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Abstract: Electrochemical CO, reduction reaction (CO;RR) is eliciting considerable attention in
relation to the carbon cycle and carbon neutrality. As for the practical application of CO;RR, the elec-
trocatalyst is a crucial factor, but, even so, designing and synthesizing an excellent catalyst remains a
significant challenge. In this paper, the coordination compound of Ni ions and dimethylglyoxime
(DMG) was employed as a precursor to modify reduced graphene oxide (rGO) for CO,RR. The
textural properties and chemical bonds of as-obtained rGO, N-C-rGO, Ni-rGO, Ni-N-C, and Ni-N-
C-rGO materials were investigated in detail, and the role of Ni, N-C, and rGO in the CO,RR were
researched and confirmed. Among all the catalysts, the Ni-N-C-rGO showed the optimal catalytic
activity and selectivity with a high current density of 10 mA cm 2 and FE(co)% of 85% at —0.87 V vs.
RHE. In addition, there was no obvious decrease in activity for 10 h. Therefore, the Ni-N-C-rGO is a
promising catalyst for CO,RR to CO.

Keywords: metallic Ni; N-doped carbon; reduced graphene oxide; electrocatalyst; electrochemical
CO; reduction

1. Introduction

From the massive utilization of fossil fuels, the concentration of CO, in the atmo-
sphere has gradually increased, which has caused a series of alarming environmental
problems [1,2]. Therefore, there is an urgent need to reduce the amount of CO, and realize
the carbon cycle and carbon neutrality. In recent years, different kinds of strategies have
been explored to convert CO, into high value-added products [3-5]. Among these strate-
gies, the electrocatalytic CO, reduction reaction (CO,RR) to produce valuable products has
attracted continuous attention, and can use renewable energies (e.g., wind energy, solar
energy, and tidal energy) as a driving force [6-8].

The CO;RR, is a typical multi-proton and multi-electron process in which a variety of
intermediates (e.g., *COOH, *CO, *CHj, and *CHO) might be produced [9,10]. The different
ability of adsorption and activation intermediates on active sites of the catalyst will guide
the reaction through different pathways and obtain different products (e.g., CO, HCOOH,
CH,4, and CyHy) [11-14]. In addition, the aqueous solution is usually employed as an
electrolyte. In this condition, the hydrogen evolution reaction (HER), which can happen
under low over-potential, is a strong competing reaction for CO;RR [15,16]. Consequently,
the key for CO;RR is to design and fabricate electrocatalysts with high selectivity and
current density.

Owing to the unique two-dimensional carbon structure, graphene-based materials
with an excellent capacity for electron transfer, play an important role in the field of
electrocatalysts [17,18]. Furthermore, due to the large surface area and good conductivity of
graphene-based materials, they have also been widely used as effective supports for metal
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nanoparticles, thereby providing a synergistic effect to enhance catalytic activity [19,20].
As for CO;RR, the reduced graphene oxide (rGO) lacks catalytic active sites for adsorption
and activation of CO, molecules. Hence, it is necessary to introduce accessional active sites
for CO,RR to modify rGO material.

Currently, different noble metals (e.g., Au, Ag, and Pd) are taken to modify rGO mate-
rial and are employed as catalysts for CO,RR to CO [21-23]. However, the high cost and
shortage of noble metals have severely hindered their widespread application in CO,RR.
Therefore, cheap and earth-rich transition metals are possible alternative options and have
drawn much attention [24-26]. The Ni-N-doped carbon (Ni-N-C) has been proved to
be a promising catalyst for CO,RR to CO [27-29]. However, the efficient combination of
Ni-N-C and rGO is still a significant challenge. In addition, the promotion mechanism of
different roles (e.g., Ni, N-C, and rGO) should be further illustrated to guide the fabrication
of a high efficiency catalyst.

