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ABSTRACT: This work reports the synthesis, characterization and application of bifunctional semiconducting CuO nanotubes 

(NTs) electrode for innovative synergized cathodic photoelectrochemical (PEC) enzymatic bioanalysis. Specifically, CuO NTs 

electrode was fabricated by surface oxidation of the copper foil in an alkaline aqueous solution with (NH4)2S2O8 and then annealed 

in air at 200 ºC. After the subsequent coupling with the model enzyme of xanthine oxidase (XOD), the resulted photocathodic en-

zyme biosensor exhibited good analytical performance of rapid response, high stability, and good sensitivity. Especially, due to the 

unique catalytic property of CuO toward H2O2, a novel enzymatic cascade design between biological catalyst (XOD as natural en-

zyme) and biomimetic catalyst (CuO as the peroxidase mimetics) was constructed, and the dual-catalyst system with special syner-

gy effect could achieve the cathodic PEC guanine bioanalysis with enhanced efficiency. In the determination, the cathodic photo-

current was found to be proportional to the guanine concentration, which was different from the commonly observed O2-dependent 

suppression of the photocurrent. In all, such a bifunctional CuO NTs based PEC bioassay format has not been reported. The success 

of this work can offer great chances for further development and implementation of novel CuO-based PEC bioanalytical systems. 

More importantly, the strategy proposed here could contribute to the development of an original prototype for general PEC enzy-

matic bioanalysis. 

Cupric oxide (CuO), a p-type narrow-band-gap semiconductor 

and also an antiferromagnetic material, has been received exten-

sive investigations for its wide applications in high-Tc supercon-

ductors,1 gas sensors,2 solar cells,3 FE emitters,4 electronic cath-

ode materials,5 lithium−copper oxide cells,6 CO2 electrochemical 

reduction,7 and etc. As demonstrated that the important roles of 

morphologies in determining the performance of nanomaterials, 

CuO has also been processed into various nanostructures, such as 

nanoparticles (NPs),8 nanotubes (NTs),9 nanowires (NWs),10 

nanoneedles (NLs)，11 nanorods (NRs)12 and nanobelts (NBs),13 

for enhancing its performance in currently existing applications. 

Among them, one-dimensional (1-D) CuO nanomaterials are cur-

rently being investigated in great detail for their unique properties 

and versatile implementation.14 For example, highly dense CuO 

NWs were grown by oxidation of Cu mesh in air and then reduced 

for low-overpotential CO2 reduction.7 

Natural enzymes can catalyze chemical reactions with high 

efficiency and specificity under mild and eco-friendly 

conditions,15-19 whereas artificial enzyme mimetics possess the 

advantages of easy preparation, low cost, good 

stability/reusability, and high practicability under extreme 

conditions.20-21 Nowadays, a variety of enzyme mimetics have 

been exploited, especialy the nanomaterials-based enzyme mimet-

ics.22 Among them, CuO nanomaterials have been widely investi-

gated for use as a powerful heterogeneous catalyst for many pur-

poses. For example, CuO NPs have been applied as an efficient 

and recyclable catalyst for cross-coupling reactions of organic 

diselenides with aryl boronic acids.23 Ce-incorporated CuOx has 

led to greatly improved oxygen evolution reaction (OER) 

activity.24 Pd NPs-modified CuO nanorods have demonstrated as 

high performance electrocatalysts for glucose detection.25 Particu-

larly, CuO possesses efficient peroxidase-like activity that can 

catalyze H2O2 to initiate numbers of oxidations. For example, to 

study the peroxidase-like activity of the CuO NPs, the catalytic 

oxidation of the peroxidase substrate 3,3,5,5-tetramethylbenzidine 

(TMB) in the presence of H2O2 had been reported.26 Water-

soluble CuO NPs, with higher affinity to H2O2 than commercial 

CuO NPs, had also been fabricated for detection of H2O2 and 

glucose.27 Various CuO based nanomaterials had also been ex-

ploited for many bioanalytical applications such as fluorometric 

assay28 and colorimetric detection.29 

Photoelectrochemical (PEC) bioanalysis has of growing interest 

due to its desirable properties and attractive potential in future 

bioanalysis.30-38 Using p-type semiconductors, photocathodic 

bioanalysis represents a newly emerged direction of novel PEC 

bioanalysis and has of soaring interest over the recent years due to 
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its better performance as compared with the photoanodic 

