cm-

1 is the only Raman-active first-order mode in monolayer graphene. 
When the sample is electron-doped, its position upshifts and its line 
width increases. It is related to in plane vibrations of sp2 bonds. In 
addition, there are two more bands dominating the spectrum, which 
come from second-order scattering processes. They are known in all 
carbon-based materials: the D band at ∼ 1350 cm-1 and the 2D band at ∼ 
2690 cm-1. The D peak is associated to out-of-plane vibrations, which are 
mainly attributed to defects and sp3 bonds.28 The 2D band is the 
dominating line in the Raman spectrum of monolayer graphene and has 
numerous contributions of much lower intensities in multilayer 
structures. The positions of the D and 2D peaks are dependent on the 
laser excitation energy. For stacked layers in GO films, the analysis of the 
D and G peaks provides relevant information about the level of sp2 
hybridization. The ID/IG intensities ratio constitutes an indicator of the 
presence of defects in the graphene structure.  

Raman spectroscopy analyses were performed at the Angstrom 
Laboratory in the Uppsala University during a three-month stay. Raman 
spectra were recorded using a Renishaw “in via” Raman microscope 
with 532 nm laser (20X lens). The exposure was 10 seconds using only 
0.5% power laser. Three scans were accumulated to obtain better 
signal/noise ratio. 

4.3.4 Permeation tests 

In order to test the permeability of these films for gases, a 
permeation device was designed and fabricated by using a 
stereolithography (SLA) 3D printer. The photopolymerization of a black 
resin allowed constructing the designed pieces for permeation: i.e. a 
mounting plate for fixing the membrane, and two gas-tight pieces for gas 
connection which are able to form a gas-tight seal with silicon joints with 
the membrane frame. The permeation cell and the samples sealed with 
resin on the mounting plate are shown in Figure 2.  

The permeation cell was connected at one side to a gas inlet tubing 
system where the gas pressure was regulated by a manometer. The other 
side of the permeation cell was maintained at atmospheric pressure and 
was connected to a digital flowmeter. The flowmeter was able to measure 
flows as low as 0.01 mL·min-1 up to 999.99 mL·min-1.  

Permeation measurements were carried out at room temperature 
with H2, N2, and Ar. The gas pressure was fixed and controlled with a 
regulator in steps of 0.1 bar and measured with an analogic manometer. 
For each pressure value at one side of the sample, the flow was measured 
at the other side with the digital flowmeter. 
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Figure 2: a) Process for the sealing of the GO film into the mounting plate 
for permeation measurements. b) Detail of the permeation cell and gas 
and water permeation systems. 

4.3.5 Evaluation on GO membranes as fuel cell 
electrolyte. 

Gas tight GO films were evaluated as electrolyte for fuel cells. The 
utility model previously used for the test of current collectors was also 
used29.  

Commercial standard gas diffusion electrodes (ELAT GDE 
LT250EWALTSI, BASF, 0.25 mgPt·cm-2) were used in anode and cathode. 
The cell was assembled with gold-coated nickel collectors. Figure 3 
shows some images of the films during the assembly.  
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Figure 3: Images of the assembly process of the GO membrane fuel cell. 

Once assembled, the anode chamber in the cell was checked to be 
leak-proof with a N2 pressure up to 1 bar. These air-breathing fuel cells 
were operated at room temperature with dry H2, under self-humidity 
regulation conditions. For the test, it was applied a protocol that includes, 
series of an initial polarization curve, the determination of the open 
circuit voltage (OCV), and seven successive potentiostatic steps at 0.5 V 
for 10 min., which were followed by an electrochemical impedance 
spectroscopy (EIS) measurement under potentiostatic mode at 0.5V with 
a perturbation amplitude of 0.01 V, in the range between 20 kHz and 0.1 
Hz. 

EIS is a very useful tool for fuel cell operation diagnostics, since it 
is able to resolve in the frequency domain the individual contributions of 
the various factors in determining the overall FC power losses: ohmic, 
kinetic, and mass transport. Such a separation provides interesting 
information for the optimization of the fuel cell design and the selection 
of most appropriate operating conditions. Gomadam and Weidner have 
reviewed the most relevant analysis and models regarding the 
impedance response of the cathode and anode half-cells of the PEMFCs 
based on a continuum-mechanics approach.30 In general, EIS spectra for 
FCs show one or several capacitive loops and, in some situations, 
inductive loops at the lowest frequencies depending on the operating 
conditions: in the high frequency region (1-10 kHz), the intercept with the 
real axis is defined as the high-frequency resistance or cell resistance 
(RHF); it is associated to the ohmic contribution of the total cell 
impedance, which includes ionic membrane resistance and several 
electrical contact and bulk resistances. Unfortunately, other contributors, 
such as the anode kinetics and proton migration in porous electrodes, 
appear within this high frequency range, and they may influence the 
high frequency resistance value as well. At intermediate frequencies, a 
capacitive loop usually appears with a 45º branch at the highest 
frequencies, which is associated to processes occurring in the porous 
cathode. In the low–frequency region, around 100 Hz down to 5 Hz, one 
or several capacitive loops, and in some situations an inductive loop, 
may appear depending on the operating conditions. The main 
explanation for them are transport processes either in the membrane or in 
the porous electrodes but also kinetic effects in the cathode have been 
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widely discussed31–33. The scheme in Figure 4 gives a basic indication of 
the correspondence between a typical electrochemical impedance 
spectrum and the equivalent circuit that represents the elements and 
processes in a fuel cell. 

 

Figure 4: Basic scheme of the parameters influencing the electrochemical 
impedance spectrum of a fuel cell: a) equivalent circuit that represents 
the anode (An), the ionic transport membrane (i), and the cathode (Cat) 
elements. Re: electronic resistances, Rct: charge transfer resistance; Cdl: 
double layer capacitances; Ri: ionic resistance in the membrane, RHF: high 
frequency resistance; RLF: low frequency resistance. 

After the test, the cell was disassembled and the GO membrane 
was examined. ATR-FTIR measurements were carried out to characterize 
its surface at the anode, at the cathode and at the sealed area. 

4.4 Results and discussion 
GO membranes were prepared by evaporation-assembly of a GO 

solution. Consistent and flexible samples of large size were obtained 
without cracks or defects. Figure 5 shows one of the GO samples as 
prepared, after being removed from the PTFE support.  

 

Figure 5: Graphene oxide membrane after being removed from the PTFE 
surface (12 cm2). 
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The GO samples have a dark brown color. However, their 
appearance, structure and physico-chemical properties have been shown 
to depend on the surface groups and the degree of reduction.  

 

Figure 6: XPS of the C1s core region for a GO sample as prepared from a 
GO dispersion with a high content of sulfates o sulfonyl species. Surface 
composition (% at): O (30,1) – C (67,4) – S (2,5). 

XPS analyses have been carried out in some of these films to 
analyze the amount of carbon and oxygen in them. Figure 6 shows the 
XPS spectrum in the C1s core region obtained from a film synthesized 
from a 4 mg·mL-1 GO dispersion. A main peak at 283.8 eV can be 
assigned to the sp2 graphitic component of graphene oxide platelets, 
which is accompanied by additional overlapping C1s features. The 
component at 285.9 eV is attributed to hydroxyl or epoxide groups (C-
OH, C-O-C), the contribution at 287.5 eV is related to carbonyl or 
quinone groups (>C=O) and the smallest component at 288.7 eV to 
carboxyl groups (HO-C=O)34. Some oxygen related functional groups 
have similar signatures in X-ray photoelectron spectroscopy, and, 
currently, it is difficult to quantify them independently. Very few 
experimental techniques can measure the degree of oxidation of GO with 
sufficient accuracy35. 

The C/O ratio obtained for the GO films prepared by this 
procedure is highly dependent on the state of the initial GO dispersion, 
its concentration, purity, pH and storage history, since UV radiation may 
also contribute to the progressive reduction of oxygenated functional 
groups. It can be clearly appreciated from the atomic composition 
percentages obtained for films synthesized from different batches a GO 
dispersion supplied by Graphenea. 

