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Work Function-Guided Electrocatalyst Design

Zhijie Chen, Tianyi Ma, Wei Wei, Wai-Yeung Wong,* Chuan Zhao, and Bing-Jie Ni*

The development of high-performance electrocatalysts for energy conversion
reactions is crucial for advancing global energy sustainability. The design of
catalysts based on their electronic properties (e.g., work function) has gained
significant attention recently. Although numerous reviews on electrocatalysis
have been provided, no such reports on work function-guided electrocatalyst
design are available. Herein, a comprehensive summary of the latest
advancements in work function-guided electrocatalyst design for diverse
electrochemical energy applications is provided. This includes the
development of work function-based catalytic activity descriptors, and the
design of both monolithic and heterostructural catalysts. The measurement of
work function is first discussed and the applications of work function-based
catalytic activity descriptors for various reactions are fully analyzed.
Subsequently, the work function-regulated material-electrolyte interfacial
electron transfer (IET) is employed for monolithic catalyst design, and
methods for regulating the work function and optimizing the catalytic
performance of catalysts are discussed. In addition, key strategies for tuning
the work function-governed material-material IET in heterostructural catalyst
design are examined. Finally, perspectives on work function determination,
work function-based activity descriptors, and catalyst design are put forward
to guide future research. This work paves the way to the work function-guided
rational design of efficient electrocatalysts for sustainable energy applications.

1. Introduction

conversion reactions, such as oxygen re-
duction reaction (ORR), hydrogen evolu-
tion reaction (HER), nitrogen reduction re-
action (NRR), carbon dioxide reduction re-
action (CO,RR), nitrate reduction reaction
(NO;RR), urea oxidation reaction (UOR),
and oxygen evolution reaction (OER) have
garnered souring interest.!! The efficiency
of these reactions is largely determined
by electrocatalysts which can help re-
duce the reaction energy barriers, accel-
erate the reaction kinetics, and optimize
the reaction selectivity.!?) Designing high-
performance catalysts thus becomes an ur-
gent mission. Currently, descriptor-based
approaches have exhibited powerful po-
tential for accelerating the design of effi-
cient electrocatalysts. Descriptors (e.g., d
band center,’] work function,** metal
e, filling®l) that correlate the catalytic
performance of materials with the in-
trinsic property (mainly electronic prop-
erties) are widely used to assist high-
performance catalyst development, illus-
trate catalytic performance, and predict
the catalytic activity of novel catalysts.

Work function is defined as the mini-
mum energy needed for removing an elec-
tron from the surface of solid materials.[®]

Electrochemical energy processes show promise of sustainable
energy development. Electrochemistry-driven small molecule

Therefore, the work function of materials governs the interface
electron transfer efficiency, which is of high importance in elec-
trocatalysis. To date, the work function of electrocatalysts has
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been used as a catalytic activity descriptor for diverse reactions,
such as HER, OER, ORR, and CO,RR. For instance, starting from
the Pt benchmark, a decreased work function contributes to a
stronger adsorption ability of H on a series of d-metals,” result-
ing in worse HER performance. By analyzing the work function-
governed material-electrolyte interfacial electron transfer (IET),
studies have illustrated the work function-reaction intermedi-
ate/reactant adsorption-catalytic performance. The use of work
function-based activity descriptors has greatly aided in the devel-
opment of electrocatalysts.

The work function-mediated material-electrolyte IET can be di-
rectly applied to monolithic catalyst design. Monolithic catalysts
mentioned in this review refer to those catalysts designed with
the work function-regulated material-electrolyte IET, no matter
the phase composition of catalysts (monophase or multiphase).
By regulating the work function value of materials, it is sensible
to optimize the catalytic performance. Since the work function
of materials is highly sensitive to their physicochemical prop-
erties (e.g., chemical composition, shape, surface termination,
and size), many methods have been developed to tune the work
function of materials, such as heteroatom doping,®! vacancy
engineering,®] strain engineering,['”! component regulation,!']
nanostructure control,[*?! and composite construction.!'3] For ex-
ample, the V dopant (5% doping level) can reduce the work func-
tion of MoS, from 5.5 to 5.29 eV, leading to enhanced HER
performance.'*! These methods are capable of adjusting the
work function of monolithic catalysts and optimizing the adsorp-
tion of reaction intermediates/reactants, thus improving the cat-
alytic performance.

Heterostructures that combine two or more phases at-
tract great interest for their high catalytic performance.l*’]
The work function of different components impacts the elec-
tronic interaction at the interface, thereby influencing the elec-
tronic properties of the resulting heterostructures.'! Thus,
the IET between different components in the heterojunction,
namely the material-material IET, is highly important for work
function-guided heterostructure design. Aiming at enhanc-
ing the catalytic performance of heterostructures via regulat-
ing the material-material IET, studies have focused on con-
structing Mott-Schottky heterojunctions!'”! and Ohmic contact
heterojunctions,!’®! regulating work function difference,'! de-
signing in-plane heterostructures,!?’) nanostructure control,!?!!
etc. By selecting materials with suitable work functions to form
heterojunctions or regulating the work function of involved
components in heterojunctions, the design philosophy of het-
erostructures focuses on optimizing the electron transfer prop-
erties at the material-material interface.

Electrocatalyst design has attracted great interest from
chemists, materials scientists, and engineers due to the
rapid development of electrochemistry-driven energy tech-
niques. To date, many reviews have summarized catalyst de-
sign methodologies, based on catalytic activity descriptors.[*?]
Most of current reviews mainly focuses on d band theory,[22%]
p band theory,?>?34¢24 coordination number,!**4?5] binding
energy, 24026 and e Afilling.1?>23¢£24] Despite several papers
have briefly mentioned the role of work function in designing
heterostructural catalysts!?*?”] and HER catalysts,1?®] the devel-
opment of work function-based activity descriptors for diverse
reactions and the wide applications of work function-regulated

Adv. Mater. 2024, 36, 2401568 2401568 (2 of 31)

www.advmat.de

material-electrolyte IET and material-material IET in designing
efficient catalysts has not been comprehensively analyzed yet.

Herein, the current achievements in work function-guided
electrocatalyst design are systematically reviewed for the first
time, including the development of work function-based cat-
alytic activity descriptors, monolithic catalyst design, as well as
heterostructure design (Figure 1). The measurement of work
function is introduced, which is followed by the application of
work function-based catalytic activity descriptors for different re-
actions. Then, a series of methods are introduced for regulat-
ing the work function in monolithic catalyst design. Afterward,
strategies for tuning the work function-governed interface elec-
tron transfer between different components for heterostructure
design are analyzed. Perspectives in this field are pointed out for
guiding future studies.

2. Work Function: Definition and Measurement

Work function (®) is defined as the minimum energy required
to remove an electron from a solid material to a point just out-
side the solid surface.[®?] From the perspective of band structure
of materials, the work function is determined as the difference in
electrostatic potential for an electron between the vacuum level
(Eyac) and Fermi level (Ejp), as depicted in Figure 2a. For semi-
conductors, the E; generally lies between the valence band (E,)
and the conduction band (Ec), and the work function changes
with physicochemical properties, such as chemical composition,
crystal structure, nanostructure, and surface termination, and
geometry.!?8]

To experimentally determine the work function of materials, a
series of methods have been developed based on various physical
principles like photoelectric emission, field emission, thermionic
emission, and contact potential difference. When electrons are
available at the Fermi level, electrons can be excited with the for-
mer three methods for electron excitation, and the absolute value
of the work function can be determined. However, there are al-
most no electrons at the Fermi level of semiconductors or insu-
lators, and an indirect method that utilizes the contact potential
difference is generally applied for measuring the relative values
of work functions. The comparison of various methods is pre-
sented in Table 1.

Photoelectric emission happens when the energy of irradiated
photons is higher than that of the materials’ work function. The
minimum photon energy needed for liberating electrons from
materials or the energy of emitted electrons with zero kinetic en-
ergy (concerning E;) can provide the work function value. For
the former principle, work functions are obtained based on the
relationship between photoemission current and excited photon
energy, with the photoelectron emission yield spectroscopy. In
terms of the latter principle, it is essential to measure the emit-
ted electron energy. The threshold energy of the emitted electrons
with zero kinetic energy is named the secondary electron cutoff,
which can be tested by UPS, etc. Of note, the latter method repre-
sents one of the most popular strategies for calculating the work
functions of electrocatalysts. For example, UPS has been used to
test the cutoff energy (E_..s) and Ep of Pt@N-X-CNC (X=0.5, 1,
2) electrocatalysts (Figure 2b).*) According to the equation (® =
hv—|E_,..4— Ex|), work functions of Pt@N-2-CNC, Pt@N-1-CNC,

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

a ‘62 'v20Z 'S60vT2ST

sdny wouy

85UB017 SUOWWIOD 8AEe.D) 3(qed!|dde auy Aq peusenob ae saone YO ‘8sn Jo s Joy Aeud18uluQ A3|1M UO (SUOIIPUOD-PUR-SWB)/0D A |1 AIg 1 [eut uo//Sdny) SUORIPUOD Pue SWS 18U 89S *[SZ0Z/c0/0E] U0 Aiq18uIUO AB|IM ‘[10UN0D LoKesssy [EQIPSIN PUY YifesH [euolleN Aq 89GTOYZ0Z ewpe/Z00T OT/I0p/Wod’ A8 |IM Aeiq iUl uo


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Material-material IET

www.advmat.de

Material-electrolyte IET

Mott-Schottky Heteroatom doping

" junction
p-n junction Vacancy '
d Facet
Ii-painn .J\y de engineering
" composite 0\,\“ Y SO,}. .
p-p junction @ Strain__
~_n-njunction o
__ %‘as e\‘(\e‘\\ efect, B
- Nanostructure ur
Nanostructure
_____ Ohmic contact . -..
junction Composite
- < construction
“. Work function
difference Composition

Heterostructural catalyst design Monolithic catalyst design

Figure 1. Scheme of the work function-guided electrocatalyst design. IET, interfacial electron transfer.
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Figure 2. a) Energy diagrams of work function on the metal and the semiconductor. Eysc: vacuum level, Ey: valence band maximum, Ec: conduction
band minimum, Egy,: Fermi level of metal, and Egg: Fermi level of semiconductor. b) UPS spectra of Pt@N-X-CNC (X = 0.5, 1, 2). Reprinted with

permission.3%] Copyright 2023, Wiley-VCH. c) Illustration of Kelvin probe force microscopy device. Vuc: alternating current voltage, Vpc: direct current

voltage. Reprinted with permission.[*] Copyright 2022, American Chemical Society. Potential images and corresponding work functions of d) MoO, NSs
and e) 0.5 wt% Pt Cs/MoO, NSs-L, tested by KPFM. Reprinted with permission.[32] Copyright 2019, Elsevier.
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Table 1. A comparison of different methods for measuring work functions.[270:29]
Work principle Requirements Merits Demerits
Photoelectric effect ® Electron spectrometer ® Compatible with UPS? technique ® Average work functions
® Energy tunable photon source ® Applicable to various materials ® |onization energy obtained for
® Photodetector ® Flexible testing conditions semiconductors
Thermionic emission ® High-temperature source ® Relatively simple operation ® Materials need high-
® High-temperature resistant ma- temperature resistance
terials
Field emission ® Stable electron source ® Applicable to field emission microscope (depend- ® Rapid emission decay
® Materials fabricated into fine ing on crystal orientations) ® Sensitive to tip radius and mi-
tips crofield
® Large emission fluctuations
Contact potential ® Reference electrodes ® Quick measurement ® Results largely rely on tip condi-
difference ® High resolution tions

® Applicable to insulators ® Relative work function values

? UPS, ultraviolet photoelectron spectroscopy.

and Pt@N-0.5-CNC are calculated to be 4.74, 4.68, and 4.63 eV,
respectively.

Besides photon energy, when enough thermal energy is
applied to a material, some electrons with kinetic energy
higher than the work function will emit and produce elec-
tric current. Governed by Richardson’s law, the thermionic
current is exponentially proportional to the work function.
Therefore, thermionic work functions of materials can be ob-
tained by testing the electronic current density under different
temperatures.[?2 Importantly, the tested materials should be sta-
ble at high temperatures (>1000 K). In the field emission-based
measurement, electrons are emitted by quantum mechanical
tunneling under a high electric field. The local emission cur-
rent density is described by the Fowler-Nordheim equation.!3!l
To enhance the field emission during the test, specimens should
be made into very sharp tips. Generally, the field emission and
thermionic emission-based methods are seldom used for deter-
mining the work function of electrocatalysts, due to the relatively
high requirements for samples.

