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Highly Selective Electrochemical CO, Reduction to CO Using a
Redox-Active Couple on Low-Crystallinity Mesoporous ZnGa,0,
Catalyst

Meiming Zhao?, Yaliu Gu?, Ping Chen?, Zhenyu Xin?, Heng Zhu?, Bing Wang*?, Kai Zhu*», Shicheng
Yan*? and Zhigang Zou?®¢

Substantial overpotential of CO, activation, complex CO, reduction pathway, and the competitive H, evolution reaction (HER)
limit the practical applications of CO,-based electrochemical energy conversion and storage technology due to the low
energy efficiency and product selectivity. Here, we proposed a strategy that combines mesopores and redox-active couple
to effectively capture CO, and selectively generate CO product. As an example, we construct a redox-active couple, Zn*/Zn*,
on the low-crystallinity mesoporous ZnGa,0, electrocatalyst. The mesopores not only help to capture CO, effectively but
also inhibit the H, evolution. The weak lattice constraint of low crystallinity benefits to formation of Zn?*/Zn* redox couple
to strongly interact with CO, molecule for subsequent activation and catalytic conversion, thus decreasing the activation
energy of CO, to active species CO, effectively and accelerating the proton transfer to form crucial COOH* intermediate.
Consequently, this catalyst exhibited highly faradaic efficiency of 96% among Zn-based electrodes for CO generation at the
relatively low applied potential of -1.4 V vs. Ag/AgCl (-0.8 V vs. RHE) and excellent stability during 10 h operation in 0.1 M

KHCO; solution.

Introduction

The unprecedented consumption of fossil fuels induced the
energy shortage and potential global environmental crisis.[!3] In
this scenario, CO, electrochemical reduction reaction (CO,RR),
converting chemical inert CO, molecule to fuels for a
sustainable supply of electric energy, seems to be a promising
solution to support environmental stability and to balance the
use of natural resources.l* 51 CO, as one significant component
of syngas (CO/H,), is a common CO,RR product exhibiting a
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great potential to generate liquid fuels and synthetic petroleum
through Fischer-Tropsch methods.[® 711t is well established that
the CO product from electrochemical CO, reduction mainly
includes the following steps: 18 the activation of CO, by one
electron via CO, + e = CO,, proton reduction to generate
COOH* (* is an indicative of adsorption site) by CO,” + * + H* =
COOH*, converting COOH* to CO* by COOH* + H* + e > CO* +
H,O, and CO generation via CO* - CO + *. In such reaction
pathway, a challenge is to stably generate the important species
CO, and COOH* for selectively producing CO.

Several precious metals, such as Au,8l Ag,®l and Pd,[10 11]
were demonstrated to exhibit the tightly binding with COOH*
intermediate and weakly binding with CO*, thus affording high
faradaic efficiency (generally > 90% ) in CO generation.[12]
Similarly, metal Zn is also able to directly reduce CO, to CO.[13-
151 However, the faradaic efficiencies of Zn electrodes are still
limited at 70~85%, even in the nanostructures such as
nanoparticle, nanosheet, and nanodendrite.[13-15] A few of Zn
atoms or ions-containing catalysts have been supposed to
construct more effective active sites. For example, a zinc-
nitrogen (Zn-N,) ligand was constructed by coordinating the
single Zn atom with N-doped graphene and achieved a high
faradaic efficiency for CO up to 91~95% due to that the
synergistic effect of Zn and N atoms could decrease the free
energy barrier of COOH* formation and subsequently facilitate
the desorption of CO*.[16. 171 The Zn-N ligand of organometallic
complex was found as a Lewis base to activate inert CO, gas and
successfully lowered the overpotential for CO, reduction
approximately 0.6 V.[!81 CO, reduction on the Zn complex is
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expected to be achieved by a Zn redox couple, possibly Zn?*/Zn*
or Zn?*/Zn°. Monovalent Zn* (3d'%4s?) has been proved to be a
functional species in many cases due to the coordinatively
unsaturated characteristic.[®] For instance, the Zn*-V, (oxygen
vacancy) complexes in Zn-containing layered double hydroxide
nanosheets are effective trapping sites for the CO, adsorption
and significantly improve the activity of photocatalytic
reduction of CO,.[20l However, to construct abundant and stable
Zn redox couple on the inorganic catalysts is still a challenge due
to their strong lattice constraint and limited specific surface
area.

