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Abstract

Electrochemical responses reflect both electron transfer and mass transport.
Unscrambling electrocatalytic effects requires the quantitative separation of the
two. This needs simulation to permit modelling of voltammograms and other data.
We survey the key principles and show how authentic effects can be identified

with confidence.
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1 Introduction

Electrocatalysis using nano-sized entities is of significant interest in both
fundamental kinetic studies and for potential practical applications. The
development of nanoelectrodes together with nanocell fabrication, scanning
electrochemical microscopy and the nanoparticle collision technique makes it
possible to observe electrocatalysis at single nanoentities.!> Synergy with

numerical simulation provides crucial informative understanding and insight.

For heterogeneous catalysis at the micro- or nano-scale, competition in kinetics
between mass transport and reaction is a primary factor. The influence of mass
transport on nanoscale heterogeneous catalysis arises because of the
comparability of length scales between the effective catalyst radius and the size
of the reaction region where the reactant concentration or the electric potential is
different from that in the bulk solution.® This short review mainly focuses on
diffusion when discussing the “mass transport influence” on convection free
electrochemical systems, mostly but not exclusively (see Section 2.3) under
highly supported electrolyte conditions. In particular the comparability in rates
between diffusion and electrochemical reaction needs to be explored and

quantified for electrocatalysis at single nanoentities.

In this review, recent studies on the electrocatalytic kinetics of nanoelectrodes
and nanoparticles are overviewed; the mass transport influence and the role of
numerical simulation are considered in particular. Section 2 discusses the case of
mass transport influenced electron-transfer kinetics in the absence of any

chemical reactions; Section 3 discusses the theoretical understanding of the



interplay between mass transport and the chemical reactions; Section 4 shows the
electrochemical response influenced by the mass transport in some illustrative
electrocatalytic systems. The details of simulation method are not reviewed here
but are covered in two books’8 as well as, in the case of COMSOL modelling, a

short review.®

2 The Influence of Mass Transport on Heterogeneous Electron

Transfer
2.1 Electron-Transfer Kinetics under the Influence of Diffusion

At a nanoelectrode where the diffusion is significantly enhanced in comparison
with macrosized electrodes, quicker heterogeneous electron transfer kinetics can
be measured and quantified. The different current-voltage responses from two
commonly-used electron-transfer kinetic models for a simple one-electron-
transfer reaction Red + e~ = Ox are compared here. In the classical Butler-
Volmer(BV) model, the reductive and oxidative electron-transfer rate constants
kred/ox increase exponentially with the overpotential 1 (7 is the difference between

the applied potential E and the formal potential Et, E — Ey):
k =k exp| — Cl_F?] ‘k =k exp M (1)
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where ko is the standard electrochemical rate constant and « is the transfer
coefficient. The current on nanoelectrodes is always limited by diffusion at high

overpotential and reaches a steady-state value Iss. The diffusion-controlled Iss is
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independent of ko and a. The influence of the electron-transfer kinetics is
reflected in the position of the half-wave (where I = Is/2) potential and the
voltammetric wave shape. ko and a can be derived via fitting the experimental

potential-dependent response from simulation.10-11

In contrast, in the Marcus-Hush-Chidsey(MHC) model, the reaction rate cannot
infinitely increase with overpotential due to the limitation of the solvent and/or
ligand reorganization. Taking the symmetric MHC model as an example, the
reductive or oxidative electron-transfer rate constant (krea/kox) can be expressed

as:!2

*

J‘+w R S eXp <_AG;d/ox ) de

K" yox = 1+exp(¥e)
Kk e 1 R - @)
QRSN
AGL, =127+ 2
red/ox:Z - 2 (3)

ko is the heterogeneous electron-transfer rate constant and A is the reorganization
energy. The other symbols are defined in Table 1. The dimensionless form
(marked by *) is used to avoid selecting any experimental conditions in the
discussion. The dimensionless parameter ko* involves the influence of the

electrode radius r and the reactant diffusion coefficient D, as defined in Table 1.

