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Introduction

The renewable energy supply is important to realization of
sustainable human society of near future. Furthermore,
environment pollution due to combustion of fossil fuels adds
to the energy crisis. In this context, hydrogen, widely
considered as green energy capable of meeting the demands
of future energy needs, can be electrochemically produced
with zero carbon emission. Hydrogen with high energy den-
sity of 142 MJ kg™* can be ideal green fuel when produced from
renewable and sustainable energy sources [1—6]. For example,
intermittent wind or solar energy is one of the most efficient
and sustainable routes for producing high-purity hydrogen
through water splitting [7—14]. The water splitting reaction
consists of two half-reactions, viz., cathodic hydrogen evolu-
tion reaction, HER [15].

2H" +2e” —H, )
and anodic oxygen evolution reaction, OER

2H20 - 02 + 4H* +4e” (2)

The hydrogen evolution reaction (HER) is effectively facil-
itated by noble metals such as Pt, RuO,, which generate large
cathodic current densities for this reaction at low over-
potentials [16] Platinum is the most active electrocatalyst for
cathodic half-reaction of HER and ruthenium dioxide and
iridium dioxide are most efficient for anodic half-reaction of
OER. However, these catalysts are scarce and expensive hence
cannot be viable for large-scale production of hydrogen
[17-20].

Over the past decades, many low-cost earth abundant
transition metals based materials have been developed and
employed as HER and OER electrocatalysts [21,22]. Recently,
transition metal phosphides (TMPs) have attracted much
attention as promising HER/OER electrocatalysts [23]. TMPs
possess desirable electrocatalytic properties, metalloid char-
acteristics and significant earth abundance. In this context,
classes of transition metal chalcogenides (metal phosphides)
have been revealed as outstanding electrocatalysts for HER/
OER activity which is possibly due to their higher electro-
catalytic activity, low cost, more abundance and unique
crystal structure.

As the platinum free noble-metal electrocatalysts, TMPs
such as Ni,P [24], CoP [25], NiCoP [26], FeP [27], CusP [28], MoP
[29], NijoPs [30, Co,P [31] have proven to be high efficient
electrocatalyst for HER. Nickel phosphides of several shapes,
sizes and hetero structures have been fabricated for OER
electrocatalyst such as Ni,P nanowires and polydispersed

Ni,P nanoparticles [32], oxygen-incorporated Ni,P nanosheet
[33], porous multishelled Ni,P hollow microspheres [34],
nickel phosphides porous nanoplates with mixed phases of
NisP, and Ni,P [35], self-supported 3D carbon fiber paper (CP)
electrode [36], three-dimensional porous nickel phosphide
(Ni—P) foam with Ni,P skeletons covered with vertically
aligned NisP,—NiP, nanosheets [37], Ni,P nanocrystals sup-
ported on a graphene (Ni,P@C/G) [38], tri-metallic phosphide
FeCoNiP [39], three-dimensional honeycomb monolithic
catalysts consisting of macroporous Ni,P coated on nickel
foam [40] etc. The additive of carbon in the form of support
improves the catalytic activity by increasing surface area,
exposing more active sites, improving electric conductivity,
enhancing long-term stability, etc [41]. Additionally, as
compared with other representative carbon materials (car-
bon black (C) and carbon nanotubes (CNTs)) in the
perspective of specific surface area (SSA), conductivity and
electronic interaction to TMS [42]. When the nickel phos-
phide NPs is supported in CNT, the electrical conductivity of
catalyst can be improved [43]. In the present investigation,
we adopted solvothermal process followed by phosphidation
to prepare Ni,P and it was composited with carbon nano-
tubes (Ni,P/CNT) and employed as efficient HER and OER
electrocatalyst in acid and alkaline media respectively. This
non-noble metal electrocatalyst was synthesized through a
simple low-cost method and exhibited low overpotential
(n10) of 137 and 360 mV for HER and OER respectively at

10 mA cm™2.