Here, we proposed a strategy that constructs surface
abundant Zn?*/Zn* redox-active couple on low-crystalline
inorganic material with high specific area. The abundant redox-
active couple easily formed on the surface of the low-
crystallinity mesoporous ZnGa,0, due to the weak lattice
constraint and inherently exhibited strong interactions with
carbon-based species. Moreover, the mesoporous structure of
ZnGa,0, may generate diffusion gradients through the local
consumption of proton donor such as HCOs; to inhibit H,
evolution, offers high specific area to generate abundant
Zn%*/Zn* redox-active couple and captures CO, molecule
efficiently. The Zn?*/Zn* redox couple on ZnGa,0, catalyst
effectively activates the CO, to the active species CO, and
strongly coupled the electron and proton to form crucial COOH*
intermediate. The inherently strong interaction between CO,
and Zn?*/Zn* accompanied with the intrinsic advantage of
mesoporous structure effectively suppressed the competitive
H, evolution reaction, compared with other Zn-based
electrodes, the L-ZnGa,0,; achieved the highest faradaic
efficiency (96%) at the moderate applied potential of -1.4 V vs
Ag/AgCl (-0.8 V vs. RHE), intuitively indicating the high
selectivity and superior performance of L-ZnGa,0,.

Experimental section

Synthesis of Mesoporous ZnGa,0, Powders

Briefly, the porous ZnGa,0, solid powders were prepared by
ion exchange between NaGaO, colloidal suspension and an
aqueous solution of Zn(CH3COO0),. At first, in order to obtain the
NaGaO, powders, Na,CO; (1.07 g) and Ga,03 (1.87 g) (molar
ratio 1.01:1) were carefully ground in the mortar, then the
mixed powders were transferred to an alumina crucible and
heated at 1123K for 12h. Next, NaGaO, colloidal suspension (0.2
M, 10 mL) was prepared though dissolving the NaGaO, powder
in deionized water. The pre-made suspension was added to
Zn(CH3COO0); aqueous solution(0.05 M, 20 mL) and the mixture
was stirred for 3 h at room temperature. The mesoporous
ZnGa,0,4 was formed via a reaction of 2NaGaO, + Zn(CH3COO0),
— ZnGa,04 + 2CH3;COONa. After the reaction finished, the white
sediment was separated by centrifugation and washed by
deionized water for several times, then dried in air atmosphere
at 343 K for 24 h. The high-crystallinity ZnGa,0, powder was
prepared by the same method with a heat treatment of the ion-
exchange sample under air in muffle furnace at 973K for 8h.

Preparation of Working Electrode

2| J. Name., 2012, 00, 1-3

Compared with other electrocatalyst support, titanivm dsof
high electrical conductivity and negligiBlé0 BB/iePTHN0Ce;,
reduction. Because of its excellent properties, the as-prepared
ZnGa,0,4 powders were deposited on a titanium sheet (0.2 mm
thickness, 99.5 % purity) via electrophoretic deposition (EPD).
Before the preparation of working electrode, titanium sheets
need to be chemically polished in a solution containing HF,
HNOj3, H,0 (1:2:7 in volume) for 30s and cleaned with acetone,
ethanol, deionized water under ultrasonic concussion in order
to remove the compact oxidation layer. Just prior to EPD, 40 mg
of ZnGa, 04 particles and 10 mg iodine were dispersed in 50 mL
acetone solution by sonication for 30 min. Then, two titanium
sheets were placed vertically at a 10 mm distance and
immersed in the suspension followed by adding 20 V bias
between them for 5 min. During the EPD process, insulating
tapes were used in order to ensure the 1 cm? deposition area of
the electrode.

Characterization of Mesoporous ZnGa,0, Powders

The crystalline phases of the as-prepared ZnGa,0, powders
were determined by XRD (Rigaku Ultima Ill, CuKa radiation). The
specific surface area of the ZnGa,0, catalysts were obtained by
nitrogen absorption at 77K on a surface area and porosity
analyzer (Micromeritics ASAP 2020., USA) and calculated by BET
method. CO, adsorption capacity was detected at 273 K based
on the Brunauer—Emmett—Teller (BET) method at P/P, = 0.03.
High-solution images and selected area electron diffraction
(SAED) patterns of the ZnGa,0, catalysts, were collected by
transmission electron microscopy (TEM, FEI Tecnai G2 F30 S-
Twin, USA) operated at 200 kV. UV-vis diffuse reflectance
spectra (DRS) were obtained using a UV-vis spectrophotometer
(UV-LAMBDA 950, PerkinElmer, USA) and were transformed
into the absorption spectra according to the Kubelka—Munk
relationship. The chemical state of ZnGa,0, catalysts were
investigated by X-ray photoelectron spectroscopy (XPS) on a
PHI5000 Versa Probe (ULVAC-PHI, Japan) with
monochromatized Al Ka X-ray radiation (1486.6 eV). The
binding energy was corrected by reference to the C 1s line at
284.6 eV. The electron paramagnetic resonance (EPR) spectra
were obtained using a Bruker (Model EMX-10/12 X-band,
Bruker, Germany) electron paramagnetic resonance
spectrometer at room temperature (298 K).

