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Abstract 

In this paper, Pb-63%Sn alloy was selected as an intermediate layer to plate on 

Q235 steel by the hot dipping method, and then the hot-dipped steel and the lead plate 

were welded by roll-bonding technology to prepare the lead-steel layered composite 

electrode materials. Scanning electron microscopy (SEM), Energy dispersion 

spectrum (EDS) and X-ray diffraction (XRD) were used to characterize the interface 

morphology and phase composition of samples, and the interface formation 

mechanism was also discussed. The electrochemical properties of the lead-steel 

layered composite electrode under different rolling reduction ratio were studied by 

linear sweep voltammetry (LSV), Tafel polarization curves (Tafel) and weight-loss 

method. Subsequently, the prepared lead-steel layered composite electrodes were 

applied to the industrial production experiment for adiponitrile. The results indicated 

that lead-steel layered composite electrodes with excellent electrochemical properties 

were successfully prepared by hot dipping and roll-bonding technology. Analysis of 

microstructure and phase composition showed that the metallurgical bond of 

hot-dipped steel and lead plate could be achieved by the process of rolling, and the 

fracture feature was ductile fracture. And the conductivity, electrocatalytic activity 

and corrosion resistant of lead-steel layered composite electrode material were 

improved with the increase of rolling reduction ratio. The industrial production results 

showed that, compared with the traditional Pb-0.6%Ag electrode, the prepared 

lead-steel layered composite electrode at the rolling reduction ratio of 40% exhibited 

the best industrial performance, the current efficiency was increased by 4.94%, the 

average cell voltage was reduced by 19.4%, and the adiponectin yield was increased 

by 4.86%.  
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1. Introduction 

As an important organic chemical intermediate, adiponitrile is generally used in 

the manufacture of nylon 66, which accounts for about 90% of the total production of 

adiponitrile in the whole year [1, 2]. With the development of industrial technology, 

the application fields of adiponitrile have gradually expanded, many of which are 

used as the synthesis of environment-friendly coating, polymer additives and 

extractants [3-7]. And the main methods for producing adiponitrile include adipic 

acid-catalyzed amination, acrylonitrile electrolytic dimerization and butadiene 

cyanation [8, 9]. Among them, the acrylonitrile electrolytic dimerization method has 

the characteristics of single raw material, relatively simple technology and suitability 

for large-scale production compared with other methods [10, 11]. However, the 

energy and raw material costs are the main parts of the product cost, whether energy 

saving and reduction of acrylonitrile raw material have become the key to the 

feasibility of this production route [12]. What’s more, the reaction of acrylonitrile 

hydrogenation dimerization usually occurs on the cathode during acrylonitrile 

electrolytic dimerization process. In order to avoid a large amount of hydrogen 

evolution and destroy the normal reaction, the materials with high hydrogen evolution 

overpotential are usually selected as the cathode material [13]. Lead electrode is a 

common electrode material, which is widely used as the cathode material for the 

synthesis of adiponitrile [14]. However, the lead electrode itself has many 

disadvantages, such as heavy weight, low bending strength and high internal 

resistance [15]. Compared with lead, steel has better electrical and mechanical 

properties [16]. For this purpose, according to the superposition effect and 

designability of material properties, the researchers propose a new approach, 

lead-steel composite materials, to realize the characteristics of light weight, high 

strength and excellent electrochemical performance [17-20].  

At present, lead-steel composite materials have shown important application 

value and researched potential in the field of hydrometallurgy extraction, radiation 

shielding and etc. The main methods to prepare lead-steel composite materials are 

casting, electrolytic and explosive welding method [21]. But these methods have 



some drawbacks, such as high energy consumption, high pollution, long technical 

flow, low bonding strength and efficiency. The roll-bonding method is to cause two or 

more layers of metal to undergo plastic deformation simultaneously under the action 

of rolling pressure, the surface metal layer cracks, the clean and activated metal is 

exposed, thereby forming a metallurgical bond between the plates. Compared with the 

above methods, roll-bonding method can be continuously produced, the product size 

is more accurate, the thickness of each part is more uniform, and the performance is 

stabler, the production cost is lower, the efficiency is higher, and it is easier to achieve 

large-scale production [22-27].  

