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Abstract: The chemical protonation of graphitic carbon nitride
(CN) solids with strong oxidizing acids, for example HNOj, is
demonstrated as an efficient pathway for the sol processing of
a stable CN colloidal suspension, which can be translated into
thin films by dip/disperse-coating techniques. The unique
features of CN colloids, such as the polymeric matrix and the
reversible hydrogen bonding, result in the thin-film electrodes
derived from the sol solution exhibiting a high mechanical
stability with improved conductivity for charge transport, and
thus show a remarkably enhanced photo-electrochemical
performance. The polymer system can in principle be broadly
tuned by hybridization with desired functionalities, thus paving
the way for the application of CN for specific tasks, as
exemplified here by coupling with carbon nanotubes.

Carbon finds diverse applications in modern society that
range from catalysis, batteries, adsorption, to separation,!!
and its development has experienced an evolution from
graphite and activated carbon to fullerenes, carbon nano-
tubes, and more recently to graphene—a single atomic sheet
of graphite.”) Substitution of carbon by nitrogen in the sp*
bonded planar/curved m-conjugated structure can create new
functionality, for example, optoelectronic activity by opening
the electronic band gap of the graphite and graphene, which
are zero-bandgap materials in their pristine forms.”! This
allows control over the operation of devices such as
p-n junctions, transistors, and diodes.’! Recent studies have
already shown such N-containing carbon materials/devices to
have great promise for photocatalysis with visible light,**"! as
well as for non-Pt electrocatalysts in fuel cells.*!I The
solution processing of these covalent solids is crucial for
further manipulation of the electronic and optoelectronic
nanodevices, but it remains challenging because the covalent
and interlayer cohesive energies are as high as those of
graphite.”) Herein, we show that chemistry paves the way for
sol processing of a polymeric nitride semiconductor on the
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basis of CN with a defect graphitic structure, which has been
widely adopted as an energy transducer for artificial photo-
synthesis.!

The solid-state CN was prepared by thermal-induced self-
polymerization of cyanamide at 823 K, which resulted in
a condensed CN solid.[! Although milled CN powders show
photocatalytic activity, the fabrication of thin-film samples for
applications in (photo)electrochemistry meet with limited
success, because of the poor contact between the large
aggregated particles and substrates as well as the abundant
boundary defects.”? The CN thin films are generally prepared
by physical methods under non-equilibrium conditions, such
as plasma jet chemical vapor deposition and pulsed-laser
deposition, and the resultant films have proved difficult to
characterize because of poor crystallinity and are deficient in
nitrogen, which greatly restricts their photoinduction per-
formances.® The development of a soft-chemistry approach
for the manufacture of robust CN thin films with well-
developed electronic structures is therefore desirable.”)
Although sol-gel techniques have been widely used for the
fabrication of thin films and coatings of metal oxides,'"”! the
application of sol-gel approaches for processing nitride-
related materials has been rather rare.

The most accepted CN system is an N-bridged “poly(tri-s-
triazine)” known as Liebig’s “melon” because of its high
thermodynamic stability."! The material is stable up to about
873 K, and doesn’t dissolve in most organic solvents, which
makes the thin-film processing of CN virtually impossible by
traditional sol-gel chemistry.’l Theoretical calculations and
experimental characterizations, however, revealed that melon
units are stacked together through hydrogen bonds between
the strand nitrogen atoms and NH/NH, groups, which in
principle can act as proton-acceptor sites to form a local
substructure similar to ammonium ion species (Scheme
1).11 This suggests the potential fabrication of a colloidal
suspension of CN by a series of controlled protonation and
depolymerization reactions under certain conditions. The

Scheme 1. lllustration of the synthesis of a CN-Sol solution. The
carbon atoms are light gray, nitrogen atoms are dark gray, and
hydrogen atoms are white.
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protonation of CN with hydrochloric acid has indeed been
demonstrated previously for surface functionalization of this
material, but a sol solution was not formed, presumably
because of the weak acid strength and its low oxidizing
ability."

