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A B S T R A C T

One-dimensional metal oxides have been attracting interest as advanced materials for trace target recognition in
chemical sensors due to their ultra-high surface area and electrochemical activity. However, the development of
a large-scale and controllable fabrication strategy remains a great challenge and has hindered their practical
application. In this work, we design a novel thermal oxidation route for obtaining a large area of CuO nanowires
by the use of a film precursor of the nanocubic Cu-Fe Prussian blue analogue (PBA). The nanostructure and
distribution of the PBA film was precisely controlled using an electrostatic self-assembly approach. The CuO
nanowire shape was formed in-situ via the growth confinement effect through the air-heating collapse and
oxidation of PBA crystals. At a very low working potential of 0.1 V, the as-prepared CuO nanowire sensor ex-
hibited excellent sensing performance on ascorbic acid over a wide linear range (20–400 μM) and a low detection
limit (0.5 μM), as well as high selectivity despite various interferences.

1. Introduction

Ascorbic acid (AA), also known as vitamin C, is an important water-
soluble vitamin that acts to maintain the normal physiological functions
of the body [1]. AA is widely involved in metabolic processes as an
essential nutrient to promote the synthesis of collagen and mucopoly-
saccharide that enhance the strength of vessels [2,3]. In the absence of
AA, the disease known as scurvy can cause hematopoietic dysfunction,
which causes muscle and visceral bleeding and subsequent death [4].
Therefore, to realize fast, low cost and accurate trace analysis, various
AA detection techniques have been continuously developed, such as
high-performance liquid chromatography, ultraviolet spectro-
photometry, and chemical sensors [5–7]. Of these, electrochemical
sensors offer a promising on-site detection mode for fast online mon-
itoring of the AA concentration in blood, as well as the possibility of
product translation [8,9]. However, realizing high sensitivity and a
wide detection range are the main challenges for practical applications.

Electrode materials are used to determine sensing performance,
especially when the material is controlled to form certain nanos-
tructures [10–13]. In our previous work, we demonstrated that con-
trolling the sensing material to obtain regular nanostructures can
greatly increase sensing performance [14–16]. Metal oxides with a one-
dimensional nanostructure, such as nanowires, nanotubes, and na-
norods, are attracting increasing research interest in electrochemical

sensor construction [17–20]. For AA detection, the CuO nanowire has
been confirmed to have ultrahigh electrocatalytic activity and stability,
which significantly enhance its sensing sensitivity and reusability
[21,22]. However, few reported nanowire structures can hold its reg-
ular nanostructure in-situ with a large area on the substrate to provide a
highly efficient and low electron-resistant electrode. As yet, there has
been no facile and large-scale method to produce a large-area and
uniform CuO nanowire-based sensor. Currently, the main precursors of
CuO nanowire synthesis are copper ion solution and copper foil
[23–25]. The hydrothermal method and thermal oxidation are mainly
employed to build the nanowire structure [26–28]. However, they often
have weak structure and size control directly on the substrate, which
can cause weak interaction and operational stability. Prussian blue (PB)
and its analogues (PBAs) containing different metal centers have been
used to precisely control the form of various regular nanostructures for
sensor fabrication [29,30]. Among them, Cu-Fe PBA has abundant
copper elements in its unit cell, as well as having excellent crystallinity
for easy control during preparation [31]. If this material can serve as a
precursor, the nanostructure of the formed CuO can be expected to
adjust well to the PBA morphology [32].

Herein, we propose a novel thermal oxidation method for the pre-
paration of CuO nanowires via the control of the PBA precursor na-
nostructure. As shown in Fig. 1, the morphology and distribution of the
PBA film are precisely controlled using an electrostatic self-assembly
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approach directly on a copper substrate. As the precursor, we per-
formed an in-situ preparation of a film featuring the intergrowth of PBA
nanocubes. After being heated at 350 °C for 100min, all the PBA na-
nocubes rapidly melted and oxidized to CuO nanowires due to the
limited space afforded by the tight PBA crystal accumulation. The CuO
nanowire film 0.84 cm2 in size was directly adopted as the electro-
chemical sensor for AA detection. With its high electrocatalytic activity
and surface area, it has shown a high sensitive recognition of trace AA
at a low working potential with an excellent detection range, as well as
a low detection limit and remarkable selectivity for multiple uses.