According to the former theories and the research literatures, dissimilar metals in 

miscible systems can be prepared by roll-bonding methods with excellent properties 

and interfacial bonding strength. However, the metal matrix composites prepared by 

the roll-bonding method are usually dissimilar metals, and there is little difference in 

plasticity. For the lead and steel, there are great differences in physical and chemical 

properties, and they are also immiscible systems, which makes it difficult to obtain 

good metallurgic bonding.  

In this work, lead-steel layered composite electrodes under different rolling 

reduction ratio are prepared by hot dipping and roll-bonding technology. Compared 

with the traditional lead matrix composite materials, lead-steel layered composite 

material has better physical and electrochemical properties. The main purpose of this 

paper is to investigate the effect of rolling reduction ratio on microstructure and 

electrochemical properties, and the interface formation mechanism is discussed. 

Finally, the prepared lead-steel layered composite electrode materials are applied to 

the industrial scale production of adiponitrile. These results will lay the foundation for 

large-scale preparation and application of layered composite electrode materials. 

2. Experimental 

2.1. Materials 

The commercial pure lead plates (purity higher than 99.5%, thickness of 2mm) 

were purchased from Shandong bozhan metal materials Co., Ltd, China, Q235 steel 

plates (purity higher than 99.5%, thickness of 1.8mm) were purchased from Kungang 



Group Co. Ltd, China, and Pb-63%Sn alloy powders were purchased from Yunnan 

Tin Co. Ltd, China, the element content was given in Table 1. Other chemicals used in 

this experiments were analytical grade and without further purification. All the 

solutions used were prepared with deionized water. 

2.2. Preparation of the hot-dipped steel and the lead-steel layered composite 

electrode  

According to the previous research work of our workgroup on the preparation 

technology of the immiscible layered composite [28-33], it is proposed to use Sn as 

the third transition element to solve the problem of lead-steel interface bonding 

through the mutual solubility of Pb-Sn and Fe-Sn. In order to reduce costs, Pb-63%Sn 

alloy was selected as an intermediate layer in this research. In addition, through 

experiments and theoretical calculations, the wettability of the lead-tin alloy and lead 

plate was verified [33]. The surface of the Q235 steel plate was polished by using a 

wire brush to increase the roughness of the surface and was etched with 8% H2SO4 

solution for 2min, rinsed with distilled water. Then, the Q235 steel plates were soaked 

in the mixed solutions of NH4Cl and ZnCl2 (cosolvent ZnCl2:NH4Cl=2:3) at 60℃ for 

10min. Here, cosolvent is not only used to improve the efficiency of hot dipping, but 

also can greatly improve the adhesion between the Pb-Sn alloy and the Q235 steel 

substrate. After the pretreatment of Q235 steel was completed, Pb-63%Sn alloy 

powder was homogeneously scattered on the surface of the Q235 steel. Finally, the 

Q235 steel overlaid with Pb-Sn alloy powder was placed in the medium frequency 

induction furnace for hot dipping technology, optimize final selection through 

parameters: the induction time is 10s，induction power is 15kW. 

The lead-steel layered composite electrode materials were prepared by 

roll-bonding technology, and the sandwich structure diagram was shown in the Fig. 1. 

In this study, the rolling reduction ratio were set as 20%, 25%, 30%, 35%, 40%, 

respectively. The rolling temperature was 210℃. And the corresponding prepared 

samples were recorded as S1
#
, S2

#
, S3

#
, S4

#
, S5

#
, respectively. For comparison, 

Pb-0.6%Ag electrode was also prepared with the same dimensions, and recorded as 

S0
#
. Rolling reduction ratio is one of the most important factors during the rolling 



process [34, 35], so the effect of rolling reduction ratio on microstructure and 

electrochemical properties of lead-steel layered composite electrode materials were 

investigated in this study.  

2.3. Material characterization 

The interface microstructure of the hot-dipped steel and the lead-steel layered 

composite electrode materials were characterized by Scanning electron microscopy 

(XL-30ESEM, Philips, Netherlands) and Energy dispersion spectrum, and the samples 

were processed with polished, cleaned, and dried. The phase analysis of a typical 

lead-steel layered composite was determined by X-ray diffraction (D/max-3C, Rigaku, 

Japan), and XRD tests were carried out on the interface between the hot-dipped steel 

and lead plates. The interface resistivity of the lead-steel layered composite materials 

was tested by Four-probe resistance measurement (Keithley-2182A, Shenrong, China), 

the stable current forms a closed loop between the 1and 4 wires, and is measured the 

potential difference between the 2 and 3 wires, as shown in Fig. 2.  

