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Carbon dioxide (CO2) electrolysis is one of the promising technologies to convert CO2 into value-added chemical
compounds and has attracted attention in recent years from the perspective of energy crisis and carbon
neutrality. For efficient CO2 electrolysis, numerous attempts have been made to develop superior electrocatalysts
that accelerate the CO2 reduction reaction (CO2RR), and their performance has been enhanced by controlling
structure, morphology, and elemental composition. However, the effect of grinding treatment of catalysts on their
structure, morphology, and CO2RR activity is frequently underestimated, which is performed for grain refining
of catalyst particles to achieve optimum activity in general. In the present paper, we focused on Zn–Al layered
double hydroxide (LDH) as an electrocatalyst which has CO2RR activity for carbon monoxide (CO) evolution.
Zn–Al LDH and its ground samples for 10, 20, 30, and 60min (Gx-LDHs, x = 0, 10, 20, 30, and 60, respectively)
were prepared using a facile co-precipitation method and simple grinding with a mortar and pestle. Remarkably,
Gx-LDHs exhibited superior activity for CO2-to-CO conversion as grinding proceeded. In particular, the growth
rate in partial current density of CO was 3.2-fold and 1.6-fold from G0-LDH (as-prepared) to G10-LDH and
from G10-LDH to G60-LDH, respectively. XRD and TEM analysis showed that the crystal structure of Zn–Al
LDH collapsed due to amorphization as grinding proceeded. XAFS analysis indicated that Zn sites in the
amorphous phase are mainly in the low-valent Zn state (Zn¤+, 0 < ¤ < 2), which is a favorable state for CO2-to-
CO conversion. Our results highlighted that grinding treatment clearly affected the structural and morphol-
ogical properties of Zn–Al LDH, enhancing its CO2RR activity.
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1. Introduction

Carbon dioxide (CO2) electrolysis is a promising tech-
nology for converting CO2 into value-added chemical
compounds and has attracted attention from the perspec-
tive of carbon neutrality and the energy crisis.1–6) Since
CO2 is an anthropogenic greenhouse gas driving global
warming, and its atmospheric concentrations have in-
creased from approximately 278 ppm at pre-industrial
levels (before 1750) to 426 ppm in 2025,7,8) global energy

crisis, global warming, and environmental degradation
caused by increasing CO2 emissions are pressing issues.
Highly active electrocatalysts enable the CO2 reduction
reaction (CO2RR) to be performed with high production
rates and energy conversion efficiency, resulting in effi-
cient CO2 electrolysis, which is demanded for practical
applications using electricity from renewable sources, such
as solar and wind power.9) Moreover, CO2RR can serve
various CO2-conversion products [carbon monoxide (CO),
methane, methanol, formic acid, and C2+ products], de-
pending on the type of catalyst. Especially, CO is an im-
portant feedstock chemical for synthesizing methanol and
liquid fuels,10) and is known to be generated effectively by
Au-,11,12) Ag-,13) and Zn-based catalysts. Non-noble metal-
based catalysts, such as Zn, are desired from a practical
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point of view but have not yet outperformed Au- and Ag-
based ones in terms of selectivity and efficiency, which
remains a significant challenge.14) Various Zn-based com-
pounds have been reported as excellent catalysts for CO2-
to-CO conversion, such as oxide,15–19) non-oxide,20–22) and
single-atom catalysts (SAC).23–26) Furthermore, their cata-
lytic performance has also been improved by controlling
structure and morphology as well as elemental composi-
tion. Meanwhile, grinding treatment is also used in general
for grain refining of catalyst particles to achieve optimum
activity, although it may affect the structure and morphol-
ogy of a catalyst. However, the effect of grinding treatment
is frequently underestimated. To the best of our knowl-
edge, there are no reports in this field that clearly mention
whether the catalyst is fragile or not, and what effects
appear by grinding treatment.

