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ABSTRACT Pt-free electrocatalysts for hydrogen evolution reac-

tion (HER) with high activity and low price are desirable for many __

state-of-the-art renewable energy devices, such as water electrolysis =
and photoelectrochemical water splitting cells. However, the design i -
and fabrication of such materials remain a significant challenge. This
work reports the preparation of a flexible three-dimensional (3D)

film by integrating porous GGN, nanolayers with nitrogen-doped

graphene sheets, which can be directly utilized as HER catalyst 3 é - @?:1 éraphene e

electrodes without substrates. This nonmetal electrocatalyst has

displayed an unbeatable HER performance with a very positive onset-potential close to that of commercial Pt (8 mV vs 0 mV of Pt/C, vs RHE @ 0.5 mA cm %),
high exchange current density of 0.43 mA cm 2, and remarkable durability (seldom activity loss >5000 cycles). The extraordinary HER performance stems
from strong synergistic effect originating from (i) highly exposed active sites generated by introduction of in-plane pores into (;N, and exfoliation of G;N,

into nanosheets, (ii) hierarchical porous structure of the hybrid film, and (iii) 3D conductive graphene network.
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van der Waals heterostructure

s one of the most abundant ele-

ments on the earth, hydrogen is

considered to be the future substi-
tute for finite fossil fuels." Although hydro-
gen may be generated from water, biomass,
or coal, only hydrogen derived from water
splitting can provide a sustainable, secure
and clean energy system without environ-
mental emission.? > Water electrolysis via
hydrogen evolution reaction (HER), pro-
moted by effective electrocatalysts, can
generate hydrogen at room temperature.
In particular, the most efficient HER electro-
catalyst, ie, platinum (Pt), can produce
hydrogen from water without the need
of excessive driving potentials (onset-
potential is about 0 mV vs RHE).5® Never-
theless, Pt is neither abundant nor low cost,
which are the main drawbacks in the devel-
opment of water electrolysis technology for
large-scale hydrogen production. Therefore, it
is both practically necessary and economic-
ally desirable to develop an alternative
HER catalyst with similar activity but much
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lower price as compared to commercial
Pt/

For that reason, extensive efforts have
been undertaken to develop non-Pt electro-
catalysts, including both nonprecious metal
(MoS,, CoP, Ni—Mo, etc.) and nonmetal
materials (boron-doped graphene, etc.).*'*
However, the catalytic activities of these
materials are inferior to Pt/C with very large
overpotentials (usually >100 mV for non-
precious metal, and >200 mV for nonmetal
materials @ 10 mA cm~2). The common stra-
tegies used for enhancing the performances
of HER electrocatalysts include the opti-
mization of their chemical compositions
and/or microstructures. Another approach
is to hybridize catalytically active species
with other components such as various
carbons (porous carbons, CNTs, graphene,
etc.). Recently, there is a great interest in the
study of nanohybrids named “van der Waals
heterostructures”, which are typically
composed of graphene and other two-
dimensional (2D) nanolayers assembled
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alternatively in a layer-by-layer fashion.'> Generally,
this kind of hybrid can exhibit an improved electro-
catalytic activity due to the excellent structural features
such as highly exposed active centers present on 2D
nanolayers, conductive graphene sheets, as well as
strong synergistic effects between these components.
Indeed, we recently prepared a nanocomposite con-
sisting of g-CsN, and graphene with the structure
similar to van der Waals heterostructures, which
exhibited a good HER activity as evidenced by the
overpotential shifted from >700 mV for individual
g-C3N,4 to ~250 mV for graphene-C3N, (vs RHE @ 10
mA cm2).'® Despite great efforts in this research, the
study of electrocatalysts based on van der Waals
heterostructures is still in its infant stage. From the
viewpoint of practical applications further work is
needed to enhance their electrocatalytic activities,
making them comparable to that of commercial Pt/C.

