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Photocatalytic CO, conversion is a promising process for the reduction of CO, into useful chemicals
and fuels using solar energy. In this work, we have synthesized potassium-doped g-CsN,4 coated over
dendritic fibrous nanosilica (K-CN/DFNS) and studied the photocatalytic CO, conversion under visible
light illumination. K-CN/DFNS was synthesized by heating KOH-treated melamine in a vacuum-sealed
quartz tube by varying the amounts of potassium salt. The scanning electron microscopy images
confirmed the coating of potassium-doped g-CsN4 over DFNS, while the absorption spectra show
extended absorption in the visible region and redshift in the bandgap as compared to the undoped CN/
DFNS. XPS analysis further confirms the interaction of potassium ions with g-CsN4. During the
photocatalytic CO, conversion, the selectivity towards the formation of hydrogen (from water splitting)
was the highest for the g-C3sN, and CN/DFNS catalysts, whereas no hydrogen generation was observed
using the potassium-doped catalysts. The highest methane yield observed was 1.7 pmol g~ for g-C3N4
in 4 h using K-CN/DFNS-2 (with 6 wt% of potassium ions). The high activity and improved selectivity of
K-CN/DFNS were due to the extended absorption in the visible region, better separation of charge
carriers, shifting of the conduction band and valence band positions towards positive potentials, and
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Introduction

The generation of greenhouse gases is a major concern in order to
protect the climate from global warming. Fossil fuels produce a
large amount of CO, during their burning and an increase in CO,
level of up to 590 ppm can result in a rise in the global
temperature by 1.9 °C." Thus, different methodologies have been
developed to tackle the issue of excessive anthropogenic CO, in
the environment.”™ One of the best methods is photocatalytic
CO, conversion using solar energy, where a photocatalyst harvests
solar energy to convert CO, into valuable fuels like methane,
methanol, formic acid etc., using water as a proton source.**
Different metal oxides, sulfides, nitrides, and oxynitrides have
been studied as photocatalysts.>® Among them, metal-free
organic polymeric graphitic carbon nitride (g-C;N,) has attracted
tremendous attention because of its low bandgap of 2.7 eV,
its inexpensive, environmentally friendly, and chemically inert
nature and also the fact that the reduction potential of CO,
conversion falls within its bandgap.”® It can be synthesized using
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moderate adsorption of CO, molecules on its surface.

nitrogen-rich molecules like urea, melamine, cyanamide, dicyan-
diamide etc.” ™!

Scheme S1 (ESIt) shows the presence of a different type of
nitrogen in g-C;N,, which helps in CO, adsorption and activation
because of the lone pair of electrons present on it. The pyridinic
nitrogen group shows Lewis basicity because of the presence of a
lone pair of electrons and thus helps in the adsorption and
activation of CO, molecules.'" This nitrogen has a higher negative
charge as it can retain the lone pair of electrons in a planar
structure and thus can bind CO, more effectively than other types
of nitrogen present in g-C;N,. Quaternary graphitic nitrogen
shows Lewis acidity as the electrons from its n* antibonding
orbital are less accessible for CO, binding. Also, the other types of
nitrogen species formed during incomplete polymerization, such
as terminal -NH,, -NH groups and N-oxides, exhibit some basicity
and thus, g-C;N, is suitable for adsorption and activation of CO,
molecules.'” In spite of having these advantages, the photocata-
Iytic activity of g-C3N, is low because of limited light absorption
until 450 nm in the visible region of the solar spectrum, high
charge recombination rate, and low surface area.®

For efficient g-C3N, photocatalyst design, adsorption of CO,,
visible light absorption, and charge carrier separation and
transfer to carry out redox reactions are the key factors that
need to be considered. Different strategies such as doping of
cations or anions, composite formation with different semi-
conductors, tuning of the morphology, and loading of metal
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nanoparticles have been adopted to modify the structural,
electronic and optical properties of g-C;N,.® Among these, the
doping of cations into the g-C;N, matrix offers several advantages,
such as tuning the bandgap by creating impurity states and the
generation of active sites for trapping of photoexcited electrons
and holes."” Potassium-doped g-C;N, has been studied for photo-
catalytic hydrogen generation and dye degradation.”*” To the
best of our knowledge, CO, conversion was barely reported using
potassium-doped g-C;N,.'®" Doping of potassium ions into the
matrix of g-C;N, was found to be beneficial in extending absorp-
tion in the visible region and efficient separation of charge
carriers.”>™ It was also anticipated that the presence of an alkali
metal ion like potassium would help in improving the CO,
adsorption capacity of g-C;N,.'*'® Sun et al® introduced an
amino group and intercalated the potassium ion in g-C;N,4
by post-treatment of g-C;N, and KOH. They reported that the
generation of the excess amino group improves CO, adsorption
and activation and the presence of intercalated potassium ions
enhanced the separation and transfer of charge carriers. The
methane and CO generation was found to be 5.6 and 5.4 times
higher than that of g-C;N,, respectively. Recently, Wang et al.
reported CO generation at the rate of 8 umol g~* h™"' over
(2.08 at%) potassium-doped g-C;N,.'® Previously, we reported
hydrogen generation using g-C;N, decorated over dendritic
fibrous nanosilica (DFNS) and it was found to be seven times
higher as compared to that of the pristine g-C3;N,.*° The improve-
ment in activity was attributed to the visible light enhancement,
efficient separation of charge carriers and high surface area.