To investigate the effect of grinding treatment on the
structure, morphology, and CO2RR activity of the catalyst,
we focused on layered double hydroxides (LDH), which
are known to be a fragile compound for grinding treatment.
LDH has the chemical composition of [M2+

1¹xMB3+x-
(OH)2]x+ [An¹

x/n]x¹, consisting of positively charged metal
hydroxide layers ([M2+

1¹xMB3+x(OH)2]x+) and charge-
compensating anions (An¹) inserted between the layers.
The presence of at least two metal ions characterizes LDH,
represented by M2+-MB3+ LDH. For the fragility of LDH,
it has been reported that grinding treatment significantly
altered the structural and morphological properties of well-
crystallized Mg–Al LDH, resulting in the amorphous mate-
rial without its pristine crystalline structure.27) Despite
its fragility, LDH has been studied for a long time as
electrocatalysts for oxygen evolution (OER),28–31) oxygen
reduction reactions (ORR),29,32,33) and hydrogen evolution
reaction (HER),31,34) due to their superior properties, such
as diversity of metal compositions,35) large specific sur-
face area,35) high hydroxide ion conductivity,36,37) and high
alkaline tolerance.29–31,33) LDH has begun to be focused on
as a CO2RR catalyst in recent years.38–47) We have reported
that Zn-based LDHs, such as Zn–Al, Zn–Cr, and Zn–Ga
LDHs, exhibited CO2RR activity for CO evolution (i.e.,
CO2 + H2O + 2e¹ ¼ CO + 2OH¹).43–46) Other research
groups reported that the CO selectivity of Zn–Al LDHs can
be enhanced by the introduction of third metal species such
as Mg2+ and Ce3+,41,42) resulting in nearly 90% Faraday
efficiency of CO evolution (FECO). Furthermore, Cu-based
LDHs have been reported to afford various CO2-conversion
products, such as methanol,38) and formic acid,39) acetic
acid,40) indicating a great potential of LDH as a CO2RR
catalyst.

Although LDH is a relatively fragile compound as
mentioned above, most research on LDH-based CO2RR
catalysts did not describe a comparison of characterization
before and after grinding treatment, and some studies did
not provide detailed grinding conditions, such as the type
of grinding method and duration time.41,42) Such a situa-
tion is not limited to the research on LDH-based CO2RR
catalysts. We emphasize that grinding treatment is an
important process that is often underestimated in the field

of CO2 electrolysis. In the present paper, we prepared Zn–
Al LDH and its ground samples for 10, 20, 30, and 60min
(Gx-LDHs, x = 0, 10, 20, 30, and 60, respectively) using a
previously reported co-precipitation method17) and simple
grinding with a mortar and pestle. As a result, the effect of
grinding treatment for Zn–Al LDH was revealed to affect
its structural and morphological properties, enhancing its
CO2RR activity.

2. Experimental

2.1 Materials
Zinc nitrate hexahydrate [Zn(NO3)2·6H2O, 99.0%],

aluminum nitrate nonahydrate [Al(NO3)3·9H2O, 98.0%],
sodium carbonate (Na2CO3, 99.8%), potassium bicarbon-
ate (KHCO3, >99.5%), and sodium hydroxide (NaOH,
97.0%) were purchased from FUJIFILM WAKO PURE
CHEMICAL Co. Water (H2O) was purified by a distilled
water production system (SHIMIZU SCIENTIFIC
INSTRUMENTS MFG Co., Ltd.). An anion exchange
membrane (AHA) was purchased from ASTOM Corp.
CO2 gas (>99.5%) was purchased from TAIYO NIPPON
SANSO HOKKAIDO Corp. All other solvents and chem-
icals in reagent grade were purchased and used without
further purification.