Very recently, we demonstrated that various param-
eters other than chemical components and micro-
structure can contribute to the formation of an active
electrocatalyst, for example, electrode architecture,
mechanical properties and catalyst/substrate contact.
Currently, electrocatalysts are often prepared in the
form of powders (including our previous work devoted
to graphene-C3N, composite). They are dispersed in
solvents, casted onto electrodes or substrates, and
then dried to assemble into membrane electrode.'”'®
This process usually results in a limited catalyst/
electrolyte contact area and unavoidable powder
agglomeration, which greatly compromise the electro-
catalytic performance. In contrast, three-dimensional
(3D) macroscopic assemblies, which can be directly
utilized as catalyst electrodes with sufficient catalyst/
electrode contact area and good mechanical proper-
ties, could be a promising solution to this problem.'®2°
Among various materials, nitrogen (N)-doped gra-
phene films are ones of the most promising compo-
nents for fabrication of 3D self-supported electro-
catalysts because of their good conductivity, flexibility
and catalytic properties.?'>* In particular, numerous
out-of-plane pores between graphene sheets in a 3D
film can provide continuous porosity for mass trans-
port during electrochemical processes, which is highly
advantageous for achieving the desired electrocataly-
tic HER performance.>>?® On the other hand, it is well-
known that the amount of accessible active centers is
directly related to the catalytic performance. As in the
case of other well-studied electrocatalysts such as
MoS,, the defects and edges of g-C3N, are important
catalytic centers for HER, which are active for water
dissociation (2H,0O — 2H, + O,). In this respect, the
generation of in-plane pores can introduce additional
edges and defects in 2D C3N,4 nanolayers, and conse-
quently provide more active sites for HER. Therefore,
a rational assembly of N-doped graphene with
porous C3N4 (denoted as PCN) nanolayers into a 3D
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free-standing film may form a new class of cheap
yet efficient electrocatalysts that are useful in many
energy-related catalytic reactions. To our best knowl-
edge, the reports devoted to N-doped graphene and
PCN hybrid films for HER are rare.

In this paper, we fabricate such a 3D hybrid film by
integrating intentionally 2D porous g-C3N, nanolayers
with N-doped graphene sheets (denoted as PCN@-
N-graphene film) via a simple vacuum filtration method.
This material has an interesting structure comparable
to previously reported van der Waals heterostructures,
but with a 3D macroscopic architecture. As compared
to its 2D counterpart, this 3D heterostructure has many
intriguing properties for favored catalysis, such as
highly exposed catalytic centers, hierarchical pores,
and strong mechanical flexibility. Electrochemical
study shows that this nonmetal material exhibits a
superior HER catalytic activity with a low overpotential
very close to that of commercial Pt/C (80 mV vs 4 mV),
which outperforms all the previously reported non-
metal electrocatalysts (>200 mV vs RHE) and most
nonprecious metal catalysts. To investigate the origin
of such high performance, the morphology, micro-
structure and composition of the film have been
characterized by a number of techniques.

RESULTS AND DISCUSSION

Morphology, Composition and Structure of Catalysts. The
multistep preparation process of PCN nanolayers@-
N-graphene film is displayed in Scheme 1. First, the
mixture of melted cyanamide and SiO, template was
annealed in N,, and then PCN was obtained by etching
SiO, template with NaOH. The scanning electron
microscopy (SEM) image of SiO, template is shown in
Figure 1a, as can be seen in this image SiO, spheres of
about 120 nm are regularly packed. As expected the
SEM and transmission electron microscopy (TEM)
images show regularly arranged pores of about
120 nm in PCN (Figures 1b, S1a, Supporting Infor-
mation). The X-ray diffraction (XRD) pattern of PCN
can be assigned to g-CzN, (Figure S1b); its Fourier
transform infrared (FTIR) spectrum displays typical
stretching modes of CN heterocycles (1200—1650 cm™")
and the breathing mode of triazine units (805 cm™,
Figure S1c).

Second, water is utilized to exfoliate PCN because
the similar surface energy of water (102 mJ m~2) and
g-CsN,4 (115 mJ m™2) and the easy formation of hydro-
gen bonds between them facilitate the exfoliation.?”
As a result, thin, transparent and corrugated PCN
nanolayers with macropores were successfully pre-
pared by bath-sonicating PCN in water without any
additives or preintercalation steps (Figures 1c, S1d).
The thickness of PCN nanolayers measured by atomic
force microscopy (AFM) is 1.3—1.4 nm, displaying less
than 4 layers of g-CsN, since its interlayer spacing is
0.33 nm (Figure 1d). For the purpose of comparison
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Figure 1. (a) SEM image of packed SiO, spheres, (b) SEM image of PCN, (c, d) TEM and AFM images of PCN nanolayers, inset in
(d) is the height distribution curve; (e) Photograph of PCN@N-graphene film, inset shows the SEM image of the cross-section
view, (f, g, h) SEM images of the surface, inside structure, cross-section view at high magnification, (i1—i4) EDS elemental

mapping images of overlay, C, N and O of (h).
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Scheme 1. Schematic illustration of the preparation process of PCN@N-graphene film.

bulk C3N,4 without pores and the corresponding nano-
layers (about 1.9 nm, less than 5 layers) were also
synthesized and characterized (Figure S2).

