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Fig. 3. HRTEM images of Pt nanoparticIes supported in functionalized CNS 
sample F. 
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Fig. 4. CycIic voltammograms of GC eleclrode coaled with sampI es Op" GpI 
and BpI scanned at IOmV s- 1 in nitrogen salurated 1 M H2S04. 

tained constant (0.2 mg cm- 2) for ail the CNS samples and also 
for 20 wt. % Pt on Vulcan xc-n, ETEK® (CPt). Table 2 shows 
the summary of the charges exchanged during electro-adsorption 
and electro-desorption for ail the platinized CNS and sample CPt. 

Treatment of CNS with trace metal solution of HCI removes 
only the catalytic metal impurities and amorphous carbon. Anal
ysis of voltammogram show that trace metal HCI has very Iittle 
impact on the highly ordered nanostructures to modify its inert 
surface for deposition and dispersion of platinum nanoclus
ters. Specific charge is defined as the ratio of coulombic charge 
required to desorb one monolayerofhydrogen overthe Pt loaded 
on the GC electrode. Il is found to be lower for sample BPt than 
that of the nanostructures refluxed with acidic mixture. 

Sample Dpt, treated for surface oxidation with equal propor
tion of 3 M H2S04 and 5 M HN03 has higher specific charge 
than sample GPt refluxed with 3: 1 ratio of 5 M sulfuric acid 
and 6 M nitri c acid is due to the higher ratio of H2S04, which 
intensifies the intermediate -OS03H bonding with the surface 
carbon. This result indicate that hydrolysis of -oS03H group 
during platinization with the aid of EG is not as effective than 
H2 gas reduction [17] . For a constant platinum loading in either 
a fuel cell electrode or a GC electrode, the thickness of the elec
trode grows due to low platinum weight content in the catalyst. 
Sorne platinum particles remain inactive as they are hidden by 
the carbon substrate and are not exposed to the bulk solution. 
Hence, the EAS is too low for sample BPt with low order func
tionalized CNS which facilitates low platinum loading forcing 
more quantity of platinized CNS on the small geometry of GC 
working electrode. As observed from Table 2, because of it low 
EAS, sample BPt shows a low rate of Pt utilization when com
pared with other pre-functionalized PtlCNS samples. A better 
rate was observed for sample DPt than sample GPt as the former 
covers more active surface with the presence of small diameter 
platinum c1usters. 

Fig. 5 show the voltammograms of samples Hpt and IPt, which 
are functional ized with highly concentrated version of the reflux 
mixture used to treat sample GPt. Although the catalytic metal 
impurities, iron and cobalt are readily dissolved in dilute nitric 
acid/dilute sulfuric acid mixture, the concentrated acid of which 
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Fig. 5. Cyclic voltammograms of GC electrode coated with sampi es Hpt and Ipt 
scanned at 10 m Y ç 1 in nitrogen saturated 1 M H2S04. 

forms a metal oxide layer that protects (passivates) the metal 
from further oxidation. Conversely, high molar concentrations 
of the acid mixture readily modifies the surface ofhighly ordered 
inert nanostructures for platinum deposition better th an the low 
concentrated ones. High specifie charge of sample IPt, when 
compared to sample Hpt shows the presence of more electro
chemically active sites available for hydrogen adsorption and 
desorption. This c1early indicates that the surface modification 
for sample Ipt was more pronounced than sample HPt at higher 
concentrations of reflux mixture. Although, the dimension of 
platinum particles are similar, the distribution of platinum nan
oclusters on functionalized sites and high Pt loading results in 
higher rate of platinum utilization for sample HPt than sam pie 
Ipt . The estimated value of platinum utilization for sample IPt is 
grcater than 100% is due to the influence of background current 
to the calculated hydrogen adsorption charge. Moreover, it is also 
because of the presence of bigger size Pt nanoparticles wi th low 
theoretical platinum surface resulting in higher platinum effi
ciency. In fact, due to the practical measurement limitations, the 
platinum utilization cannot be measured accurately to study the 
electrochemical activity of catalysts. But, the approximated ver
sion of it can be used to make a secondary comparison between 
different catalysts . However, the performance studies of differ
ent catalysts in this article are primarily based on their specific 
charges or on their electrochemically active surface area. 

