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Irradiation Direction-Dependent Surface Charge
Recombination in Hematite Thin-Film Oxygen Evolution
Photoanodes
Guancai Xie+,[a, b] Xiaoyue Zhang+,[c] Xiao Ouyang+,[a, b] Qi Xin,[a] Beidou Guo,*[a, b] and
Jian Ru Gong*[a]

For photoelectrochemical (PEC) devices, light irradiation direc-
tion changes photogenerated charge distribution and thus will
affect the charge collection efficiency of the photoelectrodes.
Herein, we studied the influence of irradiation direction on
charge collection properties of α-Fe2O3 photoanodes with
different geometries, and demonstrated the controlled charge
collection by modifying surface geometry. An irradiation
direction-dependent surface charge recombination was identi-
fied. In comparison with backside irradiation, frontside irradi-

ation was found to be favorable to obtain high photocurrent
because of the effective hole collection, except for the thick
planar film due to its high surface recombination. This problem
can be solved by patterning the planar film surface with
nanonet geometry to promote surface charge transfer. As a
result, the nanonet photoanode exhibited a higher photo-
current than the planar counterpart under frontside irradiation.
Our finding provides useful guidance on designing high
efficiency PEC devices.

Introduction

Photoelectrochemical (PEC) water splitting using semiconduc-
tors is a promising way to produce sustainable hydrogen fuel
from solar energy.[1–4] Since the pioneering work of the TiO2

photoanode for PEC water splitting by Fujishima and Honda in
1972,[5] plenty of semiconductors have been reported to be
active for PEC water splitting, including n-type semiconductors
like α-Fe2O3,

[6,7] BiVO4,
[8] g-C3N4,

[9] and WO3
[10] as photoanodes for

oxygen evolution and p-type semiconductors like Cu2O
[11] as

photocathodes for hydrogen evolution. To improve the PEC
performance of semiconductor photoelectrodes, many strat-
egies such as hetero atom doping,[12] construction of
heterostructures,[13–15] and deposition of electrocatalysts,[16–18]

have been proposed. Overall, the key to optimizing the PEC cell
lies in efficient collection of charge carriers generated in the

semiconductor photoelectrode under irradiation both at the
semiconductor/substrate interface (SSI) and at the semiconduc-
tor/liquid junction (SCLJ).[19,20] Studying the relevant kinetic
processes of charge carriers is thus essential in the design and
optimization of a PEC cell.

Light irradiation direction has found to affect charge
collection properties because the light intensity distribution
and hence the charge distribution in the photoelectrode will be
changed under different light irradiation directions.[21–23] There
are two incident directions in PEC measurements, namely, the
frontside irradiation (FI) and backside irradiation (BI). The former
refers to light irradiation from the SCLJ side while the later the
SSI side. It is generally believed that for photoanodes, FI is an
electron transport limited condition and beneficial for hole
collection because most of the photogenerated electrons need
to diffuse through the film to the SSI for collection while BI is a
hole transport limited condition and beneficial for electron
collection.[24,25] Xiao et al. identified a trap-limited electron
transport region existing under BI in mesoporous BiVO4 photo-
anodes, which leads to the higher PEC performance of BiVO4

film under FI than that under BI.[26] For a certain semiconductor
photoelectrode, the preferable direction of irradiation depends
on its electron and hole mobility.[24] For example, undoped
BiVO4 nanoparticle photoanode has higher PEC activity under BI
than FI due to its low electron mobility.[25,27] Enhancing the
electron transport property by doping can give identical or
higher PEC activity under FI than BI, as observed in hydrogen-
doped or Mo-doped BiVO4 nanoparticles.[8,28] The introduction
of nanostructures can also affect the preferable irradiation
direction on the material. Some nanostructured α-Fe2O3 photo-
anodes, such as mesostructured morphology[16] or cauliflower,[29]

are commonly tested under FI for the larger photocurrent
density than under BI. While some nanostructured α-Fe2O3

photoanodes, like the nanorods[30] or nanoplate arrays[31] show
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high photocurrent only under BI. However, the comprehension
of how the direction of irradiation affecting the carrier
collection in semiconductor photoelectrodes with different
geometries is still relatively limited.[24,26]

