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ABSTRACT: The development of efficient catalysts containing earth-abundant elements for the oxygen evolution reaction 
(OER) in photoelectrochemical (PEC) systems is highly desired for low-cost energy storage and conversion. In this work, meso-
porous α-Fe2O3 thin film photoanodes coated with manganese oxide (Mn3O4+δ) co-catalysts are prepared by a dip-coating meth-
od. The co-catalyst coating significantly enhances PEC water oxidation performance as compared with the uncoated α-Fe2O3. To 
understand the origin of this enhancement, in-situ X-ray absorption spectroscopy is employed to monitor the valence state of 
Mn in the Mn3O4+δ co-catalyst as a function of applied potential. It is found that the enhancement of the photocurrent is gov-
erned by the Mn valency, and the most prominent enhancement takes place at the valency of ~3.4+, which is due to the optimal 
eg electron filling in Mn cations as the electrocatalyst for OER. Our investigation indicates that the contribution of Mn3O4+δ co-
catalyst to OER kinetics is variable at different applied potentials.  

KEYWORDS: manganese oxide, co-catalyst, photoanode, hematite, valency  
 

INTRODUCTION 

The rapid increase of human population has resulted in an 
ever-growing demand for energy. This has led to researchers 
seeking for new alternative sustainable energy solutions to 
produce energy for the continual economic growth. Photo-
electrochemical (PEC) water splitting, which directly utilizes 
solar energy to split water into H2 and O2, is one of the most 
attractive strategies for producing hydrogen fuel. Over the 
years, numerous water splitting PEC devices using different 
metal oxide photoanodes such as TiO2,

1,2 WO3,
3,4 BiVO4,5,6 

and Fe2O3
7,8 have been developed.9,10 Among them, hematite 

(α-Fe2O3) has been found to be a promising photo-anode for 
oxygen evolution reaction (OER) because of its low bandgap11 
(Eg = 2.1 eV) for visible light absorption, relatively high chem-
ical stability, and low cost. However, the pristine α-Fe2O3 
only achieves a fraction of its theoretical current density, 
which is mainly due to the low carrier mobility (<10-1 cm2 V-1 
s-1), short-hole diffusion length (2~4 nm), and short photo-
generated charge carrier lifetime (~10 ps).12-14 All of these 
factors result in a high charge recombination rate within the 
bulk α-Fe2O3, significantly inhibiting the number of charge 
carriers generated at the semiconductor-electrolyte interface 
for OER. 

To overcome this challenge, α-Fe2O3 has been nano-
structured into mesoporous structures,15-17 which not only 

increases the probability for the holes to reach the semicon-
ductor-electrolyte interface, but also improves the α-Fe2O3 
light absorption.18 Unfortunately, the maximum current den-
sity of α-Fe2O3 is still interior to the theoretical value of 12 
mA cm-2. Also, due to the slow kinetics of α-Fe2O3 for water 
oxidation, the onset potential of α-Fe2O3 under illumination 
is lower than the expected value. To further boost its PEC 
performance, efforts have been devoted to coupling mesopo-
rous Fe2O3 with co-catalysts, such as IrO2,

19,20 MnOx,
21 

Co(OH)2,
22 FeB,23 and N-doped carbon dots.24 These co-

catalysts are usually coated on the Fe2O3 photoanode and 
directly contact with the electrolyte. They are able to pro-
mote the OER reaction kinetics electro-chemically and result 
in enhanced water oxidation performance.25,26 

Among various co-catalysts, manganese oxides are one of 
the most attractive due to their low cost and low toxicity. 
Previous studies27,28 have investigated the light-harvesting 
efficiency, photo-conversion ability, surface treatment ef-
fects, charge injection rate, and etc. on various MnOx/α-
Fe2O3 photoanodes. In general, coating a layer of MnOx co-
catalyst has improved the performance of α-Fe2O3 pho-
toanode. However, conversely, it was also reported that the 
MnOx coating could suppress the hematite’s photocurrent.21 
It has also been reported that the Mn cations with Mn3+ va-
lence state exhibit best electrocatalytic activity towards 
OER.29 To resolve these conflicting reports, it is necessary to 
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conduct in operando studies on the valency of Mn in the 
manganese oxide co-catalyst modified α-Fe2O3 photoanode. 
It is expected that such measurements help to reveal the 
function of the manganese oxide co-catalyst in α-Fe2O3 pho-
toanodes. To our best of knowledge, this effort has not been 
reported to date.  

