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ARTICLE INFO ABSTRACT

Keywords: At present, it is of great significance to develop novel free-standing electrode materials with high porosity and
Nanoporous excellent glucose electrocatalytic performance for glucose detection. Herein, we synthesize two types of self-
Deallf’Xing supported electrodes with Cu,O or Cu,O/Ag,0 (x = 1, 2) nanowires grown on the nanoporous substrate via
Anodizing dealloying of CusgZrsoAg, (x = 0 and 7.5 at%) metallic glasses, followed by anodizing and calcination. The
glleu;?ﬂeits;nsor effects of adding Ag element into Cus¢Zrso MG precursor on the morphology and electrochemical performance of

electrodes are systematically investigated. Compared with cluster-like copper monometallic oxide nanowire on
nanoporous Cu (CuyO@NPC, x = 1, 2) electrode, the in-situ grown copper-silver bimetallic oxide nanowire on
nanoporous Cu-Ag (Cu,O/Ag,O@NP-CuAg) electrode with tip convergence and hierarchical porous structure
possesses better electrooxidation performance for glucose. The newly developed Cu,O/Ag,O@NP-CuAg elec-
trode exhibits a high sensitivity of 1.31 mA mM ™' cm ™2 and wide linear range up to 15 mM, outstanding anti-
interference ability and stability. The enhanced electrocatalytic performance is mainly due to the synergistic
effect of Cu and Ag elements as well as unique structural characteristics. Meanwhile, the possible glucose
electrocatalytic mechanism of Cu,O/Ag>O@NP-CuAg electrode is proposed. The as-developed materials with

good glucose sensing performance and flexibility will be highly promising in wearable glucose sensors.

1. Introduction

Rapid and precise monitoring of glucose value is vital in the clinical
diagnosis, food industry and biotechnology [1-3]. As reported, elec-
trochemical detection for glucose is the most popular and effective
technique because of its comprehensive superiority of fast, accurate,
low cost and ease of use [4-6]. Therefore, the electrode material is
considered as the key component of glucose sensors.

In previous research, transition metals (Cu, Ni, Co, Ag, etc.) have
been widely studied owing to their remarkable conductivity, effective
catalytic activity and abundant reserve [7-10]. However, they are ea-
sily corroded in solution, passivated in the air and affected by inter-
ference, which result in reduced accuracy and poor selectivity. It has
been reported that sensing performance of electrode materials was
improved via preparing transition metal composites and micro-nanos-
tructured materials [11]. Meanwhile, the composites with one or more
electrochemical active elements could produce a unique synergistic
effect, which may further improve electrocatalytic performance of
electrode as compared to pure metal materials [12-15]. On the other
hand, micro-nanostructured (e.g. nanowires, nanotubes, nanospheres
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and nanoflowers, etc.) [16-20] increase the specific surface area so as
to provide more reactive sites and reduce the ion diffusion path. Based
on above design strategy, a great variety of materials so far has been
exploited, such as NiO/Ag nanofibers [21], CuO nanoparticles/carbon
nanotube [22], and Cu,;0O nanocubes wrapped by graphene nanosheets
[23] and so on.

More recently, bimetal Cu-Ag or oxides nanocomposites have
especially attracted widespread attention in glucose sensors, due to the
presence of Cu®*/Cu?*/Cu™ redox couple as well as wonderful elec-
trocatalytic and conductivity performance of Ag element [24-26]. Cu-
Ag nanocomposites with low Ag constructed by Xu and his co-workers
[27] exhibited better electrocatalytic activity compared to pure Cu
nanomaterials fabricated with the same procedure. Zhang et al. [28]
reported that the electrode modified by Cu-Ag,O nanowalls displayed
higher catalysis for glucose oxidation than traditional Ag,O nano-
flowers. Regrettably, these electroactive materials require to be loaded
onto the substrate materials (i.e. glassy carbon electrode, Ni foam, and
ITO glass, etc.) with the help of polymer binder. It not only seriously
increases electronic transfer resistance, leading to reduce conductivity,
but also slowly cut down long-term stability because of uncontrollable
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agglomerating or shedding of the active substance. Furthermore, com-
plex and time-consuming preparation processes further limit their
practical application. In order to solve these issues, developing free-
standing electrode materials without binder has been becoming a re-
search hotspot.

