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an ultra sensitive non-enzymatic uric acid sensing
electrode material†
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Nickel (Ni2+) ion doped zinc oxide-multi-wall carbon nanotubes (NZC) with different composition ratios of

MWCNTs (from 0.01 to 0.1 wt%) are synthesized through an in situ sol–gel method. The synthesized NZC

nanocomposites (NCs) are used as electrode materials with glassy carbon electrodes (GCEs) for

electrochemical detection of uric acid (UA). The cyclic voltammogram of the representative NZC 0.1

modified GCE (NZC 0.1/GCE) revealed the highest electrochemical sensing activity towards the oxidation

of UA at 0.37 V in 0.2 M phosphate buffer solution (PBS) having pH 7.4 � 0.02. The limit of detection

(LOD) and limit of quantification (LOQ) for the NZC 0.1/GCE are determined to be 5.72 nM and 19.00 nM

(S/N ¼ 3) respectively, which is the lowest compared to the literature values reported for enzymatic and

non-enzymatic detection techniques. The synergistic effect of NZC 0.1 NCs is proposed as one of the

factors for the enhanced electrochemical oxidation of UA complemented by the phase, lattice

parameters, functional groups, morphology, elemental compositions, types of bonding and specific

surface area with pore size ascertained using various techniques. The synthesized NZC 0.1 NCs are

further proposed as selective electrode materials for the electrochemical detection of UA as

authenticated further by performing interference tests with other metabolites such as ascorbic acid (AA),

dopamine (DA) and D-glucose. The optimized electrochemical studies are further adopted for sensing of

UA from human excretion samples using NZC 0.1 NCs.
1. Introduction

Recently, semiconducting ternary nanocomposites (NCs) have
played a vital role in various elds viz. energy harvesting,
sensing, supercapacitors, catalysis, electronics, biomedical,
etc.1–4 Among these potential applications biosensing is
a primary choice due the present need for precise identication,
detection and quantication of metabolites in the complex
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biochemical processes of the human body and it provides
a platform for easier, faster and accurate diagnosis of diseases.5

In comparison to other metal oxides, nanocrystalline zinc oxide
(ZnO) has been widely used in biosensing applications due to its
biocompatibility, reasonable cost, low toxicity, high electron
mobility, easy synthesis, large exciton binding energy (60 meV)
at room temperature, higher chemical stability, etc.6–8 To over-
come these constraints, as well as to tune the properties of bare
ZnO, investigators are continuously searching for different
approaches such as, using binary NCs with other metal oxides9

and with carbon nanostructures,10–12 doping with metals13,14 or
non metals,15,16 multicomponent hybrid systems17–19 and sup-
porting with metals.20 Among these strategies, the focus on the
doped as well as their binary/ternary ZnO-based NCs is gaining
the importance due to their extraordinary properties compared
to bare materials. Further, in connection to the enhancement in
electrochemical properties, the NCs are to be prepared using
highly conducting MWCNTs. Because the addition of MWCNTs,
the charge transport properties as well as the stability of the
host materials are enhanced which further, explored for
sensors, supercapacitors, absorbent, photocatalytic,
RSC Adv., 2020, 10, 36949–36961 | 36949
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photovoltaic applications.21,22 Particularly the use of MWCNTs
in relation to electrochemical detection of biological samples
and gases using sensors or biosensors23 is multi-dimensions in
terms of the sensitivity, selectivity, faster response and
recovery.24 Due to the well studied properties of binary ZnO–
MWCNTs NCs, therefore there is still scope for further devel-
opments with the introduction of a suitable dopant in nano-
crystalline ZnO host lattice. Hence, the synergetic of doping as
well as the composites formations results ternary hybrid NCs;
which offers the new insights into the host ZnO semiconductor
for elevated biosensing performance of biological samples.

