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From Ensemble Electrochemistry to Nano-Impact Electrochemistry:

Altered Reaction Selectivity

Rui Zhong, Xiaoyu Wang, Qianqgian Tao, Jianhua Zhang, Chuhong Lin,* Hui Wei,* and

Yi-Ge Zhou*

Abstract: Selective electrochemical production of valued
chemicals is of significant importance but remains a
great challenge in chemistry. Conventional approaches
for enhancing reaction selectivity focus on the improve-
ment of the catalysts themselves. In this work, we
systematically studied the reaction kinetics and mass
transport behavior of LaNiO; nanocubes (LaNiO; NCs)
catalyzed hydrogen peroxide reduction reaction
(HPRR) at ensemble and single nanoparticle levels
using nano-impact electrochemistry (NIE). We find that
the selectivity of HPRR was altered at individual
random-walk nanoparticles as compared to their ensem-
ble counterpart without changing the reaction kinetics,
due to the significantly enhanced mass transport at
single nanoparticles. This discovery offers the scope of
new catalytic approaches for engineering electrochem-
ical reactions in general. )

Introduction

Selective electrochemical synthesis of the desired and valued
products is of particular significance in chemistry. Recently,
extensive attentions have been paid to improving the
reaction selectivity of a variety of reactions, in which the
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electrochemical CO, reduction for CO production,'™ CO
electrocatalytic reduction to form multi-carbon products,™
H,0, electrogeneration by oxygen reduction reaction”*! and
the electrosynthesis of NH; from N, reduction®!” are
important representatives. Main strategies to enhance the
reaction selectivity have been focused on the improvement
of the catalysts themselves before they are modified on the
electrode, including surface engineering,™'!  doping
modification!">"*) and defect construction.'" However, these
approaches usually require rather complex reagents or
sophisticated protocols. In addition, the resulting catalysts
may also promote other reaction pathways, resulting in
unsatisfying selectivity enhancement.

Single nanoparticle electrochemistry, different from the
electrochemistry of nanoparticles supported on an electrode,
is able to unveil the intrinsic properties of individual
nanoparticles masked in the ensemble-averaged
measurements.””? Among single nanoparticle electrochemis-
try, nano-impact electrochemistry (NIE) is currently an
active technique based on the stochastic collisions of
individual nanoparticles onto an inert ultramicroelectrode,
which has been utilized to probe a variety of single
nanoparticles®?" and biological entities.”") NIE-based reac-
tion mode has been found to significantly increase the
reaction efficiency by enhancing the mass transport of
reactants.’>?] Furthermore, since the spatial and temporal
continuum of the reaction at ensemble electrochemistry is
broken, this mode can also accelerate reaction kinetics™
and minimize catalyst degradation.”

In this work, we find that NIE enabled single nano-
particle electrochemistry can also alter the reaction selectiv-
ity by using LaNiO; nanocubes (NCs) catalyzed hydrogen
peroxide reduction reaction (HPRR) as a model reaction.
LaNiO; NC is a member of perovskite oxides displaying
high electrocatalytic activity towards HPRR, which was
reported to very possibly take place through a direct
electrochemical reaction mechanism of H,O, (direct HPRR)
and a chemical electrochemical reaction mechanism includ-
ing a chemical decomposition of H,O, to O, followed by an
electrochemical oxygen reduction reaction (ORR).*! The
ORR involved indirect reaction pathway is not desired in
HPRR, because it is a slow four-electron transfer process
compared to the faster two-electron reduction of the direct
HPRR.”! Moreover, the generation of the oxygen bubbles
may decrease the active surface area of the electrode and
intensify the fuel crossover problem under the context of a
fuel cell application.”**! Herein, by combining experiments
and theoretical simulations, the reaction kinetics and mass
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transport behavior of LaNiO; NCs catalyzed HPRR were
systematically studied at ensemble level and single nano-
particle level using nano-impact electrochemistry. Interest-
ingly, the current ratio of the direct HPRR to the ORR was
found to increase by ca. five times at the voltammogram
equivalent to a single nanoparticle compared to ensemble
electrochemistry without changing the reaction kinetic
parameters, indicating that much improved reaction selectiv-
ity can be obtained at single nanoparticles. This should be
attributed to the significantly enhanced mass transport at
single nanoparticles over their ensemble counterpart. This
work highlights the improvement of reaction selectivity
enabled by individual random-walk nanoparticles and
provides new insight in the design of catalyst working mode
in electrochemical systems.

