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Abstract

Hydrazine hydrate (N2H4-H20) is considered an ideal fuel for fuel cells. Constructing a cobalt
phosphide/cobalt (CoPx/Co) heterostructure can achieve efficient electrocatalytic activity for hydrazine
oxidation reaction. Traditional strategies for constructing CoPx/Co heterostructures took less consideration
on the exposure of the active sites. In this study, 3D nanoflower-like nano CoPx/Co heterostructures
with highly exposed active sites were obtained on a nickel foam (NF) through a dual-component
phosphating strategy, i.e., regulating the relative content of Co and Co(OH)2 with cathodic current
density and utilizing the differences in their phosphating behaviors. The potential at 100 mA-cm™
and Tafel slope of the optimized CoPx/Co(375)@NF electrode prepared with the cathodic current
density of 375 mA-cm 2 are —37.4 mV (vs.RHE) and 58.9 mA-dec™!, respectively, in a 0.2 M NoHa-H20
solution. The stable potential was maintained after 12 h under a high current density of 100 mA-cm™.
The superior electrocatalysis activity toward N2Ha-H2O is proved closely relative with the constructing
of CoPx/Co heterostructure. This study provides a new strategy for the development of efficient hydrazine
oxidation catalysts by using a dual-component phosphating approach to fully expose the active sites
of the CoPx/Co heterostructure.

1. Introduction

With the development of the society, the concept of sustainable
development has gradually become the mainstream, the development
of clean energy has become more and more important [1-3]. Fuel
cells, distinguished by their superior energy conversion efficiency
and eco-friendliness, are considered as one of the important direction
of the future energy system [4-6]. Traditional hydrogen fuel cells
are clean and environmentally friendly, but hydrogen storage and
transportation are relatively difficult. At the same time, they face high
costs and application risks [7-9]. Organic small molecules, such as
methanol and formic acid, are used as liquid fuels, and the storage
and transportation conditions are relatively convenient, but in practical
application, it is still faced with the problem that precious metal
catalysts are needed and carbon containing products are easy to cause
catalyst poisoning [10-13]. Hydrazine hydrate (N2H4-H20), although
it faces the problems of relatively high raw material cost and toxicity,
the favorable characteristics of lower oxidation potential (N2H4 +40OH™
—4e — N2 + 4H20, —0.33V vs. RHE), higher specific energy, and
carbon-free products make it a suitable fuel choice [14-18].

Hydrazine oxidation reaction (HzOR) is a four-electron process
involving multi-step reaction [19]. Among the current catalysts toward
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HzOR, transition metal phosphides have superior catalytic activity
than platinum-based precious metal catalysts, and better stability
compared to transition metals, such as nickel and cobalt, they have been
considered as one of the most promising catalysts toward HzZOR
[20,21]. To enhance the catalytic activity of this transition metal
phosphides, the construction of heterostructures is considered an
important mean. For instance, after electrodeposition, hydrothermal
treatment and finally phosphating, the CoNiP-Ni heterostructures
were constructed on the surface of nickel foam (NF), which not only
increases the loading of active materials, but also promotes electron
transfer, thereby improving its catalytic activity toward hydrogen
evolution reaction [22]. Wang et al. synthesized a composite of CoP
and Co nanoparticles on the surface of the carbon layer by gas-solid
photostatting Co particles which prepared by pyrolyzing Prussian
blue analogues, and found the Mott-Schottky heterojunction composed
of CoP and Co promoted the flow of electrons at the CoP/Co interface,
thereby achieving the excellent catalytic activity toward HzOR.
Density functional theory (DFT) calculations shows that the interface
of'the CoP/Co heterostructure not only serves as the active site for
HzOR, but also facilitates the multi-step dehydrogenation for N2Ha,
thereby enhancing the activity toward HzOR, and its activity is superior
than that of CoP catalysts [23]. Currently, the construction of CoP/Co
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heterostructure is usually prepared by pyrolyzing metal organic cobalt
precursor to form metal Co particles, and then phosphating. In the
phosphating process, the formation of CoP/Co heterojunction is usually
limited to the carbon matrix coated on metal cobalt particles, which
undoubtedly makes the active sites exposed limited [24-26].

