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The local structures and oxygen reduction reaction (ORR) performances of Pt-Cu fuel-cell electrocatalysts
on robust TiN nanoparticles were investigated. The structures of the PtCu/TiN catalysts were fully
characterized by XRF, XRD, TEM, STEM-EDS, XAFS, and XPS, which revealed that loaded Cu was partially
alloyed with Pt and fine Pt-Cu alloy nanoparticles (2-3 nm) were formed on TiN. The alloying of Cu to Pt
was saturated at the Cu/Pt molar ratio (X) of 1.0 and the fraction of Cu in the alloy structure was estimated
to be 40%. The ORR activity was found to be affected by the formation of the Pt-Cu alloy structure, and
the electrocatalytic activity enhanced with increasing X. Notably, the best ORR performance was obtained
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at X = 1 and further Cu loading produced cationic Cu?* species, which did not improve the ORR activity.
We also evaluated the performance of the PtCu/TiN catalyst (X = 1) on a PEFC MEA, which showed 1.5
times higher mass-specific power density, compared to an MEA with a commercial Pt/C catalyst, and
significant durability (70% of ECSA after 80 000 cycles of the typical accelerated degradation test of the
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Introduction

Polymer electrolyte fuel cells (PEFCs) are one of the essential
technologies for the local production and consumption of
electronic energy for low-carbon or carbon-neutral society.!
Supplied fuel (H,) at the anode in a membrane electrode
assembly (MEA) is converted to H' ions and electrons by an
electrocatalyst translating to the cathode side through a
polymer electrolyte membrane between the anode and
cathode with an external circuit. Compared to the anode,
there are still various challenges in cathode catalysts for the
further improvement of PEFC activity and durability.”> One of
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the typical cathode catalysts, carbon-supported Pt catalysts
(Pt/C), working in acidic environments often deteriorates
under PEFC operating conditions with high electrode
potential and high oxygen concentration, resulting in serious
dissolution and degradation of the cathode catalyst and
support.®™ The corrosion of the carbon support occurs at a
low electrode potential below 0.2 V, leading to the detachment
and migration of supported electrocatalysts.® There have been
many reports to improve the oxygen reduction reaction (ORR)
performance of Pt catalysts by alloying with secondary
transition ~ metals,”®  controlling  nanostructures,'® >
functionalizing with polymers and oxides,"*'* capsulizing
into porous materials,">'® and developing alternative
materials.””® However, further improvements in the weak
interaction between Pt catalysts and the C support and the
robustness of the catalyst support are still essential in the
enhancement of the activity and durability of electrocatalysts
for the development of PEFC catalysts.

Recently, transition metal nitrides (TMNs) have been
explored as an alternative to the conventional carbon support
due to their chemical tolerance, high electroconductivity, and
high thermal stability.>®*" It has been reported that the Pt
nanoparticles prepared on robust TMN supports facilitate the
mobility of electron transfer and also induce strong metal-
support interaction through N-termination on TMN
surfaces.”>** The series of TiN-supported Pt catalysts with
added second metals (PtM/TiN or Pt/TiMN) have shown high
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ORR performances.>*?” In particular, Pt-Cu nano-frames on
unique TiN nanoarchitectures exhibited significantly
increased ORR performances compared to Pt/C catalysts. The
role of nitride has been discussed from the viewpoints of the
strain effects by the insertion of nitrides to the Pt catalysts,
the modulation of the electronic state of the Pt catalysts, and
the ligand effects with the nitride support surface.>*>® X-ray
photoelectron spectroscopy (XPS) suggested the existence of
Pt”" species on TiN, but the local structures of the active Pt
species in the Pt-Cu alloy catalysts on TiN and their working
states under electrocatalytic conditions were not reported
yet.24_27

Here, we prepared Pt-Cu alloy catalysts supported on
commercial TiN nanoparticles with different Cu/Pt loadings
and systematically investigated the structures and ORR
performances of the PtCu-X/TiN (X: loaded Cu/Pt molar ratio)
catalysts. It was suggested that some of the Cu was
incorporated in the Pt-Cu alloy, which was a key factor for
the enhancement of the ORR activity on the series of the
PtCu-X/TiN catalysts. A membrane electrode assembly (MEA)
using the prepared PtCu-1.0/TiN catalyst as the cathode
catalyst showed high power density and significant durability
for a typical accelerated degradation test (ADT).

Results and discussion

Preparation of Pt-Cu alloy catalysts supported on TiN
particles

Commercial TiN nanoparticles with an average diameter of
20 nm (catalog spec) were used for the support, whose
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Fig. 1 (a) Preparation scheme of PtCu-X/TiN by an impregnation

method using Pt and Cu precursors. By changing the amount of the
Cu precursor, the set of PtCu-X/TiN catalysts with different Cu/Pt
molar ratios (X = 0-2.4) was systematically synthesized. (b) Powder
XRD patterns of the PtCu-X/TiN catalysts with different Cu loadings (X
= 0-2.4). The XRD profiles of the TiN support (data) and Pt
(ICSD180981) and Cu (ICSD180109) references are also presented. (c)
Relationship between the Pt(111) peak positions of the PtCu-X/TiN
catalysts (left) and the estimated alloy composition (Cu/Pt ratio) by
considering Vegard's rule with the (111) peak positions of Pt(111) (26 =
39.8°, blue dotted line) and Cu(111) (20 = 43.3°, red dotted line) (right)
against X.
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surface area was estimated to be 55 m*> g™ by N, adsorption
analysis (Fig. S1f). Cu(CH3;COO),-H,0 and H,PtCls were
impregnated in a mixture of distilled water and ethanol (3/2
= v/v) and reduced by a NaBH, solution (Fig. 1(a)). The Pt
loading was fixed, while the Cu loading was varied in the
range of 0-12 wt% by changing the amount of the Cu
precursor for the catalyst preparation. The X-ray fluorescence
(XRF) analysis of the prepared samples suggested that around
60-90% of the used Pt and Cu precursors were loaded on
TiN, and Cu/Pt molar ratios in the obtained -catalysts
(denoted as X) were estimated in the range from 0 to 2.4
(Table S1t). In the following discussions, the prepared
samples are denoted as PtCu-X/TiN (X: loaded Cu/Pt molar
ratio, not alloy composition).

