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The inherent properties of carbon nitride and the preparation of its (photo)electrode are essential for the
efficient conversion of solar energy or electricity into chemical energy in solar hydrogen production. We
report the successful in situ growth of a compact carbon nitride polymer (CNP) 2D film with a triazine-
heptazine network fragment on FTO (CNP/FTO) through an evaporation polymerization method at a rela-
tively low temperature (450 °C) using melamine and cyanuric chloride as precursors. The CNP film makes
intimate contact with the FTO substrate via covalent linkage of s-triazine units and FTO, which ensures
more efficient interfacial charge transport. The triazine-heptazine network of CNPs allows stronger visible-
light harvesting and more effective charge separation and transfer. As such, the prepared CNP/FTO photo-
electrode exhibits excellent PEC performance. Its photocurrent density is around 230 pA cm™2 at 1.23 V vs.
RHE, which is 7.5, 176.9 and 67.6 times that of CN-Me/FTO, CN-CC/FTO, and g-CzN4/FTO, respectively,
under simulated solar irradiation (1 sun, AM 1.5) without sacrificial reagents and cocatalysts (CN-Me/FTO
and CN-CC/FTO were prepared using melamine and cyanuric chloride alone as precursor, respectively,
and g-C3N4/FTO was fabricated by gluing bulk g-CsN, powders onto a FTO substrate). Compared with
previously reported metal-free carbon nitride photoanodes, our CNP film shows the best PEC performance
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and lower preparation temperature. Further, the prepared CNP/FTO film can be used as an economic and
potential metal-free material for the electrocatalytic hydrogen evolution reaction (HER). The CNP/FTO
electrode shows higher activity in the HER with low overpotential and acceptable current densities as com-
pared to g-CsN4/FTO, CN-CC/FTO, and CN-Me/FTO electrodes, which is attributed to the strong contact
of compact CNP film with FTO and the increased number of terminal amino groups of CNPs.
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ucts). For PEC water splitting, the most commonly used
photoanode materials are metal-based inorganic semiconduc-

Introduction

Hydrogen has been considered to be an ideal and renewable
clean energy source due to its high energy capacity and envi-
ronmental friendliness. Photocatalysis, electrocatalysis, and
photoelectrochemical (PEC) method are the three primary ap-
proaches for hydrogen production via water splitting by sun-
light or electricity or both, which have been attracting a lot of
attention throughout the world. Among them, PEC and
electrocatalytic approaches for the conversion of solar light
and/or electricity into chemical energy can achieve pure water
splitting for efficient hydrogen production without sacrificial
reagents as compared to photocatalytic technology for H, pro-
duction from water (it has low efficiency; sacrificial agents are
usually required, which results in the formation of by-prod-
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tors such as TiO,, ZnO, WQO;, BiVO,, hematite, LaTiO,N, and
so on."”® For the electrocatalytic hydrogen evolution reaction
(HER) (a half-reaction of water splitting), noble metals (espe-
cially Pt-based materials) and non-noble metal-based
materials®° have been used as electrocatalysts. Despite great
progress in finding new materials for PEC and electrocatalytic
water splitting, these reported materials contain a metal cen-
ter. Therefore, it is of great importance to develop efficient
metal-free materials for both PEC and electrocatalytic water
splitting. Graphitic carbon nitride (g-C;N,) is a promising
metal-free photocatalyst with a great deal of advantages, in-
cluding being non-toxic, cheaper, and stable, with visible light
absorption efficiency and tailorable band energy levels, which
has emerged as an alternative material for PEC water
splitting.>’>®> Moreover, this metal-free g-C;N, material with a
tailorable polymeric structure and large number of amino
groups for water adsorption and activation has been investi-
gated as a catalyst for electrocatalytic HER.>® Therefore, the
carbon nitride film on FTO substrate can be used as a
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bifunctional electrode to realize PEC and electrocatalytic wa-
ter splitting (related reports remain extremely rare at present).
However, g-C;N, films in most cases only exhibit low activity
for PEC or electrocatalytic water splitting.