To address the aforementioned issues, the Co/Co(OH):2 hetero-
junction was constructed on the surface of carbon supported Co
particles by hydrothermal reaction. During phosphidation in a PHs
atmosphere, Co(OH). and metallic Co exhibit different phosphidation
behaviors: Co(OH)2 is converted to CoP, while metallic Co is only
partially phosphidated to form a small amount of CozP on the surface,
thus, a (CoP-Co2P)/Co heterostructure with a core-shell structure were
ultimately obtained. This heterostructure enhances the number of active
sites, and improves the catalytic activity for both hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), making it
a promising bifunctional catalyst [27]. However, the formation of core-
shell structures such as CoPx/Co is highly sensitive to the thickness
of'the Co(OH): layer. If the thickness is not precisely controlled, an
excessively thick phosphidation layer may form, leading to insufficient
exposure of active sites in the heterojunction. Thus, the controllable
formation of Co/Co(OH):2 heterojunction becomes important.

During the electrochemical deposition of metallic cobalt in neutral
solution, the hydrogen evolution reaction (HER) as an associated
reaction increases the pH of solution on electrode surface, Co(OH)2
and Co can be co-deposited in situ on a substrate to directly form
a Co/Co(OH). heterojunction precursor [28]. On the other hand, during
the process of electrodeposition metal Co coating, it is found that
the grain size, morphology and the ratio of Co to Co(OH)2 could be
controlled by adjusting the cathodic current density [29,30].

In present paper, a self-supported three-dimensional (3D) nano-
structure precursor of Co/Co(OH)2 was electrodeposited onto the
surface of NF by optimization the cathodic current density. The CoPx/
Co@NF electrodes with CoPx/Co heterostructure and adjustable
microstructure were prepared after phosphorization. The catalytic
activity and stability toward HzOR in 0.2 M N2H4-H20 + 1 M KOH
solution of the prepared catalysts were evaluated, and the mechanism
of the catalytic behavior was discussed.

2. Experimental sections
2.1 Materials

Hydrochloric acid (HC1), ethanol, hydrazine monohydrate
(N2H4'H20, 80 wt%), cobalt(Il) chloride hexahydrate (CoCl2:6H20),

NF Co/Co(OH),@NF

cobalt(II) nitrate hexahydrate (Co(NO3)2:6H20) and ammonium
chloride (NH4Cl) were all bought from the National Pharmaceutical
Group Chemical Reagent Co., Ltd. Sodium hypophosphite (NaH2PO>)
was obtained from Aladdin. Potassium hydroxide (KOH) was purchased
from Shanghai Titan and nickel foam (thickness: 1 mm; pore diameter:
0.1 mm; porosity: 97%) was acquired from Saibo Electronics Co., Ltd.

2.2 Electrode preparations
2.2.1 Pre-treatment of nickel foam

Firstly, nickel foam (NF) was cut into pieces of 1 cm x 1.5 cm and
sonicated for 10 min in anhydrous ethanol, 6 M hydrochloric acid
and distilled water, successively. Subsequently, the nickel pieces were
placed in vacuum drying oven and dried at 80°C for 2 h.

2.2.2 Preparation of CoPx/Co@NF electrodes

The preparation process of the CoPx/Co@NF electrode is shown
in Figure 1. Electrochemical deposition was performed using
chronoamperometry with a constant charge density of I x t = 25000
mA-s in a solution of 2 M NH4CI + 0.1 M CoCl2[29]. The current
densities of the deposition process were 50,250,375, 500 and 625
mA-cm, respectively. The corresponding precursors obtained were
denoted as Co/Co(OH)2(x)@NF, where x is presented the current
density. Then the phosphorus source NaH2PO2 and the obtained
precursor Co/Co(OH)2@NF were placed in two independent positions
in the long crucible, wherein 200 mg NaH2PO> was in the upstream
side of the tubular furnace and the precursor was on the other side.
Subsequently, under argon atmosphere, the temperature was ramped
up to 325°C at a rate of 2°C-min! and held for 4 h. After cooling down
to room temperature under argon, the CoPx/Co(x)@NF electrodes
were obtained, where x is denoted as the current density. Besides,
the CoPx/Co(375)/Ti electrode was prepared with the same process
as those for the CoPx/Co(375)@NF electrode, then the powder was
peeled off from the titanium sheet and used for phase characterization.