By testing the contact potential difference (CPD) between a ref-
erence material and the specimen, the Kelvin probe technique be-
comes an efficient method to measure the relative work function
of materials. During the measurement, the relative surface po-
tential can be measured by forming a capacitor between the refer-
ence material and the target material (Figure 2¢).*) The obtained
CPD can be directly used to calculate the work function differ-
ence between the two materials (reference and target materials;
CPD = (® — Dy)/e, ¢y and @y are the work function of the
target material and reference material, respectively). Nowadays,
the scanning Kelvin probe microscope reaches a nanometer-scale
lateral resolution, and it can quickly measure the variation of
work function during electrochemical reactions. As depicted in
Figure 2d,e, the work functions of MoO, nanosheets (MoO, NSs)
and Pt clusters anchored MoO, NSs (Pt Cs/MoO, NSs-L) were
tested by the Kelvin probe force microscopy (KPFM), and Au film
works as a standard sample to determine the work function of
the tip.3?] It can be seen that the work functions of Pt Cs/MoO,
NSs-L and MoO, NSs can be easily determined by recording the
CPD between tip and target materials. Notably, work functions
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obtained by the KPFM technique are highly sensitive to the tip
conditions and the measurement environment.

Besides these experimental methods, the work functions of
materials can be calculated by density functional theory (DFT)
methods. The electrostatic potential across the material-vacuum
interface is generally calculated to determine the work function of
materials.**! Such computational methods are efficient in work
function calculation and can help accelerate the design of high-
performance catalysts with suitable work functions. However, the
models for calculations cannot represent some real properties of
materials, in terms of nanostructure, crystallinity, etc.

3. Work Function: A Catalytic Activity Descriptor

3.1. Theoretical Fundamentals of Work Function-Based Activity
Descriptors

The work function of materials plays a crucial role in determining
the ease of electron transfer on the surface, directly influencing
the electron-donating ability or electron affinity.**l Consequently,
work function serves as a convenient metric for assessing the
electron transfer rate on an electrocatalyst (electrode), essentially
defining the IET at the catalyst-electrolyte interface.** In het-
erogeneous electrocatalysis, where reactions occur at the electri-
fied interface between the solvated solid electrode and solution,
the IET assumes a pivotal role and it often serves as the rate-
determining step (RDS).I**] Therefore, utilizing the work func-
tion as a descriptor offers a sensible approach to predict the cat-
alytic performance of materials.

To comprehend the fundamental principles underlying work
function-based activity descriptors, it is crucial to establish a con-
nection between the work function and the charge transfer pro-
cesses. In electrocatalysis, the interaction between solid electro-
catalysts and reactants (or intermediate, e.g., *OH in OER) can
accelerate the reaction process. This interaction typically involves
the transfer of electrons between catalysts and the adsorbed reac-
tants, with consideration given to the Fermi level of the catalysts
and the energy levels of the reactants’ highest occupied molecular
orbital or lowest unoccupied molecular orbital.’”) Consequently,
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the catalytic behavior can be correlated with the alignment be-
tween the catalysts’ Fermi level and the energy levels of the reac-
tant orbitals, thus linking it to the catalysts’ work function.*8!

The energetics of electron transfer govern the efficiency and
kinetics of catalytic reactions occurring at the interface between
solid catalysts and adsorbed reactants, ultimately dictating the
overall performance of electrocatalytic systems. To elucidate the
relationship between work function and the energetics of elec-
tron transfer, consider the interfacial electron transfer process
occurring in two steps: (I) the electron is removed from the cata-
lyst surface to a local point, incurring an energy cost equal to the
local work function ®; and then (II) the electron is transferred
from the local point to reside on the adsorbate.*”! The second
step results in an energy gain associated with moving the elec-
tron from the local point to the adsorbate, which should be the
adsorbate electron affinity (E,, assuming the adsorbate and elec-
tron are both in the vacuum region). In actual conditions, the
adsorbate is not present in a vacuum during step (II), leading to
a potential energy modification, represented by an energy gain of
AE.* Therefore, the energy of an n-electron transfer process can
be expressed as n(® — E, — AE).[*!] When considering a series
of catalysts with similar properties and assuming the E, and AE
terms remain relatively constant, the energy needed to transfer
electrons correlates with the catalyst’s work function along with
a constant shift.*?l As further suggested by Lin et al., the Gibbs
free energy (G,) of binding a species (S) comprises a dominant
chemical binding term proportional to the charge-transfer energy
and a relatively constant charge-transfer-independent term (G.°),
expressed as G, = An(® — E, — AE) + G,°.1*%] Here, 4 repre-
sents a reaction-specific proportionality coefficient, while the E,,
AE, and G_° terms are expected to exhibit consistency within the
same catalyst family.

In electrochemical reactions, overpotentials (1, a main activity
parameter) are approximated by the relative Gibbs free energies
of adsorbates at the final and initial states of the RDS. This can
be written as n = AG/ne — E° = (G, — Gg)/ne — E* [ where G,
and G, are the Gibbs free energies of the adsorbed reactant and
product respectively, n is the electron transfer number in RDS,
and E° is the standard reaction potential. Then, it is expected that
AG =G, — G = A(np — ng)® + C, where A is a proportionality
coefficient. The constant C represents the contributions from E,,
AE, and G_°, which remain relatively stable within a specific elec-
trocatalyst family. Thus, an approximately linear dependence of
the overpotential on the work function of catalysts is suggested.

The above analyses imply a strong correlation between the
binding energies associated with electron transfer and the work
function of catalysts for a given reactant. Furthermore, by corre-
lating overpotentials in electrochemical reactions with the work
function of catalysts, one can approach an approximately linear
relationship between catalytic activity and the work function of
catalysts. Understanding these theoretical fundamentals is cru-
cial in predicting and optimizing the catalytic performance of ma-
terials in electrochemical systems. Of note, these correlations are
not expected to be exact due to variations in factors assumed to
be constant and the non-linearity of the binding energy with elec-
tron transfer. Notwithstanding, as the adsorption energies of re-
actants in the RDS predominantly influence the catalytic process,
a correlation between the work function and catalytic activity is
observed for given reactions within an electrocatalyst family.
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3.2. Developments of Work Function-Based Activity Descriptors

Currently, the catalytic activity of materials for different electro-
chemical reactions (especially HER, ORR, CO,RR) has been well
correlated with work function. The work function-based activity
descriptors have guided the understanding of catalytic mecha-
nisms and catalyst development.

3.2.1. Hydrogen Evolution Reaction (HER)

HER is a key half-reaction in water electrolysis for sustainable
hydrogen production.*¥] It is suggested that the relationship be-
tween the M—H,,; bond strength (M: electrode materials) and the
exchange current (represents HER activity) guides the design of
efficient HER catalysts.[*] Materials with a suitable M~H_; bond
strength (not too strong nor too weak) would have the optimal ac-
tivity, and Pt is considered the best metal for HER.[20>4¢] Starting
with Pt metal, a decrease in work function results in stronger ad-
sorption of H on a series of d-metals (Figure 3a),!”! leading to a po-
tential deterioration in HER performance. Dadallagei et al. con-
ducted a survey analyzing the relationship between work func-
tion and HER activity of 31 metals, as shown in Figure 3b.[*]
It can be observed that for both d and sp metals, a higher work
function typically corresponds to higher HER activity, as the work
function plays a role in lowering the reaction activation energy.
Further considering the effect of the real HER process in water,
the change in the work function of metals upon adsorption of hy-
drogen through the water layer is developed as a HER activity de-
scriptor (Figure 3c). The volcano plot presents the optimal inter-
action of hydrogen intermediates with these metals, in the pres-
ence of water. Notably, these studies are focused on pure metals
and no universal model has been reported on the work function-
HER activity relationship of general materials.

Currently, there is no direct answer to this question of whether
a small or a large work function benefits HER. Many stud-
ies have found that the reduced work function leads to bet-
ter HER activities of catalysts (e.g., Cu,S-Se@Cu,[®! CoFe@N-
doped carbon@MoS,,!*8] Mn/Co-N-doped carbon®]) due to
the enhanced electron transfer efficiency at the electrocatalyst-
electrolyte interface. In these studies, catalysts are in a complex
structure and the work functions of similar materials are calcu-
lated and compared, which provide useful information for guid-
ing the design of HER catalysts with similar properties. However,
Tong and coauthors suggested that a work function closer to Pt
would have better HER performance. In their study, the work
functions of NF (nickel foam), Ni,S,/NF, Ni,S,-NF, and Pt/C-
NF are 4.6, 4.9, 4.7, and 5.1 eV, respectively. The work function of
Ni; S, /NF is close to that of Pt/C, contributing to its better HER
performance.l Based on current studies, it remains highly chal-
lenging to put forward a direct relationship between work func-
tion values and HER activities of diverse catalysts, due to the huge
differences in catalysts’ properties (e.g., category, nanostructure,
surface chemistry) and work function measurement methods.

3.2.2. Oxygen Reduction Reaction (ORR)

ORR that converts O, into H,O is a key reaction in fuel
cells and metal-air batteries.’!] The ORR activity of materials
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Figure 3. a) Relationship between the metal-H bond strength and work function of d-metals. Reproduced under terms of the CC-BY license.[”] Copyright
2017, The Authors, published by Royal Society of Chemistry. b) Plots of logj, versus work function for HER on metal electrodes. J,: exchange current
density. Reproduced under terms of the CC-BY license.[*’] Copyright 2023, The Authors, published by IOP Publishing. c) Relationship between the
change in the work function of metals upon adsorption of hydrogen through the water layer and the exchange current density for HER. Reproduced
under terms of the CC-BY license.l”l Copyright 2017, The Authors, published by Royal Society of Chemistry. d) Illustration of the ionic and covalent
bonding contributions to the adsorption of ORR intermediates on transition metals. ) Relationship between transferred charge (Aq) and the work
function difference between metals and adsorbate (AW). f) E; i values as a function of metals’ work function. g) Relationship between ORR activity
of metals and (bottom) calculated Eq with the E,y,—¢q4 linear fitting, (middle) calculated Eq with the E,y—(eq, W) 2D polynomial fitting, and (top)
DFT-simulated Eq. Reprinted with permission.[3] Copyright 2017, Royal Society of Chemistry. h) Volcano curve of the applied potential at ORR current
density of 0.3 mA cm~2 as a function of the work function of the embedded metal. Reprinted with permission.[>3] Copyright 2019, American Chemical

Society.

is mainly determined by the adsorption energy (E,,,) of reac-
tants/intermediates, especially *OH, *O, and *OOH.[?] Shen
et al. divided the E,;; of ORR intermediates into two parts,
including ionic (E,,) and covalent (E. .,) contributions
(Figure 3d).”! The E, ;. part determined by the charge trans-
fer between the adsorbed reactants/intermediates and materi-
als (Ag) can be related to the work function, while the E_ o0,
is determined by the d-band center (¢;). Thus, the E, 4 of reac-
tants/intermediates can be obtained via the work function and
d-band properties of metals. As displayed in Figure 3e, Aq values
for *OOH, *OH, and *O adsorption exhibit a strong relationship
with the work function difference between metals and adsorbates
(AW). A larger AW value leads to a smaller Ag. Further analysis

suggests that the E, . is in proportion with the work function of

S

onic

Adv. Mater. 2024, 36, 2401568 2401568 (6 of 31)

metals, and Pt with the largest work function possesses the small-
est E,,;. (Figure 3f). Compared with conventional ¢,-determined
E, the E,4—(€4, W) 2D polynomial correlation exhibits an up-
graded accuracy. Especially, the volcano relationship between the
oxygen binding energy (E,) of metals and the ORR activity shows
a significantly improved accuracy when the 2D polynomial fitting
function is applied for E calculation (Figure 3g). This study in-
tegrates the work function and d-band center for the accurate de-
termination of intermediate adsorption energy, which helps un-
derstand the role of the work function in ORR activity analysis.
The direct relationship between work function and ORR ac-
tivity/selectivity of catalysts has been investigated. For carbon-
based electrocatalysts (such as graphene and doped-porous car-
bon), it has been found that a smaller work function can
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Figure 4. a) Scheme of the influence of work function and applied external potential on the electron transition probability, electronic state density in
metal, and existence probability, in the CO,RR process. Reprinted with permission.[*6] Copyright 2019, American Chemical Society. b) Relationship
of working functions versus intermediate adsorption energies on metals with different facets. (left) H, (middle) CO, and (right) COOH. Reprinted
with permission.>’] Copyright 2020, American Chemical Society. c) Relationship between the overpotential of the diverse surfaces of Pd;Au and the
difference between work function and d-band centre. Reprinted with permission.[°8] Copyright 2023, Royal Society of Chemistry. d) Relationship between
work function and N, adsorption energy for MBenes. e) NRR onset potential versus work function of Mbenes. Reprinted with permission.[5%] Copyright
2020, Royal Society of Chemistry. f) NO3 RR Faradaic efficiency versus work function of metals. Reprinted with permission.[81] Copyright 2022, American

Chemical Society.

contribute to a better ORR activity and a higher electron transfer
number (approaching four).*>*! In these studies, it is proposed
that the energy needed for the oxygen reduction reaction (ORR)
can be decreased by reducing the work function through the cre-
ation of additional electroactive sites. According to Oh et al., in-
troducing heteroatoms and increasing the number of edge sites
on graphene-based catalysts can lower the work function, result-
ing in a reduced energy barrier. This facilitates the transfer of
electrons from the catalyst surface to adsorbed oxygen molecules,
ultimately enhancing the ORR activity.[**"! However, when inves-
tigating the ORR activity of a series of metal-embedded carbon
core—shell materials, a volcano curve of the ORR activity as a
function of the work function of the embedded metals is sug-
gested (Figure 3h).’*] DFT calculations verify that the surface
area normalized number of electrons transferred from metals to
carbon (AQgy) shows a linear relationship with the variation in
the work function of metal catalysts. Additionally, the AQp; is cor-
related with the AE, of composite materials. Therefore, the work
function of embedded metals can affect the ORR activity by tun-
ing the oxophilicity and electronic properties of the outer carbon
layer.