As a typical qualitative and quantitative method for detecting Ni ions, dimethylgly-
oxime (DMG) is well known, as it can form complexes with Ni ions [30,31]. Inspired by this
characteristic reaction, we used Ni-DMG complex as precursor to combine with GO, and
then prepared Ni-N-C modified tGO (Ni-N-C—GO) catalyst for CO,RR. The mechanism
of action of each component (e.g., Ni, N-C, and rGO) in the catalyst was analyzed to
provide a reference for the design and fabrication of electrocatalyst for CO,RR. The Ni-N-
C-rGO catalyst showed high activity and stability (a current density of 10 mA cm~2 and
FE(co)% of 85% at —0.87 V vs. RHE for 10 h), and is a promising catalyst for CO;RR to CO.

2. Results
2.1. Textural Properties of Ni-N—-C—rGO Materials

Figure 1 shows the schematic representation for the preparation of the Ni-N-C-—rGO
catalyst, which includes the synthesis of the Ni-DMG-GO and its subsequent thermal
pyrolysis. Furthermore, for investigating the role of Ni, N-C, and rGO; the N-C-—rGO, Ni-
rGO, and Ni-N-C materials were fabricated by the same procedure without introducing
Ni, DMG, and rGO, respectively.
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Figure 1. Schematic representation for the preparation of the Ni-N-C—rGO catalyst.

In the X-ray diffraction (XRD) patterns (Figure 2a), only a broad peak, which is
attributed to the graphitic carbon structure, is detected in the rGO and N-C—GO mate-
rials [32,33]. With the introduction of Ni species, three sharp diffraction peaks appear at
44.5°,51.9°, and 76.4°, corresponding well with the (111), (200), and (220) crystal planes of
metallic Ni (JCPDF card No. 04-0850), respectively, indicating that Ni ions are successfully
reduced to metallic Ni particles in Ni-rGO, Ni-N-C, and Ni-N-C—rGO materials [34,35].
In addition, Ni-N-C material exhibits the strongest intensity, implying the highest Ni
content. The crystalline size calculated from the Scherrer formula is 29.6, 37.0, and 24.7 nm
for Ni-rGO, Ni-N-C, and Ni-N-C-rGO materials, respectively [36,37]. The large crys-
talline size of Ni-N-C is ascribed to the absence of rGO, which can improve the dispersion
of Ni species.
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Figure 2. Characterization of rGO, N-C-—rGO, Ni-rGO, Ni-N-C, and Ni-N-C-rGO materials:
(a) XRD, (b) Raman, (c) TG-DSC, and (d) N, absorption-desorption isotherms.

Raman spectroscopy was conducted to reveal the structure of the obtained materials
and verify the modification of graphene. As displayed in Figure 2b, two vibrational bands
positioned at 1340 cm~! (disordered carbon (D band)) and 1590 cm~! (graphitic carbon
(G band)) are clearly detected. Generally, the ratio of D band and G band intensity (Ip/Ig)
is an indicator of the quantity of disordered and graphitic carbon in the framework [38,39].
Compared with the rGO, the Ip/Ig value of N-C—+GO, Ni-rGO, and Ni-N-C-rGO materials
increase, and this may be due to the modification of graphene. For the N-C-rGO, the value
increases to 1.12, showing the aggregation of rGO with the modification of N-C structure.
This result is further confirmed by the following N; absorption—-desorption isotherms. For the
Ni-N-C material, the high Ip /I value indicates the existence of large amounts of disordered
carbon structure. Compared with the graphitic carbon structure, this disordered one is not
beneficial for the transmission of electrons in the reaction process.

To accurately analyze the contents of Ni species, the thermogravimetric differential
scanning calorimetry (TG-DSC) profiles of Ni-N-C—rGO composites under air atmosphere
were obtained. The obvious weight loss with exothermic peaks occurs at 400-600 °C
(Figure 2c), which is assigned to the decomposition of C and N species, and the residual
weight above 600 °C is ascribed to the NiO species in the materials. The contents of Ni
species obtained from TG characterization are 26.4, 79.3, and 30.8 wt% for Ni-tGO, Ni-N-C,
and Ni-N-C-rGO samples, respectively. As for the DSC profiles (inset of Figure 2c), the
Ni-N-C exhibits the smallest exothermic peak, implying the least C and N content in
these three samples. Furthermore, the initial reaction temperature (400 °C) of Ni-N-C
and Ni-N-C-rGO is lower than that of Ni-rGO (550 °C). This is due to the presence of N
species in the material, which are beneficial for the oxidation reaction, further illustrating
the presence of N species in the material.