To study the electrochemical properties of different as-prepared electrodes, LSV 

and Tafel curves were measured using an electrochemical workstation (Chi604D, 

Chenhua, China) with three electrode systems at room temperature. The counter 

electrode was a 1.5cm×1.5cm platinum plate, the working electrode was different 

as-prepared electrode, the reference electrode was saturated calomel electrode (SCE), 

and the 1mol/L H2SO4 solution was used as the electrolyte. In addition, the working 

electrode and the reference electrode were connected by saturated KCl agar salt 

bridge, as shown in Fig. 3. The different samples were polished using water sandpaper 

(600–1000–1500–2000-3000 grade), rinsed with deionized water, and then dried in air. 

Then, samples were packed in polyester, and only their cross sections with an 

exposure area of 1cm
2
 were permitted to contact the solution. Before the 

electrochemical test, the sample was pre-polarized treatment 10min to remove the 

oxide on the electrode surface and exposed the fresh substrate, and then the related 

electrochemical tests were carried out immediately. The LSV tests were performed 

over the 1.7V to 2.4V at a constant sweeping rate of 5mV/s. Tafel curves were 

obtained at a scanning rate of 1mV/s under 0.4-1.2V. All electrode potentials were 



referred to an SCE if not otherwise stated. The average corrosion rate of electrodes 

was measured by weight-loss method, that the corrosion degree of electrode was 

judged according to the change of electrode quality before and after polarization. The 

electrochemical properties of all samples were tested more than three times, avoiding 

the error caused by human or equipment. During corrosion process for electrode, the 

anode material is stainless steel, the cathode material is lead-steel composite, the 

electrolyte is 2mol/L H2SO4 solution, the current density is 500A·m
-2

, the electrolysis 

time is 120h. And the samples are cut into small pieces of 10×10mm, the 

non-working surface is coated with epoxy resin, the wire is copper wire. The average 

corrosion rate of electrode can be defined as formula (1) [36]： 

vcorr=
m2-m1
St

   (1) 

Where vcorr is the average corrosion rate of electrode (g·m
-2

·h
-1

); m2 is a net mass of 

electrode after removing oxide film after electrolysis (g); m1 is a mass of electrode 

before electrolysis (g); S is the working area of electrode (cm
2
); t is the electrolysis 

time (h). The sample weight before and after electrolysis was accurately measured 

using a sensitive electrobalance. After washing with deionized water, soak in NaOH 

solution for 5min to remove surface lead oxide film, and then wash with deionized 

water and dry. 

In the adiponitrile industrial production experiment, carbon steel is used as anode 

material, lead-steel composite material as cathode material, anode and cathode are flat 

plates with equal area, the effective reaction size of the plate is 1050×500mm, and the 

anode-cathode distance is 5mm; The electrolyte is composed of 7% dipotassium 

hydrogen phosphate, 2.5% tetraethyl ammonium hydroxide, 3% EDTA, 5% 

acrylonitrile; The current density is 1500 A·m
-2

, the electrolysis temperature is 40℃, 

the flow rate of electrolyte is 1.5m/s, and the electrolyte inflow method is up inlet and 

down outlet. Among them, the cell voltage can be measured directly, the yield and 

current efficiency of adiponitrile can be defined as formulas (2) and (3) [8]: 

y=
𝑚𝑡𝑚𝑟 × 100%            (2) 

η= 𝑧×𝑛×𝐹𝐼×𝑡 × 100%         (3) 



Here, y is the yield of adiponitrile; η is the current efficiency; mt is the mass of 

actually produced adiponitrile (g); mr is the mass of theoretically produced 

adiponitrile (g); z is the number of exchanged electrons; n is the amount of substance 

of the prepared adiponitrile (mol); F is the faraday constant; I is the current in 

constant current electrolysis (A); t is the electrolysis time (h). 

