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To elucidate the influence of electrode geometry on photocatalytic performance of TiO2, herein, we report 
the synthesis of three dimensional in-situ Gd-doped TiO2 nanofibers (TiO2-NFs) using simple 
electrospinning technique. The as-spun pristine TiO2-NFs show higher photocatalytic (PC) activity 10 

(k=0.013 m-1) than TiO2 nanoparticles (TiO2-NPs) (k=0.006 m-1) electrode, which could be attributed to 
the fast electron transport in 1D NFs. In addition, Gd-doped TiO2-NFs show nearly five-fold 
enhancement in PC degradation rate due to synergistically higher electron transport and production of 
HO• due to the effects of morphology and doping, respectively. In striking contrast, Gd-doping has no 
influence on PC activity of TiO2-NPs due to increased grain boundaries, signifying the vital role of 15 

electrode architecture. The mechanism of Gd doping in pure anatase TiO2 is investigated using density 
functional theory (DFT) calculations. The influence of Gd doping and the electrode architecture on the 
charge recombination and flat band potential variation in TiO2 are discussed elaborately using the 
ultraviolet photoelectron spectroscopy (UPS) and Mott-schottky analysis and the implications of these 
findings for designing doped 3D fibrous photoelectrodes are discussed. 20 

1. Introduction 

Photocatalytic degradation of organic pollutants from water has 
gathered a great deal of interest as it utilizes renewable solar 
energy and produces nontoxic by-products during the reaction.1 
On this note, several semiconductor materials including ZnO, 25 

SnO2, WO3, α-Fe2O3, and TiO2 have been widely investigated.2-4 
Among them, TiO2 is considered as the most popular and 
promising catalyst due to its low cost, non-toxicity, chemical & 
biological inertness, high photocatalytic (PC) efficiency, and 
photostability.5 Nevertheless, the large band gap of TiO2 (3.2 eV) 30 

absorbs the light only from the ultraviolet (UV) region (under 385 
nm), which results in limited PC application since only 3.0-5.0% 
of the incoming solar energy is utilized.6 Several attempts have 
been made to enhance the optical response of TiO2. Doping with 
metal ions (Fe,7 Ni,8 V,9 and Cr10), non-metallic elements (N,11 35 

S,12 and C13) and inducing defects in crystallite lattice14, 15 have 
been proposed as an efficient approach to tune the band gap 
energy of TiO2. Recently, it is shown that the incorporation of 
lanthanides into the TiO2 matrix could modify the electronic 
structure and optical properties of TiO2, and thus improves the 40 

PC performance.5 It is reported that gadolinium16 doping would 
enhance the PC efficiency of TiO2 due to the high adsorption 
capacity, half-filled electronic configuration, and the larger red 
shift.17  
On the other hand, engineering the electrode surface area also 45 

significantly influences the PC efficiency of TiO2, as the 
degradation of organic pollutant takes place mostly at the 
electrode surface. Therefore, nanomaterials with very high 
surface area are considered to be effective for the PC applications 
than micron-size materials.18-20 The nanostructured electrodes 50 

provide more adsorption sites for organic pollutants owing to 
their larger surface area and increase the light scattering sites that 
reduce loss from reflection by the complex internal structure. 
Among different nanostructures, one dimensional (1D) 
nanostructures offer more effective channels for electron 55 

transport due to the reduced junctions and grain boundaries 
compared to spherical nanocrystals. Such fast electron transport 
decreases the rate of recombination,21 which affects the PC 
degradation performance. However, there are no clear reports on 
the dominant factors influencing the PC decomposition of dye. 60 

Thus, understanding the effect of electrode geometry & doping 
on the PC dye degradation efficiency is critical to exploit the 
nanomaterials in its fullness.  
Here, we report a detailed and systematic study of the electrode 
morphology and doping on the PC degradation through 65 

experimental and theoretical analysis. This study could yield a 
wealth of information on the dominant factors governing the PC 
degradation efficiency of the electrodes. To demonstrate the role 
of electrode morphology and doping on the PC activity of 
electrodes, undoped and Gd-doped TiO2 nanoparticles (TiO2-70 

NPs) and nanofibrous (TiO2-NFs) electrodes were prepared using 
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sol gel route via hydrolysis-condensation process22 and 
electrospinning process, respectively and their effect on the 
optical, chemical and PC dye degradation properties were 
investigated in detail. In addition, we investigate in detail the 
mechanism of Gd doping in TiO2 matrix using density functional 5 

theory (DFT) calculations and address the structural benefits of 
the electrodes in accommodating the Gd-dopants and their 
consequences on the PC degradation. Also, the synergistic effects 
of Gd doping and the electrode architecture on the charge 
recombination and flat band potential variation in TiO2 are 10 

discussed elaborately using the ultraviolet photoelectron 
spectroscopy (UPS) and Mott-schottky analysis. 

