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The solar light-driven CO2 conversion into hydrocarbon fuels is regarded as one of the most crucial inventions to
reduce CO, abundance in the atmosphere and fulfill energy needs. Graphitic carbon nitride (g-C3N4) has
garnered considerable attention and emerges as a promising candidate for photocatalytic CO, reduction, owing
to its visible light absorption, metal-free, and environmentally benign nature. However, its ability to effectively
achieve this is currently hindered by several factors such as relatively low surface area, fast electron-hole
recombination rate and limited CO, adsorption capacity, which also constrain its practical applicability. In
this work, a novel photocatalyst was synthesized by incorporating a suitable amount of ZIF-8 derived N-doped
porous carbon into g-C3N4 without affecting its light absorption capacity. The as-prepared samples were char-
acterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FT-IR), nitrogen and CO; adsorption measurements, X-ray photoelectron spectroscopy (XPS),
UV-Vis diffuse reflectance absorption spectra (UV-DRS), and photoluminescence spectroscopy (PL). Compared to
8-C3Ny, the optimized photocatalyst exhibited a 54-fold increase in surface area, a 3.5-fold enhancement in CO2
adsorption capacity, a reduced optical bandgap, and significantly superior photocatalytic activity for CO2
reduction, achieving CH, production at 70.87 pmol h™! g~! and CyHg production at 35.31 pmol h™! g~!. The
enhanced activity of the composites is attributed to the synergistic effect of the N-doped carbon and g-C3Ny.
Thus, this approach offers a promising strategy for the future development of C3N4-based catalysts for efficient
solar to fuel conversion.

1. Introduction

Demand for energy is increasing day by day due to worldwide eco-
nomic growth and overall industrial development. According to the
International Energy Agency (IEA) report 2022, global Total Primary
Energy Supply (TPES) has almost doubled, and 80 % of TPES is sourced
from fossil fuels, resulting in persistently high levels of greenhouse gas
(GHG) emissions [1]. The new policy of IEA, that is the Net Zero
Emissions by 2050 (NZE) scenario, maps out a way to achieve a 1.5 °C
stabilization in the rise in global average temperatures, alongside uni-
versal access to modern energy by 2030. Therefore, the conversion of
CO;, into fuels or hydrocarbons and utilizing the abundantly available
solar energy are effective strategies that can provide a solution to the
two key societal challenges, i.e., meeting energy demand and mitigating
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the greenhouse gas effect. Besides, exploring the scope for the utilization
of CO; as an alternative low-cost renewable energy source is also a
stimulating sector [2-8]. Generally, carbon capture and storage require
a high amount of energy and cost. Therefore, it would be worth the effort
to synthesize materials that can simultaneously adsorb and convert CO5
into useful products like hydrocarbon fuels. This innovation can
diminish our reliance on fossil fuels and will be able to regulate the
emission of GHGs, hence controlling global warming. To address the
increasing levels of carbon dioxide (CO5) in the atmosphere and find
solutions to mitigate the rise, researchers are exploring the potential of
new materials. One interesting approach is to develop materials that
combine properties to tackle multiple challenges at once, the so-called
multifunctional materials. Thus, the utilization of photocatalysis for
the reduction of CO, and to generate hydrocarbon fuels, presents an
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appealing solution to tackle two pressing challenges simultaneously: the
overdependence on fossil fuels and environmental pollution [9-12].

Semiconductor photocatalytic technology has the characteristics of
low-cost, energy-saving and high efficiency, having been deeply studied
and widely used in the photocatalytic reduction of CO; [13,14]. Most of
the developed photocatalysts are metal-containing materials, which
makes them costly for large-scale applications and can lead to envi-
ronmental pollution due to metal ion leaching. Hence, researchers are
investigating metal-free photocatalysts with reasonable activity for CO,
reduction [15,16]. Among all the non-metal semiconductors, graphitic
carbon nitride (g-C3Ny4) is one of the most promising and intensively
studied photocatalysts due to its advantageous properties such as low
cost, facile synthesis, good stability, relatively narrow band gap and
excellent photocatalytic performance with good visible light response
[17-20]. However, the investigation into the reduction of CO5 using
composite materials made of g-CsN4 is still in its nascent stages.
Furthermore, the product yield for the photoreduction of CO, remains
minimal in most reports. This is mainly because pristine g-C3N4 nor-
mally displays limited CO, photocatalytic reduction performance due to
the insufficient carbon-nitrogen ratio, dense surface defects, narrow
spectral response, relatively low surface area, fast electron-hole
recombination rate, low CO, adsorption capacity, and limited active
sites [21,22]. Several endeavors have been dedicated to addressing these
drawbacks like doping with metal/non-metal, constructing hetero-
junctions, synthesis of g-C3N4 composites with specific morphology and
surface function, etc. Among them, customization of g-C3N4 through
surface modifications has emerged as a novel approach for enhancing
photocatalytic performance [23-27].

Nowadays, carbons with porous structures in the nano-dimensions
are becoming good competitors to Metal Organic Framework (MOF),
Covalent Organic Framework (COF), and zeolites in the area of CO5
capture. They are becoming superior candidates for enhanced adsorp-
tion of CO, molecules on the surface of photocatalysts to facilitate their
catalytic conversion. The overall advantages including inexpensive
precursors, simple preparation methods, unique textural and physico-
chemical properties make them potential candidates for COy capture
[28-30]. In addition, earlier studies confirm that the nitrogen-
containing functional groups can further enhance CO, uptake through
electrostatic, Lewis acid-base, and hydrogen-bonding interactions
[31-34]. Nonetheless, the potential of utilizing the CO capturing ca-
pabilities of these porous carbons in the area of photocatalytic CO»
reduction remains largely unexplored.

