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for oxygen evolution, such as TiO 2 , [ 2 ]  
Fe 2 O 3 , [ 3 ]  BiVO 4 , [ 4 ]  and (oxy)nitrides [ 5 ]  due 
to their enough positive valence band 
positions. [ 6 , 7b ]  Among all these materials, 
hematite (α-Fe 2 O 3 ) is one of the most 
attractive candidates for PEC water oxida-
tion reaction because of its suitable band 
gap (2.0–2.1 eV) to absorb visible light, 
excellent stability in aqueous and under 
water oxidation conditions, nontoxic, 
and earth-abundant. [ 7–9 ]  However, the 
low conductivity, limited carrier life time, 
short hole diffusion length (2–4 nm) and 
high electron–hole recombination rate 
of hematite have prevented the perfor-
mance for solar energy conversion. [ 10–12 ]  
Consequently, it is preferable to prepare 
fi lms of a few nanometers so that the pho-

togenerated holes can be transferred to the electrode/electrolyte 
interface before recombination with electrons. Providing high 
reaction area for effi cient light harvesting towards these thin 
absorber fi lms (hematite based fi lms) is an effective approach 
to overcome the above-mentioned disadvantages. 

 Generally, loading oxygen evolution catalysts on the surface 
is one of the most popular methods to lower oxygen evolu-
tion reaction (OER) barrier of hematite photoanode materials, 
which has obtained considerable progresses due to rich selec-
tions in such kind of materials for matching. [ 13 ]  Various mate-
rials have been studied and deposited to the surface of hema-
tite, including IrO 2 , [ 14 ]  cobalt phosphate (Co-pi), [ 15 ]  nickel(II) 
hydroxide, [ 16 ]  and NiFeO  x   layers. [ 17 ]  Although these OER cata-
lysts have expressed reduce of onset potential to bare hema-
tite for water oxidation, some of them are restricted for their 
unstable property or having competing light absorbance in the 
visible light region. Furthermore, the whole photoelectrodes 
should not contain any rare elements, so OER catalysts such 
as RuO  x   and IrO  x   were not good choices considering the pos-
sibility for further practical use. Ferric oxyhydroxide (FeOOH) 
have been studied by several groups in recent years since Fe 
element is very abundant in the earth just after Si, Al, and O. 
In addition, it is stable at water oxidation conditions in neuter 
and alkaline conditions. As a result, it has been applied to 
some potential photoanodes, including Si, [ 18 ]  BiVO 4  [ 4 ]  and has 
shown improvement performances in both onset potentials 
and photocurrent densities. In this work, fl at hematite fi lms 
were prepared by pulsed laser deposition (PLD) on indium tin 
oxide (ITO) substrate and were subsequently coated with nano-
structured FeOOH by photoelectrodeposition. After decorating 
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  1.     Introduction 

 Due to the increasing global demand for energy, as well as 
the awareness of climate change, searching for clean energy 
source especially taking advantage of the enormous amount 
of solar energy becomes urgent. Using photoelectrochemical 
(PEC) photocells to produce hydrogen and oxygen from pure 
water provides a good candidate for solar energy conver-
sion. [ 1 ]  In the past few years, a number of exceptional n-type 
semiconductors have been widely researched as photoanodes 
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FeOOH cocatalyst, the onset potential had a cathodic shift about 
140 mV. It is observed that the FeOOH does not compete with 
hematite for light absorption while demonstrates remarkable 
enhancement for photocurrent density to more than four times 
of the bare Fe 2 O 3  photoanodes. The obtained Fe 2 O 3 /FeOOH 
photoanodes achieved quite high oxygen evolution rate from 
PEC water splitting, which was 10.1 µmol h −1  cm −2  at 0.43 V 
versus normal hydrogen electrode (NHE) (1.23 V vs reversible 
hydrogen electrode (RHE)) under air mass 1.5 G (AM 1.5 G) 
illumination for as long as 70 h. Overall, the nanostructured 
FeOOH decorated Fe 2 O 3  photoanode (simplifi ed as Fe 2 O 3 /
FeOOH) was fi rst obtained with high water oxidation rate and 
durability and showed great potentials as an all-Fe-based photo-
anode for PEC water oxidation.  

