
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
53

:0
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Improving light a
aCollege of Chemical Engineering, Huaqiao U

361021, P. R. China. E-mail: xjr@hqu.edu.c
bSchool of Chemistry and Chemical Engin

Jiangsu 225002, P. R. China
cKey Laboratory of Nanosystem and Hie

Excellence in Nanoscience, National Center

100190, China

† Electronic supplementary informatio
harvesting efficiency spectra, SEM ima
10.1039/d1ra02826j

Cite this: RSC Adv., 2021, 11, 16600

Received 12th April 2021
Accepted 29th April 2021

DOI: 10.1039/d1ra02826j

rsc.li/rsc-advances

16600 | RSC Adv., 2021, 11, 16600–16
bsorption and
photoelectrochemical performance of thin-film
photoelectrode with a reflective substrate†

Jingran Xiao, *a Lingling Peng,a Le Gao, a Jun Zhong,a Zhongliang Huang,a
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The charge separation/transport efficiency is relatively high in thin-film hematite photoanodes in which the

distance for charge transport is short, but simultaneously the high loss of light absorption due to

transmission is confronted. To increase light absorption in thin-film Fe2O3:Ti, commercial substrates

such as Cu foil, Ag foil, and a mirror are adopted acting as back-reflectors and individually integrated

with the Fe2O3:Ti electrode. The promotion effect of the commercial back-reflectors on the light

absorption efficiency and photoelectrochemical (PEC) performance of the hydrothermally prepared

Fe2O3:Ti electrodes with a variety of film thicknesses is investigated. As a result, Ag foil and the mirror

show favorable and equal efficacy while the promoting effect of Cu foil is limited. In addition, the

photocurrent increment achieved by the Ag back-reflector decreases linearly along with the logarithmic

of the film thickness and the optimized film thickness of the Fe2O3:Ti electrode is decreased from 520 to

290 nm. The high durability of Ag foil in the alkaline electrolyte during solar light irradiation is

demonstrated. Furthermore, the reflective substrate also shows a promotion effect on the BiVO4

photoanode and CuBi2O4 photocathode, as well as the unbiased photocurrent from a tandem cell

constituted by TiO2 and CuBi2O4.
1. Introduction

The photoelectrochemical (PEC) water splitting process is one
of the most promising options for solar light conversion direct
into available chemicals and has attracted extensive attention in
the research eld.1–3 Researchers focus particularly on the water
oxidation reaction since it involves four electrons and is of
higher difficulty than the water reduction counterpart. Various
photoanode materials have been intensively studied, including
TiO2, BiVO4, a-Fe2O3, WO3, etc, among which a-Fe2O3 possesses
superiority in that it is low cost, non-toxic and has high stability
in neutral and basic electrolytes, and most importantly is one of
the most applicable photoanode materials with a theoretical
photocurrent density up to 12.6 mA cm�2.4–9 However, the
known practical photocurrent density of the a-Fe2O3 photo-
anode is still less than 3 mA cm�2 at 1.23 VRHE (versus reversible
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hydrogen electrode).10,11 This should be partly due to the low
charge transfer efficiency and high onset potential caused by
sluggish water oxidation kinetics with the strong Fermi level
pinning effect of surface states.12,13 Besides, the carrier mobility
in a-Fe2O3 is merely 0.01 cm2 V�1 s�1 due to its poor intrinsic
conductivity. Therefore, severe bulk charge recombination
occurs in hematite photoanode which thereby limits the charge
separation and transport efficiency.14,15

To address this issue, an intensive effort has been denoted to
reduce the onset potential of a-Fe2O3 photoanode by passiv-
ation of surface states with a functional oxide layer (e.g. TiO2,16

