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ABSTRACT: The conversion of CO2 into value-added products
is a compelling way of storing energy derived from intermittent
renewable sources and can bring us closer to a closed-loop
anthropogenic carbon cycle. The ability to synthesize nanocrystals
of well-defined structure and composition has invigorated catalysis
science with the promise of nanocrystals that selectively express
the most favorable sites for efficient catalysis. The performance of
nanocrystal catalysts for the CO2 reduction reaction (CO2RR) is
typically evaluated with nanocrystal ensembles, which returns an
averaged system-level response of complex catalyst-modified
electrodes with each nanocrystal likely contributing a different
(unknown) amount. Measurements at single nanocrystals, taken in
the context of statistical analysis of a population, and comparison to macroscale measurements are necessary to untangle the
complexity of the ever-present heterogeneity in nanocrystal catalysts, achieve true structure−property correlation, and potentially
identify nanocrystals with outlier performance. Here, we employ environment-controlled scanning electrochemical cell microscopy
to isolate and investigate the electrocatalytic CO2RR response of individual facet-defined gold nanocrystals. Using correlative
microscopy approaches, we conclusively demonstrate that {110}-terminated gold rhombohedra possess superior activity and
selectivity for CO2RR compared with {111}-terminated octahedra and high-index {310}-terminated truncated ditetragonal prisms,
especially at low overpotentials where electrode kinetics is anticipated to dominate the current response. The methodology
framework described here could inform future studies of complex electrocatalytic processes through correlative single-entity and
macroscale measurement techniques.

■ INTRODUCTION
The conversion of CO2 into value-added chemicals is
compelling for storing energy derived from intermittent
renewable sources.1−4 The CO2 reduction reaction (CO2RR)
is usually associated with large kinetic barriers.5 The situation
is complicated by the competing hydrogen evolution reaction
(HER) and similar thermodynamic driving forces for multiple
reaction products that could lead to poor product selectivity.3,5

The ability to synthesize nanocrystals of defined structure and
composition has invigorated catalysis science with the promise
of nanocrystals that selectively express the most favorable sites
for efficient catalysis.6−17 The electrocatalytic performance of
nanocrystal catalysts is typically evaluated with macroscale
voltammetric techniques, which returns an averaged system-
level response of complex catalyst-modified electrodes.18 With
this approach, identifying features that account for perform-
ance can be elusive. The difficulty arises because nanocrystals
often present a variety of active sites (e.g., edges, planes, and
defects) and their distribution will vary from one nanocrystal
to the next even in highest-quality samples.19

To realize the knowledge-guided design of next-generation
CO2RR electrocatalysts with superior activity, selectivity, and
durability, the measurement of intrinsic electrocatalytic
parameters at the single-nanocrystal level and comparison
with macroelectrode data to establish reliable structure−
activity correlations are critical. With such correlations, the
impact of extrinsic factors such as electrode morphology, local
pH variation, and mass transfer hindrance can be further
elucidated.20−23 Scanning electrochemical cell microscopy
(SECCM) is especially adept at achieving single-entity
electrochemical measurements.24−27 SECCM has been used
to resolve the spatial heterogeneity of MoS2
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Fe4.5Ni4.5S8 catalysts
30 for HER and polycrystalline Au catalysts

for CO2RR.
20,22 SECCM has also been used recently to extract

kinetic information for oxygen reduction at Pt electrodes31 and

probing oxygen evolution at superparticles32 and ZIF-derived

composites.33

Figure 1. Characterization of facet-defined Au nanocrystal catalysts. (a−c) SEM images and corresponding structural models (insets) of Au (a)
OD, (b) RD, and (c) TDP. (d−l) TEM images, coherent nanoarea electron diffraction patterns, and HRTEM images of a single Au (d−f) OD,
(g−i) RD, and (j−l) TDP. (m−o) Atomistic models of Au (m) (111)-, (n) (110)-, and (o) (310)-type crystal planes shown in top view (top row)
and perspective view (bottom row). Surface unit cells are depicted using colored lines, and the Au atoms regarded as active sites within each unit
cell are highlighted with green circles. (p) UV−Vis extinction spectra of different Au nanocrystals. Scale bars: (a−c) 200 nm; (d, g, j) 20 nm, (e, h,
k) 5 nm−1, (f, i, l) 1 nm.

