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Electrochemical reduction of CO2 (CO2RR) is expected to play a key role among the various strategies being
explored to limit global warming. In this scenario, Layered Double Hydroxides (LDHs) are emerging as a
promising class of electrocatalysts to replace the most used noble metals. In this work three Zn-Al LDH with
different Zn?*/AI%" ratio were synthesized and characterized by means of XRD, STEM-EDX and HR-TEM. Their
suitability for CO2RR to CO was assessed by means of a custom-made three-compartment cell, showing an in-
crease in CO selectivity by decreasing the Zn?*/Al*" ratio. The CO, interaction with the samples was firstly
characterized by means of volumetric adsorption measurements, exhibiting an increase in capture capacity by
decreasing the Zn%*/A1%* ratio. The evolution of the samples in interaction with a COy-saturated liquid flow was
then deeply investigated by means of in-situ ATR-IR spectroscopy. The samples displayed a different evolution in
the vibrational region of the carbonate-like species (1800-1200 cm™ 1. To better discriminate the different
carbonate cyclohexane was also employed. A definitive assignment of the main IR bands of the carbonate was
carried out by studying the spectral behavior of the different bands observed in the ATR-IR experiments and by
comparing these results with the existing literature. Interestingly, Zn-Al 1:2 LDH, the most efficient electro-
catalyst for CO2RR, is also the sole sample exhibiting a higher monodentate to total bidentate carbonates ratio,
suggesting that the existence of a higher content of low coordination oxygen anions with stronger basic character
can influence the final catalytic activity.

1. Introduction widely used and the most mature technology, requires also the highest

heat and pressures [5]. On the other hand, biological and photochemical

In the last centuries, there has been a steady increase in carbon di-
oxide (CO3) emissions due to anthropogenic activities. Atmospheric CO5
concentrations have risen from 277 ppm in 1750 to 410 ppm in 2019,
leading to an increase in the global temperature of more than 1 °C [1].
Among the various strategies being explored to limit global warming,
Carbon Capture and Utilization (CCU) technologies are expected to play
a crucial role, offering the potential not only to mitigate emissions, but
also to convert CO5 into a source of fuels and chemicals [2,3].

Various methods, including thermochemical, biological, photo-
chemical and electrochemical conversion, have been investigated to
reduce COz [4]. The thermochemical route, despite being the most
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systems minimize the energetic impact, but the efficiency and selectivity
are usually far from large-scale application [6]. In this context, the
electrochemical reduction of CO, (CO2RR) presents important advan-
tages, such as easy control of the reaction product and rates by changing
the overpotential, mild reaction temperatures and easy separation of the
reaction products, by placing the electrodes into individual chambers [7,
8]. Depending on the catalyst and other parameters involved in the re-
action, the electrochemical reduction of CO, can lead to the formation of
various products such as formic acid (HCOOH), methane (CH,), meth-
anol (CH3OH), ethylene (CyH4), ethanol (CH3CH2OH) and carbon
monoxide (CO) [8]. Among them, CO is of great interest as it is the
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starting point to produce various hydrocarbons and an intermediate for
further reduced products [9,10]. The most active electrocatalysts for the
selective reduction of CO5 to CO are Au and Ag, but their high cost and
scarcity are drawing attention to the study of lower-cost systems using
earth-abundant elements [11,12]. In recent years, layered double hy-
droxides (LDHs) have been widely studied as promising electrocatalysts,
due to their interesting characteristics such as low cost, easy synthesis
procedure, tunability of composition, good ionic conductivity, and high
alkaline tolerance [13-15]. LDHs or hydrotalcites (HT) structures are
characterized by layers of divalent and trivalent cations in octahedral
coordination with hydroxyl ions, causing an overall positive charge
density which is balanced by the presence of divalent anions which are
present in the interlayer along with water. The general molecular for-
mula is [M(IDq.x+)MUIIDy+(OH)21* [Ag/,] mH20 where M(I) and M
(1I1) are respectively the divalent and the trivalent cations, A™ is the
anions and x is the fraction of M(III) cation (x = M(III) / (M(II) + M(III)).
As the temperature is increased, the layered structure slowly collapses to
form a mixed oxide configuration (layered double oxide, LDO) and
finally a spinel structure. Interestingly, the LDH exhibits a memory effect
which allows the original structure to be easily restored by rehydrating
the LDO [16]. This feature, together with the versatility of the structures
that can be easily modified by changing the metals and the interlayer
anions, contribute to making this material suitable for a variety of ap-
plications in addition to electrocatalysis [17].

Over the years, LDHs with different metal compositions were proven
to be potential electrolytes for alkaline type fuel cells thanks to their
high ionic conductivity [18,19] as well as promising catalysts for COy
photoreduction [20] and an alternative to IrO; and RuO; as electro-
catalysts for oxygen evolution reaction (OER) [21-24]. More recently,
Cu-Al LDH and Cu-Mg-Al LDH were employed for CO5 reduction to
CO/HCOOH and CH3COOH respectively [25,26]. The potential use of
LDHs for the selective reduction of CO; to CO was recently evaluated by
comparing three Zn-Al LDHs with increasing Zn?*/AI** molar ratios
(2:1, 3:1 and 4:1) [27]. The Zn-Al 2:1 LDH was proven to be a promising
electrocatalyst for CO2RR showing a CO selectivity of 77% at 1.4 V vs.
RHE in a potassium bicarbonate (KHCO3) solution. Afterward, keeping
the M2*/M>* molar ratio constant, the activity of Ni-Al, Ni-Fe and Zn-Al
LDHs was compared showing for the latter one the highest CO evolution
[28].