Adv. Mater. 2024, 36, 2401568 2401568 (7 of 31)

3.2.3. Carbon Dioxide Reduction Reaction (CO,RR)

Electrochemically converting CO, into fuels and chemicals is an
important method for carbon utilization and reducing global car-
bon emissions. In the CO,RR process, the generation of the first
reaction intermediate (CO,*~) has been considered as a thermo-
dynamic and kinetic bottleneck.”®! In the CO,(g) + € — CO,*~
process, the IET at the catalyst-solution interface is a rate-
determining step. Under the same applied potential, a material
with a lower work function possesses a higher IET efficiency. Of
note, the effect of work function on the catalyst—solution IET is
largely determined by the extent of overlap between equal energy
levels of electrons in solvated CO, and the material (Figure 4a).3¢!
Thus, decreasing the work function of materials (e.g., Ag elec-
trode) can cause the Fermi level to shift upward and trigger more
electrons to transfer to CO, acceptor levels, as well as lowering
the energy barrier height. Limiting HER is important for enhanc-
ing CO,RR selectivity. For the Ag electrode with a smaller work
function, the acceptor levels of CO, are much more than those
of H* in the electrolyte, and the probability of electron transfer
from the electrode to CO, is higher than that to H*. Accordingly,
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the CO,RR selectivity can be increased by decreasing the work
function of the Ag electrode.

Besides considering the formation of CO,*, the adsorption
strength of reaction intermediates like H*, CO*, and COOH*
are critical for CO,RR catalyst design. As shown in Figure 4b, the
work functions of metals show a roughly linear correlation with
the adsorption energies of these reaction intermediates.>’] Also,
the facet of metals affects the work function, as well as the adsorp-
tion energy of intermediates. Zheng et al. further found a linear
relationship between the CO,RR (CO,-to-formic acid) overpoten-
tial and the difference in the work function and d-band center of
Pd;Au catalyst’s different surfaces (Figure 4c).[® The (111) facet
of Pd;Au with the highest work function (~7.3 eV) exhibits the
worst catalytic performance.

3.2.4. Nitrogen/Nitrate Reduction Reaction (NRR/NO;RR)

The electrochemical reduction of N, and NO;~ is a promising
route to produce NH; which is an important chemical for var-
ious industries.>®) For NRR over a series of MBene catalysts, a
correlation between the N, adsorption energies and work func-
tions has been suggested (Figure 4d,e).[®®) Generally, MBenes
with a larger work function exhibit a weaker N, binding strength
and a lower onset potential. Catalysts FeB,, RuB,, and OsB, with
boron active surfaces exhibit higher work functions compared to
their counterparts with metal active surfaces. This characteristic
contributes to a more suitable adsorption capacity towards N,.
Therefore, FeB,, RuB,, and OsB, show higher NRR activity. In
Figure 4d,e, some data points deviate from the linear relation,
implying that there should be other factors that affect the NRR
property of MBenes.

For NO;RR, the work function has been used to correlate with
the reaction Faradaic efficiency (FE) which represents the elec-
tron selectivity between NO,;RR and HER (Figure 4f).!] The
NO;RR FE is high (over 70%) for metals with relatively low work
functions (<5 eV) and relatively low H chemisorption energies
(e.g., Fe, Co, Ag, and Cu), while it reduces for metals with either
a high work function (Ni) or a high H chemisorption energy (Ti).
With a high work function, Ni shows a low NO;RR FE due to the
facile H-H coupling kinetics. This is because high work func-
tions could provide nominally negatively charged surfaces that
can attract protons electrostatically. Although Ti has a low work
function, the strong H chemisorption strength will form an H*-
saturated surface that limits nitrate adsorption.

3.2.5. Electro-Oxidation Reactions

Electrochemical oxidation reactions like OER, hydrogen ox-
idation reaction (HOR), UOR, and glycerol oxidation reac-
tion (GOR) are key reactions in green energy systems. Dif-
ferent from electrochemical reduction reactions, the relation-
ship between catalysts’ work function and their catalytic per-
formance is less explored. Several studies have investigated the
work function-catalytic activity relationship of perovskite oxides,
such as La,qFe,q,Ru 50,5 (Figure 5a),[°% Ba La,  CoMnO,_;
(Figure 5b),l%] and Sr,,CeosFepqsRu, 0sO; (Figure 5¢).1% In
these perovskite systems, a smaller work function is correlated
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with a higher OER activity. A low charge-transfer barrier can be
attained with a small work function, which further accelerates
the charge-transfer process and ultimately facilitates the OER
process. For OER/ORR bifunctional catalysts, the potential gap
(AE = Eqgg — Eopg) is generally used to describe the ORR/OER
bifunctional activity. For a series of Fe/Co/Ni-modified MXene-
based double-atom catalysts (DACs) (Figure 5d),[] it is found
that the work function of the DACs can reveal the essence of the
bifunctional catalytic activities. When the work function of the
catalyst approaches 5.67 eV, the AE value decreases, leading to
higher bifunctional catalytic activity (Figure 5e). For GOR over
transition metals, Sivasakthi et al. have suggested a linear corre-
lation of the work function of metals with the experimental peak
current density (Figure 5f), and a higher work function leads to
a better GOR activity.*® In these studies, how the work function
determines the atomic-level catalytic processes remains unclear.
Current studies on the work function-based activity descrip-
tors indicate that work function is a promising and important in-
dicator of materials’ catalytic activities, while the development of
work function-based descriptors is still in the early stages and is
involved in limited reactions. For most involved electrochemical
reactions, the investigated catalysts only cover several types of cat-
alysts (e.g., metals, MXenes, alloys), and a general work function-
based descriptor for diverse electrocatalysts is still unavailable.

4. Work Function-Regulated Material-Electrolyte
IET for Monolithic Catalyst Design

Guided by the work function-based activity descriptors, the
material-electrolyte IET plays a vital role in determining the cat-
alytic performance. By manipulating the physicochemical prop-
erties, one can control the work function of monolithic electrocat-
alysts, thus upgrading the catalytic performance (Table 2). Con-
sidering the work function regulated material-electrolyte IET,
the design philosophy focuses on the correlation between regu-
lated work function value and catalytic performance. Monolithic
catalysts mentioned in this section refer to those catalysts de-
signed with the work function-regulated material-electrolyte IET,
no matter the phase composition (monophase or multiphase).

4.1. Carbon Catalysts

Earth-abundant carbon materials with redox activity (e.g.,
graphene, carbon nanotubes (CNT5), porous carbon) are favor-
able alternatives to the noble metals-based electrocatalysts, espe-
cially for ORR and HER applications. By engineering the work
function of carbon materials, it is feasible to optimize the cat-
alytic activity of carbon catalysts. Generally, heteroatom doping
and defect engineering are employed to regulate the work func-
tion of carbon materials.

4.1.1. N Doping
Nitrogen-doped carbon is the most sophisticated carbon-based

electrocatalyst, which can be directly obtained from carbon and
nitrogen precursors via one-step pyrolysis.[®*] The species and
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Figure 5. a) Correlation between OER activities (Tafel slopes, overpotentials) and work functions for LFRO (Lag gFeq g,Rug 03O3_5), LFRO-H (LFRO re-
duced in 5% H,/N,), and LFRO-H-O (LFRO-H oxidized in air). Reprinted with permission.[®2] Copyright 2021, Elsevier. b) Relationship between work
function and OER overpotential over BCM (2H-Ba,CoMnOg_s), LCM (La,CoMnQOg_s), and BLCM (Ba,La,_,CoMnOg_s). Reproduced under terms of
the CC-BY license.[%] Copyright 2022, The Authors, published by American Chemical Society. c) Relationship between OER activities (Tafel slopes, over-
potentials) and work function of the SCFR (Srg Ceq o5 Feg o5 Rug 05 O3), SCFR-Ru, and SCFR-RuO,. Reprinted with permission.[®4] Copyright 2023, Royal
Society of Chemistry. d) Fe/Co/Ni-diatomic catalysts (DAC) on Ti,CO, and for the OER/ORR application. e) Correlation between bifunctional potential
difference (AE) and work function for catalysts. Reprinted with permission.[%3] Copyright 2021, Wiley-VCH. f) Relationship between the logarithm of
peak current density for glycerol oxidation and work function of metals. Reprinted with permission.[®] Copyright 2019, Royal Society of Chemistry.

contents of nitrogen dopants are highly related to the work func-
tion of N-doped carbon.®! As depicted in Figure 6a, graphitic
N, pyrrolic N, pyridinic N, and oxidic N are universally found
in N-doped carbon,l®! and the formation of different nitro-
gen species is sensitive to nitrogen precursors and pyrolysis
temperature.[¥”] A general trend is that N dopants can reduce the
work function of carbon materials. In pure pyridinic N-doped
graphene, the introduction of 16% pyridinic N (N/C atomic ra-
tio) can reduce the work function by 0.2 eV. For the ORR ap-
plication, the pyridinic N dopant in the graphene catalyst ben-
efits the 2e pathway.[®¥] The work function-dependent ORR path-
way/selectivity over heteroatom-doped carbon is also suggested
by Cheon et al., who found that a lower work function led to a
higher electron transfer number (Figure 6b).[8] Compared with
dual-doped, mono-doped, and undoped ordered mesoporous car-
bon (OMC), the N, S, and O tri-doped OMC with the lowest work
function (<4.8 eV) exhibits the highest electron-transfer number
of about 3.5. In addition, the ORR kinetic activity of carbon ma-
terials is inversely proportional to their work function, and N, S,
and O tri-doped OMC outperforms its counterparts (Figure 6c).
This study implies that introducing more dopant species holds
the promise to regulate the work function of carbon materials to
a large degree.

Specific types of carbon defects can be formed through con-
trollable nitrogen doping, and these carbon defects are generally
active sites for electrochemical reactions. Regulating the work

Adv. Mater. 2024, 36, 2401568 2401568 (9 of 31)

function of local carbon structure by introducing N dopant and
defects has been used to develop high-performance ORR cata-
lysts. By controlling the pyrolysis temperature, Bhardwaj et al.
developed a series of defective N-doped carbon. The sample ob-
tained at 1050 °C (DG,;-1050, 1:1 means the ratio of melamine
and zinc in precursors) has a high defect level and a high ratio of
pyridinic and pyrrolic nitrogen dopants (Figure 6d).[”] The co-
manipulation of N dopants and defects in DG-1050 leads to a
lower work function of 3.72 eV than the counterparts, ultimately
contributing to a higher ORR activity (Figure 6e,f). Considering
the relationship between work function and ORR activity, it is
sensible to identify the active sites (e.g., defects, dopants) on car-
bon materials by testing the local work function of a specific area.
For example, in a highly oriented pyrolytic graphite with spe-
cific pentagon defect sites (D-HOPG), the local work function
shows a positive correlation with the count of the exposed edges
(Figure 7a-c).®] With more edge sites, the pentagon defect (Site
2) has a lower work function. In return, the pentagon defects at
the edge surface exhibit higher ORR activity than those sites in
the top or bottom regions of carbon (Figure 7d).

4.1.2. N-Free Heteroatom Doping
Besides nitrogen doping, introducing other heteroatoms

into carbon materials also can regulate the work function.
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Table 2. A Summary of work function (®)-guided design of monolithic catalysts.
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Catalyst

Method for ¢ regulation

Catalytic reaction

Catalytic performance

S-doped carbonl>#]

N, S, and O co-doped porous
carbonl®!

N-doped defective carbon!®7]

N-coordinated Co, Mn co-doped
carbonl*’]

GO-Fe-N®)[4]
N-Doped Mo, CI®8]
CoSes 53507,

Coq 75Al1 550,17
Fe-doped W 30,7

PdBil ']

BasCoy 17 Feq 301481711
PdIr bimetallenel”?]
Cu,S-Se@Cul’!
Defective VS,!73]

Ag powderl74]
Ing.17Rug,830,1")
AugoAgg,!

