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ABSTRACT

Porous CuO-CdO nanofibers with mean diameter of 463 nm and high surface-
to-volume ratio were prepared by impregnating electrospun carboxylic-func-
tionalized poly(arylene ether ketone) (PCA-PAEK) nanofibrous webs with metal
acetate solution and subsequent calcination. The special morphology was
demonstrated to be decided by ion exchange reaction between metal ions and
functional groups on polymer. TGA and EDX analysis confirmed that Cd** was
more readily to react with PCA-PAEK than Cu2+, and the amount of Cu®** can
be decreased by overloading of Cd**, leading to the degradation of sensing
performance. FT-IR proved the existence of the ion exchange reaction and
demonstrated the products were highly pure CuO-CdO compounds with EDX
and XRD spectra. The products detailedly investigated for direct electrocatalytic
oxidation of glucose evaluated cyclic voltammetry and chronoamperometry.
CuO-CdO nanofibers modified electrodes exhibited superiorities of good anti-
interference, low detection limit and fast response of glucose, attributing to the
enhanced conductivity brought by CdO, good electrocatalytic activity brought
by CuO and large surface area brought by porous structure. The simple strategy
of electrospinning porous nanofibers using PCA-PAEK as templates and com-
bined CuO and CdO with good electrooxidation glucose functions opens a new
route to generate novel conductive metal oxide hybrid nanofibers applied for
glucose enzymeless sensors.
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Introduction

The emergence of nanotechnology has opened new
horizons for the application of nanomaterials in bio-
analytical chemistry. Nanomaterials contain a variety
of structures such as nanowires, nanofibers, nanor-
ods, nanoparticles, nanotubes and so on [1-5].
Among these structures, nanofibers that own high
specific surface area and length-to-diameter ratios,
unique and appealing properties have gained special
focus in biosensor applications [6, 7]. Glucose
biosensor is one of the most popular biosensors. It
has been widely used in clinical diagnosis, pharma-
ceutical analysis and food industry [8, 9. Ampero-
metric glucose biosensors with and without glucose
oxidase [10, 11] can achieve low detection limit easily.
Especially, the enzymeless glucose biosensor pos-
sesses the advantages of good stability, simplicity,
sensitivity, selectivity and so on [12, 13]. Thus, con-
siderable attention has been given to enzyme-free
electrodes [14]. Noble metals, transition metal and
alloys [15-18] have been extensively investigated as
non-enzymatic glucose sensors. However, these
metallic nanomaterials have the drawbacks of high
costs and very limited sensing utility, which hinders
their practical applications. Therefore, there are con-
siderable demands for the development of novel,
cost-effective, sensitive and selective non-enzymatic
glucose sensors.

CuO is a very important p-type semiconductor that
owns a narrow band gap of 1.2 eV. It has been
extensively utilized in fields of gas sensors, photo-
chemical cells, catalysts and other electronic devices
[19]. For its virtue of natural abundance, low pro-
duction cost, good electrochemical and catalytic
properties, CuO is studied for application of non-
enzymatic glucose sensors as well [20]. However,
lack of good conductivity may limit its application.
CdO is an n-type semiconductor with direct band
gap of 2.5 eV, an indirect band gap of 1.98 eV [21].
Nanoscale CdO has a very low ohmic resistivity [22],
due to the native defects of oxygen vacancies. The
creation of vacancies can increase the conductivity of
oxides [23]. Thus, if CdO is incorporated into CuO to
produce hybrid metal oxides, CdO can act as an
effective dopant that enhances sensor application.
Moreover, preparing metal oxide into nanofibers
would combine their unique crystalline structures
with large specific surface areas, leading to excellent
properties [24].
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It is well known that electrospinning is a straight-
forward, versatile and cost-effective top-down tech-
nique [24-26] to fabricate one-dimensional nanofibers
[27]. It can produce polymer fibers in diameter
ranging from micrometers to nanometers. Generally,
the surface area of nanofibers prepared through
electrospinning was approximately double of con-
tinuous thin films [28]. To prepare metal oxide
nanofibers through electrospinning, polymer tem-
plates were essential. Carboxylic-functionalized
poly(arylene ether ketone) (PCA-PAEK) (Structure 1)
is a modified high-performance polymer that origi-
nates from PAEK [29]. Different from other polymer
templates such as poly(L-lysine), poly(vinyl pyrroli-
done) (PVP), poly(vinyl acetate) (PVAc), polylactic
acid (PLA), glycerin, pentaerythritol, etc. [30-34],
PCA-PAEK has carboxyl groups on its backbone.
Introduction of -COOH can improve the solubility
and chemical activity of PAEK. The functional group
(-COOH) on the polymer immobilizes the inorganic
ions on polymer fibers, which enables the uniformity
and thinness of the metal oxides fibers. Moreover, the
morphology of the final metal oxide nanofibers can
be controlled by the amount of the metal ions
absorbed on the polymer. Thus, PCA-PAEK can be
utilized as dispersant to prepare CuO-CdO com-
posite nanofibers with special morphology relying on
the limited reaction between the functional group
and metal ions. The functional group made the PCA-
PAEK possible to act as templates to prepare metal
oxide nanofibers via electrospinning. However,
reports on this topic are really rare.