  2.     Results and Discussion 

 The details for preparing Fe 2 O 3  fi lms by PLD have been illus-
trated in our previous articles. [ 19 ]  The freshly prepared Fe 2 O 3  
photoanode showed relatively lower photocurrent compared 
with other reports because the fi lms fabricated by PLD are gen-
erally smooth with low reaction area. In order to improve the 
effi ciency of the photo generated holes to oxygen and lower 
the overpotential of Fe 2 O 3  photoanode, FeOOH were depos-
ited by photoelectrodepositon from FeSO 4  solution as previous 
reports. [ 4 ]  The cyclic-voltammetry (CV) curves of FeSO 4  solution 
baths on Fe 2 O 3  are shown in Figure S1a, Supporting Informa-
tion. Based on the CV curves, the voltage for FeOOH deposi-
tion from FeSO 4  was fi xed on 0.2 V versus Ag/AgCl under AM 
1.5 G illumination. Representative current–time trace for 

FeOOH deposition is shown in Figure S1b, Supporting Infor-
mation. After the deposition of FeOOH on the surface of Fe 2 O 3 , 
the whole piece was put into the oven and annealed at 300 ºC 
in air for 2 h. FeOOH with different amount were fabricated to 
optimize the maximum photocurrent (Figure S2a, Supporting 
Information). It is demonstrated that Fe 2 O 3  photoanode with 
6.5 mC cm −2  amount of nanostructured FeOOH showed the 
best improvement in photocurrent density and onset potential. 
As a result, in the following experiments, the FeOOH cocata-
lyst was maintained with amount of 6.5 mC cm −2 , which were 
obtained by photoelectrodeposition under 0.2 V versus Ag/AgCl 
applied bias for 1 h. The surface morphology of bare Fe 2 O 3  
and Fe 2 O 3  loaded with different amount of FeOOH cocatalyst 
are shown in  Figure    1  . The amount of FeOOH for samples 
in Figure  1 b–d were 3.4, 6.5, and 12.7 mC cm −2 , respectively. 
So the sample shown in Figure  1 c had the maximum photo-
current density among the three samples. It is observed that 
the surface morphology of Fe 2 O 3  and FeOOH were quite dif-
ferent. The surface of Fe 2 O 3  showed a relatively smooth mor-
phology (Figure  1 a), and the average roughness was only 
≈4.5 nm (Figure S3, Supporting Information). While in the ini-
tial stage of deposition, the FeOOH was in form of nanosheet 
(Figure  1 b,c) with thickness only ≈15 nm (inset in Figure  1 c). 
The thicknesses of FeOOH layer were ≈70 and ≈100 nm, respec-
tively, as shown in Figure S4, Supporting Information. As a 
result, with deposition time increased, not only the thickness 
but also the density of FeOOH layer was increased. Since the 
FeOOH nanosheets were grown cross the surface of Fe 2 O 3 , 
the rugged surface formed would increase the reaction area of 
the photoanodes. Besides, after uniformly covering by FeOOH, 
the reaction area increased with the deposition time extending. 
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 Figure 1.    SEM (scanning electron microscope) images of a) bare Fe 2 O 3 , b–d) Fe 2 O 3  with different amount of FeOOH. The amount of FeOOH for 
(b–d) are 3.4, 6.5, 12.7 mC cm −2 , respectively.
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However, when FeOOH reached a certain amount, the particles 
of FeOOH grew bigger. The FeOOH were no longer in form of 
nanosheets, but like ribbons which covered almost the whole 
surface of Fe 2 O 3 .  