It is worth noting that anodizing is an effective method to obtain
binder-free and self-standing electrode composites by sacrificing por-
tion of the substrate material [29]. Up to now, based on various con-
ductive substrates, such as metal foil, foamed metal or nanoporous
matrix, the self-supporting electrode with diversified nanowire
morphologies for glucose oxidation has been developed by anodization
technology [24,30,31]. It has been demonstrated that nanoporous
substrate with high specific surface area and good conductivity exhibits
more distinct structural features as well as size effects, which is bene-
ficial to ion diffusion and electronic transfer [2]. In addition, anodizing,
namely in-situ growth on the substrate, is able to effectively integrate
the superior electrical conductivity and skeleton supporting of the
matrix, which contributes to the enhancement in the electrocatalytic
performance of electrodes. Particularly, it can also achieve high binding
force between the active material and the conductive substrate so as to
prevent electroactive substance shedding. Thus, the composites can
retain good stability and electrochemical performance when bended or
twisted during the detection process, which is promising to be acted as
flexible electrodes for wearable glucose sensors.

With the aim of developing the free-standing electrodes with higher
electrocatalytic activity and flexibility, the CusoyZrsoAgy (x = 0 and
7.5 at.%) metallic glasses (MGs) were designed as the dealloying pre-
cursor (note: the Cu-Zr-Ag MG containing 7.5 at% Ag is the optimized
composition for fabricating the uniform bimetallic nanoporous sub-
strate). Then, uniform nanowires grown on the nanoporous substrate
were fabricated by dealloying and subsequently anodizing followed by
heat treatment. It is observed that the morphology of copper-silver
oxide nanowires (Cu,O/Ag>0, x = 1, 2) is different from copper
monometallic oxide nanowires (Cu,O). Furthermore, the Cu,0/Ag,0
nanowire electrodes exhibit better glucose electrocatalytic performance
and good flexibility as compared with CuyO. Ultimately, the possible
mechanism of Cu,O/Ag>0 electrode for glucose oxidation is also in-
vestigated.

2. Experimental
2.1. Synthesis of electrode modified by uniform nanowires

The typical synthesis process of in-situ grown nanowires on the
nanoporous substrate is depicted in Fig. 1. Firstly, the Cusg.ZrsoAgy
(x = 0 and 7.5 at.%) alloy ingots were fabricated by melting the pure
metal Cu (99.99%), Zr (99.99%) and Ag (99.99%) under the help of
high-purity argon in the vacuum arc furnace. The metal glass precursor
ribbons with a cross section of ~0.025 mm X 2 mm were prepared by a
single-roller melt spinning. Subsequently, the as-spun Cusg. ZrsoAgy
(x = 0 and 7.5 at%) ribbons were dealloyed in 0.05 M HF solutions at
about 298 K under the free corrosion. After dealloying the as-spun 0 at
% Ag ribbon (CuspZrsp) for 4 h and 7.5 at% Ag ribbon (Cuys 5Zr50Ag7 5)
for 8 h, nanoporous copper (NPC) and nanoporous copper silver (NP-
CuAg) substrates were prepared, respectively. Then, the as-dealloyed
samples were treated by anodizing in 0.5 M KOH with the current
density of 15 mA/cm? for different oxidation time of 1 and 5 min. After
that, the outcomes were rinsed three times with distilled water and
further heated in muffle furnace at 200 °C for 2 h in the air. In this
work, the self-standing Cu,O or Cu,O/Ag,0 (x = 1, 2) nanowire elec-
trodes obtained by anodizing for 1 and 5 min, respectively, are re-
presented as Cu,O-1, Cu,O-5, Cu,O/Ag,0-1 and Cu,O/Ag,0-5, re-
spectively.
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Fig. 1. Schematics of synthesis process of the free-standing and hierarchical
porous electrode.

