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Unraveling the reaction mechanism behind the CO, reduction
reaction (CO,RR) is a crucial step for advancing the development
of efficient and selective electrocatalysts to yield valuable chemi-
cals. To understand the mechanism of zinc electrocatalysts toward
the CO,RR, a series of thermally oxidized zinc foils is prepared to
achieve a direct correlation between the chemical state of the
electrocatalyst and product selectivity. The evidence provided by
in situ Raman spectroscopy, X-ray absorption spectroscopy (XAS)
and X-ray diffraction significantly demonstrates that the Zn(i) and
Zn(0) species on the surface are responsible for the production of
carbon monoxide (CO) and formate, respectively. Specifically, the
destruction of a dense oxide layer on the surface of zinc foil
through a thermal oxidation process results in a 4-fold improve-
ment of faradaic efficiency (FE) of formate toward the CO,RR. The
results from in situ measurements reveal that the chemical state of
zinc electrocatalysts could dominate the product profile for the
CO2RR, which provides a promising approach for tuning the
product selectivity of zinc electrocatalysts.

Introduction

Massive amounts of CO, from anthropogenic activities has
been constantly released to the atmosphere, and it is estimated
that dozens of gigatons of CO, will be continually emitted in
coming decades, which will cause the global warming by
1.3 °C." For the purpose of suppressing serious impacts
caused by global warming, numerous intuitive and effective
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approaches to realize carbon neutrality and solve the current
environmental dilemma have been investigated. Among the
proposed techniques, the electrochemical CO, reduction reac-
tion (CO,RR) has been taken as the most practical candidate
due to its low cost and high accessibility and feasibility with
few conditional demands (the CO,RR can be easily conducted
under ambient pressure and at room temperature).>
Moreover, this electrochemical process is capable of converting
CO, into more valuable fuels, like carbon monoxide (CO),
methane (CH,), formate, ethylene (C,H,) and other hydro-
carbons, showing its great potential in industrial applications.

When it comes to electrocatalytic CO, reduction reactions,
the most paramount concern is the product selectivity and
efficiency. From the early 1980s, researchers have worked on
various bulk metals for aqueous CO, electroreduction, and
they roughly classified these metal catalysts into several
different groups according to their product selectivity, such as
Sn for producing formate, Cu for producing hydrocarbons and
alcohols, and Au, Ag and Zn for generating CO.>” It was gener-
alized that the product profile during the CO,RR is undoubt-
edly potential-dependent and highly correlated with the
surface states, like grain boundaries, roughness, crystal facets,
etc.”'° For instance, morphology-controlled single crystals
composed of Cu (100) facets would significantly facilitate
ethylene generation during the CO,RR."" Furthermore, the
chemical state of Cu including the oxidation state and coordi-
nation environment also plays a pivotal role in improving the
CO,RR selectivity toward C,, product generation. It has been
proved that the remaining Cu(i) species on the surface of Cu
catalysts could notably lower the onset potential and enhance
the ethylene selectivity.'” In addition, single-atom iron on an
N-doped carbon support also exhibited distinguished selecti-
vity toward CO in the case of Fe**-N-C, relative to Fe**-N-C,
due to its faster CO, adsorption along with weaker absorption
of CO."

In recent years, approximate single selectivity to CO has
been achieved by deploying specific noble metal
electrocatalysts.>"*™"” Nonetheless, zinc has been found as
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another potential catalyst for the selective production of CO
toward the CO,RR due to its non-precious, non-toxic and
Earth-abundant nature. For instance, Zn-based catalysts, such
as dendritic Zn, porous Zn catalysts, Zn foam and hexagonal
Zn catalysts, have been demonstrated to effectively convert CO,
into CO with an over 80% faradaic efficiency (FEco).'*>" On
the other hand, some literature studies have also reported that
the generation of formate based on zinc electrocatalysts
occurred at higher applied cathodic potentials.>>** The evi-
dence from the perpendicular-oriented analysis by X-ray photo-
electron spectroscopy has proved that metallic zinc would
undergo spontaneous oxidation and form the passivating
oxide film on the surface when it is exposed to air and/or
moisture.”>*®> The outermost native zinc oxide atop the metal
surface is dense and could prevent the underlying metallic
zinc from participating in the electrocatalytic process, indicat-
ing that the actual active site on the surface might not be
defined according to the original electrocatalyst surface. This
phenomenon thus usually leads to a misunderstanding of the
correlation between product selectivity and zinc electrocata-
lysts when in situ characterization studies are not performed to
identify the chemical state of zinc electrocatalysts during the
electrochemical CO,RR process.