Fig. 6 compares the cyclic voltammograms of sample Fpt and 
sample CPt obtained in deaerated 1 M H2S04. The real elec
trochemical surface area of platinum for these samples were 
estimated from the integrated coulombic charge required for 
desorption of hydrogen of the cyclic voltammogram shown in 
Fig. 6. If we assume the charge required to desorb one mono
layer of adsorbed hydrogen to be 0.21 mCcm-2 [3], the active 
surface of Pt on CNS and Vulcan were calculated as 58.49 and 
63 .86 m2 g-I . For the same Pt loading on the GC electrode, the 
thickness of the electrode coated with 11 .9 wt. % PtlCNS will 
be greater than the electrode coated with 20 wt. % Ptle. As a 
result of variable thickness, sorne Pt particles supported on CNS 
were blocked in the carbon substrate and not exposed to the 
bulk solution. This also applies for the catalyst layers coated on 
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Fig. 6. Cyclic voltammograms of GC electrode coated with samples CPt and Fpt 
scanned at IOmY s- I in nitrogen saturated 1 M H2S04 . 

either gas diffusion layer or on the membrane (decal method) in 
a membrane electrode assembly (MEA). Regardless of electrode 
thickness, Pt supported on CNS showed similar electrochemical 
performance like Pt supported on Vulcan Carbon, which was 
primarily due to the highly porous structure of the nanostruc
tures. The presence of more micro- and macro-porous structure 
in CNS should improve efficient gas transport to the active Pt 
sites in MEA, thus minimizing the transport and concentration 
overpotentials. A BET surface area of 352.6 m2 g- l for sample 
F obtained from N2 adsorption isotherms [4] showed a micro
pore volume of 0.14 cm3 g- l and a pore width of 1.6 nm. A 
meso/macro-pore surface of 45.8 m2 g- l and a meso/macro
pore volume of 0.64 cm3 g- l was observed from Hg intrusion 
isotherms. Thus, the presence of a high porosity on CNS strongly 
influences the availability of reactants on the active sites of 
platinum. 

In comparison with sample l, sample F exhibits more active 
sites for platinum loading upon surface oxidation, which con
firms the stability of the structure even after acid reflux. Hence, 
sampleIpt can accommodate only 9.7 wt.% of Pt when compared 
to 11.9 wt.% on sample Fpt, as the highly ordered structure of 
the latter was disrupted on treatment with high molar concen
tration of reflux solution . The nanostructures are coated with 
a layer of amorphous carbon upon oxidation with high molar 
acids, showing that the surface of sample 1 was damaged before 
platinization. 