Herein, we developed a metal-free photocatalyst that can perform
efficient CO; reduction and attain a remarkable CO4 adsorption capacity
with enhanced surface area. The photocatalytically active g-C3N4 ma-
terial was synthesized from melamine via simple polymerization at 550
0C for 3 h. The surface of g-C3N,4 was then modified by N-doped hier-
archically porous carbon synthesized via pyrolysis of ZIF-8, which has a
high surface area and abundant adsorption sites for CO, adsorption.
Loading different weight percentages of porous N-doped carbon into g-
C3Ny resulted in an optimized composite, which exhibited superior ac-
tivity for the photocatalytic reduction of CO; into valuable hydrocarbon
products, such as methane (CH4) and ethane (CyHg), with excellent
conversion efficiency.

2. Experimental section
2.1. Materials

Melamine (> 99 %), Zinc nitrate hexahydrate p.a. (> 99 %), 2-Meth-
ylimidazole (99 %), Sodium sulfate, and Ethanol were purchased from
Sigma Aldrich. Hydrochloric acid (35 % G.R.), Potassium hydroxide,
Methanol p.a. (> 99 %), were purchased from Lach-Ner, Ltd. All
chemicals were used without further purification. Ultra-pure water was
used throughout all experiments.
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2.2. Synthesis of g-CsN4 sheets

Melamine was used as precursor for the synthesis of g-C3N4 semi-
conductor via a simple poly-condensation reaction [35,36]. First, 10 g of
melamine was placed in a closed crucible and heated to 550 °C at a
heating rate of 10 °C min~"! for 3 h in air. After 3 h, the oven is switched
off and the material was left in the furnace to cool down to room tem-
perature. The yellow product g-C3N4 was collected and ground into
powder and labelled as CN.

2.3. Synthesis of N-doped porous carbon

ZIF-8 was synthesized by a simple wet chemical method [37]. About
11.88 g (0.04 mol) of zinc nitrate hexahydrate (Zn(NOs). 6 H0) was
dissolved in 200 mL of methanol. Then, 19.68 g (0.24 mol) of 2-methyl-
imidazole (2-Me-Im) was dissolved in 200 mL of methanol and slowly
added to the above solution using a programmable syringe pump at a
rate of 23 mL/min. The reaction was carried out for 24 h at room tem-
perature under stirring (200 rpm). The resulting white suspension was
washed several times by centrifugation in methanol (12000 rpm, 25
min). The resulting white powder was dried at 80 °C in the air.

The N-doped porous carbons were obtained by thermal treatment in
a tube furnace, under nitrogen atmosphere with a flow rate of 50 L/h.
The synthesized ZIF-8 sample was placed in a combustion ceramic dish
and heated to 200 °C at a rate of 15 °C/min. The sample was held at this
temperature for 30 min to get rid of any residual solvent and water
vapor. The temperature was then increased to the target carbonization
temperature, 800 °C, at the same heating rate and carbonized for 4 h.
The oven was switched off and the material was allowed to cool down
naturally to room temperature under nitrogen atmosphere. The
carbonization product was washed using 1 M HCl (sonicated for 10 min)
to remove residual Zn component. Then, the sample was rinsed with
deionized (DI) water until neutral and dried overnight under vacuum at
65 °C. The as-synthesized porous carbon materials were chemically
activated to create additional hierarchical porosity in the material by
mixing with KOH flakes (mass ratio 2:1, mgoy: mzs) in dry form, then
25 mL of DI water was added, and the mixture was sonicated in an ul-
trasonic bath for 60 min. Subsequently, the mixture was placed onto a
hot plate and left to evaporate completely. The dried mixture was
transferred into a combustion ceramic dish and followed the same
carbonization procedure as described above. The as-treated black
powder sample was denoted as NCZ.

2.4. Synthesis of NCZ(x%)CNy composite

Calculated amounts of CN and NCZ were dispersed in water sepa-
rately, and the two dispersions were mixed with each other. The mixture
was stirred for 1 h (150 rpm) at room temperature and then dried on a
hotplate at 80 °C. The dried sample was annealed at 300 °C for 2hin a
muffle furnace at the rate of 5 °C/min in air, and a grey-coloured powder
was obtained. Various amounts of NCZ were loaded onto the CN struc-
ture. The reaction was carried out at pH 4.5, which was optimized by
zeta potential studies. To adjust the pH, 0.1 M HCl solution was used. In
order to study the effect of pH on synthesis, the reaction was also carried
out without any pH adjustment (pH ~ 7). The product was denoted as
NCZ(x%)CNy (where x = weight percentage of NCZ loading, i.e., 3 %, 5
%, and 7%, y = pH of the dispersions during synthesis).

