
JOURNAL OF APPLIED ELECTROCHEMISTRY 26 (1996) 1267-1272 

Changes in cathode catalyst structure and activity in 
phosphoric acid fuel cell operation 
T. M A O K A ,  T. KITAI,  N. SEGAWA, M. U E N O  

Heavy Apparatus Engineering Laboratory, Toshiba Corporation, 2-1 Ukishima-cho, Kawasaki-ku, Kawasaki, 
210 Japan 

Received 20 September 1995; revised 1 May 1996 

Changes in the cathode catalyst structure and activity obtained from a small size phosphoric acid fuel 
cell (PAFC) operated for various times up to 12000h, were examined. It was confirmed that the 
platinum surface oxide reduction potential in cyclic vol tammograms (CV) shifted in the positive 
direction with cell operation. This may be one of  the manifestations of  the activity enhancement 
for the oxygen reduction reaction (ORR). It was assumed that this activity increase for the O R R  
was caused by an increase in the surface roughness, due to the dissolution of the alloyed base 
metals. Changes in the platinum chemical state of the alloy surface, from PtO to Pt, and growth 
of the Pt (1 1 0) plane would also contribute to this effect. 

1. Introduction 

Platinum alloy supported on carbon is used as a 
PAFC cathode catalyst. The alloy components are 
usually transition metals or refractory metals in 
groups IV, V, VI, VII and VIII, such as Ti, V, Cr, 
Mn, Fe, Co and Ni. These catalysts have a higher 
catalystic activity for ORR than that of a nonal- 
loyed catalyst [l-3]. Cells using these alloy catalysts 
exhibit high performance from the initial stage of 
operation. Moreover, the performance decay rate 
is smaller than that for a cell using a nonalloyed 
catalyst [4-9]. 

Clarification of the mechanism of the high catalytic 
activity of these alloyed catalysts would facilitate the 
design of a high performance and long life cell. It is 
known that the alloyed base metals undergo con- 
siderable dissolution in the early stage of cell 
operation [10]. However, after that time, the cell still 
exhibits better performance than a cell using a 
nonalloyed catalyst. This phenomenon is of great 
interest. 

In this paper we report the change in the cathode 
catalyst structure and surface properties of a PAFC 
catalyst with operation. 

2. Previous studies 

The mechanism of the high catalystic activity of 
alloy catalysts for ORR has been studied by 
many researchers. Excellent review articles have 
been written on this subject [3-11]. Catalytic activity 
is explained with reference to structural and elec- 
tronic properties of the alloy catalyst. Jalan and 
Taylor [12] reported the importance of the inter- 
atomic spacing in the catalytic reduction of oxygen 
in phosphoric acid. They showed that the specific 

activity for oxygen reduction increased with a 
decrease in the Pt-Pt  interatomic distance for the 
alloyed catalyst. We recognize this result as one 
of the manifestations of the so-called 'volcano 
relationships' [13]. However, Glass et al. [14] 
insisted that decreased lattice spacing did not 
Correlate with an increase in ORR activity and, 
moreover, that the atomic ordering in low Cr-content 
specimens was found to generally promote catalytic 
activity. 

To clarify the role of the alloy metals and their 
chemical nature at the electrode surface, photoelectron 
spectroscopic studies, combined with the usual electro- 
chemical techniques, have been implemented by many 
investigators for the systems Pt/Cr [15-21], Pt/Co 
[22, 23], Pt/Ti [24], Pt/Fe [25] etc. Daube et al. [15] 
showed that alloyed Cr promotes the oxidation of Pt 
to Pt 4+, leaving a porous platinum electrode with 
increased electrochemical hydrogen adsorption 
capacity. 

The creation of porous surface structures has been 
suggested by many Other researchers. In a recent 
patent, it is claimed that elemental gallium is effective 
for creating a porous structure [9]. Recently, Kim 
et al. [26] confirmed that the mass activity could be 
enhanced substantially when surface roughening of 
the catalyst surface occurred while retaining a small 
metal particle size. 

Beard and Ross Jr [23, 24] prepared carbon- 
supported Pt-Co and Pt-Ti alloys and verified the 
formation of an ordered alloy of the Pt3M type by 
observations of the superlattice line in the XRD 
pattern. The activity test showed that the most 
highly alloyed catalysts were not significantly more 
active than pure Pt, but that the loss of the alloyed 
metal was the lowest in catalysts which were most 
alloyed. 
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Watanabe et al. [27] studied the activity and 
stability of ordered and disordered Co-Pt alloys for 
PAFC. The ordered alloy exhibited higher activity 
for ORR than the disordered alloy before the cor- 
rosion test but showed less activity after the corrosion 
test. The authors concluded that the disordered alloy is 
preferable to the ordered alloy from the viewpoint of 
stability of both structure and electrocatalytic activity. 
The high catalytic activity of an ordered alloy was also 
shown in a recent report by Cho et al. [28]. 