Pt; VI76]

TePbPt alloy nanotubel”’]
Nanostructured Aul'?]
WSe, flakes!”®!
MoS, quantum dots!”’]
defective carbon-CoPI30]
FeSe,-MoSe, /rGOI®1]
Fe SAs/NCI)[82]

NiMn DACI#3]

S doping ORR E,¥: 0.84 Vvs RHEY)
N, S, and O co-doping ORR Ey: 0.85 V vs RHE
N doping, defect construction ORR Em‘): 0.82 Vvs RHE
Co, Mn co-doping HER 110%: 116 mV, Tafel slope: 58 mV dec™!
Fe, N co-doping ORR Eo: 1.05 Vvs RHE, E; 5: 0.87 V vs RHE
N doping HER Mo: 39 mV, Tafel slope: 69 mV dec™!
S doping HER 1o: 67 mV, Tafel slope: 50 mV dec™!
Al doping OER Mo: 248 mV, Tafel slope: 80.6 mV dec™’
Fe doping, vacancy engineering NRR NH, yield: 24.7 pg h~' mg_,,~', FE: 20% (—0.15 V
vs RHE)
Strain engineering ORR SAN: 2.07 mA cm2 (0.85 V vs RHE)
Strain engineering OER N0t 335 mV
Strain engineering FAOR®) MAM: 2.70 A mgpy;,~ ' (0.5 V vs RHE)
Vacancy engineering HER N100: 315 mV, Tafel slope: 97 mV dec™!
Vacancy engineering NRR NH, yield: 20.29 ug h™! mg,,,~", FE: 3.86% (—0.6 V
vs RHE)
Facet engineering CO,RR FE of CO: 91%
Component regulation OER ot 177 mV, Tafel slope: 32.62 mV dec”™!
Component regulation CO,RR FE of CO: 68 7%
Component regulation (alloying) HER 110: 20 mV, Tafel slope: 36 mV dec™!
Component regulation (alloying) MOR MA: 532.35 mA mgp, ™' (0.6 V vs RHE)
Nanostructure control CO,RR FE of CO: > 90%
Nanostructure control CO,RR FE of CO: 24%
Nanostructure control NRR NH, yield: 39.6 ug ™' mg,,~", FE: 12.9% (-0.3 V
vs RHE)
Composite construction OER 10 320 mV, Tafel slope: 52.5 mV dec™!
Composite construction HER f10: 101 mV, Tafel slope: 55 mV dec™!
SAC construction ORR Ey/2:0.84 Vvs RHE
DAC construction CO,RR FE of CO: 98.3%

? Eo, onset potential; ®) RHE, reversible hydrogen electrode; 9 Eyj2, half-wave potential; d)rho, overpotential at the current density of 10 mA cm™2;  GO-Fe-N, Fe and N

co-doped graphene oxide; f SA, specific activity; & FAOR, formic acid oxidation reaction;  MA, mass activity; ) MOR, methanol oxidation reaction; Ve SAs/NC, Fe single

atoms on N-doped carbon.

Nonmetallic dopants like boron,>*! phosphorus,® and
sulfurl*! are used to reduce the work function of car-
bon. Although these dopants can help decrease the work
function, there is no strict correlation between doping
level and work function. In a series of B-doped onion-like
carbon (B-OLC) prepared with various boric acid amounts (5, 10,
and 20 wt%), the contents of B in the resulting B-OLC-1-5, B-
OLC-1-10, and B-OLC-1-20 are 1.15 at%, 2.24 at%, and 3.98 at%,
respectively (Figure 7e).’*3] B-OLC-1-10 with a medium level of
B dopant possesses the smallest work function (Figure 7f), as
well as the highest conductivity. These features contribute to
a higher ORR activity. Moreover, a linear relationship between
the work function and ORR electron transfer number is found,
and a higher electron transfer number is accompanied by a
lower work function, in line with the heteroatom-doped ordered
mesoporous carbon reported by Cheon et al.l®l Multiple doping
further benefits the flexible modification of work function. In a
Ge and P co-doped carbon, the Ge/P co-doping configurations
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affect the computed work function. The work functions gradually
increase by decreasing the number of P atoms coordinated to the
Ge dopant, which are 4.23 eV (GeP, + PC;), 4.27 eV (GeP,C),
4.39 eV (GeP,C,), and 4.77 eV (GePC,).°!l For engineering a
N-coordinated graphitic carbon material (NGC) for HER, the
co-introduction of Mn and Co dopants can reduce the work
function of NGC to 3.5 eV, which is more beneficial for HER
than the mono-doped Co-NGC (4.0 V) and Mn-NGC (3.7 eV).[#!

With high cost-effectiveness, carbon materials are attractive
electrocatalysts for diverse catalytic reactions, especially reduc-
tion processes. Through heteroatom doping, the work function of
carbon materials can be easily adjusted. For the predominant ni-
trogen doping, it is necessary to identify and regulate the contents
of specific nitrogen species, which can help to optimize the work
function value. In addition, multi-heteroatom doping is capable
of regulating the work function of carbon more flexibly due to the
potential synergistic effect of different dopants. Carefully clari-
fying the relationship between doping level and work function
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Figure 6. a) Scheme of nitrogen dopant species in a representative carbon structure. Reprinted with permission.[3¢] Copyright 2019, Elsevier. Correlation
of ORR b) selectivity and c) activity of the doped OMCs with their work functions. Reprinted with permission.[8] Copyright 2014, American Chemical
Society. d) XPS N 1s spectra and corresponding structure models in DG;.;-950, 1050, and 1150. €) ORR polarization curves of DG;.;-950, 1050, and 1150,
as well as the Pt/C catalyst. f) Work functions of DG1.1-950, 1050, and 1150. Reprinted with permission.[®”] Copyright 2023, Royal Society of Chemistry.

is important, which can avoid misleading conclusions obtained
with one or two doping levels. It should be noted that the doping
process usually creates defects in carbon materials,®?! and how
the dopant and defect co-regulate the work function deserves fur-
ther exploration.

4.2. Metal-Based Catalysts

With flexible electronic properties, metal-based catalysts attract
great interest in diverse electrocatalytic reactions. Designing ef-
ficient metal catalysts by tuning the work function has been well
demonstrated, and effective strategies like defect engineering,
nanostructure control, heteroatom doping, chemical component
regulation, and single-atom catalyst construction are illustrated
here.

4.2.1. Defect/Vacancy Engineering

The introduction of defects/vacancies into catalyst crystal struc-
tures can lead to prominent variations in electronic properties.[*’!
Generally, defects/vacancies can reduce the work function of cat-
alysts and contribute to enhanced catalytic performance.[** For
example, the S defect in SnS,_, can reduce the work function
from 6.318 to 5.473 eV (Figure 82),®>) and thus SnS,_, has a
stronger ability for the back-donation of electrons to the absorbed
NO reactant (Figure 8b), which promotes the NO activation and
further protonation steps. Assisted by molecular dynamics (MD)
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simulations, it can be found that SnS,_, has a higher NO cov-
erage compared to SnS,, and SnS,_, shows a stronger interac-
tion with NO than SnS, (Figure 8c,d). Additionally, the Sn-Vy
site in SnS,_, can preferentially absorb *NO over *H (Figure 8e),
suggesting that the introduction of S defects aids in inhibit-
ing HER and improving the selectivity for NO reduction reac-
tion (NORR). As a result, SnS,_, delivers a higher NH; yield
rate (78.6 pmol h™! cm™2) and a higher NH;-FE (90.3%) than
SnS, (Figure 8f). Similar positive effects of anion vacancies in
VS, 7*1 SmMn, Og,*! and Cu,S-Sel’! in increasing catalytic per-
formance by decreasing the work functions of catalysts have been
verified.

However, not all the defect-induced reduced work functions
can benefit the catalytic activity. In a series of OER/ORR bi-
functional Pb,Ru,0,, catalysts with various oxygen vacancy
levels, a clear relationship is observed between the enhance-
ment in ORR-specific activity and the decrease in work func-
tion. Differently, the OER activity does not follow a similar
monotonous trend. At the same temperature, the air-annealed
oxides have better OER activities than the Ar-annealed counter-
parts, which is ascribed to the lower work function of the lat-
ter. In this situation, the work function should be a semiem-
pirical descriptor for OER over the Pb,Ru,0, , catalysts be-
cause it could not capture the whole catalytic process includ-
ing electron transfer efficiency, hydroxide affinity, and inter-
mediate binding strength, wherein the formation of -OOH
and -O species is the potential determining step.”’! In this
context, the defect/vacancy level should be thoroughly investi-
gated when one focuses on the relationship between defects,
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(black curve), 2 (red curve), and 3 (blue curve) on D-HOPG. Inset shows the onset potentials of different sites. Reprinted with permission.[®] Copyright
2019, Springer Nature. e) Electron energy loss spectroscopy profiles of B-OLC catalysts. f) Relationship between work function and electron transfer
number during ORR for different catalysts. Reproduced under terms of the CC-BY license.[42] Copyright 2015, The Authors, published by Royal Society

of Chemistry.

work function, and catalytic performance for typical catalytic
reactions.

4.2.2. Lattice Strain

Lattice strain caused by bond length variations or lattice disloca-
tion/misalignment can raise electrocatalytic activity by decreas-
ing the work function of catalysts.[”®! In most cases, a higher
strain level leads to a lower work function, which contributes
to enhanced catalytic performance. This trend has been veri-
fied in the NiS,sSeys (for OER),®! Pd,lr, (for HER),”?] and
BasCo, ;,Fe)g;0,4; (for OER)7Y systems. However, the study by
Sarker et al. shows some different features.!!”) They have devel-
oped a series of Pd-Bi catalysts with various strain levels (up
to 9%) for ORR. Under the strain of up to 3%, the monotonic
decrease of work function contributes to gradually increased
oxygen adsorption energy (E,;,0%), implying better ORR activi-
ties. Increasing the strain level to 5%, the work function shows
an unexpected increase and thus a reduced ORR activity. Over
the strain level of 5%, the ORR activity again starts increasing
in strain levels of 7% and 9%, correlating with the decreased
work function and improved E_; O*. This study emphasizes the
critical role of strain level in regulating the work function and
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catalytic performance of metal catalysts. As such, it is neces-
sary to analyze the relationship between work function, strain
level, and catalytic performance for optimizing the catalyst design
process.

4.2.3. Facet Engineering

The crystal facet of crystalline catalysts can predominately deter-
mine the catalytic performance. This is because different facets
show variations in surface electronic properties (e.g., surface en-
ergy, coordination number (CN), work function).'%! In this con-
text, controlling the exposure of crystal facets is capable of regu-
lating the work function of catalysts. For example, Ma et al. found
that the surface work functions of (111), (110), and (100)-Cu,O
were 5.00, 4.95, and 4.92 eV, respectively.'!l To optimize the
catalytic performance of Ag catalysts, Luo and co-authors have
reported a ball milling strategy to control the exposed crystal
facets. With the milling time increased from 2 to 6 h, the ratio
of Ag(110) to Ag(100) is improved (Figure 8g).’*l Furthermore,
a higher Ag(110)/Ag(100) ratio contributes to a lower work func-
tion and a smaller CN (Figure 8h). The correlation between work
function and CN is also applicable to Cu and Au materials, ex-
hibiting its good universality. Further CO,RR tests indicate that
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Figure 8. a) Work functions of SnS, and SnS,,.. b) Electron contour profiles of NO adsorption on SnS,_, and SnS, (Red color means charge accumulation
and Blue color represents charge depletion). c) Snapshots of the final state of NO adsorption on SnS, and SnS,_, after MD simulations, and the related
d) radial distribution function curves. €) Free energies of *H and *NO adsorption on SnS,_,. f) NORR activities of SnS,_,/CC and SnS,/CC. Reprinted
with permission.[%%] Copyright 2023, Royal Society of Chemistry. g) Crystal plane intensity of Ag powders milled for different periods. h) Relationship
between work function and coordination number for different facets of Ag, Au, and Cu. i) Relationship of Ag(110)/Ag(100) with work function and CO
faradaic efficiency for Ag catalysts. Reprinted with permission.[”4] Copyright 2022, Royal Society of Chemistry.

the Ag(110)/Ag(100) ratio is negatively correlated with work func-
tion, while positively with the CO faradaic efficiency (Figure 8i).
This work not only unveils the relationship between the crystal
facet and the work function of materials but also provides a pow-
erful method to shape the exposure of favorable facets of catalysts
via ball milling.

