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Optimizing PtFe Intermetallics for Oxygen Reduction Reaction:
From DFT Screening to In-Situ XAFS Characterization

Mingxing Gong,? Jing Zhu,® Mingjie Liu,¢ Peifang Liu,® Zhiping Deng,® Tao Shen,® Tonghui Zhao,?
Ruogian Lin,® Yun Lu,? Shize Yang, Zhixiu Liang,d Seong Min Bak,9 Eli Stavitski,® Qin Wu,¢ Radoslav
R. Adzic,d Huolin L. Xin,™ < f and Deli Wang™ 2

Rational designing of catalysts to promote the sluggish kinetics of cathode oxygen reduction reaction in proton exchange
membrane fuel cells is still challenging, yet of crucial importance to its commercial application. In this work, on the basis of
theoretical DFT calculations which suggest that order structured fct-phased PtFe (O-PtFe) with atomic Pt shell exhibits
superior electrocatalytic performance towards ORR, the desired structure was prepared by using a scalable impregnation-
reduction method. The as-prepared O-PtFe delivered enhanced activity (0.68 A mg™;,) and stability (73% activity retention
after 10000 potential cycles) compared with the corresponding disorder PtFe alloy (D-PtFe) and Pt. To evidence the
excellent durability, in-situ X-ray absorption fine structure spectroscopy was conducted to probe the local and electronic
structures change of the O-PtFe during 10,000 cycles accelerated durability testing. We hope this facile synthesis method
and the in-situ XAFS experiment could be readily adopted to other catalyst system, facilitating the screening of highly
efficient ORR catalyst for fuel cell application.

Introduction

Effectively promoting the sluggish kinetics of cathode oxygen
reduction reaction (ORR) in proton exchange membrane fuel cells
(PEMFC) is still an open challengel. The past decades had
witnessed the progress of rational design of ORR catalysts. Among
them, Pt-based nanomaterials are still the most promising catalyst
for the practical application in the near future due to their relatively
high activity and durability when subjected to harsh operating
environment®. Alloying 3d transition metals with Pt was a widely
adopted strategy which can not only lower the Pt content but also
induce the compressive strain in the lattice of Pt to slightly weaken
the bonding strength of oxygenated species®. To date, the mass
activity (MA) enhancement factor of Pt-based alloys toward ORR
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varies from 2 to 8 in comparison to that on pure Pt® 7. Additionally,
combining with shape and/or surface tune strategies, alloys such as
PtsNi nanoframe® and transition metal-doped Pt;Ni octahedral®
even demonstrated 36-fold and 73-fold enhancement in MA
compared with Pt, respectively.

Though superior catalytic activity had been successfully obtained by
numerous strategies, the alloying effect also gave rise to undesired
problem, viz, poor durability due to the serious dissolution of
transition metals (TMs)'% 11, As a result, the stability of the Pt-M
alloy catalysts is far from to meet the requirement for practical
long-term operations. How to stabilize the TMs against leaching
from the alloy structure has drawn increasing attention?-13, Among
all the reported stabilize methods, a promising one is to transform
the disordered alloy into an ordered intermetallic structure!416,
Generally, when atomically transform into an intermetallic phase,
Pt-M intermetallic acquire enhanced stability over conventional
alloys with disordered atomic distributions due to the large
formation enthalpy and strong Pt(5d)-M(3d) coupled effect along
the c-axis” '8, Wang et al reported the long-term stability of the
ordered face-centered cubic (fcc) PtsCo intermetallic nanoparticles
and attributed it to the ultrathin Pt rich surface and an ordered
intermetallic structure in the core®. Chen et. al developed a KCl
matrix method?® and successfully prepared ordered PtsM (M=Fe, Ti,
Zr, Zn and V) nanoparticles as effective FCs catalysts. Interestingly,
ordered PtFe intermetallic nanoparticles with face-centered
tetragonal (fct) structure in the meantime featured by atomically Pt
shell exhibited remarkable activity and Fe anti-leaching property
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under real operating condition were reported by Sun et al?% 22,
During the high temperature driven phase transformation of
disorder fcc to ordered fct, transition metal oxide (MgO, NiO, Fe304)
were generally act as barrier to avoid size increasing and sintering
of the PtM nanoparticles. Still and all, a slight pity is that the
synthesis of ordered PtFe in previously reported work involved a
complicated solvothermal process and followed by time consuming
MgO coating-removing procedure?3. A simple and efficient strategy
for the preparation of ordered intermetallic PtFe nanoparticles with
a Pt skin is highly desired currently.