The main factors affecting the (photo)electrochemical per-
formance of the carbon nitride electrode are the structure of
carbon nitride (including conjugated structure, energy band
structure, and electronic structure) and the preparation of its
(photo)electrode. Great efforts have been invested toward en-
hancing the performance of the carbon nitride electrode by
modifying the conjugated structure with mn-rich organic
groups,>”?° doping,** modifying metal and metallic molecu-
lar species,*** coupling with inorganic semiconductors,**"*
and crystal face tailoring.>®> Among these modification tech-
niques, introducing aromatic moieties or n-rich organic
groups (such as phenyl and 2,6-diaminopyridine etc.) into the
s-heptazine framework to modify the conjugated structure of
2-C3;N, would be an effective strategy to improve the PEC per-
formance.””*® The s-triazine unit as the base for carbon ni-
tride is also an aromatic n-rich moiety, which can be used to
modify melon by connecting s-triazine with tri-s-triazine units
to tailor the electronic properties, optical absorption, band
energy levels, and photochemical performance of carbon ni-
tride. Our previously reported work has indicated that a tri-
azine-heptazine network bridged by different functional
groups allowed stronger visible light harvesting, better con-
ductivity, and more efficient charge separation and transport,
and thus led to excellent PEC performance as compared to
the g-C;N, electrode.®® Zhang et al. have also demonstrated
that the integration of the s-triazine and s-heptazine units to
form an internal triazine-heptazine donor-acceptor (D-A)
heterostructure significantly narrowed the band gap and im-
proved the conductivity and charge carrier behavior of carbon
nitride, which led to enhanced solar-to-current conversion ef-
ficiencies.>” Moreover, the increased in-plane tension of tri-
azine-heptazine units probably inhibits further polymeriza-
tion in the parallel direction and thus the obtained sample
has an increased number of terminal amino groups (-NH,).
A large number of nitrogen atoms on -NH, enables effective
water adsorption and increases the adsorbed H concentra-
tion, which will result in effective electrocatalytic HER perfor-
mance.”® For the preparation of (photo)electrodes, it is re-
quired that the method can easily utilize doping and
monomer modification strategies, and the prepared film
should be uniform and have close contact with the FTO sub-
strate. Generally, the g-C;Ny-based electrodes are fabricated
by coating g-C3;N, powers onto FTO glass, which results in
the non-uniform thickness of the carbon nitride film and
poor contact with the substrate. Recently, various direct
growth methods for the fabrication of high quality carbon ni-
tride films have been explored, including the sol-gel method,
solvothermal method, thermal vapor condensation, liquid-
mediated approach, and microcontact-printing-assisted
access, ! 72427,29,30,35,36.38-40  Hgwever, the fabrication of
g-C3N, films requires a relatively higher temperature (above
500 °C) when using thermal vapor condensation and
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microcontact-printing-assisted access and the photocurrent
density of films prepared by the solvothermal method is still
low.

Herein, in this work, we developed a facile evaporation
polymerization method to grow a compact carbon nitride
polymer (CNP) 2D film with a triazine-heptazine network
fragment on FTO (CNP/FTO) utilizing the volatility and vapor-
ization of cyanuric chloride and melamine raw materials at a
relatively low temperature (450 °C). During the annealing, co-
valent linkage of s-triazine units and FTO through the cou-
pling reaction between raw materials and the hydroxyl groups
on the FTO surface and further polymerization/condensation
allowed the growth of CNPs with a triazine-heptazine frame-
work on the FTO substrate. For comparison, CN-Me/FTO and
CN-CC/FTO prepared by using melamine and cyanuric chlo-
ride alone as precursor, respectively, and g-C;N,/FTO fabri-
cated by gluing bulk g-C;N, powders onto a FTO substrate
were used as the reference samples. The CNP film on FTO
substrate can be used as a bifunctional electrode to realize
PEC and electrocatalytic water splitting. The CNP/FTO as a
photoelectrode shows boosted PEC performance with a
photocurrent density of around 230 pA em™ at 1.23 V vs.
RHE, which is 7.5, 67.6, and 176.9 times that of CN-Me/FTO,
g-C3N,/FTO, and CN-CC/FTO (30.7, 3.4, and 1.3 pA cm ), re-
spectively, under simulated solar irradiation (1 sun, AM 1.5)
without sacrificial reagents and cocatalysts. Most impor-
tantly, compared with previously reported metal-free carbon
nitride photoanodes, our CNP film shows the best PEC per-
formance and lower preparation temperature. The excellent
PEC performance of CNP/FTO can be attributed to the inti-
mate interfacial contact between CNPs and FTO for effective
interfacial charge transport and the triazine-heptazine net-
work of CNP films for stronger visible-light harvesting, im-
proved conductivity, and more effective charge separation
and transfer. Further, the CNP/FTO as an electrode exhibits
higher activity in the HER with low overpotential and accept-
able current densities as compared to g-C;N,/FTO, CN-CC/
FTO, and CN-Me/FTO electrodes, which is attributed to the
intimate contact of the compact CNP film with FTO and the
increased number of terminal amino groups of CNPs.

Experimental
Preparation of g-C;N,/FTO photoelectrode

All chemicals used in the experiments were of reagent grade
and used as received without further purification. The
2-C3N,/FTO photoelectrode was fabricated by gluing bulk
2-C3N, powders onto a FTO substrate. Typically, the FTO
glasses were washed in turn with acetone, ethanol, and DI
water under continuous sonication, and then dried in a N,
flow. The standard g-C;N, powder was prepared through cal-
cination of melamine at 550 °C. By dispersing a certain
amount of g-C3N, in water, a sample slurry was obtained
which was spread onto the cleaned FTO glass substrate. Fi-
nally, the g-C;N,/FTO photoelectrode was obtained after
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drying at room temperature. Uncoated areas on the electrode
were isolated with insulating tape.

