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HIGHLIGHTS GRAPHICAL ABSTRACT

1D hollow-structured NiCoP nanorods
were synthesized via phosphorization.
Formation of void space in NiCoP nano-
rods results from Kirkendall effect.
NiCoP supercapacitor cathode showed
an energy density of 68 Wh kg~ at
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a current density of 30 mA cm ™2 with a rate retention of 85.6%. Specific capacitance of an asymmetric
supercapacitor cell (ASC) where NiCoP sample was used together with activated carbon reached 264.6 pAh
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1. Introduction

In an ongoing endeavor to alleviate serious environmental problems
and global warming caused by fossil fuels, immense research and devel-
opment efforts have been made worldwide towards integration of en-
ergy storage systems with renewable and clean energy sources, such
as solar panels and wind turbines [1-3]. However, power output of
these renewable energy sources is unpredictable, thus reliable and
low-cost energy storage devices are critical for their effective utilization
[4,5]. Pseudocapacitors, also called supercapacitors, are emerging as
promising devices for renewable systems due to their relatively low
cost, high power density and long cycling life [6-8]. The performance
of supercapacitors depends on electrochemical efficiency of three
kinds of electrodes, such as carbon-based materials, transition metal
compounds and conductive polymers [9,10]. Among these, transition
metal oxides and hydroxides exhibit specific capacitances at least one
order of magnitude higher than those of carbon materials [11,12]. On
the other hand, low electrical conductivity and slow charge transfer
rates of transition metal compounds drastically reduce capacitance at
high current densities, limiting their practical applications in renewable
energy systems [13-15].

Transition metal phosphides (TMPs) attract significant attention
as alternatives to oxides and hydroxides due to their high electrical
conductivity and good electrochemical properties [16,17]. TMPs are
structurally similar to hydrogenase enzymes, where phosphorus
acts as a hydride acceptor and transition metals as proton acceptors
[16], making them promising catalysts for hydrodesulfurization [18]
and hydrodenitrogenation [19], as well as suitable electrode mate-
rials for energy storage, for example Co,P [20] and FeSnSbP [21]. It
was recently found that one-dimensional (1D) NiCoP alloys possess
high electrical conductivity and electrocatalytic properties suitable
for Hydrogen Evolution Reaction (HER) application [22,23]. Electro-
chemical performance of TMPs in HER can be further enhanced by in-
creasing surface roughness of catalytic nanoparticles [24] and
oxygen doping to increase concentration of active sites [23]. Since
their application in energy storage is rarely reported, it would be of
interest to develop NiCoP compounds with electrochemical perfor-
mance enhanced by a fine-tuned nano structure, as electrode mate-
rials for pseudocapacitors.

Plenty of void space is available in hollow-structured
nanomaterials, with resulting high surface areas enhancing electro-
catalytic activity in combination with hollow cores acting as volume
buffers and storing electrolytes [25-27]. Recently, attention was paid
to the development of nano-sized hollow-structured materials for
electrochemical energy conversion and storage [28]. Many synthetic
approaches have been proposed, among them hard templating
method, utilizing a template compound which is subsequently selec-
tively removed [29]. Due to complicated procedures and strongly
corrosive chemicals which are usually required to remove the tem-
plates, there is a need for template-free and simple techniques to ob-
tain hollow-structured nanomaterials, such as the ones utilizing
Kirkendall effect which results from differences in atom diffusion
rates at intermetallic interfaces [30-32]. Nano-sized hollow-
structured CoP particles were successfully prepared in the mixture
of actadecene, Co particles, trioctylphosphine and oleylamine [33].
NiCoP alloy exhibited high electrical conductivity and good electro-
chemical properties, making it attractive candidate for preparation
of hollow-structure nanoparticles suitable for electrochemical en-
ergy storage applications.

In this study, a simple method was developed, for the first time, to
synthesize 1D hollow-structured NiCoP nanorods via Kirkendall effect.
The obtained NiCoP material exhibited high capacitance with good
rate performance. An ASC cell using NiCoP as a cathode and AC as an
anode demonstrated an energy density of 68 Wh kg ™! at a power den-
sity of 9594 W kg~ ! and an energy density of 85 Wh kg~! at a power
density of 644.3 W kg~ 1.

