
Surface Chemistry
DOI: 10.1002/ange.201309415

Controlled Carbon Nitride Growth on Surfaces for Hydrogen
Evolution Electrodes**
Menny Shalom,* Sixto Gimenez, Florian Schipper, Isaac Herraiz-Cardona, Juan Bisquert, and
Markus Antonietti

Abstract: Efficient and low-cost electrocatalysts for the hydro-
gen evolution reaction are highly desired for future renewable
energy systems. Described herein is the reduction of water to
hydrogen using a metal-free carbon nitride electrocatalyst
which operates in neutral and alkaline environments. An
efficient, easy, and general method for growing ordered carbon
nitride on different electrodes was developed. The metal-free
catalyst demonstrates low overpotential values, which are
comparable to those of non-noble metals, with reasonable
current densities. The facile deposition method enables the
fabrication of many electronic and photoelectronic devices
based on carbon nitride for renewable energy applications.

Production of hydrogen from water has been attracting a lot
of attention because of the possibility of generating a clean
energy carrier without CO2 emissions, as well as opportunities
in the field of energy storage.[1] The electrocatalytic produc-
tion of hydrogen from water demands the use of a catalyst
which can generate hydrogen with minimal overpotential.[2]

Up to now only metals, such as the noble metal platinum,
have been used as the catalyst because of the fast kinetics for
driving this reaction with low overpotential.[3] However, the
high price and the critical abundance of noble metals
motivate intense research of non-noble metals and metal
composite materials for the hydrogen evolution reaction
(HER). Several non-noble metal materials, such as transition-
metal nitrides,[4] carbides,[5] and complexes, along with metal
alloys[6] have been investigated as catalysts for hydrogen
evolution from water.[7] However, despite great progress in
finding new materials as catalysts, and to the knowledge of the
authors, all of the catalysts for HERs contain a metal center
which is essential for this reaction.

In recent years, carbon nitride (simplified as C3N4) has
appeared to be a good metal-free catalyst in many energy-
related applications.[8] Carbon nitride materials demonstrated
high activity in heterogeneous catalysis,[9] photocatalysis,[10]

photodegradation of pollutants,[11] oxygen reduction reac-
tions,[12] and many more.[13] Carbon nitride synthesis usually
involves the thermal condensation of organic molecules which
contain nitrogen and carbon atoms (i.e., cyanamide, mela-
mine, urea, etc.), and results in lowly organized C3N4 textures
with small grain sizes.[14] Moreover, because of the nature of
C3N4 synthesis, the resulting C3N4 possesses low surface area,
low conductivity, and poor electronic properties. In contrast,
the chemical and physical properties of carbon nitride can be
easily modified by using templating methods,[15] the insertion
of different heteroatoms[16] and molecules within its structure,
and other chemical tools.[17a] Consequently, many applied
modifications of C3N4 materials resulted in the improvement
of their chemical, electronic, and catalytic properties. Never-
theless, all the above modifications are solely related to C3N4

in its powder form, whereas, for electrochemical applications
such as fuel cells and water electrosplitting, a direct con-
nection between C3N4 and the conductive materials must be
established. Because of the large particle size and the
insolubility of C3N4 in most solvents, the use of common
deposition techniques such as spin-coating and screen-print-
ing results in poor coverage and conductivity.[17b,18] Recently,
it was shown that by using nanocasting techniques, carbon
nitride could be inserted into highly ordered porous car-
bon[12b] or into graphene-based mesoporous silica nano-
sheets[19] for conductivity improvement. These methods
improve the dispersion and the conductivity of the composite
materials toward C3N4 utilization as a catalyst in fuel cells.
Nevertheless, for direct (photo) electrochemical measure-
ments of C3N4 as an electrocatalyst (i.e., water splitting) or for
photoelectric measurements, it is essential to find a new and
simple synthetic pathway to grow C3N4 on different sub-
strates.

