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In this study, alternative layers of titanium nitride/zirconium nitride (TiN/ZrN) were coated on the 

surface of SS304 stainless steel and titanium (Ti) to enhance their corrosion resistance in a simulated 

oxygen (O2)-rich environment of a unitized regenerative fuel cell (URFC). The cathodic arc 

evaporation physical vapor deposition (CAE-PVD) technique was used to coat the multilayers. The 

effect of the O2 on the electrochemical behavior of the TiN/ZrN-coated SS304 and Ti in the O2-rich 

environment with acid and fluoride (F
-
) ions was investigated. The results showed that the TiN/ZrN 

coating with a nano-composite structure improved the corrosion resistance about 243 and six times, 

respectively, as compared with uncoated Ti and SS304 in the O2-rich environment with F
-
 ions and 

acid. This coating also increases the corrosion potential of Ti from 0.097 to 0.302 V and that of SS304 

from -0.085 to 0.080 V. These coatings outperformed CrN and TiN coatings on SS316L or Ti surfaces 

in an O2-rich environment. The improved results are due to the dense columnar microstructure of the 

nano-composite TiN/ZrN layer, which provides strong chemical protection from the hydrogen (H
+
) 

and F
- 
ions, even in the presence of O2, thereby preventing any direct corrosive attack on the substrate. 

The presence of O2 in the solution containing the F
-
 ions and acid slightly increased the corrosion rate 

of the TiN/ZrN layer as compared to that of hydrogen gas. 
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1. INTRODUCTION 

The use of fuel cells in movable or portable devices and in transportation has become very 

attractive because of their high energy-conversion efficiency and environmental compatibility. 

Researchers have combined fuel cells and electrolyzers into one unit to produce a unitized regenerative 

fuel cell (URFC) with the aim of reducing the weight and volume of devices [1]. Electrolyzers offer a 

clean, easy, and effective way to produce hydrogen (H2)
 
gas using water as the anode and cathode fuel 

[2]. URFCs work first in the electrolyzer mode to store H2 and then use the H2 in the fuel cell mode. 

Thus, an URFC behaves like a battery, with a self-contained, independent power source. However, in 

contrast to battery systems, URFCs are unaffected by the depth of the discharge or the length of the 

cycle duration. Therefore, in the long term, many applications exist for URFCs, such as an independent 

power source in a house or in a space without electricity access. Key advances required for the 

development of URFCs are 1) the creation of a bifunctional O2 electrode with high catalytic activity in 

both fuel cell and electrolyzer modes and 2) the creation of a bipolar plate with reduced weight, 

volume and high corrosion resistance for use in O2 reduction and water oxidation modes [1, 3]. To 

overcome the first challenge, many studies have focused on the development of highly active 

electrocatalysts, such as PtIrO2 and PtRuO2 [4, 5], for both O2 reduction and water oxidation at the O2 

electrode. To address the second challenge, researchers are developing metal bipolar plate with 

improved corrosion resistance by surface modification techniques to protect the metal surface from 

corrosion [6-7]. 

Graphitic material is a typical bipolar plate material that is widely used in proton exchange 

membrane fuel cells (PEMFCs). However, in the water electrolyzer mode operated at higher potential 

(> 2V), graphite bipolar plates show severe corrosion at the contact area between the carbon bipolar 

plate and the electrode [8, 9]. This increases the ohmic resistance and decreases the performance of 

URFCs [10]. Bipolar plates with a metal base have been used to replace nonporous graphite bipolar 

plates because of their mechanical strength, excellent manufacturability, nonpermeability, 

recyclability, high thermal and electric conductivity, and cost effectiveness [11]. These metallic 

materials include stainless steel [12, 13], copper alloy [14, 15], titanium (Ti) [16], aluminum (Al) [17], 

and nickel clad [18]. Among these materials, stainless steel has received much attention as a bipolar 

plate material because of its relatively good corrosion resistance and low price. However, the corrosion 

resistance of stainless steel is poor when this metal operates at high potential and current in an acid- 

and O2-rich environment of a URFC. Various coatings, such as Cr-based multilayers [19], compact 

titanium carbide (TiC) [20], molybdenum nitride (MoN) [21], titanium nitride (TiN) [22], zirconium 

nitride (ZrN) [23, 24], and titanium nitride/zirconium nitride (TiN/ZrN) multilayers [23, 25-27], have 

been deposited on the surface of stainless steel to improve its corrosion resistance. The TiC and TiN 

coatings reduced the corrosion current density compared to uncoated stainless steel (245 [20] and 108 

times [22], respectively).  

