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Abstract

Hydrogen evolution reaction (HER) electrocatalysts capable of long-term operation
under high current densities are key to the industrialization of water-splitting
technology. Although numerous efforts have been devoted to expose active sites
sufficiently while increasing the intrinsic catalytic activity, effects of non-kinetic
factors on catalytic efficiency have not yet been comprehensively investigated. Herein,

multifunctional carbon-armored nickel nanoparticles (NC@NiNPs) were fabricated
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using an in-situ polymer encapsulation method for use as a HER electocatalyst.
NC@NiNPs exhibited low overpotential (74 mV at 10 mA cm), low Tafel slope
(85.49 mV dec?) and excellent stability (over 260 h at 1400 mA cm). Surprisingly,
although the intrinsic activity of NC@NiNPs was lower than that of commercial 20%
Pt/C, NC@NIiNPs provided markedly greater current density than 20% Pt/C as the
operating voltage was increased. This result implied that non-kinetic factors influenced

the HER process, prompting this investigation to identify these unknown factors.
1. Introduction

Massive energy consumption based on use of traditional fossil fuels has triggered
numerous environmental issues, prompting researchers to urgently explore cost
effective and environmentally friendly renewable energy sources toward achieving
global carbon neutrality [1-3]. In recent years, green hydrogen has attracted much
attention as an energy carrier, due to its high thermal combustion value and zero-carbon
emission [4, 5], with electrolysis viewed as a promising option for carbon-free
hydrogen production. However, due to a lack of highly efficient catalysts, this process
requires high energy consumption to drive the hydrogen evolution reaction (HER),
which is thermodynamically nonspontaneous [6, 7]. Currently, commercial water
electrolysis is mainly catalyzed by platinum (Pt)-based catalysts that are scarce and
costly, thus greatly limiting its large-scale applications [8, 9]. Therefore, cheaper and
more efficient electrocatalysts are required before electrolysis of water can be
performed to generate hydrogen on an industrial scale [10].

In past decades, various transition metals, metal sulfides, phosphides, nitrides,
selenides, and related derivatives have been widely studied, resulting in development
of electrocatalysts that are less costly than Pt [11-13]. However, as compared with Pt-
based catalysts, the performance of less costly catalysts has been far from satisfactory,
especially at high-current densities needed to meet industrial demand [14]. In order to
improve performance capabilities of these catalysts, various carbon-based supports
with high surface areas, good conductivities, and chemical stabilities have been

evaluated. Such materials have been demonstrated to reduce activation energies and
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accelerate catalytic reaction rates, leading to development of numerous carbon-
supported catalyst designs and fabrication processes [15]. recent catalyst designs have
incorporated carbon-based materials that support maximal catalytic activity of
immobilized catalysts [16, 17]. In fact, some catalysts deliver surprisingly excellent
performance that appears to be derived from synergistic interactions occurring between
carbon supports and catalytically active centers [18, 19]. Nevertheless, as is true for
carbon-supported Pt catalysts, these catalytically active materials still suffer from
particle coalescence, Ostwald ripening, and catalyst detachment from carbon supports
after numerous cycles of operation [20, 21]. In addition, during large-scale industrial
production, mechanical shock effects caused by generation of large numbers of H> gas
bubbles can seriously damage catalyst supports, leading to catalyst-support detachment
that further reduces catalytic performance [22, 23].

As reported by the water electrolysis industry, working current densities of proton
exchange membrane water electrolyzers (PEMWES) generally exceed 1.6 A cm, while
current densities of alkaline water electrolyzers (AWES) have not yet reached the
required minimum current density of 0.5 A cm™ [24]. Nonetheless, maintaining
continuous operation of electrolyzers over long periods of time (>100000 h) under such
high working current densities is a daunting challenge that must be overcome with
improved HER catalyst designs [25]. Against the backdrop of industrial applicability,
achieving higher current densities at lower overpotential values and overcoming
mechanical shock-induced catalyst damage are two key points that must be considered
while developing new HER catalysts.

