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Green Synthesis of PtPdNiFeCu High-Entropy Alloy Nanoparticles
for Glucose Detection
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ABSTRACT: High-entropy alloys have long been used as a new type of alloy
material and have attracted widespread concern because of their excellent
performance, including their stable microstructure and particular catalytic
properties. To design a safer preparation method, we report a novel approach
targeting green synthesis, using tea polyphenols to prepare PtPdNiFeCu high-
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entropy alloy nanoparticles for glucose detection. The fabricated sensors were

characterized by transmission electron microscopy and electrochemical g \ P
experiments. Physical characterization showed that the nanoparticle has better = e A i
dispersibility, and the average particle size is 7.5 nm. The electrochemical £, T o
results showed that Tp-PtPdNiFeCu HEA-NPs had a high sensitivity of 1.264 & Glucose
uA mM™' cm™?, a low detection limit of 4.503 uM, and a wide detection range 5| p-prpaniFecu - _) 5'» {a

of 0 - 10 mM. In addition, the sensor has better stability and selectivity for o

glucose detection.

1. INTRODUCTION

Glucose is a kind of polyhydroxy aldehyde, which is one of the
most widely distributed and important monosaccharides in
nature." Glucose is not only the main energy source of the
human body, but also one of the main components of most
foods.”” In the human body, the imbalance of glucose in the
blood will lead to a series of diseases, such as diabetes,
hypoglycemia, decreased glucose tolerance, and decreased
fasting blood sugar, posing a great threat to human life.*” In
the food industry, testing the glucose content of foods and
beverages can not only control glucose intake, but also further
monitor blood sugar levels. In addition, the detection of
glucose also helps to monitor and control the content of
additives in food, thus ensuring the safety and quality of food.”
Therefore, the development of a low-cost, reliable, and efficient
glucose sensor has far-reaching social and economic signifi-
cance.

Among the many methods of glucose detection, the
electrochemical method has been widely concerned because
of its simple equipment configuration, high sensitivity and
reliability, low detection limit, and high cost efficiency.®
Among them, nonenzyme sensors based on electrocatalysis are
considered to be more promising than enzyme sensors because
they overcome the limitation of enzyme sensitivity to
environmental temperature factors and can contmuously
detect glucose changes with high performance.” Currently, a
wide variety of electrocatalyst materials, such as noble metals,
alloys, metal oxides, nanocomposites, and carbon-based
materials, have been used in the field of electrochemical
sensing.'” Among them, high-entropy alloys (HEAs) are
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special alloys made from the mixture of five or more metallic
elements, with high strength, high hardness, excellent
selectivity, good thermodynamic stability, and other proper-
° Compared with other alloys, HEAs can control their
catalytlc activity through reasonable adjustments in composi-
tion, geometry, structure, and size, and are expected to provide
better catalytic activity.'* However, HEAs as catalysts for
glucose sensors have not been extensively studied. Therefore,
the development of the HEAs series of electrocatalysts has a
broad development space, which can promote its development
in the field of electrochemistry.

Biosynthesis pathway is a safe, biocompatible, and environ-
mentally friendly green synthesis method. The biological
method mainly uses materials such as plants, bacteria, fungi,
and algae to synthesize nanoparticles (NPs)."> Tea polyphenol
(Tp) is an extract of tea, containing more than two hydroxyl
polyphenols, so it has a strong hydrogen supply capacity.'®™"*
In the process of reducing metal NPs with tea polyphenols,
polyphenols with hydroxyl groups are oxidized into biological
compounds with carbonyl groups (such as quinones), resulting
in the reduction of metal ions to metal atoms. Quinones
should be attached to the surface of NPs through their
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carbonyl groups, forming a steric barrier layer and generating a
repulsion force, so as to avoid the accumulation of NPs and
ensure its stability."”*° Therefore, tea polyphenols can be used
directly as reducing agent and stabilizer for the synthesis of
NPs, without the need to add any additional surfactants or
other substances.”'

In this paper, PtPdNiFeCu HEA-NPs were synthesized in
one step with tea polyphenols as green natural raw material,
which is a new method for green synthesis of HEAs. When
applied to glucose detection, the sensor has the advantages of
wide detection range, high sensitivity, a low detection limit,
good stability, and selectivity.

