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Enhanced Photoelectrocatalytic Water Splitting at Hierarchical
Gd3+:TiO2 Nanostructures through Amplifying Light Reception
and Surface States Passivation
P. Sudhagar,a,z Anitha Devadoss,a K. Nakata,a,b C. Terashima,a,b,z and A. Fujishimaa,b

aPhotocatalysis International Research Centre (PIRC), Research Institute for Science & Technology, Tokyo University
of Science, Noda, Chiba 278–8510, Japan
bACT-C/JST, Kawaguchi, Saitama, 333-0012, Japan

The influence of rare earth gadolinium (Gd3+) ion doping on optical and photoelectrochemical properties of TiO2 is studied. The
hierarchical clump-type TiO2 nanostructure was fabricated using poly-vinyl acetate as soft-template. The optical absorbance quantity
of TiO2 was strikingly promoted at bandgap energy region (380 nm) by Gd3+ doping, as well as it extend a wide absorbance in
visible wavelength region (400 – 800 nm) elucidating the sub-bandgap formation. As a result, Gd3+:TiO2 exhibits high photocurrent
density than undoped TiO2 in photoelectrocatalytic experiments. Another plausible reason for enhancing the photocurrent density at
Gd3+:TiO2 was analyzed through electrochemical impedance spectroscopy. The underlying mechanism of surface states controlled
charge transfer at TiO2/electrolyte interfaces affected the photoelectrocatalytic hydrogen fuel generation, and compete with Gd3+
ion doping through bottlenecking of photoelectrons trapping at surface states. The improved charge separation (e−/h+) at Gd3+:TiO2
result effective photoelectron collection and thus yield 180 % higher hydrogen gas (∼ 2.34 mL.h−1.cm−2 ) generation compare to
pristine TiO2 (1.28 mL.h−1.cm−2) under UV light irradiation. The improved optical and charge transfer characteristics of hierarchical
TiO2 by Gd3+ ions can be implemented to wide range of other metal oxide based photocatalytic fuel generation.
© The Author(s) 2014. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0161503jes] All rights reserved.

Manuscript submitted October 3, 2014; revised manuscript received December 1, 2014. Published December 11, 2014.

The photoelectrocatalytic (PEC) water oxidation phenomenon
configured with light and semiconductor opens new pathways in
cost-effective fuel generation (hydrogen and oxygen) using water as
feed stock.1 Merits counting the zero-emission of harmful CO2 into
environment,2 possibility of beneficial simultaneous process of pol-
lutant treatment,3,4 and/or biomass reformation toward hydrogen fuel
generation foster PEC water oxidation as an emerging technology in
green energy fuels. Nanostructured titanium dioxide (TiO2) is one
of the most studied candidates in PEC applications including fuel
generation,5–7 organic pollutant degradation,8,9 photoelectrochemical
biosensors,10,11 photocatalytic self-cleaning coatings12,13 and antimi-
crobial coatings.14 The clean fuel generation from photoelectrolysis
of water using TiO2 mesoporous electrodes received much attention,
despite its bandgap (3.2 eV) lies in UV region, due to the appre-
ciable chemical stability and environmentally begin nature. One of
the approaches to promote PEC performance of TiO2 in solar to fuel
generation is extending the visible light activity of TiO2 by bandgap
modification through doping with metal ions (Fe,15 Ni,16 V,17 or Cr),18

non-metallic elements (N,19 S,20 and C)21 or inducing defects in crys-
tallite lattice.22,23 However the doping material perhaps shift the TiO2

valence band more negative than the water oxidation potential 1.2 V
vs RHE, which in turn might affect the PEC water oxidation rates.24

The lanthanide (Ln) rare earth ion (RE) doping at TiO2 matrix is an
alternative approach to enhance the light reception at TiO2. Further-
more, RE ions doping can alter the bandgap structure of host material
based on their electronic configuration and thus, may improve the PEC
performance toward fuel generation or pollutant degradation.25 For in-
stance, half-filled 4f electronic configuration of lanthanide (Ln) ions
can be filled by host material. Therefore, occupying electronic position
of Ln 4f orbital between the valence band (VB) and conduction band
(CB) of host material determines their electronic bandgap structure,
which predominantly controls the photocatalytic activity of host.26