Third, PCN nanolayers were mixed with graphene
oxide (GO) and the resulting mixture (denoted as
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PCN@GO suspension) was reduced by hydrazine
(denoted as PCN@graphene suspension) before filtra-
tion to obtain the PCN@graphene film. The nanosheets
in the mixed suspension are prone to deposit on the
filter membrane in a near-parallel manner directed by
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Figure 2. (a) XRD patterns, (b) Raman spectra, (c) XPS survey scans and (d) high resolution N 1s XPS spectra of PCN@graphene

film and PCN@N-graphene film.

vacuum suction. They are held together by interlayer
m— interactions, van der Waals forces and hydrogen
bonding of oxygen-containing groups but kept sepa-
rated by the hydration forces, electrostatic repulsion
and corrugated configuration of 2D nanosheets.'<'%
Lastly, PCN@graphene film was subjected to a sol-
vothermal process in ammonia to obtain the nitrogen
doped film (PCN@N-graphene film). The freeze-dried
PCN@N-graphene is a highly flexible self-supported
film with a metallic luster, having diameter of 37 mm
and thickness of 30 um (Figures 1e and S3a). The top
surface is microcorrugated with pores (Figure 1f).
Inside the film, there are hierarchical pores ranging
from tens of nanometers to several micrometers intra
and inter layers, resulting from the cross-linking of
graphene sheets and PCN nanolayers (Figure 1g). From
the cross-section view at high magnification, a layer-
by-layer alternate structure is visible (Figure 1h). The
energy dispersive X-ray spectroscopy (EDS) elemental
mapping from this area displays homogeneous distri-
bution of C, N and O (Figure 1i1—i4); and the EDS
spectrum shows an N percentage of 5.36 at %, which
originates from C3N,4 and N-graphene (Figure S3b). The
nondoped PCN@graphene film has similar microstruc-
ture, but with a thickness of 75 um (Figure S4a—c). The
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decreased thickness after nitrogen doping is because
of the agglomeration of graphene sheets at elevated
temperature and high pressure of the N-doping
process. Its EDS spectrum gives N percentage of 3.83
at % only from C3Ng4, lower than that of N-doped film
(Figure S4d); and the distribution of C and N confirms
this feature, in which N distribution is much less dense
than that of PCN@N-graphene film (Figure S4ef).

The microstructure and interactions between
N-graphene sheets and PCN nanolayers in the film
were characterized by XRD and Raman spectra. The
XRD pattern of PCN@N-graphene film shows a negli-
gible (004) peak at 42.5°, and an intense (002) peak at
24.8° with an interlayer spacing (d(o) of 0.345 nm,
which are originated from graphene (Figure 2a). Due to
agglomeration of graphene sheets during N-doping,
the doy spacing is smaller than that of PCN@gra-
phene film (0.359 nm at 25.8°), but larger than that of
pristine graphite (0.335 nm) because of the corrugated
2D microstructure and interlayer repulsive forces.?>*
The peak shift (from 25.8° to 24.8°) may be related to
the structure and valence change of carbon in the
hybrid films after N-doping. The XRD patterns of
graphene film and N-graphene film (Figure S5) also
display a peak shift and d oo, reduction (from 0.395 nm
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at 22.2° of graphene film to 0.363 nm at 24.4° of
N-graphene film) after N-doping, confirming N-doping
effect in as-prepared films. Unexpectedly, the XRD peak
position changes and the doo;) spacing decreases after
incorporating PCN nanolayers in the film, probably
because there is a strong coupling between PCN nano-
layers and N-graphene/graphene sheets through resid-
ual oxygen-containing functional groups. This cou-
pling in the heterostructure compromises the interlayer
repulsive forces, thus affecting the carbon hybridization
state and interlayer distance of graphene sheets.