The phosphidation degree for the CoPx/Co(x)@NF electrode
is assessed by the phosphidation index y , which was defined as

y = [(m3 — m2)/(m2 — m1)] x 100% (1)

Where mi,mp, and msare the masses of NF substrate, Co/ Co(OH)x(x)
@NF precursor and CoPx/Co(x)@NF electrode, respectively.

Phosphating

CoP,/Co@NF

[
)
v
v
-

Co/Co(OH),

CoP,/Co

Figure 1. Schematic diagram of the preparation process for CoPx/Co@NF electrode.
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2.2.3 Preparation of the NF-P and CoP@NF electrodes

A sample, designated as NF-P, was obtained by phosphorizing
a clean NF under the same phosphated process as those for the CoPx/
Co(x)@NF electrodes. Another sample, CoP@NF, was obtained by
depositing only Co(OH): precursor on the NF surface in 0.1 M Co(NO3)2
solution at the optimized current density of 75 mA-cm for 100 s [31],
followed by phosphorization under the same conditions as those for
the CoPx/Co@NF electrodes.

2.3 Electrochemical characterization

All electrochemical characterizations were conducted on DH7000
electrochemical workstation. Ag/AgCl electrode and platinum (Pt)
sheet served as the reference electrode and counter electrode, respectively.
The Ag/AgCl electrode was stored in a saturated KCl solution and
rinsed with deionized water before use. The linear sweep voltammetry
(LSV) measurements were performed in 0.2 M NoHa-H20 + 1 M KOH
solution with the scan rate of 10 mV-s™! and 85% iR1 compensation
(Ecorrected = Emeasured — 85% iR1) was applied, where the solution resistance
Ri1 was obtained from electrochemical impedance spectroscopy (EIS)
data fitting. The EIS measurements were performed at the open-circuit
potential over a frequency range of 10~! Hz to 10° Hz. Tafel plots
were derived from the Tafel equation | = a log|i| + b. The stability of
the electrodes was evaluated using the chronoamperometry in 3 M
N2H4-H20 + 1 M KOH solution. If not otherwise specified, all the
potentials reported in this study were converted to the reversible
hydrogen electrode (RHE) and the conversion formula is Erug =
Emeasured + 0.198 + 0.059 pH, and the scanning rate is 10 mV-s™.

2.4 Phase characterization

The phase characterization of the sample was performed by X-ray
diffraction (XRD; Phillips Xpert-MPD PW3040 diffractometer).
The morphology of the samples were characterized by field-emission
scanning electron microscope (FE-SEM; Nova NanoSEM 230).
Additionally, the elemental compositions and distributions of the
samples were analyzed by an energy-dispersive spectrometer (EDS
mapping). The elemental composition and valence states of the samples
were analyzed through X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB 250Xi) with an aluminum Ka X-ray
source. The binding energy of XPS spectra was calibrated using Cls
(284.6 eV).

3. Results and discussion
3.1 Structures of the CoPx/Co@NF electrode

In order to confirm the structure of the CoPx/Co(375) powders,
the CoPx/Co(375)/Ti electrode was prepared with the same method
as those for the CoPx/Co(375)@NF, then the powder was peeled off
from the titanium sheet and used for phase characterization. As shown
in Figure 2, the CoPx/Co(375) powder exhibits characteristic diffraction
peaks corresponding to Co2P, CoP and metallic Co. Specifically, the
peaks centered at 40.77°, 53.29° and 52.10° are assigned to the (121),

CoPx/Co (375) '

z WMW“‘JMM
= |PDF#00-005-0727 Co
2z
.; | |
=
£ i
=

PDF#00-029-0497 CoP

_—— .|IJ‘. .|l.|l|. 2 "
10 20 30 40 50 60 70 80

2 Theta(degree)

Figure 2. XRD patterns of CoP,/Co(375) powder.