 As no peaks of FeOOH can be found from the x-ray dif-
fraction (XRD), the FeOOH were likely to be amorphous and 
were characterized by x-ray photoelectron spectroscopy (XPS) 
( Figure    2  ) and Raman spectroscopy (Figure S5, Supporting 
Information). The composition of FeOOH cocatalyst was char-
acterized by XPS (Figure  2 ). From the XPS spectra of Fe (2p), 
Fe 3+  is obviously found. And it indicates that almost all the Fe 2+  
in FeSO 4  was oxidized to Fe 3+  during the deposition process. 
In the region of O (1s) in XPS spectra, there are three strong 
peaks. The lower peak (529.3 eV) is attributed to O 2−  species 
while the higher peak (531.0 eV) is attributed to OH − . The peak 
at 532.0 eV is attributed to adsorbed water. [ 18 ]  In order to get 
more insight into the as prepared FeOOH cocatalyst, Raman 
spectroscopy was used. The sample for Raman characteriza-
tion was deposited for 12 h to get a relatively strong signal. 
The combination of clear peaks at 475 and 1000 cm −1  are easily 
distinguished from other iron (oxy)hydroxide spectrums indi-
cating goethite (α-FeOOH) was obtained in our experiments 
(Figure S5, Supporting Information). [ 18a ]  The peaks were broad. 
This is because the goethite prepared by photoelectrodeposition 
was amorphous in which only a short range order exists. [ 18b,c ]  
Besides, no sulfur peak is found in the energy dispersive spec-
trometer (EDS) spectra as shown in Figure S6, Supporting 
Information. From all the results discussed above, the FeSO 4  
was totally transformed into FeOOH on the surface of Fe 2 O 3  
after deposition and postannealing.  

 The absorption spectrums of Fe 2 O 3  photoelectrodes with or 
without nanostructured FeOOH are shown in Figure S7, Sup-
porting Information. The absorption region of FeOOH is below 
350 nm, indicating the FeOOH are not able to compete with 
Fe 2 O 3  for the light absorption in the visible light region. Cur-
rent–potential curves of bare FeOOH were further used to make 
sure whether it made any contribution to the photocurrent den-
sity (Figure S8, Supporting Information). The current–potential 
curve in the dark and light was nearly the same, meaning the 
nanostructured FeOOH have very weak light response under 
light irradiation which can almost be neglected. As a result, 
the photogenerated holes for water oxidation in Fe 2 O 3 /FeOOH 
photoanodes are mainly come from the Fe 2 O 3  layer prepared by 

PLD, while the nanostructured FeOOH are only functioned as 
cocatalyst to increase the amount of holes involved in the water 
oxidation reaction. 

 Details about comparison of the PEC performance between 
Fe 2 O 3  with or without FeOOH present are shown in  Figure    3  . 
Linear-sweep-voltammetry (LSV) sweeps for Fe 2 O 3 /FeOOH pho-
toanode were performed in 1  M  NaOH solution both in dark 
and light under AM 1.5 G illumination (Figure  3 a), with sim-
ilar tests for bare Fe 2 O 3  as reference. The current density had 
increased a lot after coating nanostructured FeOOH cocata-
lyst. While the onset potential of Fe 2 O 3  shifted negatively from 
≈0.13 to ≈0 V after FeOOH decoration. To quantitatively value 
the amount of cathodic shift on onset potential from the FeOOH 
decorated Fe 2 O 3  photoanode, we further analyzed the LSV curve 
(Figure  3 a) according to the report by Formal [ 20 ]  and Wang. [ 17 ]  
First, the differential curve between potential and current den-
sity was made. And then the onset potential is defi ned as the 
value at which d J /d V  > 0.2 mA cm −2  V −1  (Figure  3 b). The onset 
potential for bare Fe 2 O 3  was 0.08 V while the onset potential for 
FeOOH decorated Fe 2 O 3  was −0.06 V. As we can see, the 140 mV 
potential shifts are almost consistent with the current–potential 
curves as shown in Figure  3 a. To examine the photoresponse of 
the nanostructured FeOOH decorated Fe 2 O 3  over time,  I – t  curve 
of Fe 2 O 3 /FeOOH at 0.43 V versus NHE (1.23 V vs RHE) was 
measured (Figure  3 c). Once the light was turned on, a spike in 
the photoresponse can be observed for all the samples because 
of the rapid effect upon power excitation, but the photocurrent 
quickly turned back to a steady state within 1 s.  