2.2. Microstructure characterization

The phases and crystal structures of the as-prepared samples were
detected by X-ray diffractometer (XRD, Bruker D8, Cu-Ka) with the 20
range of 25-85°. Transmission electron microscopy (TEM, Tecnai G2
F20) and scanning electron microscopy (SEM, Nova nanoSEM 450, FEI)
equipped with an X-ray energy dispersive spectroscope (EDS) were
applied to characterize the microstructure and morphology. X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific) was used to
investigate the surface chemical state and binding energy of Cu, Ag and
O in the metallic oxide nanowires.

2.3. Electrochemical measurements

The electrochemical measurements were fulfilled on the electro-
chemical workstation (Chenhua CHI660E, China) with common three-
electrode system at about 298 K. The anodized samples, commercial Pt
net electrode and Ag/AgCl standard electrode (3 M KCl) were employed
as the work electrode, the auxiliary electrode and the reference elec-
trode, respectively. The cyclic voltammetry (CV) measurements were
performed in the potential range from 0 to 0.8 V by the different scan
rates and glucose concentrations. Note that current density is calculated
based on geometric area. To evaluate the electrocatalytic performance
of electrode, amperometric i-t curves were conducted by dripping
glucose constantly into 0.2 M NaOH solution at the applied potential of
0.5 V. The frequency of electrochemical impedance spectroscopy (EIS)
detections was conducted ranging from 0.01 to 10° Hz.

3. Results and discussion
3.1. Formation and structure of the composite electrodes

Fig. 2 displays the XRD patterns of the as-spun Cusg ,ZrsoAgy (x = 0
and 7.5 at%), corresponding as-dealloyed ribbons as well as the ano-
dized samples after anodizing for 5 min followed by heat treatment.
From Fig. 2a and b, it is found that both the as-spun 0 at% Ag ribbon
(CuspZrsp) and 7.5 at% Ag ribbon (CuszsZrspAg;s) have the broad
diffraction halo peaks without sharp crystalline peak, showing the
formation of amorphous structure. Moreover, no Zr element is detected
in the as-dealloyed samples, implying that Zr element is selectively
dissolved from Cuso.xZrsoAgx (x = 0 and 7.5 at%) precursor ribbons,
leaving the metal of Cu (x = 0 at%) and Cu-Ag (x = 7.5 at%) behind.
After anodizing the as-dealloyed Cus¢Zrso for 5 min and further
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calcination, the crystalline phases of anodized product in Fig. 2a is
identified to be Cu,O (JCPDS #05-0667) and CuO (JCPDS #45-0937),
which demonstrates the formation of Cu,O (x = 1, 2) on the NPC
substrate. Similarly, for anodized 7.5 at% Ag sample (Fig. 2b), in ad-
dition to the diffraction peaks of metal Cu (JCPDS #89-2838) and Ag
(JCPDS #04-0783) originating from the NP-CuAg substrate, the dif-
fraction peaks for CuO (JCPDS #45-0937), Cu,O (JCPDS #05-0667)
and Ag,O (JCPDS #72-2108) further confirm the formation of Cu,O/
Ag,0 (x = 1, 2) bimetallic oxides on the NP-CuAg substrate after an-
odization followed by heat treatment. Moreover, it is noticed that the
anodized 0 at% Ag electrode is brittle and active material easily shed
from the substrate under bending. On the contrary, the anodized 7.5 at
% Ag electrode (the inset of Fig. 2b) illustrates well bendability without
fracture at the great bending degree and the oxides layer is closely
connected with the substrate, exhibiting good flexibility. This result
indicates that the addition of Ag element to the dealloying precursor
Cu-Zr MGs effectively improves the flexibility of the electrode material,
which is promising as a wearable sensing materials in future.

