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Abstract 

The Ni foam decorated with ZnO/BiOI core-shell p-n junction nanorods was 

prepared and employed as an enzyme loading matrix to detect glucose. The detection 

potential was decreased significantly (0.3 V) and the sensitivity was enhanced largely 

(115.2 µA·mM-1·cm-2). The metal-semiconductor foam can afford the porous surface 

for loading enzymes and achieving the multiple catalysis. More important, the built-in 

electric field and electron well in the p-n junction interface provide the driving force 

for electron transport. It was an effective strategy to enhance the biosensing 

performance by the rational design of p-n junction. 
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1. Introduction  

Glucose detection is an extensively studied subject due to its great value in 

environmental monitoring, food analysis, biological process monitoring, medical 

diagnosis and biotechnology diabetes management. Intense focus has been paid to 

develop the effective and reliable sensors to detect glucose, for example, 

electrochemical method, optical method, colorimetry and fluorescent spectroscopy 

[1-6]. Among them, electrochemical method has caused widespread concern on 

account of the simplicity, high-sensitivity and excellent repeatability [7-8]. The 

amperometric enzymatic glucose sensors, which are an important branch of 

electrochemical sensors, have the characteristics of high sensitivity and fast response. 

However, the applied potential is usually around 0.8 V. The high applied potential is 

easy to trigger the interference of electroactive substance and cause the poor 

selectivity. Generally speaking, the lower applied potential can reduce the interference 

of electroactive substance and improve the selectivity. Hence, it is urgent to find a 

novel sensing material as enzymes loading matrix to decrease the applied potential of 

electrochemical sensors.  

Previous reports have indicated that the oxidation initiation potential primarily 

determined by the energy barrier controlled by the active sites and electron transport. 

[9]. As for the enzymatic glucose biosensors, the active sites include two aspects, one 

is the catalytic effect of glucose oxidase (GOx) on glucose, and the other is the 

catalytic effect of the electrode material on H2O2. On one hand, the catalytic activity 

of the denatured GOx is reduced and leads to the poor sensing performance, so it is 
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vital to achieve the effective immobilization of enzymes [10-11]. Previous reports 

have demonstrated the metal oxide nanostructures with the unique morphology could 

help sustain the low leaching, high loading, well stability and the improved activity 

of enzymes [12]. Especially, the nanopore would prominently enlarge the surface 

area of enzyme and offer a unique environment for maintaining the enzymatic 

activity. [13]. Therefore, it is helpful for the effective immobilization of enzymes by 

fabricating porous metal oxides nanostructures with special morphology. On the 

other hand, the catalysis of H2O2 that produced by GOx catalyzing glucose is another 

factor to enhance the sensing performance [14]. Heavy metals, such as Au and Pt, 

have efficient catalytic ability to H2O2, but the high cost and biotoxicity limit their 

applications. Some semiconductors, such as NiO and Co3O4, were shown to have the 

catalytic activity towards H2O2, but the poor conductivity hindered the electron 

transport and decelerated the redox reaction [15]. Therefore, it is expected to 

fabricate an electrode material with the efficient enzyme immobilization, the high 

catalysis towards H2O2 and the excellent electron transfer ability. 

Recently, construction of heterostructure interfaces has attracted tremendous 

attention in developing new sensors. For instance, p-n junction formed by ZnO/NiO 

combined with single kinky nanowire to detect protein [16]. P-n junction is well 

known as its unique interfacial electronic state resulting from the special energy band 

structure. The built-in electric field formed by the p-n junction space charges region 

can offer the power for electron transferring from the p-type semiconductor to the 

n-type semiconductor, so the electron transfer can be accelerated. For example, the 
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p-n junction accelerates the separation of photon generation carriers, which can 

achieve the improved photocatalytic efficiency [17]. Similarly, the driving force can 

also be used to accelerate the enzyme-catalyzed electron transfer, which is helpful to 

enhance the biosensing performance. Hence, it’s expected to fabricate the p-n junction 

nanostructures as the loading matrix for enzymatic sensors. 

Bismuth oxyhalides BiOX (X = Cl, Br, I), a p-type semiconductor, has great 

influences on its optical and electrical performances and has broad application 

prospects in pigments, pharmaceuticals, catalysts and gas sensors [18]. Since the 

[Bi 2O2] plate is interdigitated with the double-layer halogen atom layer in the [001] 

direction to form a special layered structure, the internal electrostatic field between 

the anion halogen layers and the [Bi2O2]
2+ contributes to the improvement of the 

catalytic ability [19]. Recently, BiOI has aroused people's interest in application of 

optoelectronic device and different structures are prepared [20-21]. ZnO is an n-type 

semiconductor with many merits such as nontoxicity, high electron mobility, high 

Isoelectric Point and biocompatibility [22-24]. ZnO nanomaterials have been applied 

extensively in solar cells, photocatalyst and chemical sensors. Previous work 

demonstrated that the construction of ZnO/BiOI p-n junctions could improve the 

dynamic and photocatalytic performances of photogenerated carriers [25], so it is 

desired to develop its biosensing performance by using it as the enzymes loading 

matrix. 

