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Abstract:

Multifunctional, low-cost electrode and catalyst are desirable for next generation electrochemical
energy storage and sensor applications. In this study, we demonstrate the fabrication of Ni3(PO,),-8H,0
nano/micro flakes layer on nickel foam (NF) by a facile one-pot hydrothermal approach and investigated
this electrode for multiple applications including sweat based glucose and pH sensor as well as hybrid
energy storage device, e. g., supercapattery. The electrode displays a specific capacity of 301.8 mAh g*
(1552 F g') at an applied current of 5 mA cm™ and able to retain 84% of its initial capacity after 10,000
cycles. Furthermore, the supercapattery composed of Ni3(PO,4),-8H,O/NF as positive and activated

carbon as negative electrodes can offer a high specific energy of 33.4 Wh kg™ with the power of 165.5 W

1

kg”. As an electro-catalyst for non-enzymatic glucose sensor, the Ni3(PO,),-8H,0/NF shows an
exceptional sensitivity (24.39 mAmMcm™) with a low detection limit of 97 nM (S/N=3). Moreover, as a
sweat based pH sensor the electrode is capable of detecting human sweat pH values ranging from 4 to

7. Therefore, this 3D nanoporous Nis(PO,),-8H,0/NF electrode, due to its excellent electrochemical

performance can be successfully applied in electrochemical energy storage and biosensor applications.

Keywords: Multifunctional electrode, nickel phosphate, supercapattery, non-enzymatic glucose sensor,

sweat pH sensor
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Introduction

The enormous propagation of modern electronics industry largely entails the implementation of highly
efficient electrochemical devices for wide range of applications. In recent years, the electrochemical
devices including supercapacitors, batteries, supercapatteries, and sensors have been realized
successfully and demonstrated for the application of portable and bioelectronics devices . Most of
these devices are integrated together to create an electrochemical device®”. This promotes the
necessity of multifunctional materials, which can be used for the fabrication of these different
components in a functional device. Therefore, the design of cost-effective electrode or electro-catalyst
materials with delicate hierarchical morphology and multiple functionalities has great potential for
integrated electrochemical energy storage and sensors. In terms of energy storage, supercapacitor (SC)
is one of the clean and eco-friendly renewable energy storage device, which have been used in many of
applications®.Particularly, due to their inherent characteristics such as rapid charge—discharge, high
power density and long cycle life, they are highly preferred for portable electronics, electric vehicles,
aircrafts, and smart grids®’. Meantime, other electrochemical devices which are powered by energy
storage devices such as continuous glucose and pH sensors are also been drawn great importance in
medical and food industries®. Eventually, integrating these functional device into one will be an ultimate
strategy to develop advanced wearable or implantable bio-electronic devices. Numerous active
metal/metal oxide nano architectures are being investigated for energy storage and non-enzymatic
sensors. Thanks to the transition metal based oxides (i.e. NiO, Co304 NiCo,0,, etc.)’, chalcogenides
(MoS,, NiS, NiTe, etc.)™® and phosphates (Mn;(PO,),, Cos(PO4),, Nis(PO,),, etc.), which possess multi-
functionalities towards various electrochemical applications. Among them, metal phosphates are being
studied for electrochemical energy storage''. Yang et al. proposed manganese (Il) phosphate

nanosheets with graphene for all solid state supercapacitor”. Unique layered NH,CoPO,-H,0 micro-
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bundles has been reported for supercapacitor application13, while Ni;P,03 and Co;P,04:8H,0 based

composite was investigated as positive electrode for asymmetric supercapacitors”.

In case of electrode for energy storage devices (i.e. supercapacitors), it should be noted that not all the
redox or Faradaic processes may contribute directly to capacitive current and voltage characteristics,
since fuel cell mechanism and electroplating also faradaic in nature but differ from capacitor. Therefore,
such a non-capacitive Faradaic charge storage process should be excluded from discussions on pseudo-
capacitive Faradaic processes. Hence, these kinds of non-capacitive energy storage processes are
categorized under supercapattery, which showed distinct non-capacitive or battery like charge-
discharge characteristic’®. In addition to energy storage, these materials exhibit superior catalytic
activity towards electrochemical pH and glucose sensors with some distinct advantages such as high

1817 Till date, there is a wide

sensitivity, simple operation, excellent accuracy, and inexpensive platform
range of solid state and oxide based pH and glucose sensor available in the research domain'’**. The
commonly used sensor probe is sensitive, stable and lasts for a relatively long period of time but it is not
a practical sensor for pH or glucose measurements in all environments, particularly in wearable
ambulatory settings'®. The determination of pH/glucose on external skin or from sweat with
conventional sensor is much difficult in terms of applicability. For this measurement, different metal
oxide nanostructures IrQ,, Ni(OH),, CuO, ZnO, etc., also been proposedls' 202 However, they are
sensitive to redox reagents and temperature, which depends on the metal. Stability, repeatability and
bio-fouling are the eminent issues in these electrodes, which are yet to be resolved. Thereby, there is no
multi-analyte sensor available that can measure both pH and/or glucose from sweat in commercial
domain. Hence, in this work we focus for the development of novel multifunctional electrode materials

with high electrochemical activity towards different electrochemical applications of supercapattery,

non-enzymatic glucose and pH sensors.
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The most common requirements for the appropriate electrode/catalyst materials include good surface
wettability, high sensitivity and long term stability. Metal phosphates owing to their excellent
electrochemical properties have received good attention for the development of supercapattery and
biosensors. Among various metal phosphates, transition metal phosphates such as Ni/Co based