The research investigations are continuously going on the
biosensing activity of ternary NCs. R. Saravanan et al. investi-
gated the synthesis of ZnO and ZnO/Ag/Mn2O3 nanocomposite
using vapor to solid mechanism using a facile thermal decom-
position method and the overall synthesis protocol is tedious as
well as costlier for sensing studies of uric acid (UA) and ascorbic
acid (AA) sensing.17 K. Ghanbari et al. designed the electro-
chemical deposition of ZnO ower-like/polyaniline nanober/
reduced graphene oxide ternary nanocomposite on GCE. In
this investigation, rGO was electrochemically reduced from the
graphene oxide (GO) by applying a constant cathodic potential
and aer that in situ electrochemical synthesis of aniline
monomer performed for preparing PANI/RGO nanocomposite.
Thereaer, a modied electrode was prepared by electro-
chemical deposition of ZnO–metal nanoparticles (NPs) in over-
oxidized polyaniline lm modied GCE, but the electrode
deposition by the nanocomposite and its are the main hurdles
in the further development.18 K. Ghanbari et al. investigated the
ZnO–CuxO/polypyrrole nanocomposite modied electrode for
simultaneous determination of AA, dopamine (DA) and UA.
Initially, polypyrrole was electrochemically deposited on the
GCE at ambient temperature and then it was further deposited
with CuxO electrochemically. Thereaer, ZnO nanosheets
cathodically deposited on the CuxO-PPy/GCE using aqueous
solution of Zn (NO3)2 and KNO3 electrolyte bath kept at 62 �C. In
the present investigation, chemical stability of Cu2O is one of
the major issues and hence the present NCs would not be
feasible for industrial scale applications. However, the limit of
detection (LOD) value is higher than our present investigation
and hence having limitation for sensing lower concentrations of
an analytes.19 Xuezhong Du et al. fabricated the sensitive elec-
trochemical sensor using RGO supported Au@Pd (Au@Pd-
RGO) NCs. In this present investigation, the synergetic of
higher conductivity of RGO and surface area of the Au@Pd NPs
resulting the higher sensitivity as well as selectivity of NCs for
simultaneous determination of AA, DA and UA. However in the
present investigation, high LOD and lower linear range of UA as
well as very expensive metals are the major laggings in the NCs
synthesis.25 Hence, tedious protocol expensive material and
sophisticated experimental approaches are the real constrains
in the designing of ternary NCs. In addition, deposition of
electrodes on the desired substrate and interconnectivity
between the various components of the NCs are also further
issues for getting the lower performance of sensing studies.
Hence, to overcome these constraints, we deployed the simple,
single step, wet chemical designing for the preparation of
36950 | RSC Adv., 2020, 10, 36949–36961
ternary NCs. During the present research endeavour, the proper
connectivity between the different components as well as
uniform, well adherent thin lm deposition have been also
focused very well. Therefore, the deposited NCs on GCE are
showing the rapid and selective sensing activity of UA.

In connection to the doping studies; the introduction of
appropriate metal ions in ZnO host lattice could bring signi-
cant changes in their sensing properties. Among the various
dopants, Ni2+ is suitable dopant for ZnO related sensing appli-
cations because these ions have nearly same ionic radii (Ni2+ ¼
0.72 Å and Zn2+ ¼ 0.74 Å) with same valence without changing
in the overall structure properties, but resulting the enhanced
the charge transport process useful for the electrochemical
application.26 Ni2+ ions doped ZnO materials have been re-
ported for wide range of applications, but as per our best
knowledge no one has been reported for biosensing applica-
tions.27–30 Therefore, in present strategy, a combination of Ni2+

ions doped ZnO and MWCNTs will provide the required prop-
erties of an electrode material for biosensing studies.

In connection to biosensing measurement studies, various
approaches are available to measure the content of UA levels;
which also becomes the pre-requisite for proper diagnosis and
prescription for the treatment of the various diseases related to
UA. The various conventional clinical methods such as spectro-
photometry, uorometry, high-performance liquid chromatog-
raphy (HPLC), capillary electrophoresis, liquid chromatography-
mass spectrometry (LC-MS) etc. are used for the detection of
UA.31–37 But these techniques require sophisticated, expensive
instruments, skilled manpower, time consuming accompanied
by low specicity, large amount of sample. Hence, there is a need
for new techniques which provides simple solutions to these
shortcomings. Therefore, electrochemical based sensing is
a promising portable method for a rapid and precise determi-
nation of electro-active metabolites like UA at mM concentra-
tion38–40 due to their simple design, cost effectiveness, dynamic
response, good selectivity, sensitivity etc.41 The property of the
electro-oxidizable UA is explored for the direct quantication
through two methods viz. non-enzymatic and enzymatic
methods. Among them, the non-enzymatic electrochemical
sensing studies have the overriding advantages such as good
sensitivity, free from enzyme activity, favorable stability, simple
fabrication and spacious efforts.42,43

Therefore, in the present investigation, the NCs of Ni2+ ions
doped ZnO NPs with MWCNTs have been chosen for non-
enzymatic electrochemical sensing of UA. Further, the electro-
chemical sensing studies of NCs electrodes have been tested
using the various parameters such as pH of buffer solution,
concentration of UA, scan rate and interference from other
metabolites and thereaer the optimized protocol has been
used for sensing of UA from the real samples.

2. Experimental section
2.1 Synthesis of ZnO nanoparticles

The undoped ZnO NPs were prepared by using simple sol gel
method. The desired amount of zinc acetate was dissolved in
double distilled water (DDW). Aqueous solution of polyethylene
This journal is © The Royal Society of Chemistry 2020
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glycol (PEG) as a capping agent was dissolved in DDW sepa-
rately added into the precursor solution with constant stirring.
The pH of the solution was sustained up to 10.00 � 0.02 using
aqueous NaOH solution for the formation of gel. Aerwards, the
solution was stirred for 3 h at room temperature. The obtained
precipitate was ltered, washed with ethanol and dried in oven
at 80 �C. The dried product calcinated in air at 400 �C for 2 h to
form white crystalline powder of ZnO NPs.
2.2 Synthesis of nickel ions doped ZnO–MWCNTs
nanocomposites

