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The atomic layer deposition (ALD) technique has been widely employed in the development of efficient
electrochemical hydrogen evolution reaction (HER) catalysts. Nevertheless, most of the studies through
this methodology are confined to the use of precious metals or non-precious materials with poor
performance, especially in alkaline electrolytes. Herein, we report a novel strategy of fabricating nickel
nanograins coated onto a Co, N-doped carbon framework (Co-NCF@Ni) based on the manipulation of
ALD and in situ transformation of a cobalt zeolitic imidazolate framework for efficient hydrogen
evolution in alkaline media. The catalytic performance of the Co-NCF@Ni with different Ni contents is
specifically studied. On the basis of this composite, a flexible high-performance H, production device,
distinguished from the conventional powdery pattern, is realized, and stable performance under
a repeated rolling process is demonstrated. In order to disclose the mechanism of the remarkable HER
performance, density functional theory calculations are carried out and the results indicate that the
electron structures of inner Co atoms, external Ni atoms, and the N-doped carbon layer can be tuned
due to the introduction of Ni nanoparticles. The research presented here may have great potential in
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1 Introduction

Hydrogen has been considered a sustainable clean energy to
replace fossil fuels because of its high efficiency and pollution-
free production.'™ At present, hydrogen generation via electro-
chemical water splitting has become an intriguing and
productive approach, in which an efficient catalyst for the
hydrogen evolution reaction (HER) is crucial for its indispens-
able capability of actuating the multi-step reaction.” So far,
catalysts based on precious metals such as Pt and Ir which
exhibit excellent performance have been used.®” Unfortunately,
the large utilization of these noble-metal based catalysts has
been severely hindered due to their scarce earth abundance and
high cost. Therefore, a wide spectrum of compounds based on
transition metals (TMs) (e.g., alloys, dichalcogenides, phos-
phides, carbides, and nitrides) have been investigated for the
possibility of using them as alternatives to precious-metal-
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devices for use under extreme conditions.

based catalysts over the past decade.*™ However, most of the
TM-based catalysts are readily corroded in acidic environments
which comparatively narrows the application of these materials
in both the HER and proton exchange membrane fuel cells.*?
Consequently, numerous efforts are devoted to developing
efficient and stable electrocatalysts in alkaline electrolytes in
order to promote the commercialization of hydrogen
production.*®

On the other hand, metal-organic frameworks (MOFs),
which are constructed from certain metal ions and organic
ligands, are emerging as promising precursors to prepare TM-
based electrochemical HER catalysts in different electrolytes
because of the N-doping and the introduction of various metal
ions."*® Nevertheless, most MOF-derived electrocatalysts
improve the catalytic performance monotonically due to the
introduction of multiple metal ions into the inner hollow
structure, which cannot get rid of the carbon shell trap, leading
to the coverage of numerous metal surface active sites.”® In
addition, only a few reaction mechanisms providing deep
insight into MOF-derived electrocatalysts have been studied
because of the complexity of metal doping inside the carbon
framework.*®

To tackle the challenge associated with MOF-derived cata-
lysts for the HER, we found that the utilization of atomic layer
deposition (ALD) to deposit active materials with precisely
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controlled size on the surface is beneficial for simplifying the
preparation.”** Some progress has been achieved via this
approach. For instance, Lei et al.>* have synthesized carbon
nanofibers with Pt particles deposited by ALD which could
reach an overpotential of 55 mV at 10 mA cm ™ in 0.5 M H,SO,.
Cheng and co-workers demonstrated that single Pt atoms and
clusters synthesized by ALD supported on N-doped graphene
nanosheets could deliver 10 mA ¢cm™> at an overpotential of
~38 mV in acidic media.”® Nayak et al.*® reported that laser
scribed graphene with atomic layer deposited Pt could achieve
an overpotential of 131 mV at 10 mA cm ™ in acidic electrolytes.
Kim et al.*” modified the surface of MoS, with TiO, by utilizing
the ALD technique and developed a self-supporting electrode
for the HER. Kim and co-workers prepared cobalt sulfide by low-
temperature ALD which showed a low Tafel slope of 41 mV
dec ! and high exchange current density.?® Moreover, previous
studies in the literature have proved that incorporated transi-
tion metals can tune the surface electronic structure and
change the adsorption energies toward optimal electrocatalytic
activity.”>*® The advantage of the ALD method can also help us
to construct efficient electrocatalysts with controllable struc-
tures and analyze the local charge change of the active sites and
its natural influence on the catalytic performance, which may
provide a great chance to alter the catalytic activity.** However,
although continuous progress has been achieved in this field,
most electrocatalysts fabricated by this approach still suffer
from some major drawbacks including the extensive use of
precious metals, the low catalytic performance especially in
alkaline electrolytes, and the low mass loading due to the
powdery pattern of the catalyst. These drawbacks could seri-
ously hinder the practical application and commercialization of
the catalysts.