In this report, CdO is incorporated into CuO as an
effective dopant to prepare hybrid metal oxide
nanofibers with improved conductivity and then
employed as the non-enzymatic sensing materials to
detect glucose. Porous CuO-CdO composite nanofi-
bers were prepared by impregnating electrospun
PCA-PAEK nanofibrous webs with metal acetate
solution and subsequent calcination. The mechanism
for the formation of special porous morphology was
discussed. The morphologies and structures of the as-

Structure 1 Structure of PCA-PAEK. PCA-PAEK: carboxylic-
functionalized poly(arylene ether ketone).

@ Springer



3356

prepared CuO-CdO composite nanofibers were
characterized by SEM, TGA, XRD, FT-IR and EDX.
The activity of the hybrid nanofibers electrode
toward glucose electrooxidation and its sensing per-
formances were evaluated. CuO-CdO composite
nanofibers modified glassy carbon electrode showed
good anti-interference, low detection limit and fast
response of glucose under an applied potential of
+ 0.40 V. The ion exchange reaction that occurred in
impregnating process between metal ions and func-
tional group of polymer template decided the mor-
phology and performance of hybrid nanofibers.
Present study provides a simple strategy for design
of electrospun CuO-CdO composite nanofibers bio-
electrochemical nanodevices for glucose
determination.

Experimental
Reagents

Carboxylic-functionalized poly(arylene ether ketone)
(PCA-PAEK, M, = 31,016 g mol™') was purchased
from Engineering Research Center of High Perfor-
mance Plastics, Jilin University. Cupric acetate
monohydrate (Cu(CH3;COO),-H,O, A.R.) and cad-
mium acetate (Cd(CH;COO),-2H,O, A.R.) were
obtained from Sinopharm Chemical Reagent Co., Ltd,
China. Dichloromethane (DCM, Tianjin Tiantai Fine
Chemical Co., Ltd., China) and N, N-dimethylfor-
mamide (DMF, Xilong Chemical Co., Ltd., China)
were used as solvents directly. Nafion perfluorinated
resin solution (20 wt% in lower aliphatic alcohols and
water, contains 34% water) was provided by Sigma-
Aldrich. p-glucose, ascorbic acid (AA), uric acid (UA)
and ethanol were purchased from Beijing Chemical
Plant (Beijing, China). Glucose solutions with various
concentrations were prepared with redistilled water.
Solutions for anti-interference testing were prepared
by dissolving interfering species in glucose solution
at normal physiological levels. All of the above
chemicals were of analytical grade and directly used
without any other treatment.

Preparation of CuO-CdO nanofibers

PCA-PAEK granules were dissolved in DMF/DCM
mixture (the volume ratio was 5/5) to prepare a 20
wt% PCA-PAEK solution, which was vigorously
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stirred for at least 6 h at room temperature. Then, the
transparent solution was put into a syringe, which
was connected to a high-voltage supply (DW-P303-
5AC High Voltage (0-30 kV), Dongwen High-volt-
age-Power-supply Company, China) subsequently. A
collector placed 20 cm away from the orifice was
connected to a grounded counter electrode. Then, the
applied voltage was adjusted at 17 kV, and at same
time, a dense web of fibers can be collected on the
aluminum foil. All electrospinning processes were
carried out at ambient temperature. The fibers were
exposed to the air overnight to promote further
evaporation of the solvent.