The CO and formate production pathways have been
acknowledged as competing reactions during the CO,RR. The
major discrepancy in these two pathways is the binding orien-
tation of CO, molecules on catalytically active sites. More
specifically, CO is the major product once carbon atoms in
CO, bind with the active sites, while formate is yielded with a
preferred binding of oxygen in CO, on surface sites. As is well
known, the binding situation between reactants and catalytic
sites is governed by the nature of catalytic sites on the surface,
which can be tuned by modifying the local structure as well as
coordinating species around the active sites. For instance,
copper catalysts have been recently reported to show different
CO,RR product selectivity due to the fact that the electronic
structures of Cu active sites are effectively modified by boron
or subsurface oxygen.”*® For these reasons, the distinct
selectivity of zinc electrocatalysts toward the CO,RR can be
expected to be achieved by adjusting their surface chemical
states during electrocatalysis. However, the correlations
between the chemical states of zinc catalysts and CO,RR
product profiles have not been clarified yet. For deep under-
standing of the fundamental catalytic mechanism of zinc cata-
lysts toward the CO,RR, in situ X-ray approaches as judicious
tools for unveiling the dynamic variations on the catalyst
surface are indispensable.>*~°

In the present work, to unravel the effect of the dynamic
chemical state of zinc on the product selectivity during the
CO,RR, a series of zinc oxide electrocatalysts with various
degrees of oxidation were prepared through a thermal oxi-
dation approach under an argon atmosphere. The results indi-
cated that the high-temperature oxidation process could
destroy the outmost dense zinc oxide atop the metal surface
and then further oxidize the inner part of the zinc foil. As a
result, the thermally destroyed zinc electrocatalyst exhibited a
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higher tendency to be electrochemically reduced during the
CO,RR process. More significantly, based on in situ XAS
characterization and electrochemical results, it can be mani-
fested that the chemical state of zinc could strongly affect the
CO,RR product profiles, in which Zn(u) and Zn(0) species dom-
inate the selectivity toward CO and formate, respectively.

Results and discussion
Characterization of pristine zinc foil and oxidized zinc foil

The evidence of pristine zinc foil undergoing spontaneous oxi-
dation is demonstrated by a depth-profiling X-ray photo-
electron spectroscopy (XPS) measurement, by which the
spectra of Zn 2ps;, O 1s, and C 1s would be collected on
different depths and the corresponding high-resolution chemi-
cal analysis can be carried out. During the XPS measurement,
an ion gun was used to etch the surface of zinc foil for a
certain period of time corresponding to different depths. As
shown in Fig. 1, in addition to the presence of some carbon
species on the outermost surface, the depth profile of pristine
zinc foil showed that a roughly 105 nm zinc oxide layer
appears on the surface of zinc foil. This result indicated that
the oxide layer could easily form on the surface of zinc foil,
which contributed to the preservation of interior metallic zinc.
With the protection of immediately formed native oxide, the
inner zinc was prone to maintain stability, and further oxi-
dation would not happen at room temperature or even in
slightly heated environments.