Preparation of CNP/FTO photoelectrode

The CNP film on FTO (CNP/FTO) was prepared via an evapo-
ration-polymerization method by using melamine and
cyanuric chloride as precursors. Typically, the FTO glasses
were washed in turn with acetone, ethanol and DI water un-
der continuous sonication and dried in a N, flow. Melamine
and cyanuric chloride powders (1:3 molar ratios) were mixed
and ground using a mortar and pestle. The mixture was
placed in a ceramic crucible and then the ceramic crucible
was covered with the pretreated FTO glasses. After that, the
crucible was heated up to 450 °C for 3 h at a heating rate of 5
°C min™" under an Ar flow (60 mL min~") in a tubular furnace
to obtain the CNP/FTO photoelectrode. When using mela-
mine or cyanuric chloride alone as precursor, the photo-
electrodes obtained through the same protocol were denoted
as CN-Me/FTO and CN-CC/FTO.

Characterization

The X-ray diffraction (XRD) patterns of all samples were col-
lected on a Rigaku D/Max2550VB+/PC (Cu Ka source) at a
scan rate of 2.4° min™". Scanning electron microscopy (SEM)
images were obtained using a HITACHI SU8220 microscope
at an acceleration voltage of 5 kV. Atomic force microscopy
(AFM) was performed on a Bruker Dimension ICON instru-
ment and silicon cantilevers with resonance frequencies of f;
=300 kHz and spring constants of k = 40 N m " were used.
Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectra were derived with a Perkin Elmer Fourier trans-
form infrared spectrometer GX with an ATR unit accumulat-
ing 64 scans with a resolution of 4 ecm™. Solid-state '>*C NMR
spectra were recorded with a JEOL JNM-ECZ400S spectrome-
ter. X-ray photoelectron spectroscopy (XPS) spectra were
obtained on a VG ESCALAB 250 XPS system with a mono-
chromatized Al Ko X-ray source (15 kV, 200 W). Elemental
analysis results were collected from a Vario MICRO system.
UV/vis diffuse reflectance spectra (UV/vis DRS) were mea-
sured using a UV/vis spectrophotometer (UV-Lambda 950,
Perkin Elmer). Photoluminescence (PL) spectra were obtained
in the solid state with a Shimadzu RF5301 spectro-
fluorophotometer with an excitation wavelength of 360 nm.
Time-resolved photoluminescence (TRPL) decay measure-
ments were carried out on a time-correlated single photon
counting (TCSPC) Edinburgh FLS 920 fluorescence spectro-
meter. Exponential fitting was performed for the lumines-
cence decay curves by using the following equation:

y=A+B, exp(_t]-sz exp(_tj , where A is the baseline cor-
T T

1 2
rection (y-offset), B; and B, are pre-exponential factors, and
7; and 7, are the decay time constants: the radiative process
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(r1) and the non-radiative process (z,). The mean lifetimes
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(tm) are calculated using the following equation: 7, =

Electrochemical measurements

Cyclic voltammetry measurements were performed on a CHI
760E electrochemical work station (Chenhua Instrument,
Shanghai, China) in a standard three-electrode setup with a
working electrode, an Ag/AgCl reference electrode, and a plat-
inum plate counter electrode. The prepared electrode was
used as the working electrode and immersed in phosphate
buffer solution (mixing 15.2 ml of 0.1 M dibasic sodium
phosphate with 24.8 ml of 0.1 M monobasic sodium phos-
phate, pH 7.0) or 0.1 M KOH solution (pH 13.1). The mea-
surements were carried out at a scan rate of 25 mV s™'. All
measurements were referred to the reversible hydrogen
electrode (RHE) by using the relationship E (vs. RHE) = E (vs.
Ag/AgCl) +  Eagagci(reference) + 0.0591 V x pH
(Eag/agai(reference) = 0.1976 V vs. NHE at 25 °C). Tafel plots
were extracted from the anodic scan.

Mott-Schottky plots of samples were measured on a CHI
760E electrochemical work station (Chenhua Instrument,
Shanghai, China) in a standard three-electrode system with
the prepared electrode as the working electrode, a Pt plate as
the counter electrode, and Ag/AgCl as the reference electrode
at an amplitude of 10 mV and frequencies of 500, 1000, and
1500 Hz, respectively. A 0.5 M Na,SO, solution after removing
oxygen was used as the electrolyte.

Electrochemical impedance spectroscopy (EIS) was
performed in a standard three-electrode system with the pre-
pared electrode as the working electrode, a Pt plate as coun-
ter electrode, and an Ag/AgCl as a reference electrode. The
working electrode was immersed in a sodium sulfate electro-
Iyte solution (0.5 M) and irradiated by solar light. EIS mea-
surement was conducted in a frequency range of 0.03 Hz to
10 kHz for an amplitude of 5 mV.