Herein, taking hematite (α-Fe2O3) photoanode as a model
system, we investigated the influence of frontside irradiation
and backside irradiation on charge collection property, by using
a series of hematite photoelectrodes with different thicknesses
and surface geometries. α-Fe2O3 was chosen because it is a
promising photoanode candidate owing to its low cost,
environmentally benign, and earth-abundant nature, and
especially due to an almost ideal energy bandgap (2.0–2.2 eV)
and excellent chemical stability in a wide range of pH
values.[6,32–34] We found that, surface charge recombination
property of the photoelectrode is closely related to the
irradiation direction. Such irradiation direction-dependent sur-
face recombination affects the charge collection efficiency and
hence the PEC performance under different irradiation direc-
tions. FI is generally advantageous to get high photocurrent in
hematite because of its effective photohole collection as
compared to BI. However, due to the high recombination
between photogenerated electrons and holes at the SCLJ, the
thick planar α-Fe2O3 photoanode shows a higher photocurrent
under BI than that under FI at high applied biases. Specifically,
we proposed a surface patterning method of patterning the
planar film surface with nanonet geometry to tailor the charge
collection property by suppressing the surface recombination
via the promotion of interfacial charge transfer at the semi-
conductor-electrolyte interface, ultimately achieving a ten times
photocurrent increase compared with the planar counterpart at
1.6 V under FI.

Results and Discussion

The hematite films were facilely fabricated by thermal oxidation
in air of thermal evaporated iron films on the substrates. By
controlling the thickness of the evaporated iron film, we can
obtain hematite films with different thicknesses. To investigate
the influence of surface morphology on the charge collection
property of the photoelectrode, two different substrates
including bare indium tin oxide (ITO) and the ITO modified with
a nanonet skeleton of hematite with a period of ca. 600 nm
prepared by a sacrificial polystyrene template (see Figure S1)
were used in this study, and the resultant photoanodes were
named as Flat and Nanonet, respectively. Flat-25, Flat-100,
Nanonet-25, and Nanonet-100 were prepared as representative
samples, where the number indicates the thickness of the
evaporated iron film.

Figure 1a–d shows scanning electron microscopy (SEM)
images of the four photoanodes. For Flat samples, a coarse
surface with hematite grains is observed in Flat-25 (Figure 1a),
and the grains become coarser in the thick film (Figure 1b). This
granular surface could be due to oxygen intake during the
thermal oxidation process and the lower density of hematite
compared to iron.[35] For Nanonet samples, the resulting surface
sustains the nanonet structure of the hematite skeleton in both

thin and thick films. The X-ray diffraction (XRD) patterns of the
four photoanodes are presented in Figure 1e. In all cases,
characteristic peaks of α-Fe2O3 at 33.1°, 35.6° and 54.1° are
observed (PDF Card No. 00-033-0664), demonstrating the
successful synthesis of α-Fe2O3. Peaks appearing around 30.5°,
51.0°, and 60.5° can be attributed to In2O3 from the ITO
substrate (PDF Card No. 03-065-31700). Absence of XRD peaks
corresponding to metallic Fe also indicates the full oxidation of
Fe film in all the photoanodes. UV-vis absorption spectra show
that thick films have more light absorption than thin films for
both Flat and Nanonet samples regardless of the irradiation
direction due to the increased optical path length in thick films
(Figure S2). Moreover, the irradiation direction has little effect
on the light absorption of the Flat-25 sample, but for the Flat-
100 and Nanonet samples (Nanonet-25 and Nanonet-100), BI
can give higher light absorption in the hematite films than FI.
Besides, by comparing the Flat samples with the Nanonet
samples with the same thickness, we found that under BI the
Flat and the Nanonet samples have the similar light absorption
while under FI the Nanonet samples have smaller light
absorption than the Flat ones.

The effect of the irradiation direction on the PEC perform-
ance of the four photoanodes with different thicknesses and
surface geometries was evaluated by photocurrent density-
applied potential (J� V) plots. As can be seen in Figure 2, the
photocurrent density of the photoanodes under frontside and
backside irradiation is related not only to the film thickness but
also to the film geometry. The photocurrent density under FI is
typically larger than the photocurrent density under BI for the
same photoanode expect for the Flat-100 sample where the FI
photocurrent is overtook by the BI photocurrent when the
applied bias is higher than 1.4 V versus reverse hydrogen
electrode (VRHE). Light absorption can be excluded here as the
main factor causing the above observations due to the fact that
BI typically gives higher light absorption in the hematite films
than FI. As widely known, hematite has a very small hole
diffusion length of 2–4 nm,[36] and thus FI is prefer to get a high
photocurrent density due to the favorable photohole
collection.[24] The abnormal phenomenon in Flat-100 suggests
that the photohole collection becomes inefficient at high biases
under FI, and the reason will be discussed later. To fully exert
the advantage of one certain irradiation direction for practical