Table 1. C/O ratios obtained for GO films obtained from different 
batches of a GO commercial dispersion from Graphenea. 
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Sample/Batch C (at. %) O (at. %) S (at. %) C/O 

GO film/#1 67.4 30.1 2.5 2.2 

GO film/#2 72.9 22.7 0.4 3.2 

 

As shown in Table 1, C/O ratios may differ substantially in as 
prepared GO papers. Oxygen atomic percentages can reach amounts 
above 30%. The presence of residual compounds as sulfates, which 
maintain a very low pH in the GO solution and avoid aggregation 
processes between GO sheets during long storage periods, could be also 
related to the oxygen proportion. It is common for graphite oxide to 
retain low carbon–oxygen ratios in the range between 1.5 to 3.536. 
Although the synthesis methods of graphite oxide have been known for 
nearly 150 years, its exact chemical structure still remains elusive to the 
graphene community. Several structures have been proposed over the 
years, such as those described by Hofmann, Ruess, Scholz–Boehm, 
Nakajima–Matsuo, Lerf–Klinowski, Dekany and Ajayan models, which 
have been resumed by Chuan and Pumera36. More recent analyses 
suggest that graphite oxide does not exist as a static structure with a 
definite set of functional groups, but constantly evolves in the presence of 
water. Accordingly, the so-called ‘dynamic structural model’ seems to be 
more appropriate to describe GO. 

The prepared GO films have been submitted to soft reduction in 
order to increase in some degree their C/O ratio and analyze their 
properties. An environmentally friendly reagent, such as ascorbic acid 
(AA), was selected for this process. Ascorbic acid, also known as vitamin 
C, is a common essential nutrient that exhibits antioxidant properties. 
Reduction of the films with AA was initially carried out at room 
temperature with solutions containing a concentration of 4·10-3 M. The 
progressive hydration of the GO papers during the slow reduction 
process of GO under those conditions, contributed to increase their 
thickness and caused these films to lose their consistency. By increasing 
the reduction temperature up to 50 ºC, the reduction process was 
observed to be accelerated. Under those conditions, GO reduction took 
place before water could diffuse again inside the paper structure, and a 
consistent paper of metallized appearance was obtained. This change in 
the surface from dark brown matte color to opaque and metallic dark 
gray is shown in Figure 7.  
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Figure 7: Comparison of the surface of a graphene oxide membrane as 
prepared (a) and after reduction in ascorbic acid (b). 

Different GO samples were reduced using AA solutions. The reagent 
concentration and the temperature of the process were modified, and the 
resulting papers were analyzed by XPS. Table 2 compiles the results 
obtained from the surface atomic composition of the films. The increase 
of the AA concentration by an order of magnitude from 4·10-3 M up to 
4·10-2 M was observed to favor a more effective reduction of GO papers 
leading to higher C/O ratios above 5.5. Increasing the temperature from 
50 ºC up to 85 ºC resulted in a scarce improvement of the reduction 
degree of the as prepared GO, which is probably due to the 
decomposition of AA at those temperatures.  

 

Table 2. C/O ratios obtained for rGO films from XPS analyses. Reduction 
in ascorbic acid (AA) solutions at different AA concentration and 
temperature. 

Sample C (at. %) O (at. %) S at. (%) C/O 

GO/[AA]=4·10-3M / 50ºC 81.2 18.7 0.1 4.3 

GO/[AA]=4·10-2M / 50ºC 85.0 14.8 0.2 5.7 

GO/[AA]=4·10-2M / 85ºC 77.5 22.5 0.0 3.4 

 

The treatment of the GO films prepared in this study with ascorbic acid 
allows a certain increase of the C/O ratios up to values close to 5.7, 
although still retain a considerable amount of oxygenated groups. Figure 
8 shows the XPS analysis in the C1s core region of the most reduced GO 
film, which was obtained by reduction in 4·10-2 M AA solution at 50 ºC.  
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Figure 8: XPS of the C1s core region for a rGO sample prepared by 
reduction of a GO paper in a 4·10-2 M ascorbic acid solution at 50 ºC. 

The several contributions to the C1s carbon signal give indication of the 
degree of reduction achieved in these films. The signal at 284.8 eV can be 
assigned to sp2 hybridized carbon. The ideal graphite exhibits a binding 
energy signal for C sp2 at 284.5 eV37, but recent compilation of 
experimental data from different compounds indicates values in the 
range between 284.25–285.0 eV, which are remarkably influenced by the 
structural disorder, defects, oxygen and hydrogen content38. According 
to these data, a percentage of 72% of the carbon at the surface contributes 
to the aromatic structure of graphene, whereas amounts close to 15% can 
be assigned to epoxide or hydroxyl groups, 5% to carbonyl o quinone 
groups, and around 3% to carboxylic groups. 

Raman spectra provide an idea of the reduction and the disorder 
degree in the analyzed samples. They have been registered for GO and 
GO-AA films (Figure 9). Two main features are found, which are 
centered at ∼1354 and ∼1600 cm−1. The G band at 1600 cm-1 is originated 
from the first-order scattering of the graphitic domains and the D band at 
1354 cm-1 is attributable to the structural defects in the graphene 
nanosheets. This latter is generally weak in graphite and high-quality 
graphene. It is related to a ring breathing mode from sp2  carbon rings 
near a graphene edge or a defect39. The ID/IG intensity ratio can be used 
to interpret the disorder in the synthesized GO films. The lower ID/IG 
ratio (r=0.95) observed for GO indicates a higher order of the graphitic 
structure than in rGO (r= 1.26). As it occurs for the D band, the intensity 
of D′ is also associated to the degree of disorder, which increases with the 
reduction process. This effect of increasing disorder after an initial 
reduction step of GO has been previously reported40. In the first stage of 
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the reduction process the disorder is prevalent with respect to the 
production of reduced carbon atoms, as result of the creation of defects, 
vacancies, and the changes of bond hybridization. In the second stage, 
the ratio reaches a plateau. 

 

Figure 9: Raman spectra obtained for GO (a) and GO/[AA]=4·10-2 M /50 
ºC (b).  

Other spectral features due to the second-order scattering appear at 
2690 cm-1 (2D band), 2940 cm−1 (combination band). Raman spectra also 
present a small contribution between the D and G peaks. It has been 
reported for reduced graphene oxides and other carbon-based materials 
as D″ (∼1480−1540 cm-1), and has been related to amorphous phases 
because its intensity decreases when the crystallinity increases41. 

4.4.1 Evaluation of soft heating and reduction 
treatments in GO films. 

Previous analyses have revealed that GO films can be submitted to 
certain modifications in structure and composition resulting from its 
initial dispersion and its treatment history. Graphene oxide has a 
dynamic structure which can be modified by heating and/or soft 
chemical reduction processes in solution at low temperatures.  

Aiming to evaluate the effects of these treatments in a unique film 
structure, one of the samples, which was prepared by evaporation-
assembly from a 4 mg·mL-1 of GO dispersion, was divided in four 
aliquots (I-IV). Part I corresponds to the as prepared sample. Parts II and 
IV were submitted to a heat treatment at 150ºC.  In addition, aliquot IV 
was reduced in AA solution (4·10-3 M) at 50 ºC. Aliquot III was directly 
reduced in 4·10-3 M AA solution at 50 ºC without previous heating. 

Figure 10a shows the diffraction patterns obtained from the 
different samples. A single diffraction peak centered at 2θ~ 11.41º is 
observed for the freshly prepared GO sample, which corresponds to a d-
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spacing of 7.7 Å as estimated by the application of the Bragg diffraction 

equation (2d sin (θ) = n). The (001) peak for each GO sample reveals a 
dramatic change in the interlayer separation distances originated by 
thermal treatments and by chemical reduction. The initial spacing of 
about 7.7 Å for GO decreased to 6.9 Å after heating the sample at 150 ºC. 
Thermal heating treatment removes functional groups in such a way that 
the interlayer distance is homogeneously reduced. On the other hand, a 
soft chemical reduction treatment using an environmentally friendly 
reductant such as ascorbic acid originates a diffuse diffraction pattern 
with wide and unmerged diffraction signals for the (001) reflection. The 
estimated interlayer spacing in the different samples is represented in 
Figure 10c in contrast with that corresponding to the (002) reflection in 
graphite (3.36 Å)42.  

 

Figure 10: a) Samples from aliquots of a GO film prepared by 
evaporation assembly of a 4.0 mg·mL-1 GO solution and submitted to 
different treatments: I) air dried GO as prepared, II) GO sample heat-
treated at 150 ºC (GO-150C), III) GO sample reduced in an ascorbic acid 
solution 4·10-3 M at 50 ºC (GO-AA), and IV) GO sample heat-treated at 
150 ºC and then reduced in ascorbic acid solution 4·10-3 M at 50 ºC (GO-
150 ºC-AA); b) Diffractograms of the I-IV samples; c) Interlayer spacing 
calculated from the 001 diffraction peak in the different samples in 
comparison with that of graphite. 
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The most striking characteristic in the AA reduced samples is the 
different interlayer spacing generated in the GO structure, which ranges 
between 7.75 and 3.65 Å. Interlayer distances between 5.9 and 6.7 Å have 
been reported for dry GO samples43, whereas values up to 12 Å can be 
found in the literature for fully hydrated films. The distance between 
graphene oxide layers is one of the most important parameters of the GO 
structure, which determines the swelling behavior of GO laminates and 
their filtration properties44.  