To address the aforementioned challenges and chances,
herein, we prepared a novel hybrid nanostructure composed of
a Co, N-doped carbon framework (Co-NCF) coated with nickel
nanograins through a facile pyrolysis-ALD strategy. The intro-
duction of Ni nanograins was proved to efficiently enhance the
HER performance of the matrix. While some previous literature
studies reported that the doping of specific transition metals
like Co/Ni,** Fe/Co,* Zn/Ni,** and even on a carbon substrate
(Ni-C)* could positively influence the catalytic results, we here
would like to exhibit a new route for the external anchoring of
elemental nickel nanograins by utilizing ALD. In this pyrolysis—
ALD approach, a Co-NCF derived from a cobalt zeolitic imida-
zolate framework (ZIF-67) was used as a matrix for the ALD of Ni
nanoparticles. Different ALD cycles (e.g., 100, 400, and 600
cycles) were engaged to produce a Ni coated Co-NCF (Co-
NCF®@Ni) with controllable size and distribution of Ni nano-
grains. The Co-NCF@Ni composite with 600 ALD cycles (Co-
NCF@600-Ni) exhibits a superior electrochemical performance
with a low overpotential of 157 mV at 10 mA cm™> and 20 h long-
term durability. Moreover, inspired by the superior properties
such as large surface area, high portability, and great versatility
of flexible devices in electronics and energy conversion appli-
cations,**** we designed a flexible HER electrode which is
constructed by painting Co-NCF@600-Ni slurry onto soft carbon
fiber paper (CFP). The electrochemical performance of the
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flexible devices was studied under different curvatures and
various rolling times. The device demonstrated an overpotential
of 160 mV (10 mA cm~?) under a strain of ~0.0066 and a slight
performance attenuation even after 50 times repeated rolling.
This work provides a tactic for producing highly efficient HER
catalysts based on ALD, which can be assembled as deformable
electrodes with high performance and may have great potential
in fabricating numerous flexible devices for future energy
conversion systems under complex circumstances.

2 Experimental
2.1 Synthesis of ZIF-67 and the Co-NCF

All the chemicals were of analytical grade and used without
further purification. In a typical procedure of synthesis of ZIF-
67, 1.642 g 2-methylimidazole (2-MeIm) and 1.455 g Co(NO3),-
-6H,0 were dissolved in a mixed solution of 40 mL methanol
and 40 mL ethanol. Then the solution of 2-MeIm was subse-
quently poured into the solution of Co(NO;),-6H,0. Following
that, the mixed solution was vigorously stirred for at least 5 min
and was subsequently left to stand still for 24 h at room
temperature. After that, the purple precipitate was centrifuged
and washed with methanol three times and dried at 60 °C in air
for 24 h. The prepared ZIF-67 was then placed in a tube furnace,
heated to 700 °C (1 °C min~ "), and kept for 1 h in a N, atmo-
sphere. Finally, the ZIF derived Co-NCF was obtained.

2.2 ALD synthesis of Co-NCF@Ni

Ni was deposited on the Co-NCF by ALD (MNT {-150-212, MNT
Micro and Nanotech Co., LTD, China) with Ni(acac),(tmeda)
and anhydrous hydrazine (N,H,) as precursors. High purity N,
(99.999%) was utilized as both the carrier gas and the purging
gas. The black Co-NCF powder was placed in an open container
inside the ALD chamber. Ni(acac),(tmeda) and N,H, were,
respectively, kept at 100 and 50 °C to provide steady fluxes of
precursor gases. The deposition temperature was 200 °C and
the working pressure was kept at 50-60 Pa. For each ALD cycle,
a Ni(acac),(tmeda) pulse for 1 s and an N,H, pulse for 0.2 s were
separated by a 20 s N, pulse. Different numbers of ALD cycles
were performed to investigate the influence on the structure of
the Ni nanograins.

