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Morphologically diverse carbon nitride micro-/nanoclusters (nano-
wires, nanoribbons, and nanosheets) were synthesized by poly-
condensation of cyanamide on diatom substrates. The formation
mechanism is speculated to be one dimensional growth and two
dimensional extensions on diatom frustules with high curvature.
Platinum deposited micro-/nanoclusters showed good performance
for photocatalytic hydrogen evolution.

Carbon nitride materials have attracted great interest from the
scientific community due to their unique properties. Specially,
graphitic carbon nitride is in the focus due to the newly dis-
closed photocatalytic properties." What is termed graphitic
carbon nitride is usually an incompletely condensed N-bridged
“poly(tri-s-triazine)” polymer with heptazine building blocks,
which is approximately abbreviated as g-C;N,. The facile
synthesis and easy engineering properties render g-C3;N, very
popular and promising in the field of visible-light-driven pho-
tocatalysis. However, simple solutions to improve the photo-
catalytic activity are always desired.*?

Copolymerization of cyanamide (dicyandiamide or mela-
mine) with other specific molecules usually leads to a redshift
of the absorbance onset so that extended range of wavelengths
can be used for light energy conversion.*® The preformed
carbon nitride could also be coupled with other semi-
conductors or noble metals and/or graphene to form a het-
erojunction for improved photocatalytic efficiency.®™ At the
same time, orthogonal routes are compatible with all these
efforts to synergistically maximize the overall improvement.****
Nanostructuration serves the purposes of surface area
enhancement, improvement of the light harvesting capability,

“Department of Colloid Chemistry, Max Planck Institute of Colloids and Interfaces,
14424 Potsdam, Germany. E-mail: Jian. Liu@mpikg. mpg.de

*Environmental and Life Sciences Department, Putian University, Putian 351100, P.R.
China

t Electronic supplementary information (ESI) available: Experimental section,
Fig. S1-S6 including SEM images, FTIR spectra and DRS spectra. See DOL
10.1039/c3ra44490b

22988 | RSC Adv., 2013, 3, 22988-22993

as well as optimizing charge transport properties, which are
all important factors for photocatalysis.**>° Usually, templat-
ing method (soft and hard templating, including silica and
bio-inspired templates) are employed to construct nano-
structured carbon nitride materials.***” The well-established
nanowires, nanoribbons and nanosheets structures are
excellent candidates for the photocatalytic applications due to
the good light harvesting properties and facile charge sepa-
ration functions, and constructing carbon nitride into these
micro-/nanostructures might be promising for improved light
energy conversion purposes.’®*?° But until now, there are few
reports about the direct formation of carbon nitride micro-/
nanoclusters for photocatalytic applications, and engineering
continuously different carbon nitride nanomorphologies for
photocatalytic applications is even rarer.*"*?

In the present work, carbon nitride materials with various
nanomorphologies are synthesized using diatom frustules as a
substrate.*® The morphologies can be tuned by the composition
ratios of precursors (cyanamide and diatom substrate) and the
calcination temperature in an inert atmosphere. The micro-/
nanoclusters formation is shown to occur as one dimensional
growth from topological defects intrinsic to a carbon nitride
coating layer and further integration of parallel nanowires
towards nanoribbons and nanosheets. The obtained carbon
nitride micro-/nanostructures could be applied in water split-
ting experiments for hydrogen evolution, while it was not
necessary to remove the diatom substrate for the photocatalytic
application.”® With Pt nanoparticles in situ deposited onto the
micro-/nanoclusters under white light excitation, the material
demonstrates good photocatalytic activity in hydrogen evolu-
tion, using triethanolamine as sacrificial agent to scavenge the
photogenerated holes.