In continuation of our work on DFNS-based -catalytic
systems,”** in this work, we doped potassium ions within
the framework of g-C;N, coated over DFNS to further improve
the photocatalytic CO, conversion. Melamine treated with KOH
was used as a precursor for the synthesis of potassium-doped
2-C;3N,. This is the first time that we have reported the synthesis
of potassium-doped g-C;N, coated over DFNS using a vacuum-
sealed quartz tube. The amount of potassium ions was varied
and the modifications in the optical, electronic and structural
properties of g-C3N, were assessed by different characterization
techniques. The catalysts were investigated for photocatalytic
CO,, conversion under visible light illumination. The changes
in the structure of g-C;N, brought by doping with potassium
ion and the role of DFNS as the support were investigated and the
impact of structural changes was correlated with the photocata-
lytic property of the sample. Preferential evolution of methane
over hydrogen generation was observed using potassium-doped
samples.

Experimental
Synthesis

Potassium hydroxide-treated melamine (K-melamine) was
synthesized by dispersing potassium hydroxide (KOH) and
melamine in distilled water. The solution was stirred for 2 h.
The solvent was evaporated to dryness at 80 °C in an oven. The
amount of KOH varied from 3.2, 25.5 and 45.5 wt% of melamine.
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K-melamine (250 mg) and DFNS (500 mg) were mixed well by
grinding for 1 h. During grinding, ethanol was added after every
20 min to ensure homogeneous mixing. After grinding, the
mixture was kept in an oven at 80 °C for 12 h. The dried sample
(86 mg) was transferred to a quartz tube and the tube was
evacuated at 0.3-0.6 mbar overnight and then sealed under
vacuum. The sealed tube was then heated in two steps, first at
400 °C for 2 h and then at 550 °C for 2 h at a heating rate of
10 °C min~". After cooling down to room temperature, the tube
was broken to obtain a powder catalyst. The detailed synthesis
procedure is given in Fig. S1 (ESIt). The sample was washed with
water four times to remove the impurities. The samples were
referred to as K-CN/DFNS-1, K-CN/DFNS-2 and K-CN/DFNS-3 for
3.2, 25.5 and 45.5 wt% of KOH used during synthesis. Pristine g-
C;N, without DFNS and CN/DFNS without K doping were also
synthesized as controls using the same protocol.

Characterization

Scanning electron microscopy (SEM) was performed on a Zeiss
ULTRA instrument. For sample preparation, powders were
dispersed in ethanol with the assistance of sonication and a
drop of solution was placed on an aluminum SEM grid. The
X-ray diffraction (XRD) patterns were recorded using a Panalytical
X'Pert Pro powder X-ray diffractometer using Cu Ko radiation.
A fixed amount of sample and KBr were mixed to record the FTIR
spectra of the samples using a JASCO FT/IR-4700 instrument.
The thermal stability of the samples was evaluated by using
thermogravimetric analysis (TGA, Mettler Toledo). TGA was car-
ried out by heating the samples in an alumina pan at a heating
rate of 10 °C min~" from 30 °C to 800 °C under an air atmosphere.
UV-visible DRS spectra were recorded using a Jasco spectrophot-
ometer (Jasco V-770). Lifetime measurements were carried out by
using a femto/picosecond laser as the excitation source and
employing the time-correlated single photon counting (TCSPC)
technique. For fluorescence lifetime measurements, 1 ps pulses of
732 nm radiation from a Ti-sapphire femto/picosecond laser
(Spectra-Physics, Mountain View, CA), pumped by a Nd:YLF laser
(Millenia X, Spectra-Physics), were frequency-doubled to 396 nm
by using a frequency doubler/triplet (GWU, Spectra-Physics).
The fluorescence decay curves were obtained at a laser repetition
rate of 4 MHz using a microchannel plate photomultiplier (model
R2809u, Hamamatsu Corp.) coupled to a TCSPC setup. The
instrument response function (IRF) at 396 nm was obtained using
a dilute colloidal suspension of a dried non-dairy creamer. The
full width at half-maximum (FWHM) of the IRF was 90 ps and the
number of channels used was 1024. All the data were fitted with
triexponential fitting. It gives three-lifetime values of 14, 7, and 1,
corresponding to amplitudes, A1, A2 and A3, respectively. Average
lifetime (7,,) was determined by using the following equation:*°

Ay ><‘C]2+A2><‘L'22+A3 ><‘E32
Ay X1+ Ay X 19+ A3 X 13

ey

Tavg =

The surface area was calculated by applying Brunauer-
Emmett-Teller (BET) theory to N, physisorption data, which was
recorded using a Micromeritics Flex3 analyzer. Approximately 100 mg

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of each sample was degassed at 120 °C for 12 h prior to N,
sorption analysis. CO, adsorption of the catalyst was studied
using a Micromeritics Flex3 analyzer at 25 °C.

