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ABSTRACT

Anatase TiO2 nanoparticles doped either with Li or Ni have been synthesized

via hydrolysis in variable concentrations. Microstructural analysis confirms the

high crystallinity of the doped nanoparticles with sizes around 7 nm, while

compositional analysis shows low doping below 2% at. Despite the low con-

centration of dopants, variations in the Raman and Photoluminescence signals

were observed in the doped nanoparticles, mainly due to non-stoichiometry and

oxygen deficiency promoted by Li or Ni doping. Doping effects associated with

Li and Ni were observed by photoelectron spectroscopy and first principle

calculations, which associate the appearance of states in the valence band region

to oxygen deficiency and Li or Ni doping and lower n-type character induced by

Ni doping. Finally, changes in the thermally induced anatase-to-rutile transition

(ART) have been also observed in the doped samples, leading to a dopant-

promoted faster ART which occurs at lower temperature boosted due to the

dopant effect.
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GRAPHICAL ABSTRACT

Introduction

During the last decades TiO2 (titanium dioxide, tita-

nia) has become one of the most extensively used

wide-band gap semiconductors, mainly in fields of

research which can face the modern environmental

and energy challenges, such as photocatalysis, solar

cells, gas sensors and water splitting. Titania is a low-

toxic, inexpensive, biocompatible and chemically

stable material which possesses different poly-

morphs: brookite, anatase and rutile. Both anatase

and rutile phases consist of tetragonal structure (I41/

amd and P42/mnm, respectively) but differ on their

physical and chemical properties such as the refrac-

tive index, band gap or electrical conductivity which

will determine their applicability. Anatase TiO2 is

commonly used in photocatalysis, solar cells, and

lithium-ion batteries (LiBs) [1–3] as it exhibits excel-

lent optoelectronic properties. In particular, anatase

possesses higher specific capacity and higher ther-

modynamic stability than rutile [4], as observed for

particles smaller than 20 nm, which has raised

interest for this material as a candidate for

rechargeable batteries [5], together with its remark-

able use as photocatalysis material due to the better

photocatalytic activity than rutile TiO2 [6]. However,

anatase can transform into rutile under certain

operation conditions, which should be considered in

the design of anatase-based devices. In most appli-

cations, enhanced properties of TiO2 are determined

not only by the crystallographic phase, but also by

the dimensions, structure of defects and doping.

Recently, attention has been focused on the investi-

gation based on using metals as dopants, such as Cr,

Fe, Al [7–9], or non-metals such as N, C, F, B [3]

among many others [10]. Some aspects related to the

doping process are not yet understood and deeper

insights are required in the study of the effects caused

by specific dopants and their variable concentration

in the TiO2 lattice. In this work, a transition metal (Ni)

and a monovalent light element (Li) were selected as

dopants in anatase TiO2 nanoparticles in order to

analyze the role played by the presence of these ele-

ments in the defect structure and physical–chemical

properties of anatase TiO2, with special attention paid
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to the effect of the doping in the thermally induced

anatase to rutile transition (ART), where they have

been labeled as transition promoters [10]. Nickel

doping has shown remarkable results in various

applications such as photocatalysis [11–13], as a

diluted semiconductor (DMS) [14] or in dye-sensi-

tized solar cells [15], while lithium doping has also

demonstrated promising results for TiO2 in catalysis

[16], photocatalysis[17], transport layer in perovskite

solar cells[18] and or Li-ion batteries [19, 20] being Li-

doped TiO2 regarded as a potential candidate for

stable, high-capacity and low toxic anodes with

almost twice the specific capacity than undoped TiO2

[20]. Still, the role between the species valence states

and their related defects and the battery performance

is not often discussed on metal oxide-based batteries

[21]. Understanding the defect structure of doped-

titania nanoparticles could contribute to comprehend

the improved battery performance, alongside with

their improved optoelectronic or photocatalytic

properties. In particular, doping in the low concen-

tration regime, below 2% at. is often sufficient to

observe major changes on the nanoparticles proper-

ties, and therefore this low-doping approach has been

considered in this work. When low doping levels

and/or light variations in the dopant concentration

are required, the control and analysis of the doping

could be a difficult task as some of the effects caused

by doping can be hardly noticeable or even covered

up by some other effects. Hence, highly sensitive

techniques and careful analysis of the doped sam-

ples, combined with theoretical simulations, are

required to assess and exploit the effects caused by

low doping.

Among the most common methods to synthesize

TiO2 nanostructures [22], hydrolysis comprises sig-

nificant advantages, as it is a low-cost and well-con-

trolled method for both undoped and doped

nanoparticles which fulfills both the achievement of

the desired crystallographic phase and the dopant

inclusion, leading to a large and homogeneous

quantity of nanomaterial. Furthermore, doping ana-

tase with different elements can control the ART

either promoting or hindering the formation of rutile

nanoparticles at low temperatures [10], which should

be considered in the development of TiO2 based

devices. A deeper characterization of doped titania is

needed to understand the mechanism that finally

leads to the promotion of this transition.

Herein, we report the study of the morphological,

chemical, electronic, luminescent and vibrational

properties of undoped and Li or Ni doped anatase

TiO2 nanoparticles synthesized via the hydrolysis

method. Low concentrations of each dopant and

minor variations in the doping concentrations were

selected in order to assess the effects caused by the

presence of each dopant in the properties of the

anatase TiO2 nanostructures. In this case, the atten-

tion has been focused on the effects induced by slight

variations in the Li or Ni doping into the properties of

the obtained nanoparticles, for which diverse char-

acterization techniques as well as theoretical simula-

tion were used. Moreover, the thermally induced

transition from anatase to rutile was also analyzed as

a function of the doping.

