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Polymer electrolyte membrane fuel cell (PEMFC) is a high-

efficiency, clean, and reliable power generation system. However, 

bipolar plates (BPs) in a typical fuel cell stack are not only very 

expensive, but also occupy most weight and volume. It is an im-

portant component in this device. BPs connect each cell electrical-

ly, remove reaction products from the cell, and supply reactant 

gases to both anode and cathode [1,2]. 

Three classes of materials have been primarily used in fabricat-

ing BPs: high-density graphite, metals and carbon composite mate-

rials. High-density graphite shows high electrical conductivity and 

stability of chemical and thermal. But, high cost and poor machin-

ability are the biggest difficulties in using graphite for the large-

scale market. Comparing with high-density graphite or metals, 

carbon composites have less weight, lower cost, and higher corro-

sion resistivity. However, due to the lower electrical, poorer stabil-

ity, and machinability than those of metals, carbon composites is 

mainly limited to use [3,4]. 

Recently, metallic materials present a lot of advantages: high 

conductivity, cheap, and good mechanical strength. The thickness 

of the metallic BPs can be reduced to about 1mm [5]. Stainless 

steel has been considered as the best candidate in metallic BPs. 

Although it is helpful to reduce the corrosion rate of BPs, the pas-

sive film formed on stainless steel surfaces will increase interfacial 

contact resistance (ICR) between the BP and carbon paper. Moreo-

ver, the passive film will still release metallic ions after dissolving 

in the PEMFC environment. The metallic ions have an adversely 

effect on the activity of the catalyst layer after the ions reform. 

This shows that stainless steel needs to be coated with a thin con-

ductive and a protective layer. So far, a number of surface modifi-

cation techniques and various corrosion resistance coatings have 

been prepared to minimize these effects [6]. 

Nowadays, TiN with high electrical, good corrosion resistance 

and thermal conductivity is one of common coatings to improve 

corrosion resistance of stainless steels in PEMFC service environ-

ments [7]. Pulsed bias arc ion plating and magnetron sputtering 

have been used to deposit TiN and Ti2N/TiN coatings on stainless 

steel as the BP. The two coatings (TiN and Ti2N/TiN) can enhance 

the corrosion resistance of BPs and decrease the interface contact 

[8]. TiN coating deposited by physical vapor deposition (PVD) is 

also helpful to reduce the polarization resistance and corrosion *To whom correspondence should be addressed: Email: hhzhang_xust@163.com 
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current density of BP [9]. However, pinhole defects are inevitably 

appeared in TiN layer result in local corrosion, regardless deposi-

tion method, pulsed bias arc ion plating, magnetron sputtering or 

PVD [2]. Kumagai M et al. [10-11] have prepared nanosized TiN-

SBR on 310 stainless steel (310 SS) by electrophoretic deposition 

method, where the TiN nanoparticles adhere by flexible SBR con-

duct electricity and offer pathways for the electrons transporting. 

TiN-SBR coating greatly reduces ICR because SBR is favorable 

for enlarging contact area. Electrophoretic deposition (EPD) is a 

method that depositing suspended particles on a substrate in a col-

loidal suspension bath by electric field. It has many advantages in 

preparing coatings and thin films from suspensions, such as high 

deposition rate and throughput, good uniformity and controllable 

thickness, simplicity of scaling up, and no need of binders [12]. 

Basic EPD is accomplished from organic suspensions which have 

several advantages such as low conductivity, good chemical stabil-

ity and absence of the electrochemical reactions. In consequence, 

high quality coatings would be prepared in organic suspensions. 

However, organic solvents also have many disadvantages including 

the cost, volatile, toxicity and flammability [13]. For the water-

based suspensions, the fact that water is much more economical 

and less harmful for environment is the core driving force for its 

use [14]. 

With these considerations in our mind, the present work was 

aimed to prepare TiN-SBR coating on 310 SS utilized as BP for 

PEMFC by EPD technology. In particular, water-based suspension 

was applied in the present work, due to the fact that SBR is a wa-

terborne binder. Much effort was put forth to optimize the pro-

cessing parameters such as applied potential and SBR content in 

the suspension. After that, the TiN-SBR coating prepared under the 

optimized conditions was characterized by ICP measurement and 

dynamic polarization method. 

Commercial 310 SS was used as the base metal. Samples with 

dimensions of 10 mm × 10 mm × 2 mm were cut from 310 SS plate 

as received. Prior to coating preparation, all specimens were 

ground to 2500# with silicon carbide papers, polished finally with 

W1.0 diamond polishing paste (~2 μm), and cleaned by distilled 

water and acetone for 15 min [10]. 

