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ABSTRACT

Abstract

To alleviate the global energy crises and environmental problems caused by the
conventional fossil fuels, it is important to widespread develop renewable alternative energy
schemes (e.g. solar- and wind-energies) to meet the growing energy demand of human society.
Since the pioneering works on photo-electrocatalysis using TiOz reported by Fujishima and
Honda, photoelectrochemical (PEC) water splitting is regarded as one of the most promising
ways to achieve solar energy conversion and storage into H> molecular by splitting water into
H2 and O,. Compared to the H; evolution reaction (HER), the O evolution reaction (OER) is
a kinetic bottleneck for overall water splitting, due to the complicated transfer of four electrons
and four protons. Moreover, during the water oxidation reaction, some other possible oxidation
reactions can occur (e.g. degradation of catalysts) in a harsh oxidizing environment. Therefore,
one of the most important tasks for solar Hx production is the development of efficient and
stable OER photoanodes for enhancing the solar energy water splitting conversion efficiency.

Bismuth vanadate (BiVVOas) is supposed to be one of the most promising photoanodes
for solar water splitting due to its suitable bandgap, low valence band position, earth-abundance,
stability in aqueous solution and low cost. However, the efficiency of solar energy conversion
is still far below the theoretical value due to the sluggish carrier mobility, poor electrical
conductivity and slow surface reaction kinetics. Therefore, the rapid progress mainly focuses
on the modification of the BiVO4 photoanode materials to improve the PEC performance. One
approach to this end is the use of polyoxometalates (POMSs) which are a unique class of
molecular metal oxide clusters that consist of early transition metals. Benefiting from the
unique structure and reactivity, POMs play a key role associated with metal oxide light
absorbers materials in photo-electrocatalytic system in terms of both photoanodes and
photocathodes.

Based on this background, this thesis summarizes investigations into various BiVOas
photoanode modification strategies for photoelectrochemical water splitting and current
progress of POMs-based/derived BiVO4 photoanodes. After an introduction, the main research
topics of this thesis are presented in two chapters, which aims at designing new and low-cost
POMs-based/derived BiVO4 OER composite materials and innovative methods to promote the
OER rate in overall water splitting configurations. For instance, doping with molybdenum or
cobalt polyoxometalate (COPOM = Naio[C04(H20)2(PWg034)2]) in bulk of BiVO4 enhances
the electrical conductivity and improves the charge separation efficiency respectively.
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Meanwhile, surface modification with CoPOM water oxidation co-catalyst enhances the hole
extraction and improves the charge transfer efficiency, particularly significant at very low bias
potentials it can partially compensate the detrimental effects of the electron polaronic states
from doping. Besides, several innovative methods are also developed for energy electrode
materials fabrication, such as ‘Double-Use’ strategy for CoPOM used both as a bulk doping
agent as well as a surface-deposited water oxidation co-catalyst to develop high-performance
BiVO4 photoanodes materials.

Apart from the aboved material design, a variety of characterization technigques such as
UV-Vis absorption spectra, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), and high-resolution transmission electron microscopy
(HR-TEM) were employed to acquire sufficient information on the optical properties,
elemental composition, crystal structures and morphology for all materials before and after
reaction involved in the thesis. Besides, PEC performances are conducted by potentiostat in a
typical 3-electrode system under a Xe lamp equipped with an AM 1.5G filter and O2 production
is directly recorded by the FireSting optical fiber O2 sensor for the evaluation of OER
performance. Parts of the corresponding studies have already been published in academic

journals.



KURZZUSAMMENFASSUNG

Kurzzusammenfassung

Um die globale Energiekrise und die Umweltprobleme zu lindern, die durch
konventionelle fossile Brennstoffe verursacht werden, ist es wichtig, erneuerbare alternative
Energiesysteme (z. B. Solar- und Windenergie) weiter zu entwickeln, um den wachsenden
Energiebedarf der Menschheit zu decken. Seit den Pionierarbeiten zur Photoelektrokatalyse
mit TiO2 von Fujishima und Honda gilt die photoelektrochemische (PEC) Wasserspaltung als
eine der vielversprechendsten Mdoglichkeiten, Sonnenenergie zu speichern, indem Wasser in
H> und O gespalten wird. Im Vergleich zur Hz-Entwicklungsreaktion (HER) ist die O»-
Entwicklungsreaktion (OER) aufgrund der komplizierten Ubertragung von vier Elektronen und
vier Protonen ein kinetischer Engpass fiir die gesamte Wasserspaltung. Dariiber hinaus konnen
wahrend der Wasseroxidationsreaktion in einer hoch oxidierenden Umgebung einige andere
maogliche Oxidationsreaktionen auftreten (z. B. Zersetzung der Katalysatoren). Daher ist eine
der wichtigsten Aufgaben fur die solare Hz-Produktion die Entwicklung effizienter und stabiler
OER-Photoanoden zur Verbesserung der Umwandlungseffizienz der lichtgetriebenen
Wasserspaltung.

Bismutvanadat (BiVOs) gilt aufgrund seiner geeigneten Bandliicke, seiner niedrigen
Valenzbandposition, seines Vorkommens auf der Erde, seiner Stabilitat in wassriger Losung
und seiner geringen Kosten als eine der vielversprechendsten Photoanoden fur die solare
Wasserspaltung. Aufgrund der geringen Ladungstragerbeweglichkeit, der schlechten
elektrischen Leitfahigkeit und der langsamen Oberflachenreaktionskinetik liegt die Effizienz
der Solarenergieumwandlung jedoch noch weit unter dem theoretischen Wert. Daher
konzentriert sich die Forschung derzeit auf die Modifizierung der BiVOs-
Photoanodenmaterialien zur VVerbesserung der PEC-Leistung. Ein Ansatz ist die Verwendung
von Polyoxometallaten (POMS), einer einzigartigen Klasse molekularer Metalloxidcluster, die
aus frihen Ubergangsmetallen bestehen. Aufgrund ihrer einzigartigen Struktur und Reaktivitat
spielen POMs eine Schlisselrolle im Zusammenhang mit Metalloxid-Lichtabsorbermaterialien
in photoelektrokatalytischen Systemen sowohl in Bezug auf Photoanoden als auch
Photokathoden.

Vor diesem Hintergrund fasst diese Arbeit Untersuchungen zu verschiedenen
Modifizierungsstrategien far BiVOs-Photoanoden zur  photoelektrochemischen
Wasserspaltung und den aktuellen Fortschritt bei BiVOs-Photoanoden auf POM-
Basis/abgeleiteter Basis zusammen. Nach einer Einfiihrung werden die wichtigsten

V



KURZZUSAMMENFASSUNG

Forschungsthemen dieser Arbeit in zwei Kapiteln vorgestellt, die auf die Entwicklung neuer
und kostengtnstiger BiVO4-OER-Verbundwerkstoffe auf POM-Basis und innovativer
Methoden zur Verbesserung der OER-Rate in Wasserspaltungskonfigurationen abzielen. So
erhoht beispielsweise die Dotierung von BiVO4 mit Molybdén- oder Kobaltpolyoxometallat
(CoPOM = Naiwo[Cos(H20)2(PW9Ozs)2]) die elektrische Leitfahigkeit bzw. die
Ladungstrennungseffizienz. Gleichzeitig verbessert die Oberflachenmodifizierung mit dem
CoPOM-Wasseroxidations-Kokatalysator die Lochextraktion und die
Ladungsubertragungseffizienz, was insbesondere bei sehr niedrigen
Uberspannungspotentialen von Bedeutung ist, da es die nachteiligen Auswirkungen der
Elektronenpolaronzustédnde durch die Dotierung teilweise kompensieren kann. Darlber hinaus
werden auch mehrere innovative Methoden zur Herstellung von Elektrodenmaterialien
entwickelt, wie etwa die ,Double-Use“-Strategie fur CoPOM, das sowohl als
Massendotierungsmittel als auch als oberflachenabgelagerter Cokatalysator fur die
Wasseroxidation verwendet wird, um hochleistungsfahige BiVOs-Photoanodenmaterialien zu
entwickeln.

Neben dem oben  genannten  Materialdesign ~ wurden  verschiedene
Charakterisierungstechniken wie UV-Vis-Absorptionsspektren, Rontgenbeugung (XRD),
Rontgen-Photoelektronenspektroskopie (XPS), Rasterelektronenmikroskopie (SEM) und
hochauflésende Transmissionselektronenmikroskopie (HR-TEM) eingesetzt, um ausreichende
Informationen Uber die optischen Eigenschaften, die Elementzusammensetzung, die
Kristallstrukturen und die Morphologie aller Materialien vor und nach der Reaktion zu
erhalten, die in der Arbeit verwendet werden. Dariiber hinaus werden PEC-Leistungen mit
einem Potentiostat in einem typischen 3-Elektroden-System unter einer Xe-Lampe mit einem
AM 1,5G-Filter durchgefuhrt, und die O2-Produktion wird zur Bewertung der OER-Leistung
direkt vom FireSting-Glasfaser-O2-Sensor aufgezeichnet. Teile der entsprechenden Studien
wurden bereits in wissenschaftlichen Zeitschriften verdffentlicht.

Vi
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INTRODUCTION

1. Introduction

The total world energy consumption in 2022 was 1.8x10° Terawatt hours (TWh), rising
to 2.4x10° TWh in 2040, an averaging increase of 1% to 2% per year.!*? Fossil fuels currently
supply us with 85% of our energy, with carbon dioxide (CO2) emissions in the atmosphere rising
from 278 ppm at the beginning of the industrial revolution to > 400 ppm today.®! As the global
industries are under intense pressure from energy scarcity and fossil fuel depletion, international
energy deployment has set a goal of near net-zero emissions by 2050. It is urgently needed to
develop eco-friendly, clean, and green energy to deal with the energy crisis and environmental
issues for modern society, which include solar, wind, hydropower, geothermal and biomass
energy.[*®1 Many countries are taking action to produce renewable energy sources to reduce carbon
emissions. For example, the European Union (EU) solar generation capacity keeps increasing
and reached, according to SolarPower Europe, an estimated 259.99 GW in 2023.[

Although fossil fuels will remain for decades, a path to zero emissions is envisioned in
Figure 1.1 An increasing amount of clean renewable energy (such as solar- or wind-energy) is
being converted into electricity and stored in batteries for industrial production and household
applications such as lighting and power electric vehicles. Transmission and distribution of
electricity is becoming more efficient thanks to breakthroughs in wide bandgap semiconductors
and dielectric materials. As the cost of clean energy continues to plunge, new catalysts and
photoelectrochemical devices will enable us to economically achieve electrocatalytic high-
values chemical production, such as hydrogen (Hz) production by splitting water,[*°-*%l carbon
monoxide (CO), methane, ethylene et al. by carbon dioxide reduction reaction (CO2RR),[14°]
ammonia (NHs) production by nitrogen reduction reaction (NRR)™87 or nitrate reduction
reaction (NO3RR) etc.[*82° Moreover, other novel carbon-capture materials will decrease CO:
from the industry generation, and ultimately the atmosphere. After recycling as much of the
captured carbon as possible, advances in materials science will allow us to permanently
sequester the rest of the carbon.F!

As nature accomplishes by photosynthesis, harvesting sunlight into chemical bonds
directly is a highly promising approach to lower the carbon footprint.[?°! One example is using
solar energy to split water into hydrogen and oxygen by semiconductors, from intermittent
solar energy into an inherently more storable energy of chemical bonds,?!) where H; could
subsequently be stored and transported to other energy conversion systems.?l For example,

combusting of H> produces water as the only harmless product with the help of oxygen (O2),
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INTRODUCTION

releasing the stored energy. This can be able to accomplish an attractive carbon-free cycle
between H> production and combustion. Since Fujishima and Honda’s electrochemical
photolysis of water by TiO2,1??! photoelectrochemical (PEC) water splitting has been proved to

be an elegant and environmentally benign pathway to produce Ho.

7
fu mic acid o
4 i
co,
ethylene
C& methane

Figure 1: Renewable energy future. (a—i) advances in materials science and engineering are increasing
the efficiency of electricity generation from clean renewable energy sources — for instance, (a) solar
panels and (b) wind turbines— as well as electricity (c) distribution and (d) storage. Improved energy
management in (e) buildings and (f) widespread diffusion of electric vehicles are decreasing our carbon
footprint. Better catalysts and photoelectrochemical devices allow a more efficient generation of (g)
hydrogen and oxygen, and (h) CO- conversion to fuels and chemicals. (i) Carbon-capture materials will
decrease the amount of CO; released in the atmosphere.F! Reprinted with permission from (Nature
Materials, 2017, 16, 16-22). Copyright 2017, Springer Nature.

Overall splitting water into H2 and O depicted in the following two half-reactions under
alkaline conditions, which are hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER).[2324

Alkaline HER: 2H;0 +2e™ — Hz + 20H" Reaction 1
Alkaline OER: 40H™ — O, + 2H,0 + 4e” Reaction 2
Overall reaction;: 2H,0 — 2H, + 02, AG" = 238 kJ mol ™t Reaction 3

Compared to the HER, which is a proton-coupled two-electron process, the OER is a typical
kinetic bottleneck of overall water splitting since the mechanism of oxygen generation is much
more complex, involving concerted transfer of four electrons and four protons. Therefore, one
of the most important tasks for solar hydrogen production is the development of efficient and
stable OER photoanodes for promoting the oxygen evolution reactivity and enhancing the solar

energy conversion efficiency of PEC water splitting.[?!
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INTRODUCTION

Moreover, polyoxometalates (POMs) are a unique type of molecular metal oxide
clusters that consist of early transition metals (e.g., Mo®", W®*, V°*) with high oxidation
valences, which represent a tremendous range of crystalline inorganic clusters with an
unmatched range of physical and chemical properties.l?82”1 With continuous in-depth study,
POMs is of great significance associated with conductive metal oxide materials in the various
(photo)electrocatalytic systems in terms of (photo)anodes and (photo)cathodes. 282!

Based on this background, the work presented in this thesis deals with the design of
innovative POMs-based/derived OER photoelectrodes for photoelectrochemical (photo-

electrocatalytic) water splitting.
1.1. Photoelectrochemical (PEC) water splitting
1.1.1. Mechanism of PEC water splitting

Figure 2a shows a PEC cell in a 3-electrode system with an n-type semiconductor
photoanode as working electrode, a metallic cathode as counter electrode and a reference
electrode under an aqueous electrolyte. Taking the n-type semiconductor photoanode as an
example, as shown in Figure 2b, when the photoanode film absorbs photons with energy equal
to or greater than the bandgap energy (Eg) of the semiconductor, electrons are excited to the
conduction band (CB) (photogenerated electrons), while leaving holes in the valence band (VB)
(photogenerated holes). Because of band bending occurring at the semiconductor||electrolyte
interface, holes migrate to the surface of photoanode and oxidize water to generate oxygen
(Reaction 2) and electrons move to the surface of counter electrode through the external circuit,
driven by an applied bias potential (Eapp), and then reduce water to generate hydrogen (Reaction
1). This process leads to the overall water splitting reaction and produces hydrogen from water
using solar light.[20233031

Overall, there are three basic steps, i.e., the light absorption and charge separation, the
charge transport from the bulk to the surface, and the surface reaction to evolve oxygen
occurring at the surface of the photoanode. The objective of the PEC device is to produce the
largest photocurrent (J,,,) with @ minimum amount of applied bias. This could be achieved by
maximizing light absorption (J,»s) by using a semiconductor with an appropriate Eg and
minimizing the loss of charges due to bulk recombination (J,,-) and surface recombination (/)
by proper modifications of the semiconductor.[]

There is the experimental method to quantify J,ps, Jpn, Jor and Js., which provides

an important basis to understand fundamental processes occurring on the photoelectrode.
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Figure 2b shows the transfer and loss processes of photogenerated charges on a photoanode.
The light absorption by a photocatalyst generates photocurrent (/,5) that undergoes two major
losses through bulk and surface recombination. Hence, the measured photocurrent by water
oxidation (Jy, o) is expressed by!?]

Ju,0 = Jabs X Mouik X Nsurs Equation 1
where 71 denotes the charge separation efficiency in the bulk of semiconductor (1p,,) Or on
the surface (15yrf)-

The photogenerated electron-hole recombination at the semiconductor]lelectrolyte
interface can be neglected when the system is introduced readily oxidizable reducing agent
such as H,0, and Na,S03.1#!

Water oxidation: 2H,0 + 4h* — O, + 4H*, E" = 1.23 V vs. RHE Reaction 4

H,02 oxidation: H,0z + 2h* — O, + 2H*, E = 0.68 V vs. RHE Reaction 5

Sulfite oxidation: SOz?> + h* — SOz, E'=0.73 V vs. RHE Reaction 6
Thus, hole transfer toward the sacrificial reagents is Kkinetically favorable at the
semiconductor]lelectrolyte interface, which means that almost 100% photogenerated holes can

be injected to their oxidation reaction (ns,,s = 100%). The charge bulk separation efficiency

(Mpuir) is estimated by the equation: 2]

]Na2503

Nouik (%) = Equation 2

]abs
where J,ps IS the unit-converted photocurrent density obtained by integrating the UV-vis

absorptance spectrum over the AM 1.5G solar spectrum according to the following formula:[?!
Japs = prh(l) X LHE(A) X edA Equation 3

Where, Npp(4) is the photon flux (unit: mwW cm? nm™Y) and e is the electron charge (1.602 x
10'° C). LHE is the light harvesting efficiency (defined as the ratio of absorbed light to
incident light) is calculated from the UV-vis absorption spectrum according to the following
formula:B3l

LHE =1 —1074W Equation 4
where A(A) is the absorbance of the sample at wavelength A.

The hole surface transfer efficiency (n,,r) was determined using the equation:4

Ju,0

Nsurf (%) = Equation 5

]Na2503
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where Jy,o and Jyg,s0,are the photocurrents measured in the absence and presence of an

additional hole scavenger (Na2SO3).

| 1 |1
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Figure 2: (a) Photoelectrochemical cell in three-electrode configuration. (b) Working principle showing
charge transfer and loss processes (where, Japs — current with maximum light absorption, Jy — bulk
recombination, Js — surface recombination, J,» — interfacial recombination). (c) Formation of
semiconductor||electrolyte junction for a photoanode in direct contact of electrolyte (redox was set for
H,0/0,, 1.23 V vs. RHE): (i) Equilibrium state of Fermi level of n-type semiconductor (Es,) without
illumination or bias; (ii) lHlumination and formation of quasi-Fermi level (Esn). The gap between Esn
and Es, is the photovoltage (Vpn); (iii) With applied bias (Eapp) of the same as the potential needed for
initial charge transfer (onset potential, Eqc); (iv) In the case of Eapp > Eoc.

The formation of a semiconductor|electrolyte junction, also well known as a
semiconductor—liquid (SCL) junction, is the key phenomenon of a PEC cell composed of
photoelectrodes. As depicted in Figure 2c, illumination provides a photovoltage (Vpn = Efn—
Etn) from the generation of charge carriers by the photoexcitation. Often, Vph alone is not large
enough to drive the charge transfer, and then applied bias (Eapp) adds up and provides enough

driving force, when Eapp is larger than the onset potential (Eoc).[?*!

1.1.2. Photoelectrode requirements

Theoretically, a semiconductor can split water if its Eq is greater than 1.23 eV (water

dissociation energy) and its CB and VB edge energy levels are more negative and more positive
7
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than the water reduction (0.0 V vs. RHE) and oxidation (1.23 V vs. RHE) potentials,
respectively.B% In reality, thermodynamic losses of 0.3 — 0.4 eV and the existence of an
overpotential to ensure sufficiently fast reaction kinetics (0.4 — 0.6 eV) must also be considered.
As a result, the band gap should be at least 1.9 eV, which corresponds to the absorption onset
at 650 nm. Below 400 nm the intensity of sunlight drops rapidly, imposing an upper limit of
3.1 eV on the bandgap. Therefore, the optimum value of the bandgap should be somewhere
between 1.9 and 3.1 eV, which is within the visible range of the solar spectrum.03]

The Eg and the band edge of VB and CB only determine whether the semiconductor
can be able to perform photoelectrochemical water splitting from a thermodynamic perspective.
In addition, the ideal photoelectrode fulfills several tasks at once: good light absorption,
efficient charge separation and transport, low overpotentials for H2 or O evolution at its surface.
Moreover, the photoelectrode must stand the tests of harsh environmental conditions such as
water, salts, and strong sunlight and have the potential to be made at low cost.2% To date, no
earth-abundant material fulfills all these requirements. One solution to this is to use two
semiconductors for HER and OER, respectively. Water reduction (Reaction 1) occurs on
photocathodes while water oxidation (Reaction 2) on photoanodes. This tandem configuration
not only takes sufficient use of the incident sunlight but also combines photovoltage generated
from two electrodes.?>*! Compared to HER, OER half-reaction is regarded as the bottleneck
for water splitting because the generation of one oxygen molecule involves four electrons,
determining the reaction rate.[?>?%1 Therefore, the development of efficient and stable OER
photoanodes plays a critical role to enhance the solar energy conversion efficiency of PEC
water splitting.

1.2. BiVOs-based photoanodes for PEC water splitting
1.2.1. BiVOs as a photoanode material

To date, numerous n-type porous semiconductors have been explored as photoanodes
for PEC water oxidation, including TiO2,B% Fe 05,2040 WO3,B142 BiVQ,,123:314344]
TasNs,[**%1  Bi,WOg,*1 etc. Among these semiconductors, Bi-based mixed-oxide
semiconductors have become the hot research materials because of their special band structures.
The valence band (VB) potential is shifted negatively to decrease the bandgap when hybrid
orbitals of O-2p and Bi-6s are formed due to repulsion of the two orbitals. As a sample of
BiVOs in Figure 3a, CB is made of V 3d, while VB is composed of hybrid orbitals of O-2p and
Bi-6s, reducing the bandgap value. However, in conventional simple oxide semiconductors,
8
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the valence band primarily consists of O-2p orbitals when the metal d orbital is unoccupied,
which results in a need for an external bias for the photoelectrode as the conduction band shifts
positively (as samples of TiO, and WOs in Figure 3a).B

Among Bi-based mixed-oxide semiconductors, bismuth vanadate (BiVOs) stands out
for its multifold features such as earth-abundance, low valence band position, appropriate
bandgap, and high stability in aqueous solution.[“¢->%1 Monoclinic scheelite BiVO4 has a strong
yellow color and is often used as a pigment for strong reflection.[®* As shown in Figure 3b, the
scheelite structure contains a V ion coordinated by four O atoms in a tetrahedral site and a Bi
ion coordinated by eight O atoms in a dodecahedron polymorphs, which has a high asymmetry
of crystal structure with different Bi—O and V-0 distances. Thus, BiVOs also has a very high
anisotropic electronic structure (polarized) owing to the great degree of asymmetry of VO4 and
Bi0s.123%1 BiVO, possesses a bandgap of around 2.4 eV, corresponds to 516 nm wavelength
of light, absorbing up to ~ 30% of the solar radiation, resulting in a theoretical photocurrent
density of 7.5 mA cm™2 corresponding to the solar-to-hydrogen (STH) efficiency of
9_2%_[31,52,53]

As an n-type photocatalyst, the efficient hole transfer plays a key role for photoanodic
water oxidation. Similar to the case of Fe,03,2°% the charge carrier transfer in BiVOy is
governed by a polaron hopping conduction mechanism occurring rapidly at a time scale of =
ps,° in which a detailed study shows that electrons and holes are heavily bound to those
intragap polaron levels with characteristic potentials located ~0.88 eV below the conduction
band minimum (CBM, edge of CB) and ~0.11 eV above the valence band maximum (VBM,
edge of VB). They can effectively trap electrons and holes, limit their mobility and suggest that
electron—hole recombination through polaronic states could hamper the evolution of the water
splitting reaction.[®! This accounts for the relatively sluggish electron mobility of BiVO4 of
0.02-0.044 cm? V1 st (polycrystalline) to ~12 cm?® V! st (single crystalline), which is
significantly lower than those of WO3 (10 cm? V1 s71). Its hole mobility (=2 cm? V1 s7%) is
higher than that of Fe,O3 (0.0001 cm? V1 s72).[%]

Despite the low mobility, high quantum efficiencies can nevertheless be achieved in
BiVO4 due to the long lifetime of the photogenerated charge carriers (~40 ns), which leads to
relatively long carrier diffusion lengths defined as the average distance that an excited carrier
will travel before recombining, as shown in Figure 3¢.58! The minority carrier diffusion length,
Lp, or the carrier lifetime, zr, often express the susceptibility to recombination. They are related
throught®"!
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Lp = \/D_TR Equation 6
where the diffusivity of the free carriers, D, is related to their mobility, x«, via the Nernst—
Einstein equation:B%

p M
e
Where Kk is the Boltzmann constant, T is the temperature, and e is the charge of an electron.

Equation 7

Values of Lp range from several nanometers to several hundred nanometers in some oxides.
Table 1 summarizes the carrier diffusion length, lifetimes and mobilities of promising
photoelectrode materials. The hole diffusion length (Lp) of BiVVO4 was calculated as 70 nm,
which is relatively longer than that of Fe2Os (2 — 4 nm) but shorter than that of WO3 (150 —
500 nm).[!

Table 1: Comparison of carrier mobility, lifetime, and diffusion length of several promising metal
oxides. [

. Carrier mobility Carrier lifetime Carrier diffusion length
Photoelectrode materials o
u (cm?Vv1is TR Lp (nm)
Fe,0s 0.5 3 ps 2-4
WO3 10 1-9ns 150 — 500
BiVO4 0.044 40 ns 70

BiVO;, is inherently stable without itself getting oxidized during water oxidation.
However, BiVOys is generally not highly stable in electrolytes, especially in phosphate (PO4*",
HPO42", and H2PO4"), and tends to be more stable in bicarbonate (HCO3>") and especially
borate (BOs>").1%8l The Pourbaix diagram for BiVOs was recently reported by Toma et al. As
shown in Figure 3d, BiVOs is stable in a large region with pH values from 1 to 11 and at the
electrochemical potentials within the water stability region. Unfortunately, BiVOas is no longer
thermodynamically stable at potentials close to the oxygen evolution potential, whose
constituent is expected to dissolve as VOs ions and Bi oxyhydroxides.’”! From a
thermodynamic perspective, it is expected that the BiVO4 would self-passivate via formation
of a chemically stable bismuth oxide at its surface. Sayama et al reported that the BiVOs
dissolved V atoms from the surface during the photoreaction and formatted a thin Bi-rich layer
(BiOx layer), which may help prevent further erosion of BiVO4.[8

Therefore, a rapid development is obvious that BiVOs has become one of the most

promising materials for a metal oxide—based photoanode in the field of PEC water splitting.
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Figure 3: (a) Band structure of TiOz, WOs, Fe;O3; and BiVOs. (b) Crystal structure of monoclinic
scheelite Mo-doped BiVO, (Red balls: O; dark green balls: V; bule balls: Bi; orange ball: Mo). (c)
Absorption regions in a semiconducting photoanode. (d) Pourbaix diagram of the 50:50 Bi:V system in
an aqueous solution, assuming Bi and V concentrations of 10°° mol kg™. Upper red dashed line:
potential for OER; lower red dashed line: potential for HER. Cyan regions: stable solid compounds;
pink region: BiVO. (s); white regions: ions dissolved in aqueous solution.® Reproduced with
permission (Nat. Commun., 2016, 7, 12012). Copyright 2016, Springer Nature.

However, up to now, the STH efficiency for BiVO4 photoanode is still far below its
theoretical efficiency. This discrepancy in performance arises due to the rapid recombination
of photogenerated charge carriers at BiVOs surface (/) and bulk (J,.) as well as
BiVOu/substrate interface (J,,/) (Figure 2b). First, charge recombination at BiVO4 surface
readily happens at surface trapping states (defect states), trapping free electrons from the bulk
due to -OH surface termination from the water dissociatively adsorbed at its surface.*% This
leads to poor surface reaction kinetics and thereby the low onset potential in BiVOas (typically
~ 0.6 V vs. RHE).®l Second, the sluggish carrier mobility (high resistivity) confirms that the
bulk electronic conductivity in BiVOs is the main limiting factor.’5¢! Therefore,

photogenerated electrons and holes recombine before they reach the substrate or the surface to
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decrease the charge bulk separation efficiency. Third, the charge recombination at the
BiVOua/substrate occurs due to interfacial defect states as a result of lattice mismatching
between BiVO4 and substrates.[®* The above aspects, involving surface, bulk, and interface
properties directly impact the PEC performance of BiVO4 photoanodes.

To address the above-mentioned problems in BiVO4 photoelectrodes, and to increase
its overall PEC performance, commonly used methods include: (1) surface modification
(surface state passivation and loading of co-catalysts, etc.); (2) bulk modification (element
doping, construction of heterojunctions and nanostructure design, etc.); and (3) optimization of

the interface between BiVVO4 and the substrate.
1.2.2. Surface modification strategies

Compared with the rapid generation of photogenerated electron-hole pairs in the
semiconductor, the poor surface charge transfer at the semiconductor|lelectrolyte interface
usually progress on a considerably longer scale (from nanoseconds to microseconds).l®? The
severe surface charge recombination and slow surface reaction kinetics greatly restricts the
PEC performance of BiVOs. The cocatalysts deposition on BiVOs photoanodes has been
extensively studied as an effective strategy to promote charge separation, suppress surface
charge carrier recombination, reduce the overpotential and accelerate the surface water
oxidation kinetics of BiV04.[3841 In this section, we focus on the surface functionalization of
BiVOs via different surface-deposited materials as cocatalysts or passivation layer.

