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ARTICLE INFO ABSTRACT

Keywords:
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This study explores the potential of carbon-based materials, specifically CN-Ni-doped, as catalysts for COy
reduction to methanol in a PEM-R. The research investigates the impact of Ni incorporation on CN’s structure,
resulting in increased interlayer spacing and reduced crystallite size. Additionally, the introduction of Ni mod-
ifies the samples’ morphology, creating a more compact structure with smaller sheets. The findings indicate that

CN-Ni displays promising catalytic activity, achieving a 25% Faradaic Efficiency (FE) with a methanol pro-
duction rate of approximately 1.1 mol L™! h™!. The study underscores the significance of optimizing reactor
operational parameters to enhance CO2RR. In conclusion, this research contributes to the advancement of effi-
cient and sustainable approaches for CO; utilization and methanol synthesis.

1. Introduction

Reducing CO; emissions represents one of the greatest challenges in
slowing down climate change. However, this task is extremely chal-
lenging because carbon dioxide production is associated with many
economic activities, making it difficult to reduce emissions without
causing harm to the economy. Therefore, it is important to develop new
technologies, and electrochemistry is one promising route to reducing
CO4 emissions and remediation [1]. The process involves reducing CO5
in an electrochemical cell, converting it into more useful compounds,
such as methanol, formic acid, and formaldehyde [2,3].

The CO; reduction reaction (CO2RR) to obtain products is not a
trivial task due to the linear molecule of carbon dioxide with two
equivalent C = O bonds, with an energy is equal to 750 kJ mol ™!, which
is twice the binding energy of other carbon-based compounds on
average [4]. The main proposed reaction paths follow simplified steps:

COx(g) = COxads) (@)
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Thermodynamically discussing, the initial step in reducing CO3
(represented by Eq. 2) requires an overpotential of — 1.9 V under
standard conditions. It is noteworthy that this overpotential is consid-
erably higher compared to that required for the hydrogen evolution
during the water breaking process [5]. In addition to the loss of faradaic
efficiency due to the competition of H, evolution, the electrolyte
decomposition shifts the potentials between the electrodes, which can
alter the reaction paths [6]. Since the primary challenge is to reduce this
overpotential, studies of composition, morphology, preferential phase,
and adding functional groups to the material are being conducted
[7-12].
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In this context, two interrelated strategies are being utilized. The first
strategy involves the development of catalyst materials for the reaction,
and among the materials under investigation are carbon-based materials
that have demonstrated the ability to inhibit particle agglomeration on
their surface, chemical stability and thermal, conductivity wide versa-
tility for textural structural modification and functionalization with
different functional groups [13-15].

Among these carbon-based materials is CN, which contains a back-
bone of C-N bonds and a high concentration of N sites situated at specific
locations on the s-triazine or s-heptazine units. Additionally, CN pos-
sesses a high concentration of N-H functional groups that provide
Brgnsted acid sites and Lewis base sites, along with an abundance of
binding sites for metals. Furthermore, the n-t conjugation binding
structure of these materials is highly favorable for metal deposition [16,
17].

CN is a semiconductor renowned for its distinctive structure, and it
finds extensive application in photocatalysis and electrocatalysis owing
to its remarkable synergistic effects when combined with metals and
metal oxides [18]. In particular, carbon nitride decorated with nano-
particles exhibits outstanding catalytic activity, primarily attributed to
the functional groups present in CN that promote CO, adsorption and
facilitate charge transfer between the supporting material and the active
center. Additionally, the high dispersion of nanoparticles within the
support further enhances the catalyst’s performance. The introduction
of a metal catalyst assists in shifting oxygen, thereby facilitating the
hydrogenation process [19]. In this case the addition of CN-metal doped
present advantages, including chemical stability, absorbency, and
modifiable structural and electrical properties [20]. The incorporation
of Ni nanoparticles adds to their low cost and high activity for various
processes, including reforming, decomposition, partial oxidation, and
hydrogenation [21-23].

