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The photocatalytic CO5 reduction has the problems of low selectivity of single product. Here, the preparation of
Cu modified tubular C3N4 (CTN) was studied. The increase of the active site inhibits the recombination of
electrons (e-) and holes (h + ) and improves the selectivity of CO2 reduction products. Finally, the CO and CHy4
yields of 1.5 % CTN photocatalyst are 11.55 pmol-g~* and 4.72 pmol-g~!, respectively, which are 5 times higher
than that of tubular C3N4 photocatalyst. The selectivity of 2 % CTN to CHy is up to 68 %, indicating that the

prepared CTN photocatalyst has high CO2 reduction activity and CHy selectivity.

1. Introduction

With the increasing population, the total energy requirement for
human social activities has continued to rise. CO5 emission reduction
and sustainable development has become the focus of common attention
of all countries in the world. According to the forecast of the Interna-
tional Climate Change Special Committee (IPCC), in 2100, the CO,
content in the air may increase to 590 ppm, and the global average
temperature may increase by 1.9 °C [1]. The photocatalytic technology
can use green and pollution-free solar resources to complete a variety of
catalytic reactions with the help of catalysts, such as water decomposes
to produce hydrogen, CO, reduction, degradable organic pollutants, etc.
Having high efficiency and economical catalysts is of very important for
the development of photocatalysis.

Graphite carbon nitride (g-C3N4) is a kind of non-metallic photo-
catalyst. Due to its low cost, simple preparation process and good light
absorption performance, it has received extensive attention. For
instance, Antonietti group found that the porous g-C3Ny4 rich in surface
groups could be applied to Friedel-Crafts reaction, which opened the
development of g-C3N4 in the catalytic field [2]. g-C3N4 is a material
with a suitable bandgap (2.7-2.8 eV) and has been fully applied in the
direction of photocatalysis. As a result of extensive sources, nontoxic,
stability, and relatively narrow bandgap, and has the characteristics of
visible light response, g-C3Ny is considered a catalyst with prospects. But
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there are some problems. First of all, the shape of the material is irreg-
ular, and the material is thick, which affects the process of separation
and oxidation reaction of its carriers. Then due to carrier has high
recombination velocity, it is prone to the problem of compounding as
soon as it is stimulated, resulting in low optical catalytic performance.
The conduction band (CB) potentials of g-C3N4 material is relatively
positive, so optical electronics has lower energy. This will cause the
reaction rate slowly when the reaction is performed. In addition, the
material is irregular on the surface of the block structure and lacks
adsorption nodes, which limits the utilization efficiency of carriers and
affects its performance in photocatalytic. In order to solve these prob-
lems, methods such as appearance regulation [3-8], element doping
[9-11], and heterogeneous knots [12,13] are used to improve the cat-
alytic activity of g-C3Ny.

For CO, reduction, in addition to the appearance structure, it is
necessary to further improve the optical catalytic efficiency by adjusting
the electronic structure and building more charge transfer channels. In
the strategy of adjusting the electronic structure of the optical catalyst,
doping is the most commonly used method. By doping atoms, the band
gap is improved, affecting the CB potentials and valence band (VB)
potentials. In addition, in the field of CO5 reduction, the metallic Cu base
optical catalyst has also received widespread attention. Pei et al. syn-
thesized and reported the ZnO-Cu(I) hybrid nanoparticles, which can
directly convert CO5 to CH4 in the HoO with normal temperature and
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pressure. The experiment shows that the maximum yield of CH, is 1080
pmol-g~1-h~1, the quantum production rate is 1.5 %, and the selectivity
of CH4 is almost 100 % [14]. Juliana ’s team deposited cu’ nanoparticles
on the surface of TiO,. With the formation of heterostructures, the ac-
tivity of the photocatalyst increased, and in addition to C; products
(CHg4, CO, and CH30H), products containing two or more carbons (Ca;)
were also generated. Such as acetic acid (CaH405), acetone (C3HgO) and
isopropyl alcohol (C3HgO) [15]. The above studies show that Cu doping
can improve the optical catalytic efficiency of the sample, increase the
transfer of the photochemical carrier, increase the concentration of the
reactive site on the catalytic surface, and improve the selectivity of the
product during photocatalytic CO, reduction.