Results and Discussion

Our previous study has demonstrated that e, is an effective
activity descriptor for the design of peroxidase-like nano-
zymes by using ABO; (where A is a rare-earth or alkaline-
earth metal and B is a transition metal) perovskite oxides as
a model system (Figure 1a).”! Optimized by e, descriptor,
LaNiO; with a peroxidase-like activity 1-2 orders of
magnitude higher than that of other representative metal
oxide-based and carbon-based nanozymes can be obtained.
To characterize the morphology of the as-prepared LaNiO;
nanozymes, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) measurements were
performed, showing a cube structure with a size of about
400 nm (Figure 1b and Figure S1). The high-resolution TEM
image in Figure lc exhibits the magnified LaNiO; matrix
with well-defined lattice fringes, where the d-spacing of
0.271 nm corresponds to the (110) crystal planes of LaNiO,
perovskite. The elemental distribution was then obtained by
HAADF-STEM characterization coupled with EDS elemen-
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Figure 1. Characterization of LaNiO; NCs. a) Schematic illustration of
ABO; perovskite structure. A (rare earth or alkaline-earth metal), B
(transition metal), and O are shown in gray, blue, and yellow,
respectively. TEM image (b) and high-resolution TEM image (c) of
LaNiO; NCs. d) The elemental mapping of La, Ni, O for LaNiO; NCs.
e) Powder X-ray diffraction patterns of the LaNiO; NCs. f) CVs of a
bare GC electrode (black line) and a LaNiO; NCs modified GC
electrode (red line) in a 0.1 M KOH solution at a scan rate of
50 mVs™.
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tal mapping (Figure 1d), which shows uniform distribution
of La, Ni, and O in LaNiO; NCs. To further reveal the
structural information, X-ray diffraction patterns are shown
in Figure le, suggesting that the obtained product presents
typical diffraction peaks of the LaNiO; perovskite structure
without the crystalline phases of lanthanum or nickel oxides.
As shown in Figure S2, the as-prepared LaNiO; NCs
exhibits excellent peroxidase-like activity, following the
typical Michaelis—-Menten curve. The electrochemical char-
acterization of the LaNiO; NCs was carried out by perform-
ing cyclic voltammogram (CV) at a bare glassy carbon (GC)
electrode and a LaNiO; NCs modified GC electrode in a
0.1 M KOH solution in the scan range of 1V to 1.7V (vs.
RHE), shown in Figure 1f. It can be seen that a redox
couple appears at 1.3V and 145V, respectively, corre-
sponding to the redox cycle of Ni**/Ni**, which is consistent
with the prior observations.**!

Before investigating HPRR at LaNiO; NCs ensembles, a
LaNiO; NCs modified GC electrode was first scanned in the
potential range of 1 V to —0.5V in a N,-saturated solution
of 0.1 M KOH without the presence of H,0, at a scan rate
of 50mVs™' (Figure 2a, blue, dashed lines) to allow the
study of the intrinsic electrochemical property of LaNiO;
NGCs. It is found that a distinct cathodic current at 0.3 V in
the first cycle was observed, attributing to the reduction of
Ni** to Ni*,” while no reduction feature was shown on a
bare GC electrode (black line). In the backward scan, no
oxidative behavior exhibited, suggesting that Ni*" reduction
to Ni*" is an irreversible reaction. This is due to a little
destruction of the crystal structure induced in the reductive
process, where Ni** ions produced is unable to occupy their
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Reaction processes involved:
1 Adsorption of H,0O, (HP), 2 Desorption of HP, 3 HP decomposition,
4 Desorption of O,, 5 Adsorption of O,, 6 O, reduction, 7 HP reduction,
8 Diffusion of HP, 9 Diffusion of O,

