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Graphitic carbon nitrides (GCNs) represent a family of 2D materials
composed of carbon and nitrogen with variable amounts of hydro-
gen, used in a wide variety of applications. We report a method of
room temperature thin film deposition which allows ordered GCN
layers to be deposited on a very wide variety of substrates, includ-
ing conductive glass, flexible plastics, nanoparticles and nano-
structured surfaces, where they form a highly conformal coating
on the nanoscale. Film thicknesses of below 20 nm are achievable.
In this way we construct functional nanoscale heterojunctions
between TiO, nanoparticles and GCN, capable of producing H,
photocatalytically under visible light irradiation. The films are
hydrogen rich, have a band gap around 1.7 eV, display transmission
electron microscopy lattice fringes as well as X-ray diffraction
peaks despite being deposited at room temperature, and show
characteristic Raman and IR bands. We use cluster etching to
reveal the chemical environments of C and N in GCN using X-ray
photoelectron spectroscopy. We elucidate the mechanism of this
deposition, which operates via sequential surface adsorption and
reaction analogous to atomic layer deposition. The mechanism may
have implications for current models of carbon nitride formation.

Introduction

Graphitic carbon nitrides (GCNs) are a family of two-dimen-
sional materials similar to graphene or graphite but posses-
sing a band gap of over 1 eV, and have potential applications
in a number of fields, including solar energy harvesting,'™®
electrocatalysis,”® lithium or sodium ion battery electrodes,”
fuel cells,"" electrochemical actuators'> and sensors."?
Although carbon nitrides are amongst the oldest known poly-
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meric materials, much work remains both to fully characterise
their structures and bonding, which is essential to design of
functional materials,"'* and to develop chemical methods to
integrate them into devices."® Recently, ionothermal synthesis
has proven a useful route to well defined, oriented graphitic
GCN flakes,'®'” and two dimensional GCN sheets have been
dissolved into solvents such as aqueous H,SO,, ethanol or
DMSO.'®" Films of GCN have been deposited by a wide
variety of techniques, such as magnetron sputtering,*® pulsed
laser deposition,** chemical vapour deposition,* liquid phase
deposition®® and sol-gel processes.>* Here, we report a method
of room temperature thin film deposition which allows
crystalline GCN layers to be deposited on a very wide variety of
substrates, including conductive glass, flexible plastics, nano-
particles and nano-structured surfaces, where they form a
highly conformal coating on the nanoscale. We elucidate the
mechanism of this deposition, which operates via sequential
surface adsorption and reaction analogous to atomic layer
deposition. The mechanism may have implications for current
models of carbon nitride formation. Films were found to
consist of C, N, H, with traces (<0.5 atomic%) of oxygen, were
conformal on the nanoscale, and when coated on TiO,
particles were photoactive for visible light sacrificial hydrogen
production from an ethanol aqueous solution.

Experimental methods

A precursor mixture of dicyandiamide (DCDA), 1.0 g, lithium
bromide 0.78 g and potassium bromide 0.72 g was placed in a
10 mm outer diameter quartz tube, sealed at one end, and
dried under dynamic vacuum (10~> mbar) for 20 hours at
180 °C. The tube was back filled with dry nitrogen and vacuum
purged three times. The reaction mixture was heated to 600 °C
at a rate of 20 °C min~". The resulting vapours were allowed to
enter a coating chamber, which itself had been vacuum
purged and nitrogen flushed, and which was kept at room
temperature. No carrier gas was used; an oil bubbler allowed

This journal is © The Royal Society of Chemistry 2017
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overpressure of gas to escape the apparatus whilst excluding
air. Substrates placed within the coating chamber became
coated with a dark film of an increasing thickness over a
period of 30 min-60 hours (ESI, Fig. S1}). Planar substrates
(quartz, indium tin oxide coated glass, flexible plastic) nano-
powders (TiO,, Al,0;) and nanostructured materials (WO;
nanorods) were coated in this fashion. In fact we have not yet
found a substrate upon which a film could not be grown using
this method. Further experimental details and characterisation
methods are given in the ESL

Results and discussion

Fig. 1 shows examples of the coated substrates, including
photographs of GCN coated flexible acetate plastic and boro-
silicate glass, and scanning electron microscopy (SEM) images
of uncoated and coated WO; nanorod films.

