Carbon Trends 9 (2022) 100216

journal homepage: www.elsevier.com/locate/cartre

Contents lists available at ScienceDirect

Carbon Trends

= Carbon
Trengi___g

High entropy alloy nanoparticle - graphene (HEA:G) composite for N
non-enzymatic glucose oxidation : optimization for enhanced catalytic | %

performance

R. Ashwini?, M.K. Punith Kumar®, M.Y. Rekha¢, M.S. Santosh¢, Chandan Srivastava®*

aCentre for Incubation, Innovation, Research and Consultancy (CIIRC), Jyothy Institute of Technology (affiliated to VTU), Tataguni, Off Kanakapura Road,

Bengaluru 560082, Karnataka, India

b Department of Materials Engineering, Indian Institute of Science, C.V. Raman Road, Bengaluru 560012, Karnataka, India
¢ Department of Metallurgical and Materials Engineering, The University of Alabama, Tuscaloosa, AL, United States
d Coal and Mineral Processing Division, CSIR, Central Institute of Mining and Fuel Research (CIMFR), Digwadi campus, PO: FRI, Dhanbad 828108, Jharkhand,

India

ARTICLE INFO ABSTRACT

Article history:

Received 3 August 2022
Revised 23 August 2022
Accepted 15 September 2022

Keywords:

Electrochemistry

High entropy alloy - graphene (HEA:G)
composite

Electro-catalysis

Non-enzymatic electrochemical sensor
Ball milling

High entropy alloy (HEA) metal nanoparticles engineered graphene composites (HEA:G) were produced
via green approach involving mechanical milling and sonication assisted exfoliation. Mixture of metal
powders and graphite (metal-to-graphite weight ratio: 20%, 50%, 70%, 90%) were ball milled and exfoli-
ated. As produced 20:80, 50:50, 70:30, 90:10 - HEA:G composites electrochemical activity was explored
using the redox probe potassium ferricyanide [K3Fe(CN)g] and for the non-enzymatic detection of glu-
cose. From cyclic voltammetry(CV) response, the significant electron transfer kinetics for K3Fe(CN)s was
found for 20:80, 50:50, 70:30 composites, whereas reduced activity was observed with 90:10. Also, 20:80,
50:50, 70:30 composites exhibited notable oxidation of glucose in 0.1 M PBS compared to 90:10. The an-
odic current indicating oxidation of glucose was found to be increasing linearly with HEA:G composite
- 20:80<50:50<70:30. However, DPV measurements indicate better working potential from 0.45 V to
0.4 V followed by saturation in the oxidation currents for 50:50 and 70:30 composites. The sensitivity
obtained for HEA:G composites 20:80, 50:50, 70:30 were 12.09 uAmM~'cm~2, 22.99 uAmM~"'cm=2, 18.2
HuAmM~1cm=2 respectively. Hence, 50:50 and 70:30 are the efficient composites exhibiting excellent cat-

alytic activity indicating the prominence of HEA:Graphene composites and their synergism.

© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Graphene, a 2D honeycomb structure has emerged as an ef-
fective substrate for functional materials, as the host graphene
exhibits a large surface area, chemical inertness, and high elec-
trical conductivity [1]. The integration of a variety of nanoparti-
cles with graphene nano-sheets has also been explored in a vari-
ety of applications such as energy storage, photocatalysis, electro-
catalysis, drug delivery, energy harvesting, etc., [2-6]. Metals pos-
sess higher catalytic activity at the nanoscale, however, compared
to un-supported metal nanoparticles, graphene-supported metal
nanoparticles acquire enhanced stability and exhibit improved cat-
alytic properties [5-8]. Therefore, the decoration of metal or metal
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oxide nanoparticles over a graphene nanosheet yields nanocom-
posites of synergistically augmented electron transfer properties
with large active surface area, which makes graphene-nanoparticle
composites ideal materials for electrochemical applications [9,10].

Noble metal nanoparticles integrated graphene sheets have gar-
nered significant attention in electrocatalysis [11] and green energy
applications because of their unique physical and chemical proper-
ties [12]. Yet, commercial applications of noble metal nanoparticles
are limited due to their availability and their high costs. Therefore,
the use of non-precious, low-cost, and easily available 3-d block
transition metal nanoparticles is more viable for catalytic applica-
tions [13].

