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ABSTRACT

In this report, we have prepared copper nanofibril assembly via thermal oxidation followed by electrochemical
reduction processes, exhibiting superior glucose detection ability. The morphological analysis evidenced the
formation of rough islands or nanofibril structure on the Cu surface depending on initial thermal oxidation
temperature. The glucose detection performance was investigated by performing cyclic voltammetry and chro-
noamperometry with varying glucose concentration. A high sensitivity (4131.57 pA mM~! em™?), low detection
limit (1.41 pM), wider linear range (0-3.9 mM) and long-term stability (30 days) have been recorded for
electrode thermally oxidized at 400 °C followed by electrochemical reduction process (rCu_400). The sensitivity
is almost three times higher in comparison to the planner Cu surface. This significantly enhanced glucose sensing
ability rCu_400 has been attributed to the nanofibril morphology, origination of Cu (111) facet and formation of
a stable oxide layer evidenced by scanning electron microscopy, X-ray diffraction and energy dispersive spec-
troscopy analysis. Despite higher sensitivity, rCu_400 electrode does not show any response to the chloride ion,
dopamine, ascorbic acid and uric acid. These results indicate that the Cu nanofibril structure prepared via simple
oxidation/reduction process can be an excellent candidate to be used as an electrode for glucose sensing
application.

1. Introduction

electrochemical glucose sensors (enzymatic glucose sensors) have
excellent glucose detection ability in terms of sensitivity and reliability

Diabetes is causing health issues to more than 400 million people
worldwide [1,2]. In this regard, fast and reliable glucose monitoring
system plays an important role in controlling its adverse effects on
health. Among different type of glucose sensing techniques such as
spectrometry, fluorescence, chemiluminescence and electrochemistry,
the electrochemical glucose biosensors are more beneficial due to their
functionality, reliability, portability, and low cost of fabrication [3,4].
The enzyme (glucose oxidase/glucose dehydrogenase) based
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[5,6]. However, enzymatic glucose sensors are significantly affected by
variation in local pH, temperature, and humidity and faces challenges
due to the complexity of sensor fabrication, durability of enzymes, high
cost, and reproducibility. The fourth-generation metal-based enzy-
me—free glucose sensors are primarily dependent on the function of
catalysts for glucose oxidation reactions [4,7,8].

Electrode materials that facilitate high electrocatalytic activity for
glucose oxidation are vital for nonenzymatic glucose sensors [9-13].
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Cu-based electrodes have been extensively studied and considered as a
primary choice among materials used for glucose sensing [4,8]. The
glucose sensing mechanism on Cu-based electrodes is governed by the
formation of Cu oxides, mainly CuO and CuyO. A naturally formed oxide
layer can also boost the glucose oxidation reaction of Cu-based catalysts
[14]. The CuO and Cuy0 possess intrinsic p-type semiconductive nature
exhibiting an indirect bandgap of 1.2-1.9 eV and a direct band gap
between 2.0 and 2.17 eV, respectively [15,16]. The CuyO oxida-
tion-reduction potential lies within the range of high and low band
energies and thus exhibit excellent catalytic properties for glucose
sensing reaction. Various types of Cu/Cu oxides structures such as mi-
crostructures (e.g., CuO microflowers, microneedles, microspheres [17],
microcubes [18], micropillars [19]), nanostructures (e.g., nanoparticles
[20], nanorods [21], nanowires [22,23], nanofibers [24], hollow
nanocubes [25], nanospheres [26], nanocomposites), thin films (e.g.,
nanoporous thin films [27]), micro/nano structures [28] and multi-
—component electrodes (e.g., CuO/Au [29]) have been extensively
studied. To use a free-standing electrode, CuO or CupO have been
directly grown on the Cu film.

In this work, we have uncovered the glucose sensing properties of Cu
nanofibril electrodes prepared via thermal oxidation and electro-
chemical reduction process. The oxidation temperature plays critical
role in altering the morphology of Cu surface. For instance, Cu oxidized
at 200 °C and 300 °C exhibit roughened surface with nano/micro grains.
However, a nanofibril structure was formed on the Cu surface when
sample was oxidized at 400 °C. We have investigated Cu film oxidized at
400 °C and electrochemically reduced (rCu_400) exhibit significantly
enhanced glucose sensing ability in comparison to the pristine Cu. The
prepared rCu_400 electrode consisting of nanofibril morphology exhibit
high sensitivity (4131.57 pA mM~! cm’z), low detection limit (1.41
pM), wider linear range (0 — 3.9 mM), excellent anti-interference
characteristics, and durability. Thus, it can be an excellent candidate for
the development of nonenzymatic glucose sensors.

