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ABSTRACT: We have used a scalable and inexpensive method
to prepare a catalyst comprising graphdiyne nanosheet-
supported cobalt nanoparticles wrapped by N-doped carbon
(CoNC/GD); this unprecedentedly durable electrocatalyst
mediated the hydrogen evolution reaction (HER) with highly
catalytic activity over all values of pH. The durability of the
CoNC/GD structure was evidenced by the catalytic perform-
ance being preserved over 36 000, 38 000, and 9000 cycles
under basic, acidic, and neutral conditions, respectively
behavior superior to that of commercial Pt/C (10 wt %) under
respective conditions. Such long-term durability has rarely been
reported previously for HER catalysts. In addition, this
electrode displayed excellent catalytic activity because the
improved physical/chemical properties facilitated electron
transfer in the composite. The combination of high durability and high activity at all values of pH for this nonprecious metal
catalyst suggests great suitability for practical water splitting.
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■ INTRODUCTION

The rapid development of clean and sustainable alternative
energy has great potential for environmental remediation.
Hydrogen gas (H2) is one of the cornerstones on which energy-
dense and renewable clean fuel is based; this energy-dense and
renewable clean fuel is a promising candidate for replacing fossil
fuels.1,2 Electrochemical water-splitting, consisting of a hydro-
gen-evolving reaction (HER) and an oxygen-evolving reaction
(OER), is the simplest and most economically viable route for
the efficient production of high-purity H2.

3,4 Although Pt-based
catalysts are currently the state-of-the-art for HER, their high
cost and scarcity prevent their practical applications. Develop-
ing inexpensive catalysts that are not based on noble metals
(e.g., transition-metal carbides,5,6 sulfides,7−9 selenides,10

nitrides,5,11−13 and phosphides14−17) for hydrogen production
is a great challenge for research into sustainable energy. Ideally,
the HER and OER would be conducted in the same electrolyte
to ensure an energy-efficient overall water splitting process. In
practice, however, most of the current prevailing catalysts for
HER exhibit efficient activities only under acidic conditions,
whereas the best OER catalysts function well only under
alkaline or neutral conditions. Only a very limited number of

catalysts can be operated over a wide pH range, including
cobalt phosphide nanowire arrays on carbon cloth (CoP/
CC),15 cobalt-embedded nitrogen-rich carbon nanotubes (Co-
NRCNTs),18 hollow Co-based bimetallic sulfide (MxCo3−xS4;
M = Zn, Ni, Cu) polyhedral,9 tungsten phosphide nanorod
arrays on carbon cloth (WP NAs/CC),16 and MoP2 nano-
particles (NPs) on Mo.17 Despite having decent electro-
chemical properties, poor durability has restricted the practical
applications of these catalysts. Therefore, the challenge remains
to develop inexpensive HER electrocatalysts that function over
all values of pH with high activity and exceptional stability.
Catalysts based on TMs (e.g., Co) have emerged as

alternatives to precious metal catalysts because of their low
cost and theoretical activity. Although integration of Co species
with carbon materials (e.g., graphene,19 CNTs18) can improve
the electrocatalytic properties, the cycle lives of such materials
remain limited. Therefore, more suitable supporting materials
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will have to be found to enhance the catalytic perform-
ance.18,20−25

Graphdiyne (GD), a new carbon allotrope having a one-
atom-thick, two-dimensional structure of sp- and sp2-hybridized
carbon atoms, has been predicted to be the most stable
diacetylenic carbon allotrope (improved long-term stability
under harsh conditions); therefore, it should have high
applicability in electronic devices and energy materials.26−47