Alternatively, individual metal or alloy nanoparticles are be-
ing doped with graphene for better electrocatalytic properties [14,
15]. In recent times, alloy nanoparticles with five principal ele-
ments of nearly equimolar concentration also known as High En-
tropy Alloy (HEA) nanoparticles have gained substantial attention
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Fig. 1. (A) - XRD patterns obtained for HEA:G composites - 20:80, 50:50, 70:30 and 90:10 indicating the formation of single-phase (FCC) HEA nanoparticles, (B) Raman
spectra obtained for HEA:G composites — 20:80, 50:50, 70:30 and 90:10 indicating an increase in defect density with increase in a weight ratio of HEA nanoparticle.
(C - D) High magnification TEM images representing HEA nanoparticles distribution on graphene sheets for different HEA:G composites.

Table 1

Representing the calculated parameters from XRD and Raman measurements.

HEA: G composite =~ FWHM (Degree)  Average crystalline size (nm)  Defect density (Ip/Ig ratio)  Ig/l;p ratio L, (nm)AverageCrystalline size
20:80 0.50 16 nm 0.2 2 96.12
50:50 0.62 14 nm 0.3 1.98 64.08
70:30 1.50 8 nm 0.71 1.76 27.07
90:10 0.85 10 nm 1.51 1.23 12.73

due to their remarkable mechanical and electrochemical properties
[16,17]. HEA nanoparticles have exhibited better intrinsic catalytic
activity compared to conventional metal nanoparticles and are ex-
tensively explored in energy storage applications. [18,19]. Also, as-
similation of HEA nanoparticles over carbon allotropes or graphene
synergistically exhibits enhanced capacitance in energy storage de-
vices, higher efficiency in oxygen evolution reaction (OER), and su-
perior corrosion resistance properties compared to solitary/stand-
alone HEA nanoparticles [20-23].

In general, a two-step process is employed to load HEA
nanoparticles on the graphene nanosheets. The graphene or re-
duced graphene oxide (rGO) produced from chemically reduced
graphene oxide (GO) is used as a substrate to load HEA nanopar-
ticles by linking organic reagents resulting in HEA/graphene com-
posites [18,24,25]. This process is more favorable to load a higher
percentage of nanoparticles on the graphene substrate [26]. How-
ever, excessive reagents used in the synthesis of graphene or
rGO and the organic molecules utilized to link nanoparticles on
graphene surface possibly mask the available catalytic active sites
on HEA/graphene composites leading to the diminished catalytic
property [27]. Further, as the charge transfer in nanoparticle-
graphene composites occurs across the graphene and nanoparti-
cles interface, the presence of any impurities blocks these active
sites that are responsible for electron transfer kinetics resulting in
the sluggish electrocatalytic activity of the material [28]. Therefore,
many efforts have been made to produce nanoparticles blended
with graphene composites using a greener approach [29-32].

The present work also employs a two-step green approach i.e.,
mechanical milling of non-noble principal metal powders [Ni, Fe,
Cr, Co, Cu] with graphite followed by an ultrasonic exfoliation pro-
cess resulting in non-noble HEA nanoparticles loaded graphene
nanocomposite (HEA/Graphene). As-synthesized composite’s elec-
trochemical kinetic behavior was evaluated using the redox probe
potassium ferricyanide [K3Fe(CN)g]. Except for our recent report
on the non-enzymatic urea detection on HEA-Graphene nanocom-
posite [33], the electrochemical sensing ability of HEA decorated

graphene composites is an unexplored area. Hence, the efficiency
of the produced HEA:G nanocomposites was evaluated by subject-
ing the synthesized materials to simple, non-enzymatic electro-
chemical glucose sensing applications as a proof of concept.

2. Experimental
2.1. Materials

Graphite powder of 99.99% purity and non-noble transition
metal powders [nickel (Ni), chromium (Cr), copper (Cu), cobalt
(Co) and iron (Fe)] were purchased from Alfa Aesar (India) chemi-
cals. Glucose and phosphate buffer tablets (pH 7.4), used for elec-
trochemical studies were procured from Sigma-Aldrich (Merck,
India). The working solutions for electrochemical measurements
were prepared by diluting the glucose stock solution with phos-
phate buffer solution prepared in Millipore water. All the chemi-
cals used in this study were analytical-grade chemicals and were
used without further purification.