2. Material and methods
2.1. Materials

Cu (thickness — 0.25 mm, purity — 99.9 %) was purchased from Alfa
Aesar. D- (+)-glucose (CgH120¢) was purchased from Sigma Aldrich.
Acetone, Phosphoric acid, Sodium hydroxide (NaOH, pellets) purchased
from Millipore Corp. Uric acid (CsH4N4O3, 99 %) and dopamine hy-
drochloride (CgH11NO2-HCl, 99 %) were purchased from Alfa Aesar.
L-ascorbic acid (CgHgOg, 99 %) purchased from Acros Organics. Po-
tassium chloride (KCl) and sodium chloride (NaCl) were purchased from
Fisher Chemical. All reagents were used as received without further
purification.

2.2. Electrode preparation

Cu samples were mechanically polished with sandpaper with a gauge
number of 1000. Next Cu film was cleaned in acetone solution using
sonication method (VWR ultrasonic cleaner, Model-97043-964, oper-
ating frequency 35 kHz, RF-Power 90 W, sonicated for five minutes)
followed by thoroughly rinsing with DI water and drying with nitrogen
gas (N3 gas purity, 99.9 %). The polished Cu film was chemically cleaned
in phosphoric acid solution (85 % w/w). The Cu was used as working
electrode and a graphite rode as anode. A + 2.5 V was applied to clean
the surface of Cu for 15 min. The Cu surface became smooth and clean.
Afterward, Cu was cleaned with DI water (rinsed), acetone (rinsed),
isopropanol (rinsed) and DI water (rinsed), respectively. The cleaned Cu
samples were dried by Ny and kept in the box furnace. The temperature
of the furnace was increased to 200, 300 and 400 °C with a ramping rate
of 12.6 deg/min. Next, the temperature was held for one hour then
allowed to cool down to room temperature. The oxidized samples were
reduced using electrochemical process as discussed earlier [30,31]. In
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brief, oxidized Cu film was reduced at —1.6 V versus Ag/AgCl in 0.1 M
KHCOs3 solution for 20 min (Supplementary Fig. S1). The reduced
samples were kept in ambient condition and further used for glucose
sensing application. Acronyms used for the prepared electrodes are
described in Table 1.

2.3. Material characterization

The Cu films were characterized after oxidation using scanning
electron microscopy (SEM) (JEOL JSM-6060LV and JEOL JSM-
6010PLUS/LA). The elemental composition was identified using a
Thermo Scientific Ultradry EDS detector attached to the SEM. We also
perform X-ray diffraction (XRD) analysis using a Rigaku MiniFlex II
x-ray diffractometer.

2.4. Glucose sensing experiments

Glucose sensing and other electrochemical properties of the prepared
electrodes were investigated by performing cyclic voltammetry (CV),
Electrochemical impedance spectroscopy (EIS) and chronoamperometry
(CA) experiments using BioLogic SP-200 Potentiostat. In brief, the
reduced Cu samples were cut into 1 cm x 1.5 cm and used as the
working electrodes. The working electrode was attached to a wafer
holder and submerged 1 cm deep into the 0.1 M NaOH electrolyte for
electrochemical measurements. The glucose sensing experiments were
performed on cleaned Cu (Cu) and reduced Cu (rCu_200, rCu_300 and
rCu_400) samples as working electrodes, Ag/AgCl (saturated KCl) as
reference electrode, and Pt mesh as the counter electrode in 20 mL of
0.1 M NaOH stirring at 500 rpm at room temperature.