N, adsorption-desorption isotherms (Figure 2d) were obtained to investigate the textu-
ral properties of obtained materials. Conversely, no obvious hysteresis loop is observed in
the rGO and N-C-rGO, indicating that no mesoporous structure exists. For the Ni-rGO, Ni-
N-C, and Ni-N-C—rGO samples, a type-1V isotherm with Hj hysteresis loop is observed,
implying the existence of abundant mesoporous structure [40,41], which may be caused by
the catalytic graphitization of Ni species in the thermal pyrolysis. Moreover, the N-C-rGO
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material exhibits a low specific surface area (35 m? g~!), implying the aggregation of
rGO sheets; further confirming the Raman spectra of N-C-rGO. The Ni-N-C—+GO has a
larger specific surface area than Ni-N-C, implying that the excellent dispersity of graphene
enhances the specific surface area of the material. The large surface area is favorable for
promoting mass transport capacity and increasing exposed active sites.

Scanning electron microscope (SEM) images (Figure 3) were utilized to observe the
surface morphology of the composite materials. The SEM images (Figure 3a) show a typical
nanosheet-like morphology of rGO. As for the N-C—rGO (Figure 3b), the aggregation of
rGO is observed, agreeing well with the result achieved from Nj-physisorption. With the
introduction of Ni species, the obvious Ni particles can be found in the Ni-rGO (Figure 3c),
Ni-N-C (Figure 3d), and Ni-N-C-rGO (Figure 3e,f) materials. As for the Ni-N-C, a fibrous
tubular structure is observed, in which the Ni particles are wrapped by a N-C skeleton.
For the Ni-N-C—rGO, the fibrous tubular structure of Ni-N-C is uniformly dispersed on
the rGO, confirming the formation of composite structure. The element mapping images
(Figure 3g,h) of Ni-N-C and Ni-N-C-rGO reveal the distribution of C, N, O, and Ni
elements, thus confirming the successful modification of Ni-N-C on the rGO support.

Figure 3. SEM images of (a) rGO, (b) N-C-rGO, (c) Ni-rGO, (d) Ni-N-C, and (e,f) Ni-N-C-rGO
materials; elemental mappings of (g) Ni-N-C and (h) Ni-N-C-rGO.

In the transmission electron microscope (TEM) images of Ni-rGO (Figure 4a), Ni-N-C
(Figure 4b), and Ni-N-C—rGO (Figure 4c); Ni particles are observed, and the morphology
observed in the TEM images agrees well with the results from the SEM images, indicating the
formation of composite structure in Ni-N-C-rGO. For the HRTEM images (Figure 4d—f), it can
be seen that the Ni particles are wrapped by the carbon skeleton. Specifically, in the core portion,
the distinct lattice fringes with spacing of 0.209 nm, correspond to the (111) plane of metallic
Ni. As for the shell portion, the Ni-N-C (Figure 4e) exhibits a disordered carbon structure.
In contrast, graphitic carbon structure surrounds the Ni particle in the Ni-N-C—rGO material.
This phenomenon further confirms the Raman spectra, in which the Ni-N-C-rGO shows a
lower Ip/Ig value than Ni-N-C. More importantly, the graphitic carbon structure benefits
the transfer of electrons and enhances the electrical conductivity of the catalyst. The element
mapping images (Figure 4g) of Ni-N-C—rGO confirm the successful modification of Ni-N-C
on the rGO support.
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Figure 4. TEM and HRTEM images of (a,d) Ni-rGO, (b,e) Ni-N-C, (c,f) Ni-N-C-rGO, (g) STEM
image and elemental mappings of Ni-N-C—rGO.