We present here an impregnation-reduction method for the
synthesis of fcc-phased PtFe disordered alloy (D-PtFe), the followed
annealing processing in hydrogen atmosphere will activate Pt and
Fe interdiffusion to fct-phased ordered intermetallic structure and
induce Pt surface segregation to form an ultrathin strained Pt shell
simultaneously (O-PtFe). The as-prepared O-PtFe were well
characterizated and the electrocatalytic performance towards ORR
were evaluated. Particularly, in-situ X-ray absorption fine structure
spectroscopy (in-situ XAFS) was conducted to probe the local and
electronic structure of the O-PtFe under 10,000 cycles accelerated
durability testing.

Experimental
DFT Calculations.

All DFT calculations were performed using the Vienna ab Initio
Simulation Package (VASP) with the projector augmented wave
(PAW) method and the Perdew, Burke and Ernzerhof (PBE)
function. The electron wave function was expanded using plane
waves with an energy cutoff of 450 eV. The slab model used for
Pt,Fe contains three layers of Pt,Fe and two layers of Pt skin with at
least 15 A vacuum layer. The Pt,Fe (111) surface is constructed with
2x2 supercell for the calculations with adsorbates during ORR
process. The Monkhorst-Pack grid is used with 5x5x1 mesh in
surface calculations. In geometry relaxation, the bottom layer is
fixed and four layers as well as the adsorbates are relaxed until the
maximum force is less than 0.01 eV Al All calculations are spin
polarized.

Reagents.

Chloroplatinic Acid (H,PtClg) and Ferric Chloride (FeCls) supplied by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Perchloric
acid (HCIO,) purchased from Aladdin. Other reagents were all of AR
grade used without further purification. The water used in this work
is ultrapure with a resistivity of 18.2 MQ.

Catalysts preparation.

The carbon-supported Pt-Fe series nanoparticles with Pt:Fe nominal
ratio of 3:1, 1:1 and 1:3 were prepared via an impregnation
reduction method. For example, in a typical synthesis of PtsFe, 53.0
mg of H,PtClg * 6H,0 and 5.5 mg of FeCl; were simultaneously
dissolved in deionized water, and then 78.1 mg of Vulcan XC-72
carbon support were dispersed into the solution. After ultrasonic
dispersion for 30 min, the suspension was heated under magnetic
stirring to evaporate the solvent and form a smooth, thick slurry.
Subsequently, the slurry was dried in a vacuum oven at 60 °C for 12
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h. After being ground in an agate mortar, the resulting dark powder
was heated in a tube furnace at 300 °C under flowing H,/Ar
atmosphere for 2 h and cooled to room temperature under N,
atmosphere. Finally, this sample was post-annealed at 500 °C or
700 °C under H,/Ar atmosphere for another 2 h to obtain
structurally disordered Pt;Fe (denoted as D-PtsFe) and structurally
ordered Pts;Fe (denoted as O-PtsFe), respectively. PtFe and PtFe;
nanoparticles were also prepared using the same procedure.

Physical characterization

The as-prepared nanoparticles were characterized by powder X-ray
diffraction (XRD) using an X' Pert PRO diffractometer, and
diffraction patterns were collected at a scanning rate of 4 ° min?!
and with a step of 0.02 °. The composition of the catalysts was
determined by X-ray Fluorescence (XRF) using an EAGLE Il
spectrometer. Transmission electron microscopy (TEM) was
performed using a Tecnai G2 20 operated at 200 kV. The XAFS
spectra at Pt Ls-edge (Eo = 11564 eV) and Fe K-edge (Eq = 7112 eV)
were performed at the beamline 8-ID of the National Synchrotron
Light Source Il (Brookhaven National Laboratory, NY, USA). The
energy of Pt samples and Fe samples was calibrated accordingly to
the absorption edge of pure Pt foil and pure Fe foil.