11,2324 Here, Ni or

phosphates structures have been widely investigated for electrochemical applications
Co play a significant role in the electrochemical activity while P influence to form a stable structure®.
Pang et al. initially proposed NH,CoPO4-H,0 nano/microstructures as a high performance electrode
material for electrochemical energy storage devices™. In continuation, a significant number of efforts
have been made to use other metal phosphate as the electrode for energy storage devices'. Our
previous report concluded that direct integration of Cos;(P0O,),-8H,0 multilayer nano/micro flakes on
nickel foam can be a superior electrode for supercapatteries®. In practice, it has been reported that
cobalt based materials have been prone to transform into amorphous Co-Pi or cobalt oxide phases

during redox process*” 2

. Also, Co based catalyst are usually regarded as a less abundant toxic material,
and using as sensor catalyst would cause further discrepancies and should be replaced with suitable
alternatives®. Therefore, focus have been devoted to Ni based electro-catalyst materials, which possess
similar electrochemical activity like Co and more abundant in nature. Ammonium intercalated nickel
phosphate hydrate nanostructure has been proposed for supercapacitor®. Similarly, three dimensional
Ni,P nanoarray has been developed as an efficient catalyst electrode for sensitive and selective non-
enzymatic glucose sensor>’. Recently, nanoporous nickel phosphate (i.e.
Niso[(OH)12(H,0)6][(HPO,4)g(PO4)s]-12H,0) VSB 5 (Versailles Santa Barbara-5) nanorod carbon paste
electrode based glucose sensor has been reported®’. However, the poor electrochemical sensing

performance, and low specific capacity limited their further development to practical applications.

Noticeably, the electrochemical activity of crystalline Ni;(PO,),:8H,0 based electrode materials are

4

ACS Paragon Plus Environment

Page 4 of 32



Page 5 of 32

oNOYTULT D WN =

ACS Applied Materials & Interfaces

rarely been investigated. To the best of our best knowledge, there is no report of Ni3(PO,),:8H,0 either

for glucose or pH sensors.

Herein, we describe a facile route to fabricate Niz(PO,),-8H,0 nano/micro flakes structure on NF via one-
pot hydrothermal technique without any additives or templates. This 3D nano/microstructure is
investigated as a binder-free electrode for supercapattery and highly sensitive catalyst for non-
enzymatic glucose and pH sensor in sweat. When applied as a positive electrode for supercapattery,
Nis(PO,),-8H,0/NF based device delivers a maximum specific capacity of 67.4 mAh g at a specific
current of 2.5 mA cm™ with 89% retention capability after 10,000 cycles. It can achieve a high specific
energy of 33.4 Wh kg™ and power of 165.5 W kg™, demonstrating impressive energy storage
performance. As a non-enzymatic glucose sensor, the electrode exhibit higher sensitivity than state of
the art non-enzymatic glucose sensor with a detection limit of 97 nM. Moreover, Niz(PO,),-8H,0
nano/micro flakes has been tested as a potentiometric sweat based pH sensor, which showed a high pH

response for general human sweat pH ranges of 4 - 7 with good selectivity.

Experimental Procedures

Analytical grades of Nickel chloride hexahydrate (NiCl,:6H,0), Ammonium dihydrogen phosphate
(NH;H,PO,) and polyethylene glycol (PEG) were purchased from Sigma Aldrich, and used as received
without further purifications. For typical synthesis, 10 mM of NH;H,PO, was first dissolved in 80 ml of
deionized water followed by the addition of equal mole of NiCl,-6H,0 to the above solution under
vigorous stirring at room temperature. Subsequently, 5 ml of PEG was added into the above mixture to
form a homogeneous solution. After stirring for 20 min, the solution was transferred to reaction vessel
of volume 100 ml, which contains pretreated NF (3x3 cm?) and kept at 120 °C for 4 h. Finally, after
cooling down to room temperature, the Ni3(PO,),-8H,0 grown NF was take off and washed 3 times using

deionized water, Ethanol and Acetone, and dried in an oven at 120 °C for 12 h. The mass loading on NF
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was carefully estimated from the mass difference before and after Ni;(PO,),:8H,0 growth using a

PioneerTM (PA214C), USA with 0.00001 g reliability and found to be ~2.4 mg cm™.

Material Characterizations

The phase analysis of the sample was performed by X-ray diffraction (XRD) using a Philips PW3710-MPD
diffractometer with Cu Ko radiation (A = 1.5418 A). Renishaw (RA 100) inVia confocal Raman Microscope
with 514.5 nm excitation laser wavelength was used to observe the Raman spectra of the sample. The
Fourier Transform Infrared (FTIR) spectrum was recorded using a Perkin-Elmer Spectrum Two FTIR
spectrophotometer. The morphology and composition of the as-prepared sample was observed by a FEI
QUANTA 650 field-emission scanning electron microscope (FE-SEM) with an energy dispersive X-ray
spectroscopy (EDX Oxford Instruments INCA energy system) at an acceleration voltage of 20.0 kV. High
resolution Transmission microscope (JEOL HRTEM-2100 at 200 kV) was used to understand the internal
microstructure of the material. To avoid the Ni contribution from the NF substrate, the EDX and TEM
measurements were carried out for the powder samples scratched off from the NF. The X-ray
photoelectron spectroscopy (XPS) analysis was performed on a Kratos Ultra DLD spectrometer with Al K
o (1486.6 eV) as the X-ray source. Nitrogen adsorption—desorption measurements were performed in a
Gemini VII 2390 Analyzer at 77 K using the volumetric method. The specific surface area was obtained
from the N, adsorption—desorption isotherms and was calculated by the Brunauer-Emmett—Teller (BET)

method.

Electrochemical measurement of supercapattery

All the electrochemical characterizations were carried out using a CHI 660C electrochemical workstation
and a Bio-logic VSP Modular 5 channels potentiostat. Binder free Ni3(PO,),:8H,0 on NF, platinum wire

and saturated calomel electrode were used as working, counter and reference electrodes, respectively.
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1 M sodium hydroxide solution (NaOH) was used as the supporting electrolyte. The activated carbon

electrode was prepared by spreading the mixture of activated carbon (85 wt%), and PVDF

(polyvinylidene difluoride) (15 wt%) on nickel foam. The mass loading of the negative electrode (m.) can

. . . C_xAE_
be determined using the relation: My - 22X

, where m, is the mass loading of the positive electrode,
m_ C4XAE,

C. and C, are the specific capacitance and specific capacity of the negative and positive electrodes and
AE. and AE, are the corresponding potential limit, respectively. Typical mass loading of AC/NF electrode
was ~5.1 mg cm™. The electrochemical performance of the supercapattery was evaluated by cyclic

voltammetry, charge-discharge studies and electrochemical impedance spectra analysis (EIS).