According to previous reports [16,17], tubular g-CsN4 (TCN) mate-
rials have been widely studied because of their mass transfer properties
and high carrier transport efficiency. Cu loading on g-C3Ny is conducive
to the formation of Cu-Ny sites and promote the photocatalytic process
[18]. Therefore, this work studies the photocatalytic CO5 reduction
performance based on TCN loaded with Cu on its surface under light
irradiation. The morphology, properties and photocatalytic mechanism
of the samples were characterized. In addition, the photocatalyst and the
reaction system were optimized. The effects of the amount of Cu added
and acetonitrile count on the photocatalytic CO, reduction performance
of the catalyst were studied, and the optimal reaction conditions of the
system were obtained.

2. Experimental section
2.1. Materials

Melamine (C3HgNg, AR) and cupric chloride (CuCly-2H50, AR) came
from Shanghai Aladdin Biochemical Technology Co, Ltd. Acetonitrile
(CoH3N, AR) were obtained from Beijing InnoChem Science & Tech-
nology Co., Ltd.

2.2. Synthesis of TCN and CTN

1 g of C3HgNg was added to a beaker and stirred at 80 °C for 0.5 h.
Afterwards, the stirred solution was transferred into a 100 mL Teflon-
lined high-pressure reactor. The reactor was then heated to 200 °C
overnight. The resultant substance was subsequently washed and dried
in a vacuum oven at 60 °C for 12 h until it became a white powder. 1 g of
the previously obtained white powder was dissolved in 50 mL of H>0,
and a specific amount of CuCly-2H,0 was added. The sample underwent
stirring at 80 °C for 1 h, then filtered and dried before being placed in a
muffle furnace. The furnace was heated at a rate of 5 °C -min~! in an
argon atmosphere to a temperature of 550 °C for 2 h, resulting in the
formation of Cu-loaded tubular C3N4 (CTN). CuCl,-2H,0 was added in
amounts of 0 mg, 15.3 mg, 30.6 mg, 45.9 mg, and 61.2 mg, corre-
sponding to sample names of tubular g-C3N4 (TCN), 0.5 % CTN, 1 %
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CTN, 1.5 % CTN, and 2 % CTN respectively. The preparation process of
the catalyst TCN and CTN were shown in Scheme 1.

2.3. Characterizations

Morphology of the catalysts were analysed by emission scanning
electron microscope (SEM) (TM4000Plus, Hitachi Limited). Crystal
structure of the catalysts were analysed by an X-ray diffractometer
(XRD) (Smart Lab SE, Rigaku). Fourier transform infrared spectra (FT-
IR) were studied using an FT-IR spectrometer (Bruker ALPHA, Bruker
Optics). Compositions and chemical state of the catalysts were studied
on an X-ray photoelectron spectroscopy (XPS). UV-Vis diffuse reflec-
tance spectra (DRS) were employed with an UV-vis spectrophotometer
(UV-2600i, Shimadzu Corporation) equipped with an integrating sphere
diffuse reflectance accessory. The photoluminescence (PL) spectra of
catalysts were studied on spectrofluorometer (LS 55, Perkin-Elmer).
Mott-Schottky (MS) plots, photocurrent response and electrochemistry
impedance spectroscopy (EIS) measurements were studied with a CHI
electrochemical analyser (CHI760E) using a standard three-electrode
mode with 0.2 M NaySO4 solution as the electrolyte, Ag/AgCl (satu-
rated KCl) as the reference electrode and a Pt sheet as the counter
electrode.

2.4. Photocatalysis experiments

The photocatalytic CO, reduction experiment was conducted in a 65
mL sealed quartz reaction cell. Add acetonitrile and deionized water to
the reactor, and then add 10 mg of sample. Stir and ultrasound for 10
min each. Introduce high-purity CO2 (99.999 %) into the reactor for
bubble degassing for another 0.5 h. 50 W LED were used for illumination
and cool the reactor through air cooling. Analyze gas products using a
gas chromatograph (GC-2014C). Collect gas products using a 1 mL sy-
ringe within a specified time interval and inject them into a gas chro-
matograph for analysis of their composition.