The XPS analysis of the sample was done using monochro-
mated Al-Ko radiation (1486.6 eV) as an X-ray source. The
carbon signal at 284.6 eV was used as an internal reference.
Peak fitting of the spectra was performed using XPSPEAK 4.1
software. The relative positions of the valence band (Eyg) and
conduction band (Ecp) against NHE were calculated from the
XPS valence band spectra:*’

Eyp against NHE is estimated using the following equation:

Eyp = AE — Eqae + Wi ()

where AE, Eyac and Wy are the difference between the Fermi
level and the valence band maximum, the vacuum level (4.5 eV),
and the work function of g-C3N, (4.0 eV), respectively.

Ecg is estimated using the following equation:

Ecp = Evg — Eg (3)
where Eg is the bandgap value derived from the Tauc plot.

Photocatalytic CO, conversion

Photocatalytic CO, conversion was carried out in a Pyrex
photoreactor (volume 50 mL). 1 wt% Pt was deposited over
the K-CN/DFNS sample by a chemical reduction method using
NaBH, as a reducing agent. (1 wt%) Pt/K-CN/DFNS sample
(15 mg) was mixed with a small amount of water to form a
paste and spread over the flat bottom of the reactor, having an
area of 2.5 cm®. Then the reactor was dried at 80 °C in an oven
for 30 min. After this, CO, was passed through a water bubbler
to bring a mixture of CO, and H,O vapor into the photoreactor
for 1 h at a flow rate of 200 mL min~'. The reactor was
irradiated with visible light (wavelengths 385-740 nm) using a
300 W xenon lamp (MAX 303 Asahi Spectra Co. Ltd). The output
power of the lamp was adjusted to deliver 318 mW cm ™2 at the
reactor. The photograph of the experimental setup is given in
Fig. S2 (ESIt). Hydrogen and methane yields were monitored
by gas chromatography (Agilent 7890B, Agilent Technologies)
equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID). To compare the photocatalytic
activity of the photocatalyst, the total consumed electron num-
ber (TCEN) was calculated. The methane generation requires 8
electrons. The formula used for the calculation of TCEN is as
follows:

Z (Cproduct X nelectrons) X Vreaclor
Mcat X Lirr

TCEN =

4

Cproduct is the concentration of the product, ncectron is the
number of electrons involved in the conversion of CO, into
methane, mc,, is the catalyst amount in g and ¢, is the time of
irradiation in h.

To confirm that the hydrocarbon products are generated
by the reduction of CO,, isotopically labeled experiments
were carried out. For this experiment, *CO, was used as a
reactant. The generated gaseous products after the reaction
were analyzed by using GC coupled with mass spectrometry

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Agilent 7890B, Agilent Technologies). For GC-MS analysis,
helium was used as the carrier gas and an Agilent hybrid
column CP7430 as the stationary phase.

Results and discussion

g-C3N, is a potential candidate for photocatalytic CO, conver-
sion. However, low surface area, the high recombination rate of
charge carriers and limited light absorption in the visible
region affect its photocatalytic properties. In our previous
publication, to overcome these issues, we coated g-C;N, over
a high surface area support DFNS (CN/DFNS).? It showed seven
times better hydrogen generation as compared to the pristine
g-C3N,. The enhancement in photocatalytic activity was attrib-
uted to the high surface area, extended visible light absorption
in the 450-650 nm range and improved charge separation due
to the formation of an interface between DFNS and g-C3;N,. The
samples were further tested for CO, conversion. Unfortunately,
it showed hydrogen as a major product and a low yield of
methane. To improve its CO, conversion process, increase the
selectivity towards CO, reduction products and suppress hydro-
gen generation, in this work, potassium ions were doped into
the matrix of g-C;N, loaded over DFNS (K-CN/DFNS).

For the synthesis of K-CN/DFNS, KOH-treated melamine
was mixed with DFNS and placed in a vacuum-sealed quartz
tube and then heated at 400 °C for 2 h and 550 °C for 2 h. The
amount of potassium was varied by changing the KOH amount
from 3.2 to 45.5 wt% of melamine. The morphology of the
samples was analyzed by SEM (Fig. 1). The SEM images of DFNS
showed the presence of a fiber-like morphology with particle
size in the range of 300-500 nm, whereas that of the CN/DFNS
and K-CN/DFNS samples revealed that the layers of g-C;N, were
grafted over the DFNS nanosheets, giving it a complete sphere-
shape appearance (Fig. 1). The amount of potassium and
2-C3N, content in the sample was evaluated using EDX analysis
(Table 1). The amount of potassium varied from 0.74, 6.06 and
18.9 wt% with respect to g-C;N, for the K-CN/DFNS-1, K-CN/
DFNS-2 and K-CN/DFNS-3 samples, respectively. The content of
g-C3N, was found to be lower in the case of K-CN/DFNS-3 as
compared to the K-CN/DFNS-1 and K-CN/DFNS-2 samples.