Figure 2. HPRR catalyzed by LaNiO; NCs ensembles_a) CV of a bare
GC electrode (black line) in a N, saturated 0.1 M KOH solution at a
scan rate of 50 mVs™'; multiple-scan CVs of a LaNiO; NCs modified
GC electrode in a N,-saturated 0.1 M KOH solution with (red line) and
without (blue, dashed line) 10 mM H,0, at a scan rate of 50 mVs™".
lorg @nd Iypgs refer to the peak currents of ORR and direct HPRR.
Background current of the H,0, CV was removed. b) CV of a bare GC
electrode (black line) and multiple-scan CVs of a LaNiO; NCs modified
GC electrode (red line) in a O,-saturated 0.1 M KOH solution.

c) Elementary steps and kinetic parameters of the HPRR mechanism.
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original sites without any deformation of the lattice.”” In
addition, the subsequent scans show no further reduction
peaks, indicating that the reduction of the surface Ni** can
be completed in the first cycle. Followig that, HPRR at the
LaNiO; NCs modified GC electrode was studied in the same
potential range in a N,-saturated solution of 0.1 M KOH
containing 10 mM H,0O, in Figure 2a (red line). Compared
with a flat curve observed at the bare GC electrode (data
very similar to that in N,-saturated 0.1 M KOH without
H,0,, which is not shown), two well-defined reduction peaks
at ca. 0.5V and 0V, respectively, were obtained at the
LaNiO; NCs modified GC electrode.

As was mentioned previously, LaNiO; catalyzed HPRR
includes a direct electrochemical reduction of H,O, (direct
HPRR) and an oxygen reduction reaction (ORR) following
the chemical decomposition of H,O, to form oxygen.”! In
order to explore the attribution of the two reductive peaks
for HPRR, CVs in the potential range of 1 V to —0.5 V were
repeated at a LaNiO; NCs modified GC electrode (red) and
a bare GC electrode (black) in an oxygen saturated 0.1 M
KOH solution, shown in Figure 2b. It is found that in the
first CV cycle, two obvious reduction peaks were clearly
seen at ca. 0.5V and 0.3V, respectively. Previous studies
indicate that the former should be due to ORR at LaNiO,.!!
Therefore, the peak at 0.5 V in Figure 2a is attributed to the
electrochemical reduction of the oxygen coming from the
chemical decomposition of H,O,. The other reduction peak
at 0 V for HPRR should then be corresponding to the direct
HPRR. The peak at 0.3 V in Figure 2b is attributed to the
irreversible reduction of Ni** to Ni**, which disappeared in
the subsequent scans.

It is noticed that the reduction peaks at 0 V for LaNiO;
NCs catalyzed HPRR in Figure2a show a significant
decrease in the later scans as compared to the first scan.
Given that the reduction of Ni** to Ni** for surface LaNiO,
only contributes a minor part, we speculated that the
decrease in the current might be due to mass transport
limitation of H,O, with increasing reaction time in the later
scans. This assumption was later proved both in theory and
experiments. It is also observed that the ratio of the current
peak for the direct HPRR to that for ORR is about 1.5:1.

To find out the reaction kinetics and mass transport
information involved in HPRR catalyzed by LaNiO; NCs
ensembles, a theoretical model of the ORR and the direct
HPRR at LaNiO; NCs supported on a GC electrode was
built, as shown in Figure 2c. The 9 kinetic processes and the
corresponding reaction rate constants/diffusion coefficients
involved in the model were also listed in Figure 2c, where
kipags  (unit: mM™'s™) and kgpge, (unit: s7') are the
adsorption and desorption rate constants of H,O,; kyppc
(unit: s7") is the decomposition rate constant of H,Oy; ko
(unit: mM~'s™") and kqq. (unit: s™') are the adsorption and
desorption rate constants of O,; kogg (unit: s™), E;org (unit:
V) and agrg are the rate constant, the formal potential and
the transfer coefficient of the ORR, respectively; kypgrg,
E:1prr and ogpgy are those of the direct HPRR, respectively.
Since the reduction current of Ni’*** was much lower than
that of the direct HPRR and the reduction reaction only
occurred at the first time using the LaNiO; NCs modified
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electrode for its irreversibility, the reduction of Ni** to Ni**
was ignored in the simulation for simplicity.

