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As a simple way to enhance catalytical performance, it has long been believed that catalyst loading increases
the number of sites available for reaction. The overall reaction rate will increase and saturate eventually as
catalyst loading increases. Here, we report a counterintuitive optimal catalyst loading for electrocatalytic carbon
dioxide reduction (eCO,R) on nanocatalysts. Numerical analysis based on a comprehensive kinetic model reveals
that nanocurved electric field (NEF) resulted from the comparable size of nanocatalysts and the electric double
layer can essentially affect eCO,R. While NEF induces extra mass transfer raising the overall reaction rate for
low catalyst loading, such extra mass transfer is sharply reduced due to the overlap of NEF for high catalyst
loading. These findings challenge the conventional physical picture of loading-dependent overall catalytical
performance, and provide a new concept for design of nanocatalysis.
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I. INTRODUCTION

Carbon dioxide electroreduction (eCO,R) provides an ef-
fective way to utilize the growing abundance of renewable
electricity from solar, wind, and geothermal energy to trans-
form carbon dioxide into value-added chemicals and fuels
[1-7]. To date, great efforts have been made to improve
eCO,R by design of the catalyst, the electrode, or elec-
trolyte [8—14]. For example, special catalyst structure of
confinement [15-17], intercalation [18,19], alloy [20-22],
and core-shell [23,24], and utilization of gas diffusion elec-
trodes [25] and ionic liquids [26,27] were applied. Increasing
catalyst loading is a simple method to enhance the overall
electrocatalytic performance [28-31]. For instance, Li et al.
[30] developed a novel MoS,/RGO hybrid material to in-
crease dispersed MoS,, leading to superior electrocatalytic
activity. Similarly, Manthiram ef al. achieved almost 4 times
higher reaction rate compared to the copper foil by increasing
the copper nanoparticles supported on glassy carbon [31]. It
has long been believed that increasing loading of catalysts
with fixed dispersion increases the number of sites avail-
able for reaction, and thus enhances the overall reaction rate
in the intrinsic-activity-controlled region. Further increasing
catalyst loading leads the overall reaction into the mass-
transfer-controlled region, so that the overall reaction rate
saturates eventually at a limited value [32,33]. This conven-
tional picture indicates an important role of mass transfer
playing in the overall electrocatalytic performance, and sug-
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gests that catalyst loading is the more the better to enhance the
overall reaction rate.

Recently, several studies implied that mass transfer may
differ from predictions of traditional theories when the cata-
lyst is taken down to nanoscales [34-36]. As the nanocatalyst
is of a size comparable to the thickness of electrical double
layer, electric field is actually nanocurved near the electrode
surface [37-39]. Our previous studies have revealed that the
nanocurved electric field (NEF) can lead to an extra mass
transfer which further results in nontrivial effects on the over-
all reaction performance of eCO,R. It has been shown that
NEF can enhance electrocatalytic activity of eCO,R by pro-
viding extra CO, on needle-shaped catalysts [40]. NEF can
also change the distribution of OH on the electrode surface
while keeping pH near the electrode unchanged, indicating a
hidden mechanism behind roughness-enhanced high selectiv-
ity of carbon monoxide electrocatalytic reduction [41]. It is
then very interesting to explore whether NEF is able to change
essentially the conventional dependence of electrocatalytic
performance on catalyst loading.

In this paper, we address this issue theoretically by a
comprehensive kinetic model of eCO,R on nanocatalysts, in-
cluding adsorption, desorption, diffusion, reduction of CO,,
and especially the NEF effect. We find a counterintuitive
optimal catalyst loading achieving a maximal overall reaction
rate. Detailed analysis shows that NEF near each catalyst in
nearly isolated for low catalyst loading. This type of NEF can
induce extra mass transfer to enhance the overall reaction rate.
For high catalyst loading, such mass transfer is reduced due
to the overlap of NEF, and consequently the overall reaction
rate decreases. In addition, effects of catalyst loading, catalyst
curvature, and randomness of catalyst spatial distribution on
eCO;R are also fully explored. It is concluded that catalysts
of sharp curvature, moderate loading, and regular spatial ar-
rangement facilitate e€CO;R on nanocatalysts.
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FIG. 1. Illustration of the kinetic model for eCO2R on electrode
surface of different catalyst loading. The whole catalytic process in-
cludes effective adsorption, desorption, diffusion, reduction of CO,,
and NEF-induced effects. Catalyst loading is changed by varying the
number of nanocatalysts (yellow dots in the bottom figure).