The cross-section of these aliquots was examined by scanning 
electron microscopy. In general, they are conformed by stacked layers of 
GO platelets, showing a “millefeuille”‐like architecture, but their 
thicknesses greatly depend on the drying temperature and/or the 
reduction treatment (Figure 11). 

 

Figure 11: SEM micrographs obtained for cross-sections of GO self-
supported membranes submitted to different treatments: GO: as 
prepared by dispersion evaporation at room temperature; GO-AA: 
submitted to reduction at 50 ºC in ascorbic acid solution (4·10-3 M); GO-
150 ºC: dried at 150 ºC after evaporation at room temperature; GO-150 
ºC-AA: submitted to reduction in ascorbic acid solution (4·10-3 M) at 50 
ºC after drying at 150 ºC. 

Although heating and reduction cause in all the cases a decrease of 
the interlayer spacing as shown by XRD, the cross-section images reveal 
an increase of the whole thickness after these processes, mainly due to 
the separation between groups of stacked layers. The evaporation-
assembly procedure of GO films produces a multilayered laminate with 
large distances (in the range of tens or hundreds of nanometers) between 
continuous multilayered sheets. On the other hand, the reduction of GO 
films with AA solution seems to contribute to the surface softening of the 
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constituent layers. Both heating and reduction treatments finally produce 
a similar expansion of the GO laminate. Figure 12 shows in detail the 
grouping of stacked rGO layers in the part IV aliquot, which corresponds 
to the GO-150 ºC-AA sample.  

 

Figure 12: SEM micrographs showing the detail of the laminated 
structure of the GO film cross-section: submitted to air treatment at 150 
ºC and subsequent reduction in ascorbic acid solution at 50 ºC (4·10-3 M). 

The analysis of the surface composition of the films by X ray 
photoelectron spectroscopy gives indication of the degree of reduction 
reached after each treatment.  

Table 3. Surface composition of the different aliquots of the same GO 
paper (I-IV) by XPS analysis. Values are given in atomic percentage. 

Sample C (% ) O (%) S (%) C/O 

I.  GO 76.9 22.8 ~0.5 3.3 

II.  GO-150 76.5 22.9 ~0.6 3.3 

III.  GO-AA (4·10-3 M) 81.2 18.7 ~0.1 4.3 

IV.  GO-150-AA (4·10-3 M) 81.1 18.7 ~0.2 4.3 

 

At the pristine film surface, roughly 75% of the atoms correspond 
to carbon, and 25% to oxygen. There is a residual amount of sulphur (ca. 
~0.5 at.%) in the form of sulfate species probably remaining from the GO 
synthesis procedure. Although heating up to 150ºC originates a change in 
the morphology of the films decreasing the interlayer spacing, it does not 
contribute significantly to the reduction of oxygen functional groups, and 
a C/O ratio close to 3.3 is maintained. The soft treatment with ascorbic 
acid solution partially reduces the GO film and C/O ratio values increase 
up to 4.3. A small amount of sulphur remains in all the samples, although 
the treatment in solution with AA reduces its content to values below 0.2 
at.%.  

Figure 13 shows the XPS profiles obtained in the C1s core region 
for the four aliquots. In general, the main peak at 284.2 eV, which is due 
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to the sp2 graphitic component, is accompanied by additional 
overlapping C1s features. The component at 286.1 eV is attributed to 
hydroxyl or epoxide groups (C-OH, C-O-C), the contribution at 288.1 eV 
is related to carbonyl or quinone groups (>C=O) and the smallest 
component at 288.7 eV to carboxyl groups (HO-C=O)34. Some oxygen 
related functional groups have similar signatures in X-ray photoelectron 
spectroscopy, and, currently, it is difficult to quantify them 
independently. Very few experimental techniques can measure the 
degree of oxidation of GO with sufficient accuracy35. 

Despite the structural changes due to the modification of 
interlayer spacing, it can be appreciated that the surface oxidation degree 
is scarcely modified by the heating up to 150 ºC. Removal of intercalated 
water seems to contribute to the appearance of a small amount of 
carboxylic groups at binding energies close to 288.7 eV. The main 
differences can be appreciated after reduction with AA. In these cases, 
there is a decrease of hydroxyl/epoxy species and an increase of the sp2 
carbon signal. 

 

Figure 13: XPS profiles obtained for aliquots I-IV obtained from the GO 
film synthesized by the evaporation assembly procedure. 

The analysis by FTIR-ATR of the samples reveals some additional 
details of these films. The most characteristic features for the four 
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aliquots are i) the broad signals between 3000-3600 cm-1, with several 
contributions of hydroxyl groups in phenolic and carboxylic species, ii) a 
band at ca. 1730 cm-1 arising from the C=O stretching of the carboxylic 
acid groups, iii) a signal at ca. 1620 cm-1 assigned to the aromatic C=C 
stretching and OH bending, iv) an absorption band at ~1400 cm-1 
corresponding to the O–H deformation, v) the C–O-C stretching of epoxy 
groups at 1230 cm-1 and vi) the C-O stretching vibration of alkoxy or 
ether groups at ca. 1050 cm-1 45–47. In AA reduced samples, two small 
signals at around 2924 and 2849 cm-1 are attributed to sp2 and sp3 C-H 
stretching bands, produced at defects sites of the graphene network, and 
an intense peak at ca. 770 cm-1 to out-of-the-plane CH bending in 
aromatic ortho- substituted species48. Bands in the region between 900-
675 cm-1 are characteristic of aromatic substitution patterns.  

 

Figure 14: ATR-FTIR spectra obtained for the four aliquots (I-IV) of a 
unique GO film submitted to different treatments: I) GO as prepared, II) 
GO-150 ºC submitted to a heating treatment at 150ºC in air, III) GO-AA, 
GO film reduced in AA solution 4·10-3 M at 50 ºC, and IV) GO-150 ºC-AA, 
sample heat treated in air at 150 ºC and reduced in AA solution4·10-3 M at 
50 ºC. 

The heating process of the films up to 150 ºC has shown to have an 
irreversible effect on the reduction of the interlayer spacing, but not on 
the removal of surface functional groups, which can be restored after 
some time under environmental humidity. 
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In order to analyze more in detail the changes originated in GO 
films by thermal treatments in a wider temperature range, 
thermogravimetric tests were also carried out. A temperature program 
between 30 and 925 ºC at a heating rate of 10 ºC·min-1 was applied to a 
freshly prepared GO sample film. The mass loss in the analyzed 
specimen was initially registered under an inert gas flow (Ar) and 
subsequently under an oxidant stream (Ar+10%O2). A number of m/z 
ratios corresponding to different compounds that were expected to be 
released during the thermal treatment were registered. Figure 15 shows 
the differential thermogravimetric curves and the mass spectrometer 
signals obtained for the most relevant m/z ratios: 18 for H2O, 44 for CO2 
and 48 for SO2. 

 

Figure 15: a.1 and a.2) Differential thermogravimetric curves (a.1) and 
mass spectrometry signals for H2O (m/z=18), CO2 (m/z=44) and SO2 
(m/z=48) (a.2) obtained under Ar flow for a GO film prepared by 
evaporation-assembly of a GO dispersion; b.1 and b.2) differential 
thermogravimetric curve (b.1) and mass spectrometry signals for H2O 
(m/z=18), CO2 (m/z=44) and SO2 (m/z=48) (b.2) obtained for the previously 
heat-treated sample under inert atmosphere (samples in a.1 and a.2) 
under an oxidizing stream (O2 (10%vol.) in Ar). Total flow rate: 20 
mL·min-1. 

The differential thermogravimetric curve registered for the GO 
sample under inert atmosphere (Figure 15a.1) shows a good correlation 
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with the intensities of the m/z ratios registered by mass spectrometry for 
H2O, CO2 and SO2 (Figure 15a.2), which gives evidence of the origin of 
the mass losses observed during the thermal treatment under argon flow. 
A first peak below 100 ºC with a maximum at ca. 65 ºC shows its 
correspondence with the increase of the mass-to-charge ratio 18, assigned 
to H2O removal. This first process of water removal seems to be 
reversible, since heating up to 150 ºC do not remove hydroxyl groups 
definitely and can be restored after storage under environmental relative 
humidity conditions. At temperatures close to 195 ºC, an intense and 
sharp peak followed by a shoulder can be attributed to the simultaneous 
release of H2O (m/z=18) and CO2 (m/z=44) followed by the decomposition 
of SO2 groups (~260 ºC), which originates an increase of intensity of the 
m/z=48. This latter can be assigned to the mass-to-charge ratio of the SO+ 
ion. Above 500 ºC there is a broad a poorly defined band that leads to the 
formation of CO2 probably due to the progressive decomposition of 
oxygenated surface groups existing in the graphene oxide film structure. 