To resolve the abovementioned issues, researchers have strived to increase
intrinsic activities of catalysts while focusing on developing methods that expose as
many active sites as possible. However, non-kinetic factors that may severely influence
HER catalyst performance have not yet been thoroughly investigated [26]. Herein, Ni,
a catalyst used successfully in the alkaline electrolyzed water industry [27], was
selected and evaluated for gas bubble effects on HER performance. Several layers of

nitrogen-doped, carbon-coated Ni nanoparticles (NC@NIiNPs) were prepared using a
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facile bottom-up, in-situ polymer encapsulation method. Armed with a uniquely thin
carbon protective layer, NC@NIiNPs of around 8 nm in diameter with Ni content as
high as 89.4% were generated in the absence of appreciable agglomeration. Moreover,
the nanoparticles exhibited surprisingly high HER catalytic activity and stability, while
also providing hydrogen evolution overpotential that approximated that obtained with
20% Pt/C. More importantly, although the intrinsic activity of NC@NiNPs was lower
than that of commercial 20% Pt/C, the current density provided by NC@NIiNPs far
exceeded that of 20% Pt/C as the operating voltage was increased. In addition,
NC@NIiNPs catalytic performance remained stable even after operation for over 260 h
in 1 M KOH at 1400 mA cm, a current density that far exceeded the current density
of 10 mA cm used for durability testing of most HER catalysts in previously reported
studies [28]. Taken together, these experimental results suggest that excellent
electrocatalytic activity and superior stability of NC@NiNPs may be attributed to the
following factors: small nanoparticle size and high Ni content that ensure high current
output [29, 30]; nitrogen-doped carbon layer effects on the Ni electronic structure that
promote rapid charge transfer among composite materials during HER cycles; effective
carbon shield layer-based protection of the electrocatalyst from particle coalescence,
Ostwald ripening, and electrochemical corrosion; and excellent hydrophilicity of the
nitrogen-doped carbon layer that allows NC@NIiNPs to rapidly divert adhered H:
bubbles away from the catalyst to greatly decrease mechanical shock during long HER
cycles (a requirement for industrial applicability) [31, 32]. Overall, the results of this
work indicate that the non-kinetic factor, H> gas bubble evolution, greatly influences
HER process performance. Furthermore, our results suggest that our proposed in-situ
polymer bottom-up encapsulation method may be a feasible approach for preparing
various carbon coated transition metal-based catalysts for use in industrial-scale high-

efficiency hydrogen evolution-based applications.



2. Experimental Section

2.1 Materials

Ni(NO3)2-6H20, polyvinylpyrrolidone (PVP, (CsHsNO)» MW 40000), ethylene glycol
(EG), and KOH were obtained from Aladdin Co., Ltd., China. All reagents were used

without further purification.

2.2 Preparation of NC@NiNPs, C@NiNPs, and NiNPs

PVP (2 g) was dissolved in 25 mL of ethylene glycol with stirring at 100 °C and 2 g of
Ni(NOz)2-6H20 was dissolved in 20 mL of ethylene glycol at room temperature. Next,
the two solutions were mixed together with stirring at 175 °C for 30 min, resulting in
generation of a light green-colored emulsion. The emulsion was then centrifuged at
5000 r/min, the pellet containing the precursor was washed with ethanol, then the
resulting solid powder was dried at 60 °C for 12 h. Thereafter, the powder was
transferred to a porcelain crucible and annealed at 500 °C in an argon atmosphere for 2
h then the final product was collected and designated NC@NiNPs. For comparison, an
additional product was prepared under the same conditions but in the absence of PVP
(designated C@NIiNPs). In addition, a third sample, designated NiNPs, was prepared
from commercial 30-nm-diameter nickel nanoparticles that were washed with acetone
while undergoing ultrasonic treatment to remove organic pollutants. Finally, the
particles were soaked in 1 M hydrochloric acid for 1 h to remove surface oxide followed

by washing of the nickel nanoparticles with deionized water to obtain pure NiNPs.
2.3 Preparation of C@NiNPs-0, NC@NiNPs-1, and NC@NiNPs-2

C@NIiNPs-0, NC@NIiNPs-1, and NC@NiNPs-2 were prepared using similar methods
to that used to prepare NC@NiNPs except that different mass ratios of PVP to Ni%*
were used. More specifically, mass ratios of 0, 1, and 2 were used to prepare samples

designated C@NIiNPs-0, NC@NiNPs-1, and NC@NIiNPs-2, respectively.