Ti has good mechanical strength, it can resist acidic corrosion, and it does not corrode in more 

positive over-potential under humidified conditions. However, the surface of Ti reacts readily with O2 

to form a passive oxide layer in the cathode-side environment of a fuel cell, thereby increasing the 

contact resistance, resulting in poor cell performance [2, 16]. Coatings of gold [16, 28], platinum [2], a 
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Ti-silver alloy [29], and TiN [30] have been deposited on the surface of Ti to prevent the formation of 

an oxide layer and improve the corrosion resistance of the Ti metal.  

The O2 electrode side of a URFC has a low pH value and is rich in O2 gas when URFC 

operated in the electrolyzer mode. Wang et al. [31] investigated the effect of O2 and H2 gases on the  

corrosion of an SS316L bipolar plate in a simulated anode and cathode environment of PEMFCs. They 

showed that less corrosion of SS316L occurred in the O2-rich environment because a passive oxide 

layer was formed on the surface of the SS316L in this environment. They further studied the effects of 

O2 and H2 gases on the corrosion of TiN-coated SS316L. [32] They found that the corrosion current 

density increased from 8.0 × 10
-6

 A cm
-2

 to 2.5 × 10
-5

 A cm
-2

 because pitting corrosion took place on 

the TiN-coated sample. Omrani et al. [33] showed an improvement in the corrosion resistance of about 

945 times when TiN nanoparticles were implanted on SS316L compared to that of untreated SS316L 

tested in an O2-rich environment with acid (i.e., 1.0 M H2SO4 at 70° C in an O2-rich environment). 

Wang et al. [21] also showed that the corrosion current density of MoN-coated SS304 dropped from 

1.35× 10
-5

 A cm
-2

 to 3.83× 10
-6

 A cm
-2

 in an O2-rich environment with acid, indicating an 

improvement of about 3.5 times.  

F
-
 ions exist in the anode- and cathode-side of fuel cells due to deterioration of the 

perfluorinated ionomer electrolyte membrane during the operation of the cells. As reported by Kong et 

al. [34], aggressive inorganic ions, such as F
-
, that exist in an acid environment can attack the passivity 

of Ti and its alloys. They studied the anodic dissolution kinetics of Ti at open circuit potentials in 1.0 

M HClO4 solutions containing different concentrations of F
-
. They reported that the F

-
 ions attacked 

the passivity of Ti and its alloys when the concentration of ions was more than 1× 10
-3 

M. Therefore, it 

is important to study the electrochemical behavior of metal bipolar plates in an acid environment 

containing F
-
 ions. 

In summary, the effect of O2 gas on the corrosion of coated stainless steel depends on what 

kinds of coatings are deposited on the metal. Although many studies have examined the effect of O2 on 

the electrochemical behavior of stainless steel, few have investigated the impact of O2 on coated Ti. Of 

the studies that have been conducted, most were concerned with the mechanical performance of coated 

Ti rather than the potentiodynamic polarization of coated Ti. Furthermore, there is a lack of research 

on nitride coatings containing both Ti and Zr elements, especially their electrochemical behavior in a 

simulated URFC environment in the presence of O2 gas. Therefore, this paper investigated the effect of 

O2 gas on the electrochemical behavior of a nitride coating with a Ti and Zr nano-composite structure. 

We deposited the nano-composite structure consisting of alternate TiN/ZrN layers on SS304 and Ti 

plates using the cathodic arc evaporation physical vapor deposition (CAE-PVD) technique. The 

electrochemical behaviors of the samples were studied in an O2-rich environment in an acid solution 

containing F
-
 ions.  