Ga2O3,17 Al2O3,18 etc.) or acceleration of the oxidation reaction
kinetics by the assistance of an oxygen evolution reaction (OER)
catalyst.19–22 For instance, an impressively low onset potential of
0.45 VRHE has been reported by Wang's group realized by a re-
growth a-Fe2O3 photoanode loaded by NiFeOx catalyst.23 In
the meantime, the low-bias performance of a-Fe2O3 photo-
anodes is seen to have signicant progress,24 and that the high-
bias surface charge transfer efficiency can reach 100%.25,26 It
appears that to conquer the bulk charge27 recombination is
more challenging since the bulk charge separation/transport
efficiency is still lower than 30%,28,29 though conventional
efforts including element doping,30–32 nanostructure control,33,34

and heterojunction fabrication35–37 have been devoted.
Computational and experimental work has been focused on

the super-thin a-Fe2O3 photoanode. The hole collection depth
© 2021 The Author(s). Published by the Royal Society of Chemistry
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in a-Fe2O3 is only �12 nm, with hole diffusion length of �5 nm
and space charge layer width of �7 nm.38 In the super-thin a-
Fe2O3 photoanode, lm thickness matches the hole collection
length, thereby reducing the probability of charge recombina-
tion and improving the charge transport efficiency.39 However,
most photons are wasted due to strong light transmission
through super-thin a-Fe2O3, thus limiting the light absorption
efficiency. To address this problem, researchers have been
attempting to enhance light absorption efficiency by optical
means. The concept is to either construct a light diffuse layer to
trap the photons on the electrode by changing the direction of
photons or adopt a specular reection layer to simply accom-
plish secondary light absorption by light reection. Li et al.40

and Kim et al.41 prepared a-Fe2O3 thin-lm photoanodes on
a three-dimensional (3D) FTO substrate, which achieved
signicant improvement in light absorption and PEC perfor-
mance. As a fact, the applications of optical patterning
substrate for tunable optical reectance has been successfully
applied in photovoltaic, PEC, and light-emitting diode
elds.42,43 Dotan et al.44 provided a strategy by deposition of
a back-reection layer between the FTO layer and glass
substrate, which also efficiently heightened the light availability
in super-thin a-Fe2O3 photoanode. However, it must be
admitted that the manufacturing of 3D FTO or deposition of
a reective sub-layer is highly equipment dependent, techni-
cally difficult and too costly for real industrial applications.

Herein, to avoid using the costly equipment, we report
a facile and versatile strategy by adopting commercial light-
reective substrates such as Cu foil, Ag foil and mirror which
were individually assembled with the FTO glass acting as back-
reectors. The thickness of the Fe2O3:Ti nanorod electrode
prepared hydrothermally was controlled from 180 to 650 nm via
a hydrothermal method and the light absorption efficiency and
PEC performance affected by lm thickness were fully dis-
cussed. Also, the promoting effect of the back-reectors was
determined, which decreased as increasing the lm thickness.
The high stability of the reective substrate provides a long-
term guarantee for performance improvement. Besides, the
reective substrate shows high exibility and universality in
various photoelectrodes and tandem system. We put a concept
here that a simple integration of photoanode with a reective
substrate can signicantly improve the PEC performance.

2. Experimental section
2.1 Chemicals

The chemicals and reective substances were purchased and used
without any further purication, including the iron(III) chloride
hexahydrate (FeCl3$6H2O, 99.0%, Aladdin), titanium(IV) butoxide
(C16H36O4Ti, 99%, Adamas), methanol (CH3OH, 99.9%, Adamas),
anhydrous sodium acetate (CH3COONa, 98.0%, Guangfu), sodium
ferrocyanide (Na4Fe(CN)6, AR, Macklin), cupric nitrate trihydrate
(Cu(NO3)2$H2O, AR, Xilong), bismuth nitrate pentahydrate
(Bi(NO3)3$5H2O, 98%, Sigma-Aldrich), nitric acid (HNO3, 70%,
Sinopharm), ammonium vanadate (NH4VO3, 99%, Adamas),
hydrochloric acid (HCl, 37%, Sinopharm), ethanol (CH3CH2OH,
AR, Xilong), acetic acid (CH3COOH, 99%, Adamas).
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.2 Synthesis of the Fe2O3:Ti electrodes

The synthesis and modication methods of the Fe2O3:Ti elec-
trodes on FTO substrates were similar to our previous report.45