2. Experimental
2.1. Preparation of NiCo,0,4 precursor

Co(NO3), (8 mmol), Ni(NO3), (4 mmol) and urea (12 mmol) were
added into solution containing 30 ml of ethanol and 30 ml of water,
followed by stirring at room temperature for 30 min. The solution was
poured into a Teflon-lined autoclave, a piece of Ni foam (2 x 3 cm?)
was carefully placed inside, and the autoclave was heated at 150 °C for
6 h. Subsequently, Ni foam was rinsed with water and ethanol alterna-
tively, and annealed at 350 °C for 2 h to oxidize Ni-Co layers formed
on its surface.

2.2. Preparation of NiCoP

NiCo,04 obtained in the previous step was phosphorized by placing
NaH,PO, upstream in the tube furnace that was heated up to 350 °Cata
ramp of 5 °C min~' and kept at this temperature for variable time pe-
riods under static N, atmosphere. The resulting materials, differing
only by phosphorization times at 350 °C, were designated NiCoP.

2.3. Physical characterization

Crystal structure of as-prepared samples was studied on a Shimadzu
XD-3A diffractometer where XRD patterns were recorded at 10° min~—"
using Cu- Ko radiation with N = 0.15418 nm. Their microstructure was
investigated on a Carl Zeiss scanning electron microscope and a JEOL
(JEM-2000 FX) transmission electron microscope. High angle annular
dark field scanning transmission electron microscopy (STEM) images
of the catalysts were taken using the same JEOL instrument operating
at 200 kV. X-ray photoelectron spectroscopy (XPS) was carried out on
a PHI-5702 spectrometer and C1 s peak at 285.0 eV was used as a refer-
ence for binding energies calibration.

24. Electrochemical measurements

Electrochemical performance of as-prepared NiCoP was studied
using a CHI 660E electrochemical workstation. The experiments were
carried out in a three-electrode configuration with a 1 x 1 cm? sample,
which were measured by ruler, activated carbon (AC) and Hg/HgO
(1.0 M KOH) serving as a working electrode, a counter electrode and a
reference electrode respectively. Cyclic voltammetry (CV) graphs were
recorded in a three- and a two-electrode systems in 1 M KOH aqueous
electrolytes. Galvanostatic charge/discharge (GCD) and cycling tests
were conducted using a LAND CT2001A battery measurement system.
Areal specific capacity (C,), energy density (E) and power density (P)
were calculated according to the following equations:

Ca=21x /'th/(Axv) (1)
E=Cp x (AV)?/2 )
P =E/At 3)

where I, t, m, AV, and A represent discharge current (mA), discharge
time (s), total mass of active materials (g), electrode potential window
(V), and electrode surface area (cm?) respectively.

Prior to assembly of the asymmetric supercapacitor, mass loadings
of both cathode and anode were balanced according to the following
equation [1,16]:

m*/m~ = C x AE~/(C* x AE*) (4)

where mass ratio of cathode to anode particles was set at 0.3.
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3. Results and discussion

The microstructure of as-prepared NiCoP was firstly observed by
scanning electron microscopy (SEM), as shown in Fig. 1a and b. Very
even hair-like NiCoP nanorods have grown on the surface of Ni foam
with no particles of different shapes visible. SEM images of NiCo pre-
cursor and NiCo,04 shown in Fig. S1 reveal morphology almost

identical to NiCoP samples (Fig. 1), indicating that heat treatment
and subsequent phosphorization cause no damage to as-formed
nanorods. Their detailed structure was further investigated by trans-
mission electron microscopy (TEM). As shown in Fig. 1c-d, nanorods
with bubble-like hollow structures, uniform diameters of ca. 75 nm
and quite smooth surfaces were obtained. Well-defined lattice
fringes are clearly visible in a high-resolution TEM image shown in
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Fig. 1. (a, b) SEM images of NiCoP; (c-e) TEM images of NiCoP; (f) SAED pattern; (g-j) STEM mapping; deconvoluted high-resolution XPS spectra of Ni 2p (k), Co 2p (1), P 2p(m).
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Fig. 1e where marked interplanar distances of 0.22 and 0.29 nm con-
tribute to (110) and (111) planes of NiCoP, respectively [23]. Accord-
ing to electron energy loss spectroscopic mapping presented in
Fig. 1g, elemental distribution of P, Ni and Co in the nanorods was
quite even.