After this thermal treatment, the sample was cooled down under 
the same inert atmosphere. Then, it was submitted to a temperature 
programmed oxidation under an Ar/O2 flow with a 90:10 proportion. In 
this case, only a sharp mass loss peak was observed at temperatures 
slightly above 500 ºC (Figure 15b.1), which can be attributed to the 
oxidation of a large part of the remaining graphene leading to the 
formation of CO2, with small traces of SO2 and a minimal amount of 
water formation (Figure 15b.2). 

The effects of the heat treatment on the GO surface groups have 
been also analyzed by attenuated total reflectance Fourier transformed 
infrared spectroscopy (ATR-FTIR). Figure 16 shows the evolution of the 
infrared-active GO surface groups in samples submitted at temperatures 
up to 300 ºC in air. It can be clearly observed the intensity decrease of the 
bands corresponding to hydroxyl groups in the regions between 2800 
and 3600 cm-1 and around 1520 cm-1. The signal at 1623 cm-1 with 
contributions due to adsorbed water and skeletal vibrations of 
unoxidized graphitic domains shows an initial decrease and an increase 
at temperatures above 150 ºC. This decrease is partially compensated by 
the appearance of a band at ca. 1220 cm-1 due to epoxy groups.  

Some differences can be appreciated by comparing the trend in 
these spectra with that ATR-FTIR profile previously obtained for aliquot 
II in Figure 14. The most efficient removal of hydroxyl groups in these 
latter samples can be attributed to the size and structural integrity of the 
samples in each case. Samples submitted to thermogravimetric analyses 
were smaller in size and were cut in millimeter-size pieces to be loaded 

into crucibles of 70 L capacity. This structure favors the release of 
species at lower temperatures, whereas for the aliquot of a large 
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continuous film composed of stratified GO layers in a size range of cm 
(see Figure 10 image a). 

 

Figure 16: ATR-FTIR spectra of GO films prepared from a 0.5 
mg·mL-1 solution treated in air at different temperatures up to 300 ºC.  

By considering that the removal by thermal heating of surface 
oxygen functional groups from the graphene oxide structure can modify 
its hydrophilic character, water contact angles were measured for the 
heat-treated GO films. Figure 17 shows the images taken with the 
tensiometer for water drops on the GO films and a plot of the measured 
angles. 

A defined contribution at 1080 cm-1 over a broad band can be 
assigned to C-S vibrations49, which practically disappear at 300 ºC. This 
observation is in agreement with the thermal desorption analysis 
presented in Figure 15, which shows a contribution of the m/z ratio 48 to 
the mass loss profile. It can be assigned to the release of SO2 due to the 
decomposition of sulphate groups in GO films. Carbonyl stretching 
vibrations of carboxylic acid moieties at 1720 cm-1 and signals due to 
ether groups at 1220 and 1050 cm-1 progressively decrease at increasing 
temperatures40. 
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Figure 17: a) Images of the water contact angles on GO films prepared by 
evaporation assembly at room temperature and treated in an oven at 
increasing temperatures. b) Evolution of the water contact angle as a 
function of the thermal treatment temperature. 

All the samples show contact angles below 90 degrees. Only after 
heating at 80 ºC a contact angle of 94.1 degree on a hydrophobic surface 
is observed.  

4.4.2 Influence of the GO dispersion pH in the 
properties of the synthesized films. 

Residual compounds in the GO suspension, such as SO42- ions, 
provide a highly acidic environment for the graphene oxide (pH: 1.8) that 
maintains it with a good dispersibility and uniform distribution in the 
solution. Although the initial content of oxygenated species is critical for 
the dispersibility behavior of GO50, the pH in the medium and the 
addition of modifying ions may contribute to change the properties of the 
resulting films. As a matter of fact, electrokinetic measurements  in GO 
dispersions have revealed that GO platelets are negatively charged in a 
wide pH range between 2 and 13 in aqueous dispersions.51 In order to 
assess the scope and the impact of the acidity on the synthesis of films 
from GO suspensions, the pH value of the dispersion was slightly 
increased. It was adjusted to 4.0 by addition of a 0.1 M NH4OH solution 
and new GO films were prepared by evaporation-assembly. The 
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resulting samples have been compared with those prepared from the 
pristine commercial dispersion (pH: 1.8). 

A preliminary test of temperature programmed decomposition 
under an Argon inert atmosphere was initially performed. The 
differential thermogravimetric curve, which is shown in Figure 18, 
reveals significant differences with its corresponding homologue sample 
prepared from the original GO dispersion with lower pH (see Figure 
15a). 

The great mass loss observed above 700 ºC cannot be clearly 
associated to any of the mass spectra signals registered, although the 
m/z=18 signal shows an increasing trend at those high temperatures. In 
this case, the decomposition of the sulfonic species contributing to the 
evolution of SO2 (m/z=48, SO+) takes place at slightly higher temperature 
than in the film prepared from a more acidic dispersion.  

Temperature programmed tests for films prepared from GO 
dispersions of pH 1.8 and 4.0 have been also compared under reducing 
(10 vol.%. H2 in Ar) and oxidant conditions (10 vol.%. O2 in Ar). 
Thermogravimetric analysis curves and mass spectrometry analysis of 
the effluents were also registered (Figure 19). In this case, additional 
signals for the m/z ratios 64, 2, 15 and 12 have been plotted. They are 
associated to the presence of SO2 species (m/z= 64 corresponding to the 
SO2+ ions, with identical profile than m/z=48 for SO+ ions also originated 
by SO2 fragmentation and ionization), H2 (m/z=2 corresponding to the 
H2+ ion), hydrocarbons that produce CH3+ fragments with m/z=15 and 
finally m/z=12 as indicative fragment with contributions from all carbon-
containing species in the gas phase. 
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Figure 18: a) Differential thermogravimetric curve and mass loss profile 
obtained for a GO film prepared by evaporation-assembly of a pH 4 GO 
dispersion under Ar flow. (b) Mass spectrometry signals for H2O 
(m/z=18), CO2 (m/z=44) and SO2 (m/z=48) obtained for the temperature 
programmed test under pure Ar flow in (a). 

A main similarity is found for these samples between the results 
obtained from the thermal analyses under inert flow and under reducing 
atmosphere. The GO film synthesized from a dispersion adjusted at 
pH=4.0 shows a large mass loss above 700 ºC not observed for the sample 
produced from the pristine dispersion. Furthermore, sulphate species are 
more stable under those conditions and SO2 release temperature is 
significantly shifted at higher values. The m/z=2 signal reveals that 
flowing H2 is in some moments adsorbed or consumed by the sample 
(Figure 19 a.3 and b.3); their profiles follow the inverted trend of the 
m/z=18 signals for H2O (Figure 19 a.2 and b.2).  
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Figure 19: Thermal analysis of GO films prepared from solutions with 
different pH values: a.1, a.2, a.3) pH=1.8; b.1, b.2, b.3) pH=4.0. a.1) 
Differential thermogravimetric curve and mass loss percentage obtained 
under a reducing flow (Ar+10%H2) for a GO film prepared by 
evaporation-assembly of a GO dispersion with pH 1.8; (a.2 and a.3) mass 
spectrometry signals obtained from the analysis of the gas flow outlet 
from the experiment in a.1. b.1) Differential thermogravimetric curve and 
mass loss percentage obtained under a reducing flow (Ar+10%H2) for a 
GO film prepared by evaporation-assembly of a GO dispersion whose 
pH value has been adjusted to 4.0; (a.2 and a.3) mass spectrometry 
signals obtained from the analysis of the gas flow outlet from the 
experiment in b.1. 
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Figure 20: Thermogravimetric analysis curves (DTG and TGA) (a.1 and 
b.1) and mass spectrometry signals (a.2, a.3, b.2, b.3) obtained under a 
flow of Ar+10%O2 for GO films prepared by evaporation-assembly of a 
GO dispersion containing 4 mg·mL-1 at different pH values: a1, a.2 and 
a.3: pH=1.8; b.1, b.2 and b.3: pH=4.0. 

A particularity of these tests under diluted hydrogen flow is the 
hydrogen uptake taking place in both samples at temperatures close to 
760 ºC. For the GO film produced from the original acidic GO dispersion 
the sample seems to retain the hydrogen uptake. On the contrary, the 
sample prepared for the pH=4 dispersion is observed to release some 
carbon-containing species as indicated by the evident increase of the 
m/z=12 signal above 800 ºC. It should be noted as well the similar trend of 
the m/z=15 signal in both samples, probably due to the formation of CH4 
or other light hydrocarbons produced by the reduction of terminal 
carbons in graphene sheets. 

