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Surface and bulk structure modification is an effective strategy to improve the photocatalytic performance
of g-C3Ny4 (CN). In this work, dilute NaOH solution was used in situ to regulate the CN structure for
enhanced photocatalytic hydrogen evolution reaction (HER). Characterization results indicate that after
treatment with dilute NaOH solution, the surface of CN was hydroxylated, resulting in the change of CN
structure and the increase of BET specific surface area. Furthermore, some Na* ions can be intercalated
into the framework of CN, and form the Na—N bond. These modifications boost the HER activity of CN.
The test carried out in 7.5 mM NaOH solution shows the highest activity and it is almost 3.7 times higher
than that performed in water. Control tests indicate that hydroxides of other alkali and alkali earth metals
such as LiIOH, KOH, Ca(OH),, and Ba(OH), have similar promotion effects. This work demonstrates
a valid and simple way to enhance the HER activity of CN through performing the reaction in a weakly
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1. Introduction

Photocatalytic technology, which can degrade pollutants and
convert solar energy into chemical energy by sunlight, is one of
the most promising technologies to address the environmental
and energy issues."” Although many photocatalysts have been
reported in the past few decades for photocatalytic hydrogen
evolution reaction (HER),** developing a simple route to enhance
the HER performance of a photocatalyst is still a challenge. g-C5;N,
(CN) composed by non-metallic elements has been widely used in
photocatalytic HER, carbon dioxide reduction, nitrogen fixation
and other reactions in recent years.*"

However, CN prepared by traditional methods with urea, mela-
mine, dicyandiamide and thiourea as precursors has some defects,
such as lack of active sites for surface reaction, high recombination
rate of photogenerated electron hole pairs, low charge carrier
transfer efficiency, and low specific surface area. These insuffi-
ciencies seriously limit its application in photocatalysis. In order to
improve the photocatalytic performance of CN, numerous methods
including nanostructure design, elemental doping, and construc-
tion of heterojunctions with other semiconductor materials have
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been developed.®*™ For example, Na, K, Co, Ga, Pt, Ag, B, F, P, and S
atoms were introduced into the structure of CN by multiple step
calcination'** and enhanced photocatalytic activity were achieved.
Among them, Na doping is a very popular strategy as it is cheap and
easy to get, and without introduce any pollution. In recent years,
many articles about Na doped CN have been reported (Table
$17).2?* The doping process results in the distortion of CN plane,
which leads to a more porous structure, more mass transfer chan-
nels and an enlarged specific surface area. However, the biggest
problem of the above methods is that the introduction steps are
complex and often need to be processed in multiple steps, and
impurities may be introduced in the final products.

In this work, we describe a new method to enhance the
photocatalytic activity of CN by controlling the solution condi-
tions. When the photocatalytic HER performance of CN is
tested, adding an appropriate amount of NaOH to the reaction
system can significantly enhance the photocatalytic activity.
More importantly, this method is simple, efficient and
universal. It can also achieve good hydrogen production effect
by using other alkali metal or alkaline earth metal hydroxides to
regulate the hydrogen production solution.

2. Experiment
2.1 Preparations of photocatalysts

All reagents were of analytical grade and used without further
purification.

2.1.1 Synthesis of CN. In a typical method, 5 g of urea was
placed in a covered alumina crucible, then heated from room

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature to 550 °C at a rate of 5 °C min~ " and kept at 550 °C
for 4 hours. After cooling to room temperature, the pale-yellow
CN were collected. The yield of CN is about 19%.

2.1.2 Synthesis of NaOH treated g-C;N,. Under the condi-
tions of simulating photocatalytic HER tests, take the right
amount NaOH into the aqueous solution containing a certain
amount of carbon nitride, after four hours of light, the solids
were filtered out and dried under vacuum at 50 °C, the products
denoted as x mM NaOH/CN, where x represents the concen-
tration of NaOH. The yield of CN is about 97%.

