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In this paper, three-dimensional honeycomb-like porous nano-silver (3DHPNS) were 
prepared by one-step potentiostatic deposition on bare gold electrode by using dynamic 
bubble template method. The electrochemical behavior of 3DHPNS modified Au 
(3DHPNS/Au) electrode in 0.1 M phosphoric acid buffer solution (pH=7.0) was studied, 
and the electrocatalytic properties and sensing properties of cephradine (CEP) on the 
3DHPNS/Au electrode were investigated. Due to the large specific surface area and high 
porosity of 3DHPNS, which can supply more catalytic active sites and accelerate the mass 
transfer rate, the 3DHPNS/Au electrode show superior electrocatalytic activity and sensing 
performance of CEP. 
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1. Introduction 
 
Metal nanomaterials with unique magnetic, electrical, optical and thermal properties are 

widely used in optoelectronic devices, physical structures, chemical catalysis, biosensing, 
agriculture and medical related fields[1]. Secondly, metal nanomaterials have mesoscopic 
properties, such as mechanical properties, thermal properties, optical properties and dielectric 
limiting effect, which are different from common materials and atoms or molecules[2, 3]. And 
their small size, but large specific surface area, and many uncoordinated atoms exist on the surface 
atoms result in enhanced activity of surface atoms and high catalytic activity[4-6]. In order to 
expand the application prospects and fields of metal nanomaterials, more and more people begin to 
study and innovate new structures of metal nanomaterials[7]. Compared with the two-dimensional 
planar structure and other three-dimensional structures, the three-dimensional honeycomb porous 
nanostructure enables the metal nanomaterials to have uniform nanochannels, smaller size and 
large specific surface area, which can better exert their superior sensitivity, electrochemical 
stability, adsorption, low preparation cost and wider application range[8, 9]. Therefore, in the past 
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decade, nanomaterials with this structure have become a research hotspot. Among many different 
three-dimensional porous nano-metal materials, silver has the advantages of suitable price, easy 
preparation[10], stable performance[11], will not cause environmental pollution[12], and is not 
easily corroded[13], had a good reusability[14] and so on[15]. So, the application value of 
three-dimensional honeycomb nano-silver is worth further development. 

The structure and morphology of metal nanomaterials are important factors affecting their 
properties. The results show that the dynamic bubble template electrodeposition method has the 
highlights of low cost, simple operation, high controllability and convenient preparation by 
one-step electrodeposition[16-20]. As early as many years ago, some scholars have preparated a 
variety of copper films with different structure using hydrogen bubbles as the dynamic template[21, 
22]. The copper film has significant super-hydrophobicity and can be used in biomedicine and 
other fields. Subsequently, some scholars used the same method to prepare porous gold films, and 
the obtained gold films showed excellent catalytic activity for the electrooxidation of glucose[23]. 
Yang et al. also used deposition method to prepare three-dimensional porous polypyrrole-derived 
graphene electrode, showing superior catalytic performance and advanced electrode properties, 
which is expected to be used in catalytic field[16]. Because the dynamic bubble template method 
is simple to prepare, many scientists have applied this method to prepare a variety of different 
metal porous nanomaterials for many fields[24]. Therefore, dynamic bubble template method to 
prepare three-dimensional porous metal nano-materials has attracted tremendous attentions in 
recent decades. However, there are few reports about the application of three-dimensional 
honeycomb porous metal nanomaterial modified electrode for antibiotic drug detection. 

Cephradine (CEP), the first generation of cephalosporin antibiotics, has obvious 
antibacterial effect on drug-resistant bacteria, which is cheap and widely used[25]. Nowadays, the 
society develops rapidly and the level of science and technology advances by leaps and bounds. 
Medicine has become a special commodity in human daily life, and drug safety is also directly 
affect people's health and life safety[26]. The current drug safety problems are emerging in an 
endless stream, especially the abuse of antibiotics has become a key concern of the society. 
Antibiotic resistance is one of our most serious global health threats[27, 28], because it make 
challenging to fight many easily treatable diseases and will end up eliminating antibiotic clinical 
value over time[29, 30]. Therefore, it is of important significance to develop an effective, rapid 
and sensitive sensor for CEP detection[31, 32]. 