 The nanostructured FeOOH decorated Fe 2 O 3  exhibited supe-
rior PEC performance, increased photocurrent density and 
decreased onset potential. The highly improved current den-
sity was partly owed to the nanostructured FeOOH. Besides, 
the contact between FeOOH cocatalyst and Fe 2 O 3  were quite 
good, so that the recombination rate of electron-hole pairs was 
maintained at a low range at the Fe 2 O 3 /FeOOH interface. The 
decreased recombination rate also made the current density 
increased signifi cantly. 

 Moreover, it is proposed that the existence of FeOOH 
decreased the reaction barriers for water oxidation and facili-
tated the holes transfer to the electrode/electrolyte interface, 
accounting for the greatly improved PEC performance. It is 
commonly known that the electrochemical impedance spectros-
copy (EIS) analysis provides information about the interfacial 
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 Figure 2.    XPS spectrums of a) Fe (2p) and b) O (1s) for FeOOH.
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properties of electrodes. [ 21 ]  The diameter of the semicircle 
in EIS equals the electron transfer resistance, which subjects 
the electron transfer kinetics of the redox probe at the elec-
trode interface. [ 21 ]  Figure  3 d shows the typical EIS curve for 
bare Fe 2 O 3  photoanode and Fe 2 O 3 /FeOOH photoanode in 1  M  
NaOH under illumination, respectively. A smaller diameter is 
observed in the curve of Fe 2 O 3 /FeOOH photoanode under illu-
mination relative to bare Fe 2 O 3 , which means the resistance 
between FeOOH/electrolyte interface was much smaller than 
the Fe 2 O 3 /electrolyte interface. This indicates a conducting 
effect of the FeOOH on the charge–transfer process which 

would decrease the charge transfer barrier at the electrode 
interface. As a result, the oxygen evolution reaction barrier was 
reduced by decreasing the charge transfer barrier as reported 
in previous reports. [ 22–24 ]  Water oxidation was easier to realize 
due to the decreased reaction barrier, so a cathodically shift 
appeared in the onset potential. 

 The effect of FeOOH on enhancing PEC performance of 
Fe 2 O 3  was further confi rmed by comparing the potential pro-
viding the same current density (0.5 mA cm −2 ) as well as the 
current density at the same applied voltage (0.43 V vs NHE) as 
shown in  Figure    4  . The potentials to generate current density 
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 Figure 4.    a) Potential (V vs Ag/AgCl) versus time for Fe 2 O 3  and Fe 2 O 3 /FeOOH, respectively, at 0.5 mA cm −2 . b) Photocurrent obtained at 0.43 V versus 
NHE of Fe 2 O 3  and Fe 2 O 3 /FeOOH, respectively. The solution is 1  M  NaOH (pH = 13.6) while the light source is AM 1.5 G illumination.

 Figure 3.    Comparison of the PEC performances of Fe 2 O 3  with or without FeOOH in 1  M  NaOH (pH = 13.6) solution. a) Current–potential curves 
under AM 1.5 G illumination. b) First-order derivative of the photocurrent density as a function of voltage.  V  on  is defi ned as the value at which 
d J /d V  > 0.2 mA cm −2  V −1 . c) Current–time curves at 0.43 V versus NHE under AM 1.5 G illumination. d) Nyquist plots measured under the same 
illumination at 0.43 V versus NHE.
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about 0.5 mA cm −2  for Fe 2 O 3  and Fe 2 O 3 /FeOOH photoanodes 
were 0.63 V versus NHE (0.43 V vs Ag/AgCl) and 0.23 V versus 
NHE (0.03 V vs Ag/AgCl), respectively (Figure  4 a). Besides, 
the photocurrent density at 0.43 V versus NHE (1.23 V vs 
RHE) for bare Fe 2 O 3  was only 217 µA cm −2 . However, when 
nanostructured FeOOH was decorated on the surface of Fe 2 O 3  
with appropriate amount (6.5 mC cm −2 ), the photocurrent 
reached about 850 µA cm −2 , which is nearly four times of the 
Fe 2 O 3  without FeOOH loading (Figure  4 b). Conclusively, the 
existences of FeOOH cocatalysts help lower the overpotential of 
Fe 2 O 3  photoanode and increase the photocurrent density signif-
icantly. Besides, both the Fe 2 O 3  photoanode and Fe 2 O 3 /FeOOH 
photoanode showed stable current density after illuminated for 
150 min. This also confi rmed that the contact between FeOOH 
and Fe 2 O 3  was well qualifi ed even an external bias is applied.  