3. Results and discussion
3.1. Characterization of oxide derived Cu electrodes

Fig. 1A displays the schematic with optical images of the sample after
each synthesis step. Fig. 1B-G shows the change in the morphologies of
Cu after oxidation at different temperatures, i.e., 200 °C (Cu-200)
(Fig. 1B), 300 °C (Cu-300) (Fig. 1C) and 400 °C (Cu-400) (Fig. 1D). The
surface of pristine Cu is featureless and smooth (Supplementary Fig. S2).
When the Cu film was oxidized at 200 °C for 1 h (Cu-200), we observed
a slight change in the morphology as some micro planner island (with
average thickness). The Cu surface transforms into dense nanoisland and
more porous nanofibril structures after oxidation at 300 °C (Cu-300)
and 400 °C (Cu-400), respectively. Here it should be noted that Cu can
be easily oxidized even at ambient temperature, but the process is slow.
It is due to formation of top oxide layer which inhibit further Cu
oxidation. Thus, the oxidation process is highly dependent on the tem-
perature and duration of the oxidation process. Oxidation at higher
temperatures (e.g., 300 °C and 400 °C) originate faster, and more
in—depth Cu oxidation generate more rough and porous structure
compared to the sample oxidized at low temperature, e.g. 200 °C

Table 1
Sample descriptions of synthesized electrodes.

S. Acronym  Sample description

No.

1 Cu Pristine Cu

2 Cu-200 Thermally oxidized at 200 °C for 1 h

3 Cu-300 Thermally oxidized at 300 °C for 1 h

4 Cu-400 Thermally oxidized at 400 °C for 1 h

5 rCu_200 Thermally oxidized at 200 °C for 1 h and electrochemically
reduced at —1.6 V vs Ag/AgCl, 0.1 M KHCOj5 solution

6 rCu_300 Thermally oxidized at 300 °C for 1 h and electrochemically
reduced at —1.6 V vs Ag/AgCl, 0.1 M KHCO3 solution

7 rCu_400 Thermally oxidized at 400 °C for 1 h and electrochemically

reduced at —1.6 V vs Ag/AgCl, 0.1 M KHCOj5 solution
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Fig. 1. Physical Characterization of electrodes. (A) electrode preparation steps and corresponding photograph for clean Cu, oxidized Cu (400 °C, 1 h) and after
reduction. (B) SEM of Cu oxides at 200 °C (Cu-200), (C) at 300 °C (Cu-300) and (D) at 400 °C (Cu-400). SEM image of reduced sample (E) rCu_200, (F) rCu_300, and
(G) rCu_400. The scale bar in B — G is 500 nm. (H) XRD graph for pristine and oxidized Cu, (I) XRD graph for reduced electrodes, (J) Cu and O atomic ratio obtained
from EDS analysis and (K) corresponding Cu/O ratio for oxidized and reduced samples.

(Cu-200) [31]. After electrochemically reduction process, the mor-
phologies of samples changes slightly for rCu_200 (Fig. 1E) and rCu_300
(Fig. 1F). However, we have clearly seen the formation of nanofibril
structures for samples rCu_400 (Fig. 1G) [30,32].

To understand the change in crystallinity and nature of the samples,
we also perform XRD experiments after thermal oxidation and following
electrochemical reduction process. The XRD spectra show a new peak
(20 = 36°) for Cu-300 and multiple new peaks for Cu-400 samples
(Fig. 1H). These peaks can be associated with the formation of poly-
crystalline CupO (Fig. 1H). The intensity of polycrystalline CuyO in-
creases with oxidation temperature. The XRD spectra of reduced Cu
samples i.e., rCu_200, rCu_300, and rCu_400 confirm the absence of any
Cup0 peaks indicating the reduction of CupO into Cu. Interestingly, we
have noticed that Cu (111) is the dominated facet for rCu_400 while Cu
(200) is the dominant facet for rCu_300, rCu_200, and Cu samples. Next,
we performed EDS analysis to visualize the evolution of elemental
composition on the surface of electrodes change with the oxidation and
the reduction process (Supplementary Fig. S3-S6, Table S1-S7). As
displayed in Fig. 1J, the Cu atomic percent (at%) decreases from 88 at%
(pristine Cu) to 63 at%, 56 at%, and 53 at% for Cu-200, Cu-300 and
Cu-400, respectively. On the other hand, O at% increases from 2 at% to
32 at%, 38 at%, and 42 at% due to thermal oxidation process. These
results clearly indicate that with higher oxidation temperature higher
Cuy0 forms. After electrochemical reduction process, the Cu at% in-
creases from 63 at% to 83 at% (rCu_200), from 56 at% to 83 at%
(rCu_300) and from 53 at% to 84 at% (rCu_400). Similarly, O at%
reduced below 10 at% for all samples. The Cu/O ratio decreases from 42
(Cu) to 13 (rCu_200), 11 (rCu_300) and 9 (rCu_400), respectively. These
results indicate that even after the reduction, we still have an oxide
layer, preferably on the surface of the electrodes.