The carbon nitride micro-/nanoclusters (abbreviated as
CNMN) were synthesized by a solid “incipient wetness
impregnation” method based on our previous work.?® The
diatom frustules were evenly ground with cyanamide in a
mortar by mechanical mixing. After polycondensation, the
carbon nitride materials are obtained as yellow colored

This journal is © The Royal Society of Chemistry 2013
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free-flowing powders which are not intergrown (see the large
area image and optical digital image in Fig. S1 of ESI{). The
diatom frustule acts as the substrate for the CNMN growth.
Analyzing from scanning electron microscope (SEM) images, a
thin carbon nitride layer was firstly formed on the monomer-
wetted diatom frustule, which acts as nucleation sites for the
defined nanostructure growth from the surface (see Fig. S2a of
ESIT). With different amounts of cyanamide in the starting
mixture, these secondary structures turn into different
morphologies at 600 °C. For simplicity, the obtained samples
were named as CNMN,-T, with x representing the weight ratios
between cyanamide and evenly ground with cyanamide in a
mortar by mechanical mixing. After polycondensation, the
carbon nitride materials are obtained as yellow colored free-
flowing powders which are not intergrown (see the large area
image and optical digital image in Fig. S1 of ESIt). The diatom
frustule acts as the substrate for the CNMN growth. Analyzing
from scanning electron microscope (SEM) images, a thin
carbon nitride layer was firstly formed on the monomer-wetted
diatom frustule, which acts as nucleation sites for the defined
nanostructure growth from the surface (see Fig. S2a of ESIT).
With different amounts of cyanamide in the starting mixture,
these secondary structures turn into different morphologies at
600 °C. For simplicity, the obtained samples were named as
CNMN,-T, with x representing the weight ratios between
cyanamide and diatom, and T denoting the polycondensation
temperature, respectively. For a weight ratio of 0.25 (abbrevi-
ated as CNMN, ,5-600), solely nanowires are found to grow
from the diatom frustule in Fig. 1a. As the ratio increased to
0.5 (CNMN, 5-600), nanowire clusters or thin ribbons became
the majority event (as shown in Fig. 1b). As the ratio further
increased to 1 (CNMNj;-600), thin nanosheets are found to have
grown around the whole diatom structure (Fig. 1c). The bare
diatom substrate is also presented in Fig. 1d as a reference. It is
interesting to see that micro-/nanoclusters mainly grow from
highly bent areas of the substrate, which brings up the

Fig. 1 SEMimages of different carbon nitride micro-/nanoclusters condensed at
600 °C. (a) CNMN »5-600 with nanowires as the major morphology; (b) CNMNg s-
600 with nanoribbons as the majority; (c) CNMN-600 with nanosheets spreading
along the whole diatom. Pure diatom in (d) was shown as reference, highlighting
the big curvature of the frustule.
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interpretation that a defect induced secondary nucleation event
drives the growth of these structures (presumably due to the
high curvature of diatom frustule).”” The nanowires in
CNMN, »5-600 have an average length of 8 pm and are 250 nm
in diameter. The nanowires are occasionally found to be
curved, as illustrated in Fig. S2b of ESL.§ It's worth mentioning
that nanoribbons from CNMN,s-600 and nanosheets from
CNMN;-600 are of approximately same length, but different in
size on the transverse direction. As the amount of cyanamide
further increases (for example, CNMN,-600 or CNMN;-600), the
obtained materials are intergrown with each other instead of
constituting free-flowing powders and behave like bulk carbon
nitride with embedded diatoms, as illustrated in Fig. S3 of ESL.}
For CNMN,-600 or CNMN;-600, we can however still observe
some porous structure from SEM images, which is presumably
due to the gas evolution in the course of condensation.*
Therefore, the nanomorphologies of the micro-/nanoclusters
could be controlled by the composition ratios between cyana-
mide and diatom substrate.

