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In Situ Time-Resolved Dynamic Surface Events on the Pt/C Cathode in
a Fuel Cell under Operando Conditions**
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Environment-friendly proton-exchange-membrane fuel cells
(PEMFC) are considered a possible answer to environmental
and energy problems."® To make fuel-cell automobiles a
reality, the activity and life of the Pt/C cathode catalyst must
be improved. Towards this goal, we have developed a novel
time-gating quick XAFS (QXAFS) technique with 1-s time
resolution and an energy-dispersive XAFS (DXAFS) system
with 4-ms time resolution. Using these techniques, we have
observed the electrochemical reaction mechanism and found
evidence for dynamic surface events involving Pt dissolution
at the Pt/C cathode, the reaction kinetics of the electron-
transfer processes, redox structural changes (eight elementary
steps), and a significant time lag among those events for the
first time under operando fuel-cell conditions.

Measurement of the current in a PEMFC in real time
shows that a power-on process from open circuit to an
operating state brings about rapid electrochemical reactions
on its electrode surfaces, which are completed within a few
seconds. Such power-on and -off processes (voltage change
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from open-circuit voltage (OCV=e.g.1.0 V) to operating
voltage (e.g. 0.4 V)) with huge energy transfer are indispen-
sable for commercial applications of fuel-cell systems. How-
ever, surface atoms of the active metal particles tend to
dissolve slightly into the electrolyte that is in contact with the
cathode catalyst layer, and an undesired Pt particle (or layer)
deposits in the electrolyte.!! This effect is a problem
because automobiles, in particular, require continual repeti-
tion of the on/off processes with rapid changes in cell voltages
to alter the car’s speed.

To overcome these serious problems, reaction mecha-
nisms on the electrode surfaces must be investigated in situ
during voltage-stepping processes in real time. However, to
the best of our knowledge, there are no reports that have fully
explored and determined the reaction kinetics of both the
structural changes of the metal catalysts and the electro-
chemical reactions on the electrode surfaces in PEMFCs. We
have investigated the mechanism of the electrochemical
processes involved in rapid voltage-controlled processes on
a Pt/C catalyst. From the viewpoints of electrification and
structural changes in the Pt catalyst, insitu time-resolved
quick X-ray absorption fine structure (QXAFS) spectroscopy
was used to monitor directly the chemical bonding and
electronic states in the Ptnanoparticles that act as the
electrodes.''1"]

Acquisition of a QXAFS spectrum at a Pt Lj; edge
requires at least 15 s because of the slow mechanical rotation
of the monochromator; however, the time resolution (15 s) is
too slow to observe the reaction mechanism of the target
processes. Herein, we propose a novel time-gating quick
XAFS (TG-QXAFS), with 1-s time resolution, for the first
time. The in situ TG-QXAFS measurements of the potential
stepping processes in real time revealed extraordinary time
lags between electrification and the redox chemical processes
on the Pt nanoparticles at the fuel-cell cathode, which are
relevant to the overall reaction mechanism at the cathode
under true fuel-cell operation conditions.

Figure 1 and the Supporting Information show a sche-
matic of the new TG-QXAFS apparatus and the measure-
ment procedure. The system is synchronized with a potentio-
stat connected to a homemade electrode XAFS cell (Fig-
ure 1b). Membrane—electrode assemblies (MEAs) containing
Pt/C as a cathode catalyst and Pt-free Pd/C as an anode
catalyst were stacked between two current collectors con-
taining graphite flow fields, illustrated in Figure 1c. X-rays
pass through a small hole made in the center of the XAFS cell,
and the MEA is pinched between the two flow fields. A
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Figure 1. a) The procedure for TG-QXAFS measurements with a time resolution of 1's. b) A schematic of the
fuel cell and the in situ time-resolved TG-QXAFS system at SPring-8 BLO1 station. The potentiostat and
QXAFS system were synchronized, and a trigger signal was sent from the potentiostat to the QXAFS system.

c) In situ XAFS fuel cell. Orange line: H, inlet for the anode; green line: N,

trigger signal is sent from the potentiostat to the QXAFS
system, and time zero for time-resolved measurements is set
to a change in the cell voltage. The voltage of the fuel cell was
changed between 0.4V and 1.0 V (considered as OCV) or
0.4V and 1.4V, and currents for each measurement were
recorded on the potentiostat in real time.

