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Abstract: The CO, electrochemical reduction reaction (CO,RR) is one of the most promising methods
to reduce carbon dioxide emissions and store energy. At the same time, the pathways of CO,
reduction reaction are diverse and the products are abundant. Converting carbon dioxide to Cy,
products, a critical feedstock, requires a C—C coupling step with the transfer of more than 10 electrons
per molecule and, hence, is kinetically sluggish. The production of some key adsorptions is conducive
to the formation of Cy, products. In this work, we used in situ techniques to figure out the reason
why hexagonal-close-packed (hcp) Co nanosheets (NSs) have high activity in CO;RR to ethanal.
According to the in situ Raman spectra, the high local pH environment on the catalyst surface is
favorable for CO;RR. The high pH at low potentials not only suppresses the competing hydrogen
evolution reaction but also stimulates the production of COCO* intermediate. The isotopic labeling
experiment in differential electrochemical mass spectrometry (DEMS) provides a possible sequence
of the products. The 13CO is generated when we replace >?CO, with 13CO,, which identifies the
origin of the products. Besides, in situ electrochemical impedance spectroscopy (EIS) shows that the
hep Co at —0.4 V vs. RHE boosts the H,O dissociation and proton transfer, feeding sufficient H* for
CO; to *COOH. In the end, by analyzing the transmission electronic microscopy (TEM), we find that
the Co (002) plane may be beneficial to the conversion of CO, and the adsorption of intermediates.

Keywords: electrocatalyst; electrochemical CO; reduction; Co hep; in situ Raman spectra; DEMS

1. Introduction

With the continuous development of economy and society, the process of industrial-
ization has been accelerated, and the continuous consumption of traditional energy has
led to a series of environmental problems such as acid rain, global temperature rise, and
land desertification [1-3]. In recent years, in order to reduce the harm caused by carbon
dioxide emissions to the environment and society, researchers have paid more and more
attention to the capture and conversion of CO, and other related technologies [4]. Carbon
dioxide can be converted into carbon monoxide, methane, formic acid, and other valuable
chemical resources through thermal reduction, photoreduction, electrochemical reduction,
and biological conversion [5]. Among them, the reaction of electrochemical reduction of
carbon dioxide has many advantages, such as environmental protection, mild reaction
operating conditions, and easy control of the reaction process, and has attracted a lot of
attention from researchers [6,7]. Under the condition of controlling the catalyst and the
catalytic reaction, the electrocatalytic reduction reaction of carbon dioxide can produce
various chemical raw materials with economic value such as carbon monoxide, formic
acid, methane, and ethanol [8,9]. In the electrocatalytic CO, reduction process, simple
carbon compounds such as CO and formic acid can be directly obtained through electron
transfer and proton transfer. And, by forming adsorption intermediates (such as *CO),
ethylene, ethanol, and other multi-carbon compounds can be further obtained through the
C-C coupling step.
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However, there are quite a few challenges or bottleneck issues that need to be ad-
dressed before this technology is deployed extensively in the industry, such as low reac-
tion rate, energy efficiency (proportional to the total cell voltage), and product selectivity
(Faradaic efficiency, FE) [10,11]. Carbon dioxide has a stable linear structure, and the sta-
ble carbon-oxygen double bond leads to the difficult reaction of electrocatalytic carbon
dioxide reduction, which requires an efficient catalyst to drive the reaction. Based on our
previous work [12], we found that the hcp Co has good activity for electrocatalytic carbon
dioxide reduction.

With the development of electrocatalysis, exploring the mechanism of electrocatalysis
and clarifying the structure—activity relationship are the key methods to solve the bottle-
neck of electrocatalysis development [13]. However, the previous test methods have not
been able to monitor the catalytic intermediates and show the reaction path in real time.
Therefore, it is very important to monitor the dynamic evolution process of catalyst interme-
diates in real time by using in situ characterization technology. The in situ characterization
technique is an important means to determine the active site, chemical reaction mechanism,
and the relationship between catalysts structure and performance and provides theoretical
guidance for the design and development of efficient and stable catalysts.

