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ABSTRACT: Bad living habits, such as the lack of exercise, unhealthy food consumption,
and insufficient sleep, cause health problems such as reduced blood glucose regulation
ability and early onset of diabetes. At the same time, the pursuit of sustainable development
requires renewable energy generation, and water splitting driven by solar, wind, hydro, and
geothermal power is one of the viable techniques. Therefore, a bifunctional nanoelectrode
with dual functions of sweat analysis and the hydrogen evolution reaction (HER) is of great
significance in the prevention of diabetes and the development of green energy. Herein, a
CoFe2O4/CuS/RGO composite electrode is fabricated on nickel foam (NF with a surface
area of 1 cm2) by simple digestion, chemical coprecipitation, and hydrothermal methods.
The glucose redox and charge transfer processes have been systematically investigated. The
results reveal that the composite not only has excellent glucose electrochemical activity but
also can be used for hydrogen production. The detection boasts a glucose detection range of 1−5 mM, sensitivity of 1199 μA
mM−1cm−2, signal-to-noise ratio of 3, and detection limit of 0.25 μM. As an electrode in a hydrogen evolution setup, it shows a
current density of 10 mA cm−2 at an overpotential of 327 mV and a Tafel slope of 10.27 mV dec−1.

1. INTRODUCTION
The prevalence of diabetes has increased, and patients tend to
be younger. The energy sector is also changing.1 Hence, dual-
function sensors for glucose detection and hydrogen evolution
are of great significance in these two.2,3 Common glucose
sensors have some intrinsic drawbacks, such as interferences,
low accuracy, and high cost,4 and conventional enzymatic
sensors tend to have poor stability and require complex
preparation.5 In this respect, electrochemical sensors have high
sensitivity, fast response, low cost, good stability, and small
volume requirement.6 Traditional hydrogen production
methods also have shortcomings, as they rely on fossil fuel,
cause global environmental changes, and are expensive.
Hydrogen production by water photoelectrolysis is expensive
on the industrial scale due to the low photocatalytic efficiency
and high energy consumption.7 Hydrogen evolution using
renewable biomolecules as raw materials can be carried out
under mild conditions and has lower energy consumption and
cost.8

In terms of glucose-sensitive materials, CoFe2O4 can be
prepared by the coprecipitation method, which features simple
operation and low equipment requirements, facilitating large-
scale production. Its raw materials, iron and cobalt, are
abundant in reserves and have stable prices. CoFe2O4 has a
spinel structure, enabling electron energy transition, which
contributes to electron transfer during glucose detection.
Moreover, it exhibits electrocatalytic activity for glucose
oxidation, catalyzing the oxidation of glucose to gluconic
acid in an alkaline medium and generating current signals, with

stable structure and long-lasting catalytic activity.9,109 In the
field of glucose detection and hydrogen evolution reaction
(HER), existing materials have obvious limitations: the self-
powered sensor reported by Zhu et al. is only limited to single-
target analysis and relies on irreversible catalyst poisoning,
which restricts its reusability;11 the wearable sensor developed
by Li et al. can detect uric acid and glucose in sweat, but the
glucose detection depends on enzyme catalysis that is
susceptible to environmental influences, and it requires
precision-printed electrodes, increasing the complexity;12 in
addition, the single CoFe2O4 has limited catalytic activity in
hydrogen evolution reaction.
The innovatively developed CoFe2O4/CuS/RGO composite

material in this study realizes the integration of dual functions
of nonenzymatic glucose detection and hydrogen evolution
catalysis. It avoids irreversible loss through a nonenzymatic
mechanism, overcomes the drawbacks of enzyme catalysis, and
does not require precision-printed electrodes, making the
preparation more convenient. The components of the
composite material have significant synergistic effects:
CoFe2O4 provides a catalytic basis with easily available raw
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materials and simple preparation; CuS reduces the activation
energy of hydrogen evolution and optimizes the electronic
structure; and RGO provides electron transport channels,
enhancing the performance and stability. This composite
material provides new ideas for related fields.13

2. EXPERIMENTAL DETAILS
The synthesis of CoFe2O4/CuS/RGO is illustrated in Figure 1.

14 The
CoFe2O4 nanoparticles were prepared by digestive chemical
coprecipitation, while the CuS particles were prepared by a
hydrothermal method and annealing. The reduced GO (RGO)
solution was obtained by the glucose reduction of GO (GO).
CoFe2O4, CuS, and RGO were combined to form CoFe2O4/CuS/
RGO.