The nanoparticles were characterized by X-ray

diffraction (XRD), scanning electron microscopy

(SEM), X-ray energy dispersive spectroscopy (EDS),

inductively coupled plasma optical emission spec-

trometry (ICP-OES), transmission electron micro-

scopy (TEM) with selected area electron diffraction

(SAED), photoluminescence (PL), Raman spec-

troscopy, synchrotron radiation X-ray photoelectron

spectroscopy (XPS) both in and out of resonance, and

X-ray absorption spectroscopy (XAS). In addition,

first principles calculations have been also per-

formed, obtaining good agreement with the experi-

mental measurements.

Experimental section

Undoped and Li or Ni doped TiO2 anatase

nanoparticles were synthesized by a soft chemical

precipitation method based on hydrolysis, which

allows to obtain a large quantity of material with

good control of size and composition. Titanium (IV)

butoxide (Ti(OBu)4, Sigma Aldrich, 97%, liquid con-

tent) and 1-butanol (Sigma Aldrich, 99.9% purity,

liquid content) were used as precursors, while

NiCl2�6H2O (Probus, solid content) or LiCl (Labkem,

99%, solid content) were also employed for the syn-

thesis of the Ni or Li doped nanoparticles,

respectively.

Firstly, undoped TiO2 nanoparticles were synthe-

sized as a reference. The desired amount by weight of

Ti(OBu)4 was selected and 1-butanol, 20 ml per 10 ml

of precursor, was added. The mixture was then left

with continuous stirring at room temperature and
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water was added to induce hydrolysis. The product

was centrifuged with distilled water until neutral pH

was reached and it was allowed to dry in an oven at

50 �C for at least 12 h, obtaining a fine powder.

Finally, a thermal treatment was performed at 250 �C
during 24 h to obtain the anatase phase with high

crystallinity.

TiO2 nanoparticles doped with Ni or Li were also

synthesized following a similar route. As aforemen-

tioned, Ti(OBu)4 and 1-butanol were poured into a

flask. Then, the desired stoichiometric amount of the

dopant precursors NiCl2�6H2O or LiCl, respectively,

were diluted in the minimum quantity needed of

distilled water and then added the flask. After a few

seconds of magnetic stirring, distilled water was

introduced to induce hydrolysis, and the same post-

synthesis treatment as used for the undoped

nanoparticles was performed.

Hereafter thenomenclature used for the synthesized

nanoparticles is TiO2:Yx, where Y denotes the dopant

(Li or Ni), and x = 0.2 and x = 0.3 correspond to the

initial concentration (20% or 30% by weight) of the

dopant precursors relative to the titanium precursor.

The structural characterization of the nanoparticles

was carried out by X-ray diffraction (XRD) with a

PANanalytical X’Pert Powder equipment, using the

copper Ka line kCu = 1.5404 Å. Thermo diffrac-

tograms were performed in air with a X’Celerator

detector in the range of angles 20–40� using a step

size of 0.0334�, at controlled temperatures in the

temperature range of 500–1000 �C. The temperature

was raised in steps of 20 �C during a controlled-

3 min ramp and, after reaching the temperature it

was maintained for 13 min while also measuring. The

microstructural analysis was performed in a trans-

mission electron microscope [(SAED/TEM) JEM 1400

plus JEOL]. The compositional analysis was carried

out by energy dispersive X-ray spectroscopy (EDS)

with an EDX Bruker AXS 4010 analyzer coupled to a

scanning electron microscope (SEM) Leica 440 Stere-

oscan. Compositional measurements in the case of

lithium doping were made by inductively coupled

plasma optical emission spectrometry (ICP-OES)

with ICP excitation source, Perkin Elmer Optima

3300DV and SPECTRO Arcos. Photoluminescence

(PL) has been studied at room temperature using a

confocal microscope with an He-Cd UV laser

(k = 325 nm) as excitation source and collected by a

charge coupled device (CCD). Raman measurements

have been carried out on a Horiba JobinYvon

LabRam Hr800 using a red He–Ne laser

(k = 633 nm). A neutral filter was used to attenuate

the total laser intensity, when necessary, diminishing

the laser intensity from the nominal 5 mW or 13 mW

(I0), respectively, for the UV or red laser to 0.1�I0. The
laser was focused onto the sample surface using a

40 9 objective (numerical aperture = 0.5, Thorlabs

LMU-40X-NUV), which produced a laser spot

diameter around 1 lm for the UV laser and a few

microns for the red laser. The scattered light was

collected with the same objective and dispersed with

a grating of 600 l/mm for both measurements (PL or

Raman) and finally acquired with an air-cooled CCD

detector Synapse. Synchrotron radiation X-ray pho-

toelectron (XPS) and X-ray absorption (XAS) spec-

troscopy have been performed at the CNR Beamline

for Advanced diCHroism (BACH) [23, 24] at the

Elettra synchrotron facility in Trieste, Italy. The

photoelectron spectra were acquired using a Scienta

R3000 electron energy analyzer. All core-levels and

valence band spectra were recorded with a total

energy resolution of 180 meV. For those measure-

ments, samples were prepared as pellets. Binding

energies of Ti 2p and O 1 s were calibrated to Ti(IV)

2p3/2 peak set at 458.6 eV. Valence band spectra were

referenced to the O2p-Ti3d bonding peak (7.1 eV). Ni

3p and Li 1 s were calibrated to Ti 3 s (62.5 eV). [25]

The XAS measurements were performed in total

electron yield (TEY) mode by measuring the drain

current through the sample. The photon energy res-

olution was set to 0.15 eV at Ni L3,2-edge and O K-

edge, and to 0.1 eV at Ti L3,2 edge.