In this work, we further analyze the production of good activity of Co in combination
with the development of in situ techniques. Using in situ Raman spectroscopy to monitor
the reaction process, we find that the high pH on the catalyst surface is beneficial for
suppressing the HER and promoting the production of COCO* intermediate. Conclusions
from our DEMS data challenge and refine our current mechanistic understanding of the
mechanistic link from CO, to ethanal by conducting isotope-labelled (}2C/'3C) experiments.
Additionally, in situ electrochemical impedance spectroscopy (EIS) reveals that hcp Co at
—0.4 V vs. RHE enhances water dissociation and proton transfer, providing ample H* for
CO, to *COOH. Moreover, transmission electronic microscopy (TEM) analysis indicates
that the Co (002) plane may aid in CO, conversion and intermediate adsorption.

2. Results
2.1. The Catalytic Properties

The cyclic voltammetry (CV) curve and linear sweep voltammetry (LSV) curve are
shown in Figure 1. The hcp Co NSs was tested in CO;-saturated 0.5 M KHCOj3 aqueous
solution. The CV and LSV curves have obvious reduction peaks at —0.4 V, which is
attributed to the reduction in CO; on the Co surface. From —0.2 V to —1 V, the carbon
dioxide reduction reaction occurs on the hcp Co NSs.
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Figure 1. Catalytic performance of hcp Co NSs for CO;RR: (a) CV curve; (b) LSV curve.



Catalysts 2023, 13, 1384

30f13

2.2. In Situ Raman Spectra

Raman spectroscopy is characterized by the frequency shift caused by interactions of
matter and photons, which can reflect the microstructure information of matters, such as
crystal lattice vibration as well as molecular rotation and vibration [14]. Electrochemical
in situ Raman spectroscopy combines the characteristics of Raman spectroscopy and
electrochemistry, which allows for the characterization of catalyst surface evolution and
reaction intermediates present at the electrode/electrolyte interface during electrochemical
reactions. Raman spectroscopy is a valuable analytical tool for the study of molecular
and condensed matter systems, especially when coupled with electrochemistry. Hence, it
offers a comprehensive evaluation of electrochemical reaction mechanisms at the molecular
level. Low signal intensity, sample damage, and fluorescence disturbance are the main
technical difficulties of electrochemical in situ Raman spectroscopy. Some solutions have
been adopted, such as optimizing the wavelength, power, and exposure time of the incident
laser; selecting proper optical windows; and reducing the distance between the optical
window and working electrode. The Raman enhancement phenomenon plays a crucial
role in amplifying the signal intensity of adsorbed reaction intermediates within complex
electrochemical settings.

The study of the CO, reduction reaction (CO,RR) pathways largely relies on theo-
retical calculations such as density functional theory (DFT), conducted on catalytically
active nanostructures, which are subsequently confirmed by physicochemical characteriza-
tion [15]. Currently, the proposed reaction pathways for CO, formate, and C,, products
such as ethylene and ethanol are the focus of research [5,16,17]. However, the presence and
stability of the proposed reaction intermediates on the catalyst surface is not yet clearly
understood. Electrochemical in situ Raman spectroscopy has been utilized to identify
some of these intermediates, such as *CO, HCOO*, HOCCO*, and CH3CH,O*. In order to
further advance the field, additional studies should aim to fully elucidate the mechanisms
of CO;RR, in order to develop more efficient and effective catalysts.