2.5. Characterization

The prepared products were characterized using different analytical
techniques. The crystal phases of the as-prepared materials were
analyzed by powder X-ray diffraction (XRD) with an X’Pert3 Powder
diffractometer (Malvern Panalytical, United Kingdom) using CuKo radi-
ation (A= 1.5418 10\, U =40kV,I=30mA) over a 20 range of 5-80° with
a step size of 0.04°. Fourier transform infrared (FTIR) spectra were
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recorded on FT-IR spectrometer Nicolet 6700 (Thermo Fisher Scientific,
US), with samples dispersed in KBr pellets using 64 scans and a reso-
lution of 4 cm ™. The zeta potential measurements of the samples were
performed on a Malvern, Zetasizer Nano, ZS90 at room temperature.
Before the measurements, 5 mg of each powder sample was well ground
and dispersed in deionized water (100 mL) by ultrasonication for 15
min, followed by vacuum filtration using 5 pm filter paper. The zeta
potential was measured at different pH values. Scanning electron mi-
croscope (SEM) of Vega 3 (Tescan, Czechia) together with transmission
electron microscopy (TEM) of EFTEM 2200 FS (Jeol, Japan) electron
microscope, equipped with 200 kV field emission gun (electron source:
ZrO/W Schottky emitter) and in-column energy (Omega) filter, were
used to examine the morphology of the as-prepared samples.

Thermogravimetric Analysis (TGA) studies were performed on a
Setaram Labsys EVO device. Approximately 10 mg of catalyst was
deposited in an alumina crucible that was inserted into the system. The
sample was heated from ambient temperature to 800 °C (heating ramp
5 °C/min) using an airflow of 50 mL/min. The Brunauer-Emmett-Teller
(BET) specific surface area was calculated from a multipoint BET
method, and CO; adsorption capacities were determined using the de-
vice Quantachrome Nova 2200e (Anton-Paar, AUT). All the samples
were degassed at 150 °C for 6 h before the adsorption measurements.
The surface chemistry of the samples was analyzed with X-ray photo-
electron spectroscopy (XPS) (Kratos Axis Supra, Manchester, UK) with
monochromatic Al Ka X-ray radiation. A pass energy of 80 eV and 20
eV, respectively, was used to measure the wide and narrow spectra. All
the binding energies were calibrated using the C 1 s peak at 284.8 eV.
The EPR spectra were measured at X-band (9.384 GHz) using the Bruker
E580 ELEXSYS spectrometer equipped with the ER 4122 SHQE Super X
High-Q cavity. The samples were placed in quartz tubes with a diameter
of 4 mm. The following experimental parameters were used for the EPR
measurements: microwave power of 1.5 mW, modulation frequency of
100 kHz, modulation amplitude of 0.5 mT, and a conversion time of 60
ms (number of scans: 4). The measurements were performed at room
temperature (T = 295 K).

The photoluminescence spectra were measured with a fluorescence
spectrophotometer (RAMANLOG 6, USA) using 256 nm lasers as the
excitation source. The optical properties were analyzed by diffuse
reflectance spectroscopy (DRS) on an Agilent Cary 60 UV-vis spectro-
photometer, with BaSO4 as the reflectance standard. The band gap of the
prepared catalysts were estimated from the tauc equation using the
Kubelka-Munk function [38].

()2 = A(hv — Eg) 6h)

Where o, hy, Eg, and A were absorption coefficient, the photon en-
ergy, bandgap and a constant, respectively.

The data were plotted and analyzed using Origin 2019b Pro software
package.

2.6. Electrochemical measurements

To evaluate the conductivity and resistance of the materials under
investigation, a standard three-electrode setup was employed. The linear
sweep voltammetry (LSV) test was conducted using a 0.5 M NaySO4
electrolyte solution with a scan rate of 10 mV/s. Counter and reference
electrodes were made of Pt and Ag/AgCl in a saturated KCl solution,
respectively. The working electrodes were prepared as follows: 10 mg of
the synthesized sample was mixed with 1 mL of DI water and sonicated
to achieve a homogeneous blend. The resulting homogeneous ink was
then pipetted onto a polished glassy carbon electrode and then dried at
room temperature. Then 2 pl of 5 wt% Nafion in ethanol solution was
dried on catalyst modified glassy carbon electrode. Electrochemical
impedance spectroscopy (EIS) was performed at a bias potential of 0.2 V.
Data collection and processing were carried out using Thermo Scientific
OMNIC 8.0 software (ThermoFisher Scientific, Waltham, MA, USA). The
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data were plotted and analyzed using Origin 2019b Pro.

2.7. Photocatalytic COz reduction tests

The CO4 reduction performance of the synthesized photocatalysts
was tested in a 100 mL glass photoreactor with a top irradiation window
fitted with quartz glass (Fig. S1). All experiments were run under
simulated solar light conditions, and triethanolamine (TEA) was used as
a renewable sacrificial agent. In a typical experiment, 10 mg of the
photocatalyst was placed into the reactor, and 20 mL of 10 vol% TEA
solution was added. After closing the reactor with a septum fitted cap,
the reactor was connected to a Schlenk line and purged with carbon
dioxide for 30 — 45 min to replace the air in the headspace with carbon
dioxide. Using a solar simulator equipped with an AM 1.5 filter (from L.
O.T. Oriel Quantum Design, Germany), the reaction mixture was then
irradiated under constant stirring for 3 — 7 h, depending on the experi-
mental parameters under consideration. The products formed at the end
of the reaction were analysed by gas chromatography. For the chro-
matographic analysis, 10 mL of gas sample was collected from the
headspace using an airtight syringe that had been pre-cleaned with
argon twice. Two samples of 5 mL each were manually injected into the
gas chromatograph (GC Agilent 7890 A) equipped with a Flame Ioni-
zation Detector (FID), a thermal conductivity detector (TCD), and a
methanizer. The amount of products in mmol was calculated as follows
using the molar volume Vy, (gas) of the detected gas at 25 °C = 24.5 L
mol~! and VHeadspace, the headspace volume = 80 mL.