IrOx and RuOx are well-known electrochemical oxygen evolution catalysts, but their
efficiency as cocatalysts on BiVOs is very low due to the relative poor capability of the hole
injection into the OER of water, compared with cobalt (oxy)hydroxide phosphate (Co—Pi) or
FeOOH.[55681 Co—Pi, 7711 Co0y, 273 FeCoOy,™ CoOOHI™> 78 etc cobalt-based co-catalysts
are widely reported. Bi group demonstrated that the plasma-exfoliation of CoOOH nanolayers

(=8 nm) into an ultrathin structure (=2 nm) could significantly improve the PEC activities of

BiVO4 photoanodes due to the enhanced charge separation and increased surface active sites. [
Co-Pi was first reported by Kanan and Nocera,!’"! and later Co—Pi was introduced onto BiVO4
by electrodeposition or photo-assisted electrodeposition.l’:"81 The Gamelin group reported
quantitative analysis of the charge transfer efficiency owing to cocatalysts, demonstrating that
Co—Pi modification on W:BiVO, increased the photocurrents, yielded a cathodic onset
potential shift of ~0.44 V (Figure 4a), and achieved a near-complete suppression of surface

recombination in PEC water splitting (energy diagram in Figure 4b).[’®1 A detailed study by the
12
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Durrant group reported that the kinetics of hole transfer from the BiVO4 to the Co—Pi layer are
more sluggish than the direct water oxidation from BiVOa. The performance enhanced by Co—
Pi deposition due its ability to suppress electron/hole recombination within the BiVOa
photoanode.l’® This was further proven by the Krol group by using intensity modulated
photocurrent spectroscopy (IMPS), as shown in Figure 4c to determine that the main role of
CoPi is to suppress surface charge carrier recombination as it passivates the surface states of
BiVO..[% However, the long-term stability remains an issue for Co—Pi cocatalyst due to the
dissolution of Co-Pi in a phosphate buffer solution.® Co-borate (CoBi) onto BiVO4
photoanode also has the same problem of stability, although the onset potential is negatively
shifted and the photocurrent are significantly improved.’®? An iron-cobalt oxide (FeCoOxy) as
an efficient co-catalyst was beneficial to achieve a significantly higher stability of over 10 h

than that by CoOx, as shown in Figure 4d.[74!
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Figure 4: (a) Photocurrent density vs. applied potential (J-V) curves, and (b) energy diagram showing
the kinetic processes for Co-Pi/W:BiVO, photoanodes.[® Reprinted with permission from (J. Am.
Chem. Soc., 2011, 133, 18370-18377). Copyright 2011, American Chemical Society. (c) Simplified
model of the elementary processes in a BiVO, photoanode.®” Reprinted with permission from (Chem.
Sci., 2017, 8, 3712-3719). Copyright 2017, the Royal Society of Chemistry. (d) Stability curves of the
FeCoOy/BiVO,4 and CoOx/BiVO, photoanodes at 1.23 V vs. RHE."¥ Reprinted with permission from
(Adv. Funct. Mater., 2018, 28, 1802685). Copyright 2018, Wiley-VCH GmbH.
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In addition to cobalt-based co-catalysts, there are also other co-catalysts widely used in
PEC water splitting, such as transition metal hydroxyl oxides. FeOOH!®®! and plasma etched-
NiOOH,®4 respectively, on the BiVO4 surface as an oxygen evolution catalyst significantly
improved photocurrent and long-term photostability for solar water splitting. The dual-layer
NiOOH/FeOOH for nanoporous BiVOs photoanodes also maintain an excellent long-term
stability of 48 h, as shown in Figure 5a and 5b. The resulting BiVO4/FeOOH/NiOOH
photoanode achieves a photocurrent density of 2.73 mA cm at a potential as low as 0.6 \V vs.
RHE. An electron-hole separation efficiency of 0.90 at 1.23 V vs. RHE can be achieved. It
turned out that FeOOH had a good interaction with BiVVO4, while NiOOH had better water
oxidation kinetics, thus, their combination provided synergistic effects of both activity and
stability.[®]

Transition metal oxides or sulfides have been reported in BiVO4 photoanodes system.
The Bi group reported that N- incorporation NiFeOx catalysts significantly enhanced the
oxygen evolution activity and stability of BiVVO4 photoanodes. The excellent PEC performance
can be attributed to the relatively low electronegativity of N atoms incorporated into the
NiFeOx catalysts to partial substitute O sites, which promotes electron enrichment at the Fe and
Ni sites. Furthermore, the electron-enriched Ni sites would donate electrons to V sites of BiVOs
for restraining V°* dissolution and improving the PEC stability, while the Fe sites could
effectively attract holes for promoting the oxygen-evolution activity.[ The Huang group
reported a vanadium oxide (VOx) OEC with enriched oxygen vacancies on BiVO4 photoanodes
obtained by a simple photo-assisted electrodeposition process, which exhibits an excellent
photocurrent density of 6.29 mA cm at 1.23 V vs. RHE under AM 1.5 G illumination (Figure
5¢) and achieves a high charge surface separation efficiency of 96% at 1.23 V vs. RHE.
Specifically, the photogenerated holes are transferred to the surfaces of the BiVOs particles to
oxidize V** ions in the VF4 aqueous solution for generating oxygen vacancies in VOx. The
presence of oxygen vacancies in VOy that forms undercoordinated sites could strengthen the
adsorption of water molecules onto the active sites and promote charge transfer during the
oxygen evolution reaction.”l The Zhou group reported that a cobalt/nickel- based sulfide
(NiCo02S4) cocatalyst on BiVOs4 photoanode increased photocurrent density and caused
negative shift of onset potential, achieving a surface hole injection yield of nearly 99%. The
kinetic data based on IMPS show that NiC02S4 decreases surface charge recombination rate,
which reveals that NiCo2S4 serves as a passivation layer to suppress recombination at surface

states and consequently enhance surface water oxidation kinetics (Figure 5d).[81 However, it
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is known that transition metal sulfides are thermodynamically unstable under OER conditions,
which tend to be oxidized to their corresponding metal oxides/(oxy)hydroxides, especially in
the strong alkaline environment, but still be activated in OER reaction.[®® Other surface state
passivation species of BiVO4 includes NiOx,[®! Al,O3,PY TiO,* etc.
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Figure 5: (a) SEM images of nanoporous BiVOs, and (b) J-t curve for BiVO4/FeOOH/NiOOH
photoanode measured at 0.6 V vs. counter electrode.®! Reprinted with permission from (Science, 2014,
343, 990-994). Copyright 2014, Science. (c) J-V curves of the BiVO. and BiVO4/VOx photoanodes.
871 Reprinted with permission from (Angew. Chem., 2023, 135, €202217346). Copyright 2023,
Wiley-VCH GmbH. (d) Possible surface water oxidation kinetics mechanism of BiVO4/NiC0,S4.
Reprinted with permission from (ACS Appl. Energy Mater., 2020, 3, 9089—9097). Copyright 2020,
American Chemical Society.

1.2.3. Bulk modification strategies

As a n-type semiconductor, a good hole conductivity of BiVOs is critical for the hole
transfer during photoanodic water oxidation.[567:69.701 The extremely slow hole mobility (~2
cm? V1 s71) and extremely sluggish electron mobility (0.02-0.044 cm? V1 s71) will lead to
serious photogenerated carrier bulk recombination in the BiVOs, severely limiting the PEC

performance.?3° Therefore, the bulk modification strategies, including morphology, doping,
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defect engineering and heterojunction, are of great significance for enhanced PEC water
splitting.[2331

Morphology engineering plays a vital role in increasing the efficiency of PEC.
Nanostructured BiVOs films, such as nano shuttle,®®! nanotubes,® nanorods,® nanoflake,
and nanoworm, "] assist the carrier diffusion length (shortening the distance for the carriers to
travel to reach the surface of BiVO4) and have an optical effect (increased light absorption
efficiency) and high active surface area, effectively boosting the PEC performance. The
ground-breaking work by the Zhou group designed 3D inverse opal type architecture of
Mo:BiVO4 onto FTO substrate (Figure 6a) via template-assisted filtration method, showing
1.5-fold increment in the photocurrent density (Figure 6b). The superior enhancement of the
PEC performance was attributed to the surface morphology engineering in the form of an
inverse opal architecture that facilitates the interconnected and well-directed paths for charge
transport through photoanode.®®! The Lee group demonstrated a 3D periodic, micropillar-
structured FTO (FTO-MP) deposited with BiVO4 in Figure 6¢, and exhibited excellent
photocurrent densities of 2.97 mA cm™2 at 1.23 V vs. RHE (Figure 6d), which are significantly
enhanced than that of flat BiVO4. The main reason for this enhanced PEC performance is the
increased light absorption efficiency by light scattering of the 3D periodic structure and
enlarged surface area.[®®! However, it can not always have positive effects on charge separation
and transport by increasing surface area as it can result in the increase in surface states, defect
sites and grain boundaries while decreasing crystallinity.>®! Therefore, the morphologies and
surface areas of a photoelectrode should be finely optimized to the overall positive effect.

Doping engineering is an effective strategy to increase the n-type conductivity and
charge separation/transfer efficiencies of BiVO4 due to poor electron transfer.?®l The Selli
group reported that Mo doping enhanced the bulk electron conductivity of BiVO4 and the
passivation of its trap surface states.['°! The Andreu group reported that W-doped BiVO4
shows the a higher donor density and a higher concentration of surface states that can act as
reaction sites, thus leading to improvements of both conductivity and surface catalytic
activity.[*%l The Xv group reported that cobalt ion-doped BiVOs photoanode exhibited an
improved PEC performance due to a part of Co ions being incorporated into the BiVOu lattice,
enhancing electronic conductivity, whereby excess Co ions formed a Cos04 co-catalyst on the
surface (Figure 7a).['% The Lee group tried the doping of Mo, W, Ti, Cr, Fe, Zn, Nb, Ru, Pt,
Sn, Ce, and Ta into the V sites of BiVVO4, and observed a drastic improvement in the visible-

light-induced water oxidation activity only with W or Mo doping, while Mo doping showed a
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more pronounced promoting effect than that of W doping (Figure 7b). Electrochemical
impedance spectroscopy (EIS) and Mott—Schottky (MS) analysis indicated a reduced charge-
transfer resistance and a higher carrier concentration for W- or Mo-doped BiVO; relative to
undoped BiVOs. Electronic structure calculations revealed that both W and Mo act as shallow
donors, with Mo forming a hybrid band with V, resulting in a density of states (DOS) twice as
high as that of W (Figure 7c). The effective hybridization of Mo®" < V** reflects the higher

donor capacity of Mo compared to W.[1%]
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Figure 6: (a) SEM image of macroporous Mo:BiVO, onto 3D inverse opal structure, and (b) J-V curves
of different photoelectrodes in sodium sulfate electrolyte.®®! Reproduced with permission from (ACS
Nano, 2014, 8,7088-7098). Copyright 2014, American Chemical Society. (c) SEM images of BVO-
MP1 (micropillar-patterned BiVOs: height of 1.9 um, diameter of 500 nm, and period of 2.0 um), and
(d) J-V measurements BVO-F (flat BiVO.), BVO-MPL1, and BVO-MP2 (micropillar-patterned BiVOu:
height of 1.9 pum, diameter of 500 nm, and period of 4.0 um) conducted in a 0.5 m phosphate buffer
solution (pH 7.1) under AM 1.5G illumination (dashed line is under dark condition).®! Reproduced
with permission from (Small, 2021, 17, 2006558). Copyright 2021, Wiley-VCH GmbH.

Multiple transition metal ions doping in BiVOs is also an effective process to improve
conductivity of BiVO4and promote PEC performance. The Mullins group developed the Mo
and W co-doped BiVO4 nanoflake array films to increase conductivity of BiVO4or to slightly

enhance water oxidation kinetics.[®! The Huang group fabricated Mo and Co co-doped BiVO4
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films (Mo:BiVO4/Co:BiVO4) by depositing Co:BiVO4 layer on the top of Mo:BiVO, layer,
and demonstrated the enhanced PEC performances. Co:BiVOs layers were found to be
important for the enhanced charge separation efficiencies, which can not only act as reactive
sites for water oxidation to promote the interfacial charge separation (surface exposed Co?*
ions), but also be able to tune the built in electric fields due to shifting in Fermi energy levels
via doping and optimize the charge transfer in Co:BiVOa layers to improve the bulk charge
separation (Co%*doping inside) in Mo:BiVO.4/Co:BiVO4 photoanodes.*%! Specially, the Krol
group introduced a gradient-doped W:BiVOs film, creating a distributed n*—n homojunction
for enhancing charge separation throughout the bulk of the material. By combining cobalt
phosphate water-oxidation catalyst, the AM 1.5 photocurrent improves to ~3.6 mAcm™ at
1.23V vs. RHE, representing a ~60% improvement over the same electrode with a
homogeneous W-dopant concentration.]

In addition, non-metal elements doping has also been widely reported. The Abdi group
incorporated sulfur in BiVO4 thin films, which decreases the bandgap of ~0.3 eV by the
upward shifting of the valence band maximum (VBM), increasing the theoretical maximum
STH efficiency from 9 to 12%. Time-resolved microwave conductivity measurements reveal a
~3 times higher charge carrier mobility compared to unmodified BiVOa, resulting in a ~70%
increase in the carrier diffusion length (Figure 7d).[*%! The Lee group investigated phosphate
doping into BiVOs, replacing some of the VO4*~ oxoanions with PO4*~ oxoanions, and the best
photocurrent density of 0.5% POs-doped BiVOg4 is about 30 times higher than that of pristine
BiVOs, which revealed that PO4>~ oxoanion doping lowered the charge transfer resistance and
increased charge carriers of BiV04.[17]

Another powerful doping strategy into BiVOq lattice is to create oxygen vacancies by
electrochemical reduction,[’®® hydrogen gas treatment,X® photocharging,*'% and N,
treatment.**] The Wang group demonstrate that the cocatalyst-free BiVO4 photoanode
exhibited a record photocurrent of 4.60 mA cm at 1.23 V vs. RHE with an outstanding onset
potential of 0.23 V vs. RHE. The increased oxygen vacancies and the passivated surface states
at the BiVOa/electrolyte interface as a result of potentiostatic photopolarization are suggested
to boost the charge transport and reduce the surface recombination, further inhibiting photo-
corrosion.[®! The Choi group show that annealing nanoporous BiVO4 under nitrogen flow can
result in nitrogen doping and generation of oxygen vacancies, which not only effectively
reduces the bandgap by ~0.2 eV but also increases the majority carrier density and mobility,

enhancing electron-hole separation.*'l
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Figure 7: (a) Schematic diagram of the mechanism for Co doping improving the PEC water oxidation
of BiVO0,..1*%? Reproduced with permission from (ACS Appl. Energy Mater. 2022, 5, 6313 —6323).
Copyright 2022, American Chemical Society. (b) J-V curves, and (c) DOS plots of pure BiVO, and W-
or Mo-doped BiVO..[*%®l Reproduced with permission from (ChemSusChem, 2012, 5, 1926— 1934).
Copyright 2012, Wiley-VCH GmbH. (d) Photoconductivity action spectroscopy (PCAS), i.e., charge
carrier mobility (¢zumax) vs. wavelength, of BiVO4 and S-treated BiVO, films.[2%! Reproduced with

permission from (Chem. Mater., 2018, 30, 8630—8638). Copyright 2018, American Chemical Society.

Constructing a heterostructure with two or more semiconductors via surface/interface
engineering has been considered as an effective way for efficient charge separation/transfer
efficiency to improve the PEC performance of a photoelectrode. There exist two kinds of
heterojunctions: staggered junction and Z-scheme junction (Figure 8). In a typical staggered
band alignment (Figure 8a), both CB and VB positions of semiconductor 2 (sem 2) are slightly
higher than that of semiconductor 1 (sem 1). After band bending, a built-in field is formed that

drives the photogenerated electrons from sem 2 to sem 1, and photogenerated holes from sem
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1 to sem 2, leading to a spatial separation of the electrons and holes on two sides of
heterojunction. For Z-scheme heterojunction (Figure 8b), the CB position of sem 1 is close to
the VB position of sem 2, resulting in the interfacial recombination between photogenerated
electrons from sem 1 and holes from sem 2. Such recombination enables forward current flow

and the photovoltage is the sum of the photovoltage of sem 1 and sem 2.120]
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Figure 8: Band structure of two kinds of heterojunction. (a) Staggered junction. (b) Z-scheme
junction.?! Reproduced with permission from (Adv. Mater. 2018, 30, 1707502). Copyright 2018,
Wiley-VCH GmbH.

The Fu group prepared a ternary WO3/BiVO4/NIOOH photoanode with a
photoresponse of 3.00 mA cm at 1.23 V vs. RHE, which is 7 times higher than that of pure

BiVO4. The photogenerated carriers’ transport is efficiently driven by the well-matched

WO3/BiVO; staggered heterojunction, as shown in Figure 9a, where the holes can move from
the valence band of WO3 (2.76 eV) to that of BiVO4 (2.52 eV), while electrons can move from
the conduction band of BiVO4 (0.05 eV) to that of WO3 (0.16 eV). NiOOH, as a water oxidation
cocatalyst, accelerates the water oxidation kinetics.[*?l The Hwang group demonstrated that
the PEC performance of BiVOa4 can be improved by combining it with the more negative CB
potential of n-Si. As shown in Figure 9b, it suggests that the photogenerated holes in Si and
electrons in BiVOs are recombined and holes in BiVVOs are used for oxygen evolution, while
electrons in the Si layer are transferred to the counter electrode for hydrogen evolution (Z-
scheme heterojunction). The TiO2 layer protects Si from oxidation and aids in charge
recombination between Si and BiVO4.!]
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Figure 9: (a) Mechanism diagram of WO; and NiOOH co-modification to enhance the PEC activity of
BiVO, photoanode.*'? Reproduced with permission from (ACS Appl. Energy Mater. 2022, 5,
11402 —-11412). Copyright 2022, American Chemical Society. (b) J-V curves and diagram of charge
flows with Si/TiO2/BiVO, Photoanode.l'*® Reproduced with permission from (ACS Appl. Mater.
Interfaces 2015, 7, 5788—5796). Copyright 2015, American Chemical Society.

1.2.4. Interface between BiVO4 and the substrate modification strategies

In addition to surface modification and bulk promotion, the interface between BiVO4
and the substrates (FTO glasses or other loaded support materials) is a challenge for
photocarriers to be collected to the external circuit.’¥ Inserting metal oxides between the
substrate and BiVOs is an effective way to reduce the lattice mismatch and passivate defect
trapping states for improving the photoactivity of BiVOa4. The Lee group investigated the
epitaxial growth of BiVO utilizing a thin y-WO3 template layer deposited on a SrTiOs (001)
substrate covered by a SrRuO3 (SRO) at the bottom. They found that the photocurrent density
of template-assisted BiVOs is approximately 10 times greater than that of pristine BiVO4. The
template layer helps minimize the lattice mismatch between BiVO4 and SRO, facilitates the
migration of photogenerated electrons from BiVO4 to the SRO bottom layer, and also acts as a
hole-blocking layer (Figure 10a and 10b).I®Y) The Shin group demonstrated that a SnO, buffer
layer as hole blocking layer has been introduced at the interfaces between BiVO4 and FTO
substrate (Figure 10c). The defect trapping states (DTS*) located at the FTO/BiV O interface
are fully passivated. Furthermore, the SnO> buffer layer induces a favorable band bending in
the BiVOg4 layer, which leads to efficient electron transport towards the FTO through the SnO-
layer and effectively prohibits charge recombination. 4!
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Figure 10: Schematic of the (a) structural model for BiVO4 deposited on the g-WO; template layer, (b)
energy-band diagram of the BiVO4/g-WO3 photoanode.®* Reproduced with permission from (J. Mater.
Chem. A, 2017, 5, 18831-18838). Copyright 2017, the Royal Society of Chemistry. (c) The schematic
illustration of the SnO- as a hole blocking layer under the BiVO..1*** Reproduced with permission from
(J. Mater. Chem. A, 2017, 5, 6905-6913). Copyright 2017, the Royal Society of Chemistry.

1.3. Polyoxometalates (POMs)-based/derived composites for PEC water

splitting
1.3.1. Fundamentals of POMs

POMs are a large class of polynuclear metal-oxo clusters that consist of early transition
metals (e.g., Mo®*, W8*, V**) with high oxidation states.*'%] The starting metal salts (e.g.,
Mo0O4>", WO4*~, VO3) could transform into the [MO,] polyhedral units with y = 4 — 7 during
the reaction, where M represents an metal ion defined as addenda atom.[*>!6] POMs are
typically constructed by linking [MOy] polyhedral units through self-assembly process in
aqueous or organic solutions, which could assembly through different linkage approaches, such
as bridged by one oxo-group (corner-shared), two oxo groups (edge-shared) or three oxo
groups (face-sharing, which is rarely observed) to construct tremendous nanoclusters with
different structures and compositions.[?61161171 The addenda atom can also be substituted by
other metal elements to generate functionalized POM materials. Moreover, the negative charge
of POMs will be balanced by various countercations, which control the cluster solubility.[8!

A large number of structure types of POMs can be broadly classified into three
categories (see Figure 11):*18120 (j) |sopolyoxometalates are molecular metal oxide anions
including single species of addenda atom and oxygen without any heteroatom, see Figure 11a
and 11b, resulting in the general formula of [MxOy]™". Though isopolyoxometalates are less

stable than their heteropolyoxometalate counterparts, they also have interesting physical
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properties, such as high charges and strongly basic oxygen surfaces, which make them as
attractive building blocks for applications. (ii) Heteropolyoxometalates are metal oxide
frameworks containing one or more heteroatoms, and two fundamental
heteropolyoxometalates shown in Figure 11c and 11d (Keggin-type [XM12040]" and Wells-
Dawson-type [X2M180¢2]™"), described by the formula [X:MxOy]"* with z < x for heteroatom
X, such as transition metals V, Cr, Mn, Fe, Co, or nonmetals Si, P, S, As, 1.111%1 Heteroatoms X
can act either as a template in the self-assembly process stabilizing the cluster (e.g. Keggin
anion [SiW12040]*) or as a linker between polyoxometalate units to form into supramolecular
POM-based structures (e.g. [Coa(H20)2(PWg0s4)2]'%).1121 In addition, a well-established
procedure to incorporate heterometals into POMs is using lacunary clusters, see Figure 11e as
one example. (iii) Mo-blues/Mo-browns are highly reduced polyoxometalate clusters based
Mo, which often form high nuclearity ring- or ball-shaped cluster topologies, see Figure 11f.
The {Mo132} spherical ball-like cluster and {Mo1s4} ring-shaped cluster have been structurally

discovered and characterized by A. Muller.[*22123]

I) Isopolyoxometalate Il) Heteropolyoxometalate Lacunary Cluster

a ' C i e
[11) Mo-blue/Mo-brown

Figure 11: Common polyoxometalate frameworks illustrated in polyhedral presentation. a)
Isopolyoxometalate Lindqvist-type hexametalate [MsO19]™. b) Isopolyoxometalate decametalate
[M10O28]™". c) Heteropolyoxometalate Keggin-type [XM12040]"". d) Heteropolyoxometalate Wells-
Dawson-type [X:M180s2]". €) Lacunary heteropolyoxometalate Keggin-type [XM1gOs]™". f)
Supramolecular spherical Molybdenum {Mo13,} cluster. Colour scheme: dark blue: polyhedral [MOeg];
purple: tetrahedral [XO4]; red: O.?% Reprinted with permission from (S. Repp. Self-assembly and
Supramolecular Functionalization of Hybrid Organic-inorganic Molecular Vanadium Oxides. 2023,
Universitat Ulm). Copyright 2023, Universitat Ulm.
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1.3.2. POMs-based/derived photoelectrodes

Owing to the variety of advantages, such as redox activity, solubility, unique electronic
properties, compositional flexibility, thermal-/chemical stability can be adjusted by changing
constituent elements, organic bridging components and structural dimensions (e.g. POM-based
chains, layers and frameworks).[**51241 POMs have become potential materials for broad
research fields, especially in catalysis.[*?>'"1 Up to now, many POM-based compounds (see
Figure 12) involving POM clusters,*?8121 POM molecule encapsulated into metal-organic
frameworks (POM@MOFs), 118130131 pOM-based metal organic frameworks (POMOFs)124
and POM molecule deposited onto conductive substrates (POM@ Substrates)**>133] have been
explored extensively in photo/electrocatalytic.[*?” Benefiting from the fast (multi-)electron and
proton transfer abilities, researchers often associate POMs with semiconductor materials such
as TiOz, 1 W03, 3] Fe,03,11%61 Cu,0%71 in terms of both photoanodes and photocathodes in

photo-electrocatalytic system.

POM Clusters POM@MOF POM@Substrate

Figure 12: POM-based compounds.!?”l Reprinted with permission from (Angew. Chem. Int. Ed.,
2020, 59, 20779-20793). Copyright 2020, Wiley-VCH GmbH.

POMs in Photocathodes: The Guo group reported that the POM ([PW10M02040]>) anions
were adsorbed on Cu.O crystal faces by electrostatic attractive interaction to achieve the
POM/Cu20 photocathodes. The Cu2O/POM composite films exhibit significant photovoltaic
enhancement because the POM could act as electron-acceptor to retard the electron—hole
recombination and facilitate the photoexcited electron transfer.*1 The Li group reported a
POM (Ags[P2W180s2]) -modified CuBi>04/Mg-CuBi>Os homojunction photocathode to
improve both the bulk and interfacial charge carrier transport, while the built-in electric field
from CuBi>04/Mg-CuBi>04 homojunction promotes the migration of photo-excited carries and
the reduced POM co-catalyst was used as a proton sponge to accelerate surface reaction

kinetics and suppress carrier recombination (Figure 13a).[*%]
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POMs in Photoanodes: The Ryu group reported that an organic/inorganic hybrid
WO3/PPy:RusPOM (PPy: polypyrrole; RusPOM: [RusOs(OH)2(H20)4(y-SiW10036)2]'")
photoanodes prepared by the electro-polymerization, where the deposition of the PPy:RusPOM
layer is contributed to a remarkably improved photoelectrochemical performance due to the
formation of a WO3/PPy p—n heterojunction and the incorporation of RusPOM WOCs, and
enhanced photostability due to the suppression of the formation of hydrogen peroxide.™*% The
Lian group constructed a TiO,—CoyPOM {NasgKs[Cog(H20)s(OH)3(HPO4)2(PW5034)3]}
photoanode by first anchoring the cationic 3-aminopropyltrimethoxysilane (APS) ligand on a
metal oxide light absorber. Results indicate that surface-bound CogPOM retains its structural
integrity throughout all photoelectrochemical water oxidation studies and CosPOM serves as
an efficient WOC, extracting photogenerated holes from TiO; on the picosecond time scale.[*4%]
The Ryu group successfully build a photoanode by depositing a thin film of diverse cationic
polyelectrolytes and anionic [Co4(H20)2(PWg034)2]*> POM-WOCs on the surface of various
photoelectrode materials (e.g. Fe:03, BiVO4 and TiOz) using the layer-by-layer (LbL)
assembly technique (Figure 13b). This proof of concept showed that the performance of these
photoanodes was significantly improved in terms of stability as well as photocatalytic
properties.[** The Rau group reported that a cationic polymer linker polyethyleneimine (PEI)
for immobilization of the anionic co-catalysis CoPOM onto the negatively charged surface of
carbon nitrides (CNy) improved efficiency of the transfer of photogenerated holes to water
molecules and to enhanced photo-electrocatalytic oxygen evolution, as shown in Figure 13¢.[*4!]

Although cationic polymer linkers for stabilization of anionic POMs have been reported,
POMs are not always stable as a molecular catalyst, depending on specific experimental
conditions (e.g., pH and composition of electrolyte, catalyst concentration, applied electrode
potential). For example, cobalt-based polyoxometalates [Co4(H20)2(PWg0Q34)2]'% (CoPOM)
has been reported to be an efficient homogeneous water oxidation catalyst,[1?8129.1421 hyt this
CoPOM as a pre-catalyst can also undergo conversion to cobalt oxide,**' cobalt
hydroxide,[**3! cobalt phosphatel*#! etc. accounts for the major part of activity in water
oxidation. The Ding group reported a CosPOM ([(A-a-SiWgO34)2C0s(OH)s(H20)2(C0O3)3] %)
modified Fe>O3 photoanodes prepared by a simple photo-deposition method, where an ultrathin
CoOx overlayer derived from CogPOM is confirmed as the true active species on the hematite
nanorod to improve the photoresponse and reduces the water oxidation overpotential (Figure
13d).1241 The Lin group reported that an ultrathin nanofilm FeOx cocatalyst decomposed from

eleven iron-containing polyoxometalate Naz7[Fe11(H20)14(OH)2(W3010)2(a-SbW9O33)e]
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(Fe12POM) on the decisive (110) facet of BiVVOs significantly enhanced photocatalytic water
oxidation performance compared to pure BiVOs4, which could effectively capture the
photogenerated holes and suppress the recombination of electron-hole pairs through fast
interfacial hole transfer process.[**®! In conclusion, the related post-catalyst derived from the

degradation of POMs are still activated for the reaction activity in catalysis system.
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Figure 13: (a) Current—potential of CuBi»O4 photocathode with homojunction and AgP>W:s surface
modification.[**® Reprinted with permission from (Acta Phys. -Chim. Sin. 2024, 40 (2), 2304006).
Copyright 2024, Editorial office of Acta Physico-Chimica Sinica. (b) Experimental setup for the
photoelectrochemical performance of LbL-modified photoanodes.™ ! Reprinted with permission from
(ACS Appl. Mater. Interfaces 2017, 9, 40151 —40161). Copyright 2017, American Chemical Society.
(c) The fabrication of the CN/TiO, hybrid photoanode with an anionic molecular CoPOM cocatalyst
immobilized via electrostatic attraction on the negatively charged CNx surface using a positively
charged cationic polyethyleneimine (PEI) linking agent.!*Y Reprinted with permission from (Adv.
Sustainable Syst., 2022, 6, 2100473). Copyright 2022, Wiley-VCH GmbH. (d) LSV of
CoOy(POM)/Fe,03, CoOx(salt)/ Fe.0s, and Fe;O3 photoanodes under AM 1.5G irradiation in 80 mM
borate buffer (pH 9).124"1 Reprinted with permission from (J. Mater. Chem. A, 2019, 7, 6294-6303).
Copyright 2019, the Royal Society of Chemistry. (e) Schematic illustrations of photoanodes with Al,O3
ALD protection.’ Reprinted with permission from (ACS Appl. Mater. Interfaces 2017, 9,
35048 —35056). Copyright 2017, American Chemical Society.

On the other hand, to avoid the degradation of POMs supported on photoelectrode
surfaces under applied potential, the Hill group reported that a 4 nm thick Al.O3 layer applied
by the atomic layer deposition (ALD) aids immobilization and greatly stabilizes

[{Ru"V4(OH)2(H20)4} (y-SiW10034)2]**- (RuaSi2) on hematite surfaces, as shown in Figure 13e.
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Results indicate that RusSi> remains intact with Al2O3 ALD protection, which provides optimal
performance with nearly 100% faradaic efficiency for oxygen generation under visible-light
illumination.! Furthermore, POMs also can be as a pre-catalyst by annealing to active the
catalytic reaction. The Ryu group annealed soluble POM [Co4(H20)2(PWg034)2]*> molecules
at high temperatures in air led to the formation of insoluble amorphous CoWQO4 nanoparticles
on the surface of Fe:Os, which exhibited excellent catalytic activity. Its outstanding
performance resulted from the generation of large amounts of oxygen vacancies upon
annealing, leading to the optimum distance between the nearest Co ions for the Langmuir-

Hinshelwood (LH) mechanism. %]
1.3.3. POMs-based/derived BiVO4 photoanodes

POMs are an outstanding class of electron acceptors/donators as WOCS, which can
capture and transport photo-generated electrons or holes to reduce the fast carrier
recombination.l*?1 The Xu group reported a Co-based POM (Ag10[C04(H20)2(PW3034)2])
serving as a hole extraction layer on the surface of BiVO4 photoanode for boosting PEC activity
by promoting hole extraction and transfer.[*> As shown in Figure 14a, the Ryu group exhibited
a superior PEC performance for BiVO4 photoanodes with catalytic multilayers (CMs), where
cationic polyelectrolytes and anionic Naio[C04(H20)2(VWg034)2] WOCs were assembled in a
desired amount. EIS analysis combined with various PEC characterization methods showed
that the CMs improved water oxidation Kinetics at the electrode/electrolyte interface via the
deposition of efficient POM WOCs and the Kkinetics of photogenerated -carrier
separation/transport within bulk BiVOa by passivating surface recombination centers (Figure
14b).1*%21 The Ding group reported a NisPOM (KsNa[Nis(H20)sPWi10039H20]-12H20) as a

novel molecular cocatalyst incorporated into a typical FeOOH/BiVO4 composite photoanode
through a simple impregnation method for boosting PEC performance (Figure 14c). Notably,
the introduction of NisPOM accelerates the separation and transfer of carriers and surface
reaction kinetics, simultaneously improving the PEC stability.[*>3 The Fan group investigated
the Naio[Co4(H20)2(PW9Oz4)2] (CoPOM) cocatalyst locating at N-doped carbon (N/C) to
specially boost the charge transfer efficiency and achieve lower onset potential of BiVOs
photoanodes for PEC water oxidation (Figure 14d), which showed a good stability and well
maintained the original structure and morphology of BiVO4-N/C-CoPOM.% |n addition, the
Ryu group fabricated an efficient and stable bias-free PEC cell composed of dual

photoelectrodes—deposition of the respective CMs on a CuO photocathode and a BiVO4
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photoanode—for overall water splitting using LbL assembly (Figure 14e and 14f). Detailed
PEC analysis revealed that the CMs not only facilitated catalytic activity and charge transport
to the photoelectrode/electrolyte interface, but also suppressed the deactivation of

photoelectrodes, especially for an unstable CuO photocathode, by the formation of a protective

H 155
coating layer.[*5]
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Figure 14: (a) J-V curves and (b) schematic illustration for the preparation of the BiVO4 photoanodes
modified with molecular CMs.*5Reproduced with permission from (ACS Appl. Mater. Interfaces 2019,
11, 7990-7999). Copyright 2019, American Chemical Society. (c) Schematic diagram for
NisPOM/FeOOH/BiVO, photoanode.**® Reproduced with permission from (ACS Sustainable Chem.
Eng., 2023, 11, 7367—7377). Copyright 2023, American Chemical Society. (d) LSV curves of BiVOs,
BiVO.-N/C, BiVO4,-CoPOM and BiVO4-N/C-CoPOM under AM 1.5G illumination.!*> Reproduced
with permission from (Chem. Eng. J., 2020, 392,123744). Copyright 2020, Elsevier Ltd. (¢) Schematic
illustrations and (f) J-V curves a bias-free PEC cell composed of a Cu,O photocathode with HER CMs
(cationic polyethyleneimine and NiPOM [Nis(H20)2(PWs034).]'%") and a BiVO4 photoanode with OER
CMs (cationic polyethyleneimine and CoPOM [Co04(H20)2(VWsO34)2]'*).1%! Reproduced with
permission from (Green Chem., 2018, 20, 3732-3742). Copyright 2018, the Royal Society of Chemistry.

