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Platinum (Pt) dissolution during oxidation/reduction cycle
in various potential cycle ranges and in various pHs of the
oxygen-saturated and deaerated H,SO4 and HCIO, electrolyte
solutions was monitored by the highly sensitive electrochemical
quartz crystal microbalance (EQCM) system. It was found that
the Pt mass reduction depended on the potential cycle range and
pH of the electrolyte solution with dissolved oxygen. Based on
these results, it can be suggested that the dissolution of Pt
requires one proton per one Pt and that it also requires dissolved
oxygen, and then we can conclude that the dissolution reaction
of Pt is as followings; PtO + H' + 1/20; + H,0O — Pt(OH);™
and/or PtOH + H* + 3/40, + 1/2H,0 — Pt(OH);™".

It is well-known that Pt is one of the best cathodic catalysts
for polymer electrolyte fuel cells (PEFC), which are expected to
be a most attractive energy conversion device in the near future.
Oxygen reduction reaction (ORR), namely, cathodic reaction in
PEFC has been extensively studied by many groups.'? Since in
PEFC, a serious problem is dissolution of Pt into electrolyte
solution (or polymer electrolyte) during operation, for practical
use, the durability of the electrode is an issue of concern. For
solving this problem, the dissolution behavior should be
monitored at an atomic level, and then the mechanism of
dissolution should be clarified. Many research groups have
investigated the dissolution of Pt with single crystal Pt >
polycrystalline Pt,>"!! Pt-nanoparticle-modified carbon,'>!” and
Pt alloy>'®2! electrodes using several analytical methods such
as conventional electrochemical measurements,'®!'® theoretical
calculation,?? direct mass measurements,>® spectroscopic analy-
ses, 10 JCP-MS,378 XRD,’®1417.2021 TEM 14151720 GEM 19
STM,> AFM,’®!° EDX," XPS,?® XAS,!? and electrochemical
quartz crystal microbalance (EQCM) measurements.”!'8 How-
ever, microscopic, spectroscopic, and direct mass measurements
cannot show the precise amounts of dissolved Pt because the
amount of Pt dissolution is too small. Moreover, many
intermediates were reported to be generated during PEFC
operation. Several things reported previously were i) the origin
of the dissolution of Pt is assumed to be Pt oxides,'® ii) Pt
dissolution requires potential cycling,®’®° iii) some impurities,
such as SO,, NO,, and C17, contained in the electrolyte solutions
accelerated the Pt dissolution,”'>!® and iv) smaller Pt particles
grew to be larger particles according to Ostwald ripening during
potential cycling.>'3!42! However, it has not made clear this
problem yet. We can assume that PEFC does not ideally contain
any impurities, and the following reactions have been previously

proposed as Pt dissolution reactions;
Pt — P+ + 2e” (1)-100.11

Pt — Pt4+ +4e” (2)6,8a,9,10a
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PtO, + 4Ht 4 2¢~ — Pt** + 2H,0 (3)o811
PtO, + Ht + H,0 — Pt(OH);* @"
PtO + 2H* — Pt** + H,O (5)*
PtO + H* 4+ 1/20, + H,0 — Pt(OH);* 6)"?

PtOH + H* + 3/40, 4+ 1/2H,0 — Pt(OH);t  (7)!?

When the Pt dissolution takes place with the Pt oxidation at
the same time, we cannot measure charge only due to the Pt
dissolution. Thus, the quantitative relationship between amounts
of dissolved Pt, concentration of H, and dissolved oxygen
should indicate which reaction is the true Pt dissolution reaction.

In order to make clear the reaction mechanism of Pt
dissolution during potential cycling, in this study, we monitored
the dissolution behavior of Pt during continuous potential
cycling in various potential cycle ranges and in various pHs of
the oxygen-saturated and deaerated H,SO4 and HCIO; electro-
lyte solutions by highly sensitive EQCM. It was found that the
Pt mass reduction depended on the potential cycle range and pH
of the electrolyte solution with dissolved oxygen, suggesting
that dissolution of Pt requires one proton per one Pt and also
dissolved oxygen, and we conclude that the dissolution reaction
is the above eqs 6 and/or 7.