bioanalysis.39-40 Specifically, the special advantage of 

photocathodic bioanalysis is its good anti-interference capability 

against reductive substances. To date, despite their fascinating 

features, the research in this field lags far behind the photoanodic 

one, and only a paucity of photocathodic bioanalysis has been 

reported.41-42 Given the p-type semiconductor behavior of CuO 

and its intrinsic catalytic activity, some questions then naturally 

arise at this point: (i) whether CuO could be implemented in a 

proper nanosystem to function both as photocathode and 

biomimetic catalyst? (ii) could CuO act as an ideal platform to 

accommodate natural enzyme and then cooperate with the enzyme 

to form a coupled catalytic cascade? (iii) what will be the impact 

of the possible synergy effect on the performance of the resultant 

PEC biosensor? However, to date no effort has been devoted to 

shed light on such a possibility.  

With these motivations, here we report the CuO NTs-based 

cascade-type reaction for elegant photocathodic bioanalysis of 

guanine, exemplified by xanthine oxidase (XOD) as a model 

biocatalyst. Specifically, As shown in Scheme 1, CuO NTs 

electrode was initially fabricated by preparation of Cu(OH)2 NTs 

on the Cu foil via a mild, template-free, aqueous route and then 

the CuO NTs was in situ formed by transformation of the 

Cu(OH)2 NTs to CuO NTs through a heat treatment process.43 

After the enzyme assembly, the as-obtained biosensor was tested 

for the guanine determination, during which the cathodic 

photocurrent was found to be proportional to the guanine 

concentration, which was different from the commonly observed 

O2-dependent suppression of the photocurrent. This phenomenon 

was due to the synergy between the XOD-induced biocatalytic 

event and the CuO caused nanocatalytic process. According to a 

recent review about PEC enzymatic biosensors,44 such a 

bifunctional CuO NTs based PEC bioassay format and the 

corresponding mechanism has not been reported. The success of 

this work can offer great chances for further development and 

implementation of novel CuO-based PEC bioanalytical systems. 

More importantly, the strategy proposed here would develop into 

the embryonic form of an original prototype for a general PEC 

bioanalysis. The detailed characterization, performance 

characteristics, and especially, the mechanism discussion of the 

biosensor are presented thereinafter. 

Scheme 1. The Proposed Biofunctional CuO NTs-Based 

Photocathodic Bioanalysis  

 

 

EXPERIMENTAL SECTION 

Chemicals and Materials. XOD (5 UN), dopamine (DA), N-

(3-dimethylaminopropyl)-N-ethyl-carbodiimide Poly 

(diallyldimethylammonium chloride) (PDDA, 20%, w/w in water, 

MW = 200 000-350 000) were supplied from Sigma-Aldrich, (St. 

Louis, MO). Guanine, ascorbic acid (AA), HCl, KCl, NaCl, L-

phenylalanine, L-histidine, Tris (hydroxymethyl) aminomethane 

(Tris), copper foil (0.1mm), sodium hydroxide, ammonium 

persulphate were supplied from Sinopharm Chemical Reagent Co., 

Ltd (China). All other chemicals used were analytical grade. 

Ultrapure water (18.2 MΩ·cm resistivity at 25 °C, Milli-Q) was 

used in all experiments.  

Instrumentation. Scanning electron microscope (SEM) images 

were recorded by a Hitachi S4800 scanning electron microscope 

(Hitachi Co., Japan). Transmission electron microscope (TEM) 

was performed with a JEM-2100 microscope (JEOL, Japan). X-

ray photoelectron spectroscopy (XPS) was obtained from PHI 

5000 VersaProbe (UlVAC-PHI Co., Japan). UV−vis diffuse 

reflectance spectra were obtained on a Shimadzu UV-3600 UV-

vis-NIR spectrophotometer (Shimadzu Co., Japan). The 

crystallographic and purity information of the samples were 

characterized by powder X-ray diffraction (XRD, X'TRA, Cu Kα; 

ARL Co., Switzerland). 