The flat sp- and sp2-hybridized carbon network endows GD
with a unique electronic structure and electrical conductivity
superior to that of graphene,48 highly beneficial for electron
transfer. Recently, He et al.49 observed strong chemisorption
between TM atoms (e.g., Co) and the alkyne ring of GD,
leading to strong electron transfer from, for example, Co to
GD, enriching the electron density on the GD shell surface and
improving its HER activity. Moreover, the transition metal-
adsorbed GD (TM-GD) was proposed to be more stable than
corresponding TM-adsorbed graphene, potentially allowing the
fabrication of catalysts with more robust long-term durability.
In this respect, GD nanosheets would be superior scaffolds for
fabricating HER electrocatalysts with excellent long-term
durability and catalytic activity. Despite tremendous interest
in GD, to the best of our knowledge, no previous reports have
appeared regarding the use of GD-based electrocatalysts for
HER.
In this paper, we report a scalable and inexpensive method

for preparing GD-supported Co NPs wrapped by N-doped
carbon layers (denoted “CoNC/GD”; Scheme 1, see

Experimental Section for details). This is the first GD-based
HER electrocatalyst that functions well at all values of pH. The
composite cathode exhibited unprecedented durability; for
example, its HER catalytic activity was preserved for 36 000,
38 000, and 9000 cycles under basic, acidic, and neutral
conditions, respectively, surpassing that of commercial Pt/C
(10 wt %) under respective conditions. The unique architecture
also improved the physical/chemical properties, thereby
increasing its electron transfer ability and resulting in high
catalytic activity. To the best of our knowledge, such excellent
long-term stability for a non-noble-metal HER catalyst that can
be operated at all values of pH has never been reported
previously.

■ EXPERIMENTAL SECTION
Materials. Tetrabutylammonium fluoride (TBAF) was purchased

from Alfa Aesar. Hexabromobenzene was obtained from J&K
Scientific. Commercial Pt/C (10 wt % Pt on an activated carbon
support) was purchased from Alfa Aesar. Toluene and tetrahydrofuran
(THF) were pretreated by drying under reflux with Na crumbs. Unless
otherwise specified, all other reagents were purchased commercially
from Sinopharm Chemical Reagent and used without further
purification. All aqueous solutions were prepared with Milli-Q water.

Preparation of GD. GD was synthesized on the surface of copper
using a modified Glaser−Hay coupling reaction using hexaethynyl-
benzene (HEB) precursors, as described previously.29 In a typical
procedure, HEB was first synthesized by adding TBAF (1 M in THF,
1.2 mmol) to a THF solution of hexakis[(trimethylsilyl)ethynyl]-
benzene (0.20 mmol) at 0 °C for 10 min. The solution was then mixed
with ethyl acetate, followed by being extracted with saturated sodium
chloride solution for three times and dried by anhydrous Na2SO4. The
solvent was removed under reduced pressure. The obtained HEB was
immediately dissolved in pyridine (25 mL) and added very slowly into
a solution of Cu foil in pyridine (50 mL) at 80 °C. In the process of
GD formation, the Cu foil served as not only the catalyst for the cross-
coupling reaction but also the substrate for the growth of the GD film.
The mixture was then heated for 3 days at 80 °C under a N2
atmosphere, protected from light. Upon completion of the reaction,
the Cu foils covered by GD layers were washed with hot acetone and
DMF under sonication for 1 h to obtain a black solid, which was then
thoroughly washed sequentially with 4 M NaOH, 6 M HCl, and 4 M
NaOH to remove impurities. Finally, the black solid was collected by
centrifugation; washed sequentially with Milli-Q water, hot DMF (80
°C), and acetone; and dried in a vacuum oven at 60 °C. The resulting
pure bulk GD was exfoliated under sonication for 2 weeks to form a
homogeneous aqueous dispersion of GD.

Preparation of CoNC/GD. Cobalt acetate tetrahydrate [Co-
(CH3COO)2·4H2O, 0.80 mmol] and Dicyandiamide (DCD, C2H4N4,
1.2 mmol) were codissolved in ethanol/water (1:1, v/v; 20 mL). The
mixture was then heated at 80 °C with vigorous stirring for 5 h. A GD
suspension (2 mg/mL, 3 mL) was added to the mixture, which was
then stirred for 5 h. The homogeneous mixture was rotary evaporated
to dryness. Finely ground samples were placed on a covered alumina
boat and then heated (with a ramp of 10 °C/min) at 500 °C for 2 h
and then at 700 °C for 2 h under a N2 atmosphere. The resultant black
powder was treated with 0.5 M H2SO4, washed thoroughly with
distilled water, and dried under vacuum.

