Materials Research Express

PAPER « OPEN ACCESS

Polypyrrole@polyaniline-reduced graphene oxide
nanocomposite support material and Cobalt for the
enhanced electrocatalytic activity of nickel
phosphide microsphere towards alkaline urea
oxidation

To cite this article: Israel Leka Lera et al 2021 Mater. Res. Express 8 095303

View the article online for updates and enhancements.

You may also like

- Surfactant-free commercial electroless

bath with low concentration of SiC

nanopatrticles to prepare the NiP-SiC
nanocomposite coatings
M Khodaei and A Mohammad Gholizadeh

- Ni(HCO.,),, nanosheet/nickel

tetraphosphate (Ni(P,O nanowire
composite as a high-performance
electrode material for asymmetric
supercapacitors

Yuzhu Chu, Jinling Zhong, Zixun Fang et
al.

- FeCoNiP Alloy Nanoparticles Integrated

on Vertically Aligned Phosphorus-doped
Single-walled Carbon Nanotubes for

Overall Water Splitting
Minghua Xu, Firdoz Shaik, Bin Jiang et al.

This content was downloaded from IP address 14.139.128.22 on 27/10/2021 at 10:51


https://doi.org/10.1088/2053-1591/ac2287
https://iopscience.iop.org/article/10.1088/2053-1591/ac021e
https://iopscience.iop.org/article/10.1088/2053-1591/ac021e
https://iopscience.iop.org/article/10.1088/2053-1591/ac021e
https://iopscience.iop.org/article/10.1088/2053-1591/ac021e
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1088/1361-6528/ab4530
https://iopscience.iop.org/article/10.1149/1945-7111/ab9e3d
https://iopscience.iop.org/article/10.1149/1945-7111/ab9e3d
https://iopscience.iop.org/article/10.1149/1945-7111/ab9e3d
https://iopscience.iop.org/article/10.1149/1945-7111/ab9e3d
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvidbnDKvTH9xJ-BgXuGqS8w2pqujBca1M1lJ_UudRatPvAcsHciIY3A2sJGpoU6Iuv0Ss4G2Jp_8TfPch_TcD9fvUNUvrRsfAqY9U05SQ6Dwp_-bkrNcurYGjtzHheA-SneJqkmLdBL9KrR6LwFISBueaLA0o-N3w47kaXjwmspn8bi-RO17cvGTCGWQW7_wh1QyKaXJlq3JbCGu_22k4DJSgR5cp4AQq0V0DzrEhru0wJV4UE1Rfpc8YXLn_jm6pzPVW4_enfKXUungCwlQ01YJT_RUtR3vk&sig=Cg0ArKJSzJo2PYuvqBt7&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

10P Publishing

@ CrossMark

OPENACCESS

RECEIVED
29July 2021

REVISED
26 August 2021

ACCEPTED FOR PUBLICATION
31 August 2021

PUBLISHED
9 September 2021

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

Mater. Res. Express 8 (2021) 095303 https://doi.org/10.1088/2053-1591 /ac2287

Materials Research Express

PAPER

Polypyrrole@polyaniline-reduced graphene oxide nanocomposite
support material and Cobalt for the enhanced electrocatalytic
activity of nickel phosphide microsphere towards alkaline urea
oxidation

Israel Leka Lera' @, Sutripto Khasnabis®, Lodrick Makokha Wangatia', Olu Emmanuel Femi">*® and
Praveen C Ramamurthy™*"*

! Department of Materials Science and Engineering, Jimma Institute of Technology, Jimma 378, Ethiopia

Indian Institute of Science, Department of Materials Engineering, Bengaluru, Karnataka, India

Mailing address: Faculty of Materials Science and Engineering, Jimma Institute of Technology, Jimma, Ethiopia, PO Box: 378, Jimma
University.

Mailing address: Department of Materials Engineering, Indian Institute of Science, Bengaluru-560012 Karnataka, India.

Authors to whom correspondence should be addressed.

2

3

4

E-mail: getuleka22@gmail.com, sutripto.99@gmail.com, lodricksw@yahoo.com, foluemm®@gmail.com and praveen@iisc.ac.in

Keywords: current density, electrocatalyst, nickel phosphide, onset potential, urea oxidation, kinetics