2.3 Fabrication of the Co-NCF@600-Ni/CFP flexible
electrode

A CFP belt (1 cm x 25 cm x 0.03 cm) was first washed with
ethanol and deionized water to remove the impurity on the
surface and then dried at 60 °C in a vacuum for 1 h. Next, a PET
belt (0.9 cm x 25 cm x 0.01 cm) was adhered onto the backside
of the CFP with polyimide glue to support the thin CFP. Then,
1.6 mg Co-NCF@600-Ni powder, 0.2 mg graphite, and 4 mg
polyvinylidene fluoride (5 wt%) were mixed together in a weight
ratio of 8 : 1 : 1 to form a uniform colloid-like mixture with the
addition of a moderate amount of N-methyl-2-pyrrolidone. The
obtained black slurry was subsequently cast on the blank side of
the pretreated CFP belt in an area of 10 mm x 20 mm with
a mass loading of ~0.8 mg cm™ 2. After that, Co-NCF@600-Ni/
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CFP was obtained after the belt was dried at 60 °C in a vacuum
for 24 h. The fabricated catalyst belt was rolled onto Teflon rods
with different diameters for the HER test. Notably, the same Co-
NCF@600-Ni/CFP belt should be tested to exclude other inter-
ferences except the change of curvature.

2.4 Characterization

The morphologies and structures were characterized by field-
emission SEM (Nova NanoSem 450) and HRTEM (Tecnai G2
F20 S-Twin). XRD was carried out with a D§ ADVANCE X-ray
diffractometer with Cu Ko radiation (2 = 1.5406 A) to study
the crystallographic structure. XPS was carried out on an Axis
Ultra DLD spectrometer with a Mg Ko radiation source. Raman
spectra were recorded using a Horiba LabRAM Jobin Yvon HR-
Evolution 2 apparatus.

2.5 Electrochemical measurements

All the electrochemical measurements were conducted on
a CHI660E electrochemical workstation (Chenhua Instrument,
Shanghai, China) by using a conventional three-electrode cell in
a N,-saturated 1 M KOH electrolyte at ~20 °C. Carbon rod and
Ag/AgCl (3 M KCl) electrodes served as the counter electrode
and reference electrode, respectively. To test the performance of
the catalyst in powder form, in a typical process, 4 mg catalyst
was dispersed in a mixture of 970 pL ethanol and 30 pL Nafion
(5 wt%, Sigma-Aldrich) under ultrasonication for 40 min. Then,
5 pL of the dispersion ink was dropped onto a GCE with
a diameter of 3 mm, serving as the working electrode with
a mass loading of ~0.28 mg cm ™2, For the flexible Co-NCF@Ni/
CFP, the prepared catalyst belt was rolled onto Teflon rods with
different diameters (10 mm, 20 mm, and 30 mm) but the same
length of 50 mm and then used as the working electrode. LSV
was carried out at a scan rate of 5 mV s~ ' in the range of —0.8 to
—1.6 V. CV measurements were performed at a non-faradaic
region to estimate the electrochemical double layer capaci-
tance (Cq)). EIS measurement was carried out in the frequency
range of 10”2 to 10° Hz with an amplitude of 5 mV. All poten-
tials were calibrated to the reversible hydrogen electrode
(RHE) via the Nernst equation as follows: Erpp = Eagiagcl +
0.0592pH + Ef?g,Agcl. The catalytic stability was evaluated by
using both the chronoamperometric response and potential
cycles in 1 M KOH N,-saturated solution. All the collected data
were corrected for {R-compensation.

2.6 DFT calculations

Periodic density functional theory (DFT) calculations were
carried out by using the Perdew-Burke-Ernzerhof (PBE)**
functional and the plane-wave projected augmented wave
(PAW)* method as implemented in the Vienna Ab initio Simu-
lation Package (VASP).**™*® An energy cutoff of 400 eV was used
for the plane-wave expansion of the electronic wave function.
We adopted a 4 x 4 x 1 supercell model of graphene with the
lattice constants of @ = b = 9.8318 A and ¢ = 20 A. Four different
models of the support were considered, including pure gra-
phene (C), Co particles encapsulated in nitrogen doped gra-
phene (Co@NC), Co particles encapsulated in nitrogen doped

This journal is © The Royal Society of Chemistry 2020
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graphene with half number of Ni atoms anchored (Co@NC@Ni
(2 : 1)), and similar structures with equal number of Ni atoms
(Co@NC®@Ni (1 : 1)). The Monkhorst-Pack? sampling scheme
of the Brillouin zone was adopted to generate 3 x 3 x 1 k-point
grids. The whole system was fully optimized with convergence
criteria of 1 x 10~ eV for total energy and 0.02 eV A~" for the
maximum force on each atom.

