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Abstract: Graphitic carbon nitride (CN) has been widely
regarded as a promising photocatalyst since the discovery
of its capability for photocatalytic hydrogen evolution.
Herein, we developed a functional CN film on a conduc-
tive fluorine-doped tin oxide (FTO) electrode by using a
microprinting-based direct growth method. Furthermore,
the photoelectrochemical performance of the derived
CN@FTO film was demonstrated to be enhanced by incor-
porating molecular cobalt species. The reduced charge
transport resistance in the cobalt-modified CN@FTO films
is suggested to accelerate the charge-carrier transfer rate
and thus to improve the performance in photoelectro-
chemical application. The approach is versatile and can be
further optimized by selecting a proper “ink” solution and
modifier on various conductive substrates.

The development of light-driven catalysts for water splitting is
considered to be an ideal method to convert solar energy.[1]

Functional film for photoelectrochemical cell (PEC) exhibits the
advantage of efficient charge separation in comparison with
the powdered systems.[2] Graphitic carbon nitride (abbreviated
as CN) is a promising candidate in diverse applications by
taking into account of the low cost and easy access properties,
which has been widely utilized as efficient photo-/electrocata-
lysts for energy conversion, organic transformation, bio-imag-

ing, or used as the supports for other heterogeneous cataly-
sis.[3] However, its utilization towards PEC application is just un-
folding and yet to be developed due to the uncontrolled inter-
facial engineering. The CN film electrode offers a better solu-
tion for electron transfer and light harvesting. In this regard,
several strategies for fabricating CN films have been developed
by different groups (i.e. microcontact printing,[4] sol process-
ing,[5] thermal vapor condensation,[6] electrophoretic deposi-
tion[7] and direct growth on substrates[8]). The appropriate pre-
cursor selection and the deposition methods determine the
film quality and the interfacial engineering.

Cobalt based materials (e.g. Co3O4, Co(OH)2, Co-Pi) stand out
among numerous water oxidation catalysts due to their earth
abundance and low toxicity.[9] The involvement of multiple
redox transformation states (Co2+ , Co3+ and even Co4 +) leads
to high water oxidation ability.[10] The cobalt species are re-
garded as the active components for further enhancing the
PEC performance of CN based catalysts which relies strongly
on the interfacial engineering between cobalt species and
photoactive substrates.[11] Based on our experience on the con-
struction of CN film,[4] the molecular Co species are thus inten-
tionally incorporated onto the tri-s-triazine framework to en-
hance the photoelectrochemical performance. The method re-
ported here can be easily extended to any other substrate
(e.g. , glass, silica wafer, conductive carbons) and the function-
ality of the CN film can be tailored by applying proper starting
“ink” concentrations and doping species.

The cobalt incorporated carbon nitride films on FTO (Co2 +

-CN@FTO�x, x = cyanamide concentration) is illustrated in
Figure 1. Briefly, an aqueous solution of cyanamide was firstly
filtrated into the pore channels within the anodic aluminum
oxide (AAO) membranes under vacuum and sonication, which
was further sandwiched between two substrates. During the
CN thermal condensation, cyanamide acted as the “ink” and
was printed and in situ condensed on the substrate in nitrogen
atmosphere. Note that the obtained CN films show intercon-
nected archipelagic micro-clusters, inheriting from the periodic
channels of the AAO “stamps”. The representative scanning
electron microscopy (SEM) images of the as-prepared CN films
on FTO are illustrated in Figure 2, with films deposited on glass
or silicon wafer for comparison (see Figure S1 in Supporting In-
formation). As the PEC properties of the CN films on conduc-
tive FTO will be investigated in the following texts, the
CN@FTO electrode was carefully studied. A closer look at the
SEM images in Figure 2, the derived CN@FTO-60 % features a
hierarchical morphology. For example, numerous microsized
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nanowire arrays (region 1) and interweaved bulges with a di-
ameter of 100–200 nm (region 2) are coated on the substrate,
which are interconnected by an ultrathin CN layer, as demon-
strated by the rough surface of region 3. The corresponding
cross-section analysis evidences a continuous ultrathin CN
coating (ca. 100 nm thickness) on FTO substrate (Figure S2).
The unique hierarchical morphology of the formed carbon ni-
tride films reveals an intricate interplay between the g-CN con-
densation and decomposition during calcination step. Specifi-
cally, the trapped air inside the channels of AAO contributes to
the morphology formation by oxidizing the carbon nitride. The
confined growth of the CN can be also observed on the sur-
face and within the channels of AAO (Figure S3). In addition,
the typical yellow color after calcination hints the formation of
CN material.

