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ABSTRACT: This work efficiently detects uric acid (UA) in a human blood
sample using cobalt nanoparticle-immobilized mixed-valent molybdenum sulfide
on the copper substrate in a point-of-care (PoC) device. The sensor electrode was
fabricated by micromachining of Cu clad boards employing an engraver to generate
a three-electrode system consisting of working electrode (WE), reference electrode
(RE), and counter electrode (CE). The WE was subjected to physical vapor
deposition of mixed-valent MoSx layers by a reaction between Mo(CO)6 and H2S
at ∼200 °C using a simple setup following which CoNPs were electrochemically
deposited. The RE and CE were covered with Ag/AgCl and Ag paste, respectively.
A plasma separation membrane acted as the medium of UA/blood serum delivery
to the electrodes. The material and electrochemical characterization confirmed that
CoNPs over MoSx provided an enlarged electroactive surface for the direct
electron transfer to achieve an enhanced electrocatalytic response. The binary
combination of CoNPs and MoSx layers over the Cu electrode reduced the charge-transfer resistance by two times, enhanced the
surface adsorption by more than two times, and yielded a high diffusion coefficient of 3.46 × 10−3 cm2/s. These interfacial effects
facilitated the UA oxidation, leading to unprecedented mA range current density for UA sensing for the PoC device. The
electrochemical detection tests in the PoC device revealed a sensitivity of 64.7 μA/μM cm−2, which is ∼50 times higher compared to
the latest reported value (1.23 μA/μM cm−2), a high limit of detection of 5 nM, and shelf life of 6 months, confirming the synergistic
effect-mediated high sensitivity under PoC settings. Interference tests confirmed no intervention of similar analytes. Tests on blood
samples demonstrated a recovery percentage close to 100% in human serum UA, signifying the suitability of the nanocompositebased sensor and the PoC device for clinical sensing applications.
KEYWORDS: molybdenum sulfide, nanocomposite, catalytic activity, Brown−Anson model, electrochemical sensor, blood, uric acid,
detection

■

INTRODUCTION

uncomplicated integration into a handheld device, which make
the SPE more suitable for PoC devices.
In the last few years, researchers have used molybdenum
chalcogenide-based nanomaterials as an alternative to rGObased 2D nanomaterial for UA sensing. Molybdenum
chalcogenide-based nanomaterials have gained significant
attention due to their exciting properties, such as their
semimetallic nature, good catalytic activity, direct band gap,
and higher immobilization of biomolecules due to larger
surface area.5,6 The use of molybdenum-like transition metals
in 2D nanomaterials has become beneficial due to their

Enzyme-free electrochemical detection using nanoscale
materials as sensors for uric acid (UA) is currently a matter
of interest among researchers due to its significance in
diagnosing metabolic disorders such as hyperuricemia, gout,
and cardiovascular diseases.1−3 Nanosensors of different
inorganic/organic materials have been reported using Ag, Au,
Zn, Si, Cu, Pd, Ni, Sn, Pt, Ce, and rGO for the electrochemical
detection of UA. However, most of the available electrochemical detection follows the conventional voltammetric
method, wherein the glassy carbon electrode (GCE) was
suitably deposited with the said material for electrochemical
detection.4 Unlike GCE, a screen printing electrode (SPE) has
the advantage of fabricating a point-of-care (PoC)-based
electrochemical sensing device for rapid, onsite monitoring of
clinical bio-analytes. Furthermore, the commendable properties of the SPE include the requirement of reduced sample
volume, disposability, facile electrode surface modification, and
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Table 1. Summary of the Related Literature on Electrochemical Sensing of UA
detection type/method
chronoamperometry,
three electrode system1
voltammetry, three
electrode system17
voltammetry, three
electrode system18
voltammetry, three
electrode system19
voltammetry, three
electrode system20
voltammetry, three
electrode system21
voltammetry, three
electrode system4
voltammetry, three
electrode system22
voltammetry, three
electrode system23
voltammetry, three
electrode system24
voltammetry, three
electrode system25
voltammetry, three
electrode system26
voltammetry, three
electrode system27
voltammetry, three
electrode system28
voltammetry, three
electrode system29
voltammetry, three
electrode system30
voltammetry, three
electrode system31
voltammetry, three
electrode system32

probe

sensitivity

reduced graphene oxide-gold nanocompositemodified SPE
NiO-rGO-modified SPE

0.092 μA μM−1

MOF-71-modified GCE

∼0.4811 mA mM−1 cm−2

LOD

linear range

∼0.74 μM

2.5−1000.0 μM

urine sample

application

125−250 μM

da injections

∼15.61 μM

50.0−1000.0 μM

copper oxide nanostructure-modified GCE

0.6 μM

0.001−351 mM

urine sample

nickel hexacyano ferrate-modified CPE

0.18 μM

02−12 μM

urine sample

ZnO−graphene-modified ITO electrode

0.3 μA μM−1 cm−2

5.0 μM

5−80 μM

urine sample

copper oxide nano-rice-modified GCE

141 μA μM−1 cm−2

11.9 μM

1−160 μM

urine sample

1.0 μM

1−60 μM

urine sample

0.028 μM

0.5−50 μM

urine sample

0.47 μM

3.0−758.6 μM

urine sample

1.8 μM

8.8−53 μM

rat serum sample

0.0335 μM

0.1−50.0 μM

1.6 μM

4.0−469.5 μM

human serum
sample
human serum and
urine sample

graphene-modified carbon fiber electrode

0.132 μM

0.19−49.68 μM

reduced graphene oxide-zinc oxide-modified GCE

1.08 μM

3−330 μM;

palladium nanoparticles supported
polypyrrole/reduced graphene oxide-modified GCE
polyaniline/Fe2O3−SnO2/reduced graphene oxidemodified GCE
MoS2 nanoflower-graphene ITO-modified ITO
electrode