Gas (detected by the GC)
Vi (Gas)

Gasproduced = *VHeadspace (©))

3. Results and discussion
3.1. Characterization

We synthesized g-C3N4 (CN) from melamine by using simple poly-
condensation reaction. N-doped porous carbon (NCZ) was synthesized
from ZIF-8 via carbonization followed by KOH activation (Fig. 1). The
reaction paths for CN formation beginning from melamine and the effect
of pH on CN in zeta potential have been discussed earlier by Zhu et al.
[39]. Similar to many other compounds, CN exhibits protonation and
deprotonation in aqueous suspensions. This is mainly due to the in-
teractions among hydrogen ions, hydroxyl ions, and certain functional
groups present on the surface of CN. Under the prevailing pH conditions,
the degree of these chemical interactions varies, thereby CN samples can
possess diverse surface charges and zeta potentials.

In order to investigate the surface charges of the samples in aqueous
suspensions, their zeta potentials were measured. In the original sus-
pension without any pH adjustment (i.e., pH ~ 7), the zeta potentials of
CN and NCZ were — 18.3 and — 17.9 eV, respectively. The zeta poten-
tials of CN and NCZ as functions of the pH value of the suspensions are
given in Fig. 2a. As can be seen, the zeta potential of both materials
continuously increases as the pH decreases, covering the range from
—20 mV to 20 mV. Here at normal preparation conditions, both pre-
cursor materials (CN and NCZ) showed negative zeta potential values,
whereas at lower pH, both materials showed positive zeta potential
values. In an aqueous environment, amine groups of CN could act as
proton acceptors at lower pH and can provide positive charges to the
surface. The negative zetapotential at neutral pH is mainly due to the
presence of lone pair electrons on nitrogen in the heterocycle rings of
CN. Furthermore, at higher pH, the nitrogen rich heterocycle leads to
deprotonation of the primary and secondary amine groups, resulting in
the negative zeta potential on the CN surface [40]. The presence of
functional groups such as amine groups on the surface of the catalyst
was later confirmed by IR and XPS. In the case of N-doped porous carbon
(NCZ), in acidic conditions, there will be a higher concentration of H +
ions, which can protonate the hydroxyl group of NCZ, resulting in a
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Fig. 1. Scheme: Synthesis of NCZ(x%)CNy.
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Fig. 2. (a) Zeta potential values of CN, and NCZ as a function of the pH value of the suspensions, (b) XRD pattern, (c) FTIR spectra, and (d) Raman spectra of as-

synthesized materials.

positively charged surface. Whereas the negative zeta potential can be
due to the presence of free lone pair electrons on nitrogen in the N-doped
porous carbon. However, within a particular pH range (4 and 4.5), NCZ
showed a positive value while CN had a negative value of zeta potential.

We optimized and chose pH 4.5 as the synthesis condition where CN and
NCZ have opposite surface charges with zeta potential values of —15.6
mV and 9.1 mV, respectively. Apart Van der Waals interaction, this
surface charge difference may also help in the formation of the
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composite by electrostatic interaction. As indicated in Fig. 2a, the
behaviour of nanoparticles and their agglomeration is greatly influenced
by the pH level of the suspension, which in turn affects the different
properties such as adsorption and optical properties [41]. Due to the
difference in zeta potential values at various pH conditions, we syn-
thesized CN composites with a 5 % loading of N-doped carbon at pH 4.5
and the normal pH of 7 to study the effect of pH on composite formation
and its impact on photocatalytic activity. These composites are denoted
as NCZ(5 %)CN4.5 and NCZ(5 %)CN7, respectively, covering a reason-
able pH range.

The crystallinity and crystal phases were analyzed by XRD (Fig. 2b).
For NCZ, the characteristic diffraction peak at 26 value of 22.4° was
assigned to the (002) plane of carbon [42]. The weak diffraction peak
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located at about 13° corresponding to the (100) in-plane structural
packing motifs of s-triazine ring units and a strong one at 27.6° can be
attributed to the (002) interlayer stacking reflection of the conjugated
aromatic systems in CN [43,44]. The presence of the same diffraction
peaks in composites indicates the existence of CN in the composites,
however this peak is broader compared to CN. The increase in the car-
bon content of the composites can cause a reduction in the peak intensity
[35,36]. Here, the (002) peak intensity of NCZ(5 %)CN4.5 and NCZ(5 %)
CN7 were less than that of CN, which confirms that the successful
incorporation of carbon into CN. In addition, there are no typical
diffraction peaks of carbon, which is possibly due to the formation of
amorphous carbon.

The FTIR tests were performed to determine the chemical structure

(@ (b)y
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Fig. 3. XPS spectra for CN, NCZ(5 %)CN4.5 and NCZ(5 %)CN7 (a) C 1s, (b) N 1s.
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and functional groups of the samples. Fig. 2c represents the spectra of
CN, NCZ, NCZ(5 %)CN4.5 and NCZ(5 %)CN7. From the spectra, it is
clear that there is no difference in the IR vibrational modes for all
samples. The sharp peak at 811 cm™' is due to the characteristic
breathing mode of triazine unit of CN which can also be seen unaffected
in the composites. A series of strong absorption peaks in the range of
1200—1700 cm ™! in CN and composites corresponds to the typical
stretching modes of CN heterocycles [46]. A broad peak around 3200
cm ! was observed in CN as well as in composites, which indicates the
N-H stretching vibration modes. In the case of NCZ, the presence of the
characteristic peaks at 3436 cm ™! and 1630 cm ™! were attributed to O-H
and C=C functional groups, respectively [47,48].