To further effectively destroy this native oxide, thermal oxi-
dation at 200, 300, 400 and 500 °C under an argon atmosphere
was conducted, and the resulting samples were denoted as
0-Zn-200, O-Zn-300, O-Zn-400 and O-Zn-500, respectively. The
crystal structures of O-Zn-200, O-Zn-300, O-Zn-400, and O-Zn-
500 were determined by X-ray diffraction (XRD) in a range of
26 between 30° and 70°. As shown in Fig. S1,t all the diffrac-
tion peaks of O-Zn-200 and O-Zn-300 were assigned to the hex-
agonal metallic zinc (JCPDS No. 87-0713) with the presence of
a small amount of ZnO species in the O-Zn-300 sample. The
dominant diffraction signal of metallic zinc in the O-Zn-200
sample indicated that the native oxide film as a dense protec-
tive layer could effectively prevent further oxidation of interior
metallic zinc. Furthermore, ZnO with a wurtzite structure
(JCPDS No. 80-0075) was formed significantly when the oxi-
dation temperature was increased to 400 °C. The newly emer-
ging ZnO diffraction peaks demonstrated that the oxidation
processes at 400 and 500 °C resulted in a destruction of native
zinc oxide and the exposure of internal metallic zinc for
further oxidation.

The high-resolution XPS spectra of Zn 2ps.,, O 1s, and C 1s
of different samples exhibited binding energy peaks at around
1022.2, 530.8 and 285.4 eV, respectively, as shown in Fig. 2,
Fig. S2 and Fig. S3.f The Zn 2p;,, spectrum of O-Zn-200
showed the presence of plenty of metallic zinc in addition to
zinc oxide, demonstrating that the surface oxide layer could
isolate the inner zinc from further oxidation. This dense oxide

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Depth analysis of pristine Zn foil. (a) Quantification of elemental
analysis from XPS. Fitting results of XPS spectra as a function of depth
for (b) Zn 2p3,, and (c) O 1s.

layer was slightly destroyed through the thermal oxidation at
300 °C, as demonstrated by a decrease of metallic zinc.
Obviously, O-Zn-400 and O-Zn-500 with the destructed protec-
tion layer were oxidized to ZnO completely within the measur-
able depth of XPS. These phenomena were consistent with the
results of XRD. In addition, O 1s XPS spectra showed peaks at
532.6 eV and 531.0 eV, assigned to -OH and oxide species,
respectively, which confirmed the existence of Zn-OH species
on the surface even though the Zn(OH), signals were not
observed in XRD analysis.>>*” It had been reported that the
ZnO surface exposed to air may easily form Zn(OH),.*®
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Fig. 2 Fitting results of Zn 2ps,, and O 1s XPS spectra and corres-
ponding SEM images for (a) O-Zn-200, (b) O-Zn-300, (c) O-Zn-400 and
(d) O-Zn-500 samples.

Additionally, the synthesized ZnO nanowire through thermal
evaporation showed the presence of Zn(OH), which was attrib-
uted to the absorption of atmospheric moisture. Therefore, the
Zn(OH), species on zinc foils was ascribed to the adsorption of
moisture during transferring the samples from the furnace to
vacuum container.>®* Moreover, the morphologies of zinc foil
were observed to change during the thermal oxidation process
(Fig. 2). Specifically, O-Zn-200 displayed a rock-like and dense
surface, and this morphology was well retained for the O-Zn-
300 sample. Once the sample was subjected to the thermal oxi-
dation process at 400 °C and 500 °C, it is noted that the dense
oxide layer suffered from destruction, resulting in the for-
mation of a cracked surface. The formation of cracks facilitated
the oxidation of the internal zinc foil, thus increasing the
degree of oxidized zinc. Additionally, the depth-profiling XPS
spectra of O-Zn-200 showed that the zinc oxide layer was about
126 nm in depth, which was slightly higher than that of native
zinc oxide (105 nm) on pristine zinc foil (Fig. S4t). When the
oxidation temperature was increased up to 400 °C, the oxi-
dation layer depth was further increased to 175 nm, indicating
that the protection layer of native oxide was destroyed and the
oxidation degree of zinc foil augmented due to the formation
of the cracked surface. The thicknesses of O-Zn-200, O-Zn-300,
0-Zn-400 and O-Zn-500 were also confirmed with cross-section
SEM images. As shown in Fig. S5,f a smooth surface with a
120 nm thick dense oxide layer can be observed on O-Zn-200,
indicating that the native oxide was not destroyed at a relatively
low temperature. As the processing temperature increased, the
surface dense oxidation layer was slightly undermined on
0O-Zn-300. It can be further seen that the flat oxidation layer
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still remained on the sample with about 130 to 140 nm in
thickness, isolating the unreacted zinc beneath, while the
sample surface gradually became rough with few pores.
Furthermore, the dense oxidation layer was observed to be
obviously damaged by higher heating temperatures. However,
the thickness of oxide layers was hardly defined due to the
ambiguous boundaries with the absence of the native oxide,
and it is noteworthy that the surface was no longer flat, which
featured a bumpy surface and massive pores. Such phenomena
were in agreement with the results of XRD that the obvious for-
mation of ZnO species occurred until the temperature reached
up to 400 °C.