Detailed reaction equations of Figure 2c can be found in
Supporting Information, Equations (S1) to (S5). As we
mainly investigated the influence of H,0O, adsorption, H,O,
decomposition and H,O, mass transport on the selectivity of
HPRR, the detailed, stepwise chemical and electrochemical
mechanism of ORR and HPRR were not considered in this
model. The electrochemical reaction rate was assumed to
follow the Butler-Volmer equation. The diffusion coeffi-
cients of O, and H,0, were assumed to be 2.0x107° m*s™
according to the previous reports.*>* We assumed that the
adsorption of H,0, and O, competed with each other on the
LaNiO; surface. The values of 7}, (surface coverage of total
active sites for both H,0O, and O,), which relates to the
catalytic property of the electrode material, and other
kinetic variables (Kkypags, Kipdess Koadss Kodess Kuppce) Were
determined by fitting to the experimental CVs. The formal
potentials of the ORR and the direct HPRR with adsorbate
reactants O,(ads) and H,0,(ads) were determined by both
the formal potentials of O,(sol) and H,0,(sol) (1.23 V vs.
RHE and 0.78 V vs. RHE in the solution of 0.1 M KOH,
respectively)® and the corresponding thermodynamic ad-
sorption equilibrium coefficients, see Supporting Informa-
tion, Equations (S10) and (S11).

Since a macro-sized electrode modified with close-
packed nanoparticles is equivalent to a macroelectrode
made up of the same material as the nanoparticles,” we
treated the LaNiO; NCs modified GC electrode as a LaNiO;
macroelectrode in the following simulation. For the simu-
lation on a macro-sized electrode, the edge effect can be
ignored and the diffusion follows the mode of “linear
diffusion”.”! However, when the size of the electrode
decreases from millimeter to the level of micrometer or
even nanometer, as the edge curvature cannot be neglected,
the diffusion becomes “radial diffusion”.® The diffusion of
solution-phase H,0O, and O, was described by the Fick’s
second law for both macroelectrode and single nano-
particles. By solving the partial differential equations
[Supporting Information, Equations (S12) and (S13)] with
the boundary conditions of Equations [Supporting Informa-
tion, Equations (S6)-(S9) and (S14), (S15)], the concentra-
tion/surface coverage profiles of H,0O, and O, were calcu-
lated. A home-made program was built for the simulation
and data analysis was performed in Matlab 2020b.

The selecitivity of HPRR is defined as the ratio of peak
currents (macroelectrode) or steady-state currents (single
NP) between HPRR and ORR, Iypgrr/lorg. Figure 3 predicts
the theoretical selectivity under the influence of H,O,
adsorption (ADS), H,0, decomposition (DC) and H,O,
mass transport (MT, which is determined by the interplay
between the active site surface coverage I, and the
diffusion ability). The variables affecting HPRR selectivity
include not only the kinetic parameters listed in Figure 2c
but also the active site surface coverage /., the concen-
tration of bulk H,0, cyp*, the scan rate v or the nanoparticle
radius ryp. To simplify the analysis, the influence of each
kinetic parameters and [, on HPRR selectivity was
evaluated in Figure S3, where kypags, kuppcs Dups I max (ODly

© 2022 Wiley-VCH GmbH
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Figure 3. Selectivity (Ipre/lorr) @s @ function of combined kinetic
parameters. a) Selectivity diagram of macroelectrodes over H,0,
adsorption (ADS) and H,0, decomposition (DC) rates, ADS =
kaadschRT/vF DC=kyppcRT/vF. b) Selectivity diagram of macro-
electrodes over ADS and H,0, mass transport (MT) rates, ADS =

kHPddﬁcHPRT/vF MT =110/ (CHP\/DHPRT/V c) Selectivity diagram
of single nanoparticles (NPs) over ADS and C rates ADSy\p=

kHPadscHPrNP/DHP, DCpp= kpppcrap/ Dup- Simulated CVs of a macro-
electrode (radius 1.5 mm) and a single NP (radius 200 nm) with

d) relatively strong H,0, adsorption (kup.ss=2.5s"") and f) weak H,0,
adsorption (kyp,gs=0.25 s7'), where other simulation parameters were
identical as Figure S3, cyp*=10 mM and v=50 mVs™".

