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ARTICLE INFO ABSTRACT

Keywords:

Use of naturally abundant solar light for CO, reduction is a green pathway to reduce carbon footprint. C3Ns is a

CsNs promising visible-light photocatalyst with enhanced local electron concentration and more active N=N sites

Photocatalysis
CO;, reduction
Carbon-doping

compared to g-C3N4. We herein report development of mesoporous C-doped C3Ns through a simple copoly-
merisation of 3-amino-1,2,4-triazole with trimesic acid via hard-templating method, which demonstrated
enhanced light absorption ability and delocalised n-electron density (as evident from density functional theory

calculation), resulting in efficient charge transfer to the active surface sites of the photocatalyst. The optimised C-
doped mesoporous C3Ns exhibited a superior photocatalytic CO, reduction activity with the CO evolution of
116.6 pmol-g~, which is 4-fold and 12-fold times higher than that of C3N5 and g-CsNy4 respectively. The
enhanced photocatalytic CO conversion efficiency can be attributed to the synergetic effects of m-electron
modulation by C-doping and enhanced surface-active sites brought by mesoporosity.

1. Introduction

The pressing need of energy per capita in residential areas and in
industries worldwide, has adversely impacted environment with
greenhouse gas emissions, out of which CO; emission is a major one [1].
Global warming (average temperature rise of ~ 1 °C since the
pre-industrial era) is one of the concerning outcomes leading to unpre-
dictable climatic conditions, which world leaders want to contain within
a limit as soon as possible [2]. The devastating consequences of climate
change can be mitigated by effective conversion of CO; into value-added
products [3-6]. Inspired by the natural phenomenon of photosynthesis,
directly harnessing renewable and abundant solar energy for photo-
catalytic conversion of CO2 to valuable products seems extremely
promising and viable [7-9]. In this photocatalysis reaction, the electrons
generated in semiconducting photocatalysts by absorbing sunlight
facilitate the chemical reduction of CO, molecules to valuable chem-
icals, such as CO, CH4, CH30H, COOH, etc., while an oxidation reaction
takes place by photogenerated holes [10,11].

* Corresponding authors.

Numerous nanomaterials catalysts have extensively been explored
for photocatalytic CO5 conversion including TiO,, metal complexes, and
carbon nitride (CN), etc [12-14]. Among these materials, CN-based
photocatalysts have attracted significant attention owing to the feasi-
bility of mass production at economic cost, and their unique physico-
chemical properties such as visible-light harvesting capability,
photostability, and high photoactivity [15,16]. The potentials of its
conduction band (CB) minimum (~ —1.4 V) and the valence band (VB)
maximum (~ +1.3 V) are significant enough to reduce CO5 and oxidize
water, respectively, under visible light irradiation [17,18]. However,
despite these advantages, CN-based photocatalysts still exhibit low
conversion efficiency owing to the rapid recombination of charge car-
riers in CN, and limited absorption of broad visible light [19]. To address
this limitation of g-C3Ny, several strategies including doping by het-
eroatoms, and hybridization with other semiconductors, and metal
complexes have been developed, leading to enhanced light absorption
and dampening of the exciton recombination kinetics [20]. Addition-
ally, the stoichiometric nitrogen content can be tuned using N-rich
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precursors, and the resulting N-rich CNs (e.g. C3Ns having E; ~ 2 eV)
exhibit enhanced visible light absorption and the local electron con-
centration at the edge N atoms near the crystal defects act as catalyti-
cally active sites necessary for CO2 conversion [21]. Additionally, it
demonstrates a low Gibbs free energy for CO, reduction compared with
Hj production, indicating that CO5 reduction is more favourable than Hy
evolution [22]. Moreover, the ring size and pore size of C3N5 are larger
than those of g-C3N4 due to the presence of multiple n-bonded N atoms
within the C3N5 structure. These unique properties facilitate the efficient
adsorption of the COOH* intermediate and the subsequent CHy4 evolu-
tion as a final product in photocatalytic CO, reduction [22]. However,
there have been limited reports on photocatalytic CO5 reduction using
N-rich CNs due to the fast kinetics of electron-hole recombination and
low conductivity [21].