Abstract

Efficient and low-cost materials are highly demanded to improve the sluggish kinetics and stability of
direct urea fuel cells for large-scale commercialization. In this study, modification of conventional
nickel phoaphide (NiP) by cobalt doping via the facile solvothermal method and simultaneously
dispersing prepared cobalt nickel phosphide (CoNiP) on poly (aniline-co-pyrrole)/reduced graphene
oxide (PPy@PANI/rGO) as efficient and low-cost support material via simple ultrasonic/heat
mediated dispersion process. The synthesized catalysts were characterized by scanning electron
microscopy and an x-ray diffractometer. Furthermore, Cyclic Voltammetry tests were conducted to
evaluate the performance of synthesized catalysis towards alkaline urea oxidation. The physical
characterization depicts the successful formation of NiP and Co-doped NiP microsphere with a
particle size 0f 4.306 ym and 2.04 m, respectively. In addition, homogeneous distribution of the
CoNiP microsphere in the structure of PP y@PANI/rGO support material was achieved. Based on the
CV test, the superior electrocatalytic performance of CONiP@PPy@PANI/rGO electrode material
with a potential of 0.414V versus SCE to drive a high current density of 26.92 mAcm ™2, lower onset
potential of 0.204 V versus SCE, and higher electrochemically active surface area of 2.08 x 10~
cm’mg ' were achieved. Furthermore, the electrochemical activities, kinetics, and stability of
CoNiP@PPy@PANI/rGO remarkably outperformed the commercial NiP and CoNiP towards
alkaline urea electro-oxidation. Therefore, a novel material, CONiP@PPy@PANI/rGO, is an excellent
candidate for anode electrode material in direct urea fuel cells.

1. Introduction

Technological advancement coupled with fossil fuel depletion, energy crises, and the living standards of society
calls for clean, sustainable, and simple energy sources like the supercapacitor, batteries, fuel cells, etc. Among
them, a fuel cell such as polymer electrolyte membrane fuel cell, solid oxide fuel cell, direct methanol fuel cell,
direct ethanol fuel cell, and direct urea fuel cell, etc. have been attracted tremendous attention of researchers due
to their simplicity with minor to no release of toxic pollutants to the environment [1]. Furthermore, direct urea
fuel cell (DUFC) has attracted significant attention among fuel cells due to availability, low theoretical potential
voltage, high hydrogen content, stability, and inflammability of urea. However, the sluggish kinetics of the
anodic reaction and the design and development of highly efficient and low-cost electrode material for the large-

©2021 The Author(s). Published by IOP Publishing Ltd
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scale commercialization of direct urea fuel cells is a challenging task [2]. So far, noble metals were utilized to
enhance the electrochemical performance of direct urea fuel cells [3—5], but their high cost, scarcity, and low CO
tolerance limited their wide applications.

Recently, transition metal, particularly Ni-based electrocatalysts like C@NiO [6], NiO@Graphene NC[7],
tungsten-doped nickel catalyst (Ni-WOx) [8], graphene supported Ni-NiO Nanoparticles [9], and nickel
phosphide [10] were developed by different research groups for enhanced electrochemical oxidation of urea.
Among Ni-based transition metal electrocatalysts, nickel phosphide electrode materials have attracted
significant research interest due to their anticorrosion properties, superconductivity, magnetic properties,
magnetoresistance behavior, and alow bandgap of 1eV, etc. [11-14]. In addition, the delocalized electron
distribution in the electronic structure of metal-rich nickel phosphide due to the Ni-Ni metallic bond
contributes to the fast kinetics of urea electro-oxidation [ 14], making it a promising candidate for the urea
oxidation reaction. However, the high onset potential, current leakage in long-term cycling, and fast loss of
electrochemically active surface area remain challenging.

Recent advancements to enhance the electrochemical performance of nickel phosphide emphasize a simple
approach like varying Ni:P molar ratio and heteroatom doping, among others. Lin-Nan et al previously
suppressed the electrocatalytic activities of NiP for oxygen evolution reaction by using Co as a dopant [15].
Amorim et al fabricated Ni electronic structure by doping different molar ratios of Co for oxygen evolution and
hydrogen evolution reactions and achieved improved electrocatalytic activities and stability compared with CoP
and NiP [16]. Shuai et allikewise modified the NiP electronic structure by Co doping and achieved outstanding
electrocatalytic activities of CoNiP nanowire towards oxygen evolution and hydrogen evolution reactions [17].
Nevertheless, the lower current density and higher onset potential or overpotential remain a challenge.

Recently, the efforts to improve the electrochemical performance of ternary cobalt-nickel-phosphide
electrocatalyst have led to the development of simple approaches like efficient, low-cost, and active support
materials. Among the support materials used, graphene has attracted tremendous attention from researchers
due to its planarity, high conductivity, high specific surface area, modulus constant, mechanical and chemical
stability [18]. Liu et al previously suppressed the microhardness, friction reduction, wear resistance, and
corrosion resistance of CoNiP using graphene oxide (GO) as a support material [19]. Ye et al improved the
electrochemical performance of hollow CoNiP in terms of onset potential, over-potential, current density, and
durability towards oxygen evolution reaction in alkaline media by using reduced graphene oxide as an efficient
support material [ 18]. However, restacking, exploitation during processing, easy surface corrosion, and
agglomeration due to sp® hybridized carbon limited its application in electrochemical devices [20, 21]. Thus,
incorporating conducting polymers into the structure of reduced graphene oxide as an efficient approach was
developed to solve the problems mentioned above [22, 23].