Photoelectrochemical measurement

The photoelectrochemical tests were performed on a CHI
760E electrochemical work station (Chenhua Instrument,
Shanghai, China) in a standard three-electrode system with a
working electrode, a platinum wire counter electrode and an
Ag/AgCl reference electrode. The prepared photoelectrode
was used as the working electrode; it was immersed in a so-
dium sulfate electrolyte solution (0.5 M) and irradiated by
simulated solar irradiation (1 sun, AM 1.5). Potentials were
applied versus the Ag/AgCl reference electrode and can be
converted versus the reversible hydrogen electrode (RHE)
according to the Nernst equation as follows: E (vs. RHE) = E
(vs. Ag/AgCl) + Eagagai(reference) + 0.0591 V x pH
(Eagiagai(reference) = 0.1976 V vs. NHE at 25 °C).
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Results and discussion
Growth of CNP films

The design strategy of the growth of 2D CNP film on FTO is
schematically illustrated in Fig. 1a. The s-triazine units (C5N3)
can be grafted onto the FTO surface through the coupling re-
action between the vaporized cyanuric chloride (boiling point
is 194 °C) and the hydroxyl groups on the FTO surface, which
enables continuous grafting of more s-triazine units (C3;N;)
through the polymerization reactions between the grafted
s-triazine units on FTO and the vaporized cyanuric chloride
and sublimated melamine (sublimated at 300 °C). At higher
temperature, precursors (melamine) in a ceramic crucible
can be further condensed towards s-heptazine (CgN,) unit
oligomers and are also capable of covalently grafting onto the
FTO. In the meantime, the grafted s-triazine unit networks
on FTO can also be further condensed. Finally, the resulting
CNP film with a polymeric triazine-heptazine network is
grown on the FTO surface (a photographic image of the CNP/
FTO is shown in Fig. 1b). The scanning electron microscopy
(SEM) and atomic force microscopy (AFM) images reveal that
the CNPs on FTO glass are composed of close-packed nano-
particles and show a wuniform and smooth surface
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Fig. 1 (a) Schematic representation of the formation of 2D CNP film
on FTO. (b) Photographic image of CNP/FTO, CN-Me/FTO, and CN-
CC/FTO. (c and d) SEM images of the top view of CNP/FTO film. (e)
SEM image of the cross section of CNP/FTO. (f) AFM image of surface
morphology and (g and h) typical thickness of 2D CNP film. (i) STEM
image, (j) corresponding elemental mapping of C, N, O, and Cl, and (k)
EDS spectrum of 2D CNP film.
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(Fig. 1c, d and f). The cross-sectional view (Fig. 1e) indicates
that the CNP film has a ~200 nm thickness and intimate
contacts with the FTO layer, which can be confirmed by AFM
results (Fig. 1g and h). The scanning transmission electron
microscopy (STEM)-based elemental mapping suggests the
presence of C, N, O, and Cl elements in the film, further im-
plying the condensation and polymerization of precursors to-
wards the formation of carbon nitride based film on FTO
(Fig. 1i-k).

For comparison, we have attempted to prepare carbon ni-
tride electrodes (denoted as CN-Me/FTO and CN-CC/FTO)
using melamine or cyanuric chloride alone as precursor
through the same protocol, respectively. In both cases, the
carbon nitride films can also be constructed on FTO (Fig. 1b)
but have a lot of inadequacies as compared to the CNP/FTO
electrode. When using melamine alone as precursor, the
obtained CN-Me film on FTO has a very thin thickness be-
cause of the weaker interaction between melamine and the
hydroxyl groups on the FTO surface (see SEM and AFM im-
ages of CN-Me/FTO in Fig. Sla and S2a-df). For the CN-CC/
FTO electrode (with white color and transparency, as shown
in Fig. 1b), the CN-CC film with porous structure (composed
of loosely stacked nanoparticles) is non-uniform and
incompact (Fig. S1b and S2e-ht), which is due to the lower
condensation and polymerization of cyanuric chloride
(proved by XRD results in Fig. 2b).

Structural characterizations of CNP films

To clarify the network structure of CNPs and to reveal why
the CNP/FTO electrode is highly active in PEC and electrocat-
alytic water splitting performances, we have characterized in
detail the as-prepared samples. Fig. 2a shows the XRD pat-
terns of CN-CC/FTO, CN-Me/FTO, and CNP/FTO films. No
peaks corresponding to graphitic carbon nitride can be dis-
tinguished because the film is thin and has low crystallinity
(all peaks are attributed to the FTO). Then, we have tested
the XRD of the CNP powder obtained by scratching the film
away from the FTO substrate. As shown in Fig. 2b, the XRD
pattern of the obtained CNP powder presents two diffraction
peaks at 13.1° (d = 0.618 nm) and 27.3° (d = 0.323 nm) cor-
responding to the in-planar packing and the conjugated
hexatomic heterocyclic system," ™" respectively, suggesting
that cyanuric chloride and melamine are polymerized to-
wards the g-C;N, analog on FTO. It is very interesting to ob-
serve that the diffraction intensity of the peak at 13.1° de-
creases and the diffraction peak at 27.3° shifts to the higher
angle as compared to that of the bulk CN-Me powder
obtained by directly heating melamine in Ar (at 27.7°, d =
0.316 nm), suggesting a decreased periodicity in the parallel
direction and an increased interlayer distance between the
conjugated aromatic systems of triazine-heptazine
units.*>***®%° 1t is most likely that the incorporation of an
s-triazine unit in melon increases the in-plane tension of the
triazine-heptazine unit fragment (Fig. 1a), which is probably
able to inhibit further condensation and polymerization in