PEC measurements were performed using a homemade PEC 

system equipped with a 5 W LED lamp emitting at around 410nm 

with a power density of 1.6 mW cm−2. Photocurrent was 

measured on a CHI 660C electrochemical workstation with three-

electrode system: a CuO NTs/ITO electrode with a geometrical 

circular area (0.5 cm in diameter) as the working electrode, a Pt 

wire as the counter electrode and a saturated Ag/AgCl electrode 

as the reference electrode. The photocurrent measurements were 

performed at a constant potential of 0.0 V (vs saturated Ag/AgCl). 

A 0.01 M Tris–HCl (pH 7.4) was used as the supporting 

electrolyte for photocurrent measurements. 

Preparation of CuO NTs. The synthesis of CuO NTs on the 

copper substrate was performed as follows. Firstly, Cu(OH)2 NTs 

were fabricated on the Cu foil by surface chemical oxidation in an 

alkaline medium at room temprerature according to a previous 

report45 with modifications. Typically, After sonicated in a 

solution of ethanol and acetone for 5 min followed by Milli-Q for 

5 min to remove the organic contaminants, the Cu foil (3 cm×0.7 

cm) was immersed in the solution of 2.67 M NaOH and 0.13 M 

(NH4)2S2O8. With the surface covered with a deep-blue film, the 

piece of copper was taken out from the solution and rinsed with 

distilled water thoroughly. After dried with N2, the fabricated 

Cu(OH)2 NTs/Cu electrode was put into the center of a quartz 

tube and thermally annealed in air at 200 ℃ for 1h. Finally the 

sample was cooled to room temperature and a black layer of CuO 

NTs were formed on the surface of the Cu foil. 

Development of Enzyme biosensor. The fabricated CuO 

NTs/Cu electrodes were activated by casting 10 µL 2% PDDA 

containing 0.5 M NaCl for 30 min. Followed by thoroughly rising 

with water, 10 µL 0.5 mg/mL XOD was added onto the CuO 

NTs/Cu electrode for the conjugation of XOD to the adhered 

PDDA. After incubated at room temperature for another 30 min, a 

monolayer of XOD was modified on the combined electrodes. 

Repeating the process of casting PDDA and XOD solution, 

multilayers of XOD modified electrodes could be accepted. And 

the resulting XOD conjugated CuO NTs/Cu electrodes were 

stored at 4 °C for use. For the detection of guanine, the XOD 

modified CuO NTs/Cu electrodes were immersed into the 7 ml 

0.01 M Tris-HCl buffer (pH=7.4) containing certain concentration 

of guanine at 35 °C. And the photocurrents of the CuO NTs/Cu 

electrodes were measured 20 minutes later. 

RESULTS AND DISCUSSION 

Materials Characterizations. The morphologies of the as-

prepared samples were displayed by SEM and TEM. As shown in 
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Figure 1a, the SEM image of Cu(OH)2 demonstrates the for-

mation of Cu(OH)2 in wire-like structure directly on the Cu sur-

face, whereas the clear open structures (arrows in figure 1a) of the 

wire tips reveal the tubular structure of theses wires, which are 

near circular with the diameters in the range of 100-250 nm. As 

shown in Figure 1a inset, the high-resolution SEM reveals the 

uneven and irregular tip opening of Cu(OH)2 NTs more clearly. In 

order to further present the structural information of Cu(OH)2 

NTs, the sample was removed from the Cu foil for TEM determi-

nation. As shown in Figure 1b, the Cu(OH)2 NTs possessed a 

relative smooth surface and uniform diameters range from 100 to 

250 nm, which were consistent with the SEM images. Upon fur-

ther magnification, as shown in Figure 1b inset of the HR-TEM 

image, a lattice fringe of 0.263 nm was determined, corresponding 

well to the (002) facet of Cu(OH)2. The Cu(OH)2 NTs were trans-

formed to CuO NTs by the annealing process. As shown in Figure 

1c, the SEM image reveals the CuO NTs with the diameter ranged 

from 50 to 250 nm, which were more bending than Cu(OH)2 NTs. 