The current-voltage response of the symmetric MHC model for a one-electron-
transfer reaction on a nanosphere electrode is illustrated in Figure 1. The results
of BV model are shown by dashed lines for comparison. The current is calculated

by solving the diffusion equation (Fick’s second law) under the boundary
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condition of Eqn.(1) (BV) or Eqn.(2) (symmetric MHC). The diffusion-controlled
ss” = 41. When decreasing ko*, the BV model leads to a potential shift towards
higher overpotential and Is* equals the diffusion-controlled value; while in the
MHC model, the overpotential increases and Iss* becomes much smaller than the
diffusion-controlled value. In the MHC model, A\* reflects the hindrance of the
electron transfer and decreasing A* also leads to smaller currents. For an
irreversible electron-transfer, the kinetically-limited Iss*, which is smaller than 4,
can be observed for small ko* or 1*, as the reductive and oxidative rate constants
of high overpotentials are limited by the solvent or ligand reorganization.!? As
shown in Figure 1lb and 1ld, the rate constants of the BV model varies
exponentially as a function of the overpotential and leads to a linear Tafel plot;
while those of the MHC model stops increasing at high overpotentials, generating
a curved Tafel plot. The influence of the electrode size on the current response is
involved in ko". For a smaller nanoelectrode, it becomes more possible to
observe a kinetically-limited Iss. The solvent reorganization energy and the
electron transfer rate constant can be detected in principle via simulation of a
kinetically-limited Iss and the current-voltage response measured from the

nanoelectrode.!8
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Figure 1 (a) Current-voltage responses of the MHC model with a variable ko* (ko
=101, 1, 101, 102 from top to bottom); (b) Potential dependence of the reductive
(blue) and oxidative (red) rate constants with a variable ko*; (c) and (d) are the
corresponding results of when A* increases from 4 to 80 (1* = 4, 8, 20, 40). A* used
in (a) and (b) is 8 ko* used in (c¢) and (d) is 1. The dashed lines are the current

responses and the kinetic rate constants based on the BV model.

In symmetric MHC model shown in Figure 1, the activation energy AGred/ox™ has
the same potential dependence for the reductive and oxidative processes. The
activation energy in the asymmetric MHC model shows different potential

dependences on the reductive and oxidative directions:!4
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where the dimensionless parameter fS° represents the divergence of the
curvatures of the symmetric Gibbs energy curves. For free diffusing redox
species, BV and asymmetric MHC models both perform well fitting to the
experimental data.!®> The asymmetric MHC theory provides physical insight for
the phenomenological BV model. However, for the surface bound electron-
transfer systems, the asymmetric MHC model invariably fits the voltammograms
much better than the BV model,!® which needs to be considered when

interpreting such experimental data.

2.2 Structure and Activity Studies of Single Nanoentities

In diffusion-controlled situations, the geometry and the size of the electrode can
be readily characterised by the steady-state current Is. For a diffusional
reversible one-electron-transfer condition, the steady-state current can be
expressed as:

— I:SDCbqu
ss 5 r

geo

)

where D is the diffusion coefficient, S is the electrode area and Ogeo is the
geometry factor. The electrode geometry influence on the diffusion-controlled
current response can be quantified via dgeo (some literature uses “effective radius”
instead).!”!% The values of Ogeo for some commonly-used geometries are shown in
Figure 2. r is the radius of the spherical, hemispherical and disc electrode or the
side length of a square electrode. Note that Eqn.(5) only works for electrodes

with known, simple geometries as shown in Figure 2 and that r is usually treated
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as the “effective radius” in real applications. On the other hand, for a given
geometry, the size of a nanoelectrode can be measured from experiment by
using fast redox species such as aqueous Ru(NH3)e?*/3* in a fully-supported

electrolyte solution.20-21

I ) e
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Figure 2 Five commonly-used nanoelectrode geometries and corresponding
geometry factors Ogeo.1®19 22 (a) Isolated sphere; (b) Hemisphere attached on a
supporting substrate; (c) Planar disk; (d) Sphere attached on a supporting
substrate; (e) Square with an area of a2. Blue: Electroactive materials; Grey:

Inert substrate. The electron transfer only takes place on electroactive materials.

Via fitting a simulation model to the experiment data, the electrocatalytic
kinetic parameters, such as the electron-transfer rate constant and the transfer
coefficient (or the reorganization energy), can be measured on single
nanoelectrodes, even for fast heterogeneous electron transfer reactions such as
Ru(NHs)e?*/3*, FcCOOHY*, Fe(CN)s*/3-.23-2¢ With these fast redox reactions, the
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electrocatalytic activity of nanoelectrodes can be estimated and compared
among different materials.?5-?7 Linking the electrocatalytic ability with the size or
the geometry of the nanoelectrode is useful for better understanding
structure—function relationship of nano-electrocatalysts. Zhang et al measured the
electron-transfer rate constants of Ru(NHs3)e?™/3* and Fe(CN)e* /3" at graphene
flakes with various sizes to explore the size dependence electron-transfer
kinetics.?® Similar measurements were implemented on Au and Pt nanoparticles
of wvarious sizes,?® linking the crystalline structure with nanoparticle

electrocatalytic ability.

