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ABSTRACT: Ordered intermetallic nanocrystals display great
potential for fuel cells due to their distinctive electronic and
structural properties. However, the traditional synthesis usually
involves long-time annealing at high temperature or surfactant/
reductant with antiaggregation property, leading to decreased
electrocatalytic performance. Herein, an ultrafast and surfactant-free
synthesis of ordered sub—S-nm Pt;Fe nanocrystal-based electro-
catalysts was reported (O—Pt;Fe/rGO). Through Joule heating,
Pt;Fe nanocrystals were formed in situ on reduced graphene oxide
within dozens of seconds. The modulation of the ordered or
disordered structure of the Pt;Fe alloys could also be achieved by the
simple adjustment of experimental parameters. O—Pt;Fe/rGO with a
unique structure shows a superior mass activity of 5.66 A mg_1

Ultrafast thermal
shock synthesis

toward ethanol oxidation reactions (EOR), which is 7.1 and 2.5 times higher than the values of the benchmark Pt/C and the
counterpart catalysts containing disordered Pt;Fe nanoalloys (D-Pt;Fe/rGO). O—Pt;Fe/rGO also demonstrates superb long-term
stability, retaining ~80.7% of its original mass activity after electrochemical aging. Density functional theory (DFT) calculations
reveal that the catalysts with ordered Pt;Fe show downshifted d-band center, weakened CO adsorption, enhanced OH adsorption,
and improved C—C cleavage capability compared with the one with disordered Pt;Fe. This study provides a new perspective for the

efficient synthesis of highly ordered intermetallic compound catalysts for energy conversion.

KEYWORDS: ordered intermetallic compounds, ultrafine nanoalloys, ultrafast synthesis, Joule heating, ethanol oxidation

1. INTRODUCTION

The consumption of carbonaceous energy and consequent
environmental pollution have called for the evolution and
reconstruction of energy systems.">” In this regard, fuel cell is
a promising way for its advantages of high energy conversion
efficiency, low emission, wide range of fuel sources, and heavy
duty affordability.* Among various types of fuel cells, direct
ethanol fuel cell (DEFC) displays application prospect due to
the merits of ethanol fuel, which shows low toxicity, high
volumetric energy density, and easy accessibility.”°
Nevertheless, the sluggish anodic ethanol oxidation hinders
the practical applications of DEFC.” To improve the reaction
kinetics, massive attentions have been focused on developing
Pt and Pt-based catalysts, attributable to their admirable
catalytic activities toward EOR.”” For pure Pt catalysts, a
sufficiently high Pt loading is required to achieve a satisfying
catalytic activity, which makes the catalysts costly. Although
small-sized Pt nanoparticles have been designed to achieve
better Pt utilization, the aggregation and structural deforma-
tion of Pt nanoparticles in corrosive electrochemical media are
inevitable.'” Besides, the complete conversion from ethanol to
CO, is challenging due to insufficient C—C cleavage ability.
Additionally, the catalyst poisoning caused by CO and relevant
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intermediates are prone to occur.'' These all make pure Pt
catalysts less competitive. In this case, the catalyst design based
on Pt and non-noble metal attracts attention.

Recently, researchers have been very interested in alloying Pt
with Fe. The introduction of Fe not only reduces the cost of
catalysts but also promotes EOR catalytic performance. For
example, Pt/C and PtFe/C nanoparticles with small sizes
ranging from 2 to 3 nm were prepared via a chemical reduction
strategy and used for ethanol oxidation.'” The synthesized
PtFe/C nanoparticles exhibited a mass activity of 0.81 A mg™",
which was 3.6 times that of Pt/C. Zhang et al. fabricated the
networked wicker-like PtFe NWs with branch-rich exteriors on
the rough surface of each nanowire."> The optimized Pt;Fe
NWs showed the best catalytic performance and stability
among the catalysts for EOR, which were much higher than
the Pt/C catalysts. A fabrication of Pt;Fe binary nanoparticles
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anchored on XC-72R support (Pt;Fe/C) was also reported,
which was achieved through a simple impregnation-reduction
route coupled with high-temperature annealing,'* Pt;Fe/C
catalysts delivered a higher catalytic activity and stability for
EOR compared with Pt/C because it enabled the oxidation of
CO-like intermediates at lower potentials. In general, the
doped Fe modulates the electronic structure of Pt catalysts via
the electronic effect and ligand effect, which would alleviate the
Pt poisoning caused by CO intermediates.''® According to
the bifunctional mechanism, Fe promoters provide additional
hydroxyl radicals to the neighboring Pt atoms and accelerate
the removal of CO or other intermediates that are ready to be
oxidized.'” To achieve better catalytic performance, the
development of structurally ordered PtFe intermetallic
compound catalysts is a plausible route.'®'? Compared with
disordered PtFe nanoalloys, the ordered intermetallic com-
pounds possess more excellent chemical and structural stability
due to their unique electronic and geometric structures on
atomic scales.””*'