Herein, the ZnO/BiOI core-shell p-n junction nanorod with porous surface was 

favourably prepared on Ni foam. The 3D porous structure was employed as an 
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enzyme loading matrix to fix GOx for glucose detection, and the low detection 

potential (0.3 V), the excellent sensitivity (115.2 µA·mM-1·cm-2) and the good 

selectivity were obtained. The influence of p-n junction on the biosensing 

performance of the enzymatic glucose biosensor was discussed. It is found the strong 

catalysis to H2O2 and the accelerated electrons transport ability are important for 

enhancing the biosensing performance. 

2. Material and methods  

2.1 Synthesis of the 3D Ni/ZnO foam 

ZnO nanorod was prepared by a classical hydrothermal method [26]. The Ni foam 

was cut and ultrasonically washed with acetone, alcohol and deionized (DI) water for 

15 min, respectively. Whereafter, it was dried with N2 flow. Then, 0.416 g Zn(NO3)2•

6H2O was added into 38 mL DI water under stirring to form a clear solution. Next, 2 

mL NH3•H2O was added dropwise to the precursor solution and mixed for 10 min. 

The final solution was introduced into an autoclave containing Ni foam and heated to 

95 °C for 3 h. Ultimately, the foam was douched and dried. 

2.2 Synthesis of the 3D Ni/ZnO/BiOI foam 

First, 36.4 mg Bi(NO3)3•5H2O was added into 20 mL ethylene glycol monomethyl 

ether under stirring. Then, the corresponding proportional KI was added with stirring 

to form the precursor solution, which was poured into the autoclave containing the 3D 

Ni/ZnO foam. Then, the autoclave was treated at 120 ℃ for 6 h. Finally, the foam 

was cooled down, cleaned by DI water and dried.  

2.3 Fabrication of the enzymatic biosensor  
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The glassy carbon electrode (GCE) (diameter ~ 3 mm) was polished with alumina, 

and the electrode was ultrasonically treated with ethanol and DI water, respectively. 

The GOx based electrode was fabricated by chitosan-assisted cross-linking technique. 

10 mg·mL-1 enzymes solution was obtained by adding GOx in 0.1 M phosphate buffer 

saline (PBS, pH=7.4). Chitosan solution with the concentration of 0.5 wt.% was 

obtained by adding chitosan in acetic acid. First, GOx solution was dropped onto the 

Ni/ZnO/BiOI foam (4×4 mm) and then putted in the air to dry. After drying, chitosan 

solution was added dropwise on the electrode to stop the spillage of GOx. The final 

enzymatic electrode was dried and preserved at 4 ℃ for use.  

2.4. Characterization and electrochemical measurement 

The structure of sample was obtained by S-4800 scanning electron microscope 

(SEM) and HITACHIH-7650 transmission electron microscope (TEM). The X-ray 

diffraction (XRD) pattern of the samples was characterized by a Bruker D8 

ADVANCE X-ray diffractometer with Cu Kα radiation. Energy Dispersive Spectra 

(EDS) was obtained by S-4800 SEM. The biosensing tests were performed in 0.1 M 

PBS with a CHI600E workstation (Shanghai Chenhua). The typical three-electrode 

system was used, which includes platinum (Pt) electrode as counter electrode, 

Ag/AgCl electrode as reference electrode and Ni/ZnO/BiOI foam modified GCE as 

working electrode.  

3. Result and discussion 

3.1 Characterization of the 3D Ni/ZnO/BiOI foam  

The morphology and structure of the 3D Ni/ZnO/BiOI foam are shown in Fig. 1. 
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From Fig. 1a-c, it is found that the ZnO nanorods grow uniformly on the Ni foam 

with the 3D porous structure, which has a needle-like structure with the tip about 

200-500 nm wide and the bottom about 2-3 µm wide. From Fig. 1d-f, we can see that 

the surface of the foam becomes rougher after the secondary growth of BiOI 

nanoshell. The surface of the ZnO nanorods are overlay by a layer of BiOI wrinkles 

with the width of the wrinkles about 200-300 nm and the pores about 100-200 nm. 

The small nanopores are favorable to immobilize enzymes with good activity and 

stability [13]. From Fig. 1g, it is observe that the thickness of the BiOI shell is about 

500 nm. TEM image further reveals the detailed structure of the BiOI shell. It is 

observed that the wrinkles on the surface consist of many BiOI nanosheets (Fig. 1h). 