2.3 Interplay between Diffusion and Migration

The above two sections discuss diffusional mass transport in fully-supported
electrolyte solution. However, in solutions with low electrolyte concentration and
for small electrodes, the influence of the electrical field at the electrode-
electrolyte interface also needs to be considered. For a nanoscale electrode, the
thickness of the diffusion layer can be comparable to the thickness of the
electrical double layer which is established in response to electrical charging of
the electrode, and the migration of charged species driven by the electrical field
cannot be neglected.?® The Debye length k! is used to characterise the thickness
of the electrical double layer at equilibrium (when no net charge through the
electrode interface). «! is independent of rei but proportional to the inverse

square root of the ionic concentration Celec™!/2:
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¢s and go are the local dielectric constant and the permittivity of a vacuum.

Dickinson et al comprehensively investigated the influence of the diffuse layer
on the passage of Faradaic current for steady-state voltammetry, in aspects of
both the mass transport via electrostatically attracting or excluding the reactant
(Levich exclusion effect) and the electron-transfer rate via altering the effective
activation energy of charge transfer (Frumkin correction).’® The later was
originally analysed by Frumkin in case of electron transfer occurring exclusively
at a fixed ‘plane of electron transfer (PET)’, a given distance from the electrode.

With the involvement of the migration, the electrode flux of a redox reaction

Lk :
A* +(2,—25)e” &———=B"* canbe written as:

'OX

) = I(redC,zET - kongET (7)
z

j is the current flux. c;' and c."' are the concentrations of A and B at a so-called

plane of electron transfer, where the electron transfer occurs. The concentration

at PET can be solved computationally by the Nernst-Planck equations.
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where ¢ is the local potential in solution. The potential distribution in solution is
determined by the local charge, described by the Poisson equation:

v2¢=i2zc (10)

gs ‘90

By solving Eqn.(9) and Eqn.(10) (the Nernst-Planck-Poisson equation) under the
boundary condition of Eqn.(7), the concentration and potential distributions in the
solution phase can be calculated. The solution-phase potential is a function of the
applied potential E and the potential of zero charge Epzc. E-Epzc reflects the excess
charge of the electrode, which affects the distribution of the potential and

concentration of ions in the double layer.

The migration of the charged reactant is observed towards (where za(za-z8)>0)
or repelled (where za(za-zs)<0) from PET due to the excess charge on the
electrode surface, leading to an increase or decrease of the current compared to
the result in the fully-supported solution; while the neutral reactant (where za = 0)
is independent of the migration influence. Varying Epzc affects the current
response via intensifying or decreasing the electrostatic interaction between the
electrode and the redox ion. In contrast to the typical steady-state current
plateaux on nanoelectrodes in fully supported electrolyte solution, peak-shaped
current responses where the current decreases at high overpotentials are
simulated for the oxidation of a positively charged reactant and the reduction of a
negatively charged reactant, showing the competition between the migration

exclusion and the diffusion towards the electrode.
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The influence of the electrical double layer on the electrochemical reaction is
also reflected on the apparent electron-transfer kinetics due to the potential drop
within the double layer, as considered in the Frumkin correction. The potential
“driving” the electron transfer is the potential drop between the electrode
surface and PET, E - ¢per. For reactions in insufficiently-supported electrolyte
solution, when calculating the rate constants kred/ox in the boundary condition
Eqgn.(7), the potential drop applied in either BV or MHC theory is not E but E - ¢per.
It is found that the current decreases from the diffusion-controlled Iss as the
consequence of the kinetically-limited electron transfer rates at PET. When the
electron-transfer rate is finite, the current response to the migration is also a
function of electrode radius and the voltammetric response deviates more from

the diffusion-controlled result on the nanoelectrode with a smaller size.3!

In reality electron transfer through tunnelling to or from the electrode rather
than occurring at a single plane (PET). The tunnelling probability usually is
assumed on the basis of experiment to have a distance dependence of exp(-f x)
where f is the tunnelling decay constant and x is the distance from the
electrode.® For aqueous solution, B is approximately 1.6 A. The electron
tunnelling near the electrode surface spatially extends the effective electron-
transfer region and this increases the current at high overpotentials.3% 33 Overall
the effect of including the realistic description of electron transfer eventually is to

substantially mitigate the Frumkin effect as originally modelled by Frumkin.

