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Abstract

The efficiency of hydrogen peroxide evolution reaction (H2O2ER) by photoanodic
water oxidation is normally limited by low yield and poor selectivity. In this work, the
surfaces of Mo doped BiVO4 are modified by Co?" and PO4>" ions (CPMB), which were
used as the photoanode with improved H>O: yield and selectivity. The optimal
evolution rate of the CPMB is ca. 0.23 pmol-min™'-cm™, corresponding to 2.5 times to
the pristine BiVO4 photoanode, and the faradaic efficiency of CPMB photoanode for
H>O2ER is ca. 26%. In this study, the mechanism for the improved H>O> evolution
performance of CPMB has been investigated, indicating that PO4> ions mainly promote
the formation of the *OH by dissociation of H>O, while Co*" ions accelerate the
conversion of the *OH for the subsequent H>O» evolution. This study offers the strategy
for designing an efficient photoelectrochemical system with optimized solar conversion

efficiency for H2O: production.

Keywords: hydrogen peroxide, photoanode, water oxidation, BiVOs,

photoelectrochemical system.



1. Introduction

Hydrogen peroxide (H20O») is an important industrial raw material for a variety of
chemical processes, such as propylene and alkane oxidation reactions [1-2],
cyclohexanone oxime production [3], aromatic hydroxylation [4], and others [5]. H2O»
is currently produced by the anthraquinone method developed by Badische Anilin-und-
Soda-Fabrik (BASF) company, which involves the catalytic reduction and oxidation of
anthraquinone using H> and O; as the raw materials at 40-70 °C under the pressure of 4
atmospheric pressure [6]. The involvement of explosive hydrogen gases and the
subsequent separation of H>O> makes the process hazardous and expensive [7].

Alternatively, the H>O» evolution reaction (H2O2ER) can be realized by
photocatalysis at room temperature and atmospheric pressure using the photocatalytic
water oxidation reaction (WOR) [8]. The reaction involves a two-electron process by
equation 1 (Eq. 1) on the anode at the cost of the thermodynamic energy of 354 kJ/mol,
corresponding to 1.76 V versus the reversible hydrogen electrode (vs. RHE) [9-11].

2H,0 — H207 + 2H" + 2¢” E=1.76 V vs. RHE (Eq. 1)

This WOR can be readily realized via a photoelectrochemical (PEC) approach [12-13],

using photogenerated holes at the surface of the anode without any sacrificial agent [ 14-

17]. Kinetically, this reaction will compete with the oxygen evolution reaction (OER)
described in Eq. 2 [18-20].

2H>0 — 02 +4H" + 4¢” E =1.23 Vvs. RHE (Eq. 2)

The OER standard potential is 1.23 V vs. RHE, which is sufficiently lower than that for

H>0O; production [21-23]. As such, the anode materials and PEC reaction conditions



have to be optimized to limit the OER and to improve the selectivity towards the
excellent performance of two-electron WOR for H>O» production [24-26].

Metal oxides, including BiVO4 [27], TiO2 [28], WO3 [29] and their hybrids have
been studied as the anode materials for the PEC H>O2ER [11, 30-31]. However, the
faradaic efficiencies (FE) for H2O2ER by these metal oxide photoanodes are generally
lower than 15% [13, 32]. Therefore, it is necessary to develop cocatalysts to improve
the performance further [28, 33-35]. In the recent work, PO4+* ion could improve the
H>0: production when it is deposited on the surface of BiVOs (BVO) with the FE
improved from 15% to 46% [34], by improving the desorption of H>O> molecules on
the surface of the photocatalyst [35]. Meanwhile, Co304 particles deposited on the
surface of TiO2 photoanode could also improve the H>O> production with the FE
increased from 8% to 26.8% by improving the oxidation of water to hydroxyl radicals
(*OH) and facilitating the conversion of *OH to H,O: [28, 36]. We recognize that the
formation of *OH and the desorption of H>O> are the two most important steps in the
H,O2ER process. Hence, the synergetic effects of Co?" and PO4>" can potentially
improve the H2O2ER efficiency dramatically.

Herein, we developed Mo-doped BiVO4 (MB) coral-like nanostructures used as
the substrate of the photoanode material. It is expected that the doping of Mo®" in the
V>* framework can improve the conductivity with reduced charge recombination [37].
Meanwhile, the porous coral-like morphology will maximize the contact between the
electrolyte and the hole to facilitate efficient WOR reaction. The synthesized Co?" and

PO4*" ions modified Mo-doped BiVOs (CPMB) has achieved the optimal H»O



production rate of 0.23 pmol-min"!-cm under the illumination of air mass 1.5 globe
(AM 1.5G, 100 mW/cm?) at the voltage bias of 1.7 V vs. RHE. This result is 2 and 2.5
times those of MB and the pristine BVO photoanodes, respectively. In-situ electron
paramagnetic resonance spectrometer (i-EPR) was acquired to study the roles of Co*"
and PO4+* ions for H2O,ER, which confirms that PO4>* mainly promotes the dissociation
of H>0 and the formation of the *OH, while Co*" increases the conversions of the *OH.
This work presents two different types of ionic cocatalyst in the PEC system for an
efficient H2O2ER with the potential of facilitating photocatalytic *OH mediated water

oxidation reactions [38-39].