2.2 Synthesis, grinding, and humidification of
LDH samples

Zn–Al LDH (Zn/Al = 2:1) was synthesized using a
facile and traditional co-precipitation process according to
a literature procedure method,45) and the as-prepared LDH
was labeled G0-LDH. 160mg of the G0-LDH was manu-
ally ground in a mortar (inside diameter 85mm), and then
20mg of the ground sample was collected every 10min
and labeled Gx-LDHs (x = 10, 20, 30). The remaining
sample (100mg) was further ground for 30min and was
labeled G60-LDH. Portions of the as-prepared LDH and
the ground LDHs were humidified for 3 h at 25 °C and
90% relative humidity in a constant temperature and
humidity chamber (IW-221, YAMATO SCIENTIFIC Co.,
Ltd.), which were labeled Hx-LDH (x = 0, 10, 20, 30,
60). The product was characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), X-ray
absorption fine structure (XAFS), Brunauer–Emmett–Teller
(BET) analysis, and attenuated total reflectance infrared
spectroscopy (ATR-IR). XRD patterns (CuK¡) were ob-
tained using an XRD diffractometer (Mini Flex 600,
Rigaku Corp.) to identify the crystalline phase. The sam-
ple morphology was evaluated by TEM (Thermo Fisher
Titan microscope, operated at 300 kV, image corrected and
equipped with a Gatan K2 direct electron detector). The
XAFS spectra were obtained at the BL5S1 of Aichi
Synchrotron Radiation Center, Aichi Science & Technol-
ogy Foundation, Aichi, Japan. XAFS measurements at the
Zn-K edge were recorded in a transmission mode. Zn foil,
ZnO, Zn(OH)2, and ZnCO3 were used as references. The
obtained Fourier-transformed extended X-ray absorption
fine structure (FT-EXAFS) data were processed according
to the standard procedures using the ATHENA-ARTEMIS
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module implemented in the Demeter software packages.
The specific surface area (SSA) of the samples was evalu-
ated from the BET equation by measuring the adsorption
isotherms of N2 at 77K with an automatic adsorption ap-
paratus (BELSORP MINI II, MicrotracBEL Corp.) Before
the measurements, the samples were degassed for 2 h at
120 °C to remove physically adsorbed H2O molecules. The
range of relative pressure (P/P0) used for BET calcula-
tion was 0.01–0.3. ATR-IR measurements were performed
using a Bruker Invenio Fourier transform spectrometer,
equipped with a mercury cadmium telluride cryo-detector
operated at liquid nitrogen temperature (³77K), and a
commercial horizontal ATR mirror unit and cell (HATR,
Horizontal ATR accessory provided by Pike Technologies)
equipped with an AMTIR single crystal (internal reflection
element 80 © 10 © 4mm, 45°, Specac). Each collected
spectrum consists of an average of 32 scans (64 for the
background spectrum). LDH samples, firstly suspended in
ethanol (15mg per 0.5mL of ethanol), were deposited on
the crystal and dried overnight. The sample was then
flushed with liquid H2O or C6H12 saturated with N2 or
CO2, which were supplied through a mass flow controller
with a flow rate of 15mLmin¹1. Firstly, N2-saturated H2O
or C6H12 was circulated over the deposited LDH at room
temperature for 30min to verify the stability of the sample
deposition. After that, the inlet gas was switched to CO2

following the procedure reported in previous works.44,45)

2.3 Preparation of the catalyst-loaded cathode
The catalyst-loaded cathode was prepared by simply

drop-casting the catalyst ink on carbon paper (Sigracet
36BB, SGL CARBON JAPAN Ltd.). The catalyst ink was
prepared by mixing 4mg of the catalyst sample with 1mg
of the conductive aid (carbon black: Vulcan XC72,
CABOT Corp.) and 30¯L of the binder (an anion ex-
change resin solution, TOKUYAMA Corp.) in 570¯L of
ethanol and sonicating for 10min. The catalyst ink was
drop-casted onto carbon paper on a hot plate pre-heated at
80 °C. The ink coating area was 1.89 cm2, whose shape
was a 1.55 cm diameter circle, and the loading level of the
LDH was 2.1mg cm¹2. The catalyst-loaded cathode was
dried at 80 °C for at least 30min to remove the solvents.