The experimental interpretation of the EDL is rather difficult due to the multiple
factors affecting the current response and the uncertainties in the many

parameters which quantify the EDL parameters as mentioned above. Recent
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study by Bae et al reported the influence of EDL on the voltammograms for highly

charged redox species Fe(CN)e¢*/3 in 1 M KCl solution, showing that the

measurement of ko in such conditions needs to be corrected for the EDL effect.34

2.4 Competition among Nano-Diffusion, Linear Diffusion and Thin-

Layer Diffusion regimes

Case 1: linear diffusion on single nanoparticles

Jot <1,

® O |

loeak & Particle area x number of particles

Case 3: partly overlapped diffusion layers

ﬁ~’;n

Case 5: fully overlapped diffusion layers, radial
diffusion towards the electrode

>,

microelectrode

lim © Microelectrode radius

Case 2: radial diffusion on single nanoparticles

<& Dt <r,

f\im

Iim o Particle radius x number of particles

Case 4: fully overlapped diffusion layers, linear
diffusion towards the electrode

T
macroelectrode

lpeak & Macroelectrode area
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Figure 3 The five diffusion regimes for nanoparticles attached on the substrate
electrode. The spheres are nanoparticles and the dashed line indicates the

diffusion layer.

Even considering only solely diffusional mass transport, various competing
diffusion regimes can appear on an electrode with a non-simple geometry. Figure
3 illustrates five cases for spherical nanoparticles, in the form of an array,
attached to an inert substrate electrode in respect of various diffusion regimes.3%-
36 It is assumed that electron transfer only takes place at the nanoparticle surface;
the conducting electrode acts only as a physical support and to electrically
contact the particle. The qualitative current-potential responses of each case are

also illustrated in Figure 3.

Case 1 corresponds to the linear diffusion towards single nanoparticles and is
seen at short timescales or under fast scan rates, where ‘short’ means \/Ht <, (rp
is the radius of the nanoparticle). Case 2 reflects the radial diffusion towards
single nanoparticles, which can be observed when I, <<\/D_t <Tr, (rpp is the
interparticle distance). The current-voltage response of the entire array is similar
to that of the isolated particles but scaled by their numbers. The current from
each single nanoparticle in Case 2 is the same as the shielded spherical
nanoelectrode in Figure 2d. Case 3 shows the case of overlapped diffusion layers

for nanoparticles close to each other, as a mixture of the radial diffusion towards

single nanoparticles and the linear diffusion towards the entire electrode. In this
case, v Dt is the same order of magnitude of rpp. Case 4 is the case of linear
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diffusion towards the entire electrode as a consequence of fully overlapped
diffusion layers of adjacent nanoparticles on a macroelectrode, where /Dt > M -

The current-voltage response is almost identical to that of a macroelectrode of the
same geometric radius as the modified electrode. Finally, Case 5 describes the
situation of nanoparticles assembled on a microelectrode. On a microelectrode,

when the diffusion layers of each nanoparticles overlap under high nanoparticle
coverages and moderate scan rates (+/Dt > Ip), the diffusion layer of the whole

array is hemispherical rather than linear, where the radial diffusion is reflected
by the sigmoidal current-voltage curve measured from the nanoparticle arrays

modified on microelectrodes.3?

Recent work by Costentin et al modelled the competition between a linear
diffusion towards the substrate electrode and nanodiffusion (convergent diffusion)
towards each single electroactive nanoparticle attached to an electrode.®® By
varying the scan rate and the nanoparticle density on the electrode, the overall
behaviour of the electrode system is manipulated between purely radial diffusion
(case 2 in Figure 2) and linear diffusion (case 4). In the mixed radial and linear
diffusions (case 3), the catalytic effect is determined by the competition between
the two diffusion regimes. For irreversible electron-transfer reactions, the
apparent electron-transfer rate constant is a function of the ratio of the total
electroactive surface area to the geometric area of the substrate electrode itself V.
An apparent positive catalytic effect reflected by the peak potential shifting
closer to the formal potential is observed at ¥ > 1; while the current-voltage
response of ¥ < 1 performs a negative catalytic effect, where the overpotential

required for the current peak increases.3®
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If the electroactive nanomaterial composes a porous multilayer structure on an
inert substrate electrode, the diffusion through the porous layer leads to different
current responses from the semi-infinite diffusion towards a planar electrode.
Different behaviour is seen for porous layers which are electrically conductive,
carrying out electrolysis and insulating layers. On conductive porous electrodes,
when the diffusion inside the porous layer is not efficient, the porous structure
becomes the analogue of “thin layer” transport. Typical examples were reported
for carbon nanotubes modified electrodes.*0-42 Symmetric forward and backward
voltammetric peaks are the typical feature of ideal thin-layer diffusion. Compared
to the semi-infinite diffusion, a smaller peak-to-peak separation and a higher
peak current can be observed from the voltammograms on porous electrodes.3
Importantly, the voltammogram of the thin-layer diffusion effect can be easily
misdiagnosed as the catalytic influence with respect to the reduced peak-to-peak