4.2.4. Heteroatom Doping

Heteroatom doping is a universal technique to regulate the
electronic properties of electrocatalysts.['%] Currently, many
studies have incorporated dopants to tune the work function
of metal catalysts, thereby contributing to regulated catalytic
performance.l1468-6975103] Both anion (such as NI®®)) and cation
(e.g., AL V[14103a In,” Pd,[103b] Cr,l'%] and Col'%)
dopants have been investigated for altering the work function
of diverse metal catalysts. In most of these examples, only one

Adv. Mater. 2024, 36, 2401568 2401568 (13 of 31)

dopantlevel is investigated, and the introduction of dopants leads
to a reduced work function and ultimately a better catalytic per-
formance. For instance, the introduction of In into the RuO, cat-
alyst reduces the work function from 4.85 to 4.68 eV. The lower
work function of In, ;,Ru, ¢;O, benefits the electron transfer pro-
cess between the reactant and the catalyst and contributes to an
enhanced OER performance in the acidic electrolyte.”>! How-
ever, not all doping processes lead to a decrease in work func-
tion. Zhang et al. found that S substitution on the surface of MoC
could increase the work function from 5.47 to 5.51 eV. Still, the S
treatment leads to an upshifted valence band towards the Fermi
level by 1.37 eV and increases the chemisorption ability towards
H during HER.['”] Therefore, the effect of doping on the work
function and the resulting catalytic performance of metal cata-
lysts for different reactions should be carefully checked on a case-
by-case basis.

For a thorough comprehension of the impact of dopants on
work function and to tailor the work function of doped metal
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catalysts for specific catalytic reactions, it is essential to study
the work function dependence on the doping level.[1%! Sev-
eral studies uncover that the work function has an inverted
volcanic-type curve relationship with the doping level and a
negative correlation with catalytic activity.['**%1%] In a V-doped
MoS, catalyst, a moderate doping level of 5% yields the lowest
work function of 5.29 eV, thereby enhancing the HER perfor-
mance optimally.['* Similarly, in a series of Al-doped Co;0, cat-
alysts, Co, ,5Al, ,;O, outperforms its counterparts (Co, ;Al, sO,,
Co, Al ,0O,, Co, ,Al;(O,, and Co,;0,) for OER due to its smallest
work function.[*”) In-depth analysis indicates that the high perfor-
mance of Co, ,5Al, ,50, is also associated with its highest relative
amount of electrophilic 0,27/O~ species (44%) and the lowest
Co?* /Co** ratio (0.825). These examples strongly indicate the sig-
nificance of determining the optimal doping level to achieve an
appropriate work function for metal catalysts.

4.2.5. Chemical Composition Optimization

Given that different elements possess distinct work functions,
it is logical to fine-tune the work function of metal catalysts by
optimizing the chemical composition. Partially replacing metal
sites in metal-organic frameworks (MOFs) with foreign elements
can alter the work function which can be further optimized by
finely tuning the ratio of metals. To augment the OER/ORR
efficiency of the Zn-based zeolite imidazole framework (ZIF),
Co is introduced. Zn,¢Co,, ZIF has a smaller work function
of 3.623 eV than the bare Zn ZIF (3.718 eV) and Zn,Co,,
ZIF (3.659 eV). Therefore, Zn,4Co,, ZIF possesses the small-
est energetic barriers for electron transfer between reaction ad-
sorbates/intermediates and active sites on the catalyst.['%] MX-
enes, such as Ti,CT,, show great promise as catalysts for NRR,
with the catalytic performance being significantly influenced by
the functional groups present on the surface. By tuning the sur-
face composition of defective Ti,CT,, a series of MXene catalysts
with various theoretical work functions can be obtained, such as
Ti,C(OH), (2.03 eV), Ti,CH, (4.21 eV), Ti,CF, (4.80 eV), and
Ti,CO, (5.61 eV). Further analysis finds a linear-correlation re-
lationship between the AG of NRR potential-determining steps
and the work function of the four catalysts.[1"]

Another important method for regulating composition is
through alloying.!”®! Alloys comprising two or more metal species
are commonly employed as electrocatalysts due to their high ac-
tivity, good conductivity, etc. In AgAu alloys with various Ag/Au
ratios utilized for CO,RR, the work functions, which are de-
pendent on the Ag content, exhibit a negative correlation with
the H, partial current densities and a nearly positive correlation
with the CO partial current densities (except the bare Ag sam-
ple). The Au,,Agg, sample with the smallest work function ex-
hibits the highest H, evolution performance, while the Aug,Ag,,
sample exhibits the highest CO Faradaic efficiency."!] Introduc-
ing metals with low work function into noble metals (such as
Pt) can not only regulate the electronic property but also im-
prove the utilization efficiency of precious metals.l””! In the Pt-
PdCu alloy, the difference in the work function of Pt (5.65 eV)
and Cu (4.65 eV) triggers the downshift of the d-band center of
Pt. This regulation of electronic structure can lessen the CO ad-
sorption energy on Pt sites and promote the cleavage of C-H
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bonds, ultimately improving the catalytic activity toward formic
acid/methanol electrooxidation.[!1°]

4.2.6. Atomic Metal Catalyst Design

The design of SACs and DACs for electrocatalysis attracts grow-
ing interest due to the high catalytic activity and efficient utiliza-
tion of metal atoms.[®*1!1] Constructing active single-atom metal
sites onto substrates would alter the work function of metal cata-
lysts. In the nickel(II) 2,9,16,23-tetra(amino)phthalocyanine (Ni-
TAPc)/CNTs, the attachment of Ni-TAPc onto CNTs leads to a
decreased work function (from 4.8 to 4.2 eV), suggesting that
electrons flow toward NiN, after Ni SAC formation. Such an en-
hanced charge transfer process benefits the following CO,RR ac-
tivity and selectivity.l''?! In the Ni/MoS,[**] and Fe/N-doped C[#!
catalysts, the formation of metal SACs can help reduce the work
function of bare supports, thereby accelerating the catalytic pro-
cess. When designing a bifunctional catalyst for OER/ORR, Guan
and co-authors anchored transition metal single atoms onto tetra-
coordinated phosphorus-modified graphene (TMP4).1'"*] There
is a positive correlation between the bifunctional catalytic ac-
tivity and the work function, with larger work functions lead-
ing to improved bifunctional catalytic performance. The opti-
mal CoP4 catalyst takes advantage of the hybridization between
Co-d and p orbitals of O-containing groups, possessing the best
OER/ORR bifunctional activity. Different from other studies that
analyze the relationship between work function and ORR or
OER separately,?’! this computational work directly links the
OER/ORR bifunctional activity with work function. The conclu-
sion presented in this study might promote the work function-
guided design of OER/ORR bifunctional catalysts.

4.2.7. Nanostructure Control

The work function of metal catalysts is sensitive to their nanos-
tructure, making nanostructure control an effective method
to adjust the work function of catalysts. For instance, the
work functions of transition metal dichalcogenide (like WSe,,
MoSe,, WS,, and MoS,) monolayers are ~0.3 eV higher than
those of their nanoribbons.”®! The nanostructure-dependent
work function thus guides the design of nanostructured cat-
alysts with high performance. In 2020, Xiao and co-authors
developed a hexagonal Zn nanoplates catalyst (H-Zn-NPs)
with an electrodeposition-electrochemical reduction method
(Figure 9a).['"] Compared with Zn foil and similarly sized Zn
nanoparticles (S—Zn—NPs), H-Zn-NPs have a lower work func-
tion of 3.66 eV (Figure 9b). Therefore, H-Zn-NPs possess a
faster electron transfer process and accelerate the reduction
of adsorbed CO, into the CO,* intermediate, which conse-
quently contributes to improved CO,RR activity (Figure 9c). Fur-
ther computational results imply that an increasing edge-to-
corner ratio would enhance the CO,RR activity and selectivity
(Figure 9d). This principle is feasible for guiding efficient cat-
alyst design with controlled nanostructures and suitable work
functions.

During electrochemical reactions, catalysts often undergo in
situ structural evolution. This process can alter the work function
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Figure 9. a) lllustration of the synthesis of H-Zn-NPs. b) Work functions of H-Zn-NPs, S-Zn-NPs, and Zn foil. ¢) Energy efficiency for CO,-to-CO
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Reprinted with permission.[113] Copyright 2020, American Chemical Society. e) KPFM images of nanostructured and flat Au electrodes before (pink and
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CO,RR; d: nanostructured Au electrode after CO,RR). f) CO, reduction activities of nanostructured Au (e) and flat Au (O) electrodes. Reprinted with

permission.[?] Copyright 2016, Wiley-VCH.

of catalysts, and how the nanostructure-dependent work function
evolution has gained attention.'!%] Kim et al. found that the sur-
face work function of the nanostructured Au electrode was lower
than the flat counterpart (Figure 9e). After the electrochemical
CO, reduction process, the surface work functions of nanostruc-
tured and flat Au electrodes are reduced by different degrees.['?!
In situ evolution of surface work functions is ascribed to the de-
position of chemical impurities with lower work functions (e.g.,
K, C) on electrode surfaces during CO,RR. Compared with the
nanostructured Au electrode, flat Au shows a higher variation.
Thus, the nanostructured Au with lower impurity deposits not
only has better CO,-to-CO conversion activities but also shows

Adv. Mater. 2024, 36, 2401568 2401568 (15 of 31)

enhanced stability by hindering the impurities-induced deactiva-
tion (Figure 9f).

The work function-catalytic stability relationship has also been
analyzed in the AgCu alloy systems. The Ag-shell structured
GD-Ag,;Cus; catalyst (GD: galvanic displacement), with a higher
work function compared to the porous DE-Ag,; Cu, catalyst (DE:
dealloying), is more effective in maintaining its surface electronic
properties and can protect the exposed metallic Ag from etching.
This enhances the ORR stability in the alkaline solution.!''”] Be-
sides constructing nanostructures, limiting the size of catalysts is
another strategy to reduce the work function. From Ni nanopar-
ticles (14.3 nm) to Ni single-atom catalysts (SACs), the work
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function decreased from 5.8 to 5.5 eV. Correspondingly, the Ni
SACs with a lower work function possess better CO, reduction
performance, and a high CO product Faradaic efficiency of 97%
is obtained at —0.8 V.[118]

4.2.8. Composite Construction

Constructing metal-based composites is another powerful
method to regulate the work function of catalysts."¥) Im-
portantly, different from the material-material IET-mediated
heterostructure design discussed in the next section, the metal-
based composites mentioned here illustrate the effectiveness
of constructing composites in adjusting the work function of
catalysts and affecting the material-electrolyte IET in the catalytic
process. In other words, such metal-based composites are con-
sidered as a whole (monolithic) and only the material-electrolyte
IET is considered in their electrocatalytic applications, though
they may be composed of multiphase chemically. Recently,
hybridizing metal materials with carbon has been developed
to produce composites with a lower work function than the
parent materials, which contributes to a higher catalytic ac-
tivity, e.g., FeSe,-MoSe,/rGO,B FeNi@NG/NCM@MoS,
(NG: N-doped graphene, NCM: N-doped carbon matrix),[12"]
CoFe@NDC@MoS, (NDC: N-doped carbon),l Ir@S-
C/rGO (S-C: sulfur-doped carbon),*?!] defective carbon-
CoP,l®] Co,N@d-NCNWs/D (d-NCNWs/D: N-doped carbon
nanowalls/diamond),['??] Co@C,'] and Cu@NCNT/Co,O,
(NCNT: N-doped CNT).['?*] Such a monotonous trend signifi-
cantly simplifies the design of high-performance metal/carbon
composite catalysts, with a procedure to select suitable carbon
and metal materials that can form heterostructures with low
work functions. Nevertheless, the study by Wu et al. suggested
that the Co/carbon composites with a similar work function to
that of Pt (5.65 eV) possessed the best ORR performance.!*! In
their work, a series of peanut shell-derived S-doped graphitic
carbon (bio-C)/cobalt compounds catalysts were designed. The
work functions of CoOP@bio-C (CoOP: Co,0, and Co(PO,),),
Co;0,@bio-C, Co(PO,),@bio-C, and bio-C-800 are 5.42, 8.35,
6.61, and 5.02 eV, respectively. The work function of CoOP @bio-
C is close to that of Pt, which contributes a better ORR activity
than its analogs. Further analysis implies that CoOP @bio-C with
a suitable work function has good adsorption ability to O, and
desorption capacity to reaction intermediates, e.g., *OH and*O,
thereby leading to enhanced performance.

Overall, by tuning the work function of metal-based catalysts,
the material-electrolyte IET can be regulated, and thus catalytic
performance is optimized. Strategies like defect engineering,
nanostructure control, strain engineering, heteroatom doping,
facet engineering, chemical component regulation, and atomic
metal catalyst design, and composite construction are effective
for altering work functions. Generally, a reduced work function
would benefit the catalytic reaction and enhance the catalytic per-
formance. Nevertheless, there are some exceptions, for exam-
ple, the increased work function leads to better OER catalytic
performance over some catalysts, 281041251 and a Pt-like work
function contributes to better ORR['*] or HER performance.>!
In these examples, the work function-catalytic performance re-
lationship is established based on the adsorption strength of re-
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action intermediates. Tsai et al. found that Al-doping could in-
crease the work function of FeCoNi, and upshift the d band
center, which leads to optimized binding energies of metal-
O* intermediates during OER.[1%%] In this context, it is neces-
sary to check the work function-catalytic performance correla-
tion over different types of catalysts on a case-by-case basis for
various reactions. Another issue should be raised here is that
many studies simultaneously used two or more listed methods
to increase the catalytic performance of metal materials (such
as nanostructure control/composition regulation,%l nanostruc-
ture control/doping[®®!), while the contribution of the individual
method to the regulated work function and thus the catalytic per-
formance has not been fully illustrated.