II. MODEL AND METHOD

As shown in Fig. 1, we extend our Kkinetic
model of eCO;R on nanocatalysts of different
curvature [40—42] to explore eCO,R on an electrode of
different catalyst loading. Key stages of the whole catalytic
process are considered, including effective adsorption,
desorption, diffusion, reduction of CO,, and especially the
NEF effect. The reaction-diffusion equations governing the
evolution of surface concentrations are as follows:
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In the above equations, quantities with superscript CO;,
CO, or sp indicate corresponding ones for CO,, CO, or pos-
sible side product. kg is the Boltzmann constant, T is the
temperature, 6, is the surface concentration of each chemical
species at location r, and n, is the total number of nanocata-
lysts.

The first (second) term in the right side of Eq. (1) describes
the adsorption (desorption) of CO, where k,; (k;) is the ad-
sorption (desorption) rate constant. The third and fourth terms
describe mass transfer on the electrode surface consisting
of normal diffusion with diffusion constant D and the mass
transfer induced by NEF [40]. A Gaussian-type effective in-
teraction potential V"2 = —a60¢% Uy, ; exp(—|r — rap ;|>/73)

TABLE I. Kinetic parameters for the simulation of eCO,R on
surface of different catalyst loading.

Parameter k. k™ ks kF N o ro

Value 0.1 9.9 10.0  10.0 120 1.0 5.0

Parameter kyZo k:]p= 0 D< D» A AP

100.0 5.0 1.0 1.0 1.5 075

Value

is applied to approximate the effective interaction between
the NEF of the ith catalyst and CO, locating at r (with the
help of K*)[40], where « is the interaction strength, rq is
the characteristic length of the potential, ryp; is the location
of the catalyst, and Uy;p; is the intensity of NEF depending
on the ith catalyst’s curvature radius Ry ;. The relationship
between Ulip,i and Rlip,i is Utip,i(Rlip,i) = (’/‘O/I/tp)(Rtip,i/Rp)_O'7
[40], where ug is the applied electrode potential, u, and R, are
electrode potential (—0.35V versus RHE) and curvature ra-
dius of the spherical catalyst in Liu’s experiments [43]. Then,
ug keeps the same as u,,, at which H, evolution reaction ex-
hibited very low current density, and the size of nanocatalysts
varies above quantum size regime to avoid the significance of
quantum size effects. Additionally, two reactions converting
CO; to the main product CO or side product are included.
The fifth and sixth terms describe the reaction rates based on
the Butler-Volmer equation [44], where k;"zo(kf]’; o) AC(AP),
and 1n°°(n°P) are the rate constant at equilibrium potential, the
apparent barrier-reducing coefficient, and the overpotential
for the main (side) reaction, respectively. Considering the
side reaction always happens along with the main reaction,
the side reaction is considered to happen within an area of
radius ry; = 4rg around the catalyst by taking the area for main
reaction as one grid [40]. Similarly, the first, second, and third
terms on the right side of Eq. (2) and Eq. (3) are the reac-
tion, desorption, and normal diffusion, respectively. Detailed
discussion about the model can be found in the Appendix.

In simulations, Eqgs. (1)—(3) are discretized on a lattice of
N x N grids with grid length L and periodic boundary con-
ditions. Kinetic parameters are listed in Table I according to
Ref. [40], where kgT, L, and D are chosen as basic units for
parameter dimensionless. In each simulation, n. nanocatalysts
of the same curvature are regularly arranged on the electrode
surface. Catalyst loading n measured by n = n./(N * N) can
be strictly correlated with the available number of active sites
for reaction as the size of each dispersed nanocatalyst keeps
the same. The effect of catalyst distribution is further explored
at the end of the result part. The overall producing rate of CO
is measured by v =", >~ j Vij» where v;; represents the main
reaction rate on the (i, j) grid.