Xu et al. performed pollutant dye degradation experiments using a
series of rare earth metal ions (Gd3+, Nd3+, La3+, Pr3+, Er3+, Ce3+

and Sm3+) doped TiO2 under UV-Visible light illumination.27 It is
found that gadolinium (Gd3+) ions were more effective in nitride pol-
lutant degradation attributed to enhance the NO2

− adsorption on TiO2.
Conversely, an half-filled 7f orbital electronic configuration of Gd3+

modify the band structure of TiO2.28–30 Abe et al. explored that the

zE-mail: vedichi@gmail.com; terashima@rs.tus.ac.jp

gadolinium (Gd3+) ions undergo effective incorporation in TiO2 ma-
trix and form cubic pyrochlore (Gd2Ti2O7).31 The resultant Gd2Ti2O7

electronic structure associate with NiOx co-catalyst resulting in com-
petitive fuel (hydrogen and oxygen) generation compared to R2Ti2O7

type PC materials (R = Y, Gd, La; M , Nb, Ta). In theoretical view
point (density functional theory), Zhao et al. endorse that Gd3+ doped
TiO2 (Ti1−xGdxO2) showed significant visible light activity without
altering the redox.32 In our previous work, we explored the structure
(nanofiber and nanoparticulate) dependent photocatalytic property of
Gd doped TiO2 mesoporous electrodes toward pollutant organic dye
degradation. We found that the enhanced lattice stress of 23.688 GPa
at TiO2 lattice upon Gd3+ doping comply lanthanide contradiction
law, which facilitated the charge separation at electrode/electrolyte
interfaces.

Although the earlier reports explained the advantages of Gd doped
TiO2 in modifying the TiO2 bandgap and promoting photocatalytic
activity,27,33 the generic mechanism of PEC hydrogen generation in
electrode form is not yet explored. In addition, most of the RE doped
TiO2 were studied in suspended photocatalysis type which limits the
further development in large-scale fuel production. More importantly,
the influence of doping ions at surface states are not discussed as is one
of the limiting factor through capturing either photoholes or photoelec-
trons leading to recombination at electrode/electrolyte interfaces.34 In
this line, for the first time we report the PEC hydrogen generation us-
ing Gd3+ions doped TiO2 mesoporous electrodes and the underlying
mechanism of surface states controlled water oxidation process was
studied in detail.

Experimental

Preparation of TiO2 and Gd-doped TiO2 mesoporous electrodes.—
The TiO2 sol is prepared as follows. The soft-templates of 1 g of
poly(vinyl acetate) (Mw∼500000, Sigma-Aldrich) was dispersed in
5 mL of N,N-dimethylformamide (99.8%, Sigma Aldrich) and stirred
overnight. 4M of titanium isopropoxide (97%, Sigma Aldrich) was
dissolved in the above mixture and finally 0.3 g of acetic acid was
added. The above mixture was keep stirring for 20 minutes until the
white color changes to yellow. In order to avoid the heat dissipation
during hydrolysis process, the water is circulated around the reaction
chamber. For gadolinium doped TiO2, 0.2 Wt% of gadolinium oxide
(99.9%, Sigma Aldrich) was mixed with the PvAc solution 12 hrs prior
to adding titanium isopropoxide in the solution (Higher loadings of

http://creativecommons.org/licenses/by/4.0/
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mailto:vedichi@gmail.com
mailto:terashima@rs.tus.ac.jp


Journal of The Electrochemical Society, 162 (3) H108-H114 (2015) H109

GdO3 (>0.2 Wt%) result in poor solubility in the prescribed amount of
DMF). The resultant TiO2 sol is coated on well cleaned fluorinated tin
oxide substrates by doctor blade technique and subsequently sintering
at 450 ◦C at air atmosphere. Similar procedure was repeated for Gd
doped TiO2.

