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Carbon dioxide electrochemical reduction (CO2ER) has attracted considerable attention as a technology to
recycle COy into raw materials for chemicals using renewable energies. Zn-based layered double hydroxide
(LDH) was recently found to be a promising CO2ER catalyst, which is a non-precious metal catalyst with excellent
selectivity for carbon monoxide (CO). However, the role of structural trivalent metal ions (M) contained in Zn-
M3* LDHs for the COER performance was not revealed. In this study, Zn-Cr, Zn-Ga LDHs, and Zn-Al LDHs were
synthesized using a facile coprecipitation process, and their CO2ER performance and electrochemical properties

were evaluated. We found that not only Zn-Al LDH but also Zn-Cr and Zn-Ga LDHs showed CO2ER activity for CO
evolution, and the analysis by electrochemical impedance spectroscopy revealed that the type of M®* in Zn-based
LDHs affected their electronic and ionic conductivity, functioning as key roles for their CO2ER performance.

1. Introduction

Global energy crisis, global warming, and environmental degrada-
tion are pressing issues, caused by increasing carbon dioxide (COg)
emissions due to the consumption of fossil resources. CO3 is an impor-
tant anthropogenic greenhouse gas driving global warming, and its at-
mospheric concentrations have increased from approximately 278 ppm
at pre-industrial levels (before 1750) to 426 ppm in 2025 [1,2]. From the
perspective of carbon neutrality and energy crisis, research on tech-
nologies to convert COz into value-added chemical compounds has
attracted attention in recent years [3,4]. COy conversion into
value-added chemical compounds can be achieved at ambient condi-
tions by using highly active catalysts for the COy reduction reaction
(CO2RR) [5]. The types of CO2RR catalysts are classified as enzyme
catalysts, photocatalysts, and electrocatalysts. Electrocatalysts have
higher production rates and energy conversion efficiency than the
others, which are demanded for practical applications. CO5 electro-
chemical reduction (CO2ER) using electrocatalysts can make sustainable
energy cycles by utilizing electricity from renewable sources such as
solar and wind power [6]. CO2ER can serve various COg-conversion

* Corresponding authors.

products (carbon monoxide (CO), methane (CH,4), methanol (CH3OH),
formic acid (HCOOH), and Cy, products), depending on the type of
electrocatalyst. Among them, CO is an important feedstock chemical for
synthesizing methanol and liquid fuels [7]. Au- [8,9], Ag- [10], and
Zn-based [11] electrocatalysts are known to perform highly selective
CO-evolution CO2ER, i.e., CO3 + Hy0 + 2~ — CO + 20H ™, but Au and
Ag are precious metals. From a practical point of view, electrocatalysts
based on earth-abundant elements are desired [12].

In recent years, layered double hydroxide (LDH), represented by
hydrotalcite, has begun to be focused as a novel CO2ER catalyst [13].
LDH comprises positively charged metal hydroxide layers and
charge-compensating anions (A"") inserted between the layers
[MZEM3T(OH)21*" [AP,/n]*~, which is characterized by the presence
of at least two metal ions (M2" and M>*). Not only the diversity of metal
compositions [14] but also large specific surface area [14], high hy-
droxide ion conductivity [15,16], and high alkaline tolerance [17,18]
are favorable properties of LDH as an electrocatalyst. Although LDH has
been studied for a long time as an electrocatalyst for oxygen reduction
reactions [17-20] and oxygen evolution [18,19], a few research exam-
ples focus on single-phase LDH as a CO2ER catalyst [21-25]. Among a
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few examples, we reported that single-phase Ni-Al and Ni-Fe LDHs had
no CO2ER activity, while single-phase Zn-Al LDH exhibited CO2ER ac-
tivity for CO-evolution and that LDH was more electrochemically stable
than ZnO, a typical Zn-based electrocatalyst [22]. Furthermore, it has
been reported by other research groups that the CO selectivity of Zn-Al
LDH can be enhanced by the introduction of third metal species such as
Mg?* and Ce®* [24,25], resulting in nearly 90 % Faraday efficiency (FE)
of CO evolution, indicating the high potential of Zn-based LDH as a
CO2ER catalyst for CO evolution. However, previous studies focusing on
the CO2ER performance of Zn-based LDH have reported only LDH with
AIRY as the structural trivalent metal ion. Therefore, the necessity and
role of AI** have not been clarified because there are no reports focusing
on the COER performance of Zn-based LDH without AlI>*. What dif-
ferences appear in their electrochemical properties and CO3ER perfor-
mance between different structural trivalent metal ions (M>1)?

