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Different from studies where less defective platinum
(Pt)-based nanomaterials have been widely used to
improve the catalysis of the oxygen reduction reac-
tion (ORR) for proton-exchange membrane fuel cells
(PEMFCs), herein we have demonstrated that a new
class of Pt nanorods (NRs) with a highly distorted
configuration can be applied as an advanced,
high-efficiency fuel cell catalyst, as transformed from
spongy Pt-tellurium NRs (PtTe, NRs) through se-
quential chemical and electrochemical aging proce-
dures. The resulting highly distorted Pt NRs exhibit
excellent ORR-specific and mass activities of 4.70 mA
cm=2and 2.77 A mg'p; at 0.90 V versus the reversible
hydrogen electrode (RHE), which are 18.8 and 16.3
times higher than those of commercial Pt/C catalyst,
and the mass activity is 6.3 times higher than 2020
U.S. Department of Energy target. Additionally, neg-
ligible activity decays were observed after 30,000
cycles. The high ORR performance endows these
unique Pt NRs with enhanced activity and lifetimes
for practical fuel cell catalysis in comparison with
commercial Pt/C, which is consistent with the
experimental results. It has been demonstrated that

Introduction

The proton-exchange membrane fuel cell (PEMFC), as
one of the most promising energy conversion devices,
has recently drawn considerable attention due to advan-
tages such as convenience, cleanliness, ample fuel
sources, low working temperature, and high energy
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the anomaly of strong electron-lattice coupling
suppresses Coulombic repulsion for barrier-free
electron transfer while concurrently exposing a large
number of active sites, which is a key to superior
high-performance fuel cell reactions.
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density."® Practically, PEMFCs confront the activity, du-
rability, and selectivity of applied catalysts issues, in
which the performances of cathodic catalysts play a
decisive role in the performance of the device.?” Platinum
(Pt)-based nanocrystals (NCs) are the most efficient
catalysts for cathodic oxygen reduction reactions (ORR)
in the PEMFC.2" However, poor utilization rates lead to


mailto:hxq006@suda.edu.cn
https://doi.org/10.31635/ccschem.020.201900123

@CCS

RESEARCH ARTICLE

Chemistry

the high cost of Pt, which impedes their practical appli-
cations,® " although tremendous efforts have been spent
on developing highly efficient Pt-based alloys with
well-controlled nanostructures reduce cost and improve
performance.”™ Among various effective strategies, the
precise surface/interface tuning of the interaction be-
tween catalysts and reactants is believed to be the deci-
sive step in maximizing the targeted electrocatalysis.?°-2*
Accordingly, the well-controlled Pt-skin surface is
designed for Pt-based alloys, leading to higher perfor-
mance for fuel cell reactions.?® However, the poor cycling
stability under operating conditions prevents these types
of materials from occupying an appreciable market
share. In fact, the structural defects located in the highly
polycrystalline Pt-based nanomaterials can provide a
workable platform to realize high Pt utilization through
numerous active step atoms in place of the defects. The
disordered structure configuration caused by the poly-
crystalline feature commonly brings about the introduc-
tion of high surface strain, which has become one of the
most significant improvement factors to optimize fuel
cell catalysis,?®?” especially for bimetallic Pt-based NCs
with high transition metal content. Thus, exploring
unique Pt-based nanomaterials with high surface distor-
tion for boosting fuel cell catalysis is an urgent and
formidable challenge.

One-dimensional (ID) nanostructures are ideal
nanostructures owing to their high aspect ratio and im-
portant ability to engineer surface distortion along the
longitudinal direction of nanowires (NWs) or nanorods
(NRs). Therefore, achieving fine distortion control in 1D
nanostructures leads to the successful creation of
high-performance catalysts.