Conducting polymers are conductive materials applied in energy storage and conversion devices as electrode
materials or support materials for electro-catalysts. They are flexible, have high corrosion resistance, high
conductivity, high redox properties, and conjugated-electronsin theirt backbone [24, 25]. Among the
conducting polymer, polyaniline and polypyrrole have attracted interest due to their high conductivity,
chemical stability, redox properties, etc. [26, 27]. Polyaniline and polypyrrole was applied as electrode material
in supercapacitors [28], batteries [29], fuel cells [30], light-emitting diode (LED) [31], photocatalysis [32],
electromagnetic shielding [33] and sensor [34]. Mousavi et al showed that when conducting polyaniline is
incorporated into graphene’s structure; the resulting nanocomposite can suppress the aforementioned
problems of graphene [35]. It was reported that the blends of conducting polymer show enhanced electrical,
mechanical, and chemical stability, conductivity, surface area compared with the pristine components due to
intermolecular interaction between polymer macromolecules and increased number of sp” imine functional
group, which is beneficial for energy conversion applications [36]. Usman et al incorporated polyaniline-
chitosan into the chain of reduced graphene oxide and achieved high thermal stability, conductivity, and lowest
bandgap in the ternary composite compared with PANI/rGO [37]. Liang et al reported the highest thermal
stability and superior electro-catalytic activities of poly (aniline-co-pyrrole) coated reduced graphene oxide
compared with PANI/rGO and PPy/rGO as supercapacitor electrode material [38]. Therefore, conducting
polymer blend incorporated reduced graphene oxide might be an efficient support material to improve the
electrochemical performance of nickel phosphide. Despite many papers that have been reported, this is an area
that has received less attention to the best of our knowledge. Therefore, incorporating poly (aniline-co-pyrrole)
in reduced graphene oxide chain and using it as an efficient and low-cost support material to improve the
electrochemical performance of NiP can be an efficient approach to develop a novel anode electrode material
(CoNiP@PPy@PANI/rGO) for alkaline urea electro-oxidation. This is possible because the polymer’s
conducting layer provides more electrochemically active sites, shortens the path for ions and electron transport
resulting from strong interaction between polymer and reduced graphene oxide.

In this study, we synthesized and modified NixP1-x via the combination of facile solvothermal and simple
ultrasonic/heat-mediated dispersion process using ferromagnetic Cobalt as dopant and conductive
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PPy@PANI/rGO composite as support material. The electrochemical performance CoNiP@PPy@PANI-rGO
was compared with NiP, and CoNiP to examine the effect of conductive PPy@PANI/rGO framework.
PPy@PANI/rGO supported CoNiP (CoNiP@PPy@PANI/rGO) exhibited a high electrochemical performance
due to its high electrochemically active surface area, high kinetics, and stability towards alkaline urea oxidation.

2. Methodology

2.1. Chemicals

Nickel chloride hexahydrate (NiCI2.6H20, 97%), sodium hypophosphite monohydrate (NaH2PO2.H20,
98%—-101.0%),CoCI2.6H20, N,N-dimethylformamide (C3H7NO, 99.5%), p-toluene sulfonic acid
(C12H1803S, 98%), aniline hydrochloride (C9OH10N4.HCI, 99%), cetyltrimethylammonium bromide
(C19H4BrN, 98%), ammonium persulfate (NH4)25208, 98%), pyrrole (C4H5N, 98%, AR), ethanol
(C2H50H, 99.9%), (L-ascorbic acid (C6H806, 99.7), hydrochloric acid (HCl, 37%) and pyrrole

(C4H5N, 98%).

2.2. Synthesis of CoNiP

CoNiP was synthesized by using the Solvothermal method reported in the literature with minor modification
[30]. Briefly, 0.95 g of NiCl,.6H,0, 0.143 g of CoCl,.6H,0, and 0.212 g of NaH,PO,.H,O were taken in 250 ml
of abeaker in the molar ratio of Ni:Co:P of 2:1:1. Then 20 ml of DI water was added and ultrasonicated for

30 min. To this mixture, 20 ml of DMF was added and shaken manually for about 5 min. Then this suspension
was transferred into stainless steel autoclave and the autoclave was heated at 160 °C for 16 h in a furnace. After
16 h, the mixture was cooled naturally, filtered, washed with DI water and ethanol, and dried at 90 °C for 12 hin
avacuum oven to get CoNiP powder. Then the obtained powder was annealed at 350 °C for 2 h at a heating rate
of 2.5°Cmin ™" to get the final CoNiP powder.