XPS spectra (Fig. 3) are further measured to determine the oxidation
valences of anodized samples for 5 min. From their typical wide-scan

60 70 80
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XPS spectra shown in Fig. 3a, it appears the presence of Cu and O
elements in the anodized 0 at% Ag (Cu,O-5) ribbon as well as the ex-
istence of Cu, Ag and O in the anodized 7.5 at% Ag (Cu,O/Ag>0-5)
ribbon. The deconvolution of Cu 2p, Ag 3d, and O 1 s is presented in
Fig. 3b—d. The two peaks of Cu 2p3,, (Fig. 3b) are located at 932.7 eV
and 934.0 eV together with the feature of two satellite peaks, which
indicates the presence of Cu* and Cu®* in both samples [32]. Ag 3d
peaks of the anodized 7.5 at% Ag (Cu,O/Ag>0-5) ribbon is displayed in
Fig. 3c. The two peaks located at 367.8 and 373.8 eV in conjunction
with the binding energy interval of 6.0 eV are assigned to the char-
acteristic Ag" 3ds,, and Ag* 3ds,, peaks, respectively, which is in
agreement with the previous literature [33]. In Fig. 3d, the peaks of O
1 s are composed of three peaks and the corresponding binding energy
is 529.3 eV, 530.6 eV and 531.3 eV. The lower binding energy at
529.3 eV is characteristic of OM corresponding to 0% ions with tran-
sition metal oxides, while other peaks result from the OH groups and
the water absorbed on the material surface [34]. As a result, the XPS
results reveal that anodized sample surfaces on the nanoporous sub-
strates are composed of Cu*, Cu®>* oxides on NPC substrate and Cu*,
Cu®* and Ag® oxides on NP-CuAg, which is consistent with XRD
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Fig. 3. (a) XPS spectra of anodized 5 min sample of Cu,O and Cu,O/Ag,0; (b) Cu 2p of Cu,O and Cu,0/Ag-0; (c) Ag 3d of Cu,0/Ag>0; (d) O 1 s of Cu,O and Cu, O/

Ag,0.
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Fig. 4. Surface morphologies of (a) NPC; as-prepared Cu,O sample anodized for (b) 1 min and (c) 5 min with the cross sectional morphology; Surface morphologies of
(d) NP-CuAg; (b) the corresponding Cu,O/Ag>0 composite after anodizing for (e) 1 min and 5 min with the inset of cross sectional morphology.

results.

Fig. 4 shows the surface morphologies of the as-prepared samples
based on 0 at% Ag (Fig. 4a—c) and 7.5 at% Ag (Fig. 4d-f) precursors. In
Fig. 4a and d, both the as-dealloyed ribbons (NPC and NP-CuAg) dis-
play an open, bicontinuous ligament-channel structure with different
average ligament sizes of ~28 nm and ~100 nm, respectively. The well-
ordered uniform nanoporous structure can act as substrate for ano-
dizing and supply the source of metal for in-situ grown nanowires. In
the Fig. 4b, the NPC anodized for 1 min (Cu,O-1 electrode) presents
sparse cluster-like structure assembled together by tens of ultrafine
nanowires on the surface of NPC. When the anodization time increases
up to 5 min, it is clearly found that a large number of Cu,O nanowire
clusters homogeneously grow on the NPC substrate (Fig. 4c). The na-
nowire clusters are much bigger and denser than those for 1 min. On
the other hand, differing from the morphology of monometallic oxide
nanowires (CuyO), it is very interesting to find that the bimetallic oxide
nanowires (CuyO/Ag,0-1 and Cu,O/Ag,0-5) (Fig. 4e and f) in-situ
grown on the NP-CuAg substrate gather at the top of nanowires to form
a star-like structure after anodizing. The formation of the top-converged
structure is perhaps due to the bending of nanowires with large aspect
ratios [35]. In the inset of Fig. 4c and f, nanowire layer with a thickness
up to micrometers is seen to tightly combine with the nanoporous
substrate. Remarkably, the Cu,O/Ag>0 nanowires are more difficult to
be scraped from the matrix than Cu,O nanowires, which would benefit
to improve the long-term stability of electrode. The EDS results for NP-
CuAg and Cu;O/Ag,0-5 are further shown in Fig. S1. The nanoporous
ligament of NP-CuAg shown in Fig. Sla consists of bimetallic copper
and silver, which proves that the Zr element in the CuyssZrsoAgss
ribbon has been selectively dissolved during the dealloying process.
Furthermore, it is found that the nanowires for Cu,O/Ag,0-5 (Fig. S1b)
contains a large amount of O element in addition to the Cu and Ag,
revealing that the oxides have formed after anodizing and calcining.
The change of the chemical composition in the EDS agrees with XRD
and XPS analysis.