Electrochemical measurement.

All of the electrochemical measurements were performed at room
temperature using an Autolab PG302N Potentiostat/Galvanostat
and a three-electrode electrochemical cell. The working electrode
was used a glassy carbon disk with 5 mm in diameter. 5 mg of
samples were dispersed in 1 mL isopropanol/Nafion hybrid
solutions via ultrasonic dispersion to form a homogeneous ink. 3 pL
of ink was dropped onto the glassy carbon electrode, and dried
naturally. The Pt loadings of the catalysts on the electrode were
calculated to be 15 pg cm™2. A Pt wire was used as the counter
electrode, and a reversible hydrogen electrode (RHE) was used as
the reference electrode. The catalysts were first subject to cyclic
voltammetry (CV) scans between 0.05 and 1.2 V at 200 mV s in N,-
saturated 0.1 M HCIO,4 until a stable CV was obtained (typically 50
cycles). For the ECSA study, CV was conducted over a potential
range from 0.05 and 1.2 V at a scan rate of 50 mV s1in 0.1 M HCIO,.
ECSA values were calculated by integrating the area under the curve
for the hydrogen adsorption/desorption region between 0.05 and
0.4 V for the reverse sweep in the cyclic voltammetry and using a
conversion factor of 210 uC cm for the adsorption of a monolayer
of hydrogen. ORR polarization curves were recorded by linear-
sweep voltammetry (LSV) from 0.2 to 1.05 V at a scan rate of 5 mV
st in O,-saturated 0.1 M HCIO, with the GC-RDE rotating at 1600
rpom. Accelerated durability tests (ADT) of the catalysts for ORR
were conducted in Nj-saturated or O,-saturated 0.1 M HCIO, for
10,000 potential cycles between 0.6 and 1.0V at 0.1 V s™.

Results and discussion

Density function theory (DFT) calculations were firstly performed to
rationalize the specific activity sequence of ordered Pt-Fe model
with common crystal face (111)?4?7 towards ORR and shown in
Figure 1a-b. The Perdew, Burke and Ernzerhof (PBE) function
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relaxed lattice constants for fcc structured PtsFe and PtFe; are
3.9335 A and 3.7269 A, respectively, in line with that more Fe
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Figure 1. (a) Schematic diagram of ORR on Pt-rich O-PtFe model. (b)
Structures of the slab model which were adopted to simulate the
ordered Pt-Fe catalysts and the adsorption energy of OH* on the Pt
(111) surface. (c) Free energy diagram at zero potential for different
intermediate states of ORR for ordered Pt-Fe and pure Pt. (d) The
relationship between OH* adsorption strength relative to that of Pt
and kinetic current density (black) as well as overpotential (red) of
ordered Pt-Fe.

content leads to smaller lattice constant. For the fct structured PtFe
(O-PtFe), the lattice constants are a = b = 3.9053 A while ¢ = 3.7057
A. The adsorption energy of OH* on the (111) surface of O-PtsFe, O-
PtFe and O-PtFe; are calculated with referenced to OH* on Pt (111).
It was shown that more Fe content leads to a weaker OH* binding
strength. Figure 1c is the calculated free energy includes the
electronic energy and the zero-point energy from DFT. The
solvation correction for OH* is applied according to the reference?®.
The computational hydrogen electrode model was used to calculate
the chemical potential of electron and proton, which means u(e
)+u(H*) = 1/2 u(H,) - eU?. It can be seen that the O-PtFe (0.41 eV)
and O-PtFes (0.46 eV) present obviously lower energy barrier than
order O-PtsFe (0.49 eV) and pure Pt (0.57 eV) of their own rate-
limiting step. Figure 1d plots the relationship between kinetic
current density (over potential) and OH* adsorption strength
calculated by DFT, it shows volcano curves and the top of the
volcano curve corresponds to the optimal adsorption strength of O-
PtFe with 2-3 atomic layers of Pt. All the DFT calculations indicate
collectively that PtFe nanoparticles with ordered core and Pt skin
are beneficial to catalyze the ORR.