In this work, we investigate the valence state of Mn at var-
ious potential steps in Mn3O4+δ co-catalyst modified mesopo-
rous α-Fe2O3 thin film (denoted as Mn3O4+δ-Fe2O3). The op-
timization of coating thickness of the Mn3O4+δ co-catalyst 
layer was firstly conducted. Then, with the aid of in-situ X-
ray absorption spectroscopy, the valence state of Mn in 
Mn3O4+δ at various potentials is correlated to the photocur-
rent. This work provides a new sight into the understanding 
of Mn3O4+δ co-catalyst in PEC water oxidation. 

EXPERIMENTAL SECTION 

Preparation of α-Fe2O3 electrode. The preparation procedure of 
α-Fe2O3 electrode is shown in Figure S1. First, the α-Fe2O3 nanoarrays 
were prepared via an electrodeposition method, which was conduct-
ed in a customized three-electrode glass cell. The electrolyte was an 
aqueous solution containing 0.050 M FeCl2, 0.025 M Na2SO4 and 
0.010 M CH3OONa. The Ag/AgCl electrode (filled with saturated KCl 
solution) and Pt wire served as the reference and counter electrode, 
respectively. To deposit the β-FeOOH film onto the FTO glass, the 
potential was held at 1.2 V vs. Ag/AgCl for 1 hr. The electrodeposition 
reaction was conducted at 70 °C, which was maintained by a water 
bath. The resultant β-FeOOH electrode was annealed in air at 550 °C 
for 4 h with a heating rate of 5 °C/min. Before cooling down, it was 
further calcinated at 800 °C in air for 20 min with a heating rate of 
10 °C/min to give the mesoporous α-Fe2O3 electrode. 

Fabrication of Mn3O4+δ-Fe2O3 electrode. Mn(acac)3 (manganese 
(III) acetylacetonate), TOPO (trioctylphosphine oxide) and HAD (1-
hexadecylamine) were pr e-dissolved in hexane and the mixture was 
ultrasonicated to form homogeneous light-brown color solution. 
Then the as-prepared Fe2O3 mesoporous electrode was immersed in 
the as-prepared Mn-precursor solution for 30 min. Subsequently, the 
FTO substrate was removed from the dip-coating solution and 
washed with hexane before it was annealed at 270 °C in argon for 30 
min with a heating rate of 5 °C/min. As-produced Mn3O4+δ-coated α-
Fe2O3 electrode was denoted as Mn3O4+δ-Fe2O3 electrode. 

Materials characterization. The morphologies were character-
ized by both field emission scanning electron microscope (FESEM, 
JEOL 6340) and transmission electron microscope (TEM) (JEOL 2010, 
200 kV). Thin film X-ray diffraction (XRD) patterns were collected 
by Shimadzu LabX-XRD-6000 (Cu Kα radiation, λ = 1.5418 Å) with 2θ 
ranging from 10° to 80°. Ultraviolet-visible (UV−vis) absorption spec-
tra of the samples were recorded using an UV−vis−NIR spectropho-
tometer (PerkinElmer, Lambda 750S). X-ray photoelectron spectros-
copy (XPS) was conducted at the Singapore Institute of Manufactur-
ing Technology (SIMTech), A*STAR. X-ray absorption near edge 
structure (XANES) was measured at XAFCA beamline of Singapore 
Synchrotron Light Source (SSLS).  

In-situ XANES characterization. In-situ XANES experiments 
were carried out at the SSLS XAFCA beamline. The X-ray beam ener-
gy was calibrated using the Fe metal foil K edge at 7.112 keV. A Si (111) 
double-crystal monochromator was employed to reduce the har-
monic content of the monochrome beam. In-situ XANES testing was 
performed in 1.0 M NaOH electrolyte with a three-electrode electro-
chemical cell as PEC characterization under argon atmosphere. All 
data were collected in fluorescence mode under applied potential 
from 0.5 V to 1.8 V vs. RHE controlled by a CHI 660E electrochemical 
workstation. For each Mn3O4+δ-Fe2O3 sample, in-situ XANES spectra 
were recorded on Mn and Fe K edges under illumination by simulat-
ing solar irradiation source. The XANES edge position is used to 
determine the valency based on standard reference materials with 
known valency. The metallic Fe foil, Cu foil as well as Fe2O3, MnO, 

Mn2O3, MnO2 standards (prepared via squash method) were em-
ployed as references. Data analysis was performed with the Athena 
software package.  