0.047 μM

1−15 mM

2.75 μA μM−1

1.6 μM

5−300 μM

1.88 μA μM−1

0.14 μM

5−60 μM

molybdenum disulfide (MoS2) nanosheet arraymodified carbon nanofiber electrode
multi-walled carbon
nanotube/Azure A/gold nanoparticle/Nafionmodified GCE
ruthenium oxide nanoparticle-modified GCE
Au nanoplates and reduced graphene oxide (rGO)modified GCE
electrochemically reduced graphene oxide and gold
nanoparticles@carbon dot-modified GCE
cubic Pd and reduced graphene oxide-modified GCE

0.73 μA μM

−1

6.48 μA μM−1

human plasma and
urine sample
human serum
sample
artificial urine
sample
human serum and
urine sample

properties.16 An account of the related literature on the
electrochemical UA sensor is presented in Table 1.
The aforementioned UA sensors were of electrochemical cell
type and did not comply with PoC-type devices. PoC-based
electrochemical UA sensors use SPEs; however, the reported
literature for SPE-based sensors reveals the response currents
ranging in μA/cm2, and the sensitivity is limited to 0.092 μA
cm−2 μM−1,33 demonstrating low catalytic activities of the
sensor electrodes for UA detection under PoC settings.
To explore an efficient PoC detection of UA in a human
blood sample with an enhanced electrocatalytic response, we
design and develop a new nanocomposite of cobalt and mixedvalent molybdenum sulfide on a copper substrate that can
generate in mA/cm2 range current as a signal within a
miniaturized device. The first challenge was to select a suitable
pre-electrode that could suitably house the said nanocomposite. Recent progress in electrochemistry showed the
utility of Cu as a pre-electrode material. The Cu-based
electrode is easily fabricated employing mechanical micromachining of flame retardant grade-4 copper clad board (FR4,
used for printed circuit board fabrication) with fabrication
costs <$0.1/cm2.34 The second consideration was to deposit
the molybdenum sulfide layers uniformly over the preelectrode. This could be achieved using physical vapor
deposition (PVD) or CVD. Unfortunately, known CVD
reactions fail in this regard as the Cu-based electrodes as
well as the substrate materials are prone to oxidation at higher
temperatures, and PoC devices typically made of polymeric

possibility of existence in different oxidation and charge
forms.7−9 Having this advantage, researchers recently have
given attention to the use of molybdenum sulfide-based
nanocomposites10 to detect various bio-analytes and microorganisms such as glucose,7 catechol,11 and Escherichia coli.12,13
In all of the stated research, MoS2 and Mo2S3 materials were
synthesized either using mechanical exfoliation, solution-phase
exfoliation/sonication, or chemical vapor deposition (CVD) of
MoO 3 and sulfur gas. 14 While direct exfoliation of
molybdenum sulfide may lead to non-uniform material
deposition, the CVD technique attempts to eliminate this by
generating a uniform deposition. However, the requirement of
high temperatures (typically >700 °C) makes CVD unsuitable
for use in the fabrication of PoC devices, specifically by
employing molybdenum sulfide-based nanocomposites.15
Hybridizing transition metal with exfoliated molybdenum
sulfide may generate a higher sensory response for sensing
applications. Few studies mentioned the use of Cu and Au in
the nano form to enhance the sensory response of MoS2/
Mo2S3 toward detecting of various biological analytes.11,12
Since nanoparticles can plausibly relate to higher surface
interactions with analytes and the use of nanoparticles leads to
higher electrical conductivity in the molybdenum sulfide
matrix, it is expected that such a combination may generate
even higher response current and sensitivity for sensor
applications. Thus, transition-metal-based nanocomposites
with MoS2/Mo2S3 will be helpful for sensor applications due
to their unique shapes and structure-specific electrochemical
B
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materials cannot sustain a temperature of >200 °C.34 A new in
situ PVD method is hence reported here for the first time,
which involves reactive PVD employing Mo(CO)6 and Na2S at
200 °C for 7 min in a PVD chamber to deposit durable layers
of molybdenum sulfide over the Cu electrode. As there was a
possibility of forming both MoS2 and Mo2S3 in this reaction
process, a notation MoSx was used to indicate the mixed-valent
molybdenum sulfide for the present study.
The third consideration was preparing the final sensor
electrode, Co−MoSx@Cu of the PoC device for the detection
of UA in human blood sample with an enhanced electrocatalytic response using nanocomposites of cobalt and mixedvalent molybdenum sulfide on the copper substrate. This was
achieved using the electrodeposition of CoNPs over MoSx
layers. The developed device houses three electrode systems
viz. working electrode�WE (Co−MoSx@Cu), reference
electrode�RE (Ag/AgClpaste@Cu), and counter electrode�
CE (Ag@Cu). The sensor electrode was subjected to material
and electrochemical characterization to understand the material structure, composition, and properties of the Co−MoSx
nanocomposite placed over the Cu electrode. Tests with UA,
interfering agents, and blood samples were conducted to
validate the sensory response of the Co−MoSx@Cu electrode
toward UA detection. The experimental results present a
probable reaction mechanism and a plausible explanation for
selective detection of UA with high sensitivity due to the
synergistic effect arising from Co−MoSx, of note, such Co−
MoSx nanocomposite-based PoC device development for UA
detection, which could cater to real-time monitoring of UA
with enhanced sensitivity, is reported in this study for the first
time.