III. RESULTS

Time series of the overall producing rate v for the
main product on catalysts of two typical curvature radii
Rip/R, = 0.9 and 0.3 and three different catalyst loading
n = 0.00694, 0.01, and 0.01563 are plotted in Figs. 2(a) and
2(b), respectively. It can be found that v eventually reaches a
steady state after a short transient state, thus all of the follow-
ing results are obtained in the steady state. In Fig. 2(a), v is
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FIG. 2. Time series of the overall rate of the main reaction v
on two typical catalysts of curvature radius Rg4,/R, = (a) 0.9 and
(b) 0.3, respectively, where catalyst loading is n = 0.00694, 0.01,
and 0.01563. (c) Dependence of v on the catalyst loading n on
catalysts of curvature radius Ry,/R, = 0.9 and 0.3.

smaller for n = 0.00694 than that for n = 0.01 and 0.01563,
and is almost the same for n = 0.01 and 0.01563, indicating
that the overall reaction rate increases and saturates as cat-
alyst loading increases. However, v is obviously smaller for
n = 0.01563 than that for n = 0.01 when catalysts are of a
sharp curvature Ry, /R, = 0.3 as shown in Fig. 2(b).

To show this quantitatively, dependence of the overall pro-
ducing rate v on the catalyst loading n for R;,/R, =0.9
and 0.3 are plotted in Fig. 2(c). Three observations can be
concluded. Firstly, dependence of v on n on catalysts of
Riip/R, = 0.9 is similar to the conventional one mentioned in
the introduction section. That is, v first increases and then sat-
urates eventually at a limited value as n increases. Secondly, v
is always larger on catalysts of Ry, /R, = 0.3 than on those of
Rip/R, = 0.9 when n is the same, meaning that catalysts of
sharper curvature can enhance the reaction. This observation
is consistent with previous findings in literature [40]. Lastly
and interestingly, v of Ry,/R, = 0.3 increases for small ns,
but turns to decrease when 7 is larger than an optimal value .
Such an optimal catalyst loading for eCO;R is quite different
from the conventional understanding of loading-dependent
catalytical performance. We notice that similar phenomena
were also reported in recent experiments [45,46], implying
that there can be new physics for loading-dependent catalysis
at nanoscales.

In order to reveal the mechanism underlying optimal cat-
alyst loading for eCO,R on nanocatalysts, averaged CO,
concentration 62 on the electrode surface is plotted in
Fig. 3(a). It can be seen that 6 of Rip/R, = 0.3 is
always higher than that of Ry,/R, = 0.9, which is incon-
sistent with previous reported enhancement of eCO,R by
NEF-induced extra mass transfer [40]. Besides, a clearcut
drop for Ryp/R, = 0.3 is observed when catalyst loading is
larger than ng.
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FIG. 3. Mechanism of NEF-induced optimal catalyst loading for
eCO,R performance. (a) Dependence of the mean surface concen-
tration of CO, on catalyst loading for catalyst of sharp and smooth
curvatures. (b) The absolute value of the maximum gradient of the
effective potential as a function of catalyst loading. The left and right
inset are the potential distribution with low (n = 0.0025) and high
catalyst loading (n = 0.01563), respectively.

Then, the key point turns to understanding why increasing
catalyst loading leads to low CO, concentration on the surface
when 7 is large enough. Spatial distributions of interaction
potential between NEF and CO, with low (n = 0.0025) and
high catalyst loading (n = 0.01563) are shown in the left and
right insets in Fig. 3(b), respectively. Potential wells of low
catalyst loading are separated clearly with each other, while
ones of high catalyst loading are overlapped obviously. As
described in Eq. (1), NEF-induced mass transfer is always
along the reverse direction of the gradient of the interaction
potential. Overlap of potential wells may reduce the intensity
of potential gradient, which further decreases NEF-induced
mass transfer. Dependence of the maximum absolute value
of the potential gradient g on catalyst loading n is plotted
in Fig. 3(b). It is observed that g remains unchanged when
n is small, indicating the increase of overall reaction rate is
solely a result of increasing the number of sites available for
eCO,R. When n is large, g declines sharply due to highly
overlapped potential, which then reduces the NEF-induced
mass transfer. In short, the competition between increasing
number of reaction sites and decreasing NEF-induced mass
transfer results in the counterintuitive optimal catalyst loading
for eCO,R performance.

