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Abstract: For a long time, transition metal oxide systems have been considered well explored
materials in heterogeneous catalysis. Amongst, the spinel-type oxides, materials such as cobaltites
(Co3O4) received significant attention, owing to their use in many industrial applications. In the
present study, nanosized Cu, Ni, and Zn cobaltite spinel oxides were synthesized by a simple
hydrothermal method. Physicochemical characterization of the synthesized materials was performed
utilizing XRD, HRTEM, CO2-TPD, and XPS techniques. The textural characteristics (BET-surface
area, pore size, etc.) of samples were determined from N2 physisorption measurements at −196 ◦C.
The CO2-electrocatalytic reduction was selected as a model reaction to evaluate the electrochemical
performance of the synthesized spinel cobaltites. For Ni, Cu, and Zn spinel materials, hydrogen was
produced as the main product at the whole potential, along with other products, such as CO and
HCOOH. Despite the advantages, the catalytic electrochemical CO2 reduction performance of spinel
cobaltite catalysts is still far from adequate, which is principally ascribed to the low number of active
sites combined with poor electrical conductivity.

Keywords: nanosized; spinel cobaltites; electrochemical properties; electrocatalysis; CO2-electrocatalytic
reduction

1. Introduction

In the past decades, researchers utilized noble metal (Au, Ag, and Pd) based electrocat-
alysts to obtain superior performances for electrochemical reduction of CO2 [1]. However,
these catalysts are less selective, expensive, have limited availability, and their catalytic
properties decline rapidly. Therefore, it is necessary to find an inexpensive alternative
catalyst to obtain enhanced catalytic performance in CO2 electrochemical reduction [1,2].
Recently, transition metal oxide-based electrocatalysts have provoked increasing atten-
tion [2]. These materials possessed additional advantages, such as high abundance, low
cost, and easy preparation [3]. The widest class of materials examined in electrocatalysis is
the transition metal oxide systems, which have been employed for a long time in hetero-
geneous catalysis. The research was focused on dioxides, perovskites, pyrochlores, and
spinel-type transition metal oxides [4]. Among them, spinel type oxides have received great
interest due to their unique crystal structure and chemical and thermal stability. Spinel
type oxides typically expressed with the general formula of AB2O4, where AII is a divalent
cation, e.g., Mn, Co, Mg, Fe, Cr, Zn, Ni, and Cu, and BIII is a trivalent cation, e.g., Al,
Ti, Ga, V, Cr, Mn, Fe, Co, and Ni [5,6]. Many of spinel oxides have intriguing electronic,
optical, and magnetic properties, making them suitable for a wide range of technological
applications [5].

Numerous metal oxides have been studied extensively as electrocatalysts, including
Co3O4-based catalysts [7–10] for oxidation of water, oxygen reduction reactions, and
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hydrogen evolution processes. Nanostructured spinel Co3O4’s electrochemical activity
is mainly due to the presence of mixed oxidation states (Co2+ in tetrahedral and Co3+ in
octahedral sites) and highly active surface sites [11]. According to Gao et al., ultrathin
layers of Co3O4 exhibit strong CO2 reduction activity and are particularly selective for a
formic acid generation [12]. Because of the irregular electrical structure of ultrathin films
and the ease with which electronic transfer, carrier transport, and low corrosion rate are
facilitated by the films, this activity was linked not only to an increased number of surface
sites typical of low-dimensional systems. For effective CO2 adsorption and enhanced H+

transfer, nanosized Co-based spinel oxides have been shown to have significant CO2RR
activity [5,12] due to the presence of both metal (for an electron transfer into CO2) and
crystalline metal oxide phases. Bulk and transition metal containing cobaltites (Co3O4,
NiCo2O4, CuCo2O4 and ZnCo2O4) are among the spinel-type oxides that have attracted a
great deal of attention over the past several decades due to their wide range of industrial
applications. Anode and cathode compounds for oxygen evolution reactions have been
extensively studied due to their promising activity and stability in alkaline media. These
oxide materials are not stable in acidic environments. The benefits of using these oxides as
electrode materials include their activity, availability, low cost, thermodynamic stability,
low electrical resistance, and friendliness to the environment. There are two types of cubic
oxide lattices: normal Co3O4 and MIICo2O4 (inverted spinel). For decades, Co3O4 and
NiCo2O4 have been known to be active and stable catalysts, not only for oxygen evolution
and reduction but also for organic electro-oxidation in alkaline environments [13–18].