the conventional SPE. A mask that could cover up two side electrodes,
leaving exposed the middle one as prospective WE, was also fabricated
using the same method (Figure 2). The mask was rigidly fixed to the
setup by tying them to get a mask−electrode combination. The
prospective WE portion was etched with HCl (0.1 M) to enhance its
roughness, as stated in existing research.35 The mask−electrode
combination was fixed to the substrate holder of the visible coating
process evaporation coater in such a manner that the exposed
prospective WE faced the evaporation source. Mo(CO)6 and Na2S in
a 1:3 ratio was ground into 1.0 gm powder using mortar and pestle
and was kept inside the crucible of the evaporation coater. The
distance between the evaporation source and the substrate holder was
fixed to 2 cm. The evaporation coater was programmed for
temperature of 200 °C for a period of 7 min, and the pressure of
the reaction chamber was set to ambient. A grayish-color vapor was
visible inside the transparent deposition chamber of the evaporation
coater, and a bluish black color deposition of MoSx was formed on the
prospective copper-based WE. The experiment related to PVD of
MoSx merely using Mo(CO)6 and Na2S at temperatures as low as 200
°C, was conducted for the first time in this research since earlier
reports focused only on deposition of sulfides of Mo using CVD. The
bluish-black-coated mask−electrode combination was removed from
the Petridish enclosure, and a yellowish white-colored powder that
accumulated as a byproduct was characterized to understand the
reaction process. The deposition on the WE was carefully washed
with water to remove impurities, if any. The connecting wire was
soldered to the wire-connecting pad of the MoSx-coated WE. The
combination was subjected to electrodeposition of CoNPs from a
solution of 0.1 M CoCl2, 1 M NaCl, and 0.5 M H3BO3 (pH = 4)
using cyclic voltammetry (CV) employing a potentiostat with a
voltage scan window between 0.5 and −1.5 V for five cycles at a scan
rate 20 mV/s.36 The mask was removed from the electrode setup after
deposition of the Co−MoSx material on Cu. The RE and CE were
coated with Ag/AgCl ink and Ag ink, respectively, as they exhibit
excellent temperature sensitivity.37 The developed PoC device with
WE, RE, and CE was heated at 60 °C for 2 h to cure the Ag and Ag/
AgCl inks. Wires were also soldered to wire-connecting pads of the
RE and CE for their use in electrochemical sensing. Finally, a plasma
separation membrane was uniformly used to deliver UA/blood serum
to the electrodes of the PoC device by capillary action. The developed
PoC device along with its dimensions is shown in Figure 1.

■

MATERIALS AND METHODS

Materials and Instruments. Molybdenum hexacarbonyl (Mo(CO)6), sodium sulfide pentahydrate (Na2S·5H2O), HCl, cobalt(II)
chloride (CoCl2), NaCl, H3BO3, Ag paste, Ag/AgCl paste, UA,
creatinine, urea, glucose, dopamine (DOPA), ascorbic acid (AA),
human serum albumin (HSA), potassium hexacyanoferrate(III)
(K3[Fe(CN)6]), potassium hexacyanoferrite(II) trihydrate (K4[Fe(CN)6]·3H2O), NaOH, and phosphate buffer solution (PBS) of pH 8
were procured from Sigma-Aldrich, India and were used as supplied
unless otherwise stated. Ultrapure water was used from the Milli-Q
water ultrafiltration system. FR4 copper clad boards were procured
from Anand Circuits, India. The plasma separation membrane was
supplied by Cobetter, China (membrane series-RB). An MiPec 4MMill, Czech Republic PCB engraver was used for pre-electrode
fabrication. Electrochemical deposition of CoNP was conducted using
a potentiostat (BioLogic, SP-150, France), Ag/AgCl (Sat. KCl) as a
RE, and Pt wire as a CE. Field emission scanning electron microscopy
(FESEM) (Carl-Zeiss), transmission electron microscopy (TEM)
(FEI Technai G22 20 S-Twin), atomic force microscopy (AFM)
(NanoSurf CoreAFM), X-ray photoelectron spectroscopy (XPS)
(PHI 5000 VersaProbe III), X-ray diffractometry (XRD) (Malvern
PANalytical Empyrean, UK), and Raman spectrophotometry
(WITEC 300 RAS instrument, Germany) were used to examine the
chemical modifications occurred at the electrode surface. The visible
coating process evaporation coater (Zhengzhou CY Scientific
Instruments, China, model-CY-EVP180G-LV) was used for PVD.
Blood samples were collected from DSP main hospital, Durgapur,
India.
Nanocomposite Synthesis and Electrode Fabrication. The
pre-electrode was fabricated by mechanical micromachining of FR4
copper clad board using a PCB engraver, which has the capability to
directly remove copper following the computer-aided design model
loaded in machine software. A three-electrode-based setup of copper
(Cu) was thus fabricated at first, which has a configuration similar to

Article

Figure 1. Developed PoC device for UA sensing in blood serum along
with its dimensions.