It was reported that the dissolved metal ions integrate with OH" in
electrolyte during anodization, then aggregate on the defect of nano-
porous metals [31,36,37]. Furthermore, the diffusion coefficient of Ag
is one magnitude lower than that of Cu [38]. Therefore, it infers that the
distinct discrepancy of two types of nanowire morphologies probably
originates from different diffusion speed of Cu and Ag during anodizing.

The lower diffusion rate of Ag ions may inhibit the spread of copper
ions, resulting in the formation of different nanowire morphologies at
the same oxidation time. Unfortunately, it is difficult to determine the
complicated growth process and morphological evolution of two types
of nanowires. Thus, more detailed analysis will be investigated in fu-
ture.

TEM images provide more detailed compositions and structural
characteristics of Cu,O-5 (Fig. 5a-c) and Cu,O/Ag,0-5 (Fig. 5d-k) na-
nowires at high-magnification. It can be observed in Fig. 5a and d that
the diameters of Cu,O-5 and Cu,O/Ag,0O-5 nanowires are about
10-30 nm and 15-60 nm, respectively. Moreover, there are many
smaller nanopores on the each nanowire with the sizes of 1-3 nm
(Fig. 5b and e). which generally causes from the gas release during the
calcination process. Additionally, it is not seen the nanopores in the
TEM image (Fig. S2) of the Cu,O/Ag,0-5 nanowire obtained before
calcination, which further proves that the nanopore formation on the
nanowires is caused by calcination. As illustrated in Fig. 5c, the lattice
spacings of 0.246 and 0.253 nm are ascribed to the (1 1 1) planes of
Cu,0 and (0 0 2) planes of CuO, respectively. Lattice spacings measured
in Fig. 5f are 0.246, 0.253 and 0.234 nm corresponding to the (1 1 1)
plane of Cu,0, (0 0 2) plane of CuO and (0 1 1) plane of Ag,O. Fur-
thermore, the selected-area electron diffraction (SAED) patterns for
nanowires (the set of Fig. 5c and f) own good polycrystallinity character
and agree with the spacing of the lattice spacing. The TEM image of
Cu,O/Ag>0-5 nanowire (Fig. 5g) was selected to further analyze the
distribution of elements. It is found from Fig. 5h-k that O, Cu and minor
Ag atoms are uniformly distributed on Cu,O/Ag>0 nanowire. These
results of TEM and SEM further demonstrate that as-prepared nano-
wires anodized on the nanoporous substrate are composed of Cu or Ag
oxides and have a hierarchical porous structure, i.e., the nanopores of
the substrate, small pores on the each nanowire and the micropores
arising from the nanowires interlacing.

The pore-size distribution of the Cu,O-5 and CuyO/Ag,0-5 dis-
played in the inset of the Fig. 6 mainly ranges from 1 to 10 nm.
Moreover, the peak intensity of Cu,O/Ag>0-5 is higher than that of
Cu,O-5. According to their N, absorption-desorption isotherms (Fig. 6),
the BET specific surface area of the Cu,0O/Ag,0-5 (~31.22 m? g~ 1) is
larger than that of the Cu,O-5 electrode (20.02 m? g~ ). The high
porosity and large specific surface area of Cu,O/Ag,0-5 would be
beneficial to provide more electrocatalytic active sites for glucose
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detection.