As mentioned above, POMs are not always stable as a molecular catalyst. Although
post-catalyst derived from the degradation of POMs accounts for the reaction activity in
catalysis system, scientists are still exploring more methods to improve the stability of
molecular POMs. One effective method is incorporating POMs into metal—organic frameworks
(MOFs) containing active catalytic sites, which is attributed to MOFs feature organic ligands

porous network, and electron-rich centers of POMs that can modulate the chemical bonds
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between the metal ions and organic linkers of MOFs. The Wang group constructed a BiVO4
photoanode by securely encapsulated the electron-rich KsNa[Niz(H20)3PW10039H20]-12H,0
(NiPOM) into metal—organic framework MIL-101(Cr), which effectively preserves the
catalytic activity of the NiPOM while providing adequate space for catalytic reactions. The
improved catalytic performance can be attributed to NiPOM serving as the primary active
species, accelerating surface catalytic reactions, providing electrons from its Ni sites to the V
sites on the BiVOs surface, effectively suppressing V°* dissolution, and enhancing the
oxidative stability of PEC water splitting.[*>¢1 Furthermore, the Liu group reported a modified-
BiVO4 photoanode through the coupling of H3z040PW12:xH.O (PWO) with CoOOH,
demonstrating that the decoration of PWO serves as an intermediate layer to promote the
transport of holes from BiVO4 to CoOOH, while the deposition of CoOOOH acts as a protective
layer as well as cocatalyst to reduce the photo-corrosion and improve the PEC activities of
BiVO,.11%7]

Notably, POMs could be a potential PEC co-catalyst candidate with excellent
photoactivity directly applied in BiVOs PEC systems. To the best of our knowledge, a
photoelectrode fabricated by combining BiVO4 and POMs for OER is normally with linkers or
binders or intermediate layers. However, in our case, we choose direct deposition of COPOM
(Na1o[C0o4(H20)2(PWg034)2]) as an example from the POMs family without any linkers or
binders on the surface of Mo-doping mesoporous BiVOs. Meanwhile, the addition of the
polyethyleneimine (PEI) as a cationic polymer linker was compared with the photoelectrode
without PEI linker, which results had no beneficial effect on the performance of the
photoanodes with PEI linker for our Mo-doped BiVOs4 photoanodes. Furthermore, we proved
the contributions of the Mo-doping and modification with CoPOM to the performance
enhancement. In addition, we provide several unprecedented insights into the effects of both
Mo-doping (e.g., Mo-induced limitation of photovoltage) and CoPOM modification (e.g.,
compositional changes under operating conditions and significant electrolyte effects). See
corresponding details in the next chapter 3.1.

POMs can be considered as molecular analogues of solid-state metal oxide
semiconductors. They have similar chemical composition and electronic property.[*®l It is
recognized that the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) in POMs are similar to the valence band (VB) and conduction band
(CB) in semiconductors. When exposed to ultraviolet light, there is an electron transition in

POMs from HOMO to LUMO (O—M charge transfer). Thus, electrons which are promoted to
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empty metal d-orbitals can be described as photo-generated electrons, and the vacant oxygen
2p-orbitals can be considered as photo-generated holes.*>°%% The quasi-semiconductor
characteristics of POMs make them important for photocatalytic systems. For example, the Xu
group doped Keggin-type POMs such as Ha[PW12040] (PW12) and Ke[CoW12040] (CoW?12) into
BiVO4 to improve photo-electrocatalytic water oxidation performance of BiVOg, as shown in
Figure 15a, which attributes to energy band matching between BiVO4 and POMs to drive
migrating of photogenic electrons from BiVO4 to POMs.[*%% The Zheng group synthesized an
amino-modified Tis clusters (NH2-TOCs) on BiVOs that exhibited high performance on PEC
water splitting by as-formed NH2-TOCs/BiVO4 heterojunction, which was ascribed to strong
M-O-Ti (M=Bi, V) bonding at the interface.[*%?] The Lee group proposed incorporating POM
([Coa(H20)2(PW9034)2]**) within a polypyrrole (PPy) network coated on BiVOy4 to boost light
absorption and charge separation through the heterojunction between BiVOs4 and PPy, and
found that the use of POM plays a crucial role in reducing the charge recombination at the
interface, achieving high hole transfer efficiency (Figure 15b).[*%31 Xu group reported a dual
modification of BiVVO4 photoanodes utilising the POM H3PW12040 (PW12), as electron acceptor
to suppress electron-hole recombination, and nickel (I1) phthalocyanine tetrasulfonic acid
(NiTsPc), acting as hole extractor. Besides, the energy band matching is beneficial to driving
charge carrier transfer, the photoelectron to transfer from BiVO4 to PW12 and the hole from
BiVO4 to NiTsPc for the improved photoactivity of BiVO, (Figure 15¢).[164

To date, using POMs as a doping agent has been reported in various fields, including
gas sensing application,[*® dye-sensitized[*®®! or perovskite solar cells,*51 biothiol
detection[%®! and photocatalytic*®>1"l. Due to the abundancy of transition metals involved in
typical POMs, they also hold potential as doping agents in PEC water splitting systems.
However, as mentioned-above, the reported POMs-doped into BiVO; are attributed to energy
band matching between BiVO4 and POMs. Hence, it has great significance to explore POMs
with abundant transition metal elements as a doping agent to add in the precursor solution for
the synthesis of BiVO4 photoanodes in PEC system, manipulating the electronic structure of
BiVO4 film photoanodes. In our case, we used a ‘Double-Use’ strategy for the development of
high-performance BiVOs photoanodes for solar water splitting, where CoPOM
(Na1o[Cos(H20)2(PWs034)2]) was simultaneously used both as a bulk doping agent as well as
a surface-deposited water oxidation co-catalyst. Most importantly, the combination of both
modification routes resulted in significantly increased photoresponse and faster Oz production

compared with pristine BiVO4, and discussed in detail the mechanistic aspects of the improved
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activity and stability related to the ratio of W/Co on the surface of photoanode, which are of
great importance for the further design and development of efficient energy materials. See

corresponding details in the next chapter 3.2.
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128430). Copyright 2023, Elsevier Ltd. (c) The schematic illustration of charge transfer processes for
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2. Objectives

As mentioned above, POMs, as a vast class of green, cheap and stable early transition
metal-oxygen clusters, offer multiple advantages, including redox activity, solubility, unique
electronic properties, compositional flexibility, and the ability to mediate fast electron and
proton transfer. These qualities make them an attractive class of molecular catalysts, pre-
catalysts, and redox mediators for photo- and electrocatalytic systems. Monoclinic BiVO4 has
become one of the most promising photoanode materials in the field of photoelectrochemical
water splitting for its multifold features such as earth-abundance, suitable bandgap, low valence
band position and high stability in aqueous solution and low-cost. In this context, POMs serve
not only as metal doping precursors for bulk modification but also as cocatalysts or pre-
catalysts for surface modification, leading to enhanced photo-electrocatalytic activity in
nanoporous BiVO4 photoanodes.

The main objective of this thesis is to develop effective and stable BiVVO4 photoanodes
for photoelectrochemical water splitting (driven by solar light). The effort to achieve this goal
can be categorized into two parts.

e Design and fabrication of nanoporous BiVOs thin films through doping and
cocatalyst modification, along with the evaluation of their photo-
electrocatalytic performance.

e Mechanistic analysis to demonstrate the contributions of doping and cocatalyst
modification.

The first objective of this thesis is to synthesize a thin-film photoelectrode based on
nanoporous BiVOs that exhibits not only good light absorption but also efficient charge
separation and transport. The introduction of F-108 as a structural agent during synthesis
induces a three-dimensional nanoporous structure with worm-like nanoparticles ranging in size
from tens of nanometers. The thickness of the thin film is adjusted by varying the number of
spin-coating cycles of the precursor solution to achieve optimal light absorption. Concurrently,
the doping concentration is fine-tuned by adding different amounts of the doping agent to the
precursor solution, while CoPOM cocatalyst is incorporated into the photoanodes by
immersion in a CoPOM aqueous solution to enhance charge separation and transport. The
photo-electrocatalytic activities of the resulting photoanodes will be tested by potentiostat in
borate buffer under AM 1.5G illumination (1 sun) from the backside (through the FTO glass),
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using a standard three-electrode configuration. O> production is directly recorded by the
FireSting optical fiber O sensor for the evaluation of OER performance.

The second objective of this research is to analyze the contributions of doping (Mo-
doping and CoPOM-doping) and CoPOM cocatalysts modifications throughout the catalytic
process. This involves a comprehensive investigation of the open-circuit photopotential (OCP),
applied bias photoconversion efficiency (ABPE), incident photon-to-current conversion
efficiency (IPCE), charge separation efficiency (7., ), the hole transfer efficiency (n,,),
electrochemical impedance spectroscopy (EIS), stability, and photo-electrocatalytic
performance both before and after catalysis. Such analyses elucidate the roles of CoPOM-based
water oxidation catalysts and the doping agent within the CoPOM-derived BiVOs system,

providing valuable guidance for the future synthesis of photoelectrodes.
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3. Result and discussion

Parts of this thesis have been published in peer-reviewed scientific journals. With
permissions from corresponding journals, reprints of these publications are presented in chapter
3.1-3.3 followed by corresponding supporting information in chapter 6.1-6.3, where the
contributions of individual authors for each publication are given.

In chapter 3.1, titled ‘‘High-Performance BiVOs Photoanodes: Elucidating the
Combined Effects of Mo-doping and Modification with Cobalt Polyoxometalate’’, bulk doping
of BiVOs with molybdenum combined with surface modification with a cobalt
polyoxometalate water oxidation catalyst (CoPOM) was successfully synthesized on BiVO4
photoanodes. The best-performing Mo-BiVO4/CoPOM photoanode exhibits a photocurrent
density of 4.32 mA cm 2 at 1.23 V vs. RHE under AM 1.5G (1 sun) illumination and an ABPE
of ~0.73%, which is an improvement by the factor of ~24 with respect to pristine BiVOa.
Mechanistic analyses are used to prove the contributions of Mo-doping and CoPOM
modification. Mo-doping is shown to result in enhanced electronic conductivity and
passivation of surface states, whereby these beneficial effects are operative only at relatively
high applied bias potentials (> 0.9 V vs. RHE), and at lower bias potentials (< 0.7 V vs. RHE)
they are counterbalanced by strongly detrimental effects related to increased concentration of
electron polaronic states induced by the Mo-doping. CoPOM deposition is related to the
enhancement of water oxidation catalysis. The molecular CoPOM acts as a pre-catalyst and
undergoes (partial) conversion to cobalt oxide under the PEC operating conditions. The study
demonstrates CoPOM-derived catalysts as effective water oxidation catalysts at BiVOa
photoanodes and suggests that further progress in BiVO4 photoanode development depends on
alternative strategies for conductivity enhancement to avoid detrimental polaronic effects
associated with the conventional bulk doping of BiVOa.

In chapter 3.2, titled ‘“"Double-Use" Strategy for Improving the Photoelectrochemical
Performance of BiVO4 Photoanodes using a Cobalt-Functionalized Polyoxotungstate’’, a
molecular cobalt-phosphotungstate (CoOPOM = Naio[Co4(H20)2(PWsOz4)2]) is used both as a
bulk doping agent as well as a surface-deposited water oxidation co-catalyst. The use of
CoPOM for bulk doping of BiVVO4 is shown to enhance the electrical conductivity and improve
the charge separation efficiency, resulting in the enhancement of the maximum applied-bias
photoconversion efficiency (ABPE) by a factor of ~18 to 0.54% at 0.87 V vs. RHE, as
compared to pristine BiVO4 (0.03% at 1.04 V vs. RHE). The ratio of W/Co on the surface of
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photoanode is related to the activity and stability. In addition, modification of CoPOM-doped
BiVO4 with CoPOM as a surface co-catalyst enhances the hole extraction and improves the
water oxidation Kinetics, resulting in the overall enhancement of the ABPE to 0.79% (at 0.82
V vs. RHE), i.e. by a factor of ~26 with respect to pristine BiVOa. This study establishes the
‘Double-Use’ strategy involving CoPOM s as an effective, straightforward and easily scalable
approach for the development of high-quality photoanodes for solar water splitting, and
highlights the future potential of utilizing well-designed polyoxometalates as precursors for the
synthesis of energy materials.

In chapter 3.3, titled “*Atomically Engineered Defect-Rich Palladium Metallene for
High-Performance Alkaline Oxygen Reduction Electrocatalysis’’, it is reported how targeted
introduction of defect sites in a 2D palladium metallene nanostructure results in a highly active
catalyst for the alkaline oxygen reduction reaction (ORR). A defect-rich WOy and MoOx
modified Pd metallene (denoted: D-Pd M) is synthesized by a facile and scalable approach.
Detailed structural analyses reveal the presence of three distinct atomic-level defects, that are
pores, concave surfaces, and surface-anchored individual WOy and MoOx sites. Mechanistic
studies reveal that these defects result in excellent catalytic ORR activity, half-wave potential
0.93 V vs. RHE, mass activity 1.3 A mg Pd™* at 0.9 V vs. RHE. The practical usage of the
compound is demonstrated by integration into a custom-built Zn-air battery. At low D-Pd M
loading (26 pg Pd cm™2), the system achieves high specific capacity and shows excellent
discharge potential stability. This study therefore provides a blueprint for the molecular design

of defect sites in 2D metallene nanostructures for advanced energy technology applications.
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3.1 (FF-1) High-Performance BiVOs Photoanodes: Elucidating the Combined
Effects of Mo-Doping and Modification with Cobalt Polyoxometalate

Fan Feng, Dariusz Mitoraj, Ruihao Gong, Dandan Gao, Mohamed M. Elnagar, Rongji Liu, Radim
Beranek*, Carsten Streb*

* Corresponding authors

Published in Material Advances, 2024.
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This publication reports on the synthesis and characterization of bulk doping of BiVO4
with molybdenum combined with surface modification with a cobalt polyoxometalate water
oxidation catalyst (CoOPOM = Na1o[C04(H20)2(PWg0z4)2]). The optimized Mo-BiVO4/CoPOM
photoanode exhibits a photocurrent density of 4.32 mA cm™ at 1.23 V vs. RHE under AM
1.5G (1 sun) illumination and an applied-bias photoconversion efficiency (ABPE) of ~0.73%.
Mechanistic analyses demonstrate that Mo doping enhances electronic conductivity and
passivates surface states at relatively high applied bias potentials, while molecular CoPOM
serves as a pre-catalyst to improve water oxidation.

Copyright: ‘High-Performance BiVO4 Photoanodes: Elucidating the Combined Effects of Mo-
Doping and Modification with Cobalt Polyoxometalate’, Fan Feng, Dariusz
Mitoraj, Ruihao Gong, Dandan Gao, Mohamed M. Elnagar, Rongji Liu, Radim
Beranek* and Carsten Streb*, Mater. Adv., 2024, 5, 4932-4944. DOI:
10.1039/DAMAO00089G. Reprinted with permission, © 2024 The Author(s).
Published by the Royal Society of Chemistry. This is a gold open access article
distributed under the terms of the Creative Commons CC BY 4.0 license, which
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permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

Supporting Information can be found in chapter 6.1.
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Bulk doping of BiVO4; with molybdenum combined with surface modification with a cobalt polyoxo-
metalate water oxidation catalyst (COPOM = Na;p[Co4(H50)2(PWgOs4)2]) is reported. The best-
performing Mo-BiVO,4/CoPOM photoanode exhibits a photocurrent density of 4.32 mA ecm 2 at 123V
vs. RHE under AM 1.5G (1 sun) illumination and an applied-bias photoconversion efficiency (ABPE) of
~0.73%, which is an improvement by a factor of ~24 with respect to pristine BiVO4. Mechanistic ana-
lyses are used to prove the contributions of Mo-doping and CoPOM modification. Mo-doping is shown
to result in enhanced electronic conductivity and passivation of surface states, whereby these beneficial
effects are operative only at relatively high applied bias potentials (>0.9 V vs. RHE), and at lower bias
potentials (< 0.7 V vs. RHE) they are counterbalanced by strongly detrimental effects related to increased
concentration of electron polaronic states induced by the Mo-doping. CoPOM deposition is related to
the enhancement of water oxidation catalysis. The molecular CoPOM acts as a pre-catalyst and under-
goes (partial) conversion to cobalt oxide under the PEC operating conditions. The study demonstrates
CoPOM-derived catalysts as effective water oxidation catalysts at BiVO, photoanodes and suggests that
further progress in BiVO, photoanode development depends on alternative strategies for conductivity
enhancement to avoid detrimental polaronic effects associated with the conventional bulk doping of
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1. Introduction

Hydrogen generation via photoelectrochemical (PEC) water
splitting represents one of the promising strategies to secure
the future supply of free (low-entropy) energy in an environ-
mentally sustainable manner."™ Compared to the hydrogen
evolution reaction (HER), which is a proton-coupled two-
electron process, the oxygen evolution reaction (OER) is a
typical kinetic bottleneck of PEC devices since the mechanism
of oxygen generation is much more complex, involving con-
certed transfer of four electrons and four protons.”® Accord-
ingly, the development of efficient, stable and low-cost
photoanodes for water oxidation is of paramount importance
for the realization of economically viable PEC water splitting

@ Department of Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-
14, 55128 Mainz, Germany. E-mail: carsten.streb@uni-mainz.de

® Institute of Electrochemistry, Ulm University, Albert-Einstein-Allee 47, 89081 Ulm,
Germany. E-mail: radim.beranek@uni-ulm.de

“ Institute of Inorganic Chemistry I, Ulm University, Albert-Einstein-Allee 11, 89081
Ulm, Germany

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
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devices.” Some of the most intensely investigated photoanodes
are based on passivated high-quality semiconductors (e.g., Si
or M-V compounds),*' hybrid inorganic-organic archi-
tectures,"”* or on low-cost metal oxides, such as Fe,0;,""®
CuwO,'”"® or BivO,.>"*"*” In particular, BiVO, is an attractive
material owing to its bandgap energy of ~2.4 to 2.6 eV, which
translates to the maximum theoretically achievable photocur-
rents of 6.4-8.9 mA cm > and the solar-to-hydrogen (STH)
efficiencies of 8-11% under AM 1.5G (1 sun) illumination.
However, the PEC performance of pristine BiVO, photoanodes
is typically far below the theoretical limit, both in terms of
maximum photocurrents and achievable photovoltages, the
latter manifested by rather positive photocurrent onset poten-
tials (with respect to the reversible hydrogen electrode, RHE)
and generally poor fill-factors of the photocurrent density-
potential (/-V) curves. The reasons for this suboptimal perfor-
mance have been identified as (i) poor bulk electronic con-
ductivity of BiVO, and the presence of surface intragap states,
both of which result in severe electron-hole recombin-
ation,?>**?° and (ii) ineffective hole extraction and slow rate
of water oxidation at pristine BiVO, surfaces.”**>* Concerning
the former, significant improvements in performance have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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been demonstrated, for example, by doping BiVO, with
molybdenum,**** whereby the beneficial effect of Mo doping
has been ascribed to increased electronic conductivity and/or
passivation of surface recombination centers.”***7 In addi-
tion, further improvements have been reported after modifica-
tion of BiVO, with various additional hole extractors and/or
OER catalysts, such as rhodium oxide,*” vanadium oxide,*® iron
oxyhydroxide,*" nickel hydroxide,*® cobalt oxide,*****" cobalt
hexacyanoferrate,** iron/nickel oxide,*?%3”*3** or cobalt/nickel
sulfide,*® whereby the question of whether the improvement
should be ascribed to enhanced water oxidation kinetics or to
other factors (e.g., enhanced charge extraction or passivation of
surface recombination centers) is still a source of intense
debate and seems to depend on specific catalysts and photo-
anode architectures,**%°

Well-defined polyoxometalates (POMs) - molecular metal
oxide clusters — comprising redox-active transition metals, e.g.
Co or Mn, are known to be effective catalysts in various
(photo)electrocatalytic systems.” " A prototypical example is
the complex CoPOM (Na,o[Co4(H»0),5(PW¢03,),]) with a Co,0,
core stabilized by oxidatively resistant polytungstate ligands.**
Notably, this CoPOM has been reported to be an efficient
homogeneous water oxidation catalyst,”**® though there is also
some evidence that - depending on specific experimental
conditions (e.g., pH and composition of the electrolyte, catalyst
concentration, applied electrode potential) - this CoOPOM can
also undergo conversion to cobalt oxide, and thus behave
rather as a pre-catalyst for the formation of a heterogeneous
water oxidation catalyst (CoO,) which then often accounts for
the major part of activity in water oxidation.”””* Very recently,
there have been several reports of successful immobilization of
CoPOM onto various photoanodes (e.g., TiO,, Fe,0s, BiVO,,™ or
TiO,/carbon nitride hybrids®), typically using diverse cationic
polyelectrolytes (e.g., polyethyleneimine) or N-doped carbon®
as an interlayer or linker. However, the scope of CoPOM-
modified photoanodes investigated so far is rather limited,
and our knowledge of the factors governing the PEC perfor-
mance of CoPOM-containing photoelectrochemical architec-
tures is still underdeveloped, which makes the rational
design of high-performance Co-POM-based photoanodes very
challenging.

In the present work, we report significant improvements of
the PEC performance of mesoporous BiVO, photoanodes using
a combined strategy of Mo-doping and direct deposition of
CoPOM via a simple impregnation protocol without any linkers
or binders. The best-performing optimized Mo-BiVO,/CoPOM
photoanode exhibits a photocurrent density of 4.32 mA cm ™2 at
1.23 V vs. RHE under AM 1.5G (1 sun) irradiation and an
applied-bias photoconversion efficiency (ABPE) of ~0.73%,
which is an improvement by a factor of 24 and 2.5 compared
to pristine BiVO, (~0.03%) and Mo-BiVO, (~0.29%), respec-
tively. Furthermore, we disentangle the respective contribu-
tions of the Mo-doping and modification with CoPOM to the
performance enhancement and show compelling evidence that
the beneficial role of CoPOM is related to enhanced kinetics of
water oxidation. Finally, we provide several unprecedented

© 2024 The Author(s). Published by the Royal Society of Chemistry
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insights into the effects of both Mo-doping (e.g., Mo-induced
limitation of photovoltage) and CoPOM modification (e.g.,
compositional changes under operating conditions and signif-
icant electrolyte effects), which are of great importance for the
further design and development of efficient photoanodes for
water splitting.

2. Results and discussion

The detailed descriptions for the fabrication of BiVO, and Mo-
BiVO,/CoPOM films are given in the ESL{ The fabrication
protocols (including doping concentration and co-catalyst load-
ing) were optimized by screening for the highest photoelec-
trocatalytic activity in each case. In short, the BiVO, and Mo-
BiVO, films were prepared via spin coating onto FTO glass
substrates, followed by drying and calcination. The CoPOM
complex was synthesized according to a previously reported
method,> and deposited via impregnation to obtain Mo-
BiVO,/CoPOM photoelectrodes. The X-ray diffraction (XRD)
patterns of all BiVO,-based photoanodes exhibit the typical
diffraction peaks of monoclinic scheelite BiVO, (Fig. S1a, ESIT),
indicating that the crystal structure of BiVO, is not significantly
altered upon Mo-doping or deposition of CoPOM. No shifts of
diffraction peaks or new reflexes related to molybdenum oxide
were detected, which suggests that Mo is present in low
amounts as a homogenously distributed dopant without affect-
ing the structure of BiVO,. As expected, as the amount of
deposited CoPOM was very low, it could be detected neither
in XRD nor by using Fourier-transform infrared (FT-IR) spectro-
scopy (Fig. S1b, ESIT). However, the presence of CoOPOM in Mo-
BiVO,/CoPOM was verified by transmission electron micro-
scopy, energy dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS) (see below).

The morphology and film thickness of as-prepared BiVOj,,
Mo-BiVO, and Mo-BiVO,/CoPOM photoanodes were investi-
gated by field emission scanning electron microscopy (FESEM).
As shown in Fig. 1a, all of the films are composed of uniform
and homogeneous worm-like nanoparticles with an average
diameter of ~100 to 200 nm, forming a three-dimensional
mesoporous structure with pore sizes in the range of tens of
nanometers. The introduction of F-108 as a structural agent
during the synthesis is responsible for inducing this porous
architecture,®> which serves as the foundation for all subse-
quent surface-modified photoanodes. Notably, both Mo doping
shown in Fig. 1b and surface modification with CoPOM shown
in Fig. 1c have no appreciable effect on the morphology of
BiVO,, retaining the typical porous structure. Fig. S2a-c (ESIY)
shows the cross-section SEM images of all three photoanodes,
showing that the material layers have a comparable thickness
of 600 = 20 nm. Since the structure of the Mo-BiVO, material is
porous and the CoPOM was deposited via the impregnation
method, a homogenous distribution of the co-catalyst through-
out the porous layer is expected. To investigate the distribution
of CoPOM, EDX elemental mapping was carried out. Both in
the cross-section and the surface of Mo-BiVO,/CoPOM, the

Mater. Adv., 2024, 5, 4932-4944 4933
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Fig.1 FESEM images of (a) BiVO,, (b) Mo-BiVO,4 and {(c) Mo-BiVO4/CoPOM. High-resolution TEM images of Mo-BiVO, (d) and (e) and Mo-BiVO,/
CoPOM (f) and (g). (h) EDX elemental mappings of Mo-BiVO,/CoPOM. The lattice spacing of 0.47 nm is characteristic of the (110) planes of BiVO4 (JCPDS

card number 14-0688).%%

elements Mo, Bi, V and O (representing Mo-BiVO,) and Co, W
(representing CoPOM) have been detected. These EDX mapping
results demonstrate a very dense and uniform distribution of
CoPOM within the mesoporous Mo-BiVO, structure (Fig. S2d
and e, ESIT). A closer look with the help of high-resolution
transmission electron microscopy (HRTEM) revealed that Mo—
BiVO,/CoPOM contains uniformly distributed amorphous
nanospheres with a diameter of less than 10 nm (Fig. 1f and
g). Since these nanospheres are completely absent in the
(CoPOM-free) Mo-BiVO, photoanode (Fig. 1d and e), we
assume the nanospheres to be CoPOM nanoparticles. These
CoPOM nanospheres are closely spaced and homogeneously
distributed on the surface of the Mo-BiVO, porous support
(Fig. 1f and g). Furthermore, Fig. 1h shows the scanning
transmission electron microscopy (STEM) image of Mo-
BiVO,/CoPOM with EDX mapping images of Bi, V, O, Mo, Co,
and W, which again confirms the uniform distribution of the
Mo dopant and of the CoPOM co-catalyst.

In order to further verify the presence of CoPOM in the Mo-
BiVO,/CoPOM and to investigate the surface chemical compo-
sition of the photoelectrode material, XPS analysis was carried
out at BivO,, Mo-BiVO, and Mo-BiVO,/CoPOM electrodes. As
shown in Fig. S3a (ESI¥), all expected signals of Mo, Bi, V, O, Na,
Co and W elements are observed in the XP survey spectrum of
Mo-BiVO,/CoPOM, which indicates the successful preparation
of the composite material. Two typical spin-orbit coupling

4934 | Mater. Adv, 2024, 5, 4932-4944

peaks of Bi (at 164.3 eV and 159.1 eV for Bi 4f;;, and Bi 4f;,,
respectively) are assigned to Bi*' in BiVO, (Fig. 2a and Fig. S3b,
ESIT).°%® The O 1s XP spectrum (Fig. 2b) can be fitted to two
peaks located at 529.8 eV and 530.7 eV, which are assigned to
the lattice oxygen in BiVO,; and surface hydroxyl oxygen,
respectively.®®® The vanadium signals (Fig. 2b and Fig. S3c,
ESI%) can be fitted into two spin-orbit coupling peaks located at
524.0 eV (V 2p,;2) and 516.6 eV (V 2p;,), which are character-
istic of V** species in Biv0,.”*’ As shown in Fig. $3d (ESI{),
the binding energies of the Mo 3d;;, (235.1 eV) and Mo 3d5;,
(232.0 eV) peaks indicate that the molybdenum dopant is in the
oxidation state of +VL.°»**7® The high-resolution XP spectrum
of Co 2p (Fig. 2¢) shows two core-level spin-orbit coupling
peaks located at 797.1 (Co 2p;;;) and 781.2 eV (Co 2p;;,) with
typical satellite peaks at 805.4 and 785.7 eV, indicating the
presence of Co*".7"7? In Fig. 2d, the two spin-orbit splitting
peaks at 37.6 eV and 35.4 eV attributed to W 4f;,, and W 4f;),
confirm the presence of W*.”? Importantly, the Co 2p and W 4f
XPS signals of authentic CoPOM powder (Fig. S4, ESI{) are
nearly identical to the corresponding XPS signals of the CoPOM
in the electrode, which further corroborates the successful
loading of CoPOM clusters into the porous structure of the
Mo-BiVO,/CoPOM photoelectrode.

The UV-vis electronic absorption spectra of BiVO,, Mo-
BiVO, and Mo-BiVO,/CoPOM samples displayed in the ESI,7
Fig. S5a and b (ESIT) show that all samples exhibit comparable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XP spectra of the Mo-BiVO./CoPOM photoanode: (a) Bi 4f, (b) O 1s and V 2p, (c) Co 2p and (d) W 4f.

light absorption onsets at ~515 nm. In this context, we note
that in the literature there are conflicting reports about whether
BiVO, is a direct’® or indirect’> bandgap semiconductor. The
bandgap energies of all photoelectrodes were estimated to be
~2.56 eV and ~2.50 eV for direct and indirect optical transi-
tion, respectively, using the Tauc formalism (Fig. S5c and d,
ESI{). Importantly, these results reveal that the effects of Mo-
doping and CoPOM deposition on the electronic absorption
properties of BiVO, photoanodes are negligible, without any
changes of the fundamental absorption edge, nor any signifi-
cant parasitic light absorption by the CoPOM catalyst.

To investigate the combined effects of Mo-doping and
modification by CoPOM on PEC performance of BiVO, photo-
anodes, the photocurrent density-potential (J-V) curves of
BiVO,, Mo-BiVO, and Mo-BiVO,/CoPOM photoanodes were
measured under intermittent AM 1.5G irradiation (1 sun) using
a three-electrode setup in a 0.5 M sodium borate buffer
electrolyte at pH 9.0 (Fig. 3a). The PEC performance of the
photoanodes was optimized for (i) Mo doping concentration of
BiVOy, (ii) calcination temperature of Mo-BiVO,, (iii) loading of
the CoPOM in Mo-BiVO, and (iv) various pH values of borate
electrolyte (the results of optimization protocols are summar-
ized in the ESIi Fig. S6). The content of Mo, Co and W
elements in the Mo-BiVO,/CoPOM photoanode optimized for
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the highest PEC efficiency was 0.79 at%, 0.95 at% and 1.92 at%,
respectively, as estimated by the SEM-EDX analysis (Table S1,
ESIT), which is also in line with the elemental analysis based on
XPS results (Table S2, ESIT). The optimum calcination tempera-
ture was 450 °C and the optimal PEC performance was achieved
in a borate buffer at pH 9.0.

Fig. 3a shows the J-V curves of various optimized photo-
anode architectures under back-side illumination (from the
FTO-glass side). The BiVO, and Mo-doped BiVO, photoanodes
reach a photocurrent density of 0.65 mA em™* and 2.53 mA cm >
at 1.23 V vs. RHE, respectively. After the modification by
CoPOM, the highest photocurrent density of Mo-BiVO,/CoPOM
increases up to 4.32 mA cm ™ * at 1.23 V vs. RHE, which is an
enhancement by the factor of 6.6, and 1.7 with respect to BiVOy,,
and Mo-BiVO,, respectively. Importantly, both Mo-BiVO, and
Mo-BiVO,/CoPOM photoanodes exhibit a remarkable cathodic
shift of the photocurrent onset potential by ~0.5 V as com-
pared to the pristine BiVO, photoanode, whereby the modifica-
tion with CoPOM significantly increases photocurrents even at
very low bias potentials, improving thus the fill-factor of the j-V
curve. In other words, the combination of Mo-doping and
CoPOM modifications results in a substantial increase of the
photovoltage available for driving the water splitting reaction.
In order to further disentangle the effects of Mo-doping and
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of 10 mV s, (b) open-circuit potential (OCP) transients recorded under interrupted AM 1.5G (1 sun) illumination in 0.5 M borate buffer under an argon
atmosphere (to prevent electron transfer to O,), (c) photocurrent transients under AM 1.5G illumination, (d) stability chronoamperometric tests measured
in borate buffer (0.5 M, pH 9.0) under AM 1.5G illumination (1 sun) at 0.74 V vs. RHE for all three photoanodes. All photocurrent measurements were

carried out at least in triplicate, and representative average data are shown.