The schematic diagram is shown in Fig. 1i, it is a combination of Ni foam and p-n 

junction, which forms a favorable pathway for electrons transport from p-n junction to 

Ni foam. The p-n junction consists of p-type BiOI as the shell and n-type ZnO as the 

core. The detailed process for immobilizing GOx is illustrated in Scheme 1. GOx 

molecules are adsorbed into the porous BiOI shell by the electrostatic adsorption and 

the physical action of porous structures. Chitosan then protects GOx by coating the 

outer surface of the nanorod with a permeable membrane. The trapped immobilization 

is stable and the nanopores are beneficial to keep the enzymatic activity.  

The crystal structure of the sample was investigated by XRD (Fig. S1.). The 

strongest diffraction peaks belong to Ni, which is the main component as the 

supporting matrix. The second strong diffraction peaks correspond to the (100), (110), 

(112), (101), (102), (103), (002) reflections of the hexagonal ZnO crystalline phase 
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with a wurtzite structure (JCPDS card No. 36-1451). The other diffraction peaks 

correspond to the (102), (200), (220) reflections of the tetragonal phase of BiOI [27]. 

The EDS element mapping image verifies that the Bi, Ni, Zn, I, and O elements 

coexist and are evenly distributed (Fig. S2).  

3.2. Biosensing performance 

The biosensing performance of the sample is tested by cyclic voltammetry (CV) in 

0.1 M PBS (pH=7.4). As shown in Fig. 2a, the oxidation peak current enhances 

significantly after the addition of glucose, indicating the strong catalytic oxidation 

toward glucose. The corresponding potential of the oxidation peak is found at 0.3 V, 

which is lower than many previously reported works (Table 1). The amperometric 

response to glucose was carried out for further evaluation of the biosensing 

performance. Fig. 2c shows the typical i-t curve of the sample at 0.3 V, with the 

gradual injecting of glucose the current enhanced rapidly and reached a steady state 

current within 5 s. The calibration curve of glucose concentration versus current is 

shown in Fig. 2d, whose regression equation is: I (µA) = 9.83206C (mM) + 8.70375 

(R2 = 0.99419). The liner range is from 0.01 to 3.25 mM. The sensitivity is 115.2 

µA·mM-1·cm-2, which is much higher than previous works (Table 1). The detection 

limit is 2 µM (based on the signal-to-noise ratio of 3). Contrast experiments were 

carried out, the single ZnO or BiOI grown on the Ni foam exhibited low sensitivities 

(ZnO 60.5 µA·mM-1·cm-2, BiOI 75.1 µA·mM-1·cm-2) and the high applied potential 

(around 0.6 V). The results demonstrated the formation of p-n junction improved 

biosensing performance. 
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The selectivity as an essential indicator for evaluating biosensing performance, the 

common interfering substances in the blood environment were detected by adding 

choline chloride (CC), uric acid (UA), dopamine (DA) and ascorbic acid (AA). From 

Fig. 2b, it is observed that the addition of 5 times concentration of interferent only 

caused negligible response, indicating the excellent selectivity to glucose. The 

excellent selectivity resulted from the well immobilization of GOx enzymes that had 

selective catalysis to glucose, demonstrating the 3D Ni/ZnO/BiOI foam was suitable 

for using as enzymes loading matrix. The stability of the sample was assessed by 

continuous cyclic scans, and only negligible changes of the current response were 

produced after 10 cyclic scans. The long-term stability was studied by measuring the 

CV response to glucose every two days for two weeks, more than 80% of the activity 

remained. The good stability is due to the powerful 3D integrated foam structure and 

the porous surface of BiOI providing a stable microenvironment for enzyme fixation. 

Different batches of the prepared electrodes were used for detection of glucose, and 

the relative standard deviation (RSD) was about 6 %, indicating the well 

reproducibility. The practical detection was carried out in the real serum sample by 

the standard addition method, and the RSD was less than 5 % (Table S1). 

3.3. The p-n junction effects  

For further analysis of the biosensing mechanism, the catalytic ability of the sample 

to H2O2 was revealed by amperometric response at 0.3 V. From Fig 2e, the 

steady-state rapidly achieved and the current enhanced after the addition of H2O2. As 

shown in Fig. S3, the excellent sensitivity and fast response indicate the good 
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catalytic activity to H2O2, which may come from peroxidase mimetics properties of 

BiOI [28]. Therefore, the biosensing process is a two-step catalytic process. H2O2 was 

first produced by GOx catalyzing glucose and then was further catalyzed by the 

loading electrode material (Fig 2f), which would lower the obstacles of glucose redox 

process and produce more electrons to enhance the sensitivity [22, 29-30]. According 

to the energy band position vs NHE [31], Fermi level of p-type BiOI is close to the 

valence band, but the Fermi level of n-type ZnO is close to the conduction band. 

When they contacted and formed the p-n heterojunction, the Fermi level of BiOI will 

shift upward and that of ZnO will shift downward to achieve an equilibrium [32]. 