The powder XRD profiles of the PtCu-X/TiN catalysts (X =
0-2.4) showed two sharp peaks attributed to TiN and a broad
peak attributed to Pt(111) as shown in Fig. 1(b). The Pt(111)
peak of a Pt/C catalyst was similar to that of Pt metal, while
it was little shifted to a higher angle for the Pt/TiN catalyst
without Cu, which may indicate the lattice distortion of Pt
with N-termination of the TiN support. With increasing Cu
loading from 0 to 12 wt% (X = 0-2.4), the observed Pt(111)
peak at 26 of around 39.8° was shifted to a higher angle with
decreasing signal intensity as shown in Fig. 1(b). Compared
with those of pure Pt (ICSD180981) and pure Cu
(ICSD180109), these results suggested the alloying of Cu into
the framework of the Pt fcc lattice. Regarding Vegard's rule
that explains linearity between lattice constants and alloy
composition,*® the composition of the formed PtCu alloy in
PtCu-X/TiN was estimated to be 0.15 (X = 0.3), 0.40 (X = 1.0),
and 0.41 (X = 2.4).

The estimated compositions of the Pt-Cu alloys by
Vegard's rule were plotted against the loaded Cu/Pt molar
ratio (X) determined by XRF (Fig. 1(c)). Accompanied by the
increase in X, the Cu composition in the Pt-Cu alloy almost
linearly increased in the X range of 0-1.0, until saturation
occurred at around X of 1.0 with an alloy composition of 0.4
at the maximum. Further loading of Cu (X > 1.0) did not
increase the alloying of Cu into Pt. The maximum alloy ratio
of 0.4 in the PtCu-1.0/TiN catalyst suggested that 40% of Cu
was incorporated into the Pt-Cu alloy. There were no distinct
peaks attributed to other Cu species (Cu and Cu oxides) in
the XRD profiles, indicating the negligible formation of
aggregates of such Cu species in the catalyst. Similar
intensities and positions of the XRD peaks of the TiN support
suggested negligible changes in the TiN support affected by
the alloy structure (Fig. 1(b)).

The transmission electron microscopy (TEM) images of
the PtCu-1.0/TiN catalyst suggested the formation of
nanoparticles deposited on the surface of the TiN support (-
Fig. 2(a-1)). The size distribution of the nanoparticles was
estimated from the TEM images, and the average particle size
was estimated to be 2.3 + 0.8 nm. In the cases of low Cu
loading, the formation of large Pt particles was observed by
TEM (Fig. S2(a)f), and the higher intensity of the XRD Pt
(111) peak at the low Cu loading would be caused by the

This journal is © The Royal Society of Chemistry 2024
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(a-1) TEM image with particle size distribution and (a-2) highly magnified TEM images of the PtCu-1.0/TiN catalyst. The averaged particle

size was estimated by the Gaussian curve fitting of the particle size distribution (red line). (b) STEM-EDS mappings for Pt La, Cu Ko, and Ti Ka of

the PtCu-1.0/TiN catalyst with (1) low and (2) high magnifications.

aggregation of the Pt particles. The lattice spacing of the
PtCu-1.0/TiN catalyst estimated from the fringe pattern of the
highly magnified TEM image was 0.218 + 0.008 nm (Fig. 2(a-
2)), which is between that of Pt (111) (0.227 nm) and that of
Cu (111) (0.209 nm). The expected Pt-Cu alloy composition
derived from the lattice parameter was almost 50%, whereas
negligible changes in the lattice spacing of TiN (200) (0.212 +
0.008 nm) were observed for the samples with and without
Cu loading. The lattice fringes attributed to Cu (111) were
not observed. Scanning transmission electron microscopy-
energy dispersive X-ray spectroscopy (STEM-EDS) analysis was
also conducted for the PtCu-1.0/TiN catalyst (Fig. 2(b)). The
STEM-EDS images showed the overlapping of Pt and Cu
distributions, suggesting the formation of Pt-Cu alloy
nanoparticles on the TiN support. Cu species dispersed on
the TiN surface were also observed independent of the Pt-Cu
alloy, indicating that the excess Cu species were not
incorporated into the Pt-Cu alloy nanoparticles but highly
dispersed on the TiN surface. Similar trends were observed
for both PtCu-0.2/TiN and PtCu-2.4/TiN with different Cu
loadings (Fig. S2(b and c¢)t).

The local structures of Pt, Cu, and Ti in the PtCu-X/TiN
catalysts were characterized by X-ray absorption fine
structure (XAFS) analysis. Fig. 3(a) and S3(a)} show the Pt
Lyr-edge X-ray absorption near-edge structure (XANES)
spectra of the PtCu-X/TiN catalysts with different Cu
loadings (X = 0-2.3). The Pt Lyr-edge white-line height of
Pt/TiN without Cu was similar to that of Pt foil, indicating
minor electronic charges between Pt and TiN. It was found
that the XANES spectrum of PtCu-1.0/TiN showed a slight
positive energy shift of the white-line peak and broadening
at the shoulder around 11570 eV compared to that of Pt/
TiN. This finding can be explained by the modulation of
the electronic state and local coordination structure by
incorporating Cu onto the Pt lattice.** > Similar trends
were observed for the PtCu-X/TiN catalysts (X > 0) as
shown in Fig. S3(a).f