Nickel (Ni2+) ions doped ZnO–MWCNTs NCs with varying
content of MWCNTs (from 0.01 to 0.1 wt%) were prepared by
simple in situ sol gel method. The acid-treated MWCNTs were
dispersed separately in 10 mL of DDW by ultrasonication for
15 min. The desired amount of zinc acetate was dissolved in
DDW and PEG used as a capping agent dissolved separately in
DDW and then added into it with constant stirring. Aerwards
5 mol% of precursor of Ni added into above solution. Finally,
dispersed solution of MWCNTs added into the running
synthetic route of Ni2+ ions doped ZnO NPs aer the gel
formation. The pH of the resulting solution was adjusted to 10
� 0.02 using NaOH solution. The solution is stirred for 5–6 h
and allowed to cool to room temperature. The black precipitate
was ltered, washed with ethanol and then dried in oven at
80 �C and calcinated in air at 400 �C for 2 h. The similar protocol
followed for the synthesis of Ni+2 ions doped ZnO without
addition of MWCNTs.

The prepared samples were labeled as ZnONPs for ZnO; 5 NZ
for 5 mol% Ni2+ ions doped ZnO and for Ni2+ ions doped ZnO
NPs with MWCNTs as NZC 0.01, NZC 0.05, and NZC 0.1 with
respect to the MWCNTs content of 0.01, 0.05 and 0.1 wt%,
respectively.
2.3 Modication of glassy carbon electrode

Freshly prepared dispersions (1% w/v) of undoped ZnO NPs, 5
NZ or its NCs with MWCNTs (0.01 to 0.1 wt %) were prepared in
ethanol. The dispersion was applied by drop casting on the
Fig. 1 XRD diffractograms of (a) MWCNTs (b) undoped ZnO NPs, 5 NZ

This journal is © The Royal Society of Chemistry 2020
GCE. The modied glassy carbon electrode was allowed to dry
overnight in the vacuum desiccator.
3. Result and discussion
3.1 X-ray diffraction analysis

The crystal structure and the phase purity of the synthesized
undoped, doped ZnO NPs, 5 NZ and NZC (0.01 to 0.1 wt %) NCs
were investigated using powder X-ray diffraction (XRD). The
XRD pattern of MWCNTs Fig. 1(a) shows a sharp peak at
�25.97� corresponding to a (002) reection and its conrming
the presence of elemental carbon (JCPDS no. 41-1487).44,45

Fig. 1(b) includes the XRD patterns of the undoped ZnO NPs, 5
NZ and NZC (0.01, 0.05, 0.1) NCs. In undoped ZnO NPs, the XRD
reections (100), (002), (101), (102), (110), (103), (200), (112),
(201) corresponds to 2q values 31.78�, 34.44�, 36.27�, 47.54�,
56.60�, 62.87�, 66.49�,67.96�, 69.10� respectively revealing the
presence of hexagonal wurtzite ZnO phase (JCPDS card 36-
1451).46,47 Absence of additional reections conrm the absence
of impurities Zn (OH)2 or NiO like, which indicates the single-
phase nature of the synthesized products and possible substi-
tution of Ni2+ ions into the ZnO NPs host lattice.48 The presence
of sharp and intense peaks of the samples reveals the good
crystalline nature having size range between 26 to 44 nm.
Furthermore the most intense reections of the 5 NZ and NZC
NCs are slightly shiing to the lower angle to that of undoped
ZnO NPs. Therefore, the observed result attributes the
successful substitution of Ni2+ ions in host lattice of ZnO NPs.49

While, in case of NZC NCs the characteristics XRD reections of
the ZnO NPs are retained in NCs at their respective 2q values;
without characteristics reections corresponds to MWCNTs due
to their less content or lower concentration of MWCNTs in the
NCs and which could not be traced out by the XRD.44

In addition the close assessment of XRD patterns indicates
that the intensity of XRD reections are decreases signicantly
aer forming NCs with MWCNTs upto NZC 0.1 NCs to that of
undoped ZnO NPs. In case of 5 NZ the intensity of XRD reec-
tions drastically reduced which is reported earlier49,50 and if
consider NZC NCs only, intensity of XRD pattern reections is
enhanced signicantly from NZC 0.01 to NZC 0.05 NCs and
and NZC NCs with varying content of MWCNTs (0.01 to 0.1 wt%).