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) XRD patterns of CN-CC/FTO, CN-Me/FTO, and CNP/FTO films. (b) XRD patterns of CN-CC, CN-Me, and CNP powders obtained by
scratching the film away from the FTO substrate. (c) Solid-state 13C NMR spectra of CN-CC, CN-Me and CNP powders. (d) ATR-FTIR spectra of
g-C3N4, CN-CC/FTO, CN-Me/FTO, and CNP/FTO films. (e and f) The high-resolution C 1s and N 1s XPS spectra of CN-CC/FTO, CN-Me/FTO and

CNP/FTO films.

the parallel direction. This hypothesis can be confirmed by
the solid-state *C NMR, elemental analysis, FTIR, and XPS
results. As shown in Fig. 2c, the ">C NMR spectrum of the
CNP sample shows two distinct signals at 155.1 and 163.2
ppm corresponding to the C atoms bonded to three N atoms
(-CN3) and the C atoms in the N,C-NH, unit (almost identi-
cal to the value of standard g-C3N,),**°'>* which indicates
the existence of characteristic s-heptazine units in CNPs.
However, the intensity of the signal at 155.1 ppm of CNPs is
lower than that of CN-Me, whereas the intensity at 163.2 ppm
of CNPs is higher than that of CN-Me. This result reveals that
the CNP sample has more N,C-NH, units, which can be fur-
ther confirmed by the FTIR and XPS results.

Elemental contents of the CNP powder obtained by
scratching the film away from the FTO substrate were deter-
mined by elemental analysis to confirm the proposed tri-
azine-heptazine structure and the results are summarized in
Table S1f The CN-Me and CN-CC powders obtained using
melamine and cyanuric chloride alone as precursor reveal
the same N/C molar ratio as that of g-C;N, (1.53, 1.51, and
1.45 for g-C3N,, CN-Me, and CN-CC powders, respectively).
The obtained CNP powder contains a small amount of resid-
ual Cl (3.5 wt%) and its N/C molar ratio is around 1.16. Such
a N/C ratio is lower than the theoretical value of the N/C ratio
of g-C3N, (1.33) but higher than that of cyanuric chloride (C/
N = 1.0), which implies that the CNP film on FTO has a tri-
azine-heptazine network fragment.

Fig. 2d shows attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectra of the g-C3N,, CN-CC/FTO,

This journal is © The Royal Society of Chemistry 2019

CN-Me/FTO, and CNP/FTO films. The FTIR spectra of the CN-
CC/FTO, CN-Me/FTO, and CNP/FTO films are largely similar
to that of the bulk g-C;N, material. They display a band at
around 807 em™' corresponding to the breathing vibrations
of triazine or heptazine units, a fingerprint region of 1000-
1700 cm ™', and the bands in the range of 3000-3300 cm ™" for
v(N-H) stretching vibrations of the secondary amines (-NH-)
and primary amines (NH,) or hydrogen-bonding primary
amines”>**°%% (the assignments are shown in Table S2t).
This result indicates the condensation and polymerization of
the precursor and successful growth of carbon nitride films
on FTO. In the FTIR spectra of the g-C;N, and CN-Me/FTO,
two peaks at around 1324 and 1236 cm™ attributed to the
stretching vibrations of the C-NH-C unit in melon®*® can
be clearly distinguished, indicating the s-heptazine based net-
work structure of CN-Me film on FTO. Interestingly, these
bands for the CNP/FTO shift to low wavenumbers (1301 and
1208 cm™) as compared to g-C;N; and CN-Me/FTO.
According to the literature,°>®” the absorption bands for the
C-NH-C unit in melam (triazine-NH-triazine dimer) are at
1316, 1235, and 1206 cm™'. Thus, the shifted bands can be
attributed to the stretching vibrations of the C-NH-C unit in
triazine-NH-heptazine, suggesting the presence of triazine-
NH-heptazine fragments in the CNP film. It is noted that the
increased intensity ratio of the peak at around 3259 em™ for
v(N-H) stretching vibrations of -NH, to the peak at around
3081 cm™* for v(N-H) stretching vibrations of ~-NH- shows
that the CNP film on FTO has more N,C-NH, units (consis-
tent with the ">*C NMR results). Moreover, compared to the

Catal. Sci. Technol, 2019, 9, 425-435 | 429
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CN-Me/FTO, the CNP/FTO shows a much decreased intensity
ratio of the sharp peak for the breathing vibrations of triazine
or heptazine units (at 807 cm™) to the broad band for v(N-H)
stretching vibrations of the -NH-/-NH, (3000-3300 cm™).
These results indicate the lower degree of polymerization of
the CNP film on FTO caused by the introduction of s-triazine
into the s-heptazine based network (because the incorpora-
tion of the s-triazine unit increases the in-plane tension of
the triazine-heptazine unit fragment and inhibits further
condensation and polymerization in the parallel direction),
which is consistent with the XRD result.