For the preparation of the desired O-PtFe with 2-3 atomic layers of
Pt, carbon supported PtFe nanoparticles were prepared by an
impregnation-reduction method and followed by a post-annealing
process in Hy/Ar (7% H,, volume ratio) atmosphere3® 31, The XRD
patterns display in Figure 2a show that the PtFe annealed at 500 °C
exhibits a typical disordered fcc alloy feature (D-PtFe), four
diffraction peaks (111), (200), (220), and (311) are agree with those
of the Pt with peaks shifting to higher angles. After heat-treatment
at 700 °C for 2 h, additional (001), (110), (002), (201), (112), (202),
(221) and (310) peaks, which are characteristics of an ordered

This journal is © The Royal Society of Chemistry 20xx
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intermetallic PtFe phase (PDF card # 03-065-1051) with fct structure
were appeared, indicate the formation of O-PtFe. The typical TEM
image of the carbon supported O-PtFe as shown in Figure 2b, from
which we can see that all the nanoparticles are uniformly dispersed
on carbon support with the average size of 6 nm based on the
statistic of more than 200 particles. An individual O-PtFe
nanoparticles with the interplanar spacing (0.3718 nm) in line with
(001) plane of Pt was viewed along the [010] zone axis as shown in
Figure 2c and the inset shows the diffractogram of the nanoparticle
projected along the [110] axis, confirming the ordered intermetallic
core and the ultrathin Pt shell. Line scanning (Figure 2d) which
crossing a nanoparticle and elemental mapping (Figures e-f) prove
that Pt (red) versus Fe (green) are uniformly distributed and a core-
shell structure with ultrathin Pt shell (ca. 0.4 nm, 2-3 atomic layers)
was formed. Meanwhile, carbon supported O-PtsFe and O-PtFe;
were also prepared via the same method except the Pt to Fe ratio in
the precursor. The structural and morphological characterizations
of them are shown in Figures $1-3 and Table S1. All of the results
prove that the desired O-PtFe with ultrathin Pt shell were
successfully obtained by our synthetic method. Generally, such
ordered intermetallic core with contracted Pt shell will lead to a
weaker OH* binding strength, which would be favorable to ORR3.

fet-PtFe

g
g
l

20 30 40 50 60 70 80
20 / degree

—_
o
—

Intensity / a.u.

Distance/nm

Figure 2. (a) XRD patterns of carbon supported Pt, D-PtFe and O-
PtFe. (b) TEM image of O-PtFe. (c) The atomic-resolution HAADF-
STEM image of O-PtFe with 2-3 atomic layers of Pt (red), the inset
shows the diffractogram of a nanoparticle projected along the [110]
axis. STEM-EELS line-scanning (d) and elemental mapping (e-g)
images of O-PtFe nanoparticle.

Electrochemical measurements were conducted to determine the
electrochemically active surface areas (ECSA) and ORR activities of
these catalysts. Figure 3a compares cyclic voltammograms (CVs)
and the linear sweep voltammetry (LSV) of Pt, D-PtFe and O-PtFe.
The activity, which measured by half wave potentials (E;/) of LSV,
increases in the following order of Pt (0.862 V) < D-PtFe (0.909 V) <
O-PtFe (0.921 V). While the ECSA increases in the inverse order of
O-PtFe (29.7 m?/gp) < D-PtFe (46.1 m?/gp) < Pt (60.3 m2/gp,). The
smaller ECSA of D-PtFe and O-PtFe mainly because of their larger
size compared with Pt (ca. 2 nm) (Figures S4-5). Taking into account
the lowest ECSA of O-PtFe and the highest activity it delivered, it
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could be confirmed that the dramatic catalytic enhancement effect
of the ordered core and Pt shell on ORR32. Tafel plots of these

