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Durability Improvement of a Pt Catalyst with the Use of a Graphitic Carbon
Support

Bao Yu Xia,[a] Jian Nong Wang,*[b] Shang Jun Teng,[a] and Xiao Xia Wang[c]

Proton-exchange membrane fuel cells (PEMFC) with a
low operation temperature, high power density, prompt
startup and no pollution have attracted much attention as
the new energy source for automobiles, portable electronic
devices, and distributed home power sources.[1] However,
the commercialization of PEMFC is hindered by several de-
ficiencies such as lifetime, reliability, and cost.[2] Thus, there
is a rapid growing interest in the investigation of the perfor-
mance degradations of PEMFC and its component materi-
als.[3] The durability of carbon-supported Pt catalysts is of
significance not only for lengthening the operation life, but
also for enhancing the reliability and reducing the total life-
time cost of PEMFC.[4]

To improve the catalyst durability, the traditional catalyst
of Pt has been alloyed with a second and/or even a third
metal.[5] Nevertheless, common problems exist for all al-
loyed catalysts. Notably, the activities of these catalysts are
usually lower than the unalloyed ones. Furthermore, the
nonprecious metals in alloys such as PtNi,[6] PtCo,[7] and
PtCu[8] suffer from dissolution in acid solutions, and the dis-
solution results in further decreases of the catalytic activity
and cell performance.[9] In parallel, efforts have also been
made to search for new support materials to replace the cur-
rently widely used carbon black (CB; Vulcan XC-72).[9,10]

Some new carbon materials such as carbon nanotubes
(CNTs),[11] nanocoils,[12] and nanoporous carbons[13] have
been examined as alternative catalyst supports. Particularly,
CNTs as the catalyst support have been widely reported.
However, most of the CNTs synthesized by arc discharge,
laser evaporation, and chemical vapor deposition exhibit a
low surface area and a low yield with a high proportion of
impurities, and the subsequent purification is complex.[14]

Although CNTs have a unique structure and high crystallini-
ty, they tend to aggregate into bundles owing to the substan-
tial van der Waals attractions. These bundles are usually en-
tangled to form larger aggregates, leading to difficult disper-
sion and limiting the practical application of CNTs.[15] There-
fore, the advantage of the use of these new nanocarbons is
still not clear and achieving a high durability without scarify-
ing the actual activity is still a huge technical challenge.

In this paper, we report a new approach for developing a
catalyst with both high activity and durability. This is based
on the use of carbon nanocages (CNCs) with a graphitic
structure as the catalyst support.[16] Both the new Pt catalyst
supported on CNCs (Pt/CNC) and the conventional ones on
CB (Pt/CB) have been studied. The thermal stability was ex-
amined after the catalyst had been exposed in air at a tem-
perature of 120 8C for up to 1000 h, and the electrochemical
durability was tested under acidic conditions similar to those
in low-temperature fuel cells.[17] From these experiments, a
clear understanding of the degradation of carbon-supported
catalysts over time under a range of conditions of relevance
to PEMFC operation can be gained. This understanding will
be useful for the future design of catalysts with a higher ac-
tivity and stability and will also assist in the improvement of
the fuel cell performance.

The present support material is a graphitic carbon consist-
ing of CNCs. The synthetic process and characteristics of the
CNCs have been reported in our previous publications.[16]

The phase constitution and structure of CNCs and CB were
analyzed by using XRD as shown in Figure 1 a. The peaks at
2q= 26.2 and 44.48 can be attributed to the diffractions of
the (002) and (101) planes of the hexagonal structure of
graphite, respectively. The peaks of CNCs are sharper and
narrower than those for CB, indicating a much better graph-
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itic degree than CB. The present CNCs were further charac-
terized by Raman spectroscopy (Figure 1 b). The spectrum
illustrates two main peaks at 1587 (G band) and 1345 cm�1