In the meantime, it is still challenging to synthesize Pt-based
intermetallic compounds with ultrafine sizes (<5 nm) due to
rigorous empirical conditions and difficulty in controlling the
ordered structures. To facilitate the migration and fusion of
metallic atoms, high-temperature annealing lasting for hours is
generally required, which often causes the sintering of particles
with uneven particle size.”> The wet chemical strategy can
fulfill the synthesis at lower temperature. However, surface
stabilizers are often required to restrict the growth of the
nanoparticles, which block the active sites and result in
obstructive catalytic performance of catalysts.””*” In these
regards, syntheses through strategies with mild conditions or
short times such as microwave radiation, sonochemical
treatment, and electrochemical deposition have been ex-
ploited.” Nevertheless, strategies capable of developing Pt-
based intermetallic compounds under mild conditions are still
underdeveloped. Therefore, new efficient strategies are highly
desirable.

Recently, a carbothermal shockwave process induced by
Joule heating has been proposed for the synthesis of
intermetallic compound nanoparticles owing to its rapid
heating/cooling capability and elevated temperatures. For
instance, Cui et al. reported the successful synthesis of
multiprincipal element intermetallics (MPEIs, PtPdAuFeCo-
NiCuSn) through a disorder-to-order phase transition driven
by Joule heating.”® Such MPEI nanoparticles cannot be easily
obtained via traditional approaches. They also synthesized
highly ordered Pd;Pb nanoparticles (~6 nm) with ultrahigh
oxygen reduction reaction (ORR) stability through a similar
Joule heating strategy.”” DFT results indicated that the fast
atomic ordering transformation stems from the vacancy
diffusion mechanism. Yan et al. prepared L1,-Pt;Mn and
L1,-PtMn intermetallics with Pt skin via a periodic
carbothermal shock strategy.’® L1,-Pt;Mn exhibits better
ORR catalytic activity than L1,-PtMn. However, based on
our current knowledge, the synthesis of intermetallic
compounds through Joule heating is still in its initial phase
and demands more exploration. Furthermore, there is limited
study on the influence of the orderliness of Pt-based alloys on
electrocatalytic performance for EOR.

It has been proven that the intermetallic compounds can
enhance the oxidation of small molecules. For example, Li et al.
fabricated a ternary L1,-CoPtAu nanoparticle catalyst and used
it in the catalytic oxidation of ethanol, methanol, and formic

acid.”’ They found that such a catalyst with ternary
intermetallic compounds can effectively enhance the cleavage
of C—C/C—H bond. Feng et al. developed an amorphous/
intermetallic PtPbBi nanosheet.”> DFT calculations demon-
strate that the preparation of multimetallic catalysts with an
amorphous/intermetallic heterointerface facilitates the electron
transfer from the catalysts to vital intermediates, thus
enhancing the catalytic performance of the methanol oxidation
reaction (MOR). Despite the abovementioned progress, the
effect of ordered and disordered structures of Pt-based
intermetallics on the cleavage of C—C bond in ethanol is
still rare. Consequently, the synthesis and functionality of Pt-
based intermetallics on EOR catalysis are worth further
exploration.

