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Abstract: The development of new promising metal-free
catalysts is of great significance for the electrocatalytic hydro-
gen evolution reaction (HER). Herein, a rationally assembled
three-dimensional (3D) architecture of 1D graphitic carbon
nitride (g-C;N,) nanoribbons with 2D graphene sheets has
been developed by a one-step hydrothermal method. Because
of the multipathway of charge and mass transport, the
hierarchically  structured g-C;N, nanoribbon-graphene
hybrids lead to a high electrocatalytic ability for HER with
a Tafel slope of 54 mV decade™, a low onset overpotential of
80 mV and overpotential of 207 mV to approach a current of
10 mA cm™, superior to those non-metal materials and well-
developed metallic catalysts reported previously. This work
presents a great advance for designing and developing highly
efficient metal-free catalyst for hydrogen evolution.

H ydrogen is believed to be the most promising clean energy
and electrocatalytic hydrogen evolution reaction (HER) is
one of the most important pathways to produce hydrogen
from water."? The noble metals, platinum in particular, are
the most effective HER electrocatalysts at present with high
exchange current densities and small Tafel slopes.”! However,
due to the high price and the low abundance, researchers were
inspired to use non-noble metals, metal composites, and even
metal-free electrocatalysts for the HER. Examples include
transition metals sulfides/nitrides/phosphides,*” carbides,*!
and metal alloys,"”! for hydrogen evolution from water.!'!
Unfortunately, most of the catalysts developed recently are
based on the essential metal-H bond interaction for the
HER, which commonly suffer from corrosion and passivation
to the acidic proton exchange membrane electrolysis."”! By
contrast, the development of new promising non-metal HER
electrocatalysts with high catalytic ability to replace metal-
based counterparts still remains challenging.
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Graphitic carbon nitride (g-C;N,) with a graphite-like
structure has attracted considerable attention owing to its
high in-plane nitrogen content, excellent chemical and
thermal stability, appealing electronic structure, and environ-
mental friendly feature, thus leading to multifunctional
catalytic activities for photocatalysis, CO, reduction, and
other energy conversion processes.'>'”%¥ Due to the inherent
low electronic conductivity and low surface area, g-C;N, is
mainly restricted to electrochemical-related applications.
Graphene, a two-dimensional (2D) monolayer sheet of sp*-
bonded carbon atoms with fascinating properties such as
a large specific surface area, outstanding electrical, mechan-
ical, and thermal properties,'”) provides a solution to this
problem. It was found that the combination of g-C;N, with
graphene could improve the conductivity and electrocatalytic
performance of g-C;N, for the oxygen reduction reaction
(ORR),?*? oxygen evolution reaction,”™ and HER with
catalytic activity even better than metal-based electrocata-
lysts.*! Although much effort has been exclusively focused on
the modification of g-C;N, with conductive materials to
promote its electronic and electrocatalytic behavior, little
attention is paid to assembling the g-C;N,s into specifically
nanostructured architectures®?! for highly efficient catalytic
performance.

Herein, we achieve the rational assembly of 1D in situ
formed g-C;N, nanoribbons on 2D graphene sheets to form
3D interconnected networks (g-C;N, nanoribbon-G) by
a simple one-step hydrothermal method. Such hierarchical
architecture of g-C;N, nanoribbon-G provides a large acces-
sible surface area, multi-electron transport channel and short
diffusion distance for an excellent charge separation and
transfer, that effectively accelerates the electrochemical
process. As a result, the as-prepared g-C;N, nanoribbon-G
displays an excellent HER activity with a much low over-
potential of 207 mV calibrated to reversible hydrogen elec-
trode (RHE) to achieve a HER current density of
10 mAcm™2, which are comparable to the existing well-
developed metallic catalysts and superior to those non-metal
HER catalysts reported previously (TablesS1 and S2),
demonstrating the potential towards replacing the metal-
based catalysts for highly efficient electrocatalysis of HER.