For the preparation of CuO-CdO nanofibers, a
solution which contained 6 wt% cupric acetate
monohydrate and 6 wt% cadmium acetate was pre-
pared beforehand. The completely dried PCA-PAEK
pure polymer nanofibers were then impregnated
with the composite solution for 10 h at 30 °C under
continuously shocking. Then, the fiber membranes
were washed with water three times and dried in
vacuum oven for 48 h at 45 °C to fully remove the
unreacted compounds and solvent. The obtained
precursor was then calcined at 600 °C for 4 h in air in
order to remove matrix polymer and generate CuO-
CdO nanofibers. Pure CuO nanofibers and CdO
nanofibers were synthesized following a similar
procedure; the only difference was to use 6 wt%
cupric acetate monohydrate or 6 wt% cadmium
acetate as the sole metal oxide
respectively.

precursor,

Preparation of CuO-CdO nanofibers
modified electrodes

Prior to surface modification, a glassy carbon elec-
trode (GCE, U3 mm) was polished with 1 mm and
0.05 mm alumina slurries sequentially, and then
rinsed with deionized water. After that, the electrode
was sonicated in deionized water, acetone, deionized
water successively, dried at room temperature,
respectively, and was ready for modification. To
prepare 5 mg mL~' CuO-CdO nanofibers suspen-
sion, 5 mg CuO-CdO nanofibers were first sus-
pended in 1 mL ethanol and sonicated for 1h to
thoroughly disperse the CuO-CdO nanofibers. Then,
a 10-pL suspension was dropped onto the surface of
GCE. The solvent were allowed to evaporate at
infrared lamp leaving the CuO-CdO nanofibers
immobilized onto the electrode surface. A 5-uL
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1 wt% Nafion solution was finally applied to serve
both as permselective membrane and entrapment
matrix for the immobilization of CuO-CdO nanofi-
bers. The modified electrode was abbreviated as
CuO-CdO NFs/GCE. A similar procedure was also
applied to prepare CuO nanofibers or CdO nanofi-
bers modified GCEs, which was labeled as CuO NFs/
GCE and CdO NFs/GCE, respectively.

Characterization

A Japan SHIMDZU SSX-550 scanning electron
microscope (SEM) equipped with an energy-disper-
sive X-ray spectrometer (EDX) was used to examine
the morphology and composition of the as-prepared
samples. Image visualization software Image] was
used to analyze the mean diameters of the nanofibers.
A total of 100 measurements per field were chosen
based on the SEM images [35]. Thermal gravimetric
analysis (TGA) was carried out by using Perkin Elmer
Pyris 1 TGA (USA) from room temperature to 800 °C
under a flowing air atmosphere. The vibration in
functional groups of nanofibers was analyzed by
Japan SHIMDZU, 1.50SU1 Fourier transform-infrared
radiation (FI-IR) spectrometer. X-ray powder
diffraction (XRD) patterns of the calcined nanofibers
were conducted on a Siemens X-ray diffractometer
(D5005XRD) with Cu Ko radiation (y = 15418 A)
operating at 40 kV and 30 mA. Scans were made from
30° to 70° (20). All electrochemical experiments were
performed on a CHI 660E Electrochemical Worksta-
tion (CH Instrument, USA), using a traditional three-
electrode electrochemical cell (a working volume of
5 mL) with a working electrode, an saturated calomel
electrode and a platinum wire counter electrode.

Results and discussion

Characterization of the nanofibers
before and after calcination

Figure 1 illustrates SEM images of the as-spun
nanofibers. The as-prepared PCA-PAEK nanofibers
exhibited uniform distribution and smooth surface.
Differently, the morphology of the immersed nano-
fibers was quite coarse and distorted. In some places,
fibers stuck together, leading to the increase in fiber
diameter. The phenomenon was ascribed to the
longtime immersion, which resulted in swelling of
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the PCA-PAEK fibers. Inset images showed the dif-
ference more clearly. After the PCA-PAEK nanofibers
immersed in copper acetate solution, many dots
appeared on the surface (Fig. 1b). This was related to
the reaction between Cu®" and the carboxyl on PCA-
PAEK. When Cu(CH3COO), was replaced by
Cd(CH3COO), (Fig. 1c), the morphology was more
different. Many rice-like rods appeared. The shape
and size of these particles were uniform. The pro-
duction of rice-like rods was on the one hand because
of the reaction between Cd*" and the carboxyl on
PCA-PAEK, on the other hand due to its preferential
orientation. The similar formation process of the
obtained nanorods was reported by Yang Jiang et al.
[36]. Figure 1d shows the morphology of PCA-
PAEK/Cu(CH3COQ),/Cd(CH3COO),  nanofibers,
which was mostly similar with that of PCA-PAEK/
Cu(CH3COO), nanofibers. In the higher magnifica-
tion, many particles but not the rice-like rods irreg-
ularly distributed on the fibers. This may be because
of the inhibition from Cu** to Cd** when ~COOH
reacted with Cu®* and Cd** at the same time. From
the SEM photograph, it is easy to find out that all of
the particles dispersed throughout the fibers. This
demonstrated that PCA-PAEK polymer chain can act
as a stabilizing agent to inhibit the agglomeration of
the nanoparticles [37]. The probable equation in the
immersion process is shown in Eq (1).