 

2. EXPERIMENTAL DETAILS 

Figure 1 shows a diagram of the proposed coatings. Ti2N was used as the bottom layer for the 

substrates (SS304 and Ti), and TiN was used as the middle layer. These were then coated with a nano-

composite of TiN/ZrN. The thickness of the two layers (bottom Ti2N and middle TiN layers) was 

about 300 nm, which is much smaller than that of the TiN/ZrN coatings (2.60 µm). 
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Figure 1. Diagram of the proposed layer structure that deposited on SS304 or Ti substrate. 

 

2.1 Coating process of the TiN/ZrN layer 

Commercialized SS304 stainless steel (composition: C: 0.08%, Mn: 2.0%, Si: 0.75%, Ni: 8–

12%, Cr: 18–20%, N: 0.1%, S: 0.03%, P: 0.045%, Fe: balance) and Ti plates (composition: C: 0.008%, 

Mn: 0.012%, N:0.003%, Fe:0.02%, Al: 0.02%, Ti: balance) were used in this study. Before the coating 

processes, all the samples (20 mm × 30 mm × 1 mm) were polished with silicon carbide paper (No. 

240# to 2400#) grit on a grinder and then with 0.30–0.05 μm Al2O3 powder on rubbing fur. The 

samples were coated after thorough degreasing, cleaning with detergent and deionized water, and 

drying in a hot oven. 

 

Table 1. The parameters used in the deposition process. 

 
Coating Parameters Setting value 

Ar ion bombardment -800 V bias for 20 min 

Substrate bias voltage / -V 120, 80 

Substrate temperature / °C 150~200 

Evaporator current / A 60 

Chamber pressure / Pa 1~3 

Reaction gas N2 

Source to substrate distance / mm 150~180 

Deposition time / minutes  

Ti2N layer 1 

TiN layer 5 

TiN/ZrN layer 30 
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To prepare the TiN/ZrN multilayer, we used a dual-target CAE-PVD system, which is the same 

as that used in our earlier publication [35] . Similar coating processes and parameters to those used in 

[35] were applied in the current study. Briefly, the surface of the substrate was further cleaned with 

Argon ion bombardment under a bias voltage of -800 V for 20 minutes at a chamber pressure below 

1.0 Pa. The bottom Ti2N interlayer was deposited on the substrate according to the experimental 

parameters listed in Table 1 for 1 min. The second TiN interlayer was obtained by adjusting the 

chamber pressure and deposition time. Finally, the TiN/ZrN composite layer was deposited on top of 

the TiN interlayer using the parameters given in Table 1. The resulting samples were denoted as 

TiN/ZrN-coated SS304 for the SS304 stainless steel and TiN/ZrN-coated Ti for the Ti substrates. The 

TiN/ZrN coating was formed by alternate TiN and ZrN layers with almost the same layer thickness 

(i.e., 9.7 nm versus 10.2 nm) to produce a nano-composite structure. This TiN/ZrN coating (2.6-μm 

thick) with a dense columnar structure was strongly bonded with the substrate using the cathodic arc 

evaporation techniques. The detailed microstructure, morphology, and composition of the TiN/ZrN 

coating were reported in our earlier publication [35].  

 

2.2 Characterization of the deposited layers  

The potentiodynamic polarizations of the samples and substrates were measured in a 

homemade electrochemical corrosion test cell [35] by a potentiostat manufactured by EG&G (model: 

263A). An exposed area of 1 cm
2
 of the sample served as the working electrode, the Pt mesh served as 

the counter electrode, and an Ag/AgCl electrode served as the reference electrode in the test cell. The 

measurements were conducted in 250 ml of 0.50 M H2SO4 with 3 ppm of NaF, bubbled with O2 gas at 

a flow rate of 10 standard cubic centimeter per minute (sccm, volume measured at 0 °C, 1 atm) under a 

scanning rate of 0.50 mV s
-1

 from -800 mV to 700 mV at 60° C. The polarization curves were recorded 

after the samples had stabilized at a corresponding open circuit potential for 60 min. It took about 6 h 

to complete the potentiodynamic polarization measurement. After the polarization testing, the 

corrosive solution was collected, and the amounts of Fe, Ni, Cr, Ti, Zr, and Mn ions dissolved in the 

solutions were analyzed with an inductively coupled plasma-mass spectrometer (ICP-MS) (Model: 