2.2. Chemical Bonds of Ni-N-C-rGO Materials

The chemical compositions and bonding configurations of the obtained materials were
characterized by XPS. As shown in the full spectrum (Figure S1), the signals of C, N, O, and Ni
are achieved. For the C1s spectra (Figure 5a), the spectra of these composite materials with similar
configurations, are deconvoluted into three components. The main peak at 284.8 eV is assigned to
sp?-hybridized graphite-like carbon (C-C), and the peaks at 285.9 eV are owing to a C-O group,
or the sp? carbon bond overlapped with nitrogen species [42]. The peak at 287.3 eV is ascribed
to a C=0 group [43]. For the O1s spectra (Figure 5b), three different peaks were determined at
529.8, 532.0, and 533.6 eV, corresponding to Ni-O, C=0, and C-O, respectively [44,45]. The Ni-O
bond might be owing to the surface metallic Ni particles, which are partially oxidized in the air
atmosphere. For the N1s spectra (Figure 5c), three types of nitrogen (pyridinic-N, pyrrolic-N,
and graphitic-N) are observed at 398.7, 400.8, and 402.0 eV, respectively [46,47]. For the peak
position of pyridine N, compared with N-C-rGO, the position of the peak shifts to the high
binding energy with the introduction of Ni species (Ni-IN-C and Ni-N-C—+GO), implying the
formation of a coordinate bond between Ni and N, in which the lone pair electrons of N species
transfer to the empty orbital of Ni species.

As shown in Figure 5d, the Ni signal at 852.7 eV corresponds to metallic Ni species [48].
The signal at 854.5 eV is due to the strong electron transmission between the Ni and N-C
skeleton [49]. This result can also be confirmed by the Ni-rGO material, in which only Ni-Ni
and Ni-O bonds exist in the Ni2p spectra. The signal at 856.5 eV is attributed to the Ni oxide,
which may be caused by the oxidation of surface metallic Ni species [50]. The constituents
determined from XPS spectra are given in Table 1. The changing law of Ni content agrees
well with the results obtained from TG-DSC and EDS techniques (Table 1). However, the Ni
contents determined from XPS are much lower than the results of TG and EDS measurements,
indicating that most of the Ni particles are encased, so cannot be completely detected by the
X-ray of XPS characterization. This phenomenon agrees well with the HRTEM results, in
which the encased structure is clearly observed.
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Figure 5. XPS spectra of rGO, N-C-rGO, Ni-rGO, Ni-N-C, and Ni-N-C-—rGO materials: (a) C1s, (b)
Ols, (c) N1s, and (d) Ni2p spectra.

Table 1. Textural properties and composition of rGO, N-C-rGO, Ni-rGO, Ni-N-C, and Ni-N-C-rGO
materials determined from XRD, TG, EDS, and XPS measurements.

XRD TG EDS XPS (at%)
Sample . Interplanar . Ni .
Size (nm) Space (nm) Ni (wt%) (at%) C N (o] Ni
rGO - - - - 94.2 - 5.8

N-C-—GO - - - - 894 6.9 3.7 -
Ni-rGO 29.6 0.205 264 24 91.0 - 7.3 1.7
Ni-N-C 37.0 0.205 79.3 34.3 81.5 4.0 9.7 4.8
Ni-N-C-rGO 247 0.205 30.8 9.2 82.8 6.2 8.0 3.0

2.3. Catalytic Performance of Ni-N-C—-rGO Materials

Inspired by the excellent structure of Ni-N-C—rGO materials, these catalysts were used
for CO,RR. The linear sweep voltammetry (LSV) curves (Figure S2 and Figure 6a) of catalysts,
under Ar or CO; saturated 0.5 M KHCOs electrolyte, were obtained and analyzed. Different
from rGO, N-C—rGO, and Ni-rGO catalysts, the reduction current is markedly improved
by the introduction of CO, atmosphere in Ni-N-C and Ni-N-C—rGO catalysts. Especially
for the Ni-N-C—+GO catalyst (Figure 6a), the reduction current drastically increases from
—0.4 V as the electrolyte is saturated by CO,, and the onset potential is lower than that in
an Ar atmosphere (—0.6 V); implying the excellent electrocatalytic activity toward CO,RR.
Meanwhile, the Ni-N-C-rGO catalyst exhibits the lowest onset potential and highest current
density among all the catalysts in a CO, atmosphere (Figure 6b), suggesting its optimal catalytic
activity for CORR.
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Figure 6. Electrocatalytic performance test of rGO, N-C—rGO, Ni-rGO, Ni-N-C, and Ni-N-C—GO materials: (a) LSV test
of Ni-N-C-rGO under Ar and CO, atmosphere, (b) LSV test under CO, atmosphere, (c) Current density and (d) FEco)%
with different applied potentials.