PEC Characterization. Photoelectrochemical (PEC) measure-
ments were carried out on CHI 660E electrochemical work station 
(CH Instruments, Inc.). PEC testing was performed in 1.0 M NaOH 
(pH = 13.6) electrolyte with a three-electrode electrochemical cell. A 
Hg/HgO electrode (filled with 1.0 M NaOH) and a graphite rod 
served as the reference electrode and counter electrode, respectively. 
The as-prepared working electrodes have a geometric surface area of 
0.28 cm2. The light source was illumination from a 150 W xenon solar 
simulator (67005, Newport Corp.) through a solar (KG 3) filter, with 
a measured intensity equivalent to standard AM1.5 sunlight (100 mW 

cm−2) at the sample surface. Electrochemical impedance spectrosco-
py (EIS) measurements were carried out using an automated poten-
tiostat (Methrohm−Autolab, AUT 83285) with the same three-
electrode electrochemical cell. The EIS data was collected at the 
open circuit potential with a voltage perturbation of 50 mV and the 
frequency ranges from 100 kHz to 0.1 Hz. The typical Mott−Schottky 
plot was extracted at 10 kHz.  

RESULTS AND DISCUSSION 

Mn3O4+δ-Fe2O3 was prepared by the dip-coating method as 
shown in Figure S1. The crystal structure and phase purity of 
α-Fe2O3 and Mn3O4+δ-Fe2O3 were examined by XRD (Figure 
1c), and the morphology evolution was monitored by SEM 
(Figure 1a and 1b). In the first step, the electrochemical depo-
sition gives edge-exposed β-FeOOH nanoplates (Figure S2),30 
which have a width of ~550 nm and an edge thickness of ~50 
nm. From the cross-section view (inset, Figure S2), it can be 
seen that the film thickness is ~1.2 μm. Upon annealing at 
800 oC, the electrochemical-deposited β-FeOOH nanoplates 
undergo dehydroxylation, transforming into mesoporous α-

Fe2O3 (Figure 1a). The XRD pattern of Fe2O3 (Figure 1c) is 
indexed to the rhombohedral corundum phase of α-Fe2O3, 
with the lattice parameters of a = b = 5.0357 Å and c = 13.7489 
Å (JCPDS 33-0664). This is further confirmed by the TEM 
observation (Figure 1e), where the d spacing of 0.503 nm cor-
responds to the (100) plane of α-Fe2O3. To coat with the 
manganese oxide co-catalyst layer, the as-prepared mesopo-
rous α-Fe2O3 was dipped into a Mn(acac)3/TOPO/HAD solu-
tion and subsequently annealed at 270 °C to produce meso-
porous Mn3O4+δ-Fe2O3. In this recipe, TOPO serves as the 
capping agent to prevent particles from agglomeration and 
HAD is the reducing agent to reduce Mn3+ partially to Mn2+. 
By comparing the XRD patterns of Mn3O4+δ-Fe2O3 and Fe2O3, 
it is observed that their diffraction peaks are almost the 
same, without the detection of the manganese oxide peaks. 
This indicates that the thickness of the manganese oxide 
coating layer is quite small and the modification is only lim-
ited to the surface of α-Fe2O3 without altering the bulk crys-
tal structure of the matrix. With the dip-coating method, 
manganese oxide can be clearly observed on the mesoporous 
α-Fe2O3 surface in energy-dispersive X-ray spectroscopy (EDS) 
mapping by SEM (Figure 1b). Note that the mesoporous film 
is highly desirable because it not only increases the surface 
area of electrode, but also enhances the charge transfer at the 
semiconductor-electrolyte interface for better PEC perfor-
mance.7,31 