Briey, clean FTO glasses were immersed in a solution of 0.09M
FeCl3$6H2O and 0.1 M CH3COONa (230 uL HCl added to adjust
pH to 1.45) and hydrothermally treated at 95 �C before
immersing in 0.5% v/v titanium(IV) butoxide ethanol solution
for �2 s and calcined at 550 �C for 2 h and further annealed at
750 �C for 15 min. Then, the obtained Fe2O3:Ti electrodes were
solvothermal treated in absolute methanol at 180 �C for 12 h.
For thickness adjustment, the hydrothermal time was
controlled to 120, 130, 135, 150, and 180 min. The reective
substrate was integrated with each Fe2O3:Ti electrodes inde-
pendently by overlaying at the back-side of FTO.

The Au deposition on the Fe2O3:Ti electrode was done on
a sputter coater (Cressington 108Auto).
2.3 Synthesis of other electrodes

TiO2 electrode was prepared hydrothermally according to the
previous report.46 In brief, FTO was immersed in a mixture of
0.4 mL titanium(IV) butoxide, 15 mL DI water and 15 mL
concentrated HCl under stirring. Aer the hydrothermal reaction
at 160 �C for 4 h and calcination at 600 �C for 2 h, the TiO2 elec-
trode was obtained. BiVO4 electrode was prepared by a seed layer
assisted hydrothermal reaction at 180 �C for 12 h with Bi(NO3)3-
$5H2O and NH4VO3 as the Bi and V sources, followed by calcina-
tion at 450 �C for 2 h.47 The CuBi2O4 electrode was made by drop-
casting the solution of Cu(NO3)2$H2O and Bi(NO3)3$5H2O dis-
solving in ethanol/acetic acid mixture on FTO with an amount of
20 mL cm�2 and then calcining at 550 �C for 2 h.
2.4 Photoelectrochemical measurements

The PEC measurements of the electrodes for Fe2O3:Ti, TiO2 and
CuBi2O4 electrodes were performed at room temperature on the
electrochemical workstation (CHI 660D, CH Instruments) with
a three-electrode connection of platinum mesh as the counter
electrode, Hg/HgO (1M KOH) as the reference electrode, 1MNaOH
solution (pH 13.6) as the electrolyte with the electrodes facing to
simulated sunlight (AM 1.5G, 100 mW cm�2). The BiVO4 electrode
was tested similarly but in PBS solution (pH 7.4) with Ag/AgCl (3 M
KCl) as the reference electrode. Tandem PEC cell contains a two-
electrode conguration of TiO2 as the working electrode and
CuBi2O4 as the counter electrode. The bias-free photocurrent was
measured at 0 V with light irradiating on the TiO2 photoanode and
then the rear CuBi2O4 photocathode. The light was irradiated from
a xenon lamp (PerfectLight, PLS-SXE300D) whichwas equippedwith
an AM 1.5G light lter and a light shutter.

The polarization curves were scanned at 20 mV s�1. Chro-
noamperometry was tested at 1.23 VRHE to verify the stability of
the Fe2O3:Ti photoanodes with and without the reective
substance.

Cyclic voltammetry (CV) test was performed at scan rates
from 20 to 120 mV s�1 and the electrochemical surface area
(ECSA) was calculated with half the linear slope of the capacitive
current versus scan rate.48
RSC Adv., 2021, 11, 16600–16607 | 16601
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Fig. 1 XRD patterns and photographs (inset) of the Fe2O3:Ti elec-
trodes prepared by adjusting the hydrothermal time.
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Incident-photon-to-current conversion efficiency (IPCE) was
measured at 1.23 VRHE using bandpass ltered light from 350 to
700 nm and calculated by eqn (1):49

IPCE ¼ (1240J)/(lJlight) (1)

where J is the photocurrent density, l is the incident light
wavelength, and Jlight is the measured power density of incident
light.

Theoretical photocurrent density (Jabs) was estimated by eqn (2):50

Jabs ¼
ðl2
l1

LHE
l

1240
PabsðlÞdl (2)

where Pabs(l) is the solar irradiance at AM 1.5G as a function of
wavelength l and LHE is the light-harvesting efficiency.