The electrocatalytic performance of the Ni-N-C—rGO materials was further investi-
gated by characterizing the current density and obtained products under different poten-
tials. As shown in Figure 6¢, the rtGO, N-C—rGO, and Ni-rGO show a low current density
under —0.87 V, and increase sharply from —0.87 to —1.07 V. As for the Ni-N-C and Ni-N-
C-rGO catalysts, the current density increases linearly as the applied potential varies from
—0.57 V to —1.07 V. In addition, the Ni-N-C-rGO catalyst owns a larger current density
than Ni-N-C, and this is ascribed to the rGO, which is beneficial for the transmission of
electrons to reactants.

As for the products, only CO and H, were tested (Figure 6d and Figure S3). Regarding
the rGO catalyst, little CO production is detected and the FE @)% is below 10%, implying
the absence of active site for CO,RR in the rGO catalyst. With the modification of N-C or Nj,
the FEco) % increases to 40% for N-C-rGO (—0.57 V), or 20% for Ni-rGO (—0.77 V). It can
be seen that the FE ()% of these two catalysts is still unsatisfactory, especially under high
current density. Either Ni or N-C cannot provide efficient active sites for CO,RR. Therefore,
superior active sites for CO;RR to CO should be identified and employed to modify the
rGO material. The catalytic performance of Ni-N-C material was investigated, and the
FE(co)% exhibits a volcano-type curve, and the highest value (70%) is obtained under
—0.87 V. More importantly, the Ni-N-C-rGO catalyst shows a higher catalytic activity than
Ni-N-C, and the FEcp)% increases from 40% to 85% with the change in potential from
—0.57 V to —0.87 V. In conclusion, the synergistic effect of Ni and N-C can provide active
sites for CO,RR, and the rGO support can improve the dispersity of Ni-N—-C active sites,
enhancing the current density and FE )% of catalysts in CO2RR.

The electrochemical surface area (ECSA) was further determined to study the elec-
trochemical activities of different catalysts (Figure 7a and Figure S4) [11,51]. The Cg
of Ni-N-C-rGO is higher than that of rGO, N-C-rGO, Ni-rGO, and Ni-N-C catalysts,
indicating a larger ECSA and the existence of more active sites in the Ni-N-C—rGO cata-
lyst. Therefore, it is favorable for enhancing the electrocatalytic activity of Ni-N-C-rGO,
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and indicates the increased apparent concentration of reactant on the catalyst, leading to a
high efficiency for CO,RR. Meanwhile, electrochemical impedance spectroscopy (EIS) was
conducted to investigate the properties of the electrode/electrolyte interface and reveal the
interfacial charge-transfer resistance (Rct) of the catalysts. As shown in Figure 7b, Ni-N-C
and Ni-N-C-rGO show the lower Rt than rGO, N-C-rGO, and Ni-rGO, implying their
excellent ability for the transmission of electrons.
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Figure 7. (a) The differences of charging current density plotted against scan rates, (b) Electrochemical

impedance spectra, (c) Tafel slopes, and (d) long-term durability of Ni-N-C-rGO at —0.87 V for 10 h.

Tafel slopes were calculated to investigate the reaction kinetics on Ni-N—C and Ni-N-
C—GO catalysts towards CO,RR. The Tafel slopes of Ni-N-C and Ni-N-C-rGO approach
118 mV dec~! (Figure 7c), implying that the rate-determining step of CO;RR is the transmis-
sion of the first electron to the CO, molecule [52,53]. In addition, the Tafel slope of Ni-N-C
for CO production of Ni-N-C is 97.7 mV dec ™!, which is larger than that of Ni-N-C-rGO
(92.9 mV dec™!), indicating sluggish kinetics for the activation process on Ni-N-C. The
change law of Tafel slope is consistent with the LSV curves and current density curves
under different potentials.