2. Experimental 

2.1 TiO2 and Gd-doped TiO2 nanofibers 
Electrospun NFs were fabricated as follows. 0.75 g of titanium 15 

isopropoxide (97 %, Sigma Aldrich) was dissolved in 5 mL of 
N,N-Dimethylformamide (99.8 %, Sigma Aldrich). After stirring 
for 20 min, 0.3 g of acetic acid (99.5 %, Samchun Chemical) and 
1 g of poly (vinyl acetate) (Mw ~ 500,000, Sigma-Aldrich) was 
added and continued stirring overnight. The resulted 20 

homogeneous solution was transferred to the syringe equipped 
with 18-G metal nozzle. The NFs were electrospun onto the FTO 
substrates at a DC voltage of 20 kV with a flow of 0.2 ml/h. The 
distance between the substrate and nozzle was 17 cm. The 
electrospun nanofibers were uniaxially pressed (~ 84.4 kgf/cm2) 25 

for 10 min, followed by annealing at 450 oC for 3 h in air 
atmosphere. For Gd-doped TiO2-NFs, gadolinium oxide (99.9 %, 
Sigma Aldrich) was mixed with the TiO2 precursor solution by 
magnetic stirring prior to electrospinning. The doping amount of 
Gd was 0.5 %.   30 

 
2.2 TiO2 and Gd-doped TiO2 nanoparticles 

For the comparative study, pristine and Gd-doped TiO2-NPs were 
prepared via sol gel process using the same solution. The 
solutions were casted onto FTO substrates with a doctor blade 35 

and then hydrolyzed for 4 h. Finally, TiO2-NPs were formed after 
annealing at 450 oC in air atmosphere.   
 
2.3 Materials Characterization  

The morphology of TiO2 nanomaterials is observed using a field 40 

emission scanning electron microscope (FE-SEM, JEOL JSM-
7600F) and field emission transmission electron microscope (FE-
TEM, JEOL JEM-2100F). X-ray photoelectron spectroscopy 
(XPS) is used to investigate the surface composition and 
chemical states of TiO2 nanomaterials using an angular resolved 45 

electron analyzer with a monochromatic Al Kα source (model 
Theta Probe, Thermo Fisher Scientific). The XPS experiment was 
carried out in a high-vacuum chamber under a base pressure of 1 
× 10-6 Torr. The emitted electrons were detected at the angles 
between 23º and 83º. C1s peak was used to calibrate the binding 50 

energy of all the spectra. The optical absorption spectra of the 
electrodes were recorded in the range 350-900 nm by a JASCO 
UV-Vis spectrophotometer. Photoluminescence emission was 
recorded using Dongwoo Optron Co. Ltd. PL spectroscopy. The 
samples were irradiating at ambient temperature with a HeCd 55 

laser source (IK3501R-G, 325nm).  The beam width and 
resolution was controlled by MonoRa-750i Monochromator.  The  

Fig.1 Scanning electron microscope (SEM) images of (a) pristine TiO2 
nanoparticles, (b) Gd-doped TiO2 nanoparticles, (c) pristine TiO2 
nanofibers, and (d) Gd-doped TiO2 nanofibers. Insets indicate 60 

transmission electron microscope (TEM) images of the respective 
electrode. 

whole system equipped with a data acquisition unit (DAQ), a 
digitizer DAD-1602U, and optics for guiding the excitation beam 
and collecting luminescence signals.  65 

 
2.4 Photocatalytic activity measurements 

A 300 W spot light Xe lamp with an emission of λ > 380 nm was 
used (Hayashi Watch- works Co., Ltd, Japan, LA. 410VV-3) as a 
source for visible light radiation. The distance between visible 70 

light source and TiO2 photoelectrode was fixed 5 cm in the 
photoelectrochemical reactor. Methyl orange (MO) dye was the 
model pollutant used to evaluate the PC performance of the 
photoelectrodes. The initial concentration of MO was 100 µgL-1. 
The volume of MO used is 10 ml. UV–Vis spectrophotometer 75 

(Shimadzu, UV-1700) was used to analyze the concentration of 
MO during the course of photodegradation.  
 