Herein, we report a new class of Pt NRs with a highly
distorted configuration for simultaneously boosting ORR
and the overall fuel cell reaction. The highly distorted Pt
NRs originate from initially synthesized Pt-tellurium NRs
(PtTe, NRs) through a series of sequential chemical and
electrochemical aging processes. The resulting highly
distorted Pt NRs (H-Pt NRs) exhibit superior ORR per-
formance in comparison to weakly distorted Pt NRs (W-
Pt NRs) and commercial Pt/C. To be specific, the H-Pt
NRs deliver enhanced specific and mass activities for
ORR that are 18.8 and 16.3 times higher than those of
commercial Pt/C and 4.6 and 5.7 times greater than
those of W-Pt NRs, respectively. The H-Pt NRs are also
stable under strong acidic ORR medium with negligible
activity decay after 30,000 potential cycles, along with a
largely maintained distorted structure after a long-term
stability test. We reveal that vast short-range disordering
renders a high Pt-5d electronic affinity with negative
correlation. The electron-rich characteristics, an anomaly
for these types of materials, critically elevate ORR effi-
ciency to overcome on-site electron-transfer barriers.
The H-Pt NRs also exhibit much higher activity and life-
time for the overall fuel cell, in comparison with
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commercial Pt/C, paving a pathway for new classes of
fuel cell electrocatalysts.

Experimental Methods
Preparation of spongy PtTe, NRs

In the preparation of PtTe, NRs, 10 mg platinum (I)
acetylacetonate (Pt(acac),), 12.8 mg potassium tellurite
(K,TeO3), 35.6 mg L-ascorbic acid (AA), 100 mg poly-
vinylpyrrolidone (PVP), 5 mL water, and 5 mL ethylene
glycol (EG) were added into a vial (volume: 35 mL). After
the vial had been capped, the mixture was ultrasonicated
for around 1 h. The resulting mixture was transferred to a
Teflon-lined stainless-steel autoclave and then heated at
180 °C for 5 h in an oven, before it was cooled to room
temperature. The resulting products were collected by
centrifugation and washed with an ethanol/acetone
(v/v 1:9) mixture.

Preparation of the MEA for fuel cell catalysis

The membrane electrode assembly (MEA) with an active
area of 1cm?was prepared and used in this study as follows.
The catalyst layer was spread on the composite electrode
by screen printing. The catalyst ink was prepared by drop-
ping Nafion perfluorinated resin solution (5 wt% in lower
aliphatic alcohols and water) into mixed solution of deio-
nized water and isopropanol (v/v 1:1) and with 14.1% H-Pt
NRs/C or 20% Pt/C catalyst in an ultrasonic bath for 30 min.
The Nafion content was 40% in the 20% Pt/C ink. While we
set a series of values of Nafion in the H-Pt NRs/C ink to
discover the optimal content of Nafion, the optimized
content of Nafion was 42% in the 14.1% H-Pt NRs/C ink.
The cathode catalyst loading was 0.5 mgp; cm™2 for the
MEA with Pt/C and 0.35 mgp; cm~ for the MEA with H-Pt
NRs/C, while the Pt loading was 0.5 mgp; cm™ for the
anode (70% Pt/C, 20% Nafion). After coating the catalyst
to the electrode, the electrode was placed in baking
oven for2hat105 °C. The thickness of the carbon electrode
was 190 um and 20% water-resistant, which was purchased
from Toray. Then, a Nafion 211 (25 pm) membrane was
hot-pressed with two electrodes at a pressure of 40 kgs
cm™ and temperature of 130 °C for 2 min.

The electrochemical performance was measured by
an electrochemical workstation (CS). The test mode was
linear sweep voltammetry with a sweep rate of 2 mV s™
and cutoff voltage of 0.2 V. During the test, the cathode of
the fuel cell is used as the working electrode, and the
anode is used as the counter electrode and reference
electrode. The test temperature of the self-breathing fuel
cell is 25 °C. Specifically, one side of the anode is actively
supplied with hydrogen, the other side of the cathode is
directly exposed to the air, which is passively supplied.
The experiments were performed with pure hydrogen at
room temperature and atmospheric pressure. The pure
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hydrogen is prepared from a hydrogen generator. The
flow rate of hydrogen is 15 mL min™. The polarization
curve of the fuel cell is measured by linear scanning at
a rate of 2 mV s7. The fuel cell life test is set to a constant
current discharge of 50 mA cm™

DFT models and calculations

We carried out the density functional theory (DFT) +U
calculations using CASTEP code by the rotationally in-
variant Hubbard-U theory.?®?° The Hubbard-U parameter
has been consistently determined for pseudized Pt-5d by
our linear response method for U determination.®*** The
geometric optimization uses the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) algorithm for all calculations.
The Perdew-Burke-Ernzerhof (PBE) function was chosen
for PBE +U calculations with a plane-wave basis set
cutoff energy of 750 eV. The ensemble DFT (EDFT)
method is used to improve convergence of a d-orbital
transition-metal-based system.*®

For the twisted Pt model, a multifaceted cleaved Pt
structure within a large vacuum environment has been
built with160 atoms and a radial vacuum separation of
15 A. All atoms were fully varied flexibly through the
BFGS geometry relaxation process. Model O is the non-
twisted structure with all Pt sites frozen, and models 1-3
were built based on model O being gradually twisted with
different angles from different regions. The amorphiza-
tion was finally determined using the simulated radial
distribution function (RDF).