3. Results and discussion
3.1. Morphology and structure

The SEM tests exposed the morphology and structure of samples. As
depicted in Fig. 1(a) and (b), CN demonstrated a hollow tube configu-
ration. Fig. 1(a) reveals a smoother surface of TCN, with a pore diameter
of approximately 1.07 pm. Conversely, the surface of 1.5 % CTN in Fig. 1
(b) appears more uneven, possibly due to Cu loading. The XRD pattern of
the sample that was prepared is exhibited in Fig. 1(c). The distinctive
diffraction peak at 27.5° in the figure is in correspondence with the
(002) crystal plane [19] and all samples share the same diffraction peak.
Because of the low Cu content in the product, the molecular structure of
g-C3Ny4 remains virtually unaltered, therefore, there is no Cu peak in any
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Scheme 1. Schematic diagram of preparation of TCN and CTN catalyst.
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Fig. 1. (a) The SEM of TCN; (b) the SEM of 1.5% CTN; (c) XRD patterns and (d) FT-IR spectra of TCN and CTN.

of the CTN samples. Fig. 1(d) displays the FT-IR spectrum of the mate-
rial. The FT-IR spectrum displays three prominent peaks: 1100 ~ 1650
em™!, 808 cm ™1, and 3170 em L. The region of 1100 ~ 1650 cm™! in-
cludes various strong bands that are typical of the expansion mode of CN
heterocyclic rings. At 808 cm ™., the spike in the signal is attributable to
different vibration patterns of the C-N bond in the triazine ring, along-
side the characteristic breathing patterns of the three-thin heterocyclic
feature [20-22]. Furthermore, within the wide absorption band at
approximately 3170 cm ™!, N-H and O-H bonds generate a range of vi-
bration modes, which correspond to an uninterrupted amino group. 1.5
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% CTN showed minor differences in peak position compared to TCN,
with only a slight reduction in peak intensity [23]. The low Cu content
makes it hard to detect, thus no vibration peaks of Cu-C or other Cu-N
bonds are present in the spectrum. XRD and FT-IR spectroscopy results
indicate that the catalyst were successfully synthesized.

The composition of CTN was determined via XPS analysis. Fig. 2(a)
displays the full XPS spectrum which indicates that CTN is made up of C,
N, O and Cu elements, confirming successful Cu integration. The
appearance of the O1s peak could be attributed to sample adsorption in
the atmosphere. Fig. 2(b) depicts the high-resolution XPS of C 1s, which
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Fig. 2. XPS spectra of 1.5 % CTN: (a) survey spectrum; (b) C 1s; (¢) N 1s and (d) Cu 2p spectra.
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shows that CTN exhibits two peaks at 287.8 and 284.3 eV, corre-
sponding to the hexazine ring (N-C = N) and sp? hybrid C in the SP? C-C
bond, respectively [24,25]. Furthermore, the XPS analysis of N in CTN
reveals three distinct peaks at 398.2 eV for C-N = C, 399.8 eV for N-(C)3,
and 400.8 eV for C-N-H, as illustrated in Fig. 2(c) [26]. The high-
resolution XPS of Cu 2p displayed in Fig. 2(d) displays two principal
peaks at 951.8 eV and 931.9 eV, which can be assigned to the spin—orbit
configurations of Cu® (2p1,2 and 2ps/»), respectively [27].

The specific surface area and pore structure of the material were
tested by Ny adsorption—desorption method. As we all know, the larger
the specific surface area, the more active sites can be exposed, the higher
the activity of photocatalysis. It can be seen from Fig. 3(a) that the
catalyst has a typical H3 hysteresis loop IV isotherm. Catalyst 1.5 % CTN
has a wide pore size distribution (Fig. 3(b)). By comparing the data in
Table 1, catalyst 1.5 % CTN has a larger specific surface area than pure
TCN. These results indicate that Cu can be introduced into the catalyst to
obtain larger specific surface area and pore volume. Therefore, it is
inferred that the catalyst 1.5 % CTN has greater potential in photo-
catalytic CO2 reduction.