After dipping-and-coating manganese oxide onto the α-
Fe2O3, we probe the structure of the final product and it is 
concluded that the manganese oxide coated on α-Fe2O3 is 
Mn3O4 spinel oxide with cation vacancies (denoted as 
Mn3O4+δ). In the high resolution TEM (HRTEM) image of 

Page 2 of 8

ACS Paragon Plus Environment

ACS Applied Energy Materials

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
58
59
60



 

Mn3O4+δ-Fe2O3 (Figure 1f), the lattice spacing of 0.250 nm is 
indexed to the (211) plane distance of Mn3O4. This is con-
sistent with the control experiment, where pure Mn3O4 was 
synthesized by the same method in the absence of Fe2O3. The 
resulting XRD pattern (Figure S9B) perfectly matches the 
standard Mn3O4, demonstrating that the manganese oxide 
synthesized by this recipe is Mn3O4.  

 
Figure 1. (a) SEM images of α-Fe2O3 prepared by annealing β-
FeOOH at 800 °C. The inset is the cross-section. (b) SEM images of 
Mn3O4+δ-Fe2O3. The inset is the corresponding EDS results. (c) XRD 
patterns of as-prepared α-Fe2O3 and Mn3O4+δ-Fe2O3. The FTO peaks 
are marked as #. (d) XANES spectra of Mn3O4+δ-Fe2O3 at Mn K-edge 
and Fe K-edge (inset). The dashed lines are MnO, Mn3O4, Mn2O3, 
MnO2 and Fe2O3 (inset) standard samples. (e) TEM images of α-
Fe2O3. Inset is the HRTEM image of α-Fe2O3. (f) TEM images of 
Mn3O4+δ-Fe2O3. 

 

In the XANES result (Figure 1d), the edge position of 
Mn3O4+δ-Fe2O3 at Mn K-edge indicates a Mn valency of 
~+2.75. It is slightly higher than the value (+2.67) of stoichi-
ometric Mn3O4. However, the non-stoichiometry in our 
study is due to the extremely small thickness of Mn3O4 coat-
ing layer, which usually gives various defects such as cation 
vacancy. This agrees well with the previous study, where the 
oxidation degree (the ratio of Mn3+ to Mn2+) of Mn3O4 could 
be varied between 2.05 and 3.04.32 Therefore, the MnOx coat-
ed on α-Fe2O3 indeed presents in the forms of Mn3O4+δ (δ = 
0.125), which has the same crystal structure as Mn3O4 but 
different Mn valency. In the case of Fe, the edge position of 
Mn3O4+δ-Fe2O3 at Fe K-edge overlaps with Fe2O3 standard 
(inset, Figure 1d), indicating the unchanged bulk crystal 
structure of Fe2O3 after dip-coating reaction. 

The thin layer of Mn3O4+δ coated on α-Fe2O3 film was then 
examined for PEC performance under dark and light condi-
tions. Figure 2a shows the photocurrent-time curves of α-
Fe2O3 and Mn3O4+δ-Fe2O3 under chopped illumination in 1.0 
M NaOH at 1.1 V and 1.3 V vs. RHE. The photocurrent density 
of Mn3O4+δ-Fe2O3 (0.52 mA cm-2 at 1.3 V vs. RHE) is ~2.8 
times higher than α-Fe2O3 (0.18 mA cm-2 at 1.3 V vs. RHE), 
demonstrating that the manganese oxide coating layer on α-
Fe2O3 efficiently improved the PEC activity. Note here that 
the current density is by geometry area of the anode with the 
assumption that the thin coating layer of Mn3O4+δ does not 
change the surface roughness of α-Fe2O3 anode. The en-
hanced PEC OER activity at Mn3O4+δ-Fe2O3 is also proved by 
the faster O2 generation quantified by gas chromatograph 
(Figure S17). 

 
Figure 2. (a) I−t curves recorded with chopped AM1.5G illumination 
of Fe2O3 and Mn3O4+δ-Fe2O3 samples at 1.1 and 1.3 V vs. RHE in 1.0 M 
NaOH electrolyte. The current density is normalized to the geomet-
ric surface area of the FTO electrode. (b) IPCE of Fe2O3 and Mn3O4+δ-
Fe2O3 at 0.9, 1.1, and 1.3 V vs. RHE. (c) Chopped I−t curves of 
Mn3O4+δ-Fe2O3 prepared with various concentrations of Mn(acac)3. 
The current density was collected at 1.23 V vs. RHE in 1.0 M NaOH 
electrolyte and normalized to the geometric surface area of the FTO 
electrode. (d) PEC activity of Mn3O4+δ-Fe2O3 as a function of the 
concentration of Mn(acac)3. PEC activity is defined as the current 
density at 15th second after light on in the I-t curve of panel (c). 