04
(@) 41
-11.4
€ 0.0+
8244
@ E.g 64
Q
31 ™2 ————
P 0.0 04 08 12
= 41 E/V (vs.RHE)
5
-6 T T T T r T T
0.2 0.4 0.6 0.8 1.0 0.1 1 10
E/V (vs.RHE) j fmAcm *
) o
€20 _4] — Ptinitial ,
G - — PtAfter ADT .
z «8 _p] — D-PIFelnitial
=15 e - - D-PtFeAfter ADT
> o ] — O-PtFenitial ’
= < -3] = = O-PiFeAfter ADT 7
£ 1.0 E ’
@ -4 ’
&
£05 5] B
o /B S s | | .-
o
@ 0.0 61, . : r T
Pt D-PtFe O-PtFe 0.2 0.4 0.6 0.8 1.0
E/V (vs.RHE)
0.7 {(f) 27%
& M Initial
‘™ | After ADT
£
< 0.5
= o
g 33%
50.3
[0
| o \nkl Aft_er_ADT 5 4 50%
i D-PtFe —  -- =0.1 N\
18 O-PtFe — -- ]
oo 0.4 08 12 Pt D-PtFe O-PtFe

E/V (vs.RHE)

Figure 3. (a) LSV curves of carbon supported O-PtFe, D-PtFe and Pt,
inset are the corresponding CVs. Tafel plots (b) and SA at 0.9 V (c)
for ORR on O-PtFe, D-PtFe and Pt. The LSV curves (d), CVs (e) and
mass activity (f) of Pt, D-PtFe, O-PtFe before and after ADT.

catalysts are depicted in Figure 3b, all of them display slopes of ca. -
58 mV/dec at low overpotential region and ca. -108 mV/dec at high
overpotential region, indicating that the rate-determining step of
ORR involved charge transfer and migration of reaction
intermediates3, respectively. Their kinetic current density (ji) were
obtained from the LSV according to Koutecky-Levich equation and
used to obtain specific activity (SA, normalized to ECSA of Pt) and
mass activity (MA, normalized to Pt loading), as shown in Figure 3c
and 3f, respectively. At +0.9 V, the O-PtFe (2.23 mA cm?y,) presents
enhanced SA than that on D-PtFe (0.79 mA cm2p) and Pt (0.23 mA
cm2p;) and the specific activity delivered by O-PtFe in this work was
also competitive in comparision with other Pt-based intermetallic
ORR catalysts reported previously (Table S2). Additionally, the
eletrocatalytic activity of the other Pt-Fe series catalysts were also
evaluated and summarized in Figures $6-9. All of Pt-Fe catalysts
exhibited lower ORR over-potential and higher half wave potentials
than Pt, suggesting that the alloying Pt with Fe leads to an increased
activity. Moreover, the ordered intermetallics displayed better
performance than their disordered counterparts, further confirmed
that the ordered structure have optimized adsorptions of oxygen
species like O*, OH* and etc. on the active surface, resulting in
further enhanced activity towards ORR.