3.2. Electrocatalysis of glucose at the thermally oxidized/
electrochemically reduced Cu samples

3.2.1. Cyclic voltammetry (CV) study

The CVs were collected in 0.1 M NaOH solution without and in the
presence of 1 mM glucose by sweeping the potential between —-0.6 and
1.0 Vwith 5 mV/s scan rate (Fig. 2). It should be noted that all potentials
are reported with respect to Ag/AgCl (saturated KCI). In NaOH solution,
the pristine Cu shows an oxidation peak at 0.0 V followed by a large
oxidative tail attributed to the water oxidation after 0.65 V. In the
presence of glucose, the intensity of the oxidation peak reduces, and a
higher current is observed at higher potential (> 0.5 V) confirming the
oxidation of glucose. At 0.65 V, the current density of Cu electrode in-
creases from ~0.08 mA cm™2 to ~0.80 mA cm2 after the addition of
1 mM glucose. The mechanism of glucose oxidation at the Cu electrode
is well established. In brief, the first step is the formation of Cu oxides (e.
g., CuO) due to the adsorption of OH™ ions in NaOH solution (reaction
(1)-(3)). The CuO can further interact with OH™ ions making CuOOH as
an intermediate active species (reaction (4)—(5)). Here, it should be
noted that during this step Cu (II) is converted to Cu (III) which is
considered as a catalytic active site responsible for glucose oxidation and
gluconolactone formation as a reaction product (reaction (4)). In the last
step, glucose to gluconolactone and Cu(III) to Cu(II) conversion occurs
simultaneously as shown in reaction (5) [4].

Cu — Cu®t +2¢ (€9)]
Cu*t + 20H - Cu(OH), 2
Cu(OH), - CuO +H,0 3)
CuO + OH™ — CuOOH + ¢ ©)]
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Fig. 2. Glucose sensing characteristic of electrodes. (A) CVs of pristine Cu and reduced electrodes in presence of 1 mM glucose concentration. (B) Effect of glucose
concentration on CVs (rCu_400). (C) CVs of rCu_400 electrode at different scan rates from 1 to 200 mV s — 1 in 0.1 M NaOH with 1.0 mM glucose. (D) Glucose
oxidation current versus square root of scan rate (v0.5) in 0.1 M NaOH with 1.0 mM glucose.

2CuOOH + CgH{,0¢(glucose) — 2Cu(OH), + CgH;¢Og (gluconolactone)(5)

The thermally oxidized/electrochemically reduced Cu electrodes
show higher glucose oxidation current in comparison to the pristine Cu.
The rCu_200, rCu_300 and rCu_400 exhibit 20.5 (~2.2 mA cm"z), 5.7
(~4.6 mA cm’z), 7.4 (~5.9 mA cm2) times higher current density at
0.65 V than that of Cu (~0.78 mA cm™2) at the same potential (Fig. 2A).
The higher glucose oxidation current densities can be attributed to: (i)
an increase in electrochemically active surface area (ECSA) due to a
change in the morphology resulting in providing more active sites/cm>
despite similar geometrical surface area as evidenced by SEM images,
and (ii) availability of native Cu oxide (Cup0) as evidenced by EDS and
formation of Cu (111) facet shown in XRD analysis. It has been previ-
ously reported that Cu (111) is relatively more active in comparison to
the Cu (100) due to relatively higher electron transport properties
[33-35]. This results in improving glucose oxidation reaction kinetics.
Moreover, oxide derived Cu consisting of defects such as
grain-boundaries, have shown higher intrinsic catalytic activity for
other electrochemical reactions such as CO5 electrochemical conversion
processes [30,32]. We also performed CV experiments with varying
glucose concentration from 1 to 3 mM, and as expected, with higher
concentration of glucose, higher glucose oxidation currents were
observed for all examined electrodes (Fig. 2B and Supplementary
Fig. S7-S9).