Agilent 7500ce, Agilent). The corroded samples were thoroughly washed with ultrapure water (18.2 

MΩ cm) to remove any residues on the surface of the samples. After drying in an oven at 80° C for 24 

h, the surface morphology of the samples was examined. A four-point probe apparatus was used to 

measure the surface resistance of the samples coated with TiN/ZrN and the uncoated samples at 25° C. 

The surface resistance of the samples was determined by passing a current through the two outer 

probes placed on the surface of the sample and measuring the voltage through the two inner probes. 

The sheet resistance is equal to the obtained surface resistance multiplied by 4.53 (the correction factor 

value) [37], and the resulting unit is in ohms per square (Ω sq
-1

). A field-emission scanning electron 

microscope (FE-SEM) (model: JSM 7000F, JOEL) was used to analyze the microstructure of the 

deposited thin films before and after the potentiodynamic polarization measurements. 
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3. RESULTS AND DISCUSSION 

3.1 Electrochemical polarization 
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Figure 2. Potentiodynamic polarization curves of (a) TiN/ZrN-coated SS304 sample and SS304 

substrate, and (b) TiN/ZrN-coated Ti sample and Ti substrate tested in 0.50 M H2SO4 with 3 

ppm NaF solution bubbled with O2 at 60 °C. 

 

To investigate the corrosion current density (Icorr) of the studied samples, the Icorr was 

determined from the cross point of the anodic Tafel slope and the cathodic Tafel slope of the 

corresponding potentiodynamic polarization curves. In this study, the values of the βa and the βc were 

(a) 

(b) 
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obtained using the curve-fitting functions provided in EG&G software. The Icorr presented here is the 

average value over 10 runs of the curve-fitting results. The polarization resistance (Rp) of the samples 

was calculated using Equation 1 below: 

 

where Rp is the polarization resistance calculated in Ω cm
2
, βa is the anodic Tafel slope 

calculated in mV, βc is the cathodic Tafel slope calculated in mV, and Icorr is the corrosion current 

density calculated in A cm
-2

.  

Figure 2 and table 2 show the potentiodynamic polarization curves and corrosion 

electrochemical parameters of the bare SS304, Ti, TiN/ZrN-coated SS304, and TiN/ZrN-coated Ti. The 

Icorr of the TiN/ZrN-coated SS304 samples was about 49 times lower than that of the uncoated SS304 

(i.e., 6.8 × 10
-7

 A cm
-2

 versus 3.3 × 10
-5

 A cm
-2

). The Icorr of the sample with the TiN/ZrN coating and 

that of the bare Ti was 9.8 × 10
-7

 A cm
-2

 and 3.4 × 10
-4

 A cm
-2

, respectively, indicating that the 

corrosion rate of the TiN/ZrN coating on Ti was about 345 times lower than that of the bare Ti. Due to 

the increased decrement in the Icorr of the TiN/ZrN coating on the Ti compared to that of the TiN/ZrN 

coating on the SS304 substrate, we conclude that the reduction in the corrosion rate of the TiN/ZrN 

coating on the Ti substrate is superior to that of the coating on the SS304 substrate. The Rp values 

further support this inference, with the TiN/ZrN-coated Ti showing an increment of 233 times versus 

an increment of six times for the TiN/ZrN-coated SS304 (as listed in Table 2). 

 

Table 2. Polarization parameters of TiN/ZrN-coated SS304, TiN/ZrN-coated Ti, uncoated SS304 and 

Ti measured in 0.50 M H2SO4 with 3 ppm NaF solution and bubbled with O2 at 60 °C. 