Recently, Thomas et al.[20] and our group[11a] demonstrated
the utilization of the hydrogen-bonded cyanuric acid mela-
mine (CM) supramolecular complex as a new and simple
synthetic way to form ordered structures of carbon nitride.
Beside its hydrogen bonds, the CM complex possesses free
hydroxy and amine groups which can be attached to different
substrates. On this basis, we present here a generic, facile, and
easy method to grow highly ordered carbon nitride on
different substrates from surface-bound CM complexes, and
demonstrate the high suitability of this material to catalyze
the HERs. The applied protocol results in the deposition of
ordered C3N4 rods, with enhanced surface area, on glass and
fluorine-doped tin oxide (FTO) with respect to the bulk C3N4.
Moreover, we show that C3N4 can also be easily grown on
porous metal oxide electrodes (TiO2, ZnO, etc.). The
chemical structure, morphology, and optical properties of
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the resulting films were characterized by XRD, FTIR,
scanning electron microscopy (SEM), energy-dispersive X-
ray (EDX) spectroscopy, elemental analysis (EA), UV/Vis
absorption, and emission spectra. The electrochemical prop-
erties of C3N4 on FTO and TiO2 were evaluated by a cyclic
voltammetry method in neutral and basic media. The method
for depositing carbon nitride on different substrates is
schematically shown in Figure 1.

The supramolecular complex was prepared by simple
mixing of a 1:1 cyanuric acid and melamine mixture in water,
as previously described.[11a] A thin layer of the solid complex
was placed between the two desired substrates and the
electrodes were heated to 550 8C for 4 hours under a nitrogen
atmosphere with a heating ramp of 2.3 K min�1. After the
deposition, the electrodes were cleaned by a strong airstream
to remove all the excess material which is not attached to the
electrode surface. SEM images of C3N4 on glass, FTO, TiO2,
and ZnO are shown in Figure 2 and Figure S1 in the
Supporting Information.

Indeed, the interactions of the hydroxy and amine groups
of the CM complex precursor with the surface of the glass
(SiO2) and the FTO (F-SnO2) direct the C3N4 growth, thus
resulting in the formation of homogeneous and relatively
organized C3N4 rods. Interestingly, indirect evi-
dence for the direction of the C3N4 growth on the
glass is given by the SEM images of the C3N4

powders which formed in the presence of glass
(Figure 2) and in the absence of glass (see Fig-
ure S2). The regular, free C3N4 growth from the
CM complex from water usually results in a sheet-
like structure while the glass leads to a perpendic-
ular C3N4 growth, presumably nucleated from the
surface (XRD and FTIR data are given in Fig-
ure S3). We note that the use of different sub-
strates to synthesize a diversity of C3N4 structures
with organized morphologies is of great interest,
but it is out of the scope of this paper. For the TiO2

electrodes, a thin C3N4 layer around the particles is
formed, while in the case of the ZnO particles,
a polymerization of C3N4 around the 50 nm sized
particles was observed as a result of the catalytic
activity of zinc (Figure S1). For all the electrodes,
the formation of carbon nitride was confirmed by

EA and EDX spectroscopy (see Figure S4). The EDX data
show the predominance of carbon and nitrogen atoms in all
the electrodes while EA of scratched-off electrode materials
disclose a C/N molar ratio of about 0.7. Moreover, we
observed similar results for porous SiO2 and ZrO2 films.
However, for the simplification of this paper only the
characterization of C3N4 on glass, FTO, and TiO2 are shown.
The XRD patterns of the carbon nitride deposited on glass
and the scratched C3N4/TiO2 powder, along with the reference
C3N4 pattern are shown in Figure 3a. We noted that as a result
of the fact that it was not possible to scratch enough material
from the FTO surface, as the C3N4 layer was too tightly bound
to the surface, we were not able to record a XRD pattern for
this sample. We also faced a similar problem with the
scratched C3N4/TiO2 powder (most of the XRD peaks are

Figure 1. Illustration of the synthetic procedure for depositing carbon
nitride on different substrates (for simplification, only glass is shown).