 Water splitting experiments (Figure S9, Supporting Infor-
mation) at 0.43 V versus NHE (1.23 V vs RHE) were moni-
tored using 100 mW cm −2  AM 1.5 G illumination to certifi -
cate whether the anodic photocurrent generated by the Fe 2 O 3 /
FeOOH photoanode is the exclusive result of O 2  evolution. The 
PEC water splitting experiments were carried out for more 
than 70 h to make sure its long-term stability. The rate for 
O 2  evolution at the surface of Fe 2 O 3 /FeOOH photoanode was 
10.1 µmol h −1  cm −2  ( Figure    5  b), while there was no obvious 
decay in this performance even after 70 h. This performance 
is comparable with Co 3 O 4 /La 2 Ti 2 O 7  (≈3 µmol h −1 , 2.5 h) [ 25 ]  
and BaWO  x  N  y  -BaTaO 2 N (≈11 µmol h −1 , 10 h) [ 26 ]  photocells. 
Moreover, the stability of the devices was much better com-
pared with the above mentioned samples. The high durability 

can be easily observed from the  I – t  curve for water splitting as 
shown in Figure  5 c. The current density going steadily with 
time increasing, and only 4.4% decay occurred even after 70 h 
reaction. This can be attributed to the high quality of Fe 2 O 3  pre-
pared by PLD and the good contact between the nanostruc-
tured FeOOH and Fe 2 O 3 . The gas generation rates of H 2  and 
O 2  for the Fe 2 O 3 /FeOOH-Pt PEC device was nearly 2:1, indi-
cating the photocurrent density come from pure water splitting 
in this system. The dark current of this PEC device was quite 
low and no gases were detected without light turned on. Plus, 
the amount of O 2  generated was in good agreement with half 
amount of the holes passing through the outer circuit (e − /4, 
indicated by the broken line), indicating that the obtained pho-
tocurrent was derived from water splitting. A 97.3% Faradaic 
effi ciency was calculated based on the amount of generated O 2  
and the holes. This means nearly all the holes in the circuit 
were used for water oxidation.  

 Finally, monochromatic incident photo-to-electron conver-
sion effi ciency (IPCE) analysis of Fe 2 O 3 /FeOOH photoanode 
was processed in 1  M  NaOH at 0.43 V versus NHE (1.23 V vs 
RHE) and the curve was shown in  Figure    6  . The IPCE decreased 
gradually with the wavelength increases. Light with wavelength 
below 600 nm make contribution to the photocurrent density of 
Fe 2 O 3 /FeOOH photoanodes, and the IPCE reached a maximum 
of 20.2% at 400 nm. Since the nanostructured FeOOH cannot 
change the absorption performance of Fe 2 O 3  in the visible light 
region as discussed above, the trend of IPCE for Fe 2 O 3 /FeOOH 
photoanode was in good accordance with the absorption spec-
trum for bare Fe 2 O 3  (Figure S7, Supporting Information).   
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 Figure 5.    a) Schematic view of Fe 2 O 3 /FeOOH photoanodes and their energy diagram for PEC water splitting. b) Long-time gas evolution curves for 
FeOOH decorated Fe 2 O 3  photoelectrode under AM 1.5 G illumination at 0.43 V versus NHE (1.23 V vs RHE), and c) corresponding  I – t  curve. Broken 
line in (b) is the amount of O 2  calculated from photocurrent in (c) assuming 100% faradaic effi ciency.
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  3.     Conclusion 