Mukerjee and Srinivasan [29] examined the enhanced 
electrocatalysis of oxygen reduction on platinum 
alloys in proton exchange membrane fuel cells. They 
concluded that the enhanced activity originates 
primarily as a result of changes in the lattice structure 
due to alloying and the unique environment of the 
supported catalyst in the 3.5 ~7.5nm particle size 
range. 

They also showed that the enhanced electro- 
catalysis can be rationalized on the basis of interplay 
between electronic and geometric factors by in situ 
XANES and EXAFS investigation [30]. 

New and important results were reported by Allen 
et al. [31] on analysing the EXAFS (extended X-ray 
absorption fine structure) spectra of various platinum 
alloy catalysts supported on carbon. They found an 
absence of transition metal coordination to the 
platinum atoms and proposed that the electrocatalyst 
consists of essentially three domains: a platinum metal 
phase, a quasimetallic Pt-O surface layer, and a 
separate transition metal compound phase (carbide 
or mixed carbide/oxide). They suggested that this 
separate transition metal-related compound phase 
indirectly affected catalyst structure and activity. 
Because both the platinum and transition metal 
atoms are situated on a conductive carbon support, 
their redox chemistry should be intimately related. 
In addition, the possibility of 10% alloying combined 
with enhanced activity data for the alloyed materials 
may indicate that a one-to-one alloy is not a 
particularly unique requirement for improved catalyst 
performance. 

As seen above, this subject is so complicated that 
many mutually related factors such as lattice 
structure, surface roughness, change in electronic 
properties etc., are closely involved. Change in 
catalyst properties with cell operation and the reason 
for maintenance of the activity after dissolution of 
the alloyed base metals are not yet clear. 

3. Experimental details 

The test samples of the catalyst layer were obtained 
from the cathode of a small single cell (electrode 
area 25cm 2) operated for various times up to 
12000h in a vessel pressurized with 8.4atm of 
nitrogen gas. The cells were operated at a constant 
current density of 0.210Acre -2 at 207°C. The fuel 
gas was H2(80%) + CO2 (20%) and the oxidant gas 
was air. The fuel gas was humidified with 60°C 
water. The gases were supplied to the cell in excess. 

The cathode catalyst was Pt -Cr-Ni  alloy supported 
on carbon. The contents of the individual metal 
components were 10, 1.5 and 1.5wt%, respectively. 
The gas diffusion electrodes were made by the 
ordinary method. The PTFE (polytetrafluoroethy- 
lene) content was 40wt%. The electrodes were 
baked at 360°C for 20rain. The time-dependent 
changes in the metal component in the catalyst layer 
were examined by ICP. (ICP-5000, Shimazu). A 
fresh electrode was used in each experiment. The cell 
operation was stopped at various times, and the cath- 
ode was analysed using XRD, XPS and CV measure- 
ment. XRD patterns were obtained with a Rigaku- 
Denki (model RAD-2B) X-ray diffractometer in the 
20°~<20~<55 ° range, at l °min  -1 scan speed. The 
power source supplied 20kV, 20mA. XPS spectra 
were obtained by ESCA-LAB5 (VG Co., Ltd, 
England). The X-ray source was an MgK~ line, and 
the power source supplied 10 kV, 20 mA. The analysis 
was carried out in the constant analyser energy mode. 
The test sample was placed in a vacuum chamber of 
about 10-SPa. The axis was corrected for Cls at 
284.6 eV. 

4. Results and discussion 

4.1. Time lapse of the cell performance 

Figure 1 shows the time lapse of the cell performance 
at constant current density (0.210Acre -2) using the 
alloy catalyst as the cathode. The cell voltage was 
higher than that of the cell using a nonalloyed 
catalyst as a cathode by 50 ~ 100mV. The voltage 
rose considerably within the initial 100h; then it 
decreased linearly with logt by 36mVdecade -1. 
The voltage gain at the initial stage probably 
reflects the increase in the wettability of the catalyst 
layer and the latter part, that is, the gradual decline 
in voltage, reflects the voltage loss caused by 
catalyst sintering, or flooding of the electrode 
with electrolye [32]. 
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Fig. 2. (a) Changes in the metal component in the cathode catalyst 
layer; (b) changes in the X-ray diffraction angle of Pt corresponding 
to (a). 

