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A nine-fold enhancement of visible-light
photocatalytic hydrogen production of g-CzN4
with TCNQ by forming a conjugated structurefy
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Photocatalytic hydrogen evolution by water splitting has become a very effective way to solve the energy crisis.
For use in that process, graphitic carbon nitride (g-C3N4) has drawn much attention for its response in the
visible region. However,
photoinduced carriers restrict its photocatalytic activity. Herein, we demonstrate a two-step liquid ultrasonic

its insufficient sunlight absorption efficiency and easy recombination of

method in water to synthesize a series of tetracyanoquinodimethane (TCNQ)-C3zN,4 photocatalysts aiming
to form a conjugated structure by 7,7,8,8-TCNQ. g-CsN4 was treated with APTES firstly on its surface in
order to give a better interface contact with TCNQ. Benefiting from the conjugation effect between TCNQ
and g-CsNg4, the separation and transport efficiency of photogenerated carriers were significantly improved.
Besides, introducing TCNQ also broadened the absorption region. Both of these points lead to the
enhancement of photocatalytic H, production rate, with the optimized 5% TCNQ-C3zNg4 giving a rate nearly
9.48 times that of pure g-CsN4. Also, 5% TCNQ-CzN4 (U) was prepared with unmodified g-CsNg4, which
exhibited a rate only 6.87 times that of pure g-CsN,, thus validating the necessity of surface modification.
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1. Introduction

The energy crisis has become a serious problem which
threatens human development.® Photocatalytic technology is
known as an effective solution for producing hydrogen,
reducing carbon nitride and degrading organic dyes, and pho-
tocatalytic hydrogen evolution has attracted much attention.>”
Among various photocatalysts, graphitic carbon nitride (g-
C3N,), which is considered as a kind of typical metal-free
organic semiconductor, has been widely investigated as
a promising photocatalyst in H, production by water splitting
because of its favorable bandgap (2.7 eV) corresponding well
with visible-light response, excellent thermal stability, low cost
and nontoxicity characteristics. Nonetheless, the fast recombi-
nation of photogenerated electron-hole pairs and narrow
absorption in the visible region (up to 460 nm) limit its appli-
cation.>*® Therefore, various modification methods of g-C3N,
have been developed aiming to promote its photocatalytic
performance, such as chemical heteroatom doping (B, S, and
P),>*?> morphology control,"*** dye sensitization,*** defect
engineering, and g-C;N, heterojunctions.”
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of g-CzNy, yielding an improvement of photocatalytic activities.

Herein, we introduce a highly conjugated polymer, TCNQ
(7,7,8,8-tetracyanoquinodimethane), with plenty of cyano
groups.” Many works have confirmed that TCNQ has strong -
7 stacking interactions with carbon nanotubes and graphene.
The conjugative m-electron structures of polymer hybridized
photocatalysts exhibit elevated photoactivity because of rapid
photogenerated charger transfer.”**' Although conjugated
polymers have been demonstrated to form polymer/C;N, het-
erojunctions,”° there are few researches which have applied
TCNQ on pure g-C;N, for hydrogen generation utilizing water
splitting with visible light.

To reinforce the interfacial contact between g-C;N, and
TCNQ, the cationic surfactant 3-aminopropyltriethoxysilane
(CoH,3NO3Si, APTES) was utilized to change the negative charge
of the g-C3N, surface into positive charge,* which intensifies
the integration of negative TCNQ with g-C3N, using an elec-
trostatic self-assembly approach.

In this study, we report TCNQ-C;3;N, composites with a good
interfacial contact achieved by surface modification. The g-C3;N,
synthesized by condensation at high temperature was surface-
charge-modified by APTES to get positive charges. Then, the
positively charged g-C;N, was interacted with TCNQ which has
negative charges. After that, the photocatalytic H, production
rates from water of as-synthesized (2%, 5%, 10%, 15%) TCNQ-
C;3;N, composites with different doses of TCNQ were investi-
gated under visible light irradiation. All the TCNQ-C;N, pho-
tocatalysts show a higher H, evolution rate than pure C;N,,
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which is ascribed to the broader response in the visible region
and faster transfer of photogenerated electron-hole pairs. The
hydrogen production rate of 5% TCNQ-C;N, reaches 425.64
umol g~ h™', which is 9.48 times higher than that of pure g-
C;N,. Besides, the photocatalytic performance of 5% TCNQ-
C3N, (U) composed of TCNQ and unmodified g-CsN, was also
studied for the same experimental conditions, which exhibits
a poorer H, production rate than the 5% TCNQ-C3;N,
composite, thus confirming the necessity of surface charge
modification for electrostatic interaction between TCNQ and g-
C;N,. This work might offer a new insight into improving the
photoactivity of g-C3;N, via surface modification and con-
structing conjugated structures.*

