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ABSTRACT

To accomplish mass hydrogen production by electrochemical water-splitting, it is a necessary to develop robust, highly active,
stable, and cost-effective hydrogen evolution reaction (HER) electrocatalysts that perform comparably to Pt in the universal pH
range. In this work, cobalt phosphide hybrid nanosheets supported on carbon felt (CoP HNS/CF) are presented, which exhibit the
superior electrocatalytic hydrogen production under a universal-pH. In these nanosheets, a single CoP HNS is composed of
polycrystalline CoP and oxygen-enriched amorphous Co-O-P phase. Benefiting from its unique nanoarchitecture, as-fabricated
CoP HNS/CF exhibits a tremendous electrocatalytic HER activity and outperforms Pt/C as well as state-of-the-art CoP electrocatalysts in
universal-pH. In acidic and neutral media, the CoP HNS/CF shows superior electrocatalytic activity while maintaining its original
hybrid crystalline-amorphous phase and morphology. In alkaline medium, the unexpected phase and morphological reorganization
of CoP HNS/CF results in outstanding electrocatalytic operation. CoP HNS/CF not only achieves high electrocatalytic activity and
kinetics, but also a stable and long operating lifetime even under a high current density of 500 mA-cm™. Furthermore, the
fabrication of CoP HNS/CF can be scaled up easily, and the large CoP HNS/CF electrode also exhibits similar electrocatalytic

activity and stability.
KEYWORDS

cobalt phosphide, self-supporting, electrocatalyst, hydrogen evolution reaction, universal-pH, large-scale

1 Introduction

Global warming and environmental pollution owing to the
ever-increasing consumption of fossil fuels have become eminent
concerns recently. So, it is now indispensable to develop
alternative energy resources [1-4]. Molecular hydrogen (H.)
has been proposed as an ideal energy-transfer medium in the
fields of transportation as well as stationary applications,
due to its high gravimetric energy density (142 MJ-kg™) and
carbon-emission free nature [1, 5-7]. So far hydrogen production
by reforming natural gas has been considered as the most
economical technique, however, electrochemical water-splitting
combined with renewable energy resources is a potential
pathway toward eco-friendly, sustainable and large-scale
hydrogen production [6, 8-10]. Hydrogen production through
water electrolysis primarily requires a highly active elec-
trocatalyst to maximize the overall efficiency [1, 3, 5, 11].
Currently, platinum-on-carbon (Pt/C) is regarded as the most
active electrocatalyst for the hydrogen evolution reaction
(HER). However, its high cost and natural scarcity restrict its
large-scale application [1, 4, 5].

In the past decade, considerable non-noble metal compounds
have been researched to overcome these limitations. Among
them, transition metal phosphides (TMPs) have been regarded
as an attractive candidate for Pt-based electrocatalysts because
of their low cost, good intrinsic activity, and stability toward
HER in a wide pH range [5, 12, 13]. However, despite numerous
efforts to develop TMPs for HER electrocatalysts, only few of

them display comparable electrocatalytic activity to that of Pt-
based electrocatalysts. Furthermore, these electrocatalysts even
show inferior electrocatalytic performance in alkaline and
neutral media [13-15]. Moreover, electrocatalysts are required
to operate at high current densities (> 500 mA-cm™) in pursuit
of industrialization [16, 17]. Therefore, it is highly desirable to
explore robust, highly active, and stable HER electrocatalysts
for the practical application of water electrolysis technology.

It is known that tailoring the composition, structure, or
interface engineering of TMPs is an effective strategy to
enhance the electrocatalytic activity. For example, doped or
multi-metallic TMPs can optimize their electronic structure
[18-20]; further, the nanoarchitecture can enlarge the reactive
surface area [14, 21], and heterostructure can reduce the
thermodynamic energy barrier [22, 23]. Moreover, electrocatalysts
must have a strong adhesion to the current collector by
preventing them from peeling off during the reaction for
stability [14, 24]. Powder-type catalysts, however, cannot stand
well under high current densities with robust gas evolution [25].
While, a self-supported structure can guarantee high stability
due to the strong adhesion between the catalysts and substrates.
Also, it can enlarge the electrochemically active surface area
(ECSA), and even facilitate charge transfer [14, 26, 27]. In
this regard, well-defined TMP nano-architectures that are
self-supported on the current collector can provide a solution
to realize the high-performance HER electrocatalyst even at
high current densities.