For the Monkhorst-Pack k-point sampling, the reciprocal
space integration was performed using a mesh of 2x2 x 1
with Gamma center-off, which has been self-consistently
selected for total energy minimization.*” With these special
k-points, the total energy converges to less than 5.0 x10
7 eV per atom. The Hellmann-Feynman forces on the atom
converged to less than 0.001 eV A~

The Pt, O, and H norm-conserving pseudopotentials
were generated using the OPIUM code in the
Kleinman-Bylander projector form,*® and the nonlinear
partial core correction and a scalar relativistic averaging
scheme were used to treat the Pt spin-orbital coupling
effect.’>4° We chose the (5d, 6s, 6p), (2s, 2p), and (1Is)
states as the valence states of Pt, O, and H atoms, re-
spectively. The Rappe Rabe Kaxiras Joannopoulos
(RRKJ) method was chosen for pseudopotential optimi-
zation.  The Hubbard-U parameter has been
self-consistently determined based on our previously
developed method.*? For electronic state calculations,
we used the self-consistent determination for the U cor-
rection on the localized 5d orbitals to correct the on-site
Coulombic energy of the electron spurious self-energy.
By that method, the Hubbard-U parameters on the
near-fully occupied shells of 5d° orbitals of Pt were
self-consistently determined to be Uy=6.91 eV, as aver-
aged by the four different models.
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Results and Discussion

Synthesis and characterization of spongy
PtTe, NRs

The spongy PtTe, NRs in were first synthesized in aque-
ous media (details in the “Experimental Methods” section)
and the morphology was analyzed by high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM). Highly monodisperse NRs were the dom-
inant products with yields approaching 100% (Figures 1a
and 1b; Supporting Information Figures Sla-c). The aver-
age diameter was 32.2 nm and the average length reaches
147.0 nm with an average aspect ratio of 4.6 (Supporting
Information Figures Sld and e). The PtTe, NRs were
highly spongy with uneven surfaces, as revealed by the
magnified HAADF-STEM images (Figure 1b; Supporting
Information Figure Slc). TEM energy-dispersive X-ray
spectroscopy (TEM-EDS) shows that the overall compo-
sition ratio of Pt/Te is 33.8/66.2, which is very close to the
inductively coupled plasma atomic emission spectrosco-
py (ICP-AES) (33.5/66.5) and scanning electron micros-
copy EDS (33.4/66.6) results (Figure 1c; Supporting
Information Figure Sif). The crystal phase of the spongy
PtTe, NRs was characterized by powder X-ray diffraction
(PXRD) (Figure 1d), showing a trigonal phase (P-3m1
(164), JCPDS no. 88-2277). The PtTe, NRs exhibit
obvious polycrystalline nature, as revealed by the
selected-area electron diffraction (SAED) pattern and the
fast Fourier transform (FFT) pattern (Figures le-g and
inset in Figure 1g9). High-resolution TEM (HRTEM) images
of a single PtTe, NR clearly demonstrate their highly
porous features (Figure 1g; Supporting Information
Figures S2b-d). Due to the sponginess, the lattice fringes
of PtTe, NRs were not continuous throughout the whole
NR. The displayed interplanar spacing of 0.290 nm cor-
responds to the (011) facet of alloyed PtTe, nanostructure
with a hexagonal phase (P-3m1(164)) (Figure 1g), which is
consistent with the PXRD results (Figure 1d). The HAADF-
STEM-EDS elemental mapping technique was used to
characterize the elemental distributions of Pt and Te on
the PtTe, NRs, where the Pt (green), Te (red), and com-
bined (green vs red) images (Figure 1h) along with the
corresponding line-scan results (Figure 1h;,hy) confirm
even Pt and Te distributions throughout the whole PtTe,
NRs. Based on the aforementioned HAADF-STEM, EDS,
PXRD, HRTEM, HAADF-STEM-EDS elemental mapping,
and line-scan results, it can be concluded that the unique
1D PtTe, NRs with spongy features have been successfully
synthesized.