3. Results and discussion 

3.1. Interface morphology of the hot-dipped steel 

Fig. 4 shows the microscopic morphology of the hot-dipped steel. From Fig. 4, 

we can see that from left to right are Pb-Sn intermediate layer, Pb-Sn-Fe 

interdiffusion region and Q235 steel matrix. Combining the results of the point 

scanning (Table 2), it is shown that the mutual diffusion of elements occurs between 

the Pb-Sn intermediate layer and steel substrate, which indicates that the metallurgic 

bonding formed in the process of induced heating. In addition, from the analysis of 

the 3
#
 point scanning (Table 2), it can be deduced that FeSn2 and ternary Pb-Sn-Fe 

compound could be formed. And the result was in correspondence with the 

experimental result by Lei et al [37]. On the other hand, we can see that the elements 

of the cosolvent NH4Cl and ZnCl2 are not detected in the point scanning results, 

which might be because the cosolvent on the surface of the steel has evaporated or 

decomposed when the Pb-Sn alloy is plated, and there is no adverse effect on the 

quality of the coating.  

Therefore, we can conclude that the wettability between the transition medium 

Pb-Sn alloy and the surface of steel matrix is improved, it’s feasible to apply 

cosolvent on the surface of steel substrate, and the metallurgical bond of Pb-Sn 

intermediate layer and steel substrate is realized. 

3.2. Interface morphology of the lead-steel layered composites  

Fig. 5 shows the interface morphology of the lead-steel layered composites under 

different rolling reduction ratio. The rolling reduction ratio is one of the most 

important factors during rolling process, and affects the morphology of the bonding 

interface. The left side is hot-dipped steel; the right side is lead. From these figures, 

we can see that the interface between the steel and lead is smooth and no crack 



appears which indicates good metallurgical binding of the two metals can be reached. 

The thickness of diffusion-layer increases as the increase of rolling reduction ratio, 

and the thickness of diffusion-layer for S1
#
-S5

# 
is 2±0.2μm, 3±0.2μm, 5±0.3μm, 

7±0.4μm, 10±0.5μm, respectively. The reason for that is because the Pb-Sn alloy melt 

is squeezed into the pits on the surface of the lead plate under the function of rolling 

forces, and the plastic deformation between the disorderly Pb-Sn alloy melt and lead 

matrix may occur under the function of rolling transverse shear force. Therefore, the 

larger of the rolling reduction ratio, the greater degree of mixing deformation; and the 

larger of the deformation heat generated by the large deformation, so the diffusion 

activation energy of the element increases. Under the function together with 

above-mentioned factors, the thickness of diffusion-layer increases as rolling 

reduction ratio increase. 

3.3. Phase composition of the lead-steel interface 

In order to analyze the phase composition of the lead-steel layered composite at 

the interface, the composite material is peeled from the interface by the mechanical 

force. Here, taking S3
#
 as an example, the phase composition of the steel matrix side is 

characterized by XRD, and the result is shown in Fig. 6. From Fig. 6, we can see that 

there is not only the existence of Pb and Sn element, but also the existence of SnO2 

and intermetallic compound FeSn2 on the steel tearing surface. Furthermore, we can 

conclude that the diffraction peak intensity and the crystallinity of FeSn2 is weaker, 

because it is mainly formed by diffusion reaction of Pb-Sn alloy, and the result is also 

consistent with the primary phase of Pb-Sn alloy reported in related literature [38]. 

And the SnO2 is obtained by oxidizing a part of Sn after the interface is torn to expose 

the fresh surface and contact with oxygen in the air. 

3.4. Morphology of the peeled surface on the lead-steel layered composites 

Fig. 7 shows the morphology of the peeled surface on the lead-steel layered 

composites. Here, S1
#
and S5

#
 are taken as examples. As can be seen from the figures, 

the peeled off lead and steel side have the character of coarsen and scraggy surfaces, 

this is caused by extrusion deformation of metal at the interface of lead and steel. 

Meanwhile, we can see the peeled off lead and steel surfaces may have deformation 



along the same direction. And the plasticity difference between lead and steel is too 

large under rolling force, so only the lead matrix will be deformed. Combined with 

the XRD analysis, we can infer that the tearing of the lead-steel layered composite 

begins along the transition zone near the lead side.  

On the other hand, we also can clearly see from Fig. 7(b) and 7(d) that obvious 

elongation and necking occurred during the fracture, and fractures vary in height and 

size, with round and oval distribution. It can be inferred that the when the material 

fractures, the cracks first propagate on planes of different heights, forming torn edges 

with ductile characteristic, then the cracks continue to expand near the grain 

boundaries to form tough dimples, and finally the cracks break and stop growing. 