EPD processing system was utilized to prepare the TiN-SBR 

coating on the base metal, where the constant voltage (up to ~300 

V) was controlled by a DC stabilized power supply (TRADEX 

MPS308). The suspension was prepared by 8 g/L TiN powder with 

average diameter of 1 μm, 2.4~6.0 g/L emulsified SBR, and water 

as the solvent. Prior to coating preparation, the suspension was 

ultra-sonically homogenized for 30 min at least. Various conditions 

by changing the content of emulsified SBR and the deposition volt-

age were used to optimize the EPD process for TiN-SBR coating 

preparation. For all coating preparation process, the deposition 

duration was set as 10 s. 

After EPD process, the TiN-SBR coatings prepared at various 

conditions were investigated by a Field Emission Scanning Elec-

tron Microscopy (FE-SEM, FEI Inspect F50). 

The TiN content in the composite coating was obtained by the 

SBR weight loss during the high temperature sintering at 600 oC. 

After long time sintering, the weight of coated specimen would 

tend to be stable, which represented the weight of TiN. Therefore, 

the content of TiN could be calculated from Eq. (1), where w1 was 

the stable weight after long time sintering, w0 was the original 

weight of coated specimen before sintering, x was the percent of 

TiN in the composite coating [15]. 

 
Polarization behavior of coated specimen was measured in 1 M 

H2SO4 solution at 298 K by an electrochemical workstation 

(PARSTAT 2273). The coated specimen mounted with resin was 

employed as working electrode. The reference electrode chose a 

saturated calomel electrode (SCE), and the counter electrode used a 

platinum foil. The potentiodynamical polarization curves were 

recorded from -250 mV vs. OCP to transpassive potential under a 

scan rate of 0.333 mV/s. 

Interfacial contact resistance (ICR) between coated specimen and 

gas diffusion layer (carbon paper) was evaluated by the method 

described elsewhere [16, 17]. In brief, the specimen lied between 

two pieces of carbon paper and each carbon paper connect at cop-

per plate. When a constant current was given through the copper 

plates, the total voltage drop was recorded as a function of the com-

paction force. In consequence, the total resistance was calculated 

based on the relationship among the electrical contact resistance R, 

the voltage drop V , the applied current I, and the surface area A S. 

And a calibration was made to deduce the resistance of the carbon 

paper/copper plate interfaces (RC/Cu). The ICR measurements in 

detail were also described elsewhere [18]. 

Fig. 1 presents the surface morphology of TiN-SBR coating pre-

pared under various voltages. It can be seen that coatings prepared 

at higher voltages (e.g. 40 V, 50 V) are thick and uneven, the coat-

ing prepared at medium voltage (e.g. 30 V) is uniform and smooth. 

The coating at the lowest voltage 10 V is very thin and appears 

some small cracks. From high magnifications, it can be seen that 

the content of TiN particles in coatings becomes greater with volt-

age increasing in the range of 20 V–50 V. At the lowest voltage, 

SBR is more easily coated on the substrate than TiN because the 

lighter SBR migrates quicker than TiN in the same electric field. 

However, the more the SBR content, the worse the conductivity of 

the coating. On the contrary, higher voltages (e.g. 40 V and 50 V) 

promote hydrogen evolution and then result in the presence of 

small cracks in the coatings. On the basis of the microstructure of 

TiN-SBR coating prepared under different voltages for 10 s, the 

applied voltages of 30 V would produce the best TiN-SBR coating. 

SEM images in Fig. 2 show the effect of SBR content on the 

quality of TiN-SBR coatings. It can be seen that the deposit thick-

ness increases with the concentration of SBR in the solutions. 

However, there are small cracks in the TiN-SBR coating prepared 

in the solution with low content of SBR. This is because the con-

tent of SBR in the solution is too low to form a complete and uni-

form coating framework, as shown in Fig. 2a-b. The function of 

SBR here is not only the skeleton of the composite film, but also 

x = (w1/w0)×100% (1) 
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the suspending agent. If the amount of SBR is insufficient, the 

heavier TiN particles are more likely to sink at the bottom than the 

SBR [10]. Therefore, increasing the SBR concentration in the solu-

tions would result in the increase of TiN content in the coatings, 

which can be seen from the high magnification images in Fig. 2. In 

the case with 6.0 g/L SBR addition, a polymer matrix form, and 

TiN particles bonds to the SBR matrix. Under this concentration of 

SRB, it is possible to form a stent of the composite coating, prepare 

a dense and complete TiN-SBR coating. If the content of SBR in 

the solution increases further, the conductivity of the coating would 

be lowered. In this perspective, the proper content of SBR in the 

solution is 6.0 g/L. 