(D band). The G band corresponds to the E2g vibration of
graphitic carbon with a sp2 electronic configuration. On the
other hand, the D band is associated to the A1g mode of dia-
mond-like carbon with a sp3 configuration. The graphitic
degree of a carbon material is evaluated by using the rela-
tive intensity ratio of the G band (IG) and D band (ID). The
IG/ID ratio for CNCs has been calculated to be 1.83 (>1),
which indicates that CNCs have a very good crystalline
structure. Furthermore, the microstructure of CNCs is ob-
served from HRTEM images (Figure 1 c and d). The CNCs
have a hollow interior and a graphitic shell, and their sizes
are generally in the range of 20 to 50 nm. The nitrogen ad-
sorption/desorption isotherms
of the CNCs and CB are shown
in the Supporting Information.
The BET specific surface area
of CNCs is measured to be
420 m2 g�1 and results mainly
from mesopores, and that of
CB is measured to be 200 m2 g�1

and results mainly from micro-
pores (Figure S1 in the Support-
ing Information).

Pt nanoparticles were depos-
ited on CNCs and CB. The con-
stituent crystalline phases and
structures of the Pt/CNC and
Pt/CB catalysts before and after
thermal exposure were exam-
ined by means of XRD analysis
and the results are shown in
Figure 2. The peaks at about
39.7, 46.3, and 67.48 can be as-

signed to the (111), (200), and (220) planes of Pt, respective-
ly. After thermal exposure in air, the intensities of the Pt
peaks become stronger with the increase of thermal expo-
sure time. The average Pt particle size was calculated based
on the Pt (220) peak from Scherrer�s equation, d= 0.9l/
Bcosq in which d is the average particle size (nm), l is the
wavelength of X-ray radiation, and B is the width (in
radius) of the diffraction peak at the half height. The aver-
age crystalline sizes of the Pt particles are presented in
Table 1. The Pt particle sizes of both Pt/CNC and Pt/CB cat-
alysts increased rapidly in the first 300 h, but remained
almost unchanged after 300 h.

Typical images of the original Pt/CNC sample are shown
in Figure 3 a and b. As can be seen, the Pt particles are

Figure 1. a) XRD patterns, b) Raman spectroscopy, and c) and
d) HRTEM images of CNCs.

Figure 2. XRD patterns of a) Pt/CNC and b) Pt/CB after different
amounts of thermal exposure.

Table 1. Pt particle sizes and electrochemical surface areas (ESA) of dif-
ferent catalysts calculated from XRD patterns and CV profiles, respec-
tively.

Sample Pt/CNC Pt/CB

thermal exposure time [hours] 0 300 1000 0 300 1000
size [nm] 2.8 3.6 4.0 3 3.8 4.4
ESA [m2 g�1] 82 62 60 69 39 35

Figure 3. TEM images of Pt/CNC after different amounts of thermal exposure: a) and b) Original samples, c)
and d) after 300 h, e) and f) after 1000 h.
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highly dispersed on the CNC surfaces. By counting hundreds
of Pt nanoparticles on representative TEM images, the aver-
age size for Pt particles is estimated to be 3.0 nm, which is
in close agreement with that estimated by Scherrer�s equa-
tion (2.8 nm). The TEM images of the Pt/CNC sample after
thermal exposure for a different number of hours are shown
in Figure 3 c and d (300 h) and Figure 3 e and f (1000 h). It
was found that Pt nanoparticles display a visible conglomer-
ation during the first 300 h and the conglomeration becomes
little noticeable in the subsequent exposure. The average
sizes of the Pt particles on CNCs are 3.8 and 4.0 nm for the
300 and 1000 hour samples, respectively. Figure 4 displays
the TEM images of Pt/CB. From Figure 4 a and b, the Pt
nanoparticle size of the original sample was approximately
3.3 nm, and after 1000 h of thermal exposure the size in-
creased to approximately 5.0 nm (Figure 4c and d).