Experimental section
Synthesis of Ni,P

The electrochemical active Ni,P was synthesized by the
phosphidation of the nickel oxide prepared via solvothermal
process, using 0.5 mmol of nickel nitrate, 0.5 mmol of urea
dissolved in 30 mL ethanol, solution was stirred well under
magnetic agitation for 30 min after that solution was transfer
into Teflon-lined autoclave to carry out the solvothermal re-
action at 160 °C for 12 h. The precipitation solution was
filtered, washed with ethanol several times, and then the
obtained precipitate was dried out at 60 °C for 6 h. This pre-
cursor and Na,H,PO, both are grained well then placed out in
a quartz boat, the phosphidation process was carried out
under N, flowing at 300 °C for 3 h (Scheme 1). After the
phosphidation process the boat was cooled down to room
temperature grained well then collected for characterization
of Ni,P nano particle, the electrochemical analyses were car-
ried out for HER and OER.
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Synthesis of Ni,P/CNT

100 mg of as-prepared Ni,P was taken with 30 mg of MWCNT
in 30 mL of ethanol and were magnetically stirred well before
drying at 60 °C for 1 h. The 30% incorporated CNT with Ni,P
was annealed at 150 °C in muffle furnace for 2 h (Scheme 1).

Material characterization

The prepared electrocatalyst were characterized by the
following techniques, X-ray diffraction spectroscopy (XRD)
recorded by using Rigaku Mini Flex II with Cu Ko irradiation
(» = 1.5406 A) in 20 range of 20—80° at 4°/min. The surface
morphologies of the samples can be assessed by a scanning
electron microscopy (SEM, Hitachi S-4700, Japan) and a JEM-
2100F high-resolution transmission electron microscope
(HR-TEM, JEOL Ltd., Japan). The elemental composition study
was derived from EDS (Oxford X-Act). The X-ray excited
photoelectron spectroscopy (XPS) analysis was conducted in
an Omicron surface analysis station equipped with a SPHERA
hemispherical analyser and an X-ray source DAR 400 Ko
(1486.7 eV) by using the conditions of 50 eV pass energy for
survey spectra and 10 eV pass energy for high resolution, and
keeping the chamber evacuated to a base pressure of
1 x 1078 mbar. The Voigt-type function with Gaussian (70%)
and Lorentzian (30%) combinations was used for deconvolute
the high resolution HR-XPS spectra.

Electrochemical analysis

An AFP2 WAVEDRive 20 bipotentiostat—galvanostat coupled
to an AFMSRCE modulated speed rotator from Pine Research
Instrumentation was used for cyclic voltammetry and linear
sweep voltammetry. All experiments were conducted in a

NiNO, Magnetic
Urea Stirring
Ethanol
Ni,P/CNT < |

150°C,2 h

160 °C, 12 h

standard three—electrode system, using graphite and a
reversible hydrogen electrode (directly) as counter and refer-
ence electrodes, respectively. A carbon paper (CP) and a glassy
carbon (GC) disk/Pt ring embedded in Teflon (geometric
area = 0.196 and 0.11 cm?, respectively, with a collection ef-
ficiency of N = 0.26 — Pine Research Instrumentation) were
used as working electrodes. Stability experiments for OER
were performed by chronoamperometry during 22 h in KOH
1M, O,—saturated at the potential that matches 10 mA cm 2 of
current density. Electrochemical impedance spectroscopy and
capacitance of double—layer (Cp;) were evaluated using a
PGSTAT128 N potentiostat—galvanostat (Auto lab) equipped
with a FRA2. X module in KOH 1 M, N,—saturated solution. The
double—layer capacitance was measured by cyclic voltam-
metry at several scans rates (5; 10; 15; 20; 30; 40; 60 and
80 mV s %) with a potential window of 100 mV with open
circuit potential centered. The following relation was applied
for the calculation of Cpy. [44]. The current densities are ob-
tained by using the electrodes geometric area.