2.2 Characterization

X-ray power diffraction (PXRD) were measured on the Bruker D8
Advance X-ray diffractometer by using Ni-filtered Cu Ko radia-
tion (A = 1.5406 A). The Fourier transform infrared spectroscopy
(FTIR) was characterized by the spectrometer (Nicolet 6700)
with the range from 4000 to 400 cm ™. The morphology of the
samples was studied by a scanning electron microscope (SEM,
Hitachi SU8200) and transmission electron microscope (TEM,
JEOL JEM 2100F). X-ray photoelectron spectroscopy (XPS) was
performed on an ESCALAB 250 photoelectron spectrometer
(Thermo Fisher Scientific) by using Al K o X-ray beam. UV-
Visible diffuse reflection spectra were obtained on UV-Vis
diffuse reflectance spectrophotometer (UV-Vis DRS, TU-1950,
Persee) with BaSO, as the reference. Photoluminescence (PL)
emission spectra were investigated on a fluorescence spec-
trometer (JASCO FP-8300) excited by 400 nm light at room
temperature. The photocurrents were conducted in Na,SO,
aqueous solution (0.2 M) under A =400 nm by an electro-
chemical workstation (CHI 660E, Chenhua). A standard three-
electrode cell was used with Ag/AgCl electrode as the refer-
ence, Pt plate as the counter electrode, and FTO glass supported
sample (0.5 x 0.5 cm?) as the working electrode. The N,
adsorption-desorption isotherms of some prepared samples
were measured at 77 K on an automated gas adsorption analyzer
(Autosorb iQ, Quantachrome).

2.3 Photocatalytic HER tests

Visible-light-driven HER tests were performed on a commercial
reaction cell (MC-SPH,0-AG, Beijing MerryChange Technology
CO., LTD) connected to an online gas chromatograph (GC7900,
TianMei, Ar as carrier gas, TCD as detector, column type: 5A
molecular sieve). The oven and the TCD temperature are 80 and
120 °C, respectively. Automatic sampling system (spH,O) was
used to inject the samples through an online six-way valve. No
purge was used after the injection. A 300 W Xe lamp equipped
with an optical filter (PLS-SEX 300, A =400 nm) was used as the
light source, and the average visible light intensity was about
100 mW cm™? recorded by a PL-MW2000 spectroradiometer
(Perfect Light Co.). In a typical run, a three-component system
consisting of 10 mg of CN molecules as photocatalyst, 400 mg of
EDTA-2Na (as sacrificial reagent), NaOH (with different molar
amounts: 0, 2.5, 5, 7.5, 10 and 20 mM) is used to regulate
hydrogen production solution in 50 mL of water (1 wt% Pt). The
solution temperature was controlled at ca. 10 °C by water
cooling system. The suspension was stirred for 30 min in the
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dark before turning on the lamp. During the HER test, the
evolved H, was measured every 30 min by online GC. For further
characterization, the resulted photocatalyst was collected after
the HER test and denoted as x mM NaOH/Pt—-CN, where x stands
for the concentration of the NaOH solution.

3. Results and discussion
3.1 Characterization the structure changes of CN

As depicted in Fig. 1a, two peaks were observed at 27.7 and 13.0°
in the PXRD patterns of pristine CN and as-prepared NaOH/CN,
which can be attributed to the (100) and (002) diffraction of
CN.”® In addition, another peak can be observed at 21.7° in the
NaOH treated sample, and the peak intensity changed with the
increase of NaOH concentration, indicating that the crystal
structure of CN was altered in NaOH solution, this can be
proved by the change of the infrared spectra. As depicted in
Fig. 1b, with the addition of different concentrations of NaOH,
a small peak appeared at 3400 cm ™', which belonged to the -OH
group, indicating that hydroxylation occurred on the surface of
CN.***” SEM images can also clearly observe the structural
changes. The untreated CN presents a disordered and over-
lapping layered structure (Fig. 2a). In contrast, using 2.5 mM
NaOH to treat CN (Fig. 2b), it can be observed that the lamellar
CN on the surface has obviously curled, and some of them even
converted to a relatively clear pore structure, When the molar
amount of NaOH is increased to 7.5 mM (Fig. 2c), a more
obvious pore structure can be observed, and the diameter of
pores relatively larger.