Charge transfer efficiency (htran) was dened as the gener-
ated photocurrent density to Jabs (htran ¼ J/Jabs).

All the potentials were relative to the reversible hydrogen
electrode (RHE) by using the Nernst equation:

ERHE ¼ EHg/HgO + Eref
q + 0.0592 pH (3)

EHg/HgO
q and EAg/AgCl

qwere respectively determined to be 0.014 V
and 0.2 V through the cyclic voltammetry scanning of 1 mM
aqueous solution of Na4Fe(CN)6.
2.5 Characterizations

The X-ray diffraction (XRD) patterns of the samples were
measured at a scan rate of 8� min�1 on a Rigaku SmartLab X-ray
diffractometer with the Cu Ka radiation (40 kV � 30 mA). The
surface and cross-section morphology of the electrodes were
measured on a HITACHI SU5000 thermal eld emission scan-
ning electron microscope (SEM). The light-harvesting efficiency
of the electrodes and light reection efficiency of the reective
substrates were investigated on an Agilent Cary500 spectrom-
eter in diffuse reection pattern.
Fig. 2 Verticle (a–e) and cross-section (f–j) SEM view of the Fe2O3:Ti
electrodes prepared by adjusting the hydrothermal time; (a and f)
120min; (b and g) 130min; (c and h) 135min; (d and i) 150min; (e and j)
180 min. Scale bars are 500 nm.
3. Results and discussion
3.1 Fe2O3:Ti electrodes with different thicknesses

The Fe2O3:Ti electrodes fabricated hydrothermally with a varia-
tion of the hydrothermal time were photographed and showed
a tendency of colour to get deeper from light yellowish-brown to
dull red (inset in Fig. 1), indicating the increase of lm thick-
ness. The XRD pattern of the electrodes in Fig. 1 was well-
indexed to tetragonal SnO2 and hexagonal Fe2O3. The inten-
sity of the strong peaks of SnO2 stemmed from the FTO
substrate was identical for all the samples. It is noted that Fe2O3

showed a highly dominant orientation of (110) crystal plane
along with a weak peak of (330) plane and a negligible peak of
(104) plane. The increase in the intensity of (110) and (330)
planes was in coincidence with the prolonged hydrothermal
time, which also suggests the constant orientation of Fe2O3

during growth.
SEM images of the Fe2O3:Ti electrodes in vertical and cross-

section views are displayed in Fig. 2, all showing a nanorod
morphology with a diameter of tens of nanometres. However, as
16602 | RSC Adv., 2021, 11, 16600–16607
hydrothermal time increases, the nanorods became more
compact and the diameter of the nanorods increased (from
�50 to �80 nm), which was especially evidenced from the
comparison of Fig. 2b and c. Fig. 2d and e give evidence that
adhesion among the nanorods occurred when the lm is too
thick. The thickness of the electrodes was measured to 180,
250, 330, 520, and 650 nm, respectively, according to the
cross-section images (Fig. 2f–j). According to the correlation
between Fe2O3:Ti lm thickness and hydrothermal reaction
time (Fig. S1†), lm thickness increase was fast at the
beginning and then became slower, which conforms to
common growth kinetics.

The nanostructure morphology of the Fe2O3:Ti electrodes
contributes to a relatively high electrochemical specic surface
area (ECSA), as seen from the CV curves in Fig. S2a–e† and the
calculated results in Fig. 3a and S2f.† The ECSA was increased
as the lm became thicker. However, the increase rate of ECSA
was rapid for the thin lms and slowed down gradually when
the lm gets thick, which is understandable because the
incremental amount and length of the nanorods in the thin
lms dedicated to most of the surface areas while the adhesion
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The estimated electrochemical specific surface area (ECSA),
(b) the light-harvesting efficiency (LHE), and (c) the polarization curve
of the Fe2O3:Ti electrodes with the thickness of 180, 250, 330, 520 and
650 nm (named as Fe2O3:Tin, n represents the film thickness); (d)
variation of the calculated theoretical photocurrent (Jabs) and charge
transfer efficiency (htran) as a function of the film thickness. All the Y-
axis error bars in this work were counted by measurements of three
parallel specimens and the X-axis error bars were the measuring error
of 10 nm.