Electrochemical sensor is a kind of sensor that uses electrochemical principles to detect 
chemical substances, which realizes quantitative analysis by measuring the current or potential 
change generated by the reaction of electrodes with chemical substances[33]. In the antibiotic 
detecting field, electrochemical sensors have attracted wide attention because of their bright spots 
of great sensitivity, fast response, simple operation and highly cost effective[34-37]. During the 
detection process, antibiotic molecules interact specifically with certain functional groups on the 
surface of the working electrode or with immobilized biometric elements[38, 39]. These 
interactions cause a change in the charge distribution on the electrode surface, resulting in a 
change in current or potential. By measuring these changes, the concentration of antibiotics in the 
sample can be quantitatively analyzed[40]. Therefore, in the detection process, the catalytic 
activity of the electrode material used and the detection environment have an important impact on 
the detection results[41]. 
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In view of this, the three-dimensional honeycomb-like porous nano-silver(3DHPNS) were 
prepared on bare gold electrodes by dynamic bubble template method, for the detection of the 
antibiotic CEP. The 3DHPNS was prepared by controlling electrodeposition potential, deposition 
time, electrolyte concentration and other factors. The electrocatalytic activity of 3DHPNS/Au 
modified electrode on CEP under neutral pH were investigated. Under optimal conditions, the 
3DHPNS/Au electrode has good CEP sensing performance, the linear range is 2.5×10-2 mM ~ 
1.13 mM, the detection limit is 1.0×10-7 M, and the sensitivity is 326 μA mM-1 cm-2. The 
application of this kind of electrode to the detection of antibiotics to improve the detection 
performance has certain guiding and practical significance for the detection of antibiotics. 

 
 
2. Experimental materials and methods  
 
2.1. Instrumentation and chemicals 
All electrochemical experiments were performed on a CHI660E electrochemical 

workstation (Shanghai ChenHua Instruments Co., China) and a conventional three-electrode 
electrolytic cell was used. SEM (JEM-6700F field emission scanning electron microscope) were 
applied to characterize the structure of composites. 

Silver nitrate and ammonia were purchased from Shanghai Reagent Company, ammonium 
chloride was purchased from Tianjin Kemiou Reagent Company, anhydrous ethanol and sodium 
hydroxide were purchased from Beijing Chemical Reagent Co., LTD., and CEP was purchased 
from Hayao Group. All chemical reagents were analytically pure or higher, and it can be purchased 
on the market. The solution was prepared in Millipore ultra-pure water (≥18 MΩ cm). All 
experiments were carried out at room temperature of about 25 oC.  

 
2.2. Cleaning and characterization of bare gold electrode 
The electrode surface was polished with fine sandpaper for preliminary cleaning, and then 

polished with alumina polishing powder. After that, physical ultrasonic cleaning was carried out in 
water— 95% anhydrous ethanol solution — water for 5 minutes. Followed by chemical cleaning, a 
mixture of V(H2SO4) : V(H2O2) 3:1 was added to the surface of the bare gold electrode, and 
cleaned 2-3 times for 3 minutes each time[42]; The next step is electrochemical cleaning. The 
three electrodes (bare gold electrode, glassy carbon electrode and calomel electrode) are connected 
to the electrochemical workstation and placed in 0.5M concentrated sulfuric acid. First, high 
potential (scanning voltage is 2V) is cleaned, then low potential (scanning voltage is -0.35V) is 
cleaned, and finally cyclic voltammetry (-0.35V ~ 1.55V) is cleaned and characterized [43]. 