5. Work Function-Regulated Material-Material IET
for Heterostructural Catalyst Design

Heterostructures integrating two or more phases into one cata-
lyst take advantage of populated active sites and optimized elec-
tronic properties. The difference in work functions of various
phases can realize charge transfer and create local electron re-
location at the interface, which plays a vital role in optimizing
the electronic structure of heterostructures. By coupling com-
ponents with suitable work functions, diverse heterostructures
have been designed for electrochemical energy conversion reac-
tions (Table 3). Unlike the work function-guided monolithic cata-
lyst design that focuses on the work function-regulated material-
electrolyte IET, the work function-guided heterostructure design
discussed here emphasizes the work function-mediated IET be-
tween two components in heterostructures.

5.1. Carbon-Based Heterostructures

Carbon materials (e.g., CNTs, graphene, porous nanocarbon)
with high surface area and high electronic conductivity are im-
portant components in designing heterostructural electrocata-
lysts. Combining carbon materials with other electroactive ma-
terials is a powerful method to construct high-performance het-
erostructural catalysts.[1*] Recently, both carbon/carbon and car-
bon/metal hybrids have been developed, and the IET between
carbon and other components is crucial for the design of efficient
heterostructures for electrocatalysis.

5.1.1. Carbon/Carbon Heterostructures

Metal-free electrocatalysts composed of carbon-based compos-
ites attract great interest for their eco-friendliness and high ac-
tivity. The hexagonal boron nitride/reduced graphene oxide (h-
BN/rGO)!**] and two-dimensional covalent organic frameworks
(2D-COFs)/CNTs! 1“8l were developed for OER and OER/ORR, re-
spectively. In these attempts, the incorporation of carbon materi-
als (i.e., rGO and CNTs) can significantly regulate the work func-
tion of heterostructural catalysts due to the material-material IET.
In the h-BN/rGO vdW heterostructure, the work functions of h-
BN/rGO, rGO, and h-BN are 7.48, 7.26, and 6 eV, respectively.
Thus, the hybridization of rGO and h-BN disturbs the charge
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Table 3. A summary of work function (®)-guided design of heterostructural catalysts.

Catalyst Strategy for heterojunction design Catalytic reaction Catalytic performance

Co/Co, PL126] Mott-Schottky heterojunction OER/ORR AE: 0.66 V

MoC/N, P-codoped carbon!'?’] Mott-Schottky heterojunction HER 710: 175 mV, Tafel slope: 62 mV dec™!
Co@CoOl'28] Mott-Schottky heterojunction HER #10: 105 mV, Tafel slope: 53 mV dec™’
Ru NCs/P,0-NiFe LDH!'?°] Mott-Schottky heterojunction owsP Eqo9: 1.466 V

Ti@Cop g5 Sel 130 Ohmic contact heterojunction OER 0: 500 mV, Tafel slope: 153 mV dec™!
NiMo/Ni, P[] Ohmic contact heterojunction HER 710: 15 mV, Tafel slope: 29.45 mV dec™!
FeNi-LDH/CoPl31] p-n heterojunction OER 7120: 231.1 mV, Tafel slope: 33.5 mV dec™!
CoP-Nb,0;!132] p-n heterojunction HER 1110 69 mV, Tafel slope: 72 mV dec™!
CuS@MoSe,! 133 p-n heterojunction OER 10: 219 mV, Tafel slope: 77.6 mV dec™
CoP-CoOl ™34l p-p heterojunction Oows Eqp: 1.65V

Fe-doped NiP/NiS['3%] p-p heterojunction OER 1110 204 mV, Tafel slope: 53.7 mV dec™!
CoP-CoS,!13¢] n-n heterojunction OER 710 170 mV, Tafel slope: 39 mV dec™!
Cu; (HITP), @h-BNI"7] n-n heterojunction NRR NH; yield: 146.2 pg h=' mg,,, ™", FE: 42.5% (—0.3 V vs RHE)
Ni, P-CoCH®1138] Work function difference optimisation ows Eq: 1.53V

Iron phthalocyanine/GaS!3°] Work function difference optimisation ORR J®):35.7 mAcm=2 (0.85 V vs RHE)
PdRu-Ru0, ™ Work function difference optimisation EOR MA: 2348.5 mA mg~!

Ru-Nig g5 C0q 5 Sel 140 Work function difference optimisation HER 710: 18.2 mV, Tafel slope: 35.61 mV dec™!
NiP,/NisP,[141] In-plane heterojunction HER 7110: 30 mV, Tafel slope: 30 mV dec™!
FeP@CoP!?] In-plane heterojunction HER 10: 33 mV, Tafel slope: 36 mV dec™
Mo Ng-MoS,!142] In-plane Mott—Schottky heterojunction HER 10: 57 mV, Tafel slope: 38.4 mV dec™’!
Ni/NiOOH!43] Nanostructure control OER no:0.33 V

SnS,_, /NCl144] Vacancy engineering CO,RR FE for formate: > 80% (—0.8 to —1.2 V vs RHE)
Ir@S-C/rGol™21] Doping engineering ows Eip: 151V
V-Ni;FeN/Nil14] Doping engineering ows Eqo: 155V

2 AE, potential gap (AE) between E;;, for OER and E1j2 for ORR; ) OWS, overall water splitting; 9 Eqo, applied potential at 10 mA cm™2 for water electrolysis; 4 Ni, P-CoCH,
nickel phosphide-cobalt nanowire arrays; e)Jk, kinetic current density; ) EOR, ethanol oxidation reaction.

balance at the interface and drives electron transfer from h-BN
to rGO until the Fermi level reaches equilibrium. This process
promotes the OER activity of h-BN/rGO via altering the inter-
face charge distribution and transport and forming active inter-
face/sites for the catalytic process.!'*’]

5.1.2. Carbon/Metal Heterostructures

Carbon/metal heterostructures leverage the benefits of both car-
bon (large surface area, conductivity) and metal catalysts (in-
trinsic activity), resulting in improved catalytic activity.'*! The
carbon-metal IET benefits the optimization of electronic prop-
erties of as-formed heterostructures.'#1%0 For example, in an
N-doped graphene/Co hybrid, the strong chemical coupling be-
tween p-orbitals of N and C atoms in N-doped graphene and d-
orbitals of Co atoms helps to tune the adsorption of ORR in-
termediates and therefore benefits the ORR activity.['>!! Finely
regulating the work function of the carbon and/or metal com-
ponents in composites can optimize the catalytic performance.
Typically, N-doped carbon is used as a support because the in-
corporation of N can alter the work function of carbon (such
as graphene, CNTs, and porous carbon), which further influ-
ences the electronic metal-support interaction (EMSI) between
nitrogen-doped carbon and anchored metals. The EMSI has a
huge influence on both the activity and stability of catalysts.

Adv. Mater. 2024, 36, 2401568 2401568 (17 of 31)

Lin and co-workers noticed that the graphitic N-doped carbon
nanosheets (NGC) with a higher work function than the graphitic
carbon (GC) could help suppress the dissolution of supported Pt
particles and thus augment the ORR stability (Figure 10a)./'>]
After loading Pt particles, the lower Fermi level of NGC im-
proves electron transfer from Pt to NGC, thereby changing the
electronic properties of the composite. As shown in Figure 10b,
the p-band center of C positively shifted from —8.82 eV (NGC)
to —7.67 eV (Pt/NGC), indicating the acceptance of electrons
by NGC. In the differential charge density profile, the inner re-
gion of Pt exhibits evident electron loss, which is obtained by
the NGC support (Figure 10c). Besides regulating the electronic
structure of interface Pt, the strong EMSI also reduces the elec-
tron density of the outface Pt by the long-range charging of elec-
tronic equilibration (Figure 10d). The electron-deficiency feature
of the outface can help decrease the Pt-O dipole effect, which
is important for keeping the stability of the Pt catalyst. Oxygen
temperature-programmed desorption (TPD) results further ver-
ify the weaker dipole effect between O, and Pt in Pt/NGC than
that in Pt/GC (Figure 10e). Compared with the Pt/GC and com-
mercial Pt/C (20%) catalysts, Pt/NGC shows negligible activity
loss, low Pt dissolution, and small degradation in kinetic current
density (Figure 10f-h). By regulating the work function of car-
bon substrates, one can control the EMSI and thus improve the
stability/activity of carbon/metal catalysts.
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Figure 10. a) Scheme of GC and NGC substrates influencing the Pt—O interaction. b) DOS of C orbitals in Pt/NGC and NGC. c) Differential charge
density of Pt/NGC. Blue and yellow regions mean electron accumulation and depletion, respectively. d) Schematic of EMSI between NGC and Pt. e) O,-
TPD results of GC, NGC, Pt/GC, and Pt/NGC. f) ORR LSV curves of Pt/C (20%), Pt/GC, and Pt/NGC after 20k cycling. g) Leached amount of Pt during
stability tests. h) Comparison of kinetic current densities for catalysts (0.85 V vs RHE). Reprinted with permission.['>2] Copyright 2021, Wiley-VCH.

Chemically modifying metal components (e.g., introduction
of vacancy, lattice strain, chemical composition regulation) is
an efficient way to tune the metal-carbon IET in carbon/metal
composites. Guided by DFT calculations, Li and coauthors
loaded the S-deficient SnS, on N-doped hollow carbon spheres
(SnS,_,/NHCS) toward CO,RR.['** As depicted in Figure 11a,
the work functions of N-doped carbon (represents NHCS),
SnS,_,, and SnS, are 3.51 eV, 4.04 and 4.19 eV, respectively.
Thus, the coupling between N-doped carbon and SnS,_, would
trigger electron transfer from the former to the latter, as illus-
trated by the charge density difference result in Figure 11b,c.
This charge redistribution and transfer process enhances the
CO, adsorption and bonding capabilities of SnS,_,/NHCS com-
pared to the counterparts (Figure 11d,e). This leads to a high local
CO, concentration, ultimately promoting CO,-to-carbonaceous
product conversion. In the CO,RR energy profile, SnS,_ /N-
doped carbon shows improved bonding with the *OOCH in-

Adv. Mater. 2024, 36, 2401568 2401568 (18 of 31)

termediate at the transient state, and the energy barrier for
the generation of CO,*over SnS,  /N-doped carbon (0.65eV)
is smaller than that over SnS,_, (0.80 eV) and SnS, (0.83 eV)
(Figure 11f). The largely decreased energy barrier on SnS,_ /N-
doped carbon thus accelerates CO, activation and conversion
processes. By integrating heteroatom doping and defect con-
struction to control the work function of materials, it is effi-
cient to engineer carbon/metal composites with favorable cat-
alytic properties (e.g., adsorption/desorption of reactants and
intermediates).

In carbon-based heterostructures, the IET of carbon-carbon
and carbon-metal promotes the interfacial interaction and helps
to shape the electronic properties of the as-formed heterostruc-
tures. Thus, carbon is not only a conductive substrate but also
an electronic property modifier in electrocatalysts. By finely ad-
justing the work function of carbon and/or metal components
through techniques such as heteroatom doping and creating
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Figure 11. Work function diagrams of a) N-doped carbon and b) SnS,_, . c) Charge density difference image of SnS,_, /N-doped carbon (isosurface value:
1x 1073 e A=3). ¢) lllustration of the electron transfer process between N-doped carbon and SnS,_,. d) CO, adsorption isotherms. ) OH™ adsorption
results. f) CO,RR free energy diagrams for formate generation over SnS,_,/N-doped carbon, SnS,_,, and SnS,. Reprinted with permission.[ 4] Copyright

2023, Elsevier.

vacancies, it is possible to optimize the carbon-carbon or carbon-
metal interaction and enhance catalytic performance.

5.2. Metal-Based Heterostructures

Heterostructures consisting of two or more metal materials bene-
fit from the material-material IET and the resulting built-in elec-
tric field. By integrating metal materials (e.g., metal nanoparti-
cles, alloys, (hydr)oxides, chalcogenides, and pnictides) with dif-
ferent work functions into a composite, a variety of efficient cat-
alysts have been designed for energy conversion reactions.!'>*!
Due to the high flexibility in the work functions and electronic
structures of metal materials, the work function-guided design
of metal materials-based heterostructures shows some features
that are elaborated in this part.