2.5 Calculations 

The Gd inclusion into the TiO2 matrix was analyzed using first 80 

principles theory calculations. The energy calculations were 
performed with PW9123 method and plane wave model,24 which 
are installed in CASTEP program. All atoms were described 
using Vanderbilt ultrasoft pseudopotentials25 and cut off energy 
of 240 eV where the set of k-points used to expand the electronic 85 

wave function based on the Monkhorst-Pack scheme.26 The 
calculations were carried out in the anatase TiO2 primitive 
tetragonal structure and a Gd atom is substituted with a Ti atom 
in the unit cell. 

3. Results and Discussion 90 

3.1 Structure and morphology 

Fig. 1 shows the scanning electron microscope (SEM) images 
that describe the morphological changes of TiO2-NPs and TiO2-
NFs with Gd-doping. The size of pristine TiO2-NPs is around 75 
nm (Fig. 1(a)), whilst the Gd-doping increased the size of TiO2-95 

NPs to 125 nm (Fig. 1(b)). The inset transmission electron 
microscope (TEM) image precisely shows the dimension of 
individual NPs. The morphology of the electrospun TiO2-NFs  
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Fig.2 XPS results of (a) Ti 2p core spectra and (b) O1s core spectra of 
pristine and Gd-doped TiO2 nanofibers. 

and Gd-doped TiO2-NFs is shown in Fig. 1(c) and 1(d). Contrary 
to the NPs system, Gd-doping shows no effect on the dimension 
of TiO2-NFs, and thus resulting in NFs with a mean diameter of 5 

100 nm with a continuous 1D nanostructure. The increased size at 
TiO2 nanoparticulate structure under Gd doping may be ascribed 
to the possible aggregation of TiO2 grains whereas, in the case of 
Gd-doped TiO2-NFs, the predefined dimension might restrict the 
aggregation of TiO2 grains. As the agglomeration of grains could 10 

indulge the active surface area of TiO2 nanostructures, the 
nanofibrous electrodes are more viable and thus, anticipated to 
improve PC activity.27 Fig. S1 (see ESI†) shows the high 
resolution TEM images of pristine TiO2-NPs and TiO2-NFs. Both 
the electrodes exhibit the same d-spacing of 3.52 Å, which 15 

corresponds to (101) plane of anatase TiO2 (JCPSD no.21-1272). 
The selective area electron diffraction (SAED) patterns (Fig. S1, 
ESI†) also clearly support the presence of several characteristics 
planes of anatase TiO2 include (101), (004), (200), (211), and 
(204). However, no changes in the crystal structure of anatase 20 

TiO2 was observed in HRTEM images following the Gd doping 
and SAED patterns, which may be due to the lower doping 
concentration of 0.5 % gadolinium oxide. Further, the crystallite 
phase of pristine and Gd doped TiO2 samples (NP and NF) has 
been studied with X- ray diffraction spectra (XRD), it exhibits 25 

anatase (101) phase (Figure S3) with d-spacing of 3.51 Å (JCPDS 
21-1272) and is consistent with SAED observation.  
  
3.2 Chemical environment  
To investigate the influence of Gd doping on the chemical 30 

composition and chemical binding environment of TiO2 
nanomaterials, X-ray photoelectron spectroscopy (XPS) analysis 
was performed. Fig. 2(a) shows the Ti 2p core XPS results of 
pristine and Gd doped TiO2-NFs. Two peaks are observed at 