2.3. Synthesis of reduced graphene oxide

GO was synthesized according to the Modified Hummers Method [31]. Reduced graphene oxide was
synthesized by reduction of GO using L-ascorbic acid as a reducing agent. Briefly, graphene oxide (1.3 g) was
added to 100 ml of water and ultrasonicated for 30 min 5 M L-AA (20 ml) was poured into GO suspension,
heated at 60 °C for 12 h, cooled at room temperature, filtered, washed with DI water and ethanol, and dried at
80 °Cfor 12 h in a vacuum oven.

2.4. Synthesis of PANI@PPy/rGO

PPy@PANI-rGO was prepared by a simple one-pot, two-step, oxidative polymerization method [32]. In this
method, 20 ml of p-TSA (20 mmol) was added to 1 g of aniline hydrochloride (ANHC) along with 0.15 g
Cetyltrimethylammonium bromide (CTAB) and 10 ml DI water. To the resulting solution, 0.181 g of rGO was
added slowly and it was stirred at 0 °C (in an ice bath) for 2 h. Then, a solution of 1 g APS in 10 ml DI water was
added to the ANHC/rGO solution very slowly using a dropping funnel (at ~ —5 °C) to carry out the
polymerization reaction to form Polyaniline (PANT). After 30 min stirring, the reaction mixture was turned
green confirming the formation of PANI. After the green color of the mixture formed, 1 ml of distilled pyrrole
was added, and the stirring was continued at 0 °C overnight for the co-polymerization to take place. This
mixture was centrifuged and washed with DI water and ethanol (3—4 times) and dried in a vacuum oven at 60 °C
for12h.

2.5. Synthesis of CONiP@PPy@PANI-rGO

For the preparation of CONiP@PPy@PANI-rGO hybrid material, 0.8 g of PANI@PPy-rGO and 200 ml of DI
water were taken in 250 ml two necked round bottom flask and stirred for 30 min. To this mixture, 0.15 g of
CoNiP was added and stirring was continued overnight at 50 °C. Then cooled down at room temperature,
filtered, washed with DI water and ethanol, and dried in a vacuum oven at 80 °C for 12 h.

2.6. Characterization

The crystallinity and phases of synthesized catalyst materials were characterized by x-ray Diffraction (Rigaku
x-ray Diffractometer) by using Cu Ko radiation (A = 1.540598 A) in scattering range (26) of 5°~80°. The
morphological structure of materials was evaluated by High-resolution FESEM (Carl Zeiss).
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Figure 1. SEM images of (a) NiP (b) CoNiP and (c) CoNiP@PPy@PANI-rGO.

2.7.Electrochemical study

2.7.1. Ink preparation

For ink preparation, 10 mg of sample was used into which 20 yl of Nafion and 1000 1 of ethanol were added.
The mixture was ultrasonicated for 15 min to get a homogeneous solution as ink.

2.7.2. Preparation of working electrode

To prepare the working electrode, a glassy carbon electrode was polished using aluminum oxide powder until a
shiny surface was obtained. Then it was ultrasonicated for about 10 min in DI water to remove aluminum oxide
particles from the electrode surface, rinsed with DI water, and dried at room temperature. After the electrode
was dried, 20 pl of ink was doped on the surface of the electrode. Then ink on the electrode was dried overnight
atroom temperature to get the working electrode.

2.7.3. Electrochemical measurement

The electrocatalytic activities of as-synthesized hybrid materials were tested by using cyclic voltammetry. Three
electrode system was used in which sample coated glassy carbon was used as working electrode, platinum wire as
reference electrode, and standard calomel electrode (3 M KCl(aq)) as the counter electrode. Nitrogen saturated 5
M KOH with and without 0.33 M urea was used as an electrolyte solution. 30 CV cycle in a potential range of
—0.02t0 0.7 Vatascan rate of 0.02 Vs~ ' in 5 M KOH was recorded to activate the electrode surface before the
experiment.