RSC Adv., 2020, 10, 36949–36961 | 36951
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Table 1 Observed structural cell parameters (XRD profile) of undoped ZnO NPs, 5 NZ and NZC NCs with varying content of MWCNTs (0.01 to
0.1 wt%)

Sample Std. d. values (Å) Obs. d. values (Å) (hkl) plane

Cell parameters

a (Å) c (Å) V (A3)

ZnO NPs 2.6033 2.6023 (002) 3.2488 5.2046 54.9329
2.4759 2.4744 (101)
1.6247 1.6244 (110)

5 NZ 2.6033 2.6050 (002) 3.2480 5.210 54.9629
2.4759 2.4760 (101)
1.6247 1.6254 (110)

NZC 0.01 2.6033 2.6006 (002) 3.2480 5.2012 54.8700
2.4759 2.4728 (101)
1.6247 1.6240 (110)

NZC 0.05 2.6033 2.6023 (002) 3.2502 5.2046 54.9803
2.4759 2.4768 (101)
1.6247 1.6251 (110)

NZC 0.1 2.6033 2.6023 (002) 3.2402 5.2046 54.6425
2.4759 2.4752 (101)
1.6247 1.6251 (110)
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marginally decreases for NZC 0.1 NCs and this observation may
highlight the limit of composition. The crystalline size can be
estimated by Scherrer's formula,

D ¼ 0:9l

b cos q
(1)

The existence of MWCNTs in prepared material was further
conrmed by the spectroscopic characterization tools viz., FTIR,
EDS and XPS analysis. The structural cell parameters of XRD
patterns of the synthesized materials are reported in Table 1.
3.2 FTIR analysis

Fig. 2 displays the FTIR spectra of the undoped ZnO NPs, 5 NZ
and NZC (0.01 to 0.1 wt %) NCs. FTIR spectrum of undoped ZnO
NPs consists of characteristics transmission vibrational bands
viz. 600–700 cm�1 due to Zn–O stretching mode.51 The
frequency region at 3000–3500 cm�1 corresponds due to the
Fig. 2 FTIR spectra of undoped ZnO NPs, 5 NZ and NZC NCs with
varying content of MWCNTs (0.01 to 0.1 wt%).

36952 | RSC Adv., 2020, 10, 36949–36961
–OH functional moieties present in 5 NZ and NZC NCs.44,52 In 5
NZ , sharp stretching bands observed at 830 cm�1,51 1066 cm�1

and 1378 cm�1 corresponding to the Zn–O–Ni bonding, Ni2+

ions occupies Zn2+ sites of host lattice of ZnO NPs and presence
of NO3.53,54 The shi of stretching vibration frequencies of 5 NZ
and NZC NCs as compare to undoped ZnO NPs with supporting
of respective sharp stretching bands indicates the substitution
of Ni2+ ions in Zn2+ sites of host lattice of ZnO NPs.53

In FTIR patterns of the NZC NCs, along with the character-
istics bands of ZnO and Ni, the additional bands are observed at
bands observed at 1124 cm�1 corresponds to C–O (ester)
stretching vibrations and 1565 cm�1, 1733 cm�1 stretching
vibrations corresponds to C]C (carbon–carbon bonding) of
sidewall framework of MWCNTs, C]O (carboxylic acid)
groups.55 These peaks are very weak may be because of very low
concentration variation of MWCNTs. Characteristics IR bands
are slightly shied in NZC NCs to that of undoped ZnO NPs.
However, NZC NCs revealing the interconnectivity between the
surface hydroxyl (–OH) functional group of ZnO NPs with acidic
(–COOH) group of MWCNTs.
3.3. FESEM analysis

Fig. 3(a–e) shows the FESEM images of the undoped ZnO NPs, 5
NZ and its NCs with varying the content of MWCNTs (0.01 to
0.1 wt%). Surface morphological analysis of the prepared mate-
rials analyzed by FESEM. The FESEM images clearly show the
variation in the morphology of the ZnO NPs due to Ni2+ doping
without change its original crystal structure, indicating that the
incorporation of Ni2+ inuences the morphology of the ZnO NPs
through its involvement during nucleation and grain growth.
Observed results suggests that Ni2+ ions is replacing by Zn2+ in
ZnO NPs and varying its morphology.56 The varying content of
MWCNTs in the Ni2+ ions doped ZnO NPs shown in Fig. 3(c–e)
and it is demonstrates that Ni2+ ions doped ZnO NPs are densely
covered the MWCNTs due to its very low concentration.
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 FESEM images of the (a) undoped ZnO NPs (b) 5 NZ and (c–e) NZC NCs with varying content of MWCNTs (0.01 to 0.1 wt%).
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3.4 EDS analysis

The elemental composition analysis of the undoped ZnO NPs, 5
NZ and its NCs with varying the content of MWCNTs (0.01 to
0.1 wt%) using EDS analysis and it is shown in Fig. 4(a–e)
respectively. Fig. 4(a) shows the characteristics peaks of the
elemental Zn and O and absent of the other peaks in the all
Fig. 4 EDS spectrums of the (a) undoped ZnO NPs (b) 5 NZ and (c–e) N

This journal is © The Royal Society of Chemistry 2020
patterns indicating no other impurities present in the undoped
ZnO NPs. Also Fig. 4(b) conrms the existence of Ni with
elemental Zn and O. Fig. 4(c–e) shows the existence of all the
characteristics peaks corresponds to the elemental Zn,
elemental O, elemental Ni as well as elemental C revealing the
existence of all elements in the NZC NCs.
ZC NCs with varying content of MWCNTs (0.01 to 0.1 wt%).