4. Conclusion 

In summary, chemical oxidation of CNS with 1: 1 propor
tion of 7.5 M H2S04 and 15 M HN03 had showed significant 
improvement in its electrochemical performance, which is 
almost equivalent to Vulcan xc-n, ETEK®. Although the sam
pie Ipt treated with 3: 1 proportion of 15 M H2S04 and 20 M of 
HN03 showed even better electrochemical activity than sample 
Fpt, increasing the ratio and concentration of sulfuric acid inten
sifics thc-OS03H pcak, which is not cfficiently hydrolyzcd with 
the technique used in this research work [17]. XPS analysis of 
sample F have demonstrated the effective modification of its sur-
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face which permits to weil distribute Pt clusters on the oxidized 
sites, which was later confirmed with XRD, TEM and cyclic 
voltammetry results . In our previous article [4], we reported the 
combustion temperature of a typical CNS was centered at 738 oC 
for 90% of the sample measured by TGA. This clearly indicates 
that with the presence of highly ordered and stable structure, 
CNS used as catalyst support in PEMFCs should improve their 
durability. Because of its relatively high porous structure, the 
nanostructures should reduce mass transport losses of hydro
gen to the inner nanolayers of the catalyst. Hence, with a highly 
ordered and stable structure, high porosity and a similar electro
chemical activity, these PtJCNS (10--15 wt. %) are considered as 
a potential replacement for PEMFC electrode catalyst support, 
20 wt. % PtJC Vulcan xc-no As observed from Table 2, the 
mean particle size of Pt particles are comparatively bigger than 
the state-of-art catalysts. Studies on controlling the Pt parti cie 
size, corrosion and durability tests, improvement on Pt loading 
for use in cathodes are currently in progress. 
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Electrochemical surface oxidation of plat inllm supponed on carbon black (Yllkan XC-n. Pt /C) and carbon nanostructllres 
(l'tlCNS) was siudied to understand and compare Ihe durabili ty as calalyst support in polyrner elcetroly!.e membrane fuel cell s 
(PEMFCs). The subsequenl electrochernical characlcrization al ditlerem Irealment lime imervals sllggesls th al CNS is more 
electrochern ically stable than carbon black due 10 its higher degrec of graphit ization. Funhennor<, the reported mernbrane 
elcctrode asscmbl y durahility lIIe.surements suggest that high ly ordered CNS would be a beucr catalyst support than tu rbost r:! tic 
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ln recent years, po lymer electrolyte membrane fuel cell 
(PEMFC) technology has been elaimed tu he the most promising 
and highly efficient technology for stalionary and mobile applica
tions. In the development of PEMFCs, durability of the membrane 
elec trode assembly (MEA) is one of the most important ;ssues that 
has to be addressed prior to commerciali zalion. 1-., The present s tate 
of the art PEMFC rechnology is based on nanosized platinum par
ticles as a catalyst supported on high surface area carbon black (C8) 
for both the anodic oxidation of hydrogen as weil as the cathodic 
reduction of air/oxygen. An ideal carbon support shou ld possess the 
following characteristics: (i) high surface area to deposit nanosizcd 
Pt catalysts, thus inereas ing the reaction sites for electroehemical 
reaction, (ii) exhibit sufficient electrode porosity for the mass trans
port of reactants to the active sites and removal of products at de
manding high current densities. (iii) s table under cathode environ
ment. where it is subj ecred to a high potential (> 0.85 V vs 
reversible hydrogen electrode) , high acidity (Iow pH < 1), high hu
midity (relat ive humidity, RH 80%), and high temperature 
(60--90 °C) , and (iv) shQuld possess very good electrical properties 
( CT > 0.8 S cm- t) to move the electrons produced at the anode via 
an extemal circuit to the active sites at rhe cathode, where ai r/ 
oxygen along with the protons conducted through the membrane 
l'rom the anode is reduced to water. However, due to its turbostralic 
s tructure, the amorphous carbon and short-range graphitic crystal
lites in C8 are easi ly attacked by acid. fo llowed by hydrolysis and, 
on further oxidation, the attacked broken carbon sites are gasified to 
CO2, predominantly catalyzed by Pt. ,. 7 The corrosion of the carbon 
support as a result of ele.c trochemica l oxidation will lead tu the 
dissolution and sintering of Pt nanopanicles, resulting in a reduced 
active surface area, thus eonsiderably affec ting the MEA perfor
mance over a prolonged period of usage. FlIrthermore, the ox idation 
of the carbon support can affect the surface hydrophobicity of the 
support. resu lting in wuter flooding and gas transport limitations. 
Many research groupsS-11 have investigated the degradalion mec ha
ni sm behind the corros ion of the support, which strongly innucnces 
the perfomlance of the PEMFC system. In brier. the proposed three
step mechanism initiates with the oxidation of the carbon surface. 
followed by the format ion of transient oxygen radicals ei ther by 
hydrolysis or due to the cata lytic activity on air/oxygen, and finally, 
the evolulion of CO or CO2 breaking the graphitic plane for further 
ox idati on. C8 is more easily attacked than a graphitized carbon as 
there are more edges in the forme r support, which are vulnerable to 
surface oxidation under the cathode environmcnt. 

To ove rcome corrosion problems of C8 and tu reducc the per
formance degradation of PEMFCs, an alternative support with a 
long-range graphitic order such as carbon nanofibers , carbon nano-

• Eh:ctrochcmicul Society Active mc:mncr. 
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tubes, etc., was investifa ted and found to be more durable than C8. ~ 
ln a previous paper, 1. we proposed carbon nanostructures (CNS), 
developed in our laboratory, as a promising support material rather 
than CB for PEMFC catalyst due to its superior graphitic slructure 
(ox idation temperature > 700°C), an equivalent electrieal conduc
tivity ( > 1 S cm-I) , and a highly porous structure 
(8runallerEmmett-Teller, BET. surface area of 352 .6 m2 g- t, mi
cropore vo lume of 0.14 cm3 g-t, macropore volume of 
635 mm3 g- I. and an average micropore width of 1.6 lllll) that mini
mizes mass transport losses. In thi s investigat ion. the durability of Pt 
electroeatalyst.s supported on CNS (PtJCNS) we re exami ned by 
measuring the losses in the elecu'ochemical surface area, grain 
growth of agglomerated Pt nanoparticles, and a decline in the per
formance of the PEMFC system at a di fferent period of time under 
conditions simulating the cathode environmenL These results have 
been compared with similar tests perfonned on a commerciall y 
avai lable platinum electrocatulyst supported on u Vulcan XC-72 
(Pt/C). 