for macroelectrodes) were found to mainly determine the
selectivity of HPRR and were considered in the simulation.
In addition, the local pH effect was not considered in the
theory. Though local pH may differ from the bulk value, the
selectivity should not vary much, which was proved in
Figure S4 where the pH difference only shifts the over-
potential of the direct HPRR and ORR as a whole without
causing noticeable change in the HPRR selectivity. The key
variables as well as the experimental conditions cyp*, v and/
or ryp were further combined into three dimensionless
factors: ADS, DC and MT (two dimensionless factors of
ADSyp and DCyp for single NPs, as less kinetic variables are
needed). ADS, DC and MT indicate the contribution from
H,0, adsorption, H,0, decomposition and the sufficiency of
H,O, mass transport compared to the material active site
density. ADSyp and DCyp refer to the H,O, adsorption and
decomposition compared to the mass transport of H,O,. The
definition of the combined parameters is listed in the
caption of Figure 3. Figure 3a and b show the simulated
selectivity under the linear diffusion mode (macroelectrode)
as a function of ADS, DC and MT. On a macroelectrode,
increasing the H,O, concentration is helpful to improve the
selectivity as it increases ADS and decreases MT; increasing
the mass transport of H,O, improves the selectivity only
when the reaction is not limited by a slow ADS (ADS>
107"); increasing the active site density of the material may
lead to a decrease in HPRR selectivity when ADS is not
slow (ADS>107"), as a large I}, is favourable for other
competing surface reactions; increasing the scan rate
decreases the values of ADS and DC but increases MT,
which usually leads to a slight improvement on the
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selectivity. Note that the selectivity diagram is not the same
as the activity diagram and the same variation in experiment
may lead to different response on selectivity and activity.
For instance, increasing [}, improves the current but
decreases the selectivity, as shown in Figure S3h.

Compared to the macroelectrodes, the selectivity dia-
gram on single NPs are relatively simple. Figure 3¢ shows
the simulated selectivity under the radial diffusion mode as
a function of ADSyp and DCyp. Increasing the concentration
of H,0, can also increase the selectivity, but the selectivity
is independent of the variation of Dyp and ryp in the case of
radial diffusion. Figure S5 shows that the selectivity on
single NPs is also independent of I, indicating that slight
size variation of NPs due to agglomeration or synthesis
difference will not affect the HPRR selectivity. The
selectivity difference between the macroelectrode and single
NPs is due to different mass transport efficiency between
linear diffusion and radial diffusion. The more significantly
the reaction is limited by slow mass transport of reactants,
the more the HPRR selectivity will be improved after
switching from the macroelectrode to single NPs. It is worth
noting that the rate of H,O, adsorption plays a role in the
selectivity. Figure 3d shows the simulated CVs of a macro-
electrode (red) and a single NP (blue) under the case of a
moderate H,0O, adsorption, where Iyprr/lorr is 2 for the
macroelectrode but 4 for the single NP. In contrast, the
simulated CVs under the case of a slow H,0O, adsorption
displayed in Figure 3e gives a Iyprr/logg Very similar to both
electrodes. These results indicate that the change in the
diffusion mode can alter the selectivity of reactions in which
adsorption is not the rate-determining step.

The theoretical prediction was verified by fitting to
experimental CVs recorded on a LaNiO; NCs modified GC
electrode with a radius of 1.5 mm. By fitting to experimental
CVs, the values of the kinetic parameters (Kypagss Kupdes
koadss Kodess kuppes Korrs kuprr) Used in the simulation were
determined, which can be found in Figures S3. Figure 4a
shows the experimental (black, dashed lines) and the
simulated (blue, solid lines) CVs with H,0, concentrations
cp® of 2, 5, 10, 20 mM. Figure 4b shows the experimental
(black, dashed lines) and the simulated (blue, solid lines)
CVs with scan rates v of 20, 50, 100, 200 mV's~'. Similar to
the prediction of selectivity diagrams, Iyprr/lorr increases
with both cyp* and v. When simulating to the variation of
cup*, we found that the decomposition rate constant kyppc is

o
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- - Simulation - - Slmulatlo