459.4 and 465.2 eV, which correspond to the signals of Ti 2p1/2 35 

and Ti 2p3/2, respectively, which ensure the characteristic binding 
energies of Ti4+ in TiO2 matrix.28 The Ti2p peak is shifted about 
~0.4eV to lower binding energy infer that doping ions (Gd3+)  
were occupied in TiO2 lattice.11  Similarly, O 1s spectrum 
exhibits a significant difference in the intensity of the shoulder 40 

located at ~532.4 eV. Gaussian fitting was used to investigate the 
detailed chemical environment of oxygen atoms. The oxygen 
atoms in TiO2-NFs have three possible chemical states such as 
lattice oxygen (530.7 eV), surface hydroxyl oxygen (532.5 eV), 
and surface adsorbed oxygen (533.6 eV).29-31 We have estimated 45 

the chemical composition of both pristine and Gd-doped TiO2 
using the XPS results (Fig. 2). The OH/Otot ratio values are 
summarized in Table 1 (also see supporting information table 
S1).  
Naldoni et al 32, 33explored the influence of hydroxyl group 50 

(degree of hydrophilicity) on TiO2 surface towards performing 
the pollutant mineralization. Qualitatively, the ratio of surface 
hydroxyl group and total lattice oxide (OH/Otot) considered as an 
indication of the degree of hydrophilicity.33 In the present case, 
Gd-TiO2 NF electrode showed high OH/Otot value ~ 0.17% than 55 

that of pristine TiO2 NF. Also, the value of OH/Otot is less at Gd-
TiO2 NP (~0.13%) compare to Gd-TiO2 NF electrodes. This may 
ascribe to the nature of TiO2 electronic structures (NF or NP) 
which control the Gd doping quantity. From table 1, it is inferred 
that the occupancy of Gd doping carriers promoting hydrophilic 60 

nature of TiO2 NF surface than TiO2 NP. It is worth mentioning 
that the high degree of hydrophlicity at TiO2-NFs is beneficial for 
effective adsorption of the pollutant molecule towards PC 
surface, which could promote the efficiency of PC degradation.34  
 65 

3.3 Optical property 

To evaluate the optical response of TiO2 nanomaterials in the 
visible light range, UV-Vis absorption and reflectance spectra 
were obtained as shown in Fig. 3 and Fig. S4. The absorption 
band edge of TiO2-NPs is ~350 nm which is in the UV region. As 70 

anticipated, Gd doping shifts the absorption band edge of TiO2-
NPs to 445 nm. This red shift is due to the transition of electron 
from the valence band to the doping energy level, which is well 
consistent with the previous reports on doping of rare earth 
elements into the TiO2 matrix.35 In the case of TiO2-NFs, it 75 

exhibit higher absorbance over the whole wavelength range than 
TiO2-NPs. This can be attributed to the structural contribution of 
1D nanostructure.  Interestingly, from Fig. S4, NFs show higher 
reflectance than NPs (<500nm), indicating an enhanced light 
scattering in visible wavelength range, which originate from 80 

complex inner structure of 1D TiO2-NFs leading to an increased 
light absorption.36 Furthermore, Gd-doped TiO2-NFs exhibit the 
maximum absorbance in both UV and visible range compared to 
other TiO2 nanomaterials. 

Table 1 Elemental composition (atomic %) of Ti and OH/Otot in pristine 85 

and Gd-doped TiO2 nanofiber electrodes. 

Electrode Ti OH/Otot 

TiO2 NF 22.3 0.11 
Gd-TiO2 NF 21.4 0.17 

TiO2 NP 21.5 0.11 
Gd-TiO2 NP 21.2 0.13 
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Fig.3 (a) Optical absorption spectra of pristine and Gd-doped TiO2 
nanofibers and nanoparticle electrodes. 

3.4 Photocatalytic property 

The photocatalytic properties of TiO2 nanomaterials were 
evaluated with methyl orange (MO) dye, a universal indicator, for 5 

PC degradation. TiO2 electrodes were prepared on the FTO glass. 
The thickness of pristine and Gd-doped TiO2-NPs electrode was 
found to be 3.7 and 3.3 µm, respectively. The electrodes were 
placed in aqueous MO solution with an initial concentration of 
100 µg L-1. The decrease in the concentration of MO during the 10 

course of photocatalysis process under visible light irradiation is 
given in Fig. 4. The rate of PC degradation of MO found to 
follow the pseudo first order rate kinetics and the corresponding 
rate constant (k) values of MO degradation on different electrodes 
are given in Table 2. In the absence of catalyst, MO is stable 15 