 

Specimens Ecorr / V Icorr /A cm
-2

 βa / mV βc / mV Rp / Ω cm
2
 

SS304 -0.085 3.3×10
-5

 1459 913 7.5×10
3
 

TiN/ZrN-coated SS304 0.080 6.8×10
-7

 110 104 4.5×10
4
 

Ti -0.097 3.4×10
-4

 1579 149 1.8×10
2
 

TiN/ZrN-coated Ti 0.302 9.8×10
-7

 154 201 4.3×10
4
 

SS304
*
 -0.424 3.7×10

-6
 1127 789 5.2×10

4
 

Ti
*
 0.284 2.9×10

-8
 814 813 6.1×10

6
 

* 
The samples tested in solution only containing the 0.50 M H2SO4 bubbled with O2 at 60 °C. 

 

Comparison of the Icorr between the bare SS304 and Ti revealed that the corrosion rate of the 

bare Ti was higher than that of the SS304. This implies that the corrosion resistance of SS304 is higher 

than that of bare Ti in an O2-rich environment with F
-
 ions (i.e., 7.5 × 10

3
 Ω cm

2
 versus 1.8 × 10

2
 Ω 

cm
2
). This finding is contrary to that reported in some studies in the literature [37]. To clarify the 

source of the discord, we performed additional potentiodynamic measurements of the two samples 

using a solution containing only 0.50 M of H2SO4, bubbled with O2 at 60° C (i.e., without F
-
 ions). The 

potentiodynamic curves and corrosion electrochemical parameters are shown in Figure 3 and Table 2, 

respectively. It can be seen that the Icorr of the bare Ti is about 127 times lower than that of the SS304 

(1) 
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(i.e., 2.9 × 10
-8

 A cm
-2

 versus 3.7 × 10
-6

 A cm
-2

), indicating that the corrosion rate of the bare Ti in the 

presence of O2 and acid is lower than that of the SS304.  

 

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

-12 -10 -8 -6 -4 -2 0

log I  / A cm
-2

V
 v

s 
A

g
/A

g
C

l 
/ 

V

SS304

Ti

Cell temperature: 60 °C

Solution: 0.50 M H2SO4

Bubbled with O2

Ti

SS304

 
Figure 3. Potentiodynamic polarization curves of bare SS304 and Ti tested in 0.50 M H2SO4 solution 

and bubbled with O2 at 60 °C. 

 

This result is consistent with the reports in the literature [37]. The finding can be explained by 

the formation of a passive oxide layer on the surface of the Ti substrate in the presence of O2, thereby 

preventing the acid corrosive medium from attacking the substrate directly. Obviously, the F
-
 ions 

strongly affected the corrosion rates of the bare Ti substrate. The corrosion rate of the Ti in the solution 

containing the F
-
 ions was much higher than that in the solution without the F

-
 ions (i.e., 3.4 × 10

-4
 A 

cm
-2

 versus 2.9 × 10
-8

 A cm
-2

). On the other hand, we previously reported [35] that the Icorr of bare Ti in 

a H2-rich solution with F
-
 ions was 3.5 × 10

-6
 A cm

-2
. This Icorr value is 97 times lower than that 

recorded in the O2-rich solution with the F
-
 ions in the present study, suggesting that the O2 gas in the 

solution also affected the corrosion rate of Ti. 

Summarizing the above results, the corrosion rate of Ti was enhanced in the solution containing 

the F
-
 ions and O2 gas. The most probable explanation is that F

-
 ions destroyed the passive Ti oxide 

layer and reacted with the Ti substrate to form a Ti–F
-
 compound [34]. As a result, the corrosion rate of 

the bare Ti was higher than that of the bare SS304 in the acid solution containing the F
-
 ions and O2.  