M(CH3COO),+2PAEK-COOH
— (PAEK-COO),M + 2CH;COOH (1)

Metal acetate and PCA-PAEK took place ion
exchange reaction, due to the stronger metal coordi-
nation ability of -COOH on PCA-PAEK.

In order to assess the appropriate calcination tem-
perature and prove the speculation in SEM analysis,
thermal behavior of every fiber was investigated by
thermal gravimetric analyses (TGA). As seen from
curve a in Fig. 2, there was only one weight loss stage
for pure PCA-PAEK fibers during 400-630 °C, which
corresponded to the decomposition of polymer main
chain. The curve was so flat before 400 °C that
demonstrated the excellent thermo-oxidative stability
of the polymers. After 630 °C, no more weight loss
can be seen, indicating PCA-PAEK decomposed
completely. The TGA curve of PCA-PAEK/Cu(CHj;.
COO), nanofibers blend is shown in Fig. 2, the curve
b. The slight weight loss (~ 10%) from room tem-
perature to 239 °C corresponded to the loss of
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Figure 1 SEM images of a pure PCA-PAEK nanofibers, b PCA-PAEK/Cu(CH3COO), nanofibers, ¢ PCA-PAEK/Cd(CH;COO),
nanofibers, d PCA-PAEK/Cu(CH;COO0),/Cd(CH3COO), nanofibers. Inset images are the corresponding higher magnifications.
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Figure 2 TGA curves of (a) pure PCA-PAEK nanofibers,

(b) PCA-PAEK/Cu(CH5COO), nanofibers, (c) PCA-PAEK/

Cd(CH3COO), nanofibers, (d) PCA-PAEK/Cu(CH;COO),/
Cd(CH3COO), nanofibers.

moisture. The first dramatic weight loss (~ 45%)
occurred at 315-354 °C was attributed to decompo-
sition of Cu(PAEK-COQO), and PCA-PAEK side
chain. The second dramatic weight loss (~ 35%)
occurred at 418-443 °C was owed to decomposition
of PCA-PAEK main chain. The shift of the decom-
position temperature of PCA-PAEK should be due to

@ Springer

the reaction between -COOH on polymer chains and
metal ions, as well as the existence of inorganic salt
which facilitates the decomposition of the polymer.
When the temperature reached at about 500 °C, the
curve became flat, demonstrating the complete
transformation of composite nanofibers to inorganic
oxide. Moreover, percentage of the residual was
about 11%, indicating the weight ratio of product.
The weight loss procedure of PCA-PAEK/Cd(CHj;.
COQ0), nanofibers (curve c¢) was similar with PCA-
PAEK/Cu(CH3COO), nanofibers. It also had three
stages corresponding to the loss of moisture and
decomposition of inorganic salt and polymer. The
different was the percentage of residual. After 600 °C,
the weight was remained at about 30%, which was
more than that of PCA-PAEK/Cu(CH;COQO), nano-
fibers. This demonstrated Cd(CH;COQO), was more
likely to react with -COOH on polymer chains than
Cu(CH3COOQ), at the same circumstance. The TGA
curve of PCA-PAEK/Cu(CH;COO),/Cd(CH;CO0),
nanofibers is shown in curve d. It has four stages. The
first one appeared from 65 to 200 °C was related with
the loss of crystal water and solvent. The second
stage from 206 to 420 °C can be divided into two
parts. This was because that both of Cu(PAEK-COO),
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and Cd(PAEK-COOQO), decomposed in this stage at the
same time. Certainly, some of the polymer main
chain also decomposed in this range. The third stage
from 445 to 463 °C was due to the complete decom-
position of PCA-PAEK. The fourth stage was 464 to
513 °C, corresponding to the formation of inorganic
oxide [38]. After 500 °C, the curve was flat. The
residual was about 17%, which was higher than PCA-
PAEK/Cu(CH3COOQO), nanofibers but lower than
PCA-PAEK/Cd(CH;COO), nanofibers. This proved
the speculation in SEM analysis that the presence of
Cu”" restrained the reaction between Cd** and PCA-
PAEK. Simultaneously, it was easily to find out that
the calcinations temperature should be greater than
550 °C because all the reactions have been carried out
and there was no change in weight, representing the
formation of inorganic oxide.