 

To estimate the efficiency of the water oxidation process, 
the incident photon to current efficiency (IPCE) curves of α-
Fe2O3 and Mn3O4+δ-Fe2O3 at different potentials are shown in 
Figure 2b. It can be seen that the Mn3O4+δ-Fe2O3 sample ex-
hibited higher efficiency than α-Fe2O3 at each potential. For 
example, at 1.3 V vs. RHE, the IPCE of Mn3O4+δ-Fe2O3 at 420 
nm is 7%, while the Fe2O3 is only 3%. The poor IPCE of pure 
α-Fe2O3 can be ascribed to rapid surface charge recombina-
tion, especially in the visible light region.33 The photo-
response of α-Fe2O3 has dropped to almost zero (i.e., IPCE < 
0.5% at 610 nm) at wavelengths longer than 610 nm. In con-
trast, Mn3O4+δ-Fe2O3 still shows a prominent photo-response 
at this wavelength region (> 610 nm). The higher IPCE of 
Mn3O4+δ-Fe2O3 throughout the visible light region suggests 
that the presence of Mn3O4+δ-coating not only increases the 
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possibility of carrier migration, but also facilitates the utiliza-
tion of carriers at low-energy-input region. Note that the 
IPCE efficiencies of both Mn3O4+δ-Fe2O3 and α-Fe2O3 are not 
among the top,7,14,34 which is possibly due to the inherent 
recombination of charges in bulk or at the semiconduc-
tor/electrolyte interface. By comparing the APCE (absorbed 
photon to current conversion efficiency) of Mn3O4+δ-Fe2O3 
and Fe2O3, it shows the same trend as observed in IPCE (Fig-
ure S10), indicating the excellent efficiency of charge separa-
tion and collection at Mn3O4+δ-Fe2O3.

35 

Hereby, our results demonstrate that the PEC performance 
of α-Fe2O3 is significantly enhanced by Mn3O4+δ-coating. The 
enhancement can be attributed to two reasons. First, since 
the CB (conduction band) of Mn3O4+δ locates at a more nega-
tive position than α-Fe2O3, photo-excited electron in the CB 
of Mn3O4+δ would be transferred to α-Fe2O3, which greatly 
improves its charge separation and leads to the enhanced 
PEC performance (Figure S11). Second, considering the fact 
that Mn3O4+δ possesses excellent electrochemical OER per-
formance,36,37 Mn3O4+δ-coating served as the co-catalyst that 
more efficiently utilizes the carriers provided by α-Fe2O3. 
This is conceptually in analogous to the application of IrO2 
and RuO2 co-catalysts to photoanodes.38-40 

To reveal the physical origin of the improved PEC perfor-
mance on Mn3O4+δ-Fe2O3, we first characterized the band 
gap by visible light absorption in UV-vis spectroscopy. In 
Figure S12A, Mn3O4+δ-Fe2O3 exhibited higher edge position 
(~640 nm) than Fe2O3 (~600 nm). This red-shift of absorp-
tion wavelength at Mn3O4+δ/α-Fe2O3 indicates the stronger 
capability of absorbing solar energy,41 thus improving the 
photochemical performance. Moreover, according to the 
edge position of UV-vis absorption, the band gap of Mn3O4+δ-
Fe2O3 is quantified as 1.93 eV and that of α-Fe2O3 is 2.07 eV. 
The smaller band gap of Mn3O4+δ-Fe2O3 indicates its more 
efficient separation of photo-generated electron-hole 
pairs,42,43 which greatly enhances the photochemical activity. 
The Mn3O4+δ with cation vacancy is ascribed to p-type semi-
conductor and the pristine α-Fe2O3 is considered as a n-type 
semiconductor.7 Hence, the internal electric field could form 
at the interface of Mn3O4+δ/Fe2O3,

44 and we therefore postu-
late that this internal electric field within the Mn3O4+δ/Fe2O3 
probably accelerates the separation of electron-hole pairs. 
The presence of this internal electric field can be supported 
by the observation that either the pure α-Fe2O3 or the pure 
Mn3O4 possesses poorer PEC performance than Mn3O4+δ-
Fe2O3 under visible light irradiation (Figure 2 and S9). 