I = CDLJ/ (3)

where,
lis the current (A), Cpy. is the capacitance of double—layer (F
cm~2) and v (V s~%). Electrochemical surface active area (ECSA)
could be calculated by the following relation:
CDI.

ECSA = 2= )

where.

Cs is the specific capacitance (4.107> F cm ) [44].

The CP was cleaned using ultrasonic bath with deionized
water 10 times. The materials were dispersed in ultrapure
water to produce a catalyst ink with a concentration of
1 mg mL~%. An aliquot of such catalyst ink was drop cast on

Na,H,PO,

MWCNT
Ethanol

Magnetic
Stirring

Scheme 1 — Summary of the synthesis of Ni,P and Ni,P/CNT catalysts.
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the surface of the precleaned CP (or GC) electrode to achieve a
content of 150 ug cm~2 and dried at room temperature. The
analyses were carried out in 0.5 M H,SO4 and 1 M KOH elec-
trolytes for HER and OER respectively.

Results and discussion
Physical characterization

Fig. 1 shows the XRD patterns of as-synthesized Ni,P and Ni,P/
CNT along with that of CNT. Prominent peaks appear at
26 = 15.3, 27.0, 30.4, 40.7, 44.5, 47.3, 53.0, 66.3 and 76.1. These
peaks are consistent with the hexagonal phase of Ni,P corre-
sponding to (100), (110), (201), (210), (211), (310) and (212) planes
of Ni,P (JCPDS No. 74—1385) and peaks at 26.3, 44.6 and 66.3
corresponding to (001), (201) and (202) planes of CNT. A good
match between the patterns of as-synthesized samples and
the standard reference can be observed in the figure. The
above data confirms the successful formation of Ni,P and
Ni,P/CNT with high phase purity. The particle sizes of the
catalysts were calculated using Scherr’s equation as noted in
Table 1. The crystallite size of Ni,P at Ni,P/CNT nano-
composite (24.9 nm) was decreased in relation to Ni,P
(31.2 nm). Fig. 2 shows SEM images characterizing the mor-
phologies of Ni,P and Ni,P/CNT. In the figure, flower-like
structures of Ni,P could be observed which is typical of the
products obtained from hydrothermal synthesis method [8].
As well, the flower-like structures of Ni,P appeared nano-
composited to the CNTs. A good electrocatalytic HER and OER
performance can be expected from the highly connected
nanostructure as well as the formed nanocomposite as shown
in the figure.

Fig. 3 shows the EDS spectra images for (a) pure Ni,P and (b)
Ni,P/CNT composite. The EDS spectroscopy confirms the ele-
ments present in the Ni,P and Ni,P/CNT composite, and the
atomic ratio for these materials are also mentioned in Fig. 3
(a,b). The EDS clearly illustrate the presence of carbon be-
tween Ni,P (Fig. 3b), no other impurity peaks are observed and

(c) Ni PICNT
AA IJLJ A
El
] .
b (b) Ni,P
g A J_JLA_,L }t
£ (a) CNT
. A "
g Ni2P # JCPDS-74-1 385‘
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Fig. 1 — XRD patterns of (a) CNT, (b) Ni,P and (c) Ni,P/CNT.

the atomic percentage of the elements are also mentioned in
the figure. TEM images for the electrocatlyst were collected to
investigate the morphological structure as shown in
Fig. 4(a—d). It can be noted that Ni,P exhibits uniform
nanoflower-like morphology and also incorporated CNTs are
visible on Ni,P/CNT nanocomposite (Fig. S1a). Well-resolved
lattice fringes with interplanar distance of 0.29 nm and
0.56 nm (Fig. 4 and Fig. S1b) corresponded to the (100) [34] and
(100) [32,38] facets of Ni,P crystal planes.