Our novel TG-QXAFS system uses the procedure shown
in Figure 1a: 1) a trigger signal is initially sent from the
potentiostat; 2) after a time of T, the voltage of the in situ
XAFS cell is stepped from one voltage (e.g. 0.4 V) to another
voltage (e.g. 1.0 V); 3) a QXAFS measurement (15-s period)
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EXAFS curve-fitting analysis
in order to evaluate the num-
bers and lengths of chemical
bonds on the Pt cathode
catalyst every 1s. This is the
only insitu time-resolved
study in which structural and
electronic kinetics at a Pt/C
fuel-cell catalyst with a time
resolution of 1s have been
obtained while recording cur-
rents for each measurement
on the potentiostat. Only a
preceding study by time-
resolved DXAFS, which is an alternative XAFS technique,
has been reported; however, the time resolution was 10 s.[181
We have succeeded in observing the DXAFS for the Pt/C
catalyst at 4-ms time resolution in this study.

Time-resolved analyses yielded four parameters: a) elec-
trochemical charges of the fuel cell (potentiostat), b) the
numbers and lengths of Pt—Pt bonds in the Pt nanoparticles,
which reflect the particle size and stability of the Pt catalysts
(EXAFS), ¢) those of Pt—O bonds, which provide details of
the reactions between H,O as well as O, and the Pt-particle
surface (EXAFS), and d) the electron density of Pt d orbitals
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Figure 2. A series of TG-QEXAFS a) oscillations of a reduction process
(1.0—0.4 V) and b) Fourier transforms of an oxidation process (0.4—
1.0V) at a Pt L, edge in a Pt/C fuel cell measured at 333 K. Anode:
H,; cathode: N,. Initial 15 s of each process was evaluated by TG-
QXAFS with a gating time of 1 s. Middle of each process between 15 s
and 30 s was measured by TG-QXAFS with a gating time of 5 s, and
the data after 30 s were taken by the usual QXAFS every 15 s.

(XANES). Figure 3 shows the changes in these four param-
eters for both Pt reduction (voltage stepping: 1.0—0.4 V) and
oxidation (0.4—1.0 V) processes on the Pt/C cathode catalyst
under N, atmosphere. We have succeeded in determining the
eight rate constants for the oxidation and reduction processes,
respectively. The eight rate constants are related to the
electron transfer, structural change, and d-electron density
change at the Pt/C cathode catalyst, which are significantly
different from each other. The TG-QXAFS analysis revealed
a hysteresis loop for the structural changes in the Pt cathode
particles in the oxidation and reduction processes.

All of the experimental results could be fitted with
exponential curves. The changes in the coordination numbers
(CN) of the Pt—Pt and Pt—O bonds, determined by TG-
QEXAFS, and the d-electron density of state estimated by the
peak area of QXANES measured every 2 s, were described
with a single exponential function, indicating that the
structural changes in the Pt particles follow first-order
kinetics. Their rate constants are denoted as kp.p OF K'p.p;,
kp.o O k'p.o, and kg or k'y for the oxidation or reduction
processes, respectively. The electric changes were fitted with a
linear combination of at least two exponential curves, from
which k,, or k', and k., or k', for the oxidation or reduction
processes, respectively, were determined. Furthermore, the
oxidation process required another term with linear depend-
ence against reaction time, which seems to be a tiny steady-
state oxidation of the carbon support (Ketjen EC).""* These
events on the cathode are illustrated in Figure 3e.

It should be noted that there is significant time lag
between the four processes on the cathode surface as shown in
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Figure 3. In the oxidation process from 0.4 V to 1.0 V, all four
elementary processes were much slower than those in the
reduction process (Figure 3); however, the first dramatic
electron transfer (k,=0.39s™") was 8 times faster than the
next process for the second electron transfer (k., =0.049 s™).
After the first electron transfer, the Pt particles were only
slightly charged, and there were no chemical bonds with
oxygen on the Pt surface. Then Pt—O bonds slowly formed
(kp.o=0.013s7") in conjunction with Pt charging with k4=
0.011 s™', which was monitored by the d-electron density of
states (Figure 3e, gray line from left to right).