2.2. Synthesis of HEA:G nanocomposites

Equimolar concentrations of mixed Ni, Cr, Cu, Co and Fe metal
powders were used to obtain high entropy alloy (HEA) nanoparti-
cle composition. The different weight percentages of mixed metal
powders were blended with the corresponding balancing weight
percent of high purity graphite [metal powder-to-graphite weight%
ratio - 20:80, 50:50, 70:30 and 90:10] to produce high entropy al-
loy nanoparticle - Graphene (HEA:G) nanocomposites. Metal pow-
ders and graphite blends were subjected to mechanical milling for
100 h in hard chromium steel vials with a ball-to-powder ratio
of 20:1. The Milling process was carried out in the presence of
toluene as the supporting media. Finally, the milled HEA:Graphite
mixtures were separately dispersed in ethanol containing 20 mg of
sodium lauryl sulfate (SLS) surfactant followed by ultrasonication
for 2 h to facilitate the exfoliation of HEA intercalated graphene
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Fig. 2. Representative of HAADF - TEM (A) - compositional mapping and (B) - line profiles obtained for HEA-G composite — 20:80 confirming the presence of constituents

(Co, Fe, Cr, Cu, Ni) of HEA nanoparticle on graphene (C).

layers. The HEA:G composites were thoroughly washed with water
through centrifugation to eliminate SLS from the resultant compos-
ite. The as-produced HEA:G composites are henceforth referred to
as 20:80, 50:50, 70:30 and 90:10.

2.3. Material characterization

The phases in as-prepared HEA:G nanocomposites were exam-
ined using X-ray diffractograms (XRD) recorded using a X-Pert
Pro-X-ray diffractometer and a Cu k radiation source. Defect den-
sity in the graphene sheets was studied by Raman spectra obtained
from the LabRam HR instrument with a laser operating at 532 nm.
Images and composition of the HEA:G composites were obtained
using the Titan transmission electron microscope (TEM) instrument
with scanning transmission electron microscopy-energy dispersive
spectroscopy (STEM-EDS) detector.

2.4. Electrochemical characterization

Electrochemical characteristics of HEA:G nanocomposites for
the redox probe K3Fe(CN)s and towards non-enzymatic glucose
detection were measured using Bio-Logic SP150 electrochemi-
cal workstation. Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) techniques were utilized to analyze the electro-
chemical characteristics of the as-prepared nanocomposites. All the
experiments were carried out on a screen-printed electrode (SPE)
(Metrohm) which was built with carbon-based working (3 mm)
and counter electrodes along with silver as the reference electrode
system. The HEA:G composite dispersion of 1 mg/ml were pre-
pared and 10 pl of this dispersion was precisely drop casted on the

SPE working electrode area to analyze the electrochemical proper-
ties using the redox probe K3Fe(CN)g and towards non-enzymatic
glucose detection. CV measurements were carried out between the
potential range of —0.4 to +0.4 for redox probe K3Fe(CN)g in 0.1 M
KCl as supporting electrolyte. Whereas for glucose oxidation the
potential range was maintained between —0.8 to +0.8 at different
scan rates (10 mV/s to 50 mV/s) and different concentrations of
glucose (10 mM to 50 mM) in 0.1 M PBS. All the experiments were
repeated 3 times to ensure the reproducibility of the results from
the HEA:G nanocomposites modified SPE electrode.

3. Results and discussion
3.1. Structural characterization

3.1.1. X-ray diffraction and Raman studies

XRD patterns for HEA:G nanocomposites - 20:80, 50:50,
70:30 and 90:10 are shown in Fig. 1A. The diffraction peak
at 260 = 26.25° corresponds to the (002) plane of a few lay-
ered graphene [32]. Higher intensity of the graphitic peak at
260 = 26.25¢ (002) is observed for the 20:80 and 50:50 - HEA:G
composite whereas for the 70:30 and 90:10 - HEA:G composite,
the decrease in the peak intensity indicates a decrease in the vol-
ume fraction of graphene content due to increased HEA nanopar-
ticle incorporation. Presence of face-centered cubic (FCC) phase
diffraction peaks in the XRD pattern indicates the formation of
solid solution between the different component metal atoms (Ni,
Cu, Co, Cr, Fe). The diffraction peak at 20 = 42.53° corresponds
to (010) hexagonal graphitic in-plane structure. Broadness of the
FCC (111) peak increased with increase in the weight percentage of
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Fig. 3. Representative of HAADF - TEM (A) - compositional mapping and (B) - line profiles obtained for HEA-G composite - 50:50 confirming the presence of constituents

(Co, Fe, Cr, Cu, Ni) of HEA nanoparticle on graphene (C).

metal powder indicating a decrease in particle size with increased
particle loading on graphene. The Debey - Scherrer [34] formula
provided in Eq. (1) was used to calculate the average crystalline
size of the HEA nanoparticles.