Keeping an eye on the urgency to develop superior performance
solar-active photocatalyst and also the feasibility of mass production at
industrial scale, we developed a mesoporous C-doped C3Ns (MCN-TMA-
x) synthesized through the simple copolymerization of 3-amino-1, 2, 4-
triazole with trimesic acid (TMA) via a hard-templating method for
enhancing the photocatalytic CO conversion activity. The local elec-
tronic structure and functional groups of MCN-TMA-x were analysed
using advanced characterisation techniques such as FTIR, NEXAFS, and
XPS. Additionally, textural and porosity studies were conducted using
HR-TEM, BET, and SEM techniques. Theoretical calculations were per-
formed by the density functional theory (DFT) and time dependent DFT
to understand the possible structure of the catalyst and its performance
under illumination. The enhanced photocatalytic activity can be
attributed to the synergistic effect of numerous active sites, modified
band structure by C-doping, suppressed electron-hole recombination
rate, and high specific surface area of the mesoporous C-doped C3Ns.
The developed carbon substituted N-rich CN-based photocatalyst would
be a promising catalyst to produce valuable chemicals from COy via
artificial photosynthesis.

2. Experimental section
2.1. Materials used

Chemicals such as 3-Amino-1,2,4-triazole (CoH4Ny4, 95 %), trimesic
acid (95 %), and LUDOX® HS-40 colloidal silica (40 wt% in H,O) were
acquired from Sigma Aldrich and used without additional purification.
Deionised water was used in all experiments.

2.2. Synthesis of mesoporous carbon-doped CsN5 (MCN-TMA)

3 g of 3-amino-1,2,4-triazole (3-AT) and x amounts of trimesic acid
(TMA) were dissolved in 50 mL of deionized water by sonication, where
x was 0, 3, 6, 15, and 30 mg. The solution was then transferred to a
Teflon-lined autoclave and heated in a hot-air oven at 170 °C for 10 h.
The resulting solution was mixed with 2.5 g of HS-40 Ludox colloidal
silica (particle size = 12 nm) as a hard template. The mixed suspension
was evaporated at 65 °C under stirring to obtain a dried powder. The
collected white powder was ground in an agate mortar, followed by
calcination in a ceramic crucible with a lid at 500 °C for 4 h at a ramp
rate of 2.5 °C/min in a muffle furnace under Ny atmosphere at a flow
rate of 7.5 L/min. The silica template in the resulting brownish sample
was removed by washing with 5 wt% HF (aq) and further washed with
water and ethanol. The collected samples were dried at 100 °C for 12 h
and denoted as MCN-TMA-x, where x indicates the amount of TMA, such
as MCN-TMA-0, MCN-TMA-3, MCN-TMA-6, MCN-TMA-15 and MCN-
TMA-30. For comparison, bulk C3Ns was synthesized by pyrolyzing
3 g of 3-AT at 500 °C for 4 h with a ramp rate of 2.5 °C/min under a No
atmosphere with a flow rate of 7.5 L/min according to the previously
reported method [17]. The resulting light brown sample was collected
and ground, which was denoted as C3Ns.
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2.3. Materials characterisation

XRD measurements were performed using a Panalytical Empyrean X-
ray diffractometer 9XRD) equipped with Cu-Ka radiation (A = 1.5418 A)
and Galipix 3D Detector operating at 40 kV and 40 mA. FT-IR spectra
were recorded with a Frontier FT-IR spectrometer (Perkin Elmer) using
the KBr disk method over the wavenumber range 400-4000 cm™.
Transmission electron microscopy (TEM) analysis was performed using
JEM-2100 TEM (Jeol). Scanning electron microscopy (SEM) images
were obtained using JSM-7900F FE-SEM (Jeol) after Pt coating to
minimize the electron charging effect. Near-edge X-ray absorption fine
structure (NEXAFS) analysis was performed using the Soft X-ray Spec-
troscopy Beamline at the Australian Synchrotron. The X-ray photoelec-
tron spectroscopy (XPS) was collected using monochromatized Al Ko
radiation for detailed chemical analysis. UV-Vis spectra of the powder
samples were collected using a Lambda 1050+ UV-Vis spectrometer
with an integrating sphere (Perkin Elmer). The N/C elemental ratios of
the samples were evaluated using an EA 2400 elemental analyser (Per-
kin Elmer). To analyse the porosity, such as the specific surface area,
pore volume, and size distribution, N, adsorption-desorption isotherms
for the samples were recorded at liquid nitrogen temperature using
ASAP 2040 (Micrometrics) after degassing the samples under vacuum
(1072 Torr) at 200 °C for 12 h. The specific surface area and pore-size
distribution were calculated using the Brunauer-Emmett-Teller (BET)
and-Barrett-Joyner Halenda (BJH) methods, respectively.