Co-POM modification, we also directly compared the J-V curves
of Mo-free (undoped) BiVO,/CoPOM with Mo-BiVO,/CoPOM
(Fig. S7, ESIf). Interestingly, the Mo-BiVO,/CoPOM shows
much higher photocurrents at relatively higher applied poten-
tials (> 0.9 Vvs. RHE), but at very low bias potentials (<0.7 V vs.
RHE) the situation is reversed and the Mo-free BiVO,/CoPOM
electrode yields even slightly higher photocurrents than the
Mo-BiVO,/CoPOM photoanode. These observations imply that
(i) the combination of Mo-doping and Co-POM deposition
significantly improves the photocurrent response in the whole
potential range with respect to pristine BiVO,, (ii) the enhance-
ment due to the deposition of CoPOM is particularly pro-
nounced at low bias potentials, ie., the beneficial negative
shift of the photocurrent onset potential and improved fill-
factor is mainly due to the CoPOM deposition, and (iii) at very
low bias potentials the Mo-doping might even partially counter-
act the positive effects induced by the CoPOM deposition.
The observation that the Mo-doping might be detrimental
at relatively low bias potentials prompted us to measure the

4936 | Mater Adv, 2024, 5, 4932-4944

open-circuit photopotential (OCP) of all photoanodes (Fig. 3b).
Under illumination, the observed OCP should correspond to
the quasi-Fermi level of electrons *Eg, (i.e., the electrochemical
potential of electrons) in the illuminated semiconductor, which
in turn is directly related to the photocurrent onset potential
(and the fill-factor at low bias potentials), and thus to the
maximum achievable photovoltage of the water-splitting sys-
tem. Indeed, the OCP results clearly show that for both Mo-
BiVO, and Mo-BiVO,/CoPOM the Mo-doping leads to a positive
shift (by ~90 mV) of the maximum achievable quasi-Fermi
level of electrons as compared to pristine BiVO,. It should be
noted that this observation is in stark contrast to the data for
Mo-doped BiVO, (with similar doping concentration) reported
by Ye et al.** who observed a slight negative shift of the OCP
after Mo-doping. However, our observation of a positive shift of
the OCP after the Mo-doping is completely in line with the
observed decrease of photocurrent at low bias potentials
induced by the Mo-doping (Fig. S7, ESIf), and suggests that
the Mo-doping does not have only beneficial effects, such as the
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enhancement of photocurrents at relatively high bias poten-
tials, but also induces effects that are detrimental to the PEC
performance.

Our experimental proof that the maximum achievable quasi-
Fermi level of electrons is less negative after Mo-doping is
significant and deserves a more detailed discussion. In this
context, we point out that it is well-established that the max-
imum achievable photovoltage in metal oxide photoanodes is
typically limited by the presence of intragap electron polaronic
states formed upon self-trapping of excess electrons at reduced
ionic sites (e.g., Fe** in hematite Fe,0;, or V** in BiVO,) in the
lattice, accompanied by the displacement of surrounding
atoms via electron-phonon interactions, forming thus a
quasi-particle called polaron.”®”” As the electron polaron level
is typically significantly below the conduction band edge, it
effectively traps electrons, limits their mobility, acts as a
recombination center, and therefore establishes an inherent
limitation of the maximum achievable quasi-Fermi level of
electrons and photovoltage. For both pristine and doped BiVO,,
it is reported that the excess electrons are localized in hybri-
dized vanadium 3d.. orbitals,”®”® which is accompanied by
elongation of the V-O bond by ~0.1 A and formation of small
polarons located ca. 0.88 eV below the conduction band edge.*
Doping by molybdenum substitutes V' with ionized Mo®"
dopants, whereby the excess electron is readily localized at
v*" polaronic states.”® The detrimental polaronic effects can be
then (at least partially) avoided by applying a sufficient external
electric bias, which, however, compromises the overall photo-
conversion efficiency. To summarize, the conductivity enhance-
ment upon Mo-doping, which is apparent from enhanced
photocurrents at higher bias potentials, is mainly due to the
increased electron concentration, whereby the electron mobi-
lity is apparently not improved.®! However, at low bias poten-
tials the beneficial effect of the Mo-doping is counterbalanced
by enhanced recombination due to the presence of deep
electron polaron states,”® which makes itself apparent by
decreased photocurrents at low bias potentials and by a less
negative OCP (i.e., less negative quasi-Fermi level of electrons)
under irradiation.

In order to assess the dynamics of photogenerated charge
carriers, transient photocurrent measurements of pristine
BivVO,, Mo-BiVO, and Mo-BiVO,/CoPOM photoanodes were
carried out at a moderate bias potential of +0.74 V vs. RHE
under chopped AM 1.5G (1 sun) illumination (Fig. 3c). On the
timescale of this experiment (~minutes), the photocurrent
response indicates an excellent short-term stability. Evidently,
for both CoPOM-free photoanodes (red and blue line), the
photocurrent spikes after switching on the light and negative
current overshoots after switching off the light (see inset in
Fig. 3¢) are significantly more pronounced, demonstrating that
in the absence of a water oxidation catalyst the charge carriers
are prone to intense surface recombination.®” In other words,
in the absence of the CoPOM co-catalyst, the photogenerated
holes do not react fast enough with water but accumulate in
the surface layer of BiVO, or Mo-BiVO,, thus enhancing the
probability of recombination with electrons. The intense
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recombination of surface-accumulated holes and electrons
leads to a rapid decrease of the photocurrent immediately after
switching on the light, and continues even after the light is
switched off, as is apparent from the negative current overshoot
after switching off the light. In contrast, the current spikes are
less pronounced, and the overshoots are nearly absent at the
Mo-BivVO,/CoPOM photoanode, which clearly demonstrates
that the CoOPOM co-catalyst efficiently extracts the holes photo-
generated in the Mo-BiVO, layer and channels them to
water molecules in the electrolyte solution. This explains the
significant photocurrent enhancement upon the deposition of
CoPOM shown in Fig. 3a and c. In this context, we also note
that the addition of polyethyleneimine (PEI) as a cationic linker
has no effect on the performance of the photoanodes (Fig. S8,
ESIT), which highlights the intrinsically good electronic com-
munication between the CoPOM and BiVO,.

The long-term stability of the photoanode and its PEC
performance is an important issue not only with respect to
possible applications, but in our case also with respect to
fundamental questions regarding the stability and/or composi-
tional changes of the used CoPOM polyoxometalate catalyst
under PEC operational conditions. As illustrated in Fig. 3d, the
photocurrent generated by the investigated photoanodes was
measured at a constant potential of +0.74 V vs. RHE for four
hours under simulated AM 1.5G (1 sun) illumination, and only
a very slight (by ~15%), yet continuous, decline of photocur-
rent density was observed for the optimized Mo-BivVO,/CoPOM
electrode. The small perturbations of the photocurrent are
likely related to the release of oxygen bubbles from the elec-
trode surface, which can be observed by the naked eye (see
Video in the ESIf). The XRD patterns of all samples recorded
after the PEC experiment show the typical diffraction peaks of
monoclinic scheelite BiVO,, indicating that the BiVO,-based
light absorber did not undergo any structural changes under
the operating conditions (Fig. S9, ESIt), compared with
Fig. Sla, ESI¥). However, a question arises regarding the
stability of the CoPOM co-catalyst under PEC operation since
it has been reported that this polyoxometalate can - depending
on experimental conditions - undergo conversion to cobalt
oxide (CoO,) which then often plays a chief role in water
oxidation catalysis.””*® In order to shed light on the fate of
CoPOM in our photoanodes during operation, we analyzed in
detail both the composition of the Mo-BiVO,/CoPOM photo-
anode after the PEC operation and the elemental composition
of the electrolyte before and after the PEC experiments. First of
all, we note that the small nanospheres attributed to CoPOM
that could be seen before the PEC operation (Fig. 1f and g),
were not observed anymore by HRTEM after the PEC operation
(Fig. S10, ESIt), which indicates that the COPOM cocatalyst has
undergone (at least partially) morphological changes. Notably,
the XPS analysis revealed that the signals related to the
presence of W and Co are significantly weaker after the PEC
operation (Fig. S11a, ESIT), whereby the XPS signature of Co is
still well-detectable in the high-resolution XP spectrum and
is very similar to the situation before the PEC operation
(Fig. S11b, ESIt), compared with Fig. 2¢). Notably, the surface
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content of both Co and W derived from the XPS analysis is
significantly decreased and the W/Co atomic ratio increased
after the PEC operation (Table S3, ESIT). However, EDX analyses
performed both from the top-view (Table S4, ESIT) and from the
cross-sectional view (Table S5, ESI{) clearly show that both W
and Co are still present in the photoelectrode in significant
amounts, albeit with a significantly higher W/Co ratio than
before the PEC operation. In this context, it should be noted
that quantitative EDX analysis is rather challenging in this case
due to the overlap between the Si-K (from the underlying glass)
and W-M lines and since the content of Co and W is very low.
Yet, the above differences in the composition before and after
the PEC operation, in particular the changing ratio of W/Co,
indicate that at least a partial dissolution of CoPOM and/or
conversion of COPOM to cobalt and tungsten oxides can occur
during the PEC operation. Interestingly, an analysis of the
composition of the electrolyte solution before and after the
PEC operation using inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) did not detect any Co, and the
concentration of W also did not increase (Table S6, ESIT). While
we cannot completely rule out the dissolution of CoOPOM as the
dissolved amount of Co and W might be below the detection
limit of ICP-OES, our results indicate that a complete dissolu-
tion of CoPOM is not an issue. All the above observations
suggest that, though the CoPOM catalyst does not dissolve in
the electrolyte solution, it does undergo, at least partially,
conversion to cobalt oxide, as previously reported for borate
electrolytes by Finke et al’” In other words, under our PEC
operating conditions, the CoPOM co-catalyst should be rather
conceived as a pre-catalyst, whereby a substantial part of
water oxidation catalysis might be performed by cobalt oxide-
based catalyst derived from CoPOM under operating condi-
tions, as suggested by Finke et al. for CoPOM behavior in
electrocatalysis.”” However, in this context, it should be also
noted that the activity and stability of various cobalt oxide-
based water oxidation catalysts can strongly depend on their
precursor and operating conditions, as minute changes in
composition can often exert strong effects on catalysis. For
comparison, we have therefore also tested the performance of
our Mo-BiVO, photoanode after modification with a CoPi co-
catalyst (i.e., cobalt oxy-hydroxide formed upon photodeposi-
tion in Co** containing phosphate buffer) and with a CoO(OH),
co-catalyst (i.e., cobalt oxy-hydroxide deposited via a two-step
impregnation process).’* These two photoanodes reached
slightly lower (by 9% and 33%, respectively) photocurrents than
the Mo-BiVO,/CoPOM photoanode (Fig. S12, ESIf), which
confirms that the ‘“pre-history” of the catalyst can make a
difference to its activity in photoanodes, and that the
CoPOM-derived water oxidation catalyst exhibits optimal
performance.

Furthermore, it is well established that the activity and
stability of Co-based electrocatalysts can depend strongly
on the electrolyte composition,”® and our group previously
observed strong electrolyte effects on the stability of
CoO(OH), water oxidation co-catalysts in hybrid photo-
anodes.'" Therefore, we carried out a comparative analysis of
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the PEC operational stability of our photoanodes in borate and
phosphate electrolytes. Specifically, we measured the linear
sweep voltammetry under chopped illumination in the borate
and the phosphate electrolyte at pH 9.0, and then repeated the
measurement six times. In the borate buffer electrolyte at pH
9.0 (Fig. S13a-c, ESIY), the photocurrents for BiVO,, Mo-BiVO,
and Mo-BiVO,/CoPOM photoanodes remained completely
stable over all six cycles. In contrast, in the phosphate electro-
lyte at pH 9.0 (Fig. S13d-f, ESI{), Mo-BiVO,/CoPOM exhibits a
gradual decrease of photocurrents. The much higher opera-
tional stability of Mo-BiVO,/CoPOM photoanodes in a borate
electrolyte is also clearly apparent from the long-term (4 hours)
chronoamperometric measurements at +0.74 V vs. RHE under
1 sun irradiation (Fig. S14, ESIT). In this context, two points are
noteworthy. First, the clearly detrimental effect of phosphate
anions on the PEC performance stability of Mo-BiVO,/CoPOM
is not simply related to the fact that the phosphate electrolyte is
operated at pH 9.0 (ie., beyond its ideal buffering pH range
around pH ~7), whereas the borate electrolyte operates at its
optimal buffering capacity (pH ~9), since comparative experi-
ments performed at pH 7.0 also revealed that the photocurrents
at Mo-BiVO,/CoPOM were more stable in the borate electrolyte
than in the phosphate electrolyte (Fig. S15, ESIf). Second,
similar to the case of the borate electrolyte, no cobalt could
be detected in the phosphate electrolyte after PEC operation
(Table S6, ESIt), suggesting that the dissolution of the co-
catalyst is not the major reason for lower photoanode stability
in phosphate electrolytes. We, therefore, conclude that the PEC
operational stability of our photoanodes is related to the
presence of specific electrolyte anions, whereby borate electro-
lytes are more beneficial as compared to phosphate electrolytes.
Drawing on our previous discussion,'’ we assume that the
Co(m/v) ions, which are formed in situ during the water oxida-
tion catalytic cycle and which represent, in terms of the HSAB
theory, hard acid species, can interact more strongly with
phosphate ions, which are much harder bases than the rela-
tively large borate anions (present mainly as tetraborates). We
speculate that the relatively stronger interaction of cobalt
ions with phosphate anions can induce, during the PEC opera-
tion, changes in the interaction between the BiVO, light
absorber and the co-catalyst, which eventually results in a lower
observed stability of PEC performance in phosphate-containing
electrolytes.

From a practical point of view, the applied bias photocon-
version efficiency (ABPE) is the most important and informative
performance metric for water splitting photoanodes. As pre-
sented in Fig. 4a, the maximum ABPE of 0.73% was determined
for the Mo-BiVO,/CoPOM photoanode at a potential of +0.86 V
vs. RHE, which is an enhancement by a factor of 24 and 2.5
compared to pristine BiVO, (~0.03% at +1.07 V vs. RHE) and
Mo-BiVO, (~0.29% at +0.98 V vs. RHE), respectively. (For a
comparison of the PEC performance of our Mo-BiVO,/CoPOM
photoanodes with other BiVO,-based photoanodes reported in
the literature, see Table S7 (ESIT).) Apart from the significant
increase of the photoconversion efficiency upon the combined
effect of doping with Mo and modification with CoPOM, the
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fact that the maximum power point is shifted to more negative
bias potentials is particularly important in view of more fea-
sible integration with photocathodes for hydrogen evolution in
tandem solar-driven water splitting systems.

In order to obtain further insight into the PEC operation of
our photoanodes, the wavelength-resolved incident photon-to-
current conversion efficiency (IPCE) was measured at +0.74 V vs.
RHE under illumination from the backside (BS, ie. from the
substrate side) and frontside (FS, i.e. from the electrolyte side)
(Fig. 4b). The photoaction spectra show an onset at ca. 510 nm,
which is in line with the electronic absorption properties of the
photoanodes (compare with Fig. S5, ESIT). The IPCE values are,
independently of the illumination side, the highest for the Mo-
BiVO,/CoPOM photoanode, followed by Mo-BiVO, and pure
BiVO, over the whole wavelength range, which is in line with
the photocurrent performance under polychromatic light at the
same bias, as shown in Fig. $16 in the ESI} (see also Fig. 3c).
From the mechanistic point of view, it is often worth looking at
the difference in IPCE values under the FS and BS illumination
for a given photoelectrode. The most notable difference is in
the behavior of the Mo-free pristine BiVO, photoanode as
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compared to Mo-BiVO, and Mo-BiVO,/CoPOM photoanodes.
While the latter two photoanodes show a very small difference
in IPCE values recorded under the FS and BS illumination, the
Mo-free pristine BiVO, photoanode exhibits much larger (by the
factor of ~10) IPCE values under the BS illumination than
under the FS illumination (for a detailed view see the ESI, Fig.
$17). This is exactly what one expects for a porous photoanode
in which the photocurrent is mainly limited by the transport of
electrons through the porous network, i.e. by the electronic
conductivity of BiVO,. Under the FS illumination, most of the
photogenerated electron-hole pairs are generated close to the
film/electrolyte interface, and while the holes can readily react
with water within the pores of the electrode, the electrons have
to travel through the porous electrode to the underlying FTO
back contact. Since under the BS illumination the electron-hole
pairs are generated much closer to the FTO/film interface, the
photogenerated electrons have a much shorter pathway to
reach the FTO, resulting in significantly higher IPCE values
under the BS illumination. Interestingly, the pristine BiVO,
photoanode even exhibits a wavelength-dependent switching
(at ~460 nm) of the sign of the photocurrent from anodic to
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cathodic under the BS illumination and from cathodic to
anodic under the FS illumination. This behavior can be again
rationalized by the dominant effect of the poor electron trans-
port properties of pristine BiVO, on the photocurrent response,
which, in combination with the different penetration depths of
short (below 460 nm) and long (above 460 nm) wavelengths of
light and with the generally higher intensity of the visible light
as compared to UV light in our setup, can even result in the
reversal of the photocurrent sign. In this context, we note that
while the potential-dependent photocurrent switching has been
reported for BiVO, photoelectrodes,® the fact that at a specific
bias potential (in our case a rather moderate bias potential
of +0.74 V vs. RHE) the photocurrent switching at BiVO, can
be controlled even by the light wavelength and by the illumina-
tion side has not been reported before, and would deserve
further investigation given the importance of such phenomena
for the development of photoelectrochemical optoelectronic
switches.®"® In contrast to the behavior of the pristine BiVO,
photoanode that is dominated by its low electronic conductiv-
ity, the very small difference in IPCE values under the FS and BS
illumination observed for both Mo-doped samples Mo-BiVO,
and Mo-BiVO,/CoPOM (Fig. 4b) nicely illustrate that the ben-
eficial effect of Mo-doping consists mainly in improving the
electronic conductivity of Mo-BiVO, by increasing the electron
concentration, as discussed in detail above.

Further valuable insights into the effects of Mo-doping and
the role of the CoPOM co-catalyst on the PEC performance can
be gained by determining the charge separation efficiency (1ep)
and the hole transfer efficiency (17,) as a function of applied
potential (Fig. 4c and d), employing the methodology developed
by Dotan et al. and Hamann et al. (for details see the ESI)."”°
Firstly, by integrating the electronic absorption spectra
(Fig. S5b, ESIT) over the reference AM1.5G photon flux spectra,
the maximum theoretically achievable photocurrents Jnax
were calculated to be 7.37 mA ecm 2, 7.36 mA cm > and
7.34 mA ecm ™ for BiVO,, Mo-BiVO, and Mo-BiVO,/CoPOM,
respectively. The photocurrent density of both Mo-BiVO, and
Mo-BiVO,/CoPOM photoanodes in the presence of Na,SO;
acting as a readily oxidizable reducing agent (i.e., sacrificial
hole scavenger) is significantly higher than that of pristine
BiVO, and reaches 6.5 mA cm > as compared to 3.2 mA cm > at
1.23 V vs. RHE, respectively (Fig. S18, ESI¥). Based on the above
results, the charge separation efficiency #sp is calculated and
plotted in Fig. 4c. Notably, s, for Mo-BiVO, and Mo-BiVO,/
CoPOM is significantly higher than for pristine BiVO, in a wide
potential range, whereby the enhancement is increasingly
pronounced at more positive bias potentials. This behavior is
in line with our finding that the beneficial effects of the
improvement of electronic conductivity upon Mo-doping are
more pronounced at positive bias potentials, whereby at very
low bias potentials the positive effects are traded off against the
detrimental effects of Mo-doping associated with increased
concentration of intragap electron polaronic states. Interest-
ingly, at higher bias potentials (> 0.7 V vs. RHE), the Mo-doped
Mo-BiVO, exhibits also an improved interfacial hole transfer
efficiency #, with respect to pristine BiVO, (Fig. 4d). This
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positive effect of Mo-doping on 1, can be interpreted as partial
mitigation of excessive hole accumulation in the surface states,
as reported recently by Selli et al.*® After the deposition of Co-
POM, the hole transfer efficiency n. (Fig. 4d) is greatly
enhanced over the entire potential range and shifted to more
cathodic potentials. For example, at 1.23 V vs. RHE, the n,,
increases from 13.1% for BiVO, to 37.8% after Mo-doping (Mo-
BiVO,) up to 63.0% for Mo-BiVO,/CoPOM photoanode. Impor-
tantly, the charge separation efficiencies (ijscp) for Mo-BiVO,/
CoPOM and Mo-BiVO, are nearly identical in the whole
potential range (Fig. 4c), which clearly indicates that the
beneficial effect of CoPOM deposition consists chiefly in
enhancing the catalysis of water oxidation. This is a significant
result since the effect of co-catalysts on photocurrent enhance-
ment at BiVO, photoanodes is a much-debated issue and, apart
from enhancing the catalysis of water oxidation, other effects of
various co-catalysts (e.g., improved charge extraction or passi-
vation of surface states) are often reported to be responsible for
photocurrent enhancement in the literature reports.*>**° Qur
results unambiguously demonstrate that in our photoanodes
the beneficial effect of CoOPOM deposition consists mainly in
enhancing the rate of water oxidation by photogenerated holes.

Furthermore, the combined beneficial effects of Mo-doping
and modification with CoPOM make themselves also clearly
apparent in the results of the electrochemical impedance
spectroscopy (EIS) analysis performed under irradiation (for
details see the ESI,{ Fig. $19). For the sake of simplicity, we
used a Randles-type equivalent circuit model, where R repre-
sents the uncompensated series resistance, and R, in our case
represents the combined charge transport and interfacial
charge transfer resistance.”” The fitted values of R, and R
are shown in the ESI, Table S8. The similar R values of three
films indicate that the effect of doping and modification on the
series resistance is negligible,”® while the values of R of Mo~
BiVO, (~385 Q) and Mo-BiVO,/CoPOM (~113 Q) decrease
significantly as compared to pristine BiVO, (~ 2620 Q), indicat-
ing that Mo-doping and CoPOM modification greatly enhance
both charge transport (i.e., conductivity) and the charge trans-
fer, resulting in enhanced photocurrent density.*>%

Finally, in order to provide direct evidence for dioxygen
evolution at our photoanodes, we performed photoelectrocata-
Iytic OER measurements (Fig. 5a) in a borate solution (pH 9.0)
at 0.74 V vs. RHE under AM 1.5G (1 sun) illumination. As
expected, the Mo-BiVO,/CoPOM photoanode exhibits an excel-
lent oxygen evolution rate with an average faradaic efficiency of
oxygen evolution of 102.1% + 6.2% (calculated from three
measurements; the error is taken as +10, ¢ = standard devia-
tion), which demonstrates that the conversion of H,O to O, by
photogenerated holes is practically quantitative and no side
reactions (e.g., photocorrosion or H,0, evolution) occur. Simi-
lar results were obtained for Mo-BiVO, (100.0% =+ 12.0%),
whereby at pristine BiVO, the faradaic efficiency was slightly
lower (90.3% = 8.3%), suggesting a minor role of side reac-
tions, possibly related to the photocorrosion.”® These results
suggest that Mo-doping has also a beneficial effect on the
stability of the photoanodes under the PEC operation, which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Dioxygen evolution and (b) corresponding photocurrent transients recorded under AM 1.5G one sun illumination at 0.74 V vs. RHE in a borate

electrolyte (0.5 M, pH 9.0). All measurements were carried out at least in triplicate, and representative average data are shown.
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Fig. 6 A simplified scheme for (a) BiVO,, (b) Mo-BiVO, and (c) Mo~BiVO,/CoPOM at a moderate electrode bias of 0.74 V vs. RHE. Note that the band
bending is assumed to be negligible due to the mesoporous nature of the BiVO, film. CB and VB stand for the conduction band edge and valence band
edge, respectively; *Er, and *Ep, stand for the quasi-Fermi level of electrons and holes in the mesoporous film, respectively.

again might be related to the decreased charge accumulation in
the surface states,”® since excessive hole accumulation in the
surface states can be expected to render the dissolution of
BiVO, more facile.

The key factors influencing the PEC performance of all
electrodes at a moderate electrode bias of 0.74 V vs. RHE are
summarized in Fig. 6. In pristine BiVO, (Fig. 6a) the photo-
currents are negligible (¢f Fig. 3) due to intense surface
recombination in the surface states (SS) and the very low
conductivity of the BiVO, film. The Mo-doping in Mo-BiVO,
(Fig. 6b) enhances the conductivity and passivates partially the
surface states, resulting in a moderate photocurrent response
(Fig. 3) due to the slow kinetics of water oxidation and the
detrimental effect of electron polaronic states on the quasi-
Fermi level of electrons (*Eg,). The deposition of the CoPOM
catalyst (Fig. 6¢) results in highly enhanced photocurrents
(Fig. 3) due to significantly increased kinetics of water oxida-
tion; however, the negative effects (shift of *Ey,) associated with
the presence of Mo-induced polaronic states still persist, and
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represent an inherent limitation for the maximum achievable
photovoltage in Mo-doped BiVO,.

3. Conclusions

This study reports a facile two-in-one strategy to enhance the
performance of BiVO, photoanodes for water oxidation by
combining the bulk doping of BiVO, with molybdenum and
its surface modification with a well-defined molecular cobalt
polyoxometalate (CoPOM = Na;o[Co4(H,0),(PWo03,4);]). The
resulting modified photoanodes show significantly improved
photocurrent densities compared to non-modified references.
Mechanistic investigations elucidate the contributions of the
Mo-doping and modification with CoPOM to the performance
enhancement for water oxidation. Mo-doping leads to
enhanced electronic conductivity and passivation of surface
states. The deposition of CoPOM enhances photocurrents
across the whole potential range, which results in enhanced

Mater. Adv, 2024, 5, 4932-4944 | 4941
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water oxidation catalysis. Experimental evidence shows that
under the PEC operating conditions the molecular CoPOM is,
at least partially, disintegrated and converted to cobalt oxide,
and is therefore considered as a pre-catalyst. In summary, this
work establishes CoPOM-derived catalysts as effective water
oxidation catalysts at BiVO, photoanodes, provides new
insights into the combined effects of Mo-doping and modifica-
tion with molecular cobalt polyoxometalates on the PEC per-
formance of BiVO,, and suggests that further progress in the
development of BiVO, photoanodes depends critically on devis-
ing alternative doping strategies to overcome the negative
polaronic effects associated with bulk doping of BiVO,, since
these detrimental effects set fundamental limits for the max-
imum achievable photovoltage and thus compromise the over-
all photoconversion efficiency.
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This publication reports on the synthesis and characterization a molecular cobalt-
phosphotungstate (CoOPOM = Naio[Co4(H20)2(PWsO34)2]) is used both as a bulk doping agent
as well as a surface-deposited water oxidation co-catalyst on BiVO4 photoanodes for high-
performance solar water splitting. The use of CoPOM for bulk doping of BiVVOs is shown to
enhance the electrical conductivity and improve the charge separation efficiency, resulting in
the enhancement of the maximum applied-bias photoconversion efficiency (ABPE). The ratio
of W/Co on the surface of photoanode is related to the activity and stability. In addition,
modification of CoPOM-doped BiVVO4 with CoPOM as a surface co-catalyst enhances the hole
extraction and improves the water oxidation kinetics, resulting in the overall enhancement of
the ABPE.
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ABSTRACT: Doping and surface-modification are well-estab-
lished strategies for the performance enhancement of bismuth
vanadate (BiVO,) photoanodes in photoelectrochemical (PEC)
water splitting devices. Herein, a “double-use” strategy for the
development of high-performance BiVO, photoanodes for solar
water splitting is reported, where a molecular cobalt—phospho-
tungstate (CoPOM = Na,[Co,(H,0),(PW,03,),]) is used both
as a bulk doping agent as well as a surface-deposited water
oxidation cocatalyst. The use of CoPOM for bulk doping of BiVO,
is shown to enhance the electrical conductivity and improve the
charge separation efficiency, resulting in the enhancement of the
maximum applied-bias photoconversion efficiency (ABPE) by a
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factor of ~18 to 0.54% at 0.87 V vs. RHE, as compared to pristine BiVO, (0.03% at 1.04 V vs. RHE). The ratio of W/Co on the
surface of the photoanode is related to the activity and stability. In addition, modification of CoPOM-doped BiVO, with CoPOM as
a surface cocatalyst enhances the hole extraction and improves the water oxidation kinetics, resulting in the overall enhancement of
the ABPE to 0.79% (at 0.82 V vs. RHE), i.e,, by a factor of ~26 with respect to pristine BiVO,. This study establishes the “double-
use” strategy involving CoPOMs as an effective, straightforward, and easily scalable approach for the development of high-quality
photoanodes for solar water splitting and highlights the future potential of utilizing well-designed polyoxometalates as precursors for

the synthesis of energy materials.

KEYWORDS: BiVO,, polyoxometalate, oxygen evolution, photoelectrode, photoelectrocatalysis

1. INTRODUCTION

Photoelectrochemical (PEC) water splitting using semi-
conductor photoelectrodes is regarded as a promising and
sustainable strategy to address the future supply of energy in a
sustainable way."” However, the search for robust and efficient
photoanode materials for water oxidation remains one of the
biggest challenges for practical applications.” Bismuth
vanadate (BiVO,) is one of the most promising photoanode
materials as it combines a suitable bandgap (ca. 2.4—2.6 eV)
and good stability under typical operating conditions in
aqueous solutions.” When compared with other metal oxides,
such as a-Fe,0;, BiVO, exhibits charge carrier lifetimes that
are 4 orders of magnitude higher and hole diffusion length 1
order of magnitude longer.””” Nevertheless, pristine BiVO,
still suffers from poor bulk electronic conductivity, ineffective
hole extraction, and a slow rate of water oxidation.”'’ As a
result, the reported photocurrent densities at nonmodified
BiVO, are typically much lower than the maximum theoretical
value of 6.4—8.9 mA cm™ under AM 1.5G illumination,
corresponding to maximum solar-to-H, conversion efficiencies
of 8—11%."""? Thus, designing straightforward, scalable
strategies to overcome these drawbacks of BiVO, materials

@ XXXX The Authors. Published by
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represents an important research agenda, whereby the best-
performing BiVO,-based photoanodes reported so far typically
employed doping by molybdenum or tungsten combined with
surface functionalization by Ni/Fe-(oxy)hydroxides as cocata-
lysts.> !¢

One recent approach to modify BiVO, photoelectrodes is
the incorporation of polyoxometalates (POMs) as single-
source molecular precursors. POMs are molecular metal oxide
clusters formed by self-assembly in solution.'” ™" Of specific
interest in this context is the cobalt-functionalized polyox-
ometalate [Co,(H,0),(PW,03,),]'>~ (CoPOM), where a
{Co0,0,} core is stabilized by two oxidatively resistant
polyoxotungstate ligands.m_22 The compound has been
reported as an active water oxidation catalyst (WOC) as well
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as precursor to highly reactive cobalt oxyhydroxides, so that
operation under homogeneous or heterogenized conditions is
possible.'””* This in turn has attracted major interest for
surface-deposition as cocatalyst on BiVO, photoanodes. For
example, Ryu et al. successfully designed a photoanode by
depositing a thin film of cationic polyelectrolytes and anionic
CoPOM-WOCs on the surface of various photoelectrode
materials (e.g, Fe,0; BiVO,, and TiO,) for improving the
PEC performance as well as stability.”* Fan et al. reported
CoPOM as a novel molecular cocatalyst deposited on N-doped
carbon (N/C) to boost the charge separation and injection of
BiVO, photoanodes for PEC water oxidation.”” Some of us
have recently reported direct linking of CoPOM:s to the surface
of Mo-doped BiVO, photoanodes. The system showed
significantly enhanced PEC performance, featuring lower
photocurrent onset potentials and higher charge transfer
efficiency.”® These initial studies suggest that CoPOM is a
promising cocatalyst for PEC water oxidation at BiVO,
photoanodes as it improves the photogenerated hole extraction
and enhances the oxygen evolution reaction kinetics. This
inspired the present study to explore how a “double-use” of
bulk and surface deposition of CoPOM can be used to
optimize the performance.