—CN

—— 2.5 mM NaOH/CN
—— 7.5 mM NaOH/CN
—— 20 mM NaOH/CN
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Fig. 1 (a) The PXRD patterns of pristine CN and x mM NaOH/CN, (b)
the IR spectra of pristine CN and x mM NaOH/CN.
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Fig. 2 SEM images of (a) 2.5 mM NaOH/CN, (b) 5 mM NaOH/CN and (c) 7.5 mM NaOH/CN. (d) 10 mM NaOH/CN; TEM images of (e) 2.5 mM
NaOH/CN, (f) 5 mM NaOH/CN and (g) 7.5 mM NaOH/CN, (h) 10 mM NaOH/CN.

At the same time, TEM data also proved these changes. The
layered structure of the pristine CN was stacked with each other.
With the increase of NaOH molar ratio, the number of pores like
structure increased, and the fusion of pores formed macro-
spores, as shown in Fig. 2e-g.

The results indicate that after NaOH treatment, the structure
of CN exfoliates and pores are formed through hydroxylation
and sodium intercalation, which leads to the change of bulk
structure and may increase the specific surface area of CN.

36036 | RSC Adv, 2021, 11, 36034-36041

The N, adsorption-desorption isotherms of the samples
were determined, and the BET specific surface area were
determined. The BET specific surface areas of CN, 2.5 mM
NaOH/CN and 7.5 mM NaOH/CN were 24.2, 24.4 and 54.4 m”
g~ ', respectively, as shown in Fig. $1,T which is consistent with
the results of SEM and TEM. It further proves that the surface
hydroxylation of CN can increase the specific surface area, thus
expanding the absorption area and improving the hydrogen
production efficiency.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS spectra of (a)Na 1s, (b) C 1s, (c) N 1s and (d) O 1s in CN and 7.5 mM NaOH/CN.
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Fig. 4 (a) The H, production of CN and x NaOH/Pt-CN (x = 2.5, 5, 7.5, 10, 20 mM) in water with 400 mg EDTA-2Na aqueous simulated solar
irradiation (catalyst: 10 mg; solution: 50 mL H,O; 300 W Xe lamp with an optical filter 2 >400 nm). (b) Cycling photocatalytic HER over 7.5 mM
NaOH/Pt—CN under visible light for 3 runs. (c) Comparison of H, precipitation rate under different conditions. (d) Comparison of H, generation
when using different substances to adjust.
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When the amount of NaOH increased to 10 mM, SEM
(Fig. 2d) showed that the lamellar curl was more serious, and
the pore structure could no longer be seen on the surface. The
TEM shows that there are still tubular channels inside (Fig. 2h)
and the specific surface area is increased (64.9 m* g ).

To further confirm the interaction between CN and NaOH,
the catalyst was examined by XPS. As shown in Fig. 3a, the Na 1s
spectrum of NaOH/CN shows only one Na 1s core energy level at
ca. 1071.4 eV, which indicates the existence of the Na* in the
sample.”®?*® The binding energy of Na 1s is lower than that of
Na-O bond (ca.1072.6 €V),*® which indicates that sodium ions
are embedded into the framework of CN to form Na-N bond
instead of Na-O bond, and the electron state is uniform.*s'¢283¢
There are four binding energies locate at ca. 284.6, 286.4, 287.9
and 288.7 eV from the C 1s spectra (Fig. 3b) of CN are attributed
to the C-C, C-N, C=N-C and C-O bond, respectively.>>*!
Compared to CN, the intensity of the core level at 288.7 eV of
NaOH/CN becomes evidently higher after the modification,
indicating that the surface of CN is hydroxylated. As depicted in
Fig. 3c, there are three typical peaks at 398.7 eV (C-N=C),
400.2 eV (N-C;) and 401.1 eV (C-NH,) in the N 1s spectra. And
there is no significant difference between the N 1s spectra of CN
and NaOH/CN. Two binding energies locate at ca. 532.7 eV and
531.7 eV from the O 1s spectra (Fig. 3d) are ascribed to the O-H
and C-O, respectively. The intensities of the two O-related peaks
of NaOH/CN are higher than those of CN. This further proves
that hydroxylation occurs on the surface of CN by introducing
sodium hydroxide into the solution.