For comparison, samples were also prepared using a similar
procedure but without the addition of Co(CH3COO)2·4H2O or
DCD; these samples are denoted “NC/GD” and “Co/GD,”
respectively.

Characterization. Scanning electron microscopy (SEM) images
were recorded using a Hitachi Model S-4800 field emission scanning
electron microscope. TEM and HRTEM were performed using a JEM-
2100F electron microscope with an accelerating voltage of 200 kV.
XPS was performed using a Thermo Scientific ESCALab 250Xi
instrument and 200-W monochromated Al Kα radiation. The binding
energies obtained in the XPS analyses were corrected with reference to
C 1s (284.8 eV). XRD data were collected using a Japan Rigaku D/
max-2500 rotation anode X-ray diffractometer and graphite-mono-
chromated Cu Kα radiation (λ = 1.54178 Å). Raman spectra were
recorded at a resolution of 2 cm−1 using a Renishaw-2000 Raman
spectrometer, with the 514.5 nm line of an Ar ion laser as the
excitation source. BET surface areas were measured using a
Micromeritics ASAP 2020 HD88 system with N2 adsorption at 77 K
and the Barrett−Joyner−Halenda (BJH) method. The Brunauer−
Emmett−Teller (BET) surface area and the pore size distribution of
the catalysts were measured using a Micromeritics ASAP 2020 HD88
system and the Barrett−Joyner−Halenda (BJH) method. All the
samples were degassed at 150 °C prior to measurements.

Electrochemical Measurements. Electrocatalytic properties were
studied using an electrochemical workstation (CHI. 660D, Shanghai
CH. Instruments, China) with a typical three-electrode system. A

Scheme 1. Schematic Representation of the Fabrication of
the CoNC/GD. Synthesis Steps: (1) Adsorption of
Co(oAc)2 and DCD onto GD Nanosheets; (2) Sequential
Annealing Treatments of the Mixture at 500 and 700 °C in
Ar Atmosphere; (3) Additional Acid Treatment of the
Resulting Materials
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saturated calomel electrode (SCE) was used as the reference electrode
and a carbon rod as the counter electrode. To prepare the catalyst ink,
the catalyst (1 mg) was mixed with ethanol/water (1:1, v/v; 960 μL)
and 5 wt % Nafion solution (40 μL) under sonication for 2 h. A
portion (20 μL) of the above solution was then drop-cast onto the
surface of a GCE and dried at room temperature, yielding a catalyst
loading of approximately 0.286 mg cm−2. Linear sweep voltammetry
(LSV) of CoNC/GD (scan rate: 5 mV/s) was performed at room
temperature in 0.5 M H2SO4 (pH 0), 1 M PBS (pH 7), or 1 M KOH
(pH 14). CV was conducted at a scan rate of 100 mV s−1. All
potentials (E), measured against the SCE electrode, were converted to

the reversible hydrogen electrode (RHE) scale, according to the
equation: E (versus RHE) = E (versus SCE) + E0 (SCE) + 0.059pH.
The electrochemical impedance spectra (EIS) were performed with
the working electrode at a certain potential in the frequency from 100
kHz to 1 Hz with a sampling rate of 12 points per decade. A Nyquist
plot was recorded to analyze the impedance results.

■ RESULTS AND DISCUSSION
The crystal structures of pristine GD and CoNC/GD were
examined using X-ray diffraction (XRD, Figure 1a). Compared
to pristine GD, the CoNC/GD (Figure 1a, trace (ii) shows a

Figure 1. (a) XRD patterns of (i) GD and (ii) CoNC/GD, indicating the characteristic peaks for graphite and metallic Co. (b, c) SEM images of
CoNC/GD at (b) low and (c) high magnification. (d) TEM and (e) HRTEM images of CoNC/GD. (f) STEM image and EDX elemental mapping
of C, Co, and N for the CoNC/GD catalyst.