Based on the previous CO,RR electrochemical window [12], a potential range from
—0.18 to —0.88 V vs. reversible hydrogen electrode (RHE) was selected for in situ Raman
spectral acquisitions of the hcp Co surface in CO,-saturated 0.5 M KHCO3 aqueous solution
(Figure 2a). In situ Raman spectroscopy measurements were performed in a custom-made
flow cell to explore how local pH values changed during the reaction. For the hcp Co surface,
two broad Raman peaks appear around 1010 cm ™! and 1072 cm ™! assigned to absorbed
carbonate (v,2-) and bicarbonate (vgco,-) peaks, respectively. The wave numbers of

HCO3~ and CO32~ peaks change as potential increases and their trends are different.
As it is known, the local pH environment could greatly affect the product selectivity of
CO;RR [18-20]. The integrated Raman peak area ratios for dissolved HCO3 ™~ and CO;z%~
could be used to calculate the relative ratio of [HCO5; ] to [CO32~ ], which was related to
the surface pH values near the electrode based on the Henderson—Hasselbach equation for
a CO3%2~ /HCO3~ system. According to research, the higher the ratio of CO3%~ /HCO;5 ™,
the higher the Ph [21]. So the pH for the hcp Co surface increases at the beginning and then
decreases. As shown in Figure 2b,c, the wave number of peaks for HCO3;~ increases with
increasing potential, while the wave number of the peaks for CO3%~ decreases. The C=0O
stretching range can be subdivided into three peaks based on adsorption configurations.
Specifically, the range of 1800~1900 cm ! pertains to *CO adsorption on hollow sites, while
1900-2000 cm ! relates to *CO on bridge sites. Additionally, *CO on top sites (linearly
*CO) corresponds to the range of 2000-2120 cm~!. The peak corresponding to *CO around
2095 cm~! is classified as *CO on top sites and exhibits Stark shifts with potential and
further shifts to 2085 cm ™! (Figure 2d). The intensity of this peak decreases with potential
increases, and the peak is most evident in the low potential region. At the same time,
the key carbon—carbon coupling intermediates such as COCO* and OCHO* appear in the
low potential region from —0.2 to —0.5 V vs. RHE (Figure 2e,f). The wave number of
the peak of COCO* decreases from 1453 cm ! to 1436 cm ! and the wave number of the
peak of CCHO* decreases from 1520 cm~! to 1497 cm~1, which is consistent with Stark
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shift. Usually, there are two recognized pathways for CO, activation. The first method is
to generate *CO, ™ via electron transfer at the interface, and the other way is to generate
*COOH via concerted proton-electron transfer (CPET) (Equations (1) and (2)).
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Figure 2. In situ Raman Spectra of hcp Co from OCP to —0.88 V vs. RHE (a), the wave number’s

change at different potentials from —0.18 V to —0.88 V vs. RHE of HCO3~

OCHO* (e), and COCO* (f).
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According to the in situ Raman spectra (Figure 2a), the *COOH is mainly generated on
the hep Co surface. To summarize, the elevated pH levels in the local environment act not
only to suppress the competing hydrogen evolution reaction but also to create an imbalance
of carbon atoms in the adsorbed COCO* intermediate. This imbalance is advantageous for
the following proton-electron transfer step, leading to an acceleration in the production of
Cy, products. These findings provide important insights into the mechanisms that control
this reaction and may have significant implications for future research in this area [22,23].
This is why the Faraday efficiency of C,, products is higher and it is easier to observe the
peaks of key intermediates such as *CO, COCO*, and OCHO* at low potentials.

2.3. Differential Electrochemical Mass Spectrometry (DEMS)

DEMS measurements determine the selectivity for electrocatalysts to produce specific
CO;, reaction products [24]. The DEMS technique has been employed to analyze the reac-
tion products on the working electrode surface by determining the mass-to-charge ratio
(m/z). This in situ method has been proven to be an effective tool in studying electrocat-
alytic surface modification and selectivity of solid-solutions electrocatalysts towards the
conversion of CO,. In order to detect volatile and gas species generated at the catalyst
surface during an applied potential, an electrochemical cell coupled to DEMS was used to
monitor the products generated during the CO, reduction reaction (CO,RR). The generated
species from the cell reactor were defragmented at the quadrupole array in an HV chamber,
which operates at an approximate pressure of 4 x 10~> mbar. The defragmented species
were then identified through the mass spectrometer detector and their perturbation were
modulated as a current, named the ionic current or mass signal, based on the molecular
weight determined using the mass-to-charge ratio (m/z). As part of the experimental
procedure, cyclic voltammetry (CV) was employed to record the mass-to-charge ratio for
key species such as methane (m/z = 16), carbon monoxide (m/z = 28), and carbon dioxide
(m/z = 44) during cathodic polarization. The electrolyte used during the experiment was a
saturated 0.5 M KHCOj3 solution of COs.