The main characteristic mass loss step of GO around 200 °C has 
been previously observed in the literature by different authors.39,52 At 
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that temperature, carboxyl and lactone groups are firstly released, and 
then, sulphate groups are evolved following them right away in a 
partially overlapping step.  

The samples have been also evaluated in temperature 
programmed oxidation tests. The characteristic mass loss at 200 ºC 
yielding CO2 is lost or partially reduced for the GO films under an 
oxidizing environment. In this case, the main oxidation step leading to 
CO2 formation takes place at temperatures close to 500 ºC and is not 
accompanied by H2O formation as observed under inert streams. Again, 
the GO film prepared from a less acidic dispersion shows a well-defined 
mass loss above 700 ºC, difficult to be assigned since any of the signals 
registered by the mass spectrometer could be correlated with it. For both 
films, an increase of the m/z=30 intensity was observed during the 
temperature programmed oxidation, which concurs with the formation 
of CO2 at 500 ºC. However, these m/z ratios do not follow exactly the 
same profile. This fact indicates a simultaneous release of species 
contributing to these ratios at 500 ºC with different origin.  

4.4.3 Permeability measurements 

The structural and physicochemical characterization of the prepared 
GO films was complemented with gas permeability measurements. 
Permeability tests have required the design and manufacture of a special 
cell to fix and seal the synthesized films to a gas tight system, which 
allow the measurement of the gas pressure applied at one side of the film 
and the gas permeation flux through the GO layers at the other side.  

With this purpose, a permeation cell was manufactured by 
stereolithography with a black resin, as described in the experimental 
section 0. Mounting plates for the GO films, and two pieces for gas 
connection were made. GO films were fixed and sealed with the same 
black photopolymer resin on a mounting plate, which was cured in a UV 
chamber. The plate had a central hole of 7 mm internal diameter, and a 
permeation area of 38.5 mm². These pieces were assembled in the 
permeation cell using silicon joints.  

The permeated gas flow rates were measured as a function of the 
transmembrane pressure for four different types of membranes, 
equivalent to those previously analyzed in section 0: GO, GO-150 ºC, GO-
AA and GO-150 ºC-AA. Three different gases were tested: H2, N2, Ar. 
Tests were performed by dosing gas at one side of the membrane at fixed 
transmembrane overpressures in steps from 0.1 bar in the range between 
0.0-1.2 bar. Samples corresponding to treated samples such as GO-150 ºC, 
GO-AA and GO-150 ºC-AA did not show any measurable gas permeance 
in the measured range. They were leak proof showing an excellent 

mechanical resistance despite its reduced thickness (<5 m). 
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Several GO membranes were tested. Most of the GO films were 
checked to be leak proof, although some of the as-prepared GO samples 
showed some gas permeation that could be measured. The lower 
mechanical resistance and stability of these films in comparison with 
those submitted to heating or reducing treatments could be the reason for 
the formation of pores in some of them. Thebo et al. have also confirmed 
this observation53. The remaining water in those untreated films can be 
the origin of the presence of larger pores in them. At very low pressures 
all GO membranes were completely gas-tight. However, when increasing 
the transmembrane pressure, some of them allowed some gas 
permeation.  

The permeance measured in one of the GO samples that was not 
leak-proof, defined as the flow of permeated gas per unit of surface, unit 
of pressure, and unit of thickness, is shown in Figure 21. At low 
transmembrane pressures, the permeance was similar for the different 
evaluated gases, but above 50 kPa there was a preferential permeance for 
hydrogen, whose kinetic diameter (0.289 nm) is significantly lower than 
those of N2 (0.364 nm) and Ar (0.340 nm). H2 permeance pattern is 
observed to follow an increasing trend in steps that reaches different 
plateaus. This behavior is probably related to the diffusion path within 
the GO structure with different sizes of laminar spacing between GO 
layers. 

 

Figure 21: Permeance of the GO membrane versus the transmembrane 
pressure. 

Figure 22 shows a scheme of the processes that are proposed to 
explain the observed permeability for this GO membrane. The complex 
internal structure of these membranes (see the image in Figure 22) is 
revealed by the particular gas permeation profile observed for H2. In the 
case of GO membranes, in addition to the interlayer spacing between 
consecutive GO layers, a wider spacing can be found between groups of 
stacked layers. This latter one is difficult to measure, but considering the 
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number of stacked layers and the total thickness of the film (3m), it has 

been estimated that there is an average distance of 0.12 m between 
stacked sheets. Each one of these sheets forming a “mille-feuille”-like 
structure, is formed by stacked GO layers with spacing close to 0.7 nm as 
determined by XRD (section 0). With this pore size, GO layers should 
operate as microporous membranes (0.5 nm<d<2 nm) with increased 
selectivity for gases with higher molecular mass. This combination of slit-
like pores of very different size is probably accompanied by the presence 
of some relatively large defects in the surface of self-assembled GO 
platelets in a unique layer. 

With this structure, gas permeation is expected to proceed 
according to different mechanisms. These transport mechanisms can be 
described in terms of Knudsen diffusion or viscous flow, depending on 
the value of the Knudsen number (Kn), which is defined as the ratio of 

the mean free path of gas molecules () to a characteristic dimension of 

the porous structure, such as the pore diameter (d)54: (Kn=/d). The 
conditions for Knudsen diffusion are achieved when the pore diameter 
for diffusion is smaller than the mean free path of the gas molecules; 
then, the gas molecules collide with the pore walls more frequently than 
with each other. Thus, an ideal separation factor for binary mixtures that 
equals the square root of the ratio of molecular masses is achieved. The 
ideal Knudsen separation ratios for H2/N2 mixtures is 3.74 and 4.47 for 
H2/Ar.  

In the tested GO membrane, gas permeation takes place through 
larger pores at low pressures according to a viscous flow regime. By 
increasing the transmembrane pressure, hydrogen permeance improves 
and selective permeation ratios tends to resemble those of ideal Knudsen 
diffusion. Increasing pressure is required to force gases to get inside 
thinner slits. Those ideal values are not still reached at the maximum 
transmembrane pressure applied for the tested GO film, but the 
increasing trend in them probably indicates a transitional flow regime54. 
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 Figure 22: Image of the cross section of a GO film and scheme of the gas 
permeation process observed for H2 and other gases (N2 and Ar). 

The novelty of this study for on GO membranes is the analysis of 
self-supported GO films prepared by evaporation assembly. Chuah et al. 
have recently reviewed the state-of-the-art of graphene-based 
membranes for H2 separation55. They have compiled numerous 
references regarding GO membranes, all of them supported on 
substrates, and showing very different permeation properties, which are 
strongly influenced by the synthesis method and their preparation 
conditions. This explains inconsistent results reported in the literature. By 
considering that the samples are not supported on any substrate 
providing additional support to the film, the mechanical resistance of the 
tested films is noteworthy. Separation properties through GO 
membranes via in-plane pores, interlayer spacing and functional groups 
assisted transport have been extensively reported56. 

H2O permeability has been estimated at room temperature on gas-
tight GO and GO-AA films. One side of the permeation cell was 
connected to a water-containing vial and the other to the open air. The 
weight loss of the system has been measured as a function of time and 
the water permeation rate has been estimated. Figure 23 shows the water 
permeation rates measured for them, which are very similar and 
somewhat higher for GO-AA. Permeance values of 0.49 and 0.45 GPUs 
have been estimated for GO-AA and GO, respectively, under natural air 
convection conditions considering for the transmembrane pressure 
difference the water vapor pressure at 25 ºC and a relative humidity in 
the environment of 40%RH. 

0.7 nm 120 nm

0.7 nm 120 nm

Pressure (H2, N2, Ar)

0.7 nm 120 nm
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Figure 23: Water permeation rate measured at room temperature under 
natural air convection conditions for GO and GO-AA gas tight films. 

Taking into consideration the permeation properties of the self-
supported GO developed membranes obtained by the evaporation 
assembly procedure, they could be at first be potentially used as 
electrolyte for low temperature fuel cells. They exhibit in general good 
barrier effect for gases permeation and they are able to permeate water. 
On this basis, the conductivity properties of the membranes have also 
been evaluated to determine their suitability. 

 4.4.4 Conductivity 

The conductivity of the GO and GO-AA films is a relevant 
parameter to determine the applicability of these films as components in 
fuel cells. It is well known the high conductivity of graphene. On the 
contrary, GO is an insulating and disordered analogue of the highly 
conducting crystalline graphene. By considering the dynamic and 
variable structures of GO-derived films with different reduction degrees, 
it has been considered relevant to determine their conductivity 
properties. Tegou et al. have shown that the resistivity of GO films largely 
depends on their reduction extent and that a partly restored sp2 lattice 
may be generated while retaining some oxygen bearing groups57. In this 
way, reduced GO can find different applications providing ad hoc 
functionalized forms of graphene to yield optimized responses. 

