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��������� The stability of carbon*supported electrocatalysts has been largely investigated in acidic electrolytes, but the litera*
ture is much scarcer regarding similar stability studies in alkaline medium. Herein, the degradation of Vulcan XC*72*supported 
platinum nanoparticles (noted Pt/C), a state*of*the*art proton*exchange membrane fuel cell electrocatalyst, is investigated in alka*
line medium by combining electrochemical measurements and identical*location transmission electron microscopy (ILTEM); elec*
trochemical surface area (ECSA) losses were bridged to electrocatalyst morphological changes. The results demonstrate that the 
degradation in 0.1 M NaOH at 25°C is severe (60 % of ECSA loss after only 150 cycles between 0.1 and 1.23 V ��. RHE ), which 
is about 3 times worse than in acidic media for this soft accelerated stress test (AST). Severe carbon corrosion has been ruled out 
according to Raman spectroscopy and X*ray photoelectron spectroscopy (XPS) measurements and it seems that the chemistry of the 
carbon support, and in particular the interface (chemical bounding) between the Pt nanoparticles and their carbon substrate, does 
play a significant role in the observed degradations. 

�����	
������������������������������������������������� ���������������!"�#�$��%�&'����(�����������������
�����������

)����������������������� ���������������� ����������!)*+�,$��	� �����������������

�	 
����������

Platinum (and platinum alloy) nanoparticles supported onto 
high*surface area carbon – a cheap, easily structured and con*
ductive material – are the state*of*the*art electrocatalyst for 
fuel cell applications 1,2. It is no secret that these materials 
undergo severe degradations at the cathode of proton exchange 
membrane fuel cells 3*5; as such Pt/C degradations have been 
massively investigated at high potential values (above 0.6 V 
��� RHE) and in acidic media, especially for oxygen reduction 
reaction (ORR) 6*9. On the contrary, almost no studies have 
been conducted for an application as electrode material in 
(direct) alkaline fuel cells (���. in alkaline media), except in*
vestigations at bulk platinum (and bulk gold) surfaces 10. Here*
in, the stability of a state*of*the*art Pt/C electrocatalyst is 
compared in alkaline and in acidic media by correlating the 
results of electrochemical characterizations, Identical*Location 
Transmission Electron Microscopy (ILTEM) imaging and 
physicochemical analyses (Raman spectroscopy and X*ray 
photoelectron spectroscopy, XPS). 

�	 �������������������

The Pt/C catalyst was purchased from E*Tek® (20% weight 
fraction, Vulcan XC72 carbon black substrate) and used as*
received without any further treatment. A catalyst ink was 
prepared by mixing 10 mg of catalyst powder, 7.74 mL of 
MQ*grade water (18.2 MH cm, < 3 ppb Total Organic Carbon, 
Elix + Milli*Q Gradient, Millipore), 18.3 µL of 5 wt. % Nafi*
on® solution (Electrochem. Inc.®) and 33.9 µL of isopropa*
nol; after 30 min ultrasonic stirring before each experiment, 10 
µL of this ink were deposited on a 5 mm*diameter glassy*
carbon electrode (13.07 µgPt cm*2 cover the electrode surface),
previously polished until 1 µm with diamond paste and copi*
ously rinsed in acetone, ethanol and water, respectively. 

The accelerated stress tests (AST) have been performed in 0.1 
M solution of H2SO4, HClO4 and NaOH; the high*purity rea*
gents were all provided from Merck (Suprapur quality) and the 
electrolytic solutions were prepared using MQ*grade water. 

All the experiments were performed at 25°C, under argon 
atmosphere (1 atm), using a VSP (Bio*Logic®) potentiostat in 
a three*electrode cell. The counter*electrode was a carbon 
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plate – to avoid the dissolution and the redeposition of the 
counter*electrode material on the working electrode – and the 
reference electrode was either an aqueous mercury sulfate 
electrode (MSE: Hg|Hg2SO4|K2SO4, saturated) for acidic me*
dia, or a freshly*prepared reversible hydrogen electrode (RHE) 
for experiments in alkaline solution. A new RHE was prepared 
every 2 hours of experiments to avoid any bias in the reference 
potential value; all potential values (even for acidic media) are 
expressed on the RHE scale.  