2.4. Photocatalytic CO2 reduction

The photocatalytic CO, reduction reaction was performed using a
laboratory-designed closed-circulating system. The prepared photo-
catalyst (30 mg) was dispersed in 11 mL of an organic-aqueous solution
containing 9 mL acetonitrile, 1 mL water and 1 mL triethanolamine
(TEOA) in a top irradiation reactor. 5 pmol of Co(bpy)%Jr was added into
the suspension as a co-catalyst. The reactor was evacuated to remove all
unwanted gases, such as Np and Og, and was filled with COy/Ar mixed
gas (60 % CO3) at 760 Torr. Then, the photocatalytic reaction was
conducted under 300 W Xe lamp (Newport) equipped with a 400 nm cut-
off filter (A > 400). The reaction temperature was maintained at 15 °C by
using a cooling chiller. The evolved gaseous products were in-situ ana-
lysed at every hour with the connected Pekin Elmer GC equipped with
FID and TCD detectors and a stainless-steel column packed with Hay-
eSep D.

2.5. Electrochemical measurements

For the fabrication of the working electrode, 50 mg of the sample was
mixed with 50 pL of 10 wt% Nafion and 200 uL of ethanol and ground
further to achieve a homogenous slurry. The prepared slurry was coated
on 1 cm? masked FTO glass via a doctor blade technique and dried at
room temperature. The exposed FTO surface was covered with epoxy
resin to prevent direct contact between FTO and the electrolyte. 0.2 M
NapSO4 (aq) electrolyte solution was used for electrochemical mea-
surements, such as Mott-Schottky measurements and electrochemical
impedance spectroscopy. The data were recorded via a three-electrode
system using a CHI760 electrochemical workstation, where platinum
wire, Ag/AgCl (3 M KCD), and a photocatalyst-coated electrode were
used as the counter, reference, and working electrodes, respectively.
Electrochemical experiments commenced after purging with Ar gas for
20 min to remove oxygen or any other gas adsorbed on the sample
surface or in the solution. For Mott Schottky measurements, the poten-
tial was scanned in the range of 0.3 V to 1 V (vs. Ag/AgCl and further
converted to potential vs. NHE), and the electrochemical impedance
spectrum (EIS) was recorded by stepping up the frequency from 100 KHz
to 10 mHz with a 10 mV AC excitation signal. The photocurrent was
recorded at zero potential (vs Ag/AgCl electrode) by irradiating a visible
light (A > 400) on the non-conductive side of the working electrode.
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2.6. Theoretical calculation insights for CO2 reduction

For the better understanding of the photocatalyst for the photo-
catalytic COg reduction into value added products, computational
studies were investigated. Theoretical calculations were carried out with
VASP 6.3.1, which is a periodic plane-wave code [23-25] using the
projector augmented-wave method [26]. Preliminary testing showed
that a 4x4x1 sampling of K-points centered around the gamma point
sufficed for well converged results. A kinetic energy cutoff of 500 eV was
used. A one-layered C3Ns structure and the C-doped varieties were
optimized with a PBE functional [27] with a force threshold of
0.01 eV/A. To account for the weak binding of CO, through the van der
Waals forces, a Grimme D3 correction was used [28]. While the PBE
energies sufficed for the calculations of energetics, electronic structures
(HOMO and LUMO, band gaps) were assessed at the hybrid level with a
HSEO06 functional [29]. Spin polarization was included when required (i.
e., non-paired electrons were present in the unit cell). Ground state
energetics were described with DFT calculations, while for the excited
state, time-dependent DFT (TD-DFT) was used, and the first excited state
was considered, as justified by Kasha’s rule. In the analysis of the re-
action mechanism, the most favourable sites for the adsorption of
different intermediates were used. For the TD-DFT calculations, no
geometric optimization was performed.

3. Results and discussion

MCN-TMA-x was successfully synthesized by pyrolyzing (500 °C,

3 Amino 1,2,4 triazole
+ Trimesic acid

Monomers +
Colloidal Silica
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4 hours) 3-amino-1,2,4-triazole and trimesic acid assisted by the hard
template method using HS-40 Ludox colloidal silica template, as illus-
trated in Fig. 1a. The mesoporous nature and porosity parameters, such
as the specific surface area and pore size distribution, were analysed by
N, adsorption-desorption isotherms, which are displayed in Fig. 1b and
Fig. S1 and summarized in Table S1. BJH pore-size distribution curves
calculated from the adsorption isotherms for C3N5 and MCN-TMA-x
were plotted in Fig. 1c. MCN-TMA-0O demonstrated enhanced adsorp-
tion properties with a typical Type IV adsorption curve, revealing the
formation of mesopores in N-rich carbon nitride. The BET-specific sur-
face area (SSA) and total pore volume of MCN-TMA-0 were determined
to be 69 m?g~! and 0.19 em3g !, which are significantly higher than
those of C3N5 (8 ng’l and 0.02 cm3g’1).