The three electrodes were placed in a mixed solution of 0.1M Na2SO4 and 2mM 
K4[Fe(CN)6, and the cyclic voltammetry was performed using the CHI 660E electrochemical 
workstation (scanning voltage was -0.1 ~ -0.5V, scanning speed was 100 mV/s). The appearance of 
a pair of regular shape REDOX peaks (peak potential width of about 80 mV), indicating that 
potassium ferriccyanide is easy to reach the electrode surface REDOX reaction, the electrode 
surface has been cleaned [44-46]. 
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2.3. Preparation of 3DHPNS modified electrode 
The cleaned bare gold electrode was placed in a solution (total volume: 20 mL) composed 

of 0.01 M AgNO3, 1.0 M NH3·H2O and 1.5 M NH4Cl, and a constant voltage of -4 V was applied 
to prepare the 3DHPNS/Au electrode by dynamic bubble template method[47, 48], at the same 
time, Ag+ electrodeposited between the bubbles and attached to the surface of the bare gold 
electrode. In the electrodeposition process, we can see that the bubbles on the electrode surface are 
formed, merged and enlarged, and precipitated rapidly, while the metal electrodeposition also 
occurs. Since there are more electrolytes between the bubbles and more electrode surface active 
sites, it can be inferred that metal deposition occurs in the gaps between the bubbles. After 
washing simply, the modified electrode was utilized to following electrochemical studies. 

 
 
3. Results and discussion 
 
3.1. Characterization of 3DHPNS/Au modified electrode 
We use the SE detector to zoom in and see that the surface of the electrode with 

honeycomb-like porous structure is shown in Figure 1. It can be confirmed that the 3DHPNS/Au 
modified electrode has been prepared. Compared with the bare gold electrode and the nano-silver 
modified electrode prepared by conventional electrodeposition, the prepared electrode has larger 
specific surface area, porosity and catalytic active site.  

 
 

 
 

Fig. 1. (a) The 3DHPNS/Au electrode surface was observed at a high voltage of 10kv at a working distance 
of 5.1 mm using an SE detector amplified 500 times; (b) The 3DHPNS/Au electrode surface was observed at 

a high voltage of 10kv at a working distance of 8.2 mm using an SE detector amplified by 5000 times. 
 
 
The cyclic voltammetry characterization of the prepared 3DHPNS/Au modified electrode 

(in a mixture of 0.1M Na2SO4 and 2 mM K4[Fe(CN)6]) was similar to that of the bare gold 
electrode, and a pair of regularized REDOX peaks appeared, and the REDOX peak potential was 
wide, similar to that of the bare electrode, and not higher than 80mV. The results show that the 
3DHPNS/Au electrode with three-dimensional honeycomb porous structure prepared by us has 
excellent conductivity, even better than that of bare electrode. 
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3.2. Electrocatalytic performance of different silver-plated electrode for CEP 
We studied the comparison of detection efficiency between bare gold electrode, ordinary 

nano silver electrode and three-dimensional honeycomb nano silver electrode. Figure 2 shows that 
the DPV response at the bare gold electrode, ammonium chloride silver-plated electrode, sodium 
chloride silver-plated electrode and the hydrochloric acid silver-plated electrode recorded from 
-1.0 V to -0.4 V in PBS buffer (pH=7.0) containing 0.75 mM CEP. There is the lowest DPV 
response of the bare gold electrode, and there are no obviously distinctions of the hydrochloric 
acid silver-plated electrode and sodium chloride silver-plated electrode while a prominent 
enhanced signal was obtained on the hydrochloric acid silver plated electrode. In contrast, the 
ammonium chloride silver plated electrode has a significant enhanced signal than the other three 
electrodes, emphasizing the importance of the ammonium chloride in silver plating process. We 
have proved that the silver-plated electrode prepared in ammonium chloride solution has better 
electrical conductivity and a larger specific surface area. Therefore, this method will be used to 
prepare the 3DHPNS/Au electrode for the determination of CEP. 

 

 
 

Fig. 2. The current response values of bare gold electrode (a), the ammonium chloride 
silver-plated electrode (b), the sodium chloride silver-plated electrode (c), and the hydrochloric 
acid silver-plated electrode (d). Current i is the current response value of the three electrodes to 

CEP after adding 0.75mM CEP to PBS buffer.  
 