2.4 Preparation of electrodes



In order to prepare a working electrode to evaluate catalytic activity, first a 3-mm-
diameter glassy carbon electrode (GCE) was polished with Al>Os, rinsed with deionized
water, then dried with nitrogen. Next, the polished GCE was coated with active material
(0.025 mg). Meanwhile, 5 mg of previously prepared catalyst was added into 1 mL of
Nafion solution composed of deionized water, ethanol, and Nafion at a volume ratio of
1:1:0.05 then the mixture was ultrasonically mixed for 30 min to generate catalyst ink.
Finally, the catalyst ink (5 pl) was dropped onto the clean GCE surface and allowed to

dry naturally.
2.5 Electrochemical measurements

All electrochemical measurements were performed using an electrochemical
workstation (CHI 760E, Chenhua Instruments Inc.). A Hg/HgO electrode (1 M KOH)
and carbon rod were used as reference electrode and counter electrode, respectively,
with 1 M KOH serving as the electrolyte. Linear scan voltammograms (LSV) were
recorded at 5 mV sl Long-term stability testing was performed via
chronoamperometry conducted at 1.6 V and 25 °C. Electrochemical impedance
spectroscopy (EIS) measurements were detected within a frequency range of 0.01 Hz
to 100 kHz. The main arc in the EIS spectrum was matched using a simplified Randles
equivalent circuit. The Randles circuit was composed of a resistance (RS) in series with
a parallel arrangement of a charge-transfer resistance (Rct) and a constant phase
element (CPE), with fitting parameters appraised via the Levenberg-Marquardt
minimization procedure. Cyclic voltammetry (CV) was applied to measure the
electrochemical double-layer capacitance at nonfaradaic potentials in order to
determine the catalytic electrochemical active surface area (ECSA). More specifically,
the ECSA was measured via electrochemical double-layer capacitance (Cdl) to estimate
the active sites of the electrocatalyst, and it was calculated by measuring the capacitive
current density at different scan rates. Overpotential values were calculated according

to the following equation: E (overpotential, V) = E (vs. Hg/HgO) + 0.098 + 0.0592 pH.

3. Results and Discussion



3.1 Structures and morphologies of catalysts
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Fig. 1 (a) Schematic illustration showing the NC@NiNPs electrocatalyst synthesis
method and microstructure. (b) X-ray diffraction (XRD) pattern of NC@NIiNPs. (c)
Raman spectrum of NC@NIiNPs. (d and €) Transmission electron microscopy (TEM)
images of NC@NIiNPs at low and high magnifications, respectively, with insert in panel
(d) showing particle size distribution. (f) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and (g) energy dispersive
spectroscopy (EDS) elemental mapping images of NC@NiNPs (with individual

elements of Ni, C, O, and N shown in small four panels to the right).

Fig. 1la outlines the preparation process of the in-situ bottom-up polymer
encapsulation method used to synthesize NC@NIiNPs. Briefly, ethylene glycol (EG)

serving as both solvent and reducing agent, together with polyvinylpyrrolidone (PVP)
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to capture free Ni?* through electrostatic action [33]. PVP reduced the surface energy,
due to the ability of its flexible polymer chains to easily wrap around Ni?* ions to form
polymer-coated Ni-containing spheres. During reduction and calcination processes,
long PVP chains act to maintain steric hindrance between nickel ions and prevent Ni
nanoparticle agglomeration by forming a thin carbon layer that coats Ni particle
surfaces [34]. Next, thermogravimetric analysis was conducted that demonstrated that
optimal pyrolysis occurred at 500 °C (more detailed procedures are shown in the
experimental section). Thus, this temperature was used for conducting pyrolysis
thereafter (Fig. S1), with microstructural and phase characterization results of
precursors shown in Fig. S2. Meanwhile, NiNPs and C@NIiNPs were also synthesized
for use as comparison samples (please refer to the Experimental Section for details). As
displayed in Fig. 1b, three peaks in the XRD pattern at 20 of 44°, 52°, and 76° are
visible that correspond to standard dni patterns of (111), (200), and (220), respectively,
for metallic nickel (PDF standard card #04-0850). The broad diffraction peak around
25° corresponds to the (002) plane of graphitic carbon [35]. Respective D and G bands
observed at ~1300 cm™! and 1600 cm™! within the Raman spectrum (Fig. 1c) confirmed
successful formation of graphitic carbon from precursor materials [36]. In addition,
transmission electron microscopy (TEM) image results showed morphologies and
microstructures of particles within the final NC@NIiNPs preparation (Fig. 1d), wherein
nickel nanoparticles with an average diameter of 8 nm can be seen that are uniformly
distributed across the field of view. Under high-resolution TEM, a well-defined lattice
fringe of length 0.207 nm was observed that corresponds to the (111) crystal plane of
Ni (Fig. 1e). These very tiny Ni particles were covered with several layers of carbon, a
material known to influence Ni electronic structure, endow Ni ions with superior
catalytic activity and act as battle armor to stabilize NiNPs during multiple HER cycles.
When considered together with field emission scanning electron microscopy (FESEM)
results presented in Fig. S3, these results suggest that the carbon-coated Ni particles are
connected to one another by a conductive carbon skeleton to form a 3D interconnected
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networked structure. Additionally, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images and energy dispersive spectroscopy
(EDS) elemental mapping results (Fig. 1f, Fig. 1g) confirmed that NC@NiNPs
possessed predicted elemental composition characteristics and were uniformly
distributed nanoparticles, while results of inductively coupled plasma (ICP analysis)