Therefore, the fracture feature of the lead-steel composite interface structure is mainly 

ductile fracture, which also proves the lead-steel composite has realized metallurgical 

bonding in rolling. 

3.5. The interface formation mechanism  

Based on the fabrication technology of the lead-steel layered composite materials 

in this study, the interface formation mechanism is also discussed. During the process 

of hot-dipping, the wettability between the transition medium Pb-Sn alloy and the 

surface of steel matrix is improved to accelerate the interface reaction between solid 

and liquid metals, which makes the Pb-Sn alloy and steel matrix firmly bond, During 

the transition liquid phase roll-bonding process, Pb-Sn alloy in the liquid phase 

undergoes a phase change reaction with the lead matrix, and Sn atoms in the liquid 

phase diffuse into the lead matrix. In the subsequent cooling process, the Pb and Sn 

atoms solidify and crystallize to form the Pb-Sn binary alloy. Through the 

introduction of the intermediate layer, the interface structure of the lead-steel 

composite is formed from the lead side to the steel side, which is lead matrix→Pb-Sn 

intermediate→Pb-Sn-Fe interdiffusion region→steel matrix.  

Fig. 8 shows the interface formation mechanism diagram of the lead-steel 

layered composite materials during the rolling process, and the process can be divided 

into the following three stages: 

(1) Under the function of the rolling force, the Pb-Sn alloy melt on the surface of 



the steel plate and the scratches on the surface of the lead plate are embedded into 

each other to form mechanical bond; 

(2) Due to the rolling sheer force, only the surface oxide film of the lead substrate 

and the Pb-Sn intermediate transition layer is broken, and the preliminary interface 

bonding is achieved; 

(3) The atoms at the composite interface further interdiffusion under the function of 

the heat and frictional heat generated by the plastic deformation of the metal during 

the rolling process, which allows the composite interface to be held together more 

firmly and form a good metallurgical bond.  

3.6. Resistivity analysis 

The resistivity (ρ) of the lead-steel layered composites under different rolling 

reduction ratio was obtained using four-probe resistance measurement, and the results 

are shown in Table 3. From Table 3, it can be seen that the resistivity of the lead-steel 

composite electrodes (S1
#
-S5

#
) are lower than the conventional Pb-0.6%Ag electrode 

(S0
#
), and the resistivity of the lead-steel composites decrease with the increase of 

rolling reduction ratio.  

The conduction of current in metal composite materials is achieved by the 

transfer of free electrons, the addition of steel and Sn with good conductivity can 

improve the conductivity of the lead matrix, namely, the superposition effect of the 

composite material. On the other hand, the resistivity of the lead-steel composites is 

mainly influenced by the bonding state of the interface and the thickness of Pb-Sn 

diffusion-layer. Combined with the preceding analysis, we can know that the 

metallurgical bond of hot-dipped steel and lead plate can be achieved by the process 

of rolling, and the thickness of diffusion-layer increases with the increase of rolling 

reduction ratio, so the conductivity of composites increases. Rolling reduction ratios 

affect the thickness of Pb-Sn diffusion-layer for composites, which influences the 

resistivity, causing S5
#
 to have excellent electrical conductivity (the resistivity is 

1.06×10
-7Ω·m). 

3.7. Electrochemical analysis 

3.7.1. LSV cures 



Fig. 9 shows the linear sweep voltammetry (LSV) curves for lead-steel layered 

composite electrodes under different rolling reduction ratio in 1mol/L H2SO4. Here, 

LSV curve for a Pb-0.6%Ag electrode is added to facilitate comparison. It can be seen 

that the polarization curves of lead-steel layered composite electrodes (S1
#
-S5

#
) and 

Pb-Ag electrode (S0
#
) show a similar tendency. When the polarization potential is less 

than 1.8V, the polarization current density value of the samples did not increase 

evidently. With the increase of polarization potential and before passivation, the 

polarization current density of the all samples also increased and the increment of the 

polarization current density of the lead-steel layered composite electrode materials are 

obviously faster than the change of the polarization current density of the Pb-Ag 

electrode. For example, when the polarization potential is 1.95V, the polarization 

current densities of the S0
#
-S5

#
 are 0.061A·cm

-2
, 0.110A·cm

-2
, 0.132A·cm

-2
, 

0.178A·cm
-2

, 0.251A·cm
-2

, 0.332A·cm
-2

, respectively. The reason may be that with 

the increase of rolling reduction ratio, the thickness of Pb-Sn diffusion-layer for 

lead-steel composites increases, and the number of electrons accumulated on the 

electrode surface gradually increases.  