Besides, the surface of the CuO NTs was not as smooth as that of 

Cu(OH)2 NTs, which may be result from the stacking of the na-

noparticles during the annealing. As shown in Figure 1c inset, the 

higher magnification image confirmed that the CuO NTs had kept 

the tubular structure. In addition, the morphology of CuO NTs 

was further recorded by TEM observations. As shown in Figure 

1d, similar dimensions and the rough surface were recorded, 

which were in good accordance with the results of the SEM. Fur-

thermore, as shown in Figure 1d inset, a clear interfacial lattice 

spacing of 0.252 nm can be ascribed to the (002) facet of CuO. 

Obviously, such a nanoporous structure would be advantageous 
for the immobilization of biomolecules. 

 

Figure 1. (a) SEM and HR-SEM (inset) images of the Cu(OH)2 

NTs/Cu electrode. (b) TEM and HR-TEM (inset) images of 

Cu(OH)2 NTs. (c) SEM and HR-SEM (inset) images of the CuO 

NTs/Cu electrode. (d) TEM and HR-TEM (Inset) images of the 

CuO NTs.  

The crystal structures of the as-prepared samples on the Cu 

substrate were then identified by XRD. As shown in Figure 2a, 

quantitative analysis of the pattern for Cu(OH)2 would index all 

the observed peaks to the orthorhombic Cu(OH)2 phase, except 

those peaks of Cu. Compared with the standard diffraction pattern 

(JCPDS No. 13-0420), no related impurity existed in the sample. 

Therefore, pure Cu(OH)2 NTs have been successfully grown on 

the Cu foil. After heat treatment in air, the structure of Cu(OH)2 

NTs would rapidly be damaged due to the transformation from 

Cu(OH)2 to nanocrystallites of CuO. By calcining at 200 ℃, the 

XRD pattern of the as-prepared sample on the Cu surface shows 

that the diffraction peaks displayed at 35.5° and 38.7° were in 

corresponding to the (002), (111) plans of monoclinic CuO phase 

(JCPDS No.45-0937). In addition to the strong peaks of copper, 

no other diffraction peak can be found. But with the calcining 

temperature increase to 250 ℃ and 300 ℃, diffraction peaks of 

Cu2O would appear (JCPDS No.05-0667), which may be formed 

from the surface oxidation of Cu foil during the annealing process. 

200 ℃ was thus chose as the final calcining temperature to trans-

form Cu(OH)2 NTs/Cu electrode to pure CuO NTs/Cu electrode. 

The surface chemical composition was characterized using the 

XPS, and all the XPS data were calibrated by the carbon 1s peak 

at 284.6 eV. As shown in Figure 2b, the whole survey of the pro-

posed electrode surface presented all the elements detected, indi-

cating that there was no other related impurity existing in the 

sample. Figure 2b inset displays two peaks positioned at 933.7 eV 

and 953.6 eV, which can be ascribe to Cu 2p3/2 and Cu 2p1/2 in 

CuO.46,47 The rest of the shakeup satellite peaks positioned at 

943.6 and 962.2 eV were ~ 9 eV higher banding energy compared 

to the main peaks, which further confirms the existence of Cu(II) 

in the fabricated sample.48 The XPS result, together with the XRD 

result, confirmed that the Cu(OH)2 NTs have been completely 
converted to CuO NTs. 

 

Figure 2. (a) XRD patterns of the as-fabricated Cu(OH)2 NTs/Cu 

electrode before and after annealing at different temperatures. (b) 

The full-scan XPS spectrum of the as-fabricated CuO NTs/Cu 

electrode and the high-resolution XPS spectra of Cu 2p (inset). 
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 The optical property of the photoelectrode was investigated by 

DRS. As shown in Figure 3a, it could be observed that the light 

absorption edge of CuO NTs started at 865 nm. As a crystalline 

semiconductor, the relationship of band edge and optical absorp-

tion can be determined by the equation:  

αhν = A(hν−Eg) 
n/2 

where hν, α, Eg and A represent the photon energy, optical 

absorption coefficient, band gap, and proportionality constant, 

respectively.49 Because the optical transitions of CuO are direct,50 

the band gap energies of all the NTs can be estimated from the 

plots of (αhν)2 versus photon energy (hν). As shown in Figure 3b, 

the intercept of the tangent to the X axis would give a good ap-

proximation of the band gap energies of 1.98 eV for the fabricated 

sample, which was in good agreement with earlier reports of the 

band gap of bulk copper oxide (1.2-2.1 eV).14, 51  

 

Figure 3. (a) UV-vis diffuse reflectance spectra of the fabricated 

CuO NTs/Cu electrode. (b) Plot of (αhν)2
 versus energy (hν).  