 

3.2 Morphology 

Figure 4 shows the SEM images of the corrosion of the TiN/ZrN-coated SS304 and uncoated 

SS304 after the potentiodynamic polarization testing in 0.50 M of H2SO4 with 3 ppm NaF, bubbled 

with O2 gas. As shown in Figure 4(b), serious localized corrosion and corrosion by-products were 
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visible on the surface of the bare SS304. However, corrosion was only observed on the surface of 

TiN/ZrN coating at specific locations, as shown in Figure 4(d). This type of corrosion is known as 

pitting-type localized corrosion. Comparing Figures 4(c) and (d), we find that the corrosion of the 

TiN/ZiN layer mainly starts from defects such as micro-particles and pinholes, and these defects were 

scattered on the surface of the TiN/ZrN coating by the arc-sputtering process. We infer that galvanic 

corrosion takes place at those defect sites and that small anodic defect sites rapidly penetrate through 

the substrate. Accordingly, the numbers of microparticles and pinholes, as well as the penetration rate 

of small anodic defects, determine the corrosion resistance of the TiN/ZrN coating.  

 

 
 

Figure 4. SEM images for the (a) bare SS304 (x1k), (b) bare SS304 (x5k) after the potentiodynamic 

polarization test, (c) TiN/ZrN-coated SS304 sample before and (d) after the potentiodynamic 

polarization test in the simulated URFC oxygen environment. 

 

Table 3. The concentrations of dissolved ions in the corrosive solution after the polarization 

measurements for the TiN/ZrN-coated SS304, TiN/ZrN-coated Ti samples, uncoated SS304 

and Ti.  

 

 Dissolved ion concentration/ ppb 

Samples Ti Cr Mn Fe Ni Zr 

TiN/ZrN-coated SS304 47.0  29.5  6.4  465.5  25.6  5.8  

TiN/ZrN-coated Ti 75.5  ----  ----  ----  ---- 19.7  

SS304 

Ti 

---- 

100.6 

309.8 

22.4 

205.9 

5.2 

11790.4 

---- 

1322 

---- 

---- 

---- 

 



Int. J. Electrochem. Sci., Vol. 9, 2014 

  

7841 

Table 3 lists the dissolved ions found in the solution 6 h after the potentiodynamic polarization 

testing by ICP-MS analysis. The solutions of the TiN/ZrN-coated SS304 contained 47.0 ppb of Ti and 

5.8 ppb of Zr ions. Small amounts of Fe (465.5 ppb), Cr (29.5 ppb), Mn (6.4 ppb), and Ni (25.6 ppb) 

ions were also present in the solutions of the TiN/ZrN-coated SS304 samples. These were derived from 

the SS304 substrate. This result evidently shows that the TiN/ZrN coating has a low degree of 

dissolution compared to that of the bare SS304.  

Figure 5 depicts the SEM images of the corrosion morphology of the Ti substrate and TiN/ZrN-

coated Ti. As shown in Figure 5(b), the Ti substrate showed more serious localized corrosion compared 

to the SS304 substrate. This observation supports the electrochemical polarization results, which 

demonstrated that the Icorr of the bare Ti was about 10 times higher than that of the SS304. However, as 

shown in Figure 5(d), the corrosion morphology of the TiN/ZrN-coated Ti is similar to that of the 

TiN/ZrN-coated SS304, suggesting that similar electrochemical behavior occurred on the surface of the 

TiN/ZrN coating. The results of the ICP-MS analysis showed a low degree of dissolution of the 

TiN/ZrN coating on the Ti (as shown in Table 3). Thus, the TiN/ZrN nano-composite layer appears to 

strongly impede anodic dissolution of SS304 or Ti, coupled with H
+
 ion/O2 reduction.  

 

3.3. Sheet resistance (Rs) 

Table 4. The sheet and surface resistances for TiN/ZrN-coated SS304, TiN/ZrN-coated Ti, uncoated 

SS304 and Ti samples. 

 

Specimens 
Surface resistance 

/ mΩ 

Sheet resistance (Rs) 

/ mΩ sq
-1

. 
 