Fig. 4 (a) LHE and (b) polarization curve of the bare Fe2O3:Ti180
electrode and those supported by Cu foil, Ag foil and commercial
mirror (CM); (c) the polarization curves of the Fe2O3:Ti electrodes with
Ag back-reflector; (d) the calculated photocurrent density increment
at certain bias potentials as a function of the logarithm of film thickness
(dF) thanks to the light reflection of Ag foil.
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of nanorods in thick lms was inconducive to the surface area,
as indicated in Fig. 2. An enhancement in light-harvesting
efficiency (LHE) of the Fe2O3:Ti electrodes was achieved with
increasing lm thickness, which was well expressed at a range
of 350 to 610 nm (the absorption edge of Fe2O3:Ti), as illustrated
in Fig. 3b. The inescapable tail of LHE at 610 to 800 nm is due to
the absorption of bare FTO (Fig. S3a†). As an apparent view in
Fig. 3b, the LHE of Fe2O3:Ti650 exceeded absorbance of 90%
below 610 nm, where the waste of the rest photons should be
due to inevitable reectance rather than transmission, as sug-
gested by the stagnant absorptance in the UV range. That is, the
transmittance of prepared Fe2O3:Ti electrodes varied from
a high level to zero.

The PEC performance of the Fe2O3:Ti electrodes was
measured in terms of the light chopped polarization curve
scanned at 20 mV s�1 and plotted in Fig. 3c. All the samples
showed a typical curve of the Ti-doped Fe2O3 photoanode with
an onset potential of �0.85 V and a negligible dark current. The
Fe2O3:Ti180 electrode showed a favorable photocurrent density
of 2.3 mA cm�2 at 1.6 VRHE. As increasing the thickness, the
photocurrent was enhanced to a maximum of 3.0 mA cm�2 at
1.6 VRHE by the Fe2O3:Ti520 electrode and then decreased
marginally. The highest photocurrent density achieved by the
Fe2O3:Ti520 electrode was a result of balancing the light
absorption and charge transfer efficiency. Assuming 100%
absorbed photon-to-current efficiency, the theoretical photo-
current densities (Jabs) were simulated by weighing the solar
light irradiance with LHE (Fig. S3b†). Then the experimental
photon-to-current efficiency, that is the charge transfer effi-
ciency (htran), was calculated with the photocurrent density at
1.6 VRHE divided by Jabs. The values of Jabs and htran following
© 2021 The Author(s). Published by the Royal Society of Chemistry
lm thicknesses are compared in Fig. 3d. The Jabs increased
considerably when thickness increased from 180 to 330 nm
while less increase was seen for the thicker lms, indicating
that a thin part of the Fe2O3:Ti lm contributes to most of the
light absorbance. As for the htran, it showed in a volcano
shape with a maximum achieved by the Fe2O3:Ti290 electrode.
Since the htran is promoted in the nanorods where the hole
diffusion distance is short, the increase in the thin lms and
the decrease in the thick lms of htran along with lm
thickness are attributed to the formation of more nanorods
and the adhesion of nanorods, respectively. Considering
both the Jabs and htran, the excess increase of lm thickness
contributes little to light-harvesting and is at a cost of a loss
of charge transfer efficiency.
3.2 The improvement effect of reective substances

To li the light absorption of the Fe2O3:Ti electrodes, we simply
integrated a reective substance along with the FTO glass to
reect the transmitted photon for reabsorption by Fe2O3:Ti. The
polished Cu foil, Ag foil and the CM were used, and their
photography and reectance spectra are depicted in Fig. S4a.† It
shows that each has a degree of reex in UV-visible range, but
Cu foil exhibited a weak reection of photons with l < 550 nm
and the Ag foil and CM showed a favorable reection of photons
with wavelengths above 330 and 350 nm respectively. Moreover,
CM had higher reection than the Ag foil in wavelength
between 360 and 530 nm. Fig. 4a exhibits the reection result of
the three reective substances on the Fe2O3:Ti180 electrode. It is
observed that the Ag foil and CM showed a similar promoting
effect on the light absorption of the Fe2O3:Ti electrode. The
higher light absorption of Cu foil supported electrode was
unreliable since Cu had strong self-ability of absorption, which
RSC Adv., 2021, 11, 16600–16607 | 16603