Experimental 

Carbon nanostructures with a 8ET surface area of 352.6 m! g-I 
and a pore width as low as 1.6 nm were prepared in our laboralOry 
by a modified chemical vapor deposition technique that was de
scribed elsewhereIJ

.
1
.
1 A platinum electrocatalyst was supported on 

CNS with a Pt loading of approximately 20 wt % and was prepared 
by a reported ethy lene glycol method. The partiele size distribution 
of the platinum cJusters in the supported CNS from a randomly 
chosen 100 particles in a high-resolution transmission eIectron mi
croscope image showed a range between 3 and 6 ntn .14 For com
pari son rcasons, a platinum catalyst supported on Vulcan XC-72 
prepared by E-TEK has been used as a reference materiaJ. Platinum 
metal loading of the Pt/C catalyst was also 20 wt % with an average 
particle width of 2.2 nm. 

Carbon cloth (E-TEK) was used as a substrate for casting of a 
catalyst layer comprised of a supported electrocatalyst and impreg
nated 5 wt % Nafion (Aldrich) mixture. The amount of Pt catalyst 
coated on the anodic gas diffusion layer (GDL) was 200 )J.g cm-2, 

which is half the arnount coated on the cathode GDL 
(400 )J.g cm- 2) . The clectrodes and the pretrcated membrane 
(Na fion NRE212, DuPont) were hot pressed into a 5 cm2 MEA us
ing a press at a temperature of 120°C under 700 psi for 3 min . The 
MEA was then allowed to cool at room temperature before tesling. 
The performance of the fabricated MEA was evaluated using a 
5 em2 single-cell hardware (Fut::! Cell Technologies, Inc .) equipped 
with a reversible hydrogen clectrode (RHE) wired to a Zahner IMe6 
workstation . The MEA was sealed between a 0.0 1 in . thick silicone 
rubber gasket at the anode and a 0.01 in . thi ck Furon gaskct (Saint
Gobain) at the cathode, and was assembled with 10.5 Nm torque 
between two Poco graphite plates wi th serpentine now fields. 
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The single-cell performance was characlerized b,y feeding hu
midified hydrogen gus at 80 °C and 100% RH at the. anode and 
humidified air at 70°C and 80% RH at the calhode wilh a slOichio
metric ratio of 1.5 and 2, respecl ively. The gas pressure al lhe elec
trodes was maintained at 30 psig using a back-pressure regulalOr. 
Initially, the cell was conditioned wilh a constant load of 0.5 A cm-2 

al 80°C for 50 h . The steady-state value of the cell potential at a 
load of 1 A cm- 2 was calcu laled by the mean values of the data 
logged over a runtime of 1 h. To help identify the raIe of perfor
mance degradation belween PliC and Pt/CNS , hydrated (100% RH) 
ultrahigh-purity (UHP) nitrogen was passed lhrough the working 
eleclrode (cathode compartment) and hydrated (100% RH) OHP hy
drogen was passed through the counter electrode (anode compart
ment). The anode serves as a counter electrode as weil as reference 
electrode (RHE). The ccII lcmperature was maintained constanl al 
80°C lhroughout the process and the pressure was rcduced 10 atmo
spheric at the two-eJectrode potentiostatic circuit mode. Then, lhe 
Zahncr workstation was switched to cyclic voltammetry modc, and a 
constant potential of 1.2 V was applied belween the working elec
trodc and RHE to accelerate the oxidation of the carbon support at 
lhe cathode catalyst layer. The potentiostatic hold was mainlained 
for a period of 15 h during rcpetitive cycles of lhis experiment. Prior 
to measuring the steady-state values of the open-circuit voilage 
(OCV) and cell voltage under a load of 1 A cm-" , the gas feed, the 
humid i.ty conditions, and the pressure were luned back to lhe values 
mentioned above. Later, the MEA was brietly conditioned with a 
load of 0.5 A cm-2 at 80 °C for 30 min . This test cycle was repeated 
over the coursc of the ex periment, which was 200 h. 