5.2.1. Mott—Schottky Heterojunction

Considering the wide applications of metals (or metallic mate-
rials, e.g., alloys, metal sulfides, borides, carbides) and semi-
conductors (such as metal oxides) in electrocatalysis, diverse

Adv. Mater. 2024, 36, 2401568 2401568 (19 of 31)

metal (metallic material)-semiconductor hybrids have been de-
signed. The interfacial interaction between semiconductors and
metals is mainly dictated by their work functions. As shown
in Figure 12a,b, two types of Schottky junctions can be formed
based on the relative work functions of semiconductors and
metals.?””?) When the semiconductor work function is smaller
than that of the metal, the IET induces an electron-depletion re-
gion on the semiconductor side and an electron-rich region on
the metal side. As a result of the electron transfer process at the
interface, the semiconductor’s conduction and valence bands are
shifted up, and the semiconductor’s Fermi level is shifted down.
Of note, the electron deficiency on the semiconductor side de-
creases gradually from the interface with the metal into the bulk
of the semiconductor.

In Mott—Schottky contacts, the built-in electric field with
electron—depletion and electron-rich regions formed at the
metal/semiconductor interface can significantly regulate the acti-
vation/adsorption behavior of reactants/intermediates in electro-
catalytic reactions, leading to elevated catalytic performance.[*>*
To date, hundreds of Mott—Schottky heterojunctions have
been developed for diverse electrocatalytic reactions, such as
CoP/Co-N-C (for ORR/OER),I'”I ReS, /NiS (for HER),!'>*] Co/CoP
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Figure 12. a) Band structures of Mott—Schottky contacts between metals and a) n-type and b) p-type semiconductors (E: conduction band, Ey: valence
band, Eg: Fermi level). Reprinted with permission.[2°] Copyright 2023, American Chemical Society. c) Band structures of Co and Co,P. d) Band structures
of Co and Co, P after Schottky contact. e) Charge density difference of the Co/Co, P Mott-Schottky heterojunction. Insert shows the Co/Co,P model and
the scheme of the built-in electric field. f) Calculated DOS of Co,P, Co, and Co/Co,P. Reprinted with permission.['26] Copyright 2021, Elsevier.

(for HER/OER),I’*] NiS/MoS, (for UOR),'>”] Mo,P/Mo (for
CO,RR),!"*8 and Co@TiO, for (NO;RR).[**°) In the most widely
studied metal/metal phosphide heterostructures (e.g., Co/Co,P),
the Schottky contact of Co with Co,P makes the valence and con-
duction bands of Co,P bent downwardly (Figure 12¢,d).'*] The
spontaneous electron transfer from Co (work function: 5 eV) to
Co,P (work function: 5.26 eV) across the interface establishes a
built-in electric field, which provides an electron flow highway
and bolsters the utilization efficiency of electroactive sites. The
built-in electric fields in Co/Co,P induced by the Mott-Schottky
effect are also evidenced by the charge density difference results
in Figure 12e, charges on the Co,P side (in yellow) are enriched
and charges on Co (in cyan and blue) are diminished. The in-
creased electron density on Co,P helps reduce the energy bar-
rier for adsorption/desorption of reaction intermediates, thereby
improving the ORR/OER catalytic kinetics. Also, the electron-
deficient Co side can stabilize reaction intermediates (e.g., *O)
and enhance the catalytic performance. From the calculated den-
sity of state (DOS) results, it can be seen Co/Co,P shows an up-
shifted d-band center which benefits the adsorption of interme-
diates during the catalytic process (Figure 12f).

5.2.2. Ohmic Contact Heterojunction
Besides Mott—Schottky heterojunctions, Ohmic contact is an-

other form of interfacial interaction between metals and semi-
conductors. A main feature of Ohmic contact is that there

Adv. Mater. 2024, 36, 2401568 2401568 (20 of 31)

are no Schottky barriers at the interface (Figure 13a).?”*! The
Ohmic contact allows electrons to flow freely across the inter-
face without generating any charge spaces on either side. The
formation of Ohmic contacts can enhance electron transfer, de-
crease resistance, and accelerate reactions in electrocatalysis.
Recently, Ohmic contact heterojunctions like Ti@Co, g;Se,[*"]
WO, @W,[1%1 and NiMo/Ni,P[!¥] have been designed for elec-
trocatalytic reactions. Yang and co-authors developed a bifunc-
tional NiMo/Ni,P hierarchical Ohmic contact heterojunction
for overall hydrazine electrolysis, which attains 0.5 A cm™2 at
only 0.343 V (Figure 13D).["8] The Ohmic contact of NiMo alloy
(work function: 4.12 eV) with Ni,P semiconductor (work func-
tion: 4.52 eV) was characterized by -V curve measurements.
The hybridization of NiMo and Ni,P induces charge redistri-
bution and energy band bending at the interface (Figure 13c).
The accumulated electrons on the interface can decrease the
resistance of the surface and create an electron transfer path-
way with a low barrier in any direction, by avoiding the influ-
ence of the rectification effect. Through the integration of Ni,P
(active for hydrazine oxidation reaction (HzOR)) and NiMo (ac-
tive for HER) at the Ohmic contact interface, the NiMo/Ni,P
composite realizes bifunctionality (Figure 13d). In Figure 13e,
charges are concentrated at the interface, confirming the trans-
fer of charges from NiMo to Ni, P and their accumulation at the
interface. The electron regulation at the interface optimizes the
Gibbs free energy of HER and HzOR, thus reducing the en-
ergy barriers of catalytic reactions. Especially, the moderate ad-
sorption strength of reaction intermediates and the facilitated
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Figure 13. a) Band structures of Ohmic contacts between metals and semiconductors, and corresponding real-space electron transfer illustration.

Reprinted with permission.[27?] Copyright 2023, American Chemical Society.

b) LSV curves of Pt/C and NiMo/Ni,P for hydrazine electrolysis. c) Energy

band profiles of Ni,P and NiMo before and after contact. d) Illustration of electrocatalytic reactions on the Ohmic contact interface. e) Electrostatic
potential distribution and charge density difference profile of the NiMo/Ni, P Ohmic contact heterojunction. f) Energy band diagram difference between
Ohmic contact and Schottky contact. Reprinted with permission.!'3] Copyright 2024, Wiley-VCH.

dehydrogenation process benefit HzOR activity, and the near-
zero AGy. promotes the HER performance. In conventional
Schottky heterojunctions (e.g., Pt/Ni, P, Figure 13f), the catalytic
performance can be affected by the electric field present at the
interface. Importantly, the direction of electron transfer deter-
mines the influence of the built-in electric field. When the built-
in electric field opposes electron flow, an energy barrier for elec-
tron transfer is created, leading to additional energy loss, just like
the limited HzOR performance of Pt/Ni,P. In this context, the
NiMo/Ni, P Ohmic contact without rectification effect could pro-
vide a bidirectional electron movement channel with a low energy

Adv. Mater. 2024, 36, 2401568 2401568 (21 of 31)

barrier, thus holding great promise for designing bifunctional
catalysts.

5.2.3. p-n, p-p, and n-n Heterojunction

The semiconductor-semiconductor contact emerges
as an efficient route to construct heterostructures for
electrocatalysts.[13*161] Depending on the band properties of
semiconductors, p-p,[13413] p.p [131133162] and 5-pl136-137] hetero-
junctions have been reported, and both work function and band
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Figure 14. a) lllustration of the synthesis of MnCo-CH@NiFe-OH p-n junction. b) Band energy profiles of (left) NiFe-OH and MnCo-CH, and (right)
MnCo-CH@NiFe-OH p-n junction. c) OER free energy diagrams over (upper) NiFe-OH and (down) MnCo-CH@NiFe-OH. d) Polarization curves
of catalysts for overall water electrolysis. Reprinted with permission.l'83] Copyright 2021, Elsevier. €) Scheme of the fabrication and application of
Cu; (HITP), @h-BN n-n heterojunction. Reprinted with permission.l"3”] Copyright 2023, Wiley-VCH.

structure (positions) guide the design process. Different from
metal-semiconductor contact, semiconductor-semiconductor
junction can benefit from the significantly regulated band prop-
erties on both sides of the interface and offer more possibilities
to adjust the electron densities of as-formed heterostructural
catalysts.['*!] The contact of two semiconductors would lead to
electron flow and band bending because of the difference in their
Fermi level. As a result, the electric field created by the interface
can adjust the electron density of nearby atoms. Furthermore,
the charged surface profoundly impacts charge transfer and
reactant/intermediate adsorption during electrocatalysis.['*!] In
a typical p-n junction MnCo carbonate hydroxide@NiFe oxyhy-
droxide (MnCo-CH@NiFe-OH) prepared with the hydrothermal
process-electrodeposition method (Figure 14a), the combina-
tion of p-type MnCo-CH (work function: 4.75 eV) and n-type
NiFe-OH (work function: 4.01 eV) leads to the electron transfer
from NiFe-OH to MnCo-CH (Figure 14b).113] The subsequent
band bending widens the gap between the theoretical OER
potential and the E of NiFe-OH. Thus, a positively charged
NiFe-OH surface promotes the transport and adsorption of

Adv. Mater. 2024, 36, 2401568 2401568 (22 of 31)

OH~ species onto the NiFe-OH surface, finally boosting the
OER performance (Figure 14c). Meanwhile, the band bending
broadens the gap between the theoretical HER potential and
the E.y of MnCo-CH. This process accelerates the migration
of electrons, which promotes the conversion of H* to H,. Ac-
cordingly, the MnCo-CH@NiFe-OH p-n junction could enhance
both the OER and HER activities, compared to the individ-
ual counterparts. As depicted in Figure 14d, the bifunctional
MnCo-CH@NiFe-OH only takes 1.69 V at 100 mA cm~2 for
water electrolysis. Another feature of the MnCo-CH@NiFe-OH
composite is the integration of dual active sites in different
phases, namely MnCo-CH for HER and NiFe-OH for OER
respectively. Similarly, such a modular design process has
been applied for the design of n-n Cuy(HITP), @h-BN (HITP:
2,3,6,7,10,11-hexaiminotriphenylene) heterojunction towards
NRR (Figure 14€).[1%7] In this composite, h-BN exhibits good N,
activation ability, while Cu,(HITP), demonstrates high N, ad-
sorption capability. Thus, the integration of the dual active sites
and the regulated band properties further promotes catalytic
performance.
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Figure 15. a) Schemes of the interfacial electronic structures and hydrogen spillover phenomena in HER for heterostructural catalysts with (left) large
A® or (right) small A®. E¢: conduction band, Ev: valence band, Eg: Fermi level, and Evac: vacuum energy. Reprinted with permission.['®%] Copyright
2022, American Chemical Society. b) HER activity trends of 17, and Tafel slope as a function of A®. c) Calculated free energy profiles for HER over Pt/CoP
and Pt,lIr,/CoP catalysts. d) Optimized H* adsorption models on various sites. e) Electron density difference at the interface. Blue: electron loss, red:
electron enrichment. Reproduced under terms of the CC-BY license.l'®®] Copyright 2021, The Authors, published by Springer Nature. f) Kinetic current
densities (J,) at 0.85 V versus RHE, plotted as a function of the work function difference (AW) between metal chalcogenides and FePc. Reprinted with

permission.!13%] Copyright 2023, Wiley-VCH.

Considering the huge diversity in semiconductors’ chemi-
cal composition and electronic properties, numerous p-n, p-p,
and n-n heterojunctions can be developed for electrocatalysis.
By selecting semiconductors with suitable work functions and
band positions, it is feasible to manipulate the semiconductor-
semiconductor IET and refine the electronic properties of het-
erostructures. The optimization of work function and band po-
sition can be assisted by conventional catalyst design strategies,
such as heteroatom doping, defect engineering, and chemical
composition regulation.

5.2.4. Work Function Difference Optimization

Based on the discussions of metal-semiconductor and
semiconductor-semiconductor heterojunctions that link the
catalytic activity with the work function values of the metal
and semiconductor components in composites, finely turning
the work function difference (A®) between two metal-based
materials is thus proposed to optimize the electronic proper-
ties of the as-formed heterostructures. The regulation of A®
between two components of the interface can affect the flow
of interfacial charges and the relocation of surface charges,
resulting in tunable electronic properties at the interface.!***]
Does a large or a small A® benefit the catalytic performance?

