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ABSTRACT: There is a large gap between the performances indicated by . N ) ke
. . . 1. . Transient kinetic profiles 3

rotating disk electrode (RDE) results in acidic media and the actual :

. . . for RDEs and MEAs
performances obtained in membrane-electrode assemblies (MEAs) composed .
of the same electrocatalysts. It is unclear whether the intrinsic kinetic reactivity i o Nomtcmbeporivtn
of the available surface Pt sites of Pt-based cathode electrocatalysts is similar or
different at RDE and in MEA. To address this, we used an operando element-
selective time-resolved Pt Ly-edge quick X-ray absorption fine structure
(QXAFS) technique to determine transient response profiles and rate constants,
kaowry Ka(enp_oy and kq(cn,,_,)» corresponding to changes in the oxidation states
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and Pt—Pt bonds) at Pt sites for nine representative Pt-based cathode I_I ‘, Ko™ B4 b MG AT
electrocatalysts under transient voltage operations, aiming to understand the P e TP % AL @9V AmEr
oxygen reduction reaction (ORR) performance gap between RDE and MEA. For

the first time, the transient kinetics and reactivity of electrocatalyst themselves in MEA, characterized by the operando QXAFS
analysis technique, were systematically compared with the electrochemical activity [mass activity (I,,,,;) and surface specific activity
(Ispeciﬁc)] of the electrocatalysts in MEA and at RDE. The operando time-resolved QXAFS analysis revealed that the ORR activities
of available surface Pt sites at RDEs of the electrocatalysts, including notably structured electrocatalysts (concave octahedral PtNi,/C

and Pt nanowire/C), were kinetically reflected at good levels of kgwr) and kg(cn,,_,) in MEA performances, despite large RDE-MEA
and g As the I, and L5 of MEA increased, the relaxation time

kd(CNPH,t)_l, which indicates long-term durability, decreased, reflecting a dilemma in the development of remarkable Pt-based
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gaps observed in the electrochemically determined I

electrocatalysts, while the kd(CNpH,l)_l was almost independent of ECSA. The differences and similarities in the kinetic reactivity and
durability of the Pt surface between RDE and MEA were examined using operando QXAFS transient kinetics and electrochemical
performance measurements to elucidate the underlying factors contributing to the performance gap between RDE and MEA. The
insights gained aim to support the development of next-generation polymer electrolyte fuel cells with enhanced performance and
durability by leveraging the operando time-resolved QXAFS technique under the transient kinetic-response operation.

H INTRODUCTION long-term durability of membrane-electrode assembly (MEA), a

Battery electric, plug-in hybrid, and hydrogen fuel cell vehicles core component in PEFC, still falls short of the targets necessary

have already been commercialized. However, these technologies
are still undergoing further development in many countries, and
the future roles of each in transportation systems are currently a

for widespread commercialization in transportation.
Various strategies have been employed to develop highly
active electrocatalysts, and over the past decades, substantial

topic of debate." Nevertheless, polymer electrolyte fuel cells progress has been reported in enhancing ORR activities at
(PEFCs), which convert hydrogen to electricity, have received rotating disk electrodes (RDEs) in acidic media.”™"* Platinum-
significant attention as one of the most efficient clean energy

generation systems. PEFCs are poised to play a vital role in a Received: August 23, 2024

carbon-neutral, sustainable society, particularly for heavy-duty Revised:  October 10, 2024

vehicles, passenger vehicles, trains, ships, forklifts, etc. A major Accepted: December 27, 2024

obstacle in advancing fuel cell technology is the sluggish kinetics Published: January 1, 2025

of oxygen reduction reactions (ORRs) on cathode electro-
catalysts.” The current status of the efficiency, performance, and
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based materials remain the primary catalysts used in the PEFCs.
Despite advancements in synthesizing diverse cathode electro-
catalysts for RDEs, the practical MEAs fabricated from these
electrocatalysts often do not achieve the anticipated efficiency,
performance, and durability.z’s’m_21 The mass activity (I,,)
and surface specific activity (Ieqs) measured at RDEs are
generally larger than those measured in MEAs due to the more
complex environment in MEAs compared to that in RDEs
(Figure S1). Consequently, the highest-performing RDE
systems are not yet practical for PEFC applications.” It is
suggested that Pt catalytic sites in the MEA cathode layer are not
fully utilized as ORR sites, primarily due to high mass transport
resistance caused by undesired ionomer distribution on Pt
surfaces.”"*? Additionally, the MEA catalyst layer typically
consists of non-uniform aggregates of ionomer, Pt/C catalyst,
and carbon pores, leading to heterogeneous distribution of
catalysts that are either fully covered with ionomer films or have
little to no ionomer coverage.”*~>> Proton transport is impeded
when the ionomer is absent on the catalyst surface.

Few catalysts with remarkable activities have been successfully
integrated into the MEA stacking configuration, and a significant
discrepancy exists between the performances reported by RDE
results in acidic media and the actual performances achieved in
MEAs utilizing the same electrocatalysts. It remains unclear
whether the intrinsic kinetic reactivity of the available surface Pt
sites of Pt-based cathode electrocatalysts is consistent or differs
between the RDE and MEA measurements. This uncertainty is
due to a lack of direct measurements of the reactivity and
structural kinetics of available active Pt sites in MEA as MEA
performances are typically assessed by evaluating the overall
current—voltage characteristics of PEFCs. To address this issue,
we utilized a transient kinetic quick X-ray absorption fine
structure (QXAFS) approach to study MEA cathode electro-
catalysis, aiming to understand the ORR performance gap
between RDE and MEA. The structural kinetics at Pt-based
nanoparticle surfaces in MEA, determined using the transient
technique, can be compared with electrochemical I, and
Lipecific values obtained from RDE measurements.