Figure 2. SEM images of carbon nitride deposited on glass, FTO, and
TiO2.

Figure 3. X-ray diffraction pattern of C3N4 on TiO2 and glass (a). FTIR spectra of
TiO2, C3N4/TiO2, and C3N4/glass (b) with respect to C3N4 powder. Diffuse reflectance
absorption spectra (c) and emission spectra (d) of all the electrodes with respect to
C3N4 powder.
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attributed to the anatase and rutile phases of TiO2 as
shown in Figure S5) and for the C3N4 on glass (the
heating results in the formation of crystalline SiO2).
For C3N4 on glass and TiO2, at least a faint in-planar
peak (at ca. 128, index as 100) of C3N4 is observed.
Moreover, from the diffraction pattern of the C3N4/
TiO2 we can rule out the formation of titanium
nitride of carbide (see Figure S6). Stronger evidence
for the formation of C3N4 on TiO2 and glass is given
by FTIR spectra (Figure 3b). The typical stretching
modes of CN heterocycles were found at 1200 to
1600 cm�1. Moreover, the characteristic breathing
mode of the triazine units was found at approx-
imately 800 cm�1, thus indicating the formation of
C3N4 on glass. For the C3N4/TiO2, despite the strong
light scattering of TiO2 at low wavenumbers, a weak
signal at 800 cm�1 was observed. The existence of
nitrogen and carbon atoms within the TiO2 elec-
trode (EDX), the FTIR stretching modes, and the
elemental analysis data (C/N ratio of 0.7) provide
evidence for the formation of the C3N4 structure on TiO2. The
deposition of C3N4 on different substrates can influence its
electronic and optical properties as a result of the different
morphologies, new interfaces, and the formation of new
surface states or defects within the crystal structure. The
changes in the electronic properties can be monitored by the
photophysical properties of the material, thus leading to
changes in the intensity or the shape of the optical spectra.
The UV/Vis diffuse reflectance absorbance spectra of the
C3N4 obtained from various substrates were compared to the
one that was prepared from CM only (without the presence of
any substrate) and to TiO2 powder as a reference sample
(Figure 3c). The absorption spectra of the C3N4 which was
deposited on glass and FTO are almost identical to the
reference C3N4 powder. On the contrary, the absorption band
edge of the C3N4/TiO2 is strongly red-shifted, probably
because of a different polymerization path of C3N4, a path
which may lead to a change in C3N4 electronic states by the
creation of new energy levels. In addition, the optical density,
especially at longer wavelengths, increases because of multi-
ple reflections (scattering) onto the porous surface. Images of
the TiO2 before and after carbon nitride deposition are shown
in Figure S7. More evidence for the altered electronic
properties manifests within the photoluminescence (PL)
spectra of all C3N4 materials (Figure 3d). The C3N4 on glass
exhibits an almost twofold increase in PL intensity and a more
than 30 nm emission blue-shift with respect to the reference
C3N4. The PL intensity increase indicates the formation of
a better organized C3N4 while the PL blue-shift may result
from the lack of surface states with respect to the powder. In
contrast, the introduction of FTO and TiO2 leads to a signifi-
cant quenching of the PL, thus indicating that excitation
energy is lost through nonradiative channels as compared to
that of the powder and C3N4/glass, for which a large fraction of
excited species deactivates through emission (a magnification
of the FTO and TiO2-C3N4 PL spectra is shown in Figure S8).
The strong PL quenching can occur for two main reasons:
1) creation of new surface states which act as charge traps
during C3N4 growth or 2) charge transfer from the excited

C3N4 to the FTO and TiO2 substrates. The absorption and the
emission spectra strongly suggest that the substrate strongly
influences the optical and the electronic properties of the as-
synthesized C3N4.