D = k\/Bcosd (1)

D = crystalline size (nm), K = constant (0.9), A = wavelength of X-
ray used (1.54 x10 ~ 19), § = angle of diffraction and the 8 = full-
width half maxima (FWHM) of the FCC (111) peak. The calculated
crystalline size for HEA:G composites are given in Table 1. The bi-
metallic phases [CoqFe3, Co;Crg] matches with the standard peaks
corresponding to JCPDS card no. 98-010-8312 and 98-007-1327
respectively.

The Raman spectrum in Fig. 1B shows the characteristic peaks
of exfoliated few-layered graphene in HEA:G composites. The three
characteristic D, G and 2D peaks are at 1346 cm~!, 1575 cm™!,
2700 cm~! respectively. The G - graphitic peak and the 2D peak
correspond to the first and second order sp? domain phonon vibra-
tions respectively, whereas the D peak is associated with defects
on graphene sheets. The intensity of the D peak is increasing lin-
early with HEA:G composites from 20:80 to 90:10. The defect den-
sity (Ip/lg ratio) for the HEA:G composites (Table 1) is in the order
20:80<50:50<70:30<90:10 indicating a significant increase in the
anchoring of HEA nanoparticles on graphene sheets. The character-
istic nature of D and G peaks in the composites 70:30 and 90:10
is upshifted compared to that in 50:50 and 20:80. The upshifting
of peaks is due to an increased percentage of HEA nanoparticle
loading which leads to improved interaction and intercalation of
nanoparticles between graphene layers. This contributes towards
further exfoliation of graphene layers which is supported by the

reduction of Ig/I;p ratio (Table 1) in HEA:G composites. The inten-
sity ratios of G and 2D peak provide information on the number of
layers in the exfoliated graphene and reduction in the ratio indi-
cate that graphene is few-layered [35-37]. The mechanical milling
process not only contributes to the creation of defects but also to-
wards the reduction of the average crystalline size of the sp? do-
mains [La (nm)]. The average crystalline size was calculated and
provided in Table 1 using the equation given by Lucchese et al.
[27,38]:

La(nm) = (2.4 x 107"°) A% (Ip/Ig) ! ()

where L, is the average crystalline size, A (nm) wavelength of laser
light used - 532 nm. A significant decline in the average crystalline
size of the sp2 domains was observed in HEA:G nanocomposites in
the order 20:80>50:50>70:30>90:10. The decrease in the aver-
age crystalline size indicates that the mechanical milling process
substantially increased the incorporation of HEA particles into the
defects in the graphitic layers.

3.1.2. Transmission electron microscopy (TEM)

Representative TEM micrograph of the HEA:G composites -
20:80, 50:50, 70:30, 90:10 are shown in Figs. 1C-1F respectively.
The distribution of HEA nanoparticles on the exfoliated few-layered
graphene sheets is evident concerning the increase in the particle
loading (20 wt%, 50 wt%, 70 wt%, 90 wt%) corresponding to a de-
crease in the graphene content (80 wt%, 50 wt%, 30 wt%, 10 wt%).
The higher percentage of HEA nanoparticle incorporation dominate
graphene sheets in composites 70:30 (Fig. 1E) and 90:10 (Fig. 1F)
when compared to 20:80 and 50:50. Figs 2A-5A shows STEM-high
angle annular dark field (HADDF) images and elemental composi-
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Fig. 4. Representative of HAADF - TEM (A) - compositional mapping and (B) - line profiles obtained for HEA-G composite — 70:30 confirming the presence of constituents

(Co, Fe, Cr, Cu, Ni) of HEA nanoparticle on graphene (C).

tional maps obtained from composites. Figs. 2B-5B show the line
mapping over the regions of interest for the composites 20:80,
50:50, 70:30 and 90:10 respectively. Both the compositional maps
and the compositional line scans clearly show the presence of all
the component elements in the nanoparticles.