■

MATERIAL CHARACTERIZATION

The bare Cu electrode, MoSx-deposited Cu electrode (MoSx@
Cu), and CoNP−MoSx-deposited Cu electrode (Co−MoSx@
Cu) of the PoC device were characterized by FESEM, TEM,
AFM, and SAED to evaluate the surface morphology and to
understand the possible deposition of CoNPs and MoSx over
C
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Figure 2. Schematic for fabrication of the Co−MoSx@Cu electrode for the PoC device and associated steps for UA detection.

−1.0 to 1.0 V at a 40 mV/s scan rate to evaluate the response
current density corresponding to the peak voltage for UA. It
may be noted that molybdenum sulfide does not exhibit
hydrogen evolution reaction in this scan window, as reported
earlier.38 Experiments were repeated 20 times at each
concentration to evaluate device repeatability. CV was also
plotted at 100 μM UA concentration with varying scan rates to
understand the interfacial reaction kinetics and mechanism of
UA oxidation. The response current density at peak voltage
was plotted against the UA concentration to evaluate the
sensitivity and linearity of the PoC device. The response for
bare Cu electrode and MoSx@Cu electrode toward UA was
found using CV and EIS to compare the effectiveness of the
Co−MoSx@Cu nanocomposite electrode over bare Cu and
MoS x@Cu electrodes. Repeated experiments with UA
concentrations as low as 5 nM were conducted to check the
limit-of-detection (LOD) of the PoC as per IUPAC guidelines.39 The PoC device was subjected to interference studies
with analytes such as creatinine, glucose, urea, AA, DOPA, and
HSA. To measure the electrochemical stability, the developed
chip was kept in a Petridish at ambient temperature under
normal atmospheric conditions. The oxidation peak potential
and current response of the electrode were measured
periodically for 6 months by CV at 100 μM UA concentration.
Furthermore, the experiments related to UA detection in
human blood were conducted by dropping 10 μL of whole
blood over the plasma separation membrane rigidly attached to
the PoC and further by plotting CV curves. Combined with the
sensitivity curve, the response currents were mapped with UA
concentration to find the recovery rate in UA measurement in
blood serum. Blood samples were spiked with 100 and 150 μM
of UA, and the response current was recorded to find the
recovery. All blood-related experiments were conducted with

the Cu plate. XPS and XRD studies were conducted for
MoSx@Cu and Co−MoSx@Cu electrodes to determine the
presence of mixed-valent states of molybdenum sulfide and
Co(0) oxidation state. Raman spectroscopy was performed to
ascertain the uniformity and layer numbers of deposited MoSx
material.
Electrochemical Characterization of the Fabricated
Electrode. CV experiments were carried out on the PoC
device using a standard redox solution to monitor the
electrochemical performance of the fabricated electrode. 5.0
mM concentration of the ferro/ferricyanide solution mixture in
0.01 M PBS was used as standard redox solution. 10 μL of
standard redox solution was dropped at one end of the plasma
separation membrane attached over the electrodes of the PoC
device (Figure 2) that wetted the membrane completely due to
capillary flow. CVs were plotted under the potential range of
−1.0 to +1.0 V at a 40 mV/S scan rate. The electrochemical
performance was analyzed depending on the peak current
density shift in the presence of the reversible redox solution
[Fe(CN)6]4−/3−. The experiments were conducted with Cu,
MoSx@Cu, Co−MoSx@Cu, and Co@Cu electrodes and the
catalytic performances were compared.
Sensor Response Evaluation. The developed PoC device
was subjected to the evaluation of sensor response for UA (pH
7.4), ranging between 100 and 550 μM, since UA
concentration in blood serum lies in this range. To maintain
the uniformity of all experiments, a plasma separation
membrane was rigidly attached over the three electrode
system, which acts as a medium of delivery of analytes during
calibration experiments and as a separator of serum from whole
blood during blood-related experiments. CV, differential pulse
voltammetry (DPV), and electrochemical impedance spectroscopy (EIS) experiments were conducted within scan window
D
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Figure 3. Comparative morphology analysis by using FESEM images of (a) bare Cu, (b) MoSx deposited over Cu, and (c) CoNP-electrodeposited
over MoSx@Cu; TEM images for (d) MoSx deposited over Cu, (e) CoNP-electrodeposited over MoSx@Cu, and (f) SAED image of
electrodeposited CoNP over MoSx@Cu.

Figure 4. Structural characterization using XRD of the (a) MoSx@Cu electrode and the (b) Co−MoSx@Cu electrode; (c) RAMAN spectrum of
deposited MoSx on the Cu substate.

approval from ethical committee of CSIR-Central Mechanical
Engineering Research Institute, India. Blood-related wastes
were disposed in a strong bag after autoclaving, as suggested by
committee members.
The reusability of the developed sensor was determined by
the CV experiment after washing it with 0.01 M PBS. CV scan
was carried out for five consecutive cycles to wash the WE, CE,
and RE of the chip for reusing it, and the current density was
recorded after five cycles in the whole blood sample to find any
deviations in sensor response due to the wash process. After
every experiment, the plasma separation membrane was
replaced with a new one to draw fresh sample to the electrode
surface.