4.2. Change in the amount of the metal component in 
the catalyst layer 

Changes in the amount of the metal component in the 
catalyst layer with cell operation are shown in Fig. 2(a). 
The amount of alloyed metal, Cr, Ni, decreased 
steeply within the initial several hundred hours, then 
decreased gradually, so that the relative Pt content 
increased. In this process, it is anticipated that the 
surface roughness increased because a porous struc- 
ture was created on the surface. Comparing Fig. 2(a) 
with Fig. 1, it can be said that the dealloying of the 
base metals has little effect on the cell performance 
decay, because the voltage did not change abruptly 
after the initial several hundred hours. It should be 
noted that the cell voltage was still maintained at a 
higher value than that of the cell using a nonalloyed 
catalyst as a cathode, after considerable dissolution 
of the base metals. 

4.3. Change in X-ray diffraction angle of Pt 

Corresponding to this change in the amounts of metal 
components, the X-ray diffraction angle for Pt 
decreased from 40.8 ° to 39.8 °, as shown in Fig. 2(b), 
which indicates the structural change from Pt-alloy 
to pure Pt. 

4.4. Change in XPS spectrum 

The XRD spectrum shows the bulk properties for 
the catalyst layer. On the other hand, information 
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Fig. 3. Pt4f XPS spectra for the cathode catalyst layer: (a) fresh; 
(b) after 8304h of cell operation. Key: (--)  observed and ( - - - )  
deconvoluted curve; small peak is an asymmetric component of 
4f5/2 and 4fv/2. 

on the surface properties can also be obtained 
from XPS. 

Comparison of XPS spectra for Pt4f7/2, and 4f5/2 
obtained before and after cell operation are shown 
in Fig. 3. After cell operation, the intensity (counts) 
decreased to about 1/3 of that for the fresh electrode, 
and the peak position shifted slightly toward a lower 
binding energy direction. The time dependent 
change in the Pt4f7/2 binding energy is shown in Fig. 
4. The energy decreased gradually, which indicates 
that the Pt surface state changed from PtOad s to Pt 
[33] with time. Similar behaviour was also recently 
observed by Aragane et al. [34]. This change would 
increase the Pt activity for ORR, because it is 
known that surface-chemisorbed oxygen inhibits the 
ORR [35]. 

4.5. CV change 

The CV data, before and after cell operation, are 
shown in Fig. 5. After cell operation, the double 
layer current density (c.d.) and current in the 
hydrogen region decreased considerably, which 
indicates surface area loss due to sintering. At the 
same time, the potential corresponding to the current 
peak for surface oxide reduction shifted positively. It 
was 0.765V at the initial stage and became 0.820V 
after 12 000 h of cell operation. 

The time-dependent change in this potential shift is 
shown in Fig. 6. The shift increased gradually and 
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after about 2000 h, appeared saturated. This potential 
shift indicates indirectly that the activity for ORR 
increased with time. 

4.6. Time-dependent changes in the Pt crystallite 
structure 

The time-dependent changes in the XRD pattern are 
shown in Fig. 7. The diffraction peak angles for Pt 
(1 1 1) shifted to lower values, as indicated in Fig. 
2(b), and became sharp. 

This indicates that the Pt-alloy changed to pure Pt 
and shows that crystallite size growth due to sintering 
has occurred. If a wider diffraction angle range were 
observed, it could be possible to recognize a small 
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peak appearing at 20 = 31.8 °. This peak reflects the 
Pt diffraction (1 10) which is the superlattice line. 

Inspection of the higher diffraction angle range 
indicates the diffraction at the higher plane. These 
are the Pt (200) (20=46.23°),  Pt (220) 
(20= 67.47°), and Pt (222) (20= 85.71°). Time- 
dependent changes in the ratio of the diffraction 
intensity of these higher planes are shown in 
Table 1. 

Table 1 indicates a time-dependent increase in the 
(220) peak ratio. On the other hand, (222) or 
(2 0 0) did not change much. This indicates growth 
for the (220), that is, the (1 10) crystallite plane. 
This structural change was also supported by the 
CV. The relative magnitude of the current peak for 
weakly adsorbed hydrogen grew sharper with cell 
operation, as shown in Table 2. 