2.4 CO2 electrolysis experiment
CO2RR with the catalyst-loaded cathode was performed

in a three-compartment cell using a three-electrode setup45)

and a 1.0M KHCO3 aqueous solution as electrolyte. The
cathodic and anodic compartments were separated by a
piece of the anion exchange membrane to prevent the
unexpected influence of the oxidation reaction taking place
on the counter electrode. The LDH-loaded cathode and
a platinum mesh anode (35 © 25mm, LAKE SHORE
CRVOTRONICS Inc.) were used as working and counter
electrodes, respectively. An Ag/AgCl (3.0M KCl, BAS
Inc.) electrode was used as a reference. A pH meter
(pH 700, EUTECH INSTRUMENTS Pte. Ltd.) was used
to measure the pH of electrolytes. The CO2 gas flowed
with a 50mLmin¹1 flow rate and 0.10MPa inlet pressure

to the cathodic compartment, while the solution in the
reference electrode compartment was stirred at 600 rpm
with a PTFE stirring bar. CO2 electrolysis was performed
with an electrochemical analyzer (IviumStat, IVIUM
TECHNOLOGIES B.V.) under potentiostatic conditions
for 10min for each applied potential. Gaseous products
were detected and quantified by gas chromatography tech-
niques (GC-2014, SHIMADZU Corp.; carrier gas: nitro-
gen, flow rate: 10mlmin¹1, pressure: 53.2 kPa, vapori-
zation chamber temperature: 120 °C). For the detection of
hydrogen (H2), Molecular Sieve 5A (GL SCIENCES Inc.;
column temperature: 50 °C, injected sample volume: 1mL)
and a thermal conductivity detector (TCD, SHIMADZU
Corp.; detector temperature: 120 °C) were used. For the
detection of CO and gaseous hydrocarbons, PoraPak N
(GL SCIENCES Inc.; column temperature: 50 °C, injected
sample volume: 1mL) for a flame ionization detector (FID,
SHIMADZU Corp.; detector temperature: 120 °C) were
used.
Electrode potentials in the study were converted to the

reversible hydrogen electrode (RHE) or the standard hy-
drogen electrode (SHE) according to the following equa-
tions: ERHE = ESHE + 0.059 © pH, ESHE = EAg/AgCl +
0.222V. All potentials and voltages in this work were
evaluated without iR calibration. The Faradaic efficiency
(FE) for CO and H2 was calculated based on the equations:

FE ¼ i

I
; i ¼ 2VprF

RT

ð¼ partial current of CO and H2Þ
Where V was the volume concentration of CO or H2 in

the produced gas determined by GC-TCD. r was the CO2

flow rate (m3 s¹1) at ambient temperature and pressure, and
I was the average current (A) during the reaction. For
the other constants, p was 1.013 © 105 Pa, F was 96485
Cmol¹1, R was 8.3145 Jmol¹1 K¹1, and T was 298K.

3. Results and discussion

3.1 Structural and morphological character-
ization of the as-prepared and ground
Zn–Al LDHs

The XRD patterns of the as-prepared product (G0-LDH)
and its ground samples (Gx-LDHs, x = 10, 20, 30, and 60)
are shown in Fig. 1. G0-LDH exhibited the peaks charac-
teristic of Zn–Al LDH with CO3

2¹ anions.48) The sharp
peaks and no other crystalline peaks indicate the high
crystallinity and purity of the as-prepared product.
On the other hand, the intensity of all peaks decreased

gradually in G10-, G20-, and G30-LDHs as grinding pro-
ceeded, indicating that the crystallinity of Zn–Al LDH
decreased during the grinding treatment. After further
grinding, the peaks derived from the LDH structure almost
disappeared, as shown in the XRD patterns of G60-LDH.
Focusing on the pattern change in more detail, it should

be noted that the (003) and (110) diffraction peaks were
indicative of the periodicity of the Zn–Al LDH struc-
ture perpendicular and parallel to the layer, respectively.
Figure S1 shows that the intensity of (003) diffraction peak
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decreased more predominantly than that of the non-(00l)
diffraction peaks, meaning that the collapse of the crystal
structure was more pronounced in the direction perpendic-
ular to the layer than parallel to it. Therefore, delamina-
tion between the layers is considered to be a trigger of
the collapse of the crystal structure. This interpretation is
analogous to the previous study focusing on the milled
Mg–Al LDH, which was indicated to form turbostratic
structural disorder while retaining the two-dimensional
layered structure in the initial grinding stage.27)

From the TEM images (Figs. 2 and S2), the typical
hexagonal and platelet-like morphologies were seen in the

