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Abstract—To synthesize nanocomposites (NCs) comprising two different materials, a multi-step synthetic method is
generally required. In this work, we report the synthesis of a heterometallic nanostructure that can be synthesized using
a simple antisolvent crystallization-based method. Cu/CoO NCs composed of Cu nanoparticles and CoO nanosheets
were formed by reducing mixed salt particles containing both Cu and Co precursors. The synthesized Cu/CoO NCs
exhibit higher sensitivity and increased stability compared to conventional catalysts when used for the electrochemical

detection of hydrogen peroxide (H,O,).
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INTRODUCTION

Recently, many effectors have been devoted to the fabrication and
application of nanocomposites (NCs), as their valuable activity enables
the development of NCs in numerous fields, such as medical dis-
covery, environmental engineering, and catalytic applications [1-
3]. Tremendous effort has been devoted to the synthesis of hetero-
metallic NCs because of their advantages, which include higher
selectivity, higher activity, and increased chemical/physical stabil-
ity compared to homometallic ones [4,5]. However, the synthesis
of heterometallic NCs is limited due to their complicated synthe-
sis steps, long reaction time, and the harsh reaction conditions [6-
8]. Except that, one of the biggest problems of conventional meth-
ods for synthesis of heterostructures is that the two metal precur-
sors start forming in different locations and grow into separate
particles. To overcome this, we employed the antisolvent crystalli-
zation-based method, which can contain two metal precursors within
one mixed salt nanoparticle that allows them to reside in the same
location and naturally form a heterostructure during the nanopar-
ticle growth process. Thus, we were able to easily synthesize hetero-
structures in a one-step process under mild conditions.

Hydrogen peroxide (H,0,), which is a reactive oxygen species
and the simplest peroxide, has been widely used in various fields,
including waste-water treatment, medical equipment, and chemi-
cal industries [9]. However, it has been reported that excess H,O,
can cause water pollution, soil structure damage, and the outbreak
of various diseases [10,11]. Therefore, the development of reliable
and convenient methods for the quantitative detection of H,0, with
high sensitivity and selectivity in practical applications is of great
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urgency. Many analytical techniques have been developed for H,O,
detection, including colorimetric assay [12,13], electrochemical detec-
tion [14,15], and the fluorimetry method [16,17]. Among them, the
electrochemical detection technique shows great promise owing to
its intrinsic advantages, such as high sensitivity, high selectivity, low
cost, fast response, and simplicity [18]. Meanwhile, electrochemically
active nanomaterials also play an important role in the electrochemi-
cal detection technique because of their enhanced catalytic activity
and electrochemical responses for target substrate analysis [19,20].
Therefore, the development of an electrochemical H,O, detection
method based on nanomaterials has broad application prospects.
Among previously reported nanomaterials, Cu-based nanoma-
terials have emerged as the optimal catalytic material for H,O,
detection owing to their low cost. In addition, the redox potential
of Cu"/Cu** couples matches well with that of H,0, [21,22]. For
example, Bian et al. prepared a Pt-Cu octahedral alloy with con-
trolled composition serving as a modifying agent in biosensors
using a facile method, which showed substantially enhanced activ-
ity towards H,O, detection [23]. Cheng et al. successfully synthe-
sized double-shelled hollow CuCo,O, heterostructures with a hy-
drothermal and calcination process. The as-prepared materials were
used for the electrochemical detection of glucose and H,O, and
exhibited excellent performance [24]. Ma et al. constructed hollow
core-shell CuS@CuSe heteromicrocubes by adopting well-defined
Cu,0 microcubes and a subsequent sulfidation/selenization treat-
ment, and the CuS@CuSe/glassy carbon electrode (GCE) displayed
significantly enhanced biosensing properties for H,O, reduction and
dopamine (DA) oxidation [25]. In addition to Cu-based nanoma-
terials, Co-based catalysts with different oxidation states, shapes,
and supports have also been reported for H,O, sensing. For example,
Ullah et al. fabricated Co,0,/anatase titanium dioxide nanotubes
(Co;0,/ATNTs) by combining the two-step anodization process
and the chemical bath deposition method and investigated the
Co;0,/ATNT: for the electrochemical sensing of H,O, [26]. Wu et
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al. synthesized CoS with a tremella-like nanostructure via the one-
pot hydrothermal method and studied the ability of different phases
of cobalt sulfides to detect glucose and H,O,. The sensor based on
cobalt sulfides exhibited good selectivity, excellent stability, and high
reproducibility [27]. Kim et al. successfully synthesized a hierarchi-
cal three-dimensional nitrogen-doped carbon nanotube-anchored
bimetallic Co-Cu organic framework with the direct growth ap-
proach using a high-temperature carbonization of the bimetallic
Co-Cu organic framework and found that the as-prepared nano-
materials possessed a high level of activity for both glucose and H,O,
sensing molecules [28].