2.1. Materials and Reagents. The chemicals were used without
purification, and deionized water (DI) was used to form the solutions.
Cobalt acetate tetrahydrate {(CH3COO)2Co·4H2O} was purchased
from Aldrich (Shanghai, China). Ferric nitrate nonhydrate {Fe-
(NO3)3·9H2O}, NaOH, glucose, sucrose, lactose, fructose, and
maltose were purchased from Kemer (Tianjin, China). Copper
sulfate CuSO4, thiocarrea (CH4N2S), and absolute ethanol (C2H6O)
were provided by Aladdin (Shanghai, China); graphene oxide powder
(GO) was purchased from XFNANO (Nanjing, China); ascorbic acid
(AA), uric acid (UA), and dopamine (DA) were bought from Aladdin
(Shanghai, China). Nickel foam (Ni) was obtained from Changsha
Lipu New Material Co., Ltd. The foam thickness was 1.5 mm, the
pore density was 100 holes per inch (PPI), and the surface density
was 380 (gm−2).
2.2. Preparation of CoFe2O4. First, according to the Co:Fe

atomic ratio of 1:2, Co(CH3COO)2·4H2O and Fe(NO3)3·9H2O are

Figure 1. Preparation of CoFe2O4/CuS/RGO composites by digestive chemical coprecipitation, hydrothermal method, and annealing.
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weighed and dissolved in deionized water to form a mixed solution.
Then, slowly pour it into a well-stirred NaOH solution until no more
precipitate is formed. Continue stirring for a few more minutes to
ensure the reaction is fully carried out. Next, transfer the reaction
mixture to a high-pressure reactor with a poly(tetrafluoroethylene)
inner lining, and perform digestion treatment at 110 °C for 120 min
(with a stirring speed of 300 r/min) to allow the particles to grow and
transform into spherical structures. After digestion, filter to obtain gel-
like precipitates, and repeatedly wash with deionized water until the
pH value of the filtrate becomes neutral. Dry in air at 80 °C to form
powder samples. Disperse the powder in ethanol by ultrasonication
(with an ultrasonic power of 300 W and an ultrasonic time of 30
min), centrifuge, rewash with ethanol, and then dry to finally obtain
monodisperse CoFe2O4 nanoparticles. Weigh 5 mg of CoFe2O4
nanoparticles and dissolve them in 25 mL of deionized water,
ultrasonic to achieve uniformity (with an ultrasonic power of 200 W
and an ultrasonic time of 20 min), to obtain a uniformly distributed
CoFe2O4 suspension solution. Immerse the prewashed foam nickel
(NF) with deionized water, hydrochloric acid, and ethanol in the
suspension solution, place it in a dark environment and let it stand for
24 h, then remove the foam nickel, air-dry at 60 °C for 30 min, and
obtain the CoFe2O4 nanoparticle electrode.
2.3. Preparation of CoFe2O4/CuS. CuSO4 (18 mg) and thiourea

(18 mg) were dissolved in 70 mL of deionized water, sonicated for 15
min until full dissolution, stirred for 30 min at room temperature, and
transferred to a Teflon-lined autoclave. After sealing the autoclave, the
reaction proceeded for 8 h at 180 °C. After the autoclave was cooled
to room temperature, the solution was removed and dried in air at 80
°C to obtain the monodispersed CuS nanoparticles. Five mg of
CoFe2O4 nanoparticles and 5 mg of CuS nanoparticles were dissolved
in 25 mL of deionized water and sonicated to form a homogeneous
suspension. The precleaned nickel foam (NF) was immersed in the
suspension in the dark for 24 h. Afterward, the nickel foam was
removed and air-dried at 60 °C for 30 min to obtain the CoFe2O4/
CuS nanocomposite.
2.4. Preparation of CoFe2O4/CuS/RGO. GO (50 mg) was

dispersed in 10 mL of deionized water and sonicated for 60 min, after
which absolute ethanol (40 mL) was added to obtain a GO solution
with a concentration of 1 mg/mL (total volume 50 mL). The glucose
powder (0.3 g) was placed in 5 mL of deionized water, and the
solution was sonicated for 5 min to prepare the glucose solution. The
GO dispersion was heated in a 60 °C water bath for 60 min under
magnetic stirring, and the glucose solution was dropped slowly during
the heating process. After completion of the reaction, the mixture was

cooled to room temperature to obtain the reduced graphene oxide
(RGO) solution. The CoFe2O4 nanoparticles (5 mg) and CuS
nanoparticles (5 mg) were dissolved in 25 mL of deionized water, and
the GO solution (5 mL) was added and sonicated to form a uniform
suspension. The precleaned nickel foam (NF) was immersed in the
suspension in the dark for 24 h. Subsequently, the nickel foam was
removed and air-dried at 60 °C for 30 min to obtain the CoFe2O4
/CuS/RGO nanocomposite.
2.5. Characterization. The morphology and microstructure of