3. Result and discussion

3.1. Microstructure morphologies and equilibrium phases

In this study, the efficiency of the as-synthesized CoNiP@PPy@PANI-rGO electrode material and NiP and Co-
doped NiP were compared to determine the effect of the incorporated support material towards urea oxidation
in alkaline media. The morphology of the as-synthesized materials was evaluated using scanning electron
microscopy (figures 1(a)—(c)). As shown in figure 1(a), a spherical NiP particle with an average particle size of
4.306 pum was achieved. After Co doping, a mixture of spherical and crumpled foil-like morphology of CoNiP in
the forms of irregularly stacked petals of a flower was observed [39—41] (figure 1(b)). The morphological changes
of NiP after the dispersion of Cobalt reveals the successful deposition of Co in the electronic structure of NiP
[17,42]. The presence of Co in the nickel phosphide structure is also confirmed by the ICP-MS (Inductively
coupled plasma-mass spectroscopy), showing the estimated weight percentage of cobalt and nickel elements
present in the NiP, CoNiP, and CoNiP@PPy@PANI-rGO (table 1). This change of morphology can be due to the
change in geometrical symmetry or the binding environment of the Ni-P electronic structure. As seen from
figurel(c), the spherical CoNiP randomly dispersed on the surface of the blend and layered structure of poly
(aniline-co-pyrrole)-reduced graphene oxide support material. It is believed that rGO acts as an electron
acceptor and aniline and pyrrole act as electron donors, thus forming a weak charge-transfer complex.
Therefore, these monomers adsorbed onto the surface of reduced graphene oxide sheets due to electrostatic
attraction. The reduced graphene oxide provides a large number of active sites for the nucleation of monomers
[43]. The overall coverage of grown monomer on the surface of reduced graphene oxide, the layered structure at
the edge of nanocomposite could not be observed. The highly interconnected chain of polyaniline@polypyrrole-
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Intensity (a.u)

Figure 2. XRD patterns of (a) NiP (b) CoNiP and (c) CoNiP/PPy@PANI-rGO.

Table 1. ICP-MS results indicating the concentration of Co and Ni elements present in NiP, CoNiP,
and CoNiP@PPy@PANI-rGO.

Catalysts Ni Co

Conc. [PPb] Conc. [RSD] Conc. [PPb] Conc. [RSD]

NiP 0.068 14.018 NA NA
CoNiP 0.064 8.78 0.814 3.030
CoNiP@PPy@PANI-rGO 0.177 2.52 0.163 3.540

NA = Not assigned

reduced graphene oxide provides a high surface area and high conductivity, which is favorable for enhanced
electrochemically active surface area, dispersion of CoNiP nanoparticles, and high charge transport of the
composite.

The crystal structure and phase of the as-synthesized hybrid materials were characterized by an x-ray
diffractometer. As seen from figure 2(a), the diffraction peak at 260 = 41.8° corresponding to Ni12P5 phase
(JCPDS No. 65-1623), the diffraction pattern at 260 = 44.6° (201) exhibits Ni2P crystalline phase of nickel
phosphide (JCPDS, No. 03-0953). The peak centered at 26 = 46.6° corresponding to Ni3P crystalline phase
(PDF card 65-1605), the diffraction pattern centered at 260 = 51.7° (200) corresponding to cubic Ni phase
(JCPDS No. 04-0850). This result indicates the mixture of Ni2P, Ni12P5, Ni3P, and Ni cubic crystallographic
phases and amorphous phase at around 26 = —3213.7°. The experimental conditions like heat treatment and
the used atmosphere influences the formation of different crystallographic nickel phosphide phases. For
example, heat treatment at a lower concentration of phosphorus precursor results in the mixture of Ni3P,
Ni12P5, and NiP and two overlapping phases like Ni12P5/Ni2P and a small amount of impurities like NiCl
(H2PO2)(H20) due to incomplete chemical reactions between nickel precursor and phosphorus sources [44].
In solvothermal reaction, sodium hypophosphite (NaH2PO2.H2O) releases PH3 gas upon decomposition ata
higher temperature. The generated PH; diffuses onto the nickel surface and subsequently reduces Ni** to form
nickel phosphide. However, an insufficient amount of PH3 results in a disproportionation reaction that
produces other crystallographic phases like Ni12P5, NiP, Ni3P, and Ni, hence Ni cubic crystallographic phases
in our sample. As seen from figures 2(b) and (c), the main diffraction centered at 26 = 44° (201) corresponding
to the crystallographic phases of Ni2P (JCPDS, No. 03-0953) was observed. Upon addition of Co, the peak
intensity decreased, indicating that Cobalt affected the crystal structure of Ni-P particles [42]. The other
diffraction peaks gradually disappeared, indicating the interaction of the NiP terminal phase with cobalt
nanoparticles through metallic and ionic bonds and polymer-graphene chain, imine nitrogen and via
electrostatic interaction [42].

The sharp and interaction intensive peak exhibits the high crystallinity of NiP catalyst. The increased
amorphousness of Co and poly(aniline-co-pyrrole)-reduced graphene oxide incorporated NiP was observed
due to electron density regulation or rearrangement. In our study, the Ni content of the as-synthesized samples
was measured using ICP-MS. The result reveals very close Ni content in all three synthesized samples, i.e., 0.068,
0.64, and 0.17 for NiP, CoNiP, and CoNiP@PPy@PANI-rGO, respectively, exhibiting no significant loss of Ni
during solvothermal method followed by heat mediated dispersion process.
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Figure 3. CV of (a) NiP (b) CoNiP and (c) CoNiP@ PPy@PANI-rGO in N, purged 5M KOH and 0.33 M urea at a scan rate of
50mVs .