According to the kinetics of electrode reaction process [39], the greater current 

density on the electrode surface, the faster the electrochemical reaction occurs on the 

electrode surface. In other words, at the same electrochemical reaction speed, the 

reaction can be carried out under the conditions close to the equilibrium potential. 

Furthermore, we also can see that the LSV curves of the lead-steel layered composite 

electrode material (S1
#
-S5

#
) are more negative than that of the Pb-Ag electrode (S0

#
), 

and the negative displacement increases with the increase of the rolling reduction ratio. 

For example, when the current density is 0.2A·cm
-2

, the polarization potential of 

Pb-0.6%Ag electrode (S0
#
) is 2.017V, and S1

#
 (1.988V) with the smallest negative 

displacement decreases by 29mV, while S5
# 

(1.918V) with the largest negative 

displacement decreases by 99mv. On the other hand, we can also get from the figure 

that the blunt potential of S0
#
-S5

# 
are 2.087V, 2.053V, 2.034V, 2.020V, 2.003V, 

1.983V, respectively (inset in Fig. 9). The decrease of the blunt potential also indicates 

that the electrocatalytic activity of the electrode is improved, and the electrochemical 



reaction can take place with a small overpotential. Overall, the electrocatalytic 

activity of lead-steel layered composite electrode materials is better than that of 

Pb-0.6%Ag electrode. With the increase of rolling reduction ratio, the electrocatalytic 

activity of lead-steel layered composite electrode materials gradually improves, with 

the best catalytic activity of S5
#
. 

3.7.2. Tafel curves 

Tafel curves are effective tools to study the reaction rates and the corrosion 

resistance of electrode materials [40]. Fig. 10 shows the Tafel curves corresponding to 

the lead-steel layered composite electrodes under different reduction ratio in a 1mol/L 

H2SO4 solution. Here, Tafel curve for a Pb-0.6%Ag electrode is added to facilitate 

comparison. The corrosion potential (Ecorr) and the self-corrosion current density (Jcorr) 

are extracted by performing linear fitting of the Tafel curves and the fitting results are 

listed in Table 4. Among them, the Ecorr is a thermodynamic parameter, and the Jcorr is 

a kinetic parameter [41]. From Fig. 10, we can see that the curves all show the trend 

of “V" and without obvious passivation phenomenon. As seen from the Table 4, S5
#
 

has the highest corrosion potential (0.754V (vs SCE)) and the lowest corrosion 

current density (1.48×10
-6

A·cm
-2

), while S0
#
 has the lowest corrosion potential 

(0.524V (vs SCE)) and the highest corrosion current density (7.13×10
-5

A·cm
-2

).  

Based on electrochemistry corrosion theory and electrochemistry dynamics [42], 

we can know that the higher corrosion potential, the better corrosion resistance, or the 

lower self-corrosion current, the less prone to corrosion. And the smaller corrosion 

current indicates the lower dissolution rate of the electrode and the longer electrode 

life. Therefore, S5
#
 has excellent corrosion resistance and a long service life.  

3.7.3. Weight-loss analysis 

In the electrochemical industry, the average corrosion rate of electrode material 

is an important factor to measure its comprehensive performance, and the weight-loss 

method is the most widely used criterion for estimating the corrosion resistant of 

electrodes. In this study, weight-loss tests are performed at a current density of 

500A·m
-2

 in 2mol/L H2SO4 solution for 120h, and the results are shown in Tabel 5. 

Here, S0
#
and S5

#
 are taken as examples to carry on the contrast. Compared with the 



conventional Pb-0.6%Ag electrode (S0
#
), the average corrosion rate of lead-steel 

layered composite at the rolling reduction ratio of 40% (S5
#
) is decreased by 35%. 

The reason may be that the inner core steel has excellent electrical conductivity, 

which enhances the current transport ability of its lead steel composite, and it also 

plays a role in equalizing the current density, reducing the actual current density of the 

lead-steel composite material during operation. In addition, we can conclude that the 

corrosion rate obtained by weight loss agrees with the results obtained by the LSV 

and Tafel analysis. And the lead-steel layered composite at the rolling reduction ratio 

of 40% has an excellent corrosion resistant property (5.317g·m
-2

·h
-1

).  