Fig. S2 shows the XPS survey spectra for the synthesized
catalysts before and after OER stability test. The XPS survey
spectra (Fig. S2) show the peaks related to Ni, C, and O, with P
really visible to Ni,P before OER stability test and Ni not visible
to Ni,P after OER stability test. It is important to inform that to
obtain the XPS spectra the catalysts were supported in CP. The
atomic percentage content for C 1s is high and for oxygen O 1s
is low when Ni,P/CNT is compared with Ni,P (Table S1) rein-
forcing the presence of CNT in Ni,P/CNT. The atomic per-
centage content for P 2p (5.6%) is detected only to Ni,P and the
atomic percentage content for Ni 2p is not so different be-
tween the two catalysts (in average 1.1%, Table S1). Most
probable P is the linker of Ni,P with the CNT, not remaining at
the surface and being not visible for XPS measurements.

After OER stability test the atomic percentage contents for
C 1s, O 1s, and Ni 2p for Ni,P/CNT can be considered equal to
before OER stability test (compare Tables S2 and S1). However,
in the case of Ni,P the Ni 2p and P 2p are not detected anymore
and the atomic percentage contents for C 1s and O 1s are
enough modified (Table S2), suggesting the detachment of
Ni,P from the CP surface after OER stability test.

Fig. 5 and Fig. S3 show the high resolution XPS (HR-XPS)
spectra for Ni 2p, P 2p, C 1s, and O 1s regions for the synthe-
sized catalysts before and after OER stability test. The Ni 2p
HR-XPS spectra (Fig. 5) contain two peaks with their respective
satellite shake-ups related to 2ps/, and 2p,/, respectively [6,45]
(see their positions and % contents in Tables S3 and S4). There
are not many differences between the % content for different
Ni groups comparing Ni,P/CNT before and after OER stability
test with Ni,P before OER stability test (Tables S3 and S4).
However, HR-XPS signal for Ni 2p was not detected for Ni,P
after OER stability test (Fig. 5) suggesting the detachment and
instability of this material at CP surface after OER stability test.
The Ni,P/CNT was stable at CP surface after OER stability test
(Fig. 5).

The HR-XPS signal for P 2p was detected only to Ni,P before
OER stability test (Fig. 5) which the peak at 133.8 eV (Table S3)
can be attributed to oxidized P species due the exposition of
Ni,P to air [46]. The absence of HR-XPS P 2p signal for Ni,P after
OER stability test (Fig. 5) is attributed to the detachment of

Table 1 — The electrochemical parameters of the Ni,P and
Ni,P/C Composites.

Sample HER HER Tafel OERn;, OER Tafel Crystallite
no slope (mV (mV) slope (mV size (nm)
(mV)  dec™) dec™
Ni,P 185 96.5 390 55 31.23
Ni,P/ 137 71.3 360 49 24.88

CNT
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Fig. 2 — SEM images of as synthesized Ni,P (a—d).
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Fig. 3 — EDS images of the as prepared (a) Ni,P and (b) Ni,P/
CNT.

Ni,P from the CP surface. For Ni,P/CNT before and after OER
stability test, the absence of HR-XPS P 2p signal (Fig. 5) is
attributed to the link of P with CNT, resting XPS visible only Ni
atoms at Ni,P linked to CNT surface.

The HR-XPS spectra for C 1s (Fig. 5 and Fig. S3) are quite
similar between the different samples with the deconvolution
attribution for the different groups and positions (Tables S3
and S4) in agreement with the literature [45,47—51] and the
% content to C=C and C—C groups 10% higher for Ni,P before
and after OER stability test in comparison with Ni,P/CNT
before and after OER stability test (Tables S3 and S4). This
difference in % content to C=C and C—C groups suggest the
detection of CNT in the case of Ni,P/CNT before and after OER
stability test and CP surface.