The film growth rate on planar substrates was measured by
masking a part of the substrate before growth and measuring
the step edge in the resulting film using a profilometer. This
revealed an induction period of approximately 30 min after the
reaction mixture attained 600 °C where no film was deposited.
Subsequently, the film thickness was linear with deposition
time up to 4 hours, with a constant growth rate of 41 nm per
hour during this period.

Powder X-ray diffraction (XRD) taken in Bragg-Brentano geo-
metry from the planar thin film samples showed one peak with
a d-spacing of 3.25 A corresponding to the characteristic inter-
plane spacing of GCN,* and smaller than that seen in graph-
ite.”® HRTEM images taken from GCN films deposited directly
onto holey carbon TEM grids at room temperature (Fig. 1e and
S21) showed clear lattice fringes, with d-spacing of 3.0 A, some-
what smaller than the interlayer spacing seen in XRD, which
may indicate that in few-layer assemblies, the interlayer spacing
is reduced compared with bulk GCN. Energy dispersive X-ray
(EDS) analysis was carried out concurrently with TEM imaging.
Only C, N and Cu (from the TEM grid) were detected above 0.5

Fig. 1 (a) GCN film deposited on glass. (b) GCN film deposited on
acetate plastic. (c) SEM image of uncoated WOs; nanorods. (d) SEM
image of WOz nanorods coated with GCN (e) TEM image of GCN film
coated directly onto a holey carbon grid, showing lattice fringes.
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atomic% (Fig. S31). O, Li, K, Br were not detected at any level,
indicating that the components of the ionic salt do not become
incorporated into the deposited films, and that the level of oxi-
dation was low. The C:N ratio was 1.2. CHN analysis was
carried out on the sample, yielding atomic C:N:H ratio of
1.2:1:1.4, indicating a large amount of hydrogen present in the
sample, as well as confirming the C/N ratio found by TEM EDS.
To complement the TEM, EDS and CHN analysis, XPS was
used to determine the sample surface composition and chemi-
cal environments present. A GCN film was grown on boro-
silicate glass coated with TiO, as a barrier layer to prevent ion
migration from the glass. For the as-synthesised samples, the
surface of the material consisted of C and N, with small
amounts of O and Si also detected (Fig. S61). No Ti was
detected indicating complete coverage of the underlying sub-
strate, and no Br, K or Li were detected indicating that those
components of the reaction mixture are not incorporated into
the film within the detection limits of XPS. The C 1s peak at
the surface could be fitted with components at 284.6 eV, 286.7
eV and 289.0 eV (Fig. 2). The 284.6 eV environment corres-
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Fig. 2 X-ray photoelectron spectra of the C 1s region of GCN film on
glass. Data was fitted with three Gaussian—Lorentzian components as
described in the text. Etching using monoatomic or clusters of Ar ions
was used in an attempt to remove the graphitic carbon contamination.
Spectra taken after various etching times using the different sources are
shown. Mono Ar etching causes significant changes to the spectrum
with extended etching, whereas cluster Ar etching does not.
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ponds to graphitic carbon, and is typically seen in XPS due to
surface environmental contamination. This peak may concei-
vably originate from the GCN structure itself, and thus it is
important to be able to distinguish between surface environ-
mental contamination and carbon environments within GCN.
However, in situ monoatomic Ar ion cleaning, used to remove
surface contamination, is known to damage GCN and lead to
significant changes in chemistry and composition.>”*® Hence
XPS characterisation of GCN materials is challenging, as it has
been difficult to reliably remove surface contamination
without changing the chemical nature of the GCN itself, and
so unambiguous assignments of the carbon environments
observed in XPS has not been possible. To overcome this, we
used Ar cluster ion etching. Ar cluster ion etching for 60 s
resulted in removal of Si to below the detection limit of the
instrument (c. 0.1 atomic%), reduction of the oxygen content
to below 2.0 atomic%, and very significant reduction in the C
1s component at 284.6 eV. The C/N ratio after 60 s of cleaning
was 1.00, slightly lower than that recorded by both TEM EDS
and CHN analysis, although XPS is known to be less accurate
for absolute compositions. Successive cluster etching cycles up
to 570 s caused no change in the C/N ratio, and no further
change to the C 1s peak, indicating that the cluster etching
avoids the problems associated with monoatomic Ar ion
etching. Therefore, after removal of surface graphitic carbon
contamination, the C 1s spectrum consisted of a peak at 286.7
eV with a small component at 289.0 eV, while the N 1s peak
could be fitted with a single Gaussian-Lorentzian peak shape
centred at 399.6 eV. These peak positions are consistent with
those seen in GCN samples produced by a variety of
methods."”