Figure 2. High-resolution XPS spectra of CoNC/GD: (a) C 1s, (b) N 1s, (c) Co 2p. (d) Raman spectra of pristine GD (trace i) and CoNC/GD
(trace ii).
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broad peak located around 25.5°, corresponding to the (002)
plane of graphite-type carbon. The characteristic peaks located
around 44.2 and 51.5° correspond to the (111) crystal planes of
face-centered cubic (fcc)−structured metallic Co (JCPDS No.
15−0806).50 These observations revealed the success formation
of Co−C−GD composites. SEM images (Figure 1b and c)
revealed the three-dimensional (3D) macroporous intercon-
nected features of the CoNC/GD catalyst and the rough
surface morphology of the GD sheets, resulting from the
presence of the Co NPs. The porosity of CoNC/GD was
demonstrated in nitrogen (N2) adsorption/desorption iso-
therms (Figure S1a). The N2 isotherm for CoNC/GD featured
an intermediate mode between type I and type IV isotherms
with a steep N2 uptake at low relative pressure (P/P0) and a
steep hysteresis loop at relative pressures ranging from 0.4 to
1.0, suggesting a micro/mesoporous structure. The pore size
distribution curves revealed that the pore sizes of the CoNC/
GD were centered mainly in the range 1−9 nm (Figure S1b). A
hierarchical porosity and pore size is an important aspect for
catalytic applications of such materials. The Brunauer−
Emmett−Teller (BET) surface area of CoNC/GD was
calculated to be approximately 104.0 m2/g. The transmission
electron microscopy (TEM) image observed at low magnifica-
tion (Figure 1d) revealed many small Co NPs uniformly
dispersed on the surface of the GD sheets. The size distribution
of the Co NPs exhibits a most probable diameter of ∼7.58 nm
as calculated by Gaussian fitting (Figure S2). The high-
resolution TEM (HRTEM) image (Figure 1e) revealed the
presence of crystallized Co NPs having an interplanar spacing
of 0.204 nm, consistent with the (111) plane of fcc Co.
Furthermore, the scanning TEM (STEM) image and
corresponding energy dispersive X-ray (EDX) elemental
mapping images of CoNC/GD (Figure 1f) revealed the
presence of C, Co, N, and O (not shown) atoms, and the
discrete dispersion of the Co NPs in accordance with the TEM
image in Figure 1d.

X-ray photoelectron spectroscopy (XPS) was performed to
determine the chemical composition and elemental states of the
CoNC/GD. The survey spectrum (Figure S3) of CoNC/GD
revealed the characteristic peaks of C, N, O, and Co atoms, in
accordance with the EDX data (Figure 1f). We ascribe the
presence of an O 1s peak at 532 eV to the absorption of air. As
displayed in Figure 2a, the C 1s peak can be deconvoluted into
five subpeaks. The component peaks at 284.2 and 285.0 eV are
assigned to the C 1s orbitals of C−C (sp2) and C−C (sp)
atoms, respectively.51 The peaks centered at 285.5 and 286.4
eV are ascribed to sp2-type CN bonds and sp3-type C−N
bonds,52 whereas the peak at 288.5 eV corresponds to CO
bonds, arising from adsorption of O2 from the atmosphere.29

The shakeup satellite peak at 290.6 eV represents the π−π*
transitions of the aromatic rings. The XPS N 1s spectrum
(Figure 2b) was fitted to different types of N species at 397.9,
398.2, 399.4, and 401.1 eV, which could be assigned to
pyridinic-N, imine-N (minor N substitution of the sp-
hybridized carbon atoms), pyrrolic-N, and graphitic-N species,
respectively.53 According to previous literature, the peaks of
imine-N or pyridinic-N may also originate from N-doped GD
network.54 These types of N atoms in CoNC/GD may serve as
electrocatalytically active sites for HER. The high-resolution Co
2p spectrum (Figure 2c) features two peaks at 777.9 and 793.4
eV, corresponding to the Co 2p3/2 and Co 2p1/2 orbitals of
metallic Co, respectively. This observation is also consistent
with the powder XRD and TEM data and confirms the
successful synthesis of the CoNC/GD composite electrode.
Detailed structural information on samples was obtained