G0-LDH, as shown in Figs. 2(a) and 2(b). The particle
size ranged from 100 to 500 nm in hexagonal orientation.
The thickness of these particles varied from 9 to 35 nm.
Figure 2(c) shows that G10-LDH also had some platelet-
like particles, but most of the particles were very thin
without a distinguishable morphology. The particle sizes
ranged from 50 to 350 nm, which clustered together and
often lacked distinctive edges between them. However,
BET analysis showed no significant changes in SSA, as
shown in Figs. S3(a) and S3(b). On the contrary, platelet-
like particles and apparent morphology were not observed
for G20-, G30-, and G60-LDHs [Figs. 2(d), 2(e), 2(f )],
and their particle sizes were 40–150, 40–400, and 50–500
nm, respectively. This increase in particle size was sup-
ported by BET analysis, exhibiting a decrease in SSA as
grinding proceeded. As shown in Figs. S3(a) and S3(c),
the SSA of G60-LDH was 67% less than that of G0-LDH.
High-resolution TEM (HRTEM) images obtained from

platelet particles in G0-LDH were shown in Fig. S2(a),
where atomic fringes with sizes ranging from 90 to 300 nm
were observed, representing the metal hydroxide layers.
G10-LDH was also observed to have fringes like them,
whose sizes ranged from 10 to 90 nm, but those were
sparser than in G0-LDH as shown in Fig. S2(b). As grind-
ing proceeded, the fringes were gradually sparser and
shortened, whose sizes were 10–30, 7, and 5 nm in G20-,
G30-, and G60-LDHs [Figs. S2(c), S2(d), S2(e)], respec-
tively. These results exhibited that some amorphous phases
with no fringes occurred even from the initial grinding

Fig. 1. XRD patterns of the as-prepared Zn–Al LDH (G0-
LDH) and its ground samples for xmin (Gx-LDH, x = 10, 20, 30,
and 60).

Fig. 2. TEM images of Gx-LDHs [(a, b) x = 0, (c) x = 10, (d) x = 20, (e) x = 30, (f ) x = 60].
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stage, such as G10-LDH, and amorphization became more
pronounced as grinding proceeded, resulting in the domi-
nant amorphous phase at the final grinding stage, such as
in G60-LDH.

The coordination environment and valence state of the
Zn atoms were evaluated by XAFS analyses. The Zn-K
edge X-ray absorption near edge structure (XANES) spec-
tra for Gx-LDH (x = 0, 10, 20, 30 and 60) and references
[ZnCO3, Zn(OH)2, ZnO and Zn foil] are shown in Fig. 3.
Zn–Al LDH exhibited a characteristic spectral shape with
a peak top at 9668 eV in the non-ground state (G0-
LDH),49) which was different from all reference spectra,
and gradually changes to a spectral shape with a peak top
at 9665 eV (G60-LDH) as grinding proceeded. Consider-
ing the XRD and TEM results, the amorphous phase
formed by grinding could correspond to the component

with a peak top at 9665 eV, which is lower energy than the
peak tops of the other Zn2+ compounds. For this reason,
the Zn sites in the amorphous phase are considered to be
mainly in a more reductive state than the divalent state
(Zn2+), implying the low-valent state (Zn¤+, 0 < ¤ < 2),
which is not the metallic state (Zn0) but more favorable
state for CO2RR to promote the adsorption and activation
of CO2.21–23,50–52)

This hypothesis is supported by the FT-EXAFS spec-
tra. Figure S4 exhibits clear peaks at 1.5¡ attributed to
the Zn–O bond for all Gx-LDHs and no peak at 2.3¡ cor-
responding to metallic Zn (Zn–Zn bond). Furthermore,
peaks corresponding to Zn–O–Zn bonds appeared at 2.8–
2.9¡ for references [ZnCO3, Zn(OH)2, and ZnO], while a
characteristic peak corresponding to Zn–O–M (M: Zn or
Al) bonds was observed at 2.7¡ for G10-LDH. This peak
gradually decreased as grinding proceeded and almost
disappeared in G60-LDH. Interestingly, the changes in the
XANES and EXAFS spectral shape of Zn–Al LDH upon
grinding are similar to those corresponding to the nano-
particulation of ZnO from 25¯m to 4.5 nm in particle
size,53) indicating that the Zn sites of amorphized Zn–Al
LDH locate a similar coordination environment to ZnO
nanoparticle, which has many grain boundaries with struc-
tural distortion and disorder. In such a disordered environ-
ment, Zn sites are coordinatively unsaturated, and thus
Zn¤+ states are stabilized.23) Taking together, XANES and
EXAFS spectra consistently indicate that the Zn sites in
amorphized Zn–Al LDH are mainly in Zn¤+ state.