Herein, we present the rational design of two-dimensional
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(2D) ultrathin cobalt phosphide hybrid nanosheets (NSs) with
a unique crystalline-amorphous phase supported on carbon
felt substrate (CoP HNS/CF), which exhibits highly active and
stable HER performance in universal-pH. Among various TMP
compounds, we adopt CoP which is known for its excellent
HER performance. For this, a precursor of Co,(OH).COs NS
was directly constructed on a conducting substrate to induce
the large exposure of reactive sites and effective attachment
on the substrate. The hybrid crystalline-amorphous phase in a
single NS was induced by adjusting the phosphidation time.
Benefiting from the abundant exposure of ECSA, the CoP
HNS/CF exhibited a high electrocatalytic HER performance
in acidic and neutral media surpassing that of Pt/C at high
current densities. In particular, the P leaching in the amorphous
region during HER test in an alkaline medium generated
the self-reorganization and formation of the CoP/Co(OH).
heterostructure on the substrate; this can promote the
water-dissociation process, which results in an outstanding
electrocatalytic HER performance in the alkaline medium.
In addition, there was negligible degradation in HER per-
formance after the stability tests even at a high current density
of 500 mA-cm™. Finally, it was confirmed that the fabrication
method of CoP HNS/CF can be scaled up easily regardless of
substrate size. Furthermore, the large CoP HNS/CF electrode
also exhibited comparable electrocatalytic performance to that

of a small electrode.

2 Experimental

2.1 Synthesis of CoP HNS/CF

Co2(OH)2CO;s NS/CF precursor was synthesized by a facile
hydrothermal reaction process. Prior to the synthesis, commercial
CF substrate was treated with UV-ozone for 30 min to make it
hydrophilic. Co(NOs),-6H.O (0.1 M, 98%, Sigma-Aldrich) and
urea (0.5 M, 99%, Samchun) were dissolved in deionized
water (100-150 mL) under magnetic stirring for 30 min. This
solution was transferred to a 200 mL Teflon-lined stainless-steel
autoclave, together with the CF (exposed area: 1 cm x 1 cm
or 4 cm X 4 cm), which stands vertically on ground, and
hydrothermally reacted at 120 °C for 0-12 h. After the reaction,
the substrate was washed and dried in an electronic oven. For
phosphidation, Co,(OH).CO; NS/CF precursor and NaH,PO:
(0.35 g) were placed at the center and in the upstream zone of a
quartz tube, respectively, and heat-treated to 350 °C for 1-12 h with
flowing Ar gas (20 sccm). CoP NW/CF was also synthesized
through the phosphidation of Co.(OH).COs; NW/CF precursor

for 1.5 h.

2.2 Characterization

Scanning electron microscopy (SEM) images were obtained
using a Hitachi SU-70 and COXEM CX-200. The Brunauer—
Emmett-Teller (BET) specific surface area of the products was
examined by a nitrogen adsorption-desorption process at
77 K using a Belsorp-mini II. X-ray diffraction (XRD) patterns
were obtained with a Rigaku SmartLab or MiniFlex 600 using
Cu Ka radiation. Surface chemical analysis was performed by
X-ray photoelectron spectroscopy (XPS) (K-alpha+, Thermo
Fisher Scientific). Transmission electron microscopy (TEM)
analysis with Energy-dispersive X-ray spectroscopy (EDS)
mapping was conducted using a JEOL JEM-2100F. Ther-
mogravimetric analysis (TGA) was recorded on a Perlin-
Elmer TGA-7 under an argon environment at a ramping rate

of 5°C-min.
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2.3 Electrochemical measurement