(Table S1) indicated that Ni content in NC@NIiNPs was 89.4w:%.
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Fig. 2 High-resolution X-ray photoelectron spectrometry (XPS) spectra of NC@NiNPs
and C@NIiNPs. (a) Ni 2p spectra for NC@NiNPs and C@NIiNPs. (b) O 1s spectra for
NC@NIiNPs and C@NIiNPs. (c) N 1s spectrum for NC@NIiNPs. (d) Contact angle and
electrochemical processes that occur within gas-evolving electrodes of NC@NIiNPs. (e)
N 1s spectrum for C@NIiNPs. (f) Contact angle and electrochemical processes within
gas-evolving electrodes of C@NIiNPs. (g) Comparisons of surface bubble evolution
velocities between NC@NIiNPs and C@NiNPs. (h) Digital photos of H. bubble
evolution on NC@NIiNPs, C@NiNPs and 20% Pt/C respectively (insert: statistics of

bubble size distribution).



X-ray photoelectron spectrometry (XPS) was conducted to study elemental
compositions and surface chemical states of NC@NiNPs and C@NIiNPs, with the
results shown in Fig. 2a, Fig. S4, and S5. Notably, a peak corresponding to Ni?* at ~855
eV was observed within the Ni 2p spectrum of NC@NIiNPs, which is obviously stronger
than the corresponding peak in the C@NIiNP spectrum [37]. This result indicated that
PVP ketone functional groups are capable of chelating Ni?* to support formation of a
greater number of nickel-oxygen bonds in the NC@NiNPs precursor than are formed
in the C@NIiNPs precursor [38]. During subsequent pyrolysis reduction processes, most
Ni within NiO was converted to Ni during the generation of numerous oxygen
vacancies [39]. Further comparisons of XPS spectra between NC@NIiNPs and
C@NIiNPs revealed a positive shift in the position of the peak corresponding to Ni° in
NC@NIiNPs of 0.8 eV, which may have resulted from both the removal of oxygen from
the partial lattice and from electronegative nitrogen-associated interference with nickel
electronic structure [40]. Interestingly, a small peak between Ni® and Ni?* was observed
in the Ni 2p spectrum of NC@NIiNPs that indicated that more oxygen vacancies existed
in NC@NIiNPs than in C@NIiNPs. In addition, the O1s spectra of both samples (Fig.
2b) contained peaks at ~532 eV and ~533 eV that were attributed to C=0 and adsorbed
oxygen, respectively, while the stronger peak appearing at 531.2 eV for both samples
corresponded to the surface oxygen vacancy and the peak at 529.8 eV corresponded to
lattice oxygen [41]. Obviously, more lattice oxygen was present in NC@NIiNPs than in
C@NINPs, which is consistent with the abovementioned Ni 2p spectral results [42, 43].
Meanwhile, N 1s spectra (Fig. 2c, Fig. 2e) clearly indicated that NC@NiNPs were
successfully doped with nitrogen, while on the other hand, no peak was observed in the
N 1s spectrum of C@NiNPs. Moreover, the three peaks shown in Fig. 2c at 397.5 eV,
399.5 eV, and 400.7 eV corresponded to peaks for pyridine N, pyrrole N and graphite
N, respectively [44]. As shown in Fig. S6, a clear peak located at 286 eV could be
assigned to a C-N bond as further evidence that successful doping of nitrogen with
carbon occurred in NC@NIiNPs. Notably, it is generally believed that nitrogen doping
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may activate adjacent carbon atoms to enhance H adsorption to surfaces of NC@NiNPs
[32]. In order to better understand the hydrophilicity of catalyst materials, contact angle
measurements were conducted on NC@NIiNPs (Fig. 2d) and C@NiNPs (Fig. 2f), with
results and schematics of bubble evolution behavior on corresponding electrodes