3 Results and discussion

The schematic of the synthetic process of Co-NCF@Ni is
depicted in Fig. 1a. First, dodecahedral ZIF-67 (see also Fig. 1b)
was synthesized by a common solvothermal reaction using
Co(NOs3),-6H,0 as a Co ion source and 2-Melm as an organic
ligand at room temperature.*® Then, the Co-NCF was prepared
by direct pyrolysis of the ZIF-67 under a N, flow at 700 °C for 1 h.
During the thermal treatment process, the Co ions were
reduced to metallic Co nanoparticles while the coordinated
organic framework was converted to a N-doped carbon frame-
work and the dodecahedron geometry was largely maintained
(Fig. 1c). The in situ formation of the N-doped carbon frame-
work (NCF) could significantly restrict the aggregation of the
inner Co nanoparticles which could expose more active sites for
the HER. Following that, Ni nanograins were deposited onto the
Co-NCF by the ALD process using Ni(acac),(tmeda) and N,H, as
the Ni source and reduction gas, respectively, at a low chamber
temperature of 200 °C.** Benefiting from the low deposition
temperature of ALD, the eventually obtained Co-NCF@Ni
retained the dodecahedron shape which can provide a stable
host matrix for both inner Co nanoparticles and external Ni
nanograins (Fig. 1d). Moreover, Ni was deposited with various
ALD cycles of 100, 400, and 600 to tune the size and distribution
of the Ni nanograins. As presented in Fig. 1d and S1,T the
scanning electron microscopy (SEM) images of Co-NCF@100-
Ni, Co-NCF@400-Ni, and Co-NCF@600-Ni not only reveal that
the catalysts retain the homogeneous morphology but also that
small Ni nanograins anchor on the surface of the Co-NCF,
leading to a rougher surface compared with the bare Co-NCF.
In order to further investigate the morphology and diversity of
Ni nanoparticles produced by ALD, a Si substrate was used as
the reference. Morphological characterization demonstrates
that the deposition of Ni on the Si substrate (Fig. S21) also gives
it the characteristic granular appearance. The size distribution
analyses (inset of Fig. S27) reveal that the average sizes of the
nanoparticles deposited with 100, 400, and 600 ALD cycles are
approximately 6, 21, and 29 nm, respectively. Fig. 1e summa-
rizes the ALD procedure and the particle size as a function of the
number of ALD cycles, demonstrating a good capability of the
current approach to tune the particle size.

In order to determine the phase of the conversion, powder X-
ray diffraction (XRD) patterns were studied. The patterns of
violet ZIF-67 powder and black Co-NCF powder (Fig. S31) indi-
cate the complete conversion from ZIF-67 to the carbon
framework and the formation of elemental Co particles. The
Raman spectra of the Co-NCF and Co-NCF@Ni (Fig. S4%)
provide evidence that the organic framework is radically
carbonized after the pyrolysis, as D and G bands were noticed at
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Fig. 1 (a) Schematic illustration of the synthesis process of the Co-NCF@Ni composite. SEM images of (b) ZIF-67, (c) Co-NCF, and (d) Co-
NCF@600-Ni. (e) Ni particle size controllability as a function of the number of ALD cycles (the inset demonstrates the chemical formula of the
two precursors for the ALD process: Ni(acac),(tmeda) and NyH,). (f) XRD patterns and (g) EDX spectrum of Co-NCF@600-Ni. Inset: Ni 2p XPS

spectrum of Co-NCF@600-Ni.

1351 and 1592 cm ', respectively. Additionally, Fig. 1f shows
the XRD patterns of three Co-NCF@Ni samples. It can be noted
that only the metallic fcc Co and Ni can be observed without
other phases.*”® X-ray photoelectron spectroscopy (XPS) was
utilized to further examine the composition of the catalysts. The
spectra of the Co-NCF (Fig. S5t) suggest the full reduction of Co
ions after the pyrolysis and the formation of electrochemically
active Co-N bonds.** However, for Co-NCF@Ni, the similar C
1s, N 1s, and Co 2p spectra (Fig. S61) demonstrate that the
ingredients of the Co-NCF are immune to the process of ALD
because of the low reaction temperature and the self-limited
growth process. Fig. 1g shows the EDX spectrum of Co-
NCF@600-Ni which indicates a relatively high nickel content,
with the detailed atomic percentages of the elements shown in

3502 | J Mater. Chem. A, 2020, 8, 3499-3508

Table S1.T The existence of Ni in the Co-NCF@Ni composites is
proved by the Ni 2p spectra presented in the inset of Fig. 1g and
S7.7 Ni 2p3/, peaks at ca. 853.1 eV and Ni 2p,,, peaks at ca.
870.2 eV can be clearly observed in all three spectra, indicating
the metallic status of Ni, which is consistent with the XRD
results.