Time-resolved QXAFS enables operando element-selective
characterization to determine transient response profiles and

ass

rate constants, kqewr), ka(cny, o) 30d Ka(en,,_,)y corresponding to
changes in the oxidation states and local structures (CNp,_q and
CNp,_p;; CN: coordination number) at active Pt sites in MEA
under voltage operating conditions (Figure $2).2°"* Tada et al.
reported a linear relationship between the ORR performances of
MEA Pt/C, Pt;Co/C, and Pt;Ni/C cathode electrocatalysts and
the rate constants kywry and kycn,_,) under the transient
voltage operations.’® Using MEAs with Pt/C (different kinds of
carbons), we also identified correlations between the ORR
performances of the MEA Pt/C electrocatalysts and the rate
constants kqwr)y and kycn,,_o) as well as between the MEA
durability and the inverse rate constant kycw, ) for the
transformation of CNp,_p, as determined by operando time-
resolved QXAFS (Figure $3).%!

In this study, we first report the ORR performance gap
between RDEs and PEFC-MEAs using nine representative Pt-
based electrocatalysts with varying types and performances.
Second, we report the structural kinetics and rate constants
(kaewry ka(cngo) and kg(en,,_,)] for the nine representative Pt-
based cathode electrocatalysis in MEAs under transient voltage
operations, determined by the operando element-selective time-
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resolved Pt Ly-edge QXAFS spectroscopic technique. Third, we
establish a linear relationship between the electrochemical
characteristics [electrochemically active surface area (ECSA),
Lpasy and Iieic] of the electrocatalysts at the RDE and the
reaction kinetics [kgwr) Kacen,.oy and kacn, )] of the
electrocatalysis at the cathode in MEA during voltage transient
response processes. The differences and similarities in Pt surface
reactivity between RDE and MEA are discussed from the
perspective of the transient reaction kinetics of available Pt sites
(catalyst activity itself) to elucidate the cause of the RDE-MEA
performance gap.

B RESULTS AND DISCUSSION

Cyclic Voltammograms (CVs), I-V Polarization Curves,
and Power Densities for MEA Cathode Electrocatalysts.
We have characterized the electrochemical properties, including
ECSA, Iy Lpecifiv and power density, of nine representative
MEA cathode electrocatalysts. CVs and I—V polarization curves
for MEA cathode electrocatalysts were measured in the MEA-
mounted operando PEFC XAFS cell (Figure S1) at 353 K, while
measuring XAFS spectra, in a similar manner to those previously
reported.”®** The electrochemical measurements of MEA in
PEFC are described in the Experimental Section and the
Supporting Information in more detail. Figure 1a,b presents CVs
of typical spherical and structured electrocatalysts among the
examined MEA cathode electrocatalysts. Specifically, Figure la
shows the CVs for 50 wt % Pt/C (TEC10ESOE: 0.63 mgp, cm ™)
(black), SO wt % Pt/C (TEC10ESOE-HT: 0.62 mgp, cm™>)
(blue), 30 wt % Pt/C (TECL0E30E: 0.61 mgp cm™>) (green),
and 20 wt % Pt nanowires (NW) /C (0.61 mgp, cm2) (yellow).
Figure 1b depicts the CVs for concave octahedral PtNi,
(Pt,3Ni,;)/C in MEA (16.0 wt %; 0.21 mgp, cm™> and 19.1 wt
%; 0.62 mgp, cm~2). The morphologies of the reference Pt/C
(TEC10ESOE) cathode electrocatalyst, as-synthesized Pt NWs,
carbon-supported Pt single NW, and concave octahedral PtNi,
nanoparticles are imaged by TEM/STEM in Figure I¢, d-1, d-2,
and e, respectively. Figure 1f shows I-V polarization curves and
power densities for concave octahedral PtNi,/C (red: 1) and
Pt,Ni/C (TECNi52) (purple: 2) in MEA at 353 K. Figure 1g
exhibits -V polarization curves and power densities for various
MEA Pt/C samples: Pt/C (TECIOESOE) (black: 3), Pt/C
(TEC10E30NC) (green: 4), Pt/C (TECLOESOE-HT) (blue:
5), and Pt NW/C (yellow: 6). The I, (current per mg-Pt) and
Ipeciic (current per cm?-Pt) values of the MEA cathodes were
calculated from the kinetic activities at 0.9 V, where mass
transport loss is negligible. These values were evaluated using
semilogarithmic plots (Tafel plots) of I—V polarization curves in
H, (anode) and air (cathode) environments.” A typical
example for the concave octahedral PtNi,/C (19.1 wt % Pt;
0.62 mgp, cm %) in MEA is shown in the inset of Figure 1fand in
Figure S4.

RDE—-MEA Gap in ORR Kinetic Activities. Figure 2
compares the ORR kinetic activities (I and Ipecigc) at 0.90 V
for nine representative electrocatalysts (1—9) at RDE and in
MEA: Pt/C (TECI0ESOE) (1 and 2), Pt/C (TEC10ESOE-HT)
(3), Pt/C (TECIOE30E) (4), Pt/C (TECI10E30NC) (5),
Pt;Ni/C (TECNi52) (6), Pt;Co/C (TEC36ES2) (7), concave
octahedral PtNi,/C (8), and Pt NW/C (9). In Figure 2, blue
bars, yellow bars, and green bars represent samples with 2.5—2.8
nm nanoparticles, 4.5 nm nanoparticles, and structured
nanoparticles (14.2 nm concave octahedron and 1.3 nm wire),

