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for Highly Efficient Catalysis of the Hydrogen Evolution Reaction**
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Abstract: Major challenges encountered when trying to replace
precious-metal-based electrocatalysts of the hydrogen evolu-
tion reaction (HER) in acidic media are related to the low
efficiency and stability of non-precious-metal compounds.
Therefore, new concepts and strategies have to be devised to
develop electrocatalysts that are based on earth-abundant
materials. Herein, we report a hierarchical architecture that
consists of ultrathin graphene shells (only 1-3 layers) that
encapsulate a uniform CoNi nanoalloy to enhance its HER
performance in acidic media. The optimized catalyst exhibits
high stability and activity with an onset overpotential of almost
zero versus the reversible hydrogen electrode (RHE) and an
overpotential of only 142 mV at 10 mA cm™, which is quite
close to that of commercial 40% Pt/C catalysts. Density
functional theory (DFT) calculations indicate that the ultrathin
graphene shells strongly promote electron penetration from the
CoNi nanoalloy to the graphene surface. With nitrogen
dopants, they synergistically increase the electron density on
the graphene surface, which results in superior HER activity on
the graphene shells.

H ydrogen, a renewable and clean fuel, is considered as
a potential energy carrier for future energy infrastructure.’?
The electrocatalytic splitting of water by the hydrogen
evolution reaction (HER) is an important process with high
energy conversion efficiency for hydrogen production.”
Currently, the state-of-the-art catalysts are based on precious
metals, such as platinum,”! but their limited Earth resource
and high cost hinder the commercial application of this
technology. Compounds such as MoS,,l? Mo,C,*) MoB,[*!
MoP™  MoSe, ™ WS, and 3d transition metals
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(TMs),'7 I have been studied as potential substitutes for
Pt-based catalysts for a long time. Recently, 3d TMs such as
Fe, Co, Ni, and their derivatives have received increasing
attention as potential replacements of Pt-based catalysts
owing to their earth abundance and low cost,”*?? but these
metals readily suffer from corrosion in acidic solid polymer
electrolytes.

To this end, we have previously proposed a strategy to
encapsulate 3d TMs into carbon nanotubes, which can
efficiently prevent the corrosion of 3d TMs in acidic
medium and simultaneously promote the catalytic reaction
on the carbon surface owing to electron penetration from the
encapsulated 3d TMs.®¥ This strategy represents a new
concept for maintaining the high activity and stability of
non-precious metals in acidic medium and has recently been
further applied in a variety of catalytic systems, for example,
for the oxygen reduction reaction (ORR),”? the HER
under acidic conditions,”?*! the triiodide reduction reaction
in dye-sensitized solar cells (DSSCs),” and the heteroge-
neously catalyzed oxidation and reduction reactions.?*3!
However, the carbon shells previously used for these catalysts
are too thick and usually consist of multilayer graphitic
carbon or composites thereof, which may significantly reduce
the catalytic activity as the electronic structure of the
outermost carbon layer is only modulated by the electron
transferred from the encapsulated metal core when the shell
consist of no more than three to four carbon layers.”>*
Therefore, the synthesis of carbon-encapsulated 3d TM
catalysts with a controllable number of graphene layers,
especially of catalysts with less than three layers of graphene,
will be important for the development of 3d TM catalysts with
superior HER activity. Herein, we report a bottom-up
method for the preparation of ultrathin graphene spheres
with only one to three graphene layers that encapsulate CoNi
nanoalloy (CoNi@NC) electrocatalysts by using Co*", Ni*",
and ethylenediaminetetraacetate anions (EDTA*) as pre-
cursors (see the Supporting Information, Figure S1 for
details).

Scanning electron microscopy (SEM; Figure 1b, Fig-
ure S3) and transmission electron microscopy (TEM; Fig-
ure 1c, Figure S4) images show that the CoNi@NC samples
consist of uniform nanospheres, forming lamellar superstruc-
tures on the micrometer scale (Figure 1a). Further high-
resolution (HR) TEM analysis indicates that the nanospheres
consist of metal nanoparticles (NPs) that are completely
coated by graphene shells (Figure 1d, Figure S4-7). The
metal NPs have a uniform size of generally 4-7 nm (see the
statistical analysis in Figure 1c, inset) with a d-spacing of
0.215 nm, which corresponds to the (111) plane of the CoNi
alloy (Figure le). According to the statistical analysis by
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Figure 1. a,b) SEM images of CONi@NC. The magnified image in (b) clearly reveals the uniformly sized
nanospheres. c) TEM image of CONi@NC showing a similar structure as (b). Inset: particle size
distribution of the metal nanoparticles. d,e) HRTEM images of CoNi@NC, showing the graphene shells
and encapsulated metal nanoparticles. Inset (e): crystal (111) plane of the CoNi alloy. f) Schematic
illustration of the CoNi@NC structure shown in (e). g) Statistical analysis of the number of layers in the
graphene shells encapsulating the metal nanoparticles in CoONi@NC. h—-k) HAADF-STEM image and
corresponding EDX maps of CoNi@NC for Co (i), Ni (j), and combined image (k).