2. EXPERIMENT

2.1. Chemicals and Materials. Tea polyphenols (Tp,
purity: 98%; molecular weight: 281.36 g moL™') was
purchased from Jiahe Biological Co., Ltd. Cabot Co., Ltd.
provided carbon powder (Vulcan XC-72R) (USA). Nafion
solution (USA) was bought from DuPont Co., Ltd. Ferric
chloride (FeCly), nickel chloride (NiCl,), cupric chloride
(CuCl,), f-D-glucose, acetamidophenol (AP), sodium chloride
(NaCl), and trisodium citrate dihydrate (CsHNa;O,) were
purchased from Aladdin Co., Ltd. Palladium chloride (PdCL,)
and chloroplatinic acid (H,PtCl;:6H,0) were acquired from
Koda Reagent Co., Ltd. Ascorbic acid (AA) was bought from
Xiya Reagent Co., Ltd. Uric acid (UA) was acquired from Saen
Chemical Reagent Co., Ltd. Deionized water was used for all
solutions during the experiment. All tests were performed at
room temperature.

2.2. Synthesis of Tp-PtPdNiFeCu. For synthesis of
PtPdNiFeCu HEA-NPs, equimolar H,PtCls-6H,O, PdCl,,
FeCl;, NiCl,, and CuCl, were dissolved in a flask. Then,
124.88 mg carbon powder, 200 mg sodium citrate, and 30 mL
tea polyphenols (10 mg mL™') were added to the above
solution. It was stirred continuously for 4 h, then transferred to
the reactor and reflected at 180 °C for 4 h. After the solution
was cooled to room temperature, it was centrifuged and
washed for many times. Next, the sample was placed in a
freeze-dryer, removed for grinding after completion of freeze-
drying, and finally labeled as Tp-PtPdNiFeCu. The synthesis
route for preparing Tp-PtPdNiFeCu HEA-NPs is shown in
Scheme 1.

Scheme 1. Schematic Illustration of the Preparation of Tp-
PtPdNiFeCu HEA-NPs
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2.3. Characterization. Transmission electron microscopy
(TEM, Model: JEOL JEM-2100F, Japan) and selected area
electron diffraction (SAED) were used to evaluate the
morphology and crystallographic properties of the materials.
EDS elemental mapping (X-MaxN 80T IE250) was used to
analyze the chemical composition. X-ray photoelectron
spectroscopy (XPS) was performed on a monochromatic Al

K, X-ray source (250Xi, America, hv = 29.35 eV). The crystal
structure of the NPs was studied by an X-ray diffractometer
(XRD) (Rigaku D/Max-2400, Japan).

The materials’ electrochemical tests were conducted by an
electrochemical work station (CHI 760E) and Keithley 2400.
A standard three-electrode cell was used for electrocatalytic
experiments at room temperature. A Pt sheet and Ag/AgCl
were used as counter electrode and reference electrode,
respectively, and a catalyst-modified glassy carbon electrode
(GCE) was used as working electrode. In the electrochemical
test, 3.0 mg of the sample was distributed in 0.6 mL of ethanol,
which was homogenized by ultrasound. Then, 4 yL sample was
dropped on the surface of the GCE (S mm in diameter). After
drying at room temperature, 4 4L sample was added and dried
again. Finally, 4 uL of Nafion/ethanol (0.25% Nafion) was
added to protect the electrode. Before all tests, the electrolyte
was purified with high-purity Ar gas to ensure gas saturation. In
this experiment, all potentials were measured according to Ag/
AgCl.