3.3. Electrocatalytic performance of 3DHPNS/Au electrode for CEP 
We tested the current response of the 3DHPNS/Au electrode at different scan rates (0.1, 

0.3, 0.5, 0.9, 1.5 V s-1). The result show that the current response increases multiply with the 
increase of the scanning rate. The current response is lowest when the scan rate is 0.1V/s, and 
increases to 1800 µA when the scan rate is increased to 1.5 V/s. So, the peak current value has a 
great linear relationship with the scanning rate. From this, we infer that the electrode reaction is 
controlled by adsorption (as shown in Figure 3), and the CEP electrode reaction process is an 
irreversible process controlled by adsorption [22]. In the determination process, the higher the 
scanning rate, the larger the peak current. 
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Fig. 3. Current response of 3DHPNS/Au electrode to CEP at different scan rate. (a) The current i is the 

continuous current response of the 3DHPNS/Au electrode to the CEP after adding 0.75mM CEP to the PBS 
buffer; (b) The relationship of scan rate with the peak current value of 3DHPNS/Au electrode to CEP after 

adding 0.75mM CEP to the PBS . 
 
 
3.4. Optimization of the plating conditions 
In the process of electroplating preparation of three-dimensional honeycomb silver, 

electroplating conditions affect the structure and micro-morphology of 3DHPNS, and thus affect 
the detection effect of CEP. To get better sensitivity of the 3DHPNS/Au modified electrode for 
CEP, a few significant parameters were researched as follow. Firstly, the concentration of NH4Cl 
solution used to prepare 3DHPNS/Au electrode was optimized. Figure 4a shows that the current 
response value of 3DHPNS/Au electrode to CEP changes with the change of NH4Cl concentration. 
When the concentration of ammonium chloride is in the range of 0.5 M to 1.5 M, the current 
response value increases with the increase of concentration. However, when the concentration of 
NH4Cl solution is higher than 1.5 M, the current response value decreases with the increase of the 
concentration. Thus, 1.5 M NH4Cl solution can achieve the highest sensitivity of detection. It is 
speculated that NH4Cl solution in electroplating solution affects the speed of gas evolution during 
electrodeposition. The higher the concentration of NH4Cl, the more bubble sources, the faster the 
gas evolution speed, resulting in higher porosity of 3DHPNS deposited. However, the 
concentration of NH4Cl is too large and the gas evolution is too fast, which will hinder the metal 
electrodeposition and reduce the quality of the electrode surface electroplating, which is not 
conducive to the formation of 3DHPNS. Therefore, concentration 1.5 M of NH4Cl solution was 
used for the following experiment. 

The influence of NH3•H2O solution concentration was studied within the scope of 0.5 M to 
1.5 M in quick succession, as shown in Figure 4b. The current response value of 3DHPNS/Au 
electrode increase with increasing the NH3•H2O concentration from 0.5 M to 1.0 M and then attain 
the highest response at 1.0 M, but lower response is revealed from 1.0 M to 1.5 M nevertheless. 
The reason may be the addition of NH3•H2O in the solution can form a complex with Ag+, and 
then prevent Ag+ ions from combining with Cl- in the solution to generate AgCl precipitation and 
reduce the content of Ag+ in the solution. But adding too much NH3•H2O to the electroplating 
solution will cause the pH of the solution to increase, which is not conducive to the electrolysis of 
NH4

+ to produce hydrogen bubbles. Thus, the NH3•H2O concentration of 1.0 M was the optimal 
concentration selected for the subsequent study. 
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It is thus interesting to compare the current of the different deposition times and potential 
in the 1.5 M NH4Cl and 1.0 M NH3•H2O solution, as shown in Figure 4c and Figure 4d. Not hard 
to see that the currents for electrode rise with the deposition potential decreasing from -2.0 to -5.0 
V, and yet the currents decreased after the potential less than -5.0 V. The electrochemical response 
of the electrode improved with the increase of the deposition time from 50 s to 150 s. But, with the 
extension of the deposition time, the current not only did not increase, but also decreased a lot. As 
a result, the best deposition potential and time was -5.0 V and 150 s, severally. 
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Fig. 4.  Optimization diagram of (a) ammonium chloride concentration , (b) ammonia concentration, (c) 
electrodeposition time and (d) electrodeposition potential in electrodeposition solution of 3DHPNS/Au, the 

current i is the peak current value of the 3DHPNS/Au electrode to the CEP after adding 0.75mM CEP to the 
PBS buffer (The detection potential is 100mV). 