Raman spectroscopy was conducted to examine the ordered struc-
ture of the carbon matrix in the catalyst. As shown in Fig. 2d, two
characteristic peaks were observed at 1343 cm ™! and 1591 cm™}, cor-
responding to the D-band and G-band, respectively. The extent of defects
in carbon materials is typically assessed using the D/G intensity ratio
(Ip/Ig). The Raman spectra revealed Ip/Ig values of 1.00 for the com-
posite NCZ(5 %)CN7 and 0.99 for NCZ, indicating that the incorporation
of N-doped carbon into g-C3N4 does not significantly alter the defect
density or graphitic structure. This structural preservation can facilitate
the synergistic contribution of N-doped carbon to the composite’s pho-
tocatalytic performance without compromising its intrinsic properties.

X-ray photoelectron spectroscopy (XPS) was performed to analyze
the variation in chemical compositions and chemical states of sample
surfaces, and the results are shown in Fig. 3. XPS spectra of all three
samples CN, NCZ(5 %)CN4.5, and NCZ(5 %)CN7 confirmed the presence

a
(@)
=
s
2
w0
=
D
E
14
o
w
g=2.0037
3200 32.50 33:00 33.50 34I00
Magnetic field (G)
(b) NCZ(5%)CN7 LED

EPR Intensity (a.u)

g =2.0029

3200 3250 3300 3350 3400
Magnetic field (G)
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of C1s,N1sandO 1 s (Fig. S2). The weak O 1 s peak (~534 eV)
probably came from the adsorbed water on the surface of the samples.
After the deconvolution, the C 1 s spectra show four peaks for all ma-
terials. The first one at 284.8 eV is attributed to sp® graphitic C=C bonds
from the sample or adventitious carbon (C-C) from the instrument [45].
The second one at 286.4 eV is assigned to hydroxyl groups (C-OH). In
the case of CN, the third and fourth peaks situated at 288.1 eV and 293.4
eV are attributed to sp? carbons (n- excitations) of heptazine rings and
shake-up satellite, respectively [36]. Contrary to the CN peaks, the
composites (NCZ(5 %)CN4.5, and NCZ(5 %)CN7) showed a very small
shift of ~0.5 eV for the same peaks (288.6 eV and 293.9 eV), which can
be due to the carbon incorporation. For CN, the N 1 s spectra show
overall four peaks. The main peak deconvoluted at 398.5, 399.5, and
401 eV are assigned to sp2 nitrogen on the heptazine ring (C=N-C),
amino groups (C-NH; or C-NH-), and a central nitrogen singly bonded
to three carbons N-(C)s, respectively. There is another final peak at
404.1 eV, which originated from the shake-up satellite and is attributed
to charging effects [36,49]. It was observed that a small peak shift
happened for composites with peaks at 399, 400.2, 401.6, and 404.8 eV
corresponding to the same groups as above.

In order to investigate the vacancies and active species involved in
the photocatalytic COy reduction mechanism, EPR spectroscopy was
employed. EPR spectra of CN, and NCZ(5 %)CN7 were studied at room
temperature, and the absorption lines revealed a narrow, symmetrical
signal of Lorentzian shape at g = 2.0037 and g = 2.0029, respectively
(Fig. 4a and 4b). Upon illumination with LED lamp (a high-power white
flashlight), a slight change in the intensity and line width of the signal is

3 jum 5 pm

Fig. 4. EPR spectra for (a) CN and (b) NCZ(5%)CN7, SEM images of (c) CN, (d) NCZ(5%)CN4.5, and (e) NCZ(5%)CN7, and TEM images of (f) CN, (g) NCZ(5%)CN4.5,

and (h) NCZ(5%)CN7.



R. Mekkat et al.

observed. Simulations in EasySpin confirm these changes (Fig. S3),
indicating the photoinduced generation of charge carriers and conse-
quently the formation of reactive oxygen species. The study by Gong
et al. [50] confirmed that carbon vacancies in g-C3Ny4 help separate
photoinduced charges and can be detected by the EPR method. The
detected g-values of our materials correspond to characteristic param-
eters of carbon/nitrogen vacancies and unpaired electrons, commonly
associated with the formation of superoxide radicals (Oge™) [51-53].
The slight shift in g-value for the NCZ(5 %)CN7 composite further
suggests a modified electronic environment due to N-doped carbon
incorporation, enhancing charge separation and facilitating radical
formation. These results align well with prior findings on g-CsNy-based
materials, where carbon/nitrogen vacancies serve as electron traps
aiding in superoxide generation [54,55]. While #OH and h* radicals
may still be present, the dominance of Oe ™ as the main reactive species
is supported by both the EPR data and thermodynamic favorability
[56-58].

In order to study the thermal stability of the materials, we carried out
thermogravimetric (TG) analysis in the air. The TGA results (Fig. S4)
confirmed that the precursors as well as the composites exhibited good
thermal stability up to about 550 — 600 °C. Therefore, the annealing
temperature of 300 °C applied during the synthesis did not negatively
affect the composite formation, as evidenced by the composite yield.