3. RESULTS AND DISCUSSION

3.1. Physical Characterizations. First, the morphological
characteristics of the synthesized Tp-PtPdNiFeCu HEA-NPs
were studied by TEM. As shown in the TEM image in Figure
la, the black dots in the figure were synthetic PtPdNiFeCu
NPs with uniform distribution. Figure 1b is the TEM image
with further magnification, from which the shape of
PtPdNiFeCu can be more clearly observed, and it was reduced
to spherical metal particles by Tp. As shown in Figure lc, the
sizes of Tp-PtPdNiFeCu NPs were statistically analyzed. It was
found that the particle size of metal NPs was mainly
concentrated in the range of 7 - 8 nm, which provided
abundant exposed electrochemical active sites for hydrogen
evolution reaction and was conducive to the subsequent
application of glucose sensors. As shown in the high-resolution
transmission electron microscopy (HRTEM) image of Figure
1d, the lattice fringes of PtPdNiFeCu can be clearly seen, and
the lattice spacing is 0.226 and 0.178 nm, respectively,
corresponding to the (111) and (200) lattice planes.
Combined with the distance and angle between the lattice
planes, we confirm the typical face-centered cubic (fcc)
structure of HEA-NPs. In addition, the crystal structure of
the synthesized sample was studied by SAED. From the image
of Figure le, the bright and dark diffraction rings of Tp-
PtPdNiFeCu can be clearly seen, indicating that the prepared
PtPdNiFeCu has a typical fcc polycrystalline structure.

The crystal structure of Tp-PtPdNiFeCu HEA-NPs was
characterized by X-ray diffraction (XRD) analysis (Figure 1f).
The peaks of the fcc structure were observed at 40.77°, 47.30°,
69.70°, and 83.47°, corresponding to the (111), (200), (220),
and (311) planes of the single-phase PtPdNiFeCu HEAs,
respectively, where the (111) plane was dominant in the alloy.
Peaks of pure Ni, Cu, Pt, Pd, and Fe were not observed,
indicating that these elements were well mixed in the formed
nanostructure. In addition, compared with standard cards of
pure Pt (JCPDS-04—0802) and Pd (JCPDS-46—1043), the
peaks shifted slightly to higher angles. However, the peaks of
large Ni (JCPDS-04—0850) show negative deviation.”” This
meant that the Tp-PtPdNiFeCu HEA-NPs was effectively
formed.

In addition, we investigated the elemental distribution of
PtPdNiFeCu by high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and energy
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Figure 1. Typical TEM images of Tp-PtPdNiFeCu HEA-NPs electrocatalyst at different bar 200nm (a) and 20nm (b); (c) corresponding particle

size distribution histograms; (d) high-resolution TEM image; (e) the corresponding SAED pattern; and (f) XRD patterns of Tp-PtPdNiFeCu
HEA-NPs.

W EzER

Element Weight% Atomic%
Fe 1.81 2.81
Ni 24.41 36.10
Cu 19.43 26.55
Pd 27.94 22.80
Pt 26.41 11.75

Figure 2. (a) EDS analysis and (b) EDS mapping analysis of PtPdNiFeCu HEA-NPs.

dispersive spectroscopy (EDS). Figure 2a showed the uniform

distribution of the elements Pt, Pd, Ni, Fe, and Cu at the on the nanoscale also indicated the formation of PtPdNiFeCu
atomic scale, and the close contact of each component element alloy. According to the calculation of EDS (Figure 2b), the Pt,
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Figure 3. (a) XPS full spectrum of Tp-PtPdNiFeCu HEA-NPs; (b-f) curve-fitted Pt 4f, Pd 3d, Ni 2p, Fe 2p, and Cu 2p.
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Figure 4. (a) CVs of Tp-PtPdNiFeCu GCE in the Ar-saturated 0.1 M NaOH solution in various concentrations of glucose, scan rate: 50 mV s™';
(b) The calibration curve of the linear dependence of cathodic peak current on the glucose; (c) CV responses of the Tp-PtPdNiFeCu HEA-NPs
electrode in 0.1 M NaOH with 1 mM glucose at different scan rates (10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100, 150, 200, 250, and
300mV s7'); (d) Corresponding linear dependence of peak currents with different scan rates.

Pd, Ni, Fe, and Cu weight ratios were
27.94:26.41:24.41:1.81:19.43, respectively.