3.2 Photocatalytic HER test

The photocatalytic activity of the catalyst under visible light (A
>400 nm) irradiation was studied. It can be clearly observed that
the yield of H, increased linearly with the illumination time. As
depicted in Fig. 4a, the pristine CN can only produce a very
small amount of H, without the addition of cocatalyst. For
10 mg pristine CN, the formation rate of H, could reach 28.1
pmol h™'. When 1.0 wt% Pt was added to CN, the H, production
rate increased slightly. However, when different amount of NaOH
was added to the solution of Pt-CN system, its activity was
significantly improved. For 10 mg of catalyst, the best photo-
catalytic H, precipitation efficiency of 7.5 mM NaOH/Pt-CN is
104.5 pmol h™" (10 454 pumol g~ h™"), which is 171 times and 3.7
times higher than that of pristine CN and Pt/CN. The activity
decreases in the order of 7.5 mM NaOH/Pt-CN > 5 mM NaOH/Pt-
CN > 10 mM NaOH/Pt-CN > 2.5 mM NaOH/Pt-CN > 20 mM NaOH/
Pt-CN (Fig. 4a and c). The stability of 7.5 mM NaOH/Pt-CN was
investigated by cyclic experiments (Fig. 4b), the system was oper-
ated three times without changing the solution and photocatalyst.
At the end of each operation, the generated H, is evacuated. The
yield of H, increased linearly with irradiation time can be found in
each run (Fig. 4b), and the lines were almost parallel.

According to the optimum concentration of sodium
hydroxide (7.5 mM), we tried to use other alkali metal hydrox-
ides or alkaline earth metal hydroxides (LiOH, KOH, CsOH, Ca
(OH), and Ba (OH),) containing the same amount of OH™ ion to
control the solution, and tested the photocatalytic activity. As
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shown in Fig. 4d, the photocatalytic activity of CN was also
greatly improved by the modified solution. The results show
that it is an effective method to improve the activity of CN by
reaction in weak alkali solution.

To further explore the role of OH™ and Na® ion in photo-
catalytic hydrogen evolution, under the premise of using 10 mg
catalyst and 50 mL H,O solution (containing 400 mg EDTA-2Na,
1 wt% Pt), we seek the corresponding results through the
control experiment. The total amount of Na' is controlled by
Na,S0,, and the molar amount of NaOH is changed to study the
effect of OH™ ion on HER under the condition of constant Na*
ion. As shown in Fig. 5a and S3a,T the catalytic activity is not
improved in the absence of OH ™ ion. With the addition of OH™
ions, the catalytic activity increased gradually, and reached the
maximum when the concentration of OH™ was 7.5 mM, further
increase of the amount of OH ™, the catalytic activity decreased.
The results show that the presence of OH™ ion can enhance the
catalytic activity of CN, which is consistent with the results of
SEM and TEM. Appropriate amount of NaOH can change the
structure of carbon nitride, providing an opportunity for Na" to
enter the CN structure. However, when the content of NaOH
increased further, the structure of CN was damaged, the cata-
Iytic activity did not increase. On the other hand, the
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Fig. 5 (a) Effect of different OH™ concentration on hydrogen

production rate under the same amount of Na ion, (b) the effect of
sodium concentration on hydrogen production rate in the presence or
absence of OH™ ion.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06436c

Open Access Article. Published on 08 November 2021. Downloaded on 10/28/2025 9:02:19 AM.

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

(cc)

View Article Online

Paper RSC Advances
6
80 55 mM NaOH/CN L e N
-~ 70 CN 1.4x10° ’ 3 o
€ Lighton] |Off e 7.5 mM NaOH/CN
%a 1.2x10° .
— 6 - L]
& E 1.0x10
g _Ss.0x10°} ¢
E ’N °
g 6.0x10° | . o .
2 N s
£ 40x105F  ,° ;- =
.. ° o
\ 2.0x10° ;,.-'
i ; i 0.0 i i A i i i
100 200 300 400 0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10°
Time(s) Z'(ohm)
CN
—— 7.5 mM NaOH/CN

)

L

g

8

E

2

350 400 450 500
Wavelength(nm)
Fig. 6 (a) The photocurrent responses of CN and 7.5 mM NaOH/CN under visible light irradiation (2 >400 nm). (b) EIS Nyquist plots of CN and