Electrochemical performance for the CO,RR

To evaluate the electrocatalytic activity of the as-prepared Zn
electrodes for the CO,RR, linear sweep voltammetry (LSV)
measurements were conducted on O-Zn-200, O-Zn-300, O-Zn-
400 and O-Zn-500 in N, or CO, saturated 0.1 M KHCOj; solu-
tion, as shown in Fig. 3a and Fig. S6.1 Obviously, the increase
in current density under a CO, atmosphere relative to that
under a N, atmosphere represented their electrocatalytic
ability toward the CO,RR. Additionally, compared to O-Zn-200
and O-Zn-300, it can be seen that the reduction peaks of Zn>*/
Zn of O-Zn-400 and O-Zn-500 were sufficiently distinct, further
confirming that a large portion of oxidized zinc was reduced to
metallic zinc on samples treated at higher temperatures.
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Fig. 3 CO,RR performance analysis (a) LSV measurements of O-Zn-
200, O-Zn-300, O-Zn-400 and O-Zn-500. Partial current density (up in
b) and faradaic efficiency (bottom in b) of formate of O-Zn-200, O-Zn-
300, O-Zn-400 and O-Zn-500 in a selected potential window of 0.70 to
—1.10 V (vs. RHE).
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To assess the faradaic efficiency (FE) of each sample toward
the CO,RR, constant potential amperometry was performed in
the selected potential range from —0.70 to —1.10 V (vs. RHE)
under CO,-saturated 0.1 M KHCOj; solution. As calculated, CO
was the major product on O-Zn-200 with a maximum FE of
79.7% at —1.00 V (Fig. S71), and such selectivity could also be
observed in the case of O-Zn-300 with FEco of 76.6% at the
same potential, which was similar to previous results.”’
Interestingly, the selectivity was observed dramatically altered
on O-Zn-400 and O-Zn-500, as shown in Fig. 3b. It can be seen
that only 42.8% of FEo at —1.00 V was obtained on O-Zn-400.
On the other hand, the selectivity toward formate for all
samples was found to increase once the applied potential was
extended more negatively. Specifically, O-Zn-200 exhibited only
8.9% of FEpcoon at —1.00 V, and the corresponding value
notably increased to 36.6% for O-Zn-400. Moreover, the partial
current density of formate (jucoon) for O-Zn-400 at —1.00 V
had a more than 5-fold increase over that of O-Zn-200 (Fig. 3b).
It is worth noting that the cathodic potentials used for the
CO,RR on all samples were more negative than the reduction
potential of Zn**, suggesting that the enhancement of
FEncoon might be ascribed to the formation of metallic Zn.

In situ Raman spectroscopy, in situ XAS and in situ XRD
probing oxidized zinc electrocatalysts