All Density Functional Theory (DFT) calculations

have been performed using the CRYSTAL program,

in which the crystalline orbitals are expanded as a

linear combination of atom-centered Gaussian orbi-

tals, the basis set. The Ti, O, Li and Ni ions are

described using all-electron basis sets contracted as

s(8) sp(6411) d(31), s(8) sp(411) d(1), s(511) p(1) d(41),

s(8) sp(6411) d(41), respectively. Electronic exchange

and correlation were approximated by using the

Heyd-Scuseria-Ernzerhof hybrid functional (HSE). In

order to meet the required chemical composition, the

supercell (2 9 2 9 3) has been considered for TiO2:-

Li0.2, while a (2 9 2 9 2) supercell has been used for

TiO2:Li0.3, TiO2:Ni0.2, and TiO2:Ni0.3. The internal

coordinates have been determined by minimization

of the total energy using an iterative procedure based

on the total energy gradient calculated with respect to

the nuclear coordinates. Convergence was
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determined from the root-mean-square (rms) and the

absolute value of the largest component of the forces.

The thresholds for the maximum and the rms forces

(the maximum and the rms atomic displacements)

have been set to 0.00045 and 0.00030 (0.00180 and

0.0012) in atomic units. Geometry optimization was

halted when all four conditions were satisfied

simultaneously.

Results and discussion

Structural, morphological and chemical
characterization

Characterization of the synthesized nanoparticles

were initially performed by XRD, as shown in Fig. 1,

which confirms that all the XRD patterns can be

indexed to the anatase structure of TiO2 (ICSD n800-
071-1166). The Li or Ni doped samples present an

additional weak maximum at around 30.8�, not

observed for undoped TiO2, which can be attributed

to brookite TiO2 (ICSD 00-015-0875). This peak dis-

appears by increasing the temperature of synthesis,

however in this case low synthesis temperature of

250 �C was kept in order to prevent grain size

increasing and assuring nanosize particles. XRD

maxima from the precursors or other oxides or tern-

ary compounds were not detected.

The average crystallite sizes (D) were estimated

from the XRD patterns, as shown in Table 1, by using

the Scherrer formula D ¼ 0:89k=Bcos hð Þ, where B is

the FWHM (full width at half maximum) of the

diffraction maxima, k is X-ray wavelength, K = 0.89 is

the Scherrer factor, and h corresponds to the Bragg

angle. The estimated dimensions from the averaged

crystalline domains are around 6–7 nm, with a slight

increase for the doped nanoparticles with respect to

the undoped ones. Still, small changes can also be

attributed to the inherent error of the Scherrer for-

mula application. The corresponding lattice parame-

ters were also estimated from the XRD patters and

are shown in Table 1. The complete set of studied

particles present similar cell parameter a, while the c

parameter presents differences of ± 0.1 Å.

Shifts in the XRD peaks are not observed in Fig. 1

for any of the samples. Li? and Ti4? possess similar

ionic radii (RLi? = 0.59 Å, RTi4? = 0.60 Å), hence Li?

could substitute Ti4? in the anatase TiO2 lattice

without substantial changes in the lattice parameters.

In the case of the Ni doped nanoparticles, despite the

larger Ni2? ionic radius (RNi2? = 0.69 Å), a peak shift

is neither observed in Fig. 1, which could indicate

that Ni is incorporated with variable oxidation states,

Ni2? and Ni3?, as they possess a higher and lower

ionic radius, respectively. Variable concentration of

defects due to each dopant and its concentration

should be also considered in the XRD analysis.

EDS and ICP-OES were performed to determine

the presence of Ni and Li, respectively, in the

nanoparticles. As observed in Table 2, only slight

changes in the final dopant incorporation into the

TiO2 lattice were measured, despite the variable ini-

tial amount of the corresponding dopant precursor.

Figure 1 XRD patterns from

a Lithium and b Nickel doped

of TiO2. XRD pattern of

undoped TiO2 is also included

as a reference. Peaks labeled

with (*) around 43.5–44.5�and
50� are from the sample

holder.

Table 1 Size estimation and cell parameters of the undoped and

Li, Ni doped TiO2 nanoparticles and the corresponding lattice

parameters obtained from XRD analysis

Sample D (nm) a(Å) c(Å)

TiO2 5.9 ± 0.2 3.76(9) 9.35(2)

TiO2:Li0.2 6.3 ± 0.2 3.76(8) 9.26(5)

TiO2:Li0.3 6.2 ± 0.2 3.78(1) 9.45(9)

TiO2:Ni0.2 6.5 ± 0.2 3.76(1) 9.39(3)

TiO2:Ni0.3 6.7 ± 0.2 3.76(6) 9.32(5)
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The amount of Ni varied from 1.4 to 1.6 at.%, while

values around 0.5 and 0.65 at.% were measured for Li

doping. Hence, nanoparticles with slight differences

in the amount of dopants have been synthesized in

this work. The remaining element quantification is

depicted in Table S1.

Figure 2 displays TEM images of the undoped TiO2

nanoparticles and the nanoparticles doped with the

highest concentration of each dopant. The synthesized

nanoparticles show good homogeneity in size, as shown

in the TEM images. Averaged particle dimension of

6.9 ± 1.2 nmwas estimated for undoped TiO2, while for

TiO2:Li0.3 and TiO2:Ni0.3 averaged dimensions of

7.9 ± 2.1 nm and 8.6 ± 2.5 nmwere estimated from the

histograms presented as insets. These results are in

agreementwithXRDmeasurementswhichalso indicated

slightly higher dimensions for the doped nanoparticles.

SAED patterns are also presented underneath each TEM

image, where a weak diffraction from brookite (1 2 1), as

indicated in Fig. 2f, is observed on the TiO2:Ni0.3 sample,

in agreement with XRDmeasurements.