2. Experimental
2.1 Materials

Urea (H,NCONH,), barium sulfate (BaSO,), anhydrous sodium
sulfate (Na,SO,), N,N-dimethylformamide (DMF), and ethanol
(C,He0) were purchased from Sinopharm. APTES (CoH,3NO;Si)
and TCNQ were purchased from Aladdin. All the materials were
used without any further purification.

2.2 Preparation of g-C3;N, (bulk)

Pure g-C3N, (bulk) was obtained by thermal polycondensation
of carbamide in air atmosphere. The typical preparation
method of g-C3N, (bulk) was as follows: 5 g of carbamide was
put in a tube furnace, followed by heating to 550 °C for 4 hours

to complete the reaction. The heating rate was 2.3 °C min™".

2.3 Synthesis of APTES-modified g-C;N, (bulk)

The as-prepared g-C;N, (bulk) was modified with APTES as
follows. Firstly, 0.5 g of g-C3N, (bulk) was dispersed in 200 mL of
ethanol followed by ultrasonic agitation for 20 min. After that,
0.5 mL of APTES was added into the solution, and the obtained
mixture was subjected to a reflux operation for 4 h at 65 °C.
Lastly, the solution was centrifuged and washed with ethanol,
followed by drying at 60 °C for 12 hours to obtain the APTES-
modified g-C;N, (bulk).

2.4 Synthesis of TCNQ-C3;N, composite photocatalysts

The TCNQ-C3;N, composites were synthesized by a liquid
ultrasonic agitation method in deionized water as shown in
Fig. 1. Firstly, the appropriate amount of g-C;N, (bulk) was
added into deionized water and subsequently treated with
ultrasonic agitation for 3 hours to get a homogeneous dispersed
solution of g-C3N,. A pre-prepared TCNQ-DMF solution with
a concentration of 5 mg mL ' was added into the mixture
above. Then, the mixture was treated by ultrasonication for an
hour and stirring for 24 hours, followed by drying at 80 °C after
volatilizing the solvent. Finally, photocatalysts with various
mass ratios of TCNQ-C;N, from 2% to 15% were synthesized,
and named as (2%, 5%, 10%, 15%) TCNQ-C;N,. Besides,
a control sample was prepared with unmodified g-C;N, and
TCNQ in the same way, aiming to investigate the effect of
modification with APTES, which was named as 5% TCNQ-C3N,
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(U). In all the analyses described below, we abbreviated the
samples as bulk, 2%, 5%, 10%, 15% and 5% (U), respectively.

2.5 Characterization of the photocatalysts

Zeta potentials of pure g-C3N, (bulk), g-C;N, (APTES), and
TCNQ dispersed in aqueous solutions at pH = 6.5 were tested
using a Zetasizer3000HSA analyzer (Malvern Instruments).
Scanning electron microscopy (SEM, Hitachi S-4800) and high-
resolution transmission electron microscopy (HRTEM, JEM-
2100) were carried out to explore the morphologies of the
samples. Powder X-ray diffraction (XRD) patterns of all samples
were measured using an X'Pert powder diffractometer with Cu
Ko radiation (A = 0.15418 nm). Fourier transform infrared (FT-
IR) spectroscopy was performed with a Tensor 27 FT-IR spec-
trometer at a resolution of 4 cm™', which was utilized to
confirm the characteristic functional groups and the conjugated
structures of the composites. Electron paramagnetic resonance
(EPR) spectra were obtained with a Bruker model ESRA-300
spectrometer at ambient temperature. X-ray photoelectron
spectroscopy (XPS) was performed with a monochromatic Al Ka
radiation source (Kratos AXIS Supra). UV-visible diffuse reflec-
tance spectroscopy (DRS) was conducted with a Shimadzu UV-
3600 spectrophotometer.