(211), and (230) planes of Co2P (PDF#00-032-0306). The peak at
56.0° corresponds to the (211) plane of CoP (PDF#00-029-0497).
The peaks at 41.60°,44.39°,47.36° and 75.88° are attributed to the
(100), (002), (101) and (110) planes of metallic Co (PDF#00-005-
0727). The XRD pattern indicates that the phosphated material is
a mixture of CozP, CoP and Co phases, confirming the formation of
a CoPy/Co hetero-structure with elemental cobalt and cobalt phosphides.
It is worth noting that during the phosphating process, the obtained
CoPx is prone to further oxidation to form phosphates [32], but no
relevant phases were detected, which means that the phosphides
produced on this surface may be rare or amorphous.

3.2 Morphology and element distribution of CoPx/Co(x)
@NF electrodes

SEM images and EDS mapping of Co/Co(OH)2(375)@NF, CoPx/
Co(375)@NF and CoP@NF electrodes are shown in Figure 3(a-c).
The uniform and similar distributions of Co and P elements on the
surface of CoPx/Co(375)@NF and CoP@NF indicate that phosphorus
was incorporates into the precursors successfully via the gas-solid
phosphidation. The presence of oxygen elements might come from
the phosphates. Comparing with the SEM images of the CoPx/Co(375)
@NF, which shows stacked nanosheets, forming a nanoflower-like
structure, the precursor Co/Co(OH)2(375)@NF electrode exhibits
a surface composed of stacked lamellar floccules. This transformation
illustrates that the introduction of P elements leads to the rearrangement
of atoms on the electrode surface, causing the change in the electrode
morphology from lamellar floccules to nanosheets, ultimately forming
the nanoflower-like structure. Compared with the SEM image of
CoPx/Co(375)@NF electrode, the CoOP@NF electrode (Figure 3(c))
shows the loose material of nanosheets, does not form an ordered nano-
flower structure. Meanwhile, Co and P elements are evenly distributed
on the surface. Compared with the SEM images for the CoPx/Co(x)
@NF electrodes with different cathodic current density shown in
Figure 3(d-f), as the deposition current increases from 50 mA-cm
to 375 mA-cm?, the surface morphology of the CoPyx/Co film changes
from a layered honeycomb structure to a nanoflower-like structure.
When the deposition current further increases to 625 mA-cm™2, the
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original nanoflower structure gradually disappears and transforms
into a large nanosheet structure. This indicates that the morphology
of the CoPx/Co nanoarray can be regulated by adjusting the deposition
current density. Among the three morphologies, the nanoflower-like
structure undoubtedly possesses the highest specific surface area,
which not only exposes more active sites on the surface, but also
facilitates the mass transfer.

The atomic ratios of Co, P and O elements in the EDS mapping
results for the electrodes were listed in Table 1. The results show
the phosphorus content and the P:Co atomic ratio on the electrode
surface increase as the cathodic current density increases. The reason
might be that with the deposition current density increases, the size
of crystalline grain of the precursor particles might become smaller
and the proportion of Co(OH): in the precursor increases [33], While
during phosphidation process, Co(OH)2 reacts more readily with
the generated PH3 gas (Co(OH)2+ PH3 — CoP + H20) compared to
metallic Co [27]. As aresult, electrodes with smaller grains and a higher
proportion of Co(OH). are more easily phosphidated, leading to an
increase in phosphorus content on the particle surface, that is, by

selecting an appropriate cathodic current density for precursor deposition,
the morphology of the CoPx/Co film and the amount of phosphorus,
as well as the CoPx/Co ratio can be controlled. On the other hand,
the atomic ratio of P:Co on the surface of CoPx/Co@NF electrodes
is lower than that of CoOP@NF electrodes, which further indicates
that only part of the metallic Co particles in the Co/Co(OH)@NF
precursor can be phosphidated and Co(OH): reacts more readily with
the generated PH3 gas.