Thus, the calcined temperature was determined at
600 °C. The morphology of calcined samples at
600 °C for 3 h is presented in Fig. 3. Rope-like CuO
fibers with diameter of 348 nm are shown in Fig. 3a.
They were not continuous fibers with length of cen-
timeter any more. The fibers were slim and short.
This may be related with the little amount of Cu**
reacted with -COOH on the polymer, which had
been analyzed in TGA curves. The mean diameter of
CdO fibers was about 766 nm, which was twice big-
ger than CuO fibers. The result was coincidence with
the residual amount of PCA-PAEK/Cd(CH;COO),
nanofibers in TGA curves, demonstrating that
Cd(CH3COO), was more likely to react with -COOH
on polymer chains than Cu(CH3CQOO), at the same
circumstance once again. In addition, many pores can
be seen on CdO fibers (Fig. 3b), which were con-
ducive to increase the specific surface area. The for-
mation of these pores was because of the large
amount of Cd** reacted with polymer. In general, the
following reaction can take place during calcinations
process and lead to the formation of metal oxide:

(PAEK-COO),M — MO + mCO, 1 + mH,01  (2)

With the increase in temperature, main chain of
PAEK was decomposed into CO, and H,O. Due to
the thick absorbed layer outside the polymer, the
generated gas did not have another exit but only to
crack the surface. As a result, pores were appeared.
Figure 3c gives the diameter and morphology of
calcined PCA-PAEK/Cu(CH3COO),/Cd(CH3;COO),
nanofibers. The average diameter was 463 nm,

3359

between that of PCA-PAEK/Cu(CH3COO), nanofi-
bers and PCA-PAEK/Cd(CH;COOQO), nanofibers.
Interestingly, the morphology was also in the middle.
It was slim and had many pores on the fiber, pre-
sented a hollow out fiber. This indicated that the
product was probable a compound of CuO and CdO.

Based on the analysis above, the possible formation
mechanism of the special morphology of CuO-CdO
nanofibers can be speculated and is shown in Fig. 4.
When pure PCA-PAEK with -COOH on side chains
was immersed in Cu®t or Cd?** solution, the metal
ions reacted with -COO™ and absorbed on the fibers.
In the immobilization process, due to different
activity of metal ions, Cd ions were more readily to
react with -COOH on polymer, whereas Cu ions
were somewhat inert. At the same time, Cu®" acts as
an obstruction to restrain the reaction between Cd*"
and -COOH. As a result, there are many Cd ions and
little Cu ions absorbed on the polymer. With the
increase in temperature, polymer decomposed and
metal oxide generated gradually. Due to the good
stability of PAEK, fiber morphology was retained.
The formation of pores on the one hand due to the
large amount of Cd*" absorbed on the polymer
which formed thick layer like that in pure CdO
nanofibers, on the other hand due to the little amount
of Cu** absorbed on the polymer which formed
break like that in pure CuO nanofibers. It was easy to
find out that in the formation of metal oxide nanofi-
bers, ion exchange reaction between metal acetate
and PCA-PAEK was the key point. The porous
morphology may enhance its application ascribed to
the enlarged specific surface area.

FT-IR was investigated in order to demonstrate the
presence of the intermediate products and identify
the structure of the final products preliminarily. As
shown in Fig. 5a, the weak peak at 1642 cm™'
belonged to the stretching vibration of C=O on the
main chain of PCA-PAEK. After reacted with metal
salt, the peak did not shift (Fig. 5b—d). The peak at
1701 em ™" in Fig. 5a corresponded to the asymmetric
stretching vibration of C=O on the side chain of pure
PCA-PAEK [39]. However, it had shifted to
1712 cm™" in Fig. 5b-d. This demonstrated that —
COOH on the side chain of PCA-PAEK had reacted
with metal ions already. After treating at 600 °C,
organic groups disappeared and new peaks came
out. In Fig. 5e, the peak existed at about 535 cm !
was the stretching vibration of Cu-O [40], demon-
strating the production of pure CuO. In Fig. 5f, the
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Figure 3 SEM