To determine the structural modification after doping with
potassium ions, the PXRD, FTIR and XPS analyses of the K-CN/
DFNS samples were recorded. The PXRD pattern of g-C3;N,
(Fig. 2a) shows peaks at 13.2° and 27.9° corresponding to the
100 and 002 planes, which were ascribed to in-planar repeating
units with a period of 0.672 nm and layered staking with the inter-
planar spacing of 0.319 nm of aromatic systems, respectively.>*>®
K-CN/DFNS samples show a very small peak at 27.7° corres-
ponding to the 002 plane of g-C;N,. The absence of other peaks
at 13.2° corresponding to the 100 plane could be because of its
lower content and the presence of overlapping broad peaks of
amorphous SiO, at 22.7°.

To investigate the structural modification after doping with
potassium ions, the FTIR spectra of the samples were recorded
(Fig. 2b). The FTIR spectrum of g-C;N, shows absorption bands

Mater. Adv,, 2022, 3, 8449-8459 | 8451
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Fig.1 The SEM images of the (a) DFNS, (b) CN/DFNS, (c) K-CN/DFNS-1,
(d) K-CN/DFNS-2 and (e) K-CN/DFNS-3 samples (images from left to right
indicate low resolution and high-resolution images).

at 810 and 890 cm™ " corresponding to the breathing mode of
heptazine rings and the deforming mode of NH groups,
respectively.”® The absorption bands observed in the range of
1200-1700 cm ™' correspond to stretching modes of the CN
heterocycle.>® The absorption band at 1641 cm ™" corresponds
to the C=N stretching vibration mode. Also, the absorption
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bands characteristic of aromatic C-N stretching were observed at
1247, 1326, 1432 and 1565 cm ™. The broad band in the range of
3000-4000 cm ' attributed to stretching modes of the terminal
-NH, or -NH groups arises due to the presence of uncondensed
amine groups and the adsorbed water molecules.'®* Also, a
small absorption band is observed at 2145 cm™ ", which might
correspond to the C-N stretching mode of the C=N (cyano)
group. The FTIR spectrum of DFNS shows absorption bands at
1097 and 1192 cm ™' corresponding to transverse optical (TO) and
longitudinal optical (LO) modes of the asymmetric stretching of
the Si-O-Si bond, respectively.’® The weak absorption band at
966 cm ' is attributed to Si-OH or Si-O-stretching and the
absorption band at 807 cm ' is due to Si-O-Si symmetric
stretching.***" The band around 1638 cm ™' corresponds to
bending vibrations of -OH and the broadband centered around
3400 cm " belongs to -OH and the adsorbed H,O molecules.***°
The K-doped samples and undoped sample show the character-
istic FTIR absorption bands of both DFNS and g-C;N,.

It is found that the peak at 2180 cm ™' corresponds to the
asymmetric stretching mode of the cyano group and increases
with an increase in the potassium content from 1 to 6 wt%. The
cyano group appears as a result of incomplete polymerization.*?
The excess KOH may prevent the polymerization of melamine,
leading to defects in the K-doped samples. Also, the peak at
966 cm ! corresponding to the Si-OH stretching disappeared
in the case of the K-CN/DFNS-2 and K-CN/DFNS-3 samples,
which might be due to the C-N-Si linkages that formed
between Si-OH and -NH, groups of g-C3N,, which was verified
by the solid-state *C and "H NMR study in our previous
publication.?® In the case of K-CN/DFNS-3, the weak absorption
band in the region of 1200-1700 cm ™' does not appear promi-
nently because of the lower loading of g-C3Nj.

Furthermore, to learn more about the oxidation state of
different elements and the interaction between potassium ions
and g-C3;N,, the XPS spectra of CN/DFNS, K-CN/DFNS-2 and
K-CN/DFNS-2-used samples were analyzed. A survey scan of CN/
DFNS shows the presence of C, N, O and Si on the surface, while
K-CN/DFNS shows the existence of C, N, O, Si and K elements.

Fig. 2c shows a high-resolution spectrum of C 1s, which was
deconvoluted into three peaks, namely 284.6, 286.9 and 287.9 eV,
which could be assigned to the adventitious carbon, C-NH,
species, and sp® hybridized carbon N—C-(N),, respectively.'®
An increase in the area of the peak at 287.9 eV indicates the
higher amount sp> hybridized carbon N=C~(N), of g-C3N, in

Tablel Potassium content by EDX analysis, g-CsN,4 content by TGA, bandgap measurement by UV-Visible DRS and surface area and pore volume by N,

BET surface area analysis

Amount of potassium with

Amount of g-C3N,

Bandgap measurement Surface area Pore volume

Sample respect to g-C3N, by EDX (wt%) from TGA® (wt%) by UV-Visible DRS (eV) (m*>g™) (em® g™
DFNS — — — 622 0.719
g-C3N, — — 2.70 15 0.05
CN/DFNS — 21.9 2.76 150 0.163
K-CN/DFNS-1 0.74 19.8 2.74 88 0.158
K-CN/DFNS-2 6.06 13.3 2.69 55 0.062
K-CN/DFNS-3 18.9 2.7 2.80 79 0.086

¢ Amount of g-C;N, calculated from the weight loss in the region of 220-670 °C in the thermogram.
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(a) The PXRD patterns and (b) FTIR spectra of DFNS, g-C3N4, CN/DFNS, K-CN/DFNS-1, K-CN/DFNS-2 and K-CN/DFNS-3. The high-resolution

XPS spectra of (c) C 1s and (d) N 1s, and (e) enlarged views of the peaks at 403 eV of N 1s and (f) K 2p of the CN/DFNS and K-CN/DFNS-2 samples (* mark

the planes of g-C3sNy).