Figs. 1k-m and S2 present XPS investigation of NiCoP chemical state
where the survey spectrum clearly shows signals of C 1s, Ni 2p, Co 2p

(a)aoo
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and P 2p. Ni 2p spectra could be fitted into two doublet peaks at ca.
874.3 eV and 856.7 eV with two satellites, which can be ascribed to
Ni%*, Ni>* Ni-POy and Ni-P, indicating the formation of nickel phos-
phide. Co 2p spectra of NiCoP samples were deconvoluted into two
spin-orbit doublets as well as two satellites, formed due to the presence
of Co®* [34]. P 2p spectra exhibit a peak at ca. 133.3 eV, which can be
assigned to P in the phosphide. XPS results further confirm the
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Fig. 2. (a) Schematic diagram of temperature rise rates; (b) NiCoP XRD patterns for different phosphorization times; (c) TEM images of pure NiCo,0, after different phosphorization times
of 0 min (d), 10 min (e), 30 min (f), 1 h (g), 2 h (h); (i) schematic diagram of phosphorization process.
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formation of binary nickel and cobalt phosphides during the synthesis
process.

Crystalline structure of as-prepared samples with various
phosphorization times, graphically presented in Fig. 2a, was investi-
gated by X-ray diffraction (XRD). As shown in Fig. 2b, phosphorization
time significantly impacts crystallinity of the final products. For low
phoshorization times, characteristic peaks of Ni foam at ca. 44.5, 52.0
and 76.5° are accompanied by very weak diffraction peaks of thin
NiCoP layers on its surface. At phosphorization times longer than
30 min more NiCoP was formed, according to more pronounced peaks
at ca. 40.98°, 47.56°, and 54.42°, corresponding to (111), (210) and
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(300) planes of hexagonal NiCoP. High purity of NiCoP phase formed
on Ni foam is confirmed by the absence of diffraction peaks other than
those attributed to NiCoP and Ni metal. However, when
phosphorization time was further increased to 3 h, unidentified diffrac-
tion peaks at 20-35° appeared in the XRD pattern of NiCoP, revealing the
crystalline structure change from hexagonal to a mixed one. This re-
sulted in adoption of 2 h as optimal phosphorization time in this
study. XRD spectra of NiCo precursor and NiCo,0,4 shown in Figs. S3
and S4 can be interpreted in combination with TEM images of
NiCo,0,4 showing that nanorods with very rough surfaces were made
of small particles, with no hollow structure present in them (Figs. 2c,
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Fig. 3. (a) CV curves of NiCo-precursor, NiCo,0,4 and NiCoP electrodes; (b) CV curves of NiCoP at various scan rates; (c) Power law dependence of current on sweep rate; (d) galvanostatic
charge-discharge (GCD) curves of NiCo-precursor, NiCo,0, and NiCoP electrodes; (e) GCD curves of NiCoP at different current densities; (f) area specific capacitance vs. current density for

NiCo-precursor, NiCo,04 and NiCoP.
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S5 and S6). After phosphorization at 350 °C, small particles visible in
NiCo,04 nanorods started to disappear and their rough surface became
smoother with an increase in phosphorization time (Figs. 2d-h and S7-
$10). At 10 min phosphorization time hollow structures started to ap-
pear in these nanorods and small “bubbles” could be observed with
their sizes and quantity increasing gradually to the point where inter-
connected “bubbles” filled the nanorods complete after 1.5 h of
phosphorization (Figs. 2g, h and S10). During this process, NaH,PO,
decomposed releasing phosphorus and hydrogen resulting in NiCoP for-
mation on the surface of NiCo,0,. Due to its low diffusing rate, phospho-
rus penetrated through NiCoP layers very slowly, but hydrogen
possessing much higher permeability easily went through to reduce
NiCo,04 to Ni and Co. At 350 °C these newly formed Ni and Co atoms
are diffuse outwardly, penetrate NiCoP layers and react with phospho-
rus, resulting in the formation of hollow structures inside the nanorods
[25,35]. Due to Kirkendall effect represented by different diffusion rates
of Ni, Co and P, “bubbles” were formed as shown in Fig. 2i.