There are different methods that can be utilized to prepare spinels, including solid-state,
hydrothermal, sol-gel, co-precipitation, solvothermal, and sonochemical techniques [19].
Table S1 summarizes some spinels utilized for the CO2 reduction reaction, where cobalt
containing spinel catalysts resulted in the formation of formic acid. In this context, the
present study evaluates the electrochemical characteristics and catalytic activity of metal
(Zn, Ni and Cu) spinel cobaltites catalysts for CO2 reduction.

2. Results and Discussion

The XRD analysis was used to investigate the crystal structure and phase detection of
synthesized spinels, and the obtained patterns are shown in Figure 1. Reflections at 19◦,
31.6◦, 37.4◦, and 44.6◦ correspond to the (110), (220), (310), (400), (511), and (440) planes for
the cubic structure of the spinel [20]. The major reflections in the XRD patterns of the spinels
can be indexed to NiCo2O4 (JCPDS file no. 73-1702), CuCo2O4 (JCPDS file no. 1-1155)
and ZnCo2O4 (JCPDS file no. 23-1390) [21–23]. There were no reflections observed for any
other crystal phase, indicating the purity of the synthesized materials. It is interesting to
note that the NiCo2O4 sample exhibited relatively broad reflections compared to other
two samples, indicating the relatively small crystallite size in the case of the NiCo2O4
sample. The average crystallite size of the synthesized spinels was calculated by using the
Scherrer equation. The calculated average crystallite sizes were 14 nm, 30 nm, and 31 nm
for NiCo2O4, ZnCo2O4, and CuCo2O4 samples respectively.

The TEM images (Figure 2) show that Ni spinel has a typical three-dimensional
porous architecture with interconnected nanowires. High-resolution (HR) TEM images
(Figure 2a,b) show that Ni spinel sample contained uniform nanowires with an average
diameter of approximately 12 nm. From Figure 2c–f, it can be observed that the Cu
spinel and the Zn spinel consist of nonuniform nanoparticles with an average diameter of
approximately 30 nm, which is in concurrence with the XRD results.
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Figure 1. XRD patterns of synthesized NiCo2O4, CuCo2O4, and ZnCo2O4. 

The TEM images (Figure 2) show that Ni spinel has a typical three-dimensional po-
rous architecture with interconnected nanowires. High-resolution (HR) TEM images (Fig-
ure 2a,b) show that Ni spinel sample contained uniform nanowires with an average di-
ameter of approximately 12 nm. From Figure 2c–f, it can be observed that the Cu spinel 
and the Zn spinel consist of nonuniform nanoparticles with an average diameter of ap-
proximately 30 nm, which is in concurrence with the XRD results. 

 
Figure 2. HRTEM images with different magnification for NiCo2O4 (a,b), CuCo2O4 (c,d), ZnCo2O4 
(e,f). 

Figure 1. XRD patterns of synthesized NiCo2O4, CuCo2O4, and ZnCo2O4.
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Figure 1. XRD patterns of synthesized NiCo2O4, CuCo2O4, and ZnCo2O4. 

The TEM images (Figure 2) show that Ni spinel has a typical three-dimensional po-
rous architecture with interconnected nanowires. High-resolution (HR) TEM images (Fig-
ure 2a,b) show that Ni spinel sample contained uniform nanowires with an average di-
ameter of approximately 12 nm. From Figure 2c–f, it can be observed that the Cu spinel 
and the Zn spinel consist of nonuniform nanoparticles with an average diameter of ap-
proximately 30 nm, which is in concurrence with the XRD results. 

 
Figure 2. HRTEM images with different magnification for NiCo2O4 (a,b), CuCo2O4 (c,d), ZnCo2O4 
(e,f). 
Figure 2. HRTEM images with different magnification for NiCo2O4 (a,b), CuCo2O4 (c,d),
ZnCo2O4 (e,f).