In this work, we used the developed antisolvent crystallization-
based method for synthesis of the heterometallic nanostructures
composed of Cu and CoO, which were synthesized by reducing
mixed salt particles containing Cu and Co precursors synthesized
in the antisolvent crystallization process; the Cu/Co molar ratio in
the Cu/CoO NCs was controlled by adjusting the ratio of Cu and
Co precursors. In addition, the synthesized Cu/CoO NCs exhib-
ited higher sensitivity and increased stability compared to conven-
tional catalysts when used for the electrochemical detection of
hydrogen peroxide (H,0,).

MATERIALS AND METHODS

1. Materials and Reagents

Copper (II) chloride (CuCl,, 299.9%), cobalt (II) chloride (CoCl,,
297%), sodium borohydride (NaBH,, 298.0%), cetyltrimethylam-
monium bromide (CTAB), ethyl acetate (=99.5%), ethanol (=99.5%),
Nafion solution, hydrogen peroxide (H,0,), sodium phosphate diba-
sic (Na,HPO,, >99.0%), sodium phosphate monobasic (NaH,PO,,
299.0%), hydrochloric acid (HCI, 37.0%), sodium hydroxide (NaOH,
>98.0%), sodium chloride (NaCl, >99.0%), potassium chloride (KCl,
>99.0%), ammonium chloride (NH,Cl, >99.5%), sodium nitrite
(NaNO,, 299.0%), urea (=99.0%), ascorbic acid (AA, >99.0%), and
glucose (>96.0%) were purchased from Sigma Aldrich (St. Lous,
MO, USA). Carbon black (Vulcan XC-72) was purchased from
CABOT (St. Louis, MO, USA). All chemicals were used without
turther purification.
2. Characterization

Transmission electron microscopy (TEM) and energy dispersive
X-ray spectroscopy (EDS) images were obtained using a JEM-2100F
(JEOL) microscope at 200 kV. The elemental composition of the
Cu/CoO NCs was investigated using an inductively coupled plasma
spectrometer (ICE, LEEMAN). Magnetic measurements were per-
formed at room temperature using a superconducting quantum
interference device-vibrating sample magnetometer (SQUID-VSM
QM02). X-ray diffraction (XRD) patterns were recorded using a
D8 Advance X-ray diffractometer operated at 35kV and 35mA.
X-ray photoelectron spectroscopy (XPS) spectra were obtained using
a PHI 5000 VersaProbe (ULVAC PHI, Chigasaki, Kanagawa, Japan).
Thermogravimetric analysis (TGA) curves were obtained using a
Seiko Exstar 6000 (TG/DTA6100). The electrocatalytic activity of
the Cu/CoO NCs was evaluated using a CHI 760E electrochemi-
cal workstation (CH Instruments).
3. Synthesis of Cu/CoO NCs

First, 12 mg of CuCl,, 26 mg of CoCl,, and 10 mg of CTAB were
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dissolved in 3 mL of deionized (DI) water and preheated at 70 °C
for 30 min. Next, 6 mL of ethyl acetate was injected into the mix-
ture, which was heated at 70 °C for 30 min and stirred at 800 rpm.
Once a doudy solution was formed, 3 mL of aqueous NaBH, (11.4
mg) was injected into the mixture, heated at 70 °C for 10 min, and
stirred at 800 rpm. After the reaction, the products were collected
via centrifugation (9,000 rpm, 10 min, 3 cycles) and redispersed in
DI water.