CN/DFNS as compared to the K-CN/DFNS-2 sample. This can be
correlated with the higher amount of g-C;N, in CN/DFNS than in
the K-CN/DFNS-2 sample.

The high-resolution N 1s spectra of the samples were
deconvoluted into four peaks (Fig. 2d). The peaks appeared at
398.5, 399.5, 400.6 and 404.2 eV. The peak at 398.5 eV corresponds
to the sp® N present in triazine rings, i.e. C-N=C bonds,"® while
the peaks at 399.5 and 400.6 eV correspond to the tertiary nitrogen
group N-(C); and amino group present due to incomplete poly-
merization, respectively.'” The peak appearing at 404.2 eV is
ascribed to the charging effect of n excitations of the C-N
conjugated system.*® The peak at 404.2 €V in CN/DFNS shifted
to 403.4 eV in the potassium-doped g-C;N, sample (Fig. 2e). This
indicates that the damage of the = electrons might be due to the
disorder in the structure of g—C3N4.19 Not much considerable shift

© 2022 The Author(s). Published by the Royal Society of Chemistry

was observed with other types of nitrogen species present in the K-
CN/DFNS sample.

Peaks at binding energy 292.8 and 295.4 eV in the K-CN/
DFNS sample were assigned to K 2ps/, and K 2p4,, respectively
(Fig. 2f). These peaks could be due to the existence of K-N
bonds.'® Also, the presence of the K 2s peak at 377.8 eV
confirms the existence of K-N bonds (Fig. S3a, ESIt)."*** The
high-resolution O 1s spectrum shows peaks at positions of
532.6 and 533.7 eV originating from Si-O-Si bonds of silica
and water molecules adsorbed on the surface, respectively (Fig.
S3b, ESIT).>*?* The peak at binding energy of 103.4 eV corre-
sponds to the Si 2p of the siloxane framework of DFNS (Fig. S3c,
ESI¥).>

Thermogravimetric analysis of the sample was carried out to
study the thermal stability of the material. TGA analysis from

Mater. Adv., 2022, 3, 8449-8459 | 8453
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30-800 °C in the presence of air was carried out (Fig. 3a). The
thermogram of DFNS shows a weight loss in the region of 43-
104 °C, corresponding to the loss of adsorbed water molecules.
Pristine g-C;N, showed weight losses at 220-346 °C and 448-
711 °C corresponding to the weight losses due to the decom-
position of unreacted melamine or melam and decomposition
of g-C;N,.***” The thermogram of CN/DFNS showed weight
losses in three steps. Step I: 34-132 °C corresponded to the
weight loss due to physically adsorbed water. Step II: 132-
283 °C was attributed to the weight loss due to the decomposition
of residual intermediate products formed during the reaction.
Step III: 310-670 °C was attributed to the thermal decomposi-
tion of g-C3N,.>° The thermograms of the K-CN/DFNS-1, K-CN/
DFNS-2 and K-CN/DFNS-3 samples also show significant weight
losses in two different regions. The weight loss occurred in
two steps. Step I: 40-115 °C was attributed to the adsorbed
water on the surface. Step II: 220-600 °C corresponded to the
decomposition of g-C;N,. The offset temperature was found to
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increase from 593 °C to 749 °C with the increase in the
potassium content.

N, sorption analysis of K-CN/DFNS was performed to under-
stand the textural properties and it showed a Type IV isotherm
with hysteresis, indicating the mesoporous nature of the samples
(Fig. S4 and S5, ESIY). The pores in the DFNS arise due to the gap
between the fibres. CN/DFNS coated with 21.9 wt% of g-C;N,
shows a surface area of 150 m* g ' lower than that of DFNS
(622 m> g~ ") but higher than g-C;N, (15 m* g~ "). On the increase
in the potassium content, the surface area varied from 88, 55 and
79 m> g ' for K-CN/DFNS-1, K-CN/DFNS-2 and K-CN/DFNS-3,
respectively (Table 1). The pore volumes of the samples change
from 0.158, to 0.062 and 0.086 cm® g’1 for K-CN/DFNS-1, K-CN/
DFNS-2 and K-CN/DFNS-3, respectively. The decrease in pore
volume and surface area indicates the growth of g-C;N, on the
DFNS fibers and also within the pores (channels) of the DFNS.
The presence of potassium resulted in the distortion of the
structure of g-C3;N,, which could have resulted in a further
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decrease in the pore size and surface area as compared to the
undoped sample. Due to the lower loading of g-C;N, in K-CN/
DFNS-3, a slight increase in surface area was observed.