The Raman spectra (Figure 2b) of PCN@graphene
and PCN@N-graphene films display the D band
(1344 cm™"), G band (1574 cm™'), 2D band
(2672 cm™"), D+G band (2920 cm™"), and 3s band
(3195 cm™") from carbon.?® Similar peaks are visible on
the Raman spectra of graphene and N-graphene films
(Figure S6). The Ip/Ig peak intensity ratios obtained for
graphene, N-graphene, PCN@graphene and PCN@
N-graphene films are 1.18, 1.30, 1.12 and 1.26, respec-
tively, suggesting the presence of numerous defects
and disorders within the samples. The Ip/lg ratios
increase after N-doping, indicating that the introduc-
tion of N onto graphene sheets may increase the sp?
hybridization of carbon, and the amount of defects and
fragments further. Interestingly, the Ip/lg ratios of
as-prepared films decrease slightly after incorporation
of PCN nanolayers, indicating possible coupling
between PCN nanolayers and N-graphene/graphene
via defective sites in the heterostructures, which is
consistent with XRD results.

The composition and element valence of the het-
erostructured films before and after N-doping were
investigated by X-ray photoelectron spectroscopy
(XPS). The XPS survey scans of PCN@gaphene and
PCN@N-graphene films indicate the existence of car-
bon, oxygen and nitrogen (Figure 2c). After N-doping,
the N percentage in PCN@N-graphene film is calcu-
lated to be 4.6 at %, higher than that of PCN@graphene
film (3.4 at %). Moreover, there is a peak shiftin N 1s
from 399.7 eV (PCN@graphene film) to 398.7 eV
(PCN@N-graphene film), revealing a valence and bond
change. The deconvolution of N 1s peak visible on the
spectrum of PCN@N-graphene film shows nitrogen in
the form of pyridinic-N (398.5 eV), pyrrolic-N (399.5 eV),
—NH, (401.9 eV) and =NH (403.4 eV) from N-graphene,
C3N,4 and adsorbed ammonia; while that of N 1s in the
case of PCN@graphene film indicates the presence of
nitrogen in C=N—C (398.1 eV), N—(C)3 (399.9 eV) and
=NH (403.0 eV) from C3N, and adsorbed ammonia
(Figure 2d).?**° The deconvolution of C 1s spectra of
PCN@N-graphene and PCN@graphene films is also
displayed in Figure S7; and the reduction of O percen-
tage from 15.3 at % (PCN@graphene film) to 8.1 at %
(PCN@N-graphene film) suggests that the oxygen
functional groups on graphene sheets were further
reduced during N-doping process.
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The peaks at 805 cm™' on the FTIR spectra of

PCN@graphene and PCN@N-graphene films originate
from triazine units of C3N,4, further confirming the
presence of PCN nanolayers in the hybrid films
(Figure 58).2%31 In addition, the PCN@N-graphene film
displays a good thermal stability as evidenced by
thermogravimetric analysis (TGA), retaining 90.2% of
the original mass after heating at 800 °C in N, atmo-
sphere, which surpasses that of PCN@graphene film
(82.4%, Figure 59).2

N, adsorption—desorption isotherms were mea-
sured to estimate the specific surface area and
pore volume of the materials.3>~>> The Brunauer—
Emmett—Teller (BET) specific surface area and pore
volume obtained for PCN@N-graphene film are
58m?g ' and 0.14 cm® g, respectively; these values
are lower than the corresponding values, 114 m? g~
and 0.37 cm® g, estimated for PCN@graphene film
(Figure 3a). Both pore size distribution curves (PSD,
inset in Figure 3a) are broad ranging from tens of
nanometers to over one hundred nanometers, which
indicates that the nanosheets (PCN nanolayers and
graphene sheets) do not restack in the hybrid films,
and form hierarchical porous structure as evidenced by
SEM. However, the experimental procedure of N,
adsorption—desorption measurement involves drying
and vacuum degassing at elevated temperatures to
clean the samples to obtain reliable data, which can
cause substantial aggregation in graphene-based
materials.3® Interestingly, adsorption of methylene
blue (MB) from ethanol solutions was shown to
be more reliable than N, adsorption for evaluat-
ing the specific surface area of graphene-based
materials because the former method does not need
drying, thermal annealing and vacuum degassing
processes.?3%37 As shown in Figure 3b, the specific
surface areas of PCN@graphene and PCN@N-graphene
film calculated from MB ultraviolet (UV—vis) absorp-
tion curves are 285 m? g~ ' and 195 m? g, respec-
tively. The specific surface area of PCN@N-graphene
film obtained by MB adsorption is two times higher
than that obtained by N, adsorption. This method
was also used to measure the specific surface areas
of N-graphene film (248 m? g~') and graphene film
(343 m? g, Figure $10). Obviously, the decreased
specific surface areas of films after N-doping are due to
the agglomeration of graphene sheets during N-doping,
which is consistent with the decreased thickness and
interlayer distance estimated by SEM and XRD analysis.
Additionally, the smaller specific surface areas of hy-
brid films after incorporating PCN nanolayers may be
because the strong coupling between PCN nanolayers
and N-graphene/graphene sheets reduces repulsive
forces, and consequently, the interlayer distance,
which agrees well with the XRD and Raman data.