CoFe2O4/CuS/RGO were examined by scanning electron microscopy
(Tescan MIRA 3XMU) and transmission electron microscopy (JEM
2100F). X-ray diffraction (Bruker Miniflex 600, Al Kα source) and
energy-dispersion X-ray spectroscopy (EDS) were used to determine
the structure. X-ray photoelectron spectroscopy (XPS) was performed
on a VG Scientific ESCALAB250 (1 keV argon sputtering, 30°
incidence Angle). A CHI760E electrochemical workstation was used
to perform cyclic voltammetry (CV) and amperometry in 1 M KOH
at room temperature. The three-electrode configuration consists of
the CoFe2O4/CuS/RGO electrode, Pt electrode, and Ag/AgCl
electrode as the working electrode, counter electrode, and reference
electrode, respectively.

3. RESULTS AND DISCUSSION
3.1. Materials Characterization. The microstructure and

morphology of CoFe2O4/CuS/RGO were analyzed by SEM
(Figure 2). Figure 2(a) showcases the scanning electron
microscopy (SEM) image of CoFe2O4, where the particles take
on an aggregated morphology, with relatively irregular shapes
and a certain extent of agglomeration.15 Figure 2(b,c) exhibits
the SEM images of CuS: in Figure 2(b), CuS displays a
uniform spherical structure with a relatively consistent size
distribution; while Figure 2(c), at a higher magnification,
reveals that the surface of CuS spheres is constituted by smaller
nanoparticles, forming a hierarchical structure.16 Figure 2(d) is
the SEM image of the CoFe2O4/CuS/RGO composite, from
which it can be observed that CoFe2O4 and CuS particles are
integrated with reduced graphene oxide (RGO), and CuS
spheres as well as CoFe2O4 particles are distributed on or
around the RGO sheets, indicating the successful combination
of the three components.17 Figure 2(e,f) depicts the SEM
images of the composite after cyclic voltammetry (CV) testing,

Figure 2. SEM images: (a) CoFe2O4, (b, c) CuS, (d) CoFe2O4/CuS/RGO, and (e, f) CoFe2O4/CuS/RGO after CV testing.
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and its morphology has undergone some changes compared
with the original composite. Owing to the electrochemical
processes during the CV testing, the distribution and
interaction among CuS, CoFe2O4, and RGO have been altered.
The morphology of CoFe2O4/CuS/RGO was observed by

transmission electron microscopy (TEM). The spherical
structures of granular CoFe2O4crystals, RGO lamellae, and
CuS can be clearly observed in Figure 3a. Figure 4 shows the
TEM characterization of the composite after CV testing.
CoFe2O4 and CuS attached to the RGO lamellae can be clearly
seen in Figure 4a,b, while Figure 4b is the magnified image.
The high conductivity and large specific surface area of RGO
provide good support and dispersion for CoFe2O4/CuS.

18

Figure 4c,d shows a magnified image of the local Cus spherical
structure. CuS, with its specific crystal surface and atomic
arrangement, can expose more active sites. These active sites
play an important role in catalytic reactions, which can adsorb
reactant molecules and promote chemical reactions, thereby
improving the efficiency and selectivity of the catalytic
reactions.19 Figure 3c−h shows the presence of Co, Fe, S,
Cu, O, and C, confirming the uniform distribution of Co, Fe,
and Cu in the composite nanomaterials CoFe2O4/CuS/RGO.
Figure 5a shows the XPS survey spectrum, revealing the Cu

2p, Ni 3p, Co 2p3/2, Co 2p1/2, and the O 1s, C 1s, and S 2p
peaks. In the C 1s spectrum in Figure 5b, the peak at 284.8 eV
is attributed to the C−C bond, the peak at 286.1 eV

Figure 3. TEM image of CoFe2O4/CuS/RGO and (b−h) EDS elemental maps.