Raman spectra revealed an asymmetric peak between 1200
and 1750 ecm™" (Fig. S5); this feature is commonly seen in
carbon nitride and related materials produced in a wide
variety of ways,”' and analogously to the vibrations seen in
graphite, is assigned to the G and D vibrations of the carbon
nitride structure. Such broad Raman peaks are seen in even
highly crystalline samples.?® The Ip/I ratio was 0.51 and the
position of the G peak was 1561 cm™". The intensity of the D
peak has been related to the proportion of tetrahedrally
bonded (sp®) carbon, and the ratio observed here matches
carbon nitride films with high nitrogen contents (>30
atomic%),’**> consistent with the XPS, CHN and EDS compo-
sitions reported above.

Infrared spectra showed three bands associated with the
carbon nitride structure (Fig. S51). A weak, broad feature
around 3200 cm™' is typical of N-H or O-H stretching
modes;** the low intensity of this feature compared to the
other absorption bands indicates that the oxygen content is
low, in agreement with the XPS and TEM EDS results. A peak
at 2170 cm™" is assigned to nitrile groups. The broad peak at
around 1600 cm ™" is characteristic of carbon nitride materials
but this assignment remains controversial. Whilst this feature
coincides with the Raman signal discussed above, the origin
of the IR absorption is assigned to extended conjugated
system.>”?? The substrate (glass) has strong absorption bands
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in the 1000-500 cm ™" region. Although this region is thus par-
tially obscured, there is no evidence of a triazine breathing
mode around 800 cm ™.

UV/vis transmission spectra showed broad absorption
across the visible region (Fig. S51). The direct band gap calcu-
lated using a Tauc plot was 1.73 eV, consistent with previous
measurements of GCN materials produced ionothermally,"”
although this value is smaller than many other reported GCN
band gaps.”

The identity of the gas phase products of the ionothermal
reaction which act to deposit conformal carbon nitride films
was studied using time-resolved mass spectrometry (Fig. 3).
10 mg of the reaction mixture (DCDA, KBr, LiBr) was placed in a
tube furnace attached to a RC RGA Analyser mass spectrometer.
The sample was heated to 600 °C under the same conditions as
used in film deposition. Upon heating between 180 °C and
400 °C, two peaks at m/z ratios of 17 and 18 were detected and
assigned to NH; and H,O respectively. At ~400 °C, the pressure
of NH; begins to decline and the two more intense peaks
appear at m/z ratios of 27 and 42 which are assigned to HCN
and CN,H, (likely to be cyanamide) respectively; all three
species are expected decomposition products of DCDA. At the
same time H-"°Br and H-®*'Br at m/z values of 80 and 82
respectively were detected, indicating some degree of reaction of
the salt mixture, however, analyses reported above indicate that
Br is not incorporated into the films despite its presence in the
gas phase. CH,N, and HCN reached their maximum pressures
at 400 °C and 600 °C, respectively. Thus upon heating, the reac-
tion mixture produced first NH;, then CH,N, and finally HCN.
HCN is known to polymerise in the presence of NH;, which acts
as a catalyst, forming solid HCN polymers; this reaction is
thought to be important in the origin of life.***> We propose
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Fig. 3 (a) Time resolved gas phase mass spectrometry showing the
species produced by the reaction mixture over time. The partial press-
ures of three key species: NHs, HCN, CH,N, are shown. (b) Film thick-
ness of GCN film with deposition time, showing an initial induction
period where no film is grown, followed by a linear growth rate. (c)
Proposed mechanism of sequential absorption and reaction of the gas
phase precursors, leading to polymerisation of HCN to form a hydrogen
rich GCN material.
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that in our apparatus (Fig. S11), NH3, being first produced from
the reaction mixture, adsorbs onto the substrate, then when
exposed to gas phase HCN, a polymerisation reaction occurs on
the surface, catalysed by the adsorbed NHj;, forming a solid
product with composition close to HCN. It is possible that
CH,N, also plays a role that is yet to be elucidated. Hence the
deposition acts in a similar way to atomic layer deposition
(ALD),*® in which precursors are dosed sequentially onto a sub-
strate to effect conformal coating.