Electrochemical studies of Glucose and pH sensors

The as-prepared Nis(PO.),-8H,0/NF electrode was applied for the development of non-enzymatic
glucose and pH sensor. The electrochemical performance of the sensor was tested in a three electrode
system with the Ni3(PO,4),-8H,0/NF, Pt and Ag/AgCl as working, counter and reference electrodes,
respectively. The electrocatalytic activity of bare NF and Ni3(PO,),-8H,0/NF electrodes were recorded in
a solution containing 1 M NaOH at a scan rate of 10 mV s™ in the absence and presence of glucose using
cyclic voltammetry. The amperometric measurements were carried out in a 1 M NaOH solution with the
successive addition of glucose solutions of different concentrations (50 and 100 uM) at an applied
potential of 0.45 V vs. Ag/AgCl. The electrode was evaluated as a potentiometric pH sensor by
characterizing it’s catalytic activity in Britton-Robinson (B-R) Buffer solutions of various pH (2-8) and in
standard stimulated sweats of pH 5.5, 6.5 and 8 (obtained from SYNTHETIC URINE e. K. D-71735
Eberdingen-NuRdorf, Germany), using open circuit potential (OCP) measurements in a typical three-
electrode setup with platinum wire as counter and Ag/AgCl as reference electrodes. To vary the pH from

2 to 8, 0.2 M NaOH solution was used and monitored using a standard pH meter with £0.02 resolution.
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Results and Discussion

The XRD pattern of the Ni3(PO,4),-8H,0/NF is illustrated in Fig. 1(a). The strong peak at 44° and 51° of 260
is due to pure NF substrate. The intense diffraction peaks located at 14.3°, 18.5°, 29.1°, 31.2°, and 34.5°
correspond to the hydrated nickel phosphate phase (JCPDS No. 33-951). There is no peaks from other
phosphides or phosphates, confirming a single monoclinic phase of Ni3(PO,4),:8H,0 with I,/m space
group is successfully grown over the 3D NF *. The intense and narrow diffraction peaks demonstrates

high crystallinity of the material. The average crystallite size of Niz(PO,),-8H,0 flakes was estimated from

KA
Bcos@’

the Debye-Scherrer equation, D = Where D is the mean size of crystallites (nm), K is crystallite

shape factor (a good approximation is 0.9), A is the X-ray wavelength (A = 1.5406 A), B is the full width at
half the maximum (FWHM) in radians of the X-ray diffraction peak and 0 is the Braggs' angle (degree).

The calculated D value for (0 2 0) plane is found to be ~35 nm.
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Figure 1. (a) XRD and (b) Raman spectra of Ni3(PO,),-8H,0/NF nano/micro flakes.

Typical Raman spectra in Fig. 1(b) consists of three ranges of vibrations including 140 — 300, 350 — 700
and 900 — 1100 cm™ % 3*3°_ Raman shifts at 958.5 and 1052.8 cm™ are assigned to the respective v; PO,>

symmetric and v; PO,> antisymmetric stretching modes. There is also a band at 1009.6 cm™ corresponds
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to the NiOH deformations modes. A low intensity band at 899.5 cm™ can be a water liberation mode as
reported by Breitinger et al. *. Raman shift at 678.8 cm™ (within the 350 to 700 cm™ range) is assigned
to the v, bending modes of PO,* unit *%. Other peaks at 378.5 and 577.4 cm™ indicate the deformation
modes of PO, and P-O-P, respectively *. The corresponding O-P-O bending modes is observed at 450
cm™. At the low wavenumber region, Raman band at 211.9 and 285 cm™ can be assigned for P-O-P
(bridge) bending and M-O stretching (i.e. Ni-O and O-Ni-O) vibrations, respectively. As the metal oxygen
stretching occurs in the P-O-P bending region, it is difficult to assign this vibration unambiguously *°. Also
it can be seen that the Raman shifts at 140.8 and 187.5 cm™ are due to external vibrations >**°. All these
Raman modes are consistent with the observed FTIR spectra shown in Fig. S1 of the Supporting
Information (SI). The peaks in the range of 500 - 1000 cm™ belongs to the Ni-O and Ni-P stretching
vibrations. The bands at 536.5 and 951 cm™ in the FTIR curve can be assigned to the v, (PO,) and v; (PO,)
symmetric stretching vibrations, respectively **. The Ni-OH-Ni stretching peak is positioned at 870 cm™
**_In addition, the wide band at 2980.3 cm™ and 3441 cm™ in the FTIR curve can be assigned to the v,
(A1) H,0 and v; (B,) H,0 bond vibrations from the hydrated materials. The corresponding bending mode

13 The band with less intensity at 722.3 cm™ is assigned to liberation

also being observed at 1600 cm
modes of water molecules. These results further confirms the growth of single phase Ni3(PO,),-8H,0

monoclinic structure over NF support, without any secondary phases.

The surface morphology and microstructure of the nickel phosphate hydrate was analyzed with electron
microscope. The SEM images of the Ni3(PO,),-8H,0/NF captured at different magnifications are shown in
Fig. 2(a-b). Low magnification SEM image confirms 3D growth of Ni3(PO,),-8H,O/NF nano/micro flakes
layers radiating around all the directions. Each layer is randomly assembled and forming the multilayer
structure. High magnification SEM image (b) shows interconnected 2D micro flakes, where the average
length and thickness of the flakes vary from 5-10 um and 100-200 nm, respectively. HR-TEM image in

Fig. 2(c) confirms the interconnected disordered layer structure.