3.2. Electrocatalytic performance of the electrode composites

Cyclic voltammetry tests were performed to analyze the glucose
sensing performance of as-prepared 0 at% Ag electrode. Fig. 7a re-
presents the CVs of the NPC, Cu,O-1 and Cu,O-5 in 0.2 M NaOH so-
lution with or without 1 mM glucose at a scan rate of 50 mV/s. It can be
seen that the anodic oxidation current signals of all electrodes increase
when glucose was added in NaOH solution as compared to those
without glucose, indicating Cu,O electrodes show glucose sensing
performance. Moreover, the current signal response of Cu,O-5 is clearly
higher than those of NPC and Cu,O-1. These results reveal that the
existence of nanowires effectively enhances the electrochemical per-
formance of material. Meanwhile, the electrocatalytic activity of
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electrode towards glucose is improved with increasing anodization
time. Fig. 7b shows the CV curves of the Cu,O-5 electrode with different
concentrations of glucose (from 1 to 10 mM). It appears that there is a
distinct anodic oxidation peak located at around 0.5 V. Furthermore,
the oxidation current response rises with an increase in the glucose
concentration. The result indicates that CuxO-5 electrode does have the
good glucose sensing performance. Fig. 7c shows CV curves of the
Cu,O-5 composite material in 0.2 M NaOH with 1 mM glucose at dif-
ferent scan rates. The reaction current increases as the scan rates rise
from 10 to 100 mV/s. The relationship of the oxidation current ob-
tained around 0.5 V and the square root of scan rate satisfies positive
linear correlation (R*> = 0.996), revealing that the glucose oxidation is
a diffusion control process, which is good for quantitative analysis in
real detections [39]. In addition, the tests for as-prepared 7.5 at% Ag
nanowire electrode (Cuy,O/Ag,0-5) show the similar electrochemical
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Fig. 7. (a) The CVs of NPC, Cu,O-1 and Cu,O-5
electrodes in 0.2 M NaOH with or without 1 mM
glucose; (b) CV with different concentrations of
glucose of Cu,O-5 electrode; (c) CV at scan rates of
10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mV s~ ! for
Cu,O-5 electrode in 0.2 M NaOH with 1 mM glu-
cose; (d) the calibration curve of anodic current
density obtained around 0.5 V and square root of
scan rate.
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behaviors (Fig. S3), which further demonstrates that the in-situ growth
of nanowires on the nanoporous substrate is effective in improving the
oxidation performance of glucose.

Amperometric i-t curves were conducted to further investigate the
sensitivity of as-fabricated composite electrodes. Fig. 8a shows the
changes in the current density as a function of time with dropping 1 mM
glucose solutions in the 0.2 M NaOH every 50 s. It appears that both the
Cu,O and Cu,O/Ag,0 electrode have significant current response sig-
nals when 1 mM glucose is added. Subsequently, the corresponding
linear fitting of current density and concentration (Fig. 8b) for all
electroactive materials exhibits a wide line range up to 15 mM. Parti-
cularly, the Cu,O/Ag,0-5 has the highest sensitivity reaching to

0.35

Scan rate'? / (\% s'1)1'2

1.31 mA mMcm ™2 and the low detection limit of 0.5 uM calculated by
LOD = 30,/m, where o, is the standard deviation of the blank sample
and m is the slope of the calibration graph [40]. It reveals that the
synergistic effect of Cu and Ag element is conducive to improve the
glucose electrocatalytic properties of materials. Fig. 8c shows the Ny-
quist plots of Cu,O-5 and Cu,O/Ag>0-5 in 0.2 M NaOH with 1 mM
glucose. The measured radius of the semicircle for the Cu,O/Ag>0-5
electrode is much smaller than that for Cu,O-5, indicating that Cu,O/
Ag-,0-5 has a faster charge transfer rate than Cu,O-5 during the glucose
oxidation process [41]. The EIS result confirms that addition of Ag
element effectively enhances the conductivity of the electrode compo-
sites, resulting in excellent electrocatalytic performance. Besides, the
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current response signal of Cu,O/Ag,0-5 (Fig. 8d) at low glucose con-
centration was detected by dropping various concentration of glucose
from 10 uM to 5 mM. The corresponding fit curve was obtained in the
inset of Fig. 8d. It is calculated that the sensitivity is about
0.95 mA mM ! em ™2 (from 0.02 to 5.58 mM). This result reveals that
the NP-CuAg substrate surface modified by Cu,O/Ag,0-5 nanowires is
very suitable to the electrochemical detection of lower concentration
glucose.