This journal is © The Royal Society of Chemistry 2024

The curve-fitting analysis of Pt Lyredge k*-weighted
extended X-ray absorption fine structure (EXAFS)-Fourier
transforms (FTs) revealed two major contributions of Pt-Pt
bonds and Pt-Cu bonds, whose fitting results are
summarized in Table S2.f The EXAFS-FT of Pt/TiN without
Cu was fitted with a single scattering shell of Pt-Pt at 2.76
x 107" nm (Fig. 3(d)). When Cu was incorporated, the
EXAFS-FT major peak was shifted to a shorter R-range than
that of Pt/TiN without Cu as shown in Fig. 3(b) and S3(c),t
and the EXAFS fitting analysis did not converge by the use
of the Pt-Pt scattering shell only. The EXAFS-FTs of PtCu-X/
TiN (X > 0) were successfully fitted by the use of two shells
of Pt-Pt and Pt-Cu bonds, whose results are summarized in
Fig. 3(d and e). With increasing X, the Pt-Pt bond distance
decreased from 2.76 x 10™" nm (X = 0) to 2.73 x 10" nm (X
= 0.3), 2.69 x 107" nm (X = 1.0), and 2.70 x 10" nm (X =
2.3) as shown in Fig. 3(d) and Table S2.} On the other hand,
the Pt-Cu bond distances were almost constant at around
2.65-2.68 x 10"" nm. The incorporation of Cu with a shorter
ionic radius relative to Pt made a compressed distortion in
the Pt lattice, thus resulting in changes in the Pt-Pt bond
distance.

We also plotted changes in the coordination numbers
(CNs) of the Pt-Pt and Pt-Cu bonds (hereafter, denoted as
CNpep¢ and CNpe_¢y,) in Fig. 3(e). The CNp.p, of Pt/TiN was
fitted as 8.3 + 0.4 (X = 0), and the CNp.p; and CNpec, Of
PtCu-X/TiN were 7.0 + 0.6 and 1.3 + 0.2 (X = 0.3), 5.8 + 1.3
and 2.5 + 0.4 (X = 1.0), 6.3 = 1.3 and 2.4 + 0.8 (X = 1.3), and
6.7 + 1.6 and 2.2 + 0.6 (X = 2.3), respectively (Table S27). The
summation of CNpcp and CNp_c,, Which presents the total
of metal-metal bonds on the metal particle (CNrol), was
found to be almost constant at around 8-9 for all the PtCu-X/
TiN catalysts. Accompanied by the increase in X, CNpecy
increased and saturated at 2-2.5, also consistent with the
results of XRD. The calculated ratios of CNpecu/CNrogal,
which indicate the incorporated Cu ratios in the Pt-Cu alloy
of the samples, were plotted against the ratio of Cu in the Pt-

Catal. Sci. Technol., 2024, 14, 1501-1511 | 1503
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Cu alloy structure as estimated by the XRD-Vegard's rule,
showing an almost linear relationship as shown in Fig. 3(f).
The Cu K-edge XANES spectra suggested the mixture of
metallic Cu and high-valent Cu in PtCu-X/TiN (Fig. 3(c) and
S4(a)t). With increasing Cu loading, the high valent Cu
species with the main peak at around 8998 eV increased,
whose shape was similar to CuO. Considering the facts that
some of the Cu was alloyed into Pt particles forming Pt-Cu
alloy and excess Cu species would be dispersed on the
surface of the TiN support, metallic Cu in the Pt-Cu alloy
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Fig. 3 (a) Normalized Pt L;-edge XANES spectra of PtCu-1.0/TiN (blue
line), Pt/TiN (red line), and Pt foil (black dotted line). (b) Pt L -edge k>-
weighted EXAFS-Fourier transforms (k = 3.0-14.5 x 10 nm™, black line)
with curve-fitting results (R = 1.9-3.1 x 10™* nm, red line) of PtCu-1.0/
TiN and Pt/TiN. Other XANES and EXAFS spectra and the summary of
fitting results are presented in Fig. S3 and Table S2.f (c) Normalized Cu
K-edge XANES spectra of PtCu-1.0/TiN (red line), Cu foil (black dotted
line), and CuO (blue dotted line). (d) The interatomic distances of Pt-Pt
(red circle) and Pt-Cu bonds (white square) and (e) the coordination
numbers (CNs) of Pt-Pt (red circle) and Pt-Cu bonds (white square)
estimated by the curve-fitting analysis of the Pt L;;-edge EXAFS Fourier
transforms. (f) Relationship between the fraction of CNp ¢y, t0 CNrotal
(CNpi_pt + CNpi_cy) and the estimated alloy composition by the XRD-
Vegard's rule.

1504 | Catal. Sci. Technol, 2024, 14, 1501-15T1

View Article Online

Catalysis Science & Technology

and dispersed Cu oxide may co-exist in the PtCu-X/TiN
catalysts. The Ti K-edge XANES spectra of TiN, Pt/TiN, and
PtCu-1.0/TiN were similar to each other, suggesting that the
loaded Pt and Cu did not affect the local structure of TiN
(Fig. S4(b)t). These results were consistent with the XRD,
TEM, and XAFS analyses.

There were many reports on the preparation of Pt
bimetallic electrocatalysts for the ORR such as Pt-Co and Pt-
Ni.>* We investigated the surface electronic state of the Pt
and Cu species in the PtCu-1.0/TiN catalyst by XPS. After
subtracting the background by the Shirley method, Pt 4f
peaks (Eg = 70-80 eV) were fitted by Gaussian functions,
considering the spin-orbit splitting between 4f;, and 4fs,
and the overlapped peak of Cu 3p (Eg = 76.0 eV) as shown in
Fig. 4(a). We fitted the XPS spectrum using five Gaussian
curves, which were 4f,,, and 4f;,, peaks of metallic Pt at Eg =
71.3 eV and 74.6 eV (area percentage of 72%), Pt at Eyp =
74.0 eV and 77.3 eV (23%), and overlapped Cu 3p (5%) (Table
S3t). The mean free path length of excited photoelectrons of
Pt 4f was estimated to be 1.7 nm,** allowing signal detection
from the total volume of Pt particles, thus metallic Pt was a
major species in the catalyst. The observed high-valent
species can be assigned to Pt>" from the references (Fig.
S5(a)),** which would be surface Pt species exposed to air.
The binding energy assigned to Pt" species was observed at
a similar binding energy to that of Pt metal (71.3 eV),*
suggesting negligible electronic contribution of TiN and Cu
to Pt in the PtCu-X/TiN catalysts.