9
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Figure 2. (a-b) SEM images of Ni3(PO,),-8H,0/NF captured at different magnifications, (c) HRTEM image
of Ni3(P0O,),:8H,0 nano/micro flakes, (d) Individual flake consists of pores, (e) Measured lattice space in
layered flakes, and (f) the corresponding SAED pattern.

Further TEM analysis (Fig. 2d) shows visible pores with an average size of 4 nm, reveals mesoporous
microstructure of the materials. A well-resolved lattice fringe of ~0.48 nm as shown in Fig. 2(e) can be
assigned to (2 0 0) plane of monoclinic Nis(PO,),-8H,0 crystal structure (JCPDS No. 33-951). The selected
area electron diffraction pattern in Fig. 2(f) elucidate polycrystalline nature of the composite, whereas
energy dispersive spectroscopy (EDS) analysis in Fig. S2 of the Sl reveals the existence of primary Ni, P,
and O elements with composition (Fig. S2 inset), asserting successful growth of nickel phosphate
without impurities. To further investigate the surface area and pore distribution, N, absorption and
desorption measurements were carried out, where the corresponding isotherm and pore size

distribution curve are shown in Fig. S3 and its inset. According to the IUPAC classification, the type IV
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isotherm and BJH-plot was observed for Ni3(PO,),-8H,0 nano/micro flakes and indicating the presence
of mesopores on the surface. The BET surface area of the Nis(PO,),-8H,0 is about 29.8 m? g with an
average pore diameter of 3.5 nm, which corroborates the TEM observation and confirm ultrafine

mesoporous structure of the 3D nano/micro flakes.

X-ray photoelectron spectroscopy was carried out to investigate the atomic valence state of the nickel
phosphate multilayer nano/micro flakes. From the XPS survey spectrum in Fig. 3(a), it has been
perceived that the primary elements of Ni, P and O are present in the material, which is consistent with
the EDS analysis. XPS spectra of Ni 2p, P 2p and O 1s of the sample are shown in Fig. 3(b-c). As seen from
Fig. 3(b), Ni 2p consists of two peaks with their respective satellite peaks. The peaks centered at 856.2
and 873.9 eV correspond to the 2ps;, and 2py, splitting of Ni**, which possibly interacting with the

40-41

phosphate and hydroxide ions™ . Besides, the presence of two additional deconvoluted peaks at higher

binding energies of 858.1 and 875.9 eV in the Ni2p XPS spectra can be assigned to the core levels of Ni**

443 |In addition, the

cations, which indicates the presence of Ni-(OH), in the Ni3(PO,),-8H,0 structure
satellite peaks at 862.2 and 880.2 eV further reveals the existence of Ni at their +2 state. The
corresponding P 2p spectra in (c) shows the major peak at 133.1 eV and can be assigned to P-O
interactions in nickel phosphate**. This XPS results is further supported with O 1s spectra shown in Fig.

3(d). The strong and intense peak at 531.2 eV is associated to the Ni-O and P-O bonding. The small

intensity peak positioned at 532.8 eV mainly arises from the hydrates and moisture™®.
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Figure 3. (a-d) XPS survey and core level XPS spectra of nickel phosphate multilayer nano/micro flakes.

Energy Storage studies

In order to explore the potential application as a supercapattery electrode, the Ni;(PO,),-8H,0/NF was
examined with cyclic voltammetry, galvanostatic charge-discharge, cyclic stability and electrochemical
impedance spectroscopy (EIS) measurements in a three electrode configuration. Fig. 4(a) shows the
cyclic voltammogram (CV) at different scan rates ranging from 2-100 mVs™. The CV curves are different
from the ideal supercapacitor suggesting that energy storage mechanism is non-capacitive in nature,
which is due to the faradaic pseudo-battery property of the Nis(PO,),-8H,0/NF nano/micro flakes layers

related to the Ni**/Ni** redox mechanism®. The pairs of the redox peaks are attributed to the oxidation
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of nickel phosphate and the reverse reduction processes as suggested by the following chemical

reactions (1-3) ***":

Ni3(PO4)2‘8Hzo + 3OH_ 9 N|3(PO4)2(OH*)3'8H20 + 3e_ (1)
Ni3(PO4)2(OH*) + OH™ ¢ Ni3(P0,4),(0*) + H,0 + & (2)
0* + 0* & 0, (3)

According to Michael et al.¥

the adsorption of OH and O species on the surface lead to the oxygen
evolution during electrochemical reaction in alkaline conditions. Since phosphate is not involved to the
redox process, during electrochemical reaction there is an adsorption of OH ions on the electrode [i. e.,
Ni(OH),] surface leads to the oxidation of existing Ni** to Ni** and allows the formation of OH* followed
by the O* and thus results the oxygen evolution at the end* . The high current response in the CV
curves is mainly due to the contribution of more active sites from the Ni3(PO,),-8H,0 layers and implies
the excellent charge storage capacity of the electrode. As the scan rate increases, the peak current

increases and the redox potential start to shift more positive and negative regions, indicating quasi-

reversibility of the electrode.

The charge-discharge (CD) studies under different specific current further supports the electrochemical
response, observed from the CV analysis. The CD curve with distinct plateaus as shown in Fig. 4(b)
confirms the Faradaic pseudo-battery type energy storage with quasi-reversibility of the Ni3(PO,),-8H,0
nano/micro flakes layered electrode. Since the observed energy storage phenomenon is non-capacitive,
the average charge storage capacity and capacitance at the electrode surface was calculated using the

following relations as reported earlier:** *

Specific capacity (mAh g) of electrode material in a three electrodes system

_Ixt
¢= 3.6m (4)

13
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where, | is the charge-discharge current (mA), t is the discharge time (s), m is the mass loading of active
material (mg).

Specific capacitance (F g*) of electrode material in a three electrodes system

C = Ixt (5)

mxV

where, | is the charge-discharge current (mA), t is the discharge time (s), m is the mass loading of active
material (mg) and V is the active potential regime (V).
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Figure 4. (a) Cyclic voltammogram of Ni3(PO,),:8H,0 nano/micro flakes electrode at different scan rates
of 2 — 100 mV s, (b) Charge-discharge profile at various applied current of 5 — 50 mA cm?, (c) Cyclic
stability of the electrode at 20 mA cm™ and inset represents the continuous charge discharge curve, (d)

Nyquist plot of the electrode before and after 10,000 charge-discharge cycles and the corresponding
equivalent circuit (inset).