Although many studies have been carried out over the years on the
composition and preparation of the electrocatalyst, modifications in the
electrolyte, variations of the cell design with the ultimate aim of
improving the electrochemical activity, little attention has been paid to
the detailed characterization of the active sites present in the electro-
catalysts and to a deep understanding of the interfacial region. Since the
electrochemical reactions take place at the interface between the cata-
lysts and the electrolytic solutions, a deep understanding of the initial
structure and of the species formed at the surface is expected to play a
central role in the comprehension of the reaction mechanism [29]. Many
papers investigated the type, and the strength of the different basic sites
present in LDHs by means of IR spectroscopy, distinguishing between
the different carbonate-like species formed upon CO; interaction
[30-34]. However, the pre-treatment of the sample, which modifies the
original LDH structure, and the measurement conditions usually
employed, lead to a characterisation of the materials in a state far away
from their real application. On the other hand, the experimental tech-
niques able to couple electrochemical and IR spectroscopic, which have
been widely employed recently [29], still have some limitations in
application, in particular: (i) ensuring good conductivity of the system in
poorly conducting samples without affecting the actual performance of
the catalyst (ii) difficulty in reproducing the results obtain ed in classical
electrochemical cells.

Attenuated Total Reflection Infrared Spectroscopy (ATR-IR)
demonstrated over the years to be particularly suitable for the study of
samples interacting with a liquid interface [35-38]. The strength of this
technique compared to other spectroscopic approaches lies in some key
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features such as (i) the intrinsically low penetration depth of the IR beam
in the sample allows investigating mostly the interfacial region, thus
largely avoiding the contribution of the bare liquid phase to the spec-
trum (ii) the possibility to optimize the signal to noise ratio with mul-
tiple reflections [39].

In the present study, three different as-synthesized Zn-Al LDHs
having progressively lower M2*/M3* molar ratios (2, 1 and 0.5) were
electrochemically tested for CO2RR to CO. The interaction of a CO»-
saturated liquid flow with the three samples was deeply investigated by
means of ATR-IR spectroscopy to disclose the existence of different
active sites and correlate them with the catalytic activities of the
different LDHs.

2. Material and methods
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs)2-6 H30, 99.0%), aluminum ni-
trate nonahydrate (AI(NO3)3-9 H30, 98.0%), sodium carbonate
(NayCOs3, 99.8%), potassium bicarbonate (KHCOs3, > 99.5%), and so-
dium hydroxide (NaOH, 97.0%) were purchased from FUJIFILM WAKO
PURE CHEMICAL Co. Ethanol (EtOH, > 99.5%) was purchased from
Kanto Chemical Co., Inc. Water was purified by a distilled water pro-
duction system (SHIMIZU SCIENTIFIC INSTRUMENTS MFG Co., Ltd.).
An anion exchange membrane (AHA) was purchased from ASTOM Corp.
CO gas (>99.5%) was purchased from TAIYO NIPPON SANSO HOK-
KAIDO Corp. All other solvent and chemicals in reagent grade were
purchased and were used without further purification. CO, gas
(99.995%) was purchased by SAPIO group SRL for the volumetric and
spectroscopic measurements, Ny gas (99.999%) was purchased by
SAPIO group SRL and CgH;5 ACS reagent, >99%, provided by Sigma-
Aldrich were used for spectroscopic measurements.

2.2. Synthetic procedure and fundamental characterization

Zn-AlLDHs (Zn-Al 1:2, Zn-Al 1:1, and Zn-Al 2:1) were prepared using
a facile and traditional coprecipitation process [27,28]. Zn(NO3)2-6 H,O
and AI(NO3)3-9 H,0 were dissolved in deionized water with Zn?*/A1>*
= 2.0, 1.0, 0.50 mol%. The mixture was dropped into 0.30 M NayCOs3
solution with stirring at 353 K. 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 Instruments Pte. Ltd.). The obtained
solution was aged at room temperature for 24 h. The resulting white
precipitate was filtered, washed with distilled water, and dried at 323 K
for 24 h. The products were labeled as Zn-Al 1:2, Zn-Al 1:1, and Zn-Al
2:1, corresponding to the starting composition ratio of Zn and Al.

The products were characterized by powder X-ray diffraction (XRD)
to identify the crystalline phase. XRD patterns (CuKa) were taken using
an XRD diffractometer (Mini Flex 600, Rigaku Corp.).

To check the morphology and the experimental Zn:Al ratio STEM-
EDX measurements were performed. The samples were dissolved in
ethanol and sonicated for 10 minutes before being drop-casted on a
standard TEM grid. STEM-EDX experiments were performed using a
ThermoFisher Osiris microscope operated at 200 kV and equipped with
a SuperX detector. BF-TEM experiments were performed using a Ther-
moFisher Tecnai G2 microscope operated at 200 kV and equipped with a
Gatan US1000XP CCD camera. HR-TEM images were taken using an
image corrected ThermoFisher Titan microscope operated at 300 kV and
equipped with a Gatan K2 direct electron detector.