 

PEC Characterization. Compared with the widely used TiO2 

NTs, CuO NTs have a broad absorption spectrum in the visible to 

near infrared range, which can produce multiple charge carriers 

after absorbing a photon and lead to higher photo-to-electron out-

put.52 As shown in Figure 4a, as p-type semiconductor, the CuO 

NTs electrode produced a stable cathodic photocurrent. The oper-

ational stability of the photocurrent response of CuO NTs elec-

trode upon repeated on/off illumination cycles over 5 min had 

also been revealed. The corresponding photocurrent generation 

mechanism of the electrode was displayed in Scheme 1. Under 

illumination, the photogenerated electrons and holes would 

formed on the conduction band (CB) and valence band (VB) of 

CuO NTs, respectively. With the photogenerated electrons trans-

ferred from the CB of CuO to the electron acceptors (the dis-

solved oxygen) in the electrolyte and photogenerated holes cap-

tured by the electrons of the Cu electrode, a stable cathodic pho-

tocurrent can be generated. The reproducible responses without 

any noticeable decrease indicate the high mechanical and photo-

physical stability of the electrode in PEC measurements. Besides, 

Figure 4b reveals that the cathodic photocurrent intensity upon 

illumination (solid line) and in the dark (dashed line) increased 

with the application of cathodic bias. Considering the higher bias 

is harm to biological samples, 0.0 v vs Ag/AgCl was used as the 

working voltage. In order to study the sensitivity of CuO 

photocathode to ambient O2, highly pure nitrogen (N2) was 

purged to deoxygenate the solution. As shown in Figure 4c, the 

photocurrent responses go down gradually with the increase of 

nitrogen-purged time, which demonstrates the fabricated 

electrodes are oxygen-sensitive. Once the dissolved oxygen 

amount decreased with the N2 purging, the cathodic photocurrents 

will be inhabinated result from the increased electron-hole pairs 

recombination of the CuO NTs. Incidentally, the photocurrent 

responses of the proposed CuO NTs electrodes versus the alkaline 

chemical bath time of Cu foils was optimized with the results in 

Figure 4d. the photocurrents enhanced with the increase of the 

reaction time and reached the maximum within 15 min. Whereaf-

ter, a decrease tendency of the cathodic photocurrents appeared 

due to the increment of the barrier effect for the diffusion of dis-

solved oxygen to the inner portion of the CuO NTs. So 15 min 

was chosen as the wet etching time so as to get the optimal PEC 

performance of the photocathode. 

 

Figure 4. (a) The operational stability test of the as-fabricated 

CuO NTs/Cu electrode by repeated on/off illumination cycles. (b) 

I–V characteristic curves of the electrode upon illumination (solid 

line) and in the dark (dashed line) with the range of +0.2 to -0.2 V. 

(c) Photocurrent responses of CuO NTs/Cu electrode to the time 

of purging nitrogen to wipe off oxygen in a 0.01 M Tris-HCl 

solution (pH=7.4) at 0.0 V vs. Ag/AgCl under a 410 nm light 

excitation. (d) Effect of the alkaline chemical bath deposited time 

on the photocurrent responses of the CuO NTs/Cu electrodes.  