As a continuing effort to chemically protonate CN
powder, a stronger oxidizing acid, nitric acid (HNO;), was
thus employed as the medium for the solution processing of
a colloidal suspension of CN. As shown in Scheme 1, protons
can easily intercalate into the layered structure of CN solids
and selectively attach to the strand nitrogen atoms in
a manner similar to a Brgnsted acid/base interaction, thereby
greatly swelling the bulk matrix and making it ready for de-
polymerization.''! In contrast to the way that HCI function-
alizes the surface, NO;™ plays a rather important role in the
sol processing of CN, because of its powerful oxidizing
strength. Previous reports have already demonstrated that the
structural hydrogen bonding between melon units can be
broken by oxidation with KMnO,, thereby facilitating the
depolymerization of CN solids.'"® Thus, CN solids were
heated at reflux in a concentrated HNOj solution (65 wt % ) at
353 K to produce a stable colloidal solution, namely, CN-Sol
(Scheme 1). As a consequence of the soft nature of the
polymeric matrix and the reversibility of hydrogen-bond
formation, the colloids contained in CN-Sol repolymerize to
larger ones by re-establishing the extended m-conjugation
systems after complete removal of HNO; by direct heating
above 623 K. This is called the “gelling” process here, as it is
an important step in the sol-gel engineering of thin films on
various substrates. This unique colloidal behavior is rather
beneficial for the fabrication of CN-based optical films
without significant boundary defects, but also for proton
carrier membranes with advanced applications.

Firstly, the obtained CN-Sol solution was examined with
a green laser light (4 =532 nm) to study the colloidal proper-
ties. A typical Tyndall effect is clearly evident in the CN-Sol
solution, as indicated by the beam passing through the
transparent sol solution (Figure 1a). This visual observation
demonstrates the successful processing of a sol solution by
controllable protonation with HNO;. The particle size of the
colloids contained in the CN-Sol was determined by ZetaPlus
analysis (Figure 1b). The particle sizes exhibit a perfect
Gaussian distribution with an average size of 310.3 nm and
a standard deviation of 4.3 nm, which indicates that the CN
solids are indeed depolymerized as uniform colloids. UV/Vis
absorption and photoluminescence (PL) spectra were col-
lected to determine the physicochemical properties of the CN
colloids, in particular the semiconductive electronic struc-
tures, and to see if they are chemically destroyed by the HNO;
protonation. The semiconductive electronic band structure is
still present in the CN colloids (Figure 1¢), but with an
evident hypsochromic shift of the absorption edge from 460 to
370 nm. This increase in the bang gap is mainly caused by the
protonation of the carbon nitride frameworks, which partially
reduces delocalization of the m-conjugation system.*”2 As
a result of band gap enlargement, the corresponding PL
emission band shifts towards shorter wavelength (Figure 1d).
These important findings meant that we proceeded to
manipulate the CN-Sol for photochemically relative applica-
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Figure 1. Physical characterization of a CN-Sol solution, together with
CN solids as the reference. a) Tyndall effect generated by a green
laser; b) particle-size distribution; c) UV/Vis absorption spectra; d) PL
spectra under excitation at 350 nm.

tions. The blue-shifted emission of the CN colloids devalues
its photochemical applications, but this effect can be counter-
acted in the subsequent thin-film fabrication process by
a gelling process which reconnects the conjugated system on
sintering at high temperatures.

The surface morphologies of the CN thin films were
imaged by scanning electron microscopy (SEM). Highly
interconnected porous networks without significant particle
boundaries are observed in the CN-Sol thin film (TF-CN-Sol;
Figure 2a). To the best of our knowledge, this typical sol-
derived morphology is not only beneficial for mass transfer in
film electrodes, but more importantly can greatly minimize
the boundary defects to facilitate charge transport.’! In
contrast, the traditional thin film made from CN solids (TF-
CN) is mainly composed of particles ranging in size from tens
to thousands of nanometers, with abundant particle bounda-
ries.'” This kind of architecture is kinetically unfavorable
experimentally. Another advantage of sol processing is that
the poor contact between the CN and substrate glass can be
significantly improved. Annealing the soft colloids will
generate firm coating layers on the substrates with close
contacts (see Figure S1 in the Supporting Information),
thereby making the film rather robust against scraping with
a fingernail. Electrochemical impedance spectroscopy (EIS)
was carried out to examine the electronic conductivity
(Figure 2¢).™ Compared with the film before annealing
(TF-CN-Sol), a significant decrease in the semicircular
Nyquist plots is observed on a CN electrode, thus demon-
strating that the loose contact between colloids and a fluorine-
doped tin oxide (FTO) substrate has been greatly improved
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Figure 2. Physical characterization of the CN thin films. a) SEM image
of TF-CN-Sol; b) SEM image of TF-CN; c) Nyquist plots measured
under —0.2 V versus Ag/AgCl bias potential; d) XRD patterns; e) FTIR
spectra; f) XPS spectra; g) photograph of the TF-CN-Sol before (TF-
CN-Sol¥, left) and after (TF-CN-Sol, right) sintering at 623 K; h) UV/Vis
diffuse reflectance spectra; i) PL spectra under excitation at 380 nm;

