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Abstract: Electrocatalytic CO2 conversion into fuel is a pro-
spective strategy for the sustainable energy production. How-
ever, still many parts of the catalyst such as low catalytic
activity, selectivity, and stability are challenging. Herein,
a hierarchical hexagonal Zn catalyst showed highly efficient
and, more importantly, stable performance as an electrocata-
lyst for selectively producing CO. Moreover, we found that its
high selectivity for CO is attributed to morphology. In
electrochemical analysis, Zn (101) facet is favorable to CO
formation whereas Zn (002) facet favors the H2 evolution
during CO2 electrolysis. Indeed, DFT calculations showed that
(101) facet lowers a reduction potential for CO2 to CO by more
effectively stabilizing a CCOOH intermediate than (002) facet.
This further suggests that tuning the crystal structure to control
(101)/(002) facet ratio of Zn can be considered as a key design
principle to achieve a desirable product from Zn catalyst.

Electrochemical CO2 conversion into fuel coupling with
renewable electricity is a promising strategy to alleviate
anthropogenic climate change and depletion of fossil fuel.[1]

As CO2 reduction involves sluggish kinetics, the success in this
system requires the development of catalyst with good
catalytic activity, selectivity and stability. Among various
metal candidates that have been extensively investigated
since the early 1990s, noble metals (e.g., Ag[2] and Au[3]) have
attracted much attention due to their selective production of
CO, which can be used for producing higher-energy density
fuels with H2. For the practical application, however, it is also
required to develop low-cost and earth-abundant metal
catalyst. In that sense, non-noble metal Zn is one of the
promising materials because of its abundant reserves and
particularly selective production of CO.[4] To develop Zn
metal as an electrocatalyst, the first priority is not only an
enhancement of the catalytic activity towards CO2 reduction,
but also a prolongation of the catalyst durability.

Several studies have focused on the modulation of
morphology to enhance the catalytic performance compared
to bulk metal electrodes.[2c,d, 3b–e, 4a, 5] Moreover, manipulating
the structure of catalyst could control the product selectivity
by introducing local active sites as well as increase the current
density.[3b–e, 5c–g] Indeed, the effect of morphology on catalytic
selectivity has been experimentally and computationally
investigated for metal catalysts such as Au,[3c] Cu,[5a–d] and
Pd.[5g] However, in case of Zn, only a few studies report its
catalytic activity for CO2 reduction by using the structure
modified catalysts such as Zn dendrite[4a] and nanoscale Zn
catalyst[4b] and the factor to govern entire catalysis on Zn
electrode still remain unknown because of the lack of
mechanistic understanding.

Another crucial factor of catalyst performance is a stable
long-term operation, which is one of the essentials for
commercial application. Despite its significance, the catalyst
durability has not yet been extensively evaluated or discussed
in previous reports. Although the use of noble metal catalysts
cannot guarantee the long-term stability of CO2 conversion,
one should be even more cautious about the catalyst stability
when using vulnerable non-noble metals such as Zn. In
previous studies on Zn-based electrodes, for example, Zn
dendrite and nanoscale Zn catalysts, their performances were
evaluated only for 3 and 10 h, respectively.[4a,b] To our
knowledge, even in cases of novel metal based electrodes
selectively producing CO, the reported operating time with-
out significant performance degradation is not exceeded over
half a day.[2a, 3c–e] Therefore, the performance profile during
long-time operation more than a day needs to be examined
and it should be improved for further advance of CO2

reduction process.
In this work, we developed a hierarchical hexagonal Zn

catalyst (h-Zn) for highly active CO2 reduction reaction. The
unprecedented operation time (ca. 30 h) and high selectivity
(ca. 95%) for CO production were achieved as well as
a superior CO production rate. Furthermore, the origin of
catalytic selectivity derived from the Zn structure was
theoretically analyzed by density functional theory (DFT)
calculations.

The h-Zn electrode was simply prepared by electrodepo-
sition of ZnCl2 on a Zn foil. The morphology of the h-Zn was
observed with field emission scanning electron microscopy
(FESEM). As shown in Figure 1, the hexagonal shape of Zn
pieces was densely aligned on the fabricated electrode. The
Zn pieces were ranged from about 400 nm to 1.5 mm and
arranged with various directions. Because of the continuous
formation of Zn networks, the unique rough structure was
constructed (see Figure S1 in the Supporting Information)
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and the enhanced surface area was also confirmed by an
increased double layer capacitance compared to the pristine
Zn foil (Figure S2). The crystal structure of the h-Zn analyzed
by a thin-film X-ray diffraction (XRD) pattern was well
matched to pure-metallic Zn (Figure S3 a). In X-ray photo-
electron spectroscopy Zn 2p analysis, however, the surface of
the h-Zn was composed of ZnII state as well as metallic Zn
because the oxidation of Zn metal is highly spontaneous
reaction in presence of air and moisture (Figure S3 b). The
surface oxidation phenomenon was also identified on the
pristine Zn foil (Figure S3 c). According to the previous
studies, the existence of native oxide layer might have an
positive effect to CO2 reduction by stabilization of reaction
intermediate.[3e, 5e,h] Nevertheless, the role of native oxide
layer would not be a significant distraction factor for
comparing the catalytic performance of the prepared Zn
electrodes in this study because all Zn electrodes possessed
native oxide layer.