Figure 5 a displays the cyclic voltammogram (CV) results
of the Pt/CNC catalyst after different amounts of thermal
exposure at 120 8C. In general, the intensity of adsorption/
desorption peaks shows a downtrend with the exposure
time. Furthermore, the peaks of both hydrogen and oxygen
redox at approximately 0.2 and 0.7 V decrease quickly in
the first 300 h, but remain stable from 300 to 1000 h.

In Figure 5, the current density of 40 mAcm�2 at approxi-
mately �0.1 V corresponds to
the weak hydrogen desorption
and that of 42 mA cm�2 at ap-
proximately �0.01 V corre-
sponds to the strong hydrogen
desorption for the original
sample. These two peaks are
normally attributed to Pt (111)
and (100) crystal planes.[18]

After 300 h of thermal exposure
in air, the weak H2 desorption
peak drops slightly to approxi-
mately 36 mA cm�2 and the
strong H2 desorption peak sta-
bilizes at approximately
33 mA cm�2. At the same time,
the peak at approximately
�0.03 V, which is usually relat-
ed to Pt ACHTUNGTRENNUNG(110), is clearly ob-
served (Figure 5 a).[18] The cur-
rent density of this peak drops
down from approximately 43 to
34 mA cm�2. When the thermal
exposure time was extended to
1000 h, the intensity change of
these hydrogen desorption
peaks was very little.

The ESA (m2 g�1) is generally
believed to be one of the im-
portant parameters for charac-
terizing fuel cell performance.
The ESA is estimated from
[Eq. (1)] in which Q is the

charge for hydrogen desorption (mC cm�2), m is the quanti-
ty of Pt used (= 0.4 mgcm�2 in the present study), and b the

Figure 4. TEM images of Pt/CB after different amounts of thermal expo-
sure: a) and b) Original samples, c) and d) after 1000 h.

Figure 5. a) CVs of Pt/CNC, b) ESA variation with thermal exposure time, c) CVs of accelerated durability
tests of Pt/CNC, d) CVs of accelerated durability tests of Pt/CB, e) CVs profiles of Pt/CNC and Pt/CB after
5000 cycles selected from c) and d), f) ESA variation with cycling number.
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charge required to oxidize a monolayer of H2 on bright Pt
(=0.21 mC cm�2).[19]

ESA ¼ Q=ðmbÞ ð1Þ

The Q value for each catalyst can be calculated from its
cyclic voltammogram. In doing this, the contribution of the
charge from the electric double layer to the overall amount
of charge exchanged during the electroadsorption/desorp-
tion of H2 on the Pt sites was deducted. Such calculated
values of effective a for different catalysts are plotted in
Figure 5 b.

The ESA of the original Pt/CNC sample is as high as
82 m2 g�1. Furthermore, the ESA decreases to 65 m2 g�1

within the first 300 h, and shows only a small fluctuation
after 300 h (from 65 to 60 m2 g�1). However, in the case of
the Pt/CB catalyst, the ESA decreases rapidly from 69 to
39 m2 g�1 in the first 300 h and from 39 to 35 m2 g�1 as the ex-
posure is extended.

The chemical composition on the surfaces of Pt/CNC and
Pt/CB catalysts before and after thermal exposure were ana-
lyzed by XPS (Figure 6). The elemental composition of the
catalysts can be calculated and they are presented in
Table 2. The regional scan for Pt element provides the va-

lence states of the Pt existing in the catalysts. As shown in
Figure 6 b, the Pt signal consists of three pairs of doublets.
The most intense doublet (71.2 and 74.7 eV) is due to metal-
lic Pt0. The second set of doublets (71.8 and 75.4 eV) could
be assigned to the PtII chemical state as PtO. The third dou-
blet of Pt is the weakest in intensity at even higher binding
energies (72.6 and 76.6 eV), which are most likely caused by
a small amount of PtIV. The percentage of Pt0 can be repre-
sented by the relative peak area of the doublet peaks at 71.2
and 74.7 eV. The results are included in Table 2. As shown,
the content of Pt0 decreased for both of the samples after
thermal exposure, and the decrease for Pt0 in Pt/CB was
much more remarkable. The narrow-scan spectra for C and
O elements are shown in Figures S2 and S3 in the Support-
ing Information. As can be seen, there is a little change in
the contents of Pt and C on Pt/CNC and only a slight in-
crease in the content of O. However, the contents of Pt and
O on Pt/CB increase clearly from 48.35 to 55.57 % and from
6.76 to 10.78 %, respectively. During this time, the C content
decreases from 44.39 to 33.65 %. Moreover, the O/C atomic
ratio increases from 0.1 for both original samples to 0.15 for
Pt/CNC and 0.2 for Pt/CB after 1000 h of thermal exposure
(Table 2).