j) Mott—Schottky plots.

by the heat treatment."*"! A Nyquist semicircle with a larger
diameter is obtained for a traditional TF-CN electrode, which
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indicates the poor conductivity for electron transfer. Thus, sol
processing with HNOj; is an efficient pathway for the
fabrication of thin-film electrodes with improved electronic
conductivity. It should be pointed out that traditional TF-CN
without a subsequent heat treatment is unstable in electrolyte
solution, and quickly fall offs the substrate, further under-
lining the advantage of sol processing for film making.

The crystal structure of TF-CN-Sol was characterized by
X-ray diffraction (XRD). Two characteristic XRD peaks are
always assigned to a typical CN polymer: one is peak (002) at
about 27.4° and the other is peak (100) at about 13.1° (see
Figure S2 in the Supporting Information).*" It is known that
the (002) peak originates from the interlayer reflection of
a graphite-like structure, while the (100) peak is related to the
in-plane structural repeating motifs of the aromatic systems.!
However, TF-CN-Sol” showed only one peak, namely, peak
(002) (Figure 2d), which illustrates that the in-plane perio-
dicity of the aromatic systems has been destroyed through the
breakage of the hydrogen bonds by HNO; protonation. The
slightly low shift of the (002) peak from 27.4° to 27.1° can be
attributed to the loose layered structure swollen by H*
insertion."'! As expected, this distorted crystal structure can
be easily recovered by subsequent heat treatment at 623 K to
completely pyrolyze HNO;. Thus, both the characteristic
(002) and (100) peaks are evident for TF-CN-Sol, and clearly
demonstrates that the CN polymer has been perfectly
regenerated.

The chemical structure and oxidation state of the C and N
backbone elements in TF-CN-Sol were studied by FTIR
spectroscopy and X-ray photoelectron spectroscopy (XPS).
All of the bands assigned to a typical CN polymer are visible
in the FTIR spectrum of TF-CN-Sol (Figure 2¢), for example,
the skeletal vibrations at 1200-1600 cm™' for aromatic C-N
heterocycles and the breathing vibration at 810 cm ™' for tri-s-
triazine subunits."! This important finding demonstrates that
the core chemical structure of the melon units is robust
against HNO; etching. No evident change in the binding
energies of the C and N backbones of TF-CN-Sol and CN-Sol
is evident from XPS characterization, again underlining the
excellent chemical inertness of the melon units (Figure 2 f).
The decrease in the peak intensity at 284.6 eV indicates that
the impurities of graphitic carbon species (C(sp?)—C(sp?)
bonds) originating from defective polymerization can be
purified by sol processing with HNO;[ This moderate
removal of carbon impurities is, in principle, helpful for the
optimization of the aromatic m-conjugated system for charge
separation, since too many graphitic carbon centers doped in
the CN conjugated system will act as defect centers for charge
recombination.

The intrinsic semiconductive electronic properties of TF-
CN-Sol, such as optical absorption, emission features, and
flat-band potential, were carefully examined. After regener-
ation of the CN structure by heat treatment to completely
remove HNO;, the sample color returns back to yellow
(Figure 2g), and the corresponding absorption threshold is
420 nm, but still exhibits a 40 nm blue-shift (Figure 2h). This
directly suggests that the aromatic m-conjugated system has
been largely recovered, and this band gap enlargement should
be attributed to the quantum confinement on reducing the
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particle size.*”) A similar behavior induced by band gap
evolution is observed in the PL spectra, where the emission
band of TF-CN-Sol shifts back to a longer wavelength
(Figure 21). The flat-band potential of CN semiconductors
can be determined by electrochemical Mott-Schottky plots.”?!
The flat-band potential of TF-CN-Sol was measured to be
—1.43V versus Ag/AgCl, almost the same as the value
obtained for typical CN polymers (Figure 2j). Hence, the
unique electronic properties of CN can also be largely
recovered in the thin film by the heat treatment.