Electrochemical properties of as-prepared NiCoP were initially eval-
uated by cyclic voltammetry (CV) within a potential window of 0-0.7 V
in KOH electrolyte. Two redox peaks clearly visible in CV curves of NiCo-
precursor, NiCo,0,4 and NiCoP (Fig. 3a) indicate pseudocapacitive na-
ture of these materials in alkaline media. The integrated area of the
NiCoP CV curve is much larger than those corresponding to NiCo-
precursor and NiCo,0,4 (Fig. 3a), indicating higher capacitance of
NiCoP. Since Faradaic redox currents for NiCoP increased with an in-
crease in scan rates (Fig. 3b), its charge store mechanism was further in-
vestigated using the equation ip = av” [36], where ip represents peak
current, a and b are adjustable parameters and v is scan rate. As
shown in Fig. 3¢, the straight line slope of peak 1 denotes the parameter
b which can be used to determine the mechanism of processes occur-
ring on NiCoP during charge and discharge, i.e. b of 0.5 represents a dif-
fusion controlled- and b of 1.0 - a surface controlled process. A b value of
0.68 presented in Fig. 3c points to both diffusion- and surface-controlled
electrochemical reactions taking place on NiCoP. CV curves at various
scan rates retained almost initial shape without obvious distortion, indi-
cating fast electron transfer kinetics.

Galvanostatic charge-discharge (GCD) experiments carried out on
NiCo-precursor, NiCo,04 and NiCoP reveal obvious potential plateaus
occurring during both charge and discharge processes for all three ma-
terials, which demonstrates their battery-type properties [10]. Based on
their GCD curves, capacitances of NiCo-precursor, NiCo,04 and NiCoP
samples were calculated to be 273.4, 209.3 and 190.4 pAh cm ™2, respec-
tively, NiCoP capacitance being expectedly the highest. GCD curves of
these three samples were also recorded at various current densities
(Figs. 3e, S11a and S11b) and corresponding capacitances are shown
in Fig. 3f. NiCoP capacitance of 273.4 pAh cm 2 at a current density of
1 mA cm ™2 dropped to 234.2 uAh cm™2 when current density increased
to 10 mA cm ™2 When current density went up to 30 mA cm ™2, capac-
itance declined slightly, indicating good electrical conductivity of NiCoP.
Rising current density from 1 to 30 mA cm 2 resulted in capacitance re-
tention of 85.6% for NiCoP, a much higher value than those of NiCo-
precursor (51.4%) and NiCo,04 (55.7%), indicating significant perfor-
mance improvement achieved by phosphorization. Cycling stability of
three materials was also studied by GCD at a current density of
20 mA cm ™2 for 4000 cycles (Fig. S11f), and the NiCoP retained 82.1%
of its initial capacitance after 4000 cycles.

To evaluate its electrochemical performance under real world condi-
tions, NiCoP was used as a cathode and activated carbon (AC) as an
anode to form asymmetric supercapacitor cell (ASC), in which KOH so-
lution was used as an electrolyte. Suitable voltage window for this cell
was evaluated by CV of NiCoP and AC at various potential ranges as
shown in Fig. 4a, and voltage windows ranging from 0 to 0.8 to