To fully explore how the NEF-induced mass transfer
affects eCO,R performance, intensive simulations are per-
formed to obtain the overall reaction rate on the n-Ry;, plane.
As shown in Fig. 4(a), NEF-induced optimal catalyst loading
for eCO,R performance appears on catalysts of high curva-
tures (small curvature radius). However, v may decrease again
if the curvature radius of catalysts is too small. High eCO,R
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FIG. 4. (a) The overall reaction rate on the loading-curvature
plane with regularly assigned catalysts. The dot line indicates
nanocatalysts of different curvature when the total catalyst mass
keeps constant. (b) The schematic for generating a random catalyst
distribution according to a randomness «. (c) Typical configuration
for k = 0 (upleft), 0.1 (upright), 0.5 (downleft), and 1.0 (downright)
in n = 0.00694. (d) The overall reaction rate on the loading-
randomness plane with fixed Ry,/R, = 0.3. Color bars indicate the
value of the overall rate.

performance can be achieved in a parameter region of not too
high catalyst loading and not too small curvature radius. It
is well known that dispersion is also critical to the overall
reaction rate by increasing the number of reaction sites, which
implies that the radius of nanocatalysts should always be
as small as possible to maximize the overall reaction rate.
For a given mass of catalysts, the size of nanocatalysts is
inversely proportional to the cubic root of the number of
nanocatalysts Rp o n;'/3 as dispersion changes. To show
that the NEF-induced optimal loading is not simply an effect
of changing catalyst dispersion, dependence of the overall
reaction rate on the curvature radius of nanocatalysts when the
total catalyst mass keeps constant is indicated by the dotted
line (taking the proportionality coefficient as 1 for example)
in Fig. 4(a). Clearly, the overall rate also shows a maximal
value as dispersion changes, demonstrating again that the
NEF-induced enhancement does present new physics about
nanoelectrocatalysis.

In Fig. 4(d), effect of catalyst spatial distribution on the
overall reaction rate of eCO,R is presented on the n-x
plane with fixed Ri,/R, = 0.3. Here, k = (s — 1)/(N — 1)
measures the randomness of catalyst distribution with s a
number varying in the range [1, N]. As shown in Fig. 4(b),
catalyst distribution for a given « is generated as follows.

Firstly, catalysts are arranged regularly on the electrode sur-
face. Then, each catalyst is moved to a random position in
the square of size s centered on its original position in the
regular arrangement. Typical configuration for for x = 0
(upleft), 0.1 (upright), 0.5 (downleft), and 1.0 (downright)
when n = 0.00694 are presented in Fig. 4(c). The spatial
distribution is regular for x = 0, and completely random for
k = 1. Here, the overall rate of the main reaction v is further
averaged over an ensemble of 10 samples for x > 0. It can
be seen that v decreases gradually as the catalyst distribution
becomes more random, which agrees with the observation
reported previously that regular distribution can enhance elec-
trocatalysis by NEF-induced extra mass transfer [42]. It can be
concluded from the phase diagrams in Figs. 4(a) and 4(b) that,
in catalysts of sharp curvature (but not too sharp), moderate
loading and regular spatial arrangement facilitate eCO,R at
nanoscales.

In summary, effects of catalyst loading on electrocatalyti-
cal carbon dioxide reduction (eCO,R) at nanoscales have been
investigated numerically by a comprehensive kinetic model. It
was found that nanocurved electric field (NEF) near each cat-
alyst is nearly isolated for low catalyst loading, which induces
extra mass transfer raising the overall reaction rate. For high
catalyst loading, however, the extra mass transfer decreases
sharply due to the overlap of NEF, leading to a decline of the
overall rate. Competition between these two effects thus re-
sults in a counterintuitive optimal catalyst loading for eCO,R
on nanocatalysts. We believe that the findings challenge the
conventional physical picture of loading-dependent overall
catalytical performance and provide a new concept for design
of nanocatalysis.
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APPENDIX A: DETAIL OF THE REACTION-DIFFUSION
EQUATIONS FOR THE KINETIC MODEL

The first term in the right side of Eq. (1) describes the
effective adsorption of CO, with a rate constant k. from the
solution bulk to the surface, which compacts CO, diffusion
across the solution bulk to the neighborhood of the electrode
and adsorption of the nearby CO; to the electrode surface. The
adsorbed CO2 can also desorb from the surface back into the
solution with a rate constant k> [the second term in the right
side of Eq. (1)]. Such a pair of reversible processes determines
the equilibrium surface concentration of CO, as 6,, = kf—jkd
for a bare surface without any follow-up reactions. It is known
that CO, is hard to adhere on the electrode surfaces even
though alkali metal cations are added, thus, 6,, should be very
small as well as k.