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02826j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
53

:0
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
can be conrmed by the PEC performance shown in Fig. 4b. The
improvement of photocurrent was merely 2% assisted by Cu
foil, while that was 15% for electrodes with Ag and CM back-
reectors. Regarding that Ag foil and CM showed an almost
equal effect on both light-harvesting and the photocurrent
density, their function is indicated to merely result from the
light reection effect. Then, the performance of the electrodes
of different thickness with and without Ag back-reector was
compared (Fig. S5†). As a whole, all the electrodes realized
a performance enhancement aer assembling the Ag back-
reector except for the Fe2O3:Ti650 which should have
reached saturation of light absorption, and the photocurrent
increment decreases as increasing the lm thickness. For the
performance comparison of the Ag foil supported electrodes
depicted in Fig. 4c, although the performance has been
remarkably enhanced of the Fe2O3:Ti180 and Fe2O3:Ti250
electrodes with thinner lms, the championship of the
Fe2O3:Ti520 electrode was not shaken. However, it is unde-
niable that the Fe2O3:Ti260 and Fe2O3:Ti290 electrodes showed
comparable and equal performance in comparison with
Fe2O3:Ti520. It suggests that the Ag back-reector indeed
expressed its availability, but still with limited effectiveness
on performance enhancement of the Fe2O3:Ti electrode. On
a view of the photocurrent increment of the electrodes with
Ag reector at certain bias potentials, as indicated in Fig. 4d,
the photocurrent increment at 1.25 and 1.5 V was similar and
decreased from about 15% of the Fe2O3:Ti180 electrode to
zero of the Fe2O3:Ti650. An approximate linear relation was
found between the photocurrent increment and the loga-
rithmic of the lm thickness, which is coincident with the
previous result that the photon ux in a layer of Fe2O3:Ti
follows a logarithmic relationship with the lm thickness.44 A
control sample with a deposition of an Au reective layer on
the back-side of Fe2O3:Ti180 was also prepared. As seen in
Fig. S6,† there was a 4% photocurrent increase aer Au layer
deposition, much less than the Ag reector, indicating that
the light reection efficiency of a reective substrate can be
much higher than the deposited reective layer.

The incident photon-to-electron conversion efficiency
(IPCE) of the Fe2O3:Ti electrodes without the Ag back-
reector are plotted in Fig. 5a. With the lm thickness
increases from 180 to 250 nm, the enhancement of IPCE was
approximately equivalent to 10% at each wavelength of the
Fig. 5 Comparison of the incident photon-to-electron conversion
efficiency (IPCE) of the Fe2O3:Ti electrodes of different thicknesses (a)
with and (b) without Ag back-reflector.

16604 | RSC Adv., 2021, 11, 16600–16607
incident photon. Meanwhile, the enhancement at the UV
range was negligible but became more signicant at the
visible light range when the lm thickness further increased,
which is observably told as comparing the Fe2O3:Ti260 and
Fe2O3:Ti290 electrodes. This phenomenon is coincident with
the UV-vis spectra, again conrming that light absorption at
short wavelength is easier to reach a saturation state. It is
also noted that the quantum efficiency of photoanode
Fe2O3:Ti650 was lower at the whole wavelength of photons
than Fe2O3:Ti520, which is due to the low charge conversion
efficiency rather than the light absorption and thus inde-
pendent of the photon wavelength. When the Ag back-
reector was adopted, the escalation of IPCE for each pho-
toanode of different lm thickness, as can be observed in
Fig. S7,† followed the same trend with photocurrent density,
which again expressed the boosted photon conversion. It also
indicated that the back-reector was effective in the whole
tested light absorption range. As a result (Fig. 5b), the
difference in IPCE among the various Fe2O3:Ti electrodes
using an Ag back-reector dwindled, no matter at the UV or
the visible light range. The approximately identical IPCE of
the Fe2O3:Ti260, Fe2O3:Ti290 and Fe2O3:Ti520 were found with
a maximum of around 74.8%.