 

Analytical Performance. The as-developed CuO NTs photo-

cathode was then coupled with XOD and applied for guanine 

detection. Figure 5a demonstrates the stepwise photocurrent re-

sponses along with the biosensor development. As shown, upon 

illumination, the CuO NTs electrode exhibited significant cathod-

ic photocurrent (black curve) under no biased potential. After the 

loading of enzyme, as expected, obvious reduction of signal inten-

sity was observed (red curve), which could be ascribed to the 

insulating effect of the protein molecules that inhibited the inter-

facial electron transfer.53-54 When in the presence of 50 µM gua-

nine, we observed an enhanced photocurrent signal (blue curve), 

rather than the common O2-dependent suppression of the signal in 

conventional PEC enzymatic biosensors. This phenomenon con-

firmed the recently proposed dual-catalysis mechanism,55 the 

effect of the natural oxidase of XOD synergized with the bio-

mimetic catalyst of CuO NTs. The peroxidase property of CuO 

NTs was easily revealed by the use of H2O2 solution. As demon-

strated in Figure 5b, the cathodic signal intensity enhanced rapidly 

with the increase of H2O2 concentration. As expected and shown 

in Figure 5c, the cathodic photocurrent intensity enhanced with 

the increased guanine concentration, which would introduce H2O2 

to control the signal intensity. The corresponding derived calibra-

tion curve in Figure 5c inset demonstrates a good linear relation-
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ship between the percentage of the photocurrent increase and the 

logarithm of the guanine concentrations in the range from 0.1µM 

to 50 µM, with a detection limit of 0.04 µM (S/N = 3). The analyt-

ical performance of this PEC biosensor for the detection of gua-

nine was comparable to some recent reports.56,57 In addition, the 

high accessibility and low cost of this protocol makes it a promis-

ing platform for many other analytes of interest. By assaying 0.01 

mM guanine with five sensors prepared at the same experiment 

conditions, the relative standard deviation (RSD) was calculated 

to be 6.9%, indicating the satisfactory precision and reproducibil-

ity of this PEC enzymatic bioanalysis. In addition, to reveal the 

selectivity, control experiments were performed. The photocurrent 

responses of the XOD modified photoelectrodes to several kinds 

of amino acids, inorganic salts, ascorbic acid and dopamine in the 

same conditions had been presented in Figure 5d. As shown, these 

interfering substances had no obvious effect on the detection of 

guanine at the same concentration of 0.01 mM. The good selectiv-

ity should be ascribed to the inherent specificity of enzyme and 

the use of cathodic photoelectrode system which has good anti-

interference capability against reductive substances.41 

 

Figure 5. (a) Photocurrent responses of CuO NTs/Cu electrode 

before (dark curve) and after (red curve) XOD modification corre-

sponding to air saturated 0.01 M Tris-HCl solution (pH=7.4) 

without and with (blue curve) the addition of 50 µM guanine. (b) 

Photocurrent responses of CuO NTs/Cu electrodes in air-saturated 

Tris-HCl solution (pH 7.4) containing different concentrations of 

H2O2 (0, 0.1, 0.5, 1 mM). (c) Photocurrent responses of guanine 

with different concentrations and the corresponding calibration 

curve (Inset). (d) Effect of 0.01 mM different substances on the 

photocurrent responses of the enzyme modified electrodes. I0 and 

I were the photocurrents of enzyme modified electrode before and 

after reaction with different substances, respectively. The PEC 

tests were performed with 0.0V applied voltage vs. Ag/AgCl and 

a 410 nm excitation light.  

 

CONCLUSIONS 

In this work, CuO NTs electrodes were fabricated, 

characterized and applied as bifunctional photocathode for 

innovative PEC enzymatic bioanalysis. The CuO NTs electrodes 

acted not only as the p-type semiconductor to generate the 

cathodic photocurrent signal, but also as the biomimetic catalyst 

to synergize the biological catalyst XOD to constitute the dual-

catalysis system. In the detection, the effect of the XOD was 

succeeded by that of the CuO, i.e. the enzymatic product of H2O2 

was catalyzed by the CuO promptly, resulting in the H2O2-

controlled increase of the cathodic photocurrent rather than the 

O2-controlled decrease of the signal. In all, such a CuO NTs-

based photocathodic enzymatic bioanalysis has not been reported, 

the proposed photoelectrode may serve as a common basis for 

other PEC bioanalytical applications and stimulate the 

exploitation of numerous other bifunctional nanostructured 

semiconductors. Besides, the mechanism disclosed here also 

enriched the perspectives for the utilization of various photoactive 

enzyme mimetics in future PEC bioanalysis. 
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