Figure 1. SEM images of (a) Flat-25, (b) Flat-100, (c) Nanonet-25, and (d)
Nanonet-100 photoanodes; Scale bars are 500 nm. (e) The corresponding
XRD patterns of the photoanodes.
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application, such abnormal phenomenon that FI photocurrent
is overtook by BI photocurrent at large bias range should be
avoided, which can be realized by patterning the planar surface
with nanonet structure as demonstrated in Nanonet-100. In
addition, Figure 2 shows that under FI the thick hematite
photoanodes (Flat-100 and Nanonet-100) always show higher
photocurrents than the thin hematite photoanodes (Flat-25 and
Nanonet-25), which can be attributed to the enhanced light
absorption in thick hematite films. Most importantly, under FI
the Nanonet-100 photoanode can give a higher photocurrent
at 1.23 VRHE as compared to the Flat-100 photoanode.

The charge separation efficiency (ηsep) and charge injection
efficiency (ηinj) were thus measured to investigate the effect of
irradiation directions on the charge collection property of the
photoanodes with different thicknesses and geometries. In all
cases, as shown in in Figure 3, the charge separation efficiencies
are all very low (typically lower than 20%) due to the inferior
conductivity of hematite. Interestingly, ηinj of each photoanode
exhibits similar shape with their corresponding J� V curves, and
the relative relationship of ηinj under different irradiation
directions is also consistent with that of their corresponding
photocurrent density. Especially, in the Flat-100 photoanode,
ηinj under FI is also overtook by that under BI at applied biases
larger than 1.4 VRHE. These observations suggest that the charge
collection property of the photoanodes also depends on the
film thickness and geometry and the PEC activity is mainly
determined by the hole collection efficiency of the photoanode.
Furthermore, by comparing ηinj of photoanodes with the same
thickness, it can be deduced that the nanonet surface can help
to improve hole collection under FI.

The interfacial charge transport at the SCLJ is the key
causing the difference on hole collection efficiency under
different irradiation directions, which depends on the film
thickness and especially geometry. As thin hematite films with
both Flat and Nanonet surface geometries show very low
photocurrent density due to their insufficient light absorption,

we will mainly discuss on thick films hereafter. To investigate
the difference of such interfacial charge transfer, transient
photocurrent under different bias was recorded. In photo-
anodes, an anodic photocurrent spike is generated during the
switching of the electrode from a dark state to a light,
corresponding to the equilibrium process in which photo-
generated holes accumulate at the SCLJ and gradually
recombine with photogenerated electrons (Figure S4).[37–39] Fig-
ure 4a displays that in comparison with that under FI the decay
of anodic photocurrent spikes of Flat-100 at high bias potential,
especially greater than 1.5 VRHE, becomes slow under BI, which
suggests the strong surface recombination of photogenerated
electrons and holes in planner hematite due to the great
electron flow in the space charge layer under FI.[40] Therefore,
we can conclude that severe charge recombination at the SCLJ
under FI may contribute to the low hole collection at high
biases in the Flat-100 sample. In contrast, the anodic photo-
current spike of Nanonet-100 under FI is almost invisible when
the applied bias is larger than 1.3 VRHE (Figure 4b), indicating
that the nanonet structure can effectively suppress the
recombination of photogenerated electrons and holes at the
SCLJ.

Photoelectrochemical impedance spectra (PEIS) were at-
tained to further reveal the charge transfer property at the SCLJ
as well as in the bulk photoanodes. The equivalent circuit used
for PEIS data fitting is shown in Figure S5, where Rseries

represents the series resistance, RSC and RCT represent for charge
transfer resistance in the bulk photoanode and at the semi-
conductor/electrolyte interface, and CH and CSC represent the
capacitance of the Helmholtz layer and of the space charge
layer, respectively. By comprising RSC between FI and BI, we
found that Flat-100 exhibits a much larger RSC under FI at high
biases (Figure 5a), implying that the collection of electrons is
hindered in its bulk under FI at high biases; In contrast, the RSC

of Nanonet-100 under FI becomes small at high biases and no
dramatic rise like that in Flat-100 observed (Figure 5b), indicat-

Figure 2. J� V curves in the dark, under backside irradiation and frontside
irradiation of: (a) Flat-25, (b) Flat-100, (c) Nanonet-25, and (d) Nanonet-100.