In this study, single-phase Zn-M3* LDHs (M3t = AI**, Cr®*, and
Ga>*") were synthesized by a facile coprecipitation method and the role
of M3* for their CO,ER performance was investigated. Furthermore, the
electrochemical impedance spectroscopy (EIS) measurements were
conducted to evaluate the ionic and electronic conductivity of Zn-M>*
LDHs. Since conductive aids and ionomers are generally mixed with
electrocatalysts to provide the electronic and ionic conduction [8,9,
21-26], high electronic and ionic conductivity of electrocatalyst itself is
desirable for COER. However, to the best of our knowledge,
single-phase electrocatalysts with high electronic and ionic conductivity
have not yet been reported for CO2ER [27]. Interestingly, LDH is re-
ported to have different ionic conductivity, depending on their compo-
sition [28-30]. Therefore, this study is beneficial for understanding the
effect of electronic and ionic conductivity of electrocatalysts on CO2ER
performance. Through EIS measurements of Zn-Al and Zn-Ga LDHs, we
found that the type of M3* affected the electronic and ionic conductivity
of Zn-based LDHs, functioning as key roles for their CO2ER performance.

2. Experimental
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs3)2-6H20, 99.0 %), aluminium ni-
trate nonahydrate (Al(NO3)3-9H20, 98.0 %), chromium nitrate non-
ahydrate (Cr(NOs3)3-9H20, 99.9 %), sodium carbonate (NayCO3, 99.8
%), potassium bicarbonate (KHCO3, > 99.5 %), sodium hydroxide
(NaOH, 97.0 %) were purchased from FUJIFILM WAKO PURE CHEMI-
CAL Co. Hydrous gallium nitrate (Ga(NO3)3-xH20, 99.9 %) was pur-
chased from KOJUNDO—CHEMICAL LABORATORY Co., Ltd. Ethanol
(EtOH, > 99.5 %) was purchased from KANTO CHEMICAL Co., Inc.
Water was purified by a distilled water production system (SHIMIZU
SCIENTIFIC INSTRUMENTS MFG Co., Ltd.). An anion exchange mem-
brane (AHA) was purchased from ASTOM Corp. CO5 gas (> 99.5 %) was
purchased from TAIYO NIPPON SANSO HOKKAIDO Corp. All other
solvents and chemicals in reagent grade were purchased and were used
without further purification.

2.2. Preparation of Zn-M>* LDH (M>* = Al, Cr or Ga)

Zn-M3* LDHs (M3* = Al, Cr or Ga) were prepared using a facile and
traditional coprecipitation process as shown in Fig. S1 [31,32]. For the
synthesis of Zn-Al LDH with carbonate (CO%_) anions, an aqueous So-
lution containing Zn(NOs3)2-6H50 (62 mM) and AI(NO3)3-9H20 (31 mM)
with Zn?"/A13* = 2.0 was added dropwise into a 0.15 M aqueous KHCO3
solution with stirring at ambient temperature. The drop rate was
adjusted to 2 mL min~! by using a syringe pump (SPE-1, AS ONE Corp.).
The pH of the reaction mixture was adjusted to 10 by adding 2.0 M
aqueous NaOH solution with a pH meter (pH700, EUTECH IN-
STRUMENTS Pte. Ltd.). The obtained solution was aged at 60 °C for 24
h. The resulting white precipitates were filtrated, washed with distilled
water, and dried at 80 °C for 12 h. Similarly, Zn-Cr and Zn-Ga LDHs were
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also prepared by replacing the controlled pH value of 10 with that of 8.5,
and the Al(NO3)3-9H,0 with the corresponding Cr(NO3)3-9H20 and Ga
(NO3)3-xH50 (the approximate content of Ga(NO3)s3: 59 wt%), respec-
tively. The above controlled pH values were chosen for comparing the
CO2ER performance of single-phase LDHs because Zn-Al and Zn-Ga LDH
were not obtained as a single-phase product under the pH of 8.5 and 10,
respectively.