presented in Fig. 2d and Fig. 2f, respectively. Interestingly, it was found that
NC@NIiNPs exhibited a contact angle of 31°, which is much smaller than that observed
for C@NIiNPs (72°). This result suggests that NC@NiNPs nanoparticles possess better
hydrophilic properties and thus enable faster H> bubble ejection as compared to
C@NIiNPs. Furthermore, this result is in good agreement with zeta potential
measurement results (Fig. S7), which revealed that the zeta potential of C@NiNPs was
close to zero (-2 mV), while that of NC@NIiNPs was -24 mV. The more negative zeta
potential of NC@NIiNPs indicated that the more nucleophilic the samples became due
to their lone pairs of N2p; electrons in NC@NIiNPs [45]. Such superior hydrophilicity
of NC@NIiNPs would also facilitate rapid displacement of gas bubbles away from the
catalyst surface. To further confirm this point, in situ experiments were carried out to
monitor transient migratory behavior of gas bubbles as they formed and moved across
surfaces of NC@NIiNPs and C@NIiNPs (Fig. 2g). Ultimately, these results revealed that
gas bubbles moved markedly faster across NC@NiNPs surfaces than across C@NiNPs
surfaces, with additional details presented in Supplementary Movie S1. In addition,
nucleation and growth of Hz bubbles on different electrodes were observed using an
optical microscope. As shown in Fig. 2h, diameters of bubbles formed on surfaces of
the NC@NIiNPs electrode were mainly distributed within the range of 2~21 um, which
were significantly smaller than diameters of bubbles that formed on electrode surfaces
of C@NIiNPs (8~110 pum) and 20% Pt/C (4~102 um). These results indicated that the
lower limit of H2 bubble size on NC@NIiNPs was far smaller than corresponding lower
limits for the other electrocatalysts. In turn, a lower bubble size limit may have greatly
shortened the residence times of bubbles at the reaction interface to greatly reduce the
bubble shielding effect and thereby improve hydrogen production efficiency [46].
11



3.2 HER performance of NC@NIiNPs
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Fig. 3 (a) HER linear sweep voltammetry LSV curves of NiNPs, 20% Pt/C, C@NiNPs,
and NC@NINPs. (b) Tafel plots of NiNPs, 20% Pt/C, C@NiNPs, and NC@NIiNPs. (c)
Double-layer capacitance (Cai) values calculated from slopes of plotted current density
values obtained for various scan rates for NC@NiNPs, C@NiNPs, and NiNPs. (d)
Comparisons of HER activity of NC@NiNPs to HER activities of other reported

catalysts, with HER activities presented in Table S2.

After performance tests of NiNPs, C@NIiNPs, and NC@NiNPs were conducted
under identical conditions, the results were compared to those obtained for 20% Pt/C
catalyst and expressed as linear sweep voltammetry (LSV) curves (without iR correction)
[47] (Fig. 3a). The results indicate that although 20% Pt/C delivered a near-zero onset
overpotential with increasing work voltage, the current density delivered by NC@NiNPs
far exceeded that delivered by the 20% Pt/C catalyst. In addition, NC@NIiNPs exhibited
excellent HER performance, with an overpotential of only 74 mV observed at a current
density of 10 mA cm that was far superior to that observed for NiNPs (307 mV) and
C@NINPs (174 mV), and only slightly higher than that observed for 20% Pt/C (34.6
mV) (Fig. S8). Meanwhile, Tafel slopes determined for 20% Pt/C and NC@NiNPs were

57.24 mV dec! and 85.49 mV dec?, respectively, (Fig. 3b), implying that HER process