To examine the surface feature of the as-prepared Zn-based
electrocatalysts, Raman spectroscopy was employed to monitor
the structural changes during the CO,RR. Fig. 4a shows the
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Fig. 4 (a) Raman spectra of O-Zn-200, O-Zn-300, O-Zn-400 and
0-Zn-500, and (b) their peak intensity at 566 cm™ based on in situ
Raman monitoring.
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typical Raman spectra of the as-prepared Zn-based samples.
The peaks at 437 and 566 cm™" are assigned to the E,” and
A4(LO) modes of ZnO, respectively.*’ The evidence of increas-
ing oxidation temperature inducing the ZnO formation could
be demonstrated by the comparison of peak intensities, which
showed the peak intensity in the order of O-Zn-500 > O-Zn-400
> 0-Zn-300 > O-Zn-200. Furthermore, in situ Raman spec-
troscopy was also used to comprehensively monitor the struc-
tural changes on applied potentials during the CO,RR. As
shown in Fig. 4b, the peak intensity at 566 cm™" did not
change obviously with increasing cathodic potentials from
OCV to —0.8 V. With progressively increasing cathodic poten-
tials, the Raman peak intensity of all samples decreased, with
0-Zn-400 and O-Zn-500 showing more significant decreases. It
is noteworthy that the metallic Zn is Raman inactive; thus the
reduction of the peak intensity of all samples was attributed to
the electrochemical reduction of ZnO to metallic Zn.
Moreover, the exposed surface of O-Zn-400 during the CO,RR
could be further characterized by in situ Raman mapping in a
region of 15 x 15 pm?* with the selected peak at 566 cm™*
(Fig. 5). The entire surface of oxidized Zn foil was covered by
ZnO species although the oxidation depth was not very
uniform, as demonstrated by the uneven distribution of
Raman intensity. Similarly, the results were in accordance with
those of Raman spectra with single point measurement that
exhibited a significant decrease of ZnO peak intensity when
the cathodic potential was increased from -1.0 V to —2.0
V. This phenomenon demonstrated that the initial surface
ZnO gradually transformed to metallic Zn with the increase of
cathodic potentials during the CO,RR.

Additionally, to reveal the correlation between chemical
states of Zn and the product profile during the CO,RR, in situ
X-ray absorption near edge structure (XANES) spectroscopy for
the O-Zn-200 and O-Zn-400 samples was conducted (Fig. 6a
and b). According to the valence of zinc (either Zn(0) or Zn(u)),
the extent of oxidation of all samples can be estimated as a
mixture of Zn and ZnO in different proportions. The XANES
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Fig. 6 In situ XANES analysis of (a) O-Zn-200 and (b) O-Zn-400. (c) The
chemical state of O-Zn-200 and O-Zn-400. (d) Schematic representa-
tion of in situ XRD apparatus and in situ XRD patterns of O-Zn-400. (e)
Correlations between reduced Zn(0) generated in the CO,RR process
and FEpcoon With varied potential.

spectrum of O-Zn-200 in electrolytes showed the K-edge at
9660.1 eV based on a maximum in the XANES first derivative,
while Zn with the K-edge at 9659.0 eV and ZnO with the
K-edge at 9661.0 eV were observed (Fig. 6a). By calculation, the
degree of oxidation on the zinc foil was estimated to be 56%
(Fig. 6¢). Furthermore, it is found that the oxidation state of
0-Zn-200 did not change with increasing cathodic potentials
from OCV to —0.8 V (vs. RHE), which was consistent with the

