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ABSTRACT: We explored the size-dependent activity
and selectivity of Zn nanoparticles (NPs) for the
electrochemical CO2 reduction reaction (CO2RR). Zn
NPs ranging from 3 to 5 nm showed high activity and
selectivity (∼70%) for CO production, whereas those
above 5 nm exhibited bulk-like catalytic properties. In
addition, a drastic increase in hydrogen production was
observed for the Zn NPs below 3 nm, which is associated
with the enhanced content of low-coordinated sites on
small NPs. The presence of residual cationic Zn species in
the catalysts was also revealed during CO2RR via operando
X-ray absorption fine-structure spectroscopy measure-
ments. Such species are expected to play a role in the
selectivity trends obtained. Our findings can serve as
guidance for the development of highly active and CO-
selective Zn-based catalysts for CO2RR.

Developing electrocatalysts for the CO2 electrochemical
reduction reaction (CO2RR) has attracted much

attention as promising means to produce useful chemicals
and fuels.1 Several metal electrodes such as Au,2,3 Ag,4 Pd,5 and
Zn6 have been identified to electrochemically reduce CO2 into
CO. Carbon monoxide is an important raw chemical in a
number of industrial processes such as Fischer−Tropsch
reactions.1,6 Zn is a promising material for CO2RR due to its
low price and earth abundance. Unfortunately, it is
considerably less reactive than Au and Ag.
One way to improve catalytic activity is to synthesize

catalysts in the form of nanoparticles (NPs) in order to
increase the surface-to-volume ratio.7 Moreover, recent studies
on size-controlled metal NPs have revealed the strong
structure-sensitivity of CO2RR.

8−10 For example, the activity
and selectivity of Cu and Au NPs for H2 and CO was found to
increase drastically with decreasing NP size, whereas for Cu
NPs hydrocarbon selectivity was suppressed. This trend was
assigned to an increase in the population of low-coordinated
surface sites.9,10

Several experimental and computational studies have
indicated that modifications in the structure and morphology
of Zn surfaces can lead to an improved CO2RR activity and
CO selectivity.11−14 For example, Zn catalysts with hexagonal
shapes from Won et al. showed 60 times higher CO partial
current densities than those of the Zn foil.14 According to their
DFT calculations, rough Zn(101) facets favor CO production

from CO2 at lower potentials and display a higher energy
barrier for HER than smooth Zn(002) facets.14 Although these
results indicate that the reactivity of Zn catalysts for CO2RR
strongly correlates with their structure, in depth understanding
of the origin of such correlation is still missing. Work on
structurally and chemically well-defined nanostructures is still
needed to clarify the specific role of low-coordinated sites at
the surface,15,16 grain boundaries,17,18 or the oxidation state of
the catalysts under reaction conditions,19−23 and how they
contribute to the final activity and selectivity trends observed.
In this study, size-controlled Zn NPs were synthesized via

inverse micelle encapsulation in PS-P2VP diblock copolymers.
Their morphology was investigated via atomic force micros-
copy (AFM), Figure 1. The Zn NPs were dip-coated on
smooth silicon wafers for a more accurate NP height
determination. The average Zn NP sizes ranged from 1.7 to
6.8 nm and a uniform arrangement on the substrate was
observed. The corresponding histograms are shown in Figure
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Figure 1. AFM images of Zn NP samples prepared via inverse micelle
encapsulation and supported on SiO2/Si(111). (a) Zn1 (1.7 ± 0.4
nm), (b) Zn3 (2.9 ± 0.7 nm), (c) Zn5 (4.5 ± 1.2 nm), and (d) Zn7
(6.8 ± 1.6 nm).
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S1, and a summary of the synthesis parameters and AFM
analysis results in Table S1.
In order to gain insight into the structure and chemical state

of the Zn NPs during CO2RR, X-ray absorption fine-structure
spectroscopy (XAFS) measurements were carried out under
operando conditions at −1.1 V vs RHE in aqueous CO2-
saturated 0.1 M KHCO3. Figure 2 shows X-ray absorption

near-edge (XANES) and extended X-ray absorption fine-
structure spectra (EXAFS) of Zn NP samples with average
sizes of 1.7 (Zn1) and 3.9 nm (Zn4), measured at the Zn K-
edge.
Notably, the XANES spectra of the as-prepared Zn NPs

(Figure 2a) show distinct differences with respect to bulk ZnO
with wurtzite structure as well as Zn acetate used as precursor
in the NPs synthesis.24,25 The absorption edge position is
shifted by ca. 3.5 eV to higher energy, whereas the first
absorption feature above the edge, so-called “white line”, is
considerably broader than the one of the ZnO reference and
does not have a characteristic shoulder at ca. 9663 eV. These
observations allow us to conclude that Zn atoms in the as-
prepared NPs likely have octahedral coordination, rather than
tetrahedral typical for ZnO and Zn(Ac)2.