Figure 3. Charge injection efficiency (ηinj) and charge separation efficiency
(ηsep) of (a) Flat-25, (b) Flat-100, (c) Nanonet-25, and (D) Nanonet-100 under
frontside irradiation and backside irradiation.
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ing the electron suppressed in the bulk has been relieved in
nanonet structure. Moreover, it can be observed from Figure 5c
that for the Flat-100 sample, RCT under FI becomes larger with
increasing the applied biases and finally exceeds the values
under BI, validating its high surface charge recombination at
the SCLJ at high applied biases. For the Nanonet-100 sample, in

contrast, RCT is found to be small in the entire bias range under
FI and is also smaller than that under BI (Figure 5d), which
confirms that the nanonet structure can effectively promote the
interfacial charge transfer at the SCLJ especially under FI, which
may be due to the high surface area and the increased ratio of
built-in electric filed.[9] More information for RSC and RCT of
Nanonet-25 can be found in Figure S6 and S7, which show
similar results with Nanonet-100.

Based on above experimental observations, we present in
Scheme 1 a proposed scheme of charge transfer behavior under
frontside and backside irradiation. The generation rate of
photogenerated carriers is positively correlated with the light
intensity: photogenerated electrons and holes will mainly
distribute at the SCLJ under FI and will mainly distribute close
to the SSI under BI.[41] For both the Flat-100 and Nanonet-100
samples, the photocurrent density measured in the electrolyte
with the H2O2 hole sacrificial agent under FI is always greater
than that under BI, demonstrating that more photogenerated
holes can actually transfer across the SCLJ (Figure S8). However,
the electrons need to diffuse across the film to the collection
substrate, thus resulting in an increase in the recombination of
electrons and holes within the bulk as well as at the SCLJ under
FI (Scheme 1a). As for the case of BI (Scheme 1b), most of the
photogenerated electrons can be effectively collected by the
ITO substrate within the collection distance. Although the holes
have to travel across the film before injection, the increased
width of the depletion layer under high biases[42,43] will hinder
the diffusion of electrons to the SCLJ and hence suppress their
recombination with holes at the SCLJ. Simultaneously, the
increased surface band bending at high biases will increase the
surface hole concentration, which is beneficial to interfacial
charge transfer.[44] Taken together, the injection efficiency under
BI will increase remarkably when the bias voltage is high. In
contrary, under FI, the accumulated holes near the photoanode
surface at high biases due to the increased surface bend
bending can easily and fast recombine with the high surface
electron concentration (Scheme 1a). As a result, the hole
collection (i. e., injection rate of holes) under FI becomes lower
than that under BI at high biases as in the case of thick film.
The above mechanism also suggests that the bias at which the
BI photocurrent overtakes the FI photocurrent will shift
positively with decreasing the film thickness due to the fact
that the backside photoelectrons under BI will become more

Figure 4. Transient photocurrent of (a) Flat-100 and (b) Nanonet-100 at
different bias voltages under both frontside irradiation and backside
irradiation.

Figure 5. The RSC under frontside irradiation and backside irradiation: (a) Flat-
100, (b) Nanonet-100; The RCT under frontside irradiation and backside
irradiation: (c) Flat-100, (d) Nanonet-100.

Scheme 1. Mechanism of charge generation (i), surface recombination (ii),
and transport (iii) processes in (a) Flat under FI, (b) Flat under BI, and (c)
Nanonet under FI. The gray, orange, and blue section denote ITO substrate,
hematite film, and electrolyte, respectively. Solid blue arrows signify the
charge generation. Solid red arrows highlight charge recombination and
transfer processes. The thickness of the arrows signifies their relative impact
in the above-mentioned processes.