14

ACS Paragon Plus Environment



Page 15 of 32

oNOYTULT D WN =

ACS Applied Materials & Interfaces

The measured specific capacity of the electrode was found to be 301.8 mAh g™ (1552.3 F g!), 270.4 mAh
g' (1390.8 F g), 246.9 mAh g* (1270.1 F g?), 220.2 mAh g™ (1132.4 F g*), 203.8 mAh g* (1048.3 F g
and 189.5 mAh g (974.7 Fg") for 5, 6, 7, 8, 9 and 10 mA cm™ respectively. Recently, Chen et al. showed
a specific capacitance of 964 F g'1 at5 A g'1 for NH, intercalated Nis(PO,),-H,0 @NF.> Similarly, layered
NH,Co,Ni;,PO4-H,0 nanostructures exhibit specific capacitance of 1567 and 1212 F g'1 at1A g'1 with and
without Co.”! In earlier, Zhao et al. showed a capacitance of 1497 F g'1 at 1.25 A g'1 for Niyg
[(OH)1,(H,0)l[(HPO.)s(PO4)a]-12H,0 nanorods™. It is worth mentioning that all these reports are for
mostly intercalated metal phosphates or pyrophosphates and Niz(PO,),-8H,0 is rarely been reported.
Thereby with such a high energy storage capacity (e.g., 1552.3 F g* at 5 mA cm™), our Nis(PO,),-8H,0
based electrode is superior to other nickel phosphate and metal phosphate based electrodes reported

so far.

The cyclic stability of the electrode was evaluated by continuous charge-discharge measurements at 20
mA cm (Fig. 4c). The proposed nickel phosphate nano/micro flake layered structure possesses excellent
cyclic stability with 84% retention capacity even after 10,000 cycles. Typical reaction kinetics of the
electrode was further interrogated by an electrochemical impedance spectroscopy (EIS) and presented
in a Nyquist plot in Fig. 4(d). These spectra show typical two-time-constants behavior: one appearing as
large semicircle in the low frequency region and other as an incomplete semicircle at high frequency.
Noticeably, the impedance which is related to charge transfer at the electrode surface is quite similar for
before and after cycling, demonstrating consistent electrical conductivity of the electrode. An increment
in the high frequency semicircle after 10,000 cycles reveals the adsorption of reaction intermediates.
The existence of these two characteristic processes are associated with the adsorption/desorption of
intermediates and the diffusion controlled Faradaic reactions (electron/ion transfer) at the
electrode/electrolyte interface. The observed Nyquist plot was fitted with an equivalent circuit as

described by Ho et al.>® and shown in the inset of Fig. 4(d). Here the R,, R, and C,, represents the
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solution resistance, charge transfer resistance and double layer capacitance.”’ The elements C, and R,
are associated with adsorption and desorption of reaction intermediates as quoted in electrochemical
reactions (1-3).>* These reactions are commonly interpreted in terms of Faradaic reaction in the
presence of adsorption of the reaction intermediates (i.e. OH" radical). The occurrence of the two
depressed semicircles in the complex-plane plot in the presence of Faradaic reactions is not well-
understood for real porous electrode and need more investigations. However, it can be seen that the
time constant associated with the adsorption of intermediates is large compared to that of the charge
transfer kinetics and hence the low frequency semicircle is typically associated with the adsorption

process whereas the high frequency semicircle is associated with the redox kinetics.>®

Considering the high performance of the Ni3(PO,),-8H,0 micro/nano flakes electrode at three electrode
configuration, several hybrid supercapatteries were fabricated with Ni3(PO,4),-8H,0/NF (NP/NF) as the
positive and activated carbon/NF (AC/NF) as the negative electrodes. The different operating voltages of
the NP (-0.2 to +0.5 V) and AC (-1 to 0 V) indicate a good match in the potential windows for an
asymmetric supercapattery (Fig. S4). Fig. 5(a-d) summarizes the performance of our hybrid
supercapattery in 1 M NaOH electrolyte. The CV curves (Fig. 5a) retaining their battery like characteristic
even at a high scan rate of 100 mVs™ indicate excellent rate capacity of the device. Fig. 5(b) shows the
charge-discharge profile of the Ni;(PO,),-8H,0/NF ||AC/NF hybrid supercapattery at various specific
current ranging from 2.5 to 20 mAcm™. The specific capacity of the device was calculated from the
discharge curve based on the active material masses of the device (~7.5 mg cm™) using equation (4). The
specific capacities are 67.4, 58.9, 52.3, 52.7, 46.3, 41.7, 26.8 and 16 mAh g'1 for 2.5,3,3.5,4,45,5, 10
and 20 mA cm?, respectively. In addition, the supercapattery showed excellent cyclic stability of up to
10,000 cycles as shown in Fig. 5(c) and retained 89% of initial capacity at 20 mAcm™. The coulombic
efficiency of the device was found to be 96.5% for the first few cycles and reached to ~99%, and was

quite stable up to 10,000 cycles (Fig. 5c), indicating steady redox process at the electrode surface.
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Figure 5. (a) Cyclic voltammogram of Ni3(PQO,),:8H,0/NF || AC/NF supercapattery at different scan rates
of 10 — 100 mVs™, (b) Charge-discharge profile for the device at different specific current of 2.5 — 20 mA
cm™, (c) Cyclic stability and coulombic efficiency of the device at 10 mA cm™ and inset represents the
corresponding charge discharge profile, (d) Ragone plot related to the specific energy and power of the
device.