2. Experimental

2.1 Synthesis of BYO, MB, CPMB photoanodes

The BVO films were prepared on fluorine-doped tin oxide (FTO) glass substrate
by electrochemical deposition method [40]. Typically, nitride acid is added into 50 mL
deionized water to adjusted pH to 1.7, and 0.97 g Bi(NO3)2:5H20 (99%, Sinopharm
Chemical Reagent) and 3.32 g KI (99%, Sinopharm Chemical Reagent) were dissolved
into the as-prepared acidic solution. 0.5 g p-benzoquinone (98%, Alfa Aesar) was
dissolved into 20 mL ethanol before being added into the stock solution. It was used as
the electrolyte solution for electrochemical deposition of a BiOI layer on the FTO glass
with a Pt foil (2.0 x 2.0 cm?) as the counter electrode and KCI saturated Ag/AgCl
electrode as the reference. The BiOlI films were formed at -0.7 V vs. RHE for 3 minutes.

0.2 M vanadyl acetylacetonate (98% Aladdin) was produced by dissolving into



dimethyl sulfoxide (DMSO) as a precursor for coating onto BiOI (50 uL/cm?), before
obtaining the BVO film by calcinating at 450 °C in a Muftle furnace for 2 hours. The
BVO film was washed with 1.0 M NaOH to remove excess V20s. To prepare MB,
Na;MoOs:2H20 (99%, Sinopharm Chemical Reagent) was used as the dopant by
adding 2 pL of 0.1 M NaxMoOs aqueous solution into the 0.2 M vanadyl
acetylacetonate DM SO solution, followed by depositing on the BiOI before calcination

at 450 °C to form the MB film.

Co?" and PO+ ions were deposited on MB by electrochemical deposition.
Typically, 3.13 mM Co(NOs3)2:6H20 (98.5%, Sinopharm Chemical Reagent), 31.25
mM NaH;PO; H>0O (98%, Sinopharm Chemical Reagent) and 6.25 mM CH3COONa
(99%, Sinopharm Chemical Reagent) were dissolved in water as the electrolyte solution.
The MB coated FTO glass was used as the working electrode, a Pt foil and a KCI
saturated Ag/AgCl were used as the counter electrode and reference electrode,
respectively. The loadings of the Co?** and PO4> ions were controlled by cycling the
potential between -0.4 and 0.3 V vs. RHE at a scan rate of 50 mV/s. The optimal
quantity was obtained after five cycles of loadings. For comparison, Co?" or PO4* ions
were also deposited on the MB films independently following the same procedure, and
corresponding materials were named as CMB or PMB, respectively. In addition, we
have studied the performance of H,O2ER by adjusting the Co?" ion concentration on
PMB photoanode. The concentration of Co(NO3)>-6H>0O were used as 1.56 mM, 3.13

mM and 6.26 mM for the preparations of 0.5CPMB, 1CPMB and 2CPMB.



2.2 Characterizations

The structure and morphology of the films were studied by a scanning electron
microscope (SEM, SU8010, Hitachi). The crystallinity of the films was studied by a
powder X-ray diffractometer (XRD, MiniFlex 600, Rigaku). High-resolution
transmission electron microscopy (HRTEM, FEI Talos) with an FEI super-X energy
dispersive spectroscopy (EDS) was performed to examine the chemical composition of
the photoanodes. The elemental composition and valence states of the catalysts were
characterized by high-resolution X-ray photoelectron spectroscopy (XPS, ESCALB
250, Thermofisher Scientific). The spectra were fitted by the Gauss-Lorentz function
with the Sherry function after removing the background signal. The C 1s binding energy
of 284.8 eV was used as the reference. Ultraviolet-visible diffusion reflector
spectrometers (UV-Vis DRS, Cary 500, Varian) with a small integrating sphere was
used to measure the diffuse reflection absorption of the films. An electrochemical
workstation (VSP-300, Bio-Logic) was used to study the PEC performance. A
calibrated solar simulator with AM 1.5G filter (LCS-100, Newport, USA) was used as
the light source. The probability of charge recombination was measured using the time-
resolved photoluminescence (TRPL) spectroscopy (F-7000, Hitachi). The colorimetric
data was measured in Ultraviolet-visible (UV-Vis) spectrophotometer (UH5300,
Hitachi). The radical components were monitored by an in-situ electron paramagnetic
resonance (i-EPR) spectrometer (A300 ESR, Bruker). The powder samples of BVO,
MB, CMB, PMB and CPMB were used for the i-EPR measurements. Typically, 0.6

mg of the catalyst powder was suspended in 0.5 mL KHCO3 solution (2.0 M). The



evolution of the *OH concentration under light illumination was measured by
adding 5 pL of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) to form DMPO--OH

adduct.

2.3 Photoelectrochemical studies for H2O2 production

The PEC study was conducted in a three-electrode system, where the catalyst
coated FTO glass was used as the photoanode and the test area is 0.5 cm? (0.5 cmx1
cm). A KCl saturated Ag/AgCl electrode and a Pt foil were used as the reference
and counter electrodes, respectively. The experiment was operated in an
electrochemical cell with two chambers separated by a Nafion membrane. The
electrolyte solution for the working electrode (photoanode) is 2.0 M KHCO3
(pH~8.3) and for the counter electrode (cathode) is 0.2 M Na>SO4 (pH~7). The
temperature of the anode reaction chamber is kept at 5°C. Before PEC
measurement, the electrolyte solutions were bubbled by CO> for 20 mins to remove the
Os. The photoanodic H>O» production was realized with voltage bias of 1.7 V vs. RHE
and illumination of AM 1.5G.