HER Activity and Kinetics. The HER performance was
tested in a three-electrode cell (Figure S11) and the
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Figure 3. (a) N, adsorption—desorption isotherms obtained for PCN@graphene and PCN@N-graphene films, inset shows the
corresponding PSD curves; (b) UV—vis absorption spectra of MB solutions before and after adsorption experiments using

PCN@graphene and PCN@N-graphene films.

obtained electrochemical parameters are shown in
Table S1 (all potentials were referenced to a reversible
hydrogen electrode-RHE). The HER polarization curves
(iR corrected) are displayed in Figure 4a. Significantly,
PCN@N-graphene film after initial 750 cyclic voltam-
metry (CV, denoted as PCN@N-graphene-750) exhibits
a very small onset-potential (7., defined as the poten-
tial to achieve 0.5 mA cm 2 of the current density J)
of —0.008 V vs RHE, which is very close to that of
commercial Pt on carbon fiber (denoted as Pt/CF,
25% of Pt, E-TEK, Figure S12), and a current density
J of 502 mA cm ™2 at —0.2 V vs RHE (j_g). This HER
activity is much better than that of PCN@N-graphene
film without CV cycles, with 7, of —0.011 Vandj_g, of
12.9 mA cm ™2, suggesting that the potential cycles can
improve the HER activity significantly, which can be
further related to the change of interactions between
active species and the catalyst electrode during
HER processes. While PCN@graphene film features
o = —0.044 V and j_¢> = 5.0 mA cm™2, which are
much lower than those of N-doped hybrid film. The
HER activities of heterostructured films are higher than
that of both pure graphene and N-graphene films (with
iR correction, Figure S13). The aforementioned results
suggest that the integration of PCN nanolayers with
graphene sheets and N-doping can enhance the HER
activity significantly; PCN@N-graphene-750 was shown
to have the greatest HER activity among as-prepared
materials.

Generally, there are three reaction steps for HER in
acidic electrolytes, including a primary discharge step
(Volmer reaction, with a Tafel slope of 120 mV dec™")
followed by an electrochemical desorption step
(Heyrovsky reaction, with a Tafel slope of 40 mV dec™")
or a recombination step of adsorbed hydrogen
on catalysts (Tafel reaction, with a Tafel slope of
30 mV dec").>*%3° The Tafel slope is an inherent pro-
perty of catalysts determined by the rate- determining
step (RDS); a small Tafel slope leads to a greatly enhanced
HER rate at a moderate increase of overpotential.**%*'
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To investigate the kinetics of HER processes promoted
by as-prepared catalysts, the Tafel plots at low over-
potentials have been linearly fitted to the Tafel eq
(Figure 4b, iR corrected). The Tafel plot of PCN@
N-graphene-750 gives a Tafel slope of 49.1 mV dec’,
much lower than those of PCN@N-graphene (88.6
mV dec™") and PCN@graphene films (143.3 mV dec ™).
The variation of Tafel slops can be explained by the
change of RDS in HER processes. The RDS for PCN@
N-graphene and PCN@graphene films follow the Vol-
mer step, but it is the Heyrovsky step is observed for
PCN@N-graphene-750. Even though the HER mecha-
nism promoted by the heterostructured films is incon-
clusive, the smallest Tafel slop of PCN@N-graphene-750
still suggests the most favorable kinetics of HER pro-
cesses among all the samples, which is also very low as
compared to the reported values.”' "4

In addition, the HER activity was further compared
quantitatively using the required overpotentials to
achieve a current density J of 10 mA cm ™2 (17;,, left of
Figure 4c). For PCN@N-graphene-750, 77,0 is 0.08 V vs
RHE, much smaller than those of PCN@N-graphene
(0.17 V), PCN@graphene films (0.28 V), confirming high
HER activity of PCN@N-graphene-750. The exchange
current density (jo) is also one of the most important
parameters to describe the catalytic efficiency.*** By
extrapolation of the Tafel plots to J axis, the obtained
jo of PCN@N-graphene-750 is 0.43 mA cm™2, higher
than those of PCN@N-graphene (0.37 mA cm ™), and
PCN@graphene films (0.25 mA cm™3 right panel
of Figure 4c). The highest j, of PCN@N-gaphene-
750 suggests the best catalytic efficiency, further
confirming the most favorable HER kinetics at the
PCN@N-graphene-750/electrolyte interface among all
the samples, which is also one of the largest values
among reported results.® 4044