 
 
3.5. Optimization of the detection conditions 
In the process of CEP detection, the condition of the detection solution plays a crucial role 

in the detection effect and sensing performance. During the experiment, we set up the detection 
environment with five different pH values, and other conditions related to the detection were 
completely consistent. The test solutions were all PBS buffer solutions, and the pH of the test 
environment was adjusted by adding standard HCl solution and standard NaOH solution[49]. 
Figure 5 shows that pH 7 of PBS buffer solution, the 3DHPNS/Au electrode has the highest 
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response value to CEP. Therefore, we chose a PBS buffer solution with pH 7.0 as the supporting 
electrolyte. 

 

 
 

Fig. 5. Optimization diagram of the pH values in the test solution, the current i is the peak current value of 
the 3DHPNS/Au electrode to the CEP after adding 0.75mM CEP to the PBS buffer. 

 
 
3.6. The establishment of working curve 
After preparing a series of CEP solutions with gradient concentrations (2.5×10-2 M ~ 

1.75 M), the electrochemical differential pulse voltammetry (DPV) was used to detect CEP, and 
the detection curve of the response of 3DHPNS/Au electrodes to different concentrations of CEP 
was recorded, as shown in Figure 6a. The experimental results show that with the gradual increase 
of CEP concentration, the oxidation peak current also increases gradually, the current response 
value also increases. Within a certain range, the CEP concentration has a linear relationship with 
the current value of the oxidation peak (as shown in Figure 6b). The 3DHPNS/Au electrode is 
sensitive to CEP, with a linear range of 2.5×10-2 mM～1.13 mM and a sensitivity of 326 μA mM-1 

cm-2. Compared with other reports, the sensor we prepared has obvious advantages, such as wide 
linear range and high sensitivity. Combined with the electrocatalytic activity of silver metal on 
CEP, the 3DHPNS electrode prepared by us shows better sensing performance, and the high 
porosity of 3DHPNS can accelerate the mass transfer rate and further improve the sensor 
performance. 
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Fig. 6. (a) DPV response diagram of 3DHPNS/Au electrode to different concentrations of CEP solution 
(detection solution: PBS buffer, potential width: 0.01s, sweep speed: 0.07V). (b) Relationship between 

different concentration of CEP solution and the peak current value. 
 
 

Table 1. Some modified electrode sensing performance. 
 

Fabrication The 
measuring 

object 

Sensitivity 
/μAmM-1 cm2 

LOD 
/μM 

LDR 
/μM 

Method Referenc
e 

BDD MTZ - 0.065 0.020-4.2 SWV [50] 
Nano-SrWO4 SDZ 0.123 0.009 0.009-235.

0 
CV [51] 

Apt-UCNPs DOX - 0.50 0.50-55.0 Fluorescence [52] 
3DHPNG/Au Glucose 316 0.22 0.02-17.3 CV [43] 
EGr/GC AZT 680 0.003 0.0003-10.

0 
DPV [53] 

SPE/rGO-NHS
-AuNFs 

CAP - 0.001 0.001-10.0 CV [54] 

3DHPNS/Au CEP 326 0.1 0.025-1.13 DPV This 
work 

AgNPs/SF-GR
/GCE 

CAP - 0.01 0.01-20.0 DPV [55] 
MTZ - 0.05 0.05-20.0 

MTZ: metronidazole; SDZ: sulfadiazine; DOX: doxorubicin; AZT: azithromycin; CAP: chloramphenicol; 
SWV: square wave voltammetry; CV: cyclic voltammetry; DPV: differential pulse voltammetry. 