The chemical constituents and states of Tp-PtPdNiFeCu
were characterized by XPS. Figure 3a is a complete XPS
diagram of Tp-PtPdNiFeCu, showing the presence of Cls, O
1s, Pt 4f, Pd 3d, Ni 2p, Fe 2p, and Cu2p. The spectrum of Pt 4f

is shown in Figure 3b, the two main peaks at 71.74 and 74.98
eV are designated as the metal Pt0, which is the dominant form
of Pt, while the two weaker elements at 73.1S and 76.88 belong
to the Pt** species, and a small amount of Pt** may also be in
the form of PtO or Pt(OH). Meanwhile, the peaks at 335.87
and 341.31 eV in the XPS segment of Pd 4d are shown in
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Figure S. (a) Amperometric response of the Tp-PtPdNiFeCu-modified electrode to successive addition glucose at 0.3 V; (b) Calibration curve of
the Tp-PtPdNiFeCu-modified electrode response to different glucose concentrations; (c) Amperometric responses of the Tp-PtPdNiFeCu-
modified electrode to successive addition of 0 mM, 2 mM glucose, 0.1 mM AA, 0.1 mM UA, 0.1 mM AP, and 0.1 mM NaCl, detection potential:
0.3 V; (d) CV of the Tp-PtPdNiFeCu-modified electrode in 0.1 M NaOH solution at 1 mM glucose for S0 scans, scan rate: 50 mV s™".

Figure 3c, while the peaks at 336.93 and 342.47 eV can be
fitted to Pd*". The peaks in Figure 3d belong to Ni 2p,, and
Ni 2p;/, of Ni’ which were located at 872.8 and 857.8 eV,
respectively. The Fe 2p spectrum in Figure 3e shows that the
peaks at 711.59 and 722.42 eV belong to Fe 2p;,, and Fe 2p, 5,
respectively. Figure 3f shows the spectrum of Cu 2p. In
particular, the dominant peaks of 931.19 and 951.8 eV were
from Cu’ and the dominant peak of 934.09 was from Cu’*.
Some of the oxides detected in the high-resolution spectra may
be formed by these primary oxides in PtPdNiFeCu HEAs in air
or water bath, resulting in the oxidation of surface elements.

3.2. Electrochemical Measurements. The electrocata-
lytic performance of Tp-PtPdNiFeCu on glucose was detected
by cyclic voltammetry (CV) in Ar-saturated solution. As shown
in Figure 4a, CV studies were performed at different glucose
concentrations (1 - 8 mM) in a 0.1 M NaOH solution at a
scanning rate of 50 mV s™'. Apparently, peak oxidation
currents (potential of about 0.3 V) were observed after the
addition of 1 mM glucose. Moreover, with the increase in
glucose concentration, the peak reduction current also
increased gradually, which was in good agreement with the
current response. Meanwhile, it can be observed from Figure
4b that there was a better linear relationship between glucose
concentration and reduction current value, and the linear
regression coefficient is 0.995. This may be due to the better
synergistic effect between each metal component of
PtPdNiFeCu, which improved the detection performance of
glucose. Therefore, PtPdNiFeCu nanomaterials have signifi-
cant electrocatalytic activity on glucose and can be used for
glucose detection.

47777

To study the electrochemical kinetics of the catalyst
process,23 CV curves (Figure 4c) at different sweep rates (10
mV s7' - 300 mV s7!) in 1 mM glucose solution were
examined. With the increase of scanning rate, the potential of
anode and cathode peaks will have positive and negative
displacement, while the value of the two peak currents will
gradually increase, which was because the reaction kinetics of
the internal electrocatalytic process of glucose molecule
adsorption was slow due to the higher scanning rate.**
Meanwhile, it can be observed in Figure 4d that there was a
linear relationship between peak current density and the square
root of scanning rate, and this indicated that the catalytic
process of glucose on the prepared electrode was controlled by
diffusion.>

The electrochemical performance of the sensor was
measured by the amperage response (current—time) of glucose
quantitative analysis.”® As shown in Figure Sa, in the presence
of glucose in 0.1 mM NaOH, the current response of
PtPdNiFeCu to the continuous addition of 1 mM glucose
was tested by potentiostatic testing. In the range of 0 - 10 mM
glucose detection, it was found that the absolute value of the
increased response current increased with increasing glucose
concentration, indicating that PtPdNiFeCu had good electro-
catalytic performance and rapid electron exchange ability. As
shown in the calibration curve in Figure 5b, there can be a
good linear relationship between the glucose concentration
and response current (R* = 0.994). The corresponding linear
equation is expressed as:

I(HA) = —0.24807C(mM) — 2.332 (1)
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Table 1. Comparison of the Present Work with Other Studies

catalyst” reduced” sensitivity (4A mM~'cm™?)
Pt NPs ED 327
Pd NPs CSP 17.7
Cu NWs AA 1001.6
PtPd NPs EG 1.47
PtPd NPs EG 52.526
PtPd NPs EG 0.11
PtPd NPs NaHSO; 112
PtNi NPs DMF 6.67/4.57
CuPd NPs ED 298
CuNi NPs EG 780
Cu@NiFe LDH ED 7.88
PtPdNiFeCu NPs Tp 1.264

linear range (mM) LOD (uM, S/N = 3) reference
0.1-11 0.026 21
1-8 237 22
0-25 2.3 23
0.1-22 2 24
0.1-4 1.82 25
1.5-12 120 26
0.062 - 14.07 31 27
0-12 21 28
0.01 - 9.6 0.32 29
0.001 - 4.1 0.5 30
0.001 - 0.9 0.1 31
0-10 4.503 this work

“NPs = nanoparticle, LDH = layered double hydroxide, and NWs = nanowires. YED = electrodeposite, CSP = Cynomorium songaricum
polysaccharide, AA = ascorbic acid, EG = ethylene glycol, DMF= dimethylformamide, Tp = tea polyphenols, and AP = acetamido phenol.

The formula of the sensitivity of the sensor electrode can be
expressed as:

Sensitivity = A/(C X area) (2)

where A is the corresponding response current, C is the added
glucose concentration in the system, and area is the geometric
surface area of a GCE (0.19625 cm?).”’

In addition, the limit of detection (LOD) can reasonably
determine the lowest detectable concentration of glucose. The
formula for calculating LOD can be expressed as follows:

LOD = 358/S (3)

0 is the standard deviation and S is the sensitivity.

According to the above formula, the sensitivity of the
electrode for glucose detection was 1.264 A mM ™" cm 2, and
the detection limit was 4.503 uM (S/N = 3). Meanwhile, the
detection range of the prepared PtPdNiFeCu electrode can
completely cover the blood glucose range (3 - 8 mM) under
normal physiological conditions of the human body, so it can
be used for blood glucose detection in the human body. Also,
we prepared Table 1 to compare our current work with other
studies.”**® The results show that the material has a good
electrocatalytic response to glucose.

For the glucose sensor electrode, selectivity was an
important factor affecting its accuracy. Considering that the
real blood environment usually contains endogenous interfer-
ing substances, such as UA, AA, metal ions, and other sugars,
their presence may affect the sensitivity of glucose sensors.”’
Therefore, we used 2 mM glucose and 0.1 mM AA, UA, AP,
and sodium chloride (NaCl) as interfering substances to
conduct an interference test on glucose. In Figure Sc, the
addition of 0.1 mM AA, UA, DA, AP, and NaCl did not
significantly affect the response current. However, when
glucose was added to the electrolyte, a higher response current
was observed for glucose, indicating that the presence of
interfering species did not affect the detection of glucose by
PtPdNiFeCu. The results of the selectivity test showed that the
PtPdNiFeCu glucose sensor has good selectivity.

For glucose detection, it was important to ensure that the
modified electrode had a stable current response to glucose. As
shown in Figure 5d, no change in the glucose oxidation peak
was observed after S0 consecutive cycles. Obviously, this
indicates that the PtPdNiFeCu-modified electrode can
produce persistent and stable response current to glucose.

4. CONCLUSIONS

In summary, PtPdNiFeCu HEA-NPs for glucose detection
were synthesized using natural Tp. The obtained NPs have
good dispersion and a small particle size. Tp-PtPdNiFeCu
HEA-NPs showed high sensitivity and good stability in glucose
detection, with a wide linear range of 0 - 10 mM, a low
detection limit of 4.503 uM, and a high sensitivity of 1.264 A
mM™' ecm™ In addition, Tp-PtPdNiFeCu HEA-NPs could
resist the interference of AA, AP, UA, and NaCl. Therefore,
this experiment indicates that the synthesis of HEA-NPs in a
green manner has a potential application value for glucose
detection.
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