Adv. Mater. 2024, 36, 2401568 2401568 (23 of 31)

The answer depends on the target reactions. For HER, several
studies suggest that a small A® is better due to the facilitated
hydrogen spillover effect.’”) As illustrated in Figure 15a, a
large A® between the two components will lead to electron
accumulation at the interface, which would further cause strong
reactive hydrogen species (H*) trapping at the interface.['®] This
process induces high kinetic barriers for the interfacial hydrogen
spillover from one metal component to another phase, thus
leading to unsatisfactory HER performance. Conversely, a small
A® could help restrain the IET and minimize the accumulated
charge at the interface. As such, the energy barrier for interfacial
hydrogen spillover would be largely decreased, theoretically
contributing to high HER activities. Li et al. developed a series
of PtM (M = Ag, Pd, Au, Rh, and Ir) alloys/CoP composite for
HER.[1%] Tt is suggested that the plots of the tested HER activity
(15 and Tafel slope) and A® of the six catalysts show a nearly
linear decreasing trend (Figure 15b). The Pt,Ir,/CoP with the
smallest A® of 0.02 eV exhibits the highest HER performance.
DFT calculations indicate that H* preferentially adsorbed at
the Pt site on the Pt/CoP surface, and the AGy; values at site
1 (—0.20 eV), site 2 (—0.06 eV), and site 3 (—0.36 eV) imply
prominent proton trapping at the interface of CoP and Pt (site
3) (Figure 15c-d). Especially, the robust hydrogen capturing
ability at site 3 hinders the hydrogen spillover process. Accord-
ingly, the overall HER process is restrained by the diffusion of
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active hydrogen species across the interface from site 3 to site
4 with a large kinetics (0.79 eV) and thermodynamic barrier
(0.40 eV). In the Pt,Ir,/CoP catalyst, the hydrogen spillover
process is significantly facilitated due to the more balanced AGy
values over different sites. Further electronic structure analysis
suggests that the large A® of Pt and CoP leads to electron
accumulation at the interface, and the formed strong bond
between the proton and interfacial sites hinders the interfacial
hydrogen spillover (Figure 15e). When Ir is introduced into Pt,
it causes a significant relocalization of electrons. The diluted
electron cloud at the Pt,Ir, /CoP interface restrains the IET and
minimizes interfacial electron accumulation. The hydrogen
adsorption at interface site in Pt,Ir, /CoP is thus largely impaired
and becomes thermo-neutral, which serves as a mediator for
interfacial hydrogen spillover. Therefore, a small A® promotes
the interfacial hydrogen spillover process and benefits the HER
performance. Similar HER catalyst systems that take advantage
of the small A®-induced enhanced interfacial hydrogen spillover
are also reported in Ru,Fe,/CoP,['%1Ru/Ni, 4 Co, ;5Se,['*%) and
PdRu/RuO,.[*]

Differently, Zhuang and co-authors found that a larger A® be-
tween iron phthalocyanine (FePc, p-type semiconducting charac-
ter) and n-type metal chalcogenides contributes to a better ORR
activity.['*) In such p-n hybrids, an approximately linear increase
in ORR activity of catalysts as A® (AW in this work) increases is
noticed, and FePc/Ga$S with the largest AW outperforms others
(Figure 15f). Structural characterizations find that the rectifica-
tion in the composite causes remarkable destabilization of the
Fe—N coordination and distortion of the FeN, moiety, which also
regulates the Fe center’s spin configuration and local electron
density. Especially, the electron accumulation on the p-type FePc
generates more unpaired d electrons in the Fe!! centre, thereby
producing more singly occupied and z-symmetry d orbitals for
O, adsorption/dissociation during ORR and higher rectification
is attained at higher AW. An exception is p-type GeS, the hy-
bridization of p-p FePc/GeS leads to hole accumulation at the
FeN, moiety, which is in the opposite direction to that of other
p-n junctions and thus undermines the ORR activity.

5.2.5. In-Plane Heterostructure Design

The orientation (growth direction) of metal components can im-
pact the work function of composites, thereby influencing the cat-
alytic performance. Recently, in-plane heterostructures have re-
ceived growing interest.[1*1"1#2167] Ag suggested, in-plane hetero-
junctions exhibit different interface electronic interactions from
those of conventional vertical heterostructures.[?] In the study
by Zhang et al.,, the in-plane FeP@CoP heterojunction outper-
formed a vertical counterpart for HER in the whole pH range.!?’!
To explain the better performance of in-plane FeP@CoP, compre-
hensive computational studies were performed. In both vertical
FeP/CoP and in-plane FeP@CoP models (Figure 16a,b), the con-
tact of FeP with CoP leads to electronic structure rearrangement
at the interface. However, vertical FeP/CoP shows a significantly
lower charge transfer strength than that of in-plane FeP@CoP
(Figure 16¢). In the in-plane FeP@CoP, the charge deficiency re-
gions (green color) around Co and Fe atoms are shown, and the
charge accumulation is primarily between Co-P and Fe-P bonds
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at the interfaces (red color). The authors suggested that the neu-
tralized work function rearranged the charge states of the inter-
face. For the vertical FeP/CoP (Figure 16d), when the FeP and CoP
interfaces are in contact, electrons would flow from FeP to CoP
due to the different Fermi energies until the two Fermi energies
reach the same level, thus forming an electron depletion layer.
This means that more energy is consumed to balance the Fermi
energy level, in contrast to the in-plane CoP @FeP, where the elec-
trons are kept horizontal, which does not require excess electron-
balancing Fermi energy (Figure 16e), indicating the inherent su-
periority of the in-plane structure. Further electrostatic potential
analysis indicates a dual center of nucleophilicity (Fe) and elec-
trophilicity (Co) within the in-plane FeP@CoP interface, and the
regulated nucleophilic and electrophilic sites transfer electrons
from the electrode to HER intermediates and accelerate the reac-
tion kinetics, thus enhancing the intrinsic activity. For the vertical
FeP/CoP, the nucleophilic and electrophilic centers are separated
from each other in an up-and-down manner, limiting the reaction
process. As depicted in Figure 16f, the potential determining step
(PDS) of vertical FeP/CoP is the H,O adsorption step, while the
PDS of in-plane FeP @ CoP is the H, production step with a much
lower energy barrier (0.27 vs 0.58 eV). The largely facilitated
H, O adsorption/activation over in-plane FeP@CoP is further ex-
plained by the crystal orbital Hamiltonian layout (Figure 16g).
The hybridization between the 3d orbitals of Fe below the Fermi
energy level and the orbitals of H,O molecules promotes the gen-
eration of Fe-O bonds, which further accelerates the H,O activa-
tion step. For acidic HER, the in-plane FeP@CoP has near-zero
AGy. of —0.02 eV, which is more favorable than Pt (—0.09 eV) and
vertical FeP/CoP (0.22 eV) (Figure 16h), implying the best inter-
mediate adsorption/desorption behavior in acidic electrolyte over
in-plane FeP@CoP.

By adjusting the growth direction of heterostructures, it is
sensible to alter the material-material IET in the catalysts and
shape the electronic interaction at the coupling interface. Com-
pared with vertical heterostructures, in-plane ones benefit from
the intimate contact of different phases and possess more op-
portunities for electronic property regulation. Based on current
two-phase heterojunctions, the construction of multiphase (three
or more phases) in-plane heterostructures is a promising route
to precisely navigate the material-material IET and help high-
performance catalyst design.

Given the high flexibility in metal species, nanostructures,
and electronic properties, metal-based heterostructures are
extensively applied for diverse catalytic reactions. For engi-
neering efficient metal-based heterostructures with suitable
material-material [ET, constructing Mott—Schottky heterojunc-
tions, Ohmic contact heterojunctions, p-n/p-p/n-n heterojunc-
tions, regulating work function difference (A®), and design-
ing in-plane heterostructures are promising work function-
guided design strategies. Additionally, reducing the size of
metal components,?!l introducing dopants/vacancies,[!40-18]
and decreasing the thickness of metal materials!* are also
capable of tuning the material-material IET for develop-
ing metal-based efficient heterostructures. By changing the
work functions of single or dual metal components, all of
these strategies are effective in tuning the electronic prop-
erties of the interface and ultimately promote the catalytic
process.
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Figure 16. Models of a) in-plane FeP@CoP and b) vertical FeP/CoP. c) Average electron density difference along the Z-axis of in-plane FeP@CoP and
vertical FeP/CoP. Work functions of d) vertical FeP/CoP and e) in-plane FeP@CoP heterostructure systems. f) Alkaline HER reaction pathways of vertical
FeP/CoP and in-plane FeP@CoP. g) Crystal orbital Hamiltonian population (COHP) of CoP, in-p lane FeP@CoP, and vertical FeP/CoP. h) Relationship
of AGy: and exchange current density of different catalysts. Reprinted with permission.[2°] Copyright 2023, Elsevier.

6. Conclusions and Perspectives

Designing efficient catalysts for electrochemical energy reactions
is critical for accelerating the decarbonization of the global en-
ergy sector. As a main electronic property of materials, work
function has been employed for catalyst design. In this review,
the latest advances in work function-guided electrocatalyst de-
sign are summarized, including the work function-based cat-
alytic activity descriptors, monolithic catalyst design, and het-
erostructure design. By controlling the material-electrolyte IET,
the work function works well as a catalytic activity descriptor for
different electrochemical catalytic reactions. Based on this, a se-
ries of methods have been developed to regulate the work func-
tion of monolithic catalysts and thus optimize the catalytic perfor-
mance. For heterostructure design, efficient strategies (construct-
ing Mott-Schottky heterojunctions, Ohmic contact heterojunc-
tions, p-n/p-p/n-n heterojunctions, regulating work function dif-
ference (A®), and designing in-plane heterostructures) are pro-
posed to regulate the work function-governed material-material
IET and achieve efficient heterostructural electrocatalysts. Al-
though significant progress has been made in work function-
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guided catalyst design, continuous efforts should be devoted to
addressing some pressing issues (Figure 17).

6.1. Work Function Determination

Accurately measuring the work function of materials lays the
foundation of work function-guided catalyst design. This ac-
quires the consistency of sample preparation and standardized
testing methods. Instead of analyzing the overall work func-
tion of a whole material, developing techniques to analyze the
local work function of specific sites can help to identify the
catalytically active sites on electrocatalysts. Based on the work
function-dependent catalytic activity relationship, it would be a
facile route to capture the highly active sites on catalysts by
measuring the local work function of typical regions.[81%1 Fur-
thermore, one can characterize the highly active sites and un-
cover their physicochemical properties (such as chemical com-
position, shape, and electronic features) for designing high-
performance catalysts with dense highly active sites. Notwith-
standing computational methods have been widely used to
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Figure 17. Challenges in work function-guided catalyst design.

determine the work function of materials, the inaccuracy raised
by the nanostructure, size, and surface chemistry should be
considered.

6.2. Activity Descriptors

Currently, electronic properties-based descriptors like d band
center, p band center, and ¢, filling have attracted great at-
tention, and these descriptors significantly promote the devel-
opment of electrocatalysts for various reactions.?’¢] However,
these purely computational descriptors may fail to fully eluci-
date the relationship between catalysts’ structure and perfor-
mance, as the catalytic performance of materials is influenced
by factors such as nanostructure, size, crystallinity, and not
just their electronic properties. In this regard, the work func-
tion, which can be easily determined through experimental
methods, is valuable for its broad applicability and high accu-
racy in analyzing the structure-performance correlation of cata-
lysts with diverse physicochemical properties. Section 3 has dis-
cussed current work function-based catalytic descriptors. These
descriptors mainly focus on electrochemical reduction reac-
tions, like HER, ORR, CO,RR, and NRR. Electrooxidation re-
actions are less explored, although the work function-catalytic
activity relationship in the OER and GOR systems has been
found in several experimental studies. Another issue is that
most available work function-based descriptors are verified based
on metal catalysts, while other catalyst systems are rarely in-
vestigated. In this context, more efforts are suggested to in-
vestigate the work function-adsorption of reactant/intermediate-
catalytic activity correlation of catalysts with similar properties
(e.g., conductivity, catalyst category). Machine learning-assisted
computational methods can further accelerate this process, with
the assistance of standardized experimental and computational
databases. In addition, most of the current studies have not in-
vestigated the work function-stability relationship of electrocat-
alysts, albeit the work function governed stability of Au elec-
trode in CO,RR has been pointed out.'”] Analyzing the work
function-activity/stability relationship would benefit the develop-
ment of catalysts with high activity and durability for practical
applications.
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6.3. Catalyst Design

Guided by the work function-mediated material-electrolyte IET,
the design of monolithic catalysts mainly concentrates on opti-
mizing the catalytic performance via regulating catalysts’ work
function values. In many studies, the relationship between mod-
ulated work function and catalytic performance is obtained with
only two or three samples, which may lead to arbitrary conclu-
sions. It is highly recommended to design multiple samples to
analyze the effects of regulated work function on the catalytic
performance. For example, one can use different doping lev-
els in a large range to modulate the work function of materi-
als, and the obtained work function—catalytic performance re-
lationship (liner or volcano-shaped plots) would be more accu-
rate than that derived from the sample with one or two dop-
ing levels. For heterostructure design, the work function medi-
ated IET between different components helps form active cat-
alysts. To date, only limited methods have been developed for
regulating the IET between different components, as discussed
in Section 5. Precise control of the work function of compo-
nents in heterojunctions is thus hopeful to optimize the over-
all performance of heterostructures by shaping the material-
material IET. By identifying the work function-IET-catalytic per-
formance relationship, it will be convenient for researchers
to develop high-performance electrocatalysts. Finally, develop-
ing in situ techniques like X-ray absorption spectroscopy, in-
frared spectroscopy and Raman spectroscopy is crucial for real-
time monitoring of catalytic processes. The integration of ex-
perimental data with computational results will deepen our
comprehension of catalytic mechanisms, providing valuable in-
sights into work function regulation and catalytic performance
optimization.
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