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Abstract: Unravelling the complex kinetics of electrocatalysis
is essential for the design of electrocatalysts with high
performance. Mass transfer and electron transfer are two
primary factors that need to be optimized in order to enhance
electrocatalytic reactions. The use of nanocatalysts proves to
be a promising way of promoting the performance of
electrocatalytic reactions, this improvement is usually attrib-
uted to their ability to enhance electron transfer. However,
when catalysts are taken down to the nanoscale, their size is

comparable to the thickness of an electrical double layer, so
any curvature can lead to an inhomogeneous local electric
field on the electrode, which then changes the mass transfer
essentially. In this article, we introduce the new concept of
local-field-induced mass transfer in nano-electrocatalytic sys-
tems, and provide a brief review of recent progress, revealing
its effect on nano-electrocatalysis, which may bring new
insight into the future design of nano-electrocatalysts.

/

Introduction

Over the past decades, increasing energy demands and the
growing green-house effect have become major problems in
society."™ One promising solution to these problems is
developing electrocatalytic processes that could convert easily
obtained raw materials such as CO, and N, in the atmosphere
into high-value products such as hydrocarbons and ammonias
with renewable energy."™® Specially, electrochemical reactions
such as CO, reduction would reduce the green-house effect by
capturing CO, in the atmosphere, close the carbon cycle, and
transform renewable energy into high-energy-density and more
stable liquid fuels.?’’ Understanding the complex electro-
catalytic process would be essential for the rational design of
electrocatalysts with desired activity and selectivity. Mass trans-
fer and electron transfer are two primary factors need to be
optimized in order to enhance electrode reaction."®'"” Mass
transfer for electrocatalysis may include diffusion or migration
of chemical species along the normal direction of the electrode
surface, which can be accelerated by rotating disk electrode or
stirring the solution."®'>™ In the meanwhile, electron transfer
can be enhanced by promoting the intrinsic activity by
regulating electronic structure of the catalyst or increasing
active sites by splitting the catalyst into small parts."s™"

A promising way increasing both the intrinsic activity and
the number of active sites is to take the catalyst down to the
nanoscale.”*? For example, cubic Pt nanocrystal obtains a
three folds increasing in benzene hydrogenation rate,*
tetrahexahedron Pt nanocrystal is three times more efficient for
the electro-oxidation of ethanol and up to 200% more efficient
for formic acid electro-oxidation as comparing with conven-
tional bulk Pt catalyst,”” and copper nanowire with rich surface
steps exhibits a remarkably high Faradaic efficiency for C,H,.*"
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Besides electron transfer, there is some evidence implying that
mass transfer might also differ from that predicted by conven-
tional theories for nanocatalysts.>” An essential difference is
that the thickness of electrical double layer is comparable to
the size of the nanocatalyst, so that curvatures of the catalyst at
nanoscale lead to inhomogeneous local electric field on the
electrode.* Consequently, such local electric field would
induce mass transfer along directions paralleling to the
electrode surface, which is absent in conventional theories.

In this concept, we provide a brief review of several recent
progresses revealing the effect of local-field-induced mass
transfer (LMT) on nano-electrocatalysis, and highlight the new
insight of LMT in future design of nano-electrocatalysts. In the
first part, a general model for electrocatalysis is introduced.
After that, a theoretical framework is established to describe
comprehensively the kinetic process of nano-electrocatalysis
with LMT. In the third part, the proposed theoretical framework
is applied to several nano-electrocatalytic systems to reveal
their underlying mechanisms, where LMT is found to play an
important role in enhancement of both reaction activity and
selectivity.

General Model for Electrocatalysis

In general, the whole process of heterogeneous elctrocatalytic
reactions include mass transfer from bulk solution to the
electrode surface, electrochemical reaction on electrode surface
(electron transfer), and other chemical reactions as shown in
Figure 1a."” Electron transfer and mass transfer are primary
factors for electrode reactions and the interplay between them
governs the voltammetry behaviour of electrode reaction as
shown in Figure 1b.2% This section briefly reviews conventional
models and theories of electron and mass transfer.