RSC Adv., 2020, 10, 36949–36961 | 36953
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3.5 TEM and HR-TEM with SAED analysis

Fig. 5 consists of TEM, HR-TEM and SAED images of synthe-
sized samples. Fig. 5(a) TEM image displayed acid-modied
MWCNTs without any NPs deposition reveals that the length
of the MWCNTs are reduced aer acid modication, since the
mixed acid corroded and the functionalization decreases the
weight of the MWCNTs and some defects along the side walls of
the nanotubes. MWCNTs curled circular and entangled also
occurred and some of them aggregated in bundles which were
dispersed well in the matrix. HR-TEM i.e. Fig. 5(b) micropho-
tographs of the acid-modied MWCNTs; demonstrate that the
MWCNTs are straight. Acid-modied MWCNTs are straight and
some of them aggregated in bundles and the outer diameter is
0.34 nm in size. The selected area electron diffraction (SAED)
pattern [Fig. 5(c)] demonstrates the indexing of MWCNTs values
are clearly matches with XRD value. Fig. 5(d–f) shows the TEM,
HR-TEM image and SAED pattern of undoped ZnO NPs
respectively. The TEM image clearly shows the particle sizes are
in nanometer, from HR-TEM the lattice fringes width is
0.230 nm and it dominance of the (101) plane and this value
closely matches with calculated d spacing values of XRD. The
SAED pattern reveals distinct, clear and dotted pattern and it
conrms the formation of ZnO NPs has single crystalline
material in nature and indexing of SAED pattern of undoped
ZnO NPs well matches with XRD data. Fig. 5(g–i) exhibits the
TEM, HR-TEM and SAED pattern of NZC 0.1 NCs. The TEM and
HR-TEM images, shows the Ni2+ ions doped ZnO anchored on
the MWCNTs. In addition to this, in SAED pattern Fig. 5(i)
Fig. 5 TEM (a, d and g), HR-TEM (b, e and h) with SAED (c, f and i) patte

36954 | RSC Adv., 2020, 10, 36949–36961
demonstrate the formation of bright ring with clear dotted
pattern conrms the deposited sample is polycrystalline in
nature.
3.6 XPS analysis

(a) XPS analysis of ZnO NPs. The composition and chemical
bond conguration of undoped ZnO NPs and representative
NZC 0.1 NCs were analyzed by X-ray photoelectron spectroscopy
(XPS). Fig. 6 demonstrates the high resolution XPS spectrum of
the ZnO NPs at Zn 2p region and O 1s core level. Fig. 6(a) shows
the typical XPS wide spectra of undoped ZnO NPs and it
conrms the Zn and O present in synthesized material. The Zn
2p high resolution core-level of undoped ZnO NPs has two
tting peaks located at about 1044.60 and 1021.50 eV attributed
to Zn 2p1/2 and Zn 2p3/2, respectively. Observed results indicate
that the chemical valence of Zn is +2 in undoped ZnO NPs. The
binding energy difference between the Zn 2p1/2 and Zn 2p3/2 is
23.1 eV which is good agreement with the energy splitting re-
ported for ZnONPs. Fig. 6(c) shows that the O 1s high resolution
core-level spectrum of undoped ZnO NPs which shows three
different forms of oxygen and it is centered at 532.98, 531.87
and 530.18 eV that binding energies can be ascribed to the
adsorbed H2O or O2, O2

� in the oxygen decient regions and
O2

� ions in the wurtzite structure of ZnO NPs respectively.57–59

(b) XPS analysis of NZC 0.1 NCs. The elemental composition
and states of the elemental species occurred in the NZC 0.1 NCs
aer the addition of Ni2+ ions doping in the NCs was conrmed
by XPS analysis. Fig. 7(a) XPS survey spectrum of the NZC 0.1
rns of MWCNTs, undoped ZnO NPs and representative NZC 0.1 NCs.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) XPS survey spectrum and high resolution core level XPS spectrums of (b) Zn 2p and (c) O 1s of the undoped ZnO NPs.

Fig. 7 (a) XPS survey spectrum and high resolution core level XPS spectrums of (b) Zn 2p (c) O 1s (d) Ni 2p and (e) C 1s of the representative NZC
0.1 NCs.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 36949–36961 | 36955
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Fig. 8 N2 adsorption–desorption isotherms of the undoped ZnO NPs
and its representative NZC 0.1 NCs.