As stated in the introduction, this paper intends to study 
whether alkaline media are more aggressive (or not) than 
acidic ones towards state*of*the*art fuel cell electrocatalysts. 
The present work was performed in the frame of a larger study 
which is devoted to the oxidation of complex non*carbon fuels 
of the borohydride and nitrogen families (NaBH4, NH3BH3, 
N2H4BH3) 

11*13, and it was firstly chosen to perform experi*
ments in pure NaOH to verify how this solution impacts the 
Pt/C morphology. Therefore, the potential domain studied 
corresponds to that useful for the characterization of these 
fuels oxidation. As such, the AST consists of 150 cycles be*
tween 0.1 and 1.23 V ��� RHE at 100 mV sec*1 in the electro*
lyte solution (0.1 M of H2SO4, HClO4 or NaOH). Each AST 
precedes and is preceded by two measurements: i) 15 cycles in 
0.1 M H2SO4 (50 mV sec*1, between 0.1 and 1.33 V ��� RHE)
called �'��������-������ ���� (Fig.1.a,c,e,g) and then ii) a ���
��������&� ���� (6 min CO adsorption followed by 39 min Ar 
purge at 0.15 V ��. RHE, followed by 3 cycles in 0.1 M 
H2SO4, 20 mV sec*1, between 0.1 and 1.33 V ��� RHE;
Fig.1.b,d,f). The CO*stripping voltammograms were used to 
measure the ECSA of the Pt/C electrocatalysts prior/after each 
AST, and the corresponding values enabled to calculate the 
relative ECSA losses upon each AST.  

The results are then compared and correlated to ILTEM data, 
where each AST was reproduced directly on TEM grids (Gold 
+ Lacey Carbon), and the same regions were observed before 
and after the degradation test. The TEM micrographs were 
obtained on a JEOL 2010 TEM apparatus, equipped with a 
LaB6 filament operating at 200 kV (point to point resolution 
0.19 Å), and used to build particle*size distribution (PSD) 
histograms (��� more than 400 isolated nanoparticles being 
counted for statistical relevance) on Fig.2.e,h,k. As in Ref. 14, 
it was chosen to count the Pt nanoparticles exactly in the same 
regions before and after the AST, to evaluate in a quantitative 
manner the nanoparticles loss upon each AST. 

Raman spectroscopy was used to examine the structure of the 
fresh and aged carbon supports. Raman spectra were recorded 
�.����� using a Renishaw InVia spectrometer with the near*IR 
line of LASER diode (785 nm). The Raman photons were 
collected on a Peltier*cooled CCD detector and the spectral 
resolution was about 1 cm−1. The measurements were per*
formed with a ×50 LF objective and the LASER power was 
about 0.2 mW on the sample. For the sake of comparison, the 
Raman spectra were normalized to the intensity of the peak at 
∼1350 cm−1, which corresponds to the band of the disordered
graphitic lattice*surface layer edge. For Raman spectroscopy 
measurements, 40 µL of catalyst ink have been deposited on 
the glassy carbon support in order to avoid a support contribu*
tion, according to the procedure detailed in 8. 

X*ray photoelectron spectroscopy was performed on a XR3E2 
spectrometer (Vacuum Generator) baring a Mg Kα (1253.6 
eV) X*ray source powered at 300 W (15 kV, 20 mA). The 
kinetic energy of the photoelectrons was measured using a 
hemispherical electron analyzer working in the constant pass 
energy mode (30.0 eV). The analysis chamber was kept below 
10−9 to 10−10 mbar background pressure during the data acqui*
sition, which was performed for 0.1 eV increments, at 50 ms 
dwelling times. The analyses were performed at an angle 90° 
between the Pt/C sample surface and the analyzer. The charg*
ing effect was corrected by referring all the binding energies to 
the graphene component of the carbon C1s peak at 284.3 eV 8. 

�	 ��������������������

The Characterization and CO*stripping tests performed before 
and after each AST are shown in Fig.1; the comparison of the 
ECSA losses is given in Fig.1.g for the three different media. 
The results show a loss of active surface area for both acidic 
and alkaline media, with an average value of 57.4, 17.3 and 
22.4% of loss, respectively for the NaOH, HClO4 and H2SO4

solution. The degradation in alkaline medium is about 3 times 
worse than for acidic media, while only a slight difference can 
be observed between the results obtained in HClO4 and H2SO4. 
Using HClO4 and H2SO4 solutions enabled to investigate a 
possible effect of the anion*adsorption strength at the Pt sites 
(larger for sulfate than for perchlorate anions); the anion ad*
sorption strength explains the potential shift of Pt oxide for*
mation visible between Fig.1.c and Fig.1.e, as previously 
reported in 15. H2SO4 seems slightly more aggressive than 
HClO4, in agreement with previous results 16,17.