To investigate the electrochemical durability of the cata-
lyst involved, accelerated durability testing (ADT) was con-
ducted in a renewable H2SO4 solution (0.5 m) with the cata-
lyst layer exposed to the electrolyte solution to mimic the
environment of the electrode membrane interface in
PEMFC. Under this specific condition, the deterioration of
a catalyst was accelerated. As shown in Figure 5 c, after 5000
cycles (about 40 h) the current density dropped from 38 to
25 mA cm�2 and from 42 to 25 mA cm�2 for the peaks at
�0.11 and 0.01 V, respectively, with a scan rate of
100 mV s�1. Compared with Pt/CB (Figure 5 d), the current
density dropped from 33.7 to 4 mA cm�2 and from 34 to
4 mA cm�2 for the peaks at �0.02 and �0.007 V, respective-
ly. The loss of the electrochemical surface area (ESA) of the
Pt catalyst with the cycling number is plotted in Figure 5 f.
After 5000 cycles, the ESA decreased from 82 to 41 m2 g�1

for Pt/CNC (by 50 %), and from 71 to 6.3 m2 g�1 for Pt/CB
(by 91.1 %). Therefore, the degradation rate of Pt/CB is
much faster than that of Pt/CNC. Furthermore, most of the
ESA loss for the case of Pt/CNC occurs within 2500 cycles
and then the degradation becomes very small. On the con-
trary, the ESA loss of the Pt/CB catalyst continues to de-
cline during the whole ADT process. These data unambigu-

Figure 6. a) Wide-scan XPS spectra of Pt/CNC and Pt/CB with different
thermal exposure times. The corresponding Pt4f core level XPS spectra
of Pt/CNC: b) Original Pt/CNC; c) Pt/CNC, 300 h; d) Pt/CNC, 1000 h; e)
original Pt/CB; f) Pt/CB, 1000 h.

Table 2. The mass percentages obtained from XPS analysis of Pt, C, and
O elements, the O/C atomic ratio, and Pt4f relative peak areas in the cat-
alysts.

Sample Pt/CNC Pt/CB

thermal exposure time [hours] 0 300 1000 0 1000
Pt 51.07 50.09 51.47 48.35 55.57
C 42.52 42.2 40.56 44.39 33.65
O 6.41 7.71 7.97 6.76 10.78
O/C atomic ratio 0.1 0.14 0.15 0.1 0.2
Pt0 relative peak area [%] 46.4 35.8 35.4 42.8 26.5
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ously demonstrate that the Pt/CNC catalyst is much more
stable than the Pt/CB catalyst.

The electrochemical activity and durability of Pt catalysts
have been studied from the aspects of the Pt particles and
carbon supports.[20] For the present catalysts, the Pt particle
size changed only from 2.8 to 3.6 nm for Pt/CNC and from 3
to 3.8 nm for Pt/CB mainly during the first 300 h of thermal
exposure (Figures 2–4). So Pt nanoparticles exist in a rela-
tively stable state even after undergoing long thermal expo-
sure (1000 h). Thus, the big differences in ESA and thermal
stability between the two catalysts of Pt/CNC and Pt/CB
may be caused by the differences in carbon support and its
degradation.