Coupled chemical and electrochemical
strategy to construct H-Pt NRs/C

To obtain high-performance electrocatalysts, a series of
chemical and electrochemical techniques were used to
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Figure 1| Morphology and structure characterizations of spongy PtTe- NRs. (a and b) HAADF-STEM images, (c) TEM-
EDS, and (d) PXRD pattern of the PtTe> NRs. () TEM image, () SAED pattern, and (g) HRTEM image of the PtTe> NR.
The inset in (9) is the corresponding FFT pattern. (h) HAADF-STEM image and elemental mappings as well as (h;, h)
line scans of the PtTe, NR. Pt in green, Te in red, and integration of Pt and Te. The composition ratio of Pt/Te is 33.5/
66.5, as revealed by ICP-AES. The scale bars in (a), (b), (e), (9), and (h) are 500, 50, 40, 5, and 40 nm, respectively.

handle the spongy PtTe, NRs, and the corresponding
evolutionary processes of structure, composition, and
crystal phase in the different stages were investigated
in detail (Figure 2; Supporting Information Figures
S3-5S9). These PtTe, NRs were first loaded on carbon
powder to prepare the PtTe, NRs/C, where the morphol-
ogy, composition, and crystal phase were largely main-
tained, as revealed by the TEM, EDS, and PXRD results
(Figure 1; Supporting Information Figure S3). After
washing with acetic acid, the PtTe, NRs/C showed limit-
ed structural changes (Figures 2a-c; Supporting
Information Figures S4 and S5). After further annealing
at 250 °C in atmosphere for 1h, the structure of the PtTe,
NRs/C changed sequentially (Figures 2d-f; Supporting
Information Figures S6 and S7), where the NR shape and
elemental distribution can be maintained (Figures 2d-f;
Supporting Information Figure S7a), while the overall
composition of Pt/Te showed observable changes
(from 39.4/60.6 to 49.5/50.5; Supporting Information
Figures S4a and S6a). As shown in Supporting
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Information Figure 6b, a new crystal phase matching well
with the face-centered cubic (fcc) Pt phase (JCPDS no.
04-0802) was observed, which shows that the PtTe
NRs/C with trigonal PtTe, and cubic Pt phases have been
obtained from the initially prepared PtTe, NRs through
the sequential chemical aging processes (Supporting
Information Figures S6 and S7).

After chemical aging, electrochemical aging was then
carried out for enhanced fuel cell catalysis, as the elec-
trochemical dealloying process usually results in the
leaching of transition metals and thus numerous defects
and strong lattice strain (beneficial for producing high
surface distortion). We can see that the PtTe NRs/C, after
further electrochemical aging, showed large differences
in composition, crystal phase, and surface distortion
compared with those of the PtTe, NRs/C not electro-
chemically aged. We further characterized the PtTe,
NRs/C after both chemical and electrochemical aging in
detail (Figures 2g-j; Supporting Information Figures S8
and S9). Compared with the chemically aged PtTe
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Figure 2 | Structure and composition characterizations of spongy PtTe, NRs/C after different evolution processes.
(a3, d, and @) TEM images, (b, e, h, and i) HRTEM images, (c, f, and j) HAADF-STEM images, and elemental mappings and
corresponding line scans of the PtTe> NRs/C in different stages: (a-c) after washing with acetic acid twice, (d-f) after
washing with acetic acid twice and further annealing at 250 °C in the atmosphere for 1 h, (g-j) after chemical aging and
then the electrochemical aging in 0.1 M HCIO, solution for 2000 CV cycles. (k) The corresponding 3D models of the
resulting highly distorted Pt NRs. The scale bars in (a), (), (d), (f), (), and (j) are 40 nm. The scale bars in (b), (e), (h),

and () are 5 nm.