2.3. Electrocatalytic CO2RR experiment
On the three synthesised samples, the electrocatalytic CO2RR ex-

periments were carried out by using a custom-made three-electrode
setup composed of a three-compartment cell (see Figure S1) [28]. The
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cathodic and anodic compartments were separated by a piece of the
anion exchange membrane to avoid the unexpected influence of the
oxidation reaction taking place on the counter electrode. The
LDH-loaded gas-diffusion electrode (GDE) and a platinum mesh elec-
trode (35 x 25 mm, LAKE SHORE CRVOTRONICS Inc.) were used as
working and counter electrodes, respectively. The LDH-loaded GDE was
prepared by simple drop-casting of the catalyst ink on a gas-diffusion
layer (GDL: Sigracet 36BB, SGL CARBON JAPAN Ltd.). The catalyst
inks were prepared by mixing 4 mg of LDH ground for 5 min 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 353 K. The ink
coating area was 1.89 cm?, whose shape was a 1.55 cm diameter circle
and the loading level of the LDH was 2.1 mg cm ™ 2. The LDH-loaded GDE
was further dried at 353 K for at least 30 min to remove the solvents.
Ag/AgCl (3.0 M KCl, BAS Inc.) electrode was used as a reference. An
aqueous solution (0.10 M) of KHCO3 was used as an electrolyte. The CO5
gas flowed with a 50 mL min~! flow rate and 0.10 MPa inlet pressure to
the cathodic compartment, while the solution in the reference electrode
compartment was stirred at 600 rpm with a PTFE stirring bar. Under the
above conditions, CO, electrolysis for 10 min was performed by
applying a voltage with an electrochemical analyser (IviumStat, IVIUM
TECHNOLOGIES B.V.). Gas-phase products were detected by gas chro-
matography techniques (GC-2014, SHIMADZU Corp.; carrier gas: ni-
trogen, flow rate: 10 mL min~?, pressure: 53.2 kPa, vaporization
chamber temperature: 393 K). For the detection of hydrogen (Hs), Mo-
lecular Sieve 5 A (GL SCIENCES Inc.; column temperature: 323 K,
injected sample volume: 1 mL) and a thermal conductivity detector
(TCD, SHIMADZU Corp.; detector temperature: 393 K) were used. For
the detection of CO and gaseous hydrocarbons, PoraPak N (GL SCI-
ENCES Inc.; column temperature: 323 K, injected sample volume: 1 mL)
for a flame ionization detector (FID, SHIMADZU Corp.; detector tem-
perature: 393 K) were used. Electrode potentials in the study were
converted to the reversible hydrogen electrode (RHE) according to the
following equation (Eq. 1):

Erug = Epgjaga +0.222V +0.059 xpH (€D

All potentials and voltages in this work were evaluated without IR
calibration. The Faradaic efficiency (FE) for CO and Hy was calculated
based on the Eq. 2 [40]:

FE — 2Vp rF
IRT

(2)

Where V was the volume concentration of CO or Hs in the produced gas
from the reaction cell. I (mA) was the average current during the reac-
tion, and r was the CO-, flow rate (m3 s 1) at ambient temperature and
pressure. For the other constants in the formula, p was 1.013 x 10° Pa, F
was 96485 C mol !, R was 8.3145 J mol * K™}, and T was 298 K.

2.4. Advanced Characterization

A deep spectroscopical investigation was performed on the three Zn-
Al LDHs to identify possible differences in active sites on the different
samples.

A first preliminary investigation of the materials affinity for COy was
performed by evaluating the CO, capture capacity, by collecting
adsorption/desorption isotherms. The measurements were performed at
308 K using a Micromeritics 3Flex sorption analyzer. The temperature
was kept constant thanks to a Thermoelectric Cooled Dewar (ISO
Controller) provided by Micromeritics. This measurement temperature
was chosen due to the better temperature stability observed with this
setup under these conditions. The samples were previously pre-treated
under vacuum at 353 K for 4 h. This activation temperature was care-
fully chosen to preserve the LDH original structure, by examining the
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variable temperature X-ray diffraction (VT-XRD) pattern of the Zn-Al
2:1sample. The VT-XRD was performed between room temperature
and 723 K using a SmartLab diffractometer (Rigaku, CuK1, A= 1.541A).
The temperature ramp was set at 5 K min " and the diffractograms were
collected in isothermal condition every 10 K. Raman spectra were
collected on a Renishaw inVia Raman microscope spectrometer. A diode
laser emitting at 785 nm was used while photons scattered by the
sample were dispersed by a 1200 lines/mm grating monochromator and
simultaneously collected on a CCD camera. The collection optic was set
at 50X objective, and the spectral collection consisted of 10 acquisitions,
each of 10 s. The spectra of the three LDH samples were obtained by
summing up three different spectra.

In-situ ATR-IR measurements were performed with a Bruker Invenio
Fourier transform spectrometer to investigate the effect of the interac-
tion of CO, with the LDH samples. The spectrometer is equipped with a
MCT cryo-detector (Mercury Cadmium Telluride) which operates at
liquid nitrogen temperature (~77 K). During the test, each collected
spectrum consists of an average of 32 scans (64 for the background
spectrum). The ATR-IR measurements were carried out using a com-
mercial horizontal ATR mirror unit and cell (HATR, Horizontal ATR
accessory provided by Pike Technologies) equipped with an AMTIR
single crystal (internal reflection element 80x10x4 mm, 45°, Specac).
Prior to each measurement, LDH samples were suspended in deionized
H50 (~10 mg per 0.5 mL), deposited on the crystal and dried overnight
at room temperature. The ATR-IR spectra of the dried samples were
collected before each experiment. The structural interlayer carbonates
were identified, and the underlying area was used to normalize the
following LDH spectra.

The ATR cell was then flushed with liquid HyO saturated with Ny
which was supplied through a mass flow controller with a flow rate of
15 mL min *-H,0 and N, were circulated over the deposited LDH at
room temperature for 30 minutes to verify the stability of the sample
deposition. The circulation was controlled through a peristaltic pump
operated at 2.0 mL min'. The inlet gas was then switched to CO5 and a
COgq-saturated liquid H,O flow was circulated over the sample for
another 30 minutes (a schematic representation of the setup is reported
in Scheme 1).

The same experiment was repeated with cyclohexane instead of HyO
to further characterize the sample. Based on those results, a band fitting
of the carbonates-like species formed on the LDH structure was per-
formed by means of the FIT routine by Bruker, which allows the inter-
active search for the best fit to the examined experimental spectral
segment based on several spectral components imposed by the operator.
Once the spectral position and all the major spectral parameters (half-
bandwidth, percent of Gaussian profile) have been fixed, the remaining
ones were allowed to float freely. Lastly, the carbonates evolution in
time was studied by making a fitting of the carbonates originated from
the CO,-saturated H,O flow at 0,7.5,15, 22.5, 30 minutes. The under-
lying area of each couple of carbonates was calculated and reported in
histograms.