respectively. The I, and I, values for the electrocatalysts in
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Figure 1. (a) Typical CVs of representative MEA Pt/C samples; Pt/C:
50 wt % Pt/C (TEC10ESOE: 0.63 mgp, cm™2) (black), 50 wt % Pt/C
(TEC10ESOE-HT: 0.62 mgp, cm™*) (blue), 30 wt % Pt/C
(TEC10E30E: 0.61 mgp, cm™>) (green), and 20 wt % Pt NW-
(nanowire)/C (0.61 mgp, cm™2) (yellow). (b) CVs of concave
octahedral PtNi (Pt;;Ni,,)/C (16.0 wt %; 0.21 mgp, cm™>) (black)
and (19.1 wt %; 0.62 mgp, cm ™) (red) in MEA. (c) TEM image of Pt/C
(TECI10ESOE) as a reference cathode electrocatalyst. (d-1) and (d-2)
STEM images of as-synthesized Pt nanowires and carbon-supported Pt
single nanowire, respectively. (¢) TEM image of concave octahedral
PtNi, nanoparticles (after ref 10). (f) I-V polarization curves (V vs
RHE) and power densities for MEA Pt—Ni/C samples; concave
octahedral PtNi,/C (red: 1) and Pt;Ni/C (TECNiS2) (purple: 2).
Inserted figure: Tafel plot for the concave octahedral PtNi,/C (19.1 wt
% Pt; 0.62 mgp, cm™>) in MEA as a typical example. (g) I-V
polarization curves and power densities for typical MEA Pt/C samples;
Pt/C (TEC10ESOE) (black: 3), Pt/C (TEC10E30NC) (green: 4), Pt/
C (TECI10ESOE-HT) (blue: 5), and Pt NW/C (yellow: 6).
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MEA were generally lower than those at RDE, except for the
heat-treated Pt/C (TEC10ESOE-HT), showing the significant
discrepancy between the RDE performances in acidic media and
the actual MEA performances utilizing the same electro-
catalysts.””'®">" The RDE-MEA gap was notable for the
structured electrocatalysts (8 and 9), which exhibited
remarkable ORR activities at RDE but much lower activities
in MEA, as shown in Figure 2. The .5 values of PtNi,/C (8)
and Pt NW/C (9) at RDE were 21.3 times and 11.6 times
greater, respectively, than that of the standard Pt/C
(TEC10ESOE) (1 and 2) at RDE. However, in MEA, the I g
values of PtNi,/C and Pt NW/C were approximately half (1/2.4
and 1/2.0, respectively) of that of the standard Pt/C. Further,
the I is of PtNi,/C and Pt NW/C (5.33 and 2.90 mA cmy,
respectively) at RDE significantly decreased to 0.097 and 0.116
mA cmyp,”* in MEA, corresponding to only 1.8 and 4.0% of the
RDE values, respectively. As a result, among the examined
samples (1—9), particularly, the practical MEAs fabricated from
the structured electrocatalysts (8 and 9), which showed
remarkable activities at RDE, did not achieve the anticipated
efficiency and performance.

Relations between RDE and MEA in ECSA, /.., and
lspecific: The relationships between the ORR kinetic activities
(I and Ispedﬁc) of Pt-based electrocatalysts (1—9) at RDE and
in MEA are shown in Figure SS. The remarkable ORR kinetic
activities of samples 8 and 9 at RDE are illustrated in the inset of
Figure SSa. The data are categorized along three different lines
(blue, yellow, and green) based on the ECSA and particle size at
RDE (a) and MEA (b). A similar trend is also reported in the
literature.”

Figure 3 presents the relationships between RDE ECSA and
MEA ECSA (a) and between RDE kinetic activity and MEA
kinetic activity at 0.9 V [I ., (b) and ILeqe (c)]. The derived
equations, Ijecisc (MEA) = 0.77 X Ieqic (RDE) for samples (1,
2,4,and ), Lpecinc (MEA) = 0.88 X I, iigc (RDE) for samples (3,
6,and 7),and I (MEA) =0.033 X I, (RDE) for samples

specific specific
(8and9) coincide with those calculated from I 125/ ECSA within
the margin of experimental errors, which may justify that the
RDE—MEA gap in I, and I is categorized along three
different lines (blue, yellow, and green) in Figure 3b,c, though
the data for the samples (1—7) are scattered. The electro-
chemical experiments indicate that the structured electro-
catalysts, concave octahedral PtNi,/C (8) and Pt NW/C (9),
followed entirely different trends from the samples (1—7) with
roughly spheric shapes of 2.5—2.8 and 4.5 nm sizes, as shown in
Figure 3b,c. Notably, the ECSAs of all samples (1—9) aligned on
the same straight line (Figure 3a), whereas the electrochemical
activities (I, and Iiegg) of the structured electrocatalysts (8
and 9) in MEA did not correlate with their corresponding ORR
activities at the RDE.

The significantly lower performances of the structured
electrocatalysts (8 and 9) in MEA compared to the other
electrocatalysts (1—7) may be attributed to poor utilization of
available Pt surface sites in MEA. This could be caused by the
undesired locations of catalytic nanoparticles within the carbon
assemblies, oxygen transport and concentration depletion near
the electrocatalyst surface, inadequate and insufficient catalyst/
ionomer interaction, electrical resistance, and undesired poison
by Nafion sulfonate moieties.”3¢~*° Moreover, it remains
unexamined whether the kinetic reactivity and limitations of
cathode nanoparticle surfaces in actual MEA are inherently
lower than those at RDE in acidic media, which brings about an
intrinsic decrease in the ORR kinetic performance of MEA. We

https://doi.org/10.1021/acsomega.4c07787
ACS Omega 2025, 10, 796—808
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Figure 3. Relations between the RDE ECSA and MEA ECSA (a) and the RDE kinetic activities and MEA kinetic activities at 0.9 V (b and c). (b,c)
ORR mass and specific activities at RDE and in MEA. 1 and 2: Pt/C (TEC10ESOE), 3: Pt/C (TEC10ESOE-HT), 4: Pt/C (TEC10E30E), 5: Pt/C
(TEC10E30NC), 6: Pt;Ni/C (TECNiS52), 7: Pt;Co/C (TEC36ES2), 8: concave octahedral PtNi,/C, and 9: Pt NW/C. (b) The values in parentheses
for 8 and 9 are RDE I, at 0.9 V. (c) The values in parentheses for 8 and 9 are RDE Lipecific 3t 0.9 V. Voltage: vs RHE; RDE: room temp.; and MEA: 353
K. The linear relationship equations for the samples (1—9) are also shown.