Electrochemical Measurements and Products Analysis

In order to evaluate the catalytic performance of the as-
prepared electrode, the measurements of CO, electrochemical
reduction were conducted in a N gas-tight H-type cell separated
by a piece of proton exchange membrane (Nafion 117) with a
three-electrode system. The counter electrodes was a Pt sheet
and an Ag/AgCl electrode filled with saturated KCl solution was
used as the reference electrode. 0.1 M KHCO; or 0.1 M KClI
solution was adopted as the electrolyte. Before the performing
of 1 h controlled potential electrolysis, high purity CO, gas was
purged through the catholyte and anolyte for 30 min to achieve
saturate state. During the electrochemical measurements, the
solution was stirred by a magnetic stirring apparatus in order to
guarantee the CO, mass transfer process.

This journal is © The Royal Society of Chemistry 20xx
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After the reaction, 1mL gas was taken from the cathodic
reaction cell for CO analysis by using a gas chromatograph (GC-
2014, Shimadzu Corp., Japan) and H, analysis by another gas
chromatograph (GC-8A, Shimadzu Corp., Japan). The solution
was collected by a sealed bottle in order to detect the liquid
product through a liquid chromatograph (CBM-20A, Shimadzu
Corp., Japan).

Results and discussion

The NaGaO, precursor was first synthesized by heating the
mixture of Na,COs; and Ga,03 with a mole ratio of 1.01:1 at
1123K for 12h. The 1% excess amount of Na,CO5; was added to
compensate for the volatilization loss. The X-ray diffraction
(XRD) indicated that single-phase NaGaO, was successfully
prepared (Figure S1). Low-crystallinity ZnGa,0, catalyst
(denoted as L-ZnGa,0,4) was synthesized by an ion-exchange
reaction between NaGaO, and Zn(CH;COO), at room
temperature. As well demonstrated in our previous report,[21]
the NaGaO, powders can be dissolved into water to form a
colloidal suspension. The NaGaO, colloid tends to form a
mesoporous framework by flocculation due to a strong
electrostatic attraction. After introducing Zn?*, the ion exchange
reaction between Zn?* and Na* occurs and the mesoporous
structure of NaGaO, colloidal template was copied and
inherited into ZnGa,0,4. For comparison, a high-crystallinity
ZnGa,0, (denoted as H-ZnGa,0,4) was prepared by heating the
low-crystallinity one at 973 K in air furnace. As illustrated in
Figure S2, the X-ray diffraction (XRD) patterns of both as-
prepared samples can be well indexed to the cubic spinel
ZnGa,0,4 (JCPDS 38-1240). The broadening of XRD peaks with
low intensity indicated the low crystallinity of the L-ZnGa,04. In
contrast, the sharp XRD peaks for H-ZnGa,0, would
demonstrate that the crystallinity of the L-ZnGa,0, was
evidently improved after heat treatment. Nitrogen adsorption-
desorption studies on L-ZnGa,0, (Figure S3) show a type-IV
isotherm, a typical mesoporous structure. The pore diameter
calculated by the Barrett-Joyner-Halenda (BJH) method is 3.6
nm, specific surface area calculated from the Brunauer-
Emmett-Teller (BET) plot ranging from P/Py = 0.05 to 0.29 is
153.7 m?gl. H-ZnGa,0, exhibited a specific surface area of 26.8
m2g! without obvious porous structure. The pore diameter for
L-ZnGa,0, calculated from the nitrogen adsorption isotherm by
the Barrett-Joyner-Halenda (BJH) method was 3.8 nm. The L-
ZnGa,0,4 possess a CO, adsorption capacity of 17.64 mg g1,
which is about 3 times as high as 5.92 mg g for H-ZnGa,0,
(Figure S4). The kinetic diameter of CO, is 0.33 nm, suggests
that the ideal pore size seem to be 0.5 - 0.6 nm for the single
molecule adsorption. In our case, the 3.8 nm pore would allow
multimolecular adsorption to occur, probably due to the more
basic sites (metal sites) on the surface of L-ZnGa,0,4 with weak
lattice constraint. Indeed, it has been demonstrated that the
mesoporous SiO, molecular sieves with 3.5 nm pore after
modification by basic groups such as hydroxyl or amino groups
exhibited excellent CO, adsorption and followed a
multimolecular adsorption model. [22]
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Transmission electron microscope (TEM) obseryafions.show
that the L-ZnGa,0, has a typical wormhdbe¥: FE\ It FriftseRe
aggregation of 5-10 nm crystals (Figure 1a), well corresponding
with the BET results. Obviously, the 20-50 nm nanoplates were
observed in H-ZnGa,0, (Figure 1b), suggesting that the particle
growth of L-ZnGa,0,; nanocrystals occurs during the heat
treatment. The selected area electron diffraction (SAED)
pattern presents single crystal characteristics, indicating that
the ZnGa,04 nanoplate is a single crystal.