The deconvoluted HR-XPS spectra for O 1s (Fig. 5 and
Fig. S3) are related to different groups and positions (Tables S3
and S4), in agreement with the literature [45,47—-51]. However,
the presence of Ni—O group at Ni,P/CNT before and after OER
stability test samples and the decrease of the % content of this
group at Ni,P/CNT after OER stability test samples (Tables S3
and S4), reinforces the link of Ni,P with CNT and Ni is less
oxidized after OER stability test, suggesting better stability of
Ni,P/CNT toward OER. For Ni,P before OER stability test ap-
pears the oxidized P group (O—P) and after OER stability test
the C=0 group increased enough its % content (Tables S3 and
S4), reinforcing the strong detachment of Ni,P from the CP
surface.

HER activities of nickel phosphides

Glassy carbon electrodes modified with Ni,P and Ni,P/CNT
were subjected to voltammetric analysis in a three-electrode
cell with 0.5 M H,SO, electrolyte. Fig. 6a shows polarization
curves exhibiting the HER activities of the electrocatalysts at
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Fig. 4 — TEM images of as prepared Ni,P electrocatalyst. The sized line reveals the lattice fringes. The interplanar distance is

0.29 nm.

5 mV s~' scan rate. To evaluate the catalytic performance of
various electrocatalysts, the overpotential at current density
of 10 mA cm ™2 (n40) (corresponding to water splitting with 10%
solar—to—hydrogen efficiency under one sun illumination
[52]) was measured. As can be seen in Fig. 6a, Ni,P achieved 7,9
of 185 mV expected of an unsupported electrocatalyst while
Ni,P/CNT recorded lower 510 of 137 mV and the bare glassy
carbon electrode showed negligible activity under the same
experimental conditions (data not shown). The better HER
activity of Ni,P/CNT over Ni,P shows the beneficial contribu-
tion of CNT that could be understood in terms of lowering of
electronic resistance due to the presence of CNT [22]. To
compare the Ni,P/CNT catalytic activity with commercial
Pt(20%)C the polarization curve was recorded for Pt(20%)C/GC
electrode [53] as shown in Fig. 6a, in which case Pt(20%)C
achieved 35 mV of overpotential at n;0. The results clearly
illustrate that the as synthesized Ni,P/CNT exhibits the
enhanced electrochemical activity as much near to the Pt
performance. Tafel analysis of the voltammetric data would
reveal the mechanistic aspects of HER by plotting over-
potential (n) against the logarithm of current density (j), as
shown in Fig. 6b. The linear part of the Tafel plot was fitted

with the Tafel equation, (n = b log (j) + a, where b and a
represent Tafel slope and constant respectively) to obtain
Tafel slope [41,54]. Ni,P and Ni,P/CNT exhibited Tafel slopes of
96.5 and 71.3 mV dec ' respectively, finally the measured
Tafel slope value of the Pt(20%)C electrode is 30 mV dec*(data
not shown) which is in agreement with the reported values
[55]. Ni,P/CNT exhibited smaller Tafel slope and the Tafel
slope values of both the electrocatalysts fall between 40 and
120 mV dec ! indicating Volmer-Heyrovsky as the probable
HER mechanism [56].

EIS analysis is widely used as a reliable method to evaluate
charge transfer resistance (R;) of an electrochemical reaction
between the catalyst and liquid junction (i.e. surface reaction).
Fig. 6c shows Nyquist plots of Ni,P/CNT and Ni,P measured at
10 mV between 1 Hz and 200 kHz in 0.5 M H,SO,. The Nyquist
plots are characterized by single semicircles that can be fitted
with Randles equivalent circuit as shown in the figure. Re
values obtained for Ni,P and Ni,P/CNT are 783 and 87 Q
respectively. The lower the R, values the faster is the reaction
kinetics [33]. The Ni,P/CNT electrode shows the smallest
diameter of semicircle in the Nyquist plot, indicating the
minimum charge transfer resistance and superior charge
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equivalent circuit. d) Voltammograms of Ni,P/CNT and Ni,P before and after accelerated degradation tests.