HRTEM (Figure 1 g), the graphene shells on the CoNi NPs
are very thin (only 1-3 layers), and most of the graphene
shells (> 90 % ) consist of only one to two layers. A high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image with sub-Angstrém resolution fur-
ther confirmed that uniform metal NPs had been formed
(Figure 1 h), and the corresponding energy-dispersive X-ray
(EDX) maps showed that the Co and Ni atoms were
distributed homogeneously over all NPs (Figure 1i-k), fur-
ther confirming the alloy structure of CoNi.
Synchrotron-based X-ray absorption near-edge structure
(XANES) analysis, X-ray photoelectron spectroscopy (XPS),
and X-ray diffraction (XRD) were used to investigate the
electronic and structural properties of CoNi@NC. The
XANES spectra of the Co K-edge and the Ni K-edge
indicated that Co and Ni are in a metallic state in all
CoNi@NC samples independent of the annealing temper-
ature (Figure 2a,b), which is consistent with the Co2p and
Ni2p XPS spectral analysis (Figure 2¢). The XRD spectra
showed that except for the graphitic carbon shell and the
CoNi alloy, no other phases are present in the CoNi@NC
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samples (Figure 2d). Further-
more, the broad peaks of the
CoNi alloy in the XRD pat-
tern confirm that the metals
are present as nanosized par-
ticles, which is consistent with
the TEM statistical analysis
(Figure 1¢). The very weak
and broad C (002) peaks also
confirm that ultrathin gra-
phene shells have been
formed, which is in agreement
with the statistical analysis of
the number of layers by
HRTEM (Figure 1g). These
results indicate that uniform
CoNi nanoalloys have been
completely encapsulated in
ultrathin graphene shells.

A typical three-electrode
setup was adopted to evaluate
the HER performance of the
CoNi@NC samples in H,SO,
electrolyte (0.1m). As shown
in Figure 3a, a blank glassy
carbon (GC) electrode, the
EDTA-CoNi complex, and
pristine carbon nanotubes
(CNTs) showed negligible or
poor HER activities. In con-
trast, all CoNi@NC catalysts
prepared at different anneal-
ing temperatures exhibited
a higher HER activity. The
CoNi@NC sample prepared
at 475°C gave the highest
activity, with an onset over-
potential of only approxi-
mately 30 mV and an overpotential of 224 mV at a current
density of 10 mA cm ™2 Furthermore, the CoNi@NC samples
prepared at different temperatures exhibited a fairly stable
performance within accelerated degradation measurements
for 1000 cyclic voltammetry (CV) cycles (Figure 3¢) or during
a galvanostatic measurement at a current density of
20 mA cm™ for 24 hours (Figure S10). The structures of the
carbon shells encapsulating the metal nanoparticles were well
maintained after the HER durability measurements, as
confirmed by HRTEM (Figure S11) and Raman analysis
(Figure S12).

According to previous studies, the introduction of nitro-
gen into carbon materials or metal/carbon composites may
have an important effect on the catalytic activity.>?*3
Raman analysis firstly excluded the influence of graphitiza-
tion on the HER activity (Figure S9). Further chemical
composition analysis showed that the nitrogen concentration
(N/C) decreased gradually with an increase in annealing
temperature (Figure 3b, Table S1), and the corresponding
HER activity increased with an increase in nitrogen content.
However, the CoNi@NC sample prepared at 425°C showed
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a slightly lower activity than that