High-resolution transmission electron microscopy (HRTEM)
and energy dispersive X-ray (EDX) elemental mapping were
carried out to further determine the microstructural properties
of the composite. As shown in Fig. 2a and b, the TEM images of
Co-NCF@600-Ni indicate that almost all catalytic units main-
tain an intact dodecahedron framework whose porous structure
could be beneficial to the HER process,** and the Ni nanograins
anchored on the NCF are obvious. The EDX mapping (Fig. 2c—f)

This journal is © The Royal Society of Chemistry 2020
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Fig.2 (aand b) TEM images of the Co-NCF@600-Ni composite. (c—f)
Corresponding EDX mapping images of the composite in (b), showing
the presence of (c) C, (d) Co, (e) N, and (f) Ni.

images corresponding to Fig. 2b clearly demonstrate that C, N,
Co, and Ni are evenly distributed over the entire Co-NCF@600-
Ni composite structure, suggesting a homogeneous integration
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of Ni. The TEM images and corresponding EDX mapping of the
Co-NCF, Co-NCF@100-Ni, and Co-NCF@400-Ni, with elemental
constituent contents, are clearly shown in Fig. S9, S10, and
S11,t respectively. It can be noted that the Ni content increases
as the number of ALD cycles increases because more Ni is
deposited on the framework during the ALD process.

The electrocatalytic performance of the as-prepared Co-NCF
and Co-NCF@Ni with different ALD cycles was examined for
the HER by using a three-electrode system in N,-saturated 1 M
KOH, and a mass loading of 0.28 mg cm™> was adopted for all the
samples. Linear sweep voltammetry (LSV) was first performed at
a scan rate of 5 mV s '. As illustrated in Fig. 3a, a bare glassy
carbon electrode (GCE) and a commercial Pt/C electrode (5%,
Sigma-Aldrich) were also measured as references. In order to
achieve a current density of 10 mA cm ™2, the Co-NCF@600-Ni
shows a lower overpotential (157 mV) than Co-NCF@400-Ni
(168 mV), Co-NCF@100-Ni (243 mV), and Co-NCF (286 mV),
while the GCE shows far more than 500 mV and the Pt/C elec-
trode shows 57 mV. The results reveal that the deposition of Ni
particles on the Co-NCF by ALD could effectively enhance the
electrocatalytic activity. In addition, it is worth noting that the
performance of Co-NCF@Ni is better than that of the Ni-C
composite reported in the literature.*® The reason is considered
to be the active sites provided by the interfaces between the
coated Ni and the Co-NCF. And Co-NCF@600-Ni with more Ni
nanograins consequently demonstrates the highest HER catalytic
performance in alkaline electrolytes. Notably, as exhibited in
Table 1, when compared with most of the reported non-precious
catalysts based on vapor reactions such as ALD or chemical vapor
deposition (CVD), our Co-NCF@600-Ni shows a remarkably
enhanced catalytic performance in alkaline solution.
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Fig. 3 (a) LSV curves and (b) Tafel curves of the Co-NCF, Co-NCF@100-Ni, Co-NCF@400-Ni, Co-NCF@600-Ni, and commercial Pt/C. (c) Cq
values of the Co-NCF, Co-NCF@100-Ni, Co-NCF@400-Ni, and Co-NCF@600-Ni electrodes. (d) HER stability tests of the Co-NCF@600-Ni.
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Table1l Comparison of the electrolytic HER performance of Co-NCF@600-Ni with that of other non-precious metal electrocatalysts based on

ALD or CVD

Catalyst Methods Electrolyte Overpotential at 10 mA cm™> Reference
ALD (TiO,)-MoS, ALD 0.5 M H,SO, Over 300 mV 53
Ni;S,/Au; NizS,/SiO, ALD 1.0 M KOH ~300 mV 54
MoS,/Au foil CVD 0.5 M H,S0, ~200 mV 55
MoSe,/CC CVD 0.5 M H,S0, Over 200 mV 56

TiS, QDs ALD 0.5 M H,S0, 245 mvV 57
Mo-thiolate ALD 0.5 M H,SO, 294 mV 58

MoS, ALD 0.5 M H,SO, Over 250 mV 59
MoS,/MoSe, CVD 0.5 M H,S0, Over 300 mV 60
CoS,/GF, CoS,/CT ALD NA 295 mV, 265 mV 61
Co-NCF@600-Ni ALD 1.0 M KOH 157 mV This work