Notably, transition metal doping is an established strategy to
improve the conductivity of BiVO, and promote PEC
performance. For example, He et al. developed BiVO,
nanoflake array films codoped with Mo and W to increase
the conductivity of BiVO, and to slightly to enhance the water
oxidation kinetics.”” Fang et al. reported that cobalt ion-doped
BiVO, photoanodes exhibit an improved PEC performance,
rationalized by the fact that a part of Co ions are doped into
the BiVO, lattice to increase its electronic conductivity,
whereby excess Co ions form a Co;0, cocatalyst on the BiVO,
surface.”® Shi et al. reported that W-doped BiVO, shows a
higher donor density and a higher concentration of surface
states that can act as reaction sites, leading thus to
improvements of both conductivity and surface catalytic
activity.”” To date, using POMs as a doping agent has been
reported, for example, in the fields of gas sensing
application,”*" dye-sensitized’* or perovskite™”" solar cells,
thiol detection,” and photocatalysis.”® Due to the abundancy
of transition metals involved in typical POMs, they also hold
potential as doping agents in PEC water splitting systems. In
view of enhancing the electron extraction and transport from
BiVO, to the underlying FTO conductive glass substrate, Xi et
al. fabricated composite photoanodes consisting of BiVO, and
selected POMs, such as [H;PW,0,,] (PW,,) and
Ks[CoW,,0,40] (CoW),).”” However, CoPOMs have rarely
been used as doping agent to manipulate the electronic
structure of BiVO, film photoanodes in a PEC water splitting
system, and—to the best of our knowledge—CoPOM has not
been used both as a dopant as well as a cocatalyst for BiVO,
photoanodes.

Herein, we report a “double-use” strategy to modify BiVO,
photoanodes using CoPOM simultaneously as both a doping
agent and a cocatalyst in BiVO, photoanodes. We show that
the combination of both modification routes results in
significantly increased photocurrent densities compared with
pristine (nonmodified) BiVO, and discuss in detail the
mechanistic aspects of the improved activity and stability.
These results establish the “double-use” strategy involving
CoPOM s as a facile and scalable approach for the development
of photoanodes for PEC water splitting.

,34

2. EXPERIMENTAL SECTION

2.1. Materials. Fluorine-doped tin oxide (FTO) Pilkington TEC
glass was purchased from XOP (XOP Glass, Castellon, Spain).
Ethylene glycol (C,H4O, >99%) and boric acid (H;BO;, 99.5%)
were provided by Carl Roth Gmbh & Co. KG. Sodium hydroxide
(NaOH, 98.7%) was obtained from Fisher Scientific. Cobalt (II)
nitrate hexahydrate (Co(NO;),:6H,0, 98%), bismuth (III) nitrate
pentahydrate (Bi(NO;);-SH,0, >98.0%), triblock copolymer F-108,
sodium sulfite (Na,SO5, 98%), and sodium phosphate (Na,HPO,, 99
+ %) were supplied by Sigma-Aldrich. Sodium tungstate dihydrate
(NaWO,-2H,0) was provided by Merck. Vanadyl (IV) acetylaceto-
nate (C,oH;,05V, 99%) was obtained from Acros Organics.
Hydrochloric acid (HCl,, 37%), glacial acetic acid (CH;COOH,
100%), and sodium chloride (NaCl, 99.7%) were purchased from
VWR.

2.2. Synthesis of CoPOM. The CoPOM complex was
synthesized using a slightly modified literature route.”” Briefly,
NaWO,2H,0 (3562 g 0.108 mol), Na,HPO,7H,0 (1.70 g,
0.012 mol), and Co(NO3),-6H,0 (6.98 g, 0.024 mol) were dissolved
in 100 mL of deionized water in a 200 mL round-bottom flask. After
the pH was adjusted to 7 using 9 M aqueous HCI solution under
magnetic stirring, the purple suspension was stirred and refluxed at
105 °C bath temperature for 2 h. After reflux, the solution was
saturated with 36 g of NaCl and allowed to cool to room temperature.
The resulting purple crystals were collected, quickly washed with
approximately 30 mL of water, and recrystallized from hot water. The
purity of CoPOM was confirmed by Fourier transform infrared
spectroscopy (FT-IR).

2.3. Preparation of CoOPOM-Doped-BiVO, (Labeled Compo-
site 1). In a typical synthetic procedure, a solution of 0.15 M
Bi(NO;);:SH,0 (0.2910 g 0.6 mmol) was prepared in a solvent
mixture of 1.5 mL of ethylene glycol, 2 mL of glacial acetic acid, 100
UL of S mM CoPOM aqueous solution (0.0027 g, $ X 1077 mol), and
400 pL of deionized water for Composite 1. (For the pure BiVO,
reference, a similar synthetic mixture solvent was used containing 1.5
mL of ethylene glycol, 2 mL of glacial acetic acid, and 500 uL of
deionized water. Other processes are the same as those for
Composite 1 samples.) After the mixture was stirred for 15 min,
VO(acac), (0.3182 g, 1.2 mmol) was added into the above solution,
and the resulting solution was stirred at room temperature for 1 h.
Then, 0.35 g triblock copolymer (E-108) as structure-directing agent
was added in this solution, and the resulting solution was stirred at
room temperature for 2 h. The resulting precursor solution was
deposited on cleaned FTO glasses (2 X 2 cm) by spin-coating.™ Spin-
coating was performed for the ink precursor solution (75 uL per run)
at 50 rps for 30 s, followed by baking at 250 °C for 5 min using a hot
plate and then cooling down to room temperature naturally; the
above coating and baking process was repeated five times. Finally,
samples were annealed in a muffle oven with a heating rate of 3 °C/
min and kept at 450 °C for 1 h, cooling down to room temperature
naturally. After sintering, the sample was immersed in 1 M aqueous
NaOH solution for 40 min to remove the excess V,0s, rinsed with
deionized water, and dried with air flow. Different CoPOM-doping
amount thin films were synthesized via the same procedure, except
added amounts (50 uL, 150 uL, and 200 uL) of CoPOM aqueous
solution (S mM) in the solvent mixture were used instead of 100 uL.
Deionized water and CoPOM aqueous solution in the solvent mixture
make up a total of 500 uL, for example, S0 yL of CoPOM aqueous
solution and 450 L of deionized water in the mixture solvent for the
CoPOM-BiVO, (50 uL) sample.

2.4. Preparation of CoPOM-Doped-BiVO,/CoPOM (Labeled
Composite 2). The Composite 1 electrode was immersed in 50 mL
5 mM aqueous CoPOM solution (1.35 g, 2.5 X 10™* mol) for 30 min,
rinsed with distilled water, and dried in air flow. Different immersing
time thin films were synthesized via the same procedure, except
different immersing times (10 min and 60 min) were used instead of
30 min.

2.5. Preparation of Co/W/P-BiVO, (Labeled Composite 3).
As a reference sample, a BiVO, photoanode containing the CoPOM
components Co(II), W(VI), and P(V) was prepared as follows. A
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ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX

55



RESULT AND DISCUSSION

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

solvent mixture was prepared containing 1.5 mL ethylene glycol, 2 mL
glacial acetic acid, 100 gL 20 mM Co(NO;),-6H,0 (0.58 mg, 2 X
107 mol) aqueous solution, 100 xL 90 mM NaWO,-2H,0 (2.97 mg,
9 x 107 mol) aqueous solution, 100 xL 10 mM Na,HPO,-7H,0
(0.14 mg, 1 X 107 mol) aqueous solution, and 200 uL deionized
water at room temperature. Other processes are the same as for
Composite 1 samples.

2.6. Preparation of Co/W-BiVO,. A solvent mixture was
prepared containing 1.5 mL ethylene glycol, 2 mL glacial acetic
acid, 100 uL 20 mM Co(NO,),-6H,0 (0.58 mg, 2 X 107 mol)
aqueous solution, 100 yL 90 mM NaWO,2H,0 (2.97 mg, 9 x 10°¢
mol) aqueous solution, and 300 uL deionized water at room
temperature. Other processes are the same as for Composite 1
samples.

2.7. Preparation of Co/P-BiVO,. A solvent mixture was prepared
containing 1.5 mL ethylene glycol, 2 mL §lacial acetic acid, 100 uL 20
mM Co(NO;), 6H,0 (0.58 mg, 2 X 10™° mol) aqueous solution, 100
uL 10 mM Na,HPO, 7H,0 (0.14 mg, 1 X 107 mol) aqueous
solution, and 300 yL deionized water at room temperature. Other
processes are the same as for Composite 1 samples.

2.8. Preparation of W/P-BiVO,. A solvent mixture was prepared
containing 1.5 mL of ethylene glycol, 2 mL of glacial acetic acid, 100
uL of 90 mM NaWO,2H,0 (2.97 mg, 9 X 107 mol) aqueous
solution, 100 4L of10 mM Na,HPO,-7H,0 (0.14 mg, 1 X 10™° mol)
aqueous solution, and 300 L of deionized water at room
temperature. Other processes are the same as for Composite 1
samples.

2.9. Preparation of Co-BiVO,. A solvent mixture was prepared
containing 1.5 mL of ethylene glycol, 2 mL of glacial acetic acid, 100
UL of 20 mM Co(NO;), 6H,0 (0.58 mg, 2 X 107 mol) aqueous
solution, and 400 L of deionized water at room temperature. Other
processes are the same as for Composite 1 samples.

2.10. Preparation of W-BiVO,. A solvent mixture was prepared
containing 1.5 mL of ethylene glycol, 2 mL of glacial acetic acid, 100
UL of 90 mM NaWO,2H,0 (2.97 mg 9 X 107 mol) aqueous
solution, and 400 uL of deionized water at room temperature. Other
processes are the same as for Composite 1 samples.

2.11. Preparation of P-BiVO,. A solvent mixture was prepared
containing 1.5 mL of ethylene glycol, 2 mL of glacial acetic acid, 100
UL of 10 mM Na,HPO,7H,O (0.14 mg, 1 X 10™° mol) aqueous
solution, and 400 L of deionized water at room temperature. Other
processes are the same as for Composite 1 samples.

2.12. Characterization. The UV-vis absorption spectra were
determined with a UV—vis spectrophotometer (UV-2600, Shimadzu,
Japan) equipped with an integrating sphere. The absorbance (Abs)
was calculated as follows

absorptance (%) = 100% — reflectance (%) — transmittance (%)
(1
The baselines were recorded using an FTO glass and a BaSO, plate
as references for transmittance and reflectance, respectively. Solid-
state photoluminescence (PL) spectra were recorded under an
excitation wavelength of 400 nm using a Shimadzu RF-6000
spectrometer. Scanning electron microscopy (SEM) was performed
using a LEO Gemini 1530 scanning electron microscope operating at
an acceleration voltage of 3 kV. The cross-section images of SEM
were taken 75° pretilt for all photoanodes. Transmission electron
microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX)
elemental mapping were performed with FEL FT-IR was performed
on a Bruker Tensor 27 equipped with a PIKE Miracle Diamond ATR
unit. X-ray photoelectron spectroscopy (XPS) measurements were
performed with monochromatized Al Ka radiation (250 W, 15 kV) by
using a PHI 5800 ESCA system. The binding energies were calibrated
based on the C 1s peak of adventitious carbon (284.8 eV). X-ray
diffraction (XRD) patterns were recorded on a Rigaku XRD-6000
diffractometer under the following conditions: 40 kV, 40 mA, and Cu
Ka radiation (4 = 0.154 nm).
2.13. Photoelectrochemical Measurements. The PEC meas-
urements were conducted using a CHI 760E electrochemical
workstation or an SP-300 BioLogic potentiostat in a typical 3-
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electrode system with a Pt wire as the counter electrode, an Ag/AgCl
(1.0 M KCl, 0.222 V vs. SHE) as the reference electrode, and film
photoanodes as the working electrodes with a geometric irradiation
area of 0.5 cm®. A 150 W Xe lamp (L.O.T.-Oriel) equipped with a
KG-3 (LOT-Quantum Design) heat-absorbing filter and an AM 1.5G
filter was employed as the light source (light power intensity 100 mW
cm™2). The electrolyte was 0.5 M aqueous sodium borate, pH = 9.0.
All electrodes were illuminated from the backside (through the FTO
glass) unless noted otherwise.

All electrode potentials reported were converted to the RHE
following the equation™

Enue = Eyg/agar + 0222 + 0059 X pH )

where Epyp is the pH-independent potential referenced against RHE,
and Ejgaecy is the experimentally determined electrode potential
referenced against an Ag/AgCl reference electrode.

The charge separation efficiency (7,,;) and the hole transfer
efficiency (#,,) were calculated using the approach reported by Dotan
et al.*’ and Hamann et al.*' The hole transfer efficiency (1) was
calculated using the equation

e = o /]NaLSO3 (3)

where ], - is the photocurrent measured in the absence of a hole
scavenger, and ] . is the photocurrent in the presence of a hole
2 3

scavenger (Na,SO;, 0.1 M).
The charge separation efficiency (77,) is calculated using the
equation

'Iscp = ]Nals()_l /}max (4)

where ] is the maximal photocurrent density obtained by
integrating the absorption spectrum of the photoanode (Figure S8,
Supporting Information) between 300 and 560 nm over the reference
AM 1.5G photon flux spectra (https://www.nrel.gov/grid/solar-
resource/spectra-am1.5.html).

The incident photon-to-current conversion efficiency (IPCE) was
recorded using a photoelectric spectrometer (Instytut Fotonowy Sp. z
0.0.) with a 150 W xenon light source equipped with a
monochromator, according to the equation™

IPCE (%) = 1240],, /(4P) X 100% )

where J;, is the photocurrent density under monochromatic light, P is
the monochromatic light power density, and 4 is the irradiation
wavelength.

The applied bias photoconversion efficiency (ABPE) was
calculated using the equation41

ABPE(%) = Jp X (123 = V,,)/P X 100% ©)
where ], is the photocurrent density, V,, is the applied bias (V vs.
RHE), and P is the incident light intensity (100 mW cm™2).

The transient decay time can be calculated from a logarithmic plot
of parameter D, given by the equation™

D= (I, - 1)/(1, - L) (7)

where I, is the photocurrent spike, I is the photocurrent at time t,
and I is the steady-state photocurrent. I, is achieved as the
recombination and charge generation reach equilibrium. The transient
decay time is defined as the time at which In D = —1.

Oxygen evolution was detected using a FireSting optical fiber
oxygen meter (PyroScience, GmbH) in a homemade airtight two-
compartment cell. The oxygen collection efficiency of approximately
42.6% + 1.6% was determined electrochemically using a Pt working
electrode in a 3-electrode system and assuming a standard faradaic
efficiency (FE, based only on dissolved O,) of 100.0% + 3.8%. The
applied potential was 0.80 V vs RHE, and the electrolyte was bubbled
with argon before the measurement.

https://doi.org/10.1021/acsami.4c21125
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Scheme 1. “Double-Use” Strategy Utilizing CoPOM for Improved BiVO, Photoanodes: CoPOM Is Added to a Precursor
Solution that Is Spin-Coated onto FTO-Glass Substrate and Annealed to Yield Doped BiVO, (= Composite 1); Further
Impregnation by CoPOM Yields Doped BiVO, Surface-Modified with CoPOM (= Composite 2)

precursor spin-coating

CoPOM = Na,[Co,4(H,0),(PW4044),]

3. RESULTS AND DISCUSSION

After sample preparation as described in Scheme 1 and the
Experimental Section, the phase purity and crystallinity of the
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Figure 1. Co 2p XP spectra for (a) Composite 1 and Composite 3
and (b) Composite 2 photoanodes.

BiVO, photoanodes were analyzed by powder X-ray diffraction
(pXRD) (Figure S1, Supporting Information). All diffraction
peaks can be indexed to monoclinic scheelite BiVO, (JCPDS

annealing

doped BiVO, : 5
© doped BiVO,/CoPOM
: Composite 2

Composite 1

card number 14-0688)*" and to the FTO support. No
crystalline impurities (such as V,05) were detected. Moreover,
no diffraction peaks associated with the CoPOM compound
were observed. These observations highlight that the reported
synthetic approach leads to thin-film BiVO, photoanodes,
whereby the doping and surface-modification with CoPOM do
not significantly alter the crystal lattice of the resulting system.

XPS was used to assess the chemical environment and
oxidation states of the relevant elements. XPS survey analysis
indicates the presence of Bi, V, O, Co, W, and Sn signals on the
surface of Composite 2 photoanodes (Figure S2a, Supporting
Information). The Sn signal is due to the use of FTO as a
conductive transparent support.””** The deconvoluted Bi 4f
and V 2p spectra show the characteristic peaks for Bi** (at
164.9 and 159.6 eV for Bi 4f;, and Bi 4f;),, respectively) and
V3* (at 522.7 eV for V 2p,;,, and 5152 eV for V 2p;),)
expected for BiVO, (Figure S2b,c, Supporting Informa-
tion).**” In the O 1s spectrum, the two characteristic peaks
located at 528.3 and 529.5 eV (Figure S2d, Supporting
Information) are assigned to lattice oxygen in bismuth

Composite 1

100 nm
Ennand

Figure 2. SEM images of (a) BiVO,, (b) Composite 1, and (c) Composite 2. TEM and high-resolution TEM images for (d,e) Composite 1 and

(fg) Composite 2.

https://doi.org/10.1021/acsami.4c21125
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX

57



RESULT AND DISCUSSION

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

as b s C 100
¢ fte 2 —— Composite 2 —a— Composite 2
o —— Composite o —— Composite 1 0.80 V vs. RHE —a— Composite 1
E 44 ——Composite 1 g 28 BIVO, e 804 —a—BiVO,
< — BiVO, <
€ £ 2.0 . close symbols: Back side
~ 34 ~ K60 "x_' 20 open symbols: Front side
2 215 W e
y 00
52 g O 7983983338384,
(=] [ = 404
€ « 1.0
c
(] °
£ 5 20,
o 3 0.5+ 0."‘
04 4 = 9002405,
S ——— 0.0 - . 0 2099000
02 04 06 08 1.0 1.2 14 0.0 0.5 10 _ 15 20 25 3.0 350 400 450 500 550 600
Potential vs. RHE / V Time/h Wavelength / nm
dioo € o0 10
- ‘s Composite 2 —— Composite 2
—Cz:zzz:: g Composite 1 Composite 1
804 ' —Bi 84— mn
——BiVO, BiVO, 08 BIVO,
404
2 604 o £0.6-
- & W
8 g g
=40 = Qo4
20
204 0.2
04— v v 0 T v v g g 00 .
0.2 0 1.2 0.4 06 08 1.0 1.2 04 12
Potential vs. RHE / V

04 06 08 1
Potential vs. RHE / V

06 08 10
Potential vs. RHE / V
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efficiency (1.,), (e) hole transfer efficiency (1), (f) ABPE plots for BiVO, and Composite 1 and Composite 2 photoanodes.
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Figure 4. (a) Oxygen evolution and (b) corresponding photocurrent
transients recorded under AM 1.5G at 0.80 V vs. RHE in a borate
buffer for BiVO, and Composite 1 and Composite 2 photoanodes.

vanadate and surface hydroxyl oxygen, respectively.***’

Compared with pristine BiVO,, the Bi 4f, V 2p, and O Is
peaks of Composite 1 are shifted to higher binding energies by
0.1, 0.4, and 0.4 eV, respectively (Figure S2b—d, Supporting
Information). This can be explained by interactions of dopant
elements (Co®*, W, see below XPS analysis) from CoPOM
with Bi, V, and O atoms. The slight shifts are expected due to
the higher charge-densities of the dopants (W®* > V**, Co®* >
Bi**)."""** These data support the successful incorporation of
the CoPOM components (W®, Co*) into the BiVO, lattice.
Note that similar shifts in binding energies are observed for the
Composite 3 reference photoanode (Figure S2b—d, Support-
ing Information).

To discriminate between the chemical states of elements
originating from CoPOM and present either as a dopant or a
cocatalyst, XPS analysis has been carried out, and the Co 2p
and W 4f XP spectra are shown in Figures 1 and S3
(Supporting Information). As a reference, XPS analysis of the
pristine CoPOM powder shows, as expected, the presence of
Co™" species at the binding energies of 797.0 and 781.1 eV for
the Co 2p;;, and Co 2p;,, spin—orbit coupling peaks,
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respectively (Figure S4a, Supporting Information).”® In
contrast, the low-intensity Co 2p XPS data of the doped
Composite 1 sample (Figure 1a) show the Co 2p,;, and Co
2p;/, peaks located at 795.2 and 779.1 eV, which indicates the
presence of Co*.*”*® This suggests that Co®* from the
CoPOM dopant is oxidized to Co® during the photoanode
annealing process. After additional surface modification with
CoPOM, the resulting Composite 2 photoanode exhibits
signals characteristic of both Co* and Co™ (Figure 1b).
Taken together, these data indicate that while the Co dopant
within the BiVO, bulk is present as Co®*, the surface-deposited
CoPOM retains its original Co" oxidation state, which is also
in line with our previous study on CoPOM as cocatalyst.”® In
addition, the oxidation state of tungsten in all samples
determined from the high-resolution XP spectra of W 4f was
WS (Figure S3, Supporting Information), as expected for
CoPOM derivatives.”*

The morphology and film thickness of as-prepared BiVO,
and Composite 1 and Composite 2 photoanodes were
investigated by field emission scanning electron microscopy
(FESEM). As shown in Figure 2a—c, all of the films are
composed of worm-like nanoparticles forming a three-dimen-
sional mesoporous structure. After the CoPOM doping and
surface modification with CoPOM, the worm-like particle
shape does not change significantly, as shown in Figure 2b,c,
retaining the typical porous structure. However, after the
CoPOM doping of BiVO,, the average length of worm-like
particles increases from 160 to 277 nm (see Figure S3de,
Supporting Information) and the particles become more
interconnected. The cross-sectional views (Figure S6, Support-
ing Information) show that the BiVO, layers have a
comparable thickness of 520 + 40 nm in all photoanodes.
High-resolution transmission electron microscopy (HR-TEM)
of Composite 1 and Composite 2 shows the presence of
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Figure S. Simplified scheme summarizing the effect of the “double-use” strategy employing CoPOM on photoanodes at a moderate electrode bias
of +0.80 V vs. RHE: (a) pristine BiVO, suffers both from ineffective electron transport through the mesoporous film and the accumulation of holes
in surface states, resulting in enhanced recombination and very low photocurrents (compare with Figure 3a); (b) doped BiVO, (Composite 1)
exhibits slower recombination due to higher conductivity and less pronounced hole accumulation; and (c) doped BiVO, surface-modified with
CoPOM (Composite 2) exhibits the highest photocurrents due to both the high conductivity and the effective hole extraction and enhanced water
oxidation by the CoPOM-derived surface cocatalyst. Note that the band bending is assumed to be negligible due to the mesoporous nature of the
BiVO, film. CB and VB stand for the conduction band edge and valence band edge, respectively; *Eg, and *Ey, stand for the quasi-Fermi level of
electrons and holes in the mesoporous film, respectively. The maximum values of *Eg, were taken as the maximum open-circuit photopotentials

from the Figure S18a in the Supporting Information.

crystalline regions with a lattice d-spacing of 0.31 nm, which
can be assigned to the (—121) plane of BiVO, (JCPDS 14-
0688) (Figure 2e,g). As compared to Composite 1 photo-
anodes (Figure 2e), additional surface modification with
CoPOM leads to the presence of homogeneously distributed
nanospheres with a size of ~5 nm, as indicated by the orange
dotted lines in Figure 2g. This suggests the formation of a
CoPOM-derived surface layer on the Composite 1 photo-
anodes, in line with our previous results.*' To investigate the
distribution of CoPOM, EDX elemental mapping was carried
out. This analysis (Figure S7, Supporting Information)
indicates the presence of Co and W elements, which is in
line with the homogeneous distribution of CoPOM within the
BiVO, bulk and on the BiVO, surface since the structure of the
Composite 1 material is porous and the CoPOM was
deposited via impregnation.

The UV—vis electronic absorption spectra of all four samples
displayed in Figure S8, Supporting Information, indicate that
all samples exhibit nearly identical electronic absorption
properties with an optical absorption edge at ~530 nm.
Therefore, we conclude that there is a negligible influence of
either CoPOM-doping or Co/W/P-doping or the deposition
of the CoPOM cocatalyst on the fundamental optical
properties of our photoanodes, and all differences in
photoelectrocatalytic behavior should be rather ascribed to
changes in the electronic conductivity and surface catalytic
properties.

To evaluate the performance of our photoanodes in water
photooxidation, PEC measurements were conducted in a
three-electrode setup under AM 1.5G (1 sun) illumination
with a 0.5 M aqueous sodium borate solution (pH 9.0) as
electrolyte. The photoanodes were optimized for the best PEC
performance with respect to the amount of CoPOM used
either as a bulk dopant and/or surface cocatalyst, as shown in
Figure $9a,b, Supporting Information. As shown in Figure 3a,
the pristine BiVO, photoanodes exhibit a relatively low
photocurrent density (0.62 mA cm™ at 1.23 V vs. RHE),

which is mainly attributed to the poor electronic conductivity
and sluggish oxygen evolution kinetics at the photoanode/
electrolyte interfaces.”'” After CoPOM-doping, for Composite
1, a significantly improved photocurrent density (S-fold
increase compared with pristine BiVO,) is observed, reaching
2.86 mA cm™* at 1.23 V vs. RHE. When the surface of the
sample is further loaded with CoPOM as cocatalyst, the
photocurrent density is further increased by a factor of ~1.3 to
3.67 mA cm™ at 1.23 V vs. RHE. Importantly, we observe a
cathodic shift of the photocurrent onset potential by ~0.3 V
for Composite 2 and ~0.2 V for Composite 1 compared with
the nonmodified BiVO, photoanode (Figure 3a, see also
Figure S10, Supporting Information). In other words, both
CoPOM-doping and surface modification by CoPOM result in
a significant increase of the photovoltage available for driving
the water splitting reaction.”” The reasons for this performance
enhancement are discussed below. The dark current densities
are similar for Composite 1, Composite 2, Composite 3, and
BiVO, (Figure S10, Supporting Information) below the
equilibrium potential of water oxidation (1.23 V vs. RHE),
and the beneficial effects of CoOPOM on electrocatalytic water
oxidation reaction activity in the dark become apparent at bias
potentials of >1.40 V vs. RHE.*

First, in order to gain insight into the role of the individual
doping elements (Co, W, and P) present in CoPOM, we
prepared also doped BiVO, samples where NaWO,-2H,0,
Na,HPO,-7H,0, and Co(NO;),-6H,0 were used as sources
of the respective elements, and identical molar amounts were
incorporated as in the case of Composite 1 photoanodes (see
Figures 3a and S9¢, Supporting Information). Notably, Co-
doping of BiVO, exerts a positive influence on the photo-
current density also at lower electrode potentials (leading to
the significant cathodic shift of the onset potential), while W-
doping of BiVO, enhances photocurrents significantly only at
higher bias potentials (>0.7 V vs. RHE). Interestingly, there is
a clear beneficial synergistic effect when both Co- and W-
doping of BiVO, are used. Furthermore, the photocurrent at
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the Composite 1 photoanode is slightly higher than that of the
Composite 3 photoanode in the full potential range. The
possible reason is that the ratio of W/Co on the surface of
BiVO, detected by XPS is different (2.29 for the Composite 1
photoanode and 1.08 for the Composite 3 photoanode), as
shown in Table S1 (Supporting Information). We hypothesize
that this difference in the W/Co ratio on the surface of the
Composite 1 and Composite 3 photoanodes might be due to
the different forms of the doping substances. For example, the
structure of CoPOM is expected to be partially disintegrated
but will still retain its core structure in the acid precursor
solution, while the doping solution used for preparation of the
reference Composite 3 photoanode is fully homogeneous.
Apparently, such small differences in the precursor chemistry
can influence the W/Co ratio on the surface and impact the
photocurrent generation.

Next, the photocurrent generation was tested at a constant
potential of 0.80 V vs. RHE under prolonged (3 h) AM 1.5G
(1 sun) illumination. As shown in Figure 3b, CoPOM-doped
BiVO, showed a relatively fast and continuous decrease of
photocurrent. To explore the reasons for the instability of
Composite 1 under PEC operation, we analyzed in detail the
elemental composition of the surface for CoPOM-doped
BiVO, before and after the PEC experiments, as shown in
Figure S11 and Table S2, Supporting Information. Interest-
ingly, the XPS analysis revealed that the signal related to the
presence of Co is significantly stronger after PEC operation
(Figure S11a, Supporting Information), while the signal of W
practically did not change at all after PEC operation (Figure
S11c, Supporting Information). Notably, the ratio of W/Co for
the Composite 1 photoanode significantly decreased after the
PEC operation, from 2.29 for before PEC operation to 0.59 for
after PEC operation (Table S2, Supporting Information). In
other words, we see a similar trend as discussed above for the
case of the Composite 1 photoanode (higher ratio) and the
Composite 3 photoanode (lower ratio). We conclude that the
PEC performance is related to the ratio of W/Co on the
surface of photoanode, whereby a higher ratio of W/Co will
result in better PEC performance. The underlying reasons are
still under study. Previous reports indicated that W°" sites can
act as structure stabilizers to the OER active Co sites.””
Therefore, a possible reason for this trend might be that at the
lower ratios of W/Co, the low amount of W cannot prevent
the pronounced leaching of Co from the BiVO, surface into
the borate buffer electrolyte, leading eventually to the
formation of cobalt borate (CoBi),”® which is known to
exhibit operational instability in BiVO,/CoBi systems.”’

Notably, employing CoPOM as a surface cocatalyst to
modify the Composite 1 photoanode turned out be highly
beneficial as higher and much more stable photocurrents were
observed (the green line in Figure 3b). The small jumps in the
photocurrent were most probably due to the bubble release
from the testing area, as observed visually during the PEC
operation. We used XPS to analyze the elemental composition
of the surface for Composite 2 before and after the PEC
experiments, as shown in Figure S11 and Table S3, Supporting
Information. In contrast to Composite 1, the signals related to
the presence of Co and W were significantly weaker after the
PEC operation (Figure S11b,d, Supporting Information) with
a slightly decreased ratio of W/Co for the Composite 2
photoanode than before the PEC operation (Table S3,
Supporting Information). In particular, the changes in signal
intensities and ratio of W/Co indicate that a partial dissolution
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of the CoPOM cocatalyst and/or its conversion to cobalt and
tungsten oxides can occur during the PEC operation, which is
consistent with the findings discussed in detail in our previous
study.”® As shown in Figure S12a of the Supporting
Information, the Composite 3 shows a slightly lower
photocurrent density during a 3 h stability measurement
compared with Composite 1, which is also consistent with the
lower W/Co ratio on the surface of Composite 3 photoanodes
(Table S1, Supporting Information).

Furthermore, the transient photocurrent measurements of
pristine BiVO, and Composite 1 and Composite 2 photo-
anodes were investigated to assess the charge recombination
dynamics at +0.80 V vs. RHE under chopped AM 1.5G (1 sun)
illumination (Figure S12b, Supporting Information). The
strong spike-like behavior of the photocurrent transients at
pristine BiVO,, a typical fingerprint of intense surface
recombination due to slowly reacting holes accumulating in
the surface states,” is clearly diminished to a large extent at the
Composite 1 and Composite 2 samples, indicating reduced
charge carrier recombination for these samples. In more
quantitative terms, the diminished surface recombination is
also reflected in the corresponding characteristic transient
decay times*’ (see Figure S12d, Supporting Information),
which increase from 1.1 s (BiVO,) to 1.5 s (Composite 3) to
1.7 s (Composite 1) up to 3.5 s for Composite 2. These data
demonstrate the importance of surface modification by
CoPOM for reducing the surface recombination kinetics and
highlight the improved surface catalysis as one of the key
beneficial effects of the “double-use” strategy on the overall
photoanode performance.