Kelvin’s method was applied for resistance measurement 
acquisition on the GO and GO-AA films. The resistivity (ρ) and 

conductivity () values were estimated from the measured resistance 
(Rs), and the estimated thickness (t) of the samples by applying the 
following equations: 

𝜌 = 𝑅𝑠𝑥 𝑡   Equation 1 
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𝜎 =  
1

𝜌
 Equation 2 

The thickness of the films was estimated from a SEM micrograph of 
a cross-section of the sample analyzed. The image in Figure 24 shows the 
cross section of the GO-AA film used for the resistivity measurements, 
whose reduction has been carried out in 10-2 M AA solution at 50 ºC. A 
thickness value of 3 µm has been estimated for GO and 2, 25 µm for GO-
AA.   

 

Figure 24: SEM image of the cross-section of the GO-AA film used for 
resistance measurements. 

Conductivity values of 0.15 S/m and 3.2·104 S/m have been 
obtained for the GO and GO-AA films, respectively. There is a difference 
between them of five orders of magnitude, which gives a clear indication 
of an effective sample reduction. In addition to the reduction degree of 
the GO-AA sample, the preparation procedure of these samples is 
probably a relevant factor in the rendered conductivity.  

The isolating property of the GO film prepared by evaporation 
assembly is evidenced with this measurement. This confirms that GO 
self-supported layers are good candidates to perform as electrolyte 
membranes for fuel cells. 

On the other side, the conductivity obtained for the reduced 
graphene oxide film (GO-AA) is very high as compared to other 
graphene papers in the literature. Table 4 compiles some conductivity 
data reported in the literature for GO-derived sheets as a reference for 
comparison. The high conductivity value obtained for the GO-AA film 
reveals that the applied synthesis method of evaporation assembly 
provides a better linking and continuity between sp2 regions from 
different platelets than other procedures. Only higher values have been 



Chapter 4 

198 
 

obtained in GO films treated at very high graphitization temperatures 
(1000ºC), such as those prepared by Wang et al. 58 or Becerril et al., which 
additionally require harsh reduction treatments (hydrazine vapor and 
annealing at 400 °C under inert gas flow)59. Closer but still lower values 
to that obtained in the present study have been obtained for casted GO 
films reduced with hydrohalic acids60, or for hydrazine reduced sheets61. 

Table 4. Conductivity data of different types of graphene films. 

Graphene type Conductivity 
(S/m) 

Reference 

GO 0.15 This work 

GO-AA 3.2·104 This work 

Compact powder at 5MPa  2.62·102 Marihno et al.62,63 

Reduced graphene oxide paper 1.4·103 Marihno et al.62 

Glucose reduced GO (film produced 
by filtration) 

2.5·103 Shen et al.64 

Isolated single particles 107-108 Chen et al.65  

Cast GO film reduced with hydrohalic 
acids 

102-104 Rao et al.60 

Reduced GO with AA 7.7·103 Fernández-Merino et 
al.61 

Reduced GO with hydrazine 9.9·103 Fernández-Merino et 
al.61 

GO pellets produced by hot-pressing, 
annealed at 300ºC, and reduced with 
AA 

1.6·103 Iskandar et al.66  

Spin-coated GO films graphitized 
under vacuum at 1000ºC 

103-105 Becerril et al.·59 

Reduced GO sheet (dip coating on a 
quartz substrate) – reduction at 1000ºC 
(10 nm thick) 

5.5·104 Wang et al.58 

Graphite 1.2·103 Ghislandi et al.63 

 

According to the widely accepted Lerf-Klinowski model for 
graphene oxide, GO sheets, which are terminated with hydroxyl and 
carboxyl groups, contains two kinds of regions: aromatic areas with flat 
unoxidized benzene rings, and wrinkled parts with alicyclic six-
membered rings bearing carbon bonds, hydroxyl groups, and ether 
groups. The evaporation assembly method favors the cross-linking and 
enlargement of aromatic sp2 zones and increases the conductivity of these 
samples as compared to other type of GO sheets. 

Only, isolated single graphene particles62 show much higher 
conductivity. The crosslinking of these GO films prepared by 
evaporation assembly is probably the key to produce gas-tight and high 
conductivity films after reduction.  
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4.4.5 GO films as fuel cell electrolyte: proof of 
concept. 

Larger GO films were prepared by evaporation-assembly to be used 
as electrolyte in air breathing fuel cells, using the configuration of the 
WO2020240063 (A1) utility model29. A circular area with minimum 
diameter of 4 cm was required to obtain a gas tight seal with silicone 
joints over the current collectors. The obtained membranes are 
homogeneous, flexible and with enough mechanical resistance to be 
handled during the assembly as shown in Figure 25. 

 

Figure 25: Graphene oxide membranes with a minimum circular surface 
of 4 cm have been prepared to be tested in fuel cells. They are flexible and 
can be easily handled for the cell assembly. 

Fuel cells were assembled with standard gas diffusion electrodes on 
woven substrates with a Pt loading of 0.25 mg·cm-2 in anode and 
cathode. The cells were tested for leaks at the anode and gas crossover 
though the membrane. The cell was flushed with N2, and a gas pressure 
of 1 bar was applied at the dead-ended anode. The gas inlet was then 
closed and the pressure inside the cell was checked to be maintained in 
time. No leaks were detected for the assembled fuel cells. Then, N2 was 
replaced by H2, which was fed under dead-ended anode mode at a 0.2 
bar overpressure. An initial open circuit voltage (OCV) value above 0.9 V 
was achieved, but it was observed to decrease slowly with time. 
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Figure 26: Polarization and power density curves obtained at different 
operation times for the GO membrane electrode assembly in an air-
breathing configuration fuel cell fed with dry H2.  

Polarization curves obtained during the fuel cell test at different 
times between potentiostatic measurements at 0.5 V are shown in Figure 
26. It can be observed that its initial performance is comparable to that of 
Nafion membranes and current densities obtained are in the same range 
(See Figure 50 for Ni-Au collectors in Chapter 3 as reference for the cell 
performance with a 212 Nafion membrane). However, a progressive 
decrease of the performance with time takes place.  

 

Figure 27: Current intensity obtained for the GOMFC at 0.5 V along with 
time. Open circuit voltage (OCV) values registered between 
potentiostatic measurements follow the same trend that the current. 
When OCV reaches values below the operation voltage, reversed 
operation takes place. 
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This performance decay is also observed over time during the 
potentiostatic current intensity measurements obtained at 0.5 V. The 
progressive deactivation process can be associated to the continuous 
decrease of the OCV values as shown in Figure 27. Furthermore, after 2 
hours, the OCV value decreases below 0.5 V and reversed operation takes 
place in the cell. To get more information about the processes taking 
place inside the cell, electrochemical impedance spectra (EIS) were 
registered at the end of each period at 0.5 V. The obtained results are 
shown in Figure 28. Initially, the cell works adequately, with a high 

frequency resistance (RHF) value close to 1.7 ·cm2 and a value for the 

low frequency resistance of ca. 3.7 ·cm2. The value of the high frequency 
intercept with real axes represents the total ohmic resistance of the cell, 
which can be expressed as the sum of the ohmic resistances of the cell 
components, such as the GO membrane, the gas diffusion electrodes, the 
current collectors, and of the contact resistances between them. As time 
goes, the RHF is maintained in a discrete higher value than at the 
experiment beginning.  

 

Figure 28: At the left side: 3D plot of the electrochemical impedance 
spectra obtained vs time for the GO membrane fuel cell during the test at 
0.5 V. Initial measurements of growing impedance are depicted in blue, 
whereas measurements obtained for OCV values below 0.5 V (impedance 
decreasing with time) are depicted in red color. At the right side: the 
bidimensional Nyquist plot shows more clearly the evolution of the fuel 
cell impedance during potentiostatic operation at 0.5 V. 

On the other hand, the second loop of the impedance spectrum 
initially increases in size, which indicates a progressive increase of the 
charging of the cathode double layer and/or the oxygen reduction 
reaction charge transfer resistance. A maximum of impedance is reached 

after 2 h approximately (~4.6 ·cm2), and then, the second loop begins to 
decrease again.  

According to the generally assumed diagnostic criteria for fuel 
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process. Further, under Tafel kinetics, the kinetic resistance decreases 
with increase in load current as shown in the GOMFC performance. The 
modification of the amplitude of the loops is expected due to the 
considerable variation of the current intensity in the cell. The lowest 
current intensity value is reached when the OCV in the cell approximates 
the measuring voltage. Then, the operation of the cell is reversed and at 
lower currents the activation resistance decreases as evidenced by the 
reduction of the lower frequency loop.  