2.3. Characterization of Zn-M>* LDH (M®* = Al, Cr or Ga)

X-ray diffraction (XRD), scanning transmission electron microscopy
coupled with energy-dispersive X-ray spectrometry (STEM-EDX), and
transmission electron microscopy (TEM) were performed for charac-
terization of the prepared samples. XRD patterns (CuKa) were obtained
using an XRD diffractometer (Mini Flex 600, RIGAKU Corp.) to identify
the crystalline phase. The morphology was determined by TEM (Ther-
moFisher Tecnai G2 microscope operated at 200 kV and equipped with a
Gatan US1000XP CCD camera). The chemical composition and distri-
bution were determined by STEM-EDX (ThermoFisher Osiris microscope
operated at 200 kV and equipped with a SuperX detector). The powder
samples for TEM characterization were dissolved in ethanol and soni-
cated in an ultrasonic bath for 10 min before being drop-casted onto a
TEM grid. ATR-IR measurements were performed with a Bruker Invenio
Fourier transform spectrometer. The spectrometer is equipped with a
Mercury Cadmium Telluride (MCT) cryo-detector which operates at
liquid nitrogen temperature (~ 77 K). Each collected spectrum consists
of an average of 32 scans (64 for the background spectrum). The ATR-IR
measurements were carried out using a commercial horizontal ATR
mirror unit and cell (HATR, Horizontal ATR accessory provided by Pike
Technologies) equipped with an amorphous material transmitting
infrared radiation (AMTIR) single crystal (internal reflection element
80x10x4 mm, 45°, Specac). Prior to the measurement, LDH samples
were suspended in deionized water (~ 10 mg per 0.5 mL), deposited on
the crystal and dried overnight at room temperature.

2.4. Preparation of the LDH-loaded gas diffusion electrode (GDE) as a
working electrode

The LDH-loaded gas diffusion electrode (GDE) was prepared by
simple drop-casting of the catalyst ink on a gas-diffusion layer (GDL:
Sigracet 36BB, SGL CARBON JAPAN Ltd.). Before preparing the catalyst
ink, 100 mg of each LDH sample was ground for 60 min. The catalyst ink
was prepared by mixing 4 mg of the ground LDH with 1 mg of the
conductive aid (carbon black: Vulcan XC72, CABOT Corp.) and 30 pL of
the binder (Nafion solution, SIGMA-ALDRICH Co. LLC) in 570 pL of
ethanol and sonicating for 10 min. The catalyst ink was drop-casted to
the GDL on a hot plate pre-heated at 80 °C. The ink coating area was 1.89
em? in a ¢1.55 cm round shape and the loading level of the LDH was 2.1
mg cm 2. The LDH-loaded GDE was further dried at 80 °C for at least 30
min to remove the solvents.