3.8. Industrial production experiment for adiponitrile 

In the adiponitrile industrial production experiment, carbon steel is used as anode 

material, lead-steel composite material is used as cathode material, anode and cathode 

are flat plates with equal area, the effective reaction size of the plate is 1050×500mm, 

and the anode-cathode distance is 5mm; The electrolyte is composed of 7% 

dipotassium hydrogen phosphate, 2.5% tetraethyl ammonium hydroxide, 3% EDTA, 5% 

acrylonitrile; The current density is 1500A·m
-2

, the electrolysis temperature is 40℃, 

the flow rate of electrolyte is 1.5m/s, and the electrolyte inflow method is up inlet and 

down outlet. The constant current electrolysis is used; the changes of cell voltage and 

electrolysis temperature are recorded in real time. At the end of electrolysis, samples 

are taken after treatment of electrolyte for gas chromatography analysis to detect the 

content of adiponitrile in electrolyte. The diagram of electrolysis cell for adiponitrile 

industrial production is shown in the Fig. 11, and the main economic technical 

indicators of fabricated samples in adiponitrile production are shown in Fig. 12. 

From the Fig. 12, we can see that the adiponectin yield and current efficiency of 

the lead-steel composites increases as the increase of rolling reduction ratio, and the 

average cell voltage decreases. Compared with the conventional Pb-0.6%Ag electrode 

(S0
#
), the lead-steel layered composite at the rolling reduction ratio of 40% (S5

#
) has 

the lowest average cell voltage (5.4V) as well as the highest adiponectin yield 

(92.11%) and current efficiency (92.24%). 



Combining the change of the resistivity, it can be seen that the variation law of 

the average cell voltage is consistent with the change law of the material resistivity. In 

addition, the relationship between the cell voltage (E) and ohmic drop (R) can be 

defined in Formula (4) [43]: 

E= a+blogDk+IRΩ   (4) 

Where E is the cell voltage (V); a is the constant; b is the Tafel slope; Dk is the 

average current density (A·m
-2

); I is the reaction current (A); RΩ is the total ohmic 

drop (R). 

It can be seen from the above formula that the cell voltage is mainly composed 

of two parts, namely a+blogDk and IRΩ. For a+blogDk, it can be divided into the 

equilibrium potential of acrylonitrile dimerization and the overpotential. Among them, 

the acrylonitrile dimerization equilibrium potential is constant, and the overpotential 

includes anode overpotential and cathode overpotential. The anodes are all stainless 

steel, and the anode overpotential value is the same under the same conditions. Under 

the same conditions, the polarization potential of lead-steel is lower than that of 

Pb-0.6%Ag, which also can be verified by LSV; For IRΩ, RΩ=Ranode+Rcathode+Relectrolyte. 

The resistance of lead-steel is lower than that of Pb-0.6%Ag，which has been given in 

Table 3. Overall, we can conclude that the use of lead steel as the cathode material can 

effectively reduce the voltage of the battery produced by adiponitrile. 

It is reduction of internal resistance of the electrode that can reduce the potential 

of the electrode, which can reduce the driving force of the electrode reaction, so the 

electrode reaction is easier to occur, and can possess higher current efficiency. 

Furthermore, the main reason for the increase of the yield of adiponitrile may be that 

the electroreductive dimerization of acrylonitrile on the lead-steel composite electrode 

is more likely to occur than conventional Pb-0.6%Ag electrode. 

4. Conclusion 

In summary, a series of lead-steel layered composite electrodes with 

metallurgical interface have been successfully prepared by rolling technology, and 

these are measured as potential cathodes for adiponitrile production. Compared with 

Pb-0.6%Ag, the lead-steel layered composite electrode has more excellent 



electrochemical properties. And the changes in the structure of the electrode material 

affect the resistivity of the electrode and the electrochemical properties. In addition, 

the effect of rolling reduction ratio on the microstructure and properties of lead-steel 

layered composite electrodes is investigated. With the increased of rolling reduction 

ratio, the electrochemical properties of lead-steel layered composite electrode are 

improved, and the best electrocatalytic activity and corrosion resistant (average 

corrosion rate is 5.317g·m
-2

·h
-1

) can be achieved when the rolling reduction ratio is 

40%. In the adiponitrile industrial production experiment, the average cell voltage and 

adiponectin yield of the lead-steel layered composite electrode at the rolling reduction 

ratio of 40% are 19.4% lower and 4.86% higher than the conventional Pb-0.6%Ag 

electrode. Therefore, owning to the high conductivity, good electrocatalysis activity, 

corrosion-resistance, high adiponectin yield and low voltage, the lead-steel layered 

composite electrodes can be a promising cathode material for adiponitrile production. 
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Table 1 Element content of the Pb-Sn alloy powders 