molybdenum sulfide deposition exhibits lamellar nanosheets
with various lateral sizes (Figure 3b).
The randomly oriented nanosheet-like subunits with a lateral
height of ∼170 nm are assembled to construct the threedimensional (3D) flower-like architecture, comparable to the
other reported literature of 3D MoS2/Mo2S3.40,41 These
nanosheets exhibit sharply curved edges and smooth surfaces,
which can accommodate nanoscale materials for enhanced
catalytic activities. Figure 3c depicts the immobilization of
uniformly distributed cobalt nanoparticles (CoNPs) of ∼40−
50 nm diameter over the nanosheets due to the electrocatalytic
reduction of Co2+ ions at −1.00 V (Figure S1).42 The TEM
study supports the FESEM observation. However, as the TEM
images were captured after removing the deposited coating
from the electrode, the distribution of CoNPs seems nonuniform in Figure 3d,e. Figure 3d also exhibits multilayered
nanosheets of MoS2 (Figure 3d, inset).43 The multilayers are
formed by the distinctive stacking of monolayer MoS2 sheets.
Interestingly, the TEM image also exhibits the formation of
nanopetal-like structures along with the nanosheets (Figure 3d,
inset), which may be due to the lower valent Mo2S3 at ∼170
°C on the copper substrate.41,44 Figure 3e exhibits spherical
CoNPs dispersed over the nanosheets of the flower-like

■

RESULTS AND DISCUSSION
Characterization of the Nanocomposite. A schematic
of fabrication of the PoC device and its use for UA sensing in
whole blood is shown in Figure 2. The surface morphologies of
the Cu substrate before and after modification with only
molybdenum sulfide and cobalt nanoparticles are characterized
by FESEM, as shown in Figure 3. Before any deposition, the
bare Cu exhibits smooth surfaces (Figure 3a), while only
E

https://doi.org/10.1021/acsabm.2c00403
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

ACS Applied Bio Materials

www.acsabm.org

Article

Figure 5. Surface chemical composition analysis by interpreting deconvoluted XPS spectra of (a) Mo 3d, (b) S 2p, and (c) Co 2p.

structure. The FESEM and TEM studies suggest the presence
of both MoS2 and Mo2S3 as mixed-valent molybdenum sulfide
along with CoNPs and thus named the nanocomposite as Co−
MoSx@Cu and MoSx@Cu (in case of without CoNPs). The
presence of CoNPs possibly can increase the surface area of
Co−MoSx@Cu compared to the MoSx to perform the
expected catalytic oxidation toward UA detection.45 The
uniformity of the deposited Co−MoSx@Cu has further
confirmed from AFM images of the electrode wherein the
maximum distance between the peak and valley of the surface
profile along the Z-axis was insignificant (<100 nm) (Figure
S2). In addition, no discontinuity in the profile scan across the
Z-axis conducted at four different locations for the Co−
MoSx@Cu electrode during AFM operation ensured a
continuous and uniform deposition.
The XRD spectra (Figure 4a,b) of MoSx@Cu and Co−
MoSx@Cu show a peak corresponding to the (002) plane at
2θ = 14.4°, confirming the presence of MoS2. The other
characteristic peaks of MoS2 are observed at 32.7, 39.6, and
58.3°, which correspond to the (100), (103), and (110)
diffraction plane, respectively.46 Nevertheless, the XRD peak at
16.3 and 21.1°, which corresponded to (1̅01) and (002) plane,
indicates sub-stoichiometric sulfide of molybdenum (Mo2S3)
formed during the reactive PVD process.46 Of note, no peak
was observed for MoOx species, demonstrating a complete H2S
environment prior decomposition of Mo(CO)6 that facilitates
the synthesis of mixed-valent molybdenum sulfide at 200 °C.47
The XRD peaks of CoNPs at 44.1° (111), 51.2° (200), and
75° (220) confirm its zero oxidation state and cubic lattice
structure.48 Again, the absence of peaks at any other location in
the XRD spectra for cobalt further rules out the existence of
other oxidation states. The SAED pattern of Co−MoSx@Cu
shows the presence of the (111) plane of CoNPs, (002) plane
of MoS2, and the (1̅01) plane of Mo2S3, which is in accordance
with the XRD outcomes. From the SAED study, it is
understood that the both CoNPs and MoS2 possess crystalline
structure as evident from its pattern (Figure 3f).
Raman spectroscopy was performed to confirm further
presence of layered MoS2 and Mo2S3 in the nanocomposite
materials. The Raman spectra (Figure 4c) show two distinct
peaks, E12g at 380 cm−1 due to in-plane opposite vibrations of
sulfur and molybdenum atoms and A1g at 409 cm−1 due to the
out-of-plane vibrations of sulfur atoms, respectively, which
corresponds to the MoS2 structure.49 It is known that the
energy difference between these two peaks (Δω) is related to
the number of layers.50 From Figure 4c, it is observed that the
value of Δω is ∼29 cm−1, indicating that the MoS2 consists of
three to five layers. In addition, a distinct Raman peak at 189
cm−1 confirms the presence of Mo2S3 along with MoS2.51