The performance of all three photoanodes was also
examined by repeated linear sweep voltammetry (LSV)
under chopped illumination in an aqueous borate electrolyte
at pH 9.0 (Figure S13, Supporting Information). For the
modified Composite 1 and Composite 2 electrodes, we
noticed slightly increasing photocurrents between the first and
second LSV scan. We suggest that this might be due to the
oxidation of the Co from Co®* to Co® in the surface layer,
accompanied by partial conversion of CoPOM into cobalt
oxide.”® This was verified by performing the identical
experiment with the individual Co-, W- or P-doped BiVO,
(Figure S14, Supporting Information), where a similar initial
photocurrent increase was only observed for the Co-doped
BiVO, sample, while samples doped only with W or P did not
show this initial increase of photocurrents. Notably, after the
initial increase, photocurrents of the Co-doped BiVO, then
dropped (Figure Sl4a, Supporting Information), suggesting
that this sample is not stable under the operational conditions
during repeated LSV measurements. Note that in the presence
of both dopants, Co and W (Figure Sl4eg Supporting
Information), we observe the characteristic behavior observed
for the CoPOM-doped sample, ie. initial increase of the
photocurrent between the LSV runs 1 and 2, and stable
photocurrents afterward in the repeated LSV measurements.
These data again corroborate our hypothesis of a combined
beneficial synergistic effect of doping with both Co and W on
the BiVO, photoanode performance.

The wavelength-resolved IPCE was measured at E = 0.80 V
vs. RHE both under irradiation from the back-side (BS,
substrate side) and the front-side (FS, electrolyte side) (Figure
3c). The photoconversion efficiencies show a photoconversion
onset at ca. 530 nm, which is in line with the optical absorption
edge of all samples (Figure S8 in the Supporting Information).

https://doi.org/10.1021/acsami.4c21125
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX



RESULT AND DISCUSSION

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Under the BS illumination, which is typically beneficial for
mesoporous photoanodes such as ours since the performance-
limiting process is the transport of electrons through the
porous network into the underlying FTO substrate, the IPCE
values of both the doped and surface-modified Composite 2
photoanode are the highest in the whole wavelength range, as
shown in Figure 3c. Notably, at the doped Composite 1
photoanode the IPCE values under the ES illumination are
nearly the same as under the BS illumination (Figure 3c). This
implies that the CoPOM-doping has a notable enhancing effect
on the electron transport properties of BiVO,, and the electron
transport no longer limits the photocurrents, even if the
electrons have to be transported across longer pathways to the
FTO support under the S illumination.” This positive effect
of the CoPOM doping is further apparent from the fact that at
Composite 3 the IPCE values under the FS illumination are
still slightly lower compared to the BS illumination (Figure
S15a, Supporting Information). On the other hand, in the case
of the Composite 2, the expectedly higher IPCE values under
the BS illumination as compared to the FS illumination are
observed, which is most probably due to a more efficient hole
extraction by the cocatalyst, rendering the electron transport
through the electrode limiting again.”

Solid-state PL spectra recorded under the 400 nm excitation
wavelength (Figure S16, Supporting Information) exhibit
broad bands at ca. 480—510 nm (2.4—2.6 eV) that can be
attributed to band-to-band recombination, typical for mono-
clinic BiVO, (bandgap of ca. 2.4 eV). The relative intensities
for all samples are similar and do not show any definite trend,
whereby the lowest intensity for Composite 2 might suggest
that the surface modification by CoPOM might have a positive
effect on charge separation, as is apparent from slightly
diminished radiative recombination.

To gain further insights into the factors limiting the
performance of our photoanodes, the charge separation
efficiency ('hep) and the hole transfer efficiency (17,) were
calculated by employing the methodology developed by Dotan
et al." and Hamann et al.*' (see Experimental Section).
According to the electronic absorption properties shown in
Figure S8, Supporting Information, the ], was calculated as
8.12 mA cm™ (BiVO,), 7.96 mA cm™? (Composite 1), 8.11
mA cm™* (Composite 3) and 8.09 mA cm™” (Composite 2).
In the presence of Na,SO; as an effective hole scavenger, the
photocurrent densities reach 3.22 mA cm™ (BiVO,), 6.32 mA
cm™* (Composite 1), 6.10 mA cm™ (Composite 3), and 6.55
mA cm™> (Composite 2) at 1.23 V vs. RHE, as shown in
Figure S17, Supporting Information. As a result (Figure 3d),
the 77, for Composite 1 and Composite 2 photoanodes show
much higher values than that for pristine BiVO, in the
potential ranging from +0.35 to 1.23 V vs. RHE. The 7, of
Composite 1 photoanode reaches 76.5% at 1.23 V vs. RHE,
which is two times higher compared to the 38.3% of the
nonmodified photoanode. This indicates that CoPOM-doping
effectively improves the conductivity and facilitates charge
transport through the photoanode. The increase in con-
ductivity upon CoPOM doping is also further corroborated by
electrochemical impedance spectroscopy (EIS) results (for
details, see Figure S19 and Table S4, Supporting Information).
Interestingly, at very low bias potentials (<0.35 V vs. RHE) the
detrimental effects of doping are apparent as the 7., decreases
as compared to pristine BiVO,. In our previous study on Mo-
doped BiVO,,”*we discussed in detail these detrimental effects
of doping as related to the higher concentration of electron

polaronic states due to the presence of the dopant.’’ The
electron trapping in these polaronic states limits the maximum
achievable photovoltage and enhances the charge recombina-
tion, unless a sufficiently high bias is applied. Indeed, the
negative effect of the CoPOM-doping is clearly corroborated
by the reduced quasi-Fermi level of electrons after the
photodoping, as apparent from reduced open-circuit photo-
potentials at Composite 1 and Composite 2 as compared to
pristine BiVO, (see Figure S18a, Supporting Information).
Furthermore, the hole transfer efficiency 7, (Figure 3e) is
significantly enhanced over the whole potential range and
shifted to cathodic potentials for both modified photoanodes.
Specifically, the #,, increased from 12.7% for BiVO, to 47.8%
for Composite 1 and 59.2% for Composite 2 photoanodes at
1.23 V vs. RHE. Notably, the beneficial effects of the CoPOM
cocatalyst become particularly significant at very low bias
potentials (<0.45 V vs. RHE), where it can partially
compensate the detrimental effects of the electron polaronic
states from doping. Interestingly, the 7., for Composite 1 and
Composite 3 photoanodes show a similar value over the whole
potential range, while the value of 5, is higher for Composite 1
than that of Composite 3 (Figure S1Sb,c, Supporting
Information). This hints that hole transfer efficiency 7, plays
an important role in PEC performance and is in line with the
difference of ratio of W/Co on the surface (see Table SI,
Supporting Information). Taken together, all these findings
indicate that the “double-use” of CoPOM as both a dopant and
a surface cocatalyst can effectively promote the charge
separation and hole transfer carrier dynamics at BiVO,
photoanodes, respectively, in line with the established
knowledge on the effects of doping and cocatalysts in the
literature.”***

To confirm the actual oxygen evolution performance of the
photoanodes, we performed photoelectrocatalytic OER meas-
urements (Figure 4a) in an aqueous borate solution (pH 9.0)
under AM 1.5G (1 sun) illumination at E = 0.80 V vs. RHE.
Under these conditions, we observed O, evolution rates of
104.1 + 18.5 umol L™ h™! (BiVO,), 504.7 + 26.7 pmol L™
h™' (Composite 1), and 856.9 + 33.3 umol L' h™!
(Composite 2) during a 20 min illumination experiment.
The corresponding faradaic efficiencies are comparable for the
three systems (BiVO,:102.7% + 13.2%; Composite 1: 97.5%
+ 9.5%, Composite 2: 102.3% =+ 12.2%), indicating the nearly
quantitative oxygen evolution at all BiVO, photoanodes.

Finally, the ABPE was also determined. As shown in Figures
3f and S15d, the Supporting Information, the maximum
photoconversion efficiencies are 0.03% (at 1.04 V vs. RHE) for
BiVO,, 0.39% (at 0.94 V vs. RHE) for Composite 3, 0.54% (at
0.87 V vs. RHE) for Composite 1 and 0.79% (at 0.82 V vs.
RHE) for Composite 2. Two points are noteworthy. First, the
fact that the maximum power point is shifted to more negative
bias potentials after doping and surface modification with
CoPOM is highly beneficial in view of the potential
construction of tandem solar-driven water-splitting systems in
which photoanodes for O, evolution are combined with
photocathodes for H, evolution. Second, the maximum ABPE
is 0.79% (at 0.82 V vs. RHE) for the Composite 2 is not only
higher by a factor of ~26 as compared to pristine BiVO,, but
even slightly higher than the best performing Mo-doped BiVO,
photoanode modified with CoPOM cocatalyst (ABPE of
0.73% at 0.86 V vs. RHE) we investigated recently.”® This
highlights the beneficial effect of the “double-use” strategy
employing CoPOM on the fabrication of BiVO, photoanodes
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with improved performance for a comprehensive comparative
overview of key PEC performance factors of all photoanodes
(see Table SS, Supporting Information). The key factors
influencing the PEC performance of all electrodes at a
moderate electrode bias of 0.80 V vs. RHE are summarized
in Figure S.

4. CONCLUSIONS

In conclusion, we have demonstrated a novel “double-use”
strategy for the fabrication of high-performance BiVO,
photoanodes for solar water splitting in which a single
precursor, a molecular cobalt polyoxometalate (CoPOM), is
used both as a doping agent and as a cocatalyst for water
oxidation. Doping BiVO, by CoPOM significantly enhances
the conductivity and improves the charge separation efficiency,
resulting in the enhancement of the maximum ABPE by a
factor of ~18 as compared to that of pristine BiVO,. Further
surface modification of CoPOM-doped BiVO, with CoPOM
as a cocatalyst enhances the hole extraction and improves the
water oxidation kinetics, yielding the overall enhancement of
the ABPE as high as by a factor of ~26 with respect to pristine
BiVO,. Interestingly, with respect to the doped BiVO,
photoanodes, we found systematic differences in the surface
composition and PEC performance of samples doped with
CoPOM compared to samples with identical elemental
composition but doped with metal salts. While these
differences are not fully understood yet, they point to possible
advantages of using molecularly well-defined precursors, such
as CoPOM, in the fabrication of high-performance photo-
electrodes. Taken together, our results establish the “double-
use” strategy involving CoPOMs as a remarkably effective,
straightforward, and easily scalable approach for the develop-
ment of high-quality photoanodes for solar water splitting and
highlight the future potential of utilizing well-designed POMs
as precursors for the synthesis of energy materials.
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Atomically Engineered Defect-Rich Palladium Metallene for
High-Performance Alkaline Oxygen Reduction

Electrocatalysis

Yupeng Zhao, Zhengfan Chen, Nana Ma, Weiyi Cheng, Dong Zhang, Kecheng Cao,
Fan Feng, Dandan Gao, Rongji Liu,* Shujun Li,* and Carsten Streb*

Defect engineering is a key chemical tool to modulate the electronic structure
and reactivity of nanostructured catalysts. Here, it is reported how targeted
introduction of defect sites in a 2D palladium metallene nanostructure results
in a highly active catalyst for the alkaline oxygen reduction reaction (ORR). A
defect-rich WO, and MoO, modified Pd metallene (denoted: D-Pd M) is
synthesized by a facile and scalable approach. Detailed structural analyses
reveal the presence of three distinct atomic-level defects, that are pores,
concave surfaces, and surface-anchored individual WO, and MoO, sites.
Mechanistic studies reveal that these defects result in excellent catalytic ORR
activity (half-wave potential 0.93 V vs. RHE, mass activity 1.3 A mgPd~" at 0.9
V vs. RHE), outperforming the commercial references Pt/C and Pd/C by
factors of ~7 and ~4, respectively. The practical usage of the compound is
demonstrated by integration into a custom-built Zn-air battery. At low D-Pd M
loading (26 pgPd cm2), the system achieves high specific capacity

(809 mAh g, ') and shows excellent discharge potential stability. This study
therefore provides a blueprint for the molecular design of defect sites in 2D
metallene nanostructures for advanced energy technology applications.

technologies including fuel cells, metal-
air batteries, and electrochemical H,0,
production.!'*] The ORR is a challeng-
ing reaction, due to the high O, bond
dissociation energy (498 K] mol™!) and
the sluggish kinetics of O,-related proton-
coupled multi-electron processes.!**! These
factors significantly impede the practical ap-
plication of the ORR. To overcome these
challenges, numerous electrocatalysts have
been developed, including those based on
platinum group metals (PGMs),””! noble
metal-free materials,®’! and even metal-
free catalysts.'®! Currently, both the intrin-
sic activity and the long-term stability of no-
ble metal-free and metal-free catalysts are
significantly inferior to those of PGM-based
electrocatalysts.[*]

Owing to their unique electronic struc-
ture and optimum oxygen molecule ad-

1. Introduction

The oxygen reduction reaction (ORR) is one of the most im-
portant catalytic processes for energy conversion and storage

sorption energy, electrocatalysts based on
PGMs have received widespread attention
and are still a focal point for advanced
ORR catalyst development.l®) However, challenges remain, par-
ticularly in the case of platinum-based catalysts. While these ma-
terials demonstrate excellent catalytic performance, they often
suffer from poor long-term stability.'°'?! Importantly, highly dis-
persed Pt nanoparticles show a notable tendency to aggregate
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during catalysis, resulting in the formation of larger particles
with reduced reactivity."*! Furthermore, the high binding en-
ergy of Pt and Pd to oxygen molecules limits the generation
and conversion of intermediates (such as *OH and *OOH)
into H,0/OH’, indicating potential opportunities for enhanc-
ing the catalytic properties by modification in their electronic
structure."*1*] Moreover, the substantial cost associated with Pt
and Pd is major impediment to their broad industrial use./™®!
Thus, chemical strategies are urgently required which optimize
electronic structure and reactivity of PGMs while at the same
time making optimum use of all metal centers available in the
catalyst.l'"-1%]

These challenges have recently been targeted by the develop-
ment of two-dimensional (2D) metal nanosheets, so-called met-
allenes, which have shown unique electronic structure and high
reactivity and durability.?* 22! Metallenes are metal or alloy ma-
terials featuring individual layers of atomic thickness.!”*?!] Met-
allenes offer optimum utilization of the individual metal atoms
due to their high specific accessible surface area and abundance
of low-coordinated reactive metal sites.[”>"’! A significant break-
through in this realm was achieved by Guo and colleagues, who
successfully synthesized PdMo bimetallene./”®! The group discov-
ered that strain and quantum effects within the ultrathin struc-
ture of the metallene lead to a downward shift of the d-band cen-
ter, thereby lowering the oxygen molecule binding energy and
enhancing electrocatalytic performance. Moreover, the electronic
structure can be further modulated by doping with Mo atoms.
As a result, PdMo bimetallene exhibits a lower d-band center
and superior ORR catalytic activity compared to pure Pd metal-
lene. Building on this advancement, Jin and co-workers further
demonstrated that the durability of PdMo bimetallene can be sig-
nificantly improved by interstitial doping with carbon. This mod-
ification results in stabilization of the Mo sites within the bimet-
allene structure.'””! In addition, defect engineering has proven
to be a critical tool in the advancement of Pd metallene. Wang
and colleagues successfully developed a defect rich Pd metal-
lene characterized by abundant pores, which created a multi-
tude of highly active sites. This innovation resulted in a signif-
icant enhancement in ORR activity.*! Concurrently, research by
Guo and coworkers revealed that the concave surfaces on Pd
metallene lead to a modest downward shift in the d-band cen-
ter and allow fine-tuning of oxygen molecule binding energies.
This structural modification contributes to improved ORR per-
formance, showcasing the impact of the surface geometry on cat-
alytic efficiency.*!l

Here, we build on these pioneering studies and report a novel
ultrathin Pd metallene doped with atomic WO, /MoO, (referred
to as D-Pd M) featuring by a curved defect-rich structure. Key
for the synthetic access to this new compound is the use of
molecular metal oxides (polyoxometalates, POMs), here reduced
[H;PMo,,0,] « x H,0 ( = PMo,,), N, N-dimethylformamide
(DMF), and tungsten hexacarbonyl (W(CO),) as reducing agents.
Meawhile, W(CO), was used as a structure-directing agent.
PMo,, and W(CO), also acted as molecular precursors to deposit
MoO, and WO, into the Pd metallene. The resulting D-Pd M
showed excellent ORR activity, with a high half-wave potential
(E;;, =0.93 Vvs. RHE), high mass activity (1.3 A mg;, ' at 0.9V
vs. RHE) and superior stability over 10,000 test cycles. Practical
applicability of D-Pd M was demonstrated by integration into an
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operational Zn-air battery at ultra-low Pd loading (26 pg,; cm™2),
showing high specific capacity (809 mAh g,, '), exceptional dis-
charge performance and ultra-long cycling stability (continuous
operation for 300 h over 300 charge/discharge cycles).

2. Results and Discussion

Figure 1 illustrates the synthetic procedure to access D-Pd M. Ini-
tially, a solution of PMo,, in DMF was irradiated with ultravio-
let (UV) light (1., = 254 nm) to reduce the POM cluster. The
solution undergoes a clear transition from its initial yellow to
dark blue color, and a new broad peak at 760 nm appeared in
the reduced solution (Figure S1, Supporting Information), all of
which suggests that the POM cluster was reduced to heteropoly
blue.[*?33! The solution containing the reduced PMo,, was then
combined with a DMF solution containing the metal precur-
sors palladium (1I) acetylacetonate (Pd(acac),) and W(CO);, re-
sulting in reduction of Pd** to Pd (0) and formation of the
palladene sheets.*! During the reaction, carbon monoxide was
gradually released by thermal decomposition of W(CO),. CO is
known to strongly adsorb on Pd (111) facet, which in turn facil-
itates the anisotropic lateral growth and formation of 2D ultra-
thin metallene.l?*313*! For comparison, conventional Pd metal-
lene (Pd M) weas prepared using a modified literature method,
see Supporting Information (SI),1*! where citric acid was used as
the reducing agent instead of PMo,,.

The morphology and structural properties of the as-
synthesized D-Pd M and Pd M were characterized by trans-
mission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HRTEM). As shown in Figure 2a,
D-Pd M exhibits an ultrathin 2D nanosheet structure with a
lateral diameter of ~1 pm. In contrast, Pd M exhibits a hexag-
onal nanosheet structure with an average diameter of 70 nm
(Figure S2, Supporting Information). Selected area electron
diffraction (Figure S3, Supporting Information) confirms the
presence of a face-centered cubic (fcc) structure, and atomic force
microscopy measurements (Figure S4, Supporting Information)
give an average thickness of ~0.9 nm, suggesting the presence
of 3 to 5 Pd atom layers.”®! TEM energy-dispersive X-ray spec-
troscopy (TEM-EDX; Figure S5, Supporting Information) shows
the homogenous distribution of Pd, W, and Mo throughout
the metallene. The atomic ratio of Pd:W:Mo was determined
by inductively coupled plasma optical emission spectroscopy
(ICP-OES) to be 93.8: 5.2: 1. Detailed morphological analysis
of the TEM data reveals curved surface with abundant defects,
including pores and concave structures (Figure S6, Supporting
Information), which could be due to the oxidative etching of
O, and PMo,, in the highly acidic environment provided by
PMo,,.[?¢1) The defects were further probed by HR-STEM.
Figure 2b shows the presence of pores (red circle, area 1) and
concave areas (dark blue circle, area 2), also see Figure S7
(Supporting Information)."! The brighter contrast observed in
Figure 2b is indicative of the lower thickness in these areas com-
pared to their surroundings. Notably, in the higher magnification
of area 1 (Figure 2c), step atoms at the inner edge can be ob-
served. Meanwhile, in Figure 2d, the clear atom distribution and
brighter contrast indicate the presence of a concave structure.!”!
Numerous concave structures with various diameters, typically
less than 10 nm, are observed in Figure 2e (dark blue circles).
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Figure 1. Schematic illustration for the fabrication of D-Pd M.

We also use a false-color mode to illustrate the thickness contrast
more clearly (Figure S8a—d, Supporting Information). Addi-
tionally, curved structures are also observed in HRTEM (green
rectangles in Figure 2e; Figure S8e, Supporting Information),
which leads to lattice distortion. The fast Fourier transformation
(FFT) pattern (Figure S8f, Supporting Information) exhibits a
sixfold symmetric fcc structure, implying that the metallene is
stacked dominantly along the (111) facets.!"*l TEM analyses give
a lattice spacing of 0.23 nm (Figure 2f), which exceeds that of
bulk Pd, suggesting the presence of intrinsic tensile strain due
to its atomically thin structure.

The results are consistent with powder X-ray diffraction
(pXRD) analyses shown in Figure 2g, where the peak at 39.4° is
attributed to the (111) plane of the fcc structure of Pd metallene.
Additionally, smaller peaks corresponding to the (200) plane at
46.7° and the (220) plane at 68.1° in D-Pd M compared to Pd M
and Pd/C indicate the predominance of the (111)-exposed fea-
ture. Furthermore, the shifts to lower 26 angles observed in D-
Pd M compared to Pd M and Pd/C are attributed to strain ef-
fects and lattice distortions caused by the defect structure. Next,
the oxidation states of D-Pd M were investigated by X-ray photo-
electron spectroscopy (XPS). The deconvoluted spectrum of Pd
3d shows the distinct characteristic peaks centered at 335.4 and
340.7 eV, which are assigned to Pd (0) 3ds, and Pd (0) 3d,,, re-
spectively (Figure 2h). The small peaks at 336.7 and 342 eV are
assigned to PdO, assigned to surface oxidation of Pd.*>?¢! The
results indicate that D-Pd M is dominated by metallic Pd. The de-
convoluted W 4f spectrum (Figure 2i) shows the existence of W**
species.l*®! In contrast, the oxidation state of Mo cannot be as-
signed reliably by XPS due the low concentration of Mo species in
D-Pd M.

X-ray absorption spectroscopy (XAS) characterization was per-
formed to further investigate the chemical states and local co-
ordination environments of D-Pd M. The normalized Pd K-
edge X-ray absorption near-edge structure (XANES) spectrum
(Figure 3a) of D-Pd M is similar to the Pd foil reference, in-
dicating its dominant metallic state,/”?°l which coincides with
the XPS result. Fourier transform extended X-ray absorption fine
structures (FT-EXAFS) analysis was employed to investigate the
local environment of the Pd atoms (Figure 3b). The strong peak
in the D-Pd M EXAFS spectrum at 2.57 A is assigned to the
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Pd-Pd pairs.'”®! The average coordination number (CN) of ele-
ments is proportional to the intensity of FT- (k) peak and the
corresponding fitting results of Pd K-edge FT-EXAFS (Figure S9
and Table S1, Supporting Information) give an average CN of
10.7 + 1.0, which is lower than that in Pd foil (CN,y; = 12),
indicating the existence of unsaturated Pd sites. This is in agree-
ment with the proposed thin-layered structure and the presence
of multiple defects in the D-Pd M.*!! The W species in D-Pd M
was further investigated by analyzing its L,-edge XANES and FT-
EXAFS spectra. As shown in Figure 3¢, the white-line peak inten-
sity is between WO, and WO,, which gives an approximate oxi-
dation state of +5.1*3% This finding is consistent with the results
obtained from XPS analysis. In addition, the peaks in the FT-
EXAFS spectrum (Figure 3d) at 1.38 and 2.43 A can be assigned
to W-O and W-Pd environments."***”] The corresponding fitting
results of W L,-edge FT-EXAFS show the CN of W-Pd is 6.3 + 0.8.
Based on these results, we propose that WO, (x = 2.5) is doped on
the surface of metallene. Additionally, W substitutes the position
of Pd, as illustrated in Figure S12 (Supporting Information)."*!
Notably, while W-W pairs are present in bulk WO, and WO;, they
are not observed in D-Pd M according to the FT-EXAFS spectrum
and wavelet transform analysis (Figure 3g), which can better re-
solve features in K-space and radial distance. The results indicate
that atomic WO, species are doped on the surface of the metal-
lene. Furthermore, we also investigated the chemical states and
local coordination environments of Mo in D-Pd M by employing
MoO,, MoOj;, and Mo foil as reference materials. In Figure 3e,
MoO; exhibits a distinct pre-edge feature at ~19,995 eV, which
is not observed in MoO, and Mo foil. Additionally, a weak pre-
edge is observed in D-Pd M, suggesting that the oxidation state of
Mo in D-Pd M falls between that of MoO, and MoO,.**! Further-
more, the near-edge structure XANES spectra also support this
conclusion. The FT-EXAFS spectrum in Figure 3f indicates the
presence of Mo-O and Mo-Pd pairs, with no Mo-Mo species ob-
served (Figure 3h), suggesting atomic dispersion of MoO,. The
fitting results of Mo K-edge FT-EXAFS for Mo-Pd give a CN of
0.9 + 0.2, indicating that the MoO, are located on the surface of
the Pd sheets rather than being embedded in the Pd lattice, as
illustrated in Figure S12 (Supporting Information).*”) More de-
tailed peak assignments for FT-EXAFS of Pd, W, and Mo can be
found in Table S1 (Supporting Information). The comparison of
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Figure 2. a) TEM image and b,e) HRTEM images of D-Pd M, with corresponding enlarged crystal details shown in c,d,f) for selected areas (area 1, area
2, and area 3, respectively). g) XRD patterns of D-Pd M, Pd M, and Pd/C. h) Deconvoluted XPS spectra of Pd 3d and i) W 4f of D-Pd M.

corresponding fitting results and the raw data can be found in
Figures $9-S11 (Supporting Information).

In the next step, we evaluated the electrocatalytic performance
of the D-Pd M for ORR in 0.1 M aqueous KOH using a typ-
ical three-electrode electrochemical setup. Here, the saturated
calomel electrode was used as the reference electrode, and a
graphite rod was employed as the counter electrode. All poten-
tials in this study have been converted to reversible hydrogen
electrode potentials (RHE, see details in the Supporting Informa-
tion). Prior to the measurement, freshly prepared D-Pd M and
Pd M were deposited on a VULCAN® XC-72 carbon support
(See details in Supporting Information). In addition, commercial
10% Pd/C and 20% Pt/C were also used as ORR catalyst refer-
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ences. The respective catalysts ink was drop-cast onto the glassy
carbon rotating disk electrode, which acted as the working elec-
trode. The metal loading on the electrode for D-Pd M/C and Pd
M/C was controlled to be 10 pg cm~?, while that of commercial
Pd/C and Pt/C was controlled to be 15 ug cm™ to reach the well-
defined limiting current densities. The typical cyclic voltamme-
try (CV) curves of all the catalysts were recorded in N,-saturated
0.1 M KOH at a scan rate of 50 mV s~'. As shown in Figure 4a
and Figure S13 (Supporting Information), the peak located at
0.74 V of D-Pd M/C is assigned to Pd oxide reduction.”! No-
tably, the reduction potential is a descriptor of the Pd-O bind-
ing energy. Compared to Pd/C (0.69 V) and Pd M/C (0.73 V),
the peak of D-Pd M/C shifts positively, revealing its weaker
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Figure 3. XAS characterizations of D-Pd M. Experimental XANES spectra a,c,e) and EXAFS spectra b,d,f) of Pd, W, and Mo, respectively. Wavelet trans-

form profiles of W g) and Mo h).

oxygen affinity.””*’l Next, we determined the electrochemically
active surface areas (ECSAs) of D-Pd M/C and reference catalysts
by underpotentially deposited hydrogen (H,,,4) and underpoten-
tially depositing copper (Cu,,;) methods (See method details in
Supporting Information). The ECSAs determined from the Cu,,,4
method were used for further analysis. The ECSA values are es-
timated by Cu,,, to be 79 m? g;,~! for D-Pd M/C, 70.5 m? g,
for Pd M/C, 40.4 m? gp,~' for Pd/C, and 51.8 m? g, ' for
Pt/C, respectively (Figure S14, Supporting Information). The in-
creased active areas of D-Pd M can be attributed to its porous
and curved structure. This structural characteristic ensures that
more active sites are exposed to the electrolyte during the catalytic
process.
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The linear sweep voltammetry (LSV) curves of all the sam-
ples were determined in an O,-saturated 0.1 m KOH electrolyte
at a scan rate of 20 mV s™! to assess their ORR performance.
As shown in Figure 4b, D-Pd M/C shows the most positive half-
wave potential (E,,, 0.93 V) and onset potential (E,,,,, 1.02 V),
as compared with those of Pd M/C (0.87 and 0.99 V), Pd/C (0.87
and 1.02 V), and Pt/C (0.88 and 1.01 V), revealing that D-Pd M/C
exhibited the best catalytic performance for ORR among all the
catalysts. The diffusion-limiting current density (j; ) of D-Pd M/C
(5.7 mA cm~?) is also higher than that of Pd M/C (5.4 mA cm™),
Pd/C (5.5 mA ¢cm™?), and Pt/C (5.6 mA cm~?). Such high lim-
iting current density is a benefit to the high-power densities of
Zn-air batteries. Besides, D-Pd M/C has the smallest Tafel slope
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Figure 4. a) CVs of D-Pd M/C and Pd M/C, b) LSVs, and c) Tafel slopes of D-Pd M/C, Pd M/C, Pd/C, and Pt/C, d) electron transfer number and H,0,
yield of D-Pd M, e) LSVs of D-Pd M, and f) mass activities of D-Pd M/C, Pd M/C, Pd/C, and Pt/C at 0.9 V before and after 5,000 and 10,000 cycles.

value (Figure 4¢) of 42.6 mV dec™!, compared with that of Pd M/C
(74 mV dec™'), Pd/C (93.7 mV dec™'), and Pt/C (63.5 mV dec™’),
which indicates faster ORR reaction kinetics on the surface of D-
Pd M. To further quantify the intrinsic ORR activity, kinetic cur-
rents were calculated for all catalysts using the Koutecky-Levich
(K-L) equation (see details in Supporting Information). These
were then normalized based on the metal mass loading of the
catalysts and the ECSA to determine the mass avtivity (MA) and
specific activity (SA). As shown in Figure S15 (Supporting Infor-
mation), D-Pd M/C achieves an MA of 1.3 A mg,,, ™" at the gen-
erally chosen potential of 0.9 V, which is 3.3, 3.9, and 6.5 times
higher than that of Pd M/C, commercial Pd/C, and commercial
Pt/C. Additionally, D-Pd M/C delivers an MA of 5.2 A mg;,™’
at 0.85 V. This value is also apparently higher than that of Pd
M/C (1.4 A mg,,~"), commercial Pd/C (0.88 A mg,;~"), and
commercial Pt/C (0.88 A mg;,~"). Likewise, D-Pd M/C also has
specific activities of 6.13 and 1.5 mA cm™ at 0.85 and 0.9 V,
respectively, which significantly outperform Pd M/C (1.86 and
0.52 mA cm~?), commercial Pd/C (2.46 and 0.91 mA cm~?), and
commercial Pt/C (1.31 and 0.3 mA cm~?). The excellent ORR cat-
alytic performance of D-Pd M/C can be attributed to the lower
Pd-O binding energy, which facilitates the generation of inter-
mediates (*OH and *OOH) and their transformation to H,0.
Furthermore, to understand the catalytic process of D-Pd M, ro-
tating ring-disk electrode measurements were used to determine
the electron transfer number (n) and hydrogen peroxide yield,
see details in Supporting Information. As shown in Figure 4d
and Figure S16a (Supporting Information), the electron transfer
number is >3.9 between 0.3 to 0.95 V, revealing a four-electron
transfer-dominated pathway, which agrees well with the results
obtained from the K-L plot at rotation rates between 625 and
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2025 rpm (Figure S16b,c, Supporting Information). The H,0,
yield is only 0-1.6% within the potential range from 0.8 to 0.3 V.
Pd M/C, Pd/C, and Pt/C exhibit similar results, indicating a con-
sistent four-electron transfer process (Figure S17, Supporting In-
formation).

Apart from electrocatalytic activity, stability is another essen-
tial criterion for the comprehensive evaluation of the catalytic per-
formance. Therefore, we employed accelerated durability tests by
CV cycling between 0.6 and 1.0 V at a scan rate of 200 mV s™! in
an O,-saturated 0.1 m KOH electrolyte. As shown in Figure 4e,
after 5,000 and 10,000 cycles, the E,;, of D-Pd M/C shows only
negligible decay (4 and 6 mV, respectively). In contrast, an ap-
parent negative shift was observed for Pd M/C (10 and 23 mV),
commercial Pd/C (19 and 23 mV), and commercial Pt/C (25 mV
and 38 m), respectively (Figure S18, Supporting Information). In
addition, the MA of D-Pd M /C at 0.9 V has decreased by 10.4%
and 19.2% after 5,000 and 10,000 cycles (Figure 3f), which out-
performs those of Pd M/C (18.7% and 41%), commercial Pd/C
(36.6% and 44.6%), and commercial Pt/C (60.4% and 74.6%).
The same scenario was also observed at 0.85 V vs. RHE in all
the catalysts (Figure S19, Supporting Information). Additionally,
the morphology and structure of D-Pd M have no obvious degra-
dation after 10,000 cycles, compared to the pristine sample. In
comparison, the apparent aggregation of Pt nanoparticles was ob-
served in Pt/C (Figure S20, Supporting Information). The com-
position of D-Pd M was determined by ICP-OES, which shows
the atomic ratio of Pd:W is 94.2:5.8. However, no Mo was deter-
mined, which indicates that MoO, dissolved under the electro-
chemical tests and explained the slight catalytic degradation.