Figure 2. Macroscale CO2RR performance of Au nanocrystal catalysts. (a−c) Potential-dependent Faradaic efficiencies of CO and H2 during
CO2RR catalyzed by Au (a) OD, (b) RD, and (c) TDP nanocrystal catalysts. (d, e) CO partial current densities versus cathodic potential
normalized by (d) the geometric area of electrode and (e) ECSA. (f) Tafel analysis results of CO2RR to CO on various Au nanocrystal catalysts. In
this work, all potential values are given versus the RHE scale unless otherwise stated.
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Here, we employ environment-controlled SECCM to isolate
and investigate the electrocatalytic response of individual facet-
defined Au nanocrystal catalysts for CO2RR. Au-based
materials are among the most active and selective catalysts
for electroreduction of CO2 to CO5,7,20,22,34−37 and therefore
offer a compelling system to study microstructure-dependent
catalytic activity and selectivity trends with simple product
speciation. With correlative approaches, we conclusively
demonstrate that stepped {110} Au facets are more active
and selective for CO2RR than the high-index {310} or close-
packed {111} facets. These findings are substantiated by
macroscale measurements revealing the average electrocatalytic
performance of nanocrystal ensembles.

■ RESULTS AND DISCUSSION
Single-crystalline Au nanocrystals expressing predominantly
one type of crystallographic plane including octahedra (OD),
rhombic dodecahedra (RD), and truncated ditetragonal
prism(s) (TDP) were synthesized and characterized by
electron microscopy (Figure 1a−l and Figures S1−S4).
While OD and RD have low-index close-packed {111} and
non-close-packed {110} surface facets, respectively, TDP
features high-index {310} facets composed of three-atom
wide (100) terraces separated by monoatomic steps (Figure
1m−o and Figure S5).38 Distinctive extinction peaks were
observed for these nanocrystals, with TDP displaying two
peaks due to shape anisotropy (Figure 1p).
To probe the shape-dependent CO2RR performance of Au

nanocrystals, macroscale electrolysis experiments were con-

ducted (Figures S6−S8) with an equivalent number of
nanocrystals deposited on carbon paper electrodes to facilitate
comparison (Supporting Information and Table S1). Nano-
crystal morphology was well preserved after the removal of
surface ligands following our reported procedures (Figure
S9).39,40 Constant-potential electrolysis was conducted to
evaluate CO2RR activity and selectivity (Figure S10) with a
CO2-saturated solution of 25 mM KHCO3 and 10 mM KCl as
the electrolyte to better correlate with SECCM studies (see
below). Post-mortem SEM images indicated that nanocrystal
faceting was well maintained after electrolysis (Figure S11).
Figure 2a−c presents CO2RR product distributions from −0.5
to −1.0 V (vs the reversible hydrogen electrode (RHE) scale).
The CO Faradaic efficiency (FECO) of OD increased
monotonically at more negative potentials and reached a
peak value of 60% at −0.9 V (Figure 2a). By contrast, a peak
FECO of 88% was attained at −0.7 V for TDP (Figure 2c).
Impressively, RD exhibited high FECO values (exceeding 90%)
across a wide potential window from ca. −0.6 to −0.9 V
(Figure 2b). The superior CO2RR performance of RD is also
exemplified by its 92% FECO at −0.6 V, under which the FECO
of OD and TDP was merely 28 and 45%, respectively. To
compare the CO2-to-CO activity among these catalysts, CO
partial current densities (jCO) normalized by the geometric
area of the electrode are shown in Figure 2d. Au RD exhibited
the highest jCO across the entire potential range followed by Au
TPD, with Au OD being the least active catalyst. Specific jCOs
obtained by normalizing CO partial currents with the
electrochemically active surface area (ECSA) were determined