2. Experimental

2.1. Chemicals

Potassium ferricyanide (Ⅲ) (K3[Fe(CN)6]·3H2O) was purchased
from Sigma-Aldrich. Copper(Ⅱ) sulfate pentahydrate (CuSO4·5H2O) was
obtained from Shanghai Xinbao Fine Chemical Factory. Ascorbic acid
(AA), uric acid (UA) and glucose were obtained from Sinopharm
Chemical Reagent Co., Ltd., China. Hydrochloric acid (HCl) was ob-
tained from Shanghai Lingfeng Chemical Reagent Co., Ltd., China. All
the chemicals were directly applied without any further purification. In
all solution preparations and washing steps, ultrapure water was ap-
plied.

2.2. Synthesis of the CuO nanowires using PBA precursor

The Cu-Fe PBA film was prepared through a self-assembly process.
First, the Cu substrate was immersed in HCl (1.0M) for 20min to re-
move any oxide on the surface of the copper sheet. Then, it was ul-
trasonically cleaned first in deionized water and then ethanol for
15min each. The self-assembly process required two kinds of deposition
solutions: solution A, 0.01M CuSO4, and solution B, 0.01M K3[Fe
(CN)6]. The pretreated Cu substrate was sequentially immersed in the
deposition solution for self-assembly as follows: (1) immersed in solu-
tion A for 60 s; (2) washed in deionized water three times, 15 s each
time; (3) immersed in solution B for 60 s; (4) washed in deionized water
three times, 15 s each time. These four steps comprised a self-assembly
cycle in which the Cu substrate self-assembled for 60 cycles. The Cu-Fe
PBA film was formed and dried in an oven at 25 °C for further use.
Finally, the Cu substrate modified with the Cu-Fe PBA film was placed
in a clean crucible and into a muffle furnace for heat treatment at
350 °C for 100min. We programmed the muffle furnace to increase by
5 °C/min to 350 °C and maintained that temperature for 100min, after
which it was cooled by 5 °C/min to room temperature.

2.3. Characterizations and electrochemical measurements

The morphologies of the samples were characterized using a field
emission scanning electron microscope (FESEM, Hitachi S4800). We
analyzed the sample structure and elements using a thermal gravimetric
analyzer (TG), X-ray diffraction with a Cu-Ka line (0.15419 nm) (XRD,
D/MAX 2500 V/PC), Fourier transform infrared spectroscopy (FT-IR)
(Thermo Electron, Nicolet-8700, USA), X-ray photoelectron spectro-
scopy (XPS, ESCLAB MKII), and transmission electron microscopy
(TEM). All electrochemical measurements were performed on an elec-
trochemical workstation (CHI 660E, Shanghai Chenhua Instrument Co.,
Ltd., China).

The electrochemical measurements were performed in a three-
electrode system, with the prepared CuO nanowires as the working
electrode, a Pt wire as the counter electrode, and an Ag/AgCl (saturated
KCl) electrode as the reference electrode. The electrochemical proper-
ties of the working electrode were characterized by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), differential pulse
voltammetry (DPV) and chronoamperometry tests.

3. Results and discussion

3.1. Morphological evolution of the CuO nanowires

In our design, the source of the copper used for the CuO nanowires
was Cu-Fe PBA, so the PBA morphology determined the CuO nanos-
tructure. To precisely control the PBA nanostructure, we used an elec-
trostatic self-assembly method to prepare a PBA film on a copper foil
via deposition layer control. By changing the layers, obvious differences
occur in the film morphology. As shown in Fig. 2a–c, the film with the
40-layer deposition exhibits an aggregation of many nanocubic PBA
crystals roughly 200 nm in size. This aggregation is not uniform, having
produced several cavities at sites with less growth. When the assembly
layers were increased to 60, a dense film composed of an intergrowth of
nanocubes formed to fill these gaps. The edges of these cubes were
mainly evident on the surface and likely benefitted the electrocatalysis
due to their confirmed high activity. However, further increasing the
number of layers resulted in loss of the nanocubic shape of the PBA
crystals due to over-crystallization, and accumulation deficiency re-
turned to the film surface. As shown in the AFM results in Fig. 2d–f, the
60-layer film showed the least roughness, which confirmed the uniform
surface formation due to the sufficient intergrowth of PBA nanocubes.
We also investigated the influence of the reactant concentration on the
film morphology (Fig. S1). Although the number of the assembly layers
was kept constant, we found too low a reactant concentration to pro-
duce few nanocubic PBA crystals, and too high a concentration made it

Fig. 1. Schematic of the in-situ preparation of CuO nanowires via thermal oxidation.
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difficult to control the nanostructure of the formed film to ensure reg-
ular features. Considering the film uniformity and crystal nanos-
tructure, we found a 60-layer assembly with 0.01M reactant con-
centration to be the optimum preparation condition for the precursor
film.