To summarize the above characterizations, a CN polymer
with a robust chemical inertness against HNO; etching can
greatly preserve its unique physicochemical features, in
particular the intrinsic semiconductive properties for photo-
electrochemical functions.

The high flexibility and compatibility with chemical
modifications of the colloidal suspension of CN, as well as
its soft nature, also enables broad tunability for the prepara-
tion of CN-based nanocomposites with desired functionality
for specific applications. A hybrid nanocomposite (CN-
Sol@CNTs) made from CN-Sol and carbon nanotubes
(CNTs) is shown here as a case study. Experimentally,
CNTs previously purified by acid etching are directly
dispersed in the CN-Sol solution to give rise to a uniform
dark solution (see Figure S3 in the Supporting Information),
and the thin-film electrodes (TF-CN-Sol@CNTs) are fabri-
cated by coating the resultant solution on FTO glass for
subsequent heat treatment. The CNTs are wrapped well by
CN coatings, thereby forming a polymer-based heterostruc-
ture (Figure 3a,b). As a consequence of their excellent
electrical properties, in particular the high conductivity, the
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CNTs should function as an efficient pathway for electron
transport, fundamentally addressing the poor electronic
conductivity of the polymer matrix and allow fast charge
separation and collection (Figure 3¢). Hence, an evident
quenching of the PL intensity (see Figure S3b in the
Supporting Information) and a smaller diameter of the
Nyquist semicircle (Figure 2c¢) are realized with TF-CN-
Sol@CNTs, thus demonstrating the structural benefits of the
hybrid system.[""!

As a consequence of the unique electronic band structure
of the CN polymer and the advantages of sol processing for
film making, it is of particular interest to use the resultant
films as photoelectrodes for solar electricity production. The
photocurrent density obtained on a TF-CN-Sol electrode was
8uAcm? (Figure 3d), greatly exceeding the value
(1.2 pAcm™?) of the traditional TF-CN electrode. This
improved efficiency of photocurrent generation should
mainly be attributed to the highly interconnected porous
networks without significant grain boundaries and the close
coating of colloids on the FTO substrate. Moreover, the
photoelectrochemical performance can be further enhanced
by the integration of CNTs in the polymeric system to
promote charge separation, thereby achieving a photocurrent
density of 17 pA cm™ with TF-CN-Sol@CNTs. Hence, the sol
processing of CN solids with HNOj is a promising method for
the fabrication of photoactive thin films with improved photo-
electrochemistry properties.

Taken together, we have demonstrated that the chemical
protonation of CN solids with strong oxidizing acids, for
example, HNOj, is a promising method for the production of
a stable colloidal suspension of CN. By taking advantage of
the unique features of CN colloids, it is easy to address the
problems we always encounter in the fabrication of thin-film
electrodes, in particular the abundant boundary defects and
the poor contact between particles and substrates. As
expected, the thin-film electrodes derived from the CN-Sol
demonstrate a remarkably improved performance. Moreover,
the high flexibility and compatibility of the colloidal suspen-
sion of CN, in principle, enables the polymer system to be
modified with desired functionalities, thereby paving the way
for the application of CN for specific tasks. For example,
hybridizing CN colloids with nanostructural carbons, such as
CNTs, activated carbon, and mesoporous carbon membranes,
can further advance the unique nitrogen-rich chemistry
functions of CN in the oxygen reduction reaction," as
a hydrogen evolution catalyst,!'” and as a proton-conductive
membrane for gas separation and CO, capture.!"”

Keywords: carbon nitride - photo-electrochemistry - polymers -
sol-gel processes - thin films
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Figure 3. a) SEM and b) TEM images of TF-CN-Sol@CNTs; c) sche-
matic representation of charge transport in the TF-CN-Sol@CNTs
hybrid; d) periodic on/off photocurrent response at —0.2 V versus Ag/
AgCl bias potential under irradiation with visible light (1 >420 nm).
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