On the other hand, various reactor designs have been developed to
optimize COy reduction reaction (CO2RR). Ju et al.[24] suggest that
aspects of CO2RR can be optimized not only through the use of specific
materials but also by adjusting reactor operating parameters, such as
electrolytes, temperature, CO, delivery pressure, electrode distances,
and even reactor architecture [25-29]. Recently, Gutierrez-Guerra et al.
[30] successfully reduced COy using a proton exchange membrane
reactor (PEM-R) similar to a fuel cell, for this reaction [28,30,31]. In this
context, the present study focuses on investigating CO2RR on CN-Ni
doped material for methanol production in a PEM-R.

2. Experimental

The CN materials used in this study were synthesized by mixing 5 g of
melamine in 100 mL of hot distilled water. The pH was adjusted between
3 and 4 and the mixture was stirred magnetically for 4 h. After cooling,
the solution was filtered and dried for 24 h at 65 °C. The resulting solid
was pyrolyzed in a crucible for 2 h in a muffle at 550 °C with a heating
rate of 5 °C min~! under nitrogen flow. For the synthesis of the CN-Ni,
4.75 g of melamine and 1.24 g of Ni(NO3),.6 HoO were used following
experimental protocols as in CN-p sample preparation.

The synthesized CN materials were characterized using X-ray
diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy.
XRD analysis was performed using a Shimadzu XRD-6000 diffractometer
with Cu Ka (A = 1.54086 .7\) as the source. The infrared spectra were
acquired using KBr pellets in a Thermo Scientific Nicolet 6700
spectrometer.

The elemental composition (CHNS) was obtained with a
LECO@CHNS/O analyzer, model TruSpec Micro. Thermogravimetric
analysis (TGA) was conducted using a LABSYS EVO STA simultaneous
TGA/Differential thermal analysis analyzer at a heating rate of 10 °C
min~! under constant oxygen flow (50 mL min~1). The surface charge
properties of the CN were determined from their zeta potential values in
aqueous suspension (0.5 mg/mL), and zeta potential was measured on a
Malvern Zetasizer Nano instrument (Malvern Instruments, USA).
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Scanning electron microscopy (SEM) images of the samples were ob-
tained using a HITACHI model TM-3000 (Japan) equipment. The sam-
ples were fixed on a sample holder (stub) using a double-sided
conductive carbon tape (TED PELLA brand), and the set was coated with
gold in a plasma metallizer (Sputter Q150R ES from Quorum Technol-
ogies). The textural characterization of the CN materials was carried out
using the Ny adsorption-desorption isotherms method with a Micro-
mertics ASAP 2020 apparatus (Shanghai, China).

The amount of nickel anchored in the CN samples was determined
from atomic absorption spectroscopy using a Varian spectrometer,
model AA 50B. Approximately 0.34 mg of sample was accurately
weighed and added into a round bottom flask containing 5 mL of
concentrated HySO4, 5 mL of concentrated nitric acid, and 5 mL of HyO4
(30%). The mixture was refluxed for 7 h and then filtered. The solution
was then diluted to 25 mL. The analytical curve used for quantification
of nickel (II) was prepared with 11 standards in the concentration range
from O to 16 ppm. The calibration curve had a linear equation of y =
0,0061 [nickel] - 0,0006 with an 2 value of 0.9998.

The catalysts were further characterized by cyclic voltammetry
performed in a three-electrode electrochemical cell using a PGStat 302 N
Autolab potentiostat, with a working electrode built on a glassy carbon
(0.2 cm?) support covered with an ultra-thin porous layer produced from
a paint made with 5 mg of CN materials and 5 mg of carbon Vulcan,
1800 pL of ultrapure water, 1200 pL of isopropanol, and 50 pL of
Nafion® (D-520) mixed using ultrasound. An Ag/AgCl 3.0 mol L7}
electrode was used as a reference electrode, and a 2 cm? Pt electrode was
used as a counter electrode. The same potentiostat and electrodes were
used in conjunction with a Raman Macroram spectrometer—Horiba,
with a 785 nm laser, and an electrochemical cell suitable for carrying out
the electrochemical assays assisted by in-situ Raman spectroscopy, as
reported by De Souza [32].