The material prepared by adding 6 mg of TMA in the precursor so-
lution (MCN-TMA-6) also exhibited a similar Ny adsorption-desorption
behaviour, and its specific surface area and pore volume were
64 m?g~! and 0.19 cm3g~?, respectively, which were almost similar to
those of MCN-TMA-0. However, with an increase in the amount of TMA
to 30 mg (MCN-TMA-30), these values were reduced to 38 ng’l and
0.10 ecm>g 1. Based on the BJH pore size distribution analysis, the pore
sizes of both MCN-TMA-0 and MCN-TMA-6 were determined to be
approximately 12 nm, as shown in Fig. 1c, which closely matched with
the size of the SiO; colloidal particles (12 nm) used as the hard template
in our experiment. This suggests that mesopores were successfully
created through replication using the silica nanoparticle template. This
finding is consistent with the results obtained from mesoporous g-C3Ny4
prepared from cyanamide or dicyanamide and silica nanoparticles [30].

HF
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Fig. 1. (a) Schematic diagram showing synthesis of mesoporous C-doped C3Ns via hard templating approach; (b) N, adsorption-desorption isotherms and (c) pore
size distribution of the prepared Bulk C3Ns, MCN-TMA-0 and MCN-TMA-6; HR-TEM images of MCN-TMA-6, (d) enlarged view of the dashed square part image at
20 nm; (e - f) X-ray diffraction pattern, and (g) FTIR spectra of Bulk C3Ns, MCN-TMA-0 & MCN-TMA-6.
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These porous surfaces can act as adsorption and photocatalytic con-
version sites of the CO, molecules [31].

The porous morphology characteristics of synthesized CNs were also
confirmed by TEM analysis. C3Ns exhibited a stacked sheet-like
morphology with a lateral size of ~ 600 nm (Fig. S2a). However,
MCN-TMA-6 clearly demonstrated a porous texture in the TEM images
(Fig. S2b and Fig. 1d). Furthermore, the pore size was found to be
approximately 12 nm, which is consistent with the BET surface area
results obtained from Ny adsorption-desorption analysis. The crystal
structures of the synthesised N-rich CN samples were confirmed by XRD
analysis. The MCN-TMA-x mimics crystal structure of bulk-CN as
evident from similar XRD patterns. CgNs exhibited a sharp peak at
~27.6° (d = 0.32 nm) and a small broad hump at ~ 13.10° | which may
be assigned to the (002) and (100) crystal planes of the graphitic poly-
meric CN structure [32] (Fig. 1e). After the formation of mesopores in
the C3Ns system, the (002) peak position of MCN-TMA-6 was slightly
shifted to a lower angle (~27.4°, d = 0.33 nm), and the intensity of both
the (002) and (100) peaks was reduced compared with that of Bulk-CN
(Fig. 1f). These results contribute to the reduction in long-range ordering
by the formation of a mesoporous structure. Lowered diffraction angle
suggests increased d spacing in mesoporous C3Ns. The surface functional
groups in the synthesized samples were investigated using FTIR spec-
troscopy. The FTIR spectra of the MCN-TMA-x samples were found to be
similar to those of C3Ns, as shown in Fig. 1g & S3b. The broad peak
between 3100 and 3300 cm™! could be attributed to the residual NH
group stretching frequencies, and the shoulder peak around 3500 cm ™!
was assigned to the -OH stretching vibrational band on the surface of the
samples. The strong resonance peaks between 1255 — 1450 cm™! and
1561 cm ™! - 1630 cm™! were attributed to the stretching bands of the
heterocyclic C-N and C°N bonds in carbon nitride compounds, respec-
tively. The peak at ~806 cm ™" can be assigned to the bending vibration
band of heterocyclic -C™N- [30,33].