Fourier transform infrared spectroscopy (FTIR) provides
strong evidence for the successful deposition of conjugated ar-
omatic CN heterocycles on the FTO substrates (Figure 3 a).
Compared with the FTIR spectra of the bare FTO, CN@FTO-
60 % shows the standard stretching bands between 1200–
1600 cm�1 assigned to the aromatic C�N and C=N heterocy-
cles, while the breathing mode at 804 cm�1 is ascribed to the
typical deformation vibrations of the tri-s-triazine building
unites.[12] Meanwhile, the existence of the terminal NHx stretch-
ing bands above 3000 cm�1 and the cyano groups (C�N) or cu-
mulated double bonds (-N = C=N-) at 2200 cm�1 indicate the
incomplete condensation and presence of surface defect
sites.[13] Clear evidence for the formation of CN film from X-ray

Figure 1. Illustration of the ink printing processes of cobalt-incorporated
carbon nitride films on FTO (Co2 +-CN@FTO). Abbreviations: AAO, anodic alu-
minum oxide; CA, cyanamide; FTO, fluorine-doped tin oxide; CN, carbon ni-
tride.

Figure 2. Morphology characterizations of CN films on FTO. a) Large area
SEM image of CN@FTO-60 %. b–d) Enlarged SEM images of the selected
areas in a) marked as 1–3, respectively. The bare FTO substrate was placed
in the inset of a) for comparison.

Figure 3. a) FTIR spectra (the bulk g-CN was shown for comparation) b) UV-
vis absorption spectra of the CN@FTO-60 % film deposited from a 60 % cyan-
amide ink solution and bare FTO subtract (inset shows the corresponding
Tauc plots). c) The PL emission spectra of CN@FTO-60 % film.
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diffraction (XRD) point of view is difficult due to the highly
crystalline SnO2 phase from FTO substrate and the thin film
nature. Only a minor peak at 27.38 was observed after subtrac-
tion the XRD patterns of FTO from CN@FTO-60 % (Figure S4),
while the bulk CN shows two typical reflections at 2q= 13.28
(100) and 27.38 (002), stemming from the in-plane repeating
units and the graphite-like interlayer stacking layers, respec-
tively. Furthermore, the carbon nitride within AAO channels
was assessed after removal of AAO with 2 m HCl, showing simi-
lar XRD patterns and FTIR spectra, (Figure S5). Meanwhile, the
C/N molar ratio of the CN (determined by elemental analysis)
from direct condensation of cyanamide and the CN/AAO after
HCl etching is 0.69 and 0.71, respectively, which are very close
to the theoretical value of 0.75, further confirming the forma-
tion of the CN.

The optical properties of the CN@FTO-60 % electrode was
characterized by UV-vis absorption (Figure 3 b) and steady-
state photoluminescence (PL, Figure 3 c) spectroscopies. Com-
pared to FTO substrate, the absorption spectra of CN@FTO-
60 % exhibits a typical semiconductor property: the absorption
band at l �450 nm originates from the p–p* electron transi-
tions from the highest occupied molecular orbital to the
lowest unoccupied molecular orbital.[14] The band gap was cal-
culated to be 2.81 eV (Figure 3 b, inset), which is slightly larger
than the value for the CN material (2.70 eV) from direct con-
densation of cyanamide (Figure S6). This hypsochromic shift is
presumably caused by the decreased conjugation length
within the deposited thin CN films.[15] Moreover, the PL spectra
of CN@FTO-60 % exhibits a single peak centered at 450 nm, co-
inciding with its optical absorption spectra (Figure 3 c). Similar
optical properties can be also observed in the CN film deposit-
ed on glass (Figure S7).