The Cu 2p;, XPS spectrum of PtCu-1.0/TiN, showed two
peaks at 931.8 eV and 934.2 eV, which were attributed to Cu®*
and Cu** (Fig. 4(b) and S5(b)1).>> No obvious peak shift of Pt
4f of the Pt-Cu alloy system has been reported, whereas a
linear peak shift of Cu 2p;/, has been observed in the Pt-Cu
alloy composition.*® The linear relationship between the Cu/
Pt alloy composition and the core-level shift of Cu 2p;,
suggested that the composition of the Pt—Cu alloy particles in
the PtCu-1.0/TiN catalyst could be estimated to be 0.3-0.4, in
agreement with the results of the XRD analysis using
Vegard's rule and the Pt Lj;-edge EXAFS-fitting analysis. The
observed Cu®*" species was supposed to originate from the
excess Cu species dispersed on the exterior of the Pt-Cu alloy
particles.

Cu3p
(a) Pt4fs), (Pt2*) Ptafy, (P2*)
Ptafs, (PtO*) Ptafy, (Pto*)

G
A

Cu 2pyy; (Cu?*) Cu 2py, (Cu®)
H ] T

Intensity (a.u.)
Intensity (a.u.)

80 75 70 935 930
Binding energy /eV Binding energy /eV

Fig. 4 (a) Pt 4f and (b) Cu 2ps,» XPS spectra with the Gaussian fitting
results of the PtCu-1.0/TiN sample.
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Based on these results, the structures of the series of
PtCu-X/TiN catalysts can be explained as follows.

(1) Some of the loaded Cu was alloyed to form the Pt-Cu
alloy nanoparticles at 2-3 nm size. Accompanied by the
increase in X, the fraction of Cu in the alloy increased and
saturated at 0.3-0.4 at X = 1. Further Cu loading (X > 1.0) did
not increase the Cu/Pt alloy composition. Since a clear charge
transfer from Cu to Pt was not observed by XANES and XPS,
it is suggested that the major role of Cu is distortion of the
Pt lattice as well as the regulation of Pt dispersion and
particle size on the TiN surface. In the phase diagram of Pt-
Cu intermetallics, there was a phase boundary between a
disordered fcc-lattice and the fec-based layer-by-layer lattice
of Pt and Cu planes (L1; phase) at the lower Cu content
region of the PtCu alloy system.?” To increase the Cu content
in the PtCu alloy, the re-arrangement of atoms is required at
higher thermal energy above 1000 K and hence the PtCu alloy
composition prepared at room temperature reached a plateau
at around 0.3-0.4.

(2) Excess Cu species were distributed at the exterior of
the Pt-Cu alloy nanoparticles and dispersed on the surface of
the TiN support as high-valent Cu>".

Evaluation of ORR activity by the RDE method

To evaluate the ORR activity of the prepared catalysts, the
rotating disk electrode (RDE) method was employed. 30 wt%
of Ketjen black was added to improve the dispersion of
catalyst ink and electronic conductivity among the TiN
nanoparticles.*® The cyclic voltammograms (CVs) of the PtCu-
X/TiN catalysts (X = 0-2.4) are presented in Fig. 5(a-1) and
S6(a).f Positive shifts of O adsorption peaks (60 mV shift for
the anodic scan) and O desorption peaks (30 mV shift for the
cathodic scan) were observed on PtCu-1.0/TiN as compared
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Fig. 5 (a-1) CV profiles for Pt/TiN (red), PtCu-1.0/TiN (blue), and

commercial Pt/C (TKK, TECLOES50E; black dotted line). (a-2) The
expanded figure of the black square area in (a-1). (b) Electrochemical
surface area (ECSA) and (c) mass specific activity (MSA, red square, left
axis) and surface specific activity (SSA, white circle, right axis) for PtCu-
X/TiN catalysts (X = 0-2.4).
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to a commercial Pt/C catalyst (TKK, TEC10E50E) (Fig. 5(a-2)).
With increasing the Cu loading, the electrochemical surface
areas (ECSAs) of the PtCu-X/TiN catalysts enhanced
significantly from 20.4 m> gp, ' (X = 0) to 54.6 m> gp, ' (X =
1.0), suggesting that the high dispersion of the Pt catalysts
with Cu also affects electrochemical results (Table S47).
Further increasing Cu loading (X > 1) did not improve the
ECSA (Fig. 5(b)). The XRD and Pt Lyredge XAFS results
showed that excess Cu (X > 1.0) did not increase the Cu
ratios of the Pt-Cu alloy nanoparticles, which was consistent
with the trend in ECSA.

Linear sweep voltammograms (LSVs) in O,-saturated
HCIO, solutions were measured with a rotating working
electrode (WE) at 400, 900, 1600, and 2500 rpm speeds
(Fig. S6(b)f). The Koutecky-Levich (KL) plots showed a
nearly linear relationship between oxygen diffusion (o *?)
and reaction kinetics (I, '). From the slope of KL plots at
0.9 Vgug, the electron transfer number of the prepared
catalysts was estimated to be 3.8 + 0.4, suggesting that the
4e  transfer ORR process is dominant (Fig. S6(c)f). Mass-
specific activity (MSA) and surface-specific activity (SSA)
were estimated by normalizing the intercept of kinetic
current at o *? = 0 (ji) with the loaded Pt weight and
ECSA. The plots of the MSA and SSA variations of PtCu-X/
TiN (X = 0-2.4) showed similar trends to ECSA (Fig. 5(c)
and Table S47).