under visible light irradiation and after introducing TiO2 
nanostructured electrodes the PC degradation rate of MO 
increased monotonically as a function of electrode performance. 
Among the electrodes, pristine TiO2-NPs and Gd doped TiO2-
NPs electrode exhibited the lowest PC efficiency (0.006 m-1). It 20 

indicates that the doping of Gd into TiO2-NPs matix did not 
influence the photo degradation of MO. This is attributed to the 
poor distribution of Gd dopants in TiO2- NPs surface due to 
agglomeration and increased grain boundaries (Fig. 1(b)). Thus, 
the NPs electrode acts as electron hole combination centre rather  25 

than hole trapping centre. Conversely, the rate of degradation of 
MO at TiO2-NFs electrode is comparatively higher than that of 
pristine and Gd-doped TiO2-NPs electrodes. The multiple light 
scattering effects at 1-D fibrous channel (Fig 3(b)) contributes to 
the visible light activity (red light photons) of 1-D TiO2-NFs 30 

electrodes which promotes the PC degradation rate of MO to two 
fold (0.0134 m-1) compared to nanoparticles counterpart. 
Furthermore, the Gd doping found to be effective in enhancing 
the PC property of TiO2-NFs electrode, and resulted in nearly 
99% degradation of MO within 150 min of photocatalysis with 35 

the rate constant value of 0.026 min-1 which is one fold higher 
than that of TiO2-NFs electrode performance. Thus, the 
synergistic effects of Gd-doping coupled with the morphological 
benefits of TiO2-NFs results in fivefold enhancement in the PC 

Table 2. Rate constant (k) for PC degradation of MO dye at different 40 

electrodes. 

Electrodes k (m-1) R2 

TiO2-NPs 0.006 0.98 
Gd-doped TiO2-NPs 0.006 0.98 

TiO2-NFs 0.013 0.99 
Gd-doped TiO2-NFs  0.026 0.96 

degradation of MO than that of TiO2-NPs electrode counterparts. 
This endorses the superior performance and feasibility of NFs 
electrodes than NPs structures for doped photoelectrodes. The 
physical adsorption of organic molecules on catalytic surface has 45 

been studied in dark condition (circled portion in dark), which 
shows that Gd-TiO2 NF electrode have more MO loading than 
that of other electrodes. This may attributed to high degree of 
hydrophilicty as is discussed in table 1.  
 50 

3.5 Electronic interfaces 

The PC degradation process generally includes charge separation, 
charge transport, and charge recombination.  It is well reported 
that the external doping carriers often control the electron-hole 
separation at host semiconductor electrodes.37-39  Therefore, in 55 

order to further decipher the influence of Gd doping carriers at 
different TiO2 nanostructures, we have studied their charge 
recombination nature through photoluminescence (PL) spectra 
(without electrolyte) and the results are presented in Fig. 5(a). 
PL spectra provide more information on the kinetics of 60 

photocatalytic degradation.40 Typically, lower intensity of PL 
emission spectrum indicates less recombination of excited 
electrons and holes which means good affordability to PC 
degradation.41, 42 

Fig.4 Normalized photocatalytic dye degradation response of pristine and 65 

Gd-doped TiO2 nanoparticles and nanofibers electrodes. The electrodes 
were irradiated under visible light irradiation. The initial concentration of 
methyl orange was 100 µg L-1. 
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Fig.5 (a) PL emission spectra of pristine and Gd-doped TiO2 5 

nanostructures excited at 325 nm and (b) ultraviolet photoelectron spectra 
(UPS) of pristine and Gd-doped TiO2 nanostructures. 

From Fig. 5(a), it is found that the intensity of pristine TiO2-NFs 
is remarkably lower than the NPs counterpart, which implies that 
electron-hole separation is apparently higher at fibrous electrode. 10 

This could be attributed to the reduced grain boundaries at TiO2-
NFs electrode where recombination sites were lowered and thus 
facilitates the interfacial electron transfer to electrolyte.43 On the 
other hand, the Gd-doped fibrous electrodes show much lower PL 
emission intensity compare to pristine TiO2-NFs. This 15 

demonstrate that the presence of Gd ions could act as an effective 
electron scavenger to trap the TiO2 conduction band electrons and 
thus controlling the surface recombination (e- and h+) to a larger 
extent44 and hence promoting the PC degradation rate. The 
observed high charge separation nature at Gd doped TiO2-NFs 20 

electrode strongly supports and enhanced PC degradation 
performance on their surface and is in good agreement with Fig. 
4. Gd-TiO2-NPs electrode showed high PL intensity than that of 
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Fig.6 Mott−Schottky plots for bare and Gd doped TiO2 nanostructures. 25 