Theoretical studies were conducted to determine the possible C-
doping sites in the C3Ns structure, as displayed in Fig. 2a, where nitro-
gen atoms were numbered in the unit cell (dotted red square) to study
their substitution with C atoms upon doping. The relative energies of C-
doping at different sites are summarised in Table S2, calculated using
the generalised gradient approximation method (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional and the hybrid level with the
Heyd-Scuseria-Ernzerhof (HSE06) functional. As shown in Table S2 and
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Fig. 2b, the N7 atom in the fused triazole ring was the most susceptible to
substitution because it had the lowest relative free energy level after
substitution. Hence, this particular structure was used for further cal-
culations of the C-doped carbon nitride. This is consistent with the po-
sitions of the HOMO and LUMO orbitals (Fig. 2¢ & d), which are
congregated around the electron-rich catalytically active edge-sites,
while the core carbon and nitrogen atoms remains relatively inert.
Furthermore, Bader charges of the pristine and C-doped C3N5 are also
summarized in Table S3.

NEXAFS analysis was performed to understand the local electronic
structures upon carbon doping. The C K-edge and N K-edge (Figs. 3a and
3b) NEXAFS spectra of MCN-TMA-6 exhibited a similar pattern to that of
Bulk C3Ns. In the C K-edge spectra, the strong peak at 288.1 eV could be
attributed to the electronic transitions of 1 s orbital to n* (N-C=N) while
the broad and small peaks at 284.9 eV and 291.7 eV could be assigned as
n* (C=C) and ¢* (C-C) transitions [17,34]. In the N K-edge spectra, the
strong peak at 399.2 eV is attributed to the n* transition of heterocyclic
C-N—C bond while the weak peak at 401.1 eV and strong peak at
402.1 eV corresponds to 7* N-3C bonds and sp® bridging N atoms [30,
34]. These characteristic peaks suggested the formation of triazole based
polymeric C3N5 in the synthesized carbon nitride.

XPS analysis was employed to further understand their structural
identities. The C1s XPS spectrum of C3Ns (Fig. 3c) was deconvoluted to
three peak positions centered at the binding energies of 288.0, 285.95,
and 284.83 eV, respectively. The prominent peak at 288.0 eV was
attributed to the sp? hybridized N-C=N in heptazine units in the carbon
nitride framework, while the peak at 284.83 eV could be assigned to the
graphitic C=C bond, and the weak peak at 285.95 eV corresponded to
carbon in the C-NH> species [35]. The peak area corresponding to the
C—C bond in the C1s spectrum of MCN-TMA-6 (27.25 %) was higher
than that of intact C3Ns, and the details are summarised in Table S4. This
might be attributed to the presence of extended C—=C conjugated
bonding in the heterocyclic ring of the CN framework compared to C3Ns
potentially due to C-doping [36]. The Nls spectra of C3Ns and
MCN-TMA-6 were deconvoluted into two peaks, as shown in Fig. 3e & f.
A strong peak at 398.45 eV could be assigned to the presence of a ni-
trogen atom neighbouring two carbon atoms (C-N=C) in the
heptazine-based framework. The peak centred at 399.87 eV originated
from the presence of triazine and triazole moieties, C-N—N-C/C-NH; of
N-rich CN. N1s spectrum of MCN-TMA-6 also exhibited the 2

b A

N1 site

e 5

N5 site

N2 site N3 site N4 site

N7 site N8 site

N6 site

Fig. 2. (a) A top view of the structure of C3N5 showing the number of N atoms when considering C-doping, and (b) eight possible N sites were replaced by C-doping
structures, where blue and grey represent the N and C atoms, and grey with red outlines (highlightened) represent the dopant and carbon, respectively; (c) HOMO

and (d) LUMO orbitals of the C3Ns system show that the core is mostly inert.
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Fig. 3. (a) CK-edge and (b) N K-edge NEXAFS spectra of C3N5 and MCN-TMA-6_(c & d) C1s XPS spectra of C3Ns and MCN-TMA-6 and (e & f) N1s XPS spectra of C3Ns

and MCN-TMA-6, respectively.

deconvoluted peaks at 398.59eV (C-N—C), and 400.4eV
(C-N=N-C/C-NHp). Interestingly, the peak intensity of
C-N=N-C/C-NH; for MCN-TMA-6 was lower than that of C3Ns (Table.
S4), indicating that some of the N atoms in the triazole ring were
replaced with carbon rather than N atoms in the C=N-C triazine ring,
[34,37,38] which again proves C-doping and interestingly is in good
agreement with the DFT calculations. Additionally, according to CHNS
analysis, the stoichiometric N/C ratio of bulk C3N5 was calculated to be
1.56 (C3Ng47), while doping the N/C ratio reduces to 1.53 in
MCN-TMA-6 (C3N4 ¢), indicating the substitution of some of the N atoms
with C atoms.