SS304 0.46 
2.09 

 

TiN/ZrN-coated SS304 0.65 
2.95 

 

Ti 0.45 
2.04 

 

TiN/ZrN-coated Ti 0.63 
2.86 

 

 

The surface resistance, which is the electric resistance of a thin film or surface, was determined 

with a four-point probe apparatus. Table 4 lists the surface and sheet resistances (Rs) of the uncoated 

substrates, TiN/ZrN-coated SS304, and TiN/ZrN-coated Ti. The surface and sheet resistances of SS304 

slightly increased, from 0.46 mΩ to 0.65 mΩ and from 2.09 mΩ sq
-1

 to 2.95 mΩ sq
-1

 (mΩ sq
-1

 

represents mili-ohms per square), respectively, following the application of the TiN/ZrN coating. The 

surface and sheet resistances of the TiN/ZrN layer coated on the Ti surface also slightly increased, 

from 0.45 mΩ to 0.63 mΩ and from 2.04 mΩ sq
-1

 to 2.86 mΩ sq
-1

, respectively. These results indicate 

that the TiN/ZrN coating slightly decreased the electron conductivity of the SS304 and Ti substrates.  
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Figure 5. SEM images for the (a) bare Ti (x1k), (b) bare Ti (x5k) after the potentiodynamic 

polarization test, (c) TiN/ZrN-coated Ti sample before and (d) after the potentiodynamic 

polarization test in the simulated URFC oxygen environment. 

 

The Ecorr of SS304 in the O2-rich environment was -0.085 V, which was about four times higher 

than that in the H2-rich environment. The Icorr of SS304 was also lower in the O2-rich environment than 

in the H2-rich environment (i.e., 3.3 × 10
-5

 versus 4.0 × 10
-5

 A cm
-2

). Thus, the rate of the anodic 

dissolution of SS304 in the O2-rich environment was lower than that in the H2-rich environment due to 

the presence of O2, which forms a passive oxide layer protecting SS304. After coating the TiN/ZrN 

layer on the SS304, the corrosion current density decreased from 3.3 × 10
-5

 to 6.8 × 10
-7

 A cm
-2

, 

indicating that the corrosion rate of the TiN/ZrN-coated SS304 decreased 49 times compared to the 

uncoated SS304. The difference in the corrosion rate is due to the dense columnar microstructure of the 

nano-composite TiN/ZrN layer, which is almost impermeable to corrosive media, such as H
+
, SO4

2-
, 

and F
-
 ions. The nano-composite layer also provides strong protection against the H

+
 and F

-
 ions, even 

in the presence of O2. Therefore, it is difficult for the corrosive ions to penetrate the surface of SS304 

and induce anodic dissolution of the metal. In contrast, the corrosion current density of the same 

coating on SS304 substrate in an H2-rich environment [37] was reported to be lower than that in an O2-

rich environment (i.e., 3.1 × 10
-7

 A cm
-2

 versus 6.8 × 10
-7

 A cm
-2

). The findings indicate that the 

presence of O2 slightly enhances the corrosion rate of a TiN/ZrN coating in a corrosive solution 

containing F
-
 and H

+
 ions.  

Based on the electrochemical potentiodynamic results for Ti in the O2-rich environment, with 

and without F
-
 ions, as well as the results of the SEM images after the potentiodynamic test, the 

corrosion current density of bare Ti was high in the O2-rich environment due to the existence of F
-
 ions, 

although the concentration of the F
-
 ions was only 3 ppm. In contrast, the TiN/ZrN-coated Ti showed 

superior corrosion resistance to the corrosive medium in the O2-rich environment containing F
-
 and H

+
 

ions. This is due to the dense columnar microstructure of the TiN/ZrN nano-composite layer providing 
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strong chemical protection against the F
-
 and H

+
 ions, even in the presence of the O2 gas. Of note, the 

corrosion current density of the TiN/ZrN-coated Ti in the O2-rich environment was slightly higher than 

that in the H2-rich environment (i.e., 9.8 × 10
-7

 A cm
-2

 versus 2.1 × 10
-7

 A cm
-2

). This result implies 

that the presence of O2 has a positive effect on the corrosion rate of the TiN/ZrN layer.  