NRs/C, the 1D morphology of the chemically/electro-
chemically aged PtTe, NRs/C can be largely maintained
(Supporting Information Figures S7a and S9a), while the
overall composition ratio of Pt/Te changed from 49.5/
50.5 to 96.2/3.8 (Supporting Information Figures S6a
and S8a). HRTEM and PXRD results jointly reveal the
complete crystal phase transformation from the trigonal
PtTe, phase to the cubic Pt phase (Figures 2h and 2j;
Supporting Information Figures S3d, S8b, and S9b-d).
We further studied the structure of the resultant Pt NRs/
C by HRTEM in detail. The discontinuous lattice fringes
and numerous lattice mismatches can be obviously
observed around the Pt NRs/C (Figures 2h and 2i;
Supporting Information Figures S9b-d), which are de-
rived from the polycrystalline nature of the Pt NRs. The
discontinuities of lattice fringes can create many irregular
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facet boundaries (the orange dotted lines labeled in
Figures 2h and 2i), while the lattice mismatches result
in the presence of a large number of step atoms. These
jointly construct the unique nanostructure of the Pt NRs
with numerous defects. Further, the structurally dis-
ordered configuration associated with the abundant
defects can largely improve the global strain effect (as
the area highlighted with a green ellipse in Figure 2i).
Consequently, the potentially strong surface boundary
effect, large defect effect, and high global strain collec-
tively contribute to the extensive distortion of the Pt
NRs/C. The combined results of HRTEM, elemental map-
ping, and corresponding line scans confirm the success-
ful creation of highly distorted Pt NRs/C (namely H-Pt
NRs/C) (Figures 2h-j; Supporting Information Figure
S9b-g). The corresponding 3D models of the H-Pt NRs
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Figure 3 | Electrocatalytic performances of H-Pt NRs/C, W-Pt NRs/C, and commercial Pt/C for ORR. (a) ORR
polarization curves of different catalysts. The ORR polarization curves were recorded at room temperature in O»
-saturated 0.1 M HCIO, aqueous solution after Ohmic drop correction. The scan rate and rotation rate for ORR
measurements were 10 mV s™" and 1600 rom, respectively. (b and ¢) ORR mass activity and specific activity Tafel plots
of different catalysts. (d) Histogram of mass and specific activities of different catalysts for ORR at 0.90 V versus RHE.
(e) ORR polarization curves of the H-Pt NRs/C before and after different potential cycles between 0.6 and 1.1V versus
RHE. (f) The changes on mass activities of the H-Pt NRs/C before and after different potential cycles. (g) ORR-specific
activity Tafel plots of the H-Pt NRs/C before and after different potential cycles. (h) ORR polarization curves of the
W-Pt NRs/C before and after different potential cycles between 0.6 and 1.1 V versus RHE. (i) The changes on mass
activities of the W-Pt NRs/C before and after different potential cycles.

are shown in Figure 2k for better understanding of this
unique nanostructure. Considering the combination of
unique 1D nanostructure and maximized distortion con-
figuration, the H-Pt NRs/C materials are expected to
possess superior fuel cell performance.

ORR performance of obtained H-Pt NRs/C

The electrochemical performance of the resulting H-Pt
NRs/C was systematically studied and benchmarked
against the commercial Pt/C from Johnson Matthey
(Pt/C, 20 wt % Pt on Vulcan XC72R carbon, Pt particle
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size: 2-5 nm; Supporting Information Figures S10a and b)
and the weakly distorted Pt NRs/C (namely W-Pt NRs/C;
Supporting Information Figure S11). Supporting
Information Figure S12 shows the typical cyclic voltam-
mograms (CVs) of H-Pt NRs/C, W-Pt NRs/C, and com-
mercial Pt/C in Ny-purged 0.1 M HCIO, solution at a
sweep rate of 50 mV s7. The electrochemical active
surface area (ECSA) was calculated according to the CV
curves, where the ECSAs for H-Pt NRs/C, W-Pt NRs/C,
and commercial Pt/C were determined to be 59.0, 48.1,
and 68.2 m? g7, respectively (Supporting Information
Table S1).
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The cathodic ORR was first used as the model reaction
to evaluate the performances of different electrocata-
lysts. Figure 3a shows the ORR polarization curves of
H-Pt NRs/C, W-Pt NRs/C, and commercial Pt/C carried
out in O,-saturated 0.1 M HCIO, solution under an Ohmic
drop correction. The half-wave potential for the H-Pt
NRs/C was at 0.955 V, which is much higher than those
of the W-Pt NRs/C (0.891 V) and the commercial Pt/C
(0.848 V), revealing the superior ORR activity of the H-Pt
NRs/C. The mass activity and specific activity Tafel plots
for different catalysts also demonstrate the highest ORR
activity of the H-Pt NRs/C (Figures 3b and 3c). As shown
in Figure 3d and Supporting Information Table S1, the
specific activity of H-Pt NRs/C can reach up to 4.70 mA
cm™2at 0.90 V versus RHE, 4.6- and 18.8-fold higher than
those of the W-Pt NRs/C (1.02 mA cm™) and the com-
mercial Pt/C (0.25 mA cm™). The H-Pt NRs/C also dis-
plays the highest mass activity of 2.77 A mg~'p; at 0.90 V
versus RHE, which is 5.7 and 16.3 times greater than those
of the W-Pt NRs/C (0.49 A mg~'pt) and commercial Pt/C
(017 A mg'p) (Figure 3d; Supporting Information
Table S1), respectively, and the mass activity is ~6.3 times
that of the 2020 U.S. Department of Energy (DOE) target
(0.44 A mg7sp),*® demonstrating that the H-Pt NRs/C is
one of the most efficient Pt-based ORR electrocatalysts
reported to date (Supporting Information Table S2).