26,27 Moreover, a
similar spectral shape was reported for small ZnO clusters of
octahedral structure with size below 3 nm and solvated Zn
ions.27,28 Zn undergoes significant reduction during CO2RR as
indicated by the lower white line intensity in the XANES
spectra (Figure 2a). However, those zinc oxide species do not
become completely reduced under CO2RR, as evidenced by a
slightly higher white line in XANES spectra compared to the
Zn foil.
The EXAFS spectra of the as-prepared NPs (Figure 2b)

show the presence of Zn−O bonds at ∼1.55 Å (uncorrected
for phase shift), with coordination numbers (CN) ranging
from 1.7 ± 0.4 to 1.9 ± 0.3, depending on the particle size (see

Table S2). In addition, there is a shoulder at 2.17 Å
(uncorrected), which cannot be assigned either to Zn−Zn in
metallic Zn, or to Zn−C in a Zn(Ac)2 structure due to a
significant shift. An orthorhombic Zn(OH)2 structure29 was
found to fit best such feature, with a second Zn−O
backscattering appearing at 2.65 Å and coordination numbers
of 1.9 ± 0.6 and 2.1 ± 0.7 for Zn1 (1.7 nm) and Zn4 (3.9 nm),
correspondingly (Table S2). The fitted coordination numbers
of the as-prepared NPs were very similar for all samples of
different initial AFM size. These results indicate the presence
of Zn(OH)2 clusters of well-defined crystalline structure in all
samples before reduction.
During CO2RR, a metallic Zn−Zn backscattering feature

emerges at 2.35 Å (uncorrected) in the EXAFS spectra (Figure
2c). Furthermore, the intensity of the former feature changes
according to the NP size, with coordination numbers of 4.8 ±
0.9 and 4.1 ± 0.8 obtained for the NPs with sizes of 3.9 and 1.7
nm, correspondingly. This is in agreement with the larger
disorder expected for the smallest NPs as compared to bulk Zn
(CN6). However, complete NP reduction was not observed,
as corroborated by the presence of oxygen in the Zn local
environment (feature at 1.53 Å, uncorrected). A Zn−O
fraction with CN 0.5 ± 0.2 was obtained for the 3.9 nm NPs
and 0.6 ± 0.2 for the 1.7 nm NPs. Increasing Zn−O CN with
decreasing NP size indicates that the larger amount of the
undercoordinated sites available in small NPs is able to better
stabilize the oxidic Zn species. Moreover, a peak at 3.2 Å
(uncorrected), corresponding to the first Zn−Zn scattering in
Zn(OH)2 persists under reaction conditions, thus indicating
that zinc hydroxide species remain stable under CO2RR.
To complement the XAFS characterization, surface-sensitive

quasi in situ XPS measurements were carried out, Figure S4.
The electrochemical cell used is directly attached to a UHV
system equipped with XPS for sample transfer without air
exposure. The XPS results confirm the presence of Zn(OH)2
species on the surface of the as-prepared samples. They also
demonstrate that such species are still present on the samples
after CO2RR. Since the latter could be partially a result of post-
reaction rehydroxylation of the sample surface due to contact
with leftover aqueous electrolyte, we consider the operando
XAFS measurements as the most reliable source of information
about the structure and composition of the catalysts under
reaction conditions. The latter clearly show the coexistence of
cationic species (with a structure resembling that of Zn
hydroxides) and metallic Zn during CO2RR.
Activity and selectivity CO2RR measurements were

performed on Zn NPs supported on glassy carbon at a
constant potential of −1.1 V vs RHE in a CO2-saturated 0.1 M
KHCO3 aqueous electrolyte. The data were normalized by the
geometric Zn surface area estimated for spherical NPs using
the AFM NP height as characteristic size parameter. This was
done after subtraction of the glassy carbon background. As
shown in Figure 3a, we could confirm an increase in the total
catalytic activity with decreasing Zn NP size. To be more
specific, all samples with size below 5 nm exhibited higher
activity than the Zn foil, whereas large NPs (Zn6 and Zn7)
showed comparable activity to bulk Zn. A factor-of-four
improvement in the catalytic activity of our smallest NPs (1.7
nm, Zn1) was obtained as compared to Zn7 (6.8 nm). In
addition, H2 and CO were detected as major products in all
samples, with about 5% of formic acid as minor product
(Figure 3b). Similar selectivity toward CO of ∼70% was
observed for all NPs larger than 3 nm, which is comparable to