100
c d
& 0.0 Il L-ZnGa,0,
£ [ H-ZnGa,0,
s 80
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Figure 1. a) TEM image of L-ZnGa,0,. Inset shows the high-resolution TEM
(HRTEM) lattice image. White dashed line shows the profile of the
nanocrystal. b) TEM image of H-ZnGa,0,. Inset shows the SAED pattern. c)
Polarization curves on L-ZnGa,0, (solid line) and H-ZnGa,0, electrodes
(dashed line) in N,- or CO,-saturated 0.1 M KHCOj3 solution. d) Faradaic

efficiency for CO generation on ZnGa,0, electrodes.

Due to the electrochemically inert CO, reduction on
titanium sheet (Figure S5), the as-prepared ZnGa,0, powders
were electrophoretically deposited on a titanium sheet as a
working electrode. CO, reduction on ZnGa,0, electrodes was
carried out in CO,-saturated 0.1 M KHCOj; solution in a gas-tight
two-compartment electrolytic cell with a three-electrode
system. Unless otherwise stated, all potentials were quoted
versus a silver chloride electrode (Ag/AgCl). As shown in Figure
1c, the polarization curves of both H-ZnGa,0,4 and L-ZnGa,0;, in
CO,-saturated 0.1 M KHCO; solution exhibited a cathodic
current onset at approximately -1.3 V. Replacing CO, with N, will
induce a 0.3 V negative shift of current onset potential for L-
ZnGa,0; and no obvious changes in potential-current
relationship for H-ZnGa,0, respectively. Only gaseous products,
CO and H,, were detected. The faradaic efficiency of CO and H,
at various applied potentials were summarized in Figure 1d and
Figure S6. We found that CO initially generated at -1.3 V,
corresponding to an overpotential of 570 mV (theoretical redox
potential at -0.73 V for CO,/CO). For CO generation on L-
ZnGa,0,4, the faradaic efficiency (FE) significantly increased
from 56% at -1.3 V to a peak value 96% at -1.4 V, and then
maintained at 70-80% when potentials varied from -1.4 to -1.6
V. However, the FE of CO on H-ZnGa, 0, slightly varied at 28-37%
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from-1.3to-1.6 V. As shown in Table S1, the performance of L-
ZnGa,0,4 surpasses the most Zn-based electrodes. The CO
partial current densities on two ZnGa,0,; catalysts were
calculated through multiplying their faradaic efficiencies by the
polarization curves and then were plotted against the applied
potentials. Figure S7 clearly depicted that the L-ZnGa,0,
exhibited a higher partial current density over all the applied
potentials, proving the high activity of L-ZnGa,04; in CO,
reduction.

The high activity of the L-ZnGa,0,; catalyst was further
investigated by cyclic voltammogram scanning. Under N,-
saturated 0.1 M KHCOs electrolyte, a board oxidation wave
around -1.2 V during positive-going potential scanning and its
corresponding reduction wave presented in the CV of the L-
ZnGa,0, electrode (Figure 2a). This evidence would originate
from the redox reaction of Zn?*, as demonstrated in the
previous reports.['*l However, the oxidation wave narrowed
and positively shifted to the potential -1.03 V when used CO,-
saturated 0.1 M KHCOs as electrolyte (Figure S8). This fact
indicated that there are strong interactions between CO,
molecules and the Zn?* species on L-ZnGa,0,. Indeed, such a
strong interaction was only observed at -0.7 V on the ZnO
electrode in CO,-saturated 0.1 M KHCOs electrolyte (Figure S9a)
but not on the Ga,0; electrode (Figure S9b), indicating that the
Zn species are mainly responsible for the CO, reduction. The
difference in oxidation-wave potential would result from the
different chemical environments for Zn in ZnO and ZnGa,0,. As
depicted in Figure S10, after cyclic voltammetry scanning the
white ZnO electrode turned to black because of the formation
of metallic zinc while the ZnGa,0, electrode still remained the
initial colour, proving that the Zn?* was not reduced to the
metallic state but still the ionic state. Actually, the oxidation
wave at -1.03 V and the reduction wave at -1.2 V of L-ZnGa,;0,
were perfectly matched the redox behaviour of Zn?*/Zn* couple
in  ZIF-8 catalyst in 0.5 M NaCl electrolyte, indicating the
existence of Zn?*/Zn* redox couple in this system.[?3] Noting that
the oxidation wave is obviously bigger than the reduction wave
on L-ZnGa,04. Similar irreversible reduction responses were
reported for Zn complexes, which are attributed to the
generation of rare, unstable, and low valent Zn* species.[2425] As
the generation of Zn* requires an electron to enter the 4s orbital
with high potentials since the 3d shell is already filled. In our
case, the interactions between Zn* and CO, may further enlarge
this irreversibility due to the delayed reaction kinetics. In
addition to the oxidation of Zn* to Zn?*, the big anodic wave may
include a contribution from carbon-containing species, such as
CO, , CO*, and COOH*, which are produced/adsorbed on the
electrode surface. A similar anodic wave generation from
adsorption of carbon-containing species was also observed on
Ti3*/Ti** redox couple.[28]

4| J. Name., 2012, 00, 1-3
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Figure 2. a) Cyclic voltammogram of the L-ZnGa,0, in N,- or CO,-saturated
0.1 M KHCOs; solution. Inset shows oxidation wave of L-ZnGa,0,4 in CO,-
saturated 0.1 M KHCO3 solution. b) Zn 2p3,, ¢) Ga 3d, and d) C1s XPS spectra

of L-ZnGa,0,4 with and without electrochemical treatment.