A Au-coated QCM clectrode, Pt wire, and MSE were used
as working, counter, and reference electrodes, respectively. The
potential values were referred to RHE. A Pt QCM electrode was
prepared by electrochemical deposition in 0.1 M HCIO, electro-
lyte solution containing 0.5mM H,PtCls on the Au QCM
electrode by previously reported procedures.” The resonant
frequency of the QCM electrodes, which was oscillated by an
oscillation circuit, was monitored simultaneously with electrode
potential and current by a frequency counter (QCM934, Seiko
EG&G). The frequency stability of the present EQCM system
was better than 0.1 Hz for a sampling gate time of 0.1s. The
mass sensitivity of the 27 MHz AT-cut quartz crystal used in the
present study was ca. 0.271ngHz~!. The calibration constant
was determined by Cu deposition?® using Sauerbrey’s equa-
tion.?* Mass change of Pt electrode during the potential cycling
in the various potential ranges with a scan rate of 100mVs™!
was measured in oxygen-saturated or deaerated H,SO, and
HCI1O, electrolyte solutions under oxygen or nitrogen atmo-
sphere, respectively. Values of pH were determined by a pH
meter (S20, SevenEasy). All the measurements in this study
were performed at 25 £ 0.05°C, which was controlled by a
thermostatic chamber (ESPEC Co., LU-113).

Figure 1 shows cyclic voltammograms (CVs) and potential
dependence of mass change of the Pt QCM electrodes measured
in (a) deaerated and (b) oxygen-saturated 0.050 M H,SO,4. The
oxidation/reduction current between +0.75 (vs. RHE) and
+1.00V is due to the surface oxidation/reduction of Pt. An
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Figure 1. Potential dependence of current density and mass
change of Pt QCM electrodes measured in (a) deaerated and
(b) oxygen-saturated 0.050 M H,SO, (pH 1.18) with a scan rate
of 100mVs~.
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Figure 2. Time dependence of mass change measured in
oxygen-saturated 0.50M H,SO, (pH 0.32) (a) when the
potential was cycled between +0.05 and 41.45V for 90 cycles
and (b) when the potential was kept at +1.20 V for 2500s.

oxidation/reduction couple current, attributed to hydrogen
adsorption and desorption, was observed around +0.20 V. Real
Pt area was calculated from the charge of hydrogen adsorption.
In the relatively negative potential region, larger cathodic current
was observed in the oxygen-saturated electrolyte solution,
showing that the ORR took place in this potential region. The
absolute value of mass change during one potential cycle was ca.
50ngcm~2 in both cases, and the shape of the mass change in
the both cases was in good agreement with those reported
previously.”!® Then we can conclude that the observed mass
change corresponds to the adsorption/desorption of water and
sulfate anion onto/from the Pt surface, respectively, and surface
oxide formation/reduction. These results show that the dissolved
oxygen does not greatly affect water and/or sulfate adsorption/
desorption.

Figure 2a shows time dependence of mass change of a Pt
QCM electrode when the potential was cycled in oxygen-
saturated 0.50M H,SO4 (pH 0.32) with a scan rate of
100mV s~! in the potential range between +0.05 and +1.45V.
Although mass change due to the Pt dissolution cannot be
detected in one potential cycle (Figure 1), the gradual mass
decrease can be clearly observed in this figure. The mass change
due to Pt dissolution was calculated to be ca. 0.75ngcm™>
cycle™! from the slope. When the potential was kept for a longer
time at +1.20V, where Pt oxide (PtO;) formed on the surface, no
mass change was observed (Figure 2b), indicating that the Pt
dissolution requires potential cycling. This result is supported by
previous studies.®”?

In order to make clear which potential range affects the
dissolution, we measured the Pt dissolution when the negative
and positive potential limits of the potential cycle changed in the
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Table 1. Dependence of potential cycle range on the amount of
Pt dissolution measured in oxygen-saturated 0.50M H,SOy,
(pH 0.32) with a scan rate of 100mV s~

Negative potential  Positive potential Mass change

limit/V limit/V /ngcem™2 cycle™!
+0.60 +1.20 —0.75
+0.60 +1.15 —0.63
+0.60 +1.10 —0.32
+0.60 +1.00 0