 The decorating of nanostructured FeOOH by photoelectrodepo-
sition on the surface of hematite lead to an obvious decrease 
in the applied potential required to drive photoelectrochemical 
water oxidation as well as a great increase in the photocurrent 
density. The photocurrent onset potential shifted cathodically 
by 140 mV, and the photocurrent density increased to nearly 
four times at 0.43 V versus NHE (1.23 V vs RHE) compared to 
bare hematite photoanodes. This can be ascribed to the high 
reaction area for the nanostructured morphology and high 
electrocatalytic activity of FeOOH, which increased the amount 
of photogenerated holes involved in the water oxidation reac-
tion and accelerates the kinetics of water splitting. Moreover, 
the gas generation rate of H 2  and O 2  for the Fe 2 O 3 /FeOOH-
Pt PEC device was nearly 2:1, and the oxygen evolution rate 
for such prepared Fe 2 O 3 /FeOOH photoanode was as high as 
10.1 µmol h −1  cm −2 . Furthermore, the high rate for water oxida-
tion lasted for as long as 70 h with no obvious sigh of decay in 
the performance. As a result, we demonstrated the nanostruc-
tured FeOOH has great potential for application in PEC water 
oxidation as cocatalysts.  

  4.     Experimental Section 
 Fe 2 O 3  thin fi lms were prepared by PLD method using a Fe 2 O 3  pellet as 
the target and ITO as a substrate according to previous article. [ 19 ]  The 
temperature for fi lm deposition was 550 °C and the target was irradiated 
by laser for 20 min. After the laser irradiation, the fi lm was kept at the 
same temperature in pure oxygen for 20 min. Such prepared hematite 
fi lm had a thickness about 70 nm. Then nanostructured FeOOH were 
deposit on the Fe 2 O 3  by photoelectrodeposition at 0.2 V versus Ag/AgCl 
in 0.1  M  FeSO 4  solution. The light source was AM 1.5 G which is about 
100 mW cm −2 . 

 Raman scattering spectra were measured using the Raman 
spectroscope (NRS-1000; Jasco Corp. Japan) equipped with an 
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser (532 nm). 
The laser power is 1 mW. Field-emission scanning electron microscope 

(JSM-6701 F, JEOL) were used to characterize the morphology of 
the samples. Energy dispersive spectroscopy (SU8000, Hitachi Co., 
Japan) were used for element characterization. XPS experiments were 
performed in a Theta probe (Thermo Fisher) using monochromated Al 
Kα x-rays at  hν  = 1486.6 eV. Optical absorption properties of the Fe 2 O 3  
and FeOOH were measured through an UV–vis spectrophotometer 
(UV-2500PC; Shimadzu Co., Japan). 

 PEC measurements were obtained with an electrochemical station 
(ALS/CH model 650A) in a three-electrode mode. Platinum and 
saturated calomel electrode (SCE) were used as the counter electrode 
and reference electrode, respectively. AM 1.5 G solar simulation 
(WXS-80C-3 AM 1.5 G) with a light intensity of 100 mW cm −2  was 
utilized as the light sources directly without adding any light fi lter. 

 The solution for PEC measurements was 1  M  NaOH aqueous. 
 Hydrogen and oxygen generation of the prepared Fe 2 O 3 /FeOOH 

photoanodes were measured using a water splitting system. FeOOH/
Fe 2 O 3  fi lm with an area of 1 cm 2  on ITO (2 × 1 cm 2 ) was used. A 180 mL 
quantity of 1  M  NaOH solution was put in a quartz glass cell (≈1.0 L). 
Then this glass cell was fi xed on the water splitting system which was 
connected with a closed gas circulation system. There are three parts 
in the water splitting system including a vacuum line, a reaction cell, 
and a gas sampling port which were shown in Figure S9, Supporting 
Information. The generated H 2  and O 2  were in situ analyzed with a 
thermal conductivity detector (TCD) gas chromatograph (Shimadzu 
GC-8AIT, argon carrier). Similarly, AM 1.5 G solar simulation (WXS-80C-3 
AM 1.5 G) with a light intensity of 100 mW cm −2  was utilized as the light 
sources directly without adding any light fi lter.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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