Figure 4. TEM image of CoFe2O4/CuS/RGO composite after CV testing.
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corresponds to C�N/C−O, and that at 288.2 eV is O−C�
O.20 As shown in the S 2p spectrum in Figure 5c, multiple
peaks such as S 2p3/2, S 2p1/2, etc. are observed.

21 Figure 5d
shows the Co 2p spectrum, revealing Co 2p3/2 and Co 2p1/2
peaks at 781.51 and 797.36 eV, peaks of Co2+ and Co3+, and
some satellite peaks (Sat). Co2+ and Co3+ are observed,
indicating Co oxidation states of +2 and +3. The satellite peak
arises from multiple scattering during the electronic
transition.22 Figure 5e shows the Cu 2p spectrum, revealing
Cu 2p3/2 and Cu 2p1/2 peaks at 932.64 and 951.87 eV, as well
as satellite peaks Sat 1 and Sat 2.23 As shown in Figure 5f, the
peak at 531.03 eV corresponds to C−O, and that at 532.46 eV
corresponds to C�O.24

Figure 6a,b shows the diffraction (XRD) patterns of the
crystals against X-rays before and after CV testing, respectively.
In Figure 6a, diffraction peaks marked with red dots (such as
crystal planes (002), (102), (105), (108), (202), (218))
belong to CuS. The internal copper atoms and sulfur atoms are
arranged regularly and periodically, and the diffraction peak
position and intensity of these crystal planes are highly
matched with the CuS standard crystal data, confirming the
existence of the CuS phase in the sample. From the structural
point of view, the appearance of peaks indicates that the CuS
crystal lattice is well periodic, the atoms are ordered, and the
crystal structure integrity is high. The diffraction peaks marked
by green diamonds (such as crystal planes (120) and (121))
correspond to CoFe2O4. “A ferrite of spinel structure arranged
in a specific lattice by Co2+, Fe3+, and O2−.” The formation of
this crystal phase is verified by the presence of characteristic
diffraction peaks, and the peak positions are consistent with the
standard database, indicating that the crystal structure of the
synthesized CoFe2O4conforms to the theoretical expectation
without obvious distortion of the lattice parameters. Some of
the main peaks have a higher intensity, which corresponds to

the strong scattering ability of atoms in the crystal plane, or the
crystal orientation is more concentrated in this direction. At

Figure 5. XPS patterns of CoFe2O4/CuS/RGO composites.

Figure 6. XRD patterns of CoFe2O4/CuS/RGO composites.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.5c02969
Langmuir 2025, 41, 30982−30993

30986

https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c02969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the same time, the width and intensity of the peak indicate
high crystallinity, indicating that the crystal structure is intact
and there are few defects.24 This XRD image makes the
coexistence of CuS and CoFe2O4 in the sample.
3.2. Electrochemical Glucose Sensing. Figure 7 presents

CV curves of CoFe2O4-based composites with 0.2 mM glucose

(GLU) in 1 M KOH, showing kinetic differences. A saturated
Ag/AgCl reference electrode and a Pt counter electrode were
used. The unmodified CoFe2O4 (first curve) exhibits low peak
current due to limited electron conduction and insufficient
active sites (Co2+/Co3+, Fe2+/Fe3+), weakening glucose
catalytic oxidation. After adding CuS and RGO (second/
third curves), oxidation current peaks rise significantly,
consistent with the composite’s glucose detection mechanism:
CuS provides Cu+/Cu2+ redox couples as auxiliary catalytic
sites to enhance adsorption/oxidation activity, while RGO’s
high conductivity and large surface area improve electron
transfer (reducing charge resistance) and disperse active
components. Their synergy boosts electron transfer efficiency
and active site exposure.25 GLU introduction further alters the
current response in CoFe2O4 /CuS/RGO: GLU optimizes
intermediate adsorption via surface −OH/−COOH, balancing
interaction strength (avoiding overly strong/weak adsorption)
to refine oxidation pathways. Mechanistically, this promotes
glucose dehydrogenation at Co2+/Co3+, Fe2+/Fe3+, and Cu+/
Cu2+ sites (producing gluconic acid and electrons), with
electrons rapidly transferred via RGO.26 This causes peak
potential negative shift (reduced overpotential), confirming
excellent glucose activity�matching its performance: 1 μM−5
mM detection range, 1199 μA mM−1cm−2 sensitivity, 0.25 μM
detection limit (S/N = 3).
Figure 8a shows the CV curves at scanning rates of 10, 30,