When proton migration is limiting the resulting Nyquist plots 
usually show an asymmetric semi-circle with a 45º straight line at high 
frequencies30. It is clear from the EIS spectra obtained that ionic migration 
from the anode to the cathode through the GO film is not limiting the cell 
performance. Figure 28 shows two overlapping semi-circles, which are 
usually obtained when oxygen diffusion is the limiting step. The second 
semi-circle occurring at lower frequencies can be ascribed to oxygen 
diffusion.  

Whereas processes limited by diffusion or migration produce an 
impedance response in the frequency range between 5 kHz< ω <1Hz, 
mass transport limitations produced by concentration gradients are 
evidenced in the low frequency range (ω ≤ 1Hz), since transport 
processes are slower phenomena with larger time constants (τ=1/ω ≥ 1s). 
3-D plots of the imaginary and real components of the impedance spectra 
are presented in Figure 29 as a function of the perturbation frequency. 
The impedance response is obtained at frequencies below 1 Hz, which 
indicates that it corresponds to kinetic processes. 

 

 

Figure 29: 3-D plots from two different perspectives of the EIS spectra 
obtained at the beginning (0.1 h, blue symbols) and the end (3 h, red 
symbols) of the GO membrane fuel cell test at 0.5 V showing the 
frequency dependence of the real (Z’) and imaginary (-Z”) components of 
the impedance. 
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A comparison of the EIS spectra obtained for the GOMFC and an 
analogue assembled with a Nafion 112 membrane is presented in Figure 
30. PEMFC spectra obtained at the same voltage (0.5 V) and at the same 
current intensity (0.3 A) have been depicted. A more suitable comparison 
should consider the cells operating at the same current intensity. In any 
case, the cell response is quite similar considering the substantial 
differences in the membranes composition, properties and characteristics. 

 

Figure 30: Comparison of EIS spectra obtained at 0.5 V of air-breathing 
fuel cells assembled with GO (blue symbols) and with Nafion 112 (green 
symbols). Current intensity in the GOMFC: 0.3 A; current intensity in 
PEMFC with Nafion 112: 0.7 A. 

 

Figure 31: Images of the GO membrane-electrode assembly after the 
GOMFC test. The cathode side of the GO film does not show apparently 
any change in the surface as compared to the area protected by the 
silicone joint. The anode side of the GO shows a metallic appearance in 
the area in contact with the anode electrode. Black spots in the GO 
surface correspond to residual catalyst layer adhered to the membrane. 
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After the test, the cell was disassembled in order to analyze the 
GO membrane-electrode assembly. At first sight, it could be appreciated 
a color change in the GO membrane surface only at the anode side in 
contact with the gas diffusion electrode, as shown in the images in Figure 
31. Whereas the GO film has an homogeneous color at the cathode side, 
the anode side in contact with the GDE shows a metallic shine, which 
gives indication of a higher reduction degree. 

ATR-FTIR spectra have been obtained from the anode surface, the 
cathode surface and the part of the GO film protected below the silicon 
joint, which are compiles in Figure 32. They reveal a significant change in 
the anode surface composition. A substantial reduction of the features 
corresponding to hydroxyl groups (broad bands in the 3000-3600 cm-1 
region, and contribution at ca. 1520 cm-1) and ether groups (band at 1080 
cm-1) indicates the decrease of the oxygen content in the GO surface. On 
the other hand, carbonyl and alkoxy (1050 cm-1) functional groups45–47 
seem to be more stable. Additional signals appearing at ca. 2900 cm-1 are 
attributed to C-H stretching bands, produced at defects sites of the 
graphene network, and an intense peak at ca. 770 cm-1 to out-of-the-plane 
CH bending in aromatic ortho- substituted species48.  

 

Figure 32: ATR-FTIR spectra obtained from the GO membrane after its 
test in the GOMFC:  

With these evidences, we can infer that the loss of oxygen groups 
results in the partial restoration of the sp2 carbon network, increasing the 
electronic conductivity of GO. This partial reduction results in an 
electronic short cut current flow through the membrane, which 
progressively decreases the open circuit voltage. However, these very 

thin GO membranes (<5 m) have shown their potential to perform as 
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fuel cell membranes. It should be noted, that the operation conditions 
imposed by the FC design used (air-breathing fuel cell fed with dry 
hydrogen and requiring self-humidity regulation) are very demanding. 
The configuration of this cell is optimized for conventional PEMFC 
membrane-electrode assemblies containing Nafion polymer. The analysis 
of the conditions and modifications that GO films require for stable 
proton conductivity is the following step to design new GO-based fuel 
cells. 

To our knowledge, just two groups in Japan and in South Korea 
have carried out similar tests in fuel cells68–70. In an initial study, Bayer et 

al. tested relatively thick self-standing GO sheets (50 m and 16 m) 
prepared by vacuum filtration68. In agreement with our results, they 
observed an anode surface reduction process and remarked the relevance 
of low temperature GOMFC operation and the production of 
mechanically robust thin GO membranes to promote GOMFC 
performance. In a more recent paper69, they prepared thinner GO films (5 

and 3 m) by GO spray painting on the electrode as primary substrate 
obtaining current density similar to those here described, but with a 
small  active area of 0.5 cm2.  

Last year, Chowdury et al.70 reported some results related to GO 
membrane fuel cell tests with active areas of 1 cm2 using humidified H2 
and O2 streams obtaining power densities of 2.5 mW·cm-2. They 
evaluated self-standing GO sheets prepared by drop-casting at 40 ºC on 
glass. 

Our results support these previous findings. However, the main 
innovation in this study is the preparation of GO films by means of an 
evaporation-assembly procedure, which allows obtaining self-standing 

membranes of thickness below 5 m. Using dry H2 feeding in an air-
breathing and completely passive fuel cell, power densities of 40 mW·cm-

2 have been obtained. The used conditions could be probably optimized 
to improve the GOMFC performance but constitute a proof of concept of 
the great potential of GO as proton exchange membrane. Further work is 
required to develop strategies for improving the stability of oxygen 
groups at the anode side and limit the reduction of the graphene oxide, 
which is probably promoted by the anode catalyst. 

4.3 Conclusions 
 

GO membranes have been prepared on PTFE films by applying an 
evaporation-assembly procedure. Mechanically robust and flexible sheets 
have been obtained and a thorough structural and physico-chemical 
characterization has been carried out. It has been shown that GO has a 
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dynamic structure which can be modified by heating and/or soft 
chemical reduction processes in solution at low temperatures.  

Gas permeation measurements on the prepared films have revealed 
that neither GO nor GO-AA are permeable to gases such as H2, N2 or Ar, 
although they are permeable to H2O. GO membranes with a higher H2O 
content and higher interlaminar distances (close 0.7 nm) can in some 
cases permeate gases through their complex “mille-feuille”-like structure, 
which combines the stack of several GO monolayers with slit-like pores 

between them having an approximated size of 0.12 m. This defective 
configuration in hydrated films results in a gas permeation mechanism 
through defects between stacked sheets above 0.2 bar, which 
approximates Knudsen diffusion conditions above 1 bar transmembrane 
pressures when gases are forced to penetrate in between the GO 
interlaminar spacing. 

Conductivity measurements in GO and in ascorbic acid reduced GO 
membranes have revealed drastic changes in their conductive properties, 
which may differ in five orders of magnitude. 

Taking into consideration the properties of the synthesized GO 
films, they have been evaluated as proton conducting electrolyte in fully 
passive air-breathing fuel cells of proprietary design fed with dry H2. The 
obtained performace in these GO membrane-electrode assemblies are 
comparable to those integrating Nafion 112 films. The main drawback 
remains in the low stability of oxygen groups at the anode side of the 
membrane. The removal of these species contributes to the reduction of 
the external layers of the membrane, increasing the electrical 
conductivity of the membrane and the decreasing the open circuit 
voltage in the cell. Looking for strategies leading to the stabilization of 
these groups and the optimization of the GOMFC conditions is required 
to develop a new kind of very promising ground-breaking fuel cells. 
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4.4 Annex 
Ascorbic acid reduced GO membranes have been developed and 

evaluated in another practical application in collaboration with the 
Laboratory for Ionizing Radiation Metrology in CIEMAT. They have 
been used as detector windows in proportional counters for the absolute 
determination of low-energy x-ray emission rates. For these devices, very 

thin self-supported GO films, with mass thicknesses as low as 69335 

g·cm-2, have been prepared. 