transport kinetics [57]. Hence HER at Ni,P/CNT to be facilitated
compared to Ni,P. The stability of the synthesized electro-
catalysts was tested using cyclic voltammetry employing
accelerated degradation test. Ni,P/CNT and Ni,P catalysts

were cycled for 2000 times at a scan rate of 50 mV s~ * in

0.5 M H,S0O, and the results are shown in Fig. 6d. Initial and
final polarization curves are shown in the figure and consid-
erable loss in the activity can be observed for Ni,P. While in
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the case of Ni,P/CNT the loss in the activity is about 3% of the
initial value. The above data proves that carbon based sup-
ports increase the stability of the electrocatalysts compared to
catalysts without carbon support [41].

OER activities of nickel phosphides

Cyclic voltammetric studies were conducted on the modified
electrodes of samples Ni,P/CNT and Ni,P as shown in Fig. S4
and no redox peaks were noticed indicating the absence of
redox process. As can be seen in the figure, only capacitive
current densities were present in the potential window
investigated. In order to investigate the catalytic activity
towards OER, the modified electrodes were submitted to
hydrodynamic linear voltammetry (HLV) or stationary linear
voltammetry (SLV, only when using CP as a substrate) in the
potential range of 1.0-1.8 V (Fig. 7a). The bare CP and GC
electrodes (Fig. 7a) do not exhibit good catalytic performance
toward OER, with low currents and high overpotential
values.

The results obtained for Ni,P/CNT/GC, Ni,P/CNT/CP, and
Ni,P/GC electrodes were promising with 7,0 values of 360,
370 mV, and 390 mV, respectively (Table S4). Ni,P/CNT/GC and
Ni,P/GC also provided large current densities (76.85 mA and
82.50 mA, respectively) and at 1.8 V Ni,P/CNT/GC electrode
presented the best OER catalytic response in terms of 510 [58].
The no use of ohmic drop compensation to avoid distortion of
HLV and SLV responses to OER catalysis results in quite good
catalytic activity comparable with other materials [59]. On the
other hand, RuO,/CP electrode showed low activity, even
though RuO, being known as the state-of-the-art catalyst for
OER [60]. The material of the substrate electrode can directly
affect the results obtained during the studies of a new catalyst
[61]. Difference in 740 for the Ni,P/CNT/GC and Ni,P/CNT/CP
electrodes, as shown in Fig. 7a, could be related to physical
characteristics of the substrates and their interaction with the
catalysts. Therefore, the best OER activity for the catalysts at
GC substrate in relation to CP substrate should be related for
the better dispersion and electrical contact between the cat-
alysts and the substrate surface. It may be noted that the
onset potential for both Ni,P/CNT/GC and Ni,P/CNT/CP elec-
trodes are close, suggesting a similar intrinsic activity [62].

Tafel plot (Fig. 7b) is widely applied on the investigation of
reaction mechanisms and the rate determining steps through a
linear correlation between the logarithmic of the current and
the overpotential. Nevertheless, the Tafel equation shouldn’t be
used to describe the pathway of electrochemical reactions
containing several steps, considering the dependence on factors
such as intermediate species, coverage, solvent or surface de-
fects [63,64]. For the Ni,P/CNT/CP, Ni,P/CNT/GC, Ni,P/GC, and
RuO,, the Tafel slopes of 105 mV dec™?, 49 mV dec™?, 55 mV
dec™?, and 135 mV dec?, respectively were obtained indicating
different rate determining steps among the materials and also
could be associated with the number of active sites [65]. How-
ever, these Tafel slopes suggest that the number of electrons
transferred during the rate determining step for OER is between
1 and 4 electrons 105 and 49 mV dec™?, respectively [66]. Elec-
trochemical active surface area (ECSA) for each catalyst was
evaluated considering its relation with the catalyst activity,
since the OER occurs especially at the active sites [8]. For the
Ni,P/CNT/GC electrode the ECSA values were higher, resulting
in better catalytic response for this electrode (Table S4). (For
more information regarding measurements/calculations to
obtain ECSA values, see Figs. 57-8.)