12



rates associated with these catalysts were controlled by the Volmer-Heyrovsky
mechanism [48]. Importantly, these HER process rates are far lower than corresponding
rates calculated for catalysts C@NiNPs (153.84 mV dec™?) and NiNPs (256 mV dec™).
Moreover, EIS spectra (Fig. S9) further confirmed the smaller charge transfer resistance
and higher electrical conductivity of NC@NiNPs as compared to corresponding features
of C@NIiNPs and NiNPs under the same bias voltage [49]. Furthermore, the NC@NIiNPs
curve exhibited a parabolic shape that was slightly larger in area than that plotted for 20%
Pt/C, as is clearly shown in the Nyquist diagram in Fig. S9, thus demonstrating that a
faster kinetic process was associated with 20% Pt/C. However, the explanation
underlying why the HER performance of NC@NIiNPs under large current density was
markedly superior to that of 20% Pt/C still remains unclear, but we speculate that it may
be attributed to non-kinetic factors, warranting further investigation. Additionally, the
Rs value of NC@NiNPs was 7 Q, which indicates that it possesses excellent electrical
conductivity. As an additional consideration, electrochemical active surface area (ECSA)
values for these electrocatalysts were estimated based on electrochemical double-layer
capacitance (Cqai) values (Fig. 3c, Fig. S10) [50], whereby the Cq value of NC@NiNPs
was 26.3 mF cm, a higher value than corresponding values calculated for C@NiNPs
(9.1 mF cm™) and NiNPs (4.3 mF cm). These results thus suggest that NC@NiNPs
possessed the largest number of active sites. Finally, as shown in Fig. 3b, the
electrocatalytic HER performance of NC@NIiNPs prepared in alkaline media is almost
optimal among non-noble metal nanocatalysts (as reported in the literature) and

comparable to reported HER performance of platinum-based catalysts (Table S2).
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Fig. 4 (a) Chronoamperometry (at a static high current density of 1400 mA cm) of
NC@NIiNPs conducted after 260 h of HER operation, and commercial 20% Pt/C
conducted under the same conditions. (b) Comparisons of current density and stability
values of NC@NIiNPs to reported values for other catalysts, with source data presented
in Table S3. (c) XPS spectra of NC@NiNPs before and after IT stability testing at 1400
mA cm. (d) TEM images of NC@NiNPs after IT stability testing at 1400 mA cm™.

Importantly, the HER stability of the NC@NIiNPs-based electrode was evaluated
by chronoamperometry analysis during exposure to a current density of 1400 mA cm™
(Fig. 4a). The results showed that even after 260 h of HER operation, output current
density remained at 1400 mA cm, a performance level that was markedly superior to
that observed for commercial 20% Pt/C tested under the same conditions (Fig. 4a). To
investigate why the NC@NIiNPs electrode continued to work stably at such a high
current density over such a long period of time, NC@NiNPs were analysed by XPS and
TEM. As shown in Fig. 4c and Fig. 4d, the carbon armor was still clearly visible and

intact, thus indicating the armor prevented both agglomeration of nano-Ni particles and
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Ni oxidation during numerous HER cycles. By contrast, NiNPs underwent severe
oxidation after multiple reaction cycles (Fig. S11). Furthermore, the superior
performance of this carbon armor was demonstrated by comparing intrinsic activities
of NC@NIiNPs obtained before and after long cycles (Fig. S12). As shown in Fig. 4b,
our designed catalyst provided dramatically superior current density and long-cycle
stability when operated in alkaline media as compared with corresponding previously
reported performance indicators of cheap metal-based HER catalysts (Table S3).

3.3 Potential mechanism of NC@NiNPs formation
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Fig. 5 TEM images of (a) C@NIiNPs-0, (b) NC@NiNPs-1, (c) NC@NiNPs-2. (d) XRD

patterns of C@NiNPs-0, NC@NiNPs-1, and NC@NiNPs-2. (e) CV curves generated

using the same scan rates for C@NiNPs-0, NC@NiNPs-1, and NC@NIiNPs-2. (f)

Overpotential values at 10 mA-cm™ for different mass ratios of PVP to Ni?*. ()
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Schematic showing mechanism of NC@NiNPs formation for different PVP to Ni?*

mass ratios.