UV-Vis absorption spectroscopy analysis was performed to under-
stand the optical properties of the prepared samples (Fig. S4). The
characteristic absorption peak around 373 nm for all the samples was
attributed to the n-n* electronic transition in the conjugated heterocyclic
ring of carbon nitride [39]. MCN-TMA-O and MCN-TMA-6 exhibited
increased absorbance compared to C3Ns5 due to the mesoporosity, car-
bon doping of CN and crystal defects generation therein, resulting in
enhanced light-harvesting properties (Fig. 4a). Additionally, the ab-
sorption spectra of the carbon-doped samples (MCN-TMA-x) exhibited a

red-shift in the absorption edge from 478 to 542 nm (Fig. S4) with
increasing the amount of the C-doping [40]. The bandgap energy was
calculated via the plot between (KM-hv)®> vs the photon energy, as
shown in the inset of Fig. 4a. The bandgap energies of C3Ns5 and
MCN-TMA-6 were determined to be 2.30 eV and 2.18 eV respectively,
which closely aligned with theoretically calculated values, 2.31 eV and
2.14 eV with indirect bandgap, respectively, according to the projected
density of states (PDOS) for the proposed structure (Fig. S5).

To understand the recombination of photoinduced charge carriers
under light irradiation, photoluminescence spectroscopic analysis was
conducted. The PL spectra of the samples are shown in Fig. 4b, where the
excitation wavelength is 380 nm. The PL spectrum of C3Ns exhibited a
strong and broad peak at 468 nm. However, the introduction of meso-
porosity in CN (MCN-TMA-0) significantly reduced the PL intensity,
which was attributed to the fast transfer of photoinduced electrons to the
porous surface, resulting in the suppression of electron-hole recombi-
nation kinetics [41,42]. Additionally, the peak position was observed at
a higher wavelength (527 nm), indicating the formation of a lower
electronic energy level in the CN. Furthermore, C-doping in mesoporous
CN (MCN-TMA-6) additionally decreased the PL intensity at 529 nm,
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TMA-6.

which was attributed to the extended n-electron conjugation.

In order to understand the band structure of the prepared CN sam-
ples, the conduction band (CB) minimum of the prepared materials was
evaluated from Mott-Schottky plots (Fig. 4c and S6) using a three-
electrode system under various frequencies including 2700 Hz,
2400 Hz and 2100 Hz at 0 V (vs Ag/AgCl further converted to vs NHE).
The CB minimum positions of mesoporous samples MCN-TMA-0O (-
0.74 V) and MCN-TMA-6 (-0.79 V) were more negative than those of
C3N5 (-0.57 V vs NHE). However, the CB minimum positions of all
materials are still sufficient to reduce CO5 to CO [11]. The valence band
(VB) maximum position can be calculated by subtracting E; (bandgap
energy) from the position of the CB minimum and displayed in Fig. 4d.
The VB potentials of C3N5, MCN-TMA-0 and MCN-TMA-6 were deter-
mined as +1.73V, +1.47 V, and +1.44 V vs NHE, respectively, indi-
cating that the introduction of porosity and C-doping into the C3gNs
system can significantly modulate the electronic band structure in a
tunable manner. The CB positions of the prepared CNs were more
negative than the COy reduction potential, whereas their VB positions
were more positive than the water oxidation potential. Additionally,
their photoelectrochemical properties were analysed by the photocur-
rent measurement (Fig. S7a) and Nyquist plots (Fig. S7b) were measured
using 0.2 M NaySO4 (aq) electrolyte. MCN-TMA-6 demonstrated a
notably higher photocurrent density (5.5 pA/cm?) under the irradiation
of visible light (300 W Xe lamp, A > 400 nm) compared to MCN-TMA-0
4.9 pA/cmZ) and C3Ns (0.52 pA/cmz), at zero potential (vs Ag/AgCl
electrode). Furthermore, the Nyquist plot reveals that the order of
impedance is C3N5 > MCN-TMA-0 > MCN-TMA-6. These results suggest
that MCN-TMA-6 effectively transferred the photoinduced electrons to
the electrodes owing to its enhanced conductivity compared to C3Ns. As
a result, it is expected that the enhanced mesoporosity and conductivity
of the CN system (MCN-TMA-6) can deliver superior photocatalytic CO5
reduction compared to pristine bulk C3Ns.