Meanwhile, the stability of the Ni-N-C-rGO catalyst was investigated by testing
continuously under —0.87 V, which has the largest FE )% (Figure 7d and Figure S5). No
obvious decay in FE(co)% is detected for 10 h of electrolysis, and only the current density
attenuates slightly, demonstrating the long-term stability of the Ni-N-C—rGO catalyst.
Therefore, the Ni-N-C—rGO is a promising catalyst for CO,RR to CO.

3. Materials and Methods
3.1. Materials

Nickel nitrate hexahydrate (Ni(NOs),-6H,0, >98.0%), dimethylglyoxime (C4HgN,O»,
>98.0%), N,N-dimethylformamide (C3H;NO, >99.5%), potassium bicarbonate (KHCO3,
>99.5%), and ethanol (EtOH, >99.7%) were purchased from Aladdin Biochemical Tech-
nology Co., Ltd (Shanghai, China). Nafion solution (5 wt%) was purchased from Dupont
company (Wilmington, DE, USA). All the reagents were used as received without further
purification. Deionized water (18.2 M()) was used in our experiments.
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3.2. Synthesis of Materials
3.2.1. Synthesis of Graphene Oxide (GO)

According to the modified Hummers” method, the GO was prepared through the
oxidation and purification of natural graphite powder [54,55].

3.2.2. Preparation of Different Precursors Ni-DMG-GO

The Ni(NOs3); solution (0.1454 g Ni(NOj3),-6H,0 in 3 mL of water) was mixed with 10
mL of 4 mg mL~! GO suspension under stirring. After that, an appropriate amount of the
DMG solution (Ni(NOj3),-6H,O:DMG = 1:2 (molar ratio)) was added to the above solution,
and the aqueous solution was stirred at room temperature for 6 h. Thereafter, the resulting
precipitates were centrifuged and washed with ethanol three times. The composites
were finally obtained by freeze drying with a vacuum at —50 °C for 24 h. The obtained
composites were denoted as Ni-DMG-GO.

3.2.3. Preparation of Ni-N-C—rGO Materials

The Ni-DMG-GO composites were suffered thermal annealing process in a N, atmo-
sphere at 800 °C for 3 h with a heating rate of 2 °C min~!. In this process, the Ni-DMG and
GO were reduced to Ni-N—-C and rGO, respectively. The resulting materials were denoted
as Ni-N-C-rGO. For investigating the role of Ni, N-C, and rGO, the samples —without
introducing Ni, DMG, and rGO-were fabricated by the same procedure and denoted as
N-C-rGO, Ni-rGO, and Ni-N-C, respectively.

3.3. Materials Characterization

XRD patterns were performed on a D8 ADVANCE X-ray diffractometer (Bruker, Karl-
sruhe, Germany) with a Cu K« radiation (A = 1.5406 A) source in the 20 range from 10-80°
at a scanning rate of 5° min~!. Raman spectra were measured using a CCD detector with
a 532 nm laser beam on the LabRam HR system (HORIBA, Tokyo, Japan). The TG-DSC
analysis was performed by a NETZSCH STA 449 F3 simultaneous TG-DSC instrument
(NETZSCH-Gerdtebau GmbH, Selb, Germany) at 10 °C min~! in the air. N, adsorption-
desorption isotherms were conducted at 77 K using the Micromeritics 3Flex Physisorption
(Micromeritics, Norcross, GA, USA) with degassed samples (300 °C for 2 h). The mor-
phologies, microstructures, and constitution of the samples were characterized by SEM
(FEI Quanta FEG 250, FEI company, Hillsboro, OR, USA) and TEM (FEI Tecnai G2 F20, FEI
company, Hillsboro, OR, USA). X-ray photoelectron spectroscopy (XPS) was performed on
a Thermo Scientific K-Alpha+ spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

3.4. Preparation of Working Electrodes

The preparation procedure for the working electrode was described as follows: 10 mg
of as-prepared catalyst was uniformly dispersed into 5000 puL of mixture solution (5 wt%
Nafion solution: N,N-dimethylformamide = 1:49) under sonication for 2 h. Then, the above
obtained ink (100 pL) was dispersed on both sides of carbon paper (1.0 x 0.5 cm?) with the
loading catalyst of 0.2 mg cm 2.