Figure 3 illustrates the nitrogen adsorption-desorption isotherms of synthesized spinel
catalysts. All the isotherms can be classified as type IV according to IUPAC classifica-
tion [24,25]. The hysteresis loops in the isotherms indicate the mesoporous nature of all
spinels, especially the NiCo2O4. The H3-type hysteresis loop of spinel catalysts indicates
that the type of holes is slit pores formed by the aggregation of sheet particles [23,26].
Table 1 displays the BET surface area (SBET), micropore surface area (Smicro), mesopore
surface area (Smeso), total pore volume (Vtotal), micropore volume (Vmicro), and meso-
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pore volume (Vmeso) of all the investigated samples. The synthesized nanosized NiCo2O4,
ZnCo2O4 and CuCo2O4 spinel catalysts possessed a BET surface area of 41, 32, and 28 m2/g,
respectively [22,23]. The pore size distribution patterns were obtained by applying the
Non-Local Density Functional Theory (NLDFT) method. The obtained patterns indicated
that the synthesized samples have multimodal distribution curves in the microporous,
mesoporous, and macroporous ranges [21]. Smeso and Vmeso are higher in NiCo2O4 spinel
than other spinels, indicating that this particular spinel exhibited a larger surface area and
mesoporous feature. The hierarchy factor (HF) increases in CuCo2O4 and ZnCo2O4 spinels,
which indicates that the BET surface area was significantly reduced as a function of the
pronounced suppression of the mesopore volume of these samples. NLDFT calculations
show a high number of pores with a diameter of approximately 2 nm, which is on the edge
between micro and mesopores. However, the samples possessed specific surface areas of
41, 28, and 32 m2/g, which would be characteristic for materials with much wider pores.
The average pore size was calculated as 3 nm, 3 nm, and 13 nm for Cu, Zn, and Ni cobaltite
samples, respectively. The presence of a H3 hysteresis loop indicates that the samples
have slit-type pores due to the aggregation of spinel particles [23,26]. Therefore, the meso
and macro porosity observed in the samples is due to the arrangement of particles, which
explains the low surface area of the samples. In general, the presence of micropores is
responsible for a high surface area. These observed results indicate that the synthesized
spinel materials possessed a relatively high surface area and porosity, which enhance
the diffusion of molecules. In addition, the nanowire or nanoparticle morphology could
increase the contact area for reacting molecules, providing enough active sites for reactions.

The surface structure and oxidation state of the metals presented in the synthesized
spinels were analyzed using XPS analysis. The full survey and deconvoluted XPS spectra
for the three samples are shown in Figures S1 and S2, respectively. For the sake of clarity,
only 2p3/2 components for the metal (Cu, Ni, Zn, and Co) species are presented in the
figure. The Gaussian fitted XPS spectrum of the CuCo2O4 sample shows the presence
of Cu, Co, and O elements. It is known that chemical state differentiation is not straight
forward with XPS, as the Cu2p3/2 peak for Cu◦, Cu+, and Cu2+ species appears in the range
of 933–933.5 eV [24,27]. However, it is possible to distinguish the Cu oxidation states; using
the satellite peak features of Cu2p as the Cu (II) species exhibits strong observable satellite
features around 943 eV [28]. The presence of strong satellite peaks confirm the characteristic
of Cu2+ species in the synthesized CuCo2O4 sample; therefore, the Cu 2p3/2 peaks observed
at 932.9 eV and 934.7 eV could be attributed to Cu (II) oxide and Cu (II) hydroxide species.
The Co2p region present in the synthesized three spinel samples (CuCo2O4, NiCo2O4, and
ZnCo2O4) and the Co 2p3/2 can be fitted into two peaks. The fitted peaks at 780.0 and
781.6 eV correspond to Co3+ and Co2+ species. It was reported that bulk cobalt oxide, such
as Co3O4, possesses mixed oxidation state of Co2+ and Co3+, and it is expected to show
satellite features due to both Co2+ and Co3+ states. Co2+ has an observable satellite feature
around 786 eV [29]. Moreover, the integral area of the Co3+ peak is much larger than that
of the Co2+ peak, which reveals that the main oxidation state of Co element in the three
spinel samples is Co3+ [24,27]. The presence of mixed oxidation states of the same cation
in spinel systems (Co2+ and Co3+) and the presence of highly active surface sites are the
primary sources of electrochemical activity in cobaltite spinels. In this case, the ultrahigh
part of low-coordinated surface Co atoms may act as the potential active sites for efficiently
adsorbing CO2 [30,31].
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Figure 3. (a) N2 adsorption-desorption isotherms for NiCo2O4, CuCo2O4, and ZnCo2O4. (b) Pore size 
distribution curves for NiCo2O4, CuCo2O4, and ZnCo2O4. 