The conversion of CO, to methanol was carried out in a PEM-R, with
electrodes constructed with 1 mg cm™2 of CN materials with vulcan
carbon (20% w/w) at the cathode, a membrane of Nafion 117 as elec-
trolyte, and 1 mg cm 2 of Pt/C Basf (20% w/w) as the anode. All elec-
trodes were prepared by depositing the ink containing the catalyst with
30% by mass of a solution of Nafion® D-520 (Aldrich) and isopropanol
applied by brushing on a carbon cloth treated with PTFE. The reactor is
based on a typical fuel cell coil plate design made of 316 L steel, fed with
10 mL min~! of CO at cathode and 300 mL min~! of humidified H, at
85 °C on the anode. After the reaction, aliquots of the reactor effluent
were collected and analyzed using infrared spectroscopy and high-
performance liquid chromatography (HPLC) with a UV/Vis detector.
The HPLC analysis was performed using a flow rate of 0.8 mL min ! of a
solution of 50% water, 40% acetonitrile, and 10% sodium acetate buffer
on a C18 column (Phenomenex Luna 5 pm, 250 x 4.6 mm). The cali-
bration curve had a linear equation of peak area = 59.916 + 238.59
[methanol] with an r2 value of 0.9981.

3. Results and discussion

The X-ray diffraction patterns of CN-p, CN-Ni, and NiO are presented
in Fig. 1. Two distinct diffraction peaks are evident at 26 values of 13.03°
and 27.73°, respectively. The first peak is generated as a result of the
ordered plane of tris-s-triazine units, designated as the (100) plane,
while the second peak is assigned to conjugated aromatic stacking and
indexed as the (002) plane [33].

Additionally, there are peaks at approximately 37° and 43° at 20
values, corresponding to the crystallographic planes (111) and (200) of
NiO (COD 96-432-9324). The interlayer d-spacing values for CN-p and
CN-Ni were found to be 0.82 A and 0.87 A, respectively. Furthermore, a
slight displacement of the (002) plane was observed, indicating that the
insertion of Ni increased the distance between the layers due to the
metal’s large ionic radius. It is worth noting that Deraman and co-
workers [34] have suggested that an increase in interlayer d-spacing for
2D materials such as graphene leads to a reduction in the average
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Fig. 1. XRD pattern of CN-p, CN-Ni and NiO.

crystallite size, which is analogous to the observations made for the CN
materials investigated in this study.

The FTIR spectra, as shown in Fig. 2, reveal several bands associated
with specific chemical groups present in the samples. A sharp band,
observed at 810 cm ™!, corresponds to the breathing mode of triazine
units in CN-p [35]. The bands at 1570 and 1640 cm~ ! are attributed to
the bending of single bond N-H and stretching of C=N double bond
bonds, respectively. The bands between 1241 and 1480 cm™! are
assigned to the stretching vibrations of the single bond C-N [35]. The
presence of nickel is evident from the bands observed at approximately
600 and 492 cm_l, corresponding to Ni-O [36,37] and Ni-N nano-
structures [37,38], respectively.

Fig. 3a illustrates the evolution of mass loss and heat flow with
temperature for CN-Ni. The DTA analysis reveals the presence of three
primary stages of decomposition, as depicted in Fig. 3b. The data show
an initial endothermic peak with a maximum at 58 °C, leading to a mass
loss of approximately 1.4% of the total weight, which can be attributed
to the removal of surface water. The second step is observed between
110 °C, with a mass loss ranging from 1.0% to 2.9%, likely associated
with the elimination of structural water. The process of carbon-nitrogen
loss for the composites occurs at temperatures around 500 °C, with the
maximum degradation process of the carbon nitride structure observed
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at 715 °C for CN-p and 615 °C for CN-Ni [39]. The incorporation of
nickel into the graphitic carbon nitride structure results in decreased
stability due to metal catalysis, leading to a greater mass residue for-
mation attributed to the presence of NiO5 [40].

The Zeta potential measurements for CN-p (—31.8 mV) are consis-
tent with the literature [41]. However, for the CN-Ni material
(—35.8 mV), the Zeta potential shifts towards more negative values,
primarily due to the presence of oxidized species of the incorporated
metal within the structure [42]. As shown in Table 1, the proportion of
carbon and nitrogen decreases, while hydrogen remains unchanged. The
percentage of nickel in the sample prepared with 5% nickel, CN-Ni, was
determined to be 4.76% through Atomic Absorption Spectrometry.