The HER electrocatalytic performance was evaluated in a
three-electrode cell configuration using a potentiostat workstation
(Ivium Technologies). The self-supported CoP HNS/CF and
CoP NW/CF were directly employed as the working electrode
(average loading mass: 1 mg-cmg). In the case of Pt/C, a
glassy carbon electrode (GCE, 5 mm in diameter) and a piece
of carbon felt substrate loaded with Pt/C (0.2 mg-cmg.) were
used as the working electrode (their electrocatalytic activities
are shown in Fig. S1 in the Electronic Supplementary Material
(ESM)). A graphite rod was used as the counter electrode and
a saturated calomel electrode (SCE), Ag/AgCl electrode, and
Hg/HgO electrode were used as the reference electrodes in the
acidic, neutral, and alkaline media, respectively. 0.5 M H,SO4
(pH 0.3), 0.5 M phosphate buffer solution (PBS) (pH 7) and 1
M KOH (pH 14) were used as the electrolytes. Polarization
curves were obtained using linear sweep voltammetry (LSV)
at a scan rate of 5 mV-s™', at least three times to ensure the
reliability of the results. All potentials were converted to the
reversible hydrogen electrode (RHE) using the following
equation: Erue = Esce + 0.0591xpH + 0.241, Eagaga + 0.0591xpH +
0.195 or Engmgo + 0.0591xpH + 0.098.

3 Results and discussion

The CoP HNS/CF was fabricated based on the hydrothermal
reaction followed by controllable phosphidation steps, which
is schematically illustrated in Fig. 1. CF was selected as the
substrate and current collector. First, Co.(OH).CO; NS
precursor was grown on CF during the hydrothermal reaction at
120 °C for 12 h. Second, as-prepared Co.(OH)CO; NS precursor
was heat-treated with P source through a solid/gas phase
reaction to form CoP HNS/CE. In addition, Co.(OH).CO:;
nanowires (NWs) on CF (Co2(OH).COs; NW/CF) precursor
was also prepared when hydrothermally reacted for a short time,
and CoP NW/CF was synthesized in the same phosphidation
process.

The growth mechanism of Co.(OH).CO; NS on CF
substrate during the hydrothermal reaction was identified by
SEM images (Figs. 2(a)-2(c) and Fig. S2 in the ESM). When
the [Co(NOs)2-6H20 + urea] solution in autoclave was heated
to 120 °C, urea was decomposed and released ammonium,
carbonate, and hydroxide ions into the solution. Then, cobalt
ion was hydrolyzed and precipitated to form a uniform
distribution of wire-shaped seed precipitations throughout the
entire surface of the CF (Fig. S2(a) in the ESM). These seeds
were grown up to one- dimensional (1D) NWs after reaction
for 1.5 h (Fig. 2(b)) [28]. As the reaction was prolonged for
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Figure 1 Schematic illustration of the synthetic process of Cox(OH).CO;
NS/CF precursor, CoP HNS/CF and the utilization of the electrodes for
HER.
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Figure 2 Synthesis of CoP HNS/CFE. SEM images of (a) bare CFE, (b) Co2(OH).CO3 NW/CE, (c) Co2(OH).CO3 NS/CE, and (d) CoP HNS/CE (e) XRD

pattern, (f) Co 2p and (g) P 2p XPS spectra of CoP HNS/CE.

3-6 h, additional products began to fill the gaps between
the NWs, and the NWs gradually transformed into 2D sheets
(Fig. S2(b) in the ESM). After reaction for 12 h, all NWs were
transformed to NSs, where ultrathin NSs were close-packed
but separated from each other (Fig. 2(c)). Co(OH).COs NS/CF
precursor was thermally reacted with PH; gas at 350 °C for
1 h to produce CoP HNS/CE After phosphidation, CoP HNS
still maintained their initial 2D morphology and well-attached
to the CF substrate (Fig. 2(d)). The average size and thickness
of CoP HNS is estimated to be about 2-3 pm and 30-40 nm,
respectively. The nitrogen adsorption-desorption isotherms
measured at 77 K are shown in Fig. $3 in the ESM. The BET
specific surface area was estimated to be 3.57 m*>g™".

The crystal information of Co2(OH).COs NW/CE
Co2(OH),CO; NS/CF precursors, and CoP HNS/CF were charac-
terized by XRD analysis (Fig. 2(e) and Fig. S$4 in the ESM). All
samples showed a broad peak at 20 ~ 26°, which was attributed to
the CF substrate. The XRD patterns of Co(OH).COs NW/CF
(corresponding to Fig. S4(a) in the ESM) and Co2(OH).CO:;
NS/CF (corresponding to Fig. S4(b) in the ESM) were agreed well
with those of hydrate Co»(OH).CO; (Co:(OH).COsxH.0) with
an orthorhombic structure and dehydrated Co.(OH),COs with
monoclinic structure, respectively, indicating dehydration of
the precursor when Co.(OH).CO; NW was transformed into
Co2(OH).CO; NS. After phosphidation, all reflected peaks in
the pattern matched the CoP with orthorhombic structure
without any secondary peaks (Fig. 2(e)), confirming that most
of the Co,(OH).CO:; precursor was transformed to CoP. For
the comparison of electrocatalytic HER performance, CoP
NW/CF thermally phosphorized from Co.(OH).CO; NW/CF at
350 °C for 1 h and CoP HNS/CF thermally phosphorized from
Co2(OH)2COs NS at 350 °C for 12 h were also prepared (Figs. S5

and S6 in the ESM).