Comparing the increment in the Rp values of the TiN/ZrN-coated SS304 in O2 environment in 

present study with those in H2 environments in our earlier study [35], the increase was 215 times 

higher in the H2 environment in the previous study.  Nevertheless, the corrosion resistance of the 

TiN/ZrN-coated SS304 fulfills the requirement of a bipolar plate material for URFCs because its Icorr is 

lower than 10
-6

 A cm
-2

 (the target of the Department of Energy, USA). The increment in the Rp values 

of the TiN/ZrN-coated Ti in the O2 environment was higher than those in the H2 environment [35] (243 

times versus 192 times, respectively). The great improvement in the corrosion resistance means that 

the TiN/ZrN-coated Ti substrate may be suitable as a bipolar plate material for URFCs. 

Comparing the decrement in the Icorr of the TiN/ZrN-coated SS304 (from 3.3 × 10
-5 

to 6.8 × 10
-7

 

A cm
-2

) in this study with TiN-coated SS316L (from 4.3 × 10
-5

 to 1.0 × 10
-6

 A cm
-2

) prepared by Wang 

[32], our coating outperforms the TiN coating, with the Icorr being 59 times lower in Wang’s study. 

Thus, the performance of TiN/ZrN nano-composite layers is better than that of TiN layers in an O2-rich 

environment. Comparison of the decrement in the Icorr of our TiN/ZrN-coated sample with that of a 

sample coated with a CrN layer developed by Pozio et al. [38] shows that the Icorr of the TiN/ZrN 

coating is lower (i.e., 49 times versus five times). Summarizing the above results, the corrosion 

resistance of the TiN/ZrN coating in this study outperforms the corrosion resistance of CrN and TiN 

coatings on an SS316L surface in an O2-rich environment. The Icorr of the TiN-coated Ti substrate 

using the multi-arc ion plating [30] method was 8.6× 10
-9

 A cm
-2

, which is only five times lower than 

that of the uncoated Ti (4.2× 10
-8

 A cm
-2

). In contrast, the Icorr of our Ti sample with the TiN/ZrN 

coating decreased 345 times compared to the uncoated Ti substrate. Clearly, the TiN/ZrN coating 

outperforms the TiN coating on a Ti substrate in an O2-rich environment containing F
-
 ions. 

 

 

 

4. CONCLUSIONS 

The corrosion resistance of the samples coated with alternate multilayers of TiN/ZrN on SS304 

and Ti increased six and 243 times, respectively, compared to the uncoated SS304 and Ti in an O2-rich 

environment containing F
-
 ions and acid, and the corrosion potential increased by about 0.17 V and 

0.40 V, respectively. The increased corrosion resistance is attributed to the nano-composite structure of 

the TiN/ZrN layer, which has a dense columnar microstructure that is almost impermeable to corrosive 

media, such as H
+
 and F

-
 ions. This TiN/ZrN layer protects the surfaces of the substrates, especially Ti, 

from attacks by H
+
 and F

-
 ions in the presence of O2. The presence of O2 gas in the solution slightly 

increased the rate of anodic dissolution of the TiN/ZrN layer as compared with the solution containing 

H2 gas. The corrosion rate of Ti was enhanced in the solution containing the F
-
 ions and O2 gas because 

the F
-
 ions can destroy the passive Ti oxide layer and directly react with the Ti substrate to form a Ti–F

-
 

compound. The coating of the TiN/ZrN layer greatly impeded (about 345 times) the charge transfer 

reaction of the anodic dissolution of Ti coupled with H
+
 ion/O2 reduction in the aqueous solution. The 
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improvement in the corrosion resistance of both the SS304 and Ti substrates coated with the TiN/ZrN 

multilayer was greater than the improvement in the sheet resistance. The TiN/ZrN coating in this study 

outperforms the nitride coating with single element, such as CrN and TiN coatings, in an O2-rich 

environment. Therefore, this TiN/ZrN coating is a good candidate to protect the surfaces of SS304 and 

Ti substrates from attacks by F
-
 and H

+
 ions in an O2-rich URFC environment. 
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