3. Results and discussion

XRD patterns were first collected to check the crystalline structure of
the synthesized LDHs (Figure S2). For all the samples, the (003) and
(006) plane reflections, characteristic of the layered structure, were
observed and were assigned to the previously reported XRD pattern of
Zn-Al LDH with carbonate (CO%’) as interlayer anions [41], without
other impurity peaks.

In Fig. 1 BFTEM, HRTEM and STEM-EDX maps are shown. The BF
TEM analysis (Fig. la-c) revealed the typical hexagonal particles
morphology in all LDH samples. The three samples show differences in
particle size and mean particle thickness, HR-TEM also revealed varia-
tions in the mean basal spacing (see Table S1 for the values).

STEM-EDX elemental analysis (Fig. 1g-i) yielded mean Zn:Al ratios of
1.96(25), 1.56(20), and 1.19(38) for Zn-Al 2:1, Zn-Al 1:1, and Zn-Al 1:2,
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to waste

ATR cell

Scheme 1. Schematic representation of the set-up used during the in-situ ATR-IR measurement.

400nm

Fig. 1. (top) BF-TEM (middle) HR-TEM images and (bottom) HAADF-STEM elemental maps of Zn-Al 2:1 (a,d,g), Zn-Al 1:1 (b,e,h) and Zn-Al 1:2 (c,f,i). All maps are
given in counts.

respectively. In the Zn-Al 1:1 and Zn-Al 1:2 samples there were also expected value. Considering that no impurity peak was observed in the
smaller particles present that contained only aluminum. This could XRD pattern, the particles containing only aluminum were ascribed to
explain the deviation of the measured mean Zn:Al ratio from the amorphous alumina.
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The potential application of Zn-Al LDHs as electrocatalysts for
CO2RR to CO was then evaluated by means of a three-compartment cell
(see Figure S1). The electrocatalytic CO2RR was performed at the
applied potentials of —0.60 to —1.40 V vs. RHE in 0.1 M aqueous KHCO3
solution as a typical electrolyte. The applied potential dependence of
current density (j) and Faradaic efficiency (FE) are shown in Fig. 2.

Fig. 2 shows that the catalytic currents were observed and increased
with more negative applied potentials in all the samples. The main
gaseous products for all the Zn-Al LDHs were CO and Ha, and the partial
current densities of CO evolution tended to be larger in the case of Zn-Al
1:1 and Zn-Al 1:2 than in the case of Zn-Al 2:1 while the total current
density and the partial current density of H evolution were larger in the
order Zn-Al 2:1 > Zn-Al 1:1 > Zn-Al 1:2, thus H; evolution tended to be
suppressed for smaller Zn/Al ratios. The suppression of Hy evolution
mainly contributed to the increase of FE of CO evolution (FEco) with
decreasing Zn/Al ratios, which were 11, 37, and 40% at —1.4 V vs. RHE
for Zn-Al 2:1, Zn-Al 1:1, and Zn-Al 1:2, respectively. On the other hand,
the FE of Hj evolution (FEys) decreased with decreasing Zn/Al ratios,
which were 73, 48, and 42% at —1.4 V vs. RHE for Zn-Al 2:1, Zn-Al 1:1,
and Zn-Al 1:2, respectively. These results show a progressive suppres-
sion of Hy evolution in favor of CO by decreasing the Zn/Al ratio,
reaching the best performances for Zn-Al 1:2. Additionally, the STEM-
EDX elemental analysis suggests that amorphous alumina detected in
Zn-Al 1:1 and Zn-Al 1:2 could contribute to the suppression of Hy and to
the parallel promotion of CO evolution. Even if alumina itself is basically
inert to electrochemical reactions, [42,43] low alumina content in oxide
matrices or as a catalyst surface modifier has proven to be also beneficial

(a)
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since tuned properties such as active chemical sites enhancement and
oxidation capacity can be achieved [42-46]. In this sense, stronger
oxidation capacity could accelerate the production of reactive oxygen
species (02’, O3 and O.) [46]. Therefore, amorphous alumina con-
tained in Zn-Al 1:1 and Zn-Al 1:2 could also contribute in the
enhancement of CO evolution

The three LDHs were then deeply characterized to investigate
possible differences in their active sites.

The CO; adsorption capacities of the Zn-Al LDHs was investigated by
collecting volumetric CO5 adsorption isotherms at 308 K (Figure S3).
Prior to the measurements, the samples were activated at 353 K for 4 h
in vacuum. To prove that the original LDH structure is still preserved
under those activation conditions, a VT-XRD experiment was performed
on the Zn-Al 2:1 sample (Figure S4). The reflections associated to the
LDH structure disappeared between 373 and 423 K. However, since the
activation prior to the volumetric measurements is performed under
more severe conditions (i.e., in vacuum and not under inert gas flow),
the selected safety temperature for the pretreatment was lower than
373 K.

Although the overall CO2 uptake at 308 K is low (< 0.5 mmol/g) for
all samples, the three LDHs exhibit the following CO, adsorption trend:
Zn-Al 1:2 >> Zn-Al 1:1 > Zn-Al 2:1. Even if the volumetric measure-
ments are performed with pure CO3 in gas phase (i.e. far from the real
catalytic conditions), they provide a first insight into the different af-
finity of materials for CO2. == It is worth noting that Zn-Al 1:2, dis-
playing the best catalytic performances, has also the highest CO5 capture
capacity. This behavior suggests that a peculiar CO, adsorption

(b)
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Fig. 2. Applied potential dependence of current density (j, upper row figures) and Faradaic efficiency (FE, lower row figures; orange bar: CO, blue bar: H,) for
CO2RR in 0.10 M aqueous KHCO3 solution with (a) Zn-Al 1:2, (b) Zn-Al 1:1, and (c) Zn-Al 2:1.
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mechanism occurs in Zn-Al 1:2 sample. Therefore, a further investiga-
tion of the CO; interaction mechanism in conditions closer to the elec-
trocatalytic ones was carried out by means of in-situ ATR-IR
spectroscopy.