To prepare the g-C;N, nanoribbon-G, a mixed suspension
of g-C;N, and graphene oxide (GO) with the weight ratio of 1/
0.15 was hydrothermally treated in a Teflon-lined autoclave at
180°C. During the treatment, the 3D graphene structure
formed spontaneously.” Meanwhile, g-C;N, preferred to
nucleate at defects of GO, and assembled into g-C;N,
nanoribbons network on 3D graphene sheets (Figure 1a).
As shown in Figure 1b, the prepared g-C;N, nanoribbon-G
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Figure 1. a) g-C;N, nanoribbon-G and a possible structural model of
the g-C3N, nanoribbon. b,c) SEM images of the prepared g-C;N,
nanoribbon-G. The inset of (b) is a photo of the as-prepared g-C;N,
nanoribbon-G. d) TEM images of the prepared g-C;N, nanoribbon-G,
and e) a typical high-resolution TEM image of the g-C;N, nanoribbon.
f) AFM image of a graphene sheet with grown g-C;N, nanoribbons.
g) AFM image and height profile of a single g-C;N, nanoribbon. Scale
bars: b, 1 pm; ¢, 100 nm; d, 200 nm; e, 5 nm.

foam shows a loose 3D structure with a density of 20 mgcm ™

similar to that of common 3D graphene (see Figure S1 in the
Supporting Information).”" The enlarged SEM images reveal
that g-C;N, nanoribbons are randomly attached along gra-
phene basal planes (Figure 1c), as also verified by TEM in
Figure 1d. The high-resolution TEM exhibits g-C;N, nano-
ribbon contains only a few layers of g-C;N, sheets (Figure 1e).
The corresponding AFM image (Figure 1 f) revealed a typical
topographic height of 1.2 nm (Figure 1 g), suggesting that the
g-C;N, nanoribbon consists of approximately three layers of
g-C;N, sheets consistent with TEM observation in Figure 1e.

The elemental mappings revealed the coexistent and
uniform distribution of C and N elements for the g-C;N,
nanoribbon-G (Figure 2a—c), and the corresponding energy-
dispersive spectrometry (EDS) was included in Figure S2a. X-
ray photoelectron spectroscopy (XPS) measurements further
verify the existence of a C 1s peak, along with an obvious N 1s
peak corresponding to a N content of 23.74 at % and a weak
O 1s peak without any impurities (Figure 2d). The high-
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Figure 2. a) SEM image of g-C;N, nanoribbon-G. b,c) The correspond-
ing C- and N- elemental mappings. d) XPS spectrum of g-C;N,
nanoribbon-G. e,f) The corresponding high-resolution Cls and

N1s peaks. Scale bars: a—c, 1 pm.
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Figure 3. a) XRD patterns of the original g-C;N,, treated g-C;N,, and g-
C;N, nanoribbon-G and b) the corresponding structural model of the
g-C3N, nanoribbon. c) TGA curves of the original g-C;N, and g-C;N,
nanoribbon-G in N, with a heating speed of 10°Cmin~". d) FTIR
spectrum of the original g-C;N,, graphene and g-C;N, nanoribbon-G,
respectively.

resolution C 1s spectrum is shown in Figure 2e. The peak at
284.8 eV belongs to C-C coordination, and the peak centered
at 288.3 eV corresponds to C-N coordination of g-C;N,. The
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high-resolution N 1s spectrum (Figure 2 f) reveals the typical
N status including pyridine-like (398.8¢eV), pyrrolic
(400.5 eV), and graphitic (401.1 eV) N species, which are
also reflected by a C-N-C peak in the C 1s spectrum of g-C;N,
nanoribbon-G (Figure 2¢).The pressence of O elements with
a content of approximately 10.7 at % probably comes from
both reduced GO and g-C;N, (Figure S$2b and c)."!

Figure 3 a shows the X-ray diffraction (XRD) patterns of
g-C;N, nanoribbon-G in comparison with original g-C;N, and
g-C;N, samples treated by a hydrothermal method. The
original g-C;N, represents the typical diffraction peak at 27.3°
corresponding to the (002) peak of g-C;N, attributed to
interlayer stacking reflection of conjugated aromatic systems.
A weak broad peak at around 13° belongs to the (001) peak of
g-C;N, consistent with an in-plane structural motif.'*?” With
the hydrothermal treatment, the g-C;N, shows a much
sharper diffraction peaks at 13° than that of the initial g-
C;N,, suggesting that the hydrothermal process favors the
structure rearrangement of g-C;N,,,®] which is consistent with
the SEM observation (Figure S3). Impressively, the g-C;N,
nanoribbon-G shows narrow diffraction peaks at 13° and
a much sharper peak at 27.3° compared with
other g-C;N, samples, suggesting that gra-
phene has induced the higher ordering

deformation modes of -NH, groups.” Although most of the
characteristic peaks of CN heterocycles in g-C;N, of the
prepared sample are overlapped by graphene, the peaks at
800 and 1571 cm ™' belongi to g-C;N, can still be recognized.