have spectroscopically determined the kinetic reactivity and
property of available surface Pt sites of the cathode electro-
catalysts in MEA by measuring the structural kinetics of changes
in Pt valence, coordination number of Pt—O bonds (CNp,_o),
and coordination number of Pt—Pt bonds (CNp,_p,) under
transient voltage operations using the operando time-resolved
Pt Ly;-edge QXAFS technique.

Structural Kinetics and Reaction Rate Constants to
Bring About the Cathode Nanoparticle Electrocatalysis
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in MEA under Transient Voltage Operations. The ORR
performance of Pt-based cathode electrocatalysts in MEA of
PEFC as well as at RDE is relevant to the kinetics of the changes
in both the electronic states (Pt-oxidation states) and bonding
states (coordination numbers and interatomic distances of Pt—
O and Pt—Pt bonds) of the nanoparticle electrocatalysts under
PEFC operating conditions. However, under steady-state
conditions, the electronic and bonding states of the cathode
electrocatalysts remain almost unchanged, making it difficult to
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Figure 4. (a) Transient voltage-jump operation (0.4 — 1.4 V) and voltage-down operation (1.4 — 0.4 V) at the MEA cathode in PEFC and the period
of QXAFS measurements at Pt L;-edge in the transient response processes. Voltage: vs RHE. (b) Transient response profile of the white line (WL)
intensity for standard Pt/C (TEC10ESOE) under the transient voltage operation 1.4 — 0.4 V [H, (anode)-N, (cathode); cell temp.: 353 K, relative
humidity: ~ 93%], and the rate constant, kyqyr,) = 2.06 s (+£0.04), determined by curve fitting (red curve) using an exponential function (eq 1 in the

text).

observe dynamic changes in the electronic and structural states
of active Pt sites at the cathode involved in the ORR processes.
The structural kinetics (reaction kinetics based on the electronic
and structural changes of electrocatalysts observed spectroscopi-
cally at the atomic level) of the cathode can be determined by
time-resolved Pt Ljj;-edge QXAFS measurements during voltage
transient resg)onse processes under H, (anode)—N, (cathode)
conditions.””*”*"**3* In the transient voltage operation, the cell
voltage was changed from the open-circuit voltage to 0.4 V (vs
RHE), held for 60 s, followed by a rapid voltage jump from 0.4 to
1.4 V, maintained for 60 s, and then quickly reduced from 1.4 to
0.4 V, as shown in Figure 4a. The transient responses of the
MEA cathode electrocatalysts to the voltage cycling operations
for 35 s from 10 s before each voltage jump were monitored by
time-resolved QXAFS. The series of typical operando time-
resolved Pt Lj-edge QXANES spectra (every 100 ms) and
QEXAFS Fourier transforms (every 300 ms; 100 ms x 3 merged)
for a standard Pt/C (TEC10ESOE) under the transient voltage
cyclic operations of 0.4— 1.4 and 1.4 — 0.4 V are shown in
Figure S6a,b.

As mentioned in the Introduction section, there is a linear
relationship between the ORR performances of the MEA Pt-
based electrocatalysts and the rate constants for the trans-
formations of the Pt L;-edge white line (WL) peak intensity and
Pt—O coordination number (CNp,_o) in the MEA Pt-based
electrocatalysts. There is also a linear relationship between the
MEA Pt-based cathode durability and the inverse of the rate
constant for the transformation of the Pt—Pt coordination
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number (CNp,_p,) (Figure $3).>°7% The transient response
profile of the WL intensity in the 1.4 — 0.4 V operation for
standard MEA Pt/C (TEC10ESOE) at 353 K is shown in Figure
4b. The rate constant ky(yy) for the change of the WL intensity
under transient voltage operation was determined to be 2.06 s™*
(£0.04) by data fitting (red curve) using an exponential function

(eq 1).
fda (t) = yOa

= + alaexp(_kd(a)t)

ha = yOa - yla

t<o0
t>0
(1)

The ky(y) in eq 1 represents the rate constants for the changes
in @ under the transient voltage operation 1.4 — 0.4 V (a: WL,
CNpi_oy orf CNp,_p,). The CNp,_g and CNp,_p, were obtained by
QEXAFS analysis, as typically shown in Figure S7A,B, which
exhibits the curve-fitting results on k*-weighted Pt Ly -edge
QEXAFS oscillations and their associated Fourier transforms for
MEA Pt/C (TECIOESOE) at 1.4 and 0.4 V. The structure
models at 1.4 V (oxidized state) and 0.4 V (metallic state) in
Figure S7C were estimated by the CNp,_o and CNp,_p, and
averaged particle size similar to previous reports.zg’?’l’}4 The
details of the time-resolved QXAFS measurements at the Pt Lyj;-
edge and data analysis are described in the Supporting
Information.