3.2 The structural memory effect on the
ground Zn–Al LDHs

The structural memory effect is a well-known property
by which the layered structure of LDHs lost due to calci-
nation at a certain temperature (300–500 °C) can be recon-
structed by contact with H2O.31,54,55) This effect may also
occur on ground LDHs (Gx-LDHs) and affect its CO2RR
activity since CO2 electrolysis is performed under con-
ditions where the catalyst contacts with H2O. Accordingly,
we investigated the change in structure and morphology of
humidified Gx-LDHs (Hx-LDHs). As a result, the TEM
image of H60-LDH clearly showed that the lost hexagonal
and platelet-like morphologies were regenerated by con-
tact with H2O as shown in Fig. S5, and Fig. S6 showed
XRD patterns derived from the crystalline structure of
LDH for all Hx-LDHs (x = 0, 10, 20, 30, and 60), ex-
hibiting that a memory effect occurs for ground LDHs.
Notably, the samples ground for a longer time showed
smaller and broader peaks as shown in Fig. S7, indicating
that the reconstructed LDH had lower crystallinity as
grinding proceeded. Furthermore, as shown in Fig. S8, the
SSA of H60-LDH (10.4m2 g¹1) did not recover as much
as before grinding (G0-LDH: 23.8m2 g¹1), while it be-
came larger than before contacting with H2O (G60-LDH:
7.9m2 g¹1). On the other hand, the SSA of G10-LDH
(23.9m2 g¹1) was comparable to that before grinding (G0-
LDH: 23.8m2 g¹1) and did not increase after contact with
H2O (H10-LDH: 23.9m2 g¹1). These results revealed that

Fig. 3. Zn-K edge XANES spectra of (a) Gx-LDHs (x = 0, 10,
20, 30, and 60) and (b) references [ZnCO3, Zn(OH)2, ZnO, and
Zn foil].
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the memory effect on amorphized Zn–Al LDH did not
make a significant increase in SSA and did not fully
recover the structural and morphological properties of the
pristine Zn–Al LDH.

Besides the difference of SSA, the reconstructed Zn–Al
LDH showed different characteristic vibrational features
upon CO2 adsorption compared to the pristine and amor-
phized Zn–Al LDH. Figs. S9 and S10 show in-situ ATR-
IR spectra of G60-LDH obtained by adding N2- and CO2-
saturated H2O on the dry samples. Firstly, the evolution of
the G60-LDH bands upon contact with N2-saturated H2O
was observed as shown in Fig. S9. Initially, the G60-LDH
sample exhibits two broad bands centered at 1480 and
1410 cm¹1. The presence of these two bands differs from
what is typically observed in pristine Zn–Al LDH, which
is characterized by an intense band at around 1360 cm¹1,
corresponding to the asymmetric stretching (¯3) mode of
the structural interlayer CO3

2¹.44,45) The appearance of
these two bands may be attributed to vibrational modes of
intercalated carbonate ions whose coordination environ-
ment has been altered by the grinding process. Similar
bands have been reported upon heating a Zn–Al LDH,
suggesting that structural changes can lead to comparable
spectral features.56) When the G60-LDH is exposed to the
N2-saturated H2O flow the two bands slowly decreases and
the 1360 cm¹1 signal of the interlayer CO3