Characterization.— The morphology of pristine and Gd doped
TiO2 is examined using a field emission scanning electron micro-
scope (FE-SEM, JEOL JSM-7600F) and field emission transmission
electron microscope (FE-TEM, JEOL JEM-2100F). The crystallite
phase of the electrodes was studied with Rigaku Ultima IV X-ray
diffraction spectrometer using CuKα radiation (λ = 1.54 Å) over the
broad range of diffraction angle 2θ = 20–80◦. The optical diffused
reflectance spectra of the electrodes were recorded in the range of
350–800 nm using a JASCO UV-Vis spectrophotometer.

Electrochemical and photoelectrochemical measurements.— The
three electrode cell configuration is used for electrochemical and pho-
toelectrochemical measurements. The cell consists with TiO2 work-
ing electrode, Ag/AgCl reference electrode and Pt counter electrode.
The Mott-Schottky plots were achieved using Autolab potentiostat
(PGSTAT302N) at fixed frequency of 100 Hz with an AC voltage
at 10 mV applied potential. The aqueous 0.5 M Na2SO4 is used as
electrolyte. For PEC measurements, the photoelectrodes were illu-
minated with UV light illumination (Hayashi Spectra LA 310UV,
Japan). The light intensity was calibrated using a silicon photodiode
(100 mWcm−2). The Nyquist plots were recorded under dark and light
condition (various light intensity), at applied frequency from 0.1 to
106 Hz for different applied potential (–0.8V to 0.5 V vs Ag/AgCl).
The Zview software is used for estimating the chemical capacitance at
electrode/electrolyte interfaces through fitting the experimental data
with appropriate equivalent circuits. The chronoamperometry (j-t)
plots were recorded at 1.2 V vs RHE applied potential under UV light
illumination. The evolved hydrogen gas was collected at applied po-
tential of 1.2 V vs RHE for 1 hr duration from the head space using
an air-tight gas syringe through the manual sampling port in the top
of the chamber (flexible cork made of Teflon) and further subjected
to gas chromatographic analysis (Shimadzu GC 2014) to evaluate the
constituents of the gaseous products.

Results and Discussion

Structural and morphology analysis.— The crystallite phase of
pristine and Gd3+:TiO2 was studied by X-ray diffraction (XRD), and
presented in Fig. 1. A predominant diffraction peak was noticed at ∼
2θ = 25.3◦ corresponding to (101) anatase TiO2 phase (JCPDS no.21–
1272). Gd-TiO2 showed relatively high FWHM value at 2θ = 25.3◦

compared to TiO2. This peak broadening nature was caused due to
the micro lattice strain at (101) lattice by Gd3+ doping carriers which
restrain the further growth of TiO2 crystallites.35,36 This fact suggested
the successful incorporation of rare earth ions into the anatase lattice.
The scanning electron microscope (SEM) images of pristine and Gd
doped TiO2 are presented in Fig. 2a–2d. The particle size of pristine
TiO2 lies between ∼75 to 100 nm (Fig. 2a and 2b) and found to in-
crease into cluster-type with Gd doping (Fig. 2c and 2d). The cluster
type Gd-TiO2 enhances the inter particle necking of TiO2 which in
turn could benefit the electron transport. To further understand the
morphology and particle size variation at TiO2 up on Gd3+ doping,
the TEM images were recorded. Fig. 2e shows the spherical shaped
pristine TiO2 particles with a diameter of ∼75–100 nm. Macroscopi-
cally, these TiO2 particles were composed of hierarchical clump-type
primary spherical particles. The analogous hierarchical TiO2 partic-
ulate structures were observed by different synthesis routes either
controlled by additives, solvent or inclusion of soft templates.37–41