2.5. CO2ER and electrochemical impedance spectroscopy (EIS)
measurements

For Zn-M3* LDHs (M3* = Al, Cr or Ga), gas-phase CO.ER with the
LDH-loaded GDE was carried out by using a custom-made three-elec-
trode setup composed of a three-compartment cell [23]. The cathodic
and anodic compartments were separated by a piece of the anion ex-
change membrane to avoid the unexpected influence of the oxidation
reaction taking place on the counter electrode. The LDH-loaded GDE and
a platinum mesh electrode (35 x 25 mm, LAKE SHORE CRVOTRONICS
Inc.) were used as working and counter electrodes, respectively. An
Ag/AgCl (3.0 M KCl, BAS Inc.) electrode was used as reference. An
aqueous 1.0 M KHCO3 solution was used as catholyte and anolyte. The
CO, gas flowed with a 50 mL min~! flow rate and 0.10 MPa inlet
pressure to the cathodic compartment, while the solution in the
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reference electrode compartment was stirred at 600 rpm with a poly-
tetrafluoroethylene (PTFE) stirring bar. Under the above conditions,
CO4, electrolysis for 5 min was performed by applying a voltage with an
electrochemical analyzer (IviumStat, IVIUM TECHNOLOGIES B.V.).
Gas-phase products were detected by gas chromatography techniques
(GC-2014, SHIMADZU Corp.; carrier gas: nitrogen, flow rate: 10 ml
min~?, pressure: 53.2 kPa, vaporization chamber temperature: 120 °C).
For the detection of hydrogen (Hy), Molecular Sieve 5A (GL SCIENCES
Inc.; column temperature: 50 °C, injected sample volume: 1 mL) and a
thermal conductivity detector (TCD, SHIMADZU Corp.; detector tem-
perature: 120 °C) were used. For the detection of CO and gaseous hy-
drocarbons, PoraPak N (GL SCIENCES Inc.; column temperature: 50 °C,
injected sample volume: 1 mL) 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 elec-
trode (RHE) or the standard hydrogen electrode (SHE) according to the
following equations: Egyg = Espg + 0.059 x pH, Espg = Eag/agct + 0.222
V. All potentials in this work were reported after the ohmic loss
correction based on EIS measurements. The FE for CO and Hy (FEco and
FEy, respectively) was calculated based on the equation as follows: FE
= 2VprF (IRT)’I, where V was the volume concentration of CO or Hs in
the produced gas from the reaction cell. I was the average current (A)
during the reaction, and r was the CO, flow rate (rn3 s’l) at ambient
temperature and pressure. For the other constants in the formula, p was
1.013 x 10° Pa, F was 96,485 C mol ', R was 8.3145 Jmol ' K™}, and T
was 298 K.

For evaluating the electronic and ionic conductivity of Zn-Al and Zn-
Ga LDHs, EIS measurements of the LDH-loaded GDE under the CO2ER
condition were conducted at frequencies of 10 mHz to 0.1 MHz and
amplitude of 10 mV vs. the applied potential with an electrochemical
analyzer (SP200, BIOLOGIC). In addition, EIS measurements of the Zn-
Al and Zn-Ga LDH pellets were conducted at frequencies of 1 Hz to 7
MHz and amplitude of 100 mV vs. OCV. The LDH pellets with thickness
of about 250 pm (Zn-Al: 259 pm, Zn-Ga: 242 pm) were obtained by cold
pressing of 40 mg of the LDH powder with a ¢ 10 mm pellet press die
under 300 MPa. Gold was sputtered in a ¢ 6 mm round shape to make
electrodes on both sides of the LDH pellet with a quick coater (SC-701
Mk II, SANYU ELECTRON Co., Ltd.). The samples were kept for 24 h at
25 °C and 80 % relative humidity in constant temperature and humidity
chamber (IW-221, YAMATO SCIENTIFIC Co., Ltd.) to ensure that sam-
ples reached an equilibrium, and then EIS measurement was conducted
at the same condition.

3. Results and discussion
3.1. Characterization of Zn-M>* LDHs (M>* = AL, Cr, or Ga)

Zn-M>" LDHs were prepared using a facile and traditional copreci-
pitation process, as shown in Fig. S1 [31,32]. The synthesized products
were analyzed using XRD, shown in Fig. 1. The (003) and (006) plane
peaks, which are characteristic of the layered structure, were observed
in all samples and no impurity peaks were detected. Peaks in the Zn-Al
system were assigned to the previously reported XRD pattern of Zn-Al
LDH with CO%’ anions as interlayer anions [31,32]. The (003) and
(006) plane peaks of the Zn-Ga and Zn-Cr systems were found to have
similar diffraction angles as the Zn-Al system. This suggests that their
interlayer anions are likely also carbonate anions. However, the peaks of
the Zn-Cr system were broader than those of the other systems, sug-
gesting that the primary grain size was smaller.