Here, Tafel slopes were calculated by linearly fitting the
polarization curves to evaluate the HER kinetics of the catalysts.
As presented in Fig. 3b, the Tafel slope of Co-NCF@600-Ni is
112 mV dec™ !, which is less than the 126 mV dec * for Co-
NCF@400-Ni, 142 mV dec ' for Co-NCF@100-Ni, and 145 mV
dec™" for Co-NCF, indicating an enhancement of HER kinetics
by the ALD-Ni coating. Such a Tafel slope of Co-NCF@600-Ni
suggests that a combined Volmer-Heyrovsky reaction mecha-
nism dominates the HER process, and the electrochemical
desorption is the rate-determining step, based on the classical
three principal steps (Volmer, Heyrovsky, and Tafel steps) for
the HER in alkaline electrolytes.®>** Electrochemical impedance
spectroscopy (EIS) was used to further investigate the catalytic
kinetics. As illustrated in Fig. S12,t the Nyquist plots and the
fitting results of the Co-NCF electrode and Co-NCF@Ni elec-
trodes show linear traits in low-frequency regions and no
obvious semicircles are observed in their high-frequency
regions, suggesting their strong electron-transfer ability.*>*” In
order to examine the electrochemically active surface area, for
which a higher value usually means more potential active sites
for catalysis, the capacitance of the double layer (Cq) at the
electrode-electrolyte interface was tested by cyclic voltammetry
(CV) in the range of 20-100 mV (Fig. S137). Fig. 3¢ shows that
the Cq; of the Co-NCF@600-Ni electrode is 8.6 mF cm ™2 which is
derived from the CV measurements (Fig. S131). Additionally,
the Cg; values of Co-NCF@400-Ni (7.8 mF cm™?), Co-NCF@100-
Ni (6.1 mF cm™?) and Co-NCF (5.7 mF em™?) were also calcu-
lated from the CV test (Fig. S13%). It is apparent that the Co-
NCF@600-Ni possesses the highest Cq value, implying the
most number of active sites, which is in accordance with the
analysis of the LSV curves. Stability is also a critically important
property of electrocatalysts. The stability of Co-NCF@600-Ni
was measured by running long-term CV cycles at a scan rate
of 100 mV s~ ' and potential-constant electrolysis. As presented
in Fig. 3d, the polarization curve of the Co-NCF@600-Ni recor-
ded after 3000 cycles shows a small increase of overpotential
(~30 mV) at 10 mA em >, indicating good durability of the
catalyst. Moreover, a chronoamperometry test (inset of
Fig. 3d) also indicated excellent stability of the composite
with only a slight deactivation after a continuous 20 h test.
The morphology (Fig. S141) and the XRD pattern (Fig. S151) of
the sample after the 20 h chronoamperometry test almost
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retain the original dodecahedron structure and the crystal
structure, respectively, further suggesting the superior
stability of Co-NCF@600-Ni.

In order to gain atomic-scale understanding of the catalytic
nature of the Co-NCF@Ni, we carried out density functional
theory (DFT) calculations which provided a fundamental
understanding of the enhanced HER activity of Co-NCF@600-Ni
on the atomic scale. Several theoretical models including gra-
phene (C), Co particles encapsulated in nitrogen doped gra-
phene (Co@NC), Co particles encapsulated in nitrogen doped
graphene (NC) with half number of Ni atoms anchored
(Co@NC@®@Ni (2 : 1)), and similar structures with equal number
of Ni atoms (Co@NC@Ni (1 : 1)) were employed here. Particu-
larly, the model was constructed with an identical number of Co
and Ni atoms so that the system could match the elemental
distribution results of EDX mapping of the Co-NCF@600-Ni
sample, which is presented in Fig. 2c—f and Table S1, while
the model of CoO@NC@Ni (2 : 1) represents the Co-NCF@400-Ni
sample. In alkaline solution, the H,O dissociation-adsorption
should be considered in the HER.®® The reaction mechanism of
an alkaline HER follows three key steps:

H,O0 + e~ + cat — H*-cat + OH™ (Volmer step)
2H*-cat — H,1 (Tafel step)

H*-cat + H,O + ¢~ — cat + OH™ + H,1 (Heyrovsky step)