Table 2 Specific surface, pore volume and pore size from BET analysis
of representative undoped ZnO NPs, and NZC 0.1 NCs

Sample
Specic surface
area (m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

ZnO NPs 14.448 0.035 3.420
NZC 0.1 33.192 0.101 3.828

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:3

1:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
NCs. The observed peak in the survey spectrum concludes the
existence of Zn, O, Ni and C and it is free from other elemental
impurities. The corresponding binding energies conclude the
well chemical connectivity between the components. Fig. 7(b)
shows the Zn 2p spectrum and observed binding energy peaks
at 1021.89 eV and 1045.00 eV are assigned to the Zn 2p3/2 and Zn
2p1/2 peaks of the Zn2+ and the difference between the Zn 2p3/2
and Zn 2p1/2 peaks is higher due to the slightly shied towards
higher binding energy as compare to undoped ZnO NPs (23.1 to
23.11 eV). This evidence conrms the formation of Zn–O–Ni
bonding in the NZC 0.1 NCs and also conrming the existence
of Ni2+ ions in synthesized materials.47 High resolution O 1s
spectrum [Fig. 7(c)] shows four deconvoluted peaks. The peak at
531.76 eV attributed to the OH� (Ni). Along with, the binding
energy at 533.52 eV is assigned to the characteristic of H2O,
which comes from crystal water and absorbed water from the air
in samples60 and 536.63 eV, 539.28 eV are assigned to the
carbonated oxygen atom (–COOH). However in Ni 2p core level
spectrum, [Fig. 7(d)] deconvoluted into two main peaks with
binding energy at 863.40 eV and 881.73 eV and the corre-
sponding satellite (Sat.) peaks at 868.10 eV and 887.28 eV were
found, respectively and its characteristic for Ni2+ valence state
as well as indicates that the Ni(II) present in NZC 0.1 NCs. The
presence of Sat. peaks suggest the presence of a high-spin
divalent state of Ni2+ in NCs, as probable for Ni2+ ions
substituted at the Zn2+ sites of host lattice of ZnO NPs.61 The
presence of C in the NZC 0.1 NCs conrm by C 1s core level
spectrum [Fig. 7(e)]. The high resolution spectrum of C 1s
deconvoluted into four peaks. The high resolution scan of C 1s
indicates the presence of sp3 carbon at the binding energy of
284.6 eV, as expected and remaining peaks at 287.08, 290.79 and
293.12 eV assigned to the carbon based functional moieties of
MWCNTs incorporated with Ni2+ ions doped ZnO NPs such as,
C–C, C]O and O]C–O respectively.62–64
Fig. 9 (a) Electrochemical impedance spectroscopy (EIS) Nyquist
plots of undoped ZnONPs, 5 NZ and NZC (0.01, 0.05, 0.1) NCs in 5mM
K3 [Fe(CN)6] in 0.1 M PBS (pH 7.4) vs. Ag/AgCl electrode and (b) model
circuit used for fitting the impedance data.
3.7 Brunauer–Emmett–Teller (BET) surface area analysis

To investigate the specic areas and the porous nature of the
undoped ZnO NPs and representative NZC 0.1 NCs, Brunauer–
36956 | RSC Adv., 2020, 10, 36949–36961
Emmett–Teller (BET) measurements were performed. Fig. 8
depicts N2 adsorption–desorption isotherms of the undoped
ZnO NPs and representative NZC 0.1 NCs.

Also, the total pore volume and average pore diameter of
the samples were investigated by using the Barrett–Joyner–
Halenda (BJH) method. Both the samples display the type IV
curve accompanied by a type H3 hysteresis loop and according
to the IUPAC classication, predominance of mesoporous
(pores 2–50 nm diameter).65 BET surface areas of undoped ZnO
NPs and representative NZC 0.1 NCs was examined to be
14.448 and 33.192 m2 g�1 respectively (Table 2). These BET
analysis indicated that NZC 0.1 NCs attributes higher surface
area with better mesoporous structure, which is appropriate
for improved sensing performance.
3.8 EIS analysis

The redox electrochemical impedance spectroscopy (EIS) study
has been carried out to monitor the electron transfer resistance
This journal is © The Royal Society of Chemistry 2020
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Table 3 Charge transfer resistance (Rct) values for the modified
electrodes in 5 mM ferrocene in 0.1 M PBS (pH 7.4) vs. Ag/AgCl
electrode

Electrode Rct (MU) Error

GCE/ZnO NPs 8.89 �0.55
GCE/5 NZ 1.10 �2.81
GCE/NZC 0.01 1.68 �0.45
GCE/NZC 0.05 2.46 �0.93
GCE/NZC 0.1 1.07 �1.68

Fig. 10 Cyclic voltammograms of undoped ZnONPs, 5 NZ, ZC 0.1 and
NZC NCs with 25 � 10�4 M UA in 0.2 M PBS (pH 7.4) at 50 mV S�1.
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between the modied GCE and electrolyte (ferrocene redox
couple). The impedance spectra (Nyquist plots) obtained for the
electrodes are presented in Fig. 9(a). While Fig. 9(b) shows the
equivalent circuit used to t impedance data.