The transient response profiles for the WL intensity (peak
height) of the Pt L;;-edge QXANES and the CNp,_ obtained
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Figure 5. Transient response profiles of the WL intensity (a-1—e-1) and coordination number of Pt—O bond (CNp,—q) (a-2—e-2) in the transient
voltage-down process (1.4 — 0.4 V vs RHE) for the following typical MEA cathodes; (a) Pt/C (TEC10ESOE-HT), (b) Pt/C (TEC10E30E), (c)
Pt;Ni/C (TECNi52), (d) concave octahedral PtNi,/C, and (e) Pt NW/C. The transient response profiles (blue) were fitted by one exponential
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by QEXAFS analysis for other typical MEA cathode samples response time (t) under the voltage operation 1.4— 0.4 V in
examined in this study were plotted against the transient Figure S; a-1 and a-2: Pt/C (TEC10ESOE-HT), b-1 and b-2: Pt/
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C (TEC10E30E), c-1 and ¢-2: Pt;Ni/C (TECNi52), d-1 and d-
2: concave octahedral PtNi, (Pt,;Niy;)/C (fabricated by us);
and e-1 and e-2: Pt NW/C (fabricated by us). The rate constants
for these transient response profiles were estimated by the
exponential function (eq 1), as shown by the red curves in Figure
S as follows: kg = 3.78 (£0.41) s™', 2.18 (+0.05) s™', 3.98
(£0.11) s7%, 5.38 (+0.74) s™', and 2.78 (0.62) s,
respectively, and kycn,,_,) = 3-59 (£0.83) s7! 1.77 (£0.13)
57!, 3.84 (£0.27) s7Y, 5.42 (£2.26) s7, and 2.93 (£2.05) s,
respectively. Rapid changes in the WL peak height and CNp,_¢o
and CNp,_p, were observed when the cell voltage was changed
under H, (anode)—N,, (cathode). It has been demonstrated that
the transient response changes in the electrocatalysts under H,
(anode)—air (cathode) are smaller than those under H,
(anode)—N, (cathode) due to remaining partially oxidized
cathode Pt surfaces at 0.4 V under air (cathode), but the trend
and structural kinetics of the changes in the WL peak height,
CNyp,_o, and CNp,_p, are essentially similar under the both
conditions.”” It should be noted that the first-order rate
constants determined by the exponential function analysis are
independent of Pt density and Pt utilization in MEA. Hence, the
first-order rate constants directly reflect the kinetic reactivity and
properties of available active Pt sites at the cathode electro-
catalyst surfaces in MEA.

Correlations between the Structural Kinetics [kguwy)
Kgen, oy @and kycn,, 9] and Electrochemical Property

(Imasss Ispecific @and ECSA) for MEA Samples: Similarity
and Difference. As described in the Introduction section, the
rate constants for the transformations of the WL intensity and
CNp,_o in MEA Pt-based electrocatalysts under the transient
voltage operations show linear relationships with the ORR
performances of the MEA cathodes.’”*' Figures 6 and 7
illustrate the correlations between kg or kycn,_o) and L
(MEA) at 0.9 V (a), Lyecsc (MEA) at 0.9 V (b), ECSA (MEA)
(c), or ECSA (RDE) (d) for samples 1 through 9. The k)
and ky(cn,, ) are the first-order rate constants determined by eq

1 for the changes in the WL height and CNp,_, respectively, in
the MEA cathode electrocatalysts (1—9) under transient voltage
operations (1.4 = 0.4 V vs RHE), as shown in Figure S. It was
found that the correlations between the rate constants (kg(wz)

and ky(cn,_)) and electrochemical activities (MEA I, and

MEA I,eqpc) in Figures 6 and 7 fall into three distinct linear
categories with different slopes (blue, yellow, and green). The
calculated correlation equations are presented in Figures 6a,b
and 7a,b. Conversely, the plots of kywy) vs ECSA (MEA) in
Figure 6¢ and kycy,_,) vs ECSA (MEA) in Figure 7c for all

samples (1—9) lie on the same straight lines with negative
slopes, as shown by the calculated correlation equations in
Figures 6¢ and 7c, respectively. The smaller the ECSAs (MEA),
the larger the rate constants became in the ECSA range of 8—75
m?* g~'p.. Similar trends were also observed for ECSA (RDE) in
the range of 17—95 m* g~';, (Figures 6d and 7d). These results
present a dilemma in the context of an increasing mass activity.

The correlation coefficients for kg1 vs Lpecse (MEA) and
Kd(CNn o) V8 Lipecitic (MEA) in Figures 6b and 7b were estimated as

follows: 12.5 and 10.9 (11.7 on average) for samples 1, 2, 4, and
5;9.2and 9.8 (9.5 on average) for samples (3, 6, and 7); and 34.7
and 36.8 (35.8 on average) for samples (8 and 9), respectively.
The correlation equations for kywr) Vs Lpese (MEA) and

ka(cNpo) V8 Lipeciic (MEA) in Figures 6b and 7b, respectively,
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coincide with those calculated from I,,,.,/ECSA (Figures 6a and
7)a, which may justify that the rate constants kywr) and kg(cn,, )

are categorized along three different lines (blue, yellow, and
green). The kinetic activities of available Pt sites at the surface of
the cathode electrocatalysts in MEAs are characterized by the
first-order rate constants kynyy and kd(CNPt,O)~3O’31 The rate

constants (intrinsic surface specific activity) of MEA samples (8
and 9) on average were found to be 3.1 and 3.8 times larger than
those for samples (1, 2, 4, and §) and samples (3, 6, and 7) on
average, respectively. However, the electrochemically deter-
mined I,.q5. (MEA) values for samples (8 and 9) in Figures 2, 3,
6, and 7 were so small as 0.099 and 0.118 mA cm %,
respectively (0.11 mA cm ™2}, on average), which is only 1/4.2
and 1/3.4, respectively (approximately one-fourth) of the
average I s (MEA) (0.41 mA cm™p,) for three samples (3,
6, and 7) as typical examples.