Raman and photoluminescence analysis

Despite the low differences in the dopant concentra-

tion, variable doping process and related structure of

defects can be promoted in anatase TiO2 by Li or Ni

doping. Raman spectroscopy and Photoluminescence

measurements were performed to identify and ana-

lyze some of the effects related to the doping process.

Figure 3 shows Raman spectra from the nanoparticles

acquired with a He–Ne laser (k = 633 nm) and using

neutral filters in order to avoid a possible anatase to rutile

transition induced during laser irradiation. Raman

equipment was carefully centered using the silicon

520 cm-1peak inorder todistinguishpossiblepeak shifts.

Anatase TiO2 possesses 15 optical modes with an

irreducible representation of 1 A1g ? 1 A2u ? 2

B1g ? 1 B2u ? 3 Eg ? 2 Eu [26]. Usually Raman

Table 2 Compositional analysis of the dopant (Li or Ni) on the

doped samples via ICP-OES or EDS, respectively

EDS ICP-OES

Sample Ni content (% at.) Sample Li content (% at.)

TiO2:Ni0.3 1.6 ± 0.2 TiO2:Li0.3 0.65 ± 0.02

TiO2:Ni0.2 1.4 ± 0.1 TiO2:Li0.2 0.50 ± 0.03

Figure 2 TEM images corresponding to a TiO2 b TiO2:Li0.3 and c TiO2:Ni0.3 nanoparticles with their corresponding SAED patterns

underneath d, e and f, respectively. Histogram included as insets show the averaged particle sizes for each image.
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spectroscopy shows six active vibrational modes for

anatase TiO2, which in our case are three Eg modes

centered at 149, 199 and 646 cm-1, a B1g mode at 403

and a A1g ? B1g mode at 521 cm-1,[27]. Some of these

modes are especially sensitive to changes in the

structural defects and the presence of dopants in the

anatase lattice. In particular, the Eg mode is associ-

ated with symmetrical stretching vibrations of the O–

Ti–O groups, whereas the A1g ? B1g (521 cm-1)

modes are associated with antisymmetric and sym-

metric bending vibrations of O-Ti-O groups [9]. For

all the samples analyzed in this work, the dominant

peak is the Eg mode centered at 149 cm-1. This mode

is more sensitive to the concentration of oxygen

vacancies in anatase TiO2 [9, 28]. The total intensity of

the Raman signal decreases for the doped samples,

especially for the Ni doped ones. Moreover, for the

doped samples there is a small redshift in all the

modes, mainly for the Eg mode (149 cm-1). This weak

redshift is more noticeable for the nickel doped

nanoparticles, together with a peak widening, as

observed in the insets in Fig. 3. We attribute the

observed weak redshift to phonon confinement and

non-stoichiometry effects in the doped nanoparticles

probably due to the variable presence of oxygen

vacancies [27]. Figure S1 shows the variation of the

FWHM and the position from the main Raman peaks,

obtained by a deconvolution of each Raman mode to

Gauss-Lorentz functions after background correction.

It can be appreciated that the width of the peaks is

higher for the doped samples, despite their slightly

higher dimensions. For most of the modes, the

FWHM increases for low doping and decreased for a

higher amount of dopant. These effects in the Raman

signal from the doped nanoparticles can be related to

the disruption and contraction of the TiO2 lattice due

to the substitution of Ti4? by Ni2? [29] or Li? creating

oxygen vacancies. This broadening and peak shift

have been also observed in La-[30], Mn-[31] or Mo-

[32] doped anatase TiO2 which assures the effect on

the concentration of oxygen vacancies to maintain

overall charge neutrality after the dopant inclusion.

Peak position of the different Raman modes also

changes, while for Mn or Mo doping it has been

observed a shift towards higher wavenumber [31, 32]

attributed to phonon confinement, Li- or Ni-doping

shows a shift towards lower wavenumber which has

been attributed to Li ions on TIO2 nanocrystals[17] as

well to size effects in Ni-doped TiO2[15].

Normalized PL spectra of doped and undoped

samples are shown in Fig. 4. All the spectra can be

deconvoluted into three main Gaussian contributions

at 2.0, 2.36 and 2.85 eV. The emission centered at

2.36 eV, which dominates the PL spectra from all the

samples, has been usually attributed to surface defect

associated with oxygen deficiency in anatase TiO2

[9, 31, 33–35]. The high-energy emission around

2.85 eV can be attributed to the presence of self-

trapped excitons (STEs) [9, 31, 33–35], usually

observed in titanates formed for octahedral TiO6,

while the low-energy emission around 2 eV can be

attributed to localized excitons [34]. Li doping does

not significantly affect the luminescence of the

nanoparticles (Fig. 4a). However, the total intensity

of the PL signal slightly decreases for the TiO2:Li0.2
sample, whereas it increases for the nanoparticles

with the highest amount of lithium (TiO2:Li0.3), as

observed in the supplementary Figure S2. This effect

could be related to a disorder induced with Li? or the

creation of recombination centers of photogenerated

electrons and holes [35]. Ni doping promotes the

emission centered 2.85 eV (Fig. 4b) attributed to self-

trapped excitons, as also reported for Fe-doped ana-

tase TiO2 [8, 9]. In this case, no significant variations

Figure 3 Raman spectra from

a Li and b Ni doped

nanoparticles. Raman

spectrum from undoped TiO2

is also included in a and b as a

reference. The E1g mode is

enlarged in the insets in a and

b as a function of the type and

amount of dopant.
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were observed between samples TiO2:Ni0.2 and

TiO2:Ni0.3. In both cases Ni-doping induces a

decrease in the total intensity of the PL emission, as

compared to undoped TiO2, contrary to the effect

observed for Li doping. Some authors reported a

decrease in the PL signal for Co- doped TiO2 related

to the formation of non-radiative levels [33], although

for Ni doping the localization of Ni trapping levels in

the band gap should be also considered [12]. This

effect is also supported by DFT calculations which

points to a possible reduction of the bandgap and the

presence of impurity states for anatase TiO2 doped

with transition metals [36].