The pronounced catalytic activity of carbon nitride in the
HER in neutral and basic solutions is shown in Figure 4. The
electrodes were examined by cyclic voltammetry (CV) in 0.1m
phosphate buffer solution (pH 6.9) and 0.1m KOH (pH 13.1).
For the C3N4/FTO electrode (shown in Figure 4a,b), a cata-
lytic current for the HER is already observed at low
overpotential (with respect to RHE) at around 0.25 and
0.1 V for pH 6.9 and 13.1, respectively. These values of the
metal-free catalyst are on the same order of magnitude
compared to those for the state-of-the-art non-noble metal
catalysts for HERs, such as Ni (see Figure S9). Moreover,
under the same conditions, the reference FTO substrate
shows only the substrate reduction (SnO2 to SnO) at about
0.1 V, thus demonstrating the efficient electron transfer and
superiority of the C3N4-coated FTO. The disappearance of
this reduction peak in the presence of C3N4 suggests that there
is no direct connection between the solution and the FTO
substrate, meaning that the FTO substrate is close-to-
completely covered with the C3N4 layer. Moreover, the
current densities of the C3N4/FTO electrodes are impressive
for a metal-free catalyst, with 0.8 mA cm�2 at 0.3 V and 0.6 V
overpotential (with respect to RHE) for basic and neutral
media, respectively. To study the stability of the C3N4/FTO
electrodes, we measured the current voltage properties for
50 cycles using a scan rate of 25 mVs�1. Figure S10 shows the
fifth and the fiftieth scans in the two media. For both
pH values, there is a negligible change in the overpotential,
and about a 10 % decrease of the current density at high
overpotential is observed. We note that unlike neutral and
basic media, the C3N4 electrodes were not stable under acidic
conditions. Further proof of the suitability of C3N4 as a metal-
free HER catalyst is given by the CV measurements of the
C3N4/TiO2 electrodes with respect to the bare TiO2 electrode
in different media (Figure 4c,d). For the bare TiO2 electrode,
a significant cathodic current is observed and is mainly related

Figure 4. Cyclic voltammetry measurements of C3N4/FTO in 0.1m phosphate
buffer solution (a) and 0.1m KOH solution (b). Cyclic voltammetry measurements
of C3N4/TiO2 in 0.1m phosphate buffer solution (c) and 0.1m KOH solution (d).
The scan rate is 25 mVs�1.
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to the accumulation of electrons within the TiO2 and not to
the HER.[21] Previous reports show that under negative
potential (reduction) the observed current in neutral and
acidic media is due to the reduction of the TiO2 surface states
along with accumulation of electrons within its conduction
band (CB). The evidence for electron accumulation within
the TiO2 CB is given by the significant anodic peak which
stands for the discharge of the accumulated TiO2-CB
electrons. Under basic conditions, most of the TiO2 surface
states are already occupied because of the basic electrolyte, so
this phenomenon does not occur and only a negligible
cathodic current is observed. The catalytic activity of C3N4

in HERs is clearly observed by measuring the CV of the C3N4/
TiO2 electrode. At pH 6.9, the cathodic current is reduced and
the intense anodic peak significantly quenched. The strong
quenching of the anodic peak implies that the cathodic
current stands for electron transfer to the solution (HER) and
not for electron accumulation within the TiO2. In this
medium, the overpotential for the HER is around 0.3 V and
reaches a 1 mAcm�2 current density at 0.6 V overpotential.
The dramatic change in the TiO2 electronic properties
suggests that the C3N4 layer passivates its surface states,
meaning that a direct electronic bonding is established. The
chemical bonds are probably formed by the reaction of the
hydroxy and the amine groups of the CM complex with the
TiO2 in the beginning of C3N4 condensation (Figure 1). The
activity of the C3N4/TiO2 is further increased in basic solution,
thus demonstrating low overpotential (ca. 0.1 V) with notable
current density (1.3 mAcm�2 at 0.3 V overpotential) for
metal-free electrocatalysis. The stability measurements of
the TiO2 electrodes show that the overpotential shifts slightly,
and there is around a 15 % decrease in the current density
after 50 cycles (see Figure S11).