Full Papers

6335ChemCatChem 2019, 11, 6332–6338 www.chemcatchem.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Dienstag, 10.12.2019

1924 / 149852 [S. 6335/6338] 1

 18673899, 2019, 24, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.201901524 by N
ational C

enter For, W
iley O

nline L
ibrary on [01/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/cctc.201901524


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

easily to recombine with surface photoholes in thin films at a
certain bias. This is further demonstrated in the Flat-50 sample,
and its FI photocurrent is overtook by the BI photocurrent at an
applied bias of ca. 1.45 VRHE, which is higher than that in the
Flat-100 sample (Figure S9). Patterning the surface with nanonet
structure helps to suppress the surface recombination between
photogenerated electrons and holes in both thin and thick
films. As shown in Scheme 1c, under FI, the nanonet structure
can enhance the injection of holes at the SCLJ due to the high
surface area and the increased ratio of built-in electric filed,
which decreases the surface photohole concentration and thus
reduce their recombination with electrons. The above conclu-
sions are further supported by observations in the Flat-50
sample (Figure S10–S12).

Although the onset potential of nanonet samples is a little
higher than flat ones, there is a significant improvement on PEC
activity for nanonet-structured films under FI: the photocurrent
of the Flat-100 sample is only 0.2 mAcm� 2 at a bias voltage of
1.6 VRHE; while at the same bias voltage, the Nanonet-100
sample has a photocurrent of approximately 2 mAcm� 2,
achieving ten times performance increase compared with the
planar hematite. This PEC enhancement under FI is mainly
explained as follows: i) Shorter charge collection distance. In the
case of a planar hematite photoanode, hole diffusion length is
shorter relative to the light penetration depth, and conse-
quently, most of the photogenerated holes cannot diffuse to
the surface of the photoelectrode to inject into the electrolyte.
For the nanonet hematite electrode, the distance from the
location where the holes are generated to the SCLJ is much
shorter than that of a planar hematite electrode. It is thus
expected that bulk recombination is greatly reduced in the
nanonet hematite electrode. ii) Larger surface area. The nanonet
electrode also possesses a larger surface area contacted with
the electrolyte, which implies that the nanonet film has a larger
space charge region with respect to the flat film. The increased
space charge region can significantly enhance the separation of
the photogenerated charge carriers, and consequently, the
charge carrier recombination can be suppressed.

Conclusions

In summary, we investigated the influence of irradiation
direction on charge collection property of α-Fe2O3 with different
thicknesses and surface geometries and identified the irradi-
ation direction-dependent surface charge recombination prop-
erty in α-Fe2O3. We demonstrated that for planar geometry, the
frontside irradiation is beneficial to photohole collection at the
SCLJ, but it is not conducive to the transmission of photo-
generated electrons in the bulk, thus resulting in severe surface
recombination in thick planar films at high bias. Patterning the
planar surface with nanonet geometry can not only further
enhance the transfer of holes at the SCLJ due to the high
surface area and increased ratio of built-in electric filed, but also
suppress surface recombination under frontside irradiation. As a
result, a ten-time significant improvement on the PEC activity at
1.6 VRHE was achieved under frontside irradiation for the nano-

net-structured hematite as compared to the planar-structured
hematite. We believe our work will provide useful guidelines for
the design of PEC devices with high efficiencies.

Experimental Section
Synthesis of planar hematite photoanodes. First, Fe thin films with
different thicknesses of 25 and 100 nm were deposited on an
indium tin oxide (ITO)-coated glass substrate by thermal evaporat-
ing metallic Fe particles (ZhongNuo New Materials) with a rate of
0.3 to 0.4 Å/s using a high vacuum resistance evaporation coating
machine (ZHD-300), and the film thickness was controlled using
quartz crystal thickness monitor. Then, the Fe film was annealed at
450°C for 1 hour with a ramp-up rate of 5°C/min in a Muffle
Furnace (KXL-1100X). After natural cooling, planar hematite photo-
anodes were obtained.

Synthesis of hematite photoanodes with nanonet surface
structure. A polystyrene microsphere template with a diameter of
600 nm was first prepared on ITO according to previous report (see
Supplemental Note 1 in Supporting Information).[45] A mixed
solution of FeCl3 · 6H2O and citric acid both having a concentration
of 0.06 M was prepared, with ethanol as the solvent, magnetically
stirring until completely dissolved. A sufficient amount of the
precursor solution was taken up using a 5 ml syringe, and a drop of
the solution was dropped at the center of the ITO covered with a
single-layer polystyrene microsphere. Waiting for 30–60 s, place it
in a Muffle Furnace for heat treatment in air atmosphere. The films
were kept at 110 °C for 2 h, and then annealed at 450 °C for 3 h
with a ramp-up rate of 0.5 °C/min. After natural cooling, we got the
α-Fe2O3 nanonet skeleton.[46–47] Subsequently, Fe films with thick-
ness of 25 nm and 100 nm were deposited on the nanonet skeleton
by thermal evaporation, with same evaporation rate and annealing
condition as preparing planar hematite films. In this way, we
obtained hematite photoanode with surface patterning of nanonet
structure.