Figure 2. (a) Zn K-edge XANES data from 1.7 and 3.9 nm Zn NPs
acquired in air and under operando CO2RR conditions at −1.1 V vs
RHE in 0.1 M KHCO3. The inset shows the white line region of the
1.7 nm NPs together with bulk Zn and ZnO references. (b and c)
Fourier-transformed k2-weighted EXAFS spectra of the same samples.
Bulk Zn and an orthorhombic Zn(OH)2 spectra modeled by FEFF
are plotted as reference.30 (d) 1st shell analysis of the EXAFS
spectrum of 3.9 nm NPs during CO2RR. Dashed vertical lines show
the limits of the fit.
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the selectivity of Zn foils. Interestingly, the H2 selectivity from
the parasitic hydrogen evolution reaction (HER) was
significantly increased for NP sizes below 3 nm, whereas CO
production was abruptly suppressed. These results indicate
that activity and selectivity for CO2 reduction exhibit a clear
size effect on Zn NPs.
On the basis of these results, we could separate the activity

and selectivity trends during CO2RR in three different NP size
regimes: (i) below 3 nm, high activity and low CO selectivity
was observed; (ii) between 3 and 5 nm, the NPs are more
active than bulk Zn while preserving a similar selectivity; (iii)
over 5 nm, a decrease in the activity is seen while the CO
selectivity remains high and nearly constant. This is in
agreement with previous DFT work on Au NPs10 reporting
that high H coverages are expected on small NPs due to the
enhanced fraction of low-coordinated sites, and that under
such conditions the binding of reaction intermediates such as
COOH* is weakened, leading to a lower CO production
versus H2.

10

Our discovery of cationic Zn species under CO2RR
conditions suggests that such species may be directly involved
in the CO2RR pathway. Recently, Nguyen et al. suggested that
the high performance of their Zn nanocatalysts with porous
structure could be related to the presence of oxidized Zn
species.31 Nevertheless, no operando or in situ data were
available to substantiate their claim. Other researches have also
reported that metal catalysts such as In and Sn are not fully
reduced under CO2RR, and that the remaining metal oxides
directly affect the activity and selectivity.32−35 This work
reveals that our Zn-based catalysts are not completely reduced
to metallic Zn even under strongly negative potentials during
CO2RR. However, further investigation is still needed to
elucidate the specific role of the cationic Zn species in the
reaction mechanism.
Lastly, it should be noted that the size effect on the

selectivity of CO2RR was negligible for NPs larger than 3 nm,

which suggests that changes in the structure of large NPs or
nanostructured surfaces11−14 cannot be solely responsible for
the distinct selectivity trends observed. Instead, one should
consider additional factors such as the local pH, which
indirectly also depends on the local morphology of the active
sites. For instance, the rate of H2 production is highly sensitive
to the local pH and buffer composition of the electrolyte.36 In
addition, we have confirmed the presence of cationic Zn
species, with a structure resembling that of Zn(OH)2, in the
catalysts during the reaction, which is also expected to play a
role in the enhanced performance of the modified Zn catalysts.
Interestingly, adsorbed chlorine ions on the catalysts were also
discussed to affect the CO2RR selectivity.12,14,31 As a result, it
appears that Zn catalysts seem to display a better performance
when their chemical state/electronic properties are modified,
rather than by exclusively changing their morphology.
In summary, a clear size-dependent trend in CO2RR over Zn

NPs was observed, with NPs smaller than 3 nm being more
active but less selective for CO in favor of H2. Moreover, CO
selectivity of Zn NPs with sizes above 3 nm was similar to that
of bulk Zn. Thus, a clear correlation between the coordination
number of surface atoms and the catalytic performance could
be inferred. Furthermore, our work reveals that CO2RR
selectivity can be tuned not only by altering the structure or
morphology of the Zn catalyst but also by the stabilization of
cationic Zn species under reaction conditions. Our findings are
relevant for the rational design of more efficient and cost-
effective CO2 reduction catalysts.
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