The fact that the ORR performance is highly related to
the incorporated ratio of Cu into the Pt-Cu alloy suggests
that Pt-Cu alloy nanoparticles are active for the ORR. The
slight decrease in the MSA and SSA (X > 1) may be
caused by the excess Cu®" species dispersed on the
catalyst surface. The best ORR performance was observed
on PtCu-1.0/TiN; 0.86 A mgp, ' (MSA) and 1.58 mA cmp >
(SSA), which were 5.1 times and 6.3 times larger than
those of the commercial Pt/C catalyst (TEC10E50E, TKK).
Compared to reported Pt/TiN catalysts (TiNIN@Pt: MSA
0.83 A mgp ', SSA 0.49 mMA cmp %" Tig.oCug N@Pt/
NCNT: 1.06 A mgp ', SSA 0.69 mA cmp >;*®> Pt;Cu nano-
frame/TiN architecture: 5.32 A mgp ', 2.43 mA cmp ;>°
Pt/TigoC0N: 0.46 A mg™, 0.54 mA cm *)*" presented in
Table S5, the present PtCu-1.0/TiN catalyst exhibited
higher MSA and SSA than TipoCu,;N@Pt/NCNT and Pt/
Tip0C0o 1N and lower ORR activity than the Pt;Cu nano-
frame/TiN architecture, which had a unique skeleton Pt
structure on TiN nano-frames.

Electrochemical performance of the MEA with PtCu-1.0/TiN

The ORR performances of the above mentioned Pt-Cu-TiN
catalysts were evaluated by the RDE method, but there were
no reports on the evaluation of electrochemical performances
in the PEFC membrane electrode assembly (MEA) with Pt-
Cu/TiN catalysts. We prepared a practically available MEA for
PEFC testing, based on a three-layered structure with an
anode catalyst consisting of Pt/C (TEC10E50E, TKK; 0.5 mgp,
cm?) or Pd/C (TECPd(ONLY)E50E, TKK; 0.5 mgpq cm >; used
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Fig. 6 (a) IV profiles for PtCu-1.0/TiN (0) and Pt/C (O) and mass

specific power plots for PtCu-1.0/TiN (@) and Pt/C (m). (b) CV profiles
of the MEA with PtCu-1.0/TiN before (after initial conditioning) and
after 80 000 cycles of the accelerated degradation test (ADT). (c) ECSA
variation against the number of the ADT cycles for PtCu-1.0/TiN and
Pt/C (TEC10E50E, TKK).

for operando XAFS measurement) and the prepared PtCu-1.0/
TiN (0.11 mgp, cm ) mixed with 30 wt% of Ketjen black
(used as a conductive aid) as a cathode catalyst. A 3 cm x 3
cm-sized catalyst layer was hot-pressed onto a Nafion
membrane (Sigma-Aldrich, NR-212).

IV profiles were recorded supplying 1200 ccm of 20% O,/
N, at the cathode and the ORR activity of the MEA was
evaluated. In the low current density area above 0.8 V, the
slopes of the IV profiles of the commercial Pt/C and PtCu-1.0/
TiN were similar to each other (Fig. 6(a)). The power plot
showed the mass-specific maximum power density to be 1.5
W mgp ', which was 1.5 times larger than that of the
commercial Pt/C catalyst (Fig. 6(a) and Table S67).
Incorporation of secondary transition metals can improve the
oxygen reduction activity.”® Our PtCu-1.0/TiN catalyst
exhibited a similarly increased ORR activity by incorporating
Cu into Pt.

Although the PEFC performance of the MEA highly
depends on the PEFC structure and operating conditions, the
prepared MEA with the PtCu-1.0/TiN cathode catalyst
exhibited a comparable ECSA and MSA to the previously
reported MEA with a PYTiN catalyst.*®*°  Further
investigation of MEA preparation methods will improve the
electronic resistance and mass diffusion of the catalyst
membrane, resulting in the improvement of the PEFC
performance.

The durability of the prepared MEA with PtCu-1.0/TiN
was tested by a typical accelerated degradation test (ADT),
consisting of repeated voltage steps between 0.6 V and 1.0 V
(for each 3 s) under a N, flow at the cathode.*® The ECSA
estimated from the CV profile was originally 60.3 m?* gp "
after the initial conditioning (Fig. 6(b and c¢) and S7%),
which was almost comparable to that measured by RDE
(54.6 m* gp ). The ECSA of the MEA with the commercial
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Pt/C catalyst showed 72.4 m?> gp ' after the initial
conditioning.

It is well known that the standard Pt/C catalyst
significantly degrades under PEFC voltage operating
conditions, and the dissolution and migration of Pt are
severe in MEAs. The ADT, which accelerates the
degradation of the cathode catalyst by typical voltage
operation cycles, causes a significant decrease in ECSA, and
the ECSA of the commercial Pt/C catalyst significantly
decreased as shown in Fig. 6(c). After applying 20000 ADT
cycles, the ECSA of the commercial Pt/C catalyst was
decreased to 29.9 m* gp ', which corresponds to 40% of
the initial ECSA. It is to be noted that the PtCu-1.0/TiN
catalyst exhibited remarkable stability in the ADT compared
to Pt/C as shown in Fig. 6(c). After applying 80000 ADT
cycles, the ECSA remained at 70% of the initial value.
Considering the rapid decrease in the ECSA of the
commercial Pt/C catalyst, the high tolerance of the PtCu-
1.0/TiN catalyst was obvious under real PEFC operating

conditions.
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Fig. 7 (a) Operando Pt Lj-edge XANES spectra of the MEAs with
PtCu-1.0/TiN (red) and Pt/C (black) cathodes at PEFC cell voltages of
1.0 V and 0.4 V. The data of samples were taken in transmission
mode. (b) Operando Cu K-edge XANES spectra of the MEA with the
PtCu-1.0/TiN cathode at PEFC cell voltages of 1.0 V (blue) and 0.4 V
(green) with those of as-prepared PtCu-1.0/TiN (powder, red dotted
line) and Cu foil (black dotted line) as references. The data of
samples were taken in XRF yield. (c) Powder-XRD profiles of PtCu-
1.0/TiN collected from the cathode catalyst layer of the used MEA.
The as-prepared catalyst (powder), after the MEA conditioning and
(c) after 80000 cycles of the ADT. XRD reference profiles of Pt
(ICSD180981) and Cu (ICSD180109) from the ICSD database are
presented. (d) TEM images with the particle size distributions of the
PtCu-1.0/TiN catalyst collected from the MEA cathode catalyst layer
(after the MEA conditioning and after 80000 cycles of the ADT). The
red line in the particle size distribution shows Gaussian fitting to
estimate the average particle size.
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The structures of the PtCu-1.0/TiN catalyst under PEFC
working conditions and after the PEFC use