Co K-edge Ni K-edge prepared at 475 °C. even .though
2 2 i the former had a higher nitrogen
g g content. We hypothesize that the
5 = distinctively smaller metal content
c (600 °C) < (600 °C) of the sample prepared at 425°C
i) ; (525 °C) 2 (525 °C) .
§- : o T CONI@NCH (47 oc) § CoNI@NCH (475 oc) compared with the sample pre-
o [i——~=" (425 °C) S|/ (425 °C) pared at 475°C (Table S1) may
=N °°3‘?‘ "7‘1“ 7750 7800 7850 7900 - "'°~ 33f5 8370 8415 8460 8505 offset the contribution of the nitro-
—— CoNi@NC (475 °C) CoNi@NC (475 °C) gen dopants to the catalytic activ-
7700 7750 7800 7850 7900 8350 8400 8450 8500 ity, leading to a higher HER activ-
c Energy (eV) d Energy (eV) ity for the sample prepared at
. . 475°C.
Co 2 y Ni 2 CoNi (111) )
?oo 2Paz P Ni® 2ps P ; When the mass loading of
Co® 2p,;, Ni® 2p,, C (002) A CoNi (200) CoNi (220 catalyst on GC electrode was fur-
2 2> [600°C) ' p ther increased to 5wt equivalents,
2 (600 °C) { (600°C) 2 (525°0) the HER activity of the CoNi@NC
[ o .
c revyes % R catalyst obtained at 475°C was
(628%0) ‘ ~ |ursec further enhanced with an onset
: \ (475 °C)
: (475°C) | (475°C) i gull aae overpotential of almost zero (ca.
’Nz"“‘"“" N~ | Yot 0mV vs. the reversible hydrogen
| (425 °C) , i (425 °C) P
: v AT r T ——————————— electrode (RHE)) and an overpo-
774 792 810 854 868 882 10 20 30 40 50 60 70 80 ial of onlv 142 mV at ‘
Binding Energy (eV) 20 (°) tential of only mYV at a curren

density of 10 mA cm 2 (Figure 3 a).
To the best of our knowledge, this
compound is the most efficient
carbon-based HER electrocatalyst
in acidic medium reported thus far

Figure 2. a,b) Co K-edge and Ni K-edge XANES spectra of CONi@NC samples. Insets: Corresponding
XANES spectra of CONi@NC samples prepared at different annealing temperatures. c) Co 2p and
Ni 2p XPS spectra of these CONi@NC samples. d) XRD patterns of these CONi@NC samples.

a b, us (see Table S2).
Tafel slopes can be used to
2] & l2s reveal the inherent reaction pro-
g E z cesses of the HER.P¥ For the
‘é 41 S EDTA-Coi é 200my T 1219 40% Pt/C electrocatalyst used in
bt :E;ch = 7 g'- this study, a value of 30 mV dec™!
g ° 0 475°C 3 4 i was determined, which is consis-
3 Y b Z iﬁﬁ :g g 34 Loz = tent with previously reported
T 0 0% P ingnt 100 my g results.! In1 contrast, values of
e oa 2 00 oz oa R 2 4c 52500 600°C 107 mV de'c - and 104 mYdec’
Potential (V vs. RHE) Annealing temperature were obtained for the CoNi@NC
c o d samples prepared at 525°C and
_ T g i:: ::‘;’ 475°C, respectively. The similar
e 21 i v 475 5C (loading x 5) values for CoNi@NC prepared at
;:’ al 2 02{ D40%Puc 475 °C with different mass loadings
3 = shows that the Tafel slopes are
§ 64 o 4755C (initial) 2, almost 1nd<.3pende.nt of the catalyst
£ O 475°C (after 1000 cycles) 3 mass loading (Figure 3d). These
O -84 A 525 °C (initial) 5 results indicate that the HER
A 525 °C (after 1000 cycles) 31 catalyzed by these CoNi@NC sam-
s 4z 41 s o1 oz 04 02 00 02 04 06 08 10 1.2 ples is likely to occur by a Volmer—

Potential (V vs. RHE) log (current/ mA cm?) Heyrovsky mechanism.%23!

Figure 3. a) HER polarization curves for CONi@NC samples prepared at different temperatures as well Density  functional theory
as for a CONi@NC sample prepared at 475°C with a catalyst mass loading of five equivalents on GC (DFT) calculations were carried
electrode compared to those of EDTA-CoNi, CNTs, 40% Pt/C, and a blank GC electrode. b) Current out to gain further insights into the

densities at overpotentials of 100 mV and 200 mV and the nitrogen concentration (N/C) as a function
of the annealing temperature employed to synthesize the CONi@NC sample. c) Durability measure-
ments with CONi@NC prepared at 475°C and 525 °C. Polarization curves were recorded before the
first and after 1000 CV sweeps between —142 mV and + 108 mV (vs. RHE) at 100 mVs™'. d) Tafel plots . o
for CONi@NC samples prepared at 475°C and 525°C as well as for 40% Pt/C and the CoNi@NC a three-state diagram, consisting
sample prepared at 475°C with a catalyst mass loading of five equivalents on GC electrode. of an initial H' state, an inter-
mediate H* state and 1/2H, as the

nature of this catalytic process.
The processes that occur during
the HER can be summarized in
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Figure 4. a) Gibbs free energy (AG) profile of the HER on various
catalysts. b) Volcano plot of the polarized current (iy) versus AG(H*)
for a CoNi cluster, CoNi@C, and an N-doped graphene shell (N-
carbon). c) The electronic potential of CONi@C; the vacuum level was
set to zero. d) The free energy of H adsorption (AG(H*)) on pure and
N-doped (one, two, or three N atoms per shell) graphene shells with
and without an enclosed CoNi cluster. Carbon gray, cobalt red, nickel
green.