Figure 3. SECCM measurement results of Au CO2RR catalysts. Schematic depiction of (a) the electrospray setup for Au nanocrystal deposition
and (b) environment-controlled SECCM setup. (c) SEM image of Au TDP deposited on GC substrate and (d) corresponding SECCM map at
−0.9 V vs RHE under an Ar atmosphere. The scan rate of SECCM LSV was 1.0 V/s. Both isolated Au TDP (white dashed circles) and clusters of
TDP (blue dashed circles) are highlighted. (e) High-magnification SEM images of individual Au TDP and electrolyte droplet footprints (white
dashed contours) showing fully encapsulated Au nanocrystals during SECCM measurements. Scale bar: 200 nm. (f−h) SECCM LSV results of
individual Au (f) OD, (g) RD and (h) TDP under CO2 and Ar atmosphere. Current densities were calculated using exposed surface areas of
nanocrystals measured from SEM images. The error bars were based on data acquired from multiple (n ≥ 3) isolated nanocrystals. The OD, RD,
and TDP samples were deposited onto three separate GC substrates and probed independently with SECCM.
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to assess the CO2-to-CO activity on a per site basis (Figure 2e
and Figure S12). OD remained to be the least active catalyst,
while TDP appeared to be slightly more active than RD at
potentials more negative than −0.6 V. Notably, an opposite
trend in activity between RD and TDP was found at low
overpotentials (≥−0.6 V), suggesting that RD could be
intrinsically more active than TDP in the absence of mass
transport limitations (Figure 2e). This interpretation is
supported by Tafel analysis results (Figure 2f). The onset
overpotential of CO production was 0.27, 0.30, and 0.37 V for
RD, TDP, and OD, respectively. A change in Tafel slope at
about 0.4 V overpotential was observed for all three catalysts,
which likely corresponds to the beginning of mass transfer
limits. Tafel slopes extracted from the linear portion of the
plots were essentially equal, with 105, 106, and 109 mV/dec
for RD, TDP, and OD, respectively. These values are
consistent with a mechanistic picture of the initial electron
transfer to CO2 being the rate-determining step, with the
caveat that Tafel slope alone is insufficient to verify the CO2RR
reaction pathway.41 Collectively, our macroscale electro-
chemical measurements reveal that Au RD have superior
CO2-to-CO activity and selectivity compared with TDP and
OD. Previous studies of Au-based catalysts have found that
{110} planes possess enhanced CO2-to-CO activity relative to
other low index planes, although whether {110} facets
compare favorably with high-index {hk0}-type facets is
unclear.11,34,42,43

To unravel the structure−function correlations of Au
CO2RR catalysts, electrocatalytic measurements at the single-
particle level using SECCM are highly desirable. Despite being
straightforward, drop-casting a nanocrystal solution onto a
solid substrate often leads to uncontrolled aggregation (Figure

S13a). To address this challenge, we have developed an
electrospray deposition method that reproducibly affords
isolated nanocrystals at modest areal densities (∼0.2 particles
μm−2), a key prerequisite for single-entity characterization with
SECCM (Figure 3a and Figure S13b).44 Figure 3b shows a
schematic of our environment-controlled SECCM setup. A
dual-barrel theta pipette filled with 25 mM KHCO3 and 10
mM KCl was approached to the glassy carbon (GC) electrode
at a set of predefined locations (Figure S14). This electrolyte
composition provides long-term pipette positional feedback
control and a negligible drift of the Ag/AgCl quasi-reference
counter electrode (QRCE) potential. A nanoscopic electro-
chemical cell is formed upon each meniscus landing under a
precisely controlled humidity, temperature, and gas atmos-
phere, and localized voltammetric experiments were performed
to generate a hyperspectral dataset (Figures S15 and S16).
Also, SECCM provides a gas−electrolyte−catalyst triple-phase
boundary that mimics the configuration present at a gas-
diffusion electrode.45−47 For gas-consuming reactions, such as
CO2RR, the flux of gaseous reactants is supplied through rapid
diffusion across the air−nanodroplet interface onto a small
working electrode area. This allows extremely high mass-
transport-limited CO2RR current densities (>20 A cm−2) to be
accessed.20,22