Table 1. Textural properties of different spinels from N2- physisorption at −196 °C. 
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ZnCo2O4 32 12 16 0.0407 0.007 0.027 3 1.7 100.5 0.086 
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Figure 3. (a) N2 adsorption-desorption isotherms for NiCo2O4, CuCo2O4, and ZnCo2O4. (b) Pore
size distribution curves for NiCo2O4, CuCo2O4, and ZnCo2O4.

Table 1. Textural properties of different spinels from N2- physisorption at −196 ◦C.

Sample SBET
(m2/g)

Smicro
(m2/g)

Smeso
(m2/g)

Vtotal
(cc/g)

Vmicro
(cc/g)

Vmeso
(cc/g)

Average Pore
Size (nm)

Pore Radius
(nm)

C-
Constant HF

NiCo2O4 41 0 35 0.2726 0.000 0.26 13 8.7 45.7 0.000
CuCo2O4 28 11 12 0.0352 0.007 0.023 3 1.7 121.6 0.088
ZnCo2O4 32 12 16 0.0407 0.007 0.027 3 1.7 100.5 0.086

It is well reported that Ni contained spinels can show complex multiplet-split peaks [32].
The Ni 2p3/2 can be fitted into two peaks at 855.7 eV and 858.3 eV. The first peak could
be assigned to Ni3+ and the other peak at 858.3 eV could be related to Ni2+ cations in
octahedral or tetrahedral sites of the NiCo2O4 spinel structure. This binding energy could
be assigned to Ni cations or surface Ni(OH)2 species [33]. The Zn 2p3/2 component showed
a strong peak at 1021.0 eV, corresponding to the Zn2+ in the ZnCo2O4 structure. It was also
observed that the binding energy different between the Zn 2p3/2 and Zn 2p1/2 peaks is
approximately 23 eV, which is in accordance with Hu et al. [34].

The O 1s spectra of three samples can be fitted into three peaks. The peak at 529.5 eV
matches to the oxygen in the crystal lattice that bonded with metal ions, the peak at
531.5 eV corresponds to the oxygen of OH- groups, and the peak at 533.3 eV corresponds
to the oxygen of physically adsorbed H2O molecules [20,24]. These observations clearly
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indicating that the surfaces of synthesized spinels are hydroxylated, which could be useful
functional groups for catalyzing different types of reactions.

CO2-TPD experiments were performed to evaluate the number of active sites presented
in the synthesized spinel catalysts to adsorb the CO2 molecules. The CO2-TPD patterns
obtained for the three samples are shown in Figure 4. The deconvolution of the desorption
peaks for TPD pattern of the NiCo2O4 sample indicates the presence of two desorption
peaks in the temperature range of 430−730 ◦C, while the CuCo2O4 sample exhibited
between 500 and 770 ◦C. However, the ZnCo2O4 sample yielded peaks between 625 and
730 ◦C. In addition, the samples showed intense and broad CO2 desorption peaks at high
temperatures, and these observed results indicated that the samples possessed strong
CO2 adsorption ability. Furthermore, it was found that the NiCo2O4 catalyst can adsorb
a large number of CO2 molecules (1089.1 µmol/g compared to the other two samples
(Table 2)). Similar results were previously observed that NiCo2O4 catalyst has a higher CO2
adsorption ability than both copper and zinc cobaltites [35].
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Table 2. Data obtained from CO2-TPD measurements for the investigated samples.

Catalyst Temp. (◦C) CO2 Uptake (µmol/g) Total CO2 Uptake (µmol/g)

NiCo2O4
585.5 646.6

1089.1652 442.5

CuCo2O4 686.2 626.2 626.4

ZnCo2O4
620.8 152

697.7720 545.8
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3. Catalytic Activity