L OEmmss=s= <
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. - ¢ w
200
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Figure 4. Influence of HP mass transport on LaNiO; NCs modified GC
electrode. a) CVs of various HP concentrations ¢,p*. ¢p*=2, 5, 10 and
20 mM. b) CVs of various scan rates v:v=20, 50, 100, 200 mVs™".

c) CVs at a rotating disk electrode of various stirring speeds w:w =100,
200, 400, 900, 1600 rpm. For simulation CVs in (a), kyppc=0.95
(cup®)*® s7"; other simulation parameters were identical as Figure S3.
Background current was removed for all experimental CVs.
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actually proportional to (cyp*)*®, indicating that the reaction
order for H,0, in the decomposition reaction rate equation
[Equations (S7) and (S8)] is not 1. Therefore in the fitting to
experimental data, we applied the expression of kyppc o
(cip*)"®. Comparing to the theoretical selectivity diagrams
of Figure 3a, the real HPRR selectivity is less sensitive to
the increase of H,0, concentration. After modifying the
expression of kyppc, the simulations fitted well with the
experiments, proving the validation of the theoretical model.
The effect of the reactant diffusion efficiency was further
investigated in Figure 4c, where LaNiO; NCs were modified
on a rotating disk electrode. When the rotating speed w
increases from 100 rpm to 1600 rpm, Iyprgr/lorr increases
nearly twice, confirming that the selectivity to HPRR can be
promoted by simply increasing the mass transport efficiency
of the reactant. To better display the correlation of the
experimental parameters to the selectivity, the calculated
selectivity against the experimental parameters were plotted
in Figure S6. For HPRR, the side reaction of ORR resulting
from H,0, decomposition is not desirable for real applica-
tions. However, the catalysts for HPRR usually also favour
the decomposition of H,0O, and the subsequent ORR, which
makes it difficult to avoid the side reaction by just improving
catalytic materials themselves.?®?*"! The combination of the
theoretical modelling and experimental studies clearly
suggest that the alteration of the reaction selectivity can be
achieved by only changing the mass transport efficiency.

To investigate the kinetics of HPRR catalyzed by single
LaNiO; NCs, nano-impact electrochemistry (NIE) was
performed at a 7 um diameter carbon ultramicroelectrode in
a 0.1 M KOH solution containing 100 mM H,0, and 1.1 pM
LaNiO; NCs under different potentials. Figure 5a displays a
segment of the high-temporal-resolution chronoamperomet-
ric profile of HPRR at 02V vs RHE, where typical
reductive current spikes were observed. In Figure S7, two
control experiments were carried out without LaNiO; NCs
present in solution (black line), or with LaNiO; NCs but
under a potential of 1V (red line), where the LaNiO; NCs
are not electrochemically active for catalyzing HPRR (see
Figure 2a). No current spikes were observed (Figure S7,
inset) for both cases, confirming that the catalytic process of
HPRR during collisions of single LaNiO; NCs with the

a -22 b 0.5
229 —JF—Experiment
< B —Simulation
S 0
-22.5 -
< e g
= Time/s N E-05
T 23 =
A
-23.5 -1.5
16 16.5 17 -0.5 0 0.5 1
Time/s E/Vvs. RHE

Figure 5. Nano-impact signals of single LaNiO; NCs. a) A segment of
chronoapmerometric response showing reductive current transients at
the potential of 0.2 V. The inset shows close-up view of a representative
current spike; b) Comparison between the potential dependent exper-
imental average nano-impact current response and the simulated CV at
a single LaNiO; NC. Simulated currents were normalized by the HPRR
steady state current l,;pgg. Simulation parameters were identical with
Figure S3.
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electrode surface is the source of the current spikes. It is
noteworthy that a concentration of 1.1 pM nanoparticles in
NIE can well avoid multiple collision events according to
the approximation using Poisson theorem based on the prior
study,P® therefore, the current spikes should be correspond-
ing to single nanoparticle collisions. Meanwhile, as shown in
Figure S8, LaNiO; NCs can maintain good dispersion
stability within the NIE experimental time scale, suggesting
that there should be almost no aggregates of LaNiO; NCs
responsible for the current spikes. Similarly, chronoampero-
metric measurements at a series of potentials ranging from
0.6V to —0.4V vs. RHE were performed, and the corre-
sponding impact spikes of single LaNiO; NCs catalyzed
HPRR were collected, shown in Figure S9. Those electro-
chemical impact spikes were analyzed by a home-written
data processing program, the details of which can be found
in Supporting Information (Figure S10a and S10b).*** The
potential dependence of the resulting averaged current
produced from single LaNiO; NCs is shown in Figure S10c,
which is equivalent to a voltammogram of HPRR catalyzed
by a single LaNiO; NC.