Prior 10 eleclrochemical measuremenlS, the Pl electrocatalyst 
supported on CB and CNS was conditioned in a tube furnace to 
remove surface contaminants and anneal the Pt crystallite, under an 
almosphere of 10% hydrogen and 90% argon for 1 h at 300 °C. 
Glassy carbon (GC) disks (BASI, 3 mm, 0.07069 cm2) , polished to 
a 0.05 fim mirror finish (alumina, BASI) before each run, served as 
the substrate for the supported catalysl. An aqueous suspension of 
catalyst ink was prepared by ultrasonically dispersing 25 mg of cata
Iys t in deionized (DI) water (Mi IIi pore) to a ratio of 
2 mgcatalySl mL -1 . A 20 fiL aliquot of the ultrasonically redispcrsed 
suspension was then pipetted onto the dlsk . To obtam a uillform 
distribution of the suspension, the GC electrode was dried at room 
temperature for an hour before leaving it inside a preheated (SO°Cl 
oyen for another hour. After complete evaporation of the water drop
let, 20 fiL of the di luted Nafion solution (5 wt % Nafion, Aldrich) 
was pipelled onto the dried powder surface to enhance the adherence 
between the calalyst powder and the electrode. The cyclic voltam
metries were carried out in a conventional uirtight lhree-electrode 
thermostatted (80 °e) cell containing a 0.5 M H2SO. electrolyte. 
Potellliais were measured using a Agi AgCI (Sat. KCI) ,electrode, but 
ail the potentials throughout lhis study are referenced to RHE. A 
potentiostatic hold of 1.2 V was applied to the working electrode 
and was held for 0, 15,30,45, and 175 h to electrochemically oxi
dize the support material. Voltammograms were recorded for each 
time period to compute the rate and loss of the catalyst active sur
face due to electrochemical oxidation. The electrochemicall y aClive 
surface area was evaluated from the hydrogen desorption charge of 
a cyclic voltammogram. To study the extent of surface electrochemi
cal oxidation of PlIC and Pt/CNS under simulated conditions of a 
cathode environmelll, the 0.07069 cm2 GC substrate, replaccd by a 
10 cm2 nickel substrate, was cxposed to 1.2 V al room temperature 
for various limes (0, 75 , and 150 hl. The extent of oxidation al 
diffcrent time periods on electrochemically oxidized Vulcan and 
CNS was characterized by lhernlal gravimetric analysis (TGA). 
Prior 10 TGA, the oxidized catalysts at different time periods were 
scraped out from the substrate, washed with DI water, and dried in 
an oyen at 65 oC at atmospheric pressure. TGA was performed using 
a TGA 7 Perkin-Elmer apparatus with an argon atmosphere at a 
purge rate of 30 sccm. The temperature was ramped as follows: 
room temperature to 50°C at 5 oC min- l, holds for 5 min at SO°C , 
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Figure 1. Measurement ' o f ccII voltage allA cn,--2, showing a sudden drop 
in ccII performance for MEA 1 after 75 h of eleclrochcmical oxidation at 
1.2 V. 

and heated from 50 to 850°C at 5 oC min- I . The chemical nature 
and the distribution of the surface functional groups during the 
course of oxidation at different time intervals was defined based on 
a study do ne by Kangasniemi et al. 5 

The size of the platinum particles in the dried catalyst powder of 
electrochemical ly oxidized Pt /C and Pt/CNS was examined by pow
der X-ray diffraction (XRD). XRD meas urements were perfonned 
with a Rigaku diffractometer using Cu Ku 1 radiation p, 

1.54051 À) and 0/20 geometry. 

Results and Discussion 

As described in our previous pUblication ,I .1 CNS was functional 
ized with aI:l concentrated ac id mixture of 7.5 M H2S04 and 
15 M HNO]. Thus, strong anchoring sites at the interface of Pt and 
the surface of CNS were achieved through carbon surface modifica
tion. These acidic oxygen groups introduced by the chemical modi
ficalion method decreases the hydrophobicity of CNS and increases 
the dispersion of platinum partides with an increase in surface oxy
gen groups. Studies have shown that C=O groups acting as anchor
ing sites hinder agg lomeralion and surface diffusion of platinum 
particles across the graphe ne layers .15 X-ray photoemission spec
troscopy studies performed on CNS functionalizcd using the condi
tions mentioned above showed 48.8% of carbonyl. 46.4% of hy
droxyl, and 4.8% of carboxyl groups attached to the carbon 
surface. 14 The intluence of unused ac idic functional groups after 
platinization duting hydrolysis is lherefore considered negligible. 
However, the 0 h sample of CNS showed the presence of surface 
oxides prior to electrochemical oxidation. 