+0.60 +0.90 0

+0.90 +1.20 0

+0.80 +1.20 —0.18

oxygen-saturated 0.50 M H,SO4 (pH 0.32). The obtained values
are listed in Table 1. When the negative and positive potential
limits were +0.60 and +1.20V, respectively, the mass change
was the same as that of potential cycling between +0.05 and
+1.45V, 0.75ngem™2 cycle™!. When the negative and positive
potential limits were between +0.60 and +1.20V, Pt was
dissolved at less than 0.75ngcm™2 cycle™'. When the negative
potential limit was fixed to +0.60 V and the positive potential
limit was +0.90 and +1.00 V, where the anodic current due to
the surface oxide formation started to flow, Pt was not dissolved.
When the positive potential was more than +1.10 V, where the
surface seemed to be completely oxidized to PtO,, the more
positive potential limit was, the more Pt was dissolved until the
positive potential limit was +1.20V. When Pt was electro-
chemically oxidized, the surface species changed from Pt to
PtOH, PtO, and then PtO,. This suggests that the origin of the Pt
dissolution was PtO and/or PtOH. When the positive potential
limit was fixed at +1.20 V and the negative potential limit was
+0.90 V, where the cathodic current due to the reduction of the
surface oxide just started to flow, Pt was not dissolved. When the
negative potential limit was +0.80 V, where a relatively small
cathodic current was observed, Pt was a little dissolved. This
suggests that when the surface oxide (PtO,) was electrochemi-
cally reduced to PtO and/or PtOH and PtO/PtOH formed on the
surface, Pt started to dissolve, indicating that the origin of the Pt
dissolution should be PtO and/or PtOH. PtO and PtOH are
intermediates during the surface oxide formation/reduction;
their lifetime should be short and the PtO, formation is so fast
that the amount of dissolution should be very small during one
potential cycle.

Time dependence of mass change during 90 potential cycles
was measured in oxygen-saturated H,SO, and HCIO, electrolyte
solutions with various pHs. Dissolution of Pt was observed in
every electrolyte solution during the potential cycling. These
values were consistent with literature values,*®'® meaning that
even the small values observed in the present study should be
reliable. The greater the pH of the electrolyte solution was, the
less Pt was dissolved. The dissolved Pt was plotted as a function
of the pH of the electrolyte solution in Figure 3. It is noted that
the vertical axis in Figure 3 is a logarithm value of the
concentration of dissolved Pt solution per one potential cycle.
As clearly seen in Figure 3, a linear relationship with a slope
of ca. —1 was observed, indicating that the reaction requires 1
proton per 1 Pt.

At the same pH, Pt dissolved more in H,SO,4 than in HC1Oy,
outside the experimental error bar range. Sulfate anion is
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Figure 3. Amounts of Pt dissolution as a function of pH with a
scan rate of 100mVs~!. Red and blue circles present the data
measured in oxygen-saturated H,SO4 and HCIO,, respectively.
Red and blue squares present the data measured in deaerated
H,SO, and HCIOQ,, respectively. Potential range is between
+0.05 and +1.45V.

strongly adsorbed on the Pt surface more than perchlorate anion.
Maybe the adsorbed sulfate anion accelerates the Pt surface
oxidation or the adsorbed sulfate anion stabilizes the intermedi-
ates (PtO and/or PtOH) of the surface oxide formation (PtO,),
and then the Pt dissolution should be accelerated.

Based on the above results, the reaction of the Pt dissolution
is as followings: PtO + H™ + 1/20, + H,0 — Pt(OH);™ and/
or PtOH + H* + 3/40, + 1/2H,0 — Pt(OH);*.

If the reaction of eqs 6 and/or 7 take place, the Pt
dissolution requires not only protons but also dissolved oxygen.
In order to confirm the effect of the dissolved oxygen on the Pt
dissolution, the Pt dissolution behavior was monitored in 0.50 M
H,SO4 and 1.0M HCIO, solutions deaerated by bubbling with
pure N; (99.95%). As expected, when the Pt dissolution was
measured in deaerated solutions, the amount of Pt dissolution
decreased as closed squares shown in Figure 3. Even during the
potential cycling, pure N, is flowing in the QCM cell but
dissolved oxygen cannot be completely removed; a little Pt
dissolution was observed. Thus, we can conclude that the Pt
dissolution reaction is the chemical reaction of PtO + H* +
1/20; + H,0 — P(OH);* and/or PtOH + H + 3/40, +
1/2H,0 — Pt(OH);™.

Inzelt et al. investigated the dissolution of Pt with smooth
and roughened Pt in H,SO4 using EQCM during potential
cycling at relatively higher temperatures,'' and they reported that
Pt dissolution is related to two competitive processes: the
mechanical detachment of Pt atoms and the electrochemical
reduction of Pt oxide. In their study, a lower scan rate than the
present study was employed, and they were able to detect the
electrochemical dissolution of Pt. However, the potential change
was fast during PEFC operation. Thus, we can conclude that the
Pt dissolution during PEFC operation is PtO + H™ + 1/20, +
H,0 — Pt(OH);" and/or PtOH + HT + 3/40, + 1/2H,0 —
Pt(OH);™. Oxygen partial pressure, temperature, and scan rate
dependences are now under investigation in detail.
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