The HER activities of g-C;N, nanoribbon-G were inves-
tigated in 0.5M sulfuric acid electrolyte using a three-elec-
trode setup with a sample loading of 0.143 mgcm ™2 on a glassy
carbon (GC) electrode and polarization curves at different
loading weight are also shown in Figure S4b and c. The
original g-C;N, and N-doped graphene (N-G) materials were
also studied for comparison (Figure S5b—d). As shown in
Figure 4a, the prepared g-C;N, nanoribbon-G exhibits
a much lower onset overpotential (=80 mV) than other
carbon-based materials and even non-noble metals or oxides
(Table S1),>31-32 suggesting a superior HER activity. On the
other hand, the g-C;N, nanoribbon-G shows a large cathodic
current density of 23.7 mA cm 2 at 7 =300 mV, which is about
100 times that of the N-G electrode (0.24 mA cm™) and far
bigger than the original g-C;N, electrode (0.04 mAcm™?;
Figure 4a). The Tafel slope of g-C;N, nanoribbon-G was
54 mVdec™, indicating that the release of molecular hydro-

LS o .2 (a) 0q (b) 030
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tion at approximately 800 cm™ belongs to
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The peaks at approximately 3200 and
3400 cm™ are attributed to stretching and  versus RHE.
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Figure 4. a) The HER polarization curves and b) the corresponding Tafel plots of various
catalysts (g-C3N, nanoribbon-G, Pt wire, N-G and g-C;N,, respectively) with a scan rate of
50 mVs™' in 0.5M H,SO,. c) The polarization curves of g-C;N, nanoribbon-G with a scan
rate from 5 to 100 mVs ™. d) The HER current density at 10 mAcm™? versus overpotential
for various catalysts. e) Plot showing the extraction of the double layer capacitance (Cdl)
for g-C3N, nanoribbon-G at 0.2 V. f) Time dependence of the current density at 200 mV
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gen is the rate-limiting step (see section SI-A in the Support-
ing Information),” thus leading to a faster increment of the
HER rate with increasing overpotential (Figure 4a,b and
Table S1). As shown in Figure 4c, the i~V curves of g-C;N,
nanoribbon-G are almost the same at scan rates from 10 to
100 mVs™', demonstrating its excellent stability for highly
active electrochemical process. The polarization curve
recorded on g-C;N, nanoribbon-G displays an ultra-low
overpotential of 207 mV to achieve a 10 mAcm> HER
current density, which is more positive than those of non-
metal catalysts and comparable to metallic derivatives (Fig-
ure 4a&d and Table S1).?**'1 On the other hand, the
exchange current density (J,) of g-C;N, nanoribbon-G
obtained by applying an extrapolation method to the Tafel
plot was 39.8 uF cm 2, which is far larger than other compared
metal-free catalysts, well-developed non-noble metal nano-
materials, and their derivatives after normalizing them
to the same surface area and catalyst loading mass
(Table S2).[42431-3]

The electrochemical double layer capacitance (Cdl) was
carried out using a simple cyclic voltammetry (CV) method to
estimate the effective surface areas of the solid-liquid inter-
face for g-C;N, nanoribbon-G (Figure 4e, Figure S6a, and
Table $2).2*% For capacitance measurement, a potential
range of 0.15-0.25V versus RHE was selected owing to
a negligible Faradic current features in this region for g-C;N,
nanoribbon-G. The g-C;N, nanoribbon-G exhibits very high
Cdl of 13 mF cm? compared with other counterparts, indicat-
ing the highly exposed active site and excellent HER
(Table S2). Besides, the LSV plots of g-C;N, nanoribbon-G
at different scan rates after subtracting the capacitance
currents were also demonstrated in Figure S6b. Continuous
HER at a constant overpotential was conducted to investigate
the durability of g-C;N, nanoribbon-G. As demonstrated in
Figure 4f, a typical serrate shape was observed for g-C;N,
nanoribbon-G at an overpotential of 200 mV because of the
alternate accumulation and release processes of H, (g)
bubbles. The current density exhibits only a slight degradation
after long-term cycling of 54 000 seconds, probably because of
the consumption of H* or the accumulation of H, bubbles on
the electrode surface that hinder the reaction process (Fig-
ure 4 f and Figure S7).