Another factor that governs the PEC performance is the 
charge transfer property, which was studied by electrochem-
ical impedance spectroscopy (EIS) measure-ments and corre-
lated with the PEC activity. In the Nyquist plots of Fe2O3 and 
Mn3O4+δ-Fe2O3 (Figure S12), both Fe2O3 and Mn3O4+δ-Fe2O3 
showed semicircles in high frequency region and a linear tail 
in low frequency region in dark and light conditions. The 
semicircle in high frequency region is ascribed to the combi-
nation of charge transfer resistance, and the linear line in the 
low frequency region reflects the diffusion process.45 The 
radius of α-Fe2O3 in high frequency region does not show 
good asemicircle property (Figure S12B) because of the ab-
sence of charge carriers. The similarity of the linear behaviors 
of α-Fe2O3 in dark and light conditions illustrates the poor 
separation of electrons and holes in bulk α-Fe2O3 electrode, 
which is due to the lack of the driving force at the open cir-

cuit potential. Compared with α-Fe2O3, the semicircle of 
Mn3O4+δ-Fe2O3 is smaller, which reflects the higher interfa-
cial charge transfer rate across the electrode-electrolyte in-
terface. To quantify the EIS data, the solution resistance (Rs), 
charge transfer resistance (Rct), immediate adsorption re-
sistance (Rads), immediate adsorption capacitance (Cads), in-
terface capacitance (Cc) and Warburg impedance (Zw) were 
fitted into the equivalent circuit (Figure S12B) and the as-
obtained values were listed in Table S3. Compared with α-
Fe2O3, Mn3O4+δ-Fe2O3 possesses a lower Rct and higher Cc, 
indicating that the presence of Mn3O4+δ-coating improves the 
electron transfer rate.46 Moreover, based on the intercept of 
Mott-Schottky plot (Figure S12D), the flat band potential 
(Efb) of α-Fe2O3 is estimated to be 0.30 V and Mn3O4+δ-Fe2O3 
is 0.25 V. The lower Efb of Mn3O4+δ-Fe2O3 indicates a higher 
fermi level and a higher electronic energy level, leading to 
the enhancement of photocatalytic activity.47 Another pa-
rameter, the donor density, can be extracted from the slope 
of Mott-Schottky plot. The slope of Mn3O4+δ-Fe2O3 curve is 
apparently smaller than Fe2O3, indicating that the transition 
of majority carriers at Mn3O4+δ-Fe2O3 is much easier. As evi-
denced by the systematic EIS study, the excellent charge 
transfer property of Mn3O4+δ-Fe2O3 is experimentally demon-
strated as a physical parameter that leads to the high PEC 
activity, which is possibly due to the formation of the 
Mn3O4+δ/Fe2O3 interface in Mn3O4+δ-Fe2O3. 