The quantity of H>O> was determined by the Fe** colorimetric method based
on Eq. 3 [41-42].

Fe?" + H,O, — Fe?* + 20H" (Eq. 3)
Specifically, 0.9 mL HCI solution (3.0 M) was added into 1.0 mL of electrolyte
solution containing produced H>O>. Then, 0.2 mL of FeSO4-7H>0 (0.1 M, 99%,
Sinopharm Chemical Reagent) was added to the solution. The concentration of the

produced H202 was determined by the UV-Vis spectrophotometer.



The electrochemical impedance spectroscopy (EIS) measurements were acquired
with and without light illumination. The flat band potentials of the materials were

derived by Mott-Schottky plots [43].
The FE for H>O» production was calculated using Eq. 4 [44]:
FE (%) = 2 X Nu202 x 96485/ Q x 100 (Eq. 4)
where Nu202 and Q refer to the amount of produced H>O> (mol) and the total amount of
charges involved in the reaction (C), respectively.

Incident photon-to-electron conversion efficiency (IPCE) was obtained under light
irradiation at different wavelengths generated by a Xenon (300 W) lamp equipped with

a monochromator (Newport, USA). IPCE was calculated using Eq. 5 [45]:
IPCE(A) = (1240 jp(A)) / (A Ex(V)) (Eq. 5)

where A and Ex(A) are the wavelength (nm) and the incident light energy density at a
certain wavelength (mW-cm™), respectively with the corresponding photocurrent

density (mA-cm), jo(V).

3. Results and discussion

3.1 Physiochemical properties of the photoanodes

The morphologies of BVO, MB and CPMB photoanodes were investigated by
SEM with the top-view images shown in Figures S1, 1a and 1b, respectively, while the
cross-sectional view images are presented in Figures S2 and 1c¢. The BVO and MB
samples have similar coral-like morphology with connected nanoparticles. The surface-

modified CPMB sample maintained the porous coral-like morphology. The crystal



structures of BVO, MB and CPMB were studied by XRD (Figure S3). Specifically, for
the BVO sample, the peaks at 18.67°, 28.95° and 30.55° correspond to the (110), (121)
and (040) crystal faces of BVO (JCPDS No. 14-0688), respectively. The other peaks
were assigned to FTO (JCPDS No. 46-1088). Noted that the low level of surface
modification with Co*" and PO4* ions did not result in any phases from XRD

measurement.

Figure 1. SEM of (a) MB and (b) CPMB. (¢) SEM cross-section images of CPMB. The
elements mapping of (d) Bi, (e) V, (f) O, (g) Mo, (h) Co and (i) P for the CPMB, and

the inset of (d) is the high angle annular dark-field image accordingly.



Subsequently, HRTEM accompanied with EDX was acquired to study the element
distributions. The inset of Figure 1d is the high angle annular dark-field (HAADF)
image, and correspondingly Figure 1d to 1i present elemental distributions of Bi, V, O,
Mo, Co and P. All the element distributions closely match the morphological image,
indicating that the Mo doping and Co*" and PO4* ions coating was homogeneously

distributed within the BVO.
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Figure 2. The high-resolution XPS spectra of (a) Co 2p, (b) P 2p for the MB, CMB,

PMB and CPMB photoanodes, respectively.

The high-resolution XPS spectra were acquired to study the chemical state of the
elements. From the survey XPS spectrum (Figure S4a), the elements of C, Bi, V, O,
Mo, Co and P can be observed, indicating the presence of Co and P species on the MB
photoanode. As shown in Figure 2a, high-resolution Co 2p XPS spectra confirm its
presence in the CMB and CPMB samples, but not in the MB and PMB samples. The
peaks centring at 780.4 eV and 796.6 eV are attributed to Co 2p3» and Co 2pis,
respectively, and the peaks at 802.7 eV and 786.1 eV are the satellite peaks [46]. The

high-resolution P 2p XPS spectra (Figure 2b) show the signal in the PMB and CPMB



samples, but not in the CMB and MB samples. The two peaks at 132.6 eV and 133.7
eV are assigned to the 2p3» and 2pi2 of phosphorus atoms in phosphate species,
confirming the successful deposition of PO4> ions [47-48]. As shown in Figure S4b,
the peaks of binding energy at 529.1 eV and 530.8 eV in the XPS spectra of O 1s
correspond to lattice oxygen species and adsorbed oxygen species, respectively [34].
The signals of V 2p (Figure S4c¢) are located at 523.6 eV and 516.0 eV, corresponding
to V 2pi2 and V 2pss2 respectively, referring to V> species [49]. The high-resolution
Mo 3d XPS spectra are shown in Figure S4d. The peaks at 231.78 eV and 234.90 eV,
assigned to the Mo 3ds» and Mo 3ds), were observed from the MB, CPMB, PMB and
CMB samples with similar intensities. This confirms the successful doping of Mo®" in

the BVO.