XPS spectra, after deconvoluting into individual peaks using
Gaussian fitting were obtained to ascertain the surface
chemical composition of the as-synthesized nanocomposite
(Figure 5). XPS spectrum of Mo 3d shows the peak positioned
at 230.39 and 233.54 eV, corresponding to Mo 3d5/2 and Mo
3d3/2 owing to spin−orbit coupling.46 These peaks are shifted
to higher binding energy than the elemental Mo, which
indicates the presence of molybdenum in the higher oxidation
states. The peak position for S 2p shows the peaks positioned
at 161.35 and 163.82 eV attributed to 2p3/2 and 2p1/2 of S2−.
The Co 2p peaks at 778.7 and 794.6 eV correspond to 2p3/2
and 2p1/2, and these peaks are obtained at lower binding
energy values than the higher valent Co which further signifies
the presence of elemental Co that has undergone electrodeposition.48
To understand the reaction mechanism of the formation of
Co−MoSx@Cu, the residue obtained after vapor deposition
was analyzed which showed a pH of ∼11.6. Nevertheless, the
residue displayed a bright yellow color on the flame test, which
may be due to the formation of NaOH.52 It could be possible if
Na2S reacts with a trace amount of water, initially present in
the Na2S·5H2O as water of crystallinity. Based on the above
observation, the plausible mechanism are proposed for the
reaction between Mo(CO)6 and H2S to grow layered mixedvalent MoSx uniformly over larger surfaces followed by
electrodeposition of CoNPs
|
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It has been assumed that as soon as the mixture of
Mo(CO)6 and Na2S·5H2O is heated at 200 °C, Na2S generates
H2S after reaction with its water of crystallization. The amount
of H2S generation was high as Na2S·5H2O was taken three
times of Mo(CO)6, which possibly converted the bare Cu−
substrate as the CuI/II−S surface first, even before Mo(CO)6
decomposition.53 Indeed, the XPS study of the deposition
showed the two peaks of Cu 2p at 930.29 and 950.15 eV,
which attributed to the Cu(I) state, and two other peaks at
F
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Figure 6. (a) CV graphs of 5.0 mM concentration of ferro/ferricyanide solution (1:1 ratio) in PBS using (i) bare Cu electrode, (ii) MoSx@Cu
electrode, (iii) Co@Cu electrode, and (iv) Co−MoSx@Cu electrode; (b) electrochemical response of (i) Cu electrode, (ii) Co@Cu electrode, (iii)
MoSx@Cu electrode, and (iv) Co−MoSx@Cu electrode in 100 μM UA.

Figure 7. (a) CV plot showing the variation of current density with UA concentration, (b) sensitivity plot with the best-fit curve, (c) CV of peak
current vs potential with varying scan rates, and (d) plot for peak current vs square root of the scan rate (v1/2).

approximately 933.1 and 953.6 eV, which revealed the
presence of Cu(II) states (Figure S3).54 When Mo(CO)6
decomposes in the PVD chamber at a temperature of 200 °C,
it releases Mo atoms that hits the CuI/II−S surface of the
copper substrate.47 It is expected that the CuI/II−S act as an
initiator in this process as it facilitates the deposition of Mo
from Mo(CO)6 decomposition, turning CuI/II−S into the
Cusubstrate−S−Mo surface. Upon exposure to H2S, attached Mo
gets converted into MoS2/Mo2S3 with a sulfur-terminated
layer. The nucleation process of S−Mo−S assembly leads to
the formation of the layered structure throughout the surface.
Thus, by using Mo(CO)6 and Na2S in a reactive PVD process,
MoSx layers on the copper substrate are formed as MoSx@Cu,
on which CoNP is electrochemically deposited. Since the
exterior atomic layer of both MoS2 and Mo2S3 contains sulfur
atoms, CoNPs are stabilized through these sulfur atoms to
obtain the final sensor electrode, that is, Co−MoSx@Cu for
UA detection.
Electrochemical Behavior of Modified Electrodes. The
electrochemical characterization was conducted for bare Cu,

MoSx@Cu, and Co@Cu electrodes by performing CV of
ferro/ferricyanide in the PoC device with an attached plasma
separation membrane (Figure 6a). Before deposition, the bare
Cu electrode shows very feeble anodic and cathodic peaks
attributed to the redox couple Fe(CN)64−/Fe(CN)63− at pH
7.0. However, when MoSx and Co were deposited on the Cu−
substrate, the respective MoSx@Cu and Co@Cu electrode
performance improved with low current responses. The reason
for such a behavior may be due to the formation of oxide layers
on Cu and Co@Cu electrodes that inhibit the redox reaction,
while the absence of any active sites of MoSx@Cu results in
slow rates of the heterogeneous electron transfer process and
consequently low current response from the ferro/ferricyanide
redox couple. On the other hand, the current density for the
Co−MoSx@Cu electrode increased significantly in both the
oxidation and reduction process at 0.41 and −0.08 V,
respectively, with a decrease in ΔE compared to the bare
Cu, MoSx@Cu, and Co@Cu electrodes. It might be due to the
presence of Co nanoparticles on the MoSx network of the
nanocomposite that provides the active surface area of the
G
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Co−MoSx@Cu electrode for the direct electron transfer,
exhibiting electrocatalytic behavior toward the redox reaction
of Fe(CN)64− to Fe(CN)63− and vice-versa.55 A 490 mV
decrease in ΔE for Co−MoSx@Cu compared to other
electrodes indicates an abridged polarization at the electrode
surface due to CoNPs, which acts as an excellent electron
platform for charge transfer between ferro/ferricyanide ions
and nanocomposites.
The electrochemical response is due to the oxidation of the
UA for the PoC type with attached plasma separation
membrane for Cu, MoSx@Cu, Co−MoSx@Cu, and Co@Cu
electrodes, as shown in Figure 6b.
As an electrocatalyst, Co−MoSx showed enhanced electrochemical response toward Fe(CN)64−/Fe(CN)63− species.
This combination is expected to behave in a similar way for
the electrochemical detection in the present study. Figure 6b
shows that the peak separation (ΔEp = Eox − Ered) between
oxidation (Eox) and reduction (Ered) peaks for Co−MoSx@Cu
is 640 mV, while Cu, MoSx@Cu, and Co@Cu electrodes did
not show any significant redox behavior toward UA. CV graphs
of Co−MoSx@Cu with different concentrations of UA is
shown in Figure 7a. It is evident that the oxidation peak
current at +0.39 V increases with the increasing UA
concentrations. The DPV plots (Figure S4) confirm the
increase in the oxidation peaks with the concentration for UA.
Figure 7b displays linearity between the catalytic current
density and the increase in the UA concentration. The
maximum current density at 550 μM (the highest UA
concentration in human blood) is as high as ∼57 mA/cm2 at
+0.39 V, which is 100 times that of so far highest reported
value.17 This significant current enhancement in the mA range
is due to the contribution from CoNPs and MoSx in the
modified electrode Co−MoSx@Cu.
Furthermore, the best plot fit for current density versus UA
concentration was used to evaluate the sensitivity of the system
(Figure 7b). The PoC device showed a high sensitivity of
0.0647 mA cm−2 μM−1. The CV with varying scan rates
(Figure 7c) and the plot for peak current versus square root of
the scan rate (v1/2) (Figure 7d) reveal an almost linear
dependence of peak current with v1/2, indicating the electrocatalytic oxidation of UA as a diffusion-controlled redox
process. As the ΔEp value of the electrochemical oxidation of
UA using Co−MoSx@Cu (640 mV) is greater than 57 mv
(ΔEp for the reversible chemical process), the study rules out
the possibility of the occurrence of any reversible redox process
in the present electrochemical UA detection.56
Study of Interfacial Effects Leading to Higher
Catalytic Activity. The Brown−Anson model equation (eq
1) was used to estimate the surface concentration of adsorbed
UA during the redox process.57