The catalyst’s average crystallite size (t) was computed using the Debye—Scherrer equation, as shown in
equation (1) [43].
kX
=
0B cos 6

(Y]

tis the crystalline size, k is the constant (0.9), Sis the full width half maximum (FWHM), fis Bragg’s angle in
radians, A is the wavelength (0.15406 nm). The calculated value of crystal size of NiP, CoNiP, and
CoNiP@PPy@PANI-rGO was 0.182 nm, 0.176 nm, and 0.01 nm, respectively. This result reveals the decreased
crystallite size and interplanar distance of catalyst nanoparticles upon dispersion on the surface of the support
material. This can be the increased distribution of nanoparticles on the surface of support materials due to higher
active surface area and strong particle interaction with the active site of support material.

3.2. Electrochemical behavior
The electrocatalytic activities of as-synthesized catalysts were studied by cyclic voltameter within a potential
range from —0.02 to 0.7 V at a scan rate of 0.05 Vs~ ' under N2 purged 5 M KOH with and without 0.33 M urea at
room temperature. As can be seen from figures 3(a)—(c), A couple of peak potentials centered at 0.492/0.273 V,
0.32/0.163 V,and 0.355/0.205 to derive anodic peak current density of 8.3 x 10~* mAcm 2,0.09 mAcm ™ > and
10.7 mAcm 2 for NiP, CoNiP, and CoNiP@PPy@PANI-rGO, respectively was computed in KOH oxidation
that reveals the significant efficiency improvement of NiP upon Co doping, and PPy@PANI-rGO used as a
support material. Only one oxidation peak current density was observed in KOH solution, indicating no
regeneration of blocked Ni active site for oxidation of urea molecules and reaction intermediates during a
backward scan. The NiO expands with applied potential and time because of OH ™ penetration into its structure
and NiO converted -intoandanhydrhydrous-Ni(OH)32.Witha further increasing potential, anhydrous-Ni
(OH)(2 is converted 3-NiOOH, into which stable is further converted into -NiOOH then the current density
decreases [44].

Upon adding urea into KOH solution, the enhancement of anodic current density above the potential of
0.325V,0.235V,and 0.193 V for NiP, CoNiP, and CoNiP@PPy@PANI-rGO, respectively exhibit the higher
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Figure 4. Effect of scan rate on the current density of (a) NiP (b) CoNiP and (c) CoNiP@PPy@PANI-rGO and corresponding linear fit
(d), (e) and (f) in 5M KOH and 0.33 M urea at a scan rate of 50 mVs .

electrochemical performance of catalysts towards urea electrooxidation. The anodic current density of 8.32
mAcm 2, 21.1 mAcm 2 and 26.91 mAcm 2 was achieved after urea addition for NiP, CoNiP, and
CoNiP@PPy@PANI-rGO at an anodic peak potential 0f0.501 V,0.412 V and 0.41 V, respectively. The oxygen
evolution reaction started above the potential 0f0.613 V, 0.546 V, and 0.498 V for NiP, CoNiP, and
CoNiP@PPy@PANI-rGO, respectively, to the absorption of urea molecules on the surface of NIOOH than OH"
ions. Interestingly another anodic current density at a given potential was observed during the backward scan
due to the oxidation of urea molecules and the reaction intermediates after the regeneration of previously
blocked N2/Ni > active sites. However, the current density recorded during the backward CV scan was lower
than the forward scan. This could be incomplete regeneration of Ni’s active site for complete oxidation of urea
molecules or reaction intermediates. The higher current density and lower onset potential of both Co-doped
and poly(aniline-co-pyrrole)/rGO supported CoNiP reveals the reduced electron or charge path and increased
conductivity on composite. From this result, the doping of Cobalt and simultaneously decorating with polymer-
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rGO support material were good techniques to enhance the electrocatalytic activities of commercial NiP
microsphere towards alkaline urea oxidation. These enhancements were related to the synergetic effect of Cobalt
[45] and higher electrochemically active surface area, conductivity, and interlinkages of support chains for the
homogeneous distribution of NiP particles [46, 47].

Moreover, the incorporation of the Co atom rearranges the electronic structure of Ni and forming a CoOOH
and NiOOH active site in the composite. Co doping formed homogeneous mixtures of Ni2P, CoP, and CoNiP
crystallographic phases in the CoNiP composite structure [15]. For example, CoP and Ni2P were formed in
CNTs@NiCoP/C, NiCoP/C, and Ni2P-CoP and NiCo2Px composite [15]. Therefore, the contribution of an
active site from both CoP/CoOOH and Ni2P /NiOOH made the CoNiP catalyst remarkably outperformed
towards the urea electrooxidation in alkaline media. Further enhanced electrochemical performance of
PPy@PANI-rGO supported CoNiP results from their unique structure, intrinsic electrochemical properties,
high charge migration, higher conductivity, and low internal resistance and synergetic effect between PPy,
PANI, and rGO [48, 49]. Conducting polymer on the surface of reduced graphene oxide provides large active
sites for electrochemical activities and shortens the electron or charge transfer path due to the strong interaction
between polymeric chains and reduced graphene oxide [49]. The presence of rGO affects the transport and
conformation of the polymeric chain and further reduces the oxygen functional groups of rGO during the i situ
chemical polymerization process of aniline and pyrrole. Therefore, Co doping and PPy@PANI-rGO as an
efficient and low-cost support material for NiP significantly improved the electrochemical performance of
nickel phosphide towards alkaline urea electro-oxidation.