The optical characteristics of CN-p and CN-Ni samples were exam-
ined through UV-Vis diffuse reflectance spectroscopy (DRS), revealing
variations and changes in the electronic structure of CN-p upon the
addition of nickel. This is prominently highlighted in the UV-Vis spec-
troscopy results (Fig. 1$ (A)), where distinct shifts are observed. These
shifts indicate that the presence of Ni significantly influences the elec-
tronic structure of CN-p, resulting in alterations to its optical and elec-
tronic properties [43]. The band gaps were estimated from graphs of the
square root of the Kubelka-Munk functions plotted against photon en-
ergy (Fig. 1$ (B)). The band gaps for CN-p and CN-Ni were found to be
2.82 and 2.98 eV, respectively. These findings clearly demonstrate that
the introduction of nickel brings about changes in the electronic prop-
erties of graphitic carbon nitride, which could have a direct correlation
with its catalytic properties for the reduction of CO2 to methanol.

The investigation of the local morphologies of the synthesized ma-
terials through SEM analysis, as illustrated in Fig. 4, yielded significant
insights. In the low-magnification SEM image, it becomes apparent that
both CN-p and CN-Ni are predominantly composed of large, irregular-
shaped particles with dimensions in the micron range. This aligns with
the characteristic appearance of bulk materials, where strong van der
Waals interactions between layers give rise to a slate-like, stacked
lamellar structure [16]. However, the introduction of nickel into the
CN-Ni composite led to a notable alteration in these morphological
characteristics. This transformation can be attributed to the fragmen-
tation of the polymeric carbon nitride structures, as supported by the
XRD data. CN-Ni exhibits a more compact structure with smaller sheets,
indicating that the bulk g-C3N4 may have undergone oxidation and
exfoliation due to the presence of trace amounts of nickel during the
melamine pyrolysis process.

To gain a deeper understanding of the elemental distribution within
the compound’s structure, Energy Dispersive Spectroscopy (EDS)
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Fig. 2. Fourier-transform infrared spectroscopy characterization of modified carbon nitride with different nickel contents.
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Table 1

Elementary composition of materials.
Sample N/ % Cc/ % H'/ % Ni?*" / %
CN-p 60.482 34.997 2.427 -
CN-Ni 58.366 33.361 2.398 4.76

@ CHN elemental analysis
b Experimental values for Atomic Absorption Spectrometry.

analyses were conducted, as shown in Figs. 2 and 3. These analyses
provided valuable insights into the spatial distribution of elements
within the material. Particularly noteworthy is the nickel ion concen-
tration, as determined through EDS element dot analysis and element
mapping, which unveiled a uniform dispersion of nickel throughout the
CN structure. The nickel content was quantified at approximately
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LMMA-UFVJIM LMMA-UFVJM

TM3000_8484
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202310203

5.05 wt%. The homogeneous distribution of nickel within the composite
is a significant finding, suggesting that the incorporation of nickel into
the CN-Ni material was well-controlled and consistent. This has
important implications for the material’s catalytic properties and its
performance in various applications.

The nitrogen adsorption-desorption isotherms presented in Fig. 5
indicate that both CN-Ni and CN-p exhibit type IV isotherms with H3-
type hysteresis, which is characteristic of mesoporous materials with
slit-shaped pores. The pore distribution calculated by the Barrett-
Joyner-Halenda (BJH) method during the desorption process confirms
the presence of a mesoporous and macroporous architecture in both
materials [44,45]. However, the introduction of Ni into CN results in a
significant increase in the specific surface area, from 14.1 m2/g for CN-p
to 29.33 m2/g for CN-Ni. This is more than a two-fold increase, and it
suggests that Ni is promoting the formation of new pores and/or
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Fig. 4. SEM images of CN-p, CN-Ni.
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increasing the size of existing pores in CN. In addition to the increased
surface area, CN-Ni also has a larger pore size (25 nm) than CN-p
(20.9 nm). This is likely due to the fact that Ni is a larger atom than C
and N, and it is therefore occupying more space within the pore struc-
ture. The larger pore size in CN-Ni also contributes to its higher pore
volume (0.21 cm®/g) compared to CN-p (0.09 cm®/g). Indicating that
the addiction os Ni into CN can be act as a template for pores, increasing
the pore size in comparison with only CN, as a reported for others metals
[46].