The modification of the CO*stripping voltammogram after the 
AST clearly gives additional information; the development of 
a pre*peak at � = 0.7 V ��. RHE upon AST in alkaline medi*
um, associated with a shift of the main peak towards lower 
potential, are attributed to the agglomeration and growth (via a 
platinum dissolution/redeposition mechanism, or 3D Ostwald 
ripening) of the Pt nanoparticles on the carbon support, respec*
tively (Fig.1.b and Fig.2.a*d) 18,19. In addition, the intensity of 
peak 2 (on Fig.1.g), corresponding to the hydrogen adsorption 
on edge atoms of platinum particles, has significantly de*
creased (relatively to peak 3) for the AST in NaOH in compar*
ison with results obtained for the H2SO4 solution; this indi*
cates a smaller amount of edge atom sites and confirms the 
agglomeration process.  

None of these features are visible in Fig.1.d and Fig.1.f, where 
the CO*stripping voltammograms before and after the AST in 
the acidic media are nearly unchanged. The high extent of 
ECSA loss in alkaline medium (60 % ��. ��. 20 % in acidic 
media) only happens for much harsher and/or longer degrada*
tion protocol and at higher temperature in acidic media 7,20. 
This extreme degradation for a somewhat mild AST (25°C, 
150 cycles between 0.1 and 1.23 V ��� RHE), reveals the ag*
gressiveness of the alkaline medium towards the Pt/C nanopar*
ticles. This parallels the recent findings of Cherevko et al: the 
“transient” corrosion (���� that which proceeds when cycling 
the potential in a CV) of smooth Pt surfaces in alkaline medi*
um starts at lower potential (by ��. 50*100 mV) and is ��. 
twice harsher than in acidic medium 10, a last figure which 
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agrees with the present differences of ECSA loss measured in 
acidic and alkaline environments. In addition, the extent of 
agglomeration monitored on the CO*stripping CV is only 
observed in acidic media in presence of reducing agent such as 
CO atmosphere 20,21. ILTEM imaging was performed to shed 
light on the morphological changes of the Pt/C catalyst and to 
understand the origin of the ECSA loss differences.  
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���������/��'��������-���������������������&������  �&�� �����������������0�1�,�%2��3�������������245����(���#�(�����+�����

(�� �������6�$�7��%��6�$�%���3�����6($�%2��3���� ���������(��'��������-�����������  �&�� �����(�� ����(��������+����7��%�

�������%2��3�����������!&$��������������&��������������������(����������������(������'������������� ���� �!'$��

Fig.2 shows the micrographs obtained before and after the 
AST in 0.1 M solutions of NaOH, HClO4 and H2SO4, and the 
associated particle size distribution (PSD) histograms. 

A slight increase of Pt nanoparticles sizes is observed in acidic 
media (Fig.2.f and Fig.2.h), due to Pt dissolution/redeposition 
mechanism, expected for the high/low potential vertex used in 
the AST 7,20. It corresponds to a tailing of the PSD towards 
large nanoparticle sizes at the expense of the smaller nanopar*
ticle sizes, which can sign non*negligible dissolu*
tion/redeposition (3D Ostwald ripening) processes 4,22,23. In 
alkaline medium, Fig.2.e also indicates a slight increase of the 
nanoparticles size, but in this case, the PSD histograms essen*
tially flattens: both the amount of very small nanoparticles 
(between 1 and 2 nm) and of larger nanoparticles slightly 
increased too; the former could result from the better micro*
graphs contrast after aging in NaOH (the smaller nanoparticles 
are better visualized then, owing to the sharp decrease of na*
noparticles density over the carbon (see below). Moreover, in 
alkaline medium, the non*negligible agglomeration of the Pt 
particles evidenced by ILTEM (Fig.2.a*d), explains the shape 
of the CO*stripping features, with a large CO*electrooxidation 
pre*peak 0.7 V ��� RHE (attributed to the nanoparticles ag*
glomeration 19). 

Whatever the media, particle detachment is evidenced (white 
markers ease the observation on Fig. 2.d,g,j, being admitted 
that these markers are by no means quantitative). The absolute 
number of Pt nanoparticles counted on the ILTEM images 
before and after the “acidic” AST however demonstrate that 
the loss of nanoparticles after the AST (10 and 15 % for an 
AST in H2SO4 and HClO4, respectively) is not enough to 
account for all the ECSA loss (22 and 17 % for an AST in 
H2SO4 and HClO4, respectively). This again shows that the 
nanoparticle size increase (by Pt dissolution/redeposition) non*
negligibly accounts for the active surface area loss electro*
chemically measured upon acidic AST (see Fig. 1 and Fig.2.f*
k). On the contrary, the AST in alkaline medium yields a very 
large extent of Pt nanoparticles loss (63 %), that matches well 
with the ECSA loss (57 %). This shows that most of the sur*
face area loss after the “alkaline” AST is due to the simple loss 
of Pt nanoparticles, and not from quantitative dissolu*
tion/redeposition.  