Table 2 shows the ratios for the peak c.d. for 
weakly adsorbed hydrogen (Iw) to those for 
strongly adsorbed hydrogen (I+). Because the mag- 
nitude of the peak c.d. also reflects the sintering 
effect, the individual peak c.d. values were divided 
by the surface area in each case. These values are 
shown in the last column. Iw increased with time. 
On the other hand, I s did not change much or rather 
decreased. 

The current potential profile for well-ordered single 
crystals, reported by Will [36] and Ross [37], show that 
weakly adsorbed hydrogen and strongly adsorbed 
hydrogen are dominant on the (1 10) and (100) 
planes, respectively. Therefore, this voltammetric 
behaviour also supports the growth of Pt (1 10). 

The growth of the Pt (1 10) crystallite plane, under 
PAFC operating conditions, was also observed by 
Kroen and Stoner [21]. 

4.7. Crystallite structure effects on the ORR activity 

Structural effects in electrocatalysis have been 
frequently discussed in the literature [38]. Crystallite 
structure effects on the activity for ORR have been 
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reported by several investigators [39-42]. The 
structure sensitivities were different, depending on 
the morphology of the test electrode sample. In the 
case of  a single crystal platinum electrode, Tanaka 
et al. [39] found the (1 1 0) > (1 00) > (1 1 1) O R R  
activity order. On the other hand, Ross [40] did not 
report finding a difference in the activities between 
(11 1) and (1 00). In the case of  a highly dispersed 
platinmn-supported electrode, Kinoshita [41] observed 
maximum mass activity for O R R  when the (1 0 0) and 
(1 1 1) surface fractions were maximum. This was 
attained with a crystallite size of  about 3.5 nm. Sattler 
and Ross [42] suggested that the (1 00) and the 
(1 0 0) vicinal planes are most  active for ORR. 

As seen above, the effect of the crystallite plane on the 
activity for ORR is not clear. It seems difficult to discri- 
minate which crystallite plane is more active than the 
others, especially in the case of  a supported catalyst. 

4.8. O R R  activi ty increase mechanism with cell 

operation 

We assumed that the increases in the O R R  activity 

with cell operation were probably caused by the 
increase in the surface roughness, due to the dissolu- 
tion of the alloyed base metals. The change in the 
chemical state of  the platinum on the catalyst surface 
to metallic Pt and growth of Pt (1 1 0) crystallite plane 
would also contribute to this phenomenon. 

Apart  f rom our results, it seems probable that the 
redox chemistry of  nonalloyed transition metals has 
a significant influence on the activity enhancement, 
as pointed out by Allen et al. [31]. 

5. Conclusions 

Changes in the structure and activity of  the cathode 
catalyst that were observed in a small PAFC operated 
for various times were evaluated. It was confirmed 
that the Pt-alloy catalyst gradually changed to pure 
Pt with cell operation and that the Pt oxide reduction 
potential shifted in a more positive direction, which 
indicates an increase in O R R  activity. This activity 
increase was assumed to result from the increase in 
surface roughness caused by the dissolution of alloyed 
base metals and the change in the chemical state of  

Table 1. Time dependent changes in the diffraction intensity ratio from a higher plane 

Peak intensity ratio 

Sample (2 0 0)/(1 1 1 ) (2 2 0)/(11 1 ) (2 2 2)/(1 1 1 ) (2 0 0)/(2 2 2) (2 2 0)/(2 2 2 ) 

Fresh 0.480 0.132 0.163 2.95 0.81 
100 h 0.509 0.159 0.113 4.49 1.40 
1700h 0.418 0.152 0.101 4.t2 1.50 
12 000 h 0.450 0.206 0.105 4.27 1.96 

Table 2. Time dependent change in the hydrogen adsorption peak current in CV 

Peak current/mA 
Peak current + Pt surface 
area/mA cm -2 

Pt surface 
Sample I w Is Iw / Is area/cm 2 Iw Is 

Fresh 4.20 2.90 1.45 98 0.043 0.030 
100h 1.45 2.80 0.52 104 0.014 0.027 
400 h 2.10 1.15 1.83 46.8 0.045 0.025 
1700h 3.18 1.30 2.45 62.4 0.051 0.021 
12 000 h 1.75 0.53 3.30 12.5 0.140 0.042 
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p l a t i n u m  o n  the  c rys ta l l i t e  su r face  to me ta l l i c  Pt.  T h e  

s t r uc tu r a l  c h a n g e  in the  c rys ta l l i t e  p e r h a p s  w o u l d  a lso  

c o n t r i b u t e  to  this  process .  
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