3.3 Phosphorization degrees of CoPx/Co@NF electrodes

The phosphidation degrees for the CoPx/Co(x)@NF electrodes
were assessed by the phosphidation index y. A higher value of y
indicates a deeper degree of phosphidation. As shown in Figure 4, the
phosphidation index y rises as the cathodic current density increases,
which is consistent with the results of EDS mapping and further
shows that as the cathodic current density increases, the Co particles
become finer, the content of Co(OH)2 increases, which might both
contribute to the higher phosphidation degree.

Figure 3. SEM images and EDS mappings of (a) Co/Co(OH)»(375)@NF, (b) CoP,/Co(375)@NF, and (c) CoP@NF electrodes; SEM image of, (d) CoP,/Co(50)
@NF, (e) CoPy/Co(375)@NF, and (f) CoP,/Co(625)@NF electrodes.

Table 1. Atomic ratios of Co, P, and O elements in the EDS mapping results for the electrodes.

Electrodes Co P (0] P/Co
[at%] [at%] [at%]

CoP,/Co(50)@NF 79.94 9.98 10.08 0.12

CoP,/Co(375)@NF 71.48 12.90 15.62 0.18

CoP,/Co(625)@NF 36.24 27.09 36.67 0.75

CoP@NF 24.00 26.50 49.50 1.10

Co/Co(OH),(375)@NF 94.40 - 5.60 -

J. Met. Mater. Miner. 35(2). 2025
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Figure 4. The phosphorization degrees for CoP,/Co(x)@NF electrodes.

3.4 Valence analysis of elements for CoPx/Co(x)@NF and
Co/Co(OH)2(375)@NF electrodes

Figure 5(a) shows the XPS full spectra of CoPx/Co(375)@NF
and Co/Co(OH)2(375)@NF electrodes. Compared with that for the
Co/Co(OH)2(375)@NF electrode, the full XPS spectrum of the CoPx/
Co(375)@NF electrode exhibits an additional P 2p peak, which indicates
the successful incorporation of phosphorus into the electrode surface.
Figure 5(b) presents the high-resolution XPS spectra of Co 2p3/2 for
the CoPx/Co(50)@NF, CoPx/Co(375)@NF and CoPx/Co(625)@NF

(a)
P2p J
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S
Ry O1ls
w
=
2
= Cis
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Binding Energy(eV)

(b)

electrodes. The peaks centered at about 779.02 eV, 782.63 eV, and
786.13 eV belong to metallic Co, cobalt phosphides (CoPx) and
cobalt phosphate (CoPOy), respectively [27,34,35], and the peak
around at about 790.37 eV is attributed to satellite peak of Co2p3/2
[24]. The presence of CoPOy is the result of the oxidation of CoPx
species exposed in the atmosphere in the subsequent process and the
presence of metallic Co and CoPx suggests the successful construction
of'the CoPx/ Co heterojunction on the electrode surface [23,36]. The
corresponding histograms for the ratios of Co, CoPx and CoPOx for
the CoPx/Co(50) @NF, CoPx/Co(375)@NF and CoPx/Co(625)@NF
electrodes are provided in Figure 5(d). It can be seen that as the
cathodic current density increases, the relative content of metallic
Co on the surface gradually decreases, while the contents of CoPx
and CoPOx both enhanced, which is consistent with the previous
EDS mapping results, i.e., phosphidation degree increases with the
increasing cathodic current density as shown in Table 1. It can be
concluded that the higher cathodic current density, the finer particle
and more Co(OH)2 would be formed for the precursor, which might
contributed to the higher oxidation degrees from metallic Co to CoPx
and from CoPx to CoPOx. Figure 5(c) is the high-resolution XPS
spectra of P 2p for the CoPx/ Co(x)@NF with different cathodic
current density. Peaks centered at about 130.96 eV and 134.27 eV
are considered to come from metal phosphides and phosphate (POx)
due to the oxidation of phosphides in air [35,37]. It is obvious that
content of metal phosphides of CoPx/Co(375)@NF with the cathodic
current density be 375 mA-cm is higher than the other two, which
would be benefit to the formation of the CoPx/Co heterojunction.
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Figure 5. (a) XPS full spectra of CoP,/Co(375)@NF and Co/Co(OH),(375)@NF electrodes; High-resolution XPS spectra of, (b) Co 2p3/2, and (c) P 2p for the
CoP,/Co(50)@NF, CoP,/Co(375)@NF and CoP,/Co(625)@NF electrodes, (d) Histograms of the corresponding ratios of Co, CoPy and CoPOy for the CoP,/Co(x)