The successful deposition of tri-s-triazine based CN film was
further confirmed by X-ray photoelectron spectroscopy (XPS).
In general, the C 1s spectra (Figure 4 a) consist of three contri-
butions at 288.1, 286.4 and 284.8 eV, which correspond to the
CN3 species in the tri-s-triazine rings, surface adsorbed hydrox-
yls and the adventitious carbon contamination, respectively.
On the other hand, the N 1s spectra (Figure 4 b) can be decon-
voluted into three peaks. The main contribution at 398.9 eV is
assigned to the ring nitrogen (C-N = C), while the peaks at
400.0 and 400.9 eV are due to the tertiary nitrogen NC3 and
NHx sites, respectively. Meanwhile, the C�N = C/NC3 ratio was
calculated to be 6, which consists with the tri-s-triazine repeat-
ing units in CN framework.[16] No signal of cobalt can be ob-
served on the pristine CN@FTO (Figure 4 c), while the Co 2p
spectra of 100 mm Co(NO3)2·2 H2O treated electrode (100 mm

Co2+-CN@FTO) shows two well separated branches of 2p1/2

and 2p3/2 at 797.3 and 781.5 eV respectively, which could be as-
cribed to divalent cobalt.[17] The satellites at around 787.7 and
803.2 eV, are very close to the reported value for Co�N chelat-
ing in CoII porphyrin, indicating that the cobalt centers are co-
ordinated to tetradentate N4 ligands.[18] The molecular Co spe-
cies are expected to be incorporated into the nitrogen rich
cavity and the NHx terminations. The uniform distribution of
Co over CN films was confirmed by energy-dispersive X-ray
spectroscopy (EDS) mapping (Figure S8).

The impact of Co2 + incorporation was evaluated in PEC ap-
plication under illumination and in dark. In order to have a
pure correlation between the Co2+ concentration and PEC per-
formance, no additive or sacrificial agent was used, and air was
removed from electrolyte by purging with nitrogen for 2 h
prior to the measurements. As presented in Figure 5 a, the
onset potential under illumination decreases rapidly from the
pristine CN@FTO (1.56 V) to 5 mm Co2+-CN@FTO (1.31 V) and
reaches to the optimization on 20 mm Co2 + (1.27 V). However,
further increasing the Co2 + concentration to 50 or 100 mm is
detrimental which increases the onset potential back to 1.39 V.
In other words, the overpotential was decreased to 1/8 of that
for the pristine CN@FTO on 20 mm Co2+-CN@FTO (from 0.32
to 0.04 eV). At the same time, the onset potential for genera-
tion of photocurrent is negatively shifted and a smallest value
(0.39 V) was achieved at 20 mm Co2+-CN@FTO among all the
obtained films (Figure S9).

The transient current density at 1.23 VRHE under the chopped
light illumination was investigated. It is found that the as pre-

Figure 4. XPS spectra of a) C 1s, b) N 1s and c) Co 2p of 100 mm Co2 +-
CN@FTO and pristine CN@FTO.

Chem. Asian J. 2018, 00, 0 – 0 www.chemasianj.org � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3 &&

These are not the final page numbers! ��

Communication

http://www.chemasianj.org


pared CN films exhibit a good photo-response property (Fig-
ure 5 b), generating a transient photocurrent upon switching
on and off the illumination. It is obvious that the generated
current density shows a rapid decay in the beginning seconds
of each on/off cycle, and then reaches a stable current profile.
This phenomenon can be explained by the fact that the gener-
ated holes are accumulated on the CN film surface, hence
these congregated holes recombine with electrons, and conse-
quently resulting in the decay of the photocurrent density.[6a, 19]