This journal is © The Royal Society of Chemistry 2020

Fig. 5 In situ Raman mapping of O-Zn-400 (15 x 15 ym?) based on the peak intensity at 566 cm™.
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thermodynamic potential of —0.76 V for reducing ZnO to Zn.
Interestingly, only a negligible part of O-Zn-200 could be elec-
trochemically reduced when the cathodic potential was
increased from —1.0 V to —2.0 V. As a consequence, the degree
of electrochemical reduction for O-Zn-200 was 3.6%, 8.0%,
12.5%, 13.4%, 15.2% and 19.6% at an applied potential of
-1.0, -1.2, —-1.4, -1.6, —-1.8 and -2.0 V, respectively.
Furthermore, it could be concluded that the higher FEycoon
and lower FEqo were obtained when a much higher ratio of
reduced zinc was formed on the O-Zn-200 surface, indicating
that the active sites for producing formate and CO might be
metallic Zn and oxidized ZnO species, respectively. These
results can be further proved by the in situ XANES spectra of
the O-Zn-400 sample under the CO,RR conditions (Fig. 6b).
With increasing the cathodic potentials, the oxidation state of
the O-Zn-400 sample changed to lower values, which was evi-
denced by the decreased intensity of white lines and the shift
of excitation energy toward lower energies. Compared with the
case of the O-Zn-200 sample, O-Zn-400 was observed to have a
more pronounced edge shift with progressively increasing
cathodic potentials, suggesting that the O-Zn-400 was prone to
be reduced during the electrochemical CO,RR (Fig. 6¢). These
results could be explained by the less dense layer of surface
oxide formed by the thermal oxidation process. Additionally,
the degree of electrochemical reduction of O-Zn-400 was
15.5%, 25.4%, 33.8%, 56.3%, 64.8% and 69.0% at a potential
of —1.0, —1.2, —1.4, —1.6, —1.8 and —2.0 V, respectively. The
results of in situ XRD also supported the results of in situ XAS.
The in situ XRD apparatus, illustrated in Fig. 6d, was employed
to capture further information on the structural changes of
0-Zn-400. As is shown, the phase of reduced Zn(0) was
observed to gradually emerge when the applied potential was
higher than —1.0 V. In the meantime, it can be noted that the
diffraction peaks assigned to ZnO were still present but a little
weaker even though the potential was as negative as —2.0
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V. Combining surface reduced Zn(0) with the FEycoon shown
in Fig. 6e, it can be obviously seen that the degree of electro-
chemical reduction on zinc catalysts was capable of affecting
the FEcoon at individual applied potential, which was evi-
denced by the similar trends of FEgcoon and electrochemically
induced Zn(0) under applied cathodic potentials (Fig. 6e).
Therefore, it could be deduced that the Zn(0) species on the
Zn foil would dominate the production of formate during the
CO,RR.

To unravel the effect of the dynamic chemical state on
selective CO, reduction upon zinc electrocatalysts, a sche-
matic process of zinc electrocatalysis was proposed and is
illustrated in Fig. 7a based on the results of in situ XANES,
XRD and Raman spectroscopy. Initially, the as-prepared
sample surface in the electrolyte was characterized as ZnO
due to the oxidation treatment induced by a high-temperature
process. The surface structure of oxidized ZnO did not
change within the cathodic potential range from —0.6 V to
—0.8 V because the potential did not reach the thermo-
dynamic potential for reducing ZnO to Zn. Once the cathodic
potential was extended to —1.0 V, which was higher than the
thermodynamic potential, the ZnO was observed to be only
slightly reduced to Zn. However, it had been reported that the
metallic zinc would undergo a spontaneous oxidation process
when it was exposed to oxygen. It can be expected that the
oxygen in the electrolyte ([Olejectrolyte) Tesulted in a dynamic
oxygen-induced oxidation-electrochemical reduction
(Ooxygen—Rec) cycle during applying cathodic potentials for
the CO,RR. At a cathodic potential of —1.0 V, this dynamic
cycle was dominated by the spontaneous re-oxidation; thus
only a small portion of reduced metallic zinc was detected.
With further increasing the cathodic potential from —1.2 V to
—2.0 V, the electrochemical reduction would dominate the
dynamic Ogxyeen—Rec Cycle, thereby causing an obvious trans-
formation of ZnO to metallic Zn.

o]electrolyte [o]electrolyte
Dynamic Ogyygen-Rec CycCle
Zn(ll)  Zn(0) Zn(ll)  Zn(0)
< N Gt

1.0V

LY ) Y
9,0
@ 4

N f.f'....".:. = B \M‘ffjf” [Route for Heoom 3 .'i S —

Zn(0)

Fig. 7 (a) Schematic process of the zinc electrocatalyst during the CO,RR. (b) Schematic mechanisms of the CO,RR for Zn(1) and Zn(0)