The HER kinetics at the electrode/electrolyte inter-
face was further investigated by electrochemical
impedance spectroscopy (EIS, tested at —0.2 V vs RHE,
Figures 4d, 513d).5*® The series resistance (R) data was
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Figure 4. (a) Polarization curves (inset shows polarization curves with current density below 10 mA cm2). (b) Tafel plots at

low potentials. (c) Overpotential@10 mA cm 2

vs RHE (left) and exchange current density (right). (d) Electrochemical

impedance spectra at —0.2 V vs RHE of PCN@graphene, PCN@N-graphene, and PCN@N-graphene-750 films. (e) The
polarization curves after different CV cycles. (f) Required overpotential@10 mA cm~2 vs RHE plotted as CV cycle numbers
of PCN@N-graphene film (inset is the current density@—0.2 V vs RHE).

obtained in the high frequency zone and then used to
correct the polarization curves. The charge transfer
resistance (R.,) is related to the electrocatalytic kinetics
and its lower value corresponds to the faster reaction
rate, which can be obtained from the semicircle in the
low frequency zone. The R value for PCN@N-graphene-
750is about 35.4 Q cm? which is much lower than that of
other materials with over one hundred Q cm?, suggest-
ing the easiest electron transfer, and consequently, the
most favorable HER kinetics at the PCN@N-graphene-
750/electrolyte interface. The R value of as-prepared
films decreases after N-doping, indicating that the HER
kinetics is improved significantly by N-doping.
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HER Durability. Durability is another important crite-
rion to evaluate the electrocatalyst performance; so the
cycle performance was investigated using polarization
curves (Figure 4e, without iR correction). Surprisingly,
the HER activity of PCN@N-graphene film increases at
first: the current density J at —0.6 V vs RHE (j_gg)
increases from 459 mA cm 2 to 101.7 mA cm ™2 and
7o changes from —0.034 V to —0.010 V vs RHE after
750 cycles. Then HER activity slightly decreases, and
1o does not change much butj_, ¢ decreases gradually
to 97.4 mA cm™2 after 1000 cycles, to 88.3 mA cm 2
after 4000 cycles and to 87.8 mA cm 2 after
5000 cycles. Therefore, the PCN@N-graphene film still
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maintains 86.3% of the highest j_q ¢ after 5000 cycles,
displaying an excellent durability.>'*334* Moreover,
110 vs CV cycle numbers decreases greatly at the initial
750 cycles and increases slightly after 5000 cycles,
achieving the lowest value at 750 cycles (0.08 V,
Figure 4f). The j_q, current density displays the oppo-
site trend as compared to that of #,,, obtaining the
highest value at 750 CV cycles (27.2 mA cm ™2, inset of
Figure 4f). The variation of 1,9 and j_, is consistent
with polarization curves, confirming the excellent
durability of this heterostructured film. Significantly,
the layer-by-layer and hierarchical porous micro-
structure can still be preserved after 5000 cycles
(Figure S14). The superior durability of PCN@
N-graphene film can be related to the flexibility and
stiffness of the freeze-dried film, its special hierarchical
porous structure and the strong coupling between
PCN nanolayers and N-graphene sheets.

Effect of PCN Nanolayers Percentage on the HER Activity.
Effect of the percentage of PCN nanolayers in the
hybrid film on the HER activity has been studied
(Figure S15, not iR corrected). First, the HER activity of
the hybrid films increases with the content of PCN
nanolayers increasing from zero to 5% and further to
9.1%, and then decreases with further increasing the
content of PCN nanolayers to 25 and 50%. The hybrid
film with 9.1% of PCN nanolayers (that is PCN@
N-graphene wet film with 7, of —0.26 V and j_o¢ of
20.6 mA cm™2) exhibits the best HER activity. Therefore,
the percentage of PCN nanolayers in the hybrid films is
highly important for optimizing the HER activity, which
is related to the amount of active sites, electron transfer
resistance and interactions between PCN nanolayers
and N-graphene sheets.