using Raman spectroscopy. Figure 2d presents the Raman
spectra of pristine GD and CoNC/GD. In agreement with
previous reports, the spectrum of the pristine GD (Figure 2d,
trace i) featured D and G bands at 1382 and 1572 cm−1, with
peaks at 1926 and 2189 cm−1 corresponding to vibrations of
the conjugated diyne links (−CC−CC−).29,55 The Raman
spectrum of CoNC/GD (Figure 2d, trace ii) features five
prominent peaks. We assign the signals at 1358 and 1585 cm−1

Figure 3. (a) HER polarization curves and (b) corresponding Tafel plots in 1 M KOH (pH 14). (c) HER polarization curves of CoNC/GD and
commercial Pt/C (10 wt %) before and after 36 000 and 8000 CV scans, respectively, in 1 M KOH at a scan rate of 100 mV s−1 between −1.0 and
−1.4 V. (d) Current density−time curve for CoNC/GD at an overpotential of 362 mV for 120 h in 1 M KOH. Sample labels: 1, 10 wt % Pt/C; 2,
CoNC/GD; 3, Co/GD; 4, NC/GD; 5, pristine GD.
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to the D and G bands, and those at 1919 and 2166 cm−1 to the
vibrations of the conjugated diyne links. These observations
suggest that the GD substrates remained undamaged after the
high-temperature treatment. The peak located at 2709 cm−1

corresponds to the 2D band of the C shells. Compared with the
spectrum of the pristine GD, a slight blue-shifting had occurred
to the signals for the vibrations of the conjugated diyne links,
reflecting the formation of chemical bonds between the GD
and the Co NPs; such bonds would effectively increase the
electron transfer ability and, thereby, improve the device’s
electronic properties.37,56,57 The ratio of the intensities of the D
and G bands (ID/IG) is typically used to reflect the degree of
graphitization or defect density in carbon materials.58 The ID/IG
ratio of the CoNC/GD (0.94) was larger than that of the
pristine GD (0.73), indicating that many more structural defect
sites existed in it along with a higher degree of disorder. This
observation implies that CoNC/GD had more active sites
exposed for electrocatalysis than did the pristine GD.
We used a typical three-electrode system to evaluate the

electrochemical performance of CoNC/GD over a wide range
of pH at a scan rate of 5 mV/s; a GCE modified with the
catalyst was used as the working electrode (mass loading: 0.286
mg/cm). The electrocatalytic activities of commercial Pt/C (10
wt %), Co/GD, NC/GD, and pristine GD were examined for
comparison. Potentials are reported versus the reversible
hydrogen electrode (RHE).
Figure 3a displays polarization curves of CoNC/GD in 1 M

KOH (pH 14) with iR compensation. As expected, Pt/C (10
wt %) displayed the best HER activity with a near-zero onset
potential. CoNC/GD had a remarkably high HER activity with
an onset potential of 170 mV, lower than those of Co/GD (260
mV), NC/GD (300 mV), and pristine GD (700 mV),
suggesting higher electrocatalytic activity for CoNC/GD. The
excellent catalytic activity of CoNC/GD was confirmed by its
current density being higher than those of the other samples
over the whole potential range. Notably, the current density of
CoNC/GD was higher than that of Pt/C (10 wt %) when the
applied potential exceeded 406 mV, suggesting that the catalytic
activity for CoNC/GD was higher than that for Pt/C.