Fig. 3 shows the polarization curves for the TiN-SBR coated and 

uncoated 310 SS in 1 M H2SO4 with a sweep rate of 0.333mV/s. In 

the range of + 0.3 V to +0.9 V, anodic current does not change 

because of the formation of passive film. The transpassivation phe-

nomenon happens because of the trivalent chromium oxidized to 

 

Figure 1. SEM images of TiN-SBR coating prepared under various voltages: (a) 10 V, (b) 20 V, (c) 30 V, (d) 40 V and (e) 50 V 

 

 

Figure 2. SEM images of TiN-SBR coating prepared under various content of SBR: (a) 0.24 g/L, (b) 0.42 g/L, (c) 6.0 g/L 

 

  

Figure 3. Polarization curves for as polished and TiN-SBR coated 

310 SS in 1 M H2SO4 solutions. 
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hexavalent in the range of +0.9 V to +1.1 V, and the anodic current 

increases drastically. The erodibility potentials of all the four 

curves are at the same potential for 0.9 V. All the critical passivat-

ing currents of three curves for coated 310 SS regardless the coat-

ing conditions are lower than the bare one, and the minimum value 

appears in the composite coat deposited at 30 V for 10 s. All the 

critical passivating potential also shifts to anodic after the 310 SS 

coated. It is ca. −0.485 V for fresh 310 SS, ca. 0.158 V for coated 

at 20 V, ca. 0.265 V for coated at 30 V, and ca. 0.050 V for coated 

at 40 V. In addition, the shape of the polarization curve changes 

obviously after 310 SS coated. A secondary current peak in the 

curve can be seen for fresh 310 SS, but disappears in the cases of 

TiN-SBR coated 310 SS. At the cathode potential of PEMFC (0.6 

V), however, all the four curves still lie inside the passivation re-

gions [19]. It is shown that the current density at 0.6 V is 

1.61093×10-5 Acm−2 for fresh 310 SS, 3.2721×10-6 Acm−2 for the 

coating prepared at 20 V, 3.4902×10-7 Acm−2 for the coating pre-

pared at 30 V, and 1.06065×10-6 Acm−2 for the coating prepared at 

40 V. The passive current for coated 310 SS deposited at 30 V is 

reduced by over two orders of magnitude throughout the whole 

polarization region, which means the composite coating under opti-

mized conditions on 310 SS improves corrosion resistance for the 

coated steel. However, it should be noted that predicting the appli-

cation under PEMFC operating conditions for this alloy with com-

posite coat is not sufficient by dynamic polarization curve. 

Fig.4 shows the ICR between the coated/fresh 310 SS and carbon 

paper measured according to the method as described elsewhere 

[17]. The ICR of the coated/fresh 310 SS gradually decrease with 

increasing the compaction force, suggesting a similar trend to the 

findings elsewhere [10]. Here the TiN-SBR coating was prepared 

under the optimized conditions, where the applied voltage was 30 

V, the deposition time was 10 s, and the solution was composed of 

6.0 g/L SBR + 8.0 g/L TiN. It can be speculated that TiN-SBR 

coating successfully reduce the ICR of the 310 SS BP. It is worth 

noting that the ICR of TiN-SBR coated 310 SS under the compac-

tion force of 200 N/cm2 is as low as to 25 mΩ·cm2, however, 

slightly lower than that for the fresh 310SS. This may be reasona-

ble when we consider the fact that SBR is elastic rubber latex, and 

may enhance the contacting between coating and carbon paper. 

From this perspective, composite coating is an effective way to 

enlarge the contacting area and reduce the ICR when the loading is 

not very large. Usually, bare stainless steel BPs employed in a fuel 

cell does not perform well because of the poor contact between the 

BP and carbon paper. TiN-SBR coating would significantly enlarge 

the contact area and improve the contact between the BP and car-

bon paper, so that reduce the ICR.  

The content of TiN in the composite TiN-SBR coating prepared 

by EPD can be measured by burning out of SBR. Fig. 5 shows the 

remaining weight of coated 310SS at 30 V for 10s after burning out 

of SBR with time at 600 oC. With exposure time increases, the total 

weight of the coating decreases from 7.45 mg to 4.41 mg at last. 

According to Eq. (1), the content of TiN in the coating would be 

calculated. And the result indicates that the percent of TiN in the 

TiN-SBR coating prepared under the optimized conditions is 

59.2%. 

The present work was conducted to prepare a TiN-SBR coating 

with good interfacial contact resistance and corrosion resistance on 

310 SS by electrophoretic deposition method. The effect of applied 

voltage and SBR content in the suspension on the microstructure of 

TiN-SBR coatings was investigated carefully, so as to obtain the 

optimized preparation condition. The results indicated that the 

proper applied voltage was 30 V, the SBR content was 6.0 g/L. In 

addition, the TiN-SBR coating prepared under the optimized condi-

tions was characterized by ICR measurement and potentiodynamic 

polarization curve. The results indicated that the TiN-SBR coating 

prepared under the optimized conditions significantly reduced the 

ICP and improved the corrosion resistance. 
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