PCA-PAEK/Cu(CH;COO),
nanofibers, b PCA-PAEK/Cd(CH3;COO), nanofibers, ¢ PCA-
PAEK/Cu(CH;5CO0),/Cd(CH3COO), nanofibers after calcination

images of a

new peak appeared at 473 cm™!, corresponding to

the stretching vibration of Cd-O [41]. This demon-
strated that PCA-PAEK/Cd(CH3COQO), nanofibers
converted into CdO thoroughly under the function of
heat treatment. As to PCA-PAEK/Cu(CH;COO),/
Cd(CH3COO), nanofibers, it can be seen from Fig. 5g
that there were two characteristic peaks: one was at
474 cm™', the other was at 535 cm ™. The two peaks
corresponded to the stretching vibration of Cd-O and
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at 600 °C and the corresponding fiber diameter distribution. Inset
images are the higher magnifications.

Cu-O, respectively. This indicated that the product
for calcinating PCA-PAEK/Cu(CH;COO),/Cd(CHj;.
COO);, nanofibers was indeed the compound of CdO
and CuO.

EDX and XRD were used to identify the structure
of the final products further more. From Fig. 6a, it can
be seen clearly that there were O and Cu in calcined
PCA-PAEK/Cu(CH3;COOQ), nanofibers, demonstrat-
ing the existence of CuO products. Figure 6b and c
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Figure 4 The possible
formation mechanism of CuO—
CdO nanofibers.

pore .~

4

decomposition

intuitionisticly indicated that the products were CdO
and CuO-CdO composite, respectively. What is
more, it can be seen from Table 1 that in CuO-CdO
composite, atomic percent of Cd element (~ 25%)
was more than Cu element (~ 11%), indicating the
amount of CdO was more than that of CuO. This
demonstrated that -COOH was more likely to react
with Cd*" when Cu®" and Cd*" existed at the same
time. The result proved the speculation in SEM and
TGA analysis further more.

XRD spectra of the calcined samples are shown in
Fig. 6. After PCA-PAEK/Cu(CH3COQO), nanofibers
calcined at high temperature (shown in Fig. 7a), well-
defined diffraction peaks were observed. All of the
diffraction peaks can be assigned to the monoclinic
structured CuO (Joint Committee for Powder
Diffraction Studies (JCPDS) File No. 05-0661) [42].
The sharp peaks indicated that the products are
perfectly crystallized. The major peaks located at
20 = 35.5° and 38.7° indexed as (111)-(002) and (111)—

(200) planes, respectively, were the characteristics for
the pure phase monoclinic CuO crystallites. As
shown in Fig. 7b, it can be seen that the calcined
PCA-PAEK/Cd(CH3COO), nanofibers presented
diffraction peaks at 20 = 33.02°, 38.28°, 55.31°, 65.93°,
69.29°, corresponding to (111), (200), (220), (311), (222)
planes of cubic crystalline CdO (JCPDS-05-0640),
respectively [23]. After PCA-PAEK/Cu(CH;COO),/
Cd(CH3COO), nanofibers calcined at high tempera-
ture (shown in Fig. 7c), it can be seen that both of
monoclinic structured CuO and cubic crystalline
CdO appeared in the XRD spectra. This demon-
strated that the calcined product was compound of
CuO and CdO.

Sensitive and selective glucose sensing
at CuO-CdO nanofibers modified electrode

To examine the electrocatalytic properties after the
incorporation of CuO into CdO, pure CuO, CdO and
CuO-CdO nanofibers were deposited on a GCE,
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Cu(CH;C0O0),/Cd(CH3COO), nanofibers after calcination at high temperature.

Table 1 Quantity analysis of the elements in Fig. 6

Sample Element Intensity AT%
CuO nanofiber o 3.284 71.847
Cu 1.009 28.153
CdO nanofiber o 0.800 63.623
Cd 7.020 36.377
CuO/CdO composite nanofiber O 1.138 63.820
Cu 0.365 11.061
Cd 5.679 25.119
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respectively. The three different modified electrodes
toward oxidation of glucose were tested through CV,
which was carried out in the potential range from 0 to
+ 0.70 V in 0.1 M NaOH. As shown in Fig. 8A, con-
trasted with CdO NFs/GCE, CuO-CdO NFs/GCE
presented a pair of quasi-reversible redox peaks,
which can be assigned to the redox couple of Cu (II)
and Cu (I) (CuO + OH™ —» CuOOH +e™) [43].
Moreover, CuO-CdO NFs/GCE exhibited a more
dramatic increase in current signal toward the posi-
tive end of the potential range than that obtained at
CdO NFs/GCE, which can be attributed to the
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Figure 7 XRD spectra of the calcined (a) PCA-PAEK/
Cu(CH3COO), nanofibers, (b) PCA-PAEK/Cd(CH;COO),
nanofibers and (c) PCA-PAEK/Cu(CH;COO),/Cd(CH;COO),
nanofibers.