The CN of the Pt—Pt bonds remained constant at about 9
(Figure 3¢) between 0.4-1.0 V, which indicates that decom-
position of the Pt catalyst or significant leaching to the
electrolyte did not occur. The CN of Pt—O bonds (0.4) under
the steady-state condition of 1.0 V corresponds to a full
monolayer of OH on the 2-nm Pt particles. In other words, the
oxidation of the Pt particles by changing the potential from
0.4V to 1.0 V occurs with the formation of Pt—OH covalent
bonds on the surface of the Pt particles as shown in Figure 3e.
The formation of adsorbed OH species in the oxygen
reduction reaction above 0.8V has also been previously
proposed.[16-21-23]

The peak area of the Pt L;;;-edge XANES, which has been
shown to be related to the valence state of the Pt atom, can be
used to estimate the variation in the electric charges. A large
difference was observed between the amount of Pt charging
and the electrochemical charge that flows at the electrode, as
shown in Figure 3a. Similar behavior was also observed for
the reverse process (Figure 3b). Hence, the rapid charge flow
caused by voltage manipulation is not due to charging or
discharging of the Pt catalysts but due to electron transfers at
the interface between the Pt/C catalyst and the ionomer in the
electric double layer (charging of the double layer). Electron
transfer at the interface causes the activation of reactants
(H,O and O,) on the surface of Pt particles in the fuel cell. A
low-power-generation cathode catalyst using Pt particles of
the same size (2 nm) exhibited not only poor electron transfer
but also low Pt charging, which may stem from poor contact
between the Pt particles and the carbon surface or the
ionomer.

Although a similar time lag in the four elementary steps in
the reduction processes was observed, the reduction processes
had a different reaction mechanism (Figure 3e, black line
from right to left). The first step was also a fast electron
transfer (Figure 3b), for which the k',; value of 2.86 s~' was 7.3
times higher than k., for the oxidation process. The second
electron transfer (k';;=0.17 s™!) occurred after Pt—O bond
dissociation (reduction; kK'p.o=0.39s"'). The Pt—O bond
dissociation process (probably a surface relaxation process)
could be followed by our TG-QEXAFS with a time resolution
of 1s, whereas usual QXAFS with a time resolution of 15 s
and energy-dispersive XAFS (DXAFS) with a time resolution
of 10 s"¥ can not monitor the reaction, because the chemical
process is completed before the acquisition of one spectrum.

As the Pt—O bonds disappeared, the coordinated OH ions
on the Pt surface accumulated electric charge from the Pt
particles and the second electron transfer (k',,=0.17s7")
occurred, after the fast electron transfer at the interface in the
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Figure 3. a,b) Changes in electric charges measured by a P/G stat (bold points) and those estimated by Pt

L, -edge TG-QXANES measured every 2 s (thin lines and marks); a) oxidation: 0.4—1.0 V; b) reduction: 1.0—
0.4 V. Right axis is Pt valence estimated by QXANES, which corresponds to the electric charge presented on
the left axis. Anode: H,; cathode: N,, 333 K. ¢,d) The coordination numbers of the Pt—Pt and Pt—O bonds
measured by TG-QEXAFS; c) oxidation: 0.4—1.0 V; d) reduction: 1.0—0.4 V. Anode: H,; cathode: N,, 333 K;
empty circles/triangles: Pt—Pt; filled circles/triangles: Pt—O. Initial 15 s of each process was evaluated by TG-
QXAFS with a gating time of 1 s. Middle of each process between 15 s and 30 s was measured by TG-QXAFS
with a gating time of 5 s, and the data after 30 s were taken by the usual QXAFS every 15 s. e) Reaction
mechanism for changes in the Pt/C fuel-cell catalysts in cell voltages of 0.4/1.0 V under H, (anode) and N,
(cathode) at 333 K. The kinetic parameters were obtained from the data measured by the potentiostat and
time-gating QXAFS. H,O adsorbed on the Pt surfaces at 0.4 V may be H;0". The CN of Pt-Pt and Pt-O
bonds represents the average number of Pt—Pt and Pt-O bonds, respectively, per Pt atom in the bulk catalyst.

electric double layer. Finally, Pt discharging finished (k'q=
0.039 s71). Thus, the reduction process involves two different
intermediate phases (Figure 3e), which demonstrates the
structural hysteresis between the oxidation and reduction
processes at the cathode. The CN of the Pt—Pt bonds, which
indicates a cubo-octahedron nanostructure,”* was also con-
stant in the reduction process, as shown in Figure 3d. The Pt—
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ously, as shown in Figure 4b.
Then, slower Pt charging
(k'3=0.010s"") occurs. To
examine whether there are
other faster Pt charging pro-
cesses, we monitored sur-
face events by DXAFS
with 4-ms time resolution
(Supporting Information),
which gave similar rates of
Pt charging and discharging
to those observed by the
TG-QXAFS measurements,
thus indicating that there
are no other Pt valence-
change processes.

