
  18TH INTERNATIONAL CONFERENCE ON COMPOSITE MATERIALS 

1 Introduction  

Polymer electrolyte fuel cells (PEFCs) have 
received considerable attention as a potentially 
alternative power source for an automotive 
application over recent years. However, there are 
still several technical challenging issues to be solved 
before commercialization of PEFCs for this 
vehicular application: performance and reliability. 
Among the performance issues of fuel cells, cold 
starting at subzero temperature is one of the major 
drawbacks of the low temperature fuel cell for long 
term reliability and guaranteed performance [1-3].  

For the successful cold starting of a fuel cell 
engine, either internal or external heat supply must 
be made to overcome the formation of ice from 
water below the freezing point of water. Currently 
most fuel cell engines adopt an external heating 
system, e.g. heat generation by electrical resistance 
in a water reservoir of a cooling system [4]. 
However, this external heating device consumes 
enormous amounts of electrical energy to thaw out 
and warm up the frozen electrochemical engines to 
reach a normal operational state (e.g. 60–80℃), 
which deteriorates the performance of fuel cell 
engines. 

An energy-efficient way of a heat supply 
method can be made by applying highly electrically 
resistive material at low temperatures onto the 
surface of key fuel cell components (e.g. bipolar 
plate) in a thin film form, which can relatively 
minimize the parasitic loss compared to external 
heating of coolants. In the low current density range 
(i.e. ≤300mA/cm2), this highly electrically resistive 
material should be able to produce sufficient 
amounts of heat energy by thermal dissipation in the 

form of Joule heating. In contrast, the electrical 
resistance of this material should be significantly 
reduced in the mild temperature range (e.g. below 
room temperature) due to the continuously generated 
heat as a by-product of fuel cell reactions. Therefore, 
the resistive material should have an electrical 
resistance inversely proportional to the fuel cell 
temperature, which is the distinctive feature of a 
negative temperature coefficient material [5-6].  

The present study applies molybdenum-doped 
vanadium oxide compounds as the negative 
temperature coefficient materials onto the surface of 
flat metallic bipolar plates [7-8]. Then, the 
applicability of the negative temperature coefficient 
materials as an internal heat source for a fuel cell 
vehicle at sub-freezing temperature is evaluated by 
investigating the composition, morphology, and 
temperature dependent electrical properties.  
 
2 Experimental 

The pure and impure vanadium oxide 
composite thin films have been prepared by an 
aqueous sol-gel method from vanadium alkoxide 
solution mixed with n-type doping materials (e.g. 
molybdenum) and then coated on the surface of a 
pre-cleaned 316L stainless steel bipolar plate with 
natural passive oxide layer. The vanadium oxide 
composite thin films with different mol % of Mo (0 
to 4 mol %) to vanadium sol were deposited by dip-
coating machine with pull rate from 1mm/s in this 
study. After dip-coating under ambient humidity 
condition, we obtained homogeneous vanadium 
oxide thin films with mostly transparent and pale 
yellow. The coated specimens were then dried 
around 80  in air, ℃ which occurred to the color shift  
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Fig.1. Experimental process for the fabrication of 
vanadium composite thin films deposited on 316L 
stainless steel bipolar plates 

 
to green due to the reduction of V5+ to V4+ (V4+/V5+ 
≈ 10%) [9-10]. Finally, the V2O5 dry film was 
annealed in a tubular chamber at 500℃ which was 
programmed for temperature control and operated in 
a vacuum state of 10-3 torr. All the experimental 
processes are summarized in Fig. 1. After the post 
heat treatment process, we obtained molybdenum-
doped vanadium composite thin films on metallic 
plates as shown in Fig. 2.  

Subsequently, X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS) and field 
emission scanning electron microscopy (FE-SEM) 
were used to investigate the chemical compositions, 
crystalline phases, and microstructure of the 
molybdenum-doped vanadium oxide composite thin 
films, respectively. In addition, modulation effect of 
n-type doping material on the temperature dependent 
electrical resistance of the vanadium composite thin 
films was carefully observed over a temperature 
range from -20℃ to 80℃.  
 