All the prepared Zn electrodes were pretreated by cyclic
voltammetry to reduce the oxide layer before every electro-
chemical investigation (Figure S4). The electrochemical activ-
ity of the prepared Zn electrodes was evaluated by linear
sweep voltammetry (LSV) to determine the catalytic ability

towards CO2 reduction (Figure 2 a). In a CO2-saturated
electrolyte, the reductive current densities from the h-Zn
were about 9 times higher on average than those from the Zn
foil over the entire potential range. The increased current
density was mainly attributed to the enlarged surface area of
the h-Zn, which could provide numerous active sites for CO2

reductions.
To investigate the final product and its selectivity from

CO2 reduction on the prepared electrodes, electrochemical
CO2 reductions were carried out at selected potential range
from ¢0.6 to ¢1.1 V (vs. RHE) in a CO2-saturated 0.5m
KHCO3 electrolyte. These data were obtained by performing
step-potential electrolysis with periodic quantification of the
gaseous products by gas chromatography. The products from
CO2 electrolysis were CO and H2 with net total Faradaic
efficiency (FE) of 96.5� 4.2% (Tables S1–S2). As shown in
Figure 2b, the FE of CO was increased as the applied
potential decreased on both Zn electrodes. At the selected
potentials, the FE of CO was significantly improved on the h-
Zn compared to the Zn foil (note that the H2 evolution
reaction (HER), which is the competitive reaction of CO2

reduction, was consequently decreased on the h-Zn). The
highest FE for CO was 85.4% at ¢0.95 V on the h-Zn, which
was 60.3%p higher than the value for the Zn foil. The h-Zn
performance was compared with other previous state-of-the-
art Zn based electrodes (Table S3). The FE for CO of the h-
Zn surpassed those of other Zn electrodes under similar
experimental condition. Moreover, because of the outstand-
ing current density and the high FE, the h-Zn also demon-
strated a superior production rate of CO compared to other
Zn electrodes (Figure 2c).

We then examined the performance profile of the h-Zn
during long-term operation by collecting the current density
and FE at ¢0.85 V (Figure 2d). The h-Zn exhibited stable
operation over 30 h of electrolysis without significant perfor-
mance degradation: the FE for CO was preserved as 80%
maintaining ¢9.5 mA cm¢2 of the current density. This result
is of particular importance since no previous study reports CO
production catalyst with durability over 12 h, to our knowl-
edge; thus, the h-Zn demonstrated an unprecedented pro-
longed stability compared not only to the Zn-based catalysts,
but even also to the noble metal catalysts (Table S4).

Although the selectivity of our h-Zn is already superior to
that of other reported Zn-based catalysts, it should be further
optimized to compete with other noble metal catalysts. A
recent report suggested that an introduction of Cl¢ ion in
electrolyte can improve the reaction selectivity for CO
because of the adsorbed Cl¢ ion on the electrode surface
inhibiting HER.[2d, 4b, 5d, 6] As such, we further optimized the
selectivity of our h-Zn by using a CO2-saturated 0.5m KCl
electrolyte (Figure 3a and Table S5). This increased the FE of
CO on the h-Zn up to about 95 % despite of the sacrifice of
the current density, which is comparable to those of noble
metal catalysts. We also confirmed that the high selectivity
obtained from the h-Zn in presence of Cl¢ can be maintained
during 30 h of operation (Figure 3b).

Interestingly, the partial current densities of CO produc-
tion on the h-Zn were 60-fold higher on average than those of
the Zn foil, whereas the geometric surface area of the h-Zn

Figure 1. Surface morphology of the prepared h-Zn observed by
FESEM.

Figure 2. a) LSV results in a N2 (dotted line) or CO2-saturated (solid
line) 0.5m KHCO3 electrolyte with a 50 mVs¢1 scan rate. b) FE and
c) production rates of CO at various constant potentials ranging from
¢0.6 to ¢1.1 V. d) Stability of the h-Zn. Current density (line) and FE
(dot) of the h-Zn during 30 h of long-time operations at ¢0.85 V.
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was increased only 15.8 times. This implies that the intrinsic
CO2 reduction activity of the h-Zn was improved because of
newly constructed structure formed during electrodeposition.
From the relative intensities of XRD analyses in Figure S5 a,
we noticed that the electrodeposition procedure led our h-Zn
to preferentially develop (101) facet (a pyramidal plane),
while (002) facet (a smooth basal plane) was preferentially
developed in the conventional Zn foil. By including two
additional Zn electrodes with different crystal structures as
control groups, namely Zn-SP1 and Zn-SP2, which were
prepared by RF sputtering, we calculated texture coefficient
of each (hkl) facet for the four different Zn-based electrodes
(Zn foil, Zn-SP1, Zn-SP2, and h-Zn; Figure S5b), and
compared their catalytic selectivity (Figure S6 and Tables S6,
S7). As shown in Figure 4a,b, the texture coefficient of (101)
facet showed a good positive correlation with the FE of CO
(R2 = 0.99), while the texture coefficient of (002) facet showed
a good positive correlation with the FE of H2 (R2 = 0.97), both
of which were measured at ¢0.95 V. We further confirmed
that the observed strong correlation was preserved for all
potential ranges (Figure S7), which suggests that (101) facet
of Zn electrode is favorable to CO2 reduction whereas (002)
facet is favorable to HER.