Using an H-cell separated by a Nafion proton exchange membrane, the catalytic
activity of Ni spinel, Cu spinel, and Zn spinel for CO2 reduction was measured. There was
a sealed compartment for the working electrode and the reference electrode (Ag/AgCl
electrode) and a separate compartment for the counter electrode (Pt electrode). Three
electrodes were used to measure the linear sweep voltammetry (LSV) of the catalysts
in CO2 saturated 0.1 M KHCO3 aqueous solution. As a result, the current density was
normalized to the area of the carbon paper electrode, approximately 1 cm2. Figure 5a
shows the LSV scans of the spinel catalysts. In terms of potential range, the current density
of Ni spinel is much higher than that of Cu and Zn spinel. It suggests that Cu and Zn
spinel has a lower overpotential to reduce CO2 than other spinel materials. As shown
in Figures S3–S5, the Ni, Zn, and Cu materials were also evaluated at different times in
CO2-saturated 0.1 M KHCO3 and reproduced independently by two separate systems.
This observation supports its practical applicability in terms of efficiency, flexibility, and
durability. To further gain insights into the intrinsic activity of the Ni, Cu, and Zn spinel,
measurement of double layer capacitance (Cdl) was herein tested, which is proportional to
the electrocatalytic active surface areas (ECSA) in the electrocatalysts [36] (Figures S6–S8).
As shown in Figure 5b, the Cdl of Cu spinel is ≈ 1.85 and 1.12 times higher than that
of Zn and Ni spinel, suggesting that the Cu spinel has relatively more exposed active
electrocatalytic sites. When the LSV curves are normalized by the ECSA to highlight the
intrinsic activity, as shown in Figure 5c, Zn spinel showed relatively better CO2RR activity
than Ni and Cu spinel. Figure S9 shows the Nyquist plots of Ni, Cu, and Zn spinel for
CO2RR, the contact and solution resistance (14.07 Ω) of the Zn spinel is also the lowest
among Ni spinel (15.53 Ω) and Cu spinel (16.34 Ω).

To analyze the reduction product of CO2 and gain insight into the selectivity of
the spinel catalysts, steady-state electrolysis was conducted at different potentials from
−0.9 to −1.1 V vs. RHE. At each potential, CO2 reduction reaction was conducted to reach
a total electric charge of 50 C. For Ni, Cu, and Zn spinel, hydrogen was produced as
the main product at the whole potential, along with other products, such as CO and
HCOOH (Figure 5d–f). The FE of Ni spinel to H2 is higher than 90% at −1.1 V vs. RHE
(Figure 5d). Similarly, for the Cu and Zn spinel, the formation of H2 is still the major
product; and the selectivity toward H2, CO, and HCOOH is less potential-dependent
(Figure 5e,f). For Ni and Zn spinel, the FE of H2 is slightly lower than that of Cu spinel, e.g.,
82 and 90% at −0.9 V vs. RHE and the C1 product FE of less than 20% was also observed
(Figures S10 and S11). The comparison of partial current density for H2, CO, and formate
production with different catalysts is shown in Figure 5g–i. It can be seen that the partial
current density for H2 species production would remarkably increase along with the raise
of polarization potential, approximate 12.1 mA cm−2 with Ni spinel, 10.6 mA cm−2 with
Cu spinel and 14.6 mA cm−2 with Zn spinel at −1.1 V vs. RHE, indicative of H2 as the
main product from the water.

The stability of Ni, Cu, and Zn spinel was evaluated using i-t measurement at
−0.9 V vs. RHE under a continuous flow of CO2 (Figure 5j–l). Figure 5j,l showed that
the Ni and Zn spinel were relatively more stable than Cu spinel and maintained their excel-
lent activity after 6 h at −0.9 V vs. RHE. Meanwhile, for Ni, Zn, and Cu spinel, the FEs of
CO and HCOOH are stably maintained throughout the whole CO2RR process, respectively.
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Figure 5. CO2RR performance of Ni, Cu, and Zn spinel: (a) LSV curves, (b) plots showing the extrac-
tion of the Cdl for the estimation of the ECSA, (c) ECSA-normalized LSV curves, (d–f) FE of major
products vs. potential for the Ni, Cu, and Zn spinel catalyst at a potential range of −0.9 V to −1.1 V in
0.1 M KHCO3, (g) H2, (h) CO, and (i) formate current density plots as a function of potential (vs. RHE)
during CO2 flow rate of 20 sccm, (j–l) stability test of Ni, Cu, and Zn spinel, Left y-axis: the current
density (j) of Ni, Cu, and Zn spinel at −0.9 V vs. RHE. Right y-axis: the faradaic efficiency of H2,
HCOOH, and CO.