We also simulated the voltammogram of a single LaNiO;
NC attaching to the electrode surface, where a spherical
nanoparticle model was applied to simplify the calculation.
The corresponding current response of a single LaNiO; NC
can be calculated by solving the partial differential equations
[Supporting Information, Equations (S12) and (S13)] under
a spherical coordinate.! Note that the kinetics variables
applied in the single nanoparticle model were identical with
those used for macroelectrode simulation and the same
expression of kyppe=0.95(cp*)**s™ was applied for cyp*
equal to 100 mM. The kinetic parameters obtained from the
CVs of the macroelectrode fitted well with the electro-
chemcial response of single NPs, confirming the theoretical
model in Figure 2c and eliminating the possibility of other
significant kinetic effect such as the variation of local pH
when changing from the macroelectrode to single NPs. Since
the absolute current value measured from impact experi-
ments was filtered by the potentiostat and our data
processing program, the absolute current value obtained
from the chronoamperometric curves cannot be directly
compared to the simulated current. As we mainly discussed
the selectivity of HPRR at single LaNiO; NCs, we
normalized both the experimental and the simulated
currents by their steady-state currents Iyprg (the current
value at high overpotentials).

The corresponding normalized experimental voltammo-
gram for single LaNiO; NCs (black, dashed line with error
bars) and the simulated voltammogram (blue, solid line) for
an attached LaNiO; NC are shown in Figure Sb. It is
observed that the experimental current response exhibits
two plateaus: the one at ca. 0.4 V vs. RHE corresponding to
ORR and the other at ca. —0.3 V vs. RHE corresponding to
direct HPRR. The same plateaus can also be found in the
simulated CV, which agrees well with the experimental data
in the tendency of the current change with potential. From
the nanoparticle ensembles modified macroelectrode to the
single nanoparticle, all the kinetic parameters are identical
and the only difference between the two systems lies in the

© 2022 Wiley-VCH GmbH
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diffusion mode of the reactant, i.e., linear diffusion at a
macroelectrode and a much more efficient convergent/radial
diffusion at a single nanoparticle. The ratio of the direct
HPRR current to the ORR current at a single LaNiO; NC
was observed to be ca. 8 (Figure 5b), which is 5 times higher
than that at the LaNiO; NCs ensembles (Figure 2a),
suggesting that the electrochemistry of the individual
random-walk LaNiO; NCs can significantly improve the
selectivity of HPRR by enhancing the mass transport of
H,0,.

Conclusion

In conclusion, by combining experiments and theoretical
simulations, we studied the reaction kinetics and mass
transport behavior of H,O, electroreduction reaction
(HPRR) catalyzed by LaNiO; NCs in an ensemble and
nano-impact manner. It is found that the reaction selectivity
can be altered at individual random-walk nanoparticles
without changing the reaction kinetics between the two
manners, which should be due to the significantly enhanced
mass transport at single nanoparticles over their ensemble
counterpart. This discovery highlights the improvement of
the reaction selectivity enabled by the electrochemistry of
the individual random-walk nanoparticles. Meanwhile, it
offers the scope of new catalytic approaches to be
developed.
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The reaction kinetics and mass transport
behavior of LaNiO; nanocube (NC)-
catalyzed hydrogen peroxide reduction
reaction (HPRR) were systematically
studied at ensemble and single nano-
particle levels. The selectivity of HPRR
was altered at individual random-walk
nanoparticles as compared to their
ensemble counterpart without changing
the reaction kinetics, offering the scope
of new catalytic approaches to be devel-
oped.
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