Based on the above results, Fig. 6 depicts a simplied
sketch of Ag back-reector affecting the PEC performance of
the Fe2O3:Ti photoanode. For a thin layer of bare Fe2O3:Ti
nanorod photoanode, the light conversion efficiency is high,
but the light absorption efficiency is limited due to strong
transmission. With the increase of the lm thickness, the
light absorption is enhanced but at a loss of charge transfer
efficiency. A trade-off between light absorption and charge
transfer efficiency appears to be inevitable. In the meantime,
the absorption of UV light reaches saturation for the lm
with a thickness of 260 nm, so the further increase of lm
thickness enhances light absorption more signicantly in the
visible light region. However, encouragingly, when an Ag foil
(or a commercial mirror) is integrated acting as a light back-
reector, the transmitted photons of l > 350 nm can be re-
ected through the Fe2O3:Ti layer to achieve re-absorption
and then improve the PEC performance. As a fact, the
promoting effect of the Ag reector is very similar to the
increase of lm thickness except for the independence of
photon wavelength.
Fig. 6 Schematic diagram of the PEC water splitting system and the
promoting effect of the Ag reflective substance on the light absorption
of Fe2O3:Ti electrode.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Long-term stability of photoanode Fe2O3:Ti180 with and
without the Ag reflective substrate; comparison of the polarization
curves of the (b) BiVO4 photoanode, (c) TiO2 photoanode and CuBi2O4

photocathode with and without the Ag reflective substrate; (d) chro-
noamperometry test of the TiO2//CuBi2O4 tandem cell under zero bias
with and without the Ag reflective substrate integrated with CuBi2O4.
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3.3 Stability and universal applications of the reective
substance

The promoting effect of the reective substrate has been
proved. To verify its durability during photoirradiation in the
highly alkaline electrolyte, the prolonged photocurrent of the
Fe2O3:Ti180 photoanode with and without the Ag reector was
measured (Fig. 7a). A photocurrent decay of Fe2O3:Ti180 was
observed, which is similar to our previous result.45 Aer the
integration of Ag foil, a higher photocurrent was achieved, and
the decreasing variation of photocurrent followed the same
trend as the bare one. Therefore, the high stability of the Ag
reector during the PEC test is determined.

Since the promotion effect of the reective substrate is
attributed by light reection, theoretically it can show avail-
ability on all the photoelectrodes with a thin-lm or incom-
plete light absorption. The extensively studied BiVO4, TiO2

photoanode and CuBi2O4 photocathode were prepared and
used as additional photoelectrode models. The SEM images
(Fig. S8†) indicate that polyhedral BiVO4, nanorod-like TiO2

and porous CuBi2O4 were obtained, which showed a thick-
ness of �360, �750, and �500 nm, respectively. According to
Table 1 List of photocurrent density with or without a Ag reflector and
photoelectrodes

Samples Jelectrode (mA cm�2)

Fe2O3:Ti (dF ¼ 180 nm)a 1.61
TiO2

a 0.95
BiVO4

a 0.44
CuBi2O4

b �0.26
TiO2 + CuBi2O4

c 0.064

a Bias potential of 1.23 VRHE.
b Bias potential of 0.3 VRHE.

c Bias-free phot

© 2021 The Author(s). Published by the Royal Society of Chemistry
UV-vis spectra (Fig. S9†), the absorption edge of BiVO4, TiO2

and CuBi2O4 are around 520, 415 and 675 nm, respectively.
With the integration of an Ag reector, the electrodes showed
enhanced light absorption to a different extent, among which
the enhancement of CuBi2O4 was much stronger than TiO2

and BiVO4. The difference in light-harvesting efficiency is
related to the intrinsic absorption property, lm compact-
ness in addition to lm thickness. Then, the promotion effect
of the Ag reective substrate on the PEC performance of these
photoelectrodes was evaluated (Fig. 7b and c). A slight
photocurrent enhancement of the BiVO4 photoanode was
achieved, with a 10% increase at 1.2 VRHE (Fig. 7b). A much
stronger photocurrent increase of the CuBi2O4 photocathode
was observed, with an increase of 30% at 0.4 VRHE. However,
there was little change in the performance of TiO2, which is
reasonable since TiO2 has a narrow absorption range in
the UV region and the contribution of the light reector
was very small.