The morphology of CN and composites were investigated by SEM and
TEM. SEM images (Fig. 4c-e) revealed that CN exhibits a sheet-like
layered structure, while NCZ (Fig. S5) displayed well-defined poly-
hedral structures. In order to confirm the morphology and structure,
TEM analysis (Fig. 4f-h) was also performed. The black dots in the

()

(b) 035
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composite (Fig. 4 h) indicate the presence of NCZ on CN, which further
confirmed the successful incorporation of NCZ and CN. The presence of
carbon and nitrogen in the composite was confirmed by EDS elemental
mapping (Fig. S6).

N, adsorption-desorption measurements were used to investigate
the pore structure and specific surface area of the as-synthesized mate-
rials. The BET specific surface area of materials was measured, and the
observed isotherms exhibited a type IV curve (Fig. 5a), which is indic-
ative of the catalysts’ mesoporous nature. Both composite materials NCZ
(5 %)CN4.5 and NCZ(5 %)CN7 showed almost same surface area of
151.4 m%/g and 155.2 m?/g, respectively, which is obvious because of
the same amount of NCZ loading. Interestingly, these values of surface
areas of the composites are around 54 times higher than that of the base
material, CN (2.85 mz/g). This immense enhancement in the surface
area of composites is mainly due to the incorporation of high surface
area material NCZ (2729.7 mz/g), which also indicates that it is favor-
able to generate more active sites on the surface. In order to study the
CO2 capturing capacity of the materials, we also carried out COg2
adsorption measurements at 0 °C. For the photocatalytic reduction of
CO,, materials having higher CO2 capturing capacity are vital. It is
already reported that nitrogen doping can enhance the CO, adsorption
capacity of a material [59]. From Fig. 5b, it is clear that the composites
showed higher CO, capturing capacity than CN (0.08 mmol/g). CO,
capacity of NCZ(5 %)CN4.5 is 4 times higher than that of CN whereas
NCZ(5 %)CN7 shows 3.5 times higher value. Overall, the adsorption
studies confirm that compared to the base material CN, the composites
exhibited higher surface area along with good CO; adsorption capacity,
which is crucial for the photocatalytic reduction of COs.
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Fig. 5. (a) N, adsorption-desorption isotherm, (b) CO, adsorption and surface area comparison (c) DRS UV-Vis spectra, and (d) Optical band gap energy evaluation

of as synthesized materials.
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The optical absorption properties of as-prepared samples were
analyzed by UV-Vis diffuse reflectance spectroscopy. Fig. 5c shows the
DRS UV-Vis absorption curves of CN, NCZ(5 %)CN4.5 and NCZ(5 %)
CN7. The spectrum shows that the light absorption wavelength of CN,
NCZ(5 %)CN4.5 and NCZ(5 %)CN7 are 518 nm, 551 nm and 556 nm,
respectively, which are within the visible light range. The absorption
spectra of the composites exhibited a redshift and a slight increase in
intensity compared to CN. This shift and increase of the peak intensity
were ascribed to the presence of doped carbon, which aligns with the
observed change in sample color from yellow (for CN) to grey (for
composites). The large-scale practical use of COy photoreduction is
limited due to the poor conversion efficiency of many photocatalysts.
One of the major reasons for this obstacle is the inefficient utilization of
solar energy. The optical bandgap of a material affects its ability to
absorb light and generate electron hole pairs, which are essential for
photocatalytic activity. Generally, narrow band gap materials allow the
absorption of light in the visible region, which constitutes a higher
percentage of solar light. Also, introduction of carbon elements into CN
can accelerate the interfacial charge-carrier separation as well as
reduction in the bandgap as evidenced from previous studies
[26,34,35,60]. Our materials showed an indirect band gap, which was
obtained using the Kubelka-Munk theory. From tauc plot, the corre-
sponding bandgaps were determined to be 2.66 eV for CN, 2.54 eV for
NCZ(5 %)CN4.5, and 2.51 eV for NCZ(5 %)CN7 (Fig. 5d). The reduction
in bandgap can be due to the porous carbon incorporation with CN as
mentioned earlier and this narrow band gap allows the material to
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absorb large portion of solar spectrum including visible light, which is
also useful for direct sunlight utilization [61].

Photoluminescence (PL) spectra are widely used to study the effec-
tive generation, separation, and migration of the photo-generated
electron-hole pairs in a semiconductor. This is because photo lumines-
cent emissions result from the recombination of these free carriers [62].
The PL spectra of as-prepared samples at room temperature with an
excitation wavelength of 410 nm are shown in Fig. 6a. All samples
exhibited similar emission trends with a strong emission peak at 483 nm,
which can be attributed to recombination of electron-hole pairs in the
CN. The graph shows that there is a significant reduction in the PL in-
tensity of composites compared to that of CN. The lower intensity of
peak represents higher efficiency of photoinductive charge transfer and
a better separation of photogenerated charge carriers, hence a lower
recombination probability [63]. It can be inferred that the carbon doped
composite can well block the recombination of photogenerated electron
hole pairs, indicating a special path for carrier transport between C3Ny4
and NCZ [64]. Also, NCZ acts as a good electron-acceptor material to
effectively promote the electron-hole pairs separation [45,65]. There-
fore, composites enable their use as highly promising catalysts for
sunlight-driven photocatalytic applications.
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Fig. 6. (a) PL spectra for CN, NCZ(5%)CN4.5, and NCZ(5%)CN?7, (b)&(d) Production yield comparison of the photocatalytic CO, reduction of as-prepared samples,

and (c) Production rate of CO, reduction.
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3.2. Photocatalytic performance