The surface chemical states of catalyst during the CO,
reduction were investigated by X-ray photoelectron
spectroscopy (XPS). Clearly, as shown in Figure 2b, for the as-
prepared L-ZnGa,0,; the Zn 2p3/2 XPS spectrum was
decomposed into two peaks: 1021.3 and 1019.5 eV. After
constant potential electrolysis on L-ZnGa,04 at -1.2 V, a
reduction-current peak potential, in CO,-satuared 0.1 M KHCO3
solution for 1 h, the Zn 2p3/2 XPS spectrum was deconvoluted
into two peaks at 1021.5 and 1019.2 eV. After 3 nm-depth ion
milling for the as-prepared L-ZnGa,0,, the Zn 2p3/2 peak
splitting disappeared and binding energy is 1021.9 eV, which is
0.9 eV higher than the binding energy of Zn-O bonds in H-
ZnGa,0,4 (1021.0 eV) due to the weak lattice constraint in low-
crystallinity L-ZnGa,04. Therefore, the similar Zn 2p3/2 XPS peak
splitting for L-ZnGa,04 in air or CO,-containing electrolyte is
probably a result of the strong interactions between CO, and L-
ZnGa,0,4. The obvious binding energy splitting means that the
Zn species exhibited a mixed valence states. The peak at 1021.3
eV for L-ZnGa,0, 0r 1021.5 eV for L-ZnGa,0,4 at -1.2 V would be
assigned to the binding energy of Zn-O in ZnGa,0,.[2"]
Correspondingly, the lower binding energy at 1019.5 eV for L-
ZnGa,0,4 or 1019.2 eV for L-ZnGa,04 at -1.2 V may indicate that
a low-valence Zn species was stabilized by carbon-containing
species from CO, activation via an interaction between Zn
species and CO,.l?8! Indeed, the generation of low-valence Zn
ions such as Zn* requires to capture an electron into its 4s orbital
because the 3d shell is fully filled. This evidence confirmed that
under a negative potential Zn?* on L-ZnGa,0, tends to gain
electrons to stay in a reduction state. The unstable low-valence
Zn ions is able to transfer electrons to CO, molecules, thus
decreasing the activation barrier of CO,. The strong interactions
between CO, and Zn ions were also demonstrated at-1.03 V, an
oxidation potential. At -1.03 V, the low Zn 2p3/2 binding energy
at 1019.5 eV confirmed the strong interactions between CO,
and Zn ions even at a relatively positive potential.

This journal is © The Royal Society of Chemistry 20xx
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Ga 3d XPS spectrum of L-ZnGa,0, was split into 19.7 eV for
Ga3*in ZnGa,0,4 and a low-intensity peak at 17.7 eV (Figure 2c).
After 3 nm-depth ion milling, a single-peak binding energy was
observed at 19.9 eV. Therefore, the peak at 17.7 eV may
originate from interactions between the Ga species and CO,
from air. Indeed, the binding energy of 17.0 eV was only
detected in L-ZnGa,0, treated at -1.03 V, not at -1.2 V. This
evidence supports that the Ga species on surface L-ZnGa,0,4
seems to interact with CO, molecule due to the relatively high
applied potential which is not enough to drive CO, conversion,
as demonstrated in CV scanning. The binding energy at 18.4 eV
occurs in both L-ZnGa,0, treated at -1.03 and -1.2 V and is
assigned to the Ga in metallic state from reduction of surface
Ga ions, which probably suggests that the reduction of Ga
species is an irreversible process.[?°! Although the Ga species is
able to interact with CO,, the CV scanning definitely supported
the standpoint that the Zn species on ZnGa,0; mainly
contributed to the activation and reduction of CO, with the low
overpotentials.