To further study the deposition process, deposition of GCN
on WO; nanorods (produced by a CVD technique reported pre-
viously®”) was carried out, and led to conformal coating of the
nanorods with a GCN film. Fig. 1d shows SEM images of nano-
rods before and after deposition. It is clear that the coating is
conformal on the nanoscale; this conformality supports the
hypothesis that this process acts via a pseudo-ALD mechan-
ism, which is known to give highly conformal coatings.

Our analyses indicate that we deposit a hydrogen rich GCN
material with composition close to C;N;H;. The layered struc-
ture, observed by XRD and TEM matches that reported for a
variety of GCN structures and demonstrates the graphitic
nature of the material. The lack of a triazine peak in the IR or
XRD analyses suggests that the structure is not predominantly
triazine based. The presence of nitrile groups is suggested by
IR spectroscopy. XPS shows one principle carbon environment
at 286.7 eV binding energy, indicative of carbon bound to
nitrogen, with minimal aliphatic carbon expected around 285
eV. Additionally only one nitrogen environment is seen.
Together with the proposed gas phase formation mechanism,
i.e. polymerisation from HCN and NHj; we propose our
material is a layered polymer of HCN with disordered structure
within the layers.

Since the discovery of GCN as a metal-free photocatalyst for
the production of hydrogen under visible light illumination,*®
there has been a fast-increasing interest on these materials for
energy applications.**™**

Our GCN coating when immobilised on Al,O; powder or on
glass did not show visible light photocatalytic water splitting
activity in our initial tests, but when coated onto a standard
commercial TiO, powder (Evonik P25) we found that hydrogen
was produced from a sacrificial aqueous solution under visible
light (Fig. S9t). Details of these experiments are provided in
ESL{ Formation of hydrogen ([H,] rate = 1.85 x 10~> pmol h™*
g~") was confirmed upon visible-light (1 > 420 nm) irradiation
of a platinised TiO,/Pt-gCN dispersion within 18 h. No detect-
able H, was produced by platinised TiO, alone, in the absence
of GCN coating. This suggests a sensitisation or charge trans-
fer process across the GCN/TiO, heterojunction, and high-
lights the possibility of producing such nanoscale heterojunc-
tion devices using this method.

Conclusion

We have developed a vapour phase method to deposit ordered,
layered, graphitic carbon nitride materials on virtually any sub-
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strate. The films are conformal on the nanoscale and appear
to be deposited via a pseudo-ALD process whereby sequential
adsorption and reaction of NH; and HCN yield hydrogen rich
polymeric species. This mechanism is in contrast to previously
suggested mechanisms, whereby cyanamide or dicyandiamide
reacts to form melamine, which polymerises eventually to
form GCN,*** or alternatively GCN can be made by thermal
treatment of polymers.*> The mechanism outlined here may
represent an important alternative pathway for the synthesis of
GCN materials, highlighting a new route to applications of
GCN in devices where thin films are required, such as battery
application, photocatalysts and fuel cells.
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