According to the Raman and PL analysis, only

slight changes are induced by Li or Ni doping in the

structure and the luminescence properties of the TiO2

nanoparticles, in accordance with the minor varia-

tions in the concentration of the dopants. Variable

structural defects, mainly associated with oxygen

deficiency, were observed as a function of the type

and amount of dopant. In particular, Ni doping

seems to promote more defective nanoparticles.

However, as the variation of the dopant concentra-

tion in the samples under study is small, these

changes are not very noticeable, and their analysis

requires more sensitive techniques. Hence, in order to

assess possible changes related to the doping process,

XPS and XAS measurements were performed to

determine changes in the chemical structure of the

undoped and doped samples.

XPS and XAS analysis

XPS and XAS measurements can be extremely sen-

sitive to the variations promoted in the anatase TiO2

nanoparticles even for low differences in the con-

centration of dopants. Prior to the measurements, the

nanoparticles were pressed into pellets. After Shirley

background subtraction, XPS peaks were fitted with

Voigt functions. Ti 2p and O 1 s spectra were nor-

malized to the peak heights. On the other hand, Li 1 s

and Ni 3p were normalized with respect to Ti 3 s. An

initial photon energy of 650 eV was used for the

acquisition of the Ti 2p core level. Both for undoped

and doped samples, the Ti 2p spectrum exhibits the

usual splitting into Ti 2p1/2 and Ti 2p3/2 at energies

around 464.4 and 458.6 eV, respectively [37]. The XPS

spectra from the undoped and doped samples can be

fitted with only one contribution associated with Ti4?

in TiO2, as shown in the inset in Fig. 5a. Other con-

tributions due to the presence of Ti with lower oxi-

dation states were not detected in this case, which

indicates high crystallinity for the analyzed

nanoparticles. Figure 5b shows the O 1 s core level

for the undoped and doped TiO2 samples (TiO2:Ni0.3
and TiO2:Li0.3). Two main contributions, centered at

529.7 eV (OI) and 531.3 eV (OII) can be observed in

the XPS spectra. The OI contribution is due to the O2-

in the anatase TiO2 lattice (529.7 eV), while OII

(531.3 eV) is a complex contribution commonly

associated with the presence of oxygen vacancy

related defects [38], hydroxyl groups, or chemisorbed

oxygen [39]. Similar spectra are observed for each

sample, which confirms that the oxygen environment

is similar on the different dopants, even after dopant

addition. The Li 1 s core levels from the Li doped

TiO2 samples are shown in Fig. 5c. The XPS spectra

are centered at 55.8 eV for TiO2:Li0.2 and 55.9 eV for

TiO2:Li0.3 which correspond to Li?, thereby confirm-

ing Li doping in these samples. As expected, the

analysis of the Li 1 s signal confirms the lower Li

concentration for the sample TiO2:Li0.2, in agreement

with the ICP-OES measurements. The area comprised

by the Li 1 s peak is comparable to the Ti 3 s peak,

and considering their similar cross section, it seems

that the Li concentration on the surface is relatively

Figure 4 Normalized

photoluminescence spectra

from a Li and b Ni doped

nanoparticles. Undoped TiO2

photoluminescence spectrum

and its deconvolutions to

Gaussian functions are

included in both graphs as a

reference.

7198 J Mater Sci (2022) 57:7191–7207



high. It has been reported that a large amount of Li?

was doped onto the surface of TiO2, probably by the

formation of Ti–O–Li bonds [16], and occasionally the

lithium migrated to the surface could justify higher

nanoparticle size [39], as compared with undoped

nanoparticles.

Figure 5d shows Ni 3p and Ti 3 s core levels from

the Ni doped nanoparticles. The broad contribution

in Fig. 5d centered at around 68 eV can be associated

with Ni 3p, thus reassuring Ni presence in the doped

samples. Previous reports show that Ni doping can

preserve the Ti?4 charge state [38], which agrees with

our results.

Figure 6 shows the XAS spectra for TiO2

nanoparticles doped with the highest dopant con-

centration, as well as undoped TiO2 as a reference.

Figure 6a shows the Ti L2,3-edge associated with the

transition of the core electrons from the Ti 2p to the

unoccupied Ti 3d states [40]. Absorption spectra in

this work are in good accordance with previous

studies on anatase TiO2 nanostructures [41–43].

Peaks labelled as A and B belong to the L3 edge

while peaks labelled as C and D belongs to the L2
edge. The splitting of the L2,3-edge is due to spin orbit

coupling in L3(2p3/2) on the range 454–462 eV, and L2
(2p1/2) on the range 462–467 eV, which are also

further split due to crystal field effect into t2g (dxy,-

dxz,dyz) and eg (dz2,dx2 - y2) orbitals. The first two

peaks in Fig. 6a, labeled as A and A’, are two small

pre-peaks related to a transition which is forbidden in

LS-coupling, but becomes allowed because of the

multi-pole 2p-3d interactions [42]. The intensity ratio

of this doubly-splitted eg, labeled as B2, is reversed in

anatase and rutile due to the difference of their

crystal symmetries [44], being the intensity of B2

higher than B2’ for anatase, with a ratio B2/B2’[ 1

[45], as observed in this case.

It can be noticed that there are small, but not neg-

ligible, variations in the XAS spectra among the

probed samples, as observed for the B2 peaks. It has

been reported that either changes or the disappear-

ance of the shoulder B2 may be due to structure

distortions and chemical changes in anatase TiO2

[46]. In this case, slight variations on the ratio of the

relative intensities B2/B2’ are observed with dopant

addition, which for all the samples tends to 1,

increasing with the dopant concentration, which

might indicate a distortion towards a rutile-like

structure. These weak distortions in the XAS spectra

observed in the doped nanoparticles could be asso-

ciated with small changes in the oxygen deficiency, in

agreement with Raman and PL measurements.