The TEM images in Fig. 2(a) and (b) show that the Zn-Al and Zn-Ga
systems form as platelet-like crystals, a typical morphology for LDHs,
with a size ranging from one hundred to several hundred nanometers.
The size of the crystals in the Zn-Al and Zn-Ga systems was 50 to 550 nm
and 150 to 750 nm, respectively. In addition, the rod-shaped
morphology was also observed in the Zn-Al and Zn-Ga systems, as
shown in Figs. S2(a) and (b), respectively. Since this shape could be
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Fig. 1. XRD patterns of Zn-M>" LDHs (M>* = Al (black line), Ga (red line), and
Cr (purple line)).

observed by looking at the particle from the parallel directions for the
(001) plane of LDHs, the thickness of rod-shaped particles is indicated to
be that of LDH plates. This thickness was 20 to 75 nm and 50 to 150 nm
for the Zn-Al and Zn-Ga systems, respectively. On the other hand, the Zn-
Cr systems exhibited unclear morphology, and the particles formed ag-
glomerates with sizes between 50 and 400 nm, as shown in Fig. 2(c).
When taking a closer look at the agglomerates, the rod-shaped
morphology became apparent as shown in Fig. S2(c), indicating that
the size and thickness of Zn-Cr LDH plates were 20 nm to 100 nm and 5
nm to 20 nm, respectively. STEM-EDX elemental mapping showed that
Zn%" and M>* ions were homogeneously distributed for each system in
the sub-micron-order as shown in Fig. S3. The EDX elemental analysis
showed the average chemical composition with molar ratios of Zn/Al =
2.3(2), Zn/Cr = 1.99(1) and Zn/Ga = 2.15(3) for each system, which is
almost the same as the starting composition ratio.

Fig. S4 shows the ATR-IR spectra of the dry LDHs. The three samples
exhibited the typical spectral features of LDHs consisting of: two com-
mon broad bands in the high frequency region (3600-2800 cm ™) and in
the low frequency region (1000-600 cm’l), and an intense peak at
about 1350cm™! with a weaker shoulder at slightly higher wave-
numbers. The first two broad bands are due to the hydroxyl stretching
vibrations of both structural M-OH species (3500-3400cm 1) and mo-
lecular water present in the interlayer (3300-2950 cm’l), the former,
and to the superposition of the vy out-of-plane stretching mode of
interlayer carbonate anions (~ 860 cm 1) and the lattice HO-M-OH and
M-OH (M = Zn, Al, Cr, or Ga) vibrational modes (450—800cm’1), the
latter [33]. The intense signal at around 1350 cm ™! slightly asymmetric
at higher wavenumbers is due to the v3 stretching mode of interlayer
carbonate anions. While the original stretching mode of free carbonate
anions is reported to be at 1415 cm ™}, a change in the symmetry of the
molecule could lead to the splitting of v3 into two distinct components at
around 1365 cm™ ! and around 1415 cm ™! [34]. Lastly, the other bands
at 1640 cm™! and in the 1550-1480 cm™! range are attributed to the
bending vibrations of the structural interlayer water molecules and
physisorbed water and to the formation of surface (non-structural)
carbonate-like species, due to the exposure of the material to the at-
mospheric CO,, respectively.

These above results indicate that all synthesized products are LDH
with the formula [Zn,M3T(OH)s]* [CO33] ~.

3.2. CO2ER by Zn-M>* LDHs (M>* = Al Cr, or Ga)

CO2ER by Zn-M3* LDHs (M3" = Al, Cr, or Ga) was carried out with
the LDH-loaded GDE and a custom-made three-electrode setup
composed of a three-compartment cell [23]. The LDH-loaded GDE was
prepared by simple drop-casting of the catalyst ink on a GDL. A 1.0 M
aqueous KHCO3 solution was used as an electrolyte. The
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Fig. 2. TEM images of Zn-M>* LDHs (M3* = Al (a), Ga (b), and Cr (c)).

chronoamperogram of all LDHs showed an almost constant total current
density (jiota) for 5 min of total reaction time at all the applied poten-
tials, as shown in Fig. S5. The applied potential dependence of FE and j
for the cathodic reaction are shown in Fig. 3. For all LDHs, catalytic
currents associated with CO and H, evolution were observed, and the
shortages relative to the total current could be derived from liquid
products. We have reported that formic acid was detected as a minor
product by CO2ER with Zn-Al LDH as an electrocatalyst [23].