Based on the previous report from Norskov, the binding en-
ergy between catalysts and O, is linearly correlated with the
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energy center of the valence d-band density of states (d-band cen-
ter), making it one of the most successful descriptors of ORR
activity."!! We therefore calculated the d-band centers of vari-
ous defects in D-Pd M using density functional theory (DFT) to
elucidate the reasons for the superior ORR activity of D-Pd M.
We constructed a four-atom layer model for the D-Pd M, incor-
porating WO, doping into the surface lattice of metallene and
MoO, attachment to the edge Pd atoms. The loading of W and
Mo were set to 5% and 1%, respectively, to be in line with ex-
perimental results. As shown in Figure 5a, the d-band centers of
surface Pd atoms in different layer Pd sheets were calculated. A
downward shift (~0.11 eV) in the d-band center of surface atoms
is observed in the four-layer Pd sheet compared to the sixteen-
layer Pd sheet, which results in less strongly bound O, on the
surface Pd atoms.'”®) We note that the average spacing between
the planes in four-layer Pd metallene is 3.2% greater than in a
16-layered nanosheet, indicating a higher level of tensile strain
in the four-layer structure compared to multilayer Pd sheets.
The electronic structures tuned by defects were also investigated.
As illustrated in Figure 5b, in a perfect four-layer Pd sheet, the
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d-band center of the surface atoms in the (111) plane is —1.67 eV.
However, when subjected to concave defects and pore defects, the
sublayer layer atoms feature substantially lower d-band centers
(=1.75 and —1.8 eV, respectively) compared to the surface atoms.
This indicates a weaker binding ability to O,, thereby facilitating
the formation and conversion of intermediates (*OH and *OOH)
to H,0/OH""*%] The findings confirm that concave and pore
defects serve as effective means to introduce highly active sites,
thereby enhancing the catalytic properties for ORR. Moreover,
embedding WO, into the surface Pd lattice also leads to a down-
shift of the d-band center by 0.11 eV. The average d-band cen-
ter of edge Pd atoms was calculated to be —1.59 eV, significantly
higher than that of surface atoms. This discrepancy reveals the
less favorable catalytic features for ORR exhibited by edge atoms.
After attaching MoO, to the edge Pd atoms, the d-band center
of these atoms shifted downward to —1.69 eV, a value similar to
the d-band center of surface atoms in Pd (111), indicating the im-
proved catalytic properties. These computational results suggest
that size effects, pore defects, concave defects, WO, doping, and
MoO, modification can effectively enhance the ORR activity of
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Figure 6. a) Scheme of the aqueous Zn-air battery, b) full discharge profile (voltage versus specific capacity of discharge) for a Zn-air battery using D-Pd

M/C as the air cathode at a current density of 15 mA cm™2, c) the discharge curves of Zn-air batteries at current densities of 1,2, 5, 10, and 15 mA cm~2,

-2

and d) the charge-discharge profiles of two Zn-air batteries worked at a current density of 15 mA cm™2 with each cycle lasting 60 min.

D-Pd M. We note that these calculations do not consider the
leaching of MoO, species during long-term electrochemical op-
eration (see above).

Next, the practical utility of the D-Pd M catalyst was tested
by integration into an aqueous custom-built Zn-air battery
(Figure S21, Supporting Information). Given the economic ex-
pense of Pd metal, we opted to test the system at an extremely
low Pd loading at the cathode (26 ug,, cm™2). The principal struc-
ture of the Zn-air battery is shown in Figure 6a; briefly, the bat-
tery is based on a carbon paper-supported D-Pd M/C as the air
cathode, a Zn plate as the anode, and 6 M aqueous KOH solution
containing 0.2 M Zn(CH;C0O0), as the electrolyte. Initial tests
show that the Zn-air battery achieves a high open-circuit poten-
tial (OCP) of 1.4 V (Figure S21, Supporting Information). The
specific capacities of the D-Pd M/C- battery at 15 mA cm™ is
illustrated in Figure 6b. For comparison, a reference Zn-air bat-
tery using commercial Pt/C coated carbon paper (26 pug,, cm™2) as
air cathode was tested under the same conditions. After normal-
izing for the weight loss of Zn, the D-Pd M/C-based battery ex-
hibits a discharge specific capacity of 809 mAh g, ~!, correspond-
ing to an energy density of 982 Wh kg, ', which outperforms
the Pt/C-based battery (785 mAh g, ' and 890 Wh kg, ~'). In
addition, during the long-term discharge test, the potential of
the D-Pd M/C-based cell remained remarkably stable and only
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a slight potential decrease of 0.05 V was observed. In contrast,
a notable potential drop (>0.2 V) was observed for the Pt/C-
based battery. The stability of the D-Pd M/C-based battery is fur-
ther shown by the discharge curves at various current densities
(Figure 6¢). Also, the D-Pd M/C-based battery achieves a high
power density (55 mW cm™?) compared with the Pt/C-based bat-
tery (37 mW cm™?), see Figure S22a (Supporting Information).
The power density of the D-Pd M/C-based battery can be in-
creased by at higher D-Pd M loadings, see Figure S22b (Support-
ing Information).

To assess the cycling durability, the D-Pd M/C-based Zn-
air battery was further tested at a charging and discharg-
ing rate of 15 mA cm™ for 60 min per cycle. As illustrated
in Figure 6d, D-Pd M/C-based battery exhibits a significantly
longer cycling lifetime over 300 cycles (=300 h) with a small
charge/discharge voltage gap. Initially, the charge/discharge volt-
age efficiency reached 80.1% with a potential gap of 0.33 V. Dur-
ing cycling, the voltage efficiency decreased slowly, while the
discharging potential remained exceptionally stable throughout
the measurement. The gradual increase in charging potential
resulted in a decrease in round-trip voltage efficiency, possibly
attributed to imperfect oxygen evolution activity under condi-
tions of very low palladium loading (Figure S22c, Supporting
Information).

© 2024 The Author(s). Advanced Science published by Wiley-VCH CmbH
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3. Conclusion

In summary, we demonstrate how molecular-level tuning of 2D
metallene structures becomes possible using bottom-up materi-
als design routes. The study shows how introduction of various
defect sites impacts the oxygen reduction reaction reactivity of
a 2D palladene nanostructure catalyst, leading to high reactiv-
ity and stability under harsh conditions. Combined experimental
and theoretical analyses reveal the correlation between defects,
change in electronic structure, and resulting reactivity. Integra-
tion of the catalyst into as cathode in a Zn-air battery demon-
strated outstanding performance at very low Pd loading. This
study offers valuable insights into the design of efficient ORR cat-
alysts with reduced precious metal consumption, which can open
new paths for larger-scale deployment of non-earth-abundant el-
ements.

4. Experimental Section

The authors have cited additional references within the Supporting
Information.131:3342-46] A preprint of this manuscript has been deposited
at https://doi.org/10.26434 /chemrxiv-2024-fkr00.

Supporting Information

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

4. Summary and outlook

This thesis aims to achieve superior OER performance in photoelectrochemical water
splitting using CoPOM-based BiVOs photoanodes. The study includes thorough
characterization of the materials’ composition both before and after catalysis, as well as an
analysis of the contributions from the doping agent and CoPOM cocatalysts modification. This
leads to a detailed understanding of the role of CoPOM-based water oxidation catalysts and
doping agents in the BiVO4 system, promoting enhanced photo-electrocatalytic activities. The
specific objectives corresponding to Chapter 2 are outlined and summarized in the document.
4.1 Mo-doping of BiVVO4 photoanodes combined with cobalt polyoxometalate water oxidation

catalyst for PEC water oxidation

We use a facile two-in-one strategy to enhance the performance of BiVO4 photoanodes
for water oxidation by combining the bulk doping of BiVO4 with molybdenum and its surface
modification with a well-defined molecular cobalt polyoxometalate (CoPOM). The resulting
modified photoanodes show significantly improved photocurrent densities compared to non-
modified reference. Mechanistic investigations elucidate the contributions of Mo-doping and
modification with CoPOM to the performance enhancement for water oxidation. Mo-doping
leads to enhanced electronic conductivity and passivation of surface states. The deposition of
CoPOM enhances photocurrents across the whole potential range, which results in enhanced
water oxidation catalysis. Experimental evidence shows that under the PEC operating
conditions the molecular CoOPOM s, at least partially, disintegrated and converted to cobalt
oxide, and is therefore considered as a pre-catalyst. In summary, this work establishes CoPOM-
derived catalysts as effective water oxidation catalysts for BiVO4 photoanodes and provides
new insights into the combined effects of Mo doping and modification with molecular cobalt
polyoxometalates on the PEC performance of BiVOs. Furthermore, it suggests that further
advancements in the development of BiVOs photoanodes critically depend on devising
alternative doping strategies to mitigate the negative polaronic effects associated with bulk
doping of BiVOs, as these detrimental effects impose fundamental limits on the maximum

achievable photovoltage and compromise overall photoconversion efficiency.
4.2 CoPOM-doping BiVO4 with modification CoPOM on the surface for light-driven OER

We have demonstrated a novel ‘Double-Use’ strategy for fabrication of high-

performance BiVO, photoanodes for solar water splitting in which a single precursor, a

7



SUMMARY AND OUTLOOK

molecular cobalt polyoxometalate (CoPOM), is used both as a doping agent and as a co-catalyst
for water oxidation. Doping BiVO4 by CoPOM significantly enhances the conductivity and
improves the charge separation efficiency, resulting in the enhancement of the maximum
applied-bias photoconversion efficiency (ABPE) by a factor of ~18 as compared to pristine
BiVOs. Further surface modification of CoPOM-doped BiVO4 with CoPOM as a co-catalyst
enhances the hole extraction and improves the water oxidation kinetics, yielding the overall
enhancement of the ABPE as high as by a factor of ~26 with respect to pristine BiVOa.
Interestingly, with respect to the doped BiVVO4 photoanodes, we found systematic differences
in the surface composition and PEC performance of samples doped with CoPOM as compared
to samples with identical elemental composition but doped with metal salts. While these
differences are not fully understood yet, they point to possible advantages of using molecularly
well-defined precursors, such as CoPOM, in fabrication of high-performance photoelectrodes.
Taken together, our results establish the ‘Double-Use’ strategy involving CoPOMs as a
remarkably effective, straightforward and easily scalable approach for the development of
high-quality photoanodes for solar water splitting and highlight the future potential of utilizing

well-designed polyoxometalates as precursors for the synthesis of energy materials.
4.3 Defect rich Pt metallene for ORR

We demonstrate a defect-rich Pd metallene (D-Pd M) synthesized by a facile wet-
chemical approach. Detailed structural analyses reveal the presence of three distinct atomic-
level defects, including pores, concave surfaces, and atomic doping with tungsten and
molybdenum oxides (WOx and MoOx). Density functional theory (DFT) calculations indicated
that these defects resulted in a downward shift of the d-band center in Pd, which in turn led to
a reduced binding energy with O2. As a result, D-Pd M shows a high ORR reactivity and
stability under harsh conditions. Integration of the catalyst into as cathode in a Zn-air battery
demonstrated impressive specific capacity and outstanding stability in discharge potential at
very low Pd loading. This study offers valuable insights into the design of efficient ORR
catalysts with reduced precious metal consumption, which can open new paths for larger-scale
deployment of non-earth-abundant elements.
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1. Experimental Section

Materials: Fluorine-doped tin oxide (FTO) Pilkington TEC glass was purchased from
XOP company (XOP Glass, Castellén Spain). Sodium hydroxide (NaOH, 299%) was
provided by Carl Roth Gmbh & Co. KG. Boric acid (H3BO3, 99.5%), cobalt (1) nitrate
hexahydrate  (Co(NO3),:6H,O, 98%), bismuth (Ill) nitrate pentahydrate
(Bi(NO3)3:5H,0, 298.0%), ethylene glycol (CoHgO2, 299%), polyethyleneimine (PEI,
50 wt%, dissolved in water), tri-block copolymer F-108 and bis(acetylacetonate)
dioxomolybdenum (VI) (MoO,(acac),) were all supplied by Sigma-Aldrich. Sodium
tungstate dihydrate (NaWOQO,-2H,0) and hydrochloric acid (HCI, 37%) were provided
by Merck. Sodium sulfite (Na;SO3;, 98%) and ammonia solution (NH4OH, 25%) were
purchased from J.T. Baker. Potassium dihydrogen phosphate (KH,PO,, 99.0%) was
purchased from Applichem GmbH. Sodium chloride (NaCl, 99%) was provided by abcr
Gmbh & Co. KG. Potassium phosphate (K;HPO,, 99+%), glacial acetic acid
(CH3COOH, 99.5%), sodium phosphate (Na,HPO,, 99+%) and vanadyl (IV)
acetylacetonate (C1oH1405V, 99%) were obtained from Acros Organics.

Preparation of Mo-BiVO, substrates: Mo-BiVO, photoanodes were deposited on
cleaned FTO by a spin-coating process.! In a typical synthesis procedure, 0.15 M
Bi(NO3)3:5H,0 as Bi precursor was dissolved in the solvent containing 1.5 mL
ethylene glycol, 2 mL glacial acetic acid and 0.5 mL deionized water at room
temperature. After stirring for 15 min, 0.3 M VO(acac), as V precursor was added
subsequently to the above solution, stirred for another 1 h. Then 240 uL of 50 mM
MoO,(acac), ethylene glycol solution as a doping element was added to the above
solution. The 0.35 g F-108 as a structural agent was then added in and stirred for 2 h
to make a porous structure. After that, a uniform viscous ink for spin coating was
obtained. Mo-BiVO, photoanodes were deposited on cleaned FTO-coated glass
substrates at 50 rps for 30 s followed by drying at 250 °C for 5 min and the above
coating and drying process was repeated five times. Finally, samples were calcined in
a muffle oven at 450 °C for 1 hour with a heating rate of 3 °C/min. After sintering, 1 M
NaOH was used to remove the excess V,0s. Pristine BiVO, was obtained by the same

procedure omitting the addition of the Mo-precursor. Mo-BiVO4(500 °C) and Mo-
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BiVO,4(400 °C) was obtained by the same procedure except calcined temperature.
Mo(400 uL)-BiVO, and Mo(80 uL)-BiVO, was obtained by the same procedure except
adding 400 pL and 80 uL of MoO,(acac), ethylene glycol solution into precursor

solution, respectively.

Synthesis of CoPOM: The CoPOM complex was synthesized according to literature.?
Briefly, NaWO,-2H,0 (35.62 g, 0.108 mol), Na;HPO,4-7H,0 (1.70 g, 0.012 mol) and
Co(NO3),:6H,0 (6.98 g, 0.024 mol) were dissolved in 100 mL deionized water in a
200 mL round-bottom flask. After adjusting the pH to 7 by 9 M HCI under magnetic
stirring, this purple suspension was then stirred and refluxed at 105°C for 2 hours.
After reflux, the solution was saturated with 36 g NaCl and allowed to cool to room
temperature. The resulting purple crystals were collected, quickly washed with
approximately 30 mL of water, and recrystallized from hot water. The identity of the

CoPOM is confirmed by Fourier transform infrared spectroscopy (FT-IR).

Preparation of Mo-BiVO,/CoPOM: The Mo-BiVO, electrode was dipped into the
aqueous CoPOM (5 mM) solution for 5 min, then rinsed with distilled water and dried
in air. Then this process was repeated 5 times to acquire the desired amount of
CoPOM and the sample was named as Mo-BiVO,/CoPOM. Repeating 3 times (Mo-
BiVO4/CoPOM 3L), 5 times (Mo-BiVO4/CoPOM 5L) and 8 times (Mo-BiVO,/CoPOM

8L) were obtained by choosing different times of impregnation.

Preparation of Mo-BiVO,/PEI+CoPOM: The Mo-BiVO, modified with PEI and
CoPOM was prepared by dipping the Mo-BiVO, electrode into an aqueous PEI (6 mM)
solutions of sodium phosphate (10 mM, pH = 5.4~5.7) and NaCl (137 mM) for 5 min,
then rinsed with distilled water and dried in air, followed by dipping in CoPOM solution
(5 mM) for another 5 min. The dipping processes in PEI and CoPOM solution were
repeated 5 times and named as Mo-BiVO,/PEI+CoPOM.3

Preparation of Mo-BiVO,/CoPi: CoPi was loaded on Mo-BiVO, via the photo-
assisted electrodeposition method previously reported.* Briefly, the electrolyte is 0.5
mM Co(NO3), dissolved in 0.1 M sodium phosphate buffer solution with pH value of
7.0. The prepared Mo-BiVO, photoanode was taken as the working electrode, Pt as
the counter electrode and Ag/AgCl as the reference electrode (3.5 M KCI),
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respectively. The photo-assisted electrodeposition was conducted at a bias of 0.4 V
vs. Ag/AgCI (1.0 V vs. RHE) for 1 min under simulated sunlight (AM1.5G at 100 mW

cm?).

Preparation of Mo-BiVO,/CoO(OH),: Loading with CoO(OH), nanoparticles in Mo-
BiVO, photoanodes was using a two-step impregnation process.® First, the prepared
Mo-BiVO, photoanodes were immersed into an aqueous solution of 0.1 M Co(NO3),
for 10 minutes at room temperature. Subsequently, the electrodes were dried in air,
quickly dipped into NH4OH solution and dried again in air.

Characterization: The UV-vis absorption spectra were determined by a UV-Vis
spectrophotometer (UV-2600, Shimadzu, Japan) equipped with the integrating
sphere. The absorptance (Abs.) was calculated by the equation:
Absorptance (%) = 100% — Reflectance (%) — Transmittance (%)

The baselines were recorded using an FTO glass and a BaSO, plate as references
for transmittance and reflectance, respectively (Fig. S5a). Scanning Electron
Microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) elemental
mapping of samples before the PEC operation were performed using a ZEISS LEO
1550 VP scanning electron microscope operating at an acceleration voltage of 15 kV
and coupled with energy dispersive spectroscopy (EDS, Ametek, USA). To improve
the conductivity and achieve higher resolution SEM imaging and EDS analysis for the
cross-sectional view, a 10 nm thick layer of C was deposited onto the sample surface.
The EDX mappings of samples after the PEC operation were recorded with an
AMETEK EDAX Octane Elite detector (the used software was APEX in version
2.5.1001.0001), and a 15nm thick carbon layer was deposited for better conductivity.
For the focused ion beam (FIB) cross sections, a Zeiss NVision 40 Ar was used. For
better-cut quality, the region of interest was treated with a felt tip pen (Pilot Super Color
Marker). The at% of C is subtracted for the presented values in the EDS analysis of
the cross-sectional view. Transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDX) elemental mapping were recorded with FEI
Tecnai G2 Spirit. Fourier transform infrared spectroscopy (FT-IR) was performed on a
Bruker Tensor 27 equipped with a PIKE Miracle Diamond ATR unit. X-ray
photoelectron  spectroscopy (XPS) measurements were performed with
monochromatized Al Ka radiation (250 W, 15 kV) using a PHI 5800 ESCA system.
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The binding energies were calibrated based on C 1s peak of adventitious carbon
(284.8 eV). X-ray diffraction (XRD) patterns were recorded on a Rigaku XRD-6000
diffractometer under the following conditions: 40 kV, 40 mA, CuKa radiation (A = 0.154
nm). Inductively coupled plasma atomic emission spectrometry (ICP-AES) was

performed on a Perkin EImer Plasma 400 spectrometer.

Photoelectrochemical measurements: The photoelectrochemical measurements
were conducted using a SP-300 BioLogic potentiostat in a typical 3-electrode system
with a Pt wire as counter electrode, an Ag/AgCl (3.5 M KCI, 0.205 V vs. SHE) as
reference electrode and film photoanodes as working electrodes with geometric
irradiation area of 0.5 cm2. A 150 W Xe lamp (L.O.T.-Oriel) was employed as the light
source with a light power density of 100 mW cm=2, equipped with a KG-3 (LOT-
Quantum Design) heat-absorbing filter and an AM 1.5G filter. All electrodes were
illuminated from back-side (through FTO glass).

All potentials of photoelectrodes in this paper are reported against RHE:®

Epue = Epgjagct + 0.205 + 0.059 x pH

E

where "RHE s the converted potential referred to the RHE and EAg/AgCl is the

experimentally measured potential against the Ag/AgCl reference electrode.

The charge separation efficiency (7ser) and the hole transfer efficiency (tr) were
calculated for the prepared photoanodes using the approach reported by Donat et al.”

The hole transfer efficiency (ntr) was determined using the equation:

]”20

Ner =/ ]
N112503

J10 and V%0336 the photocurrents measured in the absence and presence of

where
an additional hole scavenger (Na,SO3, 0.1 M) which is a readily oxidizable reducing
agent.

The charge separation efficiency (7ser) is estimated by the equation:

B ]NazSO3
nscp == ]

max
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where /max is the maximal photocurrent density obtained by integrating the
absorptance spectrum (Fig. S5b) over the AM 1.5G solar spectrum from 300 nm to
560 nm with absorptance.

The incident photon-to-current conversion efficiency (IPCE) was recorded
using a photoelectric spectrometer (Instytut Fotonowy Sp. z 0.0.) equipped with a 150
W Xenon lamp and a monochromator, according to the equation:’

40/,

12
IPCE(%) = 100%

where Jon is the photocurrent density under monochromatic light, P is the
monochromatic light power density, 4 is the irradiation wavelength.

The applied bias photoconversion efficiency (ABPE) was also used to quantify
the photoanode performance following the below equation:8
ABPE(%) =]—ph(1'21_ Varn) 1 00o%
in which /ph is the photocurrent density, Vapp is the applied bias (V vs. RHE), and P is
the incident light density (100 mW cm-2).

The oxygen evolution was recorded by the FireSting optical fiber oxygen meter
(PyroScience, GmbH) in a home-made air-tight two-compartment cell using a Pt
working electrode with the oxygen collection efficiency as approximately 50.2% +
3.8%, which is value as a standard faradaic efficiency (FE, only based on dissolved
0,), 100.0% * 7.6%. The volume of the photoanode compartment was 4.6 mL. The
electrolyte was bubbled with argon before the electrodes were illuminated under an
applied potential of 0.74 V vs. RHE. The electrolyte was 0.5 M aqueous sodium borate
buffer electrolyte with a pH value of 9.0.
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2. Analytical section
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Fig. S1 (a) XRD patterns of BiVO,, Mo-BiVO,, Mo-BiVO,/CoPOM and FTO substrate. Asterisk
denotes reflections of the FTO substrate. Vertical lines represent the literature® pattern of
bismuth vanadate (PDF # 14-0688) and (b) ATR-FTIR spectra of all BiVO,-containing
photoanodes and CoPOM powder.
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Fig. S3 (a) XPS survey spectra of BiVO,, Mo-BiVO,, Mo-BivVO,/CoPOM and BiVO,/CoPOM.
(b) Bi 4f and (c) O1s and V 2p XPS spectra of BiVO,;, Mo-BiVO,; and Mo-BiVO,/CoPOM
photoanodes. (d) Mo 3d XPS spectra of Mo-BiVO,, Mo-BiVO,/CoPOM photoanodes.
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Fig. S5 (a, b) UV-Vis electronic absorption spectra of the photoanodes. Absorptance (%)

100% - Reflectance (%) — Transmittance (%). The nonzero baseline can be ascribed to the
differences in internal reflection and scattering at the FTO/BiVO, interface in the transmittance

and reflectance measurement modes. ' Determination of the fundamental optical absorption

edge using the Tauc approach for direct (c) and indirect (d) bandgaps.
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Tab. S1 Concentrations (in at.%) of elements detected by SEM-EDX.

Samples Bi Vv Mo w Co (o]
Mo-BiVO,/CoPOM 15.27 13.51 0.79 1.92 0.95 67.59
Mo-BiVO, 15.22 1514 1.16 - - 68.49
BivVO, 16.27 16.23 - - - 67.50
Tab. S2 Concentrations (in at.%) of elements detected by XPS.
Samples Cc Na Bi \' Mo w Co o
BiVO, 18.9 1.6 18.4 8.1 - - - 53.1
Mo-BiVO, 21.0 - 17.7 8.3 0.1 - - 52.9
Mo-BiVO,/CoPOM  19.6 0.9 12.3 6.0 0.1 3.1 23 55.8
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Fig. S6 J-V curves of (a) different amounts for Mo doping on BiVO, photoanodes, (b) different
temperatures for calcination of Mo-BiVO, photoanodes, (c) different amounts for CoPOM on
Mo-BiVO, photoanodes measured in sodium borate buffer electrolyte (pH = 9.0) under AM
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photoanodes measured under AM 1.5G (1 sun).
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Fig. S7 Photocurrents recorded under AM 1.5G (1 sun) illumination in a borate electrolyte (0.5
M, pH 9.0) for Mo-BiVO,/CoPOM and BiVO,/CoPOM.
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Fig. S8 J-V curves of (a) Mo-BiVO, with CoPOM, PEI or PEI+CoPOM; Photocurrent stability
test recorded under AM 1.5G illumination at cathodic sweep of 10 mV s~' for (b) Mo-
BiVO,/PEI+CoPOM, (c) Mo-BiVO,/CoPOM and (d) Mo-BiVO,/PEI. (e) Dioxygen evolution and
(f) corresponding photocurrent transients.
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Fig. S9 XRD patterns of BiVOs4, Mo-BiVOs, Mo-BiVO4/CoPOM after PEC for 4 h in borate
buffer electrolyte (0.5 M, pH 9.0) at 0.74 V vs. RHE and FTO substrate.

Fig. S10 High-resolution TEM image of Mo-BiVO4/CoPOM after PEC operation for 4 h in
borate buffer electrolyte (0.5 M, pH 9.0) at 0.74 V vs. RHE.
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Fig. S11 (a) XP survey spectra of CoPOM powder, Mo-BiVO,/CoPOM photoanodes before
and after PEC for 4 h in borate buffer electrolyte (0.5 M, pH 9.0) at 0.74 V vs. RHE. (b) High
resolution XP spectra of Co 2p for Mo-BiVO,/CoPOM photoanodes after PEC for 4 h in borate
buffer electrolyte (0.5 M, pH 9.0) at 0.74 V vs. RHE.
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Tab. S3 Concentrations (in at.%) of elements detected by XPS for Mo-BiVO,/CoPOM
measured before and after the PEC experiment for 4 h in borate buffer electrolyte (0.5 M, pH
9.0) at 0.74 V vs. RHE.

Ratio

Samples Cc Na Bi \" Mo w Co O (WICo)
Before 196 09 123 6.0 0.1 3.1 23 5538 1.3
After 384 00 122 6.8 0.0 0.4 0.2 420 2.0

Tab. S4 Concentration (in at.%) of the detected elements in SEM-EDX (from the top-view) for
Mo-BiVO,/CoPOM measured before and after PEC experiment for 4 h in borate buffer
electrolyte (0.5 M, pH 9.0) at 0.74 V vs. RHE.

Ratio
Samples Bi v Mo w Co (0] (WICo)
Before 16.27 | 13.51 0.79 1.92 0.95 67.59 21
After 10.45 9.41 0.91 3.79 0.25 75.19 15.2

Tab. S5 Concentration (in at.%) of the detected W and Co by SEM-EDX (from the cross-
sectional view) for Mo-BiVO,/CoPOM measured before and after PEC experiment for 4 h in
borate buffer electrolyte (0.5 M, pH 9.0) at 0.74 V vs. RHE.

Samples w Co Ratio (W/Co)
Before 0.64 0.41 1.56
After 0.80 0.21 3.81

518

110



Tab. S6 ICP-AES of cobalt measured in the electrolyte before and after chronoamperometry
at 0.74 V vs. RHE under AM 1.5G one sun illumination for a Mo-BiVO,/CoPOM electrode.

APPENDIX

Probe Element Result | Unit [ Stand.deviation |  unit

Co not detected
K 1,5422 mg/L 0,3600 %
1 - Pristine borate buffer solution I\:)a SaREREA3 mg/l;wt detect::i’slss %
\Y 0,0956 mg/L 0,0378 %
B 3458,0000 mg/L 2,5699 %

co not detected
K 7,8625 mg/L 0,3625 %
2 - Borate buffer solution Na 3076,5000 mg/L 2,6358 %
after PEC expertiment P 0,6363 mg/L 0,0038 %
W 0,0688 mg/L 0,0063 %
B 3196,5000 mg/L 3,5699 %

Cco not detected
K 38146,0000 mg/L 4,5699 %
e Na 83,6600 mg/L 0,7500 %
:o'lu‘::::"e phosphatebuffer P 15634,0000 | mg/L 3,6330 %
W 0,2550 mg/L 0,1025 %
B 5,2790 mg/L 0,4138 %

Co not detected
K 38620,0000 mg/L 3,2319 %
4 - Phosphate buffer solution Na 85,8600 mg/L 4,8500 %
after PEC expertiment P 16122,0000 | mg/L 3,1255 %
W 0,1250 mg/L 0,0125 %
B 3,8528 mg/L 0,3625 %
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Tab. S7. Photoelectrochemical performance (photocurrent density at 1.23 V vs. RHE and
maximum ABPE) of selected BiVO,4-based photoanodes from the literature.

Photocurrent ABPE

References Photoanodes Electrolyte X
(1.23 Vgue) (maximum)

20ref Gradient W:BiVO,/CoPi 0.1 M KPi 3.6 mAcm?  Not reported

24ref BiVO,-85/Co-Pi 0.5 M KPi 2.94 mA cm?2 Not reported

29ref BiV(.97M0g 0304/FeOOH 0.1 M KPi 3.0mA cm?  Not reported

35ref Mo:BiVO,-NiFeO, 0.5 M Na,S0, ~1.2mA cm2  Not reported

0.5 M K;SO, +
38ref BiVO,/CoPi 0.09 M KH,PO, + 1.7mAcm?  Not reported
0.01 M K;HPO,4

41ref BiVO./Au/NiFeOOH 0.5 M K3BO; 5.3 mA cm? 1.56%

56'ef BiVO,-(b-PEI/POM)4 80 mM KPi ~2.8 mAcm? Not reported

5ref La:BaSn0O;-Mo:BiVO, 1 M KPi 3.23mAcm? Not reported

S1212 Ni:FeOOH/BiVO, 0.5M Na,SO;  4.21 mA cm™? 0.80%

S1414 NiFeV/B-BiVO, 1 MKBI 4.6 mA cm 1.85%
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Fig. S12 Photocurrents recorded under AM 1.5G illumination in borate electrolyte (0.5 M, pH
9.0) for Mo-BiVO4/CoPOM, Mo-BiVO4/CoPi and Mo-BiVO4/CoO(OH)x.
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Fig. S13 Photocurrent stability test recorded under AM 1.5G one sun illumination at cathodic
sweep of 10 mV s~ for three photoanodes in (a-c) a borate buffer electrolyte of pH value 9.0
and (d-f) a phosphate electrolyte of pH value 9.0.

$22

114



Fig. S14 Stability chronoamperometry curves for Mo-BiVO,/CoPOM in borate buffer (0.5 M,
pH 9.0) and phosphate electrolyte (0.5 M, pH 9.0) at 0.74 V vs. RHE under AM 1.5G (1 sun)

illumination.
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Fig. S15 Photocurrent stability test recorded under AM 1.5G illumination at cathodic sweep of
10 mV s~ for three photoanodes in (a-c) a borate buffer electrolyte of pH value 7.0 and (d-f)
a phosphate buffer electrolyte of pH value 7.0.
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Fig. S16 J-V curves under AM 1.5G one sun illumination for all three photoanodes under back-

side illumination from the FTO-glass side or under front-side illumination from the active layer
material side.
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Fig. S17 Photocurrent transients (a) and the corresponding IPCE spectra (b) measured at a
pristine BiVO, photoanode under the front-side and back-side chopped irradiation with

monochromatic light of different wavelengths in borate electrolyte (pH 9.0) at 0.74 V vs. RHE.
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Fig. S19 EIS curves (inset: equivalent circuit used for fitting) of BiVO,, Mo-BiVO, and Mo-
BiVO,/CoPOM in 0.5 M borate buffer electrolyte pH 9.0 under AM 1.5G one sun illumination.
Solid curves represent the fitted results.
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Tab. S8 The fitted results of EIS data using the equivalent circuit in Fig. S19.