Besides, we also discuss the chemical composition and valence state of Zn, Ni, and Cu
spinel coated on carbon paper before and after the CO2RR. As shown in Figure 6a, the M
2p3/2 signals (M = Co, Zn) were negatively shifted by 0.7 and 0.5 eV, compared to those for
fresh Zn spinel. The negative shift confirms the electronic charge redistribution on their
atomic interface between Zn–Co. In the Ni spectra (Figure 6b), the valence states of Ni2+

and Ni3+ were relatively stable without significant changes, while the Co3+ 2p3/2 and Co2+

2p3/2 shifted to the lower binding energy after the CO2RR for Ni spinel, indicating a strong
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charge transfer from Co to O atom. For Cu spinel (Figure 6c), the significant binding energy
shifted in XPS spectra of Cu and Co also suggests the strong charge transfer from Cu to Co
atom through the Cu—Co atomic interface, leading to the decreased electron density of Cu.
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4. Material and Methods
4.1. Materials

Zinc nitrate hexahydrate, cobalt nitrate hexahydrate, copper nitrate trihydrate, and
nickel nitrate hexahydrate were purchased from Sigma-Aldrich, Darmstadt, Germany. Pure
urea ethanol was obtained from Fisher Scientific, Waltham, MA USA.
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4.2. Synthesis of Different Spinel Catalysts

The ZnCo2O4, CuCo2O4, and NiCo2O4 spinel catalysts were prepared by a co-
precipitation followed by hydrothermal treatment under autogenous pressure. One mmol
of Zn (NO3)2.6H2O, Cu (NO3)2.3H2O, and Ni (NO3)2.6H2O were mixed individually with
two mmol of Co (NO3)2.6H2O in 50 mL of deionized water (DI) under vigorous stirring. A
total of 60 mmol of urea dissolved in 100 mL of deionized water was then added drop by
drop into the above solutions as a precipitating agent at pH 11–12 and thereafter stirred
for 30 min. Then, the total contents were poured into a 200 mL Teflon-lined stainless-steel
autoclave and subjected to hydrothermal treatment at 180 ◦C for 6h. After hydrothermal
treatment, the obtained precipitate was filtered and washed with t deionized water and
ethanol. Finally, the washed cake was dried in an electric oven for 6 h at 60 ◦C and calcined
at 400 ◦C for 3 h in air at a heating rate of 3 ◦C/min.

4.3. Characterization of Catalysts

The crystallographic structure of all prepared solid samples was characterized by
X-ray diffraction using Bruker diffractometer (Brucker D8 Advance, Karlsruhe, Germany)
equipped with copper Kα (λ = 1.5405 Å) and a monochromator at 40 kV and 40 mA, in the
2 θ range of 5–80◦. The HRTEM images of the samples were obtained using a FEI Tecnai
G2 F30 TEM microscope, in Bright Field (BF) imaging mode. The samples were prepared
for TEM image analysis by dispersing catalyst powder in alcohol by ultra-sonication, and a
droplet of solution was dropped onto ultra-thin carbon film. The BET surface area, total
pore volume, and pore radius of different spinel catalysts were determined from results
of N2 adsorption/desorption experiments performed at −196 ◦C using a Quantachrome
Autosorb-iQ instrument after degassing the samples at 120 ◦C for 5 h. The surface elemental
compositions of the samples were analyzed by X-ray photoelectron spectroscopy utilizing
a Thermo Fisher scientific with monochromatic X-rays of Al Kα ~ −10 to 1350 eV radiation
at a size of 400 µm at a pressure of 10−9 mbar. A full-pass energy spectrum of 200 eV and in
a narrow 50 eV band was applied. The binding energy of the transverse carbon line (C 1 s)
was used for calibration, and the positions of the peaks were corrected relative to the C 1 s
signal position.

4.4. Electrochemical Measurements

Electrochemical CO2 reduction was performed using CH instruments 760E potentiostat
equipped with a three-electrode system at room temperature in CO2-saturated 0.1 M KHCO3
(pH = 6.8). Before conducting the test, CO2 was continuously fed into the cathode compart-
ment (20 sccm, 30 min) to form CO2-saturated 0.1 M KHCO3. The Pt electrode was used as a
counter electrode and Ag/AgCl electrode as the reference electrode. An H-type device made
up of two compartment cells, separated by a Nafion−117 proton-exchange membrane was
used to separate the cathode and anode, as well as prevent diffusion of products. Linear
sweep voltammetry (LSV) scans were carried out in CO2 saturated 0.1 M KHCO3 solution
at a scan rate of 50 mV s−1. A total of 5 mg of Zn, Ni, and Cu spinel power were dispersed
into a solution containing 500 µL isopropanol and 500 µL deionized water and 40 µL of
Nafion solution (5%); subsequently, the ink was dripped onto carbon paper (5 cm × 1 cm).
The electrolyte solution was saturated with CO2 before the tests and the potential was
converted to RHE according to following equation.