3.2. Photocatalytic activity

First of all, we designed experiments to explore the photocatalytic
activities of samples with different Cu loads. Fig. 4(a-b) and Fig. S1(a)
show that the yield of CH4 and CO had increased with the increase of Cu
quality, and the maximum yield were 4.72 and 11.55 pmol-g !,
respectively. At the same time, the yield of Hy had decreased, which
significantly improved the selectivity of carbon products. The selectivity
of CO and CH4 were 36 % and 30 % of 1.5 % CTN sample. Noting, the
CHy4 selectivity is best and can reach up to 68 % when we used the 2 %
CTN photocatalysts as shown in Fig. 4b, which means that high Cu
content can be beneficial to the CH4 conversion. However, excess copper
can obscure the active site and lead to decreased CH4 selectivity (Fig. S1
(b)). The Selectivity (S) is calculated through the following formula:

S(%) :% X 100% o)

Where n is the number of reaction products transfer electrons and A
is the yield of the reaction product. The introduction of Cu further
improved the catalytic performance for the CO, reduction.

To evaluate the impact of solvents on the performance of catalysts,
we set up a reaction system for four sets of acetonitrile and water (Fig. 4
(c—d)). With the increase of deionized water, the yield of Hp had
increased. It can be seen that in the reaction system, hydrogen mainly
came from deionized water. At the same time, with the decrease of
acetonitrile, the yield of the CO firstly increased, then decreased, and
finally kept stable, which indicating that acetonitrile will not decompose
in the system. When acetonitrile decreased from 27 mL to 24 mL, the
reasons for the decrease of the yield of the CO may be due to the decrease
in the volume of acetonitrile, which led to a decrease in the system of

Relative Pressure (P/P,)
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Table 1

Specific surface areas (Spgr), pore volumes, and pore diameter of three samples.
Samples Sper(m?/, g) Pore Volume(cm®/ g) Pore Diameter(nm)
TCN 25.8906 0.124480 25.7458
1.5 % CTN 31.9870 0.137798 22.3123

CO,. When the acetonitrile and deionized water were 27 mL and 3 mL,
the selectivity and yield of CO had reached the maximum, with 17.4
pmol-g~! and 40 %, respectively. From an efficiently photocatalytic CO,
reduction perspective, we hope to improve the selectivity of carbon
products, so when acetonitrile and deionized water ratio is 27: 3, the
optical catalytic performance of the system is better.

To evaluate the photocatalytic stability of CTN, we set up an
experiment that changes over time (Fig. 4(e-f)). The experiments used
1.5 % CTN samples, added 24 mL acetonitrile and 6 mL deionized water,
and illuminated 21 h under the light of 50 W. Within the initial 10 h,
there are many catalyst surface activity sites, resulting in CO and CHy4
continuously increased. By 10 h, the yield of CO, CH4 and Hy was 71.9,
12.8 and 17.2 pmol-g~!, respectively. In the following 11 h, with the
continuous increase of the time, the system tended to balance. At this
time, the electron hole pairs had the best activity. The stability experi-
ment fully showed that 1.5 % CTN had good catalytic stability. (Fig. S2)
XRD test of catalyst before and after illumination shows that the position
of diffraction peak does not change.

Finally, in order to verify whether the CTN catalyst worked in the
CO4 process, we set up 4 groups of control experiments (Fig. 5(a)). There
were no CHy, CO, and Hj evolution without light irradiation and no
catalyst, which indicated that there was a necessary condition of light
irradiation and catalysts as a system of photocatalytic reduction.
Without CO, in the system, there was only H; evolution, indicating that
the water had also participated in the reduction process. In the absence
of water and acetonitrile, the overall performance of photocatalysis
decreased. It can also be seen that the presence of acetonitrile can in-
crease the solubility of CO, and improve the selectivity of carbon
products (Fig. S3). Fig. 5(b) shows the comparison of product selectivity
between catalyst 1.5 % CTN and catalyst 2 % CTN. It can be found that
catalyst 2 % CTN has a higher selectivity for CHy, reaching 68 %, indi-
cating that the increase of Cu content contributes to the formation of
CHg.

In Table 2, CTN remained better photocatalytic CO, reduction ac-
tivity compared to previous works.