separation and the increased peak current.*! 43

More challenging situations can be found in electrodes covered by the
insulating porous nanomaterials. In contrast to the electroactive porous layer as
discussed above, the redox reaction only takes place on the supporting electrode
surface, where the attached nanoparticles work as blockers rather than catalysts.
The measured current response is smaller than that on the bare substrate
electrode. However, it is interesting that under certain conditions, a false
impression of ‘improved electrocatalysis’ in respect with the decreased peak-to-
peak separation can be observed on electrodes covered by insulating porous
layers.44-46 If the reactant can be adsorbed on the insulating porous layer surface,

the amplification of the current can be several times larger than the semi-infinite

17



diffusion result,” depending on the scan rate, the adsorption area and the
adsorption rate, but it is unlikely to realise an order of magnitude enhancement
unless multilayer adsorption is present.*® Again note that the insulating porous
structure can mislead the experimenter and give the impression of the
electrocatalytic ability. Therefore, careful interpretations of such voltammograms
are required ideally comparing simulation and experiment if physical or

chemical insight is sought.

Although in this section only diffusional mass transport is discussed, other mass
transport effects may also need to be considered when using nanoparticle
modified electrodes. For instance, when the nanoparticle and the supporting
substrate are two different materials, the particle proximity effect due to the
different surface charging properties can be observed, especially for small (i.e. a
few nm diameter) nanoparticles which are close to each other and form
overlapped EDLs.*® In absence of the diffusion influence, it is found that the
electrocatalysis of the nanoparticles depends on the nanoparticle size, coverage
and the electronic properties of both the nanoparticle and the supporting
material. The electrocatalytic activity of the nanoparticle modified electrode can
be significantly enhanced by increasing the surface coverage.5® Future study of
the combination and interplay of electrostatic and diffusional effects on the
electrocatalysis of nanoparticle modified electrodes will be very helpful in
understanding the interface kinetics, although simulating such system is really
challenging and the selection of correct boundary conditions to describe the

electrode-electrolyte interface needs to be carefully considered.
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3 The Interplay between Diffusion and Chemical Reaction in

Electrocatalytic Reactions

For more complicated electrocatalytic reactions, electron transfer follows or
triggers a chemical reaction, where the current response is also affected by the
kinetics and thermodynamics of the chemical reaction.’!52 The molecular
catalysis reaction (also called the EC’ reaction) is a typical example,5® where the
redox species exchange electrons with the electrode and act as the catalyst in the

reaction of other solution-phase species:

A+e —B (1D

B+R ——» A+P (12)

where A/B are the redox couple, R is the solution-phase reactant and P is its
product. kc is the rate constant of the catalytic step (mM™! s!/mol m™ s!). The
redox species can be either in the solution phase or attached to the electrode

surface.

When A and B are solution-phase redox species, under moderate scan rates,
the cyclic voltammogram is a sigmoidal curve and the steady-state current at the

nanoelectrode can be approximated as: 5

s =1+ c (13)
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Iss1e” is the corresponding diffusion-controlled steady-state current for one-
electron-transfer reactions (Eqn.(5)). The dimensionless parameter k.* reflects
the size effects on the catalytic reaction rate while yar is related to the excess of

the reactant relative to the redox catalyst.

2
K= K.Cxl (14)
DA
CR DR
= 15
VAR ¢,D, (15)

where ca and cr are the bulk concentrations of the redox catalyst A and the
reactant R, Da and Dr are the diffusion coefficients of A and R. When the redox
couple A/B in the EC’ reaction is immobilized at the electrode, the current at high

overpotentials can be expressed as: 55

I * k'*
SS — — 1 C (16)
Iss,le i kc*
geo
k;* — I(cr‘maxr (17)
DA

where 'max is the maximum surface coverage of the adsorbed redox species on
the electrode and k¢ is the catalytic rate constant (mM-! s'!) of the immobilized
A/B. Egn. (13) and Eqgn.(16) are examples of current responses at high
overpotentials for the diffusion-coupled EC’ reactions on nanoelectrodes. As the
electrode size r is involved in k" and k., varying r can change the steady-state
current and lead to different results on the apparent number of electrons

transferred in an EC’ reaction.
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The ECE reaction is another important example:

A+e —— B, E:ams (18)
B t<:> C (19)
C+e ——D,Eco (20)

where Et is the formal potential, kt and kv are the forward and backward rate
constants of the chemical step. The intermediates B and C can be either solution-
phase species or attached on the electrode surface. Assumed that the two redox
processes are fast, two separated voltammetric waves may be observed on a
nanoelectrode, depending on the diffusion (D, r), the kinetics (kt, kvb) and the
thermodynamics (ki/kp) of the chemical reaction and the formal potential
difference (Et, c/p - Ei, a/8) between the two electron-transfer steps.%® The limiting
current at high overpotentials for the ECE process is 1< Iss*/Iss,1e"< 2. Similar to
the EC’ system, the apparent number of electrons transferred in the ECE reaction

on nano-particles/electrodes can be manipulated by altering the electrode size r.

21



4 Nano-Electrocatalysis

4.1 Joint Experimental and Computational Study in the Search for

Authentic Nano-Electrocatalytic Effects

By comparing the electrocatalytic kinetics measured from both the macro- and
nanosized electrodes made of the same materials, the authentication of any
electrocatalytic nanoeffect can be determined. The combination of experimental
and computational studies enables the quantification of the kinetic parameters as
introduced in Section 2. Mass transport effects must be decoupled in order to
identify authentic catalysis since the electrode size and the electrode
modification in making nanoparticle arrays inevitably alter the transport
conditions away from semi-infinite and influence the kinetic analysis.3¢ 57 A joint
experiment and simulation study was implemented on gold nanoparticle arrays
and gold macroelectrodes for the electrooxidation of nitrite and L-ascorbate, the
procedure of which is shown in Figure 4.58 By comparing the kinetics measured
from the Au macroelectrode and Au nanoparticles via both experiment and
simulation, it was found that there was no nanoeffect for the nitrite oxidation but
an enhanced electrocatalytic current was observed on the electrooxidation of the
L-ascorbic acid. The possible explanation is that L-ascorbic acid oxidation
involves adsorption and therefore the current response is sensitive to the
electrocatalyst structure. The quantitative comparison of the kinetics at macro-
and nanosized electrodes is of great interest to elucidate the fundamental aspects

of naoneffects on the electrocatalysis.
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Kinetics on macro electrodes for
electro-oxidation of nitrite or L-ascorbate

Modification of GCE with Au -NPs
with different coverage

A

Characterization of Au -NPs/GCE

Simulation using
“macro” parameters

VS

A

Change of kinetics of nanoparticles
compared with bulk materials

Does not fit

Experiments of electro -oxidation
with Au-NPs/GCE
of nitrite or L-ascorbate

Fits

“Positive nanoeffect s”:

Nanoelectrocatalysis

Figure 4 Approach followed in this work for the detection of nanoelectrocatalysis
of the electrooxidation of nitrite and L-ascorbate by gold nanoparticles combining

electrochemical measurements with computational simulations. Reproduced

> “Negative nanoeffects” |

No nanoeffect s

with permission from ref 56, 2013, Wiley-VCH.

Kinetic studies of some electrocatalytic systems are discussed in this section.

The interfacial kinetics, the electrocatalytic nanoeffect, and the selectivity

variation on nano-electrocatalyst are particularly considered.

4.2 Hydrogen Evolution and Oxidation Reactions

The hydrogen evolution/oxidation

reaction (HER/HOR) 2H"+2e ——=H,

contains three possible elementary steps:
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H*(sol)+e ==H(ads) (Volmer) 1)

H(ads) + H" +e"<—=H, (sol) (Heyrovsky) (22)

H (ads) + H (ads)e==H, (sol) (Tafel) (23)

where H*(sol), Hz(sol) and H(ads) are the proton, dissolved di-hydrogen and

adsorbed hydrogen.

By comparing the steady-state current values between the experimental
measurement from single platinum nanoparticles (PtNPs) and the simulated
results, the mechanism of HOR on PtNPs has been shown to follow the Tafel-
Volmer reaction.’%-0 At high overpotentials, the steady-state current is much
smaller than the diffusion-controlled value, indicating that the adsorption of
hydrogen on Pt, rather than the mass transport of hydrogen towards the electrode,
is the rate-determining step of HOR on PtNPs. The adsorption rate constant was

also measured from the steady-state current.