final product (Figure 4a). A good catalyst of the HER should
have a moderate free energy for H adsorption (AG(H*)) to
compromise the reaction barriers of the adsorption and
desorption steps.”** Thus, the dependence of AG(H*) on the
measured current looks is represented by a volcano curve
(Figure 4b). In our DFT calculations, the adsorption of H* on
the CoNi alloy was found to be too strong whereas it was too
weak on the N-doped graphene shell, resulting in low HER
activity in both cases. In contrast, the AG(H*) value for the
graphene shells of CoNi@C can be effectively tuned by the
encapsulated CoNi alloy, resulting in a high HER activity
(Figure 4 a).

An analysis of the electronic potential of CoNi@C shows
that the electronic potential on the side that is closer to the
enclosed CoNi cluster is approximately 0.3 eV lower than that
of the other sides, resulting in a higher proton affinity of the
graphene shells (Figure 4c). Calculated electronic structures
reveal that the stabilization of the H* species should originate
from the increase in the electron density on the graphene
shells near the CoNi cluster (Figure 5c), which can promote
the HER activity. Furthermore, we also investigated how the
nitrogen dopants cooperate with the metal clusters to
promote the HER reaction. As shown in Figure 4d, increas-
ing the number of nitrogen atoms from zero to three per shell
leads to a decrease in AG(H*) from 1.3 eV to 0.1eV for
graphene shells without an enclosed CoNi cluster, and the
presence of the CoNi cluster leads to a further decrease in
AG(H*), which suggests that nitrogen dopants and enclosed
metal clusters can synergistically promote the adsorption of
hydrogen on graphene shells.

We further studied the effect of the graphene layer on the
HER by using a model where one to three graphene layers
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Figure 5. a) Schematic illustration of a CoNi alloy encapsulated in
three-layer graphene. b) AAG(H*) (red line) and electronic potential
(blue line) as a function of the number of graphene layers, where
AAG=AG (without metal)—AG (with metal). c) Redistribution of the
electron densities after the CoNi clusters have covered by one to three
layers of graphene. The differential charge density (Ap) is defined as
the difference in the electron density with and without the CoNi
cluster. The red and blue regions are regions of increased and
decreased electron density, respectively.

encapsulate a CoNi cluster. The differential electron densities
(Ap) in Figure 5c clearly illustrate that the electron of a CoNi
cluster can penetrate through three graphene layers. Further-
more, the differences in the free energy of H adsorption
[AAG(H*)] for the different layers with and without a CoNi
cluster were used to describe the effect of the CoNi cluster on
the HER. As shown in Figure 5b, the metal cluster induces
a change in AAG(H*) of 0.8 eV when covered by a single
graphene layer, whereas the effect decreases with an increase
in the number of layers, but for the cluster with three
graphene layers, the change still amounts to approximately
0.1 eV. Simultaneously, the difference in the electronic
potential rapidly decreases from approximately —0.5 to
0 eV when the number of graphene layer is increased from
one to three. This result further indicates that the effect of the
enclosed metal clusters on the graphene shells will decline
when the graphene shell consists of more than three layers.
These results demonstrate that the graphene layer thickness
of the CoNi@C catalysts has a substantial influence on the
HER activity, the thinner the graphene shells, the higher the
catalytic activity.

In summary, we have reported a hierarchical architecture
that consists of ultrathin graphene shells (only 1-3 layers) that
encapsulate a uniform CoNi nanoalloy (CoNi@NC), which
provides a well-defined model for elucidating the role of
carbon-encapsulated metal catalysts in the HER from theo-
retical calculations to the real system. Electrochemical
measurements showed that CoNi@NC displays the best
HER activity among the carbon-based electrocatalysts
tested in acidic medium to date. DFT calculations indicate
that the superior HER performance originates from the
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modulation of the electron density and the electronic
potential distribution at the graphene surface by a penetrating
electron from the CoNi core. Meanwhile, reducing the
number of graphene layers and increasing the amount of
the nitrogen dopant can significantly increase the electron
density in the graphene shells, which further enhances the
HER activity. These findings pave the way towards the
development of high-performance, inexpensive HER electro-
catalysts that can be used in acidic electrolytes as well as other
energy-related catalysts.
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