Material Characterization. The crystalline phase structures of the
prepared planar α-Fe2O3 and nanonet α-Fe2O3 samples were
determined by X-ray diffraction (X’Pert PRO MPD) with Cu Ka
radiation over the 2q range of 20°–80°. The scanning electron
microscopy (SEM) was conducted to obtain the thickness and
surface morphology, which was analyzed using a Hitachi S-4800
Field-emission scanning electron microscope operated at 10 kV.
The ultraviolet-visible (UV-Vis) transmittance and reflectance spec-
tra were obtained using a UV-vis spectrophotometer (UV-2600)
equipped with an external diffuse reflectance accessory (DRA-2500),
and the absorbance (A) was calculated by the formula A=1� T� R,
where T is the total transmittance and R is the total reflectance.

Photoelectrochemical Measurements. All of the photoelectro-
chemical measurements were carried out in an electrochemical
workstation (Zahner Zennium, Germany) in a typical three-electrode
configuration with the prepared photoanode as the working
electrode, a Pt foil as the counter electrode, a saturated Ag/AgCl
electrode as the reference electrode, and 1 MNaOH (pH=13.6)
aqueous solution as the electrolyte. The samples with the geo-
metrical area of 0.636 cm2 were illuminated with a 150 W xenon
lamp (CT-XE-150) and the light intensity was measured to be
~500 mWcm� 2. The photocurrent density-applied potential (J� V)
plots of the photoanodes were scanned at 20 mVs� 1 between
� 400 mV and 700 mV vs. the saturated Ag/AgCl electrode. Photo-
electrochemical impedance spectra (PEIS) were recorded under
light irradiation condition at frequencies from 100000 to 0.1 Hz
with a sinusoidal potential perturbation of 10 mV. EIS data were
fitted according to a classical equivalent circuit model using
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ZSimpWin software. All the measured potentials against the
saturated Ag/AgCl electrode were converted to the reversible
hydrogen electrode (RHE) scale according to the Nernst Equation
[Eq. (1)]:

ERHE ¼ EAg=AgCl þ 0:059� pHþ E0
Ag=AgCl (1)

Wherein ERHE is the converted potential vs. RHE, EAg/AgCl is the
measured potential against the saturated Ag/AgCl electrode, and
E0

Ag/AgCl is the standard potential of the saturated Ag/AgCl electrode
(0.197 V at 25°C).

Calculation of Charge Separation and Injection Efficiencies. The
charge separation efficiency (hsep) represents the yield of the
photogenerated holes that reach the SCLJ without bulk recombina-
tion. The charge injection efficiency (hinj) describes the output of
the photogenerated holes that are successfully injected into the
electrolyte to trigger water oxidation without recombining with the
electrons at surface trap states. By assuming the charge injection
efficiency to be 100% in the presence of the hole scavenger (H2O2)
in the electrolyte, these two efficiencies were calculated using the
Equations (2) and (3):

hsep ¼ JH2O2
=Jabsorbed (2)

hinj ¼ JH2O=JH2O2 (3)

where JH2O2
is the photocurrent density gained with the addition of

the hole scavenger (0.5 M H2O2) to the 1 M NaOH solution, JH2O is
the water oxidation photocurrent density in 1 M NaOH solution,
and Jabsorbed is the photon absorption rate expressed as a current
density, which can be calculated by using the Equation (4):

Jabsorbed ¼
e
hc�

Z
lb

la

P lð ÞA lð Þl dl (4)

where la is the shortest wavelength of the light emitted by the
light source; lb is the wavelength of the absorption edge of the
photoelectrode; P, λ, h, c, e, and A are the power of incident
photons, the wavelength of incident monochromatic light, the
Planck constant, the speed of light, the elementary charge, and the
absorbance of the photoelectrode, respectively.
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