Accelerated durability tests (ADTs) were performed to
evaluate the ORR durability of these catalysts. Figures 3e
and 3f and Supporting Information Figures S13a and b
show the CVs and corresponding polarization curves of
the H-Pt NRs/C before and after 10,000, 20,000, and
30,000 potential cycles. After 30,000 sweeping cycles
of ADTs, the ECSA of H-Pt NRs/C changed from 59.0 to
57.0 m? g7' (3.4% loss; Supporting Information Figures
S13a and b) with only 10.8% mass activity loss (Figures 3e
and 3f). The small changes in mass activity and specific
activity Tafel plots for the H-Pt NRs/C also suggest
its excellent ORR stability (Figure 3g; Supporting
Information Figure S14a). However, the W-Pt NRs/C
shows more changes in CV and negative shift in ORR
polarization curves under the same conditions with 12.0%
enhancement in ECSA and 12.3% loss in mass activity
(Figures 3h and 3i; Supporting Information Figures S13c
and d). By sharp contrast, the commercial Pt/C shows
much larger negative shifts in ORR polarization curves
with 48.5% loss of mass activity (Supporting Information
Figures S14b and c¢), along with 55.9% ECSA loss
(Supporting Information Figures S13e and f). Moreover,
after 30,000 CV cycles of ADTS, the H-Pt NRs/C, W-Pt
NRs/C, and commercial Pt/C were studied by TEM, EDS,
HRTEM, elemental mappings, and line scans (Supporting
Information Figures S10c and d, and S15 and S16). It was
found that the distorted configuration and spongy struc-
ture of H-Pt NRs/C can be largely maintained after
long-term ORR stability measurement (Supporting
Information Figures S8, S9, and S15), while the W-Pt
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NRs/C showed larger change in its spongy structure
after 30,000 potential cycles of ADTs (Supporting
Information Figures S11 and S16). In addition, the com-
mercial Pt/C exhibited obvious size change and serious
aggregation after the ORR stability test (Supporting
Information Figures S10c and d). All these results clearly
demonstrate that the H-Pt NRs/C is very active and
durable for cathodic ORR.

MEA performance evaluation for obtained
H-Pt NRs/C

To further demonstrate the superior structure advantage
of H-Pt NRs/C compared with commercial Pt/C, we also
evaluated the fuel cell performances of H-Pt NRs/C and
Pt/C in single H,-air self-breathing fuel cells. Figure 4a
shows the voltage-current (V-/) polarization curves and
power density distributions measured under ambient
temperature and pressure conditions with a cathode
Pt loading of 0.35 mgp: cm™2 for H-Pt NRs/C and
0.50 mgp: cm™ for Pt/C. According to the V~/ polariza-
tion curves, the open-circuit voltage (OCV) of H-Pt NRs/
C for MEAs was measured to be 0.994 V versus RHE,
higher than that of Pt/C for MEA (0.902 V vs RHE).
Simultaneously, the peak power densities of H-Pt NRs/
C and Pt/C for MEA were determined to be 120 m and
78.8 mW cm™, respectively. As shown in Figure 4b, the
normalized peak power density of H-Pt NRs/C for MEA
can reach up to 342.9 mW mgTp, 2.2 times larger than
that of Pt/C for MEA (157.6 mW mg~'rt), revealing super-
ior fuel cell activity of H-Pt NRs/C in single H,-air fuel cell.