Photoelectrochemical measurements were carried out using
a CHI760B workstation (Chenhua Instrument) with a three-
electrode cell (Pt plate as the counter electrode and Ag/AgCl as
the reference electrodes, and 0.5 M Na,SO, solution as the
supporting electrolyte). A 300 W Xe lamp (Perfectlight Co.,
Beijing, China) with a cutoff channel (AM1.5G) served as the
simulated solar light source. The working electrodes were
fabricated as follows: 20 mg of each photocatalysts was sepa-
rately dispersed in 20 uL Nafion (5%) aqueous solution and 500
uL ethanol to make a slurry by ultrasonication, which was dip-
coated on conductive fluorine tin oxide glass substrates to
produce electrodes with ca. 0.8 cm® of active area. These elec-
trolytes were dried completely overnight. The photocurrent
intensity measurement was taken at 0 V versus Ag/AgCl with the
light on and off. Electrochemical impedance spectroscopy (EIS)
was conducted with an AC voltage of 10 mV amplitude in
a frequency range of 107°-10° Hz under an open circuit
potential.

2.6 Photocatalytic H, production performance

The photocatalytic hydrogen evolution activities of the different
photocatalysts were determined in a quartz reaction vessel
connected with a glass closed gas circulation system. Normally,
10 mg of catalyst powder was dispersed in 30 mL (5 mL methyl
alcohol as hole scavenger, 1 wt% Pt as cocatalyst) aqueous
solution. The aqueous reactant mixture was irradiated under
visible light using a 300 W xenon lamp (Perfectlight Co., Beijing,
China) with a 400 nm cutoff filter. During the photocatalytic
process, the suspension was kept at room temperature by
flowing cooling water. The produced H, gas was extracted every
half an hour and measured by an online gas chromatograph
(FULI 9790) using a thermal conductivity detector and Ar gas

carrier. In addition, apparent quantum yield (AQY)

RSC Adv, 2020, 10, 20110-20117 | 201



RSC Advances

APTES

Air
= :
urea

Tube furnace

g-C;N, (bulk)

NC CN

NC CN
7,7,8,8-tetracyanoquinodimethane(TCNQ)

—

Paper

¥O9Y

g 3
@ ezz G. \
Positively Charged bulk g

Stirring 24h
Stoving 8h

% TCNQ-C;N,(2% 5% 10% 15%)

[; 4
T

DMF
TCNQ-DMF solution

Fig. 1 Schematic illustration of the synthesis of TCNQ-C3zN4 composite photocatalysts.

measurements were carried out by using a multichannel
photochemical reaction system (PCX50B Discover, Perfectlight,
Beijing) with monochromatic light (1 = 365, 420, 450, 485, 535,
595, 630 nm). The AQY value was calculated by eqn (1):

_ 2 x number of evolved H, molecules
- number of incident photons
2X M X Ny

AQY (%) x 100%

x 100% 1)

SXxPxtx

hxc

3. Results and discussion
3.1 Synthesis and characterization of C;N,~TCNQ

Zeta potential analysis was carried out to investigate the supe-
riority of surface modification in deionized water at pH value of
6.5 for TCNQ, g-C3N, (bulk) and g-C3;N, (APTES), as shown in
Fig. 2. The zeta potential of TCNQ is —35.2 mV which is ascribed
to the abundant cyano groups on its surface, while the zeta
potential of g-C;N, (bulk) is —19.2 mV. Apparently, it goes

TCNQ g-CaNe g-CsN«(APTES)

Intensity(a.u.)

T T T T T T T T
-30 -20 -10 0 10

Zeta Potential(mV)

Fig. 2 Zeta potential of TCNQ, g-C3sNy4 (bulk) and g-CsN4 (APTES).
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without saying that it is somewhat difficult to make a favorable
surface interaction by mechanical agitation when the g-C3;N,
(bulk) and TCNQ have the same electrical properties. After
modification with APTES, g-C3;N, (APTES) shows a zeta potential
of +3.14 mV, which could help form an electrostatic attractive
interaction by electrostatic assembly when TCNQ and modified
2-C3N, (bulk) are stirred in aqueous solution.