CO, adsorption over different samples is given in Fig. 3b and
Fig. S6 (ESIT). Among all the samples, K-CN/DFNS-1 has shown
the highest CO, adsorption of 0.31 mmol g~ " at 780 mm Hg of
CO, pressure and 298 K temperature. The improved adsorption
could be due to increased basic sites in g-C3N,. These basic
sites could be the increased -NH, groups in the samples. K-CN/
DFNS-2 is supposed to show higher CO, adsorption as it has a
higher content of potassium ions, around 6 wt%. However, it
exhibits lower adsorption of CO,. This could be due to the
incomplete polymerization of g-C;N,, as evident from the
presence of the cyano group, which might result in a decrease
in the amino groups in the sample. The adsorption of CO, in
the cases of CN/DFNS and K-CN/DFNS-2 could be due to the
presence of pyridinic nitrogen and terminal amino groups.

The optical properties of the samples were evaluated by
recording the UV-Visible DRS absorption spectra of the samples
(Fig. 3c). The bandgap of the samples was calculated using Tauc
plots (Fig. 3d) and tabulated in Table 1. The bandgap of pristine
2-C;N, was found to be 2.70 eV, while that of CN/DFNS was
found to be 2.76 eV (Fig. 3c). CN/DFNS shows extended absorption
in the range of 450-650 nm due to n to ©* transition resulting
from the distortion in the structure of g-C;N,.*® This distortion
could be due to the formation of C-N-Si linkages between DFNS
and g-C3;N, or the confined growth of g-C;N, within the pores of
DFNS.>® With the increase in the potassium content, the bandgap
increases. The bandgap was found to be 2.71, 2.68 and 2.78 eV
for K-CN/DFNS-1, K-CN/DFNS-2 and K-CN/DFNS-3, respectively.
The bandgap value is found to be slightly lower for K-CN/DFNS-2.
The lower content of g-C;N, in the case of K-CN/DFNS-3 resulted
in the generation of thin sheets of g-C;N, grafted over DFNS. This
might have resulted in the blueshift of the bandgap and less
absorption of light. Along with the decrease in the bandgap on
increasing the loading of potassium ions until 6 wt%, the
absorption in the region of 450-650 nm increases. This absorption
in the region of 450-650 nm occurs due to n — 7* transition.*®
These n — m* transitions are forbidden in perfectly symmetric
and planar units."”” This transition becomes prominent with the
increasing disorder in the structure of g-C3N,. In the case of doped
samples, the presence of potassium ions inhibits the polymeriza-
tion of g-C;N,, as evident from the presence of the cyano group in
the FTIR spectra. This indicates that the presence of potassium
ions not only affects the structural and thermal properties but also
affects the electronic and optical properties of g-C3N,.

To gain insight into the separation of charge carriers, the
steady-state and time-resolved photoluminescence spectra were
recorded. The samples were excited at 380 nm and the emission
spectra were recorded. Fig. 3e shows the steady-state photo-
luminescence spectra of the CN/DFNS and K-CN/DFNS samples.
It was observed that the potassium-doped samples showed low
emission intensity as compared to the CN/DFNS. This infers that
the rate of radiative recombination of charges is low in the K-CN/
DFNS samples as compared to CN/DFNS. K-CN/DFNS-3
(18.9 wt% potassium) showed the lowest emission intensity, while

© 2022 The Author(s). Published by the Royal Society of Chemistry
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its photocatalytic activity is low. CN/DFNS showed a broad
emission peak centered at 434 nm, while in the case of the
K-CN/DFNS samples, the emission peak was blue shifted. These
results are in concurrence with the UV-Visible DRS spectra,
where the bandgaps of the potassium-doped (6 wt% and 18.9 wt%)
samples were found to be higher than that of CN/DFNS.

To further understand the lifetimes of charge carriers, time-
resolved decay profiles were recorded. The samples were excited at
395 nm and decay profiles were recorded. The lifetime decay profile
was fitted with the tri-exponential fitting decay eqn 1 (Table 2).
In the case of doped samples, the average lifetimes were found to
increase with an increase in the potassium amount. The contribu-
tion from the shortest lifetime (t,) increases with an increase in the
potassium content. This indicates the effective transfer of charges
to the impurity states or defect centers created after doping with
potassium ions. This lowering in average lifetime as compared to
2-C3N, might be due to the increased charge recombination by the
non-radiative pathway. This was also evident from the lowering of
the PL intensity in the steady-state experiments.