 
 
3.7. Experimental stability and anti-interference 
We evaluated the operational stability, storage stability and anti-interference of the 

prepared CEP sensors. The relative standard deviation (RSD) of the current response for 5 
consecutive measurements of the same concentration of CEP was 4.9% (n = 5), indicating good 
operational stability of the biosensor (Figure 7a). In addition, after the CEP was prepared into a 
standard solution of a certain concentration, it was heated on a magnetic stirrer at 100℃ for 20 
minutes to degrade the CEP drug, and then cooled to room temperature for use. In order to 
investigate its storage stability, CEP was detected every two hours in this experiment. The 
experimental results show that the storage stability decreases with the passing of time within 10 
hours, but the decreasing trend is moderate, and the overall stability is good (as shown in Figure 
7b). 
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Under the optimal test conditions, the oxidation peak current of the drug to be tested 
before and after the addition of the interferant was compared. The experiment results expressed 
that the REDOX peak current of CEP was not affected even when other cephalosporins 
(ceftriaxone, ceftazidine) with the same concentration were present, so other cephalosporins had 
no obvious interference. And tests revealed that when the concentration of L- (+) -ascorbic acid is 
3 times that of CEP, the REDOX peak current decreases obviously, so the higher concentrations of 
L- (+) -ascorbic acid presented significant interference. However, when Na+ with a concentration 
1500 times that of CEP was added to the solution, the REDOX peak current was slightly reduced, 
so Na+ interfered slightly with the detection of CEP (Figure 7c). Therefore, when carrying out 
complex sample determination, it is necessary to adopt certain pre-treatment methods to separate 
the substances that cause interference. 

 
Table 2. Different serial numbers represent the interfering substance and its concentration ratio. 

Serial number Added substance COthers /CCEP 
1 CEP - 
2 CEP + ceftazidime 1 
3 CEP + ceftriaxone 1 
4 ceftazidime - 
5 ceftriaxone - 
6 CEP + L- (+) -ascorbic 

acid 
3 

7 CEP + Na+ 1500 
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Fig. 7. (a) The current response value of the 3DHPNS/Au electrode to the CEP for 5 consecutive times 
during storage. (b) The current response value of the 3DHPNS/Au electrode to the CEP for 6 consecutive 

times every 2 hours during storage. (c) The current response value of the 3DHPNS/Au electrode to the 
detected substance after adding different substances. (The detection potential is 100mV). 
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4. Conclusions  
 
In summary, a three-dimensional honeycomb porous nanosilver (3DHPNS) modified 

electrode was make by dynamic bubble template method, and its porous structure was used to 
improve the detection effect of the modified electrode[56, 57]. In order to make the detection 
results more sensitive, the preparation conditions of 3DHPNS modified electrode, detection 
conditions, storage stability, operation stability and experimental anti-interference of CEP sensor 
were studied in detail. 

The results indicated that with the preparation conditions, the 3DHPNS modified electrode 
prepared by electroplating had the best performance for CEP detection at 1.5 M NH4Cl 
concentration, 1.0 M NH3•H2O concentration, 150 s deposition time and -5 V deposition potential. 
When 0.1M PBS buffer solution with pH=7.0 was used as pH detection condition, the response 
value was the highest. The 3DHPNS/Au electrode has good sensing performance for CEP. The 
linear detection range is 2.5×10-2 mM～1.13 mM, the detection limit is 1.0×10-7M, and the 
sensitivity is 326 μA mM-1 cm-2. In addition, the storage stability, operation stability and 
experimental anti-interference performance of the CEP sensor are good. 

At present, nano-silver has been widely used in clinical drug detection and plays an 
important role, but the application of nano-silver with three-dimensional honeycomb structure is 
very few. The three-dimensional honeycomb structure has a large specific surface area, as well as 
good porosity and reactivity site. Therefore, the design and development of three-dimensional 
honeycomb nanosilver modified electrode by using the ingenious combination of nano-silver 
modified electrode and three-dimensional honeycomb porous structure has great potential 
application value in food, medicine and clinical detection. Because the three-dimensional 
honeycomb silver electrode is used for quantitative analysis and detection of antibiotics, it has 
significant advantages such as high selectivity, high sensitivity, short time, simple operation and 
low cost, and is used for antibiotic detection is the trend, and its application range will be more and 
more wide. 
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