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Understanding and establishing the structure-activity relation of nanoparticles is a prerequisite for ra-
tional design of high-performance electrocatalysts. Cu,O nanoparticles enclosed with different crystal
facets, namely, 0-Cu,O NPs with {111} facets, c-Cu,O NPs with {100} facets are prepared and their elec-
trocatalytic properties for oxygen evolution reaction (OER) in alkaline condition are evaluated at single
nanoparticle level with a combination of scanning electrochemical cell microscopy and scanning electron
microscopy. It is found that the 0-Cu,0 NPs have significantly superior OER electrocatalytic activity com-
pared to c-Cu,0, which is almost inert. The estimated turnover frequency (TOF) at 1.97 V vs. RHE on {111}
facet increases from 4 s~! to 115 s~! with the octahedron edge length decreasing from 1.3 pm to 100 nm.
Deposition of carbon on c-Cu,0 surface barely promotes the activity, suggesting the inherent poor electric
conductivity within the nanocrystal is most likely the reason for low activity. This work provides direct
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probing to single transition metal oxide crystals with dramatically different activity.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Understanding structure-activity relationship of nanoparticles is
of pivotal importance in heterogeneous catalysis. Local structures
such as shape, size, and surface facets are well known to have a
profound effect on catalytic properties due to different binding en-
ergy of key reaction intermediates [1]. Currently, nanoparticle elec-
trocatalytic activities are largely inferred from macroscopic electro-
chemical [2] or spectroscopic [3] measurement to large ensemble
of nanoparticles. However, the structural heterogeneity between
individual nanoparticles and integrated additives hold substantial
obstacle to build compelling correlation between local structures
and intrinsic catalytic activities. Single nanoparticle electrochem-
istry featuring microscopic electrochemical measurement at single
nanoparticles, either by one at a time in collision [4], or spatially
resolved in scanning probe electrochemistry [5,6], have revealed
unprecedented heterogeneous and dynamic behaviors [6-9]. While
the nanoparticle collision electrochemistry allows the estimation of
reactivity from transient current signal, the detailed electron trans-
fer is highly related with the dynamic interaction between particle
and electrode surface [10,11]. Specifically, scanning electrochemical
cell microscopy, a technique using a mobile micro- or nanodroplet
at the end of glass pipet scanning across surface, previously de-
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veloped by Unwin’s group [12,13], can visualize nanoscopic elec-
trochemical process as well as physicochemical properties [14,15].
Further coupling SECCM with SEM [16-18], EBSD [19-21], TEM
[22], or spectroscopy [23] enables direct and unambiguous corre-
lation between local structure/morphology and electrocatalytic ac-
tivity. Recently, Choi et al. reported that the Au nanocubes have
superior hydrogen evolution reaction electrocatalytic activity com-
pared to that of Au octahedrons using single particle SECCM [24].

Cu,0 is one of the most investigated transition metal oxide
crystals due to its well-known merits such as low cost and vari-
ous tailored architectures with easy synthesis [25]. Previous exper-
imental studies have shown high electrocatalytic activity of Cu,0
for OER [26,27]. Most importantly, studies have demonstrated dif-
ferent crystal facets of Cu,0 nanoparticles exhibit distinct catalytic
activities and selectivity [28-30]. For examples, using correlated
scanning fluorescence X-ray microscopy and TEM, Wu and cowork-
ers directly observed that {110} facet of a single Cu,O particle is
photocatalytically active for CO, reduction while the {100} facet is
inert [31]. Gao et al. elucidated Cu,0 octahedrons (0-Cu,0) with
{111} facets have higher selectivity towards ethylene during CO,
electroreduction relative to the cubes (c-Cu,0) with {100} facets
[32]. Despite of the fruitful achievement for the facet-dependent
of Cu,0 catalysis, direct experimental probing of the activity at mi-
croscopic facets and possible effect of the electric contact between
Cu,0 nanoparticle and electrode substrate is still lacking.
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Fig. 1. (a, b) SEM images of synthesized Cu,O nanoparticles (a: octahedrons, b:
cubes) sparsely deposited on glassy carbon. (c) Configuration of SECCM using a sin-
gle barrel pipet as scanning probe.

Here, we report a microscopic investigation of OER on sin-
gle Cu,0 nanoparticles with well-defined surface facets ({111} and
{100}) using a SECCM technique. Intrinsic electrocatalytic activities
of individual nanoparticles are quantitatively assessed and further
correlated with surface facets and edge length.