One of the plausible reasons for the formation of hierarchical TiO2

clumps may arise from the PVAc sacrificial-template. The PvAc poly-
mer chains can be grafted on TiO2 surface during hydrolysis process
and subsequent calcination treatment at 450 ◦c lead aggregated crys-
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Figure 1. (a) XRD spectra of pure and Gd3+-doped TiO2 NP; (b) enlarged
view of XRD pattern at circled portion at Fig. 1a.

tallization and finally removable of these PvAc templates might result
in hierarchical TiO2 clump-shape particles. Mostly, these types of hi-
erarchical clump particles possess highly reactive surface and were
widely demonstrated as light scattering photoanode in photovoltaic
and photocatalytic applications.37,42 Conversely, these TiO2 hierarchi-
cal clusters could contain more grain boundaries at interfaces that
could allow the surface recombination.43,44 The TEM image of Gd3+

doped TiO2 is presented in Fig. 2g and 2h. The particle size of TiO2 is
found to increase to an extent of ∼150 nm upon Gd3+ doping. Zhao
et al. reported that Gd3+ ions were distributed on TiO2 crystallite sur-
face and retard the growth of crystallites upon calcination resulting in
agglomeration and subsequently the beneficially resultant Gd3+ nan-
oclusters may act as bridges for TiO2 nanoparticles to interconnect
them. Further estimating the lattice fringe diameter 0.32 nm from
Fig. 2h corresponds to Gd3+ ions, which is verified with the lattice
fringe diameter of pure GdO3 (see supporting information Fig.S1).
Jaimy et al.45 reported that high ionic radii of Gd3+ rare earth metals
compare to Ti4+ (0.60 Å)46 could result surface doping instead of
substitution doping. This advocate that large ionic radii of Gd3+ ions
(0.938 Å)47 will be occupied at grain boundaries of hierarchical TiO2

clumps as is observed in Fig. 2h.
The Raman spectroscopy is a versatile tool to analyze the parti-

cle size and chemical environment of nanomaterials. Fig. 3 shows
the Raman spectra of pristine and Gd3+:TiO2 electrodes. The pre-
dominant shoulder observed at 641 cm−1 ensures the anatase phase
of TiO2.48 Additional peaks appear at 400 cm−1 and 530 cm−1 im-
plies the existence of B1g and A1g modes, respectively.49,50 Referring
the characteristic Raman vibration of TiO2, it governs with the Ti-O
stretching and bending vibration. From Fig. 3, existing peaks corre-
spond to Eg, B1g and A1g associated with the symmetric stretching
vibration, symmetric bending vibration, and antisymmetric bending
vibration of O-Ti-O, respectively.51 There is no peak shift observed at
Eg mode under Gd3+ doping, it explains that the Gd3+ ions may dop-
ing on the TiO2 surface of grain boundary unlike substitution doping.
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Figure 2. SEM images of (a) TiO2 and (c) Gd3+ doped TiO2 (high magni-
fication SEM images of corresponding figures were presented in Figure 2b
and 2d, respectively); TEM images of (e) TiO2 and (g) Gd3+ doped TiO2
(high magnification HRTEM images of corresponding figures were presented
in Figure 2b and 2d, respectively).

Because of high ionic radii of Gd3+ ions (0.938 Å) than TiO2 the
lattice structure could distort and thus result peak broadening effect.
Further, the FWHM value of Eg peak is narrowed at 635 cm−1 under
Gd3+ doping ensures the lattice contraction as well as particle size
enhancement of TiO2 and match with early reports.52

Figure 3. Raman spectra of pristine and Gd3+ doped TiO2 electrodes.
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Figure 4. Optical absorbance spectra of pure and Gd3+ doped TiO2 (Corning
glass is used as substrate).