enhanced electrocatalytic activity by the incorpora-
tion of CuO into the hybrid nanofibers. The back-
ground current of CdO NFs/GCE is low, possibly
because of the limited capacity produced by the
unchanged oxidation state during the electrochemical
scan. Thus, the background current of CuO-CdO
NFs/GCE which is lower than CuO NFs/GCE can be
explained. Pure CuO possesses a good electrocat-
alytic performance; however, adding CdO into
hybrid nanofibers could reduce the amount of CuO,
just like the results showed in EDX and TGA analysis.
Meanwhile, the morphology of the nanofibers influ-
enced the performance. Although the surface area of
porous continuous CuO-CdO nanofibers was
improved from CdO nanofibers, it was still smaller
than that of slim short CuO nanofibers. The increased
surface area further enhanced the performance.
However, the total catalytic sites reduced by the
reduction of CuO and thus led to a decreased
response. It proved that the incorporation of CuO can
enhance the electrocatalytic performance of CdO.
Then, potential application in glucose detection of
CuO-CdO NFs/GCE was investigated. Figure 8B
presents CVs of CuO-CdO NFs/GCE in the absence
and presence of glucose in 0.1 M NaOH. With the
concentration of glucose increased, the background
current and the anodic peak increased, which can be
attributed to the catalytic effect of the redox couple
for oxidation of glucose to glucose acid
(CuOOH + e~ + glucose — CuO + OH™ + glucose
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acid). The results indicated that the electrodes may
have potential application in the glucose detection.

Amperometric analysis was carried out at + 0.40 V
at the three different modified electrodes, respec-
tively, by successive additions of glucose to 0.1 M
NaOH. From Fig. 8C, it can be seen that both of the
CuO NFs/GCE and CuO-CdO NFs/GCEs respon-
ded rapidly to the change in glucose concentration,
whereas the CdO NFs/GCEs have no obvious
response, indicating a poor electrocatalytic activity to
glucose. Time for achieving 95% of the steady-state
current at CuO NFs/GCE and CuO-CdO NFs/GCEs
was within 3s and 2 s, respectively, indicating a
better catalytic property of the CuO-CdO NFs/GCEs.
Moreover, the current response of CuO-CdO NFs/
GCEs to 2 mM glucose was approximately 0.2 pA,
which was significantly higher than those of CdO
NFs/GCEs. Inset image showed the corresponding
calibration curve. Due to the negligible response to
glucose, calibration curve for CdO NFs/GCEs was
not shown. A better linear response of the electro-
catalytic current of glucose can be seen at the CuO-
CdO NFs/GCEs. As listed in Table 2, CuO-CdO
NFs/GCEs exhibited lower detection limit and wider
linear range than CuO NFs/GCEs. The better
behaviors of CuO-CdO NFs/GCEs can be attributed
to the high conductivity of CdO, which further
enhanced the performance in the sensor application
[23]. In addition, CuO-CdO NFs/GCEs showed a
lower sensitivity than CuO NFs/GCEs. This was
because of the CdO component, which was an inef-
fective material to catalyze glucose electrooxidation
for single use. Although doping CdO can increase the
conductivity and the porous continuous morphology
can enhance the surface area, which was beneficial to
enhance the performance, it cannot counteract the
negative function of the overloading of CdO. Super-
fluous CdO excessively diluted the content of CuO,
which provided catalytic sites to catalyze glucose
electrooxidation, leading to significant reduction in
total catalytic sites. As a result, a decreased response
showed up.

Good anti-interference is a very important but
challenging aspect to a non-enzymatic glucose sen-
sor. It was because that the coexistence of electroac-
tive compounds in real blood (such as AA and UA)
interfered with the determination of glucose. It is well
known that the common concentration of glucose in
blood is 3-8 mM and the interfering species are about
0.1 mM. Therefore, we examined electrochemical
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Figure 8 A CVs of (a) CuO NFs/GCE, (b) CdO NFs/GCE,

(¢) CuO-CdO NFs/GCE in 0.1 M NaOH. Scan rate: 50 mV s~ '.