3.2 Photoanodic H20: evolution reaction

The photoanodic H>O2ER was performed by a three-electrode configuration in the
electrolyte of 2.0 M KHCOs solution. Linear sweep voltammetry (LSV) curves were
received under the illumination of the AM 1.5G, presented in Figure 3a. It is generally
understood that the pathway of H>O» by water oxidation reaction can be described as

Eq. 6 and 7 [50].

2H,0 +* = *OH+ H, O+ H + ¢ (Eq. 6)
*OH+2H, 0 +H"+¢e — H,0, + H + ¢ (Eq. 7)
Therefore, the fact indicates that this reaction is favoured to be proceeded in basic

electrolyte solution. As such, the photoanodic H2O2ER is also acquired in phosphate



buffer (Figure S5). Though the photocurrent density obvious, we cannot detect any

H>O2, revealing in phosphate buffer OER is the only reaction.

Among the samples as shown in Figure 3a, CPMB photoanode achieved the
highest photocurrent density at all bias voltages. Meanwhile, MB offered a higher
photocurrent density than BVO, attributed to improved charge transport by replacing V
with Mo. More importantly, both PMB and CMB photoanodes presented higher
photocurrent densities than MB, confirming the positive effects of surface modification
with Co?* or PO+, Since the thermodynamics for H2O2ER is 1.76 V vs. RHE (Eq. 1),
the corresponding chronoamperometry (CA) curve was acquired with a voltage bias of
1.7 V vs. RHE, shown in Figure 3b. Stable photocurrent densities of 1.72, 2.25, 2.83,
2.49 and 2.96 mA * cm™ were achieved from the BVO, MB, CMB, PMB and CPMB
photoanodes, respectively. No rapid decay of the performance was observed for all

samples.
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Figure 3. (a) Photocurrent densities of the photoanodes for H>OER under AM 1.5G
illumination with CO» gas bubbling in cooling bath. (b) CA curve of photoanodes for
H>O2ER with the applied voltage of 1.7 V vs. RHE. (¢) The H2O2ER of the

photoanodes. (d) FE diagram for HO2ER.

Moreover, the H,O> production performances were investigated by measuring the
H>0» evolution rate and the corresponding FE values, shown in Figures 3¢ and 3d. The
production of H>O> was determined by the calibrated colorimetric method with the
calibration shown in Figure S6 [41-42]. As shown in Figure 3c, the best H,O»
production performance was achieved by CPMB photoanode with a production rate of
0.23 pmol-min™-cm™. This performance is better than CMB or PMB photoanode and

is almost 2 times than that of the MB photoanode. These results further reveal the



importance of the Co?* and PO4>" surface deposition for the HoO,ER. Correspondingly,
among all the samples, CPMB photoanode has achieved the highest FE of 26% (Figure
3d), which is 1.6 times than that of the MB photoanode. The proportional increase in
the H>O> production rate and the FE value with respect to those of MB suggests that
the Co?" and PO4* ions on surface adsorption effectively promoted the H,O
production. On the other hand, the FE for HO2ER of CMB photoanode (Figure 3d) is
similar to those of BVO and MB, indicating that when only Co?" ion is deposited, it
promotes the OER and H>OER kinetics. Hence, the selectivity for H>O> not improved
in CMB photoanode. However, the co-deposition of PO4>" ions significantly improves
the H2O selectivity. As such, there is a synergetic effect for promoting the H2O2ER by

loading both Co*" and PO4* ions.

3.3 The role of the Co?** and PO4* ions on photoanodes for H2O:ER

To elucidate the mechanism of the synergetic effect, we attempted to identify three
determining factors for the HoO2ER, namely light absorption, photoexcited charge
separation and transfer, and surface reaction. As shown in Figure S7, the UV-Vis DRS
spectra were acquired to study the light absorption of the photoanodes. The bandgap
energies were retrieved from the corresponding Kubelka-Munk plots (Figure S8). The
surface deposition of Co** and PO4* ions and the doping of Mo have minor effects on
their band structures with similar bandgap energy around 2.50 eV [40]. The flat band

potentials of the photoanodes can be determined by the Mott-Schottky plots from the



EIS measurements (Figure S9). Similarly, there is no significant change in the flat band

potentials (Figure S10) [40, 51].

Photoexcited charge separation and transfer have studied by TRPL. As expected,
TRPL spectra show that the lifetime of the photoexcited charge is reduced once Mo is
doped into BVO (Figure S11), implying the Mo acts as an electron donor in the BVO
lattice to enhance the mobility of photoanode. However, the deposition of Co?" or PO4*"
ions has no effect on the fluorescence lifetime of MB, indicating that he adsorptions of

ions cannot affect the manners of photoexcited charge transfer.

IPCE were measured operando at the voltage bias of 1.7 V vs. RHE under light
irradiation (Figure 4a). Although there is no change in the spectrum profile, the relative
intensities were all enhance once BVO was doped or surface modified. The IPCE value
was increased by doping Mo into the BVO crystal. With the surface deposition of Co*"
or POs* ions, the IPCE value was further increased, while the highest quantum
efficiency from the incident wavelength from 300 nm to 520 nm was achieved by
depositing Co?" and PO4*" ions simultaneously. This result also confirmed the positive

synergetic effects of co-deposition of Co?* and PO4>" ions.