According to these results, the catalytic activities of both Co/
GD and NC/GD were higher than that of pristine GD,
implying that both the Co species and the N-rich C species
were beneficial to the HER activity of CoNC/GD. In addition,
the onset potential of Co/GD is more positive than that of
NC/GD; this value should be the main contributor to the HER
activity. CoNC/GD required overpotentials of 284 and 315 mV
to achieve current densities of 10 and 20 mA/cm2, respectively.
These values compare favorably with those of many recently
reported HER catalysts in alkaline electrolytes (Table S1).
The electrocatalytic performance of the as-prepared catalysts

in 1 M KOH was further characterized by electrochemical
impedance spectroscopy (EIS, Figure S4). The Nyquist plots
for all samples can be fit with an equivalent circuit model, which
has been widely used to simulate the HER kinetics of the
catalysts.59,60 This model was built using series components,
including Rs (the uncompensated solution resistance), CPE1

(related to the double layer capacitance), and Rct (catalytic
charge-transfer resistance). The parameters obtained by fitting
the EIS spectra to equivalent circuit model were summarized in
Table S6. Among the as-prepared catalysts, the smallest
equivalent series resistance (Rs, 10.03 Ω) and charge transfer
resistance (Rct, 27.49 Ω) values of CoNC/GD confirms that the
CoNC/GD electrode is the most active for the HER.
To gain insight into the kinetics of the HER process, we

recorded Tafel plots with the linear portions fitted to the Tafel
equation (η = blog j + a) where j is the current density and b is
the Tafel slope. Figure 3b reveals that CoNC/GD provided a
Tafel slope (115 mV/dec) lower than those for Co/GD (135
mV/dec) and NC/GD (229 mV/dec), and lower than those of
cobalt phosphide nanowire arrays/carbon cloth (129 mV/
dec),15 EG/Co0.85Se/NiFe-LDH (160 mV/dec),61 NiCo2S4
nanowire array/carbon cloth (141 mV/dec),62 and NiCo-
LDH/Ni foam (124.2 mV/dec).63 Its value compare favorably
to those of many recently reported HER catalysts in alkaline
electrolytes (Table S1). Because the Tafel value for CoNC/GD
is in the range 40−120 mV/dec, the HER proceeds through a
Volmer−Heyrovsky mechanism under alkaline conditions.64

Figure 4. HER polarization curves of CoNC/GD in (a) 0.5 M H2SO4 initially and after 38 000 CV scans and (b) 1 M PBS initially and after 9000
CV scans. HER polarization curves of commercial Pt/C (10 wt %) before and after 8000 CV scans in (c) 0.5 M H2SO4 and (d) 1 M PBS.
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In addition to its catalytic activity, the long-term durability is
a critical challenge affecting the practical applications of any
electrocatalyst. As revealed in Figure 3c, the polarization curve
of the CoNC/GD recorded after continuous cyclic voltamme-
try (CV) scanning for 36,000 cycles remained almost identical
to its initial curve. In contrast, the commercial Pt/C (10 wt %)
underwent an obvious loss of activity in the low current density
range after only 8000 cycles. Thus, the durability of CoNC/GD
was much greater than that of Pt/C for long-term electro-
chemical HER processing in alkaline electrolytes. We suspect
that the robust protection that precluded exposure of the inner-
core materials to the electrolyte was mostly responsible for this
excellent durability. To the best of our knowledge, HER
catalysts displaying such excellent long-term durability have
never been reported before. We performed a chronoamperom-
etry test at an overpotential of 362 mV for 120 h in 1 M KOH
to confirm the stability of the CoNC/GD catalyst (Figure 3d).
The slight decrease in current density observed during the
initial period might have been due to the reduced active sites
occupied by physical adsorption of the H2 bubbles generated
on the electrode surface. Thereafter, the current density
increased slowly, possibly because of a surface roughening
effect.65 Compared with other HER electrocatalysts (Table S2),
the high activity and robust long-term durability indicate that
CoNC/GD is an excellent catalyst for HER under alkaline
conditions.
Next, we studied the HER performance of CoNC/GD in 0.5