(@NF electrodes.
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3.5 Electrochemical catalytic activity toward HzOR

The LSV curves of the NF-P, CoP@NF and CoPx/Co(x)@NF
electrodes prepared at different cathodic current density in the 0.2 M
N2H4-H20 + 1 M KOH solution are present in Figure 6(a). The NF-P
sample show almost no significant changes during the whole applied
potential, indicating that the NF-P substrate itself has negligible
catalytic activity towards HzZOR, while the presence of the CoPx/Co
heterostructure enhances the catalytic activity towards HZOR obviously
and it is clear that the cathodic current density used for Co/Co(OH)2
deposition significantly affects the activity toward HZOR. Among
them, the CoPx/Co(375)@NF electrode exhibits the best catalytic
property. As shown in Figure 6(b), with the deposition current density
increases from 50 mA-cmto 375 mA-cm™2, the catalytic activity
toward HzOR of the electrodes increases, with the potential shift

LIN, Q., etal.

negatively from 19.1 mV@100 mA-cm™ to -37.6 mV@100 mA-cm™2,
then shifts positively to —12.4 mV@100 mA-cm™ as the deposition
current density further increase to 625 mA-cm. Figure 6(c) shows
that the CoPx/Co(375)@NF electrode exhibits the lowest Tafel slope
of 58.9 mA-dec™!, which shows that the fast catalytic kinetics for HZOR
might be relative with its suitable morphology and phosphidation
degree, that is, insufficient phosphidation at low depositing current
density leads to a lack of active sites, and excessive phosphidation at
high depositing current density results in over-encapsulation of Co
active sites by phosphates, thereby limiting their exposure. Though
the CoP@NF electrode shows catalytic activity toward the HzZOR,
but it shows only comparable activity with the CoPx/Co(50)@NF
compared, which further indicating CoPx/Co heterojunction play
a key role for the HzOR.
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Figure 6. (a) LSV curves, (b) the potentials at the current density of 10, 50 and 100 mA-cm>, (c) Tafel plots, and (d) EIS curves of the COP@NF, CoP,/Co(x)
@NF and NF-P electrodes, (¢) LSV curves of CoP,/Co(375)@NF electrode at different scan rates in 0.2 M N,H4-H,0 + 1 M KOH solutio, (f) Catalytic stability
of the CoP,/Co(375)@NF electrode at 100 mA-cm™ in 3 M N,H4-H,0 + 1 M KOH solution.
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The comparison of the electrocatalytic activity toward HzOR of
CoPx/Co(375)@NF electrode with recently reported non-noble metal
catalysts are listed in Table 2. With the recently reported catalysts
compared, such as Ni2P@NF (25 mV@50 mA-cm2) [38], Ni-NASA
@NF (15 mV@50 mA-cm) [39], Ni-Co-P/NF(-24 mV@100 mA-cm2)
[32], FHNNP/NF (1 mV@100 mA-cm2) [40] and PW-Co3N/NF
(=55 mV@10 mA-cm) [41], the optimized CoP/Co(375)@NF electrode
exhibits obviously superior electrocatalytic activity toward HzOR.