3 Results & Discussion 

As representative results of these experiments,  

 
Fig.2. A sample of a molybdenum-doped vanadium 
composite thin films coated metallic plate 

 
Fig. 3 represents the XRD spectrum of a 

1mol % Mo-doped sample (SVM 1). There are 
strong V2O5 and V2O3 peaks indicating that this 
sample has not been fully reduced. The existence of 
a binary mixture of vanadium oxide phases is 
attributed to the reducing conditions induced by the 
partial pressure of oxygen in the post heat-treatment 
process. Most importantly, no peaks corresponding 
to molybdenum oxides are observed in Fig. 3, which 
implies that vanadium sites in vanadium oxides 
structure were successfully substituted by 
molybdenum as a dopant in the vanadium oxides. A 
minor peak for V5S4 is observed at 2θ ≈ 14o, 
indicating that a minute amount of sulfur in the flat 
metallic bipolar plates has combined with vanadium 
phases. 

The most striking results from this study were 
that the variation of temperature dependent electrical 
properties for the three different samples. It is 
clearly seen that both SVM 1 (1mol% Mo-doped 
vanadium oxide composite thin film) and SVM 2 
(2mol% Mo-doped vanadium oxide composite thin 
film) with the molybdenum demonstrate typical 
negative temperature coefficient characteristics with 
temperature and have electrical resistances greater 
than the minimum requirement of electrical 
resistance calculated in theoretical target value. We 
can infer from Fig. 4 that there will be no further 
increase in electrical resistance below -10℃ and this 
makes it possible to expand the applicable 
temperature range of the experimental result to -
20℃. 

Moreover, the electrical resistances in both 
samples with the molybdenum dopant drop 
significantly at about 10℃ and converge on an 
extremely small value similar to that of a flat  



 

 
Fig.3. XRD pattern of a 1mol% Mo-doped sample 

 

 
Fig.4. Measured electrical resistances as a function 
of temperature with various compositions of 
vanadium and molybdenum compounds. Dotted line 
indicates the required minimum electrical resistance 
for the cold starting of fuel cell 

 
metallic bipolar plate without any surface treatment 
at higher temperatures, i.e. T ≥ 50℃. 

Therefore, we can expect that vanadium oxides 
doped with molybdenum can be substantially 
utilized for the cold starting of polymer electrolyte 
fuel cells which requires considerable thermal 
sources for ice-melting at sub-zero temperatures. 
Particularly, this internal heating method does not 
require any external heat-supply equipments for cold 
starting of fuel cell vehicles as well as control logic 
to adjust the amount of heat as a function of 
temperature.  
 

 
Fig.5. SEM images of SVM 1: (a) in-plane 
microstructure and (b) cross-sectional microstructure 
 

Fig. 5 shows the vanadium composite film 
microstructure and grain morphology of SVM 1 with 
a thickness of about 0.6nm. It was found from Fig. 5 
(a) that large agglomerates were dispersed 
homogeneously in the composite film. With the 
vertical dip-coating process used in this study, we 
obtained a granular-layered type of grain structure in 
a cross-sectional view as shown in Fig. 5 (b) which 
may provide better conducting paths compared with 
the planar shear microstructure.  
 
4 Conclusions and Outlook 

The applicability of a molybdenum-doped 
vanadium composite compound to the cold starting 
enhancement of polymer electrolyte fuel cells was 



investigated by experimental methods. The 
preparation of molybdenum-doped vanadium oxide 
was conducted via an aqueous sol-gel process using 
flat stainless steel plates as substrates.  

The experimental results revealed that the 
composite thin films were mainly composed of 
various vanadium oxide compounds acted as 
negative temperature coefficient materials from -
20℃ to 80℃. Also, it was found that large 
agglomerates were dispersed homogeneously in the 
film and a granular-layered type of film structure, 
resulting in a more electrically conductive 
morphology compared with the planar shear 
microstructure.  

In a representative parameter study, we 
observed that the molybdenum-doped vanadium 
oxide composite materials synthesized in this study 
have electrical resistances of negative temperature 
coefficient characteristics, which is of great 
importance for fuel cell applications at subzero 
temperatures. It was found that the composite thin 
films can be greatly utilized as a self-heating thermal 
source for cold start enhancement of fuel cell 
engines. 
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