Namely, the intrinsic kinetic activities of available Pt sites at
the cathode electrocatalyst surfaces in MEA samples (8 and 9),
determined spectroscopically by the operando time-resolved
QXAFS at the Pt Lyj-edge, were evaluated to be 15.7 and 13.2
times larger, respectively, than the I,.qp (MEA) estimated
electrochemically. Thus, it was found that MEA samples (8 and
9) inherently possess the high Lipecific (MEA) capabilities of 1.55
mA cm %, and 1.56 mA cm’p, respectively, as shown as
graduated blue bars (d) in Figure 8. Notably, the RDE—~MEA
gap (RDE:MEA ratio) in the Lipecific activity reduced remarkably
from 53.8:1 to 3.5:1 and from 24.6:1 to 1.86:1 for the samples (8
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Figure 8. ORR kinetic activities (surface specific activities) at 0.90 V for
samples 1—9 in MEA (a) and rate constants, kywr) (b) and kg, )

(c), of the transient response of WL and CNp,_, respectively, for the
MEA samples under the voltage-down (1.4 — 0.4 V) process. Voltage:
vs RHE. (d) Ijeqsc (MEA) values (1.5S mA cmp, > and 1.56 mA

cmp, %) expected from the kgwry and ky(cn,,_) for the MEA samples (8

and 9), respectively (see the text). Cathode electrocatalyst samples: (1
and 2) Pt/C (TEC10ESOE), (3) Pt/C (TEC10ESOE-HT), (4) Pt/C
(TECI0E30E), (5) Pt/C (TEC10E30NC), (6) Pt;Ni/C (TECNiS2),
(7) Pt;Co/C (TEC36ES2), (8) concave octahedral PtNi,/C, and (9)
Pt NW/C.
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and 9), respectively. As a result, the I .5 (MEA) activities
expected from the transient kinetics for the samples (8 and 9)
are 3.1—3.8 times higher than those of the other samples (1-7),
even though the electrochemically measured I, (MEA)
values for the samples (8 and 9) were 3.4—4.2 times lower than
those for the samples (1—7). The electrochemically decided
Lpeciic (MEA) and transient spectroscopically decided kywr)
and ky(cn,,_) for MEA samples (1—9) are shown in Figure 8 for

comparison. In contrast to the large performance loss in MEA
against the remarkable performance Iy, at RDE for the
structured electrocatalysts (8 and 9) in Figure 2, the kgwr) and
Ka(cny_o) corresponding to inherent kinetic activities, for the

MEA samples (8 and 9) are larger than the average ky(yy) and
ki(cn,,_o) of the other spherical electrocatalysts (1—7) in MEA

(Figure 8). The changes in the kg and kg(cy,,_) nearly trace
the changes in the I, for the MEA samples (1-7), but the
trend of the changes in the kyuw) and kyccy,,_,) for the MEA

samples (8 and 9) is entirely different from that of the changes in
the Ij.qn- The transient response profiles determined by the
transient QXAFS analysis reveal the kinetically good levels of
MEA performance (Figure 8) despite the large RDE—MEA gaps
in the electrochemically determined I, and L,cigc (Figures 6
and 7).

Nevertheless, the spectroscopically expected I (MEA)
values for samples (8 and 9) did not reproduce their remarkable
Lpeciic (RDE) values completely as one can see from the
comparison of the I (RDE) and Lipecific (MEA)/expected
Ipecisic (MEA) values for the samples (1—9) in Figures 3 and 8.
The reason may be attributed to the coexistence of less active Pt
sites in addition to the highly active Pt sites,” leading to the
lower average L, (MEA) values than the case of the presence
of only the highly active Pt sites because the QXAFS analysis
provides averaged information on all electrocatalyst nano-
particles present in the samples. In the case of the presence of
only the highly active Pt sites (no contribution of the other Pt
sites to the kyur) and kycn,,_,)) in MEA, only 6.4—7.6% (1/
15.7—1/13.2) of the available Pt sites at the cathode
electrocatalyst surfaces in MEA samples (8 and 9) are regarded
to work as active sites for ORR performances from the
comparison of the inherent kinetic activities of available Pt
sites determined spectroscopically with the .5 estimated
electrochemically as above-discussed. Increasing utilization of
ineffective Pt sites at the electrocatalyst surfaces in the cathode
layer may need interface engineering in MEA. However, the
current MEA manufacturing process does not maximize Pt
utilization,' ™ necessitating the development of intelligent
interface engineering on carbon assemblies to enhance the ORR
performance.”'

Further, so-called layer effects on overall PEFC performances
may be significant, and proper design and optimization of the
PEFC layers are essential for maximizing power output,
efficiency, and durability of PEFC. Electrochemical impedance
spectroscopy (EIS) provides a valuable insight into the dynamic
behavior and interaction of cathode catalyst layer, proton
exchange membrane, and gas diffusion layer under PEFC
operating conditions.**** However, the aim of our study is to
correlate the ORR catalytic performance of the cathode layer
selectively and directly with the kinetic reactivity and structural
kinetics of available surface Pt sites at the cathode (catalyst
activity itself), eliminating other parameters, which is hard to do
by EIS.
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Previously, we found that the relaxation time (the reciprocal
of rate constants) of Pt—Pt bond reformation in MEA Pt/C
cathodes under transient voltage operations (1.4 — 0.4 V)
predicts the relative durability of the cathode electrocatalysts in
MEAs without long-term experimental durability tests.”>*”*%*!
Transient response profiles of CNp,_p, in the voltage operation
process (1.4 — 0.4 V) for Pt;Ni/C (TECNiS2) and Pt;Co/C
(TEC36ES2) as typical examples of MEA cathodes are shown in
Figure S8. The transient response curves (blue) were fitted by
one exponential function (red) (eq 1), yielding rate constants
ka(cNp ) of 326 571 (£0.46) and 3.42 s™" (£0.58) for Pt;Ni/C