The free energy for the first step and third step is supposed to
be the same at the equilibrium potential of the HER. Under this
assumption, one can avoid computation of the exact free energy
of OH™ in solution by using a computational hydrogen elec-
trode.®® In this way, four stages should be considered in an
alkaline HER: the initial stage, activated H,O adsorption, H*
intermediate formation, and H, formation.” The AGy,o and
AGy+ are widely applied as activity descriptors for under-
standing HER catalytic activity. The AGy c value is utilized for
the free energy difference between the first and second stage.
The AGy+ value is applied as the free energy difference between
the third and fourth stage.”®' And the species H-OH is
a ground state of activated water adsorption. It should be noted
that free energies close to zero indicate that the transition
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processes can take place easily.”””* As shown in Fig. 4a, with
regard to the energy barrier of H,O dissociation AG(H,0), the
bare pristine graphene showed an extremely high value of
4.26 eV, which mainly prevents the dissociation of H,0 to H*
and induces lower HER kinetics. With one single metal or
double transition metals doped into the catalysts, AG(H,O) was
reduced to 2.48 eV for CoO@NC, 2.78 eV for CO@NC@Ni (2 : 1)
and 2.20 eV for CO@NC@Ni (1 : 1). On the other hand, we note
that the AG(H¥*) of Co@NC (0.640 eV) is much higher than that
for the CO@NC@Ni (2 : 1) (0.255 eV). Previous literature studies
have concluded that the kinetics of the HER in alkaline solution
depend on both the Volmer step and Heyrovsky step, and both
the water dissociation barrier energy and the hydrogen
adsorption energy collectively influence the HER perfor-
mance.”>”® Therefore, taking AG(H,0) and AG(H¥) into account,
Co@NC@Ni (1 : 1) holds a lower systematic energy barrier than
Co@NC and Co@NC@Ni (2 : 1). This is in accordance with the
experimental results shown in Fig. 3. Here, the schematic
representation of the four-stage reaction of CO@NCF®@Ni (1 : 1),
which is the best electrocatalyst, is shown in Fig. 4b.

To further clarify the electron transfer process, we also
calculated the charge transfer of C-H, Co@NC-H, Co@NC@Ni
(2 : 1)-H, and Co@NC@Ni (1 : 1)-H systems (Fig. 4c and S167).
When Co atoms are introduced, some negative charges transfer
from Co to C. Once Ni nanograins are loaded onto the system,
the weak charge transfer between Co and C atoms is slightly
enhanced. In conclusion, the binding strength between gra-
phene and H can be enhanced by different means, including the
encapsulation of Co clusters, and the loading of Ni nanograins
on graphene. Further, the HER activity is promoted as well.”” In
short, DFT results indicate that various chemical modifications
at the interfaces (i.e., Co/NCF/Ni interfaces) are an effective
means to generate new active sites and reduce the overpotential
of the HER, which demonstrates the high catalytic performance
of current composites.

In addition, encouraged by the unique structure of the Co-
NCF@600-Ni composite and its excellent HER performance in
powder form, we proposed to build a flexible device aiming to
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enhance the mass loading and realize the functionality of the
catalysts in complex and extreme environments e.g., buckling
and bending geometries. As shown in Fig. S17,7 we designed
a flexible device which is constructed using a Teflon rod and
a piece of carbon fiber paper (CFP) painted with the Co-
NCF@600-Ni composite (see the Experimental section). Three
Teflon rods (diameters: 10 mm, 20 mm, and 30 mm) were
adopted as moulds to investigate the HER performance of the
Co-NCF@600-Ni/CFP under different rolling strains. The radian
angle value 6 of each device was first calculated using the circle
equation:

6 = LIR, 1)

where L is the belt length which here is a constant of 20 mm
because of the catalyst area covering a region of 10 mm x
20 mm and R is the radius (here 5.2 mm, 10.2 mm and 15.2 mm,
respectively, taking the thickness of polyethylene terephthalate
(PET) and the CFP substrate into consideration). Then, the
strains of Co-NCF@600-Ni/CFP rolling onto the rods were
calculated approximately based on the bending strain
equation:”™®

p+y)dd — pdf
(ot y)dd — pdf lde , )

where p is the radius of curvature of the neutral layer and y is the
neutral layer to boundary distance (Fig. S181). The obtained
strains were about 0.0192, 0.0098, and 0.0066, respectively,
corresponding to rods with diameters of 10, 20, and 30 mm
(Table S27).