Differing from a conventional reaction-diffusion system,
the high-curvature-catalyst-enhanced local electric field can
even lead to extra mass transfer of CO, with the help of
K, [43] which may be from the solution bulk to the elec-
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trode or from other parts of the electrode surface towards
the high-curvature catalysts. Since the former is usually very
limited [47], we mainly consider the latter in the kinetic
model as the fourth term in the right side of Eq. (1) with
V an effective potential due to the interaction between CO,
and the electric field. Although the exact form of the po-
tential is still unknown, we choose, to the first order of
approximation, a Gaussian interaction potential as V2 =
—a05%Usp, i eXp(—|r — Typi|?/r3), where « is the interaction
strength, ro measures the characteristic length of the potential,
rip,; means the location of the nanocatalysts, and Ugp ; is the
intensity of the local nanocurved electric field (NEF) depend-
ing on the ith relative catalyst’s curvature radius Ryp;/R).
This approximation is quite reasonable due to the follow-
ing two basic facts: Firstly, for a fixed Kt concentration,
the charge of CO, at location r is proportional to the cor-
responding CO, concentration, thus resulting in a potential
proportional to 8cp,; Secondly, the potential should be of
its extremum at the catalyst and vanish away from the cat-
alyst. The electrostatic field intensity Uy, ; at the catalyst as
a function of the relative catalyst’s curvature radius Ry ;/R,
can be fitted by using the data given in Ref. [43], which is
Usip,i (Riip,i) = (uo/u,,)(Rﬁp,[/R,,)’Oj, where uq is the applied
electrode potential, u, and R, are the electrode potential
and the size of the catalyst’s curvature radius in the system
with spherical particles on Au electrode surface as that in
Ref. [43]. For example, u, is the applied electrode potential in
the experiment of sharp-tip enhanced eCO,R (about —0.35V
versus RHE), and R, is the corresponding curvature radius
of the Au spherical particles. The size of nanocatalysts varies
above quantum size regime to avoid the significance of quan-
tum size effects. Here and in other parts of the paper, 1y keeps
the same as u,, at which H, evolution reaction exhibited very
low current density and quantities with subscript “p” denote
the corresponding quantities in the same reference system.
The normal diffusion of the adsorption CO; on the elec-
trode surface can be described by the Fick’s law with a
diffusion coefficient [the third term in the right side of
Eq. (1)]. The electrocatalytic reduction reaction of CO, to
the main product CO, CO, — CO, is described by the
fifth term in the right side of Eq. (1), where k2, is the
reaction rate constant at equilibrium potential. Along with
the main reaction, there are also other side reactions leading
to the leakage of adsorbed CO,. In this model, these reac-
tions are compacted into an effective reaction as CO, —
SP with a rate constant k,”  [the sixth term in the right
side of Eq.(1)], where SP stands for the side product. It is
noted that the catalysts of high curvature on the electrode
surface can induce a locally enhanced electric field U. Both
of the main and the side reactions can be accelerated by the
electronic field as kgzoés” ) exp (ACOGPHCOGP) (7))9C %, where

ACO6P) and nCO6P)(U) are the apparent barrier-reducing co-
efficient and the overpotential of the main (side) reaction,
respectively. Since eCO,R suffers from slow kinetics, the
main reaction should be quicker relative to other kinetic pro-
cesses such as adsorption or diffusion of CO, on the electrode
surface.

As described in Egs. (2) and (3), the main product CO and
side product SP can be generated by the reactions CO, —

TABLE II. The detailed kinetic processes of the model. Here, (s)
stands for the species in near surface.

co,

K
Adsorption Co, “5 COo,

Cco,
CO, 4 CO(s)
kCO

CO -5 CO(s)

Desorption

k5P
SP = SP(s)

D,
co, =% co,
co 24 co
sp 2% sp

Diffusion

co, %% co
co, &% sp

Reaction

Veo,

Migration (LMT) CO, — CO,

CO and CO, — SP (the first terms in the right sides), and
further detached from the electrode surface with rate constants
kgo and £ (the second terms in the right sides), respectively.
The third terms describe normal diffusion of CO and SP with
diffusion constants D¢ and Dy,. Due to the experimental fact
that there is no observation of field-induced concentration of
CO or other products on the catalysts, the interaction between
these products and the electric field is thus neglected. All of
the processes can be concluded as expressions in Table II as
follows.