B CVs of CuO—CdO NFs/GCE in the absence (a) and presence of

4 mM glucose (b) and 8 mM glucose (c) in 0.1 M NaOH.

C Amperometric response of (a) CuO NFs/GCE, (b) CdO NFs/
GCE, (c) CuO-CdO NFs/GCE with successive additions of

Table 2 Analytical
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0.1 mM glucose to 0.1 M NaOH at + 0.40 V. Inset shows the

corresponding calibration curve. D Amperometric responses of

(a) CuO NFs/GCE, (b) CdO NFs/GCE, (c¢) CuO-CdO NFs/GCE

with successive additions of 3 mM glucose, 0.1 mM AA, 0.1 mM
UA, 10 mM ethanol to 0.1 M NaOH at +0.40 V.

characteristics of CuO-CdO

CuO-CdO NFs/GCEs CuO NFs/GCEs

NFs/GCEs and CuO NFs/
GCEs at an applied potential
of + 04V

Linear range up to/mM 10 1.43
Detection limit/uM 0.0527 7.07
Sensitivity/uA mM ™ em™> 18.76 23.35

response of the possible interfering species such as
UA, AA and ethanol. The experiment was carried out
by adding 3 mM glucose in 0.1 M NaOH followed by
0.1 mM AA, 0.1 mM UA and 10 mM ethanol. The
results are shown in Fig. 8D. At CuO NFs/GCE,
signal was evident. UA caused a significant interfer-
ence in physiological level, AA and ethanol did not
cause any observable interference, indicating a good
anti-interference ability. At CdO NFs/GCE, the
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response curve was so flat, indicating the ineffective
performance in glucose detection. While at CuO-
CdO NFs/GCE, all of the interfering substances did
not cause significant interference, implying a better
anti-interference ability. A remarkable difference can
be seen when the electrodes responded to UA. The
difference can be explained by a repelling model that
has been reported by Ding et al. [23]. In strong
alkaline solution, surfaces of the nanofibers contained
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negative charge, which repelled the deprotonated
UA. Therefore, the electrooxidation of UA on surface
of the nanofibers was reduced. Due to the ion
exchange reaction between PCA-PAEK and metal
ions, nanofibers with different morphology formed
which increases the electroactive surface area. In this
process, surface area of porous continuous CuO-CdO
nanofibers was smaller than that of slim short CuO
nanofibers. Thus, CuO-CdO nanofibers provided
limited possibilities to repel deprotonated UA,
resulting in a not obvious response.

In a word, CuO-CdO NFs/GCE exhibited better
performances such as anti-interference, detection
limit and response time. The enhanced performance
was benefited from the increased surface area, con-
ductivity of CdO and electrocatalytic activity of CuO.

Conclusion

Porous CuO-CdO composite nanofibers with mean
diameter of 463 nm were prepared by a facile three-
step procedure consisting of electrospinning, liquid-
solid reaction and subsequent calcination. Benefiting
from the -COOH functional group on PCA-PAEK
template, liquid—solid reaction occurred and led to
the absorbance of metal ions on the template nano-
fibers. Heat treatment resulted in the elimination of
polymer. SEM and TGA proved that the formation of
porous morphology was decided by the ion exchange
reaction between template and metal ions. TGA and
EDX analysis confirmed that Cd** was more readily
to react with PCA-PAEK compared with Cu** and
the amount of Cu®* can be decreased by overloading
of Cd**. FT-IR spectra illustrated the reaction
between metal ions and -COOH, and demonstrated
the products were highly pure CuO-CdO com-
pounds with EDX and XRD spectra. The products
detailedly investigated for direct electrocatalytic oxi-
dation of glucose evaluated cyclic voltammetry and
chronoamperometry. Results revealed a good anti-
interference, low detection limit and fast response of
glucose at +0.40 V, attributing to the enhanced con-
ductivity brought by CdO, good electrocatalytic
activity brought by CuO and large surface area
brought by porous structure, which benefited from
ion exchange reaction between template and metal
ions. Moreover, the CuO-CdO nanofibers modified
electrodes showed a lower sensitivity than CuO
nanofibers, due to the decreased amount of CuO that
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proved by TGA and EDX. The good features indi-
cated that CuO-CdO composite nanofibers have a
great potential in the development of sensitive and
selective non-enzymatic glucose sensor.
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