Electron transfer

There are two representative models to describe the electron
transfer process, that is, Butler-Volmer (BV) model and Marcus-
Hush-Chidsey (MHC) model.®*=? For a simple reaction involving
one transferred electron, Red + e~ =0x, the net reaction rate of
electrocatalytic reaction on the electrode surface is V.=
KreCre—KoxCox Where kg, and kg, are the oxidation and reduction
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Figure 1. Schematic of a) the overall kinetics for electrocatalysis, b) current-potential curve and c) the structure of an electrode/electrolyte interface for
electrochemical reactions. The dashed line in (b) is for ideal electrodes, while the solid line is for real electrodes. The blue and red solid lines in (c) illustrate the
distributions of the electrostatic potential and the concentration of the reactant, respectively. (Figure adapted with permissions from ref. [35]. Copyright: 2014,

The Royal Society of Chemistry.)

reaction rate constants, ¢z, and c,, are the concentrations of
reduction and oxidation species, respectively. BV model
indicates the relationship between overpotential and reaction

rates constant as kg, = k’exp(—’) and ko, = k(’exp(1 “F”>,

where k° is the standard rate constant, a is the transfer
coefficient, F is the Faraday constant, R is the gas constant, T is
the temperature, and 7 =E—E, is the overpotential with £ being
the applied potential and E, the formal potential.?® The
current-potential characteristic thus can be derived as
i = FAK[Co(0, t)exp () — Cx(0, t)exp(72)), where A is fre-
quency factor and Cyg(0,t) is the surface concentration of
oxidation (reduction) species at time t. For reactions limited by
the solvent and/or ligand reorganization, MHC model further
considers the effect of solvent and/or ligand on electrocatalytic
reactions, where the reaction rate constants read
f R (—AGreon ¥ )de®
a fxuixp(p exp(— Agge/m*(n**o))d *
AGRQ/OX = %(1 = “ ) where 4 is the reorganization energy
which actually reflects the hindrance of the electron transfer,
and ¢ is the energy level 4, € and 5 with superscript * are their
dimensionless form with the unit F/(RT). k,™ is k,'s dimensionless
form with the unit r/D.

*
kRe’Ox

and
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Mass transfer

As shown in Figure 1b, the overall reaction kinetics is
dominated by the electron transfer under low current density
and low overpotential. However, for high current density, mass
transfer would also influence the overall kinetics by limiting
concentration of reactants near the electrode surface.*”

For catalysts in macroscale, the mass transfer is usually
considered to be along the normal direction of the electrode
surface (z direction in Figure 1a). A Nernst-Planck equation
would quantify the mass transfer of species i as
Ji(2) = =D, %8 _ "D, 249 | Cv(z). The first term in the right
side is the d|ffu5|on of species i along the gradient of
concentration according to Fick's law with D; the diffusion
constant and G the concentration. The second term is the
migration of species i, that is, directional mass transfer induced
by the electric field near the electrode surface,*" where n; is the
charge of species i and ¢(2) is the potential distribution. An
electrical double layer (EDL) model is applied to describe the
potential distribution in electrode-solution interface (Figure 1c).
In this model, EDL is composed of a compact layer and a diffuse
layer. The compact layer is composed of inner Helmholtz plane
(IHP) and outer Helmholtz plane (OHP). The solvent molecular
and species which are specifically adsorbed on the electrode
surface are located in inner Helmholtz plane. The diffuse layer is
ranges from inner layer to bulk solution.*? The last term is the
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convection term. v(z) =ku(z) is the magnitudes of the solution
velocities in the direction of z, where k is the unit vector and
u(2).

Overall kinetics for electrocatalysis at the macroscale

The above electron transfer and mass transfer govern the
overall kinetics of electrocatalysis at the macroscale. Coupling
of the two processes leads to a concentration gradient from
bulk solution to electrode surface. This concentration gradient
can be described by a diffusion layer with the thickness of ¢
near the electrode surface as shown in Figure 1a. The thickness
of the diffusion layer can be greatly reduced by high stirring
rates or the utilization of rotating disk electrode. Within the
diffusion layer (0 <z<¢), diffusion and migration along the z
direction contribute to the mass transfer. On the electrode
surface (z=0), electron transfer model described in Electron
transfer section can be set as a boundary condition. After
performing Nernst-Planck equation with the above boundary
conditions in the z direction, the concentration distribution of
species i in the diffusion layer and on the electrode surface,
Cre(oxy CaN be obtained.