50, 80, and 100 mV/s. As the scanning rates increase, the
response is enhanced, and the peak current increases due to
the larger charge transfer rates. However, a large scanning rate
aggravates the polarization effect, which is manifested as an
increase in the potential difference between the redox peaks
(ΔEp). It is because the diffusion process cannot keep up fully
with the electron transfer rate at a high scanning rate, leading
to a higher concentration and electrochemical polarization.25

According to curve fitting, there is a good relationship between
the peak current (Ip) and the square root of the scanning rate

(v). The linear regression equations in Figure 8b are y = 1.901x
+ 0.00327 and y = 1.64381x − 0.00247 with high R2 values of
0.99741 and 0.99667. The good linear relationships suggest
that the electrochemical reaction is controlled by diffusion and
the Randles−Sevcik relationship. The slope of the fitted curve
reflects the reaction kinetics with a larger slope translating into
a faster reaction. In addition, the separation of the redox peaks
increases with scanning rates, indicating a decreased
reversibility. At smaller scanning rates, ΔEp is small, and the
system is close to the reversible or quasi-reversible state.
However, at high scanning rates, the ΔEp increases, and the
reaction is gradually controlled by kinetics. This conclusion is
supported by the fitted curves, which show that the
polarization effects and kinetic control influence the response
more significantly at high scanning rates. At small scanning
rates, the system shows good reversibility and small polar-
ization, whereas at high scanning rates, polarization increases
and reversibility decreases.27 Figure 8c shows the response in
the presence of different glucose concentrations (0 to 0.08
mM). The fitted equation is y = 1.25x + 12.99 with R2 =
0.99039. Figure 8d shows that with increasing glucose
concentrations, the currents increase linearly as better electron
transfer increases the current.28 The excellent R2 values
confirm the reliability and consistency of the detection of
glucose.
As shown in Figure 9, CoFe2O4/CuS/RGO shows the

smallest radius of the impedance arc, implying the lowest
charge transfer resistance (Rct).

29 A smaller Rct translates to
more efficient charge transfer between the electrode and the
electrolyte. The Rct value of CoFe2O4/CuS is less than that of
CoFe2O4, indicating that CuS improves the charge transfer
ability. However, the addition of RGO reduces Rct because the
high conductivity and large specific surface area of RGO
facilitate electron transport and ion diffusion. All of the all, the
results indicate that CoFe2O4/CuS/RGO has the optimal
electrochemical properties.
Figure 10a shows the current versus time curves for different

glucose concentrations (1 μM to 10 mM). The currents rise
with concentrations, and Figure 10b shows the linear fitted
curve of the current versus concentration. In the concentration
range of 10−200 μM, which is the normal range for a healthy
person,30 the fitted equation is I (mA) = 0.01199C(μM) −
0.51298 with an excellent R2 of 0.99545. Hence, the
electrochemical sensor responds linearly in this concentration
range. The current−time curve in Figure 10a shows the
electrochemical response at different concentrations, and the
current increases with concentration, as shown in Figure 10b.
The CoFe2O4/CuS/RGO composite shows a glucose
detection range of 1 μM−5 mM, a sensitivity of 1199
μamM−1 cm−2, a signal-to-noise ratio of 3, and a detection
limit of 0.25 μM. Table 1 compares the electrochemical data of
the CoFe2O4/CuS/RGO composite electrode with other
sensors and validates that CoFe2O4/CuS/RGO delivers
excellent performance.Table 1 compares the electrochemical
analysis data of the CoFe2O4/CuS/RGO composite electrode
with different sensors, and the CoFe2O4/CuS/RGO composite
electrode has excellent performance.
Figure 11 shows the response in the presence of various

electroactive biomolecules, such as glucose, lactose, fructose,
dopamine (DA), and uric acid (UA). The left curve in Figure
11a shows the results in the presence of 10 μM glucose, 1 mM
lactose, 1 mM fructose, 1 mM DA, and 1 mM UA, revealing
that the response to 10 μM glucose is dominant compared to

Figure 7. CV curves of CoFe2O4, CoFe2O4/CuS, and CoFe2O4/CuS/
RGO with and without 1 mM glucose.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.5c02969
Langmuir 2025, 41, 30982−30993