Comparison between SECCM current maps and corre-
sponding SEM images reveal clear correlation between high
current measurements and catalyst locations. One example is
shown in Figure 3c,d for Au TDP. This SECCM map was
acquired at −0.9 V vs RHE under an Ar atmosphere where
HER would be the predominant reaction in this electrolyte.
SEM imaging post-SECCM allowed visualization of the droplet
footprints so that aggregated nanocrystals (blue dashed circles

Figure 4. SECCM measurement results and TOF values of individual Au CO2RR catalysts. (a) SEM image of co-deposited Au RD, TDP, and OD
catalysts onto the same GC substrate and (b) corresponding SECCM map at −1.3 V vs RHE under CO2 atmosphere. The scan rate of SECCM
LSV was 1.0 V/s. Both isolated Au nanocrystals (white dashed circles) and nanocrystal clusters (blue dashed circles) are highlighted in (a). (c)
High-magnification SEM images of individual Au nanocrystals probed during SECCM mapping. Scale bar: 100 nm. (d) SECCM LSV results of
individual Au catalysts under a CO2 atmosphere. The error bars were based on data acquired from four single-OD, three single-RD, and five single-
TDP samples. (e) Potential-dependent TOFCO values obtained by normalizing SECCM-derived CO2-to-CO partial current densities of a single Au
catalyst with the number of exposed surface Au sites calculated based on SEM images of the exact same Au nanocrystal. (f) Potential-dependent
TOFCO values obtained by normalizing CO2-to-CO partial current densities from macroscale measurements with the number of electrochemically
active surface Au sites derived from ECSA.
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in Figure 3c), misshaped particles, or isolated nanocrystals that
were not fully encapsulated by the electrolyte meniscus can be
identified and excluded from further analysis (Figure 3e). For
each Au shape, nanocrystals were deposited onto glass carbon
substrates, and SECCM scans were acquired over multiple
isolated nanocrystals under CO2 or Ar atmospheres. Averaged
linear sweep voltammetry (LSV) curves are shown in Figure
3f−h, with data processing detailed in Figures S17−S20.
Current densities were obtained based on the geometric
surface area of individual nanocrystals determined from SEM
images (Figures S21 and S22 and Table S2−S4). For OD and
TDP, current densities under a CO2 atmosphere were either
comparable or slightly below those under Ar, which may be
caused by the suppression of HER in the presence of CO2 as
shown previously for Au-based catalysts.

20,36,48 By contrast, RD
showed higher current densities under CO2 compared with Ar,
suggesting that RD is likely the most active CO2RR
electrocatalyst among the three shapes. Importantly, similar
trends in current density were found in macroscale LSV scans
using the same electrolyte (Figure S23).
To enable more accurate comparison of CO2RR activity, Au

OD, RD, and TDP were codeposited onto the same GC
electrode, subjected to identical surface ligand removal
treatment, and analyzed by SECCM with the same pipette
probe and environmental conditions (Figure 4a) by recording
a cyclic voltammogram (CV) at each pixel. Cathodic currents
at nanocrystals switched on at about −0.5 V vs RHE and
continued to rise at more negative potentials, whereas pixels
corresponding to the bare GC electrode remained homoge-
neously inactive over the whole potential range (Supplemen-
tary Movie S1). A snapshot of the SECCM movie at −1.3 V vs
RHE is presented to highlight the contrast (Figure 4b).
Compared to voltammograms shown in Figure 3f−h, a
narrower distribution in current response was observed for
each shape (Figure 4c,d and Figures S24 and S25), likely
because of the use of one SECCM probe to examine all
nanocrystals. Notably, higher Faradaic currents in the anodic
scan of the CV were observed for several nanocrystals (Figure
S26). We attribute this phenomenon to the incomplete wetting
of nanocrystal by the droplet upon initial meniscus contact.
For these nanocrystals, full encapsulation was likely achieved
either during or after the cathodic scan, possibly due to a
combination of droplet formation, electrowetting,49,50 and
surface heterogeneity of the nanocrystal, which results in
droplet expansion. This argument is also supported by the
increased but stable ionic currents (indicative of droplet size)
between the two QRCEs in the anodic scans (Figure S27).
When scanning to more negative potentials (−0.7 V vs −1.4
V), the apparent footprint size increased from ca. 408 to ca.
696 nm (Figure S28 and Table S5). These data suggest that
the size of the footprint does not change during the anodic
scan because the meniscus reaches a steady state at the most
negative potential during the cathodic scan and that the
droplet retains the larger area once the surface has been
wetted. Thus, anodic current traces were used for the
comparison of catalytic activity.
Au RD exhibited the highest total currents among the three