Since the electrode kinetics are non-capacitive, the specific energy and power of the device were

calculated according to: E =1 f:ot V(t)dt and P = E/t where, E is the specific energy (Wh kg™) based
on total active material mass of the electrodes, P is the specific power (W kg),  is the specific current (A
g™) [I = current density (mA cm™)/mass density (mg cm™)], V is the potential (V) and t is the discharge
time (h). Ragone plot for the hybrid cell at different currents are shown in Fig. 5(d). At 2.5 mA cm™

current, our supercapattery delivers a specific energy of 33.5 Whkg™ with a specific power of 165.5 W
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kg™. At a high current of 20 mAcm™, the specific energy and power values are 16 Wh kg™ and 2058.7 W
kg™, respectively. The observed specific energy and power output of the device is quite comparable with
the value (35.3 Wh kg* and 101 W kg™) reported by Zhao et al. for (Ni, Co);(PO.),-8H,0** and nearly
equal to the nickel-cobalt pyrophosphates based asymmetric cell (33.4 Wh kg™ and 399 W kg")™.
Interestingly, our supercapattery shows comparable and in some cases better properties than other
reported works for similar materials (Table S1 of the Supplementary Information). The Nyquist plots for
the supercapattery before and after 10,000 charge- discharge cycles are shown in Fig. S5. The electrical
conductivity of the electrode is quite good for the hybrid device and the equivalent series resistance is
0.78 Q and 5.25 Q before and after 10,000 cycles. The observed low ESR values confirm the high
conductivity and excellent electrical contact between the active material and current collector. From
this study it can be concluded that Ni3(PO,),-8H,0 micro/nano flakes could be an excellent candidate as

positive electrode for future energy storage devices.

Non-enzymatic glucose sensor analysis

Continuous Glucose Monitoring (CGM) systems have recently been launched in the market, which test
interstitial fluid for glucose levels every few minutes®. This is very useful as it allows real-time
examination of how the blood glucose level varies to insulin, exercise, food, and other factors for
diabetic patients™. Despite their availability as commercial enzymatic glucose sensor, issues such as
cost, poor reproducibility and susceptibility to enzyme poisoning molecules prohibit its widespread
use'’. These problems prompted the development of non-enzymatic glucose sensor for continuous
glucose monitoring>. Here, for the first time Ni3(PO,),-8H,0 nano/micro flakes directly grown on NF is
proposed for non-enzymatic glucose sensor. The CVs of Fig. S6 in the Sl shows the redox peaks in the
absence and presence of 500 uM glucose for pure nickel foam (NF) and Ni3(PO,),-8H,0/NF. The NF has
insignificant electro-catalytic activity when compared to the Nis(PO,),-8H,O/NF catalyst toward the

direct oxidation of glucose. Fig. S7(a) shows the cyclic voltammograms recorded from -0.2 to 0.7 V for
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nickel phosphate electrode at several scan rates in 1 M NaOH with 500 uM glucose. Both anodic and
cathodic peak current increases with the scan rates. The observed linear relationship of the current
densities and square root of the scan rates in Fig. S7(b) implies dominant diffusion controlled glucose
oxidation process rather than surface-controlled reaction®. This results was further validated by the
observed non-linearity between current density (J,.) vs. scan rate (v) plot as shown in Fig. S8(a). In
addition, the plot of log I, vs. log v (Fig. S8b) shows the typical slope value of 0.39, which is less than
the predicted value of (0.5) pure diffusion controlled process. This infers kinetics limitation in the overall
reaction’®. To date there is no exact mechanism for glucose oxidation on Ni based electrodes in alkaline
medium. The accepted mechanism of oxidation of glucose to gluconolactone by the well-known

Ni**/Ni** redox couples can be shown as follows:*’

[-P-O-Ni-O-P-] + OH - [-P-O-Ni(OH)-O-P-] + e (6)
[-P-O-Ni(OH)-0-P-] + glucose - gluconolactone + [-P-O-Ni(OH),-O-P-] (7)
The deprotonation and isomerization of glucose is catalysed by the oxidative Ni** species in the
electrode. This results the diffusion and removal of glucose intermediates/products into the bulk
solution followed by the regeneration of active sites during the negative scan®. Fig. S8(c) shows the plot
of scan rate normalized current density (Jpa/vl/z) vs. scan rate (v), where a polynomial decrease is
observed, which indicates irreversible electrochemical catalytic (EC’) process over the Ni3(PO,),-8H,0/NF
catalyst surface®®. The observed electrochemical catalytic (EC’) mechanism of glucose oxidation was
further supported by the Tafel plot (E, vs. log I,) shown in Fig. S8(d) and its inset, which has been derived
from the rising part of the CV curve measured at 5 mV s™* with 500 pM glucose. From the slope of Tafel

region, the charge transfer coefficient was obtained using the relation:

(1—a)nF
2.303 RT

Slope = (8)
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Here, a is charge transfer coefficient, n is number of electron in redox process (n= 2), F is Faraday
constant (96485 C mol™), R is gas constant (8.314 J mol™ K™) and T is the temperature (298 K). Based on
the above mentioned quasi reversible electron transfer kinetics, the estimated charge transfer

coefficient for electro-oxidation of glucose is 0.74 and indicates the two electron transfer process®.

We further examined the electrocatalytic behavior of the 3D Nis(PO,),-8H,0/NF towards different
concentration of glucose. Fig. 6(a) shows the CV of Ni3(PO,),-8H,0/NF electrode where the current
density for oxidation peak increases with increased glucose concentration from 10 uM to 2 mM.
Noticeably, the cathodic peak current also increases significantly with the enhancement of glucose
concentration, indicating the observed EC’ process is different from characteristic catalytic oxidation in
which the cathodic peak should decreases. Since the Ni** bound to the phosphate with oxygen atoms,
there is the possibility of reorganization of bonds (breaking Ni-P bonds and generating new O-Ni-OH
bonds) that could results electro-oxidation of glucose at a different kinetic rate®®. Thereby, significant
enhancement in cathodic peak current is observed along with the anodic peak current. Similar results
were reported previously and the detailed explanations are presented in Supporting Information (SI)
with more CV analysis in different concentration of NaOH solutions (Fig. S9 (a and b)). The
corresponding derivative plot in Fig. 6(b) suggests that the anodic peak current density increases linearly
with the rise of glucose concentration from 50 to 1,000 uM with a correlation coefficient, R* = 0.9892.
The deviation at the high glucose concentration (>1000 uM) may be due to the passivation of the
electrode and/or the glucose isomer. The measured slope at the linear range of the calibration curve
gives a remarkable sensitivity of 24.39 mAmMM cm for the Nis(PO,),-8H,0/NF based sensor. The limit of
detection is evaluated from the linear regression curve using the relation 3o/slope ®, where o is the
standard deviation of the blank NF and is around 97 nM (S/N=3) with a fast response time of less than
10 s. Table S2 in SI compare our Ni3(PO,),-8H,O/NF sensor with other non-enzymatic sensors for glucose