Theoretical Framework for
Nano-electrocatalysis with Local Fields

This section reviews a theoretical frame established to describe
comprehensively the kinetic process of nano-electrocatalysis
with inhomogeneous local electric field. One of the distinctions
between electrocatalysis on macroscale catalysts and nano-
catalysts is the distribution of electric field near surface. EDL is
applied to describe the distribution of electric field and its
induced electrical potential near the catalysts surface. When the
concentration of electrolyte changes from 1.0 to 10~ M, Debye
length (characteristic scale of the EDL) would change from 0.1
to 100 nm.*? For macrocatalysts, the Debye length is rather
small comparing with the size of catalysts and thus conven-
tional theories treat EDL as planer layers over macrocatalysts
surface as shown in the upper schematic of Figure 2a. For
nanocatalysts, sizes of catalysts are comparable to the Debye
length and lead to curved EDL layers over nanocatalysts as
shown in the lower schematic of Figure 2a.“” The gradient of
electrical potential on macrocatalysts is thought to be along the
z direction (normal direction of the electrode) and correspond-
ingly leads to a conventional mass transfer in the z direction.
For nanocatalysts, however, the gradient of electrical potential
would not only along the z direction but also along the x and y
directions (parallel direction of the electrode) and induce extra
mass transfer in the x and y directions (i.e., local electric field
induced mass transfer, LMT).

Jiang and his co-workers developed a theoretical framework
to unravel the underlying mechanism of kinetics for nano-
electrocatalysis with specific consideration of LMT**™*¢ as shown
in Figure 2b. Kinetic factors such as effective adsorption/
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Figure 2. a) Schematic of the electric field induced by a macro electrode
(above) and nanocatalysts (below). Dashed lines denote the contour line of
electric potential. b) Schematic of the theoretical framework for nano-
electrocatalysis.

desorption of reactants from solution to the electrode surface,
diffusion, LMT on the surface and electron transfer on nano-
catalysts are included in this framework. To obtain dynamics
equations describing the overall kinetics, the electrode surface
is divided into NxN grids. Inside these grids, total number of
reactant molecules should be large enough so that the relevant
thermodynamic quantities, such as the local free energy, can be
defined at any moment t. The number, on the other hand, must
be small enough so that these quantities can be considered as
constant within each grid, and local equilibrium is assumed to
be hold, that is, inside each grid the thermodynamic potentials
have the same form as in equilibrium, but with varying state
variables. Electric field distributes on catalysts surface as electro-
catalysis takes place. Such electric field would induce move-
ment of ions or polarized molecules or charged complex. An
interaction potential of a general form V(r) is used to describe
this interaction potential. The motion of molecules in the
electric field can statistically expressed by the change of local
coverage 6(r). 6,(r) governs the rate of chemical reactions on
catalysts surface and is a descriptor for state of the studied
system with LMT effect. For a grid locating at position r, the
system’s free energy density functional with a general inter-
action potential V(r) of chemical species in the local electric field
can be written as f(r) = > Vi(r)+>_ ksT[0;(r)In(6;(r)) +

© 2021 Wiley-VCH GmbH


www.chemeurj.org

Chemistry

Concept Europe
doi.org/10.1002/chem.202102764

European Chemical
Societies Publishing

Chemistry—A European Journal

(1 =0,(rN)In(1 — 6,(r))], where 6,(r) is the effective coverage of
species i. Thus, the chemical potential for species i can be
derived as p;(r) = 9y, Vi(r) + ksTIn % Additionally, it is also
assumed that the transport process is not far from equilibrium
so that the mass transfer flux depends linearly on the
corresponding driven force Ji(r)=—LVu,(r)=—L[V(9,V(r))-
WVG,O)}. This flux must be back to Fick's law with the
absent of V(r). Then it can be obtained that L; :w
Consequently, we have the mass transfer flux
Ji(r) = =DVO,(r) — 2 0,(n(1 — 6,(r))V (95, V(r)). It is assumed
here that chemical species are adsorbed on different sites of
the surface. If some of the species are adsorbed on the same
sites, there should be competition between the adsorption
process of them. The (1—6,(r)) term which represents the empty
site for i should be replaced by (1 — 3, 6,(r)). Combined with
the electron transfer and other related chemical reactions, the
reaction-diffusion equation for species i at position r reads

% = Zgj({al}) + D,V?0,+
’ Q)]
21001 00V (2, V10)

where g; stands for the j-th reaction, and M is the total number
of reactions.