4| J. Name., 2012, 00, 1-3

Since long-term durability of catalyst is another critical parameter
for PEMFCs application, ADT was conducted to evaluate the
durability of these catalysts in O,-saturated 0.1 M HCIO; and
potential cycling between 0.6 and 1.0 V, which is close to the
practical potential range at FCs cathode. The LSVs and CVs of these
catalysts before and after 10000 potential cycles are summarized in
Figure 3d-e. For O-FePt, the LSV exhibits negligible negative shift of
its E;/, after ADT, as contrast, D-FePt and Pt show 22 and 35 mV
negative shift, respectively. The ECSA of O-FePt, D-FePt and Pt after
ADT are calculated to be 40.7, 39.5 and 28.9 m? gy, respectively.
We can see that there is a ECSA increase for O-PtFe due to the slight
Fe dissolution on the surface and more Pt active sites are exposed,
while the ECSA of D-PtFe and Pt decrease more after ADT. because
of the drastic Fe dissolution and/or Ostwald growth (Figures S10-
11), further confirming the enhanced Fe anti-leaching ability of the
fect intermetallics®* 35, Moreover, after 10000 potential cycles, the
mass activities of the O-PtFe (0.50 A/mgp;), D-PtFe (0.24 A/mgp)
and Pt (0.07 A/mgp;) decayed 27%, 33% and 50% of their initial
value, respectively. All of the results indicate that the remarkable
durability of O-PtFe in the ORR test condition (Figures $S12-14). To
evidence the remarkable stability of O-PtFe, the catalysts, which
loaded on carbon paper and cycled between 0.6-1.0 V for ADT were
investigated by XRF and XRD. It can be seen that O-PtFe showed
smaller Fe leaching than D-PtFe (Figure S15). As predicated, the
bulk structure of D-PtFe was changed severely due to the
dissolution of Fe while O-PtFe had a good retention of its initial fct
structure (Figure S16).

Apart from the ex-situ characterization, we further carried out in-
situ X-ray absorption fine structure spectroscopy (in-situ XAFS) at Pt
L;-edge to probe the local and electronic structures change of the
O-PtFe during 10k ADT cycles (Figure 4a). We can see that the initial
normalized Pt Ls-edge X-ray absorption near edge structure (XANES)
spectra (Figure 4b) in both O-PtFe and D-PtFe are mainly in metallic
state (Pt%) and the slightly negative shift demonstrating that the d-
electron density of Pt is reduced due to the alloy with the metallic
Fe, in agreement with the results reported previously?? 3¢, The Pt-Pt
coordination number (CN) is 7.0 while the Fe-Fe CN is just about 2.5
(Figure 4c and Table S3) suggesting that the Fe-Fe bonding is
localized in 2D while the Pt-Fe bonding is in 3D. Furthermore, the
bond length of Pt-Pt (2.708 A) is shorter than bulk Pt-Pt (2.775 A)
mainly due to the incorporation of Fe atoms with Pt. The total Fe
CN (ca. 2.6), which is smaller than the total Pt CN (ca. 7) also
providing evidence that Pt-rich on the surface of the O-PtFe3’. The
Pt L;-edge EXAFS spectra and XANES spectra during ADT were
recorded and plotted in Figure 4d-e indicates the ordered structure
is maintained to a great extent?, in both intensity and peak
position. Whlie the Fe K-edge XANES spectra witnessed slightly
decrease (Figure S17) due to the surface Fe leaching meanwhile Pt
skin was formed gradually. The CN and bond length in O-PtFe
during 10000 cycles (Figure S18) were also fitted and listed in Table
S4, no significant changes further proving the excellent durability of
O-PtFe under typical potential range at FCs cathode, in consistent
with the ex-situ XRF and XRD results aforementioned.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Schematic diagram of in-situ XAFS experiment during
ADT. Pt L;-edge XANES (b) and EXAFS (c) profiles of Pt, D-PtFe, O-
PtFe. Pt L;-edge EXAFS (d) and XANES (e) spectra of O-PtFe under
ADT cycles.

Conclusions

In  conclusion, an ordered intermetallic structure fct-PtFe
nanoparticle with ultrathin Pt shell has been successfully
synthesized. Concrete evidence indicate that the ordered fct-PtFe
core with 2-3 atomic layer compressed Pt shell is more active and
stable towards ORR than the corresponding D-PtFe and Pt. In-situ
XAFS experiment shows that the unique structure of O-PtFe not
only lead to a weaker OH* binding strength (beneficial to activity),
but also chemically stable against Fe leaching (beneficial to
durability). We hope the facile, scalable synthesis method and in-
situ XAFS experiment could be readily adapted to other catalyst
system, facilitating the screening of highly efficient ORR catalysts
for fuel cells.
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The ordered PtFe with atomic Pt shell has been successfully synthesized and deliver enhance
performance towards ORR.