It should be noted that glucose often coexists with small amount of
organic molecules (such as ascorbic acid (AA), uric acid (UA), fructose
and sucrose) in human blood. These organic substances also generate
corresponding current signals during practical application, which
would interfere glucose detecting result. Thus, it is necessary for elec-
trode material to have good anti-interference ability. In order to study
the anti-interference ability of the Cu,O/Ag,0-5 electrode, 0.1 mM AA,
0.1 mM UA, 0.1 mM fructose, 0.1 mM sucrose, and 3 mM glucose were
successively added into stirred 0.2 M NaOH solution [42,43]. As shown
in Fig. 9a, the addition of glucose brings about a significant current
response for Cu,O/Ag,0-5, while the current signals of the inter-
ferences (fructose, sucrose, AA and UA) are neglectable, illustrating the
excellent anti-interference ability of CuyO/Ag,0-5 against above-men-
tioned small amount of interfering species. The relative standard de-
viation (RSD) of the sensitivity for 1 mM glucose which measured with
the same electrode for 3 times is ~2.36%, which indicates that the
Cu,O/Ag>0-5 electrode possesses good intra-electrode repeatability.
Moreover, the current response detected for six CuyO/Ag>0-5 elec-
trodes with the same preparation process are similar (Fig. S4), revealing
the outstanding inter-electrode reproducibility. In addition, the long-
term stability of the Cu,O/Ag,0-5 was also examined in this work. The
composite was exposed in air, and the current response to 1 mM glucose
was detected once a day during the period of 30 days. Fig. 9b shows the
results normalized with the initial value. It is found that the current
response of electrode on the 30th day still remains about 96.94% with
the sensitivity of 1.25 mA mM ™' cm ™2, which confirms that it has
superior long-term stability to satisfy long-term practical applications.
Subsequently, the surface morphology of Cu,O/Ag,0-5 before and after
30 days was further characterized by SEM. As shown in the inset of
Fig. 9b, the Cuy0/Ag,0-5 nanowires after storage for 30 days still retain
the top-converged structure and good integrity, implying well combi-
nation force between Cu,O/Ag,0-5 nanowires and substrate. However,
Cu,O-5 nanowires are easy to fall off as compared to Cu,O/Ag,0-5. The
result demonstrates that addition of Ag is beneficial to enhance the
combination force between the nanowires and the substrate, thus
avoiding active substance flaking away.

Table 1 lists comparison of glucose electrocatalytic performance
among different materials [44-49]. It is seen that the Cu,O/Ag,0-5
composite developed in this work has excellent electrocatalytic activity
such as wide linear range, high sensitivity and low detection limit.
Compared with powdery composites and Ag/CuO NFs/indium tin oxide
(ITO) [44-46,48,49], the preparation process of the Cu,O/Ag,0O-5
composites is simple and cost-effective. Most importantly, in-situ

Time (day)

growth method for preparing the binder-free and self-standing Cu,O/
Ag,0-5 electrode could effectively strengthen the interface bonding
force between the NP-CuAg and nanowires, and prevent active mate-
rials from flaking off. Moreover, the hierarchical porous structure of the
Cu,O/Ag,0-5 electrode not only offers more reactive sites, but also
promotes the transportation of electrons and ions, thereby enhancing
electrocatalytic performance. It is particularly worth noting that the
Cu,O/Ag>0-5 electrode behaves good flexibility, which has been rarely
reported so far. Although the CuO NWA grown on Cu foil listed in
Table 1 [47] is also a free-standing electrode with good flexibility, the
present Cu,O/Ag>0-5 electrode shows wider linear range, which is
good for the practical application in glucose detection. Accordingly, the
present Cu,O/Ag,0-5 electrode with hierarchical porous structure, su-
perb electrocatalytic property and good flexibility is expected to facil-
itate the development of wearable glucose sensors.