3.2. Electrochemical characterization

The electro-chemical behavior of the as-produced HEA:G com-
posites were investigated for the redox probe potassium ferri-
cyanide [K3Fe(CN)g] and catalytic activity towards the electro-
oxidation of glucose using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) techniques. The screen printed electrodes
(SPE) modified with HEA:G composite was used to perform CV in
2 mM K3Fe(CN)g in 0.1 M KCI as the supporting electrolyte at dif-
ferent scan rates from 10 mV/s to 50 mV/s. Figs.6A - 6D show the
cyclic voltammogram response obtained for the composites 20:80,
50:50, 70:30 and 90:10 respectively for the redox probe K;Fe(CN)g.
As the scan rate increased, the oxidation and reduction potential
increased linearly for all the composites indicating that the elec-
trochemical process is quasi-reversible. The peak-to-peak separa-
tion potentials [AE,] indicates the rate of electron transfer at the
surface of the modified electrode [39]. Lower the AEj, higher is
the rate of electron transfer. The AE, at HEA:G modified electrodes
increases with HEA nanoparticle loading as mentioned in Table 2.
However, for the 70:30 HEA:G composite there was a decrease in
AEp = 130 mV with maximum electroactive surface area [Agff]
as given in Table 2. The reduction in AE, with increased surface
area indicates the presence of heterogenous electro- catalytic ac-
tive sites at a higher percentage leading to better electron transfer
kinetics at the surface of the electrode. Further, this argument is

supported by calculating the heterogeneous electron transfer (HET)
rate (k%) using AE, and Nicolson analysis method [40]. The de-
tailed calculation and the plot representing the HET (k%) rate is
provided in Fig S1 whereas the obtained k° values are mentioned
in Table 2.

Fig. 6E represents the plot of anodic peak currents versus
square root of the scan rate (v!/2) for individual HEA:G compos-
ites. The linear increase in the anodic peak current corresponds to
a diffusional controlled electrochemical process. The respective lin-
ear regression equations for the HEA:G composites - 20:80, 50:50,
70:30 and 90:10 are Ipg= 3.89x-0.45, Ipa— 3.85Xx - 0.56, Ipg= 4.60x
- 149, Iq = 2.85x - 0.03 respectively and derived slope values
are tabulated (Table 2). The electroactive surface area of the mod-
ified electrodes with HEA:G composites was calculated using the
Randles-Sevcik equation below [39].

I, = (2.65 x 10°)n*2D'2v!2CA, ¢/ (3)

where n = number of electrons transferred during the electro-
chemical process, v = scan rate, D = diffusion coefficient of the
redox process, C is the concentration of the redox probe, A.sy is
the electrochemically active surface area.

The calculated parameters AE, at the scan rate of 10 mV/s,
kO(HET), Aesf, slope derived from forward peak currents are pro-
vided in Table 2. The 20:80 HEA:G composite exhibits better AE,
and HET (k9). Further, with an increase in particle loading, there
is an elevation in the AE, (50:50) however, for the composite
70:30, there is a drop in AE, with increased slope, A.;; and HET
(k). Also, the nature of the cyclic voltammogram for the compos-
ite 90:10 is different compared to other composites indicating the
prominence of composite ratios in the resulting electrochemical
behavior. Hence, the HEA:G - 70:30 composite with 70 wt% HEA
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Fig. 5. Representative of HAADF - TEM (A) - compositional mapping and (B) - line profiles obtained for HEA-G composite - 90:10 confirming the presence of constituents
(Co, Fe, Cr, Cu, Ni) of HEA nanoparticle on graphene (C).

Table 2
Representing the electrochemical behavior parameters against the redox probe KzFe(CN)g.

HEA:G composites ~ AEp(mV)  Agpx1072 cm? [, slope(pA) k% 1072 cm's ~ !

20:80 122.39 9.34 3.89 3.2
50:50 175.64 8.61 3.85 2
70:30 130 10.05 4.60 2.5
90:10 180.3 6.248 2.85 13
30 HEA:G - 20:80 - 2 mM K,Fe(CN),— 30ThEA: G - 50:50 - 2 mM K,FL(U\),_ — m 20-80 ® 50-50 A 70-30 v 90-10
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Fig. 6. (A - D) Cyclic voltammograms for the HEA:G composites against the redox probe K;Fe(CN)s . (E) Representing the linear plots of forward anodic current versus
square root of the scan rate for the HEA:G composites. (F) Bar graphs indicating the forward peak currents obtained at the surface of the different electrodes prepared with
HEA:G composites at same condition representing the reproducibility.
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Fig. 7. (A) Cyclic voltammograms obtained for the HEA:G composites towards the oxidation of 50 mM glucose in 0.1 M PBS (B) Bar graphs indicating the oxidation currents
against 50 mM glucose in 0.1 M PBS obtained at the surface of the different electrodes prepared with HEA:G composites at same condition representing the reproducibility.

nanoparticles and 30 wt% graphene can be considered as the opti-
mum composition to achieve a better electrocatalytic activity.