To have a clear overview of the different species involved, the
spectra of the dried depositions (i.e. obtained on the ATR-IR crystal after
solvent evaporation, as reported in the experimental section) were first
collected and analyzed (Fig. 3).

All the samples exhibit a broad band at high wavenumbers
(3900-2500 cm ™) ascribable to the hydroxyl stretching vibrations. In
this spectral region three main contributions could be identified: i) the
-OH stretching vibration of structural M-OH (M = Zn or Al) species
(3500-3400 cm’l); ii) OH stretching vibrations of the interlayer HyO
molecules (3300-3100 crn_l); and iii) OH stretching vibrations per-
turbed by the bridging mode of CO% - H,O species located in the
interlayer (3050-2950 cm 1) [47,48].

In the low frequency region (1000-650 cm™}), another broad band
can be identified in all the LDH samples. This signal results from the
overlapping of the v, out of plane stretching mode of structural inter-
layer CO%' carbonate anions (at ~860 cm™) and of the lattice HO-M-OH
and M-OH (450-800 cm ') vibrations [49,50].

Lastly, in the intermediate spectral region (1800-1200 cm 1), a band
at 1640 cm™}, attributed to the bending vibrations of the structural
interlayer water molecules and physiosorbed water, and a band at about
1400 cm ™, corresponding to the asymmetric stretching vs mode of the

Journal of CO2 Utilization 83 (2024) 102804

structural interlayer CO%, were observed [51]. Interestingly, there is
lower wavenumber component (~1365 cm_l) in this last band. As re-
ported by Labajos and al., [52] the interaction of the carbonate ions with
water in the interlayer is responsible for a decrease in symmetry
compared to the free carbonate ion leading to a splitting of the vg
asymmetric stretching bands. The different components just described
are highlighted in the band fitting of the 1800-1200 cm ™" region, shown
in Figure S5. A further proof of this phenomenon is the clear appearance
of the v; symmetric stretching band at 1060 em ! in the spectrum of
Zn-Al 1:2. This signal is usually IR inactive, but it could be activated by
the symmetry change of the interlayer carbonates.

The other bands in the 1550-1480 cm ™! range originate from the
formation of surface (non-structural) carbonate-like species, due to the
exposure of the material to the atmospheric CO,. These signals could be
removed by performing a high temperature pre-treatment, but as
mentioned above, the original LDH structure is only preserved if the
temperature does not exceed 373 K.

The mid-IR spectral range of the three samples perfectly match with
the Raman spectra (Table S2 and Figure S6), where the v; CO%’ sym-
metric stretching is clearly visible at 1061 cm ™!, while the other two less
intense Raman-active carbonates vibrations at 680 cm ™! (v4 in-plane
deformation) and 1415 em! (vs asymmetric stretching) were not
observed due to their weak nature and the partial fluorescence of the
samples [51]. At lower wavenumbers, two narrow bands were observed
at 553 cm™! and at 480 cm™!, attributed to the Al-O-Zn and Al-O-Al
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Fig. 3. ATR-IR spectra of the dried samples of Zn-Al 1:2 (blue curve), Zn-Al 1:1 (green) and Zn-Al 2:1 (red curve). The spectra were normalized by the underlying

area of the structural interlayer carbonates (Fig. S5).
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vibrational modes, respectively, [53]. The signal at 153 cm™}, previ-
ously observed by Palmer et al., can be assigned to vibration modes
involving the hydrotalcite OH units and the water molecules in the
interlayer [53]. At higher wavenumbers, the florescence is preventing a
clear identification of the main components.

After investigating the main bands present in the different spectra of
dried Zn-Al LDHs depositions, the interaction of the samples with a CO»-
saturated HoO flow was examined by means of ATR-IR spectroscopy,
following the methodology described in Section 2.2 (Fig. 4a-c).

The interaction of COy-saturated liquid HyO leads to the appearance
of a variety of signals in the 1800-1200 cm™! spectral region, usually
associated with carbonate-like species originating from the interaction
of CO, with the basic LDH sites [51]. As previously mentioned, when the
symmetry of the free carbonate ions is lowered, the original vs asym-
metric CO% stretching band at around 1415 cm™! present in the LDHs
spectra (Fig. 4) splits in two distinct components (the symmetric v3sym
and the asymmetric V3, vibrations). Depending on the type and
strength of the surface sites, different carbonate-like species are formed
resulting in a complex carbonate evolution spectral profile.

The spectrum of Zn-Al 1:2 shows a rapid increase of the bands at
~1340 cm™!, followed by a gradual increment of the signal at
1520 cm L. This latter band probably overlaps to another signal at lower
wavenumbers (approximately 1450 cm™}), rising with a similar trend.
Additionally, the broadness of the band related to the HOH bending
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vibrations at 1640 cm ™! also suggests the existence of other spectral
components superimposed at higher wavenumbers. The spectra
collected at higher CO5 coverage (colored curves) display an unusual
minimum at 1363 em ™!, which further complicates the identification of
the different components, especially for Zn-Al 1:1 and Zn-Al 2:1 LDHs.
This downwards band will be discussed in detail later on.