0-1.7 V were initially selected. Obvious polarization visible in Fig. 4b
at a voltage window of 0-1.7 V pointed to adoption of a narrower volt-
age window of 0-1.6 V. The CV curves possess rectangle-like shapes
with very broad Faradaic redox currents, a typical manifestation of a
pseudocapacitor utilizing Faradaic and electrical double-layer materials
aselectrodes [1]. CV of the ASC carried out at various scan rates revealed
Faradaic reactions, such as Ni>*/Ni?*, occurring on NiCoP during both
charge and discharge processes accompanied by adsorption/desorption
and intercalation/deintercalation of OH™ ions on the electrode/electro-
lyte interface. In more detail, OH™ ions in the electrolyte move to the
electrode to absorb/intercalate into it during negative potential scans
and deintercalate/desorb and move back the electrolyte after polarity
change. The ions, which have enough time to absorb on the electrode
surface due to a slow scan rate, will be responsible for good reversible
supercapacitor behaviour of the material, but the lack of time to absorb
on the electrode at a high scan rate leads to distortion of rectangle-like
CV shapes [37].

GCD of the ASC carried out over a current density range from 2 to
30 mA cm 2, as shown in Fig. 4d, resulted in isosceles triangle curves,
typical for a supercapacitor. An increase in current density resulted in
the ASC specific capacitance dropping from 264.6 pAh cm™2 at
2 mA cm 2 to 213.2 pAh cm 2 at 30 mA cm ™2, which corresponds to
80.6% capacitance retention.

Cycling stability of the ASC was tested by continuous charge and dis-
charge for 8000 cycles at a current density of 20 mA cm ™2, Fig. 4e shows
that its specific capacity lost 13.7% after 8000 cycles, indicating its good
cycling stability. Energy density vs. power density values were calcu-
lated and compared with representative samples reported in literature
as shown in Fig. 4f. The ASC delivered a power density of
6443 W kg~ ! at an energy density of 85 Wh kg™, and 9594 Wh kg~!
at 68 W kg~ !. These numbers are quite high when compared with pre-
viously reported ASCs, such as CoP/NiCoP||AC (51.6 Wh kg~! at
800 W kg~ 1) [38], NiCoP@ NiCoP||AC (34.8 Wh kg~ at 750.0 W kg~ 1)
[39], NiCoP@NiCo(OH),||AC (57 Wh kg~! at 850 W kg~ ') [40], S-
NiCoP-2-300||AC(43.54 Wh kg~ at 150 W kg~ ') [41], NiCoP/NiCo-
OH||AC(34 Wh kg~ " at 755 W kg™ 1) [42].

Two assembled ASCs were connected in series to illuminate red
LED lights for longer than 14 min, further confirming their high en-
ergy density (Fig. 4g and h). Electrochemical results reported in
this study demonstrate that 1D NiCoP nanorods with hollow struc-
ture can be considered promising nanomaterials for pseudocapacitor
applications.

4. Conclusions

Hollow structured NiCoP nanorods were easily synthesized using
Kirkendall effect owing to different diffusion rates of Ni, Co and P
atoms. It was found that the hollow structure formed inside NiCoP
nanorods could be efficiently tuned by controlling phosphorization
time. Due to their good electrical conductivity, newly obtained hollow
structured NiCoP nanorods exhibited a high capacity of 273.4 pAh
cm~2 at a current density of 1 mA cm ™2 with excellent rate perfor-
mance. The nanorods also showed good functioning in a real ASC utiliz-
ing NiCoP as a cathode and AC as an anode. The ASC demonstrated a
power density of 644.3 W kg~ at an energy density of 85 Wh kg ",
and an energy density of 9594 W kg~ ! at a power density of
68 Wh kg !, demonstrating significant potential of hollow-
structured NiCoP nanorods for practical application in electrochemical
energy storage devices. In addition, the revealed mechanism of NiCoP
hollow structure shows a way for fabricating porous structure of other
phosphide.

Fig. 4. (a) CV curves of activated carbon anode and NiCoP; (b) CV curves of ASC measured at different operating voltages at 5 mV s ~'; (c) CV curves of ASC at different scan rates from 5 to
100 mV s~ '; (d) GCD curves of ASC at different current densities; (e) cycling stability of ASC at 20 mA cm™2; (f) energy density vs. power density of NiCoP//AC cell, compared with other
studies; (g,h) red LED powered by two series-connected coin cells after different illumination times.
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