4. Preparation of Vulcan XC-72 Solution

First, 500 mg of Vulcan XC-72 was dissolved in 50 mL of deion-
ized (DI) water and sonicated for 20 min to disperse. Next, 30 mL
of HCl was injected into the mixture and stirred for 12 h at room
temperature. The final product was collected by centrifugation (13,000
rpm, 15min, 3 cydes) and re-dispersed in 100 mL of ethanol (con-
centration of 5 mg/mL).

5. Preparation of Cu/CoO Supported on Carbon

After dispersing the Cu/CoO NCs in 17.6 mL of ethanol, 2.4
mL of the ethanol solution containing Vulcan XC-72 was injected
into the mixture and heated at 75°C for 1 h. The carbon-supported
catalysts were collected by centrifugation and redispersed in 1 mL
of ethanol [29].

6. Preparation of Phosphate Buffered Saline (PBS)

In 100 mL of DI water, 1.42 g of Na,HPO, and 1.2 g of NaH,PO,
were dissolved. Then, 28.85mL of Na,HPO, and 21.15mL of
NaH,PO, solutions were mixed. The pH value of the PBS buffer
solution was adjusted using HCI and NaOH solutions.

7. Electrochemical Measurements

The electrochemical response was evaluated using a three-elec-
trode cell system consisting of a reference electrode (saturated Ag/
AgCl electrode), a counter electrode (graphite rod), and a work-
ing electrode (GCE with a working area of 0.07 cm®). The catalyst
ink was prepared as follows: a certain amount of the Cu/CoO cat-
alyst and 45 pL of the Nafion solution were added to 555 pL of etha-
nol and sonicated for 15 min to form a homogeneous solution. The
as-prepared catalyst ink was then dropped on the working elec-
trode and left to dry at room temperature for 15 min. All electro-
chemical measurements were conducted in 50 mL of 0.1 M PBS
(pH=7), and the PBS solution was purged with nitrogen to obtain
a N,-saturated atmosphere.

RESULTS AND DISCUSSION

1. Characterization of Heterometallic Structure Cu/CoO NCs

The Cu/CoO NCs were synthesized using the antisolvent crys-
tallization-based synthetic method, as shown in Fig. 1. Cu-Co mixed
salt nanoparticles (NPs) were synthesized by mixing an aqueous
solution containing Cu and Co precursors with ethyl acetate as the
antisolvent. Fig. S1 shows typical TEM and EDS mapping images
of salt NPs, depicting the formation of 117.5 nm-sized quasi-spheri-
cal particles composed of Co, Cu, and Cl After reduction with
NaBH,, the pink cloudy-colored solution rapidly turns black, indi-
cating that the salt NPs were converted to metallic nanomaterials.
TEM and EDS mapping images (Fig. 2 and Fig. S2, respectively) show
the formation of composites approximately 2 pm in size composed
of CoO nanosheets and Cu nanoparticles with an average size of
32.6 nm. The XRD pattern of the Cu/CoO NCs in Fig. 3 shows
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Fig. 3. XRD patterns of the Cu/CoO NCs.

diffraction peaks at 43.3°, 50.4°, and 74.1°, which correspond to (111),
(200), and (220), respectively, indicating the presence of metallic
Cu (JCPDS #04-0836). In addition, diffraction peaks were also
observed at 36.5° and 61.5°, which correspond to (111) and (220),
respectively, indicating the presence of metallic CoO (JCPDS #43-
1004). The high-resolution TEM (HRTEM) analysis indicates the
presence of two lattices in the NCs, which match well with Cu and
Co0 [30,31]. To obtain more detailed information of the structure,