The increasing current density during a forward scan and the decrease of current density during a backward
scan was a special behavior of the electrochemical regeneration effect (EC’ mechanism).

OH~ + Ni(OH), — H,O + NiOOH + e~ 2)
CO(NH,)2 + NiOOH — Ni(OH), + products 3)
During electrooxidation of urea, N,, CO, and H,O were formed in anode whereas H, gas was accumulated in

cathode as fuel and electron passing through the external circuit according to the following equation:
Anode

Ni(OH), + OH~ — H,0 + NiOOH + ¢~ 4
e~ + CO(NH,)2 — 5H,0 + N, + CO, (5)
Cathode
6H,0 + 6e~ — 60H + 3H, (6)
Overall reaction
CO(NH,)2 + H,bO — CO, + N, + 3H, @)

3.3. Effect of scan rate

The effect of scan rate on the electrocatalytic activities of the as-synthesized catalysts was examined towards
alkaline urea oxidation at different scan rates. As seen from figures 4(a)—(c), as the scan rate increases, the current
density of the system increases due to increased flow of current to compensate for a short time of charge or
electron transfer. The shifting of cathodic peak potential to negative potential and anodic peak potential to
positive potential was observed, indicating the redox reaction was quis-reversible in three synthesized catalysts.
The square root of scan rate versus current density of the system was plotted to determine whether the reaction
was diffusion controlled or mixed kinetics. As seen from figures 4(d)—(f), linear relationships between the
current density and square root of scan rate reveal the redox reaction was diffusion controlled in urea electro-
oxidation in alkaline media.

3.4. Kinetic study
The electron transfer coefficient (ws) and electron transfer rate constant (ks) were computed from the following
formula [43]:

RT nvF
E,=E + ———1In(1 — 8
pe (1 — ay) 2 aS(RTkSJ ®
RT asnvF
E, = E°+ In| & 9
P nF(l — ) n( RTk, ) ®
FAE
Inki=a,In(1 —a,) + 1 — a)lna, — asn P ln(R—jl;) (10)
nv.
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Figure 5. The relationship between peak potential and the logarithm of scan rate of (a) NiP (b) CoNiP and (c) CoNiP@ PPy@PANI-
rGO in 5 M KOH and 0.33 M urea at a scan rate of 50 mVs ™' at room temperature.

E°is the standard electrode potential, R is the universal gas constant, Fis the Faradays constant, T'is the
absolute temperature, 7 is the number of electrons transferred, v is the scan rate, oy is the electron transfer
coefficient determined from the slop of peak potential versus logarithm of scan rate (figures 5(a)—(c)), Ep, and
E, are the anodic and cathodic peak potential, respectively. Now the calculated value of o and k; for NiP, CoNiP
and CoNiP@PPy@PANI-rGOis (0.46and 1.6 x 10°s"),(0.57and 1.37 x 107 s™"),(0.65and 2.5 x 107/
sh, respectively. The electron transfer coefficient value confirms the reaction was diffusion controlled. From
the literature, the electron transfer coefficient approaches 0.5 represent the reaction was diffusion controlled
whereas 1 exhibit the redox reaction was adsorption controlled [41]. The diffusion coefficient is another
important parameter used to determine the degree of ions diffused from higher concentration to lower
concentration. The diffusion of ions on electrode surface or interlayer from bulk solution was calculated
according to the following Randles-Sevcik equation [42].

1 1 1
i, = 2.99 x 10°n[(1 — a)n,]2 CAD2v2 (11)

where i, is the peak current density, 7 is the total number of electrons transferred in urea oxidation (6), 1, in the
number of electrons in rate-determining step (1), Cis the concentration of urea [mol/ cm’], Aisthe geometrical
area of the electrode (cm?), D is the diffusion coefficient (cm®s ') and v is the scan rate (Vs ). avis the electron
transfer coefficient determined from the slope of peak potential (E,) versus logarithm of scan rate (log v)