These devices commonly use very fragile beryllium windows. The 
low density and atomic mass of beryllium make it relatively transparent 
to X-rays and other forms of ionizing radiation. In addition, Belirum 
windows are impermeable to helium, and can be produced with very 
reduced thickness to keep X-rays attenuation below a few keV. On the 
other hand, their use requires appropriate dust control equipment and 
continuous tests of the toxicity of inhaled beryllium-containing dusts, 
which can cause berylliosis, a chronic life-threatening allergic disease. 
Reduced graphene oxide windows have been proved to be a good 
alternative to beryllium windows with the advantages of providing a less 
harmful material with superior mechanical robustness and easier 
handling.  

Several sources of radionuclides (and a fluorescence source) were 
measured with the LMRI proportional counter, confirming that good 
quality spectra can be obtained at least down to 2.6 keV. Its performance 
as a primary technique was evaluated by measuring the emission rate of 
several 55Fe sources and calculating their activity concentration in order 
to compare the result with the value obtained through liquid scintillation 
counting, and both values were found to be in good agreement. 

Related to this subject, the following articles have been published:  

Design and optimization of a proportional counter for the absolute 
determination of low-energy x-ray emission rates. V. H. Elvira, M. Roteta, 
A. Fernández-Sotillo, and E. García-Toraño. Review of Scientific 
Instruments 91, 103304 (2020); https://doi.org/10.1063/5.0013909 .  

Absolute determination of low-energy X-ray emission rates with a 
proportional counter. V.H. Elvira, V. Peyrés, M. Roteta, A. Fernández-

Sotillo, E. García-Toraño. Applied Radiation and Isotopes 160 (2020) 
109113. https://doi.org/10.1016/j.apradiso.2020.109113 
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Chapter 5:  
General conclusions  
 

The application of graphene oxide (GO) as raw material for the 

synthesis of innovative fuel cell components has been explored and 

analyzed. Metallic current-collectors based in copper, and self-standing 

GO membranes have been tested to be viable as components of proton 

exchange membrane fuel cells. 

The initial study is related to the synthesis of graphene-based 

layers as protective coating for copper substrates. It has been shown 

that the self-organization of reduced GO platelets as building blocks 

into extensive bi-dimensional layered structures has a great potential to 

create reduced graphene oxide coatings on large-scale samples using a 

simple and inexpensive procedure based on a solution processing 

approach. A reaction mechanism has been proposed that include 

several steps. The conformation of the assembled layers is influenced by 

a number of factors that include the substrate geometry, the GO 

concentration in solution, the pH of the solution reaction, the addition 

of ligands to the reaction medium or the synthesis temperature. The 

formation of continuous reduced graphene oxide (rGO) layers assisted 

by copper oxidation is produced from the lateral reaction between edge 

functional groups in GO sheets. The use of open area substrates allows 

the formation of free-standing rGO layers using the strands as frame for 

their synthesis. Furthermore, by considering the interesting physical, 

chemical, electronic and magnetic properties of Cu2O structures in 

many fields, such as hydrogen production, solar cells, electrodes, 

antimicrobial coatings or filters, biosensors, magnetic storage devices… 

its combination in conductive grids with continuous reduced graphene 

oxide layers open an interesting research field for the development of a 

new generation of devices competing with less structured Cu2O/rGO 

nanocomposites. This process has been studied in detail for copper, but 

it also takes place using other oxidizable metals. This study paves the 

way to analyze the particularities of this process on other substrates.  

The synthesis process of rGO coatings on copper grid substrates 

has been optimized to obtain a corrosion resistant film able to 

withstand extreme PEM fuel cell operational conditions. The 

application of at least three coating cycles has been demonstrated to 

provide an effective barrier against corrosion in electrochemical cells up 

to 1.5 VSHE. Finally, the optimized coating procedure is able to decrease 
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the corrosion current by at least 2 orders of magnitude in an 

electrochemical cell filled with 0.5 M H2SO4 as electrolyte. The achieved 

current corrosion density fulfils the 2020 targets established by the US 

Department of Energy for bipolar plates (<1 A·cm-2). 

A proof of concept has been carried out by assessing the 

behavior of the optimized coating on copper grid substrates as current 

collectors in PEM fuel cells. Accelerated degradation tests and 

postmortem analysis of the degraded membrane-electrode assemblies 

reveal that the coating is an effective barrier for using copper as cost-

effective substrate. By taking into consideration the considerably higher 

cost of the raw materials previously used for this application (gold and 

nickel), the use of graphene oxide and copper allows a substantial 

reduction in the manufacturing cost. The application of solution 

processing procedures to develop coatings based on a graphite 

derivative is an attractive solution of easy application and low 

environmental impact. Furthermore, by considering that environmental 

regulations are becoming more restrictive and demanding for volatile 

organic compounds in protective coatings, corrosion protection by rGO 

films can be considered as a good solution for a wide variety of 

applications.  

On the other hand, the objective of using a self-supported GO 

membrane, as alternative for the widely used Nafion polymer, has been 

carried out. Mechanically robust and flexible GO sheets have been 

prepared and a thorough structural and physico-chemical 

characterization has been performed. It has been shown that GO has a 

dynamic structure which can be modified by heating and/or soft 

chemical reduction processes in solution at low temperatures. Taking 

into consideration the properties of the synthesized GO films, they have 

been evaluated as proton conducting electrolyte in a fully passive air-

breathing fuel cell of proprietary design fed with dry H2. The obtained 

performance for these GO membrane-electrode assemblies is 

comparable to those integrating Nafion 112 films. The main drawback 

remains in the low stability of oxygen groups at the anode side of the 

membrane. The removal of these species contributes to the reduction of 

the external layers of the membrane, increasing the electrical 

conductivity of the membrane and the decreasing the open circuit 

voltage in the cell. The presented results indicate that GO membranes 

are a promising alternative to achieve new goals in fuel cell technology. 

New strategies leading to the stabilization of these groups and 

optimization of the operation conditions are required to develop a new 

kind of proton exchange membrane fuel cells assembled with GO 

membranes. 
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Annex 2:  
Abbreviation List  

 

AA:   Ascorbic Acid 

AFM:   Atomic Force Microscopy 

ATR-FTIR:  Attenuated total reflectance- Fourier Transformed 

Infrared 

AWE:   Alkaline Water Electrolysis 

CCM:   Catalyst Coated Membrane 

CE:   Counter Electrode 

CL:   Catalyst Layer 

CNC:   Computer Numerical Control 

CTE:   Coefficient of Thermal Expansion 

CVD:   Chemical Vapor Deposition 

DTG:   Differential thermogravimetry 

Ecorr:   Corrosion potential 

EDX:   Energy Dispersive X-Ray analysis 

EIS:   Electrochemical Impedance Spectroscopy 

EPD:   Electrophoretic Deposition 

EW:   Equivalent weight 

FC:   Fuel Cell 

FFPs:   Flow Field Plates 

GDEs:  Gas Diffusion Electrodes 

GDL:   Gas Diffusion Layer 

GOMFCs:  Graphene Oxide Membrane Fuel Cells 

GO:   Graphene Oxide 

Icorr:  Corrosion current 

ICR:   Interfacial Contact Resistance 

ID/IG :  Ratio of intensities of D and G Raman bands 

ISA:   Ionic Strength Adjuster 

LSV:   Linear Sweep Voltammetry 
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MEA:   Membrane Electrode Assembly 

MPL:   Microporous Layer 

NHE:   Normal Hydrogen Electrode 

OCP:   Open Circuit Potential 

OCV:   Open Circuit Voltage 

OER:   Oxygen Evolution Reaction 

ORR:   Oxygen Reduction Reaction 

PEMFC:  Proton Exchange Membrane Fuel Cell 

PEM:   Proton Exchange Membrane 

PTFE:   Polytetrafluoroethylene 

ReSOCs:  Reverse Solid Oxide Cells 

RE:   Reference Electrode 

rGO:   Reduced Graphene Oxide 

RHF:   High Frequency Resistance 

RMS:   Root Mean Square 

RTA:   Rapid Thermal Annealing 

SAED:  Selected Area Electron Diffraction 

SEM:   Scanning Electron Microscopy 

SHE:  Standard Hydrogen Electrode 

SLA:   Stereolithography 

SOEC:  Solid Oxide Electrolysis Cell 

SOFCs:   Solid Oxide Fuel Cells 

SO:   Solid Oxide 

SS:   Stainless Steel 

TEM:   Transmission Electron Microscopy 

TGA:   Thermogravimetric Analysis 

URFCs:  Unitized Regenerative Fuel Cells 

WCA:  Water Contact Angle 

WE:   Working Electrode 

XPS:    X-Ray Photoelectron Spectroscopy 

XRD:   X-Ray Diffraction 
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