The photocatalytic performances of the synthesised samples for CO»
reduction reaction were evaluated under the visible light irradiation
(300 W Xe lamp,) > 400 nm) with a closed circulation system. The re-
action condition set as follows, prepared photocatalyst (30 mg) was

dispersed in 11 mL of an organic-aqueous solution containing 9 mL
acetonitrile, 1 mL water and 1 mL triethanolamine (TEOA), where
triethanolamine is used as hole scavenger. Additionally, 5 pmol of Co
(bpy)3" was added into the suspension as a co-catalyst. All samples
exhibited the photocatalytic CO5 reduction to CO in the reaction con-
dition as shown in Fig. 5a, and the results were summarized in Table S5.
The total evolution amount of CO over 8 h and the time-course curves of
CO evolution for the prepared samples are plotted in Fig. 5b-c & Fig. S8.
The N-rich carbon nitride (C3Ns, 28.3 pmol-g’l) produced 2.9 times
higher amount of CO than g-C3N4 (9.6 ymol-g™1), which could be
attributed to the improved visible-light harvesting ability of C3N5 and
the higher CO, adsorption property due to more N sites [43]. According
to COy adsorption analyses, displayed in Fig. S9 and summarized in
Table S6. MCN-TMA-6, mesoporous C-doped C3Ns, exhibited a CO5
adsorption capacity of 1.3 mmol/g, representing 1.09 and 1.83 times
higher CO, adsorption affinity than those of MCN-TMA-0 and C3Ns,
respectively at 25 °C and 30 bar. Furthermore, the activity of
MCN-TMA-6 was also evaluated without a co-catalyst ([Co(bpy)3]2+) or
a sacrificial reagent (TEOA). As summarized in Table S7, MCN-TMA-6
with [Co(bpy)s]?t produced 8.8 umol-g~! of CO over 8 h in the mixed
solution of water and acetonitrile (without a sacrificial agent) under
visible light while it produced 15.1 umol-g ! of CO in the mixed solution
of water, acetonitrile and TEOA. However, its photocatalytic CO evo-
lution significantly increased to 116.6 umol-g ™! in the presence of both
[Co(bpy)s]*" and TEOA.

In addition, P25 (TiO, nanoparticle) as a control sample did not
exhibit the conversion of COy under visible light irradiation in this
condition due to the large band gap (~3.2 eV). However, MCN-TMA-0,
which has a mesoporous structure, produced 79.6 umol-g~* of CO in 8 h,
which is 2.8 times enhanced performance than that of C3Ns. This
enhancement could be attributed to the improved surface active sites
and enhanced visible light harvesting. Furthermore, MCN-TMA-6
exhibited the highest CO evolution of 116.6 pmol-g~!, which is 4-fold
enhanced performance compared to C3Ns. This significantly enhanced
performance in photocatalytic CO5 conversion could be attributed to the
synergistic effect of the porosity, enhanced light absorption property,
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Fig. 5. (a) Schematic representation for photocatalytic CO, reduction of MCN-TMA, (b) the amount of evolved CO via the photocatalytic reaction in 8 h, (c) the time-
course plot of CO evolution for P25, C3N4, C3Ns and MCN-TMAs and (d) the long-term stability test of the optimised sample under the visible light irradiation (A

> 400 nm).

and engineered band structure by carbon doping. Moreover, the pho-
tocatalytic enhancement of MCN-TMA-6 might also be attributed to the
highly suppressed exciton recombination kinetics and improved elec-
trical conductivity, resulting in efficient electron transfer to the surface-
active sites, as demonstrated by the PL and impedance analyses. How-
ever, highly C-doped mesoporous C3Ns exhibited a decreased photo-
catalytic CO2 conversion performance owing to the light-shielding effect
of excessive C-doping [44]. According to gas chromatography analysis,
all the prepared photocatalysts mostly converted CO, to CO, while only
a negligible trace of methane was detected within 8 h. Furthermore, we
conducted control experiments including Ar atmosphere without CO5 to
indirectly verify the origin of the detected CO, which were summarized
in Table S7. In the optimal photocatalytic reaction condition without
CO4, any CO was not produced, confirming that the CO produced by
MCN-TMA-6 in the photocatalytic reaction originated from the supplied
CO5 gas. In addition, the long-term stability of MCN-TMA-6 photo-
catalyst was tested via two consecutive 24 h photocatalytic reactions,
equivalent to 6 cycles. As shown in Fig. 5d, MCN-TMA-6 produced
323.16 ymol-g~! of CO in the first 24 h, which did not significantly
deviate from the estimated value (349.8 umol-g~!) based on the per-
formance observed over an 8 h period, as shown in Fig. 5c. Moreover,
during the second 24 h photocatalytic reaction, 323.13 umol-g~! of CO
was produced from CO,, indicating that the photocatalytic CO5 con-
version performance has retained 92 % efficiency over 48 h. Further-
more, the structural stability of MCN-TMA-6 photocatalyst was
evaluated using XRD and TEM analyses before and after the photo-
catalytic CO2RR as demonstrated in Fig. S10. The XRD patterns before
and after the reaction (Fig. S10a), exhibited no significant changes in
peak position or broadness. Additionally, the TEM image of MCN-TMA-6