(TECNiS2) and Pt;Co/C (TEC36ES2), respectively. Figure 9

1.0 1.0
(a) (b) .
0.8 Kyonmey'= 0.8 L Koionmay =' 5 ,
N 0.98-3.72* lnyass (MEA) mgpyA''s 0.82—1.41 " lpecinc (MEA) cm?%p mA™ s
»
< o6t > 06
g o8 :
g 0403 g 0.4 67 s
< = 1 5 Sl
0.2 kyoneey'= 0.2 |haoweay= .
0.44-1.12* |, s (MEA) mgmA's 0.49-0.46 * lypeciic (MEA) ecm?%mA™ s
0 | 0 1 1
0 0.10 0.20 0 0.20 0.40 0.60

MEA |56 @0.9 V/ A mg-lp, MEA Igpecific @0.9 V/ mA cm2p,

Figure 9. Relations between kd(CNp(,p.)_l (relaxation time) and MEA
Lyass at 0.9V (a) or MEA I, at 0.9 V (b). The ka(eny " is the

reciprocal of the rate constant of the transient response of CNp,—p, for
the MEA samples under the voltage jump-down (1.4 — 0.4 V) process.
Voltage: vs RHE. 1 and 2: Pt/C (TEC10ESOE), 3: Pt/C (TEC10ESOE-
HT), 4: Pt/C (TEC10E30E), S: Pt/C (TECI10E30NC), 6: Pt;Ni/C
(TECNiS2), 7: Pt;Co/C (TEC36ES2), 8: concave octahedral PtNi,/
C, and 9: Pt NW/C.

presents the relationships between the relaxation time
ka(cNpp)  and MEA I, at 0.9 V (a) or MEA I, at 0.9 V
b) for all samples (1—9). The plots of kycn, .y ' vs I,
( p P d(CNp_py) ass
(MEA) (a) and kd(CNmim)_l V8 Lpeanic (MEA) (b) for samples (1,
2,4, and S) and samples (3, 6, 7, 8, and 9) are correlated by the
following equations with negative slopes, respectively:
ka(Nppy = 0.98-3.72 X I, (MEA) mgy A™' s and
ka(cNp) - = 0.82—1.41 X I (MEA) cm?y, mA™! s for

specific
samples (1, 2, 4, and $), and kycn, )~ = 044—1.12 X I

(MEA) mgp, A" s and ky(cn,, )" = 0.49—0.46 X I 5. (MEA)

cm’p, mA™" s for samples (3, 6,7, 8,and 9). As the MEA I,,,,, and
MEA I, 5 increase, the durability of the samples (1, 2, 4, and
S) with the larger coefficients in the correlation equations
decreases more than that of the samples (3, 6, 7, 8, and 9) with
the smaller coefficients. As a whole, the smaller the I, and

Lpecifio the larger the kd(CNP(_m)*l becomes. In other words, as the

pecific

electrochemical ORR activity of MEA samples increases, the
durability of the MEA samples decreases, showing a dilemma for
development of new electrocatalysts for PEFC. The relaxation
time kd(CNWPt)_l was nearly independent of the ECSAs in MEA
and at RDE, as shown in Figure S9a,b, though the data are a little
scattered, indicating that ECSA is not a primary regulation factor
for development of new next-generation PEFC electrocatalysts.

B CONCLUSIONS

(1) To understand the ORR performance gap between RDE
and MEA, we have spectroscopically determined the
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transient response profiles and rate constants, kyuwr),
Ka(cnp_o)y and ky(cn,,_,)s for changes in the WL intensity,

CNp_o, and CNp,_p, of nine representative cathode
electrocatalysts with different types and performances
under transient voltage operations (1.4 — 0.4 V) using
the operando element-selective time-resolved Pt Ljj;-edge
QXAFS technique.

For the first time, the transient kinetics and property of
available surface Pt sites in the cathode layers of MEAs
were systematically compared with the I, and I, of
the electrocatalysts in MEA and at RDE.

The I, (MEA) and Lpecific (MEA) of electrocatalysts
(1—7) with spheric shapes of 2.5—4.5 nm sizes correlated
proportionally with the I, (RDE) and s (RDE),
whereas the I, (MEA) and I,.5(MEA) of structured
electrocatalysts [concave octahedral PtNi,/C (8) and Pt
NW/C (9)] did not correlate with the corresponding I,
(RDE) and Ispeciﬁc (RDE)