To investigate the electron transfer between the semiconductor/electrolyte
interface of photoanodes, Nyquist plots were generated from the EIS measurements
with the modulation in the frequency range of 200 kHz to 100 mHz with the
illumination on or off. In comparison with the dark condition, Figure S12 reveals that

the charge transfer resistance at the electrolyte interface was significantly reduced under



the illumination condition for all samples. This observation is due to the effective
surface reaction with the photoexcited holes and electrons. Furthermore, the CPMB
photoanode showed the smallest interface resistance representing by the smallest
semicircle under light illumination. This confirmed that the surface modification with
Co?" and PO4* ions can improve the rate for the surface WOR. Such surface modifiers

could be the dominant mediates for the high-efficiency H>O2ER.
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Figure 4. (a) IPCE plots, and (b) i-EPR spectroscopy of BVO, MB, CMB, PMB and
CPMB photoanodes under light illumination and dark. (c) Illustration of the possible

mechanism of CPMB photoanode for H>O2ER.

In order to study the roles of the ion modifiers for the H>O2ER, we used i-EPR to

test the changes of *OH as intermediates (Figure 4b). DMPO was added to couple with



*OH to present quartet peaks with the intensity ratio of 1:2:2:1 in EPR under the light
illumination. This peak intensity in EPR is proportional to the concentration of
photogenerated *OH near the photoanode. The EPR intensity of CPMB photoanode is
similar to that of PMB photoanode, but larger than that of MB photoanode, indicating
that PO4>" ion promotes the formation of the *OH by dissociation of H>O. In addition,
the intensity of CMB is significantly lower than that of MB, indicating that Co?" ion
improves the consumption of the *OH. The consumption can be either H2O2ER or OER,
and this result is accordance with the performances. With respect to MB, despite the
photocurrent density of CMB increases (Figure 3b and 3c¢), the selectivity of H>O» was
reminded (Figure 3d).

To further understand the role of Co*" in the system, we acquired a control
experiment the investigate the performance by loading different quantity of the Co** on
PMB (Figure 13). It is obvious that the photocurrent density increases by increasing
the loading quantity of Co?' ions till the formation of CMPB (Figure 13a).
Correspondingly, the production rate of H»O, also increases by increasing of the
photocurrent density (Figure S13b). As such, FEs of them were close to each other by
loading Co*" ions on the surface of the photoanode. The results implied that both
pathways for H-O2ER and OER are promoted. Noted that when the Co*" ion loading is
increased to 2CPMB, the photocurrent still increases, but the production of H20> is
lower than CPMB. This observation can be accounted as the rate of H>O; leaving is

lower than the production, and therefore the selectivity turns to Oz production. The



result indicates that again the loading of Co®" promote the water oxidation reaction for

the productions of both H>O2 and Oo.

Combining all the experimental results, we propose the efficient H2O2ER process
in Figure 4c. Generally, PO4> ion promotes the formation of the *OH by dissociation
of H>0, which is considered as intermediate state (TS1) after injecting the photoexcited
hole. Subsequently, *OH is proceeded either to couple with together to form H>O» (TS2)
or to dehydrogenate for OER (TS3). Literatures have reported that Co species can
promote both reactions owing to the redox cycles among Co(II), Co(IIl) and Co(IV)
[36, 52], and this understanding is consistent with our results. Furthermore, the PO4*"
ion was also likely to improve the desorption of H>O, molecules on the surface of the
photocatalyst [35]. As such, the overall performance for H,OER improves by

promoting the surface reaction with loading Co?" and PO4* ions as co-catalyst.

4. Conclusions

In summary, photoanodic H2O2ER was realized by BVO based photoanodes. Since
the surface reaction is the main obstacle for photoanodic HyO2ER, we have attempted
to load PO4* and Co?' ions on MB films as CPMB photoanode to improve both
selectivity and yield for HoO2ER. As such, the optimal evolution rate and FE are ca.
0.23 umol-min'-cm™ and ca. 26%, respectively. This H-O,ER performance is ca. 2.5
times that of pristine BVO photoanode. More importantly, we have studied the role of
the Co?" and PO4>" for the improved performance. It has been found that PO4>" ion

mainly promotes the formation of the *OH by dissociation of H>O and inhibit the



adsorption of H»O, and its subsequent decomposition on the catalyst surface, while
Co?" ion improves the consumption of the *OH for subsequent H>O,ER or OER. This
investigation demonstrated the role of the ions on the surface of photoanode to improves
the HoO2ER selectivity and pave the strategy to design the PEC system for H»O»

production by green approach.

Credit author statement

Lele Yang: Investigation, Methodology, Formal analysis, Data curation, Writing—
original draft. Hong Chen, Yuntao Xu: Formal analysis, Data curation, Visualization.
Rong Qian: Investigation, Writing- review & editing. Qiao Chen: Investigation,
Supervision, Writing- review & editing. Yuanxing Fang: Conceptualization,
Methodology, Formal analysis, Investigation, Resources, Writing — review & editing,

Visualization, Supervision, Project administration, Funding acquisition.

Declaration of Competing Interest

The authors declare no competing financial interest.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(22075047); the Natural Science Foundation of Fujian Province of China (2020J01446);
the Intergovernmental International Cooperation Project of Shanghai Science and

Technology Commission (19520712000).