At first, we electrolyzed a CO,-saturated solution to detect the reaction products. The
hcp Co present the signals m/z = 2, 16, 28, and 44, corresponding to Hy, CHy, CO, and
CO,, when applying a cyclic voltammetry of 0 to —1 V vs. RHE. Moreover, for the hcp
Co electrocatalysts, it is important to note that the magnitude of the ionic current related
to CO (m/z = 28) is an order of magnitude higher than CHy (m/z = 16), suggesting that
CO generation and the intrinsic properties of the catalyst, in turn, modulate the selectivity
and conversion of the CO,RR. Then, we replace 12CO, with 13CO,. As the number of
cycles increases, the signal of m/z = 44 corresponding to >CO, decreases and the signal
of m/z = 45 corresponding to 1*CO, increases (Figure 3a,d). At the same time, the signal
of m/z = 28 corresponding to >CO decreases and the signal of 71/z = 29 corresponding to
13CO increases (Figure 3¢,f), confirming that CO was produced during the reaction.

DEMS suggests that a potential product sequence resulting from electrochemical CO,
reduction is illustrated in Equations (3)—(5), with hydrogen creation as a secondary reaction.

CO; +2H" + 2~ —CO + H,O 3)
CO, + 8H' + 8¢~ — CH4 + 2H,O (4)

2H" +2e~ — H, (5)
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Figure 3. Differential electrochemical mass spectrometry (DEMS) sweep data obtained during CO,RR
on hep Co catalysts. DEMS-derived mass charges for various products formed in the process of 1>CO,
replacing 12CO; (a,d) such as 2CHy, 3CH;, (b,e), 2CO, and 13CO (c,f). (a—c) are the mass-to-charge
ratios changes when the 13Co, replaces 12CO, at the beginning. (d—f) are the mass-to-charge ratios
changes when the 13CO, replaces 2CO, mostly. (g-i) are the reaction sketch maps.

2.4. In Situ Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) can help overcome this information
gap by accurately quantifying the resistances of microscopic processes (such as charge
transfer, mass transport of reactants, and species adsorption) reflected in the impedance
spectrum [25]. The primary challenge is to accurately identify the specific processes
exhibited within the impedance spectrum and correctly attribute these characteristics to
the corresponding physical phenomena.

Electrochemical impedance spectroscopy (EIS) was conducted using a CHI7Z60 elec-
trochemical workstation from Chenhua, China. During the EIS experiment, a sine wave
AC signal was applied to the reactor, and the resulting response signal generated by the
reactor system was observed. This allowed for the analysis of the electrode impedance.
By introducing a series of sine wave signals that transition from high frequency to low
frequency, an impedance spectrum was generated, which is known as electrochemical
impedance spectroscopy. Typically, EIS data are analyzed through an equivalent electrical
circuit that is made up of various elements, such as resistances and capacitances. This
circuit is designed to mimic the electrical behavior of the system under study and provides
quantitative information about the processes involved in the reaction. By analyzing the
circuit, it is possible to identify the internal resistance of the system and the transmission
resistance of electrons from the catalyst surface to the reaction interface. These parameters
can be utilized to evaluate the strengths and weaknesses of the reaction system. In this
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study, specific parameters were set at a high frequency of 10° Hz and a low frequency
of 0.01 Hz while varying the reaction potential. During the experiment, the frequency
was decreased from high to low, the corresponding signal values were recorded, and a
series-parallel circuit was fitted. The Nyquist curve was then plotted using the real part
Z! of the complex impedance Z as the abscissa and the opposite number of the imaginary
part -Z'’ as the ordinate.