Then, the XPS spectra of the g-C;N,, CN-CC/FTO, CN-Me/
FTO, and CNP/FTO films were tested to identify the chemical
state of elements in the films (Fig. 2, S4, and S57). Peak as-
signments of all samples are shown in Table S3.f For the
CNP/FTO film, the C 1s signals can be fitted into three peaks
centered at around 284.6, 286.3, and 288.2 eV, which can be
attributed to the contaminant aromatic carbon, carbon
linked to an amino function (C-NH,, x = 1, 2), and sp*
hybridized carbon of N-C=N in the framework,**%7> re-
spectively. The N 1s signals can be fitted into three peaks lo-
cated at around 398.8, 399.9, and 401.1 eV for spz-hybridized
nitrogen (C-N=C) in s-triazine or s-heptazine rings, tertiary
nitrogen N-(C); groups, and amino function (-NH,, x = 1,
2),%3%9772 respectively. Further, the calculated ratio (NH,/N) of
N atoms in -NH, to total N atoms in the sample for the CNP/
FTO film increases (from 0.11 to 0.15) as compared to CN-
Me/FTO and g-C3N,4, which is consistent with the NMR and
FTIR results. These results confirm that the CNP film with
triazine-heptazine based polymeric networks was formed on
FTO. It can be seen that the binding energies of C 1s peaks
at 288.2 and 286.3 eV and the N 1s peak at 399.8 eV for CNP/
FTO film are higher than that of CN-Me/FTO (Fig. 2e and f),
which is due to the existence of Cl with a large electronegativ-
ity value. Consistently, the CI 2p spectrum of CNP/FTO (Fig.
S5bt) shows two Cl 2ps/, peaks centered at 200.3 and 197.7
eV attributed to the covalent chloride C-Cl species and ionic
Cl species,*®*®%%7374 respectively. Clearly, the C 1s and N 1s
peaks for CN-CC/FTO, CN-Me/FTO, and CNP/FTO films shift
to the higher binding energy as compared to g-C;N, powder,
and peak shifts decrease in the order CN-CC/FTO > CNP/FTO
> CN-Me/FTO (Fig. 2e and f and S4 and Table S37). This sug-
gests that carbon nitride films are in close contact with FTO
through chemical bonding and the carbon nitride/FTO
heterojunctions form at the interface between carbon nitride
and FTO (Sn 3d XPS spectra of these films show peaks for
FTO, and O 1s XPS spectra of these films show peaks at 530.8
and 532.1 eV for lattice oxygen and hydroxyl oxygen of FTO,””
as shown in Fig. S5 and Table S3t), which enable more effi-
cient charge transfer and enhanced (photo)electrochemical
performance.

The optical and electronic properties of CNP film

The co-polymerization of s-triazines and s-heptazines evi-
dently changes the conventional n systems, band structure,
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and electronic and optical properties of carbon nitride.?*”7¢
Thus, the band structure and charge carrier mobility of the
polymers have been characterized by UV-vis DRS, transient
room-temperature photoluminescence (PL) and time-resolved
photoluminescence (TRPL) to reveal the efficient (photo)
electrochemical performance of the CNP/FTO electrode.
Fig. 3a shows the UV-vis DRS spectra of bulk g-C;N,, CN-CC/
FTO, CN-Me/FTO, and CNP/FTO samples. The absorption
edge of the CN-CC/FTO prepared using cyanuric chloride as
precursor (421 nm, the estimated band gap is 2.96 eV) is shorter
than that of bulk g-C;N, (461 nm), which might be due to the
low degree of condensation and layer packing. The CN-Me/FTO
prepared using melamine as precursor exhibits the same
absorption edge as bulk g-C;N, (the estimated band gaps are
2.78 eV), suggesting that CN-Me film on FTO has the same
s-heptazine based polymeric structure as g-C;N,. After intro-
ducing cyanuric chloride for co-polymerization, the obtained
CNP/FTO presents a broadened absorption edge (up to 517
nm) and corresponding decreased band gap (around 2.58 eV)
in comparison with the bulk g-C;N, and CN-Me/FTO, which
is caused by the triazine-heptazine structure.’” The corre-
sponding HOMO and LUMO positions of the samples could
be determined based on the results of Tauc plots and Mott-
Schottky plots (Fig. 3b—f).”” The band structures of these sam-
ples are depicted in Fig. 3g.

The transient room-temperature photoluminescence (PL)
spectra of the samples were tested at an excitation wave-
length of 360 nm. As shown in Fig. 3h, the fluorescence emis-
sion peaks for g-C3;N,/FTO, CN-CC/FTO, CN-Me/FTO, and
CNP/FTO samples are at around 450, 430, 450, and 475 nm,
respectively, which is consistent with the absorption band
edge of these samples.”® Moreover, a significantly decreased
PL peak for CNP/FTO is observed, suggesting the inhibited
charge recombination and the efficient charge separation of
CNP/FTO.”*® The improved stabilization of both electrons
and holes of CNP/FTO can be further confirmed by time-
resolved photoluminescence (TRPL), as shown in Fig. 3i. The
luminescence decay curves of g-C3;N,/FTO, CN-CC/FTO, CN-
Me/FTO, and CNP/FTO samples can be fitted and described
by two time constants: the radiative process (z;) and the non-
radiative process (7). Thus, the mean lifetimes (z,,,) can be
calculated, which are listed in Table S4.f The fluorescence
lifetimes of CNP/FTO are the shortest among these samples
and the variation of fluorescence lifetime of samples is in
good agreement with the PEC activity. This result implies
that the triazine-heptazine polymeric structure of CNP film
on FTO remarkably changes the charge carrier behavior and
enables more effective PEC reactions.