The CV curves presented in Fig. 6 for both materials exhibit quasi-
rectangular shapes, suggesting favorable behavior for double electric
layer capacitance. In the CV curve for CN-p, a reduction peak at
— 0.15V is observed, consistent with reports on CN-based materials
[47]. However, the inclusion of nickel results in a reduction peak with
reduced intensity and a shift towards less negative potentials. This shift
is also observed in the voltammogram of a similar material doped with
silver instead of nickel [48].

Fig. 7 shows the polarization curves of CN materials used in COq
reduction in PER-R, recorded within the potential range of 0.5V to
— 0.75 V. From the observed current density, it can be noted that CN-p
performed inferiorly to CN-Ni. It is worth mentioning that the Ni-
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Fig. 6. Cyclic voltammetry of CN materials in Hy8040,1 mol/L™! (v =
10 mV/s).

containing material displayed a more resolved linear voltammogram,
where a reduction peak at — 0.1 V, seen at the same potential in Fig. 6
and inherent to the material, was followed by a reduction process at
more negative potentials initiated at — 0.3 V, as reported by Lima [30].

The effluent collected from the CO2RR process in the PER-FC reactor
was subjected to FTIR spectroscopic analysis to characterize the prod-
ucts obtained. As shown in Fig. 8, the spectra of the effluent revealed the
presence of a band at 1249 cm ™}, corresponding to the CHy rock form-
aldehyde vibration [49], that was observed at all tested potentials.
However, when observing the CN-Ni system at different potentials, the
band was only present at 0 and — 0.25 V. At more negative potentials, it
was observed that two bands with appreciable intensities (~ 1080 cm™!
and 1030 cm™Y) appeared specifically for CN-Ni, which were concluded
to be attributed to the methanol [50,51], as these bands were not
observed for CN-p spectra.

CO2RR has two significant factors to consider apart from the po-
tential for forming each product. These factors are the rate of the reac-
tion (r) and faradaic efficiency (FE). To determine the reaction rate (r)
for methanol production, the amount of methanol measured by HPLC is
used to calculate Eq. 6.

_ methanol amount

. ®)

volume x time

The reaction rate (r) is crucial in determining the amount of CO,
converted per unit time and faradaic efficiency. Faradaic efficiency (FE)
is a factor that measures the amount of energy expended per unit of
methanol produced and is calculated using Eq. 2.

_6x F x V x[methanol|
N I x t

FE

(2)

The faradaic constant (F), solution volume (V), methanol concen-
tration at a specific time (t) ([methanol]), and current intensity (I) are
used in calculating FE. Fig. 9 summarizes r and FE at different potentials
of CN materials.

The results obtained from the measurements showed that the CN-p
catalyst interrupted the reduction of CO5 in the initial stages with a
slight formation of formaldehyde, without proceeding towards the
production of further reduced products such as methanol. On the other
hand, the catalyst containing nickel redirected the reaction towards the
selective production of methanol, with faradaic efficiencies ranging
between 20% and 25% for — 0.5 and — 0.75 V potentials. Indicating
that nickel is fundamental for the CN act in CO5RR.
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Fig. 8. Spectra of FTIR of PER-FC effluent collected in sodium acetate buffer collected at different potentials of the PEM-R output.

4. Conclusion

CO3 reduction reaction on CN-Ni doped is promising to produce
methanol. The study found that the insertion of Ni in the CN structure
increased the distance between layers, leading to a reduction in the
average crystallite size. The presence of nickel in CN was indicated by
changes in FTIR spectra. DTA analysis indicated three stages of
decomposition for CN-Ni, with the addition of nickel leading to a
decrease in stability due to metal catalysis. The Zeta potential of CN-Ni
shifted towards more negative values, mainly due to the presence of
oxidized species of the incorporated metal in the structure. The addition
of nickel caused changes in the morphology of the samples, leading to a
more compact structure with smaller sheets. Both CN-p and CN-Ni
exhibited type IV isotherms with H3-type hysteresis, indicating the

presence of mesoporous and macroporous structures. These results
highlight the potential of CN doped with Ni as a catalyst for the CO,
reduction reaction to produce methanol with 25% of FE with r about
1.1mol L™ h7L
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