7.5 mM NaOH/CN. (c) PL emission spectra of g-CN and 7.5 mM NaOH/CN.

concentration gradient experiment was set to verify the effect of
Na' by changing the molar amount of Na,SO,. As shown in
Fig. 5b and S3b,t without NaOH treatment, the activity of HER
was almost unchanged by changing the amount of Na,SO,
directly, which indicated that Na" alone had no effect on her
activity, however, when the pH value is adjusted to 8.5 (that the
PH of the solution when 7.5 mM NaOH was used) by ammonia,
the amount of Na' is changed by adding Na,SO,. It is found that
the activity of hydrogen production is significantly increased.
With the increase of Na* concentration, the hydrogen production
activity shows the tendency of rising first and then decreasing.
When the concentration of Na,SO, is 3.75 mM, it reaches the
maximum. This indicates that Na" ions can improve the activity of
Pt—CN in alkaline condition, probably because only OH ™ ions act
first to make the surface of CN hydroxylation deformation, which
is conducive to Na' ions embedded into the structure of CN.2*2632
The results also indicate that the increase of hydrogen production
needs the combined action of alkaline environment and Na* ions.

To further explore the promotion effect of dilute NaOH
solution, the UV-Vis absorption spectra of CN and (NaOH),/Pt-
CN were measured (Fig. S47). All samples show similar optical
absorption bands. The results show that the surface hydroxyl-
ation has no effect on the light absorption of CN.

The transient photocurrent measurements of CN and 7.5 mM
NaOH/Pt-CN show that the photocurrent response of both samples
is obvious due to their good light absorption ability during the on/
off cycle under visible light. As shown in Fig. 6a, the photocur-
rent of 7.5 mM NaOH/Pt-CN is obvious higher than that of CN

© 2021 The Author(s). Published by the Royal Society of Chemistry

suggesting that better visible light response and more effective
photoexcited charge separation. Similarly, the EIS spectrum also
provides recombination/
separation. As shown in Fig. 6b, the smaller arc radius of
7.5 mM NaOH/Pt-CN compared with CN indicates better
conductivity or more efficient electron transport capability under
visible light, which is consistent with the above results. To further

information about electron hole

test this point, the PL emission spectra of the samples
were measured under irradiation of 400 nm. Compared with
CN, the stable PL spectrum of 7.5 mM NaOH/Pt-CN (Fig. 6c)
shows low intensity, which can be attributed to the effective of
the electron hole recombination is inhibited after the solution
regulation by NaOH, that increases the possibility of charge
separation.

3.3 Mechanism for the enhanced HER activity

According to the above results, we propose that the enhanced
photocatalytic hydrogen production activity of CN in our
research is ascribed to the following factors: (a) the effect of
NaOH causes the distortion the structure of CN, which makes
more pore structure, provides more mass transfer channels (see
Fig. 2, the SEM and TEM images) and larger specific surface
area (Fig. S17), and provides more active sites for surface reac-
tion. (b) The Na' ions are embedded into the framework of
carbon nitride to form Na-N bond under alkaline condition,
which is beneficial to reduce the electron localization and
promote the carrier migration and charge carrier separation.

RSC Adv, 2021, 11, 36034-36041 | 36039
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Fig. 7 The mechanism and activity process of photocatalytic modifi-
cation with NaOH.

The mechanism and activity process of photocatalytic modifi-
cation with NaOH are depicted in Fig. 7.

4. Conclusions

In conclusion, we have found a more convenient way to enhance the
photocatalytic HER of CN through solution regulation, and deter-
mined that the optimal concentration of NaOH solution is 7.5 mM.
The activity of the sample measured by this method is much higher
than that of the untreated sample. After hydroxylation, CN changed
from layered structure to porous structure, which expanded its
specific surface area and made Na' ions embedded into the struc-
ture of CN, which improved the charge separation efficiency and
enhanced the photocatalytic activity. In addition to NaOH, hydrox-
ides of several other alkali and alkali earth have also been used for
solution control, and the results showed that they could also
improve the photocatalytic hydrogen production of Pt—CN.
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