Relationship between the Composition, Microstructure of
Catalysts and HER Performance. By integrating PCN nano-
layers with graphene into a heterostructure, strong
coupling between PCN nanolayers and graphene sheets
is probably formed via oxygen groups and defective
sites, which can compromise a part of electrostatic
repulsive forces of graphene sheets. So there is a small
reduction in interlayer distance and specific surface area
of the hybrid film. It is well-known that maximizing the
exposed catalytic active sites is a facile approach to
optimize the catalytic activity. Bulk CzN, exposes little
active sites due to the small surface area and limited
number of exposed edges. 2D C3N, nanolayers can
expose active sites at the edges, but the in-plane
macropores in PCN nanolayers can expose much more
active sites thus maximizing the exposed HER active sites
in 2D PCN nanolayers. Thereby, in spite of the decreased
surface area, the HER activities of the heterostructures
studied (PCN@graphene and PCN@N-graphene films) are
still better than those of pure graphene and N-graphene
films because of the more exposed active sites.

In addition, hierarchical pores were generated intra
and inter layer in the films due to the interlocking-tile
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cross-linking and the corrugated configuration of gra-
phene sheets and PCN nanolayers.*® The hierarchical
porous structure enhances its high surface area and is
also highly facile for the mass transport during HER
processes. Especially, it can accommodate the volume
change during gas evolution, thus preventing the
degradation of microstructure and catalyst peeling,
which guarantees a robust durability.

During N-doping process, graphene sheets and
PCN nanolayers agglomerated due to the elevated
temperature and high pressure, and the residual
oxygen functional groups on graphene prepared by
Hummers' method can be eliminated further. Conse-
quently, the interlayer distance and specific surface
area decreased, but the electron conductivity in-
creased greatly. Moreover, introducing N into carbon
structure results in asymmetry spin and charge density
distribution, which are beneficial for the electrocataly-
tic process. Therefore, the HER activity of N-doped film
(PCN@N-graphene and N-graphene films) is higher
than that of non-N-doped film (PCN@graphene and
graphene films).

There was a drastic enhancement of the HER activ-
ity for PCN@N-graphene film during CV cycles, in which
jo increased from 0.37 at the beginning to 0.43
mA cm? after 750 CV cycles, 1o decreased from
0.17 to 0.08 V and the Tafel slope decreased from
88.6 mV dec ' t0 49.1 mV dec ™' These results suggest
a change in the HER mechanism during the CV cycles,
in which the RDS changed from Volmer step at the
beginning to Heyrovsky step after 750 cycles. The
wetting ability of the dried film (PCN@N-graphene
film) was very poor due to the removal of oxygen
groups upon drying, so at the beginning of the HER
process the contact and electron transfer at the elec-
trode/electrolyte interface were not good, making the
primary discharge step very slow. After some CV cycles,
the interactions between active species, the dried film
and electrolyte were enhanced, so the contact and
the electron transfer at the interface were improved
significantly. Thereby, the discharge process became
quick, and the RDS changed to the desorption process
of hydrogen on the film (Heyrovsky step). With the
highest j, and smallest Tafel slope, PCN@N-gaphene-
750 exhibits the best HER performance among all the
samples.

CONCLUSIONS

In summary, this work reports the first design and
fabrication of 3D N-graphene-C3N,4 hybrid film with the
microstructure comparable to van der Waals hetero-
structures. The novel material studied exhibited an
excellent catalytic activity, which makes it an ideal
candidate for the next generation of HER catalysts.
Further study revealed that the performance enhance-
ment can be associated with excellent structural prop-
erties of electrocatalysts, i.e., abundance of exposed
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active sites, hierarchical porous structure, synergistic
coupling between PCN nanolayers and graphene
sheets, and nitrogen doping modification of graphene
functionality. The resulting catalyst also showed an
excellent durability during long-term cycling in acidic
environment due to the effective accommodation

EXPERIMENTAL SECTION

Materials Synthesis. PCN was prepared using packed silica
spheres (~120 nm, see Supporting Information for preparation
process) as hard templates. In a typical procedure, 1 g of packed
SiO, spheres were put into 1 g of melted cyanamide, and the
mixture was kept in a vacuum oven at 50 °C for 3 h. Then the
mixture was subjected to annealing in N; at 550 °C with a ramp
of 4°C min~" for 5.5 h in a tube furnace (Elite Thermal Systems,
Ltd.). 0.1 g of the as-obtained product was etched using 2 mL of
5 M NaOH aqueous solution at room temperature overnight,
washed with DI water three times and dried under ambient
conditions. For the purpose of comparison, bulk g-C3N, without
macropores was also prepared by direct annealing cyanamide
in N, at 550 °C with a ramp of 4 °C min~" for 5.5 h.