Figure 5 a Ti 2p, b O 1 s,

c Li 1 s and d Ni 3p XPS

spectra for TiO2, TiO2:Li0.3
and TiO2:Ni0.3 nanoparticles.

A photon energy of 650 eV

was used for the acquisition of

Ti 2p, O 1 s and Ni 3p core

levels, while a photon energy

of 253 eV was employed for

the Li 1 s core level. Li 1 s and

Ni 3p XPS spectra are

normalized with respect of Ti

3 s in order to evaluate the

differences as a function on the

dopant concentration.
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Figure 6b represents the O-K edge spectra which

describes the electronic transition from O 1 s to

unoccupied O 2p states primarily hybridized with Ti

3d unoccupied states. In this case the XAS spectra can

be divided in two main regions: (i) 530-536 eV,

which reflects the O 2p-Ti 3d hybridization where,

due to crystal field Ti 3d splits into t2g p-antibonding
states and eg r-antibonding states respectively located

at 530.6 and 533.3 eV (P and Q peaks), and (ii)[
536 eV (R and S peaks) which reflects the delocalized

states derived from the antibonding Ti 4sp/O

2p band [45].

The XAS spectrum is sensitive to the electronic

environment of the oxygen atoms. Small variations in

the relative intensities of the XAS peaks are observed

in the XAS spectra for the doped nanoparticles, as

compared with undoped TiO2. Almost no peak

broadening is observed which indicates the high

crystallinity of the samples even after the dopant

inclusion into the crystal lattice. The decrease in the

relative intensity of some of these peaks could indi-

cate variations in the oxygen chemical surroundings,

as with the titanate octahedral can be distorted due to

the dopant inclusion.

Figure 6c represents the Ni L2,3 edge of the nickel-

doped TiO2 samples. Similar to Ti L-edge, the spectra

correspond to the allowed transitions from the Ni

2p to the Ni 3d states. The splitting in the L-edge is

due to spin orbit coupling by approximately 17 eV in

L3 (2p3/2) in the range 850–855 eV and L2 (2p1/2) in the

range of 865–875 eV [47]. Coulomb and exchange

interaction between the core holes and the 3d shell

produces a splitting on the L3 (U and V) and L2 (W

and X) peaks. The Ni(II) high spin spectra are in

agreement with our XAS spectra, as they correspond

to the high-energy side of the L3 peak and a split L2-

edge [47]. This is further in agreement after estimat-

ing the ratio L3/L2 ? L3 with Ni(II), not shown here

[48], which indicates that Ni is incorporated in the

TiO2 lattice mainly as Ni2?.

The splitting of L3 and L2 into two contributions is

very sensitive to the Ni oxidation state and charge

transfer. An increase in the relative intensity of these

peaks could denote an increase in the hole concen-

tration and thus an increase in the Ni3? concentration

[49]. Both TiO2:Ni0.2 and TiO2:Ni0.3 spectra possess

comparable relative intensity, thus inducing similar

Ni doping in both cases.

Figure 6 XAS spectra

corresponding to a Ti L2,3-

edge, b O K-edge, c Ni L-edge

for the TiO2, TiO2:Li0.3 and

TiO2:Ni0.3 nanoparticles.
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The valence band (VB) region for the undoped and

doped TiO2 nanoparticles are shown in Fig. 7a. The

EF position was calibrated using as reference the O

2p-Ti 3d bonding peak at * 7.1 eV. The energy dif-

ference between the Fermi level and the maximum of

the valence band (EF-EVBM) is similar for the undoped

and Li doped samples. On the other hand, Ni doped

samples show lower EF-EVBM values than undoped

TiO2 about 0.35 and 0.5 eV for the samples TiO2:Ni0.2
and TiO2:Ni0.3, respectively. Hence, a lower n-type

character can be induced by Ni doping. In this case,

the presence of acceptor levels induced by Ni doping

should be considered. Each VB region is character-

ized by two broad peaks at*4.7 and*7.1 eV mainly

related to non-bonding and bonding O 2p orbitals,

respectively, in accordance with the scientific litera-

ture [50]. Differences between the spectra can be

observed in the low energy region below 3 eV, as

indicated in the inset in Fig. 7a, mainly for the Ni

doped samples.

In order to gain deeper insight into the origin of

some of these contributions in the VB region, mainly

in the low energy region below 3 eV, resonant pho-

toemission spectra were also acquired. This tech-

nique is based on changes in the intensity of the

photoemission under certain photon energies, as by

tuning the incident photon energy across the element

specific core-level it is possible to enhance the related

states in the valence band or in the band gap. On-

resonance photoemission spectra (RPES) for the Ni

and Li states were acquired using energies of

852.8 eV, for the sample TiO2:Ni0.3, and 56 eV for

TiO2:Li0.3; for the case of Nickel based on the XAS

measurements shown in Fig. 6c. For the off-reso-

nance measurements, XPS spectra at photon energies

of 847 eV and 52 eV, respectively, were used.