To elucidate the origin of different catalytic selectivity
derived from the Zn facets, we conducted DFT calculations
for CO2 reduction on (002) and (101) facets of Zn. For the
electrochemical reduction of CO2 to CO, three elementary
reaction steps were considered as given in Equations (1)–
(3),[7]

CO2 ðaqÞ þ ½Hþ þ e¢¤ ! COOH* ðaqÞ ð1Þ

COOH* ðaqÞ þ ½Hþ þ e¢¤ ! CO* ðaqÞ þH2OðaqÞ ð2Þ

CO* ðaqÞ ! CO ðgÞ ð3Þ

where an asterisk (*) indicates an adsorbed species and the
computational hydrogen electrode method was used for the
chemical potential of proton and electron pair (H+ + e¢).[8]

Free energy diagrams for CO2 reduction to CO are shown in
Figure 4c. The smooth Zn surface, (002) facet, shows high
reduction potential of ¢1.14 V for CO2 reduction. In case of
rough Zn surface, (101) facet, however, the reduction

potential is drastically decreased to ¢0.71 V. The lower
reduction potential on (101) facet originates from its stronger
ability to adsorb COOH molecule since the protonation of
CO2 generating the adsorbed CCOOH is the reaction limiting
step in both cases. This corresponds well to the aforemen-
tioned correlation between Zn facets and CO2 reduction
activities. The calculated free energetics for HER further
convinced our contention, providing a better understanding
on the different HER activity of the Zn facets (Figure 4d). In
contrast to the case of CO2 reduction, the (002) facet requires
low energy barrier of 0.08 eV during the first (H+ + e¢)
transfer step to Zn surface whereas the rough Zn facet (101)
requires high energy barrier of 0.57 eV during the second
(H+ + e¢) transfer to produce H2 at the same reduction
potential of ¢0.71 V. Therefore, the outstanding performance
of the h-Zn is clearly explained by its highly developed (101)
facets, which require relatively low CO2 reduction potential
and high HER potential, as well as by its large surface area
providing more active sites for CO2 reduction. Based on the
DFT results, we envisage that the catalytic performance of Zn
electrode can be further enhanced by synthesizing Zn crystal
with more (101) facets. Furthermore, the product distribution
of CO/H2 can be controlled by engineering a crystal plane
ratio on Zn electrode (Figure S7 c), and this suggests that the
tailored catalyst design for different industrial processes
becomes feasible.

In summary, we developed the h-Zn, which selectively
catalyzed the CO2 reduction to CO with a high activity
(379.9 mmolh¢1 cm¢2 at ¢1.1 V) and a selectivity (85.4%
without KCl, and 95.4% with KCl in electrolyte) as well as

Figure 4. Correlation curves between texture coefficient and FE of
a) CO and b) H2 at ¢0.95 V. Free-energy diagrams for c) CO2 reduction
and d) HER on Zn (002) (black solid line) or Zn (101) (red solid line)
at ¢0.71 V. Atomistic structures optimized for each step are shown in
the top. Navy blue, gray, red, and white colors represent Zn, C, O, and
H atoms, respectively.

Figure 3. Optimized CO selectivity by introduction of Cl¢ ion. a) FE of
CO (bar) and current densities (square) at various constant potentials
ranging from ¢0.6 to ¢1.1 V obtained in a CO2-saturated 0.5m KCl
electrolyte. b) Stability of the h-Zn in KCl solution. Current density
(line) and FE (dot) of the h-Zn during 30 h of long-time operations at
¢1.05 V.
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extremely high stability over 30 h. Significantly, we found that
its high selectivity towards CO is correlated with the rough Zn
facet (101). In particular, DFT calculations demonstrated that
(101) facet is appropriate to CO production due to its lower
reduction potential for CO2 reduction to CO and higher
energy barrier for HER than (002) facet. Because of
a superior production rate of CO and a prolonged stability
as well as a simple synthesis method, we anticipate that the h-
Zn can be a promising catalyst for practical application in CO2

reduction. Furthermore, we propose that manipulating the Zn
crystal structure and its ratio can be used as a key control
factor for product selectivity, and this study may suggest
a design principle for further developments in other advanced
catalysts as well as in CO2 reduction.
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