3.5. 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 which was separated by a Nafion-
115 membrane (Dupont, Delaware, USA). A Pt plate served as a counter electrode, and
Ag/AgCl (saturated KCl) acted as the reference electrode. The experiment was performed
in CO,-saturated 0.5 M KHCOj3, and CO; gas was injected for 30 min before tests. All the
potentials in this work were calibrated to RHE by the E (vs. RHE) = E (vs. Ag/AgCl) +
0.1989 V + 0.0592 x pH. At room temperature and atmospheric pressure, the gas prod-
ucts were delivered directly to the sampling loop of an on-line gas chromatograph (GC)
equipped with a thermal conductivity detector (TCD), a flame ionization detector (FID)
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and a methanator assisted FID to analyze the gaseous products. The liquid products were
analyzed by 'H nuclear magnetic resonance ('"H NMR) spectrometer (Bruker AVANCE III
400, Bruker, Karlsruhe, Germany) with dimethylsulfoxide (DMSO) employed as an internal
standard substance.

The Faradaic efficiency (FE) of the products was calculated using the following equa-

tion:
_ ZixVixGXFxP

I xR xTy

Z;: the number of electrons for an i molecule, and Z; = 2 and 2 for CO and Hy;

Vj: the volume ratio of product i;

G: the volumetric flow rate (10 mL min—1);

F: Faradaic constant (96,485 C mol~1);

Py: atmospheric pressure (1.013 x 10° Pa);

I: the current at each applied potential;

R:ideal gas constant (8.314 | mol~ 1 K~1);

To: reaction temperature (298 K).

The LSV curves were performed in CO,-saturated or Ar-saturated 0.5 M KHCO;
solutions with a scan rate of 5 mV s~! between 0 to —1.3 V vs. RHE. The ECSA of the
catalysts was calculated from their electrochemical double-layer capacitance (Cq;), which
was determined by measuring the capacitive current associated with double-layer charging
from the scan-rate dependence of the CV. The potential of the CV ranged from 0.20 to 0.30 V
with various scan rates (10, 20, 30, 40, and 60 mV s~} under a CO, atmosphere. The Cy;
was calculated by plotting the Aj =ja — jc at 0.25 V vs. the scan rate (j, and j are the anodic
and cathodic current densities), respectively. The slope was twice that of the Cq; value.
The EIS measurement was performed using an electrochemical workstation (PARSTAT
4000) with an amplitude of 5 mV of 0.01 Hz to 10 KHz at —0.87 V.

FE;

)

4. Conclusions

In this paper, a series of rGO, N-C-rGO, Ni-rGO, Ni-N-C, and Ni-N-C-—GO ma-
terials were designed and fabricated. The investigation of textural properties, chemical
bonds and catalytic performance of as-obtained modified rGO catalysts, indicated that the
synergistic effect of Ni and N-C can provide active sites for CO,RR, and the rGO support
can improve the dispersity of Ni-N-C active sites. The Ni-N-C-rGO showed the optimal
catalytic activity and selectivity with a high current density of 10 mA cm =2 and FE(co)% of
85% at —0.87 V vs. RHE. In addition, there was no obvious decrease in activity for 10 h.
Therefore, the Ni-N-C—rGO is a promising catalyst for CO,RR to CO.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ catal11050561/s1, Figure S1: XPS spectra of rGO, N-C-rGO, Ni-rGO, Ni-N-C, and Ni-
N-C-rGO materials, Figure S2: LSV test of (a) rGO, (b) N-C-rGO, (a) Ni-rGO, and (d) Ni-N-C
under Ar and CO, atmosphere, Figure S3: 'H NMR of the as-obtained electrolyte solution using the
Ni-N-C-rGO catalyst for CO, reduction at —0.87 V for 5 h, Figure S4: Cyclic voltammetry plotted
against scan rates: (a) rGO, (b) N-C—GO, (a) Ni-rGO, (d) Ni-N-C, and (e) Ni-N-C-rGO, Figure S5:
Long-term durability: (a) Current density and (b) FEco)% of rGO, N-C—+GO, Ni-rGO, and Ni-N-C
at —0.87 Vfor5h
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