M H2SO4. This electrode displayed high activity with a low
onset potential of 190 mV (Figure 4a), beyond which the
cathodic current density rose rapidly under more negative
potentials; in contrast, Co/GD, NC/GD, and the pristine GD
displayed inferior potentials of 360, 380, and 500 mV,
respectively (Figure S6a). Both Co/GD and NC/GD had
catalytic activities higher than that of the pristine GD, implying
that both the Co atoms and NC were the active centers for
HER. The fact that the onset potential of NC/GD was more
negative than that of Co/GD further demonstrated that Co/
GD provided the main active centers for CoNC/GD. The
electrocatalytic performance of the as-prepared catalysts was
further characterized by EIS (Figure S5) and the parameters
obtained by fitting the EIS spectra to equivalent circuit model
were summarized in Table S7. The smallest Rct (31.5 Ω)
indicates the fastest charge-transfer kinetics over the CoNC/
GD-electrolyte interface, confirming the fact that CoNC/GD is
the most active for the HER. The Tafel slope calculated from
the Tafel plots of CoNC/GD was 138 mV/dec (Figure S6b),
superior to those of Co/GD (184 mV/dec) and NC/GD (259
mV/dec), indicating more favorable HER kinetics for CoNC/
GD. Notably, CoNC/GD also exhibited strong durability in 0.5
M H2SO4, as evidenced using CV. Figure 4a reveals that there
was almost no difference in catalytic activity before and after
38,000 cycles. In contrast, a non-negligible decrease in catalytic
activity occurred for the commercial Pt/C (10 wt %) after only
8000 cycles. A chronoamperometric test of CoNC/GD for 100
h verified its reliable stability (Figure S7). Thus, CoNC/GD
also displayed excellent durability in an acidic electrolyte. Its
behavior is vastly superior to that of the state-of-the-art
commercial Pt/C (10 wt %) (Figure 4c) and many other
recently reported HER catalysts not based on noble metals
(Table S3).
Performing HER under neutral media is generally regarded

as a more environmentally friendly and low-cost approach for
water splitting.66,67 Therefore, after studying the effects of both

alkaline and acidic media, the electrochemical performance of
CoNC/GD was further investigated under a neutral medium (1
M PBS, pH 7). In accordance with the behavior in both alkaline
and acidic conditions, the catalytic activity of CoNC/GD was
again higher than that of Co/GD, NC/GD, and pristine GD in
the neutral medium (Figure S8a). Interestingly, the current
density of CoNC/GD was higher than that of the commercial
Pt/C when the applied potential exceeded 400 mV, indicating a
higher catalytic activity for CoNC/GD than for Pt/C. CoNC/
GD exhibited an onset overpotential of 160 mV (Figure 4b)
and a Tafel slope of 207 mV/dec (Figure S8b). Driving current
densities of 10 and 20 mA/cm2 required overpotentials of 368
and 478 mV, respectively (Figure 4b). These values also
compare favorably to many of the reported values for non-
noble-metal HER catalysts in neutral electrolytes (Table S4).
The EIS data was determined and simulated by an equivalent
circuit model (Figure S9). As can be seen from the parameters
obtained by fitting the EIS spectra (Table S8), the CoNC/GD
exhibits the smallest Rct (22.69 Ω) in 1 M PBS, indicating more
favorable HER kinetics for CoNC/GD. Again, CoNC/GD
displayed unprecedented durability under the neutral con-
ditions. After continuous CV scanning for 9000 cycles in 1 M
PBS, the polarization curve revealed a negligible loss in catalytic
activity when compared with that recorded initially (Figure 4b).
In contrast, the commercial Pt/C (10 wt %) displayed an
obvious decay in catalytic activity after only 8000 cycles (Figure
4d). This finding confirms the exceptional durability of CoNC/
GD for HER under neutral conditions; it is superior not only to
the state-of-the-art commercial Pt/C (10 wt %) but also many
previously reported non-noble-metal based HER catalysts
(Table S5). A chronoamperometry test performed at an
overpotential of 465 mV (Figure S10) revealed that CoNC/GD
could maintain its catalytic activity for at least 18 h, confirming
its long-term stability under neutral conditions. These results
make CoNC/GD among the most active and durable HER
catalysts based on earth-abundant elements for operation under
neutral conditions. Taken together, CoNC/GD exhibits high
catalytic performance, and especially exceptional durability, for
HER at all values of pH.
Strong chemisorption can occur between transition metals