The C 1s XPS spectrum for L-ZnGa,0, exhibited a peak at
284.6 eV for adventitious standard reference carbon and a peak
at 288.4 eV for CO, (Figure 2d).13% 311 No peak at 288.4 eV was
observed for L-ZnGa,0, after 3 nm-depth ion milling, further
verifying that the CO, is from the activation of CO, on the
surface of L-ZnGa,0,. Two peaks at 283.4 and 285.5 eV occur in
both L-ZnGa,0,4 treated at -1.03 and -1.2 V, were respectively
assigned to the Zn-C bond in carbon-containing species and the
C-O bonds.[32-351 A peak at 288.8 eV on L-ZnGa,0, at -1.03 V is
assigned to the COOH*, resulting from the CO, species
conversion by capturing proton.3¢! This evidence means that
the CO, species (288.5 eV) on L-ZnGa,0,4 at -1.2 V is able to
capture proton to form COOH* with assistance of Zn ions at a
potential as low as -1.03 V. Although a low-intensity Ga-C-
containing species at 282 eV was observed in L-ZnGa,04 at-1.03
V, the existence of high-intensity Zn-C-containing species at
both -1.03 and -1.2 V would mean that the CO, molecule is
mainly activated by Zn species to CO,’, to COOH*, and to CO*
for CO generation. Nevertheless, in the case of H-ZnGa,0,
catalyst (Figure S11), the low-content Zn-C-containing species
(1019.0 eV) in Zn 2p XPS spectrum indicated that the low-
crystallinity L-ZnGa,04 with high specific surface area could
release Zn redox couple easily than high-crystallinity H-ZnGa,04
with small specific surface area, and hence enhancing the ability
of CO, conversion.

On the basis of the experimental evidences from the XPS
and CV scanning, the CO, activation is expected to be achieved
by Zn?* capturing electrons to form Zn*, Zn?* + e- > Zn*, and then
Zn* transfers electrons to activate CO, into CO,, Zn* + CO, >
Zn?* + CO,. This means that the surface lattice Zn?* on L-
ZnGa,0, catalyst is first reduced into low-valence Zn species,
Zn*. Subsequently, the Zn* species interacted with CO, molecule
to form adsorbed CO," and thereby Zn?* regenerated. It is well
established that COOH* is a critical intermediate during the
generation of CO product. Theoretically, the formation of
COOH* intermediate during CO, electrochemical reduction was
a result of coupled electron and proton transfer to the inert CO,
molecule. The COOH* species can be detected at a relatively
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positive potential, probably implied that the Zn?t/Zni. redox
couple on ZnGa,0, did not only facilitate thd g¢BARFIMIEH GPEBS
but also accelerated the capture of proton significantly.
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Figure 3. a) Cyclic voltammogram of the L-ZnGa,0,4 in CO,-saturated KHCO3
solution. The inset shows the linear relationship between the peak potential
and the concentration of KHCO; solution. b) Cyclic voltammogram of the L-
ZnGa,0,4 in CO,-saturated KCI solution. The inset shows the relationship
between the peak potential and the concentration of KCl solution. c) Cyclic
voltammogram of L-ZnGa,0, in CO,-saturated KHCO3 + EDTA-2Na solution. d)
CO faradaic efficiency of the L-ZnGa,0, in CO,-saturated KHCO3; + EDTA-2Na

solution.

Usually, HCO3-containing electrolyte was considered as a
key proton transfer route for CO, reduction.l!l Indeed, we
discovery that the peak potential for oxidation wave on L-
ZnGa,0, electrode negatively shifted with increasing the
concentration of HCOj3 (Figure 3a). The peak potential Ey(V)
depends linearly on the concentration of HCO5;~ (CHCOs") and
follows a formula of E,(V) = -1.026 - 0.17 CHCO5™ (mol L?). This
linear relationship indicated that the HCOs ion has a strong
influence on the formation of COOH* by proton transfer. It is
well known that the HCOs ion could dissociate in the aqueous
solution and release the H* more easily than H,0O molecule due
to the smaller dissociation constant for HCO3™ <> CO3Z + H* (pKa
= 10.33, 25 °C) than H,0 <> H* + OH- (pKa = 14, 25 °C).37] |n
order to further confirm that the HCOs ion was the proton
source instead of H,O molecule, we performed the cyclic
voltammogram of the L-ZnGa,0, catalyst in CO,-saturated KCI
solution (pH = 6.55) with the same ion concentration as KHCO3
electrolyte. The almost unchanged peak potential clearly
demonstrated that the Zn?*/Zn* redox couple nearly captured
no proton from KCI solution, namely that CI- or H,O nearly had
no effect on the proton transfer process to the CO,
intermediate (Figure 3b). To further confirm the HCOjs is the
source of protons, we converted the reference electrode from
Ag/AgCl electrode to the pH-sensitive RHE electrode (Figure
S12a, Figure S12b). The pH of KHCO;, KCI electrolyte with
different concentrations shown in Table S2 and the redox
behavior of L-ZnGa,0, were almost no change compare to the
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Ag/AgCl electrode. By adding HCl to 0.1 M CO,-saturated KHCO;
solution to adjust the pH value, the peak potential for oxidation
wave on L-ZnGa,0, electrode negatively shifted with decreasing
the pH value (increasing the proton concentration)(Figure S12c),
namely that increasing the concentration of proton produced
the same phenomenon as increasing the concentration of HCOg’,
in other words, during the reaction the role of HCO3™ can be
analogized to proton. Thus, we can make a conclusion that the
reduced Zn* could not only facilitate the one-electron activation
of inert linear CO, molecule but also interact with HCOj3 ion to
acquire proton for accelerating the CO, conversion.