3.2.1. Electro-oxidation of glucose on HEA:G composites

The catalytic ability of the HEA:G modified SPE electrodes has
been further investigated towards the non-enzymatic detection of
glucose. The cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) measurements were carried out to study electro-
oxidation of glucose on HEA:G composite modified SPE electrodes
in 0.1 M PBS as supporting electrolyte.

Cyclic voltammetry studies. Initially, CV was carried out between
the potential range from —0.8 V to +0.8 V at the scan rate of
50 mV/s in the presence of 50 mM glucose in 0.1 M PBS. Fig. 7A
shows cyclic voltammogram response of HEA:G composites 20:80,
50:50, 70:30 and 90:10. The 90:10 composite exhibits an insignif-
icant response towards detection of glucose, whereas for 20:80,
50:50 and 70:30 composites, a significant peak representing the
electro-oxidation of glucose can be observed. The rise in oxidation
peak can be noticed beginning from 0.1 V. The oxidation current
enhanced linearly with the composites 20:80, 50:50 and 70:30.
The prominent oxidation peak for the HEA:G composites (Fig. 7A)
were at 0.53 V for 20:80 and 50:50 whereas for 70:30 it was at
0.58 V. The corresponding oxidation currents for the composite
20:80, 50:50 and 70:30 was 18.15 uA, 27.95 uA, 52.46 uA respec-
tively. In addition, two distinct oxidation peaks are observed, in-
dicating two step oxidation process of glucose. The first peak be-
tween the range 0.3 V to 0.4 V corresponds to the oxidation of
adsorbed glucose into intermediate product gluconolactone which
is further oxidized to gluconic acid. Furthermore, the formation
of hydroxyl layers (OHads) coincides with the electro-oxidation of
glucose [41-43]. Therefore, the presence of a reduction peak rang-
ing from 0.5 V to 0.4 V indicates hydroxyl layer reduction. How-
ever, there is no obvious metal oxidation or reduction due to the
co-presence of metal components (Ni, Cu, Fe, Cr, Co) as a HEA alloy
nanoparticle. Also, CV was carried out for the electrodes modified
only with graphene (MG 100) and individual HEA nanoparticles.
The plot representing the CV response is shown in the supplemen-
tary, Figs. S2 and S3 for MG 100 and HEA nanoparticles respec-
tively. A similar significant redox response to glucose oxidation is
not observed, indicating the importance of HEA:G composite cat-
alytic behavior over their individual components. As a result, the
HEA nanoparticle-graphene synergism plays a role in redox reac-
tions.

The detection of glucose at HEA:G composites is in the order
90:10<20:80<50:50<70:30, hence for further experimental anal-

ysis only 20:80, 50:50 and 70:30 HEA:G composites were consid-
ered. Further, the measurements were carried out at three different
trials for the composite 20:80, 50:50 and 70:30. Fig. 7B represents
oxidation anodic currents obtained at 3 different electrodes in the
detection of 50 mM glucose at 50 mV/s scan rate indicating a sta-
ble response. The CV measurements indicate the best catalytic be-
havior with HEA:G composite - 70:30 towards oxidation of glucose.

Scan rate and concentration dependency studies. To investigate the
dynamic behavior of the modified electrodes with HEA:G compos-
ites, the CV measurements were carried out at different scan rates
ranging from 10 mV/s to 50 mV/s in the presence of 50 mM glu-
cose in 0.1 M PBS. Fig. 8A, 8B and 8C represent CV response for the
composite 20:80, 50:50 and 70:30 respectively, at different scan
rates. For all the three-composites, oxidation peak intensity and
anodic current increases linearly with increasing scan rate. Fig. 8D
represents linear anodic peak currents vs square root of the scan
rates for all the three composites indicating that the electrochemi-
cal process on HEA:G composite modified electrodes is thermody-
namically diffusional-controlled with the R? value between 0.98 to
0.99. The linear anodic current slope values derived from Fig.8D for
HEA:G composites is in the order 20:80<50:50<70:30, with 70:30
exhibiting an enhanced performance compared to other compos-
ites with regards to the oxidation of glucose.

The sensing performance of the modified electrodes with
HEA:G composites was investigated at varying concentrations of
glucose (1 mM to 50 mM) in 0.1 M PBS at a fixed scan rate of
50 mV/s. Figs. 8E, 8F, 8 G represents the CV response obtained
for the HEA:G composites 20:80, 50:50 and 70:30 respectively.
The oxidation current linearly increased with an increase in the
concentration of glucose correspondingly with all three compos-
ites. Fig. 8H represents a linear plot indicating the anodic cur-
rent versus the concentration of the glucose for the composites
20:80, 50:50 and 70:30. The corresponding anodic slope values
derived from Fig. 8H for the HEA:G composites is in the order
20:80<50:50<70:30. The anodic slopes corresponding to the sen-
sitivity of the modified electrode with HEA:G composites was 0.117
uA mM-1 for 20:80, 0.2 uA mM-! for 50:50 and 0.54 A mM~!
for 70:30. Hence, 70:30 HEA:G exhibited the best sensing perfor-
mance compared to 20:80 and 50:50.