Figure 6(d) shows the EIS curves of the electrodes in 0.2 M
N2Hs'H20 + 1 M KOH solution. In the equivalent circuit model, R1
represents the solution resistance, Rz represents the instantaneous
oxidation resistance of CoPx and R3 represents the charge transfer
resistance associated with the hydrazine oxidation reaction (HzOR),
C1 and C; simulate the double-layer capacitance at the catalyst interface
and the electrode/electrolyte interface, respectively [42,43]. The fitting
equivalent circuit parameters of electrodes are presented in Table 3.
It indicates that the Rz and R3 of the CoPx/Co(x)@NF electrodes are
all lower than those of the CoP@NF electrodes. This suggests that
the CoPx/Co heterostructure facilitates electron transfer, which reduces
both the instantaneous oxidation resistance of CoPx to CoPOx and the
charge transfer resistance during the HzOR process. This significant
reduction in transfer resistance greatly enhances the catalytic activity
of the electrodes towards HzOR. Besides, as the influence of the
cathodic current density concerned, the CoPx/Co(375)@NF electrode
also exhibits the lowest instantaneous oxidation resistance of CoPx
(R2=0.011 Q) and the lowest HzOR transfer resistance (R3 =0.165 Q).
However, as discussed before that CoPx/Co heterojunction plays the
key role for the catalytic activity, the oxidation of CoPx to CoPOx
exhibits no change in the catalytic activity toward the HzOR, which
might be result from the strong reducibility of hydrazine hydrate, in
situ electrochemically oxidized CoPx/Co(X)@NF can be recovered

back to active CoPx species by N2H4(CoPOx) + N2Hs — CoPx + N2
+ H20) [32].

Figure 6(¢) shows the LSV curves of the CoPx/Co(375)@NF
sample in 0.2 M N2H+-H20 + 1 M KOH solution at different scan rates
and it can be seen the LSV curves does not undergo significant changes
as the scan rate changes. This further indicates that the CoPx/Co(375)
@NF sample achieves effective charge and mass transfer at the solid-
liquid-gas triphase interface between the electrode, electrolyte and
reaction products N2. This result is consistent with the EIS results and
further validates that the nanoflower-like nanoarray structure facilitates
rapid mass transfer.

Figure 6(f) presents the catalytic stability of the CoPx/Co(375)@NF
electrode at a current density of 100 mA-cm2in 3 M NoHsH20 + 1 M
KOH solution. The chronoamperometry results show that the electrode
potential remains stable over 12 h, with almost no obvious change in
potential. This demonstrates the excellent catalytic stability toward
HzOR of the CoPx/Co(375)@NF electrode.

To further explore the catalytic mechanism of the CoPx/Co
structure for hydrazine oxidation, several electrochemical analyses
were conducted. Figure 7(a) shows the LSV curves of the CoPy/Co(375)
@NF electrodes in 1 M KOH solution and in 0.2 M NoHsH20 + 1M
KOH solution. The difference between the LSV curves indicate that
the current in 0.2 M N2Ha-H20 + 1 M KOH solutions originates from
the oxidation of hydrazine.

The 1stand 200th cycles of the CV curves for the CoPx/Co(375)
@NF electrode in 1 M KOH solution are presented in Figure 7(b).
The CV curves show an oxidation peak near 0.25 V in the first scan,
which is associated with the oxidation of CoPx to CoPOx[32]. As the
number of CV scans increases, this oxidation peak gradually diminishes
and completely disappears after 200 scans, indicating that the reaction
is irreversible in KOH solution.

Table 2. Comparison of the electrocatalytic activity toward HZOR of CoPx/Co(375)@NF electrode with the recently reported catalysts.

Electrodes I E Ref.
[mA-em™?] [mV]

CoP,/Co(375)@NF 10 -99
50 -69 This work
100 =37

Ni,P@NF 50 -25 38

Ni-NASA 50 15 39

Ni-Co-P/NF 10 -61 12
100 -24

FHNNP/NF 10 —44
50 -12 40
100 1

PW-Co;N/NF 10 -55 41

Table 3. Equivalent circuit parameters of electrodes in 0.2 M N,H,;-H,O + 1 M KOH solution.