The mechanism for converting H" to H, during HER in
acidic medium have been proposed.***! The high HER
activity and excellent stability of the prepared g-C;N, nano-
ribbon-G can be attributed to three aspects: 1) The g-C;N,
nanoribbon with unique 1D structure not only provides highly
active hydrogen binding sites during the HER process,” but
also facilitates inter-electron transport along the basal surfa-
ces of g-C;N,. 2) The in situ formed 1D g-C;N, nanoribbon on
3D graphene framework can reinforce the intimate contact
and excellent electrical connection between g-C;N, nano-
ribbon and graphene, leading to an enhanced electron
transfer from graphene to the g-C;N, nanoribbon and further
accelerating the HER process (Figure 1d and e). 3) The
disordered distributions of the g-C;N, nanoribbon on gra-
phene, just like a “grid” covered in graphene sheets, offers
large amounts of intervals, which can fully infiltrate with the
electrolyte and in certain extent, the “grid” can improve
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bubble convection and release away from the electrode
surface preventing the H, (g) bubbles from damaging the
catalysts during the accumulation process, thus leading to
a much long-term stability of g-C;N, nanoribbon-G electro-
des. In general, the unique 3D assembled architecture of 1D
g-C;N, nanoribbons combined with 2D graphene sheets
provides a new metal-free catalyst for highly efficient electro-
catalytic hydrogen evolution.

The g-C;N, nanoribbons are generally not produced if the
GO suspension is absent during the hydrothermal process. To
investigate the formation of the 1D g-C;N, nanoribbon on the
2D graphene sheets, we tracked the growth of the g-GN,
nanoribbon with reacting time (Figure 5). During the hydro-

o Sy

200 nm.

Figure 5. Nucleation and growth process of g-C;N, nanoribbons on
graphene with the g-C;N,/GO weight ratio of 1/0.15. The mixture of g-
C;N, and GO suspensions were hydrothermally treated at 180°C for
0.5 (a,b), 4 (c,d), and 6 h (e,f), respectively.

thermal treatment, the hydrogen bonds within the bulk g-
C;N, sheets could be breakable because of the enhanced
solvation at elevated temperatures, leading to the conversion
of bulk g-C;N, to molecule-like g-C;N, (Figure S8). These
molecule-like g-C;N,s could first nucleate at the “active sites”
(such as functional groups, defects or folds) of GO nanosheets
at the beginning of the hydrothermal process (Figure 5a and
b). The “active sites” would minimize the interfacial energy
barrier between the solid surface and liquid solution, which
was beneficial to the subsequent assembly of g-C;N, on them.
With the increase of reaction time, thin and fine strips of g-
C;N,s were formed (Figure 5S¢ and d). Finally, dense g-C;N,
nanoribbon networks were generated on graphene sheets
with the prolonged hydrothermal reaction (Figure 5e and f).
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Interestingly, a longer reaction time (e.g., 24 h) could lead to
the formation of g-C;N, rods across the graphene networks
(Figure S9), which suggests the convenience of the hydro-
thermal approach for tuning the nanostructure of g-C;N,. In
addition, the reacting temperature and the weight ratio of g-
C;N, versus GO are also important to affect the formation of
g-C;N, nanoribbons. The detailed discussion has been
included in Figures S10-S13.

In summary, the rationally assembled 3D architecture of
in situ formed 1D g-C;N, nanoribbons with 2D graphene
sheets has been achieved by using a simple one-step hydro-
thermal method, which exhibits highly efficient electrocata-
Iytic ability for the HER with low overpotential and
extremely large exchange current density, comparable to or
even better than that of the existing metal-free and well-
fabricated metallic catalysts. The formation of g-C;N, nano-
ribbons on graphene sheets is controllable by tuning the
reaction parameters. This work opens the opportunity for
constructing the new type of g-C;N, nanostructured materials
for a large variety of electronic and photoelectronic device
applications beyond the highly efficient catalytic behavior for
the HER demonstrated in this study.
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