role in its comprehensive sensor performance. For that
purpose, an impedance measurement was conducted to
investigate the intrinsic charge-transfer and electron-transfer
properties of the modified electrodes in the device. Figure S5
shows the Nyquist plots of these electrodes, where the chargetransfer resistance of the Co−MoSx@Cu electrode shows the
smallest Rct value of 130 Ω, considerably less in comparison to
MoSx@Cu (Rct = 280 Ω). The result indicates that after
deposition of MoSx and CoNPs, the modified electrode can
promote the charge transfer, improve the catalytic reaction
efficiency, and can reduce the parasitical Ohmic loss. From the
literature, it is known that MoS2 is semiconductive material
and not much suitable for designing the sensor electrode.
However, if some defects or sulfur-vacancies arise during or
after synthesis, the introduction of such defects or sulfurvacancies can provide sufficient localized electronic states in
the band gap of molybdenum sulfide, which can effectively
modulate the charge- and electron-transfer process.58 Accordingly, the rise of electrical conductivity of the present modified
electrode may be the origin of such electronic states near the
Fermi level of molybdenum sulfide. Thus, the better
immobilization of the UA on the surface of Co−MoSx@Cu
and reduced Rct value were responsible for enhanced charge
generation and transfer during UA oxidation, which resulted in
the unprecedented two-fold increase in current density as an
output signal. This also confirmed the synergistic effect (better
immobilization and charge transfer)-mediated high sensitivity
of the proposed device under PoC settings.
The oxidation peak of UA at +0.39 V in CV for Co−MoSx@
Cu closely resembles the oxidation peak of UA reported in the
literature where oxidation of UA occurs due to two electron
transfer. The plausible reaction between the Co−MoSx@Cu
electrode and UA is shown in Figure 8.

i pa = (n2F 2CaAv)/4RT

Article

Figure 8. Plausible reaction step of UA oxidation on the Co−MoSx@
Cu electrode (WE).

The catalytic performance of Co−MoSx@Cu arises because
of unsaturated Co atoms of CoNPs, which can bind UA
through the secondary amine nitrogen. As shown in Figure 8,
after rapidly immobilizing UA molecules on the Co−MoSx@
Cu surface (WE), UA oxidizes to diimine, generating two
electrons and protons (H+). The generated electrons are
carried from the WE (Co−MoSx@Cu) to the CE producing
the sensor response. Using the two electron transfer model,
Randal’s Sevick equation was used to calculate the diffusion
coefficient. The diffusion coefficient is 3.46 × 10−3 cm2/s. The
high diffusion coefficient may be due to the large electroactive
surface area of the modified electrode, which is extremely

(1)

where ipa is the oxidation peak current in amperes, Ca is the
surface concentration in mol cm−2, A is the electrode area in
cm2, v is the scan rate in V/s, R is the gas constant in J K−1
mol−1, and T is the temperature in K. The Ca for Co−MoSx@
Cu, MoSx@Cu, and Co@Cu were found to be 0.72, 0.34, and
0.30 μmol cm−2, respectively. The very high value of Ca for
Co−MoSx@Cu (almost two times compared to others)
suggests better immobilization of UA to the active sites of
the Co−MoSx@Cu surface. Apart from the active site
numbers, the catalyst’s electrical conductivity plays a vital
H
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Table 2. Sensor Response for Clinical Blood Samples
before spiking
current
density
sample no. (mA/cm2)
sample 1
sample 2
sample 3

35.4
32.25
40

after first spiking
(spike X1 = 100 μM)

after second spiking
(spike X2 = 150 μM)