3.3. Photocatalytic mechanism

In order to evaluate the separation and transfer of photogenerated
carriers, steady-state fluorescence tests and electrochemical tests were
performed on the prepared materials. Fig. 6(a) shows that the lower PL
intensity of CTN indicated that metal copper has greatly decreased
carrier recombination rate. Among all CTN samples, 1.5 % CTN samples
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Fig. 3. (a) BET adsorption—desorption isotherms and (b) the pore dimension distribution curves of samples.
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Table 2
Comparison of CO5 reduction activity of g-C3N4-based catalysts.
Catalyst Reaction Light Photocatalytic references
conditions activity
Ce0y/g-C3Ny COg; HO 300 CO 0.590 pmol-h’1 [28]
WXe  CH40.694 pmolh™?
§-C3N4-TiO, 150 g 300 CO 0.84 pmol g h™t  [29]
NaHCOs3; W Xe CH4 5.21 pmol
5.0 mL 4 M g lh!
H,S0,
Pt-g-C3Ny4 COy; 2 mL 300 CH,4 0.25 pmol-h ! [30]
/KNbO3 H,0 W Xe
Amine- 0.084 g 300 CH4 0.34 pmol [31]
functionalized NaHCO3; W Xe g 1h~! CH;0H 0.28
g-C3Ny 0.3mL2M pmol g~ 1-h~?
H,SO04
Mg-doped COy; H0 300 C0 12.97 pmol-g’1 [32]
g-C3Ny WXe  CH47.62 pmol-g~?
Cu modified S- CO,; H0 500 €O 9.6 pmol-g~* [33]
doped g-C3N4 W Xe CH, 2.33 pmol-g~!
Cu/g-C3Ny4 COy; Hy0; 50W  CO 11.55 pmol.g~! This work
CoH3N LED CH, 4.72 pmol-g !

have the lowest PL intensity, indicating that its electron-hole pair sep-
aration rate is the highest. In general, it is useful to improve the optical
catalytic performance through load copper. The EIS (Fig. 6(b)) shows
that 1.5 % CTN has the smallest, demonstrating the least resistance
during charge transfer. 1.5 % CTN also shown the highest transient
photocurrent response (Fig. 6(c)). Meanwhile, 1.5 % CTN showed higher
current density in the linear sweep voltammetry (Fig. 6(d)). The intro-
duction of Cu can expansion the capture of light and promote the sep-
aration and transfer of photoinduced e-h™ pairs.

The optical properties of the catalysts were studied by UV-vis light
absorption spectra (Fig. 7(a)). Compared with TCN, the CTN shown
enhanced light absorption at the wavelengths greater than 450 nm. In
addition, the absorption edge of CTN had red shift in comparison to
TCN. The results of the UV-vis experiment can calculate the width of
different catalysts. (Fig. S4) And the photocatalytic performance of the
catalyst under different wavelengths of light is corresponding to it. The
band gap was determined by the Tauc plots were calculated by equation:
1+ hi%s)" = A(hI%:-Eg) [34]. The curve is shown in Fig. 7(b). The
calculated band gap values of TCN, 0.5 % CTN, 1 % CTN, 1.5 % CTN, and
2 % CTN are 2.59 eV, 2.47 eV, 2.44 eV, 2.33 eV and 2.42 eV,



Y. Liu et al.

=

400 440 480 520 560 600 640

——TCN <] « TCN
(a) o ——0.5% CTN 1.0x10°] (b) * 0.5%CTN

- ——1%CTN + 1%CTN

= 44
s ——1.5% CTN Es-o" 10 + 15%CTN

: 2% CTN + 2%CIN .
& 3 6.0x10°1 : :
= oy .
2 - - .
E N 4.0x10* e . ST
e e
[-™ LA

Chemical Physics Letters 842 (2024) 141225

204104 ez ®

0 1x10* 2x10* 3x10* 4x10 sx10* 6x10*

Wavelength (nm) Z' (Ohm)
0.05
14 —TCN (d)
12 ——0.5% CTN 000
] 1% CTN "-'E -0.051
i'" ——1.5% CTN 9 i
= 2% CTN g T
- 8 < / ——TCN
s = -0.151 o, "
g = 0.5% CTN
:5 4 @ -0.204 1% CTN
] £ ——1.5% CTN
= o
"5 2 5 -“25 2%, CTN
£0 -0.30
3 -0.35
0 100 200 300 400 500 600 700 -0.6 -0.4 -0.2 0.0 0.2

Time (s)

Potential (V vs.SCE)

Fig. 6. (a) PL spectra; (b) EIS Nyquist plots; (c¢) transient photocurrent density response and (d) linear sweep voltammetry of all the samples prepared.