Applications

Application of the above theoretical framework on a specific
nano-electrocatalytic system, the role of LMT and other kinetic
factors in overall kinetics of nano-electrocatalysis is ready to be
explored.888888888

Curvature effect

Recently, Liu et al. reported experimentally that the curvature of
electrode would affect the CO, reduction reaction (CO,RR) on
it The activity of CO,RR performed on nanocatalysts with
needle shape is about two orders of magnitude higher than
that on nanoparticles. Faradic efficiency of C products on
nanoneedles reaches about 90%. It is shown in Figure 3a that
local electric field induced by high curvature catalysts (left) is
higher than that induced by medium and low curvature
catalysts (medium and right). Jiang etal. then applied the
above theoretical framework to perform simulations of CO,RR
on electrode surface with different curvatures. Dependence of
the optimal sharp-tip enhanced CO,RR performance on reaction
rate constant k is shown in Figure 3b, where R¥, v¥*, and e* are
the tip size, CO producing rate, and efficiency when the optimal
performance is achieved for a given k. It can be found that, the
optimal performance of CO,RR is quite robust to the change of
the energetic barrier. This simulation result implies that the
main reaction, CO,RR, has already been accelerated enough so
that the optimal sharp-tip enhanced performance cannot be
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Figure 3. a) Electric field distribution of Au needles, rods and particles. Effect
of optimal sharp-tip enhanced CO,RR performance on b) reaction rate
constant k, ¢) interaction strength between adsorbed CO, and the local
electric field, and d) effective adsorption rate for CO, on the electrode
surface. R¥, v¥, and e* are the tip size, CO producing rate, and efficiency for
optimal performance. (Figure adapted with permissions from refs. [43] and
[47]. Copyright: 2017: Wiley-VCH and 2016, Macmillan Publishers Ltd.)

further enhanced by simply lowering the energy barrier of the
main reaction. Figure 3c shows that the optimal CO,RR perform-
ance depends strongly on the interaction strength between
adsorbed CO, and the local electric field. Figure 3d shows
change of the CO,RR performance with the effective adsorption
rate for CO, on the electrode surface. These simulation results
demonstrate that when diffusion of CO, to the catalysts cannot
match the fast reaction, LMT provides extra CO, for CO,RR. This
sharp-tip enhanced CO,RR mechanism implies that LMT plays
significant role for enhancing electrocatalytic performance on
nanocatalysts.

This mechanism is also verified in other nano-electro-
catalytic systems,***” such as boosting the activity of CO, to CO
conversion with sharp tipped zinc nanowires,®" structuring
sharp Cu@Sn nanocones on Cu foam for highly selective
electrochemical reduction of CO, to formate,®? using high
curvature transition metal chalcogenide nanostructures for high
performance of CO,RR*® sharp-tip enhanced catalytic CO
oxidation by atomically dispersed Pt1/Pt2 on a raised graphene
oxide platform,®¥ enhancing CO, reduction with polytetra-
fluoroethylene protected copper nanoneedles®™ as well as
dispersing platinum atomically on curved carbon supports for
efficient electrocatalytic hydrogen evolution®™ and anchoring
protrusion-like single atoms on MoS, for promotion of N,
reduction.””

© 2021 Wiley-VCH GmbH
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Assembly configuration

Chen and Liu et al. reported that assemble nanocatalysts into
ordered nanostructure would enhance electrocatalytic reaction
rates.*” They applied methanol oxidation reaction (MOR) as an
example reaction on orderly aligned Pt nanotubes, and
demonstrated that the reaction rates on this nanocatalysts is
higher than that on disordered catalysts. Figure 4a describes
the configuration of ordered and disordered catalysts. Perform-
ance of MOR on ordered and disordered catalysts is shown in
Figure 4b, where ordered catalysts deliver a MOR mass activity
nearly 2 times higher than the activity on disordered catalysts.
The above theoretical framework is then applied to perform
MOR on electrode with ordered aligned nanotubes. Figure 4c
and d shows the interaction potential of CH;OH in local electric
field induced by ordered and disordered catalysts, respectively.
The simulation results show that ordered catalysts would form
ordered potential pattern consists of well-arranged valleys as

(2)

shown in Figure 4c. The locations of those valleys are
corresponding to the locations of ordered nanotubes. For
disordered catalyst the well-arranged potential valleys are
disappeared and several large potential wells are observed as
shown in Figure 4d. Under this configuration, many nanotubes
or segments of nanotubes locate at or near the peak of the
potential, only few of them locate in the potential wells.
Figure 4e and f shows the sectional potential on Pt NTs in
ordered and disordered configurations. The results indicate that
CH;0H molecules on ordered catalysts would be transferred to
the catalysts from nearby electrode surface along potential
gradient, while CH;0H molecules on disordered catalysts would
not be transferred to a large amount of nanotubes not located
in the potential wells. As a result, catalysts with ordered
configuration would regulate LMT for higher electrocatalytic
performance.