Notably, Zn-Ga LDH showed the largest partial current density of CO
(jco) and the most positive onset potential (~ —0.48 V vs. RHE) under
the relatively positive applied potential region (positive than —0.70 V
vs. RHE), where the highest FEcos of each Zn-M>" LDH were 63 % (at
—0.61 V vs. RHE), 37 % (at —0.67 V vs. RHE), and 18 % (at —0.67 V vs.
RHE) for Zn-Ga, Zn-Al, and Zn-Cr LDH, respectively. Therefore, Zn-Ga
LDH was expected to have the lowest overpotential for CO evolution
and to be the most active CO2ER catalyst. However, for Zn-Ga LDH, the
Jjco plateaued and the FE¢o decreased whereas the partial current density
of Hy (ju2) and FEys increased under the more negative applied potential
region (negative than —0.70 V vs. RHE). On the contrary, Zn-Al LDH did
not show the plateauing of jco or the decrease in FEco under such con-
ditions, resulting in the highest joo (—14 mA cm~2) and FE¢o (65 %) at
—0.96 V vs. RHE. For Zn-Cr LDH, the highest FEco of 35 % at —0.77 V vs.
RHE was obtained, but FEco was lower than the other LDHs and Hy

evolution was dominant at all the applied potential.

3.3. Analysis for the rate-determining step (RDS) of CO2ER based on
Tafel plot

The Tafel plots afforded effective information in analyzing the fac-
tors responsible for the different catalytic activities between the three
types of M®*. Fig. 4 shows the Tafel plots relating to overpotential versus
jco and jya for CO2ER by Zn-M3" LDHs and their Tafel slopes were
summarized with typical values of FE and j in Table 1. The Tafel plots
exhibited a distinct difference between the three types of M3*. The Tafel
plots for jco showed a smaller Tafel slope for Zn-Ga LDHs (47 mV dec™ 1)
than for Zn-Al and Zn-Cr LDHs (134 and 120 mV dec ™!, respectively),
indicating that the rate-determining step for COsER (RDSco2gr) of Zn-Ga
LDH was different from those of other LDHs. Figure S6 shows the pro-
posed reaction processes of CO2ER [35,36]. Theoretically, the Tafel
slope of 118 mV dec! suggests that the RDScoogr is the initial step of
the one-electron-reduced CO, (CO3 ) formation or the reaction step that
comes before it. On the other hand, the Tafel slope of 59 mV dec™? in-
dicates that the RDS¢o2gr is the reaction step that follows the initial step
of the CO3 formation [36,37]. Thus, the RDS¢o2rr of Zn-Al and Zn-Cr
LDHs is indicated to be the former while the RDScosorr of Zn-Ga LDH
is indicated to be the latter, meaning that the energy barrier of the CO5

(b)

Jj/ mA cm-
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Fig. 3. Applied potential dependence of current density (j, upper row figures; black: total, orange: CO, blue: H,) and Faradaic efficiency (FE, lower row figures;
orange: CO, blue: H,) for CO,ER by Zn-M3* LDH (M®* = Al (a), Cr (b), or Ga (c)).
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Fig. 4. Tafel plots and slopes relating to overpotential versus jco (a) and jy2 (b) for CO2ER by Zn-M** LDHs (M3 = Al (black plots and dotted line), Cr (purple ones),

or Ga (red ones)).