The photoelectrochemical (PEC) properties of the CNP/FTO
photoelectrode

The PEC properties of the prepared films as photoanodes
(schematic illustration is shown in Fig. 4a) were measured in
0.5 M Na,SO, aqueous solution (pH =7.0) under simulated
solar irradiation (1 sun, AM 1.5). The optimized ratio of raw

This journal is © The Royal Society of Chemistry 2019
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materials and growth time are 1:3 molar ratio of melamine
and cyanuric chloride and 3 h, respectively, in terms of the
PEC property, as evidenced by Fig. S6 and S7.} Fig. 4b shows
the chopped linear sweep voltammetry (LSV) curves of CN-
CC/FTO, CN-Me/FTO, CNP/FTO, and g-C;N,/FTO photo-
anodes. The CN-CC/FTO photoanode presents the lowest
photocurrent density for water oxidation, which is ascribed
to the weak visible-light harvesting capability and ineffective
charge transfer caused by the incomplete structure with low
polymerization (as evidenced by XRD and UV-vis DRS). Al-
though CN-Me has the same polymeric structure as g-C;Ny,
the CN-Me/FTO photoelectrode shows increased PEC perfor-
mance because the close contact between the CN-Me film
and the FTO surface enables more effective interfacial charge
transfer. It is exciting to find that the CNP/FTO photo-
electrode exhibits further increased photocurrent density
with a cathodic shift in the onset potential for water oxida-
tion in comparison with the CN-Me/FTO photoelectrode.
Then, we tested the chopped anodic photocurrent at an ap-
plied bias of 1.23 V vs. RHE (theoretical value of electro-
chemical water oxidation) of these photoelectrodes, as shown
in Fig. 4c. The photocurrent density of CNP/FTO (around 230
uA ecm™?) is 7.5, 67.6, and 176.9 times that of CN-Me/FTO,

This journal is © The Royal Society of Chemistry 2019

2-C3N,/FTO, and CN-CC/FTO (30.7, 3.4, 1.3 pA cm™?), respec-
tively. Additionally, compared with previously reported metal-
free carbon nitride photoanodes (summarized in Table S57),
our CNP film has the advantages of low preparation tempera-
ture and excellent PEC performance. These results indicate
that the prepared CNP/FTO film can be used as an economic,
efficient, and potential metal-free photoanode for PEC water
splitting.

Based on the UV-vis DRS, PL and TRPL results (Fig. 2 and
Table S4t), we can conclude that the polymeric triazine-
heptazine based network structure of CNP film on FTO al-
lows stronger visible-light harvesting and more effective
charge separation and transfer. Moreover, the intimate con-
tact between CNPs and FTO (SEM images in Fig. 1) leads to
the effective interfacial charge transfer. These conclusions
can be further supported by the fact that the photocurrent
density of the CNP-P/FTO photoelectrode fabricated through
the same protocol as that of the g-C;N,/FTO photoelectrode
(gluing CNP powders onto a FTO substrate) is larger than
that of g-C;N,/FTO but smaller than that of CNP/FTO (as
shown in Fig. 4c). To further understand the charge-transport
and interfacial charge-transfer process in the photoelectrode,
we have also carried out the measurement of electrochemical

Catal. Sci. Technol,, 2019, 9, 425-435 | 431
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impedance spectroscopy (EIS) on these photoelectrodes un-
der 1 sun AM 1.5 simulated solar irradiation (Fig. 4d). The
CNP/FTO presents the lowest charge transfer resistance (im-
proved conductivity) and the value of charge transfer resis-
tance of these photoelectrodes varies in the order CNP/FTO <
CN-Me/FTO < g-C3N,/FTO < CN-CC/FTO, which is perfectly
consistent with the photocurrent intensity. For the above-
mentioned reasons, the CNP/FTO photoelectrode shows ex-
cellent performance for PEC water splitting.