The importance of the Mn3O4+δ/Fe2O3 interface is also 
verified by the relationship between the PEC performance 
and the coating amount of Mn3O4+δ-layer, which is varied by 
tuning the concentration of Mn(acac)3 during the dip proce-
dure. To probe the coating amount of Mn3O4+δ, we employed 
XPS technique (Figure S13) to quantify the surface Mn con-
tent. It should be noted that PEC OER catalysis is essentially 
a surface process, where only the surface or near-surface 
region interacts with oxygenated species.48 Therefore, to 
have a more direct understanding of the structure-
performance relationship, we aim to use XPS to reveal the 
surface information of our photoelectric catalysts. The XPS 
results show that with the increasing Mn(acac)3 concentra-
tion, the increasing Mn content was observed (Table S2), 
which proves that more Mn3O4+δ had been deposited on the 
α-Fe2O3 matrix. The unchanged Mn 2p and Fe 2p peaks of 
different Mn3O4+δ-coating amount (Figure S13) further 
demonstrate that the basic structure of the Mn/Fe-
component remains the same,45 but only the Mn3O4+δ 
amount is varied. Figure 2c is the I-t curves of Mn3O4+δ-Fe2O3 
prepared with different Mn-precursor concentration, ranging 
from 0 to 3 g/L. To examine the effect of Mn3O4+δ-coating 
amount, the PEC activity is defined as the current density at 
15th second of the I-t curve (Figure 2c) and plotted as a func-
tion of Mn(acac)3 concentration. As shown in Figure 2d, the 
volcano-shaped relationship indicates that the 
Mn3O4+δ/Fe2O3 interface gives the best performance at ~1.5 
g/L. On the left branch of the volcano trend (Figure 2d), the 
amount of Mn3O4+δ-coating should be high enough to trigger 
the passivation of the surface traps and also the formation of 
the hole acceptor on the Fe2O3 surface, which can improve 
the kinetics of the OER. However, on the right branch, fur-
ther increasing the concentration of Mn-precursor (beyond 
~1.5 g/L) results in the formation of a too thick Mn3O4+δ-layer 
above Fe2O3, which blocks the hole transport to the topmost 
Mn3O4+δ surface and weakens the contact between the 
Mn3O4+δ surface and the Mn3O4+δ/Fe2O3 interface. It is worth 
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noting that with the optimized Mn3O4+δ-coating amount, the 
PEC activity ranks among top of the popular metal oxide PEC 
catalysts (Table S4). 

 
Figure 3. In-situ (a) Mn and (b) Fe K-edge XANES spectra of 
Mn3O4+δ-Fe2O3 with the applied potential from 0.5 to 1.8 V vs. RHE in 
1.0 M NaOH under light illumination. Applied potential induced (c) 
the variation of K-edge and (d) valence states of Mn and Fe under  
light illumination. 

 

Since α-Fe2O3 locates in the interior of Mn3O4+δ-Fe2O3 film 
(away from the solid-liquid interface), Mn3O4+δ is considered 
as the catalyzing center that directly interacts with oxygenat-
ed species in OER. To further understand the active site un-
der photoelectrochemical reaction condition, in-situ XANES 
was performed to study the Mn structural change. From 0.5 
to 1.8 V vs. RHE with light illumination, the edge position of 
Mn K-edge gradually shifts to the high-energy region (Figure 
3a), indicating an increasing oxidation state of Mn. This in-
situ XANES photoelectrochemical observation is analogous 
to the previous in-situ XANES electrochemical studies on 
pure manganese oxides, where an increase of the applied 
potential leads to the increasingly oxidized Mn.36,49,50 In con-
trast, the position of Fe K-edge remains unchanged with var-
ious applied potentials (Figure 3b), indicating that the va-
lence state of Fe keeps unchanged (which may be due to the 
thick α-Fe2O3 layer). In order to quantify the valency varia-
tion, we employ the integral method50 to determine the edge 
position (Figure 3c), which is further translated into the va-
lence state (Figure 3d). It can be seen that the Mn valency 
varies between +2.8 and +3.5, while Fe remains at +3.0. 

The Mn valency of +3.5 at 1.8 V vs. RHE (Figure 3d) strong-
ly indicates that the PEC catalysis of oxygen evolution at 
Mn3O4+δ-Fe2O3 relies on the Mn3+/Mn4+ pairs. It indicates 
that the role of the Mn3O4+δ co-catalyst can reach maximum 
at the high potential. The enhanced photocurrent at high 
potential region is mainly from the electrocatalyst role of 
theMn3O4+δ co-catalyst layer. This finding is analogous to the 
land mark study, where the Mn3+/Mn4+ oxide is the phase 
pertinent to the observed electrochemical OER activity at 
1.8V vs. RHE.36 With advancement, our work broadens. The 
potential window and features the Mn valency during the 
PEC catalysis. Even though the starting manganese oxide is 

totally different from that previously,36 the universal role of 
Mn3+/Mn4+ pair as the active site in either electrochemical or 
photoelectrochemical performance is demonstrated here. 

 
Figure 4. (a) LSV curves of Fe2O3 and Mn3O4+δ-Fe2O3 collected with 
and without light illumination under the scan rate of 100 mV/s in 1.0 
M NaOH. (b) The PEC activity contribution of Mn-coating as a func-
tion of Mn valency. (c) The activity enhancement contributed by 
light illumination on Fe2O3 and Mn3O4+δ-Fe2O3. (d) The Δi of 
Mn3O4+δ-Fe2O3 as a function of Mn valence state. 