The use of hard X-rays with high transmission properties
enables us to reveal the real structures of working catalysts in
PEFC MEAs.*" The operando Pt Lyredge and Cu K-edge
XANES spectra of the PtCu-1.0/TiN catalyst in the MEA were
measured under PEFC operating conditions (Fig. 7(a and b)).
The MEA with Pd/C as the anode catalyst instead of Pt/C was
used to avoid interference of X-ray absorption and
conditioned under a N, flow at the cathode by applying 0.6 V
for 1 h. The cell voltage was operated at 0.4 V and 1.0 V, and
the operando XAFS spectra under both voltages were
successfully recorded. The Pt Ljredge XANES spectrum
measured at 0.4 V suggested that the Pt was metallic as
shown in Fig. 7(a). At 1.0 V, a slight increase in the Pt Ly~
edge white-line height was observed on the MEA with the
PtCu-1.0/TiN cathode, and the difference between the white-
line height at 1.0 V and that at 0.4 V, which is the index of
the redox properties of the Pt catalyst, was smaller than that
of the commercial Pt/C catalyst. These results indicate that
the oxidation of Pt in the Pt-Cu alloy nanoparticles was
widely inhibited compared to Pt/C. Similar trends were
observed on Pt-alloy catalysts with higher activity than pure
Pt, and the positive suppression of unfavorable oxidation on
the active Pt surface by controlling the oxygen binding energy
is considered one of the key factors for ORR activity.>*>®*>43

In contrast, the Cu K-edge XANES showed different
features (Fig. 7(b)). In the as-prepared PtCu-1.0/TiN catalyst,
oxidized Cu** species were observed in addition to metallic
Cu, but metallic Cu became major in the conditioned MEA at
0.4 V. We did not find any difference between the Cu K-edge
XANES spectra at 0.4 V and 1.0 V as shown in Fig. 7(b),
indicating negligible oxidation on the loaded Cu in the
catalyst. The synchronized structure-ORR performance
relationship suggested that the alloying of Cu into Pt was the
key factor for the ORR activity and Cu in the Pt-Cu alloy
affected the suppression of the unfavorable oxidation of Pt
under the ORR conditions.

After the conditioning and ADT cycles, the MEAs were
removed from the PEFC cell, and the cathode catalysts were
scratched from the MEA and were analyzed by XRD and
TEM. The Pt(111) peak of the collected catalyst after the MEA
conditioning was negatively shifted as shown in Fig. 7(c),
indicating the partial dealloying of Cu during the MEA
conditioning process. However, the (111) peak was observed
at 20 = 40.2°, which was higher than that of Pt(111) (26 =
39.8°), and the Pt-Cu alloy composition after the
electrochemical conditioning was found to be 28% to the
initial alloy composition, suggesting that the loaded Cu in
the Pt-Cu alloy still remained after the electrochemical
operation. It is to be noted that the XRD Pt(111) peak after
the 80000 cycles of the ADT was similar to that before the
ADT (after the conditioning), suggesting that the Pt-Cu alloy
catalyst was stable under the ADT process. The estimated
particle sizes of the PtCu catalysts from the TEM images were
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not changed after the ADT cycles (3.7 + 2.7 nm = 3.8 + 2.9
nm; Fig. 7(d)). In contrast, the commercial Pt/C catalyst (TKK
TEC10E50E) exhibited significant particle aggregation with
large changes in the particle size distribution (2.6 + 0.8 nm
= 5.4 + 1.8 nm).** These results suggested the high stability
of the PtCu/TiN catalyst for the ADT cycles.

The electrochemical operation often accelerates the
transformation of a Pt alloy to a thermally stable structure by
changing the chemical composition of the alloy.***® The
initial conditioning by the cell voltage operation would
prepare the stable Pt-Cu alloy nanoparticles and the formed
Pt-Cu alloy nanoparticles (11% of Cu was in the alloy
structure) exhibited not only favorable ORR activity but also
stable ORR performances for the ADT process. On
conventional Pt/C catalysts, weak interaction between the Pt
catalyst and carbon support and carbon corrosion under
operation have been considered as some of the major reasons
for catalyst degradation.*® The high acidic tolerance and high
electronic conductivity of the TiN support and the unique Pt-
Cu alloy particles formed on the TiN surface were considered
to affect the high activity and durability of the PtCu-1.0/TiN
catalyst in the MEA.

Conclusion

In conclusion, a set of PtCu/TiN catalysts with different Cu/Pt
loadings was systematically synthesized by a simple
impregnation method and complementarily characterized by
XRF, XRD, TEM, STEM-EDS, XAFS, and XPS techniques. The
RDE experiments showed the increases in MSA and SSA, with
increasing loaded Cu/Pt ratio. The loaded Cu was partially
alloyed with the Pt nanoparticles, resulting in compressed
lattice strain and controlling the particle size and
distribution. The best performing electrocatalyst PtCu-1.0/TiN
used as a cathode material in a PEFC MEA showed 1.5 times
higher mass-specific power density, compared to the
commercial Pt/C. Additionally, outstanding durability was
observed, maintaining over 70% of the initial ECSA after
80000 ADT cycles. Operando Pt Lyr-edge XANES analysis
showed a small response of the Pt oxidation state relative to
the applied cell voltages, suggesting that the chemical
interaction with the loaded Cu and the use of the TiN surface
as the support accelerated the facile H,O desorption during
the ORR, which is considered as one of the major factors that
control the high activity and durability in this sample system.