The chemical states of CoP HNS/CF were characterized by
XPS analysis. The survey spectrum of CoP HNS/CF showed
the Co, P, and O bands corresponding to the CoP (Fig. S7 in
the ESM). So, the high-resolution XPS spectra of Co 2p, P 2p
and O 1s were investigated. The Co 2p spectrum showed four
pairs of core-level peaks at 778.9/793.7, 781.6/797.8, 783.1/799.2,
and 785.7/803.0 eV in the 2ps»/2pi2 regions, respectively
(Fig. 2(f)). The P 2p spectrum showed two core-level peaks at
129.6/130.5 eV in the lower binding energy region and another
peak at 134.4 eV in the higher-binding-energy regions
(Fig. 2(g)). The characteristic peaks at 778.9/793.7 eV for Co
2p and at 129.6/130.5 eV for P 2p represent Co-P binding
and were in good agreement with a previously reported CoP
structure [1, 3, 10, 11, 29]. Some peaks at 781.6/797.8 and
783.1/799.2 eV in Co 2p and at 134.4 eV in P 2p were attributed
to Co—O and P-O binding, commonly due to the partial
oxidization on the surface of CoP resulting from exposure
to air [1, 8]. However, CoP HNS/CF phosphorized for 1 h
exhibited weak Co-P binding intensity compared to those of
CoP HNS/CF phosphorized for 12 h or previously reported
CoP materials [1, 3, 10, 11, 29], implying that CoP HNS/CF
phosphorized for 1 h possesses an O-rich CoP phase in its
structure.

The detailed microstructures of the CoP HNS/CF were
investigated by TEM analysis. Figure 3(a) and Fig. S8 in the
ESM show the TEM images of the CoP HNS. Notably, there
exist two distinct regions within a single CoP HNS particle:
the rough section (section 1, orange color) and the other
section (section 2, green color). The microstructures of these
two sections were further investigated. Shown in the high-
resolution TEM (HRTEM) image obtained from section 1

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 Microstructural information of CoP HNS/CE (a) TEM image, (b) and (c) HRTEM images and SAED patterns taken from section 1 and section 2,
respectively. (d) TEM-EDS elemental line-scanning and mapping of CoP HNS. (e) Schematic illustration for the formation of CoP HNS.

(Fig. 3(b)), the sheet was composed of nanopolycrystals, where
their lattice fringes of 0.28 and 0.19 nm corresponded to
the (011) and (211) planes of the CoP structure, respectively.
In the selected area electron diffraction (SAED) pattern in
section 1 (inset of Fig. 3(b)), four sets of ring patterns
corresponding to the (011), (111), (211), and (301) planes of
CoP could be observed clearly, which also confirms the
formation of nanopolycrystalline CoP in section 1. In contrast,
the HRTEM image and SAED pattern obtained from section 2
did not show any lattice fringes or distinct dot/ring patterns
(Fig. 3(c)), indicating the amorphous phase in section 2. EDS
elemental mapping under scanning TEM (STEM) analysis
revealed that Co and P were located in both the crystalline
and amorphous regions, whereas O was dominant only in the
amorphous region (Fig. 3(d)). As expected in XPS analysis,
CoP HNS possesses a significant amount of O in its structure,
except for the partial surface oxidation, and most of the O was
involved in the amorphous phase. In order words, as-synthesized
CoP HNS exhibits hybrid crystalline-amorphous phase, and
each region is composed of crystalline CoP and amorphous
Co-O-P phase, respectively.