Next, we explored the effect of scan rate on glucose oxidation reac-
tion by performing CV experiments with varying scan rates (1, 5, 10, 20,
50, 100, and 200 mV/s) in the similar potential window (-0.6-1.0 V)
and presence of 1.0 mM glucose (Fig. 2C and Supplementary
Fig. S10-512). The anodic peak current density at 0.65 V was selected to

plot with respect to the square route of scan rate (v*-°) (Fig. 2D). For all
the studied electrodes, the results were fitted using the following
equation,

J (mA-em™) = m(v*d) + C (6)

where J, v, m and C are the current density, scan rate, slope and con-
stant, respectively. We observe good linearity for all electrodes, and
rCu_400 shows the highest glucose current density despite different scan
rates (Fig. 2D). Based on the linear regression equation analysis, the
values of the correlation coefficient (R%) were 0.982, 0.995, 0.991, and
0.995 for Cu, rCu_200, rCu_300 and rCu_400, respectively. These results
clearly indicate that the electrochemical oxidation of glucose is a dif-
fusion—controlled with fast reaction kinetics. Considering the glucose
oxidation reaction in the present case as a diffusion—controlled process,
a higher magnitude of diffusion coefficient results in higher glucose
sensing performance. We further calculated the diffusion coefficient of
glucose using Randles-Sevcik equation [36-39] as shown below:

I, =2.69 x 10°.n*/* A.D'2.CV'? )

where I, is the peak current density in amperes, n is the electron transfer
number (usually 1), A is the electrode surface geometrical area (in
cm_z), C is the bulk concentration (in mol cm_s), v is the scan rate (in V
s 1) and D is the diffusion coefficient (cm? s™1). Diffusion coefficients
were determined from the slopes of I, versus v%5, for all examined
electrodes (Supplementary Table S8). As expected, the magnitude of the
diffusion coefficient (1.84 x107° cm? s7!) is approximately 54, 3 and 2
times higher compared to the pristine Cu, rCu_200, and rCu_300,
respectively.
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3.2.2. Chronoamperometry study

The CV analysis provides detailed information about the reaction
kinetics while CA is essential to study the applicability of the electrode
for glucose sensing application. CA experiments were performed at
different operating potentials (i.e., 0.45, 0.65 and 0.75 V) with consec-
utive addition of 1.0 mM glucose into 0.1 M NaOH at an interval of 60 s
(Fig. 3 A, Supplementary Fig. S13-S15). All electrodes exhibit a
response even at 0.45 V, but more stable and reproducible signals were
recorded at 0.65 V. At higher, potential (0.75 V), we have noticed rapid
bubble formation at the counter electrode (Pt) due to water splitting
reaction (image is not provided). At every applied potential, rCu_400
exhibited the highest current among all electrodes. We compare the
magnitude of the signals collected at 0.65 V by successively adding
1 mM glucose three times. The magnitude of the response i.e., increment
in current with the addition of glucose remains almost constant for
rCu_400 while it decreases for other electrodes. Mainly, the signal
magnitude decreases magnificently with the second and third addition
of 1 mM glucose to the Cu and rCu_200 electrodes (Supplementary
Fig. S13-S15). For further study, all electrodes were examined at 0.65 V
operating potentials.

3.2.3. Sensitivity and limit of detection

The sensitivity, limit of detection (LOD) and linear response for a
wide range of glucose concentrations are the key features of glucose
sensors. To address these, we performed CA experiments by varying
glucose concentration in the range of 5 uM to 10 mM (Fig. 3C, Supple-
mentary Fig. S16-S18). In the case of the rCu_400 electrodes, we noticed
very clear signal even for 5 pM glucose concentration (inset of Fig. 3C).
Glucose concentration versus current density plot indicates a linear
relationship for the lower glucose concentration range of 5 uM to 5 mM.
In this range, the LOD was calculated via dividing standard deviation
(SD) by the slope of the graph was 1.41 uM for rCu_400. To the opposite,
we obtained a relatively higher LOD for Cu (2.43 pM), rCu_200