Table 1
Typical parameter of CO-ER performance of Zn-M>* LDHs (M3* = Al, Cr, or Ga): FE, j and Tafel slope.
Applied potential M3 Jtotal Jjco Ju2 FEco FEyo Tafel slope for jco / juz
[V vs. RHE] [mA cm™?] [mA ecm 2] [mA cm 2] [%] [%] [mV dec™']
—-0.67 AT -1.3 —0.48 —0.43 37 33 134 / 285
< -0.7 —0.67 crit —-1.4 —0.24 —0.66 18 48 120 / 188
—0.61 Ga®* —4.5 —-2.8 —0.68 63 15 47 / 93
-0.96 A" -21 —14 ~5.7 65 27
> —0.7 -0.90 crit -24 -5.5 -17 23 72 Same as above
-0.86 Ga®' -26 -8.0 -15 31 59

formation is the smallest for Zn-Ga LDH. Since the energy barrier of the
CO5 formation relates to the electron transfer onto active sites, the
electronic conductivity of Zn-Ga LDH could be the highest and respon-
sible for the smallest energy barrier and the highest performance for CO
evolution under the low overpotential conditions. This hypothesis is also
supported by a smaller Tafel slope for jya of Zn-Ga LDH (93 mV dec™)
than that of Zn-Al and Zn-Cr LDHs (285 and 188 mV dec’l, respec-
tively), indicating that the high electronic conductivity of Zn-Ga LDH
could also cause the promotion of H evolution as well as CO evolution.
On the contrary, the relatively large Tafel slope for juy2 of Zn-Al LDH
indicates that the energy barrier for H, evolution is high, resulting in the
highest performance for CO evolution under the high overpotential
conditions.

3.4. Comparison of the ionic and electronic conductivity between Zn-Al
and Zn-Ga LDHs

To reveal the factors responsible for the different catalytic activities
between the trivalent metal ions, we evaluated the electronic and ionic
conductivity of Zn-Al and Zn-Ga LDHs.

For the electronic conductivity, the difference between Zn-Al and Zn-
Ga LDHs was observed from EIS measurements of the LDH-loaded GDE
under the CO2ER condition. The Nyquist plots for the two LDHs under
the different applied potentials are shown in Fig. S7. For both LDHs, the
solution resistance (Rg) was almost constant (approximately 11 Q),
whereas the arc originating from the charge transfer resistance (Rcr)
was observed to be smaller as the applied potential became more
negative. The Rcr of Zn-Al LDH was 42, 6.5, and 2.0 Q at the applied
potential —0.59, —0.85, and —0.96 V vs. RHE, respectively, and that of
Zn-Ga LDH was 22, 3.0, and 1.5 Q at the applied potential —0.55, —0.74,
and —0.86 V vs. RHE, respectively, which was determined from the
intersection of the arc with the real axis of the impedance. Although
these Rcr were related to the Hy evolution as well as the CO evolution,
the smaller R¢t for Zn-Ga LDH than that for Zn-Al LDH indicates that the
charge transfer reaction by Zn-Ga LDH was faster than that by Zn-Al
LDH, resulting in the higher total current density of Zn-Ga LDH, as
shown in Fig. 3. The smaller Rct of Zn-Ga LDH could be derived from the

higher electronic conductivity because a straight line with a 45° slope in
front of the arcs was clearly observed for Zn-Al LDH, as shown in Fig. 5.
This part can be identified as a resistance component derived from
electron transfer (Rgr) with approximately 4.5 Q, which was determined
based on the transmission line equivalent circuit model as shown in
Fig. S8 [38]. Therefore, no such resistance component for Zn-Ga LDH
indicates higher electronic conductivity of Zn-Ga LDH, which contrib-
utes to the smaller R¢r and Tafel slopes for jco and jyo.

The ionic conductivity was evaluated by EIS measurement of LDH
pellets with a thickness of about 250 pm obtained using cold pressing
under 300 MPa. The Nyquist plots for Zn-Al and Zn-Ga LDHs at 25 °C
and 80 % relative humidity are shown in Fig. 6. A high-frequency arc
and a low-frequency tail were observed in both LDHs, but their arc sizes
were different. From the values of resistance (26 and 400 kQ for Zn-Al