The morphologies of the synthesized photocatalysts were
scrutinized by field emission SEM and HRTEM. As shown in the
HRTEM images of bulk g-C;N, and 5% TCNQ-C;N, photo-
catalyst in Fig. 3, there are lamellar nanosheets without obvious
crystal structure due to the intrinsic amorphous phase of
graphitic carbon nitride. The bulk g-C;N, displayed big and
smooth layer sheets, while 5% TCNQ-C;N, composite pre-
sented thin and unfolded flake sheets with many wrinkles. As
shown in Fig. S1,1 the series of g-C;N, have very similar stacking
lamellar structures, and TCNQ was larger than any other
samples. After modification with APTES, g-C5N, (APTES) shows
similar structures as pure g-C3N, (bulk), while the same thing
happens with (2%, 5%, 10%, 15%) TCNQ-C;N,, as shown in
Fig. S1(d-g),T which provides plenty of active sites that origi-
nated from more g-C3N, hybridizing with TCNQ on the surface.

The XRD patterns of g-C;N, (bulk), g-C3N, (APTES) and (2%,
5%, 10%, 15%) TCNQ-C;3N, are shown in Fig. 4, indicating that
the crystal phase of pure graphitic carbon nitride does not
change on modification with APTES or loading with TCNQ.
Notably, the obvious diffraction peaks of g-C;N, (bulk) in
Fig. 4(a) are observed at 13.1° and 27.7° corresponding to the
(100) and (002) facets (PDF no. 87-1526, JCPDS), respectively. In
addition, the peak at 13.1° is attributed to the repeated facet of
tri-s-triazine units, while that at 27.7° arises from the inter-
planar stacking of m-conjugated system. After surface modifi-
cation, g-C;N, (APTES) which is abbreviated as (APTES) in
Fig. 4(a) exhibits the characteristic peaks at the same positions,
thus indicating that surface treatment does not alter the crys-
talline structure. From Fig. 4(b), only the intensities of the 27.7°
peak are improved with increasing content of TCNQ, thus
suggesting that TCNQ-C3;N, composites are successfully
synthesized having consistent crystal structure without lattice
expansion.

The chemical structures of g-C3N, (bulk) and (2%, 5%, 10%,
15%) TCNQ-C;3;N, were investigated by FT-IR spectroscopy

This journal is © The Royal Society of Chemistry 2020
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(Fig. 5). For pristine g-C;Ny, a series of peaks at 1200 cm ™" to
1650 cm™ " belonged to the characteristic stretching vibration of
C-N heterocycles, and the sharp peak at 811 cm ™' was attrib-
uted to the out-of-plane breathing mode of s-triazine units. A
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Fig. 6 XPS spectra of (a) C 1s and (b) N 1s for g-CzN4 (bulk) and 5% TCNQ-C3N,.

the breathing mode of triazine units in TCNQ-C;N, became
weaker as shown in Fig. 5(a), suggesting the formation of
intermolecular interactions between carbon nitride and TCNQ
to construct rigid conjugated structures.”” Besides, the vibration
band at 1635 cm ™" of pure g-C3N, shifted to 1640 cm ™' in the
spectra of TCNQ-C;N, composites as shown in Fig. 5(b), which
indicated that charges may transfer from g-C;N, to TCNQ.*®
And, a stronger EPR intensity of 5% TCNQ-C;N, compared with
bulk g-C;N, is observed in Fig. S2, revealing a higher concen-
tration of unpaired electrons, which was attributed to the cyano
groups in TCNQ.

To confirm the surface interfacial interactions and to eluci-
date the corresponding chemical states of the photocatalysts,
XPS analysis was performed for g-C3;N, (bulk) and 5% TCNQ-
C;3Ny, as shown in Fig. 6. As seen in the C 1s XPS spectra of
Fig. 6(a), three photoelectron peaks are present at binding
energies of 284.8 eV, 285.6 €V and 288.4 eV, which are assigned
to residual C, sp’-coordinated carbon nitride (C-N) and sp’-

Absorption(a.u.)