Fig. 2a show the Fourier transform infrared (FTIR) spectra of
different CNMN,-600 (x = 0.25, 0.5 and 1, respectively), a
composite spectrum of graphitic carbon nitride and the diatom
substrate. The FTIR of CNMN;-T'is presented in Fig. S4a of ESL.{
Typical aromatic C-N heterocyclic stretches in the 1100-
1600 cm ' spectral range and the breathing mode of the tri-
striazine units at 810 cm ' demonstrate the formation of
extended networks of C-N-C bonds. For X-Ray Diffraction (XRD)
measurement, the diatom substrate was removed by NH,HF,
aqueous solution to release the carbon nitride phase. The SEM
image of the released carbon nitride nanosheet (CNMN;-600) is
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Fig. 2 Typical materials characterizations of obtained CNMN,-T. (a) FTIR of
CNMN,-600 (x = 0.25, 0.5 or 1, respectively) showing typical C-N heterocycle
stretches in the 1100-1600 cm ™" spectral range and the breathing mode of the
tri-s-triazine units at 810 cm™". (b) XRD of free standing CNMN after removal of
diatom, with two peaks at 13.1° and 27.3° easily recognized due to the in-planar
repeat period and stacking of the conjugated aromatic system, respectively. (c)
XRD of the diatom substrate as reference, which is indexed to cristobalite
according to the Miller indices labeled in the diffraction peaks. (d) TGA curves of
CNMN,-600 show the carbon nitride contents are ca. 10%, 15% and 30%,
respectively.
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shown in Fig. S2¢ of the ESLT Its XRD diffractogram (Fig. 2b)
shows two characteristic peaks at 13.1° and 27.3° due to the in-
planar repeat period and stacking of the conjugated aromatic
system, respectively. In the composite sample, the diffractions of
the diatom frustules are too strong to clearly identify the typical
peaks of graphitic carbon nitride (Fig. S4b of ESIt). The XRD of
blank diatom is also included as references in Fig. 2c. The
diffraction peaks of diatom labeled by their Miller indices are
indexed to the cristobalite form of silica.>*® Thermal gravimetric
analysis (TGA) was used to determine the carbon nitride content
in the CNMN/diatom composite (Fig. 2d). The corresponding
carbon nitride contents in CNMN,-600 are 10%, 15%, and 30%,
respectively, while the majority part of the composite is silica. N,
sorption measurement was performed to obtain BET surface
areas of CNMN,-600 samples. The BET surface areas of
CNMN),5-600, CNMN, 5-600 and CNMN;-600 are 28, 27, and 24
m? g, respectively. For comparison, the released carbon nitride
sample (CNMN;-600) after removal of diatom possesses a surface
area of 57 m*> g~ .

In order to clarify temperature effects on the formation of the
micro-/nanoclusters, different condensation temperatures were
adopted. Mixtures of diatom and cyanamide with different ratios
were calcined at 450 °C, 500 °C, 550 °C and 650 °C, respectively.
Table 1 summarizes the morphology developments of the micro-/
nanoclusters. Interestingly, micro-/nanostructures can be found
already from 450 °C calcination temperature on, that is their
nucleation starts already quite early in the temperature ramp.
Higher than 650 °C, the micro-/nanoclusters start to vanish and
become smaller as compared to their appearance at lower
temperatures, which illustrates the known thermal stability limit
of carbon nitride. Different condensation temperatures in
between render adjustment of the electronic and optical prop-
erties in combinations with the nanomorphologies possible,
which is reflected in the diffuse reflectance spectra in Fig. S5a.t
The absorption edge is redshifted with increasing condensation
temperatures, demonstrating a lowered bandgap.* At 650 °C, the
absorption edge of CNMN 5-650 is blue-shifted again, which we
attribute to the onset of depolymerization and decomposition of
carbon nitride at these temperatures. The diffuse reflectance
spectra of CNMN,-650 samples are also presented in Fig. S5bf
and show that all three high temperature condensed samples
derived from different cyanamide concentrations have the blue-
shifted bandgap.

Table 1 The morphology developments of CNMN,-T related to the condensa-
tion temperatures, composition ratios between cyanamide and diatom?