Electrons transfer from n-ZnO to p-BiOI as they contacted each other to form p-n 

junction, which forming positive charges and negative charges accumulation in 

p-BiOI and n-ZnO contact regions. [25]. At the same time, the internal electric field 

directed from n-ZnO to p-BiOI is established to prevent charges diffusion until the 

Fermi level of BiOI and ZnO reaches equilibrium. Meanwhile, EVB and ECB of BiOI 

are both more negative than those of ZnO [31, 33], and the energy band bending 

occurs with ZnO shifting downward and BiOI shifting upward along with the Fermi 

level in this process. As shown in Fig. 3, the bended energy bands form an electron 

well to extract the reactive electrons from BiOI to ZnO. In addition, the internal 

built-in electric field located at the p-n junction region is able to provide the power to 

accelerate electrons diffuse from BiOI to ZnO. Both are helpful to decrease the 

obstruction of glucose redox, which facilitates reduce of the applied potential. 

Moreover, the Ni foam can afford the porous architecture for reaction diffusion and 
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the integrated pathway for electron transport, which provides the basic guarantee for 

the efficient catalysis. Therefore, it is the p-n junction effects combined with the 

structure of the Ni foam that enhances the biosensing performance, including the 

decreased oxidation potential and the enhanced sensitivity. 

4. Conclusion 

In summary, we fabricated the ZnO/BiOI core-shell p-n junction ornamented Ni 

foam to fix GOx for glucose detection. The enhanced sensitivity (115.2 

µA·mM-1·cm-2) and the decreased detection potential (0.3 V) were achieved. The 

electrode material combines the merits of the 3D porous metal foam and the p-n 

junction impacts, including the second catalysis and the accelerated electrons 

transport. It is a useful strategy to introduce the p-n junction effects into the enzyme 

loading matrix to enhance the electrochemical biosensing performance.  
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Figure captions 

Fig. 1. (a) SEM image of the ZnO/Ni foam. (b) High magnification SEM image of the 

prepared ZnO/Ni foam. (c) High magnification SEM image of the prepared ZnO 

nanorods decorated on Ni foam. (d) SEM image of the prepared BiOI/ZnO/Ni foam. 

(e) High magnification SEM image of the BiOI/ZnO/Ni foam. (f) High magnification 

SEM image of the prepared BiOI/ZnO nanorods decorated on Ni foam. (g) The 

section of the ZnO/BiOI nanorod. (h) TEM image of the prepared BiOI/ZnO nanorod. 

(i) Schematic diagram of the BiOI/ZnO/Ni foam. 

Scheme 1. Schematic diagram of the BiOI/ZnO/Ni foam for immobilizing enzymes. 

Fig. 2. (a) CV curves of the biosensor in the presence and absence of 5 mM glucose in 

0.1 M PBS (pH=7.4). (b) The selectivity of biosensors to glucose with DA, AA, UA, 

and CC. (c) Typical i-t curve of the biosensor with the continuous addition of glucose 

at 0.3 V. (d) Calibration curve for the glucose concentration versus current. (e) 

Typical i-t curve of the biosensor with the continuous addition of H2O2 at 0.3 V. (f) 

Schematic illustration of the GOx/BiOI/ZnO/Ni foam for multiple responses and 

electrons transport. 

Fig. 3. The p-n junction impacts of the GOx/BiOI/ZnO/Ni foam on glucose detection. 
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Tables 

Table 1. The performance of various enzymatic biosensors to glucose.  

Materials Potential 
(V) 

Sensitivity 
(µA·mM-1·cm-2) 

Detection 
Limit (µM) 

Ref. 

ZnO nanorod 0.8 23.1 10 [34]  

ZnO nanotube 0.8 26.3 10 [35]  

ZnO nanotube 

PPy/Pt 

0.8 
0.4 

30.85 
7.4 

10 
30 

[36]  

[37]  

Cu2S-MWCNT 0.55 1.0 10 [38]  

MgO nanocages 0.58 31.6 0.68 [39]  

SiO2 sol–gel 0.6 58.9 1 [40]  

CuO Flower 0.58 47.19 1.37 [41]  

Fe3O4@Au/ MnO2 0.38 2.52 13.2 [42]  

Pd-MWCNT -0.2 18.8 0.997 [43] 

5-hydroxytryptamine 0.7 110  0.2 [44] 

BiOI/ZnO/Ni foam 0.3 115.2  2 This work 

 

 



ZnO/BiOI core-shell p-n junction nanorods decorated Ni foam was fabricated and 

used for glucose detection. 

The significantly decreased detection potential (0.3 V) and enhanced sensitivity (115.2 

µA·mM-1·cm-2) were achieved. 

The p-n junction foam can afford porous surface, multiple catalysis and accelerated 

electrons transport. 
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