For the thermal oxidation process, heating temperature and time are
two key factors that determine the material structure. As reported, the
crystal lattice of the PBA often collapses at temperatures higher than
200 °C. Therefore, beginning at 200 °C, we heated the as-prepared PBA
films to 250 °C, 300 °C and 350 °C for 1 h, respectively. The results
showed that the density of the PBA film gradually experiences many
deficiencies under air heating (Fig. 3a). At 300 °C, we observed only
scant intergrowth between crystals, leaving irregular nanoparticles.
Further increases in the heating temperature caused the film to melt
and generate big cracks. Finally, some short nanowires budded on the
surface at 350 °C. Hence, we consider 350 °C to be the appropriate
hatching environment for the nanowire structure. However, the syn-
thesized nanowires shown in Fig. 3d are too short and have low

distribution density, so cannot effectively promote the catalytic area. In
this case, we further prolonged the heating period to generate the for-
mation of more and longer nanowires.

As shown in Fig. 4a–d, with the prolonged treatment time, more and
more nanowires have appeared in the top figures. In addition, the
average diameter of a single nanowire became smaller and smaller,
while the length increased. This was because a short heating time
cannot completely melt the PBA crystals, so there remain many mix-
tures of nanowire and melted crystal on the substrate. However, if too
long a treatment time is used, as shown in Fig. 4d, the nanowires be-
come too long to bend and have decreasing distribution uniformity and
less efficient reaction areas. Therefore, thermal oxidation at 350 °C for
100min is preferred in the preparation of the CuO-nanowire-based
sensor.

3.2. Growth mechanism of the CuO nanowires

As discussed above, the PBA precursor suffered a crystal lattice

Fig. 2. FESEM images of the Cu-Fe PBA film prepared by different deposition cycles: (a) 40, (b) 60 and (c) 80. AFM phase diagrams of Cu-Fe PBA films prepared by
different deposition cycles: (d) 40, (e) 60 and (f) 80.

Fig. 3. FESEM images of the Cu-Fe PBA film after thermal oxidation for 1 h at different temperatures: (a) 200 °C, (b) 250 °C, (c) 300 °C, (d) 350 °C.
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collapse in the nanowires prepared by heating. However, the growth
mechanism of the CuO nanowire has not yet been carefully in-
vestigated. Therefore, we designed multiple characterization strategies
to do so. First, we used the TG method to study the exact changes in the
PBA crystals with increases in temperature. As shown in Fig. 5a, at
temperatures less than about 180 °C, the crystals mainly lose their ad-
sorption capability and interstitial water. Then, between 190 °C and
200 °C, following the loss of the coordination water, the PBA structure
begins to collapse. At temperatures above 250 °C, the PBA oxidation
process occurs, and its final weightlessness was about 68%. In addition,
the reaction that accounts for the thermal oxidation of Cu-Fe PBA
crystal can be concluded as follows:

→ + + +Cu [Fe(CN) ] CuO CuFeO CO NO3 6
O

4 2 x
2

In an oxygen atmosphere, the C and N elements in the eCNe were
oxidized and released from the crystals in the form of gas. The metal-
organic framework of PBA changed and the metal atoms were oxidized
to form metal oxides. By combining the earlier FESEM results shown in
Figs. 3 and 4, we can see that these two stages may indicate the crystal-
lattice melting and oxidation processes, respectively. More evidence
can be obtained from a continuous scanning of a series of XRD patterns
with increases in the temperature from 30 °C to 500 °C. We note that the
strengths of typical PBA peaks, such as at 17.7° (200) and 24.8° (220),
gradually decrease from 150 °C to 200 °C, which indicates the ongoing

collapse of the crystals. With increasing temperature, we could see no
characteristic peaks at 17.7° and 24.8° when the temperature had in-
creased to 250 °C, which indicates a change in the PBA crystal structure.
In addition, typical CuO peaks appeared at 33.1°, 35.7°, 38.8°, 45.6° and
66.8° to reflect the generation of the crystal faces (110), (1̄110), (111),
(1̄12) and (021), respectively.