The Zn-Al 1:1 sample shows, similarly to Zn-Al 1:2, a first increase of
the 1340 cm ™! band followed by of the rise of a broad band in the 1580
and 1400 cm ! spectral region. Unfortunately, this sample exhibits an
important minimum at 1363 cm™! which partially hides a probable
second component at around 1450 cm ™! and leads to a difficult identi-
fication of the real maxima of the different spectral components. For Zn-
Al 1:1 and even more for Zn-Al 2:1, the carbonates evolution seems to be
lower compared to Zn-Al 1:2, especially for the bands between 1580 and
1400 cm ! which are nearly absent for Zn-Al 2:1. Indeed, for this sample
the prevalent band is the HOH bending at 1640 cm ™!, together with the
presence of the minimum at 1363 cm ™.

Notably, all samples show a decrease in intensity at 1363 cm™},
leading to the appearance of negative bands for Zn-Al 1:1 and Zn-Al 2:1.
Since the vibrational frequency of this negative signal coincides with
that of the structural interlayer carbonates (see comparison in
Figure S7), it is likely due to a loss of deposition by the crystal, generated
by the COs-saturated H,O flow. To minimize the risk of deposition loss
and to better appreciate the carbonates bands hidden by the presence of
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Fig. 4. In-situ ATR-IR spectra in the carbonate-like region (1800-1200 em ™)) of Zn-Al 1:2 (a, d), Zn-Al 1:1 (b, e) and Zn-Al 2:1 (c, f) under a CO,-saturated H,O flow
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the intense HOH bending mode at 1640 cm™}, a different solvent was
used.

Even though water was chosen as the solvent closest to the reaction
conditions, to further investigate the formation of carbonates upon CO,
adsorption, the same tests were repeated in CgH;5 (experimental pro-
cedure reported in Section 2.2 and Fig. 4d-f).

The three samples show a carbonates spectral evolution coherent
with what was previously observed for COy-saturated HyO flow (see
comparison in Figure S8) but with a higher spectral resolution. The IR
spectra collected in CgHi, are characterized by a band at 1448 cm™!
ascribed to the CHj scissoring bending mode [54]. However, considering
the medium-weak intensity of this signal, it does not preclude the
investigation of the carbonates spectral region. As previously observed
in H30, upon contact with COs-saturated C¢Hjo flow, the spectrum of
Zn-Al 1:2 sample (Fig. 4d) shows an increase of the band at ~1340 cm!
along with an increment of the signals in the 1700-1600 cm ™' range,
now clearly displaying the presence of two distinct and well-resolved
components at 1616 cm ! and 1660 cm ™. The band at 1340 cm ™! is
characterized by a tail at low frequencies, confirming the existence of an
additional component. The 1600-1370 cm™! region also gradually in-
creases in intensity, revealing the presence of two distinct components,
although the presence of the CH, bending mode prevents a clear iden-
tification of the maxima. Similarly, Zn-Al 1:1 shows a first increase of the
bands at 1616 and 1340 cm ™! followed by the increment of the bands at
1660 cm L. The latter can probably be coupled with a component falling
between 1340 and 1200 cm ™}, as suggested by the asymmetric shape of
the band with apparent maximum at 1340 cm™'. An increase of the
bands in the 1600-1370 cm™! spectral region is also observed, although
less pronounced than in Zn-Al 1:2. Lastly, the Zn-Al 2:1 spectrum is
characterized by a scarce evolution of the carbonates bands.

For all samples, a spectral minimum at 1363 cm ™! was detected, but
less pronounced than that observed in the water stream, suggesting a
higher stability of the sample deposition when in contact with a C¢Hj2
solution.
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By looking at the whole carbonate spectral profile, Zn-Al 1:2 displays
a greater carbonates evolution than Zn-Al 1:1 and Zn-Al 2:1 in both H,O
and in CgHj, Interestingly, this result agrees with the volumetry data
collected at 308 K, where Zn-Al 1:2 LDH shows a CO capture capacity at
1 bar higher than for Zn-Al 1:1 and Zn-Al 2:1 (50% and 75% respec-
tively). Another interesting finding is the possibility to better appreciate
the existence of two IR components when the experiment is carried out
in CgHi flow: one with an apparent maximum at 1660 cm™ ' and
another between 1340 and 1200 cm ™!, which were weakly detectable in
the tests performed in H,0. These bands can be associated to a basic
oxygen, which preferentially interacts with HyO rather than CO,. For
this reason, the interactions with these sites are only distinguishable
when the experiments are carried out in CgHjs. It is worth noting that
the increase of those new spectral components is associated with a
decrease of the signals in the 1580-1370 cm ™! range, suggesting that a
family of carbonates forms at the expense of another.

After the spectroscopic study of the interaction of the CO-saturated
Hy0 and CgHjp flows with the three samples (Fig. 4), the main
carbonate-like species generated by CO, adsorption were tentatively
assigned (Fig. 5 and Figure S9 and section S6 for the fit parameters). A fit
of the main families of carbonates was performed, keeping the position
of the structural interlayer H,O and CO% components fixed (see
Figure S5 and Figure S9 for the resulting fit and section S6 for the fit
parameters in the SI).

As reported above, CO, can interact with basic sites or acid-base
couples forming carbonate-like species, whose main signals are detec-
ted in the 1800-1200 cm™! spectral range and originate from the
decoupling of the original vz asymmetric CO3 signal at 1415 cm™?,
related to the free carbonate ion, into two stretching bands (symmetric
and asymmetric carbonate components) [51]. The distance between
those two “new” stretching components (Avs) is usually inversely pro-
portional to the basic strength of the sites available in the material.
Indeed, the monodentate carbonates, which have low coordination ox-
ygen anions and account for the strongest basic sites, usually display a
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Fig. 5. Band fitting of carbonate-like species species of IR spectra collected under Ny-saturated and CO,-saturated H,0 flows in the 1800-1200 cm™! range. The
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structural carbonates are reported in light green and the component of bending vibrations of structural and physiosorbed water is reported in light blue. The resulting

fit is reported in Fig. S9 and in section S6 for fit parameters.
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Avs of ~100 cm™!. The bidentate carbonate-like species, which form on
acid-base pairs (Zn2+'02’ or A13+—02') and constitute the intermediate
strength basic sites, usually show a Avs of ~300 cm ™! for the chelated
ones and of ~400 cm ! for the bridged ones (see Table S3 for a sketch of
the different carbonate-like species)) [30,34,51,53]. Lastly, the other
carbonates can form upon CO; interaction as bicarbonates or poly-
dentate species. Bicarbonates are easily discernible due to the presence
of the characteristic, sharp C-OH bending (8oyg) mode in the
1225-1240 cm ! spectral range and are usually weakly bonded, while
polydentate species in gas phase are usually strongly resistant to
degassing conditions [51,55].