This mechanism is also intended to be utilized in other
configurations or electrocatalytic systems, such as enhancing
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Figure 4. a) Schematic of ordered and disordered Pt NTs catalysts. b) Electrocatalytic performance of different Pt catalysts for MOR. Effective potentials of
CH;OH in local electric fields induced by c) ordered and d) disordered catalysts. Sectional potentials on Pt NTs in e) ordered and f) disordered configurations;
red dashed arrows show the mass-transfer direction of CH;OH. (Figure adapted with permissions from ref. [44]. Copyright: 2019, American Chemical Society.)
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ionic conductivity in composite polymer electrolytes with well-
aligned ceramic nanowires,”® facilitating charge storage at
electrified interfaces with self-assembled nanostructures in ionic
liquids,® fabricating structurally ordered ionic liquid-layered
double hydroxide to amplify chemiluminescence signals,”®”
structuring hollow Palladium-Gold nanochains with periodic
concave structures as superior oxygen reduction reaction
electrocatalysts and highly efficient surface-enhanced Raman
scattering substrates,® assembling of gold nanowires on gold
nanostripe arrays for applications in electronic/optic and power
storage devices® as well as mechanical design of brush coating
technology for the alignment of one-dimension
nanomaterials.®®

Apart from assembling 1D nano materials in ordered
configuration, aligning them into 3D channel also proved to be
an efficient way inspiring high electrocatalytic performance.***”
Chen and Liu etal. reported the design of 3D ordered and
crosslinked channel (3DOC) for high activity electrocatalytic
reaction as shown in Figure 5a.*' Figure 5b indicates that the
activity of exampled reaction, MOR, would be largely enhanced

()

Potential

Channel NT
© 2 -19.10
-20.97
22.83
24.70
(e)
.
04l ¢ e il
N (bl
\ 7
AT Hinle!
02l | |2 iy
||| ey
Pl P
0.0 el s

40 60 80 100 120
Channel size / nm

by a 3DOC structure (solid bars) comparing with disordered 1D
nano materials (strip bars). 3DOC—M (M=1/2/3/4) refers to
channel sizes of 40, 60, 90, and 120 nm. MOR activity on 3DOC
is influenced by the channel size and 3DOC with a channel size
of 60 nm exhibits the optimum apparent reaction rate.

The above theoretical framework is then applied to perform
MOR on electrode with 3DOC to understand the size effect.
Figure 5c and d shows interaction potentials of CH;OH in the
3DOC with channel sizes of 40 and 120 nm, respectively. Higher
overlapped local electric field with lower potential gradient is
induced inside small channels than that inside large channels,
indicating that LMT in channel with small size is suppressed.
This suppressed LMT would lead to lower concentration of
CH;OH on catalysts. Besides LMT, other factors of the nano-
channels such as impedance would also influence the MOR
activity. Experimental results denote that an increased channel
size would lead to an increased impedance for electron transfer.
Higher electron transfer impedance leads to a lower reaction
rate constant for electron transfer process. The trend of CH,OH
surface concentration on catalysts and reaction rate constant
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Figure 5. a) TEM image of 3DOC catalysts. b) MOR activity on 3DOC with different sizes (solid bars) and disordered nanotubes (striped bars). Interaction
potentials of MeOH in the 3DOC with channel sizes of c) 40 and d) 120 nm. Insets: Schematics of the 3DOC, where the black line represents the positions of
catalysts. e) Reaction rate constant (blue) and surface concentration (red) varying with channel size. f) The overall MOR activity changes with the increasing
channel size. (Figure adapted with permissions from ref. [45]. Copyright: 2021, American Chemical Society.)
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varied with channel size is shown in Figure 5e. The coupling of
increased local concentration and deceased reaction rate
constant renders a volcano-like reaction rate trend with
increasing channel size (Figure 5f). Consequently, a proper
channel size for optimized MOR activity would be obtained.
This work reveals that LMT and impedance are changed with
channel sizes in 3DOC. The interplay between them is a
significant kinetic factor for the electrocatalytic performance.

Roughness effect

Recent experiments reported by Jaramillo and his co-workers
demonstrated that increasing the roughness of Cu electrodes
would promote the selectivity of multi-carbon products in
carbon monoxide reduction reaction (CORR) comparing with
the competed hydrogen evolution reaction (HER)."® After
normalized the activity of CORR and HER by electrochemically
active surface area, they found that high RF Cu electrodes
would suppress the intrinsic activity of HER rather than promote
the intrinsic activity of CORR. Since two well-known factors that
influence the activity of HER, that is, energy barrier and local
pH, failed to understand this roughness leaded HER suppression

@ 49

as described in this work, it implies a new mechanism under-
lying the high roughness enhanced CORR selectivity.