(a) (b)
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Fig. 5. Nyquist plots for the LDH-loaded GDEs under the COER at —0.59 and
—0.55 V vs. RHE for Zn-Al (a) and Zn-Ga (b) LDHs, respectively. (amplitude:
+10 mV vs. applied potential, frequency range: 1 Hz to 0.1 MHz). The inset
shows the equivalent circuit for the plots of Zn-Ga LDH, where Rg was the so-
lution resistance, Rcr was the charge transfer resistance, and CPE was the
constant phase element. Rgy was the resistance component derived from elec-
tron transfer, and the equivalent circuit for the plots of Zn-Al LDH was shown
in Fig. S8.
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Fig. 6. Nyquist plots for the pellets of Zn-Ga (red plots) and Zn-Al (black plots)
LDHs at 25 °C and 80 % relative humidity (amplitude: £100 mV vs. OCV,
frequency range: 1 Hz to 7 MHz).

and Zn-Ga LDHs, respectively), which were determined from the inter-
section of the low-frequency tail with the real axis of the impedance, it
was revealed that the ionic conductivity of Zn-Al LDH (3.5 pS cm ) was
more than one order of magnitude higher than that of Zn-Ga LDH (0.21
pS cm ™). This difference in ionic conductivity for trivalent metal ions is
consistent with the previous report for Mg-Al and Mg-Ga LDHs [28]. In
that study, it was reported that the difference of ion conductivity be-
tween the different proportions of trivalent metal ions could be derived
from the arrangement of di- and trivalent metal ions in the (001) plane
of LDH rather than interlayer space or concentration of interlayer an-
ions. In addition, the charge carrier of LDHs has been confirmed to be
hydroxide ions (OH ™) [14,28,30]. However, the factors resulting in the
difference in ionic conductivity between trivalent metal ions remain
unclear. Interestingly, Figure S9 showed that the 110 reflection in Zn-Ga
LDH located at a lower angle than for Zn-Al LDH, while their 003 and
006 reflections overlap, meaning that the distance between metal ions in
the direction parallel to the layer is shorter in Zn-Al LDH than in Zn-Ga
LDH. This shorter distance agrees with the smaller ionic radius of AI>*
than Ga®* (A1**: 0.535 A, Ga®': 0.620 A) [39] and means that anion
exchange sites is shorter in Zn-Al LDH, which may contribute to the high
ionic conductivity and even the high performance for CO evolution
under the high overpotential conditions. Figure S10 shows the plots of
Jjcoin alogarithmic scale versus applied potentials, exhibiting the curved
region at the high overpotential in addition to the linear region at the
low overpotential for all LDHs. The linear region corresponds to the
Tafel plots as shown in Fig. 4(a), whereas the curved region is under
mass transport limitation, indicating that the CO2ER by Zn-Cr and Zn-Ga
LDH contain slow mass transport steps. The lower ionic conductivity of
Zn-Ga LDH than Zn-Al LDH, whose charge carriers are OH™, indicates
that the slow reaction steps relating to OH™ diffusion may inhibit the
CO2ER under the high overpotential condition, such as the immediate
proton-coupling step and last OH™ desorption step in Fig. S6.

4. Conclusion

We found that not only Zn-Al LDH but also Zn-Cr and Zn-Ga LDHs
showed CO2ER activity for CO evolution. The analysis for their elec-
trochemical properties revealed that the type of structural trivalent
metal ions in Zn-based LDHs affected their electronic and ionic con-
ductivity and functioned as key roles for their CO2ER performance as
follows:

1. AI®* afforded high joo and FEgo under the high overpotential con-
ditions due to the promotion of OH™ diffusion.

Open Ceramics 22 (2025) 100788

2. Ga®" afforded high jco and FE¢o under the low overpotential con-
ditions due to the promotion of electronic conductivity.
3. Cr’t afforded low CO,ER performance inferior to Al*" and Ga>*

Our results suggest that high electronic conductivity and high ionic
conductivity are required for designing high-performance CO2ER cata-
lysts. This study provided helpful information for understanding the role
of structural trivalent metal ions and will guide the promising design of
Zn-based catalysts taken advantage of the high design flexibility of LDH
for efficient energy conversion in the field of CO2ER.
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