electrocatalysts.
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Based on the schematic process of the dynamic Ooyygen—Rec
cycle on Zn electrocatalysts and CO,RR product profiles, it can
be concluded that the chemical state of zinc sites plays pivotal
roles in controlling the product selectivity, as reflected in the
production of CO from the intermediate carboxyl (*COOH)
species and formate product from the intermediate formate
(*OCHO). Jaramillo et al. theoretically demonstrated the
volcano plots using the binding energy of *COOH and *OCHO
species as descriptors, which showed that Zn lied near the
peak to generate formate via interacting strongly
with*OCHO.*' Additionally, the theoretical limiting potentials
on different metal surfaces were also calculated based on
those two different intermediates, and relatively low limiting
potential of formate was estimated on Zn compared with the
other two-electron reduction reaction, manifesting the ten-
dency toward the formation of formate.’” Furthermore, the
results of in situ measurements and CO,RR product profiles
indicated that the increase of applied negative potential was
accompanied by the increase of FEycoon; meanwhile, the
chemical state of the zinc catalyst was prone to transform to
Zn(0), suggesting that the active site Zn(0) dominated the
formate production while Zn(i1) dominated the CO production.
Considering the reaction pathways for producing CO and
formate, the major discrepancy in these two pathways is the
binding orientation between CO, molecules and catalytically
active sites, in which CO would be the major product with a
preferred binding of carbon atoms in CO, with active sites
while formate was yielded once oxygen atoms in CO, attached
to the catalytic site (as schematically shown in Fig. 7b). It can
be deduced that oxygen-bound intermediates to Zn(0) could be
attributed to their high oxygen binding affinity to metallic Zn,
and then the high FE for formate.*?

Additionally, the time-dependent status of active sites upon
the electrocatalysts was carried out through on-line analysis of
product distribution. The distribution of metallic zinc and oxi-
dized zinc reached equilibrium steady-states under different
applied cathodic potentials and showed corresponding
product tendency distribution. In other words, the distribution
and stability of active sites could be realized via the product
profile. Hence, a long term stability test based on on-line GC
analysis was conducted with a gas flow cell to better under-
stand the evolution of the product over time. CO was selected
as the major product target during the stability test because
the liquid phase product of formate is hardly tracked and
quantified in real-time. As shown in Fig. S8, the testing
results showed that the duration can last more than
650 minutes long with ~70% and ~40% faradaic efficiency to
produce CO on O-Zn-200 and O-Zn-400, respectively.

Conclusions

In summary, a series of oxide-derived Zn catalysts was devel-
oped to unravel the reaction mechanism behind the CO,RR.
The different Zn-based catalysts were fabricated by destructing
the compact surface native oxide layer under different oxi-
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dation conditions, which were further used to evaluate the
product selectivity during the CO,RR. Based on the results of
XRD and XPS, these zinc electrocatalysts were observed to be
roughly divided into two groups, samples with and without the
protection of a dense native oxide layer, which showed totally
different product selectivity toward the CO,RR. Intriguingly,
the Zn foil treated at lower oxidation temperatures (200 and
300 °C) showed higher selectivity toward CO, while those
treated at higher oxidation temperatures (400 and 500 °C)
showed higher selectivity toward formate. Combining the
in situ Raman spectroscopy, in situ XAS, in situ XRD and
electrochemical results, we proposed that the active sites for
producing CO and formate were oxidized ZnO and metallic
zinc, respectively. With careful inspection of early works study-
ing the metallic Zn electrocatalyst for CO, reduction, the rela-
tively low cathodic potential was applied. It is noted that a
spontaneous oxidation process could occur and facilitate gene-
ration of ZnO on the catalyst surface. However, the generated
ZnO could not be reduced to metallic Zn at such lower catho-
dic potential, suggesting that the real active sites during the
CO,RR in early works were ZnO. Such results led to a misun-
derstanding of metallic Zn electrocatalysts correlating with CO
production without deploying in situ measurements. This
work represents the first example in unraveling the significant
effect of the dynamic chemical state on selective CO, reduction
upon zinc electrocatalysts.

Experimental

Materials

Zn foil (99.99%, 0.1 mm thick) was washed with DI water (18.2
MQ) and sonicated for 30 minutes to clean up the surface of
the material. Potassium hydrogen carbonate (KHCOj3),
dimethyl sulfoxide (DMSO) and deuterium oxide (D,0O) were
purchased from Acros Organics. Potassium chloride was pur-
chased from Fisher Scientific. The CO, gas (99.999%) was pur-
chased from Shen-Yi Gas Co. These chemicals were used
without further purification.