T T T
500 600 700

Wavelength(nm)

T
400 800

Fig.7 UV-visible DRS of g-C3N4 (bulk) and (2%, 5%, 10%, 15%) TCNQ-
63N4.
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bonded C in the C-N heterocycle, respectively.*> Moreover, the C
1s XPS peaks of 5% TCNQ-C;N, are fitted to three positions at
284.8 eV, 286.1 eV and 288.5 eV, with the 286.1 eV peak being
associated with -C=N.* The binding energy shifts in the binary
hybrids are ascribed to an intense interaction between the two
components.® Besides, the peak area of the 286.1 eV peak
exhibited a decrease which may be attributed to the sp’
hybridization transforming to sp”> hybridization. For the N 1s
XPS spectrum of g-C3N, (bulk) in Fig. 6(b), four peaks are
observed at 398.9 eV, 400.2 eV, 401.5 eV and 404.4 eV which can
be attributed to the sp*bonded N (C-N=C) in the C-N
heterocycle, tertiary N bonded to carbon atoms in the form of
N-Cs, amino groups (C-N-H) and 7 excitations respectively.*®
Similarly, the binding energies of N 1s for 5% TCNQ-C;N, shift
to higher values by ca. 0.2 eV, which is attributed to the strong
interactions between TCNQ and carbon nitride.?

The photo-absorption properties of g-C;N, (bulk) and (2%,
5%, 10%, 15%) TCNQ-C3N, were investigated by UV-visible
absorption spectra, as shown in Fig. 7. The g-C;N, (bulk)
exhibited negligible absorption above 400 nm, while (2%, 5%,
10%, 15%) TCNQ-C;N, photocatalysts displayed obvious
absorption in the visible light region. Remarkably, two charge-
transfer bands of the TCNQ-C;N, composites were observed
at 497 nm and 659 nm, which were enhanced with increasing
content of TCNQ. This may be attributed to the intense conju-
gation effect of cyano groups derived from TCNQ in the TCNQ-
C3;N,; composites, thereby producing more photoinduced
carriers and improving the photosensitivity under visible light.

3.2 Photocatalytic performance

The photocatalytic hydrogen production rate of the pure
graphitic carbon nitride and TCNQ-C3;N, composites was
measured using methanol as sacrificial agent to quench
generated holes during the photocatalytic process under visible
light illumination (A = 400 nm). As displayed in Fig. 8, the
TCNQ-C3;N, composites gave higher hydrogen production rates
than pure g-C3N, (bulk), with pure g-C3N, (bulk) exhibiting
a low H, production rate of 44.92 umol g~* h™'. The enhanced

This journal is © The Royal Society of Chemistry 2020
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hydrogen production rates could be attributed to the abundant
cyano groups which were introduced into the TCNQ-C3N,
conjugated structures, thus broadening the visible-light
absorption region and improving the separation efficiency of
photogenerated carriers. Apparently, 5% TCNQ-C;N, presented
the highest H, evolution rate of 425.64 umol g~ " h™", which was
9.48 times higher than that of the pure g-C3;N,. Further
increasing the content of TCNQ results in a decrease in pho-
toactivity of the TCNQ-C;N, composites, meaning that the yield
of H, does not increase linearly with the content of TCNQ. It was
found that further increasing the mass ratios of the TCNQ
beyond the optimized ratio at 5% led to a decrease in the
photoactivity. This could be attributed to excess TCNQ not only
leading to fewer reaction sites but also causing less light to enter
into the suspension system. Besides, we also carried out the
hydrogen evolution experiment with 5% TCNQ-C;N, (U) aiming
to confirm the necessity of surface modification of g-C;N,. Not
surprisingly, 5% TCNQ-C;3N, (U) showed a lower H, evolution
rate of 308.64 pmol g~ h™", which was lower than that of 5%
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TCNQ-C;3N,, being only 6.87 times higher than that of pure g-
CsN,.

Moreover, we compared the DRS and wavelength-dependent
AQY for the 5% TCNQ-C;N, photocatalyst under various
monochromatic light illuminations, which exhibited the best
hydrogen production performance among as-synthesized
samples. As shown in Fig. 9, the AQY values were in accor-
dance with the changing curve of the DRS line. The highest
value among the different monochromatic light wavelengths
was at 595 nm with the AQY reaching 1.79%. Besides, AQY
values of 0.34, 0.50, 0.48, 0.30, 0.50, and 0.16% were obtained
under A = 365, 420, 450, 485, 535, and 630 nm monochromatic
illumination for 5% TCNQ-C3N,, respectively.