Element Sn Bi As Cu Fe Sb Zn Cd Pb 

Content（wt.%） 63 0.006 0.003 0.004 0.004 0.006 0.0008 0.0005 bal 

 

 

 
Fig. 1 The sandwich structure diagram of lead-steel layered composite materials 

 

 

Fig. 2 A schematic diagram of the measuring resistance by Four-probe 

 

 

Fig. 3 The schematic diagram for electrochemical test 

 

 



 

Fig. 4 The microscopic morphology of the hot-dipped steel 

 

Table 2 Analysis results of each point (wt.%) 

 

 

Elements 

Pb              Sn              Fe 

1 37 63 0 

2 35.16 59.81 5.03 

3 20.26 40.43 40.31 

4 3.65 6.22 90.13 

5 0 0 100 

 

 

Fig. 5 The interface morphology of the lead-steel layered composites 

(a)S1
#
-20%; (b)S2

#
-25%; (c)S3

#
-30%; (d)S4

#
-35%; (e)S5

#
-40%



 

Fig. 6 XRD patterns of S3
#
 at steel side 

 

 

 

Fig. 7 Morphology of the peeled surface on the lead-steel layered composite materials 

(a)S1
#
-20%-Steel side; (b)S1

#
-20%-Lead side; (c)S5

#
-40%-Steel side; (d)S5

#
-40%-Lead side 

 



 

Fig. 8 The interface formation mechanism diagram of the lead-steel layered composite material  

 

Table 3 Resistivity (ρ) of the lead-steel layered composites 

 

 

Fig. 9 LSV curves for the electrode materials 

Sample No. S0
#
 S1

#
 S2

#
 S3

#
 S4

#
 S5

#
 

ρ/10
-7Ω·m 1.74 1.33 1.26 1.21 1.14 1.06 



  

Fig. 10 Tafel curves for the electrode materials 

 

Table 4 Tafel curve fitting parameters for the electrode materials 

Sample No. Ecorr/V Jcorr/A·cm
-2

 

S0
#
 0.524 7.13×10

-5
 

S1
#
 0.697 5.64×10

-6
 

S2
#
 0.708 4.63×10

-6
 

S3
#
 0.721 3.62×10

-6
 

S4
#
 0.739 2.87×10

-6
 

S5
#
 0.754 1.48×10

-6
 

 

 

 

Table 5 Average corrosion rate of the electrode materials when using the weight-loss method 

Sample No. m1/g m2/g m1-m2/g Vcorr/g·m
-2

·h
-1

 

S0
#
 20.2372 20.1383 0.0989 8.242 

S5
#
 17.8643 17.8005 0.0638 5.317 

 

 



 

 

Fig. 11 The diagram of electrolysis cell for adiponitrile industrial production 

 

 

Fig. 12 The main economic technical indicators of fabricated samples in adiponitrile production 

 

 



Figures

Figure 1

The sandwich structure diagram of lead-steel layered composite materials

Figure 2

A schematic diagram of the measuring resistance by Four-probe



Figure 3

The schematic diagram for electrochemical test



Figure 4

The microscopic morphology of the hot-dipped steel

Figure 5

The interface morphology of the lead-steel layered composites (a)Se-20%; (b)S24-25%; (c)S3*-30%; (d)S0-
35%; (e)S5°-40%



Figure 6

XRD patterns of S35 at steel side



Figure 7

Morphology of the peeled surface on the lead-steel layered composite materials (a)Se-20%-Stee1 side;
(b)S14-20°A-Lead side; (c)S54-40A-Steel side; (d)S5"-4WA-Lead side



Figure 8

The interface formation mechanism diagram of the lead-steel layered composite material



Figure 9

LSV curves for the electrode materials



Figure 10

Tafel curves for the electrode materials



Figure 11

The diagram of electrolysis cell for adiponitile industrial production
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