The measured EIS data tted using NOVA 2.1.4 soware to
obtain the charge transfer resistance (Rct) of the modied GCE.
The respective Rct values are represented in the Table 3.
According to the EIS results, NZC 0.1/GCE electrode exhibit
a nearly straight line with signicantly lower charge transfer
resistance (Rct) value interface with ferrocene (1.07 MU).
Fig. 11 Cyclic voltammograms of various concentration of UA in 0.2 M P
peak current vs. concentration (b).

This journal is © The Royal Society of Chemistry 2020
Observed results suggests that synthesized NZC 0.1 NCs
enhanced electrochemical process of the electrode and elec-
trolyte interface in contrast to a relatively slow electrochemical
performance of undoped ZnO NPs, 5 NZ and NZC (0.01, 0.05)
NCs. Therefore, from the EIS data, NZC 0.1/GCE shows lowest
Rct value for efficient charge transfer at the electrode. The low
Rct indicates the NZC 0.1 NCs possess high electrical conduc-
tivity and helps to enhance the electrochemical sensing activity
at the surface of the NZC 0.1/GCE modied electrode.
3.9 Electrochemical study of uric acid using cyclic
voltammetry technique

The GCE are modied with 1 mg mL�1 of the synthesized
undoped ZnO NPs, 5 NZ, ZC 0.1 and NZC (0.01 to 0.1 wt%) NCs.
The electrochemical sensing activity measurements were
carried out in 0.2 M PBS (pH 7.4) with potential window �0.2 to
0.6 V. The UA oxidation at undoped ZnO NPs, 5 NZ, ZC 0.1 and
NZC (0.01, 0.05, 0.1) NCs modied electrodes by CV measure-
ments were conducted. Fig. 10 displays the comparative overlay
CV results of UA at modied GCE. The electrochemical perfor-
mance of modied electrodes in 0.2 M PBS (pH 7.4) (scan rate
50 mV s�1 and 25 � 10�4 M UA) with potential window �0.2 to
0.6 V for the NZC 0.1/GCE modied electrode exhibited
a signicant hike in the anodic peak as compared to other
modied GCE. However NZC 0.1/GCE shows oxidation peak
potential at 0.37 V with highest current response. This is
attributed to the larger surface area of NZC 0.1/GCE and
enhanced electron transfer rate. The results suggest, NZC 0.1/
GCE NCs exhibits efficient electrochemical activity for UA.
This is consistent with the higher charge transfer as observed in
EIS studies [Fig. 9(a)] and high surface area of NZC 0.1 NCs.

(a) Effect of concentration. To investigate the effect of
concentration (0–625 nM) were added into the 0.2 M PBS at pH
7.4 and applied potential window �0.2 to 0.6 V with scan rate
50 mV s�1. The current response of the NZC 0.1/GCE modied
electrode to consecutive increase in the concentration from 6.25
to 625 nM UA is investigated by CV in 0.2 M PBS of 40 mL at pH
7.4. The cyclic voltammograms are shown in Fig. 11(a) which
depicts the oxidation current at 0.37 V increases with addition
BS (6.25 to 625 nM) at pH 7.4 (a) and the calibration curve of oxidation

RSC Adv., 2020, 10, 36949–36961 | 36957
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Fig. 12 Interference test of NZC 0.1/GCE in 0.2 M 7.4 phosphate
buffer 50 mV s�1 with 25 � 10�4 M UA in the presence of 0.05 mM of
AA, DA and D-glucose respectively.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/2
1/

20
26

 3
:3

1:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of UA upto 625 nM. Fig. 11(b) shows the dependence of the
anodic peak current (Ipa) with increasing UA concentration from
6.25 nM to 625 nM. Based on the Ipa, the sensor calibration is
performed three times and the standard deviations are calcu-
lated. The value of Ipa obtained from the linear plot in Fig. 11(b)
is further used for the calculation of the limit of detection (LOD)
and limit of quantication (LOQ).

The linear equation is Ipa ¼ (1.3616 � 10�6 C + 3.6819 �
10�7) (R2 ¼ 0.98) and LOD, LOQ in 0.2 M PBS (pH 7.4) are
calculated from the following equations,

LOD ¼ 3SD/b (2)

LOQ ¼ 10SD/b (3)

where, SD is the standard deviation of the blank solution and
b is the slope of the analytical curve. The LOD and LOQ (S/N¼ 3)
are calculated to be 5.72 nM and 19 nM respectively, which is
lowest as compared to literature values reported so far [Table S1
(ESI†)].

(b) Interference test. The selectivity of designed the sensor is
crucial parameter in terms of clinical applicability. Therefore,
the interference test was also tested of NZC 0.1/GCE modied
Fig. 13 (a) Cyclic voltammograms shows effect of different pH solutions
rate of 50 mV S�1 (b) plot between current vs. pH.