As shown in previous works, particles detachment can be 
linked to both a modification of the chemistry of the carbon 
support, which changes the interaction between the Pt particles 
and the support by modifying their anchoring sites on the 
support, and/or to consequent carbon corrosion in the vicinity 
of the nanoparticles 7,8,23,24.  

Raman spectroscopy measurements have allowed to highlight 
that such huge degradation in alkaline media cannot be related 
to severe carbon corrosion, which is a major issue in the acidic 
environment of a PEMFC for long*term operation 24. Indeed, 
four successive degradation tests (250 cycles in 0.1 M NaOH 

between 0.1 and 1.23 V ��� RHE at 100 mV sec*1 and 25°C) 
have been performed and Raman spectroscopy has been car*
ried out on the pristine electrode and after each degradation 
test. Whereas Fig.3.a clearly illustrates the loss of active sur*
face area in the HUPD and platinum oxides regions (the degra*
dation being more intense during the first part of the degrada*
tion protocol, suggesting that the first cycles are the most 
detrimental), the Raman spectra (Fig.3.b) show no special 
modification of the intensity of the G*band (1585 cm*1, ideal 
graphitic lattice) and D1*band (1350 cm*1, disordered graphitic 
lattice*graphene layer edge) vibrational modes. This indicates 
that no significant carbon corrosion processes happen until 
1000 cycles in these conditions, which obviously rules out any 
carbon corrosion processes after only 150 cycles in the AST 
results previously reported in Fig. 1 and Fig. 2. 
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�������	���)*+�,� ����&���'�����������������+����245�����7��%�!�6��6��6��$6�%���3�!(6�&$�����%2��3�!�6�8$��+'��9'������������

'�&'��&'�� �'�� �������������� ����� !��� �� ������ ���'�������  �����$�� ������������&� ������������� ��-�� ������������� '����&�� �� ���

7��%�!�$�%���3�!'$�����%2��3�!�$��+'���� �����(�����������������������'��)*+�,�� �&�����(���������(�����'���+��� ���������

�'�� ��'����&���������(��������������������������� ���� ��'�������������������

�������
�/�������������+����(�� �������0�1�,�7��%����245��!�$�����	� ������������������������!7�� ���-��$�����������(����

���'��+�!�$��

The XPS patterns of the C1s contribution (Fig. 4) also show 
no sign of severe carbon corrosion after the AST, should it be 
in alkaline or acidic medium.  

���������/�:"�������(��� �'��"�#������������������� ��� ���������

����� ������ ���� �(���� �'�� �+� ��� 0�1�,�%2��3� ���� ��� 0�1�,�

7��%���

Finally, both the XPS and Raman data agree with the electro*
chemical characterizations (the double layer current hardly 

varies upon the AST) and the ILTEM images (no signs of 
severe modification of the carbon shape were observed on 
Fig.2.a*d), thereby suggesting that the Pt nanoparticles detach 
from the carbon, simply following the destruction of their 
anchoring sites to the carbon surface. To the author’s opinion, 
this could follow the subtle modifications of the carbon sur*
face chemistry in the vicinity of the platinum nanoparticle in 
alkaline medium, but also the harsher “transient” corrosion of 
the platinum surfaces in alkaline than in acidic medium 10, 
witnessed by Cherevko et al. for larger potential values (above 
1.3 V ��. RHE) than in the present work. 

 	 ����������

This work clearly demonstrates that alkaline medium is real*
ly more aggressive for Pt/C catalysts than acidic ones for a 
given accelerated stress test (150 cycles from 0.1 to 1.23 V ��. 
RHE). An impressive loss of ECSA (about 60 %) is only ob*
served upon AST in 0.1 M NaOH, whereas the ECSA loss is 
limited to ��� 20 % in acidic media. In the latter cases, Pt 
dissolution/redeposition and a low extend of particle detach*
ment have been monitored. On the contrary, the huge degrada*
tion observed in alkaline medium (with respect to the extreme*
ly small number of cycles performed: 150) follows the very 
large loss of Pt nanoparticles (��. 63 %). Such particles de*
tachment from the carbon surface is not due to extensive car*
bon corrosion, as demonstrated by combined ILTEM (no 
quantitative change of the carbon shape is detected after AST), 
Raman spectroscopy (no significant modification of D1*band 
and G*band vibrational modes has been observed even after 
1000 cyclic voltammetry cycles) and XPS results (the C1s 
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band is literally unchanged upon any AST). A modification of 
the carbon (extreme) surface chemistry in alkaline media, 
which modifies the anchoring sites of the particles on the 
support, could explain such degradation; more experiments 
will be performed to investigate this hypothesis. 
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