 
To further understand the role of Mn3O4+δ as the photo-

electrochemical OER co-catalyst, the Mn valency variation 
probed by in-situ XANES and LSV curves are combined. First, 
the gap between the LSV curve of α-Fe2O3 Dark and 
Mn3O4+δ-Fe2O3 Dark (Figure 4a) indicates the role of manga-
nese oxide coating as the electrochemical catalyst. As shown 
in Figure 4b, at the region higher than the OER onset poten-
tial (~1.6 V vs. RHE), the Δi is larger than zero, which indi-
cates that the manganese oxide coating is a better electro-
chemical OER catalyst than α-Fe2O3. This observation sup-
ports our statement that Mn3O4+δ-coating serves as the co-
catalyst that more efficiently utilizes the charge provided by 
α-Fe2O3, and thus gives better PEC performance. It is worth 
noting that the current density of Mn3O4+δ-Fe2O3 LSV curves 
(within 0.5 V~1.4 V) is largely contributed by the electro-
chemical capacitance of manganese oxide, which has been 
observed in previous landmark works.36,51

 Second, the gap 
between the LSV curve of the same material collected with 
light and without light reflects the OER activity induced by 
illumination. In Figure 4c, by comparing this gap on α-Fe2O3 
and Mn3O4+δ-Fe2O3, we studied the photoelectro-catalytic 
activity of Mn3O4+δ-coating at different potential. Below 1.2 V 
vs. RHE, the two curves almost overlap with each other, 
which means that at this potential window, with Mn3O4+δ co-
catalyst, the PEC activity enhancement is negligible. At the 
potential higher than 1.2 V vs. RHE, the Δi of Mn3O4+δ-Fe2O3 

becomes increasingly larger than α-Fe2O3, and reaches the 
highest value at 1.7 V vs. RHE. This suggests that Mn3O4+δ co-
catalyst starts promoting the PEC catalysis since 1.2 V vs. 
RHE, and the resulting activity enhancement is different at 
various potentials. Because the increasing potential linearly 
increases Mn valency (Figure 3d), we propose that various 
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activity enhancement (Δi) is due to the varied Mn valency. 
By translating the potential to the corresponding Mn valen-
cy, the Δi of Mn3O4+δ-Fe2O3 is plotted as a function of the Mn 
valence state (Figure 4d). It is observed that the Mn valency 
with the value lower than +3 contributes poorly; increasing 
the valence state gives larger Δi and the optimum (highest 
Δi) takes place at Mn3.4+ (Figure 4d). This trend elucidates 
the role of Mn3O4+δ-coating as the photoelectrochemical 
OER co-catalyst at different potential window: the utilization 
of light is governed by the Mn valence state and the Mn3.4+ 
takes the fullest advantage of the light illumination.  

CONCLUSION 

In summary, the mesoporous α-Fe2O3 coated by ultrathin 
Mn3O4+δ co-catalyst showed enhanced photoelectrochemical 
OER performance to pristine α-Fe2O3. Compared with the 
PEC activity of pristine α-Fe2O3 (0.18 mA cm-2 at 1.3 V vs. 
RHE), the higher photocurrent generated by the Mn3O4+δ-
Fe2O3 (~0.52 mA cm-2) is attributed to the improved charge 
separation, the more efficient interfacial charge transfer 
across the semiconductor-electrolyte interface, and the con-
tribution of the co-catalyst. The higher IPCE of Mn3O4+δ-
Fe2O3 indicates the enhanced carrier migration ability and 
the improved utilization of solar spectrum. The importance 
of the Mn3O4+δ/Fe2O3 interface on OER was studied by vary-
ing the coating amount of Mn3O4+δ-layer. With the aid of in-

situ XANES, it was found that at varied potential steps, the 
Mn3O4+δ-co-catalyst plays different roles. This is governed by 
the Mn valence state and the highest enhancement is opti-
mized at Mn3.4+. This finding provides a new sight into the 
understanding of manganese oxide co-catalyst in PEC water 
oxidation. 
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