Figure 7b shows RPES spectra for TiO2:Li0.3. There

are two clear resonant features around*4.7 and

*7.1 eV, respectively, related to non-bonding and

bonding O 2p orbitals, as previously mentioned, and

a weak resonant peak at * 1.2 eV, marked with an

arrow in Fig. 7b. The former and latter contribution

observed at * 4.7 eV and * 7.1 eV, respectively,

possess their resonance maximum at 58 eV, as

observed in Figure S3. The origin of these peaks can

be understood as they were recorded at constant

initial state (CIS), hence a plot at CIS of the different

intensity vs. photon energy at the positions of 4.7, 7.1

and around 1 eV are plotted. The weak resonant peak

at * 1 eV becomes also significant on the range of

54–66 eV. CIS spectra show a clear maximum at

around 55 eV in agreement with the Li 1 s transition,

contrary to the Ti3? related origin reported by other

authors. Some authors have indicated the presence of

a feature around 0.9 eV, similar to that observed in

this work for Li doped TiO2, which can be associated

with a Ti3? 3d defect state [50] due to the probability

of transition between Ti 3pTi 4 s. Even though pre-

vious results on the Ti 2p spectra did not show any

trace of Ti3?, its presence cannot be completely dis-

regarded in the samples under study. This feature

can be attributed also to surface-layer disorders in

lithium doped samples [51], similar to other light-

element doped anatase samples.

Resonances appear also in the VB region for the

TiO2:Ni0.3 sample (Fig. 7c), which exhibit larger

Figure 7 a Valence band

spectra of undoped and Li or

Ni doped TiO2 nanoparticles

acquired with a photon energy

of 650 eV. b Valence band

spectra of the sample

TiO2:Li0.3 acquired on-

resonance (hm = 56 eV) and

off-resonance (hm = 52 eV).

c Valence band spectra of the

sample TiO2:Ni0.3 acquired on

Ni 2p-3d on-resonance

(hm = 852.8 eV) and off-

resonance (hm = 847 eV).
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variations as compared to the Li doped samples. We

observe not only that the aforementioned peak at

*4.7 eV becomes dominant but also a clear shoulder

at *2.5 eV (marked with an arrow in the inset in

Fig. 7a) becomes significant due to Ni-related states

which resonate. This feature at 2.5 eV could be rela-

ted to Ni 3d states [52]. A similar feature was reported

for Fe-doped TiO2 [50] attributed as Fe-3d and Ti-

3d derived states. In our case Ni 3d could play a role

similar to Fe 3d.

According to XPS and XAS results as well as pre-

vious PL and Raman measurements, the as-synthe-

sized nanoparticles exhibit high crystallinity. Doping

process leads to a higher concentration of oxygen

vacancies in Li doped TiO2, while Ni doping induces

in addition some other defects, as observed by PL,

some of which are probably associated with acceptor

levels. Dopant-related states were also promoted in

these nanoparticles. In particular Li or Ni-related

states were observed in the VB region at *1 and

2.5 eV, respectively.

First-principles calculations

To assess the effect of both the dopants and the

oxygen vacancies on the electronic structure of ana-

tase TiO2, first principles calculations were per-

formed within the DFT method. Lattice parameters,

shown in Table 3, of a = 3.77 Å and c = 9.65 Å have

been obtained in agreement with the experimental

results presented in Table 1.

The considered concentration of Li and Ni dopants

can be seen in Table S2, which have been slightly

overestimated with respect to the ones obtained by

ICP-OES and EDS to observe more clearly the effect

of the dopant concentration on the Density of States

(DOS). Several substitutional positions have been

studied in order to find the most stable configuration.

A 12.5% of oxygen vacancies were introduced in each

sample to match the experimental results. The most

stable structures and projected DOS are shown in

Fig. 8 for TiO2, TiO2:Li0.3 and TiO2:Ni0.3. Figure 8a

shows that undoped TiO2 under the presence of

oxygen vacancies promotes the formation of middle

gap states coming from oxygen.

The presence of the VO defect results in displace-

ments of the Ti and O atoms outward and inward,

respectively, from the VO site [53] which translates to

changes in the DOS.

Li does not seem to play a major role on the elec-

tronic structure of anatase, as it can be seen in Fig. 8b,

where the appearing states are due again to the

oxygen atoms. However, Ni doping introduces a

variety of states in the bandgap and close to the

valence band, as shown in Fig. 8c, reaffirming the

results observed by XPS and RPES which show larger

variations in the valence band region for the Ni

doped samples. Ni doped TiO2 shows a rather com-

plex role in the VB, in combination with oxygen

vacancies, which may play a role on its ferromagnetic

effects [14]. Previous studies have shown that the

increasing of Ni doping favors rutile structure over

anatase [13]. Ni has been reported to decrease the

band gap as well as to introduce intra-band gap

states. This effect has been observed with our calcu-

lations as it can be clearly observed in Fig. 8c. The

bandgap values estimated by DFT calculations are

shown in Table S2. In all cases the bandgap for ana-

tase was overestimated, however a clear tendency of

bandgap narrowing in the doped samples is

observed. The discrepancies between the DFT and

measured values have been discussed on the litera-

ture and are due to the differences on the computa-

tional methods [54].

Anatase to rutile transition (ART)

Finally based on the detailed insights achieved in the

study of the Li or Ni doped TiO2, the effects due to

the doping process and the related structure of

defects in TiO2 were exploited in the further under-

standing of the anatase to rutile transition (ART).

Anatase transforms irreversibly to the more

stable rutile at high temperatures. The range of tem-

peratures at which the ART occurs is affected by the

presence of defects and vacancies. Hence, doping

engineering is a certain method to control this phase

transition, which usually occurs most commonly at

around 600 �C for undoped TiO2 in absence of

impurities or dopants [10], but reported transition

temperatures vary in a wide range between

Table 3 Cell parameters of

the undoped and Li, Ni doped

TiO2 nanoparticles obtained

from DFT calculations

Sample a(Å) c(Å)

TiO2 3.767 9.655

TiO2:Li0.2 3.771 9.644

TiO2:Li0.3 3.768 9.659

TiO2:Ni0.2 3.767 9.655

TiO2:Ni0.3 3.760 9.594
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depending on the use of different synthesis methods

materials, dopants, particle size or atmosphere. The

ART ranges has been modified by doping, as previ-

ously reported by various authors [9, 10, 29, 55, 56],

which is an important aspect to be considered in the

potential applicability of the anatase phase in devices

which operate at high temperatures.