Experimental
Preparation of PtCu-X/TiN catalysts

Commercial TiN nanoparticles (EMJapan Co., NI-TIN-2,
purity > 99.2%, particle size: 20 nm, manufacturer data) were
used as a catalyst support without any pretreatment. Other
chemicals were purchased from Wako and Sigma-Aldrich and
used as received. PtCu-X/TiN catalysts were prepared by a
simple impregnation method. 0 to 0.11 g of Cu(u) acetate
monohydrate (Wako) was dissolved in 50 mL of a distilled
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water/ethanol (30/20 = v/v) mixed solution and 1.31 g of 8
wt% H,PtCls solution in water (Sigma-Aldrich, 20 wt% of Pt
to the TiN support) was added and stirred at ambient
temperature for 1 h. Then, 0.2 g of TiN was added and stirred
at ambient temperature for 1 h. 50 mL of 0.1 M NaBH,
(Wako) solution in distilled water was prepared and added to
the mixed solution at once and stirred at ambient
temperature for 1 h. After filtration, the obtained sample was
washed with distilled water/ethanol solution (3/2 = v/v) and
dried overnight.

Characterization of PtCu-X/TiN catalysts

The N, adsorption of the purchased TiN was recorded on a
Shimadzu, Micromeritics ASAP-2020 at 77 K. 1.21 g of a
sample taken in a glass cell was pretreated at 473 K under
vacuum for 2 h before a BET measurement. The amounts of
loaded Pt and Cu on TiN were estimated by using XRF on a
JEOL, JSX-1000S. The emission lines of Pt Lo and Cu Ko
relative to Ti Ka were analyzed by using standard curves. The
calibration samples were prepared by an impregnation
method in ethanol using 8 wt% of H,PtCls solution in water
(Sigma-Aldrich), Cu acetate monohydrate (Wako), and rutile
TiO, (JRC-TIO-3).

The powder-XRD patterns were measured on PANalytical
Empyrean equipment using Cu Ko as an X-ray source. After
subtracting the background, the positions, heights, and
FWHMs of the XRD peaks were analyzed by curve-fitting
using Gaussian functions. The alloy compositions of the
prepared PtCu-X/TiN catalysts were evaluated by Vegard's
rule, which explains the linearity of the lattice constant and
composition in the alloy structure,® considering the peak
positions of Pt(111) (20 = 39.8°, Pt (not Pt/C supported
catalyst), ICSD180981) and Cu(111) (26 = 43.3°, ICSD180109).
TEM and STEM-EDS images were recorded on a TEM
microscope (JEOL, JEM-ARM200F Cold, 200 kV) and the
sample was supported on a Mo grid for the measurements.
The sizes of 200-300 isolated particles were counted, and the
average of the long and short diameters was defined as the
particle size. The averaged particle size and distribution
range were estimated by the Gaussian fitting of the particle
size distribution and defined as the peak position and full
width at half maximum (FWHM) of the fitted Gaussian curve.

XAFS spectra at Pt Ly;, Cu K, and Ti K-edges were
measured in a transmission mode at the BL36XU and
BL37XU stations of SPring-8, and at the BL5S1 and BL11S2
stations of Aichi-SR. A sample was formed into a pellet with
@1 cm size and placed in an X-ray optical path. The incident
and transmission X-ray signals were monitored by a set of
two ion chambers. The XAFS spectra were processed and
analyzed using the FEFF8.5 code (ifeffit).”° The absorption
edge was defined as the inflection point of the first derivation
for the standard samples (Pt, Cu, and Ti foil), and the X-ray
energies were calibrated to 11559 eV at the Pt Ly-edge, 8979
eV at the Cu K-edge, and 4966 eV at the Ti K-edge,
respectively. The k*-weighted EXAFS oscillations were Fourier-
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transformed into R-space and fitted with single-scattering
shells in R-space. The coordination number (CN), interatomic
distance (R), Debye-Waller factor, (¢°), and edge energy (AE,)
were estimated (Table S27).

XPS was performed by using an R4000 electron
spectrometer (VG Scienta). The monochromatized Al Ko
X-rays (hv = 1486.6 eV, SAX100 X-ray source with an XM780
monochromator, VG Scienta) were irradiated to the pellet of
the PtCu-1.0/TiN sample mounted on a Mo-made sample
holder during neutralizing an electron (VG Scienta, FG300
flood gun). The background of a measured spectrum was
subtracted by the Shirley method, and the Pt 4f and Cu 2p
peaks were fitted by multiple Gauss functions, after the
calibration of binding energy using an Au 4f reference at 84.0
eV. The energy gap and the peak ratio between Pt 4f;/, and Pt
4f;,, were fixed at 3.3 eV and 4/3, respectively.

RDE measurements

The rate of mass diffusion was controlled by the rotation
speed of the working electrode (WE) with a coated catalyst in
a closed batch cell. A glassy carbon tip (¢ = 5 mm) with a
Teflon shaft (AFE2M050GC, PINE Research Inst.) was used as
the WE and was polished in agglomerated alumina
suspension (0.05 um, AP-A, Struers) before use. The catalyst
ink was prepared by dispersing a defined amount of catalyst
and electrolyte onto the WE to make a thin-film electrode.
The prepared catalyst was mixed with 30 wt% of Ketjen black
(EC300], Lion Specialty Chemicals Co., Ltd.) by using an
agate mortar. The suspension of 10 mg of the mixed solid in
10 mL of Nafion dispersion (2-propanol (Wako)/Milli-Q water/
5% Nafion (DE520 CS type, Wako) at a volume ratio of 8/10/
0.1) was ultrasonicated in an ice bath for 20 min. The
prepared catalyst ink was deposited several times and dried
at 333 K for 20 min until a Pt loading of 12 pg cm™>.
Commercial Pt/C (TEC10E50E, TKK) was also deposited on
the WE and the Pt loading was 16.9 ug cm™>.