Preparation of zinc electrocatalysts

A piece of zinc foil was first etched in dilute nitric acid to
remove surface layers. After it was rinsed in DI water and soni-
cated for 20 minutes, the zinc foil was placed in a tube furnace
under a constant flow of Ar gas (100 scem) for the oxidation
treatment at specified temperatures (200, 300, 400 and
500 °C). After the catalyst preparation was completed, the
resulting samples were directly stored and sealed under
vacuum conditions to prevent them from being oxidized.

Structural characterization

Scanning electron microscopy (SEM) images were obtained
with a JEOL JEM-2100F, and energy-dispersive X-ray spec-
troscopy (EDX) line scans were conducted with an Oxford
INCAx-act system. The crystalline structure analysis was carried
out by X-ray diffraction (XRD, Bruker D2 Phaser) using Cu Ka
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radiation (4 = 1.54 A). The XPS analysis was performed with a
PHI 5000 Versa Probe (ULVAC-PHI, Japan) system, using a
monochromatic Al Ka X-ray source. In order to avoid surface
potential build-up during the measurement, all spectra were
acquired while the sample surface was neutralized by an e~
and an Ar' beam with an acceleration voltage of 10 V. To
conduct depth profile analysis, an Ar" ion beam is used for the
etching process, with an acceleration voltage of 0.5 kV and 600
nA current; each process lasts for 30 seconds with an etching
rate of about 2 A per second depending on material properties.
In situ Raman spectroscopy was performed with a UniDRON
(CL Technology) with a 50x objective lens and a 532 nm laser.

Electrochemical measurement

Electrochemical data were collected using an Autolab
PGSTAT302N potentiostat (Metrohm Autolab) at room temp-
erature. All measurements were conducted in a customized
H-type cell consisting of two gastight cells separated by an
anion-exchange membrane (FuMA-Tech, Fumasep FAA-3-
PK-130). 0.1 M KHCO; solution was chosen as the electrolyte,
CO, was bubbled into the electrolyte for at least 30 minutes to
ensure that the electrolyte was CO,-saturated (pH 6.8). Zinc
catalysts were fixed with a platinum clip electrode with 1 cm x
1 cm area immersing in the electrolyte. A platinum wire was
used as an auxiliary electrode and Ag/AgCl (3 M KCl) served as
the reference electrode. Chronoamperometry was carried out
to analyze product distribution at various potentials. Linear
sweep voltammetry (LSV) was performed with a scan rate
10 mV s, and potentiostatic electrochemical impedance spec-
troscopy (PEIS) was conducted to determine the uncompen-
sated solution resistance (Ru).

CO, reduction reaction product studies

Product distribution analysis was conducted after 20 coulombs
of charge collected under constant potential. Gas products
were analyzed by gas chromatography (Agilent 7890A, Agilent
Technologies) with a thermal conductivity detector (TCD) for
H, and CO quantitation. Liquid products (formate) were ana-
lyzed by NMR (Bruker AVIII HD-400 MHz NMR) 100 pL of
DMSO (1.41 x 10~° M) was added to 10 mL reaction electrolyte;
subsequently 600 pL of well-mixed solution was then mixed
with 200 pL of D,O. Quantity of formic acid can be calculated
with DMSO serving as an internal standard.

_ Moles of product x number of e~

x 100%
Total e~ ¢

F.E.

Partial Current Density = current density x F.E.

XAS analysis. Operando quick-scanning X-ray absorption
spectroscopy

The measurements for Zn K-edge absorption were performed
at TPS 44A, Hsinchu, Taiwan. The corresponding data were
recorded in total-fluorescence-yield mode. To obtain a quality
spectrum, we applied the Quick-XAS mode in a time-resolution
of 5 seconds. The X-ray absorption experimental data were col-
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lected in total-fluorescence-yield mode, in which the metallic
Zn foil was taken as reference for energy calibration. Using
Demeter, all X-ray absorption spectra were processed by sub-
tracting the baseline of pre-edge and normalizing that of post-
edge; such data processing was for both X-ray absorption near
edge spectra (XANES).

Percentage of oxidized Zn
measured absorption energy-absorption energy of Zn(0)
- absorption energy of Zn(II)-absorption energy of Zn(0)
x 100%
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