Cu,0 nanoparticles with different surface facets are synthe-
sized in the presence or absence of the selective surface stabi-
lization of polyvinylpyrrolodone (PVP) according to previously re-
ported methods [33]. Scanning electron microscopy (SEM) images
show Cu,0 octahedrons (0-Cu,0) with {111} facets exposed and
cubes (c-Cu,0) with {100} facets exposed with relative uniform
sizes (Fig. S1 in Supporting information). XRD patterns show that
the as-prepared products are pure Cu,O crystals and the octa-
hedrons exhibits an obvious increase in diffraction intensity for
{111} facet (Fig. S2 in Supporting information). By controlling the
hydrothermal reaction temperature, Cu,O nanocrystals with edge
length ranging from 0.1 um to 1.3 pm were obtained.

The as-synthesized Cu,O nanoparticles, after been centrifuged
for several times to remove free PVP capping agent, were sparsely
deposited onto the pre-polished glassy carbon surfaces using a
drop-casting method. Upon dried, substrates with Cu,O nanopar-
ticles were immersed in water for ~2 min to further remove re-
maining capping agent. Substrate surfaces with no significant ag-
glomeration screened by SEM and optical images (Figs. 1a and b,
Fig. S4 in Supporting information) were used to perform SECCM. A
single-barrel glass micropipette with a tip opening radius ~1.4 pm
(Fig. S5 in Supporting information) and filled with 10 mmol/L
KOH aqueous solution was used as the scanning probe (Fig. 1c).
A Ag/AgOx wire was employed as the quasi-reference and counter
electrode (QRCE) and its high potential stability during SECCM
experiment has been previously demonstrated [17]. The scanning
probe was controlled by a piezoelectric motor in the z direction
and approaches slowly (e.g. 1 pmy/s) towards the substrate. When
the meniscus contacts the substrate, as indicated by an abrupt in-
crease in current passing through the droplet, the piezo would stop
and a linear sweep voltammetry (LSV) was performed after a pe-
riod of 5 s for droplet wetting [19]. The potential vs. Ag/AgOx QRCE
in experiments was later converted to the potential to RHE.

Fig. 2a shows a typical SECCM study of oxygen evolution reac-
tion (OER) current at 2.12 V vs. RHE at individual 0-Cu,0 nanopar-
ticles. As revealed by the correlative SECCM and SEM images, pix-
els corresponding to Cu,O nanoparticles shows a higher current
than the background. Fig. 2.b shows the array of isolated footprints
left from hopping scan and its dimension (~3.0 pm) is in accor-
dance with the pipet diameter (~2.8 um). Within 169 footprints,
5 spots with one particle were obtained, as outlined by the white
circle. For each 0-Cu,0 nanoparticle, the LSV in Fig. 2c shows cur-
rent deviates from the background current on bare carbon spot at
approximately 1.82 V vs. RHE. From the correlated SEM imaging in
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Fig. 2d, it is found that an 0-Cu,0 nanoparticle with edge length of
483 nm shows an OER current of 0.36 nA at 2.12 V vs. RHE while
another 0-Cu,0 nanoparticle with edge length of 496 nm exhibit
a slightly higher current of 0.39 nA. In addition, a smaller 0-Cu,0
nanoparticle with edge length of 299 nm exhibits a high OER cur-
rent of 0.50 nA. Such variations in current indicate the heterogene-
ity in their catalytic activity of nanoparticles. Close inspection of
SEM image shows some particle surface is stained, probably due to
the dried KOH solid. Substantial additional electrochemical mea-
surement of single 0-Cu,0 nanoparticles are illustrated in Figs. S6
and S7 (Supporting information), constituting the statistic for fur-
ther activity analysis.

Similar SECCM LSV mapping at 2.12 V vs. RHE for single c-
Cu,0 nanoparticles with {100} facet and corresponding SEM im-
age of the same area are depicted in Fig. 3. In contrast, the c-
Cu,0 nanoparticles exhibit very low OER activity. The measured
OER current at 2.12 V on a cube with edge length of 657 nm
is 0.06 nA. Additional SECCM images confirm such a low activ-
ity of c-Cu,0 nanoparticle for OER (Fig. S8 in Supporting informa-
tion). We consider three possible explanations for this observation.
The first is poor electric contact between the c-Cu,0 nanoparticle
and glassy carbon electrode. Previously, Wei et al. has pointed out
that the electric contact is an important, but often overlooked fac-
tor, in single nanoparticle electrochemistry study [34]. They first
demonstrated large heterogeneity in ion insertion reaction activ-
ity for Prussian blue nanoparticles, and then turned most inac-
tive particles active by depositing an ultrathin platinum or car-
bon layer onto the sample. We tried a similar carbon deposition
procedure using SEM, but found that the OER activity was not
significantly promoted (Fig. S9 in Supporting information). Sec-
ond, possible contribution of remaining polymer ligand on parti-
cle surface is excluded since ligand is not involved during the syn-
thesis of c-Cu,O nanoparticles. Third, previous studies observed
facet-dependent conductivity behaviors of Cu,0 nanocrystals and
found that the octahedrons are three orders electrically conduc-
tive than the cubes [35,36]. We speculate this is the main reason
for the observed electrochemical inertness of c-Cu,O nanoparticles
and proper Cu,0 heterostructures [37] and molecular decoration
[38] would be favorable to promote charge carrier transport at the
c-Cu, 0 nanoparticle surface.