UA value
from
sensitivity
plot (μM)

current
density
(mA/cm2)

urea value
from
sensitivity
plot (μM)

current
density
(mA/cm2)

urea value from
sensitivityplot
(μM) (A)

clinical laboratory
report (without
spiking) μM (B)

recovery
(%) = ((A− B)/(X1 + X2)) × 100

225
173
290

41.9
38.3
46.15

324
283.5
391

51.9
49.7
55.8

474.5
434.5
539.5

226.68
174.83
286.5

99.1
103.8
101.2

sensitive to any redox species. Thus, the presence of cobalt
nanoparticles on the MoSx surface provides a suitable platform
for an electrochemical-based sensor as both electronic and
surface properties enhance the current signal in a synergistic
way. Bao et al. recently published a work describing the
construction of a nanocomposite formed by graphene/Au
nanoparticles@polyoxometalate nanohybrid films for the
electrochemical detection of UA, and the electrode has
shown the sensitivity of 1.23 μA/μM cm−2 with 0.15 μM
detection limit.59 In work presented herein, the mixed-valent
characteristics of the MoSx layer, with high exposure of the
surface for the immobilization of many CoNPs, render the
highest sensitivity of 0.0647 mA/μM cm−2 (64.7 μA/μM
cm−2) and LOD 5.0 nM (Figure S6), which might have great
potential for such biomolecule detection using the nanocomposite.
Interference, Shelf-Life, Reusability Study, and Real
Sample Analysis. The CV plots for individual interferents
such as 1 mM AA, DOPA, HSA, glucose, urea, and creatinine
are shown in Figure S7. The CV plot with mixture of
interfering agents such as 1 mM AA, DOPA, HSA, glucose,
urea, and creatinine in the presence of 100 μM UA is shown in
Figure S8a. The interference tests in the mixture of these
interfering agents was conducted to ensure the efficacy of the
developed sensor with blood serum since the serum contains
these interfering analytes. As shown in Figure S8b, the second
peak at −0.36 V is AA. The AA peak being ata distance of
more than 50 mV away from the UA peak would not pose
issues in selectivity.60 The AA peak at −0.36 V has a small
magnitude plausibly due to the absence of secondary amine
nitrogen, which is the primary factor for the generation of
sensory response. No peaks were observed for DOPA, HSA,
urea, glucose, or creatinine, establishing good selectivity of the
nanocomposite and PoC device for detection of UA (Figure
S8c−g). The shelf life of the chip is checked by CV
measurements after fabrication and at 3 and 6 months after
fabrication while storing it in an ambient open laboratory
environment (Figure S9). It is found that a nominal change in
peak current density and corresponding voltage occurred when
tested at 100 μM UA concentration, ensuring a long shelf-life
of the developed sensing chip (typically 6 months or higher).
Figure S10 shows the test results with a blood sample and after
spiking with 100 μM and 150 μM UA. The sensor recovery for
three tested blood samples is shown in Table 2.61 Recovery of
nearly 100% reveals the applicability of the sensor for UA
detection in clinical blood samples. To check the reusability of
the developed electrochemical sensing chip, the chip is washed
with 0.01 M PBS after the experiment with blood sample 1.
For washing, the electrode CV was conducted (Figure S11a)
under −1.0 to 1.0 V potential range at a 40 mV/s scan rate for
five cycles. The CV result does not show any redox peak in the
washed chip. In addition, the washed chip is used to perform

urea quantification in the same blood sample, and it detects
UA almost precisely, verifying reusability of the sensor chip
(Figure S11b).

■

CONCLUSIONS
This research demonstrated the synthesis and application of a
new Co−MoSx@Cu nanocomposite-based electrochemical
sensor that shows enhanced catalytic activity toward UA
oxidation and a PoC device capable of detecting it with high
sensitivity selectivity and linearity in the human blood serum
sample. The findings include synthesizing a new nanoscale
material of mixed-valent molybdenum sulfide and CoNPs on
the Cu substrate, employing PVD at a temperature of 200 °C
followed by electrochemical deposition, which was not
reported earlier. The FESEM, EDS, XRD, and Raman studies
confirmed the presence of cobalt nanoparticles (Co0, ∼40−50
nm) on MoSx, which made the overall sensor system
electrocatalytically efficient for rapid and sensitive detection
of biologically relevant analytes. The new application of Co−
MoSx@Cu for very selective UA detection with a peak current
density of 57.6 mA/cm2, very high sensitivity of 0.0647 mA
cm−2 μM−1, and LOD of 5.0 nM suggests its suitability for
accurate blood UA analysis. The detection mechanism involves
the synergistic effect of CoNP−MoSx binary systems, where
Co atoms of CoNPs act as electroactive sites for UA oxidation,
and the MoSx acts as an electron-transfer mediator in the
overall system. The interfacial studies indicate very high surface
adsorption (0.72 μmol cm−2) and a high diffusion coefficient
(3.46 × 10−3 cm2/s) of the said binary nanocomposite toward
UA, confirming the hypothesis for its high catalytic activity.
The sensor system was successfully applied to estimate the UA
level in blood plasma in an integrated PoC-type device and
observed that the output results are comparable or better than
the reported detection methods. The PoC-type device can be
used remotely for routine blood UA analysis without requiring
a specialized laboratory setup. Electrochemical interfaces (e.g.,
PalmSens) could be used with the developed PoC device to
record the UA values and transmit them remotely to a mobile
phone or web server for further analysis. The developed PoC
device hence has significant importance in monitoring kidney
function and estimated glomerular filtration rate. It would be
capable of detecting stages of chronic kidney diseases
efficiently and affordably.
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