3.3 Photoelectrochemical properties

To further investigate the charge-transfer properties of the
TCNQ-C3N, composites, transient photocurrent measurements
were carried out. As seen from Fig. 10, all TCNQ-C3;N, elec-
trodes showed significantly higher photocurrent density
compared with the pure g-C;N, (bulk) during on/off irradiation
cycles, which agrees with their photocatalytic H, production
performance. As expected, 5% TCNQ-C;N, showed the highest
photocurrent response of 45.85 uA cm™ 2, nearly 17.24 times as
high as that of pristine g-C;N, (bulk) of 2.66 uA cm ™2, reflecting
a better light response and more efficient separation of photo-
induced electrons and holes. The higher transfer and separa-
tion efficiency of photoinduced carriers and the broader visible-
light responses are caused by the interaction between TCNQ
and g-C3Ny, as a result of the strongly conjugated structure.

Beyond that, the transfer efficiency of photogenerated electrons
was further confirmed by the EIS results as shown in Fig. 11. The
Nyquist plots for 5% TCNQ-C;N, showed the minimal semicircle
arc at high frequencies compared to the other samples, validating
the reduced charge-transfer resistance and fast interfacial electron
transfer of the 5% TCNQ-C;3N, system.
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Fig. 10 Photocurrent density of g-C3Ny4 (bulk) and (2%, 5%, 10%, 15%)
TCNQ-C3Ny.
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3.4 Possible photocatalytic mechanism

On the basis of the above analyses, a possible mechanism for
the enhanced photocatalytic performance of the TCNQ-C;N,
composites could be proposed as shown in Fig. 12. In fact, both
g-C3N, and TCNQ can generate electrons and holes under
visible light. It is regrettable that generated photocarriers are
easily recombined in g-C;N,, which limits its photoactivity. In
the present work, the TCNQ-C3;N, composites were successfully
prepared via the intermolecular interaction between TCNQ and
g-C3N,. Since both materials possess plenty of delocalized
conjugated T-electrons, this allows the construction of strongly
conjugated structures in order to transfer electrons, which has
been confirmed by FT-IR analysis (Fig. 5). Therefore, the
improvement of the photocatalytic performance is attributed to
the interactions of m-conjugated electrons in the Z-scheme.

In parallel, new absorption peaks appear in the visible region
at 497 nm and 659 nm, whose intensities become stronger with
increasing content of TCNQ, contributing to improve the utili-
zation of visible light and enhance the photocatalytic activity of
the TCNQ-C;N, composites. This result reveals that inducing
TCNQ could improve the optical absorption intensity in the
visible-light region of g-C;N,.
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We speculate that the electrons would be excited to the
conduction band (CB) of g-C;N, from its valence band (VB), and
then transferred to the LUMO of TCNQ, leaving the holes in the
VB of g-C3N,, as shown in Fig. 12. Meanwhile, the holes in the
VB of g-C3N, are consumed by methyl alcohol, thus resulting in
efficient separation of photogenerated carriers in TCNQ-C3N,
and a much enhanced photocatalytic performance.**>*
However, excess TCNQ would reduce the photoactivities of the
composites due to fewer reaction sites and less incident light
acting on the surface of g-C3N,.

In general, the remarkably improved photocatalytic H,
production performance of TCNQ-C3;N, is mainly ascribed to
the introduction of TCNQ, which not only enhances the photo-
absorption but also promotes the separation of photoinduced
holes and electrons effectively.

4. Conclusions

In conclusion, a series of TCNQ-C3;N, photocatalysts were
synthesized via a two-step liquid ultrasonic method in water by
modifying the surface of graphitic carbon nitride with APTES,
which leads to excellent photocatalytic H, evolution perfor-
mance. The optimum photocatalytic H, production rate of 5%
TCNQ-C;N, (425.64 umol g~* h™") is nearly 9.48 times higher
than that of pure g-C;N, (bulk) (44.92 umol g~ * h™"), while that
of 5% TCNQ-C;3N, (U) (308.64 pmol g ' h™") is about 6.87 times
higher than that of pure carbon nitride, thus confirming the
importance of surface modification. In that way, the main
reason for the improvement of H, production is ascribed to the
construction of a strongly conjugated structure, which effi-
ciently promotes the separation of photoinduced carriers and
widely broadens the absorption in the visible-light region, thus
boosting photocatalytic activity. All in all, this work demon-
strates the construction of molecular conjugated structures
between TCNQ and graphitic carbon nitride, putting forward
a new insight into promising conjugation effects in photo-
catalytic performance.
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