30987

https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c02969?fig=fig7&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c02969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


other molecules, such as lactose, fructose, DA, and UA. The
normalized response percentages in Figure 11b are 15.3, 13.1,
11.1, 7.8, and 5.4%, respectively, indicating high glucose
selectivity arising from the specific recognition and efficient

catalytic oxidation of glucose. The lower response to the other
molecules indicates insignificant cross-reactivity from interfer-
ing substances, and it is emphasized that high selectivity is
crucial to glucose measurement in complex biological samples.
3.3. Hydrogen Evolution Reaction. Figure 12a shows

the CV curve of CoFe2O4, revealing a low current response
and a small electrochemically active surface area, resulting in
relatively poor electrochemical properties. The curve of the
CoFe2O4/CuS composite in Figure 12b shows a higher
response, indicating that CuS improves the electrochemical
activity. The addition of CuS reduces the charge transfer
resistance and improves the charge transport efficiency. The
curve of the CoFe2O4/CuS/RGO composite in Figure 12c
shows the highest current and widest electrochemical window
because reduced graphene oxide (RGO) enhances the
conductivity and electrochemical properties.36 From the
perspective of CDL, the high conductivity and large surface
area of RGO help to reduce the charge transfer resistance and
promote more efficient charge transport.37 The specific
capacitance values of the three materials are also provided in
Figure 12d, and the highest specific capacitance of CoFe2O4/
CuS/RGO is 65.4 mF/cm2, which further confirms its
excellent electrochemical performance As an important
parameter for measuring the surface active area of materials,

Figure 8. (a) CV curves of CoFe2O4/CuS/RGO composites at scanning rates between 10 and 100 mV (increments of 20 mV, 1 mM glucose); (b)
CV curves of CoFe2O4/CuS/RGO composites at 0 to 0.08 mM glucose concentrations (increment of 0.02 mM glucose, 30 mV sweeping rate); (c)
fitted peak currents for different scanning rates; (d) fitted peak currents for different concentrations.

Figure 9. EIS Nyquist plots of CoFe2O4, CoFe2O4/CuS, and
CoFe2O4/CuS/RGO.
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the electrochemical active surface area (ECSA) is usually
calculated using the Cdl of the electrode and the specific
capacitance (Cs) per unit area. The calculation formula is eq 1.

= C
C

ECSA dl

s (1)

Where Cs is typically calculated by eq 2.

=C
It

SVS (2)

Here, I is the charge−discharge current, t is the discharge time,
S is the geometric area of the electrode, and ΔV is the potential
window. According to eq 3 derived from cyclic voltammetry
(CV) curves.

=I v v C kS v( )d d
V

V

V

V

S
1

2

1

2

(3)

where V2 is the highest scanning voltage, V1 is the initial
scanning voltage, and K is the scanning rate. It can be
concluded as eq 4.

=C A
V V Sk2( )S

2 1 (4)

where A is the absolute area of the CV curve, and V2−V1 is the
potential window.
For the CoFe2O4/CuS/RGO composite electrode, the

glucose detection sensitivity is 1199 μA mM−1 cm−2, and the
electrochemically active surface area (ECSA) is calculated as
7.91. The difference between sensitivity and ECSA not only
reflects the structural supporting role of the RGO carrier in
improving the dispersibility of CoFe2O4 and CuS, but also
reveals how the component ratio of CoFe2O4, CuS, and RGO
regulates the electronic structure through chemical mecha-
nisms and affects the number of electrocatalytic active sites for
glucose. The optimized component ratio in this experiment
achieves an optimal balance between structural uniformity and
the electronic synergistic effect, providing an ideal interface
environment and charge transfer conditions for efficient
electrochemical oxidation of glucose. This is also the key
reason why the electrode can achieve a wide detection range of
1 μM to 5 mM and a low detection limit of 0.25 μM.
Figure 13 shows the differences in electrochemical perform-