The electrocatalytic properties for the hydrogen evolution
reaction (HER) of CNP/FTO electrode

In recent years, a great deal of effort has been made to de-
velop and find metal-free electrocatalytic materials for the
HER based on low cost and abundance. Carbon nitride has
appeared to be a potential metal-free material for electrocata-
lytic HER. Thus, we have measured the electrocatalytic HER
properties of prepared electrodes in neutral and basic solu-
tion (the prepared CNP/FTO electrode is inefficient and not
stable under acidic conditions, see Fig. S87). Fig. 5 shows cy-
clic voltammetry (CV) curves of FTO, g-C3;N,/FTO, CN-CC/
FTO, CN-Me/FTO, and CNP/FTO measured in phosphate

432 | Catal Sci. Technol, 2019, 9, 425-435

buffer solution (pH 7.0) and 0.1 M KOH (pH 13.1). The CNP/
FTO electrode shows higher activity in the HER with low
overpotential (0.22 and 0.1 V vs. RHE for pH 7.0 and 13.1, re-
spectively) and acceptable current densities (0.51 and 0.49
mA cm ™ at 0.6 and 0.3 V overpotential for pH 7.0 and 13.1,
respectively) as compared to g-C3N,/FTO, CN-CC/FTO, and
CN-Me/FTO electrodes. The values of overpotential and cur-
rent densities of this electrode are in the same order of mag-
nitude as those of metal-free g-C;N, electrode and non-noble
metal Ni catalyst reported in the literature.> It is found that
the CV curves of FTO substrate at both pH values show a re-
duction peak at around 0.1 V corresponding to reduction of
SnO, to SnO. Coating carbon nitride material on FTO pre-
vents the direct contact between FTO and the solution, which
leads to the decrease or even disappearance of this reduction
peak because the charges transfer from FTO to carbon nitride
for the HER. For the CNP/FTO electrode, the complete disap-
pearance of the reduction peak indicates that the FTO sub-
strate is completely and intimately covered with the compact
CNP film. However, there is still a very small reduction peak
existing on the CV curves of g-C;N,/FTO and CN-CC/FTO
electrodes, ascribed to the loosely stacked and porous struc-
ture of g-C;N, and CN-CC films on FTO. These findings are

This journal is © The Royal Society of Chemistry 2019
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consistent with SEM results. Moreover, the stability of the
CNP/FTO electrode was also evaluated by re-cycling the CV
curve for 20 cycles using a scan rate of 25 mV s '. As shown
in Fig. S9,f after twenty scans in both electrolytes, the
overpotential negligibly changed and the current density at
high overpotential decreased by about 25% and 15% for pH 7
and pH 13.1, respectively.

Based on the Tafel analysis of the J-V curves (Fig. S107)
and ref. 26, the HER of carbon nitride follows the mechanism
of adsorption and electroreduction of protons (Volmer-
Heyrovsky mechanism). This means that the HER activity of
carbon nitride lies on terminal amino groups carrying hydro-
gen. The nitrogen atoms on the terminal amino groups en-
able effective adsorption of water and thus lead to the in-
creased adsorbed proton (H,) concentration, which has a
great effect on the HER (especially under alkaline condi-
tions). The positively charged carbon atom near the electron
withdrawing amino groups promotes the adsorption of OH
groups. For CNP/FTO, the CNP film has an increased number
of terminal amino groups (as evidenced by structural charac-
terization such as XRD, NMR, FTIR, XPS and elemental analy-
sis) in comparison with the CN-Me film and g-C;N, because
the increased in-plane tension of triazine-heptazine units in-
hibits further condensation and polymerization in the paral-
lel direction. Moreover, intimate contact between the com-

This journal is © The Royal Society of Chemistry 2019
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pact CNP film and the FTO substrate has a great effect on
efficient electron transfer and the HER. For these reasons,
the CNP/FTO electrode shows enhanced electrocatalytic HER
activity.

Conclusions

In summary, we have fabricated a compact CNP 2D film on
FTO (CNP/FTO) by an evaporation polymerization method using
melamine and cyanuric chloride as precursors. The covalent
linkage of s-triazine units and FTO leads to the strong bonding
between the CNP film and the FTO substrate, which ensures in-
timate contact and more efficient interfacial charge transport.
Structural characterization indicates that the prepared CNP
films on FTO have a triazine-heptazine network fragment,
allowing stronger visible-light harvesting, more effective charge
separation and transfer, and more terminal amino groups. The
photocurrent density of the CNP/FTO photoanode is around 230
pA ecm 2 at 1.23 V vs. RHE, which is 7.5, 67.6, and 176.9 times
that of CN-Me/FTO, g-C3N,/FTO, and CN-CC/FTO (30.7, 3.4, and
1.3 pA ecm™?), respectively, under simulated solar irradiation (1
sun, AM 1.5) without sacrificial reagents and cocatalysts. Com-
pared with previously reported metal-free carbon nitride photo-
anodes, our CNP film shows the best PEC performance and
lower preparation temperature. The excellent PEC performance
of the CNP/FTO photoelectrode could be attributed to the en-
hanced charge transport, effective interfacial charge transfer,
and the enhanced visible light harvesting. Further, we have
measured the electrocatalytic HER properties of the prepared
CNP/FTO electrode in neutral and basic solution. The HER ac-
tivity of the CNP/FTO electrode is higher than those of g-C;N,/
FTO, CN-CC/FTO, and CN-Me/FTO electrodes because of the in-
creased number of terminal amino groups in comparison with
the CN-Me film and g-C;N, as well as the intimate contact be-
tween the compact CNP film and FTO for efficient electron
transfer.
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