To prepare 2D PCN nanolayers, 1 mg mL~" of PCN aqueous
suspension was subjected to bath-sonication (185W, Branson)
for 4 h, followed by centrifugation at 1000 rpm for 60 min. The
top 80% liquid was collected, which was the aqueous suspen-
sion of PCN nanolayers. C3N,4 nanolayers without macropores
were prepared similarly by sonicating 1 mg mL™" of bulk g-C5N,4
aqueous suspension for 4 h and centrifuging the as-resultant
product at 1000 rpm for 60 min.

Furthermore, hybrid films were fabricated by a vacuum
filtration method. Specifically, 0.91 mg of PCN nanolayer sus-
pension (~0.43 mg mL™") and 9.09 mg of 0.5 mg mL™" gra-
phene oxide solution (see Supporting Information for
preparation process) were mixed and diluted into 100 mL of
0.1 mg mL™' PCN@GO suspension. After adding 350 uL of
ammonia (25%), the mixture was bath-sonicated for 1 h to
produce a homogeneously mixed suspension. After further
addition of 40 uL of hydrazine, the PCN@GO suspension was
reduced to PCN@graphene suspension at 95 °C for 6 h by
ammonia and hydrazine. Then it was vacuum-filtrated using
a mixed cellulose esters membrane filter (47 mm in diameter,
0.22 mm pore size, Whatman) to form a hybrid film, which was
peeled off from the filter membrane and freeze-dried into
PCN@graphene film. Pure graphene film was prepared similarly;
sonicating 100 mL of 0.1 mg mL ™" GO solution for 1 h, reducing
it using 350 uL of ammonia and 40 uL of hydrazine at 95 °C for
6 h, then filtrating the reduced solution and freeze-drying the
peeled film.

Lastly, PCN@N-graphene film was synthesized by solvother-
mal treating of PCN@graphene film in a stainless steel autoclave
with 10 mL of ammonia at 150 °C for 5 h, and then freeze-dried.
For the purpose of comparison, N-graphene film was also
prepared through the same solvothermal process at 150 °C
for 5 h in 10 mL of ammonia (25%) using pure graphene film.

Electrochemical Testing. Electrochemical measurements were
performed in a three-electrode glass cell on a 760 workstation
(Pine Research Instruments, US) using Ag/AgCl/KCl as the
reference electrode, graphite rod as the counter electrode
and hybrid films as working electrodes. All measurements were
carried out in N,-saturated 0.5 M H,SO, to eliminate dissolved
oxygen. All potentials were referenced to a RHE by adding a
value of (0.205 + 0.059 x pH) V.

Characterization. Morphology of as-obtained samples was
observed using TEM (Tecnai G2 Spirit) and SEM (QUANTA
450). EDS spectra were measured on the QUANTA 450 SEM.
Atomic force microscopy (AFM) analysis was conducted on a
NT-MDT Ntegra Solaris machine. XRD patterns were recorded
on a Philips 1130 X-ray diffractometer (40 kV, 25 mA, Cu Ka
radiation, A = 1.5418 A). Raman spectra were recorded on an
iHR550 Raman microscope (HORIBA scientific) with 532 nm
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of C3N, between graphene sheets. Moreover, this
material was prepared via a facile procedure using
low-cost precursors, which can be easily extended to
the preparation of other graphene-based 3D catalysts
for a broad range of applications such as heterocata-
lysis, solar cells, fuel cells, etc.

solid laser as an excitation source. FTIR spectroscopy was
recorded on a Nicolet 6700 spectrometer. UV—vis absorption
spectra were obtained using a SHIMADZU UV-2600 spec-
trophotometer. TGA (Setaram) was operated from 20 to
800 °C with a ramp of 10 °C-min~' under N,/O, flow.
XPS spectra were recorded on an Axis Ultra (Kratos Analytical,
UK) with an Al Ka source (1486.6 eV). Nitrogen adsorption—
desorption isotherms were measured at —196 °C on a TriStar Il
3020 Micrometrics apparatus. Adsorption of MB from ethanol
solution was also used to measure the surface area (see
Supporting Information).
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