3.2.2. Differential pulse voltammetry (DPV) analysis

The CV measurements indicate the onset of working potential
which was due to the oxidation of glucose at around 0.1 V, how-
ever, 0.5 V was considered as the optimum potential because of
the prominent rise in the anodic peak for the analysis. Hence,



R. Ashwini, M.K.P. Kumar, M.Y. Rekha et al.

Carbon Trends 9 (2022) 100216

HEA:(I;D-::\O':“ - 50 mM glucose HF,A:I(;-, :"5‘9:50 - 50 mM glucose 60 HEA:G - 70:30 - 50 mM glucose 20:80,1,=3.07x-4.7. R = 0.99 i
mV —‘:]’"':: 504 @ 50:50,1,=48x-6.94. R*=0.99
204 0mV 404 ;» i A 70:30,1,=9.78x - 18.15. R = 0.98
z |—domv ——40mV 2
2 | ——s0mv 2 0 somy i
i 3 =30+
£ z 0 H
3 5
204 <20+
201 (B) 40 (C) 10+ /_//-/'(/i
08 06 04 02 00 02 04 06 08 0% Bcrt 02 100 02 02 0e O ol 04 02 ob 0% oh ok o H 8. s b 7
I 0.8 0.6 -0.4 -ul;im?iﬂ”{b_.)z 04 0.6 038 0.8 -0.6 -0.4 '“im.;?inl?iz, 04 06 0.8 (Sean Fate)” (mvi)”2
< L 60
40 HF.A:l(- »‘:0:80 - o HEA:G - 50:50 60Jm:.\:(; -70:30 m 20:80,1,=0.117x + 1101 R* = 0.94
——1m SmM ——10m —— 1 mM ——5mM ——10mM — M —S M — 10 mM 80,1 = e A
e 20 mM 30 mM ——— 40 mM =20 mM ——— 30 mM —— 40 mM e 20 mM = 30 mM ——— 40 mM 50 © S0:S0.1,=02x+17.28.R ,'”1
20 0 M 204 50 mM 40— somm A 70:30,1,=0.54x +21.27. R =092
2 z = =z
S i 20 2409
i I H i H
i’ g £ o £30
] 5 : S
< < <
-20 -204 L]
-204 20+
w0 (E) ... (F)| G) Jo——"

R, L
-0.8 -0.6 -0.4 -0.2 0.0 0.2 04

Potential (V) Potential (V)

T T T T T T T T 7T
-0.8 -0.6 0.4 -0.2 0.0 0.2 04 06 08

T T T T T T T T T H ) y T T p
0.8 0.6 -0.4 -0.2 0.0 02 04 0.6 08 0 10 20 30 40 50
Potential (V) Concentration of glucose (mM)

Fig. 8. (A - C) Cyclic voltammograms obtained for the HEA:G composites at different scan rates (10 mV/s to 50 mV/s) against 50 mM glucose in 0.1 M PBS. (D) Linear plot
representing the oxidation current versus square root of the scan rate. (E-G) Cyclic voltammograms obtained for the HEA:G composites at different glucose concentrations
(10 mM to 50 mM). (H) Representing the linear plot of oxidation current versus glucose concentration.
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Fig. 9. (A - C) DPV response obtained for the HEA:G composites at different concentrations of glucose (1 mM to 50 mM). (D) Representing the linear plots of oxidation
current versus concentration of glucose and corresponding linear regression equations for different HEA:G composites.