Fig. 4a shows the statistical analysis of OER current density
at 1.97 V vs. RHE for approximately 80 o0-Cu,O and 40 c-Cu,0
nanoparticles, where the current is normalized by particle surface
area after background subtraction. To discuss about the intrinsic
electrocatalytic activity, the turnover frequency (TOF) is calculated
by Eq. 1:

iXNA
N x 4F

where F is the Faraday constant, N, is the Avogadro constant and
N is the number of Cu atoms at corresponding surface of the Cu,0
nanoparticle (3 for {111} facet and 2 for {100} facet, Section S6
in Supporting information). The corresponding TOF is presented in
Fig. 4b, ranging from 4 s~! to 115 s~! for octahedrons and 0.05
s71 to 1.5 s~ for cubes. For 0-Cu,0 particles, the averaged TOF in-
creases from 10 s~! with edge length of 1.3 um to 70 s—! with edge
length of 100 nm. Such a size dependent OER activity is consistent
with results in the literature, where a TOF between 0.1 s~! to 1.2
s~1 at 1.92 V vs. RHE for NiFe,0,4 superparticles [17], and 531 s~!
to 1396 s—! at 1.9 V vs. RHE for Co304 nanocubes was estimated
[39], both using the SECCM single particle electrochemistry.

In summary, we reported the utilization of SECCM mapping
to study the facet dependent of electrocatalytic oxygen evolution
on transition metal oxide nanoparticles at single particle level. It
is clearly demonstrated that the o-Cu,O nanoparticles present at
least two orders higher OER activity than the c-Cu,O, which is

TOF = (1)
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Fig. 2. SECCM study of OER on single 0-Cu,0 nanoparticles. (a) Electrochemical current mapping at 2.12 V vs. RHE and (b) SEM image of corresponding scanning area with
footprints. (c) Typical LSV at 0.5 V/s and (d) localized SEM images of single o-Cu,0 nanoparticles, where catalytic active particles are indicated by white circles. In the
experiment, a solution of 10 mmol/L KOH was used as the supporting electrolyte. The spots 1, 2, 3 and 4 contain one octahedron with edge length of 483, 346, 496 and
299 nm, respectively.
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Fig. 3. SECCM study of OER on single c-Cu,O nanoparticles. (a) Electrochemical current mapping at 2.12 V vs. RHE and (b) SEM image of the corresponding scanning area.
(c) Typical LSV at 0.5 V/s and (d) localized SEM images of single c-Cu,0 nanoparticles, where catalytic active particles are indicated by white circles. In the experiment, a
solution of 10 mmol/L KOH was used as the supporting electrolyte. The spots 1 and 2 contains one cube with edge length of 657, 751 nm, respectively, while the spot 3 has
multiple particles, which is not discussed in this study.

5160



Y. Shan, X. Deng, X. Lu et al.

a 'E b
S 160 + 0-Cu0 0-Cux0
< 120
< 120 + ¢-Cu0 » ¢c-Cu0
g <80
= 80 »
2z o 40
g 40 e)
5} -l =
kS 3 1 !
e 2 R .; A
g i . 0 i "é’-‘.:. G
S 0 300 600 900 1200 1500 0 300 600 900 1200 1500
Edge length (nm) Edge length (nm)

Fig. 4. (a) Current density and (b) calculated TOF of OER at 1.97 V vs. RHE at indi-
vidual 0-Cu;0 and c-Cu,0 nanoparticles with different edge length.

almost inert. While the large heterogeneity in electrocatalytic ac-
tivity of individual particles is clearly demonstrated, the statistical
analysis shows the trend that decreasing the particle edge length
increases the activity, especially below 600 nm. Our microscopic
investigation reveals the intrinsic structure-activity relation of sin-
gle transition metal oxide nanoparticles. Future works on micro-
scopic SECCM mapping of semiconductor nanoparticles with tun-
able charge carrier transport properties at surface is highly desir-
able.
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