APPENDIX B: SIMULATION DETAILS

In simulations, the L x L electrode surface is discretized
to be a rectangle N x N lattice, and the kinetic equa-
tions Egs. (1)—-(3) are solved numerically with periodic
boundary conditions. The same reference system with sub-
script “p” was used for our further simulations.

The dependence of the electrostatic field intensity at the
nanocatalysts Uy, on the relative catalyst’s curvature radius
Rtip/Rp can be fitted as Utip,i(Rlip,i) = (MO/MP)(R[ip,i/Rp)_OJ
by using data in Ref. [43]. Based on the same reference sys-
tem, uo/u, was considered as 1.0 for a same applied electrode
potential. Thus, Uy, was obtained by the fitting function with
a given Ryj, /R),. Then, this electrostatic field induced an effec-
tive attraction potential for CO, towards the catalysts. Since
the exact spatial distribution of V(r) is not known, here we
choose a Gaussian interaction potential to the first order of
approximation as

'.\ - 2 2
Vi = —af;” Usp,; €Xp ( — |r — rgpil /ro),

where « is the interaction strength and ry measures the char-
acteristic length of the potential. Since CO, can be attracted
to the ith catalyst with the help of K*, we take V" > 0,
namely, the @ < 0 in our simulations.
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Furthermore, the electrode potential’ effect on reaction
rates was considered based on the Butler-Volmer equation.
Generally, electrocatalytic reduction reactions are pairs of
reversible ones as

ky
O=R
ki
and there is a threshold u,, which the electrode potential
needs to be smaller than, to start the electrocatalytic reduction
reaction where u, is also called the equilibrium potential. The
net reaction rate is

et — k,j;:o exp(—A )90 — kgzo exp(—Aln)ok,

where n = u — u, is the overpotential and Zi Utip,i exp(—|r —
rﬁp,,-|2/r§) is the electric potential. k‘r’;zo(k,blzo), APy, 6°16%)
are the rate constant at the equilibrium potential, namely the
= 0, the apparent barrier-reducing coefficient, and the reagent
concentration of the forward (backward) reaction. For a re-
duction potential 7; < 0, v is dominated by the forward
reaction, and will be zero for n; > 0.

Based on discussion above, in our manuscript, we con-
sidered eCO;R as two reactions happening on the Au
electrode—the main reaction to CO and side reaction to pos-
sible side products (SP). The main reaction is

CO, — CO.

The reaction rate with local potential u based on the Butler-
Volmer equation can be written as

v = k{9 exp(—A“On0)eL .

Similar to the main reaction, the general side reaction to SP is
CO, — SP,
and the side reaction rate can also be written as
vsp = koo exp(=25" 73" )or 2.

In this way, the overpotential n, shown in equation of two
reaction rate above, is u, — u, where u, = 1.0 for the main
and side reaction and u, is the local electric potential at the
location r, uy = Uyp,i exp(—lr_:%"lz). Furthermore, consider-
ing the overlap of the local nanocurved electric field with
increasing catalyst loading, the absolute intensity of electric
potential was enhanced which calculated by linear summa-
tion. According to the previous reports, catalysts with high
curvature will induce high local electric field and further affect
the intrinsic reactivity. Thus, the range of grids on which the
reduction reaction can happen is truncated around the cata-
lysts. Notice that the side reaction always happens along with
the main reaction; it is reasonable to assume that the range
of grid around the catalysts for the side reaction should be
larger than that for the main reaction. By taking the area for
the main reaction as one grid, i.e., the grid where the catalysts
are located, the side reaction can then happen within an area
around the catalysts with a size ry, set as 4rj in our simulation.
Moreover, since the exact spatial distribution of the electrode
potential is unknown, reaction rate of each grid on which the
reaction can happen is considered to be uniform.
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