Measurement of current responses on single nanoparticles provides
information of the interface dynamics and the nanoeffect for HER. Zhou et at
applied the nanoimpact technique to detect the nanoeffect of HER on single
Ni@NiO nanoparticles.®! The potential-dependent catalytic current measured at
single Ni@NiO nanoparticles shows similar kinetics to that seen on a NiO
microelectrode surface, indicating no size effect or nanoeffect for HER on the
Ni@NiO nanoparticles. However, a negative effect was observed for HER on 2 nm

Au nanoparticles, where ko decreases one order of magnitude comparing to the
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gold macroelectrode.®? Recent work by Xiang et al studied the transient response
of HER on single PtNPs under He and H: atmospheres.?® Compared to the He
atmosphere, a slower HER electrocatalysis under H2 atmosphere was observed,

showing the passivation effect caused by the hydrogen adsorption on PtNPs.

4.3 Oxygen Reduction Reaction

The two possible generic reaction paths of the oxygen reduction reaction (ORR)
according to the study of Wroblowa as shown in Scheme 1.5 The direct pathway
is the direction reduction to water with four electrons transferred; the indirect
reduction first generates the intermediate H202 with two electrons transferred
and then H20:2 is further reduced to water. Chen and Kucernak simulated the
indirect ORR on carbon supported single PtNPs and reported that all the reactant
Oz was reduced to water under low mass transport conditions while only a
portion of the reactant became water and the rest was reduced to H202 under
high mass transport.®® The enhancement of mass transport for the ORR actually
decreases the effective number of electrons transferred on a nanoelectrode, as
the result of the variation of mass transport for the diffusional intermediate H20x.
The conclusions made in respect of the single nanoparticles also relates to the
ORR on nanoparticle modified electrodes, where more H202 is formed with
smaller nanoparticles and larger interparticle distances (both increases the mass

transport efficiency) of the nanoparticle array.%6-67
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+4e"

diffusion +2e +2e- l
0,(sol) ———> 0,(surf) ——> H,0,(surf) ——> H,0

1«

diffusion

H,0,(sol)

Scheme 1 Wroblowa scheme®4 of the direct and indirect reaction paths for oxygen

reduction reaction.

Nanoeffects on the ORR kinetics for a series of gold nanoparticles (AuNP) of
2~40 nm radii were investigated by Compton et al via comparing the kinetic
parameters measured from AuNP modified electrodes and a gold
macroelectrode.%? 6869 The mechanism of ORR was inferred to be the two-

electron-two-proton transfer mechanism and the product to be H202:58

O,+e ——=0, (24)
0, +H' = HO;, (25)
HO;, +e" ——= HO, (26)

HO, +H' —=— H,0, (27)

The first step was regarded as the rate-determining step. The electron-transfer
rate constant of the rate-determining step and the transfer coefficient measured
from AulNPs of 5~40 nm radii are almost identical with the results on the Au

macroelectrode, showing there is no significant nanoeffect on the electrocatalytic
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kinetics for ORR on Au.%8-%° However, a negative effect was found for 2 nm AuNPs,
where the electron-transfer rate constant of the rate-determining step is two

orders of magnitude smaller than measured from the Au macroelectrode.?

4.4 Carbon Dioxide Reduction Reaction

Developing effective and highly-selective electrocatalysts for COz reduction is of
significant interest for energy and environment. CO2 can be reduced to either CO
or HCOO(H), depending on the catalyst, the reaction conditions and the
overpotential.’> However, the reduction of CO: involves the electro-
hydrogenation by the adsorbed hydrogen on the electrode surface, which also
leads to the evolution of hydrogen and the generation of hydrocarbons such as
CHs and C:2Hs.”! Therefore, the selectivity of certain CO2 reduction product
becomes an important feature for any catalyst. The selectivity can be manipulated
by not only varying the catalytic ability but also adjusting the mass transport
conditions on the electrode.’?’® The Faraday efficiency for producing CO or
HCOO- is closely related to the diffusion conditions of the electrode interface,
where more CO or HCOO:- is usually found on nanoparticles with smaller sizes or

larger interparticle distances on nanoparticle modified electrodes.