36958 | RSC Adv., 2020, 10, 36949–36961
electrode. For this purpose, 0.05 mM of AA, DA and D-glucose
was added into 25 � 10�4 M UA. The interference test was
performed into 0.2 M 7.4 phosphate buffer at 50 mV s�1 scan
rate for NZC 0.1/GCE modied electrode. Fig. 12 depicts cyclic
voltammograms of the interference test of the designed sensor
NZC 0.1/GCE with respect to different interfering biomolecules
such as AA, DA and D-glucose.

From the experimentally obtained cyclic voltammograms, it
shows no responsive signals for the AA, DA and D-glucose thus,
no interference response on the redox behavior of UA at the NZC
0.1/GCE. Therefore, we conclude that NZC 0.1/GCE highly
selective towards the detection of UA only. The employed NZC
0.1/GCE sensor exhibit high sensitivity and selectivity for UA.
Further, this indicates that presence of minimum oxidation
energy barrier to oxidation of UA without interfering species.

(c) Effect of pH. In most cases, pH of the electrolyte (PBS)
plays an important inuence factor to the electrochemical
reaction. The effect of varying of pH (3–10) (i.e. acidic, basic and
neutral condition) towards electrochemical activity of UA is
investigated to optimize the pH condition of the biosensor.
Fig. 13(a) shows anodic peak current gradually increasing with
increasing pH up to 3–6 and 8–10 with slight potential shi but
peak current increased drastically at pH 7.4. However, as the pH
of the PBS solution increased from 3 to 10, the peak potential is
shied towards negatively potential which illustrates that
protons are involved in the UA oxidation processes at the
modied GCE electrode surface.66 Further, a plot of peak
current vs. pH as shown in Fig. 13(b), displays maximum anodic
current of UA at pH 7.4. Therefore, pH 7.4 is optimized for
further electrochemical detection of UA.

(d) Effect of scan rate. The effect of the scan rate on the
electrochemical behavior of NZC 0.1/GCE with UA 25 � 10�4 M
in 0.2 M PBS (pH ¼ 7.4) studied by varying the scan rate from
10–100 mV s�1 and are depicted in Fig. 14(a). The oxidation
peak current was found to increase linearly with the increase in
the scan rate as shown in Fig. 14(b). This attributes to diffusion
controlled process of the UA oxidation on the electrode. The
diffusion coefficient of the UA found to be 0.16 � 10�6 cm2 s�1.
The active surface area of the NZC 0.1/GCE modied electrode
(3–10) with 25 � 10�4 M UA with NZC 0.1/GCE in 0.2 M PBS at a scan

This journal is © The Royal Society of Chemistry 2020
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Fig. 14 (a) Cyclic voltammetry curves at NZC 0.1/GCE in 25 � 10�4 M UA in 0.2 M PBS (pH 7.4) at different scan rates (from 10 to 100 mV s�1) (b)
peak current vs. scan rate.

Table 4 Recovery study of UA at the NZC 0.1/GCEmodified electrode

Sample Added (mM) Found (mM) Recovery RSD (%)

1 1.00 � 10�4 1.00 � 10�4 100 26.6
2 1.40 � 10�4 1.41 � 10�4 100.7 18.9
3 1.50 � 10�4 1.50 � 10�4 100 17.7
Standard deviation 2.67 � 10�7
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was determined (0.15 cm2) using the literature value of diffu-
sion coefficient (0.16 � 10�6 cm2 s�1) of the ferrocene.67
3.10 Determination of uric acid in human urine sample

The recovery study for UA oxidation was carried out at the NZC
0.1/GCE modied electrode in 0.2 M PBS (pH 7.4). Urine
samples were collected from three volunteers. The recovery
results are shown in Table 4. The analysis was carried out by
differential pulse voltammetry (DPV), with the addition of UA in
each sample respectively as depicted in Table 4.

The RSD values were calculated by taking three measure-
ments of each sample and average of calculated using the
following relationship. The found values were reported Table 4.
The % RSD values were calculated using following relationship.

RSD ð%Þ ¼ standard deviation in found concentration

found concentration
� 100

Thus, proposed sensor showed great potential for the
determination of UA from human urine samples.
4. Conclusion

In present work demonstrates a successful synthesis of Ni2+

ion doped ZnO–MWCNTs nanocomposites. The electro-
chemical sensing activity of NZC 0.1/GCE for the oxidation of
UA at 0.37 V at pH 7.4. The fabricated electrode NZC 0.1/GCE
showed ultra-sensitivity for UA corresponding to LOD of
5.72 nM and LOQ of 19.00 nM. The selectivity of NZC 0.1/GCE
This journal is © The Royal Society of Chemistry 2020
to UA in presence of other biological metabolite species such
viz. D-glucose, DA and AA is very signicant. The fabricated
electrode showed exceptionally high sensitivity compared with
the existing enzyme immobilized UA sensors. The recovery test
using human urine is encouraging. Overall, the fabricated
NZC 0.1/GCE electrode is ultra-sensitive, stable, efficient
recovery and reproducibility for UA detection owing to incor-
poration of Ni2+ ions. This fabricated electrode has potential
for an ultra-sensitive UA sensor.
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