ance among CoFe2O4, CoFe2O4/CuS, and CoFe2O4/CuS/
RGO in the hydrogen evolution reaction (HER). The LSV
polarization curves in Figure 13a reveal that CoFe2O4 exhibits
a relatively high overpotential and low current density,
resulting in poor HER activity. This is attributed to the
limited number of active sites and low electron transfer
efficiency, which hinder the Volmer step (H+ + e− → H*) and
subsequent hydrogen desorption process. The polarization
curve of CoFe2O4/CuS presents a lower overpotential and
higher current density, indicating that the introduction of CuS
effectively enhances the HER activity. Mechanistically, the
additional active sites (Cu+/Cu2+ redox couples) provided by
CuS can promote the adsorption of H+ in the Volmer step, and
regulate the charge transfer efficiency to accelerate the electron
transfer to the adsorbed H+, thereby efficiently facilitating the
Heyrovsky step. The polarization curve of CoFe2O4 /CuS/
RGO demonstrates the optimal performance, with the lowest
overpotential and highest current density. RGO, relying on its
high conductivity and large specific surface area, can efficiently
transfer electrons to the active sites of CoFe2O4 and CuS,
reduce the charge transfer resistance, and increase the exposure
of active sites, synergistically accelerating the rates of proton
adsorption and H2 generation. The Tafel slope analysis in
Figure 13b further verifies the above results: the Tafel slopes of

Figure 10. (a) Current−time relationship of the CoFe2O4/CuS/RGO
electrode in the presence of glucose; (b) fitted linear relationship of
current versus glucose concentration.

Table 1. Comparison of the Properties of CoFe2O4/CuS/RGO with Those of Previously Reported Glucose Sensors

electrodes range (mM) sensitivity (μAmM−1cm−2) detection limit (μM) Refs

NiCu 0.01−12 42.3 0.5 31
CuS-rGO/g-C3N4 0.001−10 50.6 0.1 32
Ni3C/Ni 0.001−0.065 299.4 0.28 33
AuNPs/Ni(OH)2NS 0.002−6 0.66 34
Co3O4/NiO 0.01−9.055 2477 0.17 35
CoFe2O4/CuS/RGO 0.00001−5 1199 0.25 our work
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CoFe2O4, CoFe2O4/CuS, and CoFe2O4/CuS/RGO are 18.08,
17.22, and 10.27 mV dec−1, respectively. Among them,
CoFe2O4/CuS/RGO has the smallest Tafel slope, indicating

that it has the fastest HER kinetics and is dominated by the
Heyrovsky step, which fully confirms the key optimization

Figure 11. (a) i−t curves of CoFe2O4/CuS/RGO in the presence of 10 μM glucose and interferences added to 1 M KOH; (b) comparison of the
current increments between glucose and interferences.

Figure 12. (a) Cyclic voltammograms of (a) CoFe2O4, (b) CoFe2O4/CuS, and (c) CoFe2O4/CuS/RGO; (d) linear fits of capacitive current versus
scanning rates (10−90 mV/s).
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effect of component synergy on the hydrogen evolution
pathway.32

For the practical evaluation of the CoFe2O4/CuS/RGO
sensor’s reproducibility and long-term stability: Figure 14a
depicts long-term stability, with the current density relative to
the initial value (I/I0) decreasing gradually over 30 days but
remaining at ∼95.7%, showing slow performance attenuation
and good long-term stability. Figure 14b shows current
responses (in mA) of 6 sensors (numbered 0−6) and an
RSD of 5.10%, reflecting good batch-to-batch consistency and
reproducibility, ensuring stable performance in sensing
applications.

4. CONCLUSIONS
The CoFe2O4/CuS/RGO composite electrode delivers ex-
cellent performance in glucose sensing and the hydrogen
evolution reaction (HER). In glucose sensing, it shows a
detection range of 1 μM−5 mM, a sensitivity of 1199 μA
mM−1 cm−2, and a detection limit of 0.25 μM. CuS improves
the conductivity and catalytic activity, while RGO enhances
electron transport and selectivity, thus rendering the electrode
resistant to interferences in complex biological samples. The
coordination of Fe3+ and Co2+ with glucose hydroxyl groups
decreases the oxidation activation energy. Furthermore, the
large specific surface area and good electron transport of RGO

enhance the electrochemical properties, resulting in a linear
response and stability in spite of low glucose concentrations. In
the hydrogen evolution reaction, the composite achieves a
current density of 10 mA cm−2 at an overpotential of 327 mV
and a Tafel slope of 10.27 mV dec−1. The high conductivity of
RGO and semiconducting characteristics of CuS improve the
HER kinetics, enabling the production of hydrogen at low
overpotentials. Moreover, the RGO enhances the stability of
the composite and ensures long-term catalytic activity. This
dual-functional electrode has a large potential in diabetes
monitoring and clean energy development.
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