DPV being a quantitative measurement is performed to determine
the working potential towards oxidation of glucose. The effect of
capacitive current due to oxidation of glucose on the surface of
the electrode is minimized in DPV and the resulting current is
pure faradaic current corresponding to the concentration of glu-
cose [44]. The DPV measurement was carried out at different con-
centrations of glucose (1 mM to 50 mM) in 0.1 M PBS at the scan
rate of 100 mV/s. Fig. 9 (A, B and C) represents the DPV response
obtained for the composites 20:80, 50:50 and 70:30 respectively.
The intensity of the anodic oxidation peak indicates the working
potential at 0.45 V for the composite 20:80 and at 0.4 V for the
composite 50:50 and 70:30. The oxidation current increased as
the concentration of the glucose increased for all three compos-
ites. Like the observation in CV measurements, the oxidation cur-

rent from DPV response was in the order 20:80<50:50<70:30. The
DPV measurements were carried out at three different trials for
all the three HEA:G composites. Fig. 9D represents the average lin-
ear regression plots from three trials between the oxidation cur-
rent and the concentration of glucose for the composites 20:80,
50:50 and 90:10. The derived slope values (Table 3) represents the
sensitivity of the modified electrodes towards the oxidation of the
glucose for the HEA:G composites. From Fig. 9D, the slopes rep-
resenting the sensitivity of the electrodes indicates saturation be-
tween the composites 50:50 and 70:30. However, a significant sen-
sitivity can be observed at the modified electrodes with HEA:G
composites.

The addition of HEA nanoparticles on graphene substrates
influences the enhancement of heterogenous electroactive sites
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Table 3
Representing the sensitivity of the modified electrodes with HEA:G composites
calculated from DPV measurements.

HEA:G composites  Operating potential (V)  Sensitivity (uAmM~"'cm=2)

20:80 0.45 12.09 (10 - 50 mM)
v 43897 (1 - 10 mM)

50:50 0.4 22.99 (10 - 50 mM)
v 3.01 (1 - 10 mM)

70:30 0.4 18.2 (10 - 50 mM)
' 3.2 (1 - 10 mM)

and accelerates the rate of electron transfer [19]. In general, elec-
trochemically glucose oxidation is a two-step oxidation electron
process that involves the oxidation of glucose to intermediate
product gluconolactone and finally, to gluconic acid. This involves
adsorption of glucose on the catalytic active sites which are
oxidized to gluconolactone leading to electron transfer, followed
by interfacial electron transfer from catalytic active material to-
wards the substrate resulting in the final product [45,46]. Hence,
HEA nanoparticles with a high surface to volume ratio act as an
effective catalytic adsorption site contributing towards catalysis
of glucose oxidation leading to electron transfer. The graphene
substrates occupied with HEA nanoparticles and defects due to
milling accelerate the rate of electron transfer, completing the
process of glucose oxidation with increased sensitivity. The syn-
ergistic effect between the HEA nanoparticles and graphene as a
composite is evident in glucose oxidation and the effectless of only
the HEA nanoparticle and milled graphene (MG 100) indicates the
importance of the composite. The unresponsive catalytic behavior
of the HEA:G - 90:10 composite suggests the need for an optimum
weight percentage of HEA nanoparticle and graphene content as a
composite for exhibiting evident catalytic behavior.

4. Conclusion

The HEA-graphene composites at different weight percentage
ratios were produced via a green approach i.e., Mechanical ball
milling followed by sonication assisted exfoliation. The maintained
weight ratios of metal powders were 20%, 50%, 70%, 90% and
graphite was 80%, 50%, 30%, 10%. The produced HEA:G compos-
ites were 20:80, 50:50, 70:30 and 90:10. The structural charac-
terization confirmed the formation of solid solution HEA nanopar-
ticle on exfoliated few-layered graphene sheets. The variation in
the HEA nanoparticle weight percent was evident with variation
in the defect density and graphene crystalline size (Table 1). The
electrochemical behavior of HEA:G composites for the redox probe
K3Fe(CN)g confirmed the improved electron transfer kinetics, en-
hanced redox currents followed by electrochemical active surface
area with increase in the percentage of HEA nanoparticles. How-
ever, the HEA:G composite - 90:10 showed diminished perfor-
mance indicating the importance of optimum weight percent of
HEA:G composites. Further, 20:80, 50:50, 70:30 - HEA:G com-
posites except 90:10 showed significant response towards electro-
chemical oxidation of glucose. The improved working potentials
and linearly enhanced oxidation currents among HEA:G compos-
ites was found to be in the order 20:80>50:50>70:30. Also, for
the comparison studies, individual HEA nanoparticle and milled
graphene’s electrochemical behaviors were studied which did not
show any response, indicating the prominence of HEA:G compos-
ites with enhanced catalytic activity. Hence, only 20:80, 50:50
and 70:30 was considered to evaluate sensing ability towards
non-enzymatic glucose detection. The composites exhibited good
response with wide linearity and better sensitivity as reported.
Hence, HEA:G composites can be a new class of material to explore
in the area of non-enzymatic sensing applications.
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