XPS analysis was performed (Fig. 4). As shown in Fig. 4(a), the Cu
2p XPS spectra could be deconvoluted into two prominent peaks
at 9324 eV and 954.4 eV, both of which correspond to Cu 2ps, of
the zero-valent [32]. Meanwhile, the Co 2p XPS spectra exhibited
two major peaks corresponding to Co 2ps, (780.0eV) and Co 2p,;,
(795.9 eV) of CoO, both of which have satellite peaks at the corre-
sponding binding energies, which represent the oxidation state of
cobalt (Fig. 4(b)) [33]. These results are consistent with that of the
XRD analysis. Therefore, it can be deduced that the as-prepared
NCs were composed of metallic Cu and CoO. The Cu/Co atomic
ratio in the Cu/CoO NCs was calculated according to the ICP results,
where it was revealed that the Cu/Co ratio can be easily controlled
by adjusting the Cu/Co precursor ratio (Table S1). Interestingly, the
synthesized NCs exhibited a superparamagnetic nature with a sat-
uration magnetization (G,) value of 11.171emu g~ (Fig. S5), which
can be attributed to the exchange coupling that occurred at the
Cu-CoO interface where the magnetic moments of CoO influence
the behavior of neighboring Cu atoms. This interaction can result
in a modification of the magnetic properties, potentially leading to
a stronger overall magnetism compared to the individual compo-
nents [34].
2. Electrochemical H,0, Detection

Previous research conducted on H,0, detection using Cu- and
Co-based nanomaterials found that a combination of Cu and Co
could effectively enhance the resolution limitation, resulting in a
sensor with high accuracy [35-37]. To verify the catalytic activity
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Fig. 4. XPS spectra of (a) Cu 2p and (b) Co 2p in the Cu/CoO NCs.

of Cu/CoO catalysts for H,O, detection, electrochemical cyclic
voltammetry (CV) measurements were first performed in 0.1 M
PBS with and without H,O,. As shown in Fig. S6(a), a reduction
peak was observed at —0.135V (vs. Ag/AgCl) and a weak oxidation
peak at —0.03 V without H,O,. This can be attributed to the redox
reaction of Cu/CoO NCs. The intensity of the reduction peak in-
creased significantly after the addition of 1 mM of H,O,, indicat-
ing that it was involved in the reaction. The as-prepared Cu/CoO
catalyst is catalytically active. Notably, the electrochemical surface
area (ESCA) is important for the electrochemical detection of
trace amounts of chemical species [38,39]. The ECSA of the Cu/
CoO (0.07 mF cm™) is very small (Fig. S7(a), (d)), indicating that
there was limited interfacial charge transfer, resulting in decreased
detection sensitivity and a low resolution. The double-layer capaci-
tance (Cdl) was in proportion to the ESCA of the electrode and
was obtained by plotting the AJ/2 against the scan rate, where AJ
denotes the difference between anodic and cathodic currents at
the same potential [40]. To improve the interfacial charge transfer
of the Cu/CoO NCs, we tried to support the Cu/CoO NCs on the
Vulcan XC-72 to increase the conductivity [41]. Fig. S8 shows the
TEM image and elemental distribution of the Cu/CoO supported
on carbon, indicating the Cu/CoO NCs were successtully dispersed
on the carbon. The TGA results show that the amount of Cu/CoO
on the carbon was 21 wt% (Fig. S9); therefore, it can be deduced
that carbon particles without catalysts had no significant catalytic
activity for H,O, detection (Figs. S6(b), S7(b), and S7(d)). The CV
measurements of the Cu/CoO catalyst supported on carbon in the
absence and presence of H,O, show that the reduction peak in-
creased after the addition of H,0O,, and the ECSA increased to
1.85 mF cm %, which is much larger than that of the bare Cu/CoO
catalyst (Figs. S6(c), S7(c), and S7(d)). Therefore, the Cu/CoO sup-
ported on carbon was used as the catalyst for further electrochem-
ical experiments in this study.