3.2.1. Enhanced photocatalytic activity of NCZ(5 %)CN7 under visible
light irradiation

The photocatalytic CO, reduction performance of the samples in the
liquid phase was evaluated under simulated solar light irradiation.
Control experiments confirmed that no hydrocarbons were produced in
the absence of either the photocatalyst or light, which demonstrates that
CO; reduction can only occur when both the catalyst and light are
present simultaneously. In experiments, photocatalysts were used under
identical conditions, no carbon-based products were detected unless
CO4 was supplied. This indicates that CO; is the exclusive carbon source
for the reaction. The reduction products were identified as methane and
ethane (Table S1). As a clean-burning fuel and drop-in replacement for
natural gas, CHy is an ideal product of CO5 photoreduction. Similarly,
ethane is a crucial feedstock for the petrochemical industry and can be
used as a fuel [66,67]. The development of highly active and stable
metal-free semiconductor-based photocatalysts for this important
transformation has been really challenging. Fascinatingly, the prepared
composite (NCZ(5 %)CN7) showed better conversion efficiency
compared to previous reports (Table S2). Also, comparative studies
indicate that CO5 reduction is predominantly investigated under UV
light. However, in this work, a solar simulator was utilized to replicate
the broader spectrum of sunlight, offering a more realistic evaluation of
photocatalytic performance.

Fig. 6b displays a production yield comparison of the photocatalytic
CO4 reduction of as-prepared samples, while Fig. 6¢ depicts the pro-
duction rate of CO, reduction products (CH4 and CoHg) for each com-
posite along with CN. Interestingly, it was observed that the composite
at neutral pH (NCZ(5 %)CN7) showed higher activity (CH4 — 70.87 pumol
gth™!, CoHg — 35.31 pmol g'h™1) compared to the other materials,
whereas the composite at pH 4.5 (NCZ(5 %)CN4.5) showed the lowest,
even lower than CN (CH4 — 48.48 pmol gh™!, CyHg — 28.04 pmol g
'h™1). The photocatalytic CO reduction activity follows the order NCZ
(5 %)CN4.5 < CN < NCZ(5 %)CN7. As mentioned earlier in the
adsorption studies, the composites showed higher surface area as well as
CO;, capturing capacity than that of CN, which can be the reason for the
higher activity of NCZ(5 %)CN7 than CN. However, the lower catalytic
activity of NCZ(5 %)CN4.5 implies that factors other than surface area
and adsorption are limiting the photocatalytic reduction reaction. It is
already reported that the photocatalytic activity of the photo catalyst
can be notably affected by the pH conditions employed during the
synthesis process [68]. The pH during synthesis plays a crucial role in
shaping the morphology of the photo catalyst, influencing the surface of
the catalyst, and thereby impacting photocatalytic performance
[69-71]. The effect of pH on surface charge was studied and explained
earlier in the zeta potential section. In our case, during synthesis, at
lower pH 4.5, N-containing functional groups such as amine and hy-
droxyl groups on the surface of the catalyst can get protonated, which
affects the orientation of active sites. This can reduce their effectiveness
in interacting with CO,. This may affect the availability of CO; for the
reduction process, thus lesser CO, reduction product yield. In the case of
NCZ(5 %)CN7, the surface of the catalyst was not affected by H" during
synthesis. Thus, all the active sites were unaffected by H" and available
for the CO, adsorption and photocatalytic conversion of COj. As
mentioned earlier, the optical band gap of NCZ(5 %)CN7 is slightly
lower than NCZ(5 %)CN4.5 also supports the photocatalytic activity
results.

Based on characterization results, we propose a possible charge
carrier migration pathway at the heterojunction interface between CN
and NCZ during photocatalytic CO, reduction. When exposed to sun-
light, electrons in CN are excited from the valence band (VB) to the
conduction band (CB), leaving behind photogenerated holes (h™) in the
VB. The excited electrons (e”) then migrate through the conduction
band. N-doped porous carbon (NCZ) plays a crucial role by enhancing
CO4 adsorption, bringing the molecules closer to the catalyst surface for
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efficient reduction. Additionally, it improves charge separation, pre-
venting electron-hole recombination. The photogenerated electrons
react with molecular oxygen (O,) adsorbed on the catalyst surface,
generating superoxide radicals (Oe ™). These radicals drive a series of
reduction reactions that convert CO5 into CH4 and CyHg. The EPR
analysis confirms that Oge™ radicals are the primary active species
responsible for CO; reduction, further validating this reaction
mechanism.

3.2.2. Impact of carbon loading on composite performance

From the above results, we conclude that the composite synthesized
at neutral pH (NCZ(5 %)CN7) had the highest activity. In order to study
the effect of carbon incorporation on conversion efficiency, we carried
out experiments with 3 % and 7 % loading of N-doped carbon for
comparison with 5 % loading (Fig. 6d). The results confirmed that NCZ
(5 %)CN7 showed higher activity than 3 % and 7 % loading, which
means that there is an optimum carbon loading, which is needed for a
composite to show good activity. When the amount of carbon increases
past a certain amount, the active sites of CN can be masked by carbon,
reducing the overall efficiency. Similarly, lower amounts of carbon
loading will not be sufficient to enhance the surface area of the material,
which can ultimately affect the CO5 adsorption capacity. This is why an
optimum amount of carbon loading is needed. In this study, we found
that a loading of 5 % NCZ into CN is the optimum, which we further
confirmed by photoluminescence studies (Fig. S7), and the results match
with the photocatalytic activity results. Newly synthesized composites
showing the same chemical composition and crystallinity of NCZ(5 %)
CN7, which we confirmed by IR and XRD are shown in the supporting
information (Fig. S8 and S9).