The photocurrent becomes stable once there is balance
among the charge generation, separation, transportation and
recombination. The highest chopped photocurrent was ach-
ieved in the case of 20 mm Co2 +-CN@FTO, which is twice as
high as that of the pristine CN film (Figure S10). In general, the
photocurrent density can be greatly enhanced by employing
simulated sunlight and additional sacrificial agents (Na2SO3/
Na2S) in basic electrolyte, or marrying with conductive carbon
supports such as graphene and carbon nanotubes, which is
beyond the scope of current study. Note that the bare FTO
showed negligible polarization current either under light or in
dark. The CN films behave as n-type semiconductor, as the
anodic photocurrents dominate in the present potential
window. The linear sweep voltammetry (LSV) curves of 20 mm

Co2+ treated and the pristine CN@FTO both under illumination
and in dark were shown in Figure 5 c. It is obvious that the
overall current density increases at elevated external bias.
Meanwhile, we noticed that the dark current also improves
upon increasing the external bias and contributes to the over-
all current density. Therefore, the net photocurrent at 1.23 VRHE

was calculated by subtracting the dark current from the overall
current. As can be seen in Figure S11, the net photocurrent
reaches peak value for 20 mm Co2+-CN@FTO.

Electrochemical impedance spectroscopy (EIS) was per-
formed at 1.23 VRHE to examine the interfacial charge transport
properties along the CN films both under illumination and in
dark (Figure 5 d). Compared with the pristine CN@FTO, the sig-
nificant decreased diameter of the semi-cycle in Nyquist plots
is observed after 20 mm Co2 + modification, thus demonstrat-
ing that the charge transport resistance is reduced and there-
fore the interfacial charge transfer process is accelerated,
which on the other hand evidences the carrier mobility effect
by Co2+ incorporation. The equivalent circuit (Figure 5 d, inset)
was applied to present the resistance within the system, in
which Rs, Rct1 and Rct2 represent the resistance of the electro-
lyte, charge transfer resistance at the interface of FTO/film and
film/electrolyte, respectively. It is important to mention that
the as-prepared CN films are very stable during the PEC meas-
urements and the common problem of peeling off phenomen-
on was avoided. The pristine morphology of the CN films was
retained after PEC measurements (Figure S12).

In summary, a functional carbon nitride thin film was con-
structed by dispersing molecular Co2+ onto microprinted ultra-
thin carbon nitride on a fluorine-doped tin oxide (FTO) elec-
trode. In comparison to the pristine CN electrode, the 20 mm

Co2+ treated CN@FTO results in a 2-fold higher photocurrent
and significantly reduces the overpotential for water oxidation
from 0.32 to 0.04 V, which is ascribed to the reduced charge-
transport resistance and accelerated interfacial charge-transfer

Figure 5. Comparison of a) onset potential under illumination and b) transient current density measured at 1.23 V versus RHE of the CN@FTO-10 % electrodes
treated with different concentration Co2 + (0.1–100 mm) ; c) LSV curves and d) EIS spectra measured at 1.23 VRHE of CN@FTO-10 % and 20 mm Co2 +-treated
CN@FTO-10 % in dark and under illumination. Inset of d) is the equivalent circuit. Symbol codes: black squares, CN@FTO-10 %; red circles, 20 mm Co2 +-
CN@FTO-10 %; solid symbols, in the dark; open symbols, under illumination.
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process. We believe that the reported versatile approach can
be easily extended to fabricate other electronic and photoelec-
tronic devices simply by selecting a proper “ink” and modifier.
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Graphitic Carbon Nitrides
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Surface Engineering of Carbon Nitride
Electrode by Molecular Cobalt Species
and Their Photoelectrochemical
Application

Enhanced photoelectrochemical per-
formance is realized by incorporating
molecular cobalt species onto graphitic
carbon nitride thin film on a fluorine-
doped tin oxide (FTO) electrode, exhibit-
ing the benefits of reduced charge
transport resistance and accelerated in-
terfacial charge transfer process, thus
significantly depressing the onset po-
tential and overpotential for the water
oxidation process.
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