To examine the stability of various electrodes investigated
under the harsh OER conditions, the modified electrodes were
submitted to chronoamperometric studies for a duration of
22 h at the potentials necessary to achieve j = 10 mA cm™2
(Fig. S9). The activity of Ni,P/CNT/GC decreased after 9 h of the
stability test (Fig. S10), with the overpotential starting at
360 mV (t = 0 h) and ending with 460 mV (t = 22 h). The above
observation demonstrated that the Ni,P/CNT/GC is not stable
for OER on the GC electrode. For the Ni,P/CNT/CP electrode,
the activity loss was also observed, beginning with 370 mV of
overpotential (t = 0 h) and ending with 430 mV (t = 22 h).
Because of the porous structure of the carbon paper the
release of O, gas bubbles are easier compared to the glassy
carbon, relieving active sites faster and avoiding the detach-
ment of catalyst particles from the electrode surface. It can
explain the better stability of the Ni,P/CNT/CP electrode
although the Ni,P/CNT/GC electrode initially presented best
activity toward OER. The Ni,P/CNT/GC and Ni,P/CNT/CP
electrodes presented a decrease in the charge transfer resis-
tance after the stability test experiment (Fig. S11). The charge

80
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o —— bare CP — 47 ;
< o0 — Ni,PIGC - —— Ni,PICNT/GC
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Fig. 7 — (a) Hydrodynamic linear voltammograms for the different bare and modified electrodes investigated (stationary
linear voltammetry was applied only when CP was used as substrate) using O,-saturated 1 M KOH. Potential scan rate:
5mV s~ *, starting at 1.0 V. For GC electrodes o = 1600 rpm. (b) Tafel plots for Ni,P/CNT/CP, Ni,P/CNT/GC, Ni,P/GC, and RuO,/

CP electrodes. Contents of 150 pg cm ™2,
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transfer resistance should be decreased in the course of these
experiments. The Ni,P/GC electrode also exhibited instability
during the chronoamperometry tests; with a current decrease,
losing all the catalytic activity that may have resulted from the
material detachment of the electrode surface with the bubble
production. For Ni,P/CNT/GC, Ni,P/CNT/CP, and Ni,P/GC
electrodes, double layer capacitance and consequently ECSA
also presented a variation during the experiments (Figs. S7—8).
The ECSA values of Ni,P/CNT/GC started with 1.79 cm~2 and
ended with 1.66 cm 2 revealing a small variance that could be
attributed to a blocking of active sites due to the formation of
bubbles or loss of the catalyst during the experiment. For the
Ni,P/GC the same behavior was seen, starting with 0.32 cm~?
and ended with 0.20 cm™~2. In the Ni,P/CNT/CP case, the ECSA
increased from 0.027 cm ™ to 0.46 cm 2 which is a large vari-
ation that may have happened due to porosity of the carbon

paper.

Conclusions

Ni,P/CNT and Ni,P were synthesized through a simpler hy-
drothermal route. The electrocatalysts were employed for HER
and OER in acidic and alkaline media respectively. Extensive
electrochemical studies were conducted to elucidate HER and
OER activities of the synthesized electrocatalysts. Ni,P/CNT
showed higher activity and with lowern,o of 137 mV following
Volmer-Heyrovsky HER mechanism. In the case OER, Ni,P/
CNT exhibited lower 7,0 of 360 mV and larger ECSA. Advan-
tages of carbon support leading to improved ECSA, faster re-
action kinetics and enhanced stability were demonstrated by
comparing with unsupported Ni,P.

Thus, the hydrothermally synthesized Ni,P/CNT can be a
better alternative for use as a platinum-free electrocatalyst
that can be applied in the water splitting process. Further
experiments to demonstrate HER and OER activities of Ni,P/
CNT in the same electrolyte are underway.
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