450 °C 500 °C 550 °C 600 °C 650 °C

CNMN, 5 v v v v X
Wire Wire Wire Wire

CNMN, 5 v v v v X
Wire Ribbon Ribbon Ribbon

CNMN;, v v v v v
Ribbon Ribbon Sheet Sheet Wire

“The “v/” indicates the obtained materials with corresponding
morphology; while the “X” indicates the material without micro-/
nanoclusters generated.
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For CNMN, ,5-T, the nanowire morphology prevails across
different calcination conditions, except at highest temperature
(650 °C), as shown in Fig. S6 of ESL.{ Interestingly, at the lowest
examined temperature of 450 °C, one dimensional growth of
wire cores could be found (SEM image in Fig. Sé6a of ESIt). This
is presumably coupled to the polymerization of melem towards
one dimensional polymer species, melon.***”*®* No obvious
differences of nanowires produced at different temperatures are
recognized from the SEM images (Fig. S6a-d of ESI}). Trans-
mission electron microscopy (TEM) image of CNMN, ,5-600 in
Fig. S6f of ESIT showed the nanowire grows outside from the
diatom substrate.

With increasing amounts of cyanamide (CNMN,s-7), the
dominant morphology found in CNMN, s changes to nano-
ribbons, as illustrated in Fig. 3. Nanowires are still found in the
low temperature polycondensation sample (CNMN,5-450 in
Fig. 3a). Higher polycondensation temperatures (from 500 °C to
600 °C) lead to nanoribbon morphologies, as illustrated in
Fig. 3b-d. These nanoribbons are composed of several parallel
nanowires, i.e. the extra monomer mass available is invested in
parallel growth or secondary fiber nucleation, including some
further integration processes. However, for CNMN, 5-650 (as
illustrated in Fig. 3h), the carbon nitride coating was evenly
distributed on the diatom surface without micro-/nanoclusters
left, which agrees well with our previous results.>® Confocal
microscopy was employed to investigate the photo-
luminescence of CNMN, 5s-600, as illustrated in Fig. 3e and
f. Under 488 nm laser excitation, the micro-/nanoclusters
attached on the diatom frustule give luminescence.”®> TEM
image of CNMN, 5-600 in Fig. 3g shows nanowire tips at the
edge of nanoribbons, providing further experimental evidence
that nanoribbons are combinations of nanowires.

Nanoribbons and nanosheets are finally common for
CNMN;-T samples, as seen from Fig. 4. Nanowires can also be
occasionally observed as the building blocks for the nano-
ribbon and nanosheets. In the case of high cyanamide
precursor concentration, low temperature condensations lead

Fig. 3 SEM images of CNMNgs-T synthesized at different condensation
temperatures. (a) 450 °C; (b) 500 °C; (c) 550 °C; (d) 600 °C; (h) 650 °C. (e and f)
Optical and confocal fluorescence images of CNMNg 5-600 under laser excitation.
(g) TEM of CNMNgs-600 shows the nanoribbon edge was composed of
nanowires.

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 SEM images of CNMN;-T synthesized at different temperatures. (a)
450 °C; (b) 500 °C; (c) 550 °C; (d) 600 °C; (f) 650 °C. Nanoribbons and nanosheets
are common morphologies for CNMN;-T. (e) TEM image of CNMN;-600 showing
the edge of nanosheet, in agreement with SEM analysis.

to nanoribbon morphologies (Fig. 4a and b), while at higher
temperatures nanosheets prevail (Fig. 4c and d). TEM image of
CNMN;-600 in Fig. 4e depicts the existence of two dimensional
extended nanosheets with a width size of 3 um, which matches
well with the SEM observations. In the case of sample synthe-
sized at 650 °C (CNMN;-650 in Fig. 4f), the width of micro-/
nanocluster is much smaller than that of its 600 °C calcination
counterpart (CNMN;-600), but the nanosheets are still there.
We attribute this higher stability to the fact that the preceding
nanosheets are better condensed and thereby more crystalline
than fibers and ribbons.