(Fig. S10b) after the reaction showed similar porous texture to that
observed before the reaction (Fig. 1d). These results suggest that the
developed MCN-TMA-6 retains its intact crystal structure with mesopore
and sustainably converts COy to CO continuously via photocatalytic
process, making notable advancements over other reported CN-based
catalysts (Table S8).

The enhanced photocatalytic activity of the material also was
confirmed by the DFT calculation. The photocatalytic reduction of CO,
proceeds through the intermediate COOH* [45,46], as shown in Fig. 6a
& b. Initially, active H* must be present on the catalyst under the illu-
mination. We observe that the H* (electrophile) is bound too strongly on
the pristine structure to allow for COy reduction, while the C-doped
structure is better suited due to the weaker interaction. On the other
hand, the adsorption of OH* (nucleophile) is improved upon doping.
This has consequences for the rate-determining step. Then, COOH is
formed as activated H* is transferred from the nitrogen atom to CO». In
the second reaction step, the C-O bond is cleaved, and CO is formed.
Ultimately, H,O is released as another H* is transferred from the adja-
cent nitrogen atom. Comparing the reaction mechanism on the pristine
and C-doped structure, the beneficial effect of C-doping is revealed in
three ways: (i) decreased excitation energies, (ii) lowered reaction
barriers due to weaker binding of H* to the catalyst, (iii) reduced CO
binding to the catalyst, preventing the formation of inert spectator
species or catalyst poisoning. Instead, a highly active H* is present and
CO* readily dissociates after the reaction is finished. The adsorption
energies of H* (relative to 2 Hp) and CO* are 1.56 eV and 1.03 eV,
respectively, on the pristine structure and 1.06 eV and 0.13 eV on the
C-doped structure.
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4. Conclusion

In summary, we developed a novel mesoporous C-doped N-rich
carbon nitride photocatalyst with a high CO; conversion efficiency. Ny
adsorption-desorption isotherm analysis and TEM analysis demon-
strated that MCN-TMA-6 exhibited a high surface area (64 m?g™!) and a
desired pore size of ~ 12 nm. More interestingly, UV-Vis, PL, and
impedance analyses revealed that the introduction of C-doping in an N-
rich carbon nitride structure reduced the bandgap energy, enhanced
conductivity, and suppressed electron-hole recombination kinetics. The
electron-rich N sites in the N-rich carbon nitride acted as active sites for
the adsorption of CO2 molecules and their catalytical conversion to CO.
The C-doped mesoporous CN exhibited superior photocatalytic CO;
conversion performance with CO evolution of 116.6 ymol-g~! in 8 h
under visible light irradiation, which is 4.1 times higher than that of
C3Ns and 12.1 times higher than that of g-C3N4. Furthermore, the
recyclability test revealed that MCN-TMA-6 sustainably converted CO5
to CO without a significant reduction in conversion efficiency. Addi-
tionally, theoretical calculations revealed that C-doping in carbon
nitride structure decreased the bandgap energy, was energetically
favourable for the photocatalytic reaction and allowed easier desorption
of the products. The photocatalytic reaction proceeded through the
COOH intermediate, which was decomposed into CO and H0 with high
selectivity towards CO. Due to these advantages, C-doped N-rich carbon
nitrides can efficiently reduce CO3 to CO compared to the pristine car-
bon nitride. Furthermore, they can also be applied to various photo-
catalytic applications like photocatalytic pollutant degradation for
water purification, water splitting, nitrogen reduction, and so on.
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