Gd-TiO2-NFs which clearly implies the poor PC degradation 
performance. This can be attributed to the agglomeration of TiO2 
material which inturn increases the recombination rates. 
It is significant to analyze the origin of observed disparity in the 
performance of Gd-doped TiO2-NFs electrode with Gd-doped 30 

TiO2-NPs electrode and their role in electronic interface of 
TiO2/MO electrolyte. One simple way to analyze the interfacial 
charge transfer is to study the work function of the pristine and 
doped semiconductors. Therefore, the work functions of these 
systems were estimated using ultraviolet spectroscopy (UPS). 35 

The UPS spectra of pristine and Gd doped TiO2-NPs and TiO2-
NFs electrodes are presented in Fig. 5(b). The work function of 
each electrodes were estimated using the following equation11 
 

ϕ=hϕ-EFE-Eonset         (1) 40 

 
where, hν = 21.2 eV (He I source), Eonset is the onset of the 
secondary emission, and EFE is the Fermi edge. The onset of the 
secondary emission (Eonset) was determined by extrapolating two 
solid lines from the background and straight onset. The estimated 45 

onset of the secondary emission, valence band maximum (VBM) 
and work function values are presented in Table S1 (See 
supporting information). From table S2, the work functions of 
TiO2-NFs and Gd-doped TiO2-NFs were calculated to be 3.6 and 
3.96 eV, respectively and for TiO2-NPs and Gd-doped TiO2-NPs 50 

is 4.32 and 4.50, respectively. The shift in work function (∆φn) 
under Gd doping is higher at NFs electrodes (∆φn= 0.36eV) 
compare to NPs electrodes (∆φn= 0.18eV). The high work 
function shift in NFs electrodes indicates that the occupancy of 
Gd3+ carriers is effective below the conduction band of TiO2-NFs 55 

framework and hence lowers the minimum. Such significant 
variation in conduction band minimum (CBM) indicates a 
positive shift in the flat band potential (Vfb) with respect to a 
normal hydrogen electrode (NHE).45 The positive shift indicates 
the production of large number of HO•, which is favorable for 60 

water detoxification. 
 

3.6 Influence of Gd doping at TiO2 lattice 

The role of Gd doping on flat band potential of TiO2 
nanostructures were investigated by Mott-Schottky plots. The MS 65 
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plots were obtained by impedance spectroscopy and results are 
presented in Fig. 6 and the extrapolation of Mott-Schottky plots 
(C-2 vs E, electrode potential) were extracted using the following 
equation and flat band potential can be estimated16, 46 
 5 

 
 

where C is the space charge capacitance, E the externally applied 
potential, Efb the flatband potential at semiconductor/electrolyte 
junction, ND the donor density, ε0 the permittivity of the free 10 

space, εTiO2 the permittivity of the semiconductor electrode, e the 
elementary charge, kB the Boltzmann’s constant, and T the 
operation temperature. Compared with bare TiO2-NFs electrodes, 
the Efb of Gd doped TiO2-NFs electrode shifted to -0.06V 
negatively which imply that a higher quasi-Fermi level could be 15 

obtained by doping Gd.46 In the case of TiO2-NPs electrodes 
there is no such significant Efb variation is observed. From the 
MS plots, it is clearly understood that Gd doping is apparently 
effective in NFs electrodes compare to NPs electrode. The 
observed Efb shift at Gd doped TiO2-NFs electrodes were in line 20 

with the UPS results. These results provide significant new 
insights into the differences between materials with rare-earth 
dopants optimized for NFs and NPs based photoelectrodes as 
well as choice of doping technique.  
Inherently, TiO2-NFs structure pertain high quantity of anatase 25 