Photocatalytic CO, conversion using K-CN/DFNS

Photocatalytic CO, conversion of the samples was evaluated
under visible light illumination (Fig. 4). Moist CO, was passed
over 15 mg of K-CN/DFNS/Pt (1 wt% Pt was pre-deposited by
chemical reduction method) in a batch reactor for 1 h and then
irradiated under a 300 W Xe lamp (384-750 nm, 318 mW cm ™ 2).
Quantification of H, and CH, generated after 4 h of reaction
was monitored by GC-TCD-FID. CN/DFNS showed only hydrogen
generation, whereas in the case of potassium-doped samples, no
H, generation was observed. The optimum amount of potassium
content is needed to get the maximum photocatalytic activity.
In this case, 6 wt% potassium-doped g-C3;N, coated over DFNS
shows the highest activity and preferential CO, conversion over
hydrogen generation. The highest methane yield observed was
1.7 umol g~ ' of g-C;N, in 4 h using K-CN/DFNS-2 (6 wt% of
potassium ion). The methane generation observed over the
K-CN/DFNS-2 sample was found to be nearly three times higher
than that of the pristine g-C;N,. The overall activity for methane
generation was estimated from total consumed electrons using
eqn (4) (TCEN). The TCEN for different samples were found to be
1.14, 0.64, and 3.4 umol g ' h™ " for the g-C;N,, K-CN/DFNS-1
and K-CN/DFNS-2, respectively. This enhancement in activity
could be attributed to the improved light absorption, enhanced
separation of charge carriers and suitable structural changes
brought by the presence of the optimum amount of potassium.

Table 2 Lifetime measurements by time resolved photoluminescence

Sample name 7, (ns) 4, 1, (ns) A, 13 (nS) A3 7 Tag (0S)

0.484 7.445 0.11 1.08 3.97
0.354 6.927 0.064 1.02 3.17
0.166 5.27  0.043 1.694 1.45
0.08 4.236 0.025 2.926 2.35
0.061 4.929 0.02 1.004 3.11

0.841
0.525
0.122
0.048
0.018

0.406 2.509
0.581 1.909
0.791 1.271
0.895 0.821
0.92 0.988

2-C3Ny
CN/DFNS
K-CN/DFNS-1
K-CN/DFNS-2
K-CN/DFNS-3

Note: For all the samples excitation wavelength was 380 nm and
emission wavelength was around 434 nm.

Mater. Adv., 2022, 3, 8449-8459 | 8455


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ma00809b

Open Access Article. Published on 30 September 2022. Downloaded on 5/2/2026 11:24:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
20 25
1 CH
A
1.8
4 HZ
1.6 F20 —~
4 4
Z 14 (c)n
o % 1.2 15 S
[, 4 -
;,_Ic’ 1.0 i,:
> 1 €
o 3 081 Lo S
1 he]
Z 064 o
J >
0.4 Ls T
0.2
00 T T T T T 0

g-C3N4  CN/DFNS K-CN/DFNS-1 K-CN/DFNS-2 K-CN/DFNS-3

Fig. 4 Yields of CO, conversion products (methane) and hydrogen in 4 h
using g-CsNy4 CN/DFNS, and K-CN/DFNS samples in the presence of
1 wt% Pt as a cocatalyst under visible light illumination (385-740 nm).

On the contrary, despite having lower CO, adsorption, K-CN/
DFNS-2 has shown better photocatalytic activity. CO, adsorption
is not the only criterion that defines the better yield
in photocatalytic CO, conversion. Other factors such as light
absorption and the separation of charge carriers also play
important roles. Therefore, in the case of K-CN/DFNS-2 the
redshift in the absorption edge and the improved separation
of charge carriers are the factors that influence the photo-
catalytic activity. In spite of having a greater average lifetime
and extended absorption in the visible region, K-CN/DFNS-3 has
not shown any conversion. This could be attributed to the lower
amount of g-C;N, loading over DFNS and increased bandgap,
which further obstruct the light absorption properties and thus
result in the lower amount of charge carrier generation.

To confirm the source of the carbon, isotope-labeled experi-
ments were performed using **CO, and the products were analyzed
by GC-MS. The mass fragmentation is given in Fig. S7 (ESI}).
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A signal at m/z = 17 corresponds to *CH,. This confirms that
methane is generated from the reduction of CO,. In addition to
this, the sample recovered after the CO, conversion reaction, K-CN/
DFNS-2-used, was also studied by XPS (Fig. S8, ESIt). Not much
change in the spectrum was observed. This implies that the catalyst
remains stable after the photocatalytic reaction.

It is difficult to compare the yields of the products because
of various experimental conditions such as intensity of the light
source, amount of catalyst and water, reactor design, and distance
between the reactor and light source. Very few reports are found on
potassium-doped g-C;N, systems.'®'® The methane yield reported
in the current manuscript is lower than that in the reported
literature on potassium-doped g-C;N, (Table S1, ESIt). However,
the activity for CO, conversion using K-CN/DFNS was found to be
higher than those of some of the doped g-C;N, systems reported in
the literature.>**>

This is the first time that the role of DFNS as a support and
the effects of various amount contents of potassium ion on
the photocatalytic property of g-CsN, are studied. In this case,
CN/DFNS, which showed a generation of primary hydrogen, was
structurally modified by doping with potassium to tune the
selectivity for CO, reduction. The structural changes brought by
doping of potassium ions, such as generation of a cyano group,
formation of K-N bonds and the interface between DFNS and
¢-C3N, through C-N-Si bonds, modification in the absorption
spectrum and enhancement in charge carrier dynamics, have
positively contributed to the improvement in activity and selectiv-
ity of the potassium-doped samples.