Optical analysis.— The fundamental absorbance edge of pristine
and Gd3+:TiO2 is studied with Kulbelka-Munk relation using diffused
reflectance spectra (Fig. 4). The noticed absorbance at TiO2 bandgap
region (∼375 nm) is strikingly enhanced upon Gd3+ doping. Interest-
ingly, the absorbance edge was extending from UV to visible wave-
length region. Similar broadened absorbance pattern was reported in
Gd2Ti2O7 cubic pyrochlore structure, which showed higher bandgap
(3.5eV) than TiO2.31 Thus, the broadening nature of absorbance band
at Gd-TiO2 inferred that the bandgap of TiO2 is modified with Gd3+

ion. This phenomena can be possible with either effective coupling
of 4f orbital of Gd3+ ion with TiO2 crystal lattice or introduction of
defect centres at bottom energy level of conducting band of anatase.54

As discussed earlier, high ionic-radius of 4f orbital Gd3+ is possibly
creating defect centres below the conduction band of TiO2 lattice.
According to Zhao et al, the Gd3+ ions may introduce the impurity
energy levels (IELs) at the centre of the bandgap which form isolated
states and consequently bandgap is slightly narrowed.32 Therefore a
broad visible light spectra can be possible at Gd3+ doped TiO2 through
different electronic transitions such as (a) interband transition between
Gd 4f states, (b) intraband transition between Gd 4f states and Op�

states of TiO2 and (c) interband transition within the impurity en-
ergy levels. The broad absorbance band observed from Figure 4 is
quite different from the absorbance nature of metal doped (N, Cr,
Ni and C) TiO2 films. In general, the metal doped TiO2 films show
small redshift toward visible light (<450 nm) that originates from the
new energy levels which are formed above the valence band of TiO2.
These new energy bands can only be activated using visible light. In
the case of Gd3+ doped TiO2, the UV light excites both TiO2 and
Gd3+ impurity energy levels and thus produces a wide absorbance
(∼800 nm) in visible light region. Moreover, the crystal field effect
on Gd3+ in the octahedral ligand field can enable the intraband transi-
tion of lanthanide 4f electronic states and thus may also facilitate the
UV and visible light activity in this system. Another possibility for
enhanced visible light absorbance may be attributed to the formation
of Ti1−xGdxO2 structure where the electrons in the VB could be ex-
cited to the new IEL states and then subsequently excited to the CB
resulting in visible light absorbance. From the above discussion, we
conclude that the position of Gd3+ impurities at TiO2 energy bandgap
dictates the resultant absorbance edge and 0.2 wt% Gd3+ doped TiO2

showed higher absorbance in 400–500 nm. It is also significant to ana-
lyze the influence of Gd wt% on optical properties of TiO2. Figure S2
(supporting information), shows the optical absorbance spectra of Gd
doped TiO2 at different wt%. Figure S2 clearly explains that higher
amount of Gd doping shows detrimental effects, which might be due
to the solubility limitation of GdO3 at desired amount of DMF.
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Figure 5. J-V plots of PEC cells with pristine and Gd3+ doped TiO2 electrodes
under UV light irradiation (light intensity 100 mWcm−2).

Photoelectrochemical analysis.— The PEC water-splitting perfor-
mance of the pure and Gd-doped TiO2 is examined by measuring
photocurrent density–potential (J–V) curves using a standard three-
electrode configuration under UV light illumination (100 mW cm−2)
in the wavelength region of 200–400nm (Fig. 5). The pristine TiO2

electrode showed photocurrent density J = 3.3 mAcm−2 at 1.2 V
RHE. Further, photocurrent density is found to be enhanced to ∼5.1
mAcm−2 by Gd3+ doping. The photocurrent generation under dark
condition is negligible compare to the photo illumination condition. It
demonstrates that the photocurrent generation was mainly originated
from photoelectrocatalytic mechanism; here the applied potential fa-
cilitates the charge separation to the respective terminals, electrons to
charge collector and holes to electrolyte. Substantial photocurrent en-
hancement at Gd-TiO2 may rely on several factors (a) promoting more
light harvesting photons at bandgap illumination through sub-bandgap
states as is discussed in Fig. 4b and (b) efficient charge separation at
electrode/electrolyte interfaces via retarding recombination at grain
boundary or surface defects. Primarily at ∼0.57 V vs RHE an identi-
cal photocurrent of ∼1.2 mAcm−2 exhibit in both TiO2 and Gd-TiO2