It is unusual to construct a crystalline-amorphous hybrid
phase in a single particle. Therefore, the formation mechanism of
this unique hybrid architecture in CoP HNS/CF was investigated,
which is depicted in Fig. 3(e). As Co:(OH),COs NS precursor
is heat-treated in inert atmosphere, it shows a weight loss over
250 °C due to a removal of hydroxyl and carbonate ions (TGA
in Fig. S9 in the ESM) [30, 31], indicating that precursor becomes
to cobalt oxide above 250 °C. Simultaneously, the precursor
was reacted with a P source and topochemically converted to
amorphous Co—O-P throughout the sheet. As the phosphidation
reaction proceeded, crystalline CoP began to form from the
edge of the amorphous Co—O-P. Then, the Co element inside
the sheet gradually diffused to the edge with the accompaniment
of increasing crystalline CoP by the Kirkendall effect [32, 33].

Indeed, more Co was detected in crystalline CoP by TEM-EDS
line-scanning (Fig. 3(d)). However, the confined phosphidation
time inhibited further outward diffusion of Co and inward
diffusion of P, resulting in the formation of a unique hybrid
crystalline—-amorphous phase. However, it is estimated that
more crystalline CoP was formed in CoP HNS/CF when
phosphorized for 12 h, which was identified in XPS spectra
(Figs. 2(f) and 2(g)) and TEM analysis (Fig. S10 in the ESM).
Also, TEM EDS elemental mapping analysis showed that as
phophidation time was increased, the P ratio in CoP HNS was
also increased and the O ratio was decreased (Table S1 in
the ESM). This phenomenon, the formation of crystalline-
amorphous hybrid phase, can also be observed after the
phosphidation of crystalline CosO4 NS, where crystalline Co;O4
was converted to amorphous Co-O-P, and then crystalline
CoP was formed from the edge (Fig. S11 in the ESM). This
unique architecture significantly contributed to the superb
electrocatalytic HER performance, as mentioned below.

The electrocatalytic HER performance of CoP HNS/CF was
evaluated in acidic (0.5 M H,SO,), neutral (0.5 M PBS), and
alkaline (1 M KOH) media in a three-electrode cell configuration,
along with the performance of benchmark Pt(20 wt.%)/C and
CoP NW/CF for comparison. All the potentials were corrected
with iR compensation (the R values corresponding to each
polarization curve are shown in Table S2 in the ESM) and
converted to the RHE potential. At first, the electrocatalytic
HER performance of all samples in acidic and neutral media
was investigated. Figure 4(a) presents the polarization curves
of CoP HNS/CE, CoP NW/CE, and Pt/C by LSV in an acidic
medium. The bare CF substrate exhibited negligible current
density within the investigated potential range, indicating
no electrocatalytic activity of CF. Impressively, CoP HNS/CF
only required a small overpotential of 48 mV to achieve a
current density of 10 mA-cm™ in the acidic medium, which is
comparable to that of Pt/C (30 mV) and better than those of the
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Figure 4 Electrocatalytic HER performance of CoP HNS/CF in acidic and neutral media. (a) Polarization curves measured in 0.5 M H>SO4 and (b) Tafel
plots derived from (a). (c) Polarization curves measured in 0.5 M PBS and Tafel plots. (d) SEM and (e) TEM images after HER test in 0.5 M H»SOu. (f) SAED

patterns taken from sections 1 and 2 in (e). (g) Polarization curves after the 1%, 5,

curves in 0.5 M H2SO4, 0.5 M PBS.

recently reported cobalt phosphide-based HER electrocatalyst
(Table S3 in the ESM). Moreover, CoP HNS/CF required
lower overpotential than Pt/C to achieve higher current
densities. CoP HNS/CF exhibited an overpotential of 115 mV at a
current density of —100 mA-cm™, which was lower than that of
Pt/C (133 mV). Even at a high current density of —-500 mA-cm™,
CoP HNS/CEF still required an overpotential of only 180 mV.
In addition, the Tafel slope of CoP HNS/CF derived from the
polarization curve was estimated to be 57 mV-dec™ (Fig. 4(b)),
which indicates that CoP HNS/CF follows the Volmer-
Heyrovsky HER mechanism and electrochemical desorption
of hydrogen is rate-determining step [10, 34].