EIS is a valuable tool in investigating charge transfer and transport processes involved
in electrocatalytic reactions, such as CO; reduction reactions (CO,RR) [26]. In CO;RR, the
method provides mechanistic indications for processes controlling reactivity. In a study
conducted by Bienen et al. [27,28], they identified four main features in the EIS curves of
a gas diffusion electrode (GDE) with tin-based electrocatalysts supported on carbon for
CO;RR to formate and CO. These features include ionic and electronic conductivity in
the porous system, the reaction of CO, with OH™ to form bicarbonate, charge transfer
converting CO, (aq) to CO,~, and liquid phase diffusion of CO, (aq). The reaction domi-
nating the shape of the EIS curve varies with different temperatures, CO, volume fraction,
current density, and electrolytes. Overall, EIS provides excellent insight into the dominant
processes based on electrode characteristics and operating conditions.

Given that both the HER and CO,RR take place simultaneously on the same electrode,
it is critical to accurately determine which reaction dominates the processes depicted in
the impedance spectrum before using the EIS results to assess catalysts. Based on our
knowledge, there are no detailed EIS investigations on cobalt foil for CO,RR in aqueous
KHCO3; solution or for CO,RR on the whole. As such, a comprehensive examination,
outlined in this article, is imperative to gain a deeper understanding of the processes
exhibited in the impedance spectrum. This technical document is aimed at our peers in the
field and emphasizes the importance of unequivocally establishing the prevailing reaction
before interpreting and drawing conclusions from EIS analyses.

The utilization of hep Co catalyst in CO, hydrogenation has been found to enhance the
mass transfer properties, as confirmed through electrochemical impedance spectroscopy
(EIS) analysis. The results of this study are presented in Figure 4. The improved kinetics of
H,O activation and the subsequent protonation step led us to investigate the adsorption
of hydrogen (H*) over the surface of the catalyst, using in situ EIS measurements [29-31].
The double-parallel equivalent circuit model was used to simulate the Nyquist plots
(Figure 4a). The adsorption pseudo-capacitance (Co) referring to the H* adsorption charge
can be applied to depict the H* coverage [29,32,33]. The intersection of the semicircle
and the X-axis represents the internal resistance of the electrolyte and electrode, known
as the solution ohmic resistance (Rs), which remained relatively constant throughout the
measurements [27,34,35]. The radius of the semicircle in the Nyquist plot reflects the charge
transfer resistance (Rct). At —0.4 V vs. RHE, we observed that the hcp Co catalyst exhibited
a lower interface charge transfer resistance, which indicated that electrons could more
easily transfer from the electrode to the adsorbed CO, molecules, facilitating the formation
of the reduced intermediate carboxylate *CO, (* denotes the surface-coordinated state of
the ligand and is the rate-determining step of CO,RR). Since the high-frequency process
displays a charge transfer reaction affected by CO;, the hcp Co at —0.4 V vs. RHE has the
modest condition for charge transfer reaction. That is to say, the hcp Co at —0.4 V vs. RHE
boosts the H,O dissociation and proton transfer, feeding sufficient H* for CO, to *COOH.
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Figure 4. EIS data and fitting results of hcp Co at different potentials (a). Bode plots of the system at
different potentials (b). Calculated C¢ of hep Co at different potentials (c).