Electrochemical measurements were performed using a
three-electrode system with the WE, counter electrode (Pt
sheet, 1 cm x 1 cm), and reversible hydrogen electrode (RHE)
in 0.1 M HCIO, solution (70%, purity: 99.999% trace-metal
basis, Sigma-Aldrich) at 293 K. For conditioning of the
catalyst, 35 CV cycles between 0.05 and 1.2 Vgyg at 50 mV s~
scan speed were performed in N, (99.99995%)-saturated
HCIO, solution. ECSA was estimated by the averaged charge
of H" adsorption and desorption in the range of 0.05-0.4
Vrue considering the area of an electronic double layer as the
background. The ORR activity was evaluated by LSV in the
potentio-range of 0.05-1.0 Vgyg at 10 mV s speed in O,
(99.99995%)-saturated HCIO, solution. The WE rotation
speeds were 400, 900, 1600, and 2500 rpm. The background
current, which was measured in a similar potential range in
N,-saturated HCIO, solution, and the ohmic iR drop
compensation were considered. The inversed intercept of the
Koutecky-Levich plot at 0.9 Vgyg, which had good linearity of
diffusion limiting current (A™) and the square root of the WE
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rotation rate ((rad s™')™"/?), gave the kinetic current density
(ji)- SSA and MSA were estimated by normalizing j, with
ECSA and the loaded Pt amount on the WE, respectively.”*

MEA preparation

A three-layered MEA was prepared with anode and cathode
catalysts as follows. Pt/C (TEC10E50E, TKK, 50 Pt wt%) or Pd/
C (TKK, TECPd(ONLY)E50E, 50 Pd wt%) was loaded at 0.5
mgpe, pd cm™? for an anode catalyst. Pd/C was used instead of
Pt/C for the MEA for operando XAFS measurements to avoid
interference of signals from the cathode and the anode Pt
catalysts. The prepared PtCu-1.0/TiN mixed with 30 wt% of
Ketjen black was loaded at 0.11 mgp, cm > at the cathode.
The catalyst ink was prepared using an equivalent weight
ratio of the catalyst and Nafion with 30 wt% of Ketjen black
as a conductive aid. The prepared ink was deposited by spray
coating in a 3 cm x 3 cm size of the catalyst-coated
membrane, which was hot-pressed onto the Nafion
membrane (¢ = 50 pm, NR-212, Sigma-Aldrich). For
comparison of electrochemical experiments, an MEA with 0.5
mgp, cm > of commercial Pt/C (TEC10E50E, TKK) at both the
anode and the cathode was also prepared without a carbon
filler. At both sides of the MEA, carbon paper (¢ = 100 pm,
TGP-H-030, Toray Ind., Inc.) was inserted as gas diffusion
layers (GDLS).

PEFC operation and durability test

The MEA with the GDLs was inserted into an in situ PEFC
cell. The PEFC cell consists of carbon-made gas-flow channel
plates (1 mm x 1 mm, serpentine), current collectors (Au-
coated Cu plate), Kapton-made film heaters, and Mg-Al alloy-
made separators at the anode and cathode sides.*’ The cell
temperature was monitored using a K-type thermocouple and
heated at 353 K during operation. The cell voltage between
the anode and cathode was controlled with a potentio/
galvano stat (VSP, BioLogic Science Instruments Co. Ltd.)
with a current amplifier (VMP3B-20, BioLogic Science
Instruments), using the anode as a pseudo-reference and
counter electrode in a three electrode configuration.

The MEA sample was conditioned under the constant
potential of 0.6 V for 1 h, supplying humidified H, at the
anode (RH = 93%, 150 mL min™", purity: 99.99995%) and
humidified N, at the cathode (RH = 93%, 600 mL min ",
purity: 99.99995%). CV was measured between 0.05 and 1.0 V
at 50 mV s speed by stopping the gas flow at the cathode.
ECSA was similarly estimated as described in the RDE
measurements section. Then, the cathode gas was changed
to 20% O,/N, (99.99995%, RH = 93%, 1200 mL min '), and
the IV profile and its power plot were measured by a galvanic
scan between 0.0 and 6.0 A mg™" in 43 steps for 15 s each.
Note that the power density was shown in the normalized
value to the Pt weight because the loading amounts of Pt
were different between the PtCu-1.0/TiN catalyst and the Pt/C
reference catalyst. To investigate the durability of the
prepared MEAs, the ADT with a rectangular voltage operation
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at 0.6 and 1.0 V for 3 s each was employed under a N, flow at
the cathode (RH = 93%, 600 mL min™", purity: 99.99995%).

Operando XAFS analysis of the prepared MEA under PEFC
operation conditions

The operando Pt Lyj-edge and Cu K-edge XANES spectra of
the MEA (Pd/C anode) were measured under PEFC operating
conditions at the BL36XU station of SPring-8.°> The in situ
PEFC cell with a channel and window for the X-ray
transmission and emission was set on the X-ray optical path
and was connected to a PEFC operating system (CNF52742,
NF Co., Ltd.). For the XRF-yield XAFS measurement, the XRF
signals emitted from the PEFC cell were monitored using a
21-ch Ge detector (EGPX 40 x 40 x 7-21PIX, Canberra).

EX situ characterization of the catalyst used as the MEA

The used MEAs were removed from the PEFC cell and dried
under a vacuum overnight. The catalyst was removed using a
spatula and characterized by powder-XRD and TEM. For TEM
analysis, the recovered -catalysts were ultrasonicated in
isopropanol for 30 min and the dispersion was dropped onto
a Mo-made TEM grid.
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