The assignment of carbonate species based on Avs is not always
straightforward, since the band frequencies can be affected by the
polarizing power of the metal cations, the composition of the material,
the presence of water and/or cations external to the metal coordination
sphere, and many other factors [51,56,57]. However, the identification
of the main carbonate species formed on LDHs reported in the literature
is reasonable following the values of Avs reported above (See Table S2)
[31-34,58,59]. Di Cosimo et al. [31], who investigated the interaction of
CO5 with Mg-Al mixed oxides having different molar ratios (0.5-9.0),
reported the  presence of  unidentate  carbonates at
1510-1560 cm™!(asym vO-C-0) and at 1360-1400 cm™! (sym vO-C-O)
with a Avg in the range of 200-110 cm ™. The bidentate carbonates were
detected at 1630-1610 cm’l(asym v0-C-0) and at
1340-1320 cm ™! (sym vO-C-0) with a Avg of 310-270 cm ™, while bi-
carbonate species show two bands at 1650 em ! and at 1480 cm™!
together with the appearance of the C-OH bending mode at 1220 cm ™.
Comparable frequencies were reported in a similar system by Leon et al.
[32] where, unlike to Di Cosimo et al., two different families of
unidentate carbonates and both chelated and bridged bidentate species
were detected. Perez-Ramirez et al. [33] reported the presence of
monodentate and bidentate chelated carbonates having a Avs lower
than the previously mentioned authors, while Coenen et al. [34], who
investigated a K promoted Mg-Al mixed oxide in the presence of wet
COo, mainly reported the appearance of bidentate species. Although the
literature data reported above could be a good starting point for the
assignment in this paper, all of them deal with the study of the car-
bonates formation in the gas phase on pre-calcined LDH samples, and
are therefore far from the conditions reported here (contact with a CO5
saturated liquid phase). To develop a consistent identification of the
carbonate bands of this work, a correlation between the evolution of the
bands observed upon CO contact in both H;O and CgH;5 was found
(Fig. 4).

Consequently, the main bands have been assigned, mainly referring
to the work of Debecker et al. [30], in the following way: (i) signals at
1527/1456 cm™! to asymmetric and symmetric O-C-O stretching of
monodentate carbonates (Md), (i) components at
1616-1612/1368-1369 cm™! to asymmetric and symmetric O-C-O
stretching of bidentate chelated (Bc) carbonate and (iii) bands at
1660-1321 cm™! to asymmetric and symmetric O-C-O stretching of
bridged (Bb) carbonates. The absence of the characteristic 8oy in the
1225-1240 cm™! spectral range suggests the non-presence of bi-
carbonates even if the presence of the liquid phase complicates their
identifications [60]. This assignment agrees with the bands evolution
observed in the differential spectra (Fig. 4a-c). In particular, the couple
of bands assigned to Md carbonates (orange components at 1527 and
1456 cm™! in the band fitting of Fig. 5) exhibits a similar spectral
behaviour in the differential spectra, which in contrast, differs from the
evolution of the components associated with Bc carbonates (indigo
signals at 1616-1612 and 1368-1369 cm ™" in the band fitting of Fig. 5).
The Bb carbonates bands (violet bands at 1660 and 1321 cm™! in the
band fitting of Fig. 5) are in the same position at which new components
were observed in the CgHjs tests. It is worth recalling that the same
signals were hardly detected in the presence of H,O. This is consistent
with the fact that bidentate carbonates formation requires a coordina-
tion vacancy to be available in the same coordination sphere of a basic
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oxygen. This circumstance is favoured only at higher degree of dehy-
dration [55].

As previously pointed out, due to the low intensity of the signals, the
carbonate evolution in the samples could be noticed only by subtracting
the spectra of the wet Nj-saturated sample from the wet CO,-saturated
one. Indeed, the not-subtracted ATR-IR spectra show only few differ-
ences in the intensity of the various components (see difference between
solid and dashed spectra in the whole range of Fig. 5). To better
appreciate the evolution of the carbonate species over time, the band
fitting of the spectra at intermediate CO» coverage (collected each
7.5 minutes after the switch of N to CO2) was performed and the area of
the different carbonates spectral components was evaluated (Fig. 6 and
Table 1). Even if a comparison of the carbonates evolution among the
three samples would probably lead to a wrong interpretation, the change
over time within the same sample could be better evaluated. In partic-
ular, contrary to what is observed in the other two LDHs, the Zn-Al 1:2
LDH shows a higher amount of Md carbonates compared to Bb and Bc.
However, the sum of bidentate species (Bb+Bc) it is always higher than
the Md carbonates in all samples. For this reason, to really highlight the
differences among the various LDHs in carbonate species formed upon
CO,, interaction, an evaluation of the monodentate to total bidentate
carbonates ratio (Md/(Bb+Bc)) must be carried out. Interestingly, the
Md/(Bb+Bc) ratio of Zn-Al 1:2 is higher than for the other two samples
(0.680 for Zn-Al 1:2 LDH versus 0.466 and 0.416 for Zn-Al 1:1 and 2:1
respectively), testifying a larger contribution of monodentate species in
Zn-Al 1:2. By looking at the bidentate species individually, all samples
show a higher content of Bc species compared to the Bb carbonates (Bb/
Bc ratio of 0.840, 0.857 and 0.811 in Zn-Al 1:2, 1:1 and 2:1,
respectively).