References



[1] X. Lu, H. Wu, J. Jiang, M. He, P. Wu, Selective synthesis of propylene oxide through
liquid-phase epoxidation of propylene with H>O2 over formed Ti-MWW catalyst, J
Catal. 342 (2016) 173-183.

[2] M. Lin, C. Xia, B. Zhu, H. Li, X. Shu, Green and efficient epoxidation of propylene
with hydrogen peroxide (HPPO process) catalyzed by hollow TS-1 zeolite: A 1.0kt / a
pilot-scale study, Chem. Eng. J. 295 (2016) 370-375.

[3] S. Saxena, J. Basak, N. Hardia, R. Dixit, S. Bhadauria, R. Dwivedi, R. Prasad, A.
Soni, G. S. Okram, A. Gupta, Ammoximation of cyclohexanone over nanoporous TS-
1 using UHP as an oxidant, Chem. Eng. J. 132 (2007) 61-66.

[4] L. H. Callanan, R. M. Burton, J. Mullineux, J. M. M. Engelbrecht, U. Rau, Effect
of semi-batch reactor configuration on aromatic hydroxylation reactions, Chem. Eng. J.
180 (2012) 255-262.

[5] T. Jedsukontorn, V. Meeyoo, N. Saito, M. Hunsom, Route of glycerol conversion
and product generation via TiOz-induced photocatalytic oxidation in the presence of
H>0,, Chem. Eng. J. 281 (2015) 252-264.

[6] H. Li, B. Zheng, Z. Pan, B. Zong, M. Qiao, Advances in the slurry reactor
technology of the anthraquinone process for H>O2 production, Front Chem Sci Eng. 12
(2018) 124-131.

[7] S. Yang, A. Verdaguer-Casadevall, L. Arnarson, L. Silvioli, V. Coli¢, R. Frydendal,
J. Rossmeisl, I. Chorkendorff, I. E. L. Stephens, Toward the Decentralized
Electrochemical Production of H>O»: A Focus on the Catalysis, ACS Catal. 8 (2018)

4064-4081.



[8] Z. Teng, Q. Zhang, H. Yang, K. Kato, W. Yang, Y.-R. Lu, S. Liu, C. Wang, A.
Yamakata, C. Su, B. Liu, T. Ohno, Atomically dispersed antimony on carbon nitride for
the artificial photosynthesis of hydrogen peroxide, Nat. Catal. 4 (2021) 374-384.

[9] G. Goor, J. Glenneberg, S. Jacobi, Hydrogen Peroxide, Ullmann's Encyclopedia of
Industrial Chemistry. 18 (2012).

[10] R. S. Sprick, Z. Chen, A. J. Cowan, Y. Bai, C. M. Aitchison, Y. Fang, M. A.
Zwijnenburg, A. 1. Cooper, X. Wang, Water Oxidation with Cobalt-Loaded Linear
Conjugated Polymer Photocatalysts, Angew. Chem. Int. Ed. 59 (2020) 18695-18700.
[11] S. R. Kelly, X. Shi, S. Back, L. Vallez, S. Y. Park, S. Siahrostami, X. Zheng, J. K.
Norskov, ZnO As an Active and Selective Catalyst for Electrochemical Water Oxidation
to Hydrogen Peroxide, ACS Catal. 9 (2019) 4593-4599.

[12] K. Wenderich, W. Kwak, A. Grimm, G. J. Kramer, G. Mul, B. Mei, Industrial
feasibility of anodic hydrogen peroxide production through photoelectrochemical water
splitting: a techno-economic analysis, Sustain. Energy Fuels. 4 (2020) 3143-3156.
[13] S. Hu, Membrane-less photoelectrochemical devices for H»O» production:
efficiency limit and operational constraint, Sustain. Energy Fuels. 3 (2019) 101-114.
[14] S. Xue, L. Tang, Y. Tang, C. Li, M. Li, J. Zhou, W. Chen, F. Zhu, J. Jiang, Selective
Electrocatalytic Water Oxidation to Produce H>O» Using a C,N Codoped TiO:
Electrode in an Acidic Electrolyte, ACS Appl. Mater. 12 (2020) 4423-4431.

[15]Y. Fang, Y. Zheng, T. Fang, Y. Chen, Y. Zhu, Q. Liang, H. Sheng, Z. Li, C. Chen,
X. Wang, Photocatalysis: an overview of recent developments and technological

advancements, Sci China Chem. 63 (2020) 149-181.



[16] H. Yang, J. Huang, K. Shibata, D. Lu, K. Maeda, C. Hu, Boosting photocatalytic
H>O> production by coupling of sulfuric acid and 5-sulfosalicylic acid incorporated
polyaniline with g-C3Na4, Sustain. Energy Fuels. 4 (2020) 4186-4195.

[17] R. Wang, X. Zhang, F. Li, D. Cao, M. Pu, D. Han, J. Yang, X. Xiang, Energy-level
dependent H>O: production on metal-free, carbon-content tunable carbon nitride
photocatalysts, J. Energ. Chem. 27 (2018) 343-350.

[18] Y. Fang, Y. Xu, X. Li, Y. Ma, X. Wang, Coating Polymeric Carbon Nitride
Photoanodes on Conductive Y:ZnO Nanorod Arrays for Overall Water Splitting, Angew.
Chem. Int. Ed. 57 (2018) 9749-9753.