catalysts under CO2 atmosphere (Figure 4d). Based on the
estimated number of exposed Au sites of each nanocrystal and
CO2-to-CO Faradaic efficiencies obtained from macroscale
measurements (Tables S6 and S7 and Figure 2a−c), we further
deduced the turnover frequency of CO (TOFCO), an
important figure of merit accounting for the intrinsic activity

of CO2RR electrocatalysts (Figure 4e and Figure S29).
SECCM-derived TOFCO indicates that the CO2RR activity
follows the order of RD > TDP > OD over nearly the whole
potential range (Figure 4e). The same activity order was found
for TOFCO derived from macroscale data at low overpotentials
(>−0.7 V vs RHE) (Figure 4f). Furthermore, RD exhibited the
lowest TOFHd2

derived from either macroscale electrolysis or
SECCM analyses, and an essentially reversed activity order of
RD < TDP < OD was observed for TOFHd2

(Figure S30).
Although product distribution cannot be quantified with our
SECCM setup, we argue that SECCM-derived TOF values are
still meaningful for establishing structure−activity relationships
for Au-based CO2RR nanocrystal catalysts. Importantly,
previous studies have shown that Au-catalyzed CO2RR
proceeds with enhanced selectivity toward CO in weakly
buffering electrolytes such as the one used here, which suggests
that the actual TOFCO values under SECCM may even be
higher.36,51−54 The superior CO2RR activity of RD compared
with OD can be accounted for by the low coordination
number (CN) of 7 for atoms on the {110} surfaces.43,55,56

Prior DFT calculations have shown the binding affinity of the
*COOH intermediate on Au increases with reduced surface
atom CNs and {110} facets to be more active than {100} or
{111} for CO2RR.

1,7,11,42 The {310} planes are composed of
atoms with CNs ranging between 6 and 9 (Figure S5),
complicating the prediction of the extent to which low-CN
atoms may dominate CO2RR kinetics in experiments.
SECCM maps show that the current response recorded at

multiple nanocrystals varies even when particles appear the
same by electron microscopy (Figure S26). This highlights that
catalytic activities measured at macroelectrodes average the
nanoparticle response, obscuring nuances or variations among
particles. Further, SECCM-derived TOF (102) is an order of
magnitude higher than macroscale derived-TOF (101) due to
the high current density achieved with SECCM. This allows
single-particle measurement of CO2RR activity free of mass-
transfer limitations and establishes an activity trend of RD >
TDP > OD, which persists over a wide range of potentials and
current densities (Figure 4e,f). Our work underscores the
importance of designing shape-controlled CO2RR nanocrystal
electrocatalysts that express high-index or low-index stepped
(e.g., {110}-type) facets and the benefits of single-entity
measurements of catalytic activity at elevated current densities
and negligible transport limitations.

■ CONCLUSIONS
In summary, we have developed a methodology framework for
correlative multi-microscopy investigations of colloidal nano-
crystal electrocatalysts utilizing macroscale and single-entity
electrochemical measurement techniques. Using facet-defined,
single-crystalline Au nanocrystals as a model system, we
present the first example of SECCM measurements of
individual CO2RR nanocrystal catalysts. We show that
{110}-terminated Au RD offer superior activity (expressed as
TOFs) and selectivity for CO2RR compared with {111}-
terminated OD and high-index {310}-terminated TDP,
especially at low overpotentials where electrode kinetics is
anticipated to dominate the current response. The activity
order of CO2-to-CO reduction among these catalysts was
confirmed by single-particle SECCM investigations, which
evaluated CO2RR in the more application-relevant, high-
current-density regime. We envisage that environment-
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controlled SECCM imaging integrated with local product
analysis techniques will have a transformative impact on the
future development of high-performance electrocatalysts for
CO2RR and other emerging clean-energy technologies.
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