The above theoretical framework is then applied to perform
CORR and HER on high roughness catalysts which is mimicked
by several high curvature sites (HC sites) on the electrode by
Hou and Jiang et al.“*® The simulation results reproduced the
experimental results well and showed that the surface cover-
ages of OH™ on electrode surface with different RF are distinct.
As shown in Figure 6a, probability distribution of OH™ coverage
on small RF catalysts (N=5,10), medium RF catalysts (N=20,30)
and high RF catalysts (N=40) shows that, increasing RF would
lead to a raising OH™ coverage on HC sites. The raising of OH™
coverage on HC sites then suppresses HER on high RF catalysts.
Stationary distribution of 6°" on different electrodes are shown
in Figure 6b and c. Overtly, on low roughness catalysts, as
shown in Figure 6b, there are several low coverage regions and
all of the HC sites locate in the centre of these regions. For high
roughness catalysts, most of the HC sites are located in relative
high coverage region instead of locating in low coverage region
(Figure 6¢). Interaction potential between local electric field and
OH- on catalysts surface with low RF and high RF are shown in
Figure 6d and e, respectively. It can be observed that several
separated high potential areas are located near HC sites on
electrodes with low RF, resulting in directional LMT from HC
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Figure 6. a) Probability distribution of OH™ groups on the HC sites of catalysts. Surface coverage of OH™ on catalysts with roughness b) N=5 and c¢) N=40.
Potential of OH™ groups in the electric field induced by catalysts with d) N=5 and e) N=40. (Figure adapted with permissions from ref. [46]. Copyright: 2021,

Wiley-VCH.)
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sites to nearby area. For high RF electrodes, on the other hand,
potential near HC sites would overlap, and some sites are in low
potential region. As the directional LMT of OH™ is from high
potential to low potential area, LMT of OH™ for sites located in
low potential region would be suppressed and this causes a
higher OH™ coverage as indicated in Figure 6e. This work
implies that roughness of the electrode surface would influence
LMT. High roughness catalysts lead to a weaken LMT as a result
of the highly overlapped local electric field, suppress HER and
enhance CORR selectivity.

The above roughness effect can be utilized to enhance the
selectivity and activity of electrocatalytic reactions in many
systems such as controlling the surface roughness of Cu
catalysts for optimize the selectivity of CH,, C,;H,, or CO/HCOO—
products in carbon-dioxide reduction reaction with suitable
potential,*’*® preparing Au electrodes with high roughness
factors to enhance CORR selectivity®® as well as electro-polish-
ing Cu foil to optimize the roughness and the density of defect
sites for high efficiency conversion of CO, to C,+ products.”

Besides of the above works described in detail, LMT has also
been reported playing an important role in other systems. For
example, Luo and his co-worker dispersed Pt-atom on curved
carbon supports for efficient electrocatalytic hydrogen evolu-
tion, where a tip-enhancement effect at the Pt site extracting
localized electrons from the support induces strong localized
electric fields and further enhances the activity for HER.®®

Conclusion and Future Perspectives

In conclusion, we have reviewed the theoretical framework of
nano-electrocatalysis as well as the impact of local-field-induced
mass transfer (LMT) on several important systems. In the past
decades, nanotechnology has been well developed, and nano-
catalysts have been a common way of promoting the perform-
ance of electrocatalytic reactions. The rapid progress in nano-
electrocatalytic experiments has brought and will bring plenty
of interesting new findings. This is then a great opportunity to
apply the theoretical framework of nano-electrocatalysis with
LMT to unravel mysteries in complex nano-electrocatalytic
systems. Future perspectives and challenges may be as follows.
Firstly, this framework has proved to be successful in revealing
the underlying mechanism in the systems we have reviewed.
However, its application in other systems needs to be validated.
Secondly, the concept of LMT might inspire new strategies to
design nanocatalysts, which also need to be verified by further
experiments. Additionally, the theoretical framework itself
should be extended. For example, the electric potential near
the surface is approximated by a given distribution form in the
reviewed theoretical framework. To obtain better results for
kinetics of nanocatalysis quantitatively, other methods such as
the Poisson-Boltzmann equation which can give a more precise
potential distribution should be coupled with this framework
instead of the approximation form of the potential.”'"*
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