To obtain the optimal detection performance, optimization of
the applied potential, catalyst amount, and pH was necessary. The
applied potential was optimized via amperometry tests with the suc-
cessive addition of H,O, at different potentials (Fig. S10(a)). The
electrochemical response increased from —0.1 V to —0.2 V before
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decreasing. Further, the calibration curve indicated that the cur-
rent response at —0.2 V had the largest slope (Fig. S10(b)). Through
control experiments of the catalyst amount and pH value of the
solution, we confirmed that the optimal conditions were 15 g of
the catalyst and a pH value of 7 (Fig. S11 and S12).

Under optimized conditions, the current response of the Cu/
CoO catalyst with successive additions of H,O, at 02V was mea-
sured every 60 s. As shown in Fig. 5(a), the Cu/CoO catalyst had a
quick response time after the addition of H,O,. The calibration curve
between the H,0O, concentration and current response is shown in
Fig. 5(b)-(d). The linear relationship can be expressed as j (mA
cm)=-0.0463C (mM)-0.00259 (R’=0.99966) in the range of 10 to
100 puM, and j (mA cm™)=—0.0277C (mM)—0.00441 (R*=0.99879)
in the range of 100 to 1,000 uM, where j is the current density, C
is the H,0, concentration, and the slope is the sensitivity. The sen-
sitivity was 46.3 pPA mM ' cm ™ and 27.7 pA mM ' cm™? from 10
to 100 uM and 100 to 1,000 ptM, respectively. The limit of detection
(LOD) was 1.85 M, as calculated using the following equation:
30N, where o is the standard deviation of the background cur-
rent and N is the sensitivity [42]. In addition, we also performed a
control experiment using pure CoO nanosheets and Cu nanopar-
ticles as the catalyst for H,O, detection, as shown in Fig. S13 and
Fig. S14. The limit of detection was 4.04 pM for CoO nanosheets
and 8.5 pM for Cu nanoparticles, respectively, which indicated the
importance of the Cu/CoO heterostructure. In addition, compared
with previous reported catalysts for H,O, electrochemical detec-
tion (Table S2), the as-prepared Cu/CoO catalyst also exhibited
enhanced catalytic activity and increased sensitivity [25,43-50].

Selectivity and stability are also important parameters in the practi-
cal use of catalytic sensors to sensor. To analyze the selectivity of
the Cu/CoO catalyst, NaCl, KCI, NH,Cl, NaNO,, urea, AA, and glu-
cose were chosen as the controls and successively added to 0.1 M
PBS at —0.2'V (vs. Ag/AgCl). As shown in Fig. 6(a), the catalyst
showed a negligible response to the controls compared with H,0,,
indicating the excellent selectivity of the Cu/CoO catalyst for H,O,
detection. In addition, the stability of the catalyst was investigated
by recording the current signal after the addition of the same con-
centration of H,0, daily for 7d. Under the same catalytic condi-
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Fig. 6. (a) Amperometric response of the Cu/CoO catalyst with the addition of H,0,, NaCl, KCl, NH,Cl, urea, AA, glucose, and NaNO, at

—0.2V (vs. Ag/AgCl) in 0.1 M PBS solution. (b) Amperometric responses of the Cu/CoO catalyst with the injection of 100 M of H,O, at
—0.2V in 0.1 M PBS solution (pH=7); measurements were recorded daily for 7 d.

tions, the measured current density only decreased by 26.7% after easily synthesized using an antisolvent crystallization-based method.
7d (Fig. 6(b)), indicating that the as-prepared Cu/CoO had good Nanocomposites composed of Cu nanoparticles and CoO nano-
stability. sheets were synthesized by reducing mixed salt particles contain-
ing Cu and Co precursors. The synthesized Cu/CoO NCs exhibit

CONCLUSION excellent H,O, detection performance. We expect that the antisol-

vent crystallization-based method can be used practically in the

We have demonstrated that heterometallic nanostructures can be field of heterometallic nanostructure synthesis, including bimodal,

Korean J. Chem. Eng.(Vol. 40, No. 11)
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core-shell, and dendrite-forming alloy structured nanoparticles.
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Fig. S1. (a) TEM images, (b) the corresponding EDS mapping images and (c) size distribution of mixed salt nanoparticles.
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Fig. S2. Size distribution of (a) Cu/CoO NCs and (b) Cu nanoparticles.