Furthermore, we also evaluated the catalytic durability
of the H-Pt NRs/C in the fuel cell and benchmarked
against commercial Pt/C. After 72 h of constant current
discharge at 50 mA cm™2 (Figure 4c), the voltage showed
only an 89 mV decay for the H-Pt NRs/C (13.4% loss,
Figure 4d), while Pt/C exhibited as high as 346 mV
voltage loss (50.1% loss, Figure 4d), demonstrating the
superior catalytic stability of H-Pt NRs/C in an Hy-air
fuel cell. Hence, these unique H-Pt NRs have better
performances than commercial Pt for ORR and the over-
all fuel cell.

DFT and experimental origins of performance
improvement

To shed light on the much enhanced ORR performance
of the H-Pt NRs/C compared with W-Pt NRs/C and
commercial Pt/C, we investigated the excellent
ORR performance with DFT calculations. Regarding elec-
tronic character on catalytic reactivity, shape- or
site-dependent factors have been considered. Here, the
projected partial density of states (PDOSs) shows the
site-dependent 5d-band variations based on distortions.
With the distortion degree increased, the dominant
peak (at E,~1eV, i.e, E, =0 for Fermi level, Ef) gradually
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Figure 4 | MEA performance evaluation of H-Pt NRs/C in the fuel cell. (a) H>-air fuel cell V-| polarization and power
density curves for H-Pt NRs/C and commercial Pt/C. (b) Histogram of power densities via normalization with respect
to the mass loading of Pt for different catalysts. (c) Constant current testing of a fuel cell at 50 mA cm™ for different
catalysts. The experiments were performed under hydrogen flow rate of 15 mL min™ at room temperature and
atmospheric pressure. (d) The changes on normalized cell voltage of H-Pt NRs/C and commercial Pt/C before and

after 72 h constant current discharge at 50 mA cm™.

decreases and broadens, showing the absence of Van
Hove singularities with short-range order (SRO) lost
(Figures 5a-d). Driven from strong p-d coupling from
good glass-forming Te, the overall Pt-distorted lattice
reaches a meta-stable state, of which the total energetic
trend undergoes a monotonic decrease and increased
amorphization. Meanwhile, the active electronic orbitals
lying near Ef are electron-rich with less site preference
(Figure 5e). Taking the most preferred model (model 3),
we observed the p-d electronic interplay of the
initial oxygen adsorption performance. The lattice
distortion-induced Pt-5d band center has already over-
lapped with the lone-pair state of O,, guaranteeing sig-
nificant electron transfer for adsorptions spreading
within the dominant Pt-5d peak. This demonstrates
strong and active electronegativity switching between
locally distorted Pt sites and adsorbed O, (Figures 5f
and 59).

The 5d-electron-lattice coupling-induced optimal
Pt-5d electronegativity switching via short-range disor-
der (SRDO) is now understood. The simulated RDF dis-
plays the degree of local disordering of Pt physically,
where the dominant peak confirms the degree of
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disordering, especially to the nearest Pt-Pt distance
(Figure 5h). In contrast to the degree of disordering, the
total energy anomaly decreases, while the Pt-Pt distance
also decreases. Extraordinarily, the active 5d-5d Coulom-
bic repulsion has increased the total energy. This arises
because the strong SRDO enhances the electron-lattice
coupling to vastly reduce Coulombic repulsion to attain
more electronegativity in Pt-5d orbitals. Further study of
the surface electronic work function confirms the con-
trast that the electronic activity increases followed by an
increase of SRDO with support by on-site Pt-5d negative
correlation energy (Ugss) among the distorted sites. It
should be noted that such an on-site orbital correlation
energy (Ugs) indicates an energy barrier for accepting
two electrons at a same site, which overcomes the Cou-
lombic repulsion and relaxes the Pauli spin-forbidden
principle via strong lattice disorders (Figure 5i). We fur-
ther demonstrated that the negative-Ugs (—Ugtr) domi-
nates the orbital electronegativity and drives the ORR
catalysis by Pt with a strong SRDO. Following the con-
ventional d-band center calculation, we determined that
the Pt-5d center presents nearly the same level between
the Pt-lattices with SRO and strongest SRDO character.
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Figure 5 | SRDO-dependent structural modeling and DFT calculations on electronic properties. (a-d) Site-dependent
Pt-5d PDOSs of models O, 1, 2, and 3, respectively. (e) Total energy variation related to models O, 1, 2, and 3,
respectively, with reference to the Pt-bulk metal. (f) PDOSs of Pt-5d and O,-2p bands before initial O-adsorption
during the ORR process. (9) PDOSs of Pt-5d and O-2p bands after stable O-adsorption. (h) Simulated RDF for models
0, 1, 2, and 3, respectively. (i) Effective Pt-5d orbital correlation energy (dark yellow point connected with dark blue
line) and surface work functions (pink point connected with cyan line) for models O, 1, 2, and 3, respectively. (j) ORR
barrier related to models O, 1, 2, and 3, respectively (orange point connected with green line) and their corresponding