Figure 1 shows a steady decline in cell voltage under a constant 
load of 1 A cm- 2 at different time intervals during accelerated elec
trochemical oxidation at cathodes fabricated with Pt/C and PtlCNS, 
respectively. The MEAs fabricaled using PI /C and Pt/CNS were 
labeled as MEA 1 and MEA2, respcctively. A steady 1 inear down
ward trend on cell voltage has been observed for both the MEAs 
during the initial 60 h. the cathode of which was e1eclrochemically 
oxidized at a polential of 1.2 V at 80°C . The fluctuation in the trend 
before 60 h of operation is due to lhe proccss of welling level in the 
electrolyte membrane and the iOllomer in the catalyst layer. After 
60 h, a marked decrease in the ccII potential was observed for 
MEA2, whereas a steep downward trend was observed for MEA 1. It 
can be seen that almOSI 95% of the cc II voltage was lost for MEA 1 
after 140 h of accelerated oxidation treatment, while only a 25 % 
loss in cell voltage was observed for MEA2. The major drop in ccII 
vo ltage for bOlh MEAs occurred bctween 60 and 140 h of oxidation 
trcatment, as shown in the figure. However, the progress of the 
voltage drop is lower for MEA2 even after 140 h. The drop was 
merely 2.36% even after cOlltinuous oxidation for an additional 
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Figure 2. Measurements of OCV showing degradation of mel1lbran~ in 
MEA l , which is accouillable for poor cell perfo rmance after 75 h. 

60 h. A similar trend was observed for the OCV measurements dur
ing the same time intervals of e1ectrochemieal oxidation as shown in 
Fig. 2. The sudden dec1ine in OCV after eleclrochemical oxidation 
treatment can be due to the degradation of the polymer elec trolyte 
membrane resulting in fuel crossover.11 Further analysis of the deg
radation mechani sm is currentl y in progress. These results demon
strate that CNS with high graphitie content and long-range order 
show a higher res istance to corrosion under ox idative conditions 
when compared with Vulcan XC-72. On a long run , MEAs prepared 
wi th Pt/CNS could potentiall y provide beller durability th an MEAs 
prepared with Pt/e. 

To quantify the extent of loss in platinum surface area, cyclic 
voltammetry was perforrned on Pt/C and Pt/CNS in a N 2 purged 
0.5 M H2S04 electrolyte al different time intervals duri ng their 
treatment at 1.2 V and 80 c e. The amount of coulombic charge in
volved during hydrogen desorption was used to calculate the active 
plati num surface of the electrodes, after correcting for double- layer 
capacilance. 1ô Figure 3 shows lhe drop in eleclrochemical acti ve 
surface area fo r the case of PI/C and Pt/CNS at di fferenl lime in ter
vals of potential hold. During the initial 15 h of oxidati on. a nearly 
35% loss in Pt surface area was observed fo r Pt /C, while there is a 
considerable 20% loss for Pt/CNS as shown in the fi gure. Because 
the Pt(O) supported on CB (2 .2 nm) is twice as small as the Pt(O) 
supported on CNS (4.5 nm). the smaller size Pt (O) particles sup
ported on C tend lO dissolve/agglomerate faste r than lhe large r Pt (O) 
particles in CNS."; Not just the size of the Pt (O) particlcs influences 
the drop in the activc surface area of the catalyst , bu t also the inter-

... _ ,.-----~------ - ----~-----. 

___ MEAl (ptJC) 

- .... . MEAl (ptJCNS) 

I O '-~--~----~--~--~~--""""'----~--~~ 
U 30 60 90 

Tl mc (h) 
120 I ~O 180 

Fig ure J . Cornparison of Pt activè' surface arè'3 Joss fo r the case of Vu lcan 
XC·72 and CNS at di tferent time inter"al, during o.idation treatmenl. 
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Figure 4. XRD patterns for Pt/C after electroc hemical ox idation at t .2 V for 
differcnt time interva)s. 

ac tions between Pt(O) and the carbon support material. An electronic 
structure change of the platinum catalytic layer by the. presence of 
interac tion between the platinum active phase and the carbon sup
port phase leads to changes of catalyst durability. Although the elec
tr(mie interacti on effects betwecn Pt catalyst and the carbon support 
can be studied by a variety of conventional physical , spec troscopie. 
and e lectroc hemical methodolog ies, the objectives of the current 
work are to quantify Ihe loss in the surface area of the supported 
catalysts during the course of elcclrochcmical oxidati on and 10 com
pare the du rabili ty of the catalys ls despi te Ihe variati ons in size of 
Pt (O) particlcs and Pt-C interac tions. Now. aftcr 75 h of ox idation. a 
steady dec1ine in aCli ve surface area of Pt/C at a rate of 3.2 
X IO-~ m2 g- I h- I vs 1.52 X IO-~ m2 g- I h- I fo r Pt/CNS was ob
servcd rcsulting in act ive surface areas . 25.8 1 and 30.17 m2 g- I. 
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Figure 5. XRD patte ms for Pt/CNS after electrochemical oxidat ion at 1.2 V 
for different time intervals. 