The cyanogen peak derived from the metal-CN-metal lattice unit in
the FTIR result is the standard signal that confirms the presence of PBA.
In Fig. 6a, we can observe that the basic unit of the PBA cell has been
essentially destroyed based on the sudden CN-signal decrease. To in-
vestigate the new bond generation, we compared XPS maps of the Cu
and O elements in the PBA before and after heating treatment. Both
Fig. 6b and c revealed a new binding peak, which indicated the Cu-O
interaction generated after the thermal oxidation of the PBA. Then, we
took some of the nanowires, magnified them by HRTEM, and found the
diameter of a single nanowire to be roughly uniform at 20 nm. The well-
defined diffraction pattern indicates the polycrystalline nature of the
CuO nanowires. Combined with Fig. 4c, the average length of the as-
prepared nanowires are about 100–240 nm. Their element composition
is shown in Fig. 6e and a map of the whole heated film is shown in Fig.
S4. The above results confirm that the nanowire is composed com-
pletely of CuO without any impurities. We also changed the substrate
materials to investigate their influence on the CuO nanostructure. As
shown in Fig. S5, when compared with cobalt and ITO foils, only the

Fig. 4. FESEM images of the CuO nanowires produced at 350 °C with different heating times: (a) 60min, (b) 80min, (c) 100min, (d) 120min.

Fig. 5. (a) TGA traces of Cu-Fe PBA powder heated from room temperature to 500 °C recorded at 10 °C/min. (b) XRD patterns of the Cu-Fe PBA power heated from
30 °C to 500 °C.
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copper support can produce a dense PBA film of crystal intergrowth,
which is probably due to the strong interaction between the copper
elements in both the substrate and assembly reactant that limits the
crystallization behavior.

3.3. Biosensing performance of the CuO-nanowire-based sensor

The AA detection function of the CuO material is mainly derived
from its electrochemical oxidation ability. We tested the redox perfor-
mances of bare Cu, Cu-Fe PBA and CuO nanowires by CV measurement
(Fig. 7a), whereby the peak pairs indicate the redox process of the Cu
element. It is obvious that the potential difference value between the

reduction and oxidation peaks increased from 0.26 V to 0.30 V after
PBA deposition, which indicated enhanced electron resistance due to
the poor conductivity of the PBA. However, this potential difference
decreased to 0.27 V after nanowire formation, which greatly improved
the contact and transfer area. To study the exact electron transfer re-
sistance (Rct), we used EIS to characterize the above samples. In Fig. 7b,
the Rct values of Cu, PBA and CuO nanowires are simulated according to
the Nyquist curves as 7.05 Ω, 7.37 Ω and 12.3 Ω, respectively. The
formation of nanowire structures can significantly enhance the con-
ductivity of dense PBA film. The effective surface area of the as-pre-
pared materials can be calculated according to the Randles–Sevcik
equation:

Fig. 6. (a) FT-IR spectrum of the Cu-Fe PBA film before and after the thermal treatment. XPS spectra of (b) Cu 2p and (c) O 1s in the CuO nanowires and Cu-Fe PBA
film. (d) TEM image of the inserted CuO nanowires with inset of the selective area electron diffraction pattern (SAED) pattern. (e) EDS result for the CuO nanowires.
(f) Digital photo of the Cu substrate, Cu-Fe PBA and CuO nanowires.

Fig. 7. (a) Comparison of CV values of the Cu,
PBA and CuO nanowire electrodes at a scan
rate of 0.05 V/s. (b) EIS results of the above
three electrodes in a scanning frequency range
of 0.1 Hz to 100 kHz. (c) Cyclic voltammo-
grams of CuO nanowires based elelctrode in a
mixture solution of 10mM K3[Fe(CN)6] and
3M KCl at scan rates of 50, 100, 150, 200, 250
and 300mV /s. (d) Peak currents as a function
of scan rate for calculating surface area of the
prepared materials: Cu-Fe PBA, CuO nanowire.