Samples Rs (Q) Rt (Q)
Mo-BiVO4/CoPOM 217.3+11.6 1134134
Mo-BiVO, 231.3+1.5 385.3+6.9
BiVO4 288.0+1.9  2620.0+36.5
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Figure S3: W 4f XP spectra for (a) Composite 1 and Composite 3, (b) Composite 2
photoanodes.
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Figure S4: XP spectra of CoPOM powder (a) Co 2p, (b) W 4f, (c) O Is and (d) P 2p.
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Figure S5: SEM images of (a) BiVOy, (b) Composite 1 and (c) Composite 3. Diagrams of
particle size distribution statistics of (d) BiVOy, (¢) Composite 1 and (f) Composite 3.
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Figure S6: SEM cross-section images of (a) BiVO,, (b) Composite 1 and (¢) Composite 2. The x-
section images were taken 75° pre-tilt for all photoanodes.
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Figure S9: J-V curves of (a) different amount for CoPOM doping on BiVO, photoanodes; (b)
different amount for CoPOM on CoPOM-BiVO, phtoanodes; (c) different element-doping

with the same molar amount with CoPOM doping samples in sodium borate buffer electrolyte
under AM 1.5G (1 sun).

The photocurrent density of P-BiVO,4 and Co/P-BiVOj are slightly decreased compared to the
P-doped-free samples, while the photocurrent density of W/P-BiVO, shows a slight increase

trend compared with W-BiVO, photoanodes, suggestion is that W-doped can be able to a stable
factor for doped BiVO,-based samples.
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Figure S10: LSV curves of BiVO,, Composite 1, Composite 3 and Composite 2 in borate
buffer electrolyte pH 9.0 under AM 1.5G (1 sun) illumination. Dotted curves represent
measurements carried out in the dark, and the inset shows an enlarged view of curves measured
in the dark. The lowest overpotential of 158 mV (@ j = 0.03 mA c¢cm2) is observed for
Composite 2 compared to that of Composite 1 (161 mV), Composite 3 (172 mV) and pure
BiVO, (173 mV).
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Table S1: concentration (in at.%) of the detected elements in XPS

APPENDIX

Ratio
Samples Bi \") (0] C Co w P Na (WICo)
BiVO, 1435 7.14 4914 2913 - - - 024 -
Composite 1 10.00 5.44 36.43 47.90 0.07 0.16 0.00 0.01 229
Composite 3 13.76 7.33 4890 2952 024 0.26 0.00 0.00 1.08
Composite 2 1123 586 53.75 2599 1.28 142 000 048 1.1

Table S2: concentration (in at.%) of the detected elements in XPS for Composite 1 before

PEC and after PEC.

Ratio
Samples Bi \'} (0] C Co w P Na

(W/Co)
Before 10.00 544 36.43 4790 0.07 0.16 0.00 0.01 229
Normalized (Before) 19.19 1044 6992 - 0.13 030 000 0.02 231
After 13.76 598 46.17 32.82 0.68 040 0.00 0.18 0.59
Normalized (After) 2048 8.90 6873 - 1.02 060 0.00 0.27 0.59

Table S3: concentration (in at.%) of the detected elements in XPS for Composite 2 before PEC and

after PEC.

Ratio
Samples Bi \'} (0] Cc Co w P Na

(W/Co)
Before 1123 586 53.75 2599 128 142 0.00 048 1.11
Normalized (Before) 1617 7.92 7262 - 1.73 192 0.00 065 1.11
After 1046 5.72 4650 3465 153 110 0.00 0.04 0.72
Normalized (After) 16.01 875 7116 - 234 168 000 0.06 0.72

S7

129



130

APPENDIX

a b
Co 2
0.2P 2py, Co2p P

5 3

© ©

:> > Composite 2 (after PEC)

2 2

0] L

= k=

Composite 1 {before PEC) Composite 2 (before PEC)
800 795 790 785 780 775 800 795 790 785 780 775
Binding energy / eV Binding energy / eV
c d
4 W 4f
4,512 2

3 5

i ©

> E Composite 2 (after PEC)

7] B

£ =

2 [}

£ =

Composite 2 (before PEC)
42 40 38 36 34 42 40 38 36 34
Binding energy / eV Binding energy / eV

Figure S11: Co 2p XP spectra for (a) Composite 1, (b) Composite 2 and W 4f XP spektra for

(c) Composite 1 _(d) Composite 2 before and after PEC stability experiments (4 h).
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Figure S12: (a) Chronoamperometry curves under AM 1.5G illumination at 0.80 V vs. RHE
for Composite 1 and Composite 3. (b, ¢) Photocurrent transients under AM 1.5G (1 sun)
illumination at +0.80 V vs. RHE, and (d) transient decay times (taken as time at In D = —1) of
BiVO,, Composite 1, Composite 2 and Composite 3.
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Figure S13: Photocurrent stability test recorded under AM 1.5G (1 sun) illumination at anodic
sweep of 10 mV s~! for (a) BiVOy, (b) Composite 1, and (c) Composite 2 samples.
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Figure S15: (a) IPCE spectra under intermittent monochromatic irradiation; (b) Charge
separation efficiency (nep), (c¢) hole transfer efficiency (n,) and (d) applied bias

photoconversion efficiency (ABPE) plots for Composite 1 and Composite 3 photoanodes.
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Figure S16: PL spectra (after abstraction of the baseline due to the FTO response) of FTO,
BiVO,, Composite 1, Composite 2 and Composite 3 photoanodes recorded at the excitation
wavelength of 400 nm.
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Figure S17: J-V curves of (a) BiVOy,, (b) Composite 1, (c) Composite 3 and (d) Composite
2 in borate buffer electrolyte pH 9.0 with and without 0.1 M Na,SO; under AM 1.5G (1 sun)
illumination. Dotted curves represent measurements in the dark.

aos b os ‘
——BiVO, Composite 1 —Compos!te 1
0.7 Composite 2 0.7 4 = Composite 3
w w
T 0.6 Yos-
o 14
‘2 054, § 054
> >
~ 0.4 1 dark | light = 0.4 !
o % dark | light
8 0.3 O 0.3
0.2 — 0.24
under argon under argon
0.1 T T r 0.1 T r T
0 600 1200 1800 2400 0 600 1200 1800 2400

Time/s Time /s

Figure S18: Open-circuit potential transients recorded under AM 1.5G in 0.5 M borate buffer
under argon atmosphere for (a) BiVO,4, Composite 1 and Composite 2, and (b) Composite 1
and Composite 3. The electrodes were irradiated from the back-side.
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Figure S19: EIS curves (inset: equivalent circuit used for fitting) of BiVO,, Composite 1,
Composite 2 and Composite 3 in 0.5 M borate buffer electrolyte pH 9.0 under AM 1.5G 1 sun
illumination. Solid curves represent the fitted results.

Table S4: The fitted results of EIS data using the equivalent circuit in Fig. S19.

Samples R; (2) R ()
Composite 2 158.5+16.1 130.4 +19.1
Composite 1 185.8+2.8 153.7+4.4
Composite 3 1743 +4.4 1744 £ 6.5

BiVO, 203.5+1.9 1353.0+ 184

For simplicity, we used a Randles-type equivalent circuit model, where R, represents
the uncompensated series resistance, R, in our case represents the combined charge transport
and interfacial charge transfer resistance and CPE is the constant phase element for the
electrode/electrolyte interface. The fitted values of R and R are shown in Table S4. The
similar Rs values of four films indicate that the effect of series resistance is negligible, while
the values of R, of Composite 1 (~154 Q), Composite 3 (~174 Q) and Composite 2 (~130 Q)
decrease significantly as compared to pristine BiVO, (~1353 Q), indicating that ‘Double-Use’
of CoPOM greatly enhances both charge transport (i.e., conductivity) and the charge transfer,
resulting in enhanced photocurrent density. Additionally, the value of Ry, of Composite 1 is
slightly smaller than that of Composite 3, which is also a factor to explain the slightly enhanced
photocurrent density.
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Table S5: The comparison of photoelectrochemical performance.

136

Samples Composite 2 Composite 1 Composite 3 BiVO,
Photocurrent density 5 5
3.67 mA cm™ 2.86 mA cm™ 2.57 mA cm™ 0.62 mA cm™
@ 1.23 Vvs. RHE
Onset potential ~0.32 Vvs. RHE ~0.39 Vvs. RHE ~0.50 V vs. RHE ~0.61 Vvs. RHE
Nsep
79.3% 76.5% 74.7% 38.3%
@ 1.23 V vs. RHE
Ner
- 59.2% 47.8% 42.5% 12.7%
@ 1.23 V vs. RHE
ABPE 0.79% 0.54% 0.39% 0.03%
(maximum value) @082Vvs.RHE @087Vvs. RHE @094Vvs. RHE (@ 1.04V vs. RHE
IPCE BS: 51.7% BS: 45.1% BS: 42.3% BS: 5.9%
(@ 450 nm FS: 46.9% FS: 50.5% FS: 40.0% FS:2.1%
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S1 Experimental procedures

Chemicals and Materials: Palladium (II) acetylacetonate (Pd(acac),, 99%), 12-
Molybdophosphoric acid hydrate (H;PMo12040 - xH20, analysis), and cyclohexane (> 99.9%)
were purchased from Merck. Tungsten hexacarbonyl (W(CO)s, 97%) and Nafion solution (D-
520 dispersion 5% w/w aq. and 1-propanol) were purchased from Alfa Aesar. Potassium
hydroxide (KOH, >85%), ethanol (CH3;CH,OH, absolute), commercial Pt/C (20 wt%), and
commercial Pd/C (10 wt%), and N, N-Dimethylformamide (DMF, 99.5%) were purchased from
Fisher Scientific. Acetic acid (CH3COOH, 99.5%) was purchased from VWR.
Cetyltrimethylammonium bromide (CTAB, Ci9H4>BrN), citric acid (CA, CsHzO7, > 99.5 %),
polyvinyl pyrrolidone (PVP, Mw = 55 000) were purchased from Sigma-Aldrich. Vulcan XC-
72 carbon was purchased from BC Berlin Catalysts GmbH. All chemicals were used in this

experiment without further purification.
Synthesis of D-Pd M and Pd M:

The defect-rich Pd metallene (D-Pd M) was synthesized by a simple wet-chemical method.
Typically, 42 mg of HsPMo0,,04¢ - XxH,O was dissolved in 10 mL of DMF solution followed by
deaeration with Ar for 15 min. Then the solution was irradiated under UV light (Wavelength=
254 nm) for 30 min to get solution A. In addition, 10.0 mg of Pd(acac), and 20 mg of W(CO)s
were added into a 25 mL bottle containing 8 mL of DMF and then sonicated for half an hour to
yield a homogeneous solution (B). Afterward, solution A was added to solution B and was
placed in an oil bath at 50 °C for 6 h. After cooling to room temperature, the black colloidal
product was collected by centrifugation and washed six times with a mixture of ethanol and
cyclohexane (Vethanol /Veyclohexane = 1:1). The final product was dispersed in cyclohexane for

further use.

The hexagonal Pd metallene (Pd M) for comparison were prepared according to a previous
approach with slight modifications.['*) 16 mg of Pd(acac),, 90 mg of CA, 60 mg of CTAB, and
30 mg of PVP were added into 10 mL of DMF and stirred for 1 h to get a homogeneous orange-
red solution. The obtained solution was then transferred into a 25 mL vial and 100 mg of
W(CO)s was added to the vial under N, atmosphere. The vial was capped and heated at 80 °C
for 1 h. After the reaction, Pd nanosheets were collected by centrifugation using enough acetone

and then redispersed in acetone for further use.
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S2 Characterizations

Powder X-ray diffraction (XRD): Bruker D2 Phaser equipment, with Cu Ka radiation (A =
1.5406 A).

Transmission electron microscopy (TEM): Tecnai G2 Spirit operated at 120 kV (Imaging).

High-resolution transmission electron microscopy (HRTEM) and energy-dispersive X-
ray spectroscopy (EDX): Jeol F200 equipped with a SuperX EDX detector, operated at 200
kV (Imaging and diffraction pattern).

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES): Agilent 5800
VDV ICP-OES (optical emission spectrometer) with the automatic sampler SPS 4.

X-ray photoelectron spectroscopy (XPS): Monochromatized Al Ko exciting X-radiation
using a PHI Quantera SXM system. The binding energies were calibrated based on Cls (284.8
eV).

Ultraviolet - visible spectroscopy (UV-vis): Cary 3500 UV-Vis Spectrophotometer equipped

with a Xenon flash lamp (250 Hz). Measurements were performed in standard 1 cm cuvettes.
Atomic force microscopy (AFM): Bruker Dimension Icon.

X-ray absorption spectroscopy (XAS) experiment and data processing: Pd K-edge, W L;-
edge, and Mo Ls-edge X-ray absorption fine structure (XAFS) analyses were performed with
Si (111) crystal monochromators at the BLI4W Beam line at the Shanghai Synchrotron
Radiation Facility (SSRF) (Shanghai, China). Before the analysis at the beamline, samples were

placed into aluminum sample holders and sealed using Kapton tape film. The XAFS spectra

were recorded at room temperature using a 4-channel Silicon Drift Detector (SDD) Bruker 5040.

Pd K-edge and W Ls-edge extended X-ray absorption fine structure (EXAFS) spectra were
recorded in transmission mode. Mo Ls-edge extended X-ray absorption fine structure (EXAFS)
spectra were recorded in fluorescence mode. Negligible changes in the line shape and peak
position of Pd K-edge, W Ls-edge, and Mo L;-edge XANES spectra were observed between
two scans taken for a specific sample. The spectra were processed and analyzed by the software

code Athena.
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S3 Electrochemical measurements:

The as-prepared D-Pd M and Pd M catalysts were loaded on carbon black (Vulcan XC-72)
before electrochemical tests. Typically, the D-Pd M (2 mg) was mixed with carbon black (8
mg) in cyclohexane (10 mL) under ambient sonication for 1 h. After stirring for another 12 h,
the product was collected by centrifugation and washed three times with ethanol. Afterward,
the product was treated in pure acetic acid (10 mL) at 70 °C for2 h to remove excess impurities
and excess surfactants for further use. At the end, D-Pd M/C was collected by centrifugation,
washed three times with ethanol, and dried at 60°C for 3 hours. Pd M/C was prepared by the

same method.

To prepare the catalyst inks, the as-prepared D-Pd M/C (1 mg) was re-dispersed in a solution
containing 15 pL DI water, 980 pL ethanol, and 5 pL Nafion solution by at least 30 min
sonication in an ice-water bath to form a catalyst ink. Then the D-Pd M/C catalyst ink was
dipped on the electrode with a controllable amount of D-Pd M catalyst being 10 pg-cm 2.
Likewise, the Pd M/C was processed in the same way. The controllable amount of commercial
Pd/C, and commercial Pt/C were 15 pg-cm 2 to reach the well-defined limited current density.

The loading amount on the electrode of prepared catalysts was determined by ICP-OES.

Electrochemical tests were conducted using a three-electrode system on an Ametek
electrochemical workstation (channel PMC 1000) equipped with an RRDE setup (Pine, USA).
A glassy carbon rotating disk electrode (GC RDE, diameter: 5 mm, area: 0.196 cm?), a saturated
calomel electrode (SCE), and a graphite rod were used as the working electrode, reference
electrode, and counter electrode, respectively. All potentials in this study were reported on a
reversible hydrogen electrode (RHE) scale according to the Nernst equation (Erue = Esce +
E%cr + 0.059 V xpH). The cyclic voltammetry (CV) curves were recorded in N-saturated 0.1
M KOH at a scan rate of 50 mV-s™'. ORR linear sweep voltammetry (LSV) was recorded in
0;-saturated 0.1 M KOH at 20 mV-s™! and a rotating rate of 1600 rpm. It is worth noting that
the ORR LSV curves have been corrected in the N>-saturated 0.1 M KOH to eliminate the
interference of double-layer capacity. The current densities (j) were normalized regarding the
geometric area of the GC RDE. Notably, all ORR LSV curves were iR-corrected (95%) before
applying the K-L equation: Iy = (IaxI)/({4-I), where Iy, 14, and I represent the kinetic, diffusion

limiting, and measured current, respectively.

The electrochemical active surface areas (ECSAs) of all the catalysts were calculated using the

underpotentially deposited H (Hypa) and Cu stripping. The underpotentially deposited H (Hupa)
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data was obtained in the Na-saturated 0.1 M HCIO4. The peaks of Hypa were recorded by cyclic
voltammetry (CV) with a scan rate of 50 mV-s™' to calculate the ECSAs. In the calculation, we
used a charge density of 210 uC-cm 2 for one monolayer of hydrogen coverage on commercial
Pt/C and Pd/C, and a charge density of 240 pC-cm™2 (a value for the (111) surface) for one
monolayer of hydrogen coverage on D-Pd M/C and Pd M/C. For the Cu stripping experiments,

an Ar-saturated solution containing 2 mM CuSOy4 and 0.05 M H.SO4 was used as the electrolyte.

The potential was firstheld at 0.3 V versus RHE for 100 s to form a Cuypg monolayer, and then
CVs were obtained from 0.3 V to 1.0 V at 20 mV-s™!. The ECSAs were calculated by subtracting
the background CVs that were collected in Ar-saturated 0.05 M H,SO4 at 20 mV:-s!, assuming
a charge density of 470 uC-cm?.

The electron transfer number (n) and the hydrogen peroxide yield (H>0:%) were tested by a
rotating Pt ring - GC disk electrode (RRDE) device (Pine, USA), where the surface area of the
GC disk and Pt ring are 0.2475 cm™ and 0.1866 cm™, respectively. The disk electrode was
conducted LSV scan, and the ring electrode potential was set to 1.4 V vs. RHE. The H>0:%
and n were calculated by the following equations:

Ir

H20:% =200 x 12—
ﬁ“"d

5
-
s

n=4x
+1g

z|

where 14 is the disk current, I;is the ring current, and N is the ring collection efficiency (N=0.37).

In addition, the electron transfer number during the ORR process of D-Pd M was also

determined by applying different rotating rates to the Koutecky-Levich equation:

B = 0.2nFC,DY3y~1/¢

where /, ji, and j; represent measured current density, the kinetic and limiting current densities
the kinetic, respectively. F is the Faraday constant (96485 C mol™"), C is the bulk concentration
of 02 (1.26x10°® mol-cm™), Dy is the diffusion coefficient of Oz in 0.1 M KOH (1.93x107

cm?'s™), and v is the kinetic viscosity (0.01 cm?+s™). The rotation speed is expressed in rpm.
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Accelerated durability tests (ADTs) were conducted by cycling between 0.6 V and 1.0 V vs.
RHE at 200 mV/s for 5,000 cycles and 10,000 cycles in 0.1 M O-saturated KOH solution at
1600 rpm.

S4 Computational details

All DFT calculations in the present work were performed using the Vienna Ab initio Simulation
Package (VASP)B4 with the Perdew-Burke-Ernzerhof (PBE)®) functional. The ion-electron
interactions were modeled using the projector-augmented wave (PAW) method®). The plane
wave cutoff energy was set to 400 eV in all calculations. The convergence criteria were set to
be 10-5 eV and 0.01 eV/A for wavefunction and geometry optimization, respectively. A T'-
centred Monkhorst—Pack k-point mesh with a size of 3x3x1was applied for all supercells. The
vacuum region was set to 15 A. The DFT-D3 scheme of dispersion correction was employed to
describe van der Waals interactions(®l. The electronic density of the structure was processed

using VASPKIT!,

S5 Zn-air battery meansurement

The zinc-air battery was measured in a labmade battery mode, consisting of an anode and a
cathode. The anode is a polished Zn foil (with a thickness of 0.5 mm), the air cathode is the
catalyst-loaded carbon paper (ThermoFisher Scientific), and the electrolyte is a 6 M KOH
solution containing 0.2 M Zn(CH3COO),. The catalyst inks were prepared with the same
method we mentioned above but at a concentration of 10 mg-mL. The catalyst-loaded carbon
paper was prepared by spreading as-prepared catalyst ink onto carbon paper and drying at room
temperature. The mass loading of 20% D-Pd M/C and 20% Pt/C catalystsis 130 pg-cm2, and
the mass loading of Pd/Pt is 26 pg-cm2. The polarization curves were performed at the CHI
760E electrochemistry station. Galvanostatic cycling tests were collected at the LAND
CT2003A multi-channel battery testing system. When testing the specific capacity of zinc-air
potential, the discharge current was set at 15 mA and the cut-off voltage was 0.5 V. The charge
and discharge current density was set at 15 mA, the discharge cut-off voltage was set to 0.2 V,

and the charge cut-off voltage was set to 1. 85 V.
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S6 Supplementary figures

n

Before reduction|

—— After reduction

o
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[

0
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Figure S1. The optical photographs of PMo» in DMF solution before (a) and after (b) reduction,

and corresponding UV-visible spectra after being diluted to 1/10 of original concentration.

The color changes from bright yellow to dark blue and newly appeared broad in reduced
solution indicate the reduction of PMo;» clusters to heteropoly blue. Approximately 5.2% of
PMo» underwent reduction to form heteropoly blue,®*1 according to the Beer-Lambert law:
A = ¢ebc; A is absorbance, € is molar absorptivity (here: 2600 M™'-cm™), b is length of light path

(here: 1 cm), and c is concentration, respectively.
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Figure S2. TEM images of Pd M at low (a) and (high) magnification.

Figure S3. (a) TEM image and (b) the corresponding selected area electron diffraction (SAED)

pattern in selected area in (a) of D-Pd M.
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Figure S4. Atomic force microscopy (AFM) image (a) and corresponding height profiles (b
and ¢) of D-Pd M.
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Figure S5. (a) HAADF-STEM image, (b) the magnification of selected area (in a, yellow

square), (c-d) and the corresponding elemental mapping of Pd, Mo, and W elements of the D-
Pd M.
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Figure S6. (a) TEM images and (b) corresponding false color mode of D-Pd M.

Figure S7. Schematic of pores (a) and concave (b) defects from side view.
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Figure S8. HRTEM images of D-Pd M. (a, ¢, and ) crude images, (b and d) temperature mode

of corresponding images, in which dark blue represents concave sites and bright orange

represents convex sites. (f) fast Fourier transform pattern of (e).
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Table S1. EXAFS fitting parameters at the Mo&Pd K-edge and W L;-edge for D-Pd M.

- — [AE@V) | R
Sample Shell C R(A) a(A?) p factor
Pd
Pd foil Pd-Pd 12+ [ 2.73720.002 | 0.005520.0002 | 3.420.2 | 0.0020
Pd-O 40202 | 2.017£0.001 | 0.002320.0006 | 7.90.3
PdO Pd-Pd 3.720.8 | 3.018£0.001 | 0.0089£0.0017 | 1.5:0.9 | 0.0042
Pd-Pd 7.720.8 | 3.38820.001 | 0.012420.0001 | 2.320.7
D-Pd M PA-PUMo/W | 10.721.0 | 2.7380.005 | 0.0060£0.0006 | 6.020.7 | 0.0062
W
) A 8% | 2.734£0.006 | 0.00370.0007 | 5.3:1.0
Yy=tail W-W 6* 3.160£0.012 | 0.004320.0010 | 8.4x1.7 | »-004
WO: W-0 4.020.7 | 2.013£0.001 | 0.001520.0021 | 11.41.0 | 0.0081
v 1.420.3 | 177920001 1 4 0070+0.0014 | -7.941.0
Dopd M W-0 28204 | 2.11120.001 0.0062
W-Pd 6.350.8 | 2.605£0.001 | o oo T
W-0 15.0:1.8 | 3.4990.001 | ' 00
Mo
) Mo-Mo g% [ 2.72420.003 | 0.004120.0003 | 4.9205
Mo foil Mo-Mo 6* | 3.15020.005 | 0.0040£0.0004 | 7.5:1.0 | 2-0040
Mo-O 6,003 | 1.999£0.001 | 0.0033£0.0006 | 2.820.3
Mo-Mo 3.120.6 | 2.5690.001 | 0.0105:0.0017 | 8.8£0.8
MoO: Mo-Mo 1.00.2 | 3.087£0.001 0.0035
Mo-Mo 62503 | 682001 | LOOHOO00L | -T11405
MM 7.451.6 | 4.058£0.001 | 0.0130£0.0001 | 0.820.1
Mo-O 2.0:0.2 | 1.685£0.001 4.5:0.9
Mo-O 2.720.3 | 1.97520,001 | 0-0037+0.0006 "
_— Mo-O 3.120.4 | 2.286+0.001 | 0.0095x0.0001 | '+
Mo-Mo 6.3=1.1 | 3.430:0.001 | o 105610.0006 | -
Mo-Mo | 15.451.9 | 3.62520.001 | : 12.040.4
Mo-Mo | 2.5:0.4 | 4.062:0.001 | 0.0051£0.0001 | 13.31.3
Mo-O 1.420.2 | 1.745%0.001
Mo-O 0.420:2 | 2.08450,001 | 002100002 | B.540.8
D-Pd M 0.0070
Mo-O 05£02 | 2.429%0.001 | o oo T
Mo-Pd 0.0:0.2 | 2.68120.001 | : =l

aCN, coordination number; #R, the distance to the neighboring atom; ‘62, Debye-Waller factor, the Mean

Square Relative Displacement (MSRD); 94 Eo, inner potential correction; R factor indicates the goodness of

the fit. So? was fixed t0 0.992, 0.812, and 0.958, according to the experimental EXAFS fit of Mo foil, Pd foil,
and W foil by fixing CN as the known crystallographic value. * This value was fixed during EXAFS fitting,
based on the known structure of Mo, Pd, and W. Fitting range: 3.0< k (/A)< 14.0and 1.0< R (A) < 3.3 (Mo
foil); 3.0 <k (/A)<12.0and 1.1< R (A) < 3.9 (M002);3.0< k (/A)< 13.0and 1.0 < R (A) < 4.1 (MoO3);
3.0<k(/A)<13.0and 1.0< R (A)<3.0(D-PdM_Mo);3.0<k (/A)<13.0and 1.0< R (A) < 2.9 (Pd foil);
3.0<k(/A)<12.0and 1.0<R (A)<3.6(Pd0);3.0<k (/A)< 13.0and 1.9< R (A) <3.0(D-PdM_Pd); 3.0
<k(/A)<12.0and 1.0 <R (A)<3.5(W foil);3.0<k (/A)<11.0and 1.2< R (A) <2.0(W02);3.0< k (/A)
<10.0and 1.0< R (A) <3.8 (D-PdM_W). A reasonable range of EXAFS fitting parameters: 0.700 < S <
1.000; CN > 0; 6> 0 A2; |AEo| < 15 eV; R factor < 0.02.
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Fig. S9. R space and k space fittingresults of Pd K-edge. (a and b) D-Pd M, (¢ and d) Pd foil,

and (e and f) PdO. The dots or lines in red, blue, and green represent raw data, fitting results

and FT fitting range windows.
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Fig. S10. R space and k space fitting results of W L-edge. (a and b) D-Pd M, (c and d) W foil,

and (e and f) WO,. The dots or lines in red, blue, and green represent raw data, fitting results

and FT fitting range windows.
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raw data, fitting results and FT fitting range windows.
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Figure S12. Schematic of MoOy and WOy doping. W atoms substitute the position of Pd, but
Mo just dispersed on the edge of Pd.
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Figure S13. CV curves of (a) D-Pd M/C, Pd M/C, and (b) Pd/C in N»-saturated 0.1 M KOH

solution at a scan rate of 50 mV-s™.
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Figure S14. CVs of (a) D-Pd M/C, (b) Pd M/C, (¢) Pd/C, and (d) Pt/C in N»-saturated 0.1 M
HCIOy at a scan rate of 50 mV-s™' (e-h) CVs and Cu stripping voltammograms of D-Pd M/C,
Pd M/C, Pd/C, and Pt/C.
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Figure S16. (a) Ring and disk current density of D-Pd M in O,-saturated 0.1 M KOH solution,
potential applied on ring was set 1.4 V vs. RHE, (b)LSV curves of D-Pd M/C at different scan

rates and (c) corresponding K—L plot and electron transfer numbers (insert).
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Figure S17. Ring and disk current density of (a) Pd M/C, (¢) Pd/C, and (e) Pt/C in O,-saturated
0.1 M KOH solution, potential applied on ring was set 1.4 V vs. RHE. The electron transfer
number and H,0; yield of (b) Pd M/C, (d) Pd/C, and (f) Pt/C.

S19

157



158

APPENDIX

1 1
(a) — Pd M/C (Initial) (b) 01— Pd/C (Initial) (C) Pt/C (Initial)
0 After 5,000 cycles After 5,000 cycles 0 After 5,000 eycles
L After 10,000 cycles a -1 After 10,000 eycles & -1 After 10,000 cycles,
£ E E
e 2 ¥ S
< < <
£ g £7
- 34 .~ _4 .~ 4
-5 -5 -5
6 6 B
02 04 06 08 10 1.2 0.2 0.4 0.6 0.8 1.0 02 04 06 08 1.0 12
E (V vs. RHE) E (V vs. RHE) E (V vs. RHE)

Figure S18. LSVs of (a) Pd M/C, (¢) Pd/C, and (e) Pt/C in O,-saturated 0.1 M KOH solution
before and after 5,000 and 10,000 CV scans.
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Figure S19. MAs of D-Pd M/C, Pd M/C, Pd/C, and Pt/C at 0.85 V vs. RHE before and after

5,000 and 10,000 cycles
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Table S2. Comparison of electroactivity of recent reported representative Pd-based catalysts

for alkaline ORR
Half-wave Spc.gf‘.lc o
Samples potential actiay Mess amby Reference
(V vs. RHE) (mA~cr3')2 at 0.9 (A-mgpa! at 0.9 V)
D-Pd M 0.93 6.13 1.3 This work
Pd M 0.87 1.86 0.39 This work
PdCu Metallene 0.943 1.67 0.905 [10]
Defect-Rich Pd
e 0.90 1.336 0.892 [11]
PdsPtiNi 0.928 1.22 0.29 [12]
Fe-Pd UPM 0.914 0.89 0.736 [13]
PdMo
— 0.95 11.64 16.37 [14]
Pds;Pb/PdTetrago
L — 0.9 1431 0.57 [15]
Pd3Pb Nanosheet 0.91 0.989 0.697 [16]
Fd@RELEDA 0.968 1.3 0.93 [17]
metallene
N-Pd MNRs 0.95 1.29 0.68 [18]
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Figure S20. The morphologies of D-Pd M (a, b) and Pt/C (c, d) before and after ADT test.
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Figure S21. Photographs of the whole Zn-air battery system (a) and Zn-air battery (b), (¢) red

LED (the operating voltage only > 1 V) powered by D-Pd M based Zn-air battery, and (c) an
open-circuit voltage of 1.397 V obtained with D-Pd M based Zn-air battery.
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Figure S22. (a)Polarization and corresponding power density curves of D-Pd M/C (line) and
Pt/C (dashes), (b) power density curves of D-Pd M/C at different loading, (c) OER polarization
curves of D-Pd M/C and Pt/C in O,-saturated 0.1 M KOH at a scan rate of 5 mV-s'.
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Table S3. Comparison of the performance of the Zn-air battery prepared in this work and

representative literature.

Catalyst Open circuit Specific
Air cathode loading Vplt' W) capacity Voltage (V)  Reference
(mg-cm2) o (mAh-gz.'!)
D-Pd M 0.026 1.4 809 Li3Vels  Ths
mA-cm2 work
PdMo bimetallene 0.2 1.48 798 L35V@l1o 4y
mA-cm
Pd-Gd203/C+Ru02  NA 1.46 724 LV @2 [19]
mA-cm>
Pd/B4C 0.6 1.43 NA 12V @_25 [20]
mA-cm
Commercial Pt/C + 1.21@
10 1 1.36 499 10mA -em?2 [14]
1.2@
Pd/CoOx/d-NC 1 1.476 760 A [21]
‘ ) 13@5
Ni SAs-Pd@NC 10 1.44 719.2 G [22]
1.3V @ 10
PdssAugs 2 1.44 821.4 mA‘(&T\': [23]
PdMoCrW 1.21@
Tetrametallene : 1.48 895 10mA-cm? (24]
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