2.5. Quasa In Situ Transmission Electronic Microscopy (TEM)

Figure 5 represents TEM images and inverse Fast Fourier Transform (FFT) representa-
tions to determine the lattice distance. Comparing the morphologies of the three samples
after the CO,RR tests at —0.28 V (Figure 5a), —0.38 V (Figure 5b), and —0.48 V (Figure 5c),
there is no significant difference among them. The blue frame was processed to obtain
the FFT image and determine the interplanar distance. The inverse FFT exhibits an in-
terplanar distance of 0.206 nm attributed to the Co (002) plane, which is obtained after
COyRR at —0.38 V vs. RHE (Figure 5d). The inverse FFT exhibits an interplanar distance
of 0.212 nm attributed to the Co (100) plane, which is obtained after CO,RR at —0.48 V vs.
RHE (Figure 5e). The inverse FFT exhibits an interplanar distance of 0.205 nm attributed to
the Co (002) plane, which is obtained after CO;RR at —0.58 V vs. RHE (Figure 5f). Such
analysis indicates that the Co (002) plane may be beneficial for the conversion of CO, and
the adsorption of intermediates.
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Figure 5. Transmission electron microscopy (TEM) images and high resolution TEM (HR-TEM)

AN <

images with measured lattice distance, their corresponding fast Fourier transformation, and in-
verse fast Fourier transformation after the CO;RR tests at —0.28 V (a,d,g,h), —0.38 V (b,e,i,j), and
—0.48 V (c,£k1).

3. Discussion

According to the in situ Raman spectra on hcp Co surface especially at low potentials,
the high local pH environment not only suppresses the competing hydrogen evolution
reaction but also induces the charge imbalance of the carbon atoms in the adsorbed COCO*
intermediate, which is beneficial for the subsequent proton-electron transfer step, thus
accelerating the Cy, product generation. DEMS provided access to the evolution of the
product. The concerted shift of CO; and CO demonstrated their close mechanistic link.
Those of CO; and CHy, by contrast, remained unaffected. In situ EIS revealed that the
catalyst at —0.4 V vs. RHE exhibited a lower interface charge transfer resistance and
a modest charge transfer reaction condition, boosting the H,O dissociation and proton
transfer. The TEM and HRTEM suggested that the main exposed plane Co (002) at —0.4 V
vs. RHE is favorable for CO, conversion and adsorption of intermediates. Therefore, the
hep Co is a promising catalyst for CO,RR to ethanal.

4. Materials and Methods
4.1. Materials

Preparation was carried out using standard procedures and commercially available
reagents. Cobalt (II) chloride hexahydrate (CoCl,-6H,0, >99%), ethylenediamine tetra-acetic
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acid (EDTA, >99.9), sodium hydroxide (NaOH, >98%), hydrazine hydrate (H,NNH;-H,O,
>80%), ethanol (C;H50H, >99.7%), polyvinylidene fluoride (PVDEF), carbon black (Kejen EC
600], Japan), potassium bicarbonate (KHCO3, >99.5%), N-methylpyrrolidone (NMP, >99%),
Nafion solution, carbon paper, and 3CO, gas were all purchased from Sigma Aldrich
(Germany). Deionized water (18.2 M()) was used in the experiments.

4.2. Synthesis of Materials
4.2.1. Synthesis of hcp Co NSs

A total of 1.44 g CoCl,-6H,0O and 3.52 g EDTA were mixed in 48 mL water and stirred
for 15 min to form a CoCl, solution. Then, 6 g NaOH was dissolved in 10 mL water and
added to the stirred CoCl, solution. A further 15 min later, 20 mL H,NNH,-H,O and
75 mL CoH50H were added into the solution which was stirred for another 5 min. Then,
the solution was transferred into the Teflon-lined stainless-steel autoclave and maintained
at 160 °C for 5 h. After being cooled to room temperature, the product was washed with
water/ethanol followed by centrifugation at 9000 rpm for 10 min.

4.2.2. Preparation of Working Electrodes

The preparation procedure for the working electrode was described as follows: 10 mg
catalyst as-prepared was mixed with 2.5 mg carbon black, 2 mg PVDF, and a few drops of
NMP to produce catalyst paste. The paste was coated on a 0.5 cm x 1.0 cm carbon paper
(TGP-H-060, Toray, Japan), which was dried in a vacuum oven overnight and served as
a working electrode. For in situ Raman tests, it was painted a 2 cm x 2 cm carbon paper.
For DEMS (Linglu, Shanghai, China) tests, 3 mg of dried catalyst powder was mixed with
3 mg carbon black, 2940 puL mixture solution (EtOH: H,O = 1:1), and 60 pL Nafion under
sonication for 2 h to make sure the concentration of the catalyst was 2 mg/mL. Then, the
above obtained ink (50 puL) was dispersed on the gold film.