To make clear the reasons why the present Cu,0/Ag>0-5 composite
electrode demonstrates the outstanding electrocatalytic performance,
the possible electrocatalytic mechanism of free-standing Cu,O/Ag>0-5
electrode is shown in the Fig. 10. It is well known that the structure and
ingredient of electrode material significantly affect the electrocatalytic
properties for glucose. In term of structure, the Cu,0/Ag>0-5 nanowire
electrode possesses the hierarchical porous architecture, consisting of
the micropores on Cu,O/Ag,O nanowires, the rich macropore space
arising from interlaced nanowires as well as the nanopores of the NP-
CuAg substrate, which provide more active sites and achieve effective
contact of the electrode/electrolyte interfaces. Besides, for the present
Cu,0/Ag>0-5 electrode during reaction, the Cu(I/II) or Ag(I) of Cu,O/
Ag->0 nanowires are oxidized to Cu(IIl) or Ag(Il) served as an important
intermediate of glucose conversion gluconic acid. Meanwhile, electrons
produced by oxidizing are shifted from nanowires to NP-CuAg sub-
strate, generating relevant current response signal. Subsequently, the
Cu(Ill) or Ag(Il) is reduced to Cu(I/II) or Ag(I) for recycling during
reactions [50-52]. Therefore, the redox couples of Cu and Ag play an
important role in glucose electrooxidation process. In addition, the
nanowires consisting simultaneously of CuyO and Ag>O could realize
the synergistic effect of Cu and Ag element, which remarkably enhances
the glucose electrocatalytic activity by the mutual promotion and en-
dues the electrode with superior conductivity for efficient electron
transportation. In summary, the newly developed Cu,O/Ag,0-5 com-
posite electrode with good flexibility and outstanding electrocatalytic
performance is a promising glucose sensing material in the field of
wearable.

4. Conclusions

In this work, we have successfully prepared the free-standing Cu,O
and CuyO/Ag,0 (x = 1, 2) composite electrodes by dealloying Cus.
xZrsoAgy (x = 0 and 7.5 at%), along with anodizing and heat treatment.
Two types of electrodes with the morphology of nanowires present a
hierarchical porous structure. Different from the cluster-like Cu,O na-
nowires anodized on NPC, the Cu,O/Ag>0 nanowires anodized on NP-



Q. Zhang, et al.

Applied Surface Science 515 (2020) 146062

Table 1

Comparison of glucose electrocatalytic performance among different materials.
Materials Sample state Flexibility Linear range Sensitivity (WA mM ™! em ™ ?) Detection limit (uM) Stability Ref.
CuO/Cu,O-NF Powders/GCE — 0.5-10 mM 830 0.7 — [44]
CuO@CuNWs Template/GCE — 1-10 mM 1250.8 0.69 94% (20 days) [45]
Porous CuO Powders/GCE — 0.5-2.8 mM 934.2 0.1 96.6% (7 days) [46]
CuO NWA Cu foil (in-situ growth) Good up to 2.55 mM 1420.3 5.1 98% (30 days) [47]
Ag NPs Powders/GCE — 1-8.9 mM 895.8 0.0048 96% (10 days) [48]
Ag/CuO NFs ITO (ex-situ growth) — 0.5-0.5 mM 1347 0.05 93% (30 days) [49]
Cu,O/Ag,0-5 Ribbon (in-situ growth) Good up to 15 mM 1310 0.5 96.94% (30 days) This work

References
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Fig. 10. Schematic illustration of glucose electrocatalytic mechanism by Cu,O/
Ag,0-5 electrode.

CuAg substrate have the feature of top-converged. In addition, bene-
fiting from the addition of Ag element, the Cu,0O/Ag,0-5 composites
display good flexibility and well electrocatalytic performance for glu-
cose. The high sensitivity is about 1.31 mA mM ™! ecm ™2 with the low
detection limit of 0.5 pM. The wide linear range up to 15 mM together
with good anti-interference ability and stability. The excellent glucose
sensing performance is primarily ascribed to the hierarchical porous
structure and the synergistic effect of Cu and Ag elements. Accordingly,
the Cu,O/Ag,0-5 composite electrode with highly improved electro-
catalytic performance and good flexibility is promising to apply in the
development of wearable glucose sensors.
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