The oxidation of a carbon support usually occurs at the
surface. The surface chemistries of the original and thermal-
ly exposed Pt/CNC and Pt/CB catalysts were characterized
with XPS. Both survey and high-resolution XPS spectra
were collected (Figure 6 and Figures S2 and S3 in the Sup-
porting Information). The O1s signal intensity was enhanced
for the Pt catalysts, which implies an increase of the oxygen
content after a long time of thermal expose, especially for
Pt/CB. Pt/CNC shows no obvious change in the high-resolu-
tion C1s XPS spectrum, but Pt/CB exhibits weaker signals
at approximately 284.7 eV, which is commonly attributed to
the fact that carbon�carbon double bonds are broken down.
The atomic ratio of O/C, which can be obtained by integrat-
ing the area under the high-resolution XPS O1s and C1s
spectra signals, is used to monitor the oxygen content and
the oxidation degree of a carbon support.[11b, 21] The values of
O/C for the original, 300 h, and 1000 h Pt/CNC samples are
0.1, 0.14, and 0.15, respectively. The values for the original
and 1000 h Pt/CB samples are 0.1 and 0.2, respectively. It is
clear that the increase in the atomic ratio O/C for Pt/CB is
two times that for Pt/CNC, which indicates that the oxida-
tion degree of CB is much higher than CNCs.

The consequence of carbon oxidation is the weaker inter-
action between Pt and the carbon support. The exact nature
of the interaction is still a topic of considerable discus-
sion.[10b, 22] However, in comparison with amorphous carbon,
the graphitic structure of a graphitic carbon enhances the
strength of the delocalized p sites.[9] These sites act as an-
choring centers for Pt nanoparticles, thus strengthening the
interaction between the Pt particles and the carbon sup-
port.[23] Furthermore, because of the presence of oxygen,
surface oxides might weaken the Pt–carbon interaction and
lead to a lower resistance to the surface migration of the Pt
particles.[8,24] The thermal exposure testing indicates that the
effect of carbon support on the degradation is predominant
and a graphitic carbon is favorable, and thus efforts should
be made to ameliorate the catalyst stability.

The other important observation is that the Pt states have
undergone some changes during the long thermal exposure.
The percentage of Pt states are calculated from the relative
areas of the peaks in Figure 6. The peak positions and all re-
lated data are listed in Table 2 and Figure S1 in the Support-
ing Information. It was found that the percentage of Pt0 de-
creased and the contents of PtII and PtIV increased with pro-

longed thermal exposure. The Pt nanoparticles with a small
size can be easily oxidized to form a thin oxide shell. This
oxidation shell cannot adsorb hydrogen and thus results in
electrochemical passivity.[25] As a result, the ESA decreases
with thermal exposure for both catalysts studied.

In general, the electrochemical stability of a catalyst could
be examined in an electrolyte of a strong aqueous acid solu-
tion.[26] It is clearly indicated that the Pt/CNC catalyst
showed a higher electrochemical activity and durability by
using the Pt/CB catalyst as the baseline (Figure 5). The main
phenomenon in acid environments is material dissolution.[27]

However, carbon corrosion has a more important effect
than Pt degradation (electrode cycling) on the stability of
the catalyst.[3b, 28] In the CV profile (Figure 5 c and d), the de-
crease in the double-layer capacitance by about 75 % for Pt/
CB was recorded after the Pt degradation test, but no signif-
icant change for Pt/CNC was observed. This effect is clearly
related to the corrosion of the amorphous carbon support.[29]

Thus, the advantage of a graphitic carbon support is shown
again.

In summary, two different Pt catalysts with different sup-
port materials (conventional CB and newly developed
CNCs) were investigated for thermal stability in air at
120 8C and for electrochemical durability in an acid aqueous
solution. Although the Pt size has an effect on electrochemi-
cal activity and stability, the effect of carbon oxidation on
the thermal degradation is predominant. After long thermal
exposure, the electrochemical activity of Pt/CNC decreases
by 25 %, but that of Pt/CB by 50 %. This result indicates
that Pt/CNC has a higher thermal stability. In accelerated
electrochemical tests, the electrochemical surface area of Pt/
CNC decreased by 50 %, but that of Pt/CB decreased by
91 % under otherwise identical acid conditions after 5000
cycles. All of these observed differences may be attributed
to the different carbon materials used to support the Pt par-
ticles. This work suggests that by using graphitic carbon ma-
terials the thermal stability and electrochemical durability of
Pt catalysts can be improved over the conventional amor-
phous carbon, and thus can be expected to enhance fuel cell
performance.