Band alignment and mechanism of photocatalytic CO,
conversion

To understand the band structure and relative position of CB
and VB, the valence band XPS spectra were recorded. The
valence band XPS spectra of K-CN/DFNS-2 sample shows a

p Potential (eV)vs NHE
.

2.0
454 CB
-1.0—_ CB
054 | _TTFT-_ H,0/H,
IeE SEEEEEE L] FEES CO, /CH
0.0 2 4
1 12.76eV
0.5
1.0_‘ 2.69 eV
154 ——
1 VB
2.0 1 oy
2_5__ VB
, CN/DFNS K-CN/DFNS-2

(a) The valence band XPS spectra of CN/DFNS and K-CN/DFNS-2 and (b) energy diagram showing the positions of the conduction band (CB) and

valence band (VB) of CN/DFNS and K-CN/DFNS-2 samples derived from the valence band XPS spectra and bandgap.
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slight shift in the valence band edge as shown in Fig. 5a. The
structural changes brought by the presence of potassium ions,
such as the existence of a cyano group and the disordered
structure of g-C3N, might have resulted in a shift in the
position of the conduction and valence band edge.

From the valence band XPS spectra, the differences between
the Fermi level and valence band maximum (AE) of CN/DFNS and
K-CN/DFNS-2 were found to be 1.93 and 2.63 eV, respectively. Eyg
was calculated using eqn (2). The valence band (Eyg) of CN/DFNS
and K-CN/DFNS-2 were found to be 1.43 and 2.13 eV, respectively.
The conduction band (Egg) was calculated using the bandgap
value estimated from Eyp and the Tauc plot (Table 1 and Fig. 3d).
The Ecg values of CN/DFNS and K-CN/DFNS-2 were found to be
—1.33 and —0.56 eV, respectively. Fig. 5b shows the positions of
the conduction and valence bands in the CN/DFNS and K-CN/
DFNS-2 samples.

The thermodynamic potential for the generation of methane
and hydrogen are as follows:**

CO, + 8H" + 8¢~ — CH, + 2H,0 E° = —0.24 V vs. NHE

2H" +2¢e~ - H, E°=—0.41Vvs. NHE

Due to the presence of potassium ions, both Ecg and Eyp of
the K-CN/DFNS-2 samples have altered. The K-CN/DFNS-2
sample has a suitable band position for the generation of
methane from CO, and reduction of water. The position of
the CB is more negative than the standard reduction potential
of CO,, thus making its photocatalytic reduction feasible.

Lowering the conduction band potential to vary the potential of
photogenerated electrons is one of the strategies to tune the product
selectivity.** In this case, the lowering of Ecg of the K-CN/DFNS-2
sample by —0.77 eV as compared to that of CN/DFNS might be the
reason for the improved selectivity for CO, conversion.

The following mechanism was predicted from the observed
data: when light falls on K-CN/DFNS, an electron gets excited
to the conduction band by leaving behind a hole. The photo-
generated hole can oxidize water and release protons, while
the electron can migrate to Pt, where it can reduce CO, in the
presence of a proton to give methane. As compared to pristine
2-C3N,, K-CN/DFNS-2 has shown better activity for methane
generation and prohibited hydrogen generation due to the
enhanced absorption of light, better separation of charge
carriers, the shift of the conduction band and valence band
towards positive potentials and moderate adsorption of CO,.

Conclusions

In this work, we were able to tune the selectivity of K-CN/DFNS
and preferentially reduce CO, over water reduction to generate
hydrogen by simple potassium ion doping into the matrix of
g-C;3N,. It was observed that the potassium ion doping affected
the structural, thermal, optical and electronic properties of
2-C3N,. The SEM images confirm the grafting of the layers of
potassium-doped g-C3;N, over DFNS. The presence of potassium
ions hampers the polymerization of g-C;N,, which was evident

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from the presence of the cyano group in the FTIR spectra of the
potassium-doped samples. The XPS analysis further confirms the
interaction of potassium ions with the nitrogen of g-C;N, and
the disordered structure of g-C;N,. The lowering of the bandgap
and the extended absorption in visible light was observed until
6 wt% of potassium ion loading. Also, the lifetime of the charge
carriers increases with an increase in the potassium content.
Improved productivity for CO, conversion and suppression of
hydrogen generation reaction was found over the potassium-doped
samples. Among all the samples, K-CN/DFNS-2 (with 6 wt% of
potassium ion doped in g-C3N,) has shown the highest CO,
conversion, with a 1.7 pmol g~ of g-C;N, yield of methane, in
4 h under visible light irradiation. The UV-DRS, PL, and lifetime
measurement studies indicated that the improved activity and
preferential CO, reduction over hydrogen generation were due to
the extended absorption in the visible region, better separation of
charge carriers, shifting of the conduction band and valence band
towards positive potentials and moderate adsorption of CO,. This
study will be useful for the designing of catalysts with improved
selectivity for CO, conversion over hydrogen generation.
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