E (V vs. RHE) = E (V vs. Ag/AgCl) + 0.197 V + 0.0591 × pH

The electrochemical active surface area (ECSA)-normalized current density for as-
prepared catalysts was calculated by:

ECSA-normalized current density = current density × Cs/Cdl

where Cs is the specific capacitance. In this work, 0.04 mF cm−2 was adopted as the value
of Cs based on previously reported electrocatalysts [36,37].
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The i-t curve was measured at different potentials and the products were analyzed
using gas chromatography (GC) and NMR. The quantification of gas products (H2 and
CO) was obtained from the peak areas using the standard calibration curves. The gas
samples were analyzed, using ruimin gas chromatographic instrument (GC) equipped with
a thermal conductivity detector. The liquid products were analyzed by using proton nu-
clear magnetic resonance (Bruker Avance 600 MHz spectrometer) with dimethyl sulfoxide
(DMSO) as an internal standard. In each of the NMR measurements, 0.6 mL of product
solution (30 mL of the electrolyte was mixed with 2 µL dimethyl sulfoxide (DMSO) as an
internal standard) and 0.06 mL deuterated water (D2O, to lock the magnetic field) was
added. The one dimensional 1H spectrum was measured with water suppression.

5. Conclusions

In this study, nanosized Cu, Ni, and Zn cobaltites were synthesized by a simple
hydrothermal method under autogenous pressure and subsequent calcination at 400 ◦C
in air. The results have shown that the synthesis of spinels was successful confirmed by
XRD results. The morphology and particle sizes of the spinels were investigated by using
HRTEM analysis. The current density of the mesoporous NiCo2O4 is significantly higher
than that of CuCo2O4 and ZnCo2O4 spinels over the whole potential range. It is indicative
of Cu, and Zn spinel is slightly less active in terms of its overpotential to reduce CO2.
Hydrogen was produced as the main product at the whole potential, along with other
products, such as CO and HCOOH. The synthesized Ni and Zn spinel were relatively
more stable than the Cu spinel, maintained their excellent activity, and delivered a durable
catalyst lifetime. Information related to the structure-reactivity relationship has also been
provided based on the available characterization and electrochemical data. The proper
understanding of higher selectivity toward hydrogen and/or poorer selectivity of carbon-
based products will allow us to develop a future generation of effective spinel-derived
catalysts, which could have immense application in the distant future.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal12080893/s1, Figure S1: XPS survey spectrum of
(a) NiCo2O4, (b) CuCo2O4, (c) ZnCo2O4; Figure S2: Deconvoluted X-ray photoelectron spectra for
CuCo2O4, NiCo2O4 and ZnCo2O4 before reaction; Figure S3: Ni spinel was evaluated at different
times in CO2-saturated 0.1 M KHCO3 and reproduced independently by two different systems;
Figure S4: Cu spinel was evaluated at different times in CO2-saturated 0.1 M KHCO3 and repro-
duced independently by two different systems; Figure S5: Zn spinel was evaluated at different
times in CO2-saturated 0.1 M KHCO3 and reproduced independently by two different systems;
Figure S6: Cyclic voltammogram (CV) curves of Ni spinel materials in the non-Faradaic potential
region recorded at different scan rates (10−50 mV s−1); Figure S7: Cyclic voltammogram (CV)
curves of Cu spinel materials in the non-Faradaic potential region recorded at different scan rates
(10−50 mV s−1); Figure S8: Cyclic voltammogram (CV) curves of Zn spinel materials in the non-
Faradaic potential region recorded at different scan rates (10−50 mV s−1); Figure S9: Nyquist plots
of Ni, Zn and Cu spinel in CO2-saturated 0.1 M KHCO3; Figure S10: The FE of H2 for the different
catalysts in the potential range of −0.9 to −1.1 V; Figure S11: The FE of C1 product for the different
catalysts in the potential range of −0.9 to −1.1 V; Table S1: Summary of the electrocatalysts toward
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