Electrodes R, R; R; C n; G, n;
] Q] Q]

CoP,/Co(50)@NF 1.230 0.047 0.440 0.337 0.644 0.078 0.852
CoP,/Co(250)@NF 1.290 0.015 0.353 0.023 0.966 0.080 0.881
CoP,/Co(375)@NF 1.240 0.011 0.165 0.049 1.090 0.139 0.883
CoP,/Co(500)@NF 1.220 0.013 0.264 0.582 0.694 0.133 0.841
CoP,/Co(625)@NF 1.285 0.015 0.316 0.0144 1.128 0.095 0.873
CoP@NF 1.210 0.075 0.588 0.784 0.784 0.080 0.803
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Figure 7. (a) LSV curves of the CoP,/Co(375)@NF electrode in 1M KOH solution and in 0.2 M N,H;-H,O + 1 M KOH solution, (b) The 1st and 200th
cycles of the CV curves for the CoP,/Co(375) @NF electrode in 1 M KOH solution, (¢) LSV curves of the CoP,/Co(375)@NF electrode in 0.2 M N,H4-H,O
+ 1 M KOH solution before and after 200 cycles of CVs in 1 M KOH solution, (d) The 1st CV curves of CoP,/Co(50)@NF, CoP,/Co(375)@NF and

CoP,/Co(625)@NF electrodes in 1 M KOH solution.

LSV curves of the CoPx/Co(375)@NF electrodes in 0.2 M
N2H4-H20 + 1 M KOH solution before and after 200 cycles CVs in
1 M KOH solution are shown in Figure 7(c). The deactivation toward
HzOR after 200 cycles CVs suggests that the catalytic activity toward
HzOR of the CoPx/Co(375)@NF is closely related to the instantaneous
oxidation of CoPx on the electrode surface. Excessive oxidation of
CoPx 1 M KOH solution results in the loss of the active sites. It may be
concluded that the catalytic activity and stability toward HzOR
might be relative with the area of the oxidation of CoPx to CoPOx
and the recoverability of CoPOx to CoPx [32].

The electrochemical active surface area (EASA) reflects the
intrinsic performance of the electrode, a larger EASA indicates more
active sites available and better performance. In this system, the area
of the oxidation of CoPx to CoPOx can be used to characteristic the
EASA. Figure 7(d) shows the first CV curves of CoPx/Co(50)@NF,
CoPx/Co(375)@NF and CoPx/Co(625)@NF electrodes in 1 M KOH
solution. It shows that the CoPx/Co(375)@NF electrode has the largest
area for the oxidation of CoPx to CoPOy, indicating the highest EASA,
which is consistent with its best catalytic activity toward HzOR.
This might be attributed to two main factors. Firstly, the appropriate
phosphidation degree of the CoPx/Co(375)@NF electrode avoids
insufficient phosphidation at low currents leads to less active sites and
excessive phosphidation at high currents results in over-encapsulation
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of Co active sites by phosphates. Secondly, the porous nanoflower-
like structure of the electrode facilitates the exposure of active sites.

4. Conclusion

In this study, a high-performance HzOR electrocatalyst was
developed via a dual-component phosphidation strategy. By simply
adjusting the cathodic current density, the composition and structure
of'the self-supported 3D nanoarray precursor Co/Co(OH)2@NF were
effectively regulated. Further leveraging the distinct phosphidation
behaviors of metallic Co and Co(OH)a, a tunable CoPx/Co hetero-
structure with controllable composition and structure was achieved.
The optimal electrocatalytic performance was realized at a cathodic
current density of 375 mA-cm™2. This can be attributed to several
factors. Firstly, the CoPx/Co(375)@NF electrode has an appropriate
CoPx/Co ratio, which prevents insufficient phosphidation at low
currents (leading to a lack of active sites) and excessive phosphidation
at high currents (resulting in over-encapsulation of Co active sites by
CoPx). Secondly, the porous nanoflower-like structure of the electrode
facilitates the exposure of active sites, avoiding the aggregation and
overlapping stacking of nanosheets that would otherwise reduce the
utilization rate of active sites. This structure also promotes rapid
mass transfer, significantly enhancing the electrode's performance
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at high current densities. Overall, this study provides a new strategy for
further improving the catalytic performance toward HzOR.
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