respectively. AIthough Ihe smaller Pt(O) particles in PtiC tend to 
di ssolve/agglomerate faster Ihan in PtlCNS. the excess loss in Ihe Pt 
surface area after 175 h of oxidalion treatment and degradalion of 
OCV does not excl ude the poss ibility that sorne of the Pt particl es 
diffused in to the pol ymer elcctrol ytc membrane. However. uncer
tai nties on this phenomenon st ill exis\. The di ssolulion of PI(O) in 
aq ueous elec trolyte solution due 10 the potential effec t on the work
ing elcctrode was studied by Rand e t al. tl. IX The loss in Pt surface 
area supported on Vulcan o r CNS in an aqueous electrolyte can be 
due to the di ssolution of Pt(O) particl es. reprecipitation of Pt ions. 
and diffusion of PI ions inlO the membrane. Although CNS prepared 
in our lab has ncarl y 50% of C=O groups as Pt anchoring sites. we 
cannO I exc lude the possibility of Pt partide growlh by migration 
(surface di ffusion of PI part icles) . Therefore. Ihe decrease in Ihe 
elec lrochemicall y acti ve surface area of PI supported on CNS is 

150 
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1= 

0 

150 
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o 

o 2 3 4 5 6 

Pt crystalli te size (nm) 

Figure 6. Growth of Pt partiele size in (a) Pt /C and (b) Pt/CNS as observed 
by XRD during clectrochemical oxidation of Pt/C and PtlCNS. 

caused ma inly by Ihe dissolu li on of PI(O) anchored on olher func
lionai groups. Improving the interaction of Pt precursor with CNS 
during platinization can be ac hieved by increas ing the specificity of 
the surface functional groups in Ihe support materi al. 

Powder XRD sludy was used to observe Ihe changes in particle 
size during the course of oxidation at di fferent time interval s. The 
XRD pattems for Pt/C and PtlCNS electrochemically oxidized at O. 
75. and 150 h are plotted in Fig. 4 and 5. respectively. XRD shown 
in the above fi gures identi fies the face-ce ntered cubic structure of 
Ihe characterislic cryslall ine PI peaks fo r pte III ). Pt(200). Pt(220) . 
Pt (3 I !). and Pt(2221. The crystalli te size of Pt nanoparticles (d) 
estimaled using Scherrer 's equati on as shown in Fig. 6 is gi ven by 

d=~ 
B cos 6 

where À is the wavelength of X-ray rad iation. numerically equal to 
1.54051 Â; B is the full widlh at half-max imum measured in radi
ans; 0 is the angle measured at Ihe posi li on of platinum peaks . The 
narrowing of charaCleris tic Pt diffra,·tion peaks during Ihe course of 
electrochemica l ox idati on is a clear indication of larger Pt particles 
when compared with fresh Pt parti cles . It can be observed l'rom Fig. 
6 that smaller Pt crystallites tend to agg lomerate l'aster Ihan larger 
panicl es of Pt supported on CNS. lo The resulls shown in Fig. 6 can 
be correlated with the elec trochemicall y acti ve surface area mea
surements plotted in Fig. J . It can be observed that the es timatcd 
value of aclive surface area fo r fresh Pt parlicles ( - 4 nm ) supported 
on CNS is 40.55 m" g- I and the surface area of Pt ( - 4 mn) on 
oxidized Pt le catalyst is 25.8 1 m2 g- I. The morphology of supports 
and di spersion of Pt parlicles along with the MEA fabri ,'alion tec h
nique (includes the ink preparalion, e lectrode preparalion, and hot
press ing) can alter the estimated ac live surface area of Pt particles 
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Figure 7. TGA profi les for Plie after eleclrochemical oxidation al 1.2 V fo r 
differenl lime intervals. 

wi th similar size. However, considering the fact that the pan icle size 
of Pt in Pl /C is esti maled afler ox idalion lrealment , a significant loss 
in su rface area can also be all ri buled to Pt ion migration inta the 
pol ymer electrolyte membrane or Pt being simply washed away with 
the cathode stream. 