(e.g., Co) and the alkyne rings of GD,49 allowing ready access
of cobalt precursors to facilitate the deposition of Co NPs on
GD nanosheets (Co/GD). This interaction also leads to
stronger electron transfer from Co to GD, enriching the
electron density on the GD surface and, thereby, promoting
hydrogen adsorption and evolution.68 Providing a carbon
coating on the surface of Co/GD can not only protect the Co
NPs from corrosion by the electrolyte but also prevent them
from coalescing, leading to robust performance and long-term
stability. In addition, heteroatom-doped graphitic carbon
materials can certainly provide a number of active sites for
HER. The approach described herein appears to be a practical
strategy for the fabrication of GD-based hybrid composites for
versatile applications.
In general, Co metal is an unstable catalyst, especially in

acidic solutions, restricting its applications in HER. In this
study, CoNC/GD exhibited excellent stability over all values of
pH; its stability is even greater than that of commercial Pt/C.
The significant enhancement in durability suggests that CoNC/
GD electrodes may be more applicable in energy generation.
Such electrodes benefit from four main properties: (i) the
unique electronic structure and high conductivity of the GD
nanosheets makes them highly conductive supporting matrices;
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(ii) the high porosity of the GD structure and the well-defined
macro/mesoporosity of the catalyst, demonstrated by N2
adsorption experiments, facilitate efficient mass transport,
leading to more efficient use of active sites; (iii) the Co
atoms are inclined to interact with the alkyne rings, facilitating
rapid electron transfer from Co atoms to the GD sheets,
enriching the electron density on the GD shell surface and,
thereby, improving the HER activity, as experimentally
observed; in addition, confinement of the Co NPs in the
hybrid catalyst protects the Co atoms from corrosion and
aggregation, enhancing the durability of the catalyst; in contrast,
Co/GD displayed poor HER performance (Figures 3a and 4a,
b); (iv) the intimate contacts of the Co atoms with both the
GD nanosheets and the N-doped carbon coatings not only
provided more catalytically active sites but also greatly
enhanced the long-term stability of the catalysts.

■ CONCLUSIONS
The first GD-supported electrocatalyst (CoNC/GD) that
functions over a wide pH range has been prepared through a
simple, scalable synthetic route involving reduction of Co2+ and
simultaneous decomposition of Dicyandiamide. The composite
exhibited unprecedented durability, far superior to that of a
commercial Pt/C (10 wt %) under respective conditions. The
long-term durability demonstrated herein has rarely been
reported for other HER catalysts. The enhanced catalytic
performance of CoNC/GD resulted from the improved
physical/chemical properties, which facilitated electron transfer,
in the composite. The combination of remarkable durability
and high activity over a wide pH range is rare for a
nonprecious-metal catalyst and suggests high applicability in
practical water splitting devices. This study has not only
afforded a convenient and scalable method toward GD-based
electrocatalysts but also paves a new path toward the practical
industrialization of devices for sustainable energy-related
applications.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.6b12655.

BET, XPS, Nyquist plots, HER polarization curves, Tafel
plots, and current density-time curves of samples;
comparison of the HER activity of the CoNC/GD with
recently reported in literatures (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: wsyang@jlu.edu.cn.
*E-mail: ylli@iccas.ac.cn.
Author Contributions
Y.L. (Yuliang Li) conceived, designed, and supervised the
project; analyzed the data; and revised the paper. W.Y.
supervised the experiment. Y.X. performed all experiments,
analyzed the data, and wrote the paper. Y.L. (Yongjun Li)
helped in analyzing data and revising the paper. J.L. contributed
to the synthesis of GD. Z.X. helped in characterizing the
samples. H.L. and D.L. helped in analyzing data. All authors
have given approval to the final version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This study was supported by the National key research and
development project of China (2016YFA0200104), the NSFC-
DFG joint fund (21261130581), the key Program of the
Chinese Academy of Sciences (QYZDY-SSW-SLH015) and the
Strategic Priority Research Program of the Chinese Academy of
Sciences (XDA09020302, XDB12010300).

■ REFERENCES
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