To assess changes in the phase transition promoted

in the undoped and doped nanoparticles, thermo-

diffraction measurements have been performed in a

range of temperatures between 500 and 1000 �C. In
this work, the anatase to rutile transition was induced

by thermal annealing and probed by thermo-diffrac-

tion analysis. Figure 9 depicts the XRD patterns as a

function of the temperature in a region between 24

and 28� for TiO2, TiO2:Li0.3 and TiO2:Ni0.3. A char-

acteristic (101) peak from anatase at 25.3�, and (110)

peak from rutile at 27.3� were selected to monitor the

ART. These peaks are marked in Fig. 9 as A(101) and

R(110), respectively.

As the annealing temperature increases, the

diffraction peaks become narrower due to the

increase in the dimensions of the nanoparticles, as

expected. As observed in Fig. 9a–c the ART begins at

around 740 �C for undoped TiO2, while this transi-

tion is initiated at lower temperatures, around 620

and 700 �C, for the Li and Ni doped TiO2, respec-

tively, being in agreement with the values reported

for doped titania by other authors [10, 55, 56] No

significant differences have been observed in the ART

as a function of the amount of dopants (Fig. 9d),

although it should be taken into account that only

slight changes on the final concentration of dopants

were achieved in this work. Changes on the ART

transition as a function of the dopant can be quanti-

fied from the analysis of the XRD patterns based on

the estimation of the rutile fraction volume following

the theory proposed by Spurr and Myers [57] and

modified by other authors [32, 58], as shown in Fig

S4. Between the different doped nickel nanoparticles

the differences in the ART are more notorious than

between the different Lithium concentrations. More-

over, the range of temperatures in which the ART

occurs is also shorter for the doped samples, espe-

cially for the TiO2:Ni0.3 sample, which means a faster

kinetics for the ART promoted by doping. Diverse

authors reported that the presence of oxygen vacan-

cies facilitates the atoms rearrangement required for

the anatase to rutile transition, while the presence of

Ti3? interstitials could hinder this transition [9, 10]. In

our case, Ni and mainly Li doping could promote the

presence of oxygen deficiency in the TiO2 lattice as Li

Figure 8 Most stable structures a TiO2, b TiO2:Li0.3 and c TiO2:Ni0.3 with Ti (blue), O (red), Li (magenta) or Ni (green). Oxygen

vacancies are plotted on cyan. Underneath images show the projected DOS for each of the structures shown above.
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and Ni-related defects may contribute to the forma-

tion of oxygen vacancies, which are nucleation cen-

ters [56]. This is in agreement with Raman and

Photoluminescence results which show an increase of

oxygen vacancies due to the dopant addition. As

mentioned, similar ionic radii of Ni2? and Li? with

respect to Ti4? could be translated to the dopants

inclusion as interstitials and oxygen vacancies can be

created to maintain charge balance. Besides, Ni2? and

Li? eases the breaking and creation of Ti–O bonds

and modify the kinetics of the ART leading to a

promotion of the nucleation and growth process for

rutile[10].

Conclusions

Anatase TiO2 nanoparticles doped with Li or Ni have

been synthesized via hydrolysis method. The

nanoparticles show high crystallinity and homoge-

neous dimensions around 7 nm, based on XRD and

TEM measurements. Dopant inclusion was con-

firmed and quantified with EDS and ICP-OES anal-

ysis which confirm low doping regime below 2% at.

Raman spectroscopy shows slight changes due to the

doping process, as red-shift and peak broadening in

the doped samples related to non-stoichiometry and

changes in the TiO2 defect structure induced by

doping. An increase of the concentration of oxygen

vacancies in the doped samples was observed by

photoluminescence, mainly in the Li doped ones.

Besides, Ni doping promotes an emission at around

2.8 eV associated with self-trapped excitons. As

demonstrated by XPS Ti is present as Ti4? both in

Figure 9 X-ray thermo-diffractograms acquired on the range 500–1000 �C from samples a TiO2, b TiO2:Li0.3 and c TiO2:Ni0.3.

d Annealing temperature and range of temperatures for the ART for TiO2, TiO2:Li0.3 and TiO2:Ni0.3.
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undoped and doped nanoparticles, confirming the

high crystallinity of the nanoparticles. Ni doping,

mainly as Ni2?, also promotes a lower n-type char-

acter in the samples. XAS spectra confirm the pres-

ence of oxygen deficiencies on the samples with

higher dopant concentration. Resonant XPS demon-

strates the presence of weak contributions at around

1 eV and 2.5 eV, which can be associated with Li and

Ni related states in the valence band. DFT calcula-

tions reinforces the effects on the DOS due to both

oxygen vacancies and dopants, observing that Ni

introduces states near the valence band. Variations in

the ART has been also promoted by doping, leading

to a decrease in the temperature at which this tran-

sition occurs, mainly by Li doping, as confirmed by

thermo-XRD measurements. Ni doping promotes as

well faster kinetics in the ART. These effects can be

related to the structure of defects and oxygen defi-

ciency induced by doping which can ease ART. The

achieved deeper knowledge on the Li or Ni doped

anatase TiO2 and the anatase-to-rutile transition

could widen the applicability of these nanoparticles

in optoelectronic, energy storage and photocatalytic

devices.
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[20] Vázquez-López A, Garcı́a-Carrión M, Hall E et al (2021)

Hybrid materials and nanoparticles for hybrid silicon solar

cells and Li-ion batteries. J Energy Power Technol 3:1–1. h

ttps://doi.org/10.21926/JEPT.2102020
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