Materials Today Communications 35 (2023) 106286

magnitude of glucose sensing signal relatively less increased, which can
be attributed to the surface saturation of electrodes due to the high
density of anion adsorptions. In terms of sensitivity, the rCu_400 elec-
trode exhibits the highest sensitivity (~4131.57 pA mM ' cm™2) among
the studied electrodes (Table S9). The LOD and sensitivity of the of
Cu-based electrodes are compared in Table 2. The prepared rCu_400
electrodes exhibit competitive glucose sensitivity and LOD despite
simple, chemical free fabrication methods. For example, rCu_400 elec-
trode shows ~60 and 20 times lower LOD and ~6 and ~5 times higher
sensitivity in comparison to the CuNOx thin film and CuO nano-
particle-based electrodes. In another study, spiky CuyO grown on Cu
nanowire via electrochemical process have also shown lower sensitivity
(1210 pA mM~! em~2) and relatively poor LOD (10 pM) in comparison
to rCu_400 electrode. Moreover, rCu_400 electrode exhibited competi-
tive performance to the Cu/Ni/Au nanoporous film (very high surface
area) prepared via electrochemical deposition/magnetron sputtering
method [40]. However, a dandelion-like structural electrode shows
better performance only in terms of sensitivity (5368.0 pA mM ! cm~2)
in comparison to the rCu_400 electrode as it has a very narrow linear
detection range (5 — 1.6 mM) (Table 2).

3.2.4. Anti-interference, reproducibility, and stability, of the oxide derived
electrodes

The glucose concentration in human blood is more than 30 times
higher in comparison to interferences such as uric acid (UA) and others.
In blood, the glucose concentration can vary 3-8 mM in normal condi-
tions, while the concentration of interference molecules such as DP
(~ 0.1 mM), AA (~ 23 uM), and UA (0.13-0.46 mM) is relatively very
low. Thus, we performed interference experiment by successive addition
of 1 mM glucose and 0.1 mM interferences (AA, UA, DP, NaCl, KCI) in
0.1 M NaOH solution at 0.65V (Fig. 4A and Supplementary
Fig. $19-S21). The rCu_400 electrode exhibits a well-defined glucose
signal (~4.9 mA cm™~2) immediately after the addition of 1 mM glucose.

(2.27 pM), and rCu_300 (1.48 pM) (Table S9). After 5mM, the However, after the addition of interferences species (0.1 mM), we
( A) (B) Fig. 3. Amperometry experimental study for
20 15 prepared electrodes: (A) Amperometry graphs
— ()45 V 0.65 V vs. Ag/AgCl collected at different potential for the rCu_400
s (.65 V 2t m ¢ L’ '* film electrode with the successive addition of
—_ 15}  —0.75V . ° rLE]u 200 + .° glucose (0.1 mM) in 0.1 M NaOH, (B) Current
‘\.' N = density for different electrodes with the suc-
9l A rCu300
g 10l g v Cu_400 .° ¢+ cessive addition of glucose (0.1 mM) in 0.1 M
. : ' NaOH at 0.65V vs Ag/AgCl, (C) response for
< . 1, (C) f
g = 61 ¢ + varying glucose concentration varying from
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. . - ) L ‘ . y concretion region.
3 4 5 6 7 0 1 2 3 4
Time (min) Glucose concentration (mM)

(D)

Time (min)

i J=4132C+0415
¢ R2=0.97
0 s 10 15 20

Glucose concentration (mM)



B. Muchharla et al.

Materials Today Communications 35 (2023) 106286

Table 2
Summary of the non-enzymatic electrochemical Cu-based glucose sensors.
Sensing Preparation method Morphology LoD Sensitivity (WA mM ! Linear range Ref.
Material (uM) cm ) (pM-mM)
Cu Wet chemistry Nanowires 35 420.3 0-3 [41]
Cu/CuO/Cu Chemical method nanosheets 20 223.17 0-20 [42]
(OH),
CuO/Cuz0 Melt spinning/chemical etching Nanowire 1 1950 100-6 [43]
CuO hydrothermal method nanoleaves 0.012 1467.32 5-5.89 [44]
CuO Solution process Micro flowers 6.48 10-120 10-0.12 [45]
CuO/Cu Thermo—-chemical method chrysanthemum-like, 0.6, 3251.9 2-2.3 [46]
candock-like, 1.2, 4077.7 5-2
dandelion-like 1.2 5368.0 5-1.6
CuO,/Cu Electrochemical process spiky Cu,O/Cu 10 1210 10-7 [47]
nanowire
Cu/Ni/Au Electrochemical deposition and magnetron sputtering ~ Nanoporous film 0.1 4135 0.5-3 [40]
Cu,O/Cu Chemical oxidation CuO nanosheets 0.57 1541 0-4 [48]
CuO Electrospinning and subsequent thermal treatment 3D nanofibers 0.8 431.3 6-2.5 [24]
processes
CuO Electrochemical deposition Nanoparticles 26 507 0.1-2.5 [49]
CuNOx Surface Oxidations @RTP Thin film 94.210 603.420 50.00-7.00 [14]
Cu Standard sample Thin film 2.43 1558.12 5-3.88 This
work
rCu_200 Thermal oxidation — electrochemical- reduction Defective oxide thin film 2.27 2560.08 5-3.88 This
work
rCu_300 Thermal oxidation — electrochemical-reduction Nanoclusters 1.48 2877.15 5-3.88 This
work
rCu_400 Thermal oxidation — electrochemical- reduction Nanofibril 1.41 4131.57 5-3.88 This
work
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Fig. 4. Interference, stability and reproducibility of the rCu_400 electrode: (A) Response of rCu_400 electrode in presence of interferences KCl, NaCl, AA, DA and UA,
(B) response of the rCu_400 electrodes examined at the interval of five days for 30 days and (C) response of the different samples showing the reproducibility of the
electrodes. All experiments were performed in 1 mM glucose in 0.1 M NaOH electrolyte. (D) XRD pattern of rCu_400 electrode before (black) and after (red) per-
forming glucose sensing. (E) SEM image of rCu_400 electrode after performing glucose sensing. Inset displays the SEM image of the same electrode before performing