detection. It can be clearly seen that our nickel phosphate based sensor showed state of the art
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sensitivity. The Ni3(PO,),-8H,O/NF catalyst shows excellent linearity within a range of 50 - 1000 pM,
which is comparable to other non-enzymatic glucose sensor. However, the limit of detection for the
proposed sensor is limited to 1000 uM, while the actual blood glucose level is 4 — 7 mM and thereby
needed to be improved further. Meantime, our sensor can be a better choice to validate the glucose

level in sweat (10-1000 uM) and food products, which has low glucose concentration®® #%%,
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Figure 6. (a) CV curves measured at 5 mVs™ at various glucose concentrations (10 pM to 2 mM), (b) The
corresponding derivative plot, (c) Amperometric response of Ni3(PO.),-8H,0/NF catalyst at 0.45 V upon
successive addition of 10 and 100 uM glucose, (d) Interference study showing Amperometric response
of the electrode upon successive additions of 0.5 mM glucose, 100 uM ascorbic acid, 100 uM uric acid,
100 pM dopamine at 0.45 V vs. Ag/AgCl; background electrolyte 1M NaOH.
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To understand more about the electro-oxidation of glucose and to estimate the catalytic rate constant,
the chronoamperometric technique has been used. Fig. S10(a) shows the chronoamperometric
measurements carried out in 1 M NaOH solutions containing various concentrations of glucose (0, 100,
500, 1000, 1500 and 2000 puM) at an applied potential of 0.45 V vs. Ag/AgCl. The exponential
characteristic of (I-t) curve with increasing current with the glucose concentration further verifies the
diffusion controlled electro-oxidation of glucose by [-P-O-Ni(OH)-O-P-] catalyst. Typical catalytic rate
constant (K. and diffusion coefficient (D) of glucose for Nis(PO,),-8H,O/NF were estimated from the

Cottrel relation. From the chronoamperometry (/-t) graph, the derivative plot between i/, vs. ¢/

shown in Fig. S10(b) was used to calculate the catalytic rate constant K.ge:24%

(Lc—at) = 1'% (Keqr C )2 ©)

lL

where, i..; and i, are the currents obtained in the /-t curve from Ni3(PO,),:8H,0/NF with and without 500
MM glucose in 1 M NaOH, respectively, C is the glucose concentration and t is time in seconds. From the
slope of plot i../iy vs. timel/z, the estimated K, for 500 uM glucose was 1.5 x 10’ cm®* M* s and reveals
good catalytic response of Nis(PO,),-8H,0/NF surface for glucose detection. Meanwhile, current vs. time’
2 plot for different concentration of glucose has been drawn from the linear part of the /-t curve (Fig.

S10a) and shown in Fig. S10(c). In order to evaluate the diffusion coefficient (D), the slopes of (current

VS. time'l/z) vs. Glucose concentration was plotted (Fig. $10d) and D is estimated from the following
relation:***
nFADY?%¢

= i (10)

By using the slope of the line, the observed mean diffusion coefficient for glucose was found to be 4.8 x
10° cm? s™. Therefore, it can be concluded that diffusion-controlled process is dominated during the

electro-oxidation of glucose.
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Fig. 6(c) shows the amperometric response of the Ni3(PO),.8H,0/NF electrode at an applied voltage of
0.45 V upon successive addition of 50 or 100 uM glucose. For each addition of glucose, a significant
current increment is observed (inset Fig. 6¢), which indicates good catalytic activity of the electrode for
continuous glucose monitoring. The observed high sensitivity and quick response time of the proposed
non-enzymatic glucose sensor can be attributed to high surface to volume ratio of 3D nano/micro flake
layered structure, which enhanced the electro-catalytic activity. In a practical use of non-enzymatic
glucose sensor, specificity or selectivity is an important property that needs attention. It is reported that
dopamine (DA), uric acid (UA), ascorbic acid (AA), and other carbohydrate compounds are the major co-
existing oxidative elements with glucose in biological sample and consequently interfere with the
detection of glucose. As shown in Fig. 6(d), the influence of these interfering species in detecting glucose
is <3% for DA, and negligible for all the other elements, indicating superior selectivity of
Ni3(PO,),:8H,0/NF based sensor. Since the isoelectric point for Ni is ~8.5 - 11, it would be negatively
charged as similar to the negatively charged interference species due to the deprotonated effect in
alkaline solution.® Thereby, both the negatively charged elements will repel each other and as a result
should have negligible effect in the glucose detection. Furthermore, the long term stability of the sensor
was investigated by measuring the CV at different time periods (Fig. S11). The output current density
retained ~96.6% of its initial value after 30 days confirming excellent stability of the Nis(PO,),-8H,0/NF
electrode for long term applications. This high stability of the electrode is mainly due to the strong
adhesion of Ni3(PO,),-8H,0/NF nano/micro flake layers on nickel foam, originating from its direct

integration and structural stability in NaOH base solution.
Sweat based pH sensor studies
Metal oxide based pH sensors can be a viable alternative to commercial glass pH sensors. Here, for the