CoP HNS/CF also exhibited much higher HER activity than
CoP NW/CE, with approximately 4 times higher double-layer
capacitance (Ca) than CoP NW/CF (Figs. S12(a)-S12(c) in
the ESM). By calculating ECSA from Ca, polarization curves
of CoP HNS/CF and CoP NW/CF were normalized to the
ECSA (Fig. S12(d) in the ESM). Interestingly, both CoP HNS/CF
and CoP NW/CF showed similar curves in all potential ranges.
In addition, CoP NW/CF exhibited a similar Tafel slope
(59 mV-dec™) to CoP HNS/CF (Fig. 4(b)). Considering these
results, CoP HNS/CF and CoP NW/CF had the same intrinsic
electrocatalytic HER activity and kinetics in the acidic medium.
In other words, a closely packed but separated ultrathin sheet-
type architecture can provide many more electrocatalytic

000", and 10,000" CV in 0.5 M HaSOx4, 0.5 M PBS. (h) Chronopotentiometric

reactive sites than the wire-type architecture per unit substrate
area, demonstrating the superiority of the CoP HNS
architecture for the high- performance HER electrocatalyst.
Meanwhile, CoP HNS/CF phosphorized for 12 h had smaller
Ca (25.7 mF-cm™) than CoP HNS/CF treated for 1 h (Fig. S13
in the ESM), possibly due to the same agglomeration in the
process of phosphidation, which resulted in inferior HER
performance.

It is worth noting that the CoP HNS/CF showed high HER
performance in the neutral medium as well. In light of HER
activity, CoP HNS/CF showed a similar tendency to that
measured in the acidic medium. CoP HNS/CF showed the
overpotential of 120 mV at a current density of -10 mA-cm™?,
which is comparable to those of the recently reported cobalt
phosphide-based HER electrocatalyst (Table S4 in the ESM).

CoP HNS/CF displayed higher HER activity at high current
densities than Pt/C as well as CoP NW/CF (Fig. 4(c)). The
Tafel slopes of CoP HNS/CF and CoP NW/CF were estimated
to be 83 and 86 mV-dec™, respectively (inset of Fig. 4(c)),
indicating that both follow the same HER mechanism. We
further investigated the catalytic properties by electrochemical
impedance spectroscopy (EIS) in acidic and neutral media.
Figure S14 in the ESM shows the Nyquist plots of CoP
NW/CF and CoP HNS/CF and their fitting data are summarized
in Table S5 in the ESM. CoP HNS/CF had lower charge

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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transfer resistances (R«.) than CoP NW/CF in acidic and
neutral media, implying that CoP HNS/CF would exhibit
higher charge transfer kinetic properties in acidic and neutral
media.

The microstructural and surface chemical changes of the
CoP HNS/CF after HER test in acidic medium were evaluated.
Figures 4(d)-4(f) show the SEM and TEM analysis of CoP
HNS/CF after chronopotentiometric test at a current density
of =10 mA-cm™ for 10 h. As shown in the SEM image, CoP
HNS was still well attached on the surface of CF and
maintained its initial 2D sheet shape (Fig. 4(d)). TEM image
and SAED patterns show that there still existed two distinct
regions corresponding to the crystalline and amorphous parts
(Figs. 4(e) and 4(f)). No significant changes in the crystal
were found in the XRD pattern after the HER test (Fig. S15 in
the ESM), confirming that the original architecture of CoP
HNS/CF remained after the HER test in the acidic medium.
In addition, CoP HNS/CF did not show significant changes
in morphology and crystal structure after the HER test in a
neutral medium (Fig. S16 in the ESM), which also confirms
the high structural stability of the CoP HNS/CF in neutral
medium.

The long-term durability and steady-state electrocatalytic
activity of the CoP HNS/CF were evaluated by cyclic voltammetry
(CV) and chronopotentiometry test in acidic and neutral
media. Figure 4(g) shows the polarization curves of CoP
HNS/CF after the 1%, 5,000, and 10,000 CV cycles at a scan

Nano Res. 2020, 13(9): 2469-2477

rate of 100 mV-s™ (each CV profile is shown in Figs. S17(a) and
S17(b) in the ESM). Compared with the initial state, a negligible
shift in the polarization curves was observed after the 5,000™
cycle in both the acidic and neutral media, and even after the
10,000" in acidic media. As shown in chronopotentiometry
curves (Fig. 4(h)), there was negligible degradation in
the overpotentials during the chronopotentiometric test at a
constant current density of -10 mA-cm™ for 100 h in acidic
and neutral media. Furthermore, the polarization curves showed
negligible differences before and after the chronopotentiometric
test (Figs. S17(c) and S17(d) in the ESM). Furthermore, CoP
HNS/CF also exhibited a stable potential curve, even at a high
current density of —100 mA-cm™, demonstrating the superior
stability of CoP HNS/CF in acidic medium.