2¹ increases.
This behavior is consistent with the memory effect, indi-
cating the transformation from G60-LDH to H60-LDH.
Next, after the reconstruction of the LDH structure, the gas
was switched to CO2, and the spectral changes were moni-
tored as shown in Fig. S10. However, as pointed out in
some previous works to be able to visualize these spectral
changes, the spectra of the N2-saturated sample should be
subtracted to those of the CO2-saturated sample.44,45) As
spectra obtained by the subtraction, Fig. 4(a) corresponds
to Fig. S10. Interestingly, a significant increase in inten-
sity of bands in the 1600–1400 cm¹1 spectral region was

observed in Fig. 4(a). In particular, two intense positive
bands appear at 1615 and 1500 cm¹1, with the latter dis-
playing an additional shoulder at lower wavenumbers.
Additionally, a negative band centered at 1360 cm¹1 and
a positive signal in between 1347 and 1200 cm¹1 arose.
Although a complete identification of the bands requires
more extensive analysis, insights can still be gained by
comparing these results with those previously obtained for
G0-LDH and here reported for comparison [Fig. 4(b)].
Notably, G60-LDH exhibits several signals between 1555
and 1425 cm¹1, which were almost absent in G0-LDH.
Based on previous assignments, these bands may be asso-
ciated with monodentate carbonate species, which have
previously been observed to appear more predominantly in
high-performing samples for CO2RR.45)

As additional validations for the specific interaction of
the reconstructed Zn–Al LDH with CO2, a further experi-
ment was performed using cyclohexene (C6H12) instead of
H2O. Notably, the use of C6H12 enables the investigation
of N2 and CO2 interactions with G60-LDH in its non-
reconstructed form, as evidenced by the absence of the
1360 cm¹1 band upon exposure to an N2-saturated flow
(see blue line in Fig. S11). Following the same procedure
used for H2O, the gas is then switched to CO2, and the
spectra of the N2-saturated sample were subtracted to the
CO2-saturated sample in order to visualize changes in the
spectra. As spectra obtained by the subtraction, Fig. 4(c)
corresponds to Fig. S11 and showed no changes in the
1800–1200 cm¹1 spectral range, suggesting an absence of
carbonate formation and low activity of the G60-LDH
sample in absence of contact with H2O (i.e. not recon-
structed). To confirm this, the same sample was subse-
quently exposed to H2O to enable rehydration. The result-
ing sample defined as H-G60-LDH was then brought into
contact with CO2-saturated C6H12, which led to the for-
mation of several bands in the 1800–1200 cm¹1 region
[see Fig. S12(b)].

Fig. 4. In-situ ATR-IR spectra in the carbonate-like region (1800–1200 cm¹1) of Gx-LDHs [(a) x = 60,
(b) x = 0] under a CO2-saturated H2O flow and of (c) G60-LDH under a CO2-saturated C6H12 flow. The spectra
are reported by subtracting the spectra of the N2-saturated sample to those of the CO2-saturated sample. Black and
colored curves represent N2-saturated and CO2-saturated samples, respectively. The curves of intermediate CO2

coverage are shown in grey.
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The ATR results suggest that the G60-LDH exhibits the
appearance of some carbonate bands, which are probably
monodentate, when in contact with H2O. These bands
could play a role in the reduction of CO2 to CO under
electrolysis conditions.

3.3 CO2 electrolysis with the as-prepared
and ground Zn–Al LDHs

The CO2RR activity of Gx-LDHs was evaluated in a
three-compartment cell using a three-electrode setup44) and
a 1.0M KHCO3 aqueous solution as an electrolyte in a
potential range from ¹1.0 to ¹1.8V vs. RHE. Gaseous
products were detected and quantified by gas chromatog-
raphy techniques. Only H2 was detected as a gaseous prod-
uct under N2 flow, whereas CO and H2 were detected as
gaseous products under CO2 flow, indicating that CO2

originally present within the LDHs does not act as a major
substrate for CO2RR. Regarding the CO2RR activity of
Gx-LDHs under CO2 flow, the applied potential depend-
ence of current density ( j) and Faradaic efficiency (FE)
was shown in Figs. S15 and S16, respectively. Interest-
ingly, G0-LDH (as-prepared LDH) generated H2 as the
major product, while the other Gx-LDHs (ground LDHs)
generated CO as the major product. In both cases, the
shortages relative to the total current can be derived from
liquid products. We have reported that formic acid was
detected as a minor product by CO2RR with Zn–Al LDH
as an electrocatalyst.44)