glucose sensing. The scale bar is 500 nm.

observed negligible change (few pA.cm™2) in the current. A successive
addition of 1 mM.

glucose again shows sharp increment in the current. The results
clearly indicate the higher selectivity of the rCu_400 electrodes for the
glucose oxidation reaction.

We also tested ten different samples of rCu_400 prepared in three

sets, under similar experimental conditions (i.e., 0.65 V, 1 mM glucose,
0.1 M NaOH solution) (Fig. 4B). During these experiments, we observed
only 2 % relative standard deviation in the magnitude of the current. We
also performed CA experiments using a single electrode within a time-
frame of 30 days and recorded results every five days (Fig. 4C). Here it
should be noted that rCu_400 electrodes were stored under ambient
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conditions and exposed to the environmental condition in the lab. The
magnitude of the glucose signal remains almost unchanged and ~98 %
current was retained even after 30 days (Fig. 4C). The stability of the
rCu_400 electrodes was also determined by performing EIS experiment
before and after 30 days (used electrodes). We also performed XRD, SEM
and EDS analysis to the rCu_400 electrode examined for long term
experiment (30 days). The crystallinity of the rCu_400 electrode slightly
changed after glucose sensing experiment, but Cu (111) considered
responsible for higher catalytic activity remain unchanged (Fig. 4D).
However, we also observed a broad, but small CuO (111) peak indi-
cating the origination of CuyO after glucose oxidation experiment and
exposure to the ambient conditions (Fig. 4D). Fig. 4E displays SEM
image of rCu_400 electrode after performing glucose sensing. Nanofibril
structure remains intact, but glucose oxidation developed some needle
shaped nanostructures on the nanofibril structure. Based on our SEM
and the XRD analysis, these needle shaped nanostructures could be
ascribed to newly formed CupO due to experimental process [50].
Similarly, EDS analysis suggest the formation of copper oxides as Cu at%
decreased from 84 at% to 55 at% whereas O at% increased from 9 at%
to 40 at% (Supplementary Fig. S22 and Table S10). Despite formation of
Cu0, our EIS analysis suggests a negligible change in charge transfer
resistance as the total resistance (~ 6.88 €, solution resistance + charge
transfer resistance) remain constant (Supplementary Fig. S23). This
further confirmed the robustness and stability of the examined
electrodes.

4. Conclusions

In conclusion, we have shown that oxide derived Cu exhibits superior
glucose sensing ability in comparison to the pristine Cu. The
morphology of oxide Cu highly depends on the oxidation temperature
and results in nanofibril structure at 400 °C. The rCu_400 electrode
preparation method is simple and robust. The high sensitivity of oxide
derived Cu electrodes is attributed to the formation of native oxide layer,
increase in surface area and formation of Cu (111) facet due to oxidation
reduction process. The rCu 400 electrodes exhibit superior anti-
—interference characteristics, and it doesn’t show any response to
0.1 mM of chloride (KCI and NaCl), UA, DP and AA analytes. The low
detection limit (1.41 pM) fast response time (less than second), high
sensitivity (4131.57 pA mM~! em2), robustness and reproducibly
suggest that oxide derived Cu can be an excellent material for practical
glucose sensing application.
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