Fig. S3. TEM and HRTEM images of ((a) and (b)) Cu and ((c) and (d)) CoO in the Cu/CoO NCs.
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Fig. S4. XRD pattern of the Cu/CoO NCs synthesized under different (a) Co and (b) Cu precursor amounts.



Table S1. ICP data of the Cu/CoO NCs with different amount of

Cu and Co precursors
Sample Cu Co Cu/Co
P (mg/mL) (mg/mL) molar ratio
12-26 9.17 8.78 0.97/1
12-42 6.01 5.46 1.02/1
12-52 9.34 7.7 1.13/1
17-26 17.5 4.84 3.35/1
22-26 16.6 2.19 7.03/1
27-26 14.1 0.989 13.22/1
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Fig. S5. Magnetization curve of the Cu/CoO NCs at room tempera-
ture. Inset is photographs before and after magnetic sepa-
ration in the solution.
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Fig. S6. CV curves of (a) the bare Cu/CoO NCs, (b) Vulcan XC-72 carbon, and (c) Cu/CoO supported on the carbon in presence and
absence of H,O, (1 mM).
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Fig. S7. (a)-(c) CV curves with five different scan rates of (a) the bare Cu/CoO NCs, (b) Vulcan XC-72 carbon, and (c) Cu/CoO supported on
carbon (Cu/CoO/C), respectively. (d) Capacitive currents plotted as a function of scan rate at 0.4V vs. Ag/AgCL
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Fig. S8. (a) TEM image, ((b) and (c)) EDS mapping results of the Cu/CoO supported on the carbon.
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Fig. $9. The TGA graph of the Cu/CoO supported on carbon.
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Fig. S11. (a) Amperometric responses of the Cu/CoO at different loading amount in 0.1 M PBS solution with the successive addition of
100 uM H,O,. (b) The relationship between response current density and H,0, concentration of the Cu/CoO at various loading

amount in 0.1 M PBS solution.
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Fig. S12. (a) Amperometric responses of the Cu/CoO in 0.1 M PBS solution with different pH with the successive addition of 100 M H,0,.
(b) The relationship between response current density and H,O,. concentration of the Cu/CoO at various pH in 0.1 M PBS solution.



Co

ull Scale 1561 cts Cursor: 0.000

Fig. S13. TEM and EDS mapping images of ((a) and (c)) CoO nanosheets and ((b) and (d)) Cu nanoparticles prepared by the antisolvent
crystallization-based method.

Table S2. Previous reported catalysts for H,0, electrochemical detection

. Linear range Sensitivity Detection limit
Materials (M) (WA mM cm™?) (M) Ref.
ITO-rGO-AuNPs 25-3,000 64.1 6.65 44
Meso-C/ZnO 50-981 46.48 6.25 45
Co0,0,/rGO/GCE 15-675 1.14 2.4 46
1-100 3,570

CuCo-Cu@CoCH 100-2,000 3290 0.97 47
CuO/GCE 5-180 8.6 1.6 48
a-Fe,0, 6.6-2,500 181 1.3 49
NiO/a-Fe, O, 500-3,000 98.6 50 50
CuFe,O, 500-25,000 219 22 51
CuCo,0, 11-8,900 94.1 3.0 16
Cu/CoO 10-100 46.3 1.85 This work

100-1,000 27.7
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Fig. S14. Amperometric responses of the (a) CoO nanosheets and (d) Cu nanoparticles with successive additions of H,0,. Curves between
the current density and H,O, concentration of the (b) CoO nanosheets and (e) Cu nanoparticles. Linear relationship between the
current density and H,0, concentration in the range of 100 to 500 LM of the (c) CoO nanosheets and (f) Cu nanoparticles.
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