(figures 4(a)—(c)) as [41]: I j; ;= ﬁ, where S, is the anodic slope and S, is the cathodic slope. Then
substituting the value of « (0?46, 0.57 and 0.65) for NiP, CoNiP, and CoNiP@PPy@PANI-rGO, respectively) in
to equ. 14, the diffusion coefficient of redox reaction in urea oxidation by NiP, CoNiP, and CoONiP@PPy@PANI-
rGO electrocatalysts were 0.98 cm”s ™', 1.76 cm”s™ >and 2.12 cm”s~ . The higher diffusion coefficient and
electron transfer rate of poly(aniline-co-pyrrole)/rGO supported CoNiP catalyst is due to the number of the
imine nitrogen atom and delocalized 7-electrons from support chains that reduce the electron or charge transfer
path in urea oxidation reaction which further enhances the electrocatalytic activities of the substrate.
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Figure 6. CV graphs of 1stand 50th cycle of (a) NiP (b) CoNiP and (c) CoNiP@PPy@PANI-rGO 1 M KOH and 0.33 M urea at a scan
rate of 50mVs .

The estimation of electrochemically active surface area was crucial to understanding the electrochemical
performance of synthesized catalysts deeply. The electrochemically active surface area was quantified by the
integration of charge associated with reduction peak (Q) (Ni"?/Ni*?)in cyclic voltammogram according to the
following equation [10]:

Q
[m] * 0.257 mCcm ™2

ECASA = (12)
Where Q is the integral of an area determined from the reduction peak, m is the mass of catalyst loaded on the
electrode surface, 0.257 mCcm ™ * is the charge associated with the monolayer of Ni**. Based on this equation,
the calculated ECASA value of NiP, CoNiP and CONiP@PPy@PANI-rGO was 1.28 x 10~ cm*mg ',

1.47 x 107 cm*mg~'and 2.08 x 107" cm®mg ' respectively. This result indicates the higher electrochemically
active surface area of both Co-doped and copolymer-rGO supported CoNiP due to higher active surface area of
polymer/graphene chain and the synergetic effect [45, 50].

3.5. Stability test

The stability of as-synthesized catalysts has was evaluated by determining the loss of current density during the 100th
of the potential cycle under N2 purged alkaline urea electrooxidation reaction at room temperature. This 100th of
the potential cycle was conducted after all CV measurements like the effect of scan rate measurement,
electrochemically active surface area measurement, etc. The reduced anodic current density or loss after the 100th
CV scan for CoNiP, CoNiP/PPy@PANI-rGO, and NiP computed to be 1.43 mAcm 2, 1.07mAcm 2and 0.21
mAcm ™ respectively (figures 6(a)—(c)). These losses or leakage of current density can be related to the loss of
electrochemically active surface area due to dissolution, grain growth, redeposition, coagulation or coalescence,
precipitation of catalyst particles, and poisoning of the electrode surface by the reaction intermediates formed
during long potential cycling [51-53]. As seen from the current loss value, the doping of Co and simultaneously
dispersing the obtained CoNiP on PPy@PANI-rGO conductive film matrix results in an unmeasurable or
insignificant loss of current density during the 100th potential cycle indicating the enhanced or improved stability of
catalysts. This can be explained by the anticorrosion properties of conducting polymer films together with the
chemical stability, high specific surface area, and huge conductivity of rGO interlinked chain that inhibits the
electrode surface poisoning intermediates like CO and prevents early dissolution and agglomeration of
nanoparticles. Therefore, NiP stability was significantly improved after doping of Cobalt and simultaneous
dispersion of CoNiP on the surface of PPy@PANI-rGO support material due to the synergetic effect [ 16].
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4. Conclusion

In summary, synthesis and modification of NiP electronic structure using Co as a dopant and PPy@PANI-rGO as an
efficient and low-cost support material was successfully achieved using a facile solvothermal method and
ultrasonic/heat-mediated dispersion techniques. The morphological phenomena and crystalline phases of as-
synthesized catalysts were characterized using FESEM and XRD techniques. After physical characterization, cyclic
voltammetry techniques were used to determine the electrocatalytic activities of as-synthesized catalysts materials
towards alkaline urea oxidation. The physical characterization of as-synthesized catalysts indicates the successful
formation of microspherical NiP and CoNiP with a particle size of 4.306 pim and 2.04 ym, respectively, and also
shows the distribution of CoNiP on PPy@PANI-rGO support material. Based on the CV test, Co doping and
supporting the obtained CoNiP using PPy@PANI-rGO showed superior performance compared with conventional
NiP. Among the prepared electrode material, CONiP@PPy@PANI-rGO shows a higher current density of 26.92
mAcm 2, lower onset potential 0f0.204 V, and high electrochemically active surface area, enhanced kinetics, and
high stability compared with NiP and CoNiP. Hence, a novel electrode material CoONiP@PPy@PANI-rGO
remarkably outperformed the commercially available NiP and prepared CoNiP, making it a promising candidate as
anode electrocatalyst material for alkaline urea oxidation in a direct urea fuel cell.
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