Q. You, et al. Sensors & Actuators: B. Chemical 296 (2019) 126617

5



=

I
ν

(2.69* 10 )n D C Ap
1/2

5 3/2
0
1/2

0
*

Where Ip is the peak current, v represents the scan rate, n is the number
of electrons transferred in this redox process, D0 is the diffusion coef-
ficient of the molecules, C0 is the concentration of the probe molecules
and A is the specific surface area. Due to the fact that n, D0 and C0 in
this equation are constant values, Ip/v1/2 is proportional to the surface
area (A). The peak currents and the square root of scan rates exhibited a
linear relationship and Ip/ν1/2 is a fixed value which represents the
Randles’ slop. The Randles’ slopes of Cu-Fe PBA and CuO were calcu-
lated to be 1366.45, 2526.68 respectively (Fig. 7d). Therefore, in
comparison with the Cu-Fe PBA, the effective surface area of the CuO
was increased to about 1.84 times, which is able to provide more
electrocatalytic sites to the AA oxidation for sensing.

The stability of the sensor is essential for the practical applications.
Therefore, the as-prepared sensor suffers 50 times of CV scanning to
study this parameter. As shown in Fig. 8a, after the multiple electro-
chemical redox processes, both oxidation and reduction peaks show
rare change, confirming its excellent electrochemical redox stability of
the CuO nanowires for sensing. To define the optimum working po-
tential, we repeatedly scanned the CuO-nanowire-based sensor using
the DPV method before and after the addition of 20 μM AA to the de-
tection system. As shown in Fig. 8b, the oxidation current continuously
increased after the introduction of 20 μM AA. We found the peak cur-
rent to be higher at 0.1 V than at other potentials. Therefore, we se-
lected this potential as the optimum working potential for the as-pre-
pared sensor. Using this potential, we used the chronoamperometry
method to record the response current of the bare Cu, Cu-Fe PBA and
CuO nanowire electrodes during each addition of 20 μM AA. As shown
in the results in Fig. 8c, when AA was injected into the electrolyte cell, a
stable current step in the CuO-nanowire-based sensor was immediately
stimulated within 0.2 s. With increases in the AA concentration by
continuous additions, a series of clear steps were produced to demon-
strate the wide detection arrange of the nanowire-based sensor. How-
ever, there was no obvious response current in the Cu and PBA elec-
trodes during AA injection. Fig. 8d shows a simulation of the calibration

line of the response current vs. AA concentration. We achieved a sen-
sitivity of 78.57 μAmM−1 cm-2 in the linear range of 0–400 μM
(R=0.997, with a detection limit of 0.5 μM (Fig. S6)).

The working principle of our prepared sensor was based on the
electrochemical oxidation ability of CuO nanowires with respect to AA
and selectivity is a crucial factor for practical application in blood tests.
Therefore, we conducted an anti-interference experiment to examine
the selectivity of the sensor when subject to interference from uric acid,
fructose, glucose and NaCl. As shown in Fig. 9, the addition of the above
substances excited few current changes during AA detection and little
interference in the strength of the current for each AA addition.

We further compared the performance of our prepared AA sensor
with reported sensors. As shown in Table 1, the as-prepared CuO na-
nowires showed superior sensitivity and a lower limit of the linear
range than the most of the reported electrode materials, which bene-
fited trace detection. Although its sensitivity was not the highest, its
working potential was low, which prevented the simultaneous oxida-
tion of co-existing substances in blood, thereby ensuring its accuracy in
practical applications.

Fig. 8. (a) CVs of the CuO nanowires at the 1 st
and the 50th tests. The scan rate was 0.05 V/s.
(b) DPV responses of the as-prepared sensor for
continuous AA additions. (c)
Chronoamperometry performances of the Cu,
PBA and CuO nanowire electrodes to the suc-
cessive addition of 20 μM AA at 0.1 V. (d)
Calibration line of the response current vs. AA
concentration.

Fig. 9. Anti-interference test of the as-prepared sensor to AA, uric acid (UA),
fructose, glucose, NaCl and AA.
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4. Conclusions

In summary, we successfully prepared a CuO nanowire film by the
thermal oxidation of a self-assembled PBA precursor. During heating
treatment at 350 ℃, PBA crystals collapsed and oxidized to form 20-nm
diameter CuO nanowires with a uniform distribution on Cu foil with a
high surface area and low electron resistance. This nanowire-based
sensor can perform high sensitive detection of AA with a wide linear
response range at a very low working potential. It also has excellent
selectivity in the presence of co-existing uric acid, fructose, glucose and
NaCl. This nanostructure-building strategy has potential for extension
to other metal oxides by the alteration of different PBA materials in
large-scale fabrication, In addition, this prepared high-performance
sensor can be applied for the real-time and on-site recognition of trace
AA for clinical diagnosis and food examination.
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