Next, the electrocatalytic HER performance of CoP HNS/CF
in alkaline medium was evaluated. Figures 5(a) and 5(b)
present the polarization curves of CoP HNS/CF, CoP NW/CF
and Pt/C in alkaline medium, and their Tafel plots derived
from the polarization curves. The overpotentials and Tafel
slopes for Pt/C and CoP HNS/CF in acidic and alkaline media are
compared in Fig. 5(c). In the alkaline medium, CoP HNS/CF
exhibited overpotentials of 55 and 119 mV to achieve current
densities of —10 and —100 mA-cm™, respectively, and a Tafel
slope of 50 mV-dec™!, which are much better than those of
recently reported cobalt phosphide-based HER electrocatalyst
(Table S6 in the ESM). It is known that most HER
electrocatalysts, including Pt, show inferior catalytic activity
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derived from (a). (c) Comparison in overpotentials and Tafel slopes for Pt/C and CoP HNS/CF measured in 0.5 M H.SO4 and 1 M KOH. (d) SEM, TEM
images and (e) corresponding FFT patterns, (f) Co 2ps2 and P 2p XPS spectra after HER test in 1 M KOH. (g) Polarization curves after the 1%, 5,000", and

10,000 CV in 1 M KOH. (h) Chronopotentiometric curves in 1 M KOH.

TSINGHUA

UNIVERSITY PRESS

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2020, 13(9): 24692477

and kinetics in alkaline media than in acidic media due to the
scarcity of proton donors, and thus, an additional water
dissociation process in the Volmer reaction is crucial for HER in
alkaline media [1, 2, 10, 35]. Shown in Fig. 5(c), Pt/C showed
much higher overpotentials and Tafel slope in the alkaline
medium. However, CoP HNS/CF exhibited similar overpotentials
at the same current density, and an even lower Tafel slope in
alkaline medium compared to those measured in acidic medium.
In addition, CoP HNS/CF outperformed the electrocatalytic
activity of Pt/C over —0.06 V (vs. RHE). In addition, CoP
HNS/CF exhibited the lower R« than CoP NW/CF in alkaline
medium (Fig. S14 and Table S5 in the ESM), implying that
CoP HNS/CF would exhibit higher charge transfer kinetic
properties in all pH conditions.

In order to find out this outstanding HER performance in
alkaline medium, we explored the conditions of CoP HNS/CF
after HER test in alkaline medium. Figure 5(d) shows the SEM
and TEM images of CoP HNS/CF after HER test in alkaline
medium. Unexpectedly, CoP HNS/CF showed a morphological
change from a sheet shape to a flower-like form. The fast
Fourier transform (FFT) patterns for inset of Fig. 5(d) revealed
that crystalline Co(OH); as well as CoP were detected in the
flower-like particle (Fig. 5(e)). In the XPS spectra, the core-
level peaks at 778.5 eV in Co 2ps2 and 129.3/130.2 eV in P 2p
corresponding to the characterization peak of CoP binding were
still observed (Fig. 5(f)). Also, CoP as well as Co(OH). were
detected in the XRD pattern (Fig. S18 in the ESM). So, it is
suggested that both the phase and morphological reorganization
occurred after HER in alkaline medium. Also, it is known that
oxophilic sites, such as oxide and hydroxide, exhibit a strong
affinity toward water molecules, which accelerates the water
dissociation and promotes the formation of adsorbed protons
(Hags) in the Volmer reaction step [35-37]. Thus, the formation
of Co(OH): during the HER had a positive effect on the HER
performance in alkaline medium. In short, by controlling
the crystalline and amorphous phases in CoP HNS/CF in
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the phosphidation process, we optimized the reorganization
and formation of the CoP/Co(OH), interface HER in the
alkaline medium. Moreover, the synergistic effect between
CoP and Co(OH); enabled the implementation of outstanding
electrocatalytic performance in the alkaline medium.