4.3. Electrochemical Measurements

Electrochemical measurements were conducted within H-type electrolytic cells using a
CHI760E (CH Instruments, Inc., Shanghai, China) electrochemical workstation, and a three-
electrode test was carried out in an H-cell that was separated by a Nafion-117 membrane
(Dupont, DE, USA). A Pt plate served as a counter electrode, and Ag/AgCl (saturated
KCl) acted as the reference electrode. The experiment was conducted in CO,-saturated
0.5 M KHCO3, and CO;, gas was injected for 30 min before the tests. All the potentials in this
work were calibrated to RHE by the E (vs. RHE) = E (vs. Ag/AgCl) + 0.197 V + 0.0592 x pH.
The EIS measurements were performed in CO;-saturated 0.5 M KHCOj solutions with an
amplitude of 5 Mv of 0.01 Hz to 10 kHz at different potentials.

4.4. In-Situ Raman Spectra Measurements

Raman spectra (LabRam HR Evolution, Japan) were obtained in a custom-built Raman
flow cell in a 532 nm excitation laser. Before the experiments, calibration was carried out
based on the peak at 520 cm~! of a silicon wafer standard. The measurements were carried
out in a three-electrode cell. Typically, Ag/AgCl and Pt wire were used as the reference
electrode and counter electrode, respectively, while the working electrode was prepared
by the catalyst coated on carbon paper. A 0.5 M CO;-saturated KHCO3 was taken as
the electrolyte. To acquire the information about the Co electroreduction process, in situ
Raman was taken on the Raman spectrometer equipped using a 532 nm excitation laser.
The applied potential was held at —0.2 V to —1 V versus RHE and the Raman signals were
recorded at different potentials for 100 s.

4.5. Differential Electrochemical Mass Spectrometry (DEMS) Measurement

DEMS was performed using a custom-built electrolytic cell. The measurements were
carried out in a three-electrode cell. Typically, Ag/AgCl and Pt wire were taken as the
reference electrode and counter electrode, respectively, while the working electrode was
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prepared using the catalyst dried on gold film. A 0.5 M CO,-saturated KHCOj3 was taken as
the electrolyte. We performed a continuous DEMS measurement while cycling the potential
between —0.2 V versus RHE and —1.0 V versus RHE.

4.6. Quasa In Situ Transmission Electronic Microscopy (TEM) Measurement

More detailed morphology and structure of the product were analyzed using trans-
mission electron microscopy (TEM) and high resolution transmission electron microscopy
(HRTEM) at an acceleration potential of 300 kV with a FEI Tecnai G2 F30 (FEI, OR, USA).
The samples were produced after applying the potentials at —0.2 V, —0.3 V, —0.4 V, and
—0.5 V using a three-electrode cell. Typically, Ag/AgCl and Pt wire were used as the
reference electrode and counter electrode, respectively, while the working electrode was
prepared using the catalyst painted on carbon paper. The samples were dispersed in
mixture solution (EtOH: HyO = 1:1), ultrasonicated, and dried on Cu grids with a holey
carbon film.

5. Conclusions

In this work, we have studied the reason why the hcp Co NSs has high activity in
CO,RR. Due to the optimal conditions for proton—electron transfer concluded from in
situ Raman spectra and in suit EIS, the catalyst at —0.4 V vs. RHE exhibits the highest
Faraday efficiency of ethanal. The DEMS measurement provides the evidence for CO;RR,
which can be a promising method to explore the mechanisms of CO,RR. Combining the in
situ techniques is more conducive to inferring reaction pathways and, thus, establishing
structure-effective relationships to guide the synthesis of catalysts.
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