electrodes, and further the photocurrent found to be monotonically
increased above this applied potential in Gd-TiO2. Nevertheless, the
Gd3+ doping carriers amplify the light photons reception to TiO2, it
could modify the donor density of TiO2 Fermi level which leads to
Fermi level pinning (depletion layer) at electrode/electrolyte inter-
faces. For removing the Fermi level pinning at Gd3+:TiO2/electrolyte
interface, it requires greater applied potential compared to pristine
TiO2. However, there is no significant onset potential shift observed
in between pristine TiO2 and Gd3+:TiO2 electrodes. This can be ex-
plained on the basis of competition between the Femi level pinning
and overcoming charge recombination loss at Gd3+:TiO2 electrode.
In other words, the requirement of higher onset potential due to Fermi
level position lowering at Gd3+:TiO2 can be balanced by their ef-
fective performance on reducing charge recombination loss through
surface states of TiO2 electrodes. This will be discussed in the follow-
ing session. In order to verify the visible light driven PEC property of
Gd3+:TiO2, we demonstrate the J-V experiments under visible light
irradiation with UV cut off filter (400 nm). Unexpectedly, extremely
low photocurrent generation was observed compared to UV light irra-
diation (results not presented). This is in line with the above discussion
in Optical analysis section that the realization of visible light activ-
ity at Gd3+:TiO2 necessitates the activation of impurity energy levels
by UV light irradiation. This implies that the Gd3+ doping functions
efficiently under UV light irradiation than visible light source.

Electrochemical analysis.— The Fermi level pinning at elec-
trode/electrolyte interfaces was analyzed through Mott-Schottky (MS)

Figure 6. Mott-Schottky plots using different electrodes in 0.5 M Na2SO4
electrolyte.

plots using impedance spectroscopy (Fig. 6). The flatband potential
(Efb) can be determined from the extrapolation of Mott-Schottky plots
where x axis intercept at 1/C2 = 0 and donor density (ND) can be
estimated using the following equations.31,55

(
1

c2

)
= 2

NDε0εT io2e

[
E − E f b − K B T

e

]
[1]

ND = 2

eεε0

[
d(E)

d(1/C2)

]
[2]

where C is the space charge capacitance, E the externally applied
potential, EFB is the flatband potential at semiconductor/electrolyte
junction, ND is the donor density, ε0 the permittivity of the free space,
εTiO2 the permittivity of the anatase TiO2,48 e the elementary charge
(1.602×10−19 C), kB the Boltzmann’s constant, and T the operation
temperature. The negative shift of EFB values from pristine TiO2 under
Gd doping implies the decrement of flatband potential. This suggested
that Fermi level of TiO2 shifts more negatively by rare earth doping
ions. The donor density concentration (ND) is found to be 3.85×1016

cm−3 and 2.25×1016 cm−3, for TiO2 and Gd3+:TiO2 electrode, re-
spectively. The reduced ND can be ascribed to the presence of Gd3+ in
between the VB and CB that may alter the donor density concentration
at Fermi level.32,56,57

It is noteworthy to discuss about the role of grain boundary defects
or surface states in photocurrent generation of TiO2. As is well doc-
umented that the presence of monoenergetic surface states in meso-
porous TiO2 are acting as recombination centers for photoelectrons
and thus lower the photoanode performance.58,59 Mostly, these surface
states are thermodynamically activated by light illumination.60 There-
fore, J-V characteristics of pristine and Gd doped TiO2 electrodes
were studied under different light illumination conditions. In this line,
cyclic voltammetry (CV) is simple and powerful tool for analyzing
the electronic trap states at nanoporous electrode while in contact with
electrolyte medium. In particular, cathodic peak of TiO2 noticed from
CV analysis indicates the surface states below the bandgap.61–63 Fig-
ure 7 show the CV results of TiO2 and Gd-TiO2 electrodes measured
at different light illumination intensity. At 1.2 V vs RHE, oxygen evo-
lution reaction (OER) and hydrogen evolution reaction (HER) were
occurred on photoanode and counter electrode, respectively. This can
be explained by the following reactions64