first time we are proposing Ni3(PO.),-8H,0 nano/micro flakes electrode for pH sensing in human sweat.
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In general, the pH is a measure of H" ion concentration in a solution. Further, it can be explained using
Nernest equation ®’, which shows the direct proportionality of solution pH against the measured
potential difference between reference and working electrode. The electrode pH response was initially
investigated in Britton-Robinson (B-R) buffer solution as shown in Fig. 7(a-c). By changing the pH value,
the corresponding equilibrium potential has been measured (Fig. 7a). The potential equilibrium
response time is around 115 s for the pH value 2 - 7. The linear regression of the potentiometric
responses as a function of the pH values (2 - 7) is shown in Fig. 7(b), where the correlation coefficients is
0.97. Fig. 7(c) shows the open circuit potential as a function of subsequent change in pH. The sensitivity
of the electrode is about 34.18 mV/pH, which is ~58% of Nernst response (59.2 mV/pH)®. The exact
reaction mechanism of pH responsive metal oxide catalyst in the solution is still not clearly understood.
Since, crystalline water is present in the catalyst, the reaction mechanism are more complicated than
the metal oxide electrodes. Under aqueous exposure, the catalyst surface could be charged due to the
reactions of H'/OH ions. With the solution pH, the charged hydroxyl groups either able to donate or
accept proton from the solution®®. In case of Nis(PO,),8H,0/NF electrode, the presence of hydrated
phase actively involves into protonation and deprotonation reaction and thereby reasonable Nernst pH
response was observed. Further surface modification is needed to enhance the pH sensitivity up to
actual Nernst response. However, it should be noted that the pH sensing capability of our catalyst is
limited to 2-7, since the catalyst surface starts to hydrolyze at high pH and readily oxygen evolution
occurs®. Thus results in the dissolution of catalyst within the electrolyte beyond pH 7. Interestingly, the
observed pH range (2-7) of our sensor encompass the physiological range of human sweat (4-7), and
thereby it can be concluded that the proposed Ni;(PO,),-8H,0/NF catalyst could be a suitable candidate

for sweat based pH sensor.
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Figure 7. (a) Potential response of Ni3(PO,),-8H,0/NF catalyst at different pH (2-8) in buffer-solution and
(b) the corresponding linear relation plot, (c) Potential response curve for subsequent variation of pH
from 2 to 8 and (d) Typical potential variation of Ni3(PO,4),-8H,0/NF in stimulated sweat at various pH
values.

The proposed Ni;(PO,),-8H,0/NF electrode was applied to determine the pH of stimulated sweat
samples having three different standard pH values of 5.5, 6.5 and 8 (Fig. 7d). It can be seen that the
potential response (49 mV/pH) is relatively good and comparable with Nernst response at low pH values
(5.5 and 6.5), which are the most common pH of healthy human body.” For practical application, the
sensing performance of pH sensor should not be influenced by other ions present in sweat. The main
components of sweat and their concentrations are given in Table S3 of the SI. Fig. S12 shows the

interference study of the catalyst by varying the pH (2-8), which further exposes good tolerance against
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the interferences. Therefore, it can be concluded that Ni3(PO,),:8H,0/NF catalyst could be an excellent
choice for sweat (pH 4-7) based electrochemical sensor due to its good sensitivity, quick response time

and excellent selectivity for reliable detection of pH of human sweat.

Conclusions

In summary, 3D nano/micro flakes of Ni3(PO,4),-8H,0/NF on nickel foam (NF) is developed using a simple
hydrothermal approach. Nis(PO,),-8H,O/NF shows a superior electrochemical performance as a
supercapattery electrode, which delivers a specific capacity of 301.8 mAh g™ at a specific current of 5
mA cm™. The fabricated supercapattery based on the Ni;(PO,),-8H,0/NF and AC/NF as the positive and
negative electrodes showed an specific energy and power of 33.4 Wh kg* and 165.5 W kg™ with
impressive cyclic stability of 89% after 10,000 cycles. At the same time, the proposed electrode has been
successfully applied as a non-enzymatic glucose sensor. The sensor has a high sensitivity, low detection
limit and excellent selectivity. Furthermore, as an alternative to the commercial glass pH electrode, the
same material was evaluated for sweat based pH sensor. The potentiometric response of this sensor is
appreciably linear to a pH range from 2 to 7. Thereby, we have developed a multifunctional sensor for
the detection of glucose and pH simultaneously. This work provides a new platform in the novel material
design philosophy for transition metal phosphates, especially for potential applications in

electrochemical energy storage as well as bi-functional electrocatalysts for glucose and pH sensing.
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The FTIR and EDS spectrum of Ni3(PO,),-8H,0/NF nano/micro flakes, N, absorption and desorption
isotherm and their pore size distribution (inset) of Ni3(PO,),-8H,0, CV curves of sample AC/NF and
Nis(PO,),-8H,0/NF in 1M NaOH solution at 10 mV s™, Nyquist plot of Nis(PO),-8H,0 /NF ||AC/NF
supercapattery before and after 10000 charge-discharge cycles, CV curves of pure NF, Ni3(PO,4),-8H,0/NF
absence and presence of (500 uM) glucose at 5 mV s in 1 M NaOH, CV of nickel phosphate catalyst at
various scan rate in 1 M NaOH with 500 uM glucose and the corresponding linear regression for both
anodic and cathodic current response, the plots of log I, vs. log v, Jpa/vl/2 vs. v and steady state current-
voltage curve of Nis(PO,),8H,0/NF catalyst in 1 M NaOH with 500 pM glucose at 5 mV s,
Chronoamperograms of Nis(PO,),-8H,0/NF catalyst in the absence and presence of glucose at different
concentrations and their derivative plots, Current response of Nis(PO,.),:8H,0 /NF glucose sensor
measured at different time periods, Interference studies of Ni(PO,),:8H,0 based pH sensor. Table S1,
Table S2 and Table S3 represents the comparison of electrochemical energy storage, glucose detection
and human sweat composition respectively. The Supporting Information is available free of charge on

the ACS Publications website at http://pubs.acs.org.
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