Experimental Section

Preparation of the Pt/Carbon catalysts : The preparation of CNCs has
been reported in our previous publications. The typical procedure for
preparing the Pt catalyst is the carbon powder was ultrasonicated in eth-
ylene glycol (EG) to form a dispersed solution. Then, a predetermined
amount of a Pt precursor, H2PtCl6·6H2O dissolved in EG was slowly
added. The mixed solution was heated at a desired temperature of
around 140 8C for 3 h under continuous magnetic stirring. After cooling
to room temperature, the catalyst was then filtered, and washed with
excess deionized water until chloride ions were not detected by AgNO3

solution. The Pt loading on the carbon support was controlled to be
50 wt %. Such catalysts prepared by using CNCs and Vulcan XC-72 CB
as supports are denoted as Pt/CNC and Pt/CB, respectively.

Measurement of thermal stability and electrochemical durability : The ob-
tained Pt catalyst was placed in an oven with dry air at 120 8C for up to
1000 h to simulate the reaction condition in the low-temperature fuel cell
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system. At an interval of 100 h, a small amount of the sample (Pt/CNC,
Pt/CB) was taken out of the oven for electrochemical analysis by using a
cyclic voltammetry technique. That is, the analysis was performed in a
three-electrode cell by using an EG&G potentiostat (model 366A) at am-
bient temperature. The working electrode was a glassy carbon cylinder
with a diameter of 3 mm. The top of the cylinder was coated by the mix-
ture of the Pt catalyst with 5 % Nafion isopropanol solution and the Pt
loading was controlled at 0.4 mg cm�2. A saturated calomel electrode
(SCE) and a large-area Pt plate were used as the reference electrode and
counter electrode, respectively, and H2SO4 (0.5 m) was used as the elec-
trolyte. The CV profiles were recorded at a scan rate of 100 mV s�1 from
the potential of �0.241 to 1.0 V versus SCE. For the electrochemical du-
rability test, the recording was made up to 5000 cycles in a renewable
aqueous solution of H2SO4 (0.5 m) at a scan rate of 100 mV s�1. For com-
parison, the Pt/CNC and Pt/CB catalysts were studied under identical
conditions.

Characterization : The XRD pattern was recorded by using a Bruker dif-
fractometer with CuKa radiation (Bruker D8 Advanced, 40 kV and
40 mA) to study the phase constitution and crystallographic structure of
the sample. Raman spectroscopy was carried out to examine the perfec-
tion of CNCs by using Horiba Jobin Yvon HR 800 UV with a 514.5 nm
excitation wavelength laser. The morphology of a sample was studied by
HR-TEM (JEOL-2010F). EDS was carried out to analyze the chemical
composition of the selected area. The surface of the catalysts was ana-
lyzed with XPS (Kratos Axis Ultra DLD X-ray photoelectron spectrosco-
py). This system uses a focused monochromated AlKa (15 kV) X-ray
source for excitation and a spherical section analyzer. The pressure of
the analyzer chamber was maintained at 10�9 Pa during the measure-
ment. The survey scans were collected by using a pass energy of 160 eV.
High-resolution spectra were obtained with the analyzer pass energy set
as 40 eV. N2 adsorption experiments by using a BELSORP instrument
(BEL, Japan) were conducted to investigate the porosity of hollow
CNCs. All samples were outgassed at 200 8C in nitrogen flow for 4 h
prior to the measurement. Nitrogen adsorption data were recorded at
liquid nitrogen temperature (77 K).
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