TiO2 + hυ → h+ + e− [3]

H2O + 2
(
h+) → 1/2 O2 + 2H+ (HER) E0 = 1.23 vs RHE [4]
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Figure 7. Linear sweep cyclic voltammogram curves of (a) pure TiO2 and (b) Gd3+ doped TiO2 electrodes measured at different intensity of UV light illumination.

2H+ + 2e− → H2 (OER) E0 = 0V vs RHE [5]

The anodic photocurrent density values at 1.2 V vs RHE from Fig. 7
is summarized (See supporting information Fig.S3). From Fig.S3, the
photocurrent density values monotonically increases with increasing
light intensity ascribed to the more number of light photons involving
in the water oxidation process (equation 4). At low light intensity
15 mWcm−2, no significant photocurrent variation was observed be-
tween TiO2 and Gd3+:TiO2 electrodes imply that the surface states
does not influence or activate in this condition. Further increasing the
light intensity, the Gd3+:TiO2 electrode showed superior performance
than TiO2 electrode. This may be due to the passivation of recombina-
tion route by the occupancy of Gd3+ ions, where photoelectrons flow
through TiO2 grain boundary defects or surface states to electrolyte.
This argument was further ensured with cathodic peaks of CV plots
(inset of Fig. 7) at −0.35 V vs RHE is related to electron transfer
to electrolyte through a localized inter bandgap TiO2 state.65 This
observation is analogous with earlier reports explaining the cathodic
photocurrent exist from traps, however the origin of these traps may ei-
ther from surface states or grain boundary defects.66,67 Comparing both
electrodes at high light intensity (75 mWcm−2), a less cathodic peak
current was noticed in Gd3+:TiO2 elucidate the reduced charge trap-
ping by passivation of surface states. The minimized charge trapping
of photoelectrons could facilitate the effective photoholes separation
from valence band to electrolyte (equation 5). A small anodic peak
near 0 V (vs. RHE) is observed in Gd3+ doped TiO2 (Fig. 7b), which
may attribute to the hydrogen molecules desorption on Gd3+:TiO2

surface that are formed during the cathodic potential scan (–0.45 V
to 0 V). However, this phenomenon is not clear and requires further
investigation.

In order to ensure the passivation of surface states by Gd3+ doping
ions; we examine the charge transfer characteristics at TiO2/electrolyte
interface using electrochemical impedance spectroscopy (EIS). EIS is
a powerful tool to illustrate the role of semiconductor surface states
while in contact with electrolyte. In particular, evaluating chemical ca-
pacitance at surface states (Cμ) using appropriate equivalent circuits
in EIS being effective approach among existing electrochemical based
tools.68 For instance, the origin of unrevealed water oxidation mech-
anism at Fe2O3 was recently explored by photoholes accumulation
at surface states through EIS results.69,70 Analogous EIS experiments
were demonstrated on photoelectron trapping at surface states by many

researchers.71,72 In the present work, EIS spectra of both pristine and
Gd3+ doped TiO2 electrodes were recorded for low and high light
intensities at different applied potential (−0.8 to 0.8 V vs RHE). The
chemical capacitance values are estimated using appropriate equiva-
lent circuit previously reported by Gimenz et al65 and summarized in
Fig. 8. In Fig. 8, at most positive potential than −0.35 V vs RHE the
capacitance is dominated from FTO substrate. More negative potential
than −0.35 V refer the TiO2 electrodes. Unlike Gd3+: TiO2, chem-
ical capacitance of TiO2 electrode depends on light intensity. This
implies that more quantity of charge trapping occurred at TiO2 sur-
face states, while increasing the light photons concentration at Fermi
level. Therefore light-independence chemical capacitance behaviour
at Gd3+:TiO2 clearly illustrates the photoelectrons trapping at surface
states were overwhelmed by Gd3+ions.