Power
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(d) COOH* + H* + e— CO* + H,0
(*, adsorbed sites)
Figure 4. Proposed CO, reduction mechanism over L-ZnGa,0,. (a) Reduction
of Zn?* driven by external circuit to form Zn*. (b) Oxidation of Zn* by CO, to
Zn?* and formation of CO, radical. (c) CO, radical captures proton releasing
by HCO3 to form COOH*. (d) COOH* captures the electron from external

circuit and the H* from HCO5™ to generate CO.

Based on the above mentioned procedures, we proposed a
brief schematic diagram for illustrating the reaction mechanism
of L-ZnGa, 04 during CO, conversion catalysis (Figure 4). Firstly,
the Zn?* was reduced to Zn* with applied potential, when the
CO, molecule reached the surface of electrode, the Zn* was
oxidized to Zn?* and transferred the electron to CO, molecule to
form and stabilize the CO, radical. Consequently, the CO,
radical captured the proton which dissociated from HCOs" ion to
facilitate the formation of crucial COOH* intermediate, then the
COOH* intermediate coupled with proton and electron
continuously and produced CO molecule. Notably, the cyclic
reduction and oxidation course of Zn?*/Zn* redox couple keep
the steady formation of CO, radical.

To fully understand the key role of Zn2*/Zn* on
electrochemical reduction over L-ZnGa,04; catalyst, we
performed a poisoning test by adding 10 mM
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) into
0.1 M KHCO3; solution (pH = 6.33). EDTA-2Na, as an excellent
chelator for transition metal ions, is able to capture the zincions
on L-ZnGa,0,.3% 391 As shown in Figure 3c, the oxidation peak at
-1.03 V disappeared at all, indicating that the existence of EDTA-
2Na can obviously suppress the interactions among L-ZnGa,0,,
CO,, and HCO3. Moreover, the onset potential of L-ZnGa,0,4
catalyst in EDTA-2Na contained electrolyte shifted about 250
mV toward more negative potential. The FE of CO product
provided further evidence to determine the critical function of
Zn ion on ZnGa,0,4 catalyst. Over the applied potentials, the FE
of CO on L-ZnGa,0,4in EDTA-2Na contained electrolyte strikingly
decreased compared with that in the electrolyte without EDTA-

6 | J. Name., 2012, 00, 1-3

2Na, and the FEs of CO are as low as 10-20 % (Figure,3d)olhe
ultraviolet-visible absorption spectra (Figure SP3P/slo0 YHaE
after the electrochemical reduction of CO,, the L-ZnGa,0,
catalyst displayed an obvious absorption step of ZnO, indicating
the presence of the high-activity zinc ions on L-ZnGa,0,4 during
CO, electrochemical reduction. The high-activity Zn*/Zn* will
be immediately oxidized after electrolysis like the behavior of
CuZ+.140 |n addition, for the sake of excluding the catalytic
influence of oxygen vacancies that maybe present in the
ZnGa,0, catalysts, electron paramagnetic resonance (EPR)
experiments were performed on both ZnGa,04; specimens,
however, it showed no signal of oxygen vacancy (Figure S14).
These results further confirmed that the Zn ion was the main
active species and responsible for the selective generation of
CO from CO,.

(Y
a
3
o

° CO,LZnGa0, 400 b000 090

°
® CO,HZnGa,0, o0

RoPa, 300 K

= # o

on g5 ° 9:\\ &

£ o Y

N %‘% 200 ® N,L-ZnGa,0,
y 2 ® N, H-ZnGa,0,
100

Z,, (Q)
)

80 100 0 100 200 300 400 500 600 700
R
c 0.80
—o—H-ZnGa,0, d1s . ° - ™% o 100
75 —o—L-ZnGa,0, ,2 o . .
s § | 80
= < Cycle 1 ®  cycle2
£0.70 £1.0 =
£0. ~ B
o 48 mV/dec 2> 60
3 Z s
g c S
§06° 46 mVidec s | a0l
o £0.5
5
0.60 £ 20
o
0.55
A4 13 12 44 10 09 08 07 06 007 T " T P
) 2
Log (jco/ mA em™) Time (h)

Figure 5. Nyquist impedance plots of as-prepared ZnGa,0, catalysts in a)
CO,-purged 0.1 M KHCO3 solution and b) N,-purged 0.1 M KHCO; solution.
c) Tafel plots of as-prepared ZnGa,0, catalysts. d) Stability test of L-ZnGa,0,4
catalyst for current density measurement and faradaic efficiency of CO at -
1.4V.