Repeated voltage manipulations did not cause any
decrease in electric charges, and the number of Pt—Pt bonds
returned to its original value (9.0) when the cell voltage
returned to 0.4 V. The oxygen that entered the subsurface of
the Pt nanoparticles was released, and the Pt particles kept
their cubo-octahedron structure. In other words, the Pt ions
do not dissolve into the electrolyte under N, atmosphere,

www.angewandte.org

Chemie

4313


http://www.angewandte.org

Communications

4314

a) 11H 1 I J 2.0

H1.5
2
P10 5
[ J T
T o
H05 ~—

H0.0

0 50 100 150
Time /s
PO formation
b) Pt—Pt dissociation
e transfer e transfer Pt charging

Experimental Section
Pt/C (Tanaka Kikinzoku Kogyo, Pt particle size: 2 nm
(determined by TEM), Pt 50 wt %, 3.8 mgem 2) was used
as a cathode catalyst, and Pt-free Pd/C (Tanaka Kikinzoku
Kogyo, Pd 20 wt %, 0.5 mgem2) was adopted as an anode
catalyst. The MEA was stacked between the prepared XAFS
cell in Figure 1c. H, (99.99%) for the anode, N, (99.99 %)
for the cathode, and dry air (cathode) were bubbled through
deionized water baths at 323 K and heated at 333 K for
introduction to the XAFS cell at 333 K. Gas pressures were
ambient for all the gases and flow rates were controlled by
mass-flow controllers before the water baths. The flow rates
were regulated at 100 and 200 mLmin~' for anode and
cathode, respectively. Heated gases with moisture entered
into each electrode of the XAFS cell and reacted at the
MEA. The gases were collected in bottles after the XAFS
cell.

The XAFS cell was a seven-stacked structure (Fig-
ure 1c¢). The outer holder was made by a SUS 316 equipped
with cartridge heaters, and the next current corrector made

Keo=0.026 5~
Keop=0.031 571
k,;=0.040 s~

by Au-coated Cu was connected to the potentio/galvanostat
(P/G stat). Insulator with epoxy resin was used as a separator
of both electrodes. MEA was stacked between two grooved
carbon flow channels and the gases were flowed between the
grooves, which were in contact with the MEA. The details of
in situ XAFS measurements and analysis are described in
the Supporting Information.

Figure 4. a) The coordination numbers of the Pt—Pt (empty circles) and Pt—O

(filled circles) bonds measured every 15 s by the usual QXAFS for the oxidation
process jumping from 0.4 V to 1.4 V. b) The structural model of the Pt nano-
particles suggested by in situ time-resolved QXAFS (The subsurface oxygen
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atoms should reconstruct the Pt surface, but it is not shown to avoid speculation

for the reconstructed structure). Anode: H,; cathode: N,, 333 K. H,O adsorbed

on Pt surfaces at 0.4 V may be H;0™.

although the voltage (1.4 V) exceeds the threshold voltage for
HO—-H bond dissociation and promotes penetration of
oxygen into the Pt subsurface.

In air, the bond behaviors at the cathode were completely
distinct from those under the N, atmosphere. When the cell
voltage was increased to 1.4 V, the Pt—Pt bonds immediately
broke. The CN of the Pt—Pt bonds did not recover even if the
cell voltage was returned to 0.4 V. If a local inclination of
electric potential forms on electrode surfaces, dissolution of
the Pt ions gradually occurs, resulting in serious deterioration
of Pt cathode catalysts.

In conclusion, we have, for the first time, succeeded in the
in situ time-resolved investigation of the reaction mechanisms
occurring on the Pt/C catalyst surface in a fuel-cell cathode. A
novel TG-QXAFS system was developed that enables real-
time mechanistic investigation of electrocatalyst surfaces, and
the reaction kinetics of the electron-transfer processes and
redox structural changes, which involve eight elementary
steps, on the Pt cathode catalysts were observed. Significant
time lag between the electron transfer, the redox structural
changes, and the Pt charging of the Pt/C catalysts is a
characteristic property of Pt nanoparticles on a carbon
support as well as the population of the bound OH species,
which is crucial for the performance of a Pt/C catalyst in a fuel
cell.
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