The first-order rate constants determined by transient
QXAFS analysis are independent of Pt density and Pt
utilization in MEA, providing direct information on the
intrinsic kinetic reactivity and property of available surface
Pt sites that contribute to MEA cathode electrocatalysis.
The intrinsic kinetic activities (kgwr) and kqccn,_) of

available Pt sites in MEA samples (8 and 9) determined
spectroscopically were evaluated to be 15.7 and 13.2 times
larger than the I, (MEA) estimated electrochemically,
respectively. Consequently, the RDE—MEA gap (RDE:-
MEA ratio) for samples (8 and 9) reduced remarkably
from 53.8:1 to 3.5:1 and from 24.6:1 to 1.86:1,
respectively.
The spectroscopically expected I, (MEA) activities
for samples (8 and 9) were found to be 3.1—3.8 times
higher than those of other samples (1—7) on overage,
even though the electrochemically measured I,
(MEA) values for samples (8 and 9) were 3.4—4.2
times lower than those for the samples (1—7). The
transient response profiles suggest good kinetic perform-
ances of MEAs despite large RDE—MEA gaps in
electrochemically determined I, and Iyecigc-
So-called layer effects on overall PEFC performances may
be significant, and proper design and optimization of the
PEFC layers are essential for maximizing power output,
efficiency, and durability of PEFC.
(8) Assuming that other Pt sites than the highly active Pt sites
among all Pt sites at the cathode layer make no
contribution to kywr) and kgcw,_.) it was estimated

that only 6.4—7.6% of the available Pt sites at the cathode
electrocatalyst surfaces act as active sites for ORR
performances in MEA samples (8 and 9). Increasing
utilization of ineffective Pt sites at the electrocatalyst
surfaces in the cathode layer may need interface
engineering in MEA.

As the electrochemical ORR activities of MEA samples
increased, their durability decreased. The relaxation time
ka(cNy_) " was nearly independent of the ECSAs in MEA

and at RDE, indicating minimal impact of ECSAs on
developing robust cathode electrocatalysts.

Although MEA manufacturing for the highest Pt
utilization has not yet been perfected, the operando
kinetic findings under transient response operations
provide new insights into understanding the cause of

()

3)

ass

(4)

(5)

(6)

(7)

(9)

(10)
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the RDE—MEA gap and the development of next-
generation PEFCs with high performance and durability.

B EXPERIMENTAL SECTION

Carbon (Ketjen Black)-Supported Electrocatalysts. 50
wt %-Pt/C (TEC10ESOE), 50 wt %-Pt/C (TECI0ESOE-HT),
30 wt %-Pt/C (TEC10E30E), 30 wt %-Pt/C (TEC10E30NC),
45 wt %(5 wt %-Ni)-Pt;Ni/C (TECNiS2), and 45 wt %(5 wt
%-Co)-Pt;Co/C (TEC36ES2) were purchased from Tanaka
Kikinzoku Kogyo (TKK). Concave octahedral Pt;;Ni,,/C
(denoted as PtNi,/C, 19.1 wt %-Pt) was synthesized in a
similar way to that described in our previous work.” The
fabrications of regular polycrystalline Pt nanowires (Pt NW) and
20 wt %-Pt NW/C followed the previous method.***” Detailed
characterizations of the Pt and Pt-alloy nanoparticles by TEM
and XRF are provided in the Supporting Information.

Electrochemical Measurements at RDE. Detailed elec-
trochemical experiments including CV, LSV (anodic polar-
ization), ORR, and ECSA measurements are described in the
Supporting Information. The electrochemical properties of the
catalysts at RDE were assessed in 0.1 M HCIO, typically by
using 10 yL of a mixture of absolute ethanol (1.75 mL) (0.4 mL
of isopropanol in the case of PtNi,/C and Pt NW/C),%"*
ultrapure (18.2 MQ-cm Millipore) water (750 uL), 5% Nafion
solution (25 uL), and catalyst powder (4.4 ug-Pt cm™2). This
mixture was deposited on a glassy carbon electrode (¢ = S mm)
and dried at room temperature under ambient conditions.
Solution resistance was measured by the i-interrupter method
for IR compensation.’®

Electrochemical Measurements of MEA in PEFC. MEAs
with an electrode area of 3.0 X 3.0 cm” were purchased from the
EIWA Corporation. The Pt densities at the cathode in MEAs
were 0.61—0.63 mg-Pt cm > Ru/C (TECRu(ONLY)ESO,
TKK) was used as the anode catalyst to avoid interference
with XAFS signals of the cathode catalysts from the anode
catalyst. The MEAs were mounted into custom-built in situ
XAFS fuel cells using Viton gaskets with 0.15 mm thickness, gas
diffusion layers (GDL; TGP-H-060, TORAY), and separator
plates with serpentine-shaped gas flow channels for both anode
and cathode sides.”””> The cathode was connected as a working
electrode in the PEFC XAFS cell, while the anode (hydrogen-
fed) served as the combined counter and reference electrode. All
potentials in MEA experiments were referred to this pseudo
hydrogen reference electrode (RHE). Cyclic voltammetry was
performed between 0.05 and 0.9 V at a sweep rate of 20 mV s™*
in H, (anode) and N, (cathode) to estimate ECSAs of the
cathode catalysts in the MEAs at 353 K. Mass activities and
surface specific activities of the MEA cathodes were calculated
from the kinetic activities at 0.9 V, which were evaluated by
semilogarithmic plots of I-V polarization curves in H, (anode)
and air (cathode).”® A typical example is shown in Figure 1 (f)
(inset) and Figure S4. Additional experimental details are
provided in the Supporting Information.

Operando Time-Resolved QXAFS Measurements,
Data Analysis, and Structural Kinetics. The details of
time-resolved QXAFS measurements and data analysis are
described in the Supporting Information, which are briefly
summarized below. The series of operando time-resolved
QXAFS spectra at Pt Lij-edge for the cathode electrocatalysts
in the MEAs under transient voltage operations (1.4 — 0.4 V vs
RHE) were measured in a transmission mode at BL36XU in
SPring-8 (Figure $2).>" QXAFS spectra were analyzed using the
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Larch code containing the IFEFFIT Package ver.2 (Athena and
Artemis)*®*®*” in a similar way to the previous reports.””*"*>%°
The phase shifts and amplitude functions for Pt—Pt and Pt—O
were computed using the FEFF 8.4 code, based on structural
parameters obtained from the crystal structures of Pt foil, PtO,
and PtO,.”**°
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