CoP HNS/CF also exhibited the high durability and stability
in alkaline medium. After the continuous CV test for the
10,000 cycle (each CV profile is shown in Fig. S19(a) in the
ESM), a negligible shift of the polarization curves was observed
in alkaline medium (Fig. 5(g)). There was also negligible
degradation in the HER performance during the chronopo-
tentiometric test at constant current densities of —10 and
—-100 mA-cm™ for 100 h in alkaline medium (Fig. 5(h) and
Fig. S19(b) in the ESM), because the catalysts were still tightly
attached to the CF substrate after the HER test (Fig. 5(d)). For
practical use in the water electrolyzer systems, the ability to
endure the high current for a long period is critical [16, 17, 38].
In light of this, CoP HNS/CF showed exceptional prolonged
durability for 100 h at a high current density of 500 mA-cm™
(Fig. 5(h)).

Finally, we examined the possibility of large-scale manu-
facturing of CoP HNS/CE. For this, CoP HNS/CF with a size
(4 cm x 4 cm) was fabricated in the same synthetic process.
After each hydrothermal reaction and phosphidation step, the
color of the reaction area was changed uniformly (Fig. 6(a)).
As shown in the SEM images and XRD pattern of 4-end-point,
CoP HNS was uniformly supported on CF (Fig. 6(b) and Fig. S20
in the ESM). The electrocatalytic HER performance of the
large-areal CoP HNS/CF was evaluated in acidic and alkaline
media. As shown in the polarization curves (Fig. 6(c)), large-
areal CoP HNS/CF operated a similar electrocatalytic activity
both in acidic and alkaline media, which exhibited over-
potentials of 69/72 and 130/127 mV at current densities of
-10 and -100 mA-cm™ in acidic/alkaline media, respectively.
Furthermore, multi-step chronopotentiometry ranging from
-10 to —100 mA-cm* with an increment of =10 mA-cm™ per
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Figure 6 Large-areal (4 cm x 4 cm) CoP HNS/CE (a) Digital photograph of bare CE, Co2(OH).CO; NS/CE, and CoP HNS/CE (b) SEM images
corresponding to 4-end-point of CoP HNS/CF in (a). (c) Polarization curves and (d) multi-step chronopotentiometric tests in 0.5 M H2SO4 and 1 M KOH.

(e) Digital photograph of CoP HNS/CF with HER operation.
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hour was evaluated. At the start of —10 mA-cm™, the potential
immediately leveled off at -88 and —72 mV (vs. RHE) in acidic
and alkaline media, respectively, and remained stable for the
subsequent hour. It also showed stable potential curves in the
following steps, as well as plenty of hydrogen bubbles in all
steps (Figs. 6(d) and 6(e) and Movie ESM1), confirming the
high electrocatalytic activity of large-areal CoP HNS/CE Thus,
it is demonstrated that the fabrication method in this work
can be universally applied in practical production.

4 Conclusions

In summary, we developed a novel CoP HNS/CF electrocatalyst
via hydrothermal and subsequent thermal phosphidation
process; this catalyst exhibited superior electrocatalytic HER
performance in a wide pH range. An ultrathin, close-packed
C02(OH):COs NS precursor was successfully constructed
on the CF substrate during hydrothermal reaction. Moreover,
a crystalline-amorphous hybrid phase in a single NS was
induced by controlling the phosphidation time. Benefiting
from an abundant exposure of electrochemically reactive sites
originating from a unique architecture, it exhibited a superior
electrocatalytic HER performance with low overpotentials and
Tafel slopes in a wide pH range. In particular, phase and
morphological reorganization in CoP HNS/CF resulted in the
outstanding electrocatalytic performance in alkaline medium.
Due to its high structural stability, CoP HNS/CF exhibited
high stability and durability; this was true even at high current
densities (500 mA-cm™) for over 100 h operation. In addition,
the synthetic strategy of CoP HNS/CF can be employed easily
to fabricate a large-scale CoP HNS/CF electrode, which also
shows comparable electrocatalytic activity and stability to
those of small CoP HNS/CEF. Considering its high electrocatalytic
HER activity that outperforms commercial Pt/C, high stability
in universal-pH, and ease of scaling up, this novel electrocatalyst
fabricated in this study is a potential material for meeting the
demand for a robust, highly active, stable, and cost-effective

HER electrocatalyst.
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