It is well known that both courses of CO,RR and HER require
the consumption of proton, thus a pH gradient would be
created near the surface of electrode during the reaction. The
mesoporous structure has been confirmed that exhibiting the
special ability to increase alkalinity which produce within the
porous network, therefore directly suppress the H, evolution
through the depletion of proton donors during CO,RR
process.[*l Aiming to check the performance of L-ZnGa,0,
mesoporous structure on the alkalinity increase to inhibit the H,
evolution, we conducted electrochemical impedance
spectroscopy (EIS) on both L-ZnGa,0, and H-ZnGa,04
electrodes at-1.4 V. In the CO,-saturated KHCOs electrolyte, the
L-ZnGa,04 exhibited a slightly smaller radius of the Nyquist plot,
indicative of a slightly lower charge transfer resistance for L-
ZnGa,0,; than H-ZnGa,0, (Figure 5a). Interestingly, in Nj-
saturated KHCO; electrolyte, the L-ZnGa,0,4 catalyst exhibited a
much bigger impedance arc than the H-ZnGa,0,4, meaning that
the L-ZnGa,0,4 catalyst has an enormous resistance for the
hydrogen evolution reaction (HER) (Figure 5b). These facts
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indicated that the L-ZnGa,0, and H-ZnGa,0, follow the similar
interface reaction kinetics and the L-ZnGa,0,4 suppressed HER
effectively not only due to the strong interactions between CO,
and the easily released Zn?*/Zn* on low-crystallinity L-ZnGa,0,4
but also on account of the mesoporous structure of ZnGa,0,
generates diffusional gradients through the local consumption
of proton donor such as HCO;™ to inhibit H, evolution. Tafel
slope is also an effective parameter in evaluating the catalytic
ability of catalyst in CO, electrochemical reduction.
Theoretically, for CO, reduction, the Tafel slope of 118 mV dec”
1 stands for that the rate-limiting step is initial one-electron
reduction of CO,, while the Tafel slope of 59 mV dec? implies
that the rate-determining step is a chemical reaction step after
the one-electron activation of inert CO, molecule.[2! In our case,
the calculated Tafel slopes of the L-ZnGa,0, and H-ZnGa,0,4
catalysts were 46 mV dec? and 48 mV dec?, respectively (Figure
5c). The Tafel slopes of both catalysts were close to 59 mV dec”
1, pointing to a mechanistic pathway in which the coupled
proton and electron transfer after the fast initial electron
transfer step is rate-determining step.['2l This proves that the
Zn ions on L-ZnGa,0,4 catalyst are able to activate CO, to the
CO; intermediate with a low energy barrier. Therefore, a more
likely scenario was that the rate-determining step is the
protonation of CO, intermediate because of the first-order
kinetic dependence of the concentration of HCO3™ on oxidation
peak potential. Meanwhile, in the case of same overpotential,
the L-ZnGa,0, exhibited a higher partial current density of CO
than H-ZnGa,0,. These experiments successfully demonstrated
the intrinsic advantage of the low-crystallinity material with
porous structure on HER inhibition.

The stability of the L-ZnGa,0, electrodes was evaluated in
0.1 M KHCOs; electrolyte. For the current density measurement,
the electrolyte was purged with CO, gas to maintain the
constant pH value during the reaction. As shown in Figure 5d,
the current density nearly stayed at 0.5 mA cm=2 at -1.4 V for 10
h, suggesting the long-term stability of L-ZnGa,0, catalyst. The
FE was determined in a closed electrolytic cell with adding of
CO, in a given interval. The L-ZnGa,04 catalyst showed the high
FEs at 70-96%. Although the FE of CO decreased with the
consumption of CO, at the first cycle, the good repeatability of
FE at the beginning of the second cycle confirmed the excellent
durability of L-ZnGa,0,4 catalyst. Moreover, the TEM image and
SAED pattern (Figure S15) for L-ZnGa,0, after 10 h
electrochemical reaction showed no obvious change, further
confirming the stability of the catalyst.

Conclusions

In summary, low-crystallinity mesoporous ZnGa,0,; was
proposed as an effective electrocatalyst for selective reduction
of CO, to CO. The low crystallinity makes the release of active
Zn?*/Zn* redox couple more easily than high-crystallinity one
due to the weak lattice constraint. Mesoporous structure with
high specific area is beneficial to the CO, adsorption, HER
inhibition and offers more active Zn?*/Zn*redox couple to
activate CO,. As a result, CO product with 96 % faradaic
efficiency was selectively produced at -1.4 V vs. Ag/AgCl. This
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study demonstrated that the low-crystallinity materialsimay.be
a family of great potential materials for seletfivéCO Pédvetish
following a redox couple catalytic mechanism.
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