Photoelectrocatalytic hydrogen generation.— The yield of photo-
electron collection at both TiO2 and Gd3+:TiO2 into hydrogen fuel
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Figure 8. The chemical capacitance of pristine and Gd3+ doped TiO2 elec-
trodes measured at different light intensities.
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Figure 9. (a) Chronoamperometry plots of PEC experiments using different
photoanodes (measured at 1.2 V vs RHE, electrodes were illumination with UV
light of 100 mWcm−2); (b) hydrogen evolution quantity from PEC experiments
using different photoanodes.

formation at counter electrode as is discussed in equation 4 and 5,
the gas evolved from PEC chamber was collected and quantified by
gas chromatography (GC). The gas samples were collected for one
hour with applied potential of 1.2 V vs RHE for both dark and light
illumination conditions. The chronoampetrometry plots (Fig. 9a) cor-
porate that Gd3+:TiO2 electrode exhibit high photocurrent density than
pristine TiO2 which was in consistence with Fig. 5. The significant
photocurrent density decay was noticed under long time operation,
which may be ascribed to the photocurrent loss stemming from ab-
sence of blocking layer between FTO substrate and mesoporous TiO2

layer. Because, the initial photocurrent value is again achieved while
repeating further cycles after washing the electrodes. This issue can
be overwhelmed by inserting compact TiO2 layer between FTO and
TiO2 mesoporous layer. The GC results (Fig. 9b), show that evolved
H2 from Gd3+:TiO2 is 180 % higher than pristine TiO2 electrode. The
high photoelectron collection (Fig. 5) at Gd-TiO2 electrode through
controlling recombination through surface states is responsible for
fostering efficient hydrogen evolution in this system. Previous reports
on metal and non-metal (H, N, C and Fe)73–77 doped TiO2 exhibits high
photocatalytic hydrogen generation than that of pristine TiO2 owing
to the mechanism of sub-band creation at TiO2 electronic structure
afford visible light driven photocatalysis at TiO2. However, in the
present work, we are interest to exploiting the photocatalytic perfor-
mance of Gd3+:TiO2 under bandgap illumination only (UV region).

From the above discussion, it is concluded that the underlying
charge transfer mechanism at surface state takes predominant role in
determining the photoelectrocatalytic water oxidation process at hier-

archical TiO2, which reduce hydrogen generation rate at CE. Further
the photoelectron collection was promoted by Gd3+ rare earth doping
carrier through retarding charge recombination through surface states.
The enhanced light reception at TiO2 bandgap by rare earth doping is
also responsible for high photoelectron generation.

Conclusions

In summary, the mesoporous, rare earth Gd3+ doped (0.2 wt %)
TiO2 electrodes were successfully demonstrated in photoelectrocat-
alytic water splitting hydrogen generation. A competitive hydrogen
gas generation at Gd3+:TiO2 than undoped TiO2 electrode was exper-
imentally explored. The underlying mechanism of surface states con-
trolled charge transfer at electrode/electrolyte interfaces was studied
in detail through electrochemical impedance analysis, which benefi-
cially enhanced the photoelectron collection at charge collector. This
surface state passivation effect can be applied to other photocatalytic
materials Fe2O3, WO3, BiVO4 and TaON where the surface-state re-
combination issue takes place. In view of light harvesting, a broad
range of visible light absorbance noticed between 350–800 nm by
Gd3+ ions being effective in constructing solar driven fuel cells. Fur-
ther, mixing with near infra-red (NIR) range up-conversion sensitizer
materials of Yb3+, Tm3+, Ho3+ along with Gd3+ ions may facilitate the
light transformation from NIR to UV.78,79 However, the substantial hy-
drogen generation evolved from Gd3+:TiO2 can also be implemented
in microfluidic or optofluidic based photocatalytic bioreactors with
illumination of UV LED array.80–82
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