Pt-5d band centers (blue point connected with red line).

Meanwhile, with an increased degree of SRDO, the Pt-5d
band centers gradually reach higher levels toward Ex=
This is attributed to the effective Pt-5d negative-Ug¢
under strong SRDO environment, which self-activates
electronegativity and elevates the ORR efficiency
with a minimized overall reaction barrier (Figure 5j).
Further ORR pathway discussion confirms (Supporting
Information Figure S17) that the local Pt lattice with
strong SRDO can provide extra-active electron-transfer
efficiency without a Coulombic repulsion barrier or neg-
ative trend, which accomplishes high electronic activities
and ORR performance simultaneously.

To further explore the origin of much enhanced electro-
catalytic performances for H-Pt NRs/C compared with
W-Pt NRs/C and commercial Pt/C, X-ray photoelectron
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spectroscopy (XPS) was used to further analyze their
electronic structures and chemical states (Supporting
Information Figure S18). We found that the binding energy
of Pt 4f for H-Pt NRs/C and W-Pt NRs/C (Supporting
Information Figures S18a-d) was lower than that of com-
mercial Pt/C (Supporting Information Figures S18e and f),
showing the effectively modified electronic structures of
H-Pt NRs/C and W-Pt NRs/C that mainly resulted from their
distorted nanostructures. More significantly, the H-Pt NRs/
C displays the highest fraction of Pt (ll) (33.2%; Supporting
Information Figures S18b, d, and f), indicating the largest
degree of structural defects,***® which is consistent with
the maximized distortion (numerous facet boundaries,
ubiquitous facets, general global strain, and so on) of these
highly distorted Pt NRs. Consequently, the highly distorted
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configuration mediates the activation, transmission, and
desorption of O, located at free Pt sites and accelerates
the kinetic process of O, reduction, resulting in the highest
ORR activity of H-Pt NRs/C. Additionally, we analyzed the
electronic structure and chemical state of H-Pt NRs/C after
the ORR stability test. As shown in Supporting Information
Figure 19, the binding energy of Pt 4f and a substantial
fraction of Pt ) (31.3%; Supporting Information
Figure S19b) for H-Pt NRs/C can be well maintained after
30,000 potential cycles of ADTs, which endows the highly
distorted Pt NRs with excellent ORR durability.

Conclusions

To conclude, we have developed a new class of
high-efficiency Pt electrocatalysts to simultaneously
boost the cathodic half reaction and overall reaction for
PEMFCs. The H-Pt NRs have been created from the
initially synthesized spongy PtTe, NRs through a series
of sequential chemical and electrochemical aging pro-
cesses. As demonstrated, the H-Pt NRs exhibit the high-
est activity toward ORR among these catalysts studied
with specific and mass activities of 4.70 mA cm™ and
2.77 A mg'p at 0.90 V versus RHE, respectively, which
are 18.8 and 16.3 times higher than those of the commer-
cial Pt/C. H-Pt NRs are also highly stable for ORR with
negligible activity decay even after long-term 30,000 CV
cycles. DFT calculations reveal that, in the realm of strong
lattice distortion, electron-lattice coupling is significant
for effective on-site electron transfer, which overcomes
Coulombic repulsion and relaxes the Pauli spin-forbidden
principle to reach extra-high electronegative reactivity
for ORR. The unique H-Pt NRs also demonstrate much
higher activity and lifetime for real fuel cells than the
state-of-the-art commercial Pt/C, showing a novel class
of advanced Pt nanocatalysts with both high activity and
durability for fuel cell cathodic reactions. If there are
other reactions, please note them.
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