Tandem cells by connecting a photoanode and a photo-
cathode to achieve bias-free water splitting have been regarded
as an ideal path for solar conversion, which will the key direc-
tion of future research in the eld.51,52 Herein, there was a wide
overlap between the polarization curves of TiO2 photoanode
and CuBi2O4 photocathode (Fig. 7c), which also have a large
difference in the light absorption range (Fig. S9b and c†),
a tandem cell can be constructed with TiO2 facing at the light
irradiation to utilize UV light and the rear CuBi2O4 exploiting
the rest visible light (see schematic in Fig. S10†). From the UV-
vis spectrum in Fig. S9d,† superimposed absorption of TiO2 and
CuBi2O4 was achieved by TiO2//CuBi2O4. Note that when the Ag
reective substrate was integrated with the rear CuBi2O4,
absorption enhancement was also achieved, indicating the
availability of reective substrate in tandem cells. Accordingly,
the unbiased photocurrent of TiO2//CuBi2O4 tandem cell along
time was measured (Fig. 7d). The generated photocurrent is
much lower than that in the polarization curve due to the strong
light blocking of TiO2. A 25% increase of photocurrent was
achieved from 0.062 to 0.078 mA cm�2 when the Ag reective
substrate is adopted, which approaches that of individual
CuBi2O4 photocathode. Table 1 summarizes the photocurrent
density increment by Ag reector of the recorded photo-
electrodes and highlights the universal applicability and
conspicuous promoting effect of adopting a reective
substance.
the photocurrent density increment by Ag reflector of the recorded

Jelectrode+Ag (mA cm�2) Jincrement (%)

1.85 15.0
0.96 10.5
0.48 9.1

�0.35 34.6
0.077 20.3

ocurrent aer 200 s run.

RSC Adv., 2021, 11, 16600–16607 | 16605

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02826j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
53

:0
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Conclusions

In summary, we rst prepared Fe2O3:Ti nanorod electrodes with
lm thickness from 180 to 650 nm. As the lm thickness
increased, the light absorption efficiency was heightened but
the charge transfer efficiency was essentially decreased, and
thus the PEC performance reached a maximum before
decreasing. The optimized lm thickness of the Fe2O3:Ti elec-
trode was 520 nm. To implement enhancement of light
absorption, reective substances of Cu foil, Ag foil and a mirror
were adopted acting as light back-reectors, among which the
Ag foil and mirror performed equally and considerably. The
promoting effect of the Ag back-reector was decreased with
increasing lm thickness. With the assistance of the Ag back-
reector, the optimized lm thickness of the Fe2O3:Ti photo-
anode was decreased to 290 nm, and the 260 nm-thick Fe2O3:Ti
also exhibited a comparable performance. More importantly,
the long-term durability and universal application of the Ag
reective substrate for promoting the PEC performance of
BiVO4 and TiO2 photoanodes, CuBi2O4 photocathode, and TiO2

photoanode//CuBi2O4 photocathode tandem cell were
conrmed. Therefore, this simple and feasible strategy is
promising for future study of the PEC system and easy for scale-
up applications without limitation of device manufacturing
equipment. It is noted that the reectance of the Ag foil was
merely 50% in the UV-vis range and the promoting effect on the
light absorption and PEC performance of the super-thin
Fe2O3:Ti layer (180 nm) was indeed incomplete. Therefore,
seeking other powerful back-reectors is currently underway in
our group to promote the performance of the Fe2O3 and other
photoelectrodes to a higher level.
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