With the same criteria, the band fitting was performed to the ex-
periments performed in CgH; 5 (Figure S10 and Figure S11 and Section 6
for the fit parameters), showing a behavior comparable to the one
observed in the presence of water. Even if the ratios of the intensity of
the different carbonate components are different compared to the test in
water, the amount of carbonate-like species, and in particular of Md
carbonates, of the Zn-Al 1:2 sample is significantly higher than for the
other two LDHs (Table S4).

Since the different carbonate species are strictly connected with the
strength of the basic sites, the relative intensities of the IR bands of the
various carbonates families provides a powerful tool to discriminate
among materials with different basic nature. In particular, the preva-
lence of the Md carbonates in Zn-Al 1:2 is probably related to the
presence of a higher content of low coordination oxygen anions having a
strong basic character. On the other hand, Zn-Al 1:1 and 2:1, with a
lower Md/(Bb+Bc) ratio, are probably characterized by a higher content
of acid-base pairs with intermediate basic strength. Interestingly, Zn-Al
1:2 also exhibits a more pronounced difference between the spectra of
the COg-saturated and Nj-saturated sample, (see solid and dashed
spectra of Fig. 5a in the whole range), together with a higher CO5
adsorption capacity displayed in the volumetric measurements
(Figure S3). Those results ultimately suggest not only the presence of
stronger basic sites in Zn-Al 1:2, but also an overall higher affinity of this
sample towards COx.

The different basic sites are expected to play a crucial role in the
overall reaction during the electrocatalytic tests. For this reason, the
results derived from the spectroscopic investigation of the different
species involved in the CO; interaction could explain the highest per-
formances of Zn-Al 1:2 in the CO2RR.

4. Conclusion

In this work, three different Zn-Al LDHs having a Zn?*/AI®" ratio of
2.0, 1.0 and 0.50 were synthesized by means of a co-precipitation
method and characterized. The possible applicability of those mate-
rials for the electrochemical CO2RR to CO was tested in a custom-made
three-compartment cell, using KHCOj3 as electrolytic solution. The two
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Table 1

Evaluation of the carbonate species formed upon the interaction of the samples
with a CO,-saturated H,O flow. For each sample, the average of the intensities of
the histograms in Fig. 6 (Average), the sum of bridged and chelated bidentate
(Total Bidentate Bb-+Bc), the Monodentate to Bidentate ratio (Md/Bb+Bc) and
the ratio between the two bidentate species (Bb/Bc) was reported.

Carbonate species Average  Bb+Bc  Md/ Bb/
(Bb+Bc) Bc
Zn-Al LDH Bidentate bridged 0.652 1.430 0.680 0.840
1:2 (Bb)
Bidentate chelated 0.776
(Bc)
Monodentate (Md) 0.973
Zn-Al LDH Bidentate bridged 0.493 1.069 0.466 0.857
1:1 (Bb)
Bidentate chelated 0.575
(Be)
Monodentate (Md) 0.498
Zn-Al LDH Bidentate bridged 0.429 0.959 0.416 0.811
2:1 (Bb)
Bidentate chelated 0.529
(Bc)
Monodentate (Md) 0.399

major products formed during the reaction were CO and Hy, which are
competitively generated. The selectivity for CO increased by reducing
the Zn/Al ratio at the expense of H, which progressively decreased till
reaching, for Zn-Al LDH 1:2, a selectivity of 40% for CO and of 42% for
H,, under the applied potential of 1.4 V vs. RHE.

To investigate the active sites and their evolution upon a CO»-satu-
rated liquid flow, an extensive ATR-IR spectroscopic characterization
was performed. Firstly, the as-synthesized dried samples depositions
were studied by means of IR and Raman spectroscopy, confirming the
presence of the vibrational modes usually associated with the hydro-
talcite structure. The CO; affinity was also evaluated by means of
volumetric adsorption measurements, showing, for Zn-Al 2:1 LDH, the
highest capture capacity (0.36 mmol g * at 308 K and 1 bar).

Afterwards, the evolution of the IR bands of samples in interaction
with a COy-saturated H,0 flow was investigated, showing peculiar dif-
ferences in the 1800-1200 cm™! spectral region, possibly associated
with the formation of different carbonate families. The same experiment
was also repeated using CgHj» as a solvent, so reducing the deposition

10

loss and allowing the discrimination of the different IR components. By
considering the evolution of the carbonate bands upon CO5 interaction
in both Hy0 and CgH;2, and by comparing them with the literature data,
the signals ascribed to the different carbonates families were easily
identified. Looking at the ratio between Md carbonates and bidentate
one (Md/(Bb+Bc)), the Zn-Al 1:2 LDH shows a greater contribution of
monodentate species with respect to the others.

The differences observed in the carbonate families provides a
powerful tool to discriminate among materials with different basic sites.
Considering the Zn-Al 1:2 LDH, where the Md carbonates prevail, a
higher content of low coordination oxygen anions with strong basic
character is expected. On the other hand, increasing the Zn%t /APt ratio,
the samples are characterized by a higher content of acid-base pairs with
intermediate basic strength. Since the CO5 adsorption is the first step of
the CO2RR, differences in the basic character and, consequently, in the
carbonate formation are expected to play a crucial role in the overall
reaction. In addition, since the spectroscopic characterization was car-
ried out without any previous treatment of the samples, the present
work could be useful for the study of adsorption processes under more
realistic conditions, since, to the best of our knowledge, this is the only
work dealing with the study of CO, adsorption on LDHs in a water
environment.
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