In order to investigate whether the presence of a carbon protective layer affected
NC@NIiNPs HER performance while optimizing the procedure for synthesizing this
catalyst, NC@NIiNPs were prepared under identical conditions except for addition of
different quantities of PVP. From the results (Fig. 5a), it is obvious that PVP played an
important role in carbon layer formation around nickel particles, whereby for a PVP to
Ni%* mass ratio of 0, obvious agglomeration of nickel nanoparticles occurred that
prevented formation of a clear carbon layer. However, when the ratio was increased to
1 (Fig. 5b), a thin carbon protective layer was clearly visible that indicated the Ni
nanoparticles were well protected and uniformly dispersed. Notably, when the
procedure was scaled-up, high catalytic performance was maintained (Fig. S13). By
contrast, when the ratio was further increased to 2 (Fig. 5c), an excessive amount of
PVP was converted into a large quantity of carbon during pyrolysis that led to
embedding of the metal active centers within the carbon bulk phase. Regardless, XRD
patterns of all of these samples (Fig. 5d) were all in agreement with the XRD pattern
obtained for the Ni standard (PDF standard card # 04-0850). Nevertheless, as shown in
Table S4, half-peak width values for theses samples increased with increasing amount
of converted PVP, which indicated that nanoparticle size decreased with increasing
PVP conversion. To better understand the structure-activity relationships of these
catalysts, their pore structures and specific surface areas were measured and are
presented in Fig. S14b and S14c. The specific surface area of NC@NiNPs-1 was
slightly smaller than that of NC@NiNPs-2, while NC@NiNPs-1 contained more
abundant mesopores (~20 nm) between particles (Fig. S14e) that may have facilitated
entry of the electrolyte into the bulk phase. Furthermore, as shown in Fig. S14g,
NC@NIiNPs-1 possessed the largest gas bubble contact angle and the smallest water
contact angle, which are closely related to the microstructure of pores and surface

carbon layer. Unsurprisingly, even though the physical specific surface area of
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NC@NiNPs-1 was slightly smaller than surface areas of NC@NIiNPs-2, the
hierarchical pore distribution and excellent hydrophilicity of NC@NiNPs-1 still
endowed them with the largest electrochemically active area (ECSA) (Fig. 5e, S15). In
conclusion, these results indicate that controlling the thickness of the carbon layer and
adjusting the pore structure are effective ways of maximizing catalytic activities of
electrocatalysts. This point was further supported by results obtained from curves
showing the relationship between overpotential and PVP dose (Fig. 5f), whereby when
aratio of PVP to Ni?* of 1 was used to generate NC@NiNPs, the resulting nanocatalysts
delivered the best HER performance. Taken together, the above-mentioned results were
used to propose a potential mechanism of NC@NiNPs formation, which is presented

in Fig. 5g.

4. Conclusion

In this work, multifunctional carbon armor-protected nano-Ni particles were
prepared in a facile in-situ bottom-up encapsulation method. As compared with the
commercial 20% Pt/C HER electrocatalyst, NC@NIiNPs generated a much larger
current density output and could operate stably for 260 hours at 1400 mA cm
(overpotential = 674.6 mV) without degradation of catalytic performance, thus
demonstrating that NC@NIiNPs are far superior to 20% Pt/C and most other reported
non-precious metal catalysts. The excellent HER performance of NC@NINPs was
likely attributable to its multifunctional carbon layer, which improved NC@NiNPs
performance via three mechanisms: by optimizing its electronic structure and
increasing its electrochemical active area; by providing NC@NiNPs with a
superhydrophilic surface that accelerated charge transfer within the composite material
that diverted attached H> bubbles away from the catalyst surface; and by providing a
protective carbon layer that prevented agglomeration of electrocatalyst particles,
Ostwald ripening, and H> bubble-induced mechanical shock during multiple HER

cycles. Importantly, when the experiment was scaled up to assess its suitability for
18



industrial-scale applications, the results demonstrated that the method is simple, easy
to implement and highly repeatable. Thus, this method should be further developed as
a prospective method for industrial-scale electrocatalyst production. Most notably, the
results of this work suggest that several non-kinetic factors, such as effects of interfacial
hydrophobicity/hydrophilicity, ultra-high catalyst loading, and hierarchical porous
structure, can greatly influence catalytic efficiencies of hydrogen evolution processes

occurring at high current densities.
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