The microkinetics of CO2 electroreduction on nanoparticles was investigated
for the better understanding the kinetics factors affecting the reaction selectivity
and the rate-determining step. Recent studies have been reported for CO:
reduction on sharp-tip Au nanostructures, where COz is reduced to CO.7475 Liju et

al proved that applying a high-curvature nanostructure and adding the cationic
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ion K* in the solution could dramatically improve the current density.’¢ Simulation
shows that the sharp-tip structure causes large electrical field on the tip, where
the enhanced electrostatic field was thought to increase the mass transport and
surface adsorption of K*. DFT calculations reveal that K* is able to stabilize the
reaction intermediate and thus decreases the reaction barrier needed for the
formation of the intermediate. A diffusion-reaction model applied by Jiang et al
revealed the electrocatalytic behaviour were improved because of both the
lowered the reaction barrier and the increased the mass transport of CO2.75 It was
also reported that due to the fast reaction rate on the nanostructure surface, the
insufficiency of CO2 mass transport rather than the reaction barrier was the rate-
determining factor. The simulation of the mass transport influenced reaction
kinetics provides a direct approach to explore factors influencing the reaction

selectivity and the rate-determining step in the overall electrocatalytic system.
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5 State-of-the-Arts and Limitations

The preceding sections illustrate that the pursuit of a synergistic approach
between theory and experiment is within modern computational scope and that
such an approach allows a definitive evaluation of the physical and chemical
models which relate to electrocatalysis. The recent and current literature is
replete with examples of qualitative, semi-qualitative and empirical studies.
These have their roles in advancing some technology but the deeper interplay of
theory and experiment is essential in order to probe fundamentals and to drive
informed advances. Refs 7-9 show that the necessary computational techniques
exist provided the user is willing to invest the effect in learning simulation,
although some analysis, especially in limiting cases, can be achieved by
analytical theory’® whilst commercial simulation softwares provide a semi-
quantitative approach valuably used in exploratory simulations.”” For example,
analytical theory has been impressively displayed by Molina and colleagues to
understand pulse voltammetry and its applications?’®; whilst COMSOL has been
used successfully to explore the essential role of temperature control particularly
in SECM experiments, where imperfect thermostatting is known to contribute to
some misleading results owing to density driven convection currents.’”® Similarly,
the finite difference software such as DIGISIM, pioneered by M. Rudolph,® is
extremely useful for the simulation of some voltammetric problems relating to
isolated single electrodes.8!-82 However the temptation to include a surfeit of
reactions is sometimes found to be irresistible whilst the inclusion of adsorption
effects and of usually requires self-written software, although the KISSA program

offers an off-the-shelf approach to the analysis of adsorption process.® Enhancing
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studies of electrocatalysis at the single-nanoparticle or even molecular levels will
require stochastic simulations, where higher-performing parallel computation
(such as the application of Graphics Processing Units),%* the consideration of
possible effects of potentiostat hardware (such as the filter),8 and the case-by-
case data processing procedure designed according to the real experimental

environment® are often emphasized in self-written programs.

6 Concluding Perspectives

Recent studies of the electrocatalysis on nanoparticles and nanoelectrodes under
the influence of the mass transport were briefly discussed. One difficulty of
understanding the electrocatalytic ability on nanomaterials is to need to clarify
and separate the mass transport influence and any nanoeffect related to the
electronics of the catalyst, especially for complex electrode geometries. The
combination of experiment and simulation enables us to quantify the kinetics of
electrocatalysis and thus indicates information such as the interfacial dynamics of
an electrochemical reaction or the structure-dependent activity of the
electrocatalyst. A close synergy between simulation and experiment is desirable
for the rigorous development of new electrocatalysts and for understanding key

electrode processes.
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Table 1 Dimensional and dimensionless variables.

Symbol Interpretation

I Current

Iss Steady-state current

Lss1e Diffusional steady-state current of one electron transfer

Kred/ox Reductive/Oxidative electron-transfer rate constant

n Overpotential

E Electrode potential

Ef Formal potential

ko Standard heterogeneous electrochemical rate constant

a Transfer Coefficient

A Reorganization energy

£ Metallic energy level

F Faraday constant

R Gas constant

T Room temperature

D Diffusion coefficient

r Electrode radius of a spherical/circular area or side length
of a square area

Cbulk Bulk concentration

c Concentration

Ogeo Geometric coefficient

Kt Debye length

j Current flux

z Charge

¢ Local potential in solution

&s Local static dielectric constant

Er Permittivity of a vacuum

X Distance from the electrode

ke Second-order rate constant of the EC’ reaction

['max Maximum surface coverage of adsorbed redox species

S Area of the electrode

E Formal potential

31




kv Forward and backward rate constants

I' = I/(FcDr) Dimensionless current

Iss* = Iss/(FcDr) | Dimensionless steady-state current

n" = nF/(RT) Dimensionless overpotential

2" = JF/(RT) Dimensionless reorganization energy

¢" = ¢F/(RT) Dimensionless energy level

ko" = kor/D Dimensionless electron-transfer rate constant

kc*=kccr?/D Dimensionless second-order rate constant of the EC’
or reaction

kc*=kcrmax1’/D
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