To further study the stability of our best systems for long
terms, we measured the current voltage properties for
500 cycles using a scan rate of 25 mVs�1 in basic solution.
Figure S12 shows the fifth and the five hundredth scans of the
two systems (C3N4 on FTO and TiO2) in 0.1m KOH. For the
C3N4/FTO system, a full degradation of the material was
observed and the substrate reduction (SnO2 to SnO) was
obtained. On the contrary, the C3N4/TiO2 system demon-
strates relativity high stability with about a 15 % decrease in
the current density along with a small shift in the over-
potential (ca. 70 mV). Because of the stability and the activity
of the C3N4/TiO2 system we prepared a new electrode,
composed from 18 nm commercial TiO2 nanoparticles (for
additional data see the Supporting Information), for higher
surface area and higher conductivity. Figure S13 shows the
linear sweep voltammetry (LSV) of the C3N4/commercial
TiO2 electrode before and after 500 CV cycles in 0.1m KOH.
The electrode demonstrated high current densities (10 mA at
~ 0.5 overpotential) and high stability (around ca. 10%
decrease in the current density along with small shift in the
overpotential ca. 80 mV).

In general, for both the C3N4/FTO and C3N4/TiO2 systems
we found better activity under basic conditions and this may
be beneficial in many conversion devices such as electrolysers
and fuel cells operating under alkaline conditions.[7] A Tafel
analysis of the J-V curves for both FTO and TiO2 under basic

conditions (Figure S7) revealed that the HER is controlled by
a Volmer–Heyrovsky mechanism (adsorption and electro-
reduction of H) because the Tafel slopes were practically
identical to that for smooth Ni (ca. 120 mVdec�1; see the
Supporting Information). This data is consistent with the fact
that the activity of carbon nitride in this reaction is due to its
high surface amine termination (see Scheme S1). The free
electrons located at the surface nitrogen atoms can easily
adsorb water through a proton bridge from the solution, and
as a result increase the hydrogen concentration on the surface
(Hads); hydrogen concentration is one of the limiting factors
for HER, especially under alkaline conditions. The high
amount of adsorbed hydrogen on the surface increases the
probability for electron transfer and decreases the activation
energy for HERs. Moreover, carbon atoms next to nitrogen
atoms are positively charged because of the electron-with-
drawing nitrogen atoms.[22] The positively charged carbon
atom near the nitrogen atom can easily adsorb OH� groups
(left after water activation by the neighboring nitrogen
atoms). The reduced Hads and the hydrogen from a vicinal
OH� can recombine to form H2. In addition, the substrate on
which C3N4 is deposited strongly influences its activity. An
energy diagram of the heterostructures developed in the
present study is shown in Figure S14. From the work functions
diagram, we can clearly see that the TiO2 and C3N4 are
forming a type II junction and consequently electrons cannot
be transferred from TiO2 to C3N4. This transfer indicates that
the TiO2 may only have a structural role as a high surface
skeleton for the deposition of C3N4 and does not participate in
the charge-transfer process. However, under an applied
potential, the energy levels of the TiO2 can negatively shift,
thus allowing the charge transfer of electrons to the carbon
nitride.

In summary, we demonstrated an efficient, easy, and
generic method to generate ordered carbon nitride on
different electrodes using powder coating with the cyanuric
acid melamine supramolecular complex. The carbon nitride
electrodes show high activity in the HER with low over-
potential and acceptable current densities, which is related to
an enhanced H adsorption (Volmer step). Further improve-
ment can be achieved by different modifications of the
substrates and the carbon nitride synthesis. We believe that
this work opens the opportunity for a new family of materials
for HERs by changing the starting complex, the substrate, and
film processing. The facile deposition method enables the
fabrication of many electronic and photoelectronic devices
such as transistors and solar cells based on carbon nitride.
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