Kangasniemi et al. ·1 performed thermal desorption studies on car
bon to ass ign decomposition temperature for different functional 
spec ies and their thermal deco lllposit ion products. The amount of 
surface oxygen on carbon was esti mated using a mass spectrometer 
by analyzing the volati le surface oxides l'rom the TGA instrument. 
ln summary, evolution of CO2 observed at low temperatures (ap
proximately 250 °C) arc usuall y assigned to the acidic functional 
group, carboxylic acids and those at higher telllperaLUres (approxi
mate ly 625 OC) ta lactones . At highcr telllperatures (600-900 oC) , 

the evo lution of CO observed corresponds to ethers. phenols. carbo
nyls. and quinines . while carboxyli c anhyd rides give rise to both CO 
and CO2 peaks. Thereforc. to characterize the surface functional 
grou ps during electroc hemical ox idation of Pt/C and PtfCNS . TGA 
was perforrned under argon on the dried sampi cs at ox idation time 
pcriods of 0,75, and 150 h . Figures 7 and 8 show the TGA profi les 
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Figurt 8. TGA profi les fo r PI/CNS after eleclrochemical oxidalion al 1.2 V 
fo r d ifferenl time int<rvals. 

of Pl /C and PtfCNS after electrochemical oxidalion at di ffe rent time 
intervals. ft is observed that, on both catalysl surfaces, the compo
sition of -COOH intermediate fo r evolution of CO2 remai ns almost 
unchanged. However, a huge variation in the composition of lactone 
was observed at di ffe re n! ox idati on periods fo r the evolution of C01 
betwcen 350 and 400°C. Figure 7 shows an increase in the density 
of surface ox ides on carbon surface in the fonn of an intenned iate, 
lactone over a period of clec trochcmical oxidation up 10 150 h. 
Similarly. t\Je CO2 evo lution from Pt/CNS was observed throughout 
the tcmperaturc range. confi rming the presence of differe nt func
tional groups generated during the electrochemical ox idation of the 
catalyst. ln additi on to the fu nctional groups involved for the evo
lut ion of C01. carbonyls and quinones . as we il as phenols and 
ethers, decompose at temperatures higher tha n 700°C ta evo lve CO. 
The apparent densi ty of these functi onal groups responsible for the 
cvo lution of CO te nds to dccrcase during the course of elec tro
chemical oxidal ion, which is weil in agreement wi th the Ifeneric 
mechani sm of surface oxide formation proposed by Vue et al. ~ Dur
ing the course of ox idati on. an increase in surface oxygen content 
dec reases the hydrophobie properties of the catalyst support , th us 
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breaking down the surface ox ides to CO2. A similar decrease in 
density of surface functi onal groups for the evo lution of CO is ob
served fo r Pt/e. 

Conclusions 

We have reported a study on eleclrode material durability for the 
plalinum catalysts supported on Vulcan xc-n and CNS. In sum
mary, 

1. Electrochemical characlerizations show Ihal CNS preparcd in 
our laboralory has i mproved corrosion resistance and beller perfor
mance than Vulcan xc-n o 

2. Although CNS lends to corrode under simulaled condilions of 
calhode, il is observed Ihal, aftcr an inilial period of lime for which 
Ihe ox idation is allribuled 10 Ihe surface defecls caused during func
lionali zal ion, the raie of surface corros ion becomes sm aller com
pared with CB. However, the fu nctional groups such as -COOH, 
-OH, and -CO formed during the surface modification of CNS en
hanccd Ihe Pt-CNS inleracti on in the elec trocatal ysl. 

3. Loss in active PI surface area and a decline in MEA 1 perfor
mance wa~ due to the dissolution of Pt(O), agg regation of Pt ions in 
the catalyst layer, and diffusion/precipitation inside the membrane. 

4. Loss in activity of Pt/CNS is mostly due to the dissolution of 
Pt (O) and aggregation of Pt ions in the catalysi layer. This may be 
due 10 lhe thermal trealment done on CNS prior to plalinization that 
increases the basicity of the carbon surface. This increase in PI-CNS 
interaction is attributed ta the 'TT-sites on CNS, which act as anchor
ing sites for Pt particJes. 

5. The rate of growth of Pt particJe size in Pt/CNS stabili zes 
afler 75 h of electrochemical ox idation. 

From the rcsults oblaincd in this paper, we can concludc that CNS 
with a better electrode durability can be a good candidale for 
PEMFC call1lyst support. Cum:ntl y, we are studyi ng Pt disso lution 
and deposilion in Ihe polymer electrolyte membrane of PEMFCs by 
potential cycl ing and potentiostatic holds. 
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