We also carried out optical band gap studies for newly synthesized
composites. The optical band gap results (Fig. S10) are consistent with
the CO, reduction performance results. NCZ(3 %)CN showed a higher
band gap of 2.58 eV and NCZ(7 %)CN with 2.54 eV, whereas NCZ(5 %)
CN has the lowest band gap energy of 2.51 eV, which allows the ab-
sorption of a wide range of light, hence the higher photocatalytic
activity.

3.2.3. Electrochemical insights into photocatalytic performance

To further investigate the cause of the enhanced photocatalytic
performance, photocurrent measurements and electrochemical imped-
ance spectroscopy (EIS) were conducted. These analyses are crucial for
revealing the separation efficiency of photo-generated electron-hole
pairs. The linear sweep voltammogram (LSV) polarization curves
(Fig. 7a) showed that the composite NCZ(5 %)CN7 has a current density
of —0.73 mA.cm’Z, which is higher than that of CN (—0.46 mA.cm~2).
This promoted photocurrent density results illustrate that in the case of
NCZ(5 %)CN7 more electrons are being created and transferred. In the
EIS Nyquist plot (Fig. 7b), the semicircle in the high-frequency region is
typically attributed to charge transfer resistance. A smaller semicircle
diameter indicates more effective charge carrier migration, reduced
resistance, and a lower recombination rate of electron-hole pairs,
thereby enhancing conductivity [72,73]. Here, CN exhibited an enlarged
semicircle, whereas the radius of NCZ(5 %)CN7 was much smaller,
suggesting that NCZ(5 %)CN7 has lower charge transfer resistance,
indicative of better charge separation and transfer. The results were in
accordance with the observed PL spectra, optical bandgaps, photocur-
rent responses, and enhanced photocatalytic CO, reduction perfor-
mance. These electrochemical measures also confirm that the
introduction of N-doped porous carbon in CN is an effective strategy to
accelerate the interfacial charge-carrier separation.

3.2.4. Structural influence on photocatalytic performance

Overall, the photocatalyst NCZ(5 %)CN7 composite not only has the
advantages of individual components but also has stronger catalytic
ability than the two monomers due to the synergistic effect of NCZ and
CN. In the composite, the main photocatalytic component is CN. Then
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Fig. 7. (a) Linear Sweep voltammogram (LSV) polarization curves, and (b) Nyquist plot.

the incorporation of NCZ provides a higher surface area, creating more
active sites in the catalyst, and a lower optical bandgap helps to absorb a
large portion of sunlight. Additionally, the presence of N-doped porous
carbon also helps in the enhancement of CO5 adsorption characteristics.
From the electrochemical experimental results, the improvement of the
photocatalytic performance also influenced by the fast separation and
transfer of photo-generated electron-hole pairs, is mainly caused by the
existence of the hierarchical porous carbon [74]. This structural synergy
leads to a remarkable improvement in photocatalytic activity, facili-
tating the efficient reduction of CO; into valuable products like CH4 and
CoHg.

A previous study from our group [36] investigated a g-CsNy4-based
photocatalyst with N-doped carbon under similar reaction conditions for
the photocatalytic degradation of methylene blue. The study demon-
strated good stability over multiple cycles, highlighting the robustness
of N-doped carbon-supported g-C3N4 photocatalysts. Additionally, SEM
and XRD analyses of the optimized photocatalyst (NCZ(5 %)CN7) after
the photocatalytic reaction were obtained to confirm the stability of the
material. Post-reaction SEM images (Fig. S11) confirm that the photo-
catalyst maintains its morphology without significant structural collapse
or agglomeration. The comparison of XRD patterns (Fig. S12) before and
after the reaction shows that the catalyst retains its crystalline structure,
indicating phase and structure stability.

4. Conclusions

In summary, a novel metal-free photocatalyst NCZ(5 %)CN7 was
successfully synthesized through the integration of N-doped hierar-
chically porous carbon into melamine-derived g-C3N4 by a simple wet
synthesis method. The synergistic interaction between NCZ and CN in
the composite results in a narrowed bandgap, an extended light response
range, enhanced charge carrier migration due to the reduced electron-
hole recombination rate, increased surface area, and improved CO;
adsorption capacity, collectively leading to enhanced photocatalytic
activity. Compared to g-C3Ny4, the optimized photocatalyst NCZ(5 %)
CN7 exhibited a 54-fold increase in surface area, a 3.5-fold enhancement
in CO9 adsorption, and significantly improved photocatalytic activity for
CO; reduction, achieving a maximum CH4 production rate of 70.87 pmol
h~! g7 and a C,Hg production rate of 35.31 pmol h™! g~1. The results
confirm that our developed material has the potential to keep the global
carbon balance and meet the energy demand for industrial applications
with a single novel catalyst. This can also be a great initiation and
provide insights into the cost-effective CO5 utilization in the modern era
of industrial applications.
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