[19] Z. Chen, Y. Fang, L. Wang, X. Chen, W. Lin, X. Wang, Remarkable oxygen
evolution by Co-doped ZnO nanorods and visible light, Appl. Catal. B. 296 (2021)
120369.

[20] F. Hasché, M. Oezaslan, P. Strasser, T. Fellinger, Electrocatalytic hydrogen
peroxide formation on mesoporous non-metal nitrogen-doped carbon catalyst, J. Energ.
Chem. 25 (2016) 251-257.

[21] X. Shi, S. Siahrostami, G. Li, Y. Zhang, P. Chakthranont, F. Studt, T. F. Jaramillo,
X. Zheng, J. K. Nerskov, Understanding activity trends in electrochemical water
oxidation to form hydrogen peroxide, Nat. Commun. 8 (2017) 701.

[22] X. Shi, S. Back, T. M. Gill, S. Siahrostami, X. Zheng, Electrochemical Synthesis
of H2O2 by Two-Electron Water Oxidation Reaction, Chem. 7 (2021) 38-63.

[23] G. Liu, J. Eichhorn, C. Jiang, M. C. Scott, L. H. Hess, J. M. Gregoire, J. A. Haber,

I. D. Sharp, F. M. Toma, Interface engineering for light-driven water oxidation:



unravelling the passivating and catalytic mechanism in BiVOs overlayers, Sustain.
Energy Fuels. 3 (2019) 127-135.

[24]Y.Ma, J. Du, Y. Fang, X. Wang, Encapsulation of Cobalt Oxide into Metal-Organic
Frameworks for an Improved Photocatalytic CO2 Reduction, ChemSusChem. 14 (2021)
946-951.

[25] Y. Fang, X. Li, X. Wang, Phosphorylation of Polymeric Carbon Nitride
Photoanodes with Increased Surface Valence Electrons for Solar Water Splitting,
ChemSusChem. 12 (2019) 2605-2608.

[26] H. Luo, S. Dimitrov, M. Daboczi, J. Kim, Q. Guo, Y. Fang, M. Stoeckel, P. Samori,
O. Fenwick, A. B. Jorge Sobrido, X. Wang, M. Titirici, Nitrogen-Doped Carbon
Dots/TiO2 Nanoparticle Composites for Photoelectrochemical Water Oxidation, ACS
Appl. Nano Mater. 3 (2020) 3371-3381.

[27] J. H. Baek, T. M. Gill, H. Abroshan, S. Park, X. Shi, J. Nerskov, H. S. Jung, S.
Siahrostami, X. Zheng, Selective and Efficient Gd-Doped BiVO4 Photoanode for Two-
Electron Water Oxidation to H>O2, ACS Energy Lett. 4 (2019) 720-728.

[28] J. Zhang, X. Chang, Z. Luo, T. Wang, J. Gong, A highly efficient
photoelectrochemical H>O, production reaction with Co30s as a co-catalyst,
ChemComm. 54 (2018) 7026-7029.

[29] X. Shi, L. Cai, L. Y. Choi, M. Ma, K. Zhang, J. Zhao, J. K. Kim, J. K. Kim, X.
Zheng, J. H. Park, Epitaxial growth of WO3 nanoneedles achieved using a facile flame
surface treatment process engineering of hole transport and water oxidation reactivity,

J. Mater. Chem. A. 6 (2018) 19542-19546.



[30] Y. Miyase, S. Takasugi, S. Iguchi, Y. Miseki, T. Gunji, K. Sasaki, E. Fujita, K.
Sayama, Modification of BiVO4/WO; composite photoelectrodes with Al,O3 via
chemical vapor deposition for highly efficient oxidative H>O> production from H>O,
Sustain. Energy Fuels 2(2018) 1621-1629.

[31] S. Y. Park, H. Abroshan, X. Shi, H. S. Jung, S. Siahrostami, X. Zheng, CaSnOs:
An Electrocatalyst for Two-Electron Water Oxidation Reaction to Form H202, ACS
Energy Lett. 4 (2019) 352-357.

[32] Y. Xue, Y. Wang, Z. Pan, K. Sayama, Electrochemical and Photoelectrochemical
Water Oxidation for Hydrogen Peroxide Production, Angew. Chem. Int. Ed. 60 (2021)
10469-10480.

[33] K. Mase, M. Yoneda, Y. Yamada, S. Fukuzumi, Efficient Photocatalytic Production
of Hydrogen Peroxide from Water and Dioxygen with Bismuth Vanadate and a
Cobalt(II) Chlorin Complex, ACS Energy Lett. 1 (2016) 913-919.

[34] T. H. Jeon, H. Kim, H. Kim, W. Choi, Highly durable photoelectrochemical H>O>
production via dual photoanode and cathode processes under solar simulating and
external bias-free conditions, Energy Environ. Sci. 13 (2020) 1730-1742.

[35] G. Moon, W. Kim, A. D. Bokare, N. Sung, W. Choi, Solar production of H>O> on
reduced graphene oxide-TiO, hybrid photocatalysts consisting of earth-abundant
elements only, Energy Environ. Sci. 7 (2014) 4023-4028.