——TCN
—_ —_—0.5% CTN
= —1% CTN
= —1.5% CTN
z ~2% CTN
=
-1
-
T
=
w
-
<
400 500 600 700 800
Wavelength (nm)
5
(c) = TCN i
4
3
=
572 -0.95 eV
&}
1
0 -t i

=20 -1.5 -10 05 00 05 10
Potential (V vs.SCE)

(b) ——TCN
—0.5% CTN
1% CTN
——1.5% CTN
2% CTN

(ahv)?

2.0 25 3.0 35 40

Band gap (eV)
5
(d) * 1.5% CTN
44
E
"-Sz‘ 0.8 ¢V

20 -15 -1.0 05 00 05 1.0
Potential (V vs.SCE)

=
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(d) Mott-Schottky plots of 1.5% CTN.

respectively. The formation of the pipe structure enhances the multiple
reflexes of incident light in the material, increasing the light absorption
range of the catalyst, and reducing the width of the band. At the same
time, compared with TCN, introduction of Cu particles contributes to the
generation of impurities energy levels, which has promoted the light
capture of composite materials to a certain extent. These results show
that the CTN sample has enhanced visible light absorption capabilities,
resulting in more electronic empty acupoint loads. It can be predicted
that because more photochemical electrons participating in CO»
reduction, CTN samples may have a better optical catalytic performance
than the original TCN. In Fig. 7(c—d), the MS plots of TCN and 1.5 % CTN

have been measured. The results show that compared to the Ag/AgCl
electrode, the CB potentials of TCN and 1.5 % CTN are —0.95 and —0.8
eV, respectively. In fact, the flat band (Eg,) potential is located near CB
for n-type semiconductor with positive slope in the MS curve [35].
Therefore, the TCN and 1.5 % CTN belong to n-type semiconductor
according to the slope of MS curve. After conversion, compared with
normal hydrogen electrode (NHE), the CB potentials of TCN and 1.5 %
CTN is —0.75 and —0.6 eV, respectively [36]. According to the band
gaps of TCN and 1.5 % CTN, VB locations of TCN and 1.5 % CTN are 1.84
and 1.73 eV, respectively.

Fig. 8 shows that the feasibility mechanism of photocatalytic CO,
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Fig. 8. Possible photocatalytic mechanism over CTN.

reduction of CTN. When the material is exposed to light, the photo-
generated e’ are excited to the CB. At the same time, h™ are left in the VB
of CTN, which would oxidize H,O to H'. Cu is the capture sites and
catalytic site of CO9, and the photogenerated e are further transfer to Cu
surface to induce the CO, reduction to CO and CH4. The main CO,
reduction steps are summarized as follows:

CO, + 2H' 4 2¢"—>CO + H,0

CO; + 8H" + 8¢"—CH, + 2H,0

In conclusion, the introduction of Cu enlarges the light absorption
range and prolongs the carrier lifetime, which synergistically improves
the photocatalytic activity [37].

4. Conclusions

In summary, we prepared the CN precursor used melamine as the
sources through hydrothermal synthesis, and further form a Cu-doped g-
C3Ny4 tubular sample mixes. The photocatalytic CO, reduction activity
and selectivity of CTN photocatalysts have been significantly improved
compared to that of TCN. The results showed that the CHy yields of 2 %
CTN samples were high and have 68 % selectivity, which were higher
than TCN samples without Cu doped. Mechanism analysis show that Cu
can provide the active site and serve as an electron capture trap to
effectively adjust the electronic structure of the g-C3Ny4, that would be
contributed to CHy4 evolution. The work proposes a Cu modified C3Ny4
tubular material, which shows a method for designing C3N4-based high
efficiency photocatalysts.
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