The electrocatalytic performances of the flexible Co-
NCF®@600-Ni/CFP electrode with different statuses were
studied by the HER test in N,-saturated 1 M KOH aqueous
electrolyte, and the rolled belts on Teflon rods were directly
used as working electrodes. A pristine CFP belt and a catalyst
belt in the flat state before rolling were measured for compar-
ison. During the electrolysis, a large number of H, bubbles were
produced from the Co-NCF@600-Ni catalyst area on the belt

a —_— —cC

4r / ‘\ ——Co@NC
< Co@NC@Ni (2:1)
Q31 —— Co@NC@Ni (1:1)
>
>
o 2f
cC
(0]
g1t
—
L

0 L

Sub

Reaction coordinate

Fig. 4 (a) The calculated free energy profiles of different models in alkaline solution. (b) The structures of predicted intermediates that bind to
water and hydrogen. (c) The charge density transfer (Ap) of H adsorbed on the Co@NC@Ni (1 : 1) system. The blue, green, brown, silver, red, and
pale-pink balls represent Co, Ni, C, N, O, and H atoms, respectively. The blue and yellow isosurfaces denote electron loss and gain, respectively.
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Fig.5 (a) LSV curves of Co-NCF@600-Ni/CFP flexible electrodes with different rolling diameters. (b) Tafel curves of CFP and Co-NCF@600-Ni/
CFP electrodes rolled on Teflon rods with different diameters. (c) LSV curves of the Co-NCF@600-Ni/CFP flexible electrode after repeatedly
rolling on a 30 mm diameter rod. (d) Overpotential at a current density of 10 mA cm~2 and the faradaic efficiency of the Co-NCF@600-Ni/CFP

electrode after repeatedly rolling on a 3 mm diameter rod.

(video 1, ESIt). The LSV curves (Fig. 5a) show that a current
density of 10 mA cm ™2 is achieved at an overpotential of 160 mV
for the catalyst belt on a 30 mm diameter rod, while a negligible
increase can be observed on 20 mm diameter (163 mV) and
100 mm diameter (174 mV) rods. The results indicate a better
HER performance under lower strain, probably due to the lower
number of active sites on the surface being squeezed and
covered during deformation.”® Meanwhile, the flat Co-
NCF®@600-Ni/CFP belt presents a relatively lower overpotential
(150 mV) than the powdery catalyst (157 mV) because of a higher
mass loading (about 3 times higher). Previous literature has
proved that a large mass loading is beneficial to the catalytic
performance.®®# The corresponding Tafel slopes (Fig. 5b)
suggest that the HER process of these belt catalysts follows
a Volmer-Heyrovsky pathway.*® In order to lucubrate the flexi-
bility of the Co-NCF@600-Ni/CFP catalyst, the belt was repeat-
edly rolled (the details of one rolling step are shown in Video 2,
ESIT), and the HER performance was measured after every 10
times rolling. We noticed that the belt was almost cracked with
some flaws appearing on the surface after 50 times rolling. The
polarization curves and the corresponding Tafel plots
(Fig. S197) show a small increase of overpotential (at 10 mA
cm?) during the repeated rolling, and the faradaic efficiency
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maintains a level of 85% after 50 times rolling (Fig. 5¢ and d).
The slight deterioration of the performance can be ascribed to
the flaws on the surface, which lead to subtle exfoliation of the
active substances into the electrolyte as the digital photo
exhibits in Fig. S20.1

4 Conclusions

We have successfully developed a novel and effective strategy to
fabricate a dispersed Ni nanograin-anchored Co-NCF by
a feasible pyrolysis-ALD approach. Electrochemical measure-
ments demonstrate that the ALD-Ni nanograins can signifi-
cantly improve the HER performance of the MOF-derived
structure. Owing to the properties of ALD, the structure and the
electrochemical performance can be intentionally tuned by
controlling the size of the Ni nanograins. DFT calculations
reveal the electronic tuning among Co/NCF/Ni interfaces, and
the introduction of ALD-Ni is beneficial for the HER. Besides,
a flexible catalyst device is developed, and the flexible Co-
NCF@600-Ni electrode delivers 10 mA cm™> at a low over-
potential of 160 mV under a bending situation. A good dura-
bility of 50 repeated rolling cycles with a small deterioration of
the performance is demonstrated for the flexible device. This

This journal is © The Royal Society of Chemistry 2020
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study opens up a new avenue toward the design and fabrication
of non-precious metal electrocatalysts in deformable systems.
This tactic can be extended to the development of other elec-
trocatalysts for e.g. oxygen reduction and carbon dioxide
reduction.
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