[36] P. Zhang, T. Wang, X. Chang, L. Zhang, J. Gong, Synergistic Cocatalytic Effect of
Carbon Nanodots and Co30s Nanoclusters for the Photoelectrochemical Water

Oxidation on Hematite, Angew. Chem. Int. Ed. 55 (2016) 5851-5855.



[37] K. Ye, H. Li, D. Huang, S. Xiao, W. Qiu, M. Li, Y. Hu, W. Mai, H. Ji, S. Yang,
Enhancing photoelectrochemical water splitting by combining work function tuning
and heterojunction engineering, Nat. Commun. 10 (2019) 3687.

[38] L. Zheng, H. Su, J. Zhang, L. S. Walekar, H. Vafaei Molamahmood, B. Zhou, M.
Long, Y. H. Hu, Highly selective photocatalytic production of H2Oz on sulfur and
nitrogen co-doped graphene quantum dots tuned TiO2, Appl. Catal. B. 239 (2018) 475-
484.

[39] Z. Xu, Y. Li, Y. Cao, R. Du, Z. Bao, S. Zhang, F. Shao, W. Ji, J. Yang, G. Zhuang,
S. Deng, Z. Wei, Z. Yao, X. Zhong, J. Wang, Trace water triggers high-efficiency
photocatalytic hydrogen peroxide production, J. Energ. Chem. 64 (2022) 47-54.

[40] T. W. Kim, K. Choi, Nanoporous BiVO4 Photoanodes with Dual-Layer Oxygen
Evolution Catalysts for Solar Water Splitting, Science. 343 (2014) 990-994.

[41] K. Fuku, Y. Miyase, Y. Miseki, T. Gunji, K. Sayama, Enhanced Oxidative
Hydrogen Peroxide Production on Conducting Glass Anodes Modified with Metal
Oxides, ChemistrySelect. 1 (2016) 5721-5726.

[42] K. Fuku, K. Sayama, Efficient oxidative hydrogen peroxide production and
accumulation in photoelectrochemical water splitting using a tungsten trioxide/bismuth
vanadate photoanode, ChemComm. 52 (2016) 5406-54009.

[43] L. Wang, P. Cai, Z. Liu, Z. Xie, Y. Fang, Role of carbon quantum dots on Nickel
titanate to promote water oxidation reaction under visible light illumination, J. Colloid

Interface Sci. 607 (2022) 203-209.



[44] C. Ampelli, F. Tavella, C. Genovese, S. Perathoner, M. Favaro, G. Centi, Analysis
of the factors controlling performances of Au-modified TiO> nanotube array based
photoanode in photo-electrocatalytic (PECa) cells, J. Energ. Chem. 26 (2017) 284-294.
[45]Y. Fang, L. S. Merenkov, X. Li, J. Xu, S. Lin, M. L. Kosinova, X. Wang, Vertically
aligned 2D carbon doped boron nitride nanofilms for photoelectrochemical water
oxidation, J. Mater. Chem. A. 8 (2020) 13059-13064.

[46] S. Cobo, J. Heidkamp, P. Jacques, J. Fize, V. Fourmond, L. Guetaz, B. Jousselme,
V. Ivanova, H. Dau, S. Palacin, M. Fontecave, V. Artero, A Janus cobalt-based catalytic
material for electro-splitting of water, Nat. Mater. 11 (2012) 802-807.

[47] F. H. Saadi, A. . Carim, E. Verlage, J. C. Hemminger, N. S. Lewis, M. P. Soriaga,
CoP as an Acid-Stable Active Electrocatalyst for the Hydrogen-Evolution Reaction:
Electrochemical Synthesis, Interfacial Characterization and Performance Evaluation, J.
Phys. Chem. C. 118 (2014) 29294-29300.

[48] Y. Zhu, Y. Liu, T. Ren, Z. Yuan, Self-Supported Cobalt Phosphide Mesoporous
Nanorod Arrays: A Flexible and Bifunctional Electrode for Highly Active
Electrocatalytic Water Reduction and Oxidation, Adv. Funct. Mater. 25 (2015) 7337-
7347.

[49] J. Qi, D. Kong, D. Liu, L. Pan, Y. Chen, X. Zhang, J. Zou, Bimetallic phosphide
decorated Mo—BiVO4 for significantly improved photoelectrochemical activity and

stability, RSC Adv. 9 (2019) 15629-15634.



[50] V. Viswanathan, H. A. Hansen, J. K. Nerskov, Selective Electrochemical
Generation of Hydrogen Peroxide from Water Oxidation, J. Phys. Chem. Lett. 6 (2015)
4224-4228.

[51] T. Xia, M. Chen, L. Xiao, W. Fan, B. Mao, D. Xu, P. Guan, J. Zhu, W. Shi, Dip-
coating synthesis of P-doped BiVO4 photoanodes with enhanced photoelectrochemical
performance, J TaiWan Inst Chem E. 93 (2018) 582-589.

[52] M. Zhang, M. de Respinis, H. Frei, Time-resolved observations of water oxidation

intermediates on a cobalt oxide nanoparticle catalyst, Nat. Chem. 6 (2014) 362-367.



	Synergetic effects by Co2+ and PO43- on Mo-doped BiVO4 for an improved photoanodic H2O2 evolution