View Article Online

All these data suggests the following formation mechanism.
A thin carbon nitride layer was firstly formed on the diatom
frustule, acting as nucleation sites for the subsequent micro-/
nanoclusters growth. The nanowires are firstly formed by one
dimensional growth from topological defects of the layer. The
formation mechanism is similar to the well-known vapor-solid
growth of carbon nanotubes, however here without catalyst
nanoparticles.***® With higher precursor concentration and
higher condensation temperature, the nanowires fuse together
to form nanoribbons or nanosheets. Depolymerization of most
structures at 650 °C is in agreement with the decomposition
temperature of carbon nitride reported in the literature.** Up to
600 °C, the band gaps of CNMNs decrease due to an increased
condensation degree enabled by the increased temperatures.
The whole process is schematically illustrated in Scheme 1.

For a demonstration of potential applications, the CNMN,-
600 materials were tested in a visible light driven water splitting
assay for hydrogen evolution. Pt nanoparticles were in situ
deposited onto the CNMN,-600 to perform photocatalytic
hydrogen evolution from water in the presence of triethanol-
amine as a sacrificial agent. The amount of active carbon nitride
was kept the same to allow direct comparison. The hydrogen
evolution rates for CNMN, ,5-600, CNMN, 5-600 and CNMNj,-
600 are 4.1, 6.1 and 4.9 pmol h™", respectively (see Fig. 5). The
nanoribbon has the best performance among there micro-/
nanostructures, which is thought to be due to the combination
of light harvesting property and good charge separation in two
dimensional nanoribbon.** The amount of photogenerated
hydrogen increased linearly with the illumination time during
ten hours run experiment. For comparisons, bulk carbon
nitride (bulk CN) and mesoporous carbon nitride (mesoporous
CN) were also employed for photocatalytic water splitting.
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Schematic formation of carbon nitride micro-/nanoclusters on diatom substrates. The thin carbon nitride layer was firstly formed on the diatom frustule.

The nanowire was grown from the attached layer on the frustule. The nanoribbons and nanosheets were speculated to derive from the integration of parallel
nanowires and the growth by one dimensional growth and two dimensional extension mechanism. The thermal condensation process of cyanamide to graphitic

carbon nitride was also included in the scheme.
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Fig. 5 Histogram of hydrogen evolution rate using different CNMN,-600
(CNMNg 25-600, CNMNg 5-600 and CNMN;-600); values for bulky carbon nitride
and mesoporous carbon nitride were shown as references. The active carbon
nitride was kept at 50 mg in the experiment.

Compared with the bulk sample, the CNMNs perform much
better in hydrogen evolution efficiencies. The enhancement
ratios of CNMN,-600 compared to bulky sample are 3.2, 4.6 and
3.8 times, respectively. The mesoporous material however gives
the best performance due to its very large surface area. Further
increasing the surface area of micro-/nanoclusters would obvi-
ously be meaningful to further improve the activity.

Conclusions

In conclusion, carbon nitride materials with different
morphologies such as nanowires, nanoribbons and nano-
sheets were obtained by the in situ thermal condensation of
cyanamide onto diatom substrates. Morphologies were
controlled by the weight ratios between cyanamide and the
diatom substrate and the condensation temperatures. The
formation mechanism was ascribed to the one dimensional
growth and two dimensional extensions of carbon nitride
nanostructures, nucleated from positions on the diatom
substrate with high curvature. The nanostructures obtained
here demonstrate good photocatalytic activity for water split-
ting. Among the three nanomorphologies, nanoribbons give
the best photocatalytic performance, which was attributed to
the combination of good light harvesting property and effi-
cient charge separation in two dimensional nanoribbons. The
facile synthesis routes presented here is in principle compat-
ible with other possibilities for engineering the carbon nitride
with different properties for improved photocatalysis, and the
relevant work is under progress.
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