Figure 5 shows the applied potential dependence of j
and FE for CO ( jCO and FECO, respectively). As shown in
Fig. 5(a), the jCO increased monotonically for all applied
potentials and became higher as grinding proceeded. For
example, the « jCO« at ¹1.8V vs. RHE was 4.4, 14.2, 17.1,
20.7, and 23.0mA cm¹2 for x = 0, 10, 20, 30, and 60,
respectively. Additionally, the FECO also tends to increase
as grinding proceeded as shown in Fig. 5(b), with values
of 11–13, 49–51, 47–55, 52–60 and 66–74% for x = 0,
10, 20, 30 and 60, respectively. Since no significant in-
crease in SSA was observed for Zn–Al LDH due to grind-
ing and subsequent reconstruction by contact with H2O,
the increases in the « jCO« and FECO were not simply due to
the exposure effect of latent Zn sites but could be due to
the functions of amorphized Zn–Al LDH. Notably, the
growth rate in « jCO« was 3.2-fold and 1.6-fold from G0- to
G10-LDH and from G10- to G60-LDH, respectively. The
relatively large increase in « jCO« from G0- to G10-LDH
could be derived from the formation of an amorphous
phase at the early stages of grinding as observed by TEM,
indicating that it formed preferentially near the particle
surface, which is the main catalytic reaction field. The
relatively small increase in « jCO« from G10-LDH to G60-
LDH is contributed by the transformation of the remaining
crystalline phase of Zn–Al LDH into an amorphous phase,
indicated by the significant changes in HRTEM images
and XAFS spectra from G10- to G60-LDH.

Finally, the effect of electrolysis on the coordination
environment and valence state of Zn was evaluated by
XAFS analysis. As shown in Fig. S17, G60-LDH after

electrolysis at ¹1.4V vs. RHE for 10min showed the
XANES spectrum with a more sharpened peak top and
shoulder peaks than those before electrolysis, whose shape
was similar to that of ZnCO3, although shifted toward the
lower energy side. This result indicates that the amorphous
phase is retained, and its Zn¤+ state does not change to Zn0

or Zn2+ states after electrolysis. On the other hand, a
unique peak at 3.0¡ appeared in the FT-EXAFS spectrum
of G60-LDH after electrolysis, which was attributed to
Zn–O–M (M: Zn or Al) bonds but was different from that
of Gx-LDHs or Zn compounds, implying that a partial
reconstruction of LDH structure progressed under the
electrolytic conditions. Since the reconstructed LDH was
indicated to have a favorable CO2 adsorption property for
CO2RR as exhibited by in-situ ATR-IR results, it could
also contribute to the enhancement of CO2RR activity.

4. Conclusions

We prepared Zn–Al LDH and its ground samples (Gx-
LDHs) using simple co-precipitation and grinding meth-
ods with a mortar and pestle. XRD and TEM analysis
revealed that the collapse of the crystal structure of Zn–Al
LDH due to amorphization became more pronounced as
grinding proceeded. XAFS analysis indicated that Zn sites
in the amorphous phase are mainly in the low-valent Zn
state (Zn¤+, 0 < ¤ < 2), which is a favorable state for
CO2-to-CO conversion. Evidently, Gx-LDHs exhibited
superior activity for CO2-to-CO conversion as grinding

Fig. 5. CO2RR activity of Gx-LDHs (x = 0, 10, 20, 30, and
60): applied potential dependence of (a) partial current density
( jCO) and (b) Faradaic efficiency (FECO) for CO.
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proceeded. G60-LDH generated CO with a faradaic effi-
ciency of 74% at ¹1.2V vs. RHE and with a partial
current density of 23.0mAcm¹2 at ¹1.8V vs. RHE. ATR
results evidenced for G60-LDH the appearance, upon
contact with a CO2-saturated H2O, of some bands due to
monodentate carbonates, whose role was identified as
crucial in the reduction of CO2 to CO under electrolysis
conditions. All these results highlight the crucial effect of
grinding treatment of Zn–Al LDH on its CO2RR activity.
This finding will help us understand the importance of
grinding treatment for fragile catalysts such as LDH, iden-
tify their true active species, and discover superior cata-
lysts in the field of CO2 electrolysis.
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