(001) crystallite planes compared to nanoparticulate.47 According 
to ‘Lanthanide contraction’ law, these c-axis lattice sites at TiO2 
are more favorable for altering their electronic structure under Gd 
ion doping.5 Mostly, Gd doping carriers may replace the Ti sites 
rather Ti-O sites and form Ti1-XGdxO2. This speculation has been 30 

testified by DFT calculation and simulated results are presented 
in Fig. 7.  After the full optimization of anatase TiO2 primitive 
cell, the lattice parameters were a = b = 3.794 Å, c= 9.945 Å and 
α = β = γ = 90˚. The Ti atom, existing in the octahedral site of the 
unit cell, has boding length as 1.958 Å in xy-plane and as 2.003 Å 35 

along z-axis with neighbouring O atoms, which is shown in the 
Fig. 7(a). The inner stress of the cell is -0.047 GPa, and also the 
Cartesian components of the stress tensors are presented in the 
Table S3 (see supporting information).  
To investigate Gd doping effect into the TiO2 lattice, the Ti atom 40 

at the octahedral site in the unit cell was substituted by Gd atom. 
Remarkably, the bonding length of Gd atom and neighbouring O 
atoms ranges from 2.071 to 2.486 Å (Fig. 7(b)).  This might be 
due to larger atomic radius of Gd compared to Ti. Furthermore, 
the inner stress of the cell is 23.688 GPa that is 500 fold higher 45 

pressure than that of pure TiO2 cell, leading to large distortion of 
the lattice. This phenomenon coincides well with the previous 
report by Zhao et al. that lanthanide doping in the TiO2 matrix is 
thermodynamically unfavorable.5 From Fig. 7(b) and Table 4, it 
infers that the electronic structure of TiO2 is contracted by 50 

occupancy of lanthanide ions. The analogous contracted (001) 

Table 3 Cartesian components of stress tensor of Gd3+ doped TiO2 lattice 

Cartesian components (Gpa) 

 x y z 

x -22.761816 0.446653 0.946477 

y 0.446653 24.956437 0.396816 

z 0.946477 -0.396816 -23.345599 

 
Fig.7 Optimized structures of pristine TiO2 and Gd-doped TiO2. 
(Numbers in yellow are the bonding length of Ti (or Gd) and neighboring 55 

O atoms) 

TiO2 lattice crystallite structures under foreign atom (N ion) 
occupation was well studied.48, 49 It is reported that the lattice 
distortion by foreign atom in TiO2 lattice significantly promotes 
dipole moment of the crystal surface through enhancing the local 60 

internal field. The high dipole moment facilitates the separation 
of photoexcited electron–hole pairs at their crystallite surface and 
markedly suppresses the charge recombination. The minimized 
charge recombination rate by favorable Gd doping at (001) TiO2 
fibrous crystallite sites promotes the PC degradation 65 

performance. The simulated results of Gd doped (001) TiO2 
reflect the insights of fibrous surface and are consistent with the 
experimental results on PC dye degradation (Table 2). However, 
quantitative relationship between the electronic structure 
modification at Gd-doped TiO2-NFs and the enhancement of 70 

photocatalytic activity needs further investigation. 
From the above discussion, it is anticipated that the beneficial 
advantageous of Gd-doped TiO2-NFs electrodes in (a) improving 
visible light activity (b) high electron life time and (c) high 
scattering offer widespread applications as a photoanodes in 75 

photoelectrochemical energy conversion systems, dye or QDs-
sensitized solar cells, and water splitting hydrogen generation. 

4. Conclusion 

In summary, we demonstrate a simple one-step synthesis 
methodology of Gd-doped TiO2-NFs electrode for photocatalytic 80 

degradation of organic pollutants in water. The mechanism of 
Gd-doping was also described using density functional theory 
calculations. The NF architecture results in two-fold enhancement 
in PC degradation rate. A combination of structural benefits of 
NFs and doping of Gd to TiO2 matrix yields five-fold 85 

enhancement in the rate of PC decay of MO dye compared to the 
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conventional TiO2-NPs electrode. Such remarkable enhancement 
in the Gd-doped TiO2-NFs electrodes is attributed to the higher 
level of absorption by light scattering, fast charge transport along 
the TiO2-NFs, and the retarded recombination induced by the 
generation of lower energy level for Gd3+ carriers. These results 5 

clearly indicate that Gd-doped TiO2 fibrous architectures can be a 
potential candidate for efficient photocatalysis under visible light 
irradiation. Also, we expect that this methodology can be applied 
to fabricate high performance electrodes of photochemical 
devices. 10 
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