In this study, a surfactant-free fabrication of structurally
ordered Pt;Fe intermetallic nanoparticles embedded in
reduced graphene oxide (O—Pt;Fe/rGO) toward EOR was
reported. Through an ultrafast Joule heating strategy within a
time scale of tens of seconds, the generation of rGO-supported
Pt;Fe nanoparticles at high density and high dispersity is
accomplished, with an ultrafine average particle size of ~3.7
nm. By adjustment of the times of the thermal shock, the
structural transformation of disordered Pt;Fe into ordered
Pt;Fe was achieved within several tens of seconds. In this case,
the effect of crystal structure of Pt-based intermetallics on the
catalytic performance toward EOR could be investigated.
Owing to the unique structure, O—Pt;Fe/rGO displays a much
better mass activity and stability than the commercial Pt/C and
structurally disordered Pt;Fe counterpart (D-Pt;Fe/rGO).
DFT calculation reveals that ordered Pt;Fe possesses down-
shifted d-band center of Pt, weakened CO adsorption, and
enhanced OH affinity facilitated C—C bond cleavage
compared with disordered Pt;Fe.

2. EXPERIMENTAL SECTION

2.1. Preparation of Pt;Fe/GO Aerogel Precursor. The details
of chemicals, structural characterizations, and DFT calculations are
shown in Supporting Information (S1—S3). For the preparation of
Pt;Fe/GO aerogel precursor, 64 mg of graphene oxide (GO) was
dispersed in 4 mL of water by ultrasonication for 30 min, followed by
the addition of 580 uL of [PtCl]*”—containing solution and 195 uL
of Fe**—containing solution at 0.1 M (made from H,PtCls-6H,0 and
Fe(CH;COO0),, respectively). The mixture was then thoroughly
stirred and freeze-dried for 36 h to get the hydrogel precursor, where
the atomic ratio of Pt and Fe is ~3:1.

2.2. Synthesis of D-Pt;Fe/rGO and O-Pt;Fe/rGO. The
structurally disordered and ordered Pt;Fe embedded in rGO were
fabricated through a Joule heating treatment in an argon-filled
glovebox. Briefly, the Pt;Fe/GO aerogel precursors were ground into
a powder and loaded on a conductive carbon cloth, which was
connected to an external DC power supply via two copper foils. The
DC power supply offered adjustable current and voltage. The
corresponding temperature was recorded with an infrared thermom-
eter. By applying a current of 12—16 A, a voltage of 32V, and a one-
time heating treatment of 2 s, D-Pt;Fe/rGO was synthesized. O—
Pt;Fe/rGO was obtained via twice thermal shocking under similar
current and voltage.

2.3. Electrochemical Measurements. All electrochemical tests
were performed in a three-electrode cell connected to an electro-
chemical CHI 660E workstation. Ag/AgCl electrode, glass carbon
electrode, and Pt plate served as the reference, working, and counter
electrodes, respectively. The catalyst powder was added into the
mixed solution of 800 uL of ethanol and 200 uL of Nafion (0.5 wt %),
and then, the resulting mixture was subjected to ultrasonication for 30
min to obtain homogeneous catalyst ink. Next, 4 L of catalyst ink
was carefully loaded on the glassy carbon electrode and dried to
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prepare the working electrode. Based on the metal contents (ICP
results) and the volume of ink, the Pt loading (mp,) of O—Pt;Fe/rGO
and D-Pt;Fe/rGO—modified electrodes are highly comparable (16.92
vs 16.84 pg-cm™). The electrochemical active surface area (ECSA)
was computed using the equation of ESCA = Q/(C-m), where Q
represents the Coulombic charge of the H desorption peak, C is the
hydrogen adsorption constant of Pt (210 uL cm™2), and m refers to
the mass of Pt covered on the electrode. Tests of ECSA were
conducted in 0.5 M H,SO, at 50 mV s™'. To test the catalytic
performance of EOR, cyclic voltammetry (CV) was performed from
50 mV s™' in 1 M KOH containing 1 M ethanol. Linear sweep
voltammetry (LSV) measurements were proceeded at S mV s™' in 1
M KOH containing 1 M ethanol. Chronoamperometric (CA)
investigation was performed in 1 M KOH containing 1 M ethanol
at the potential of about 0.823 V for 3600 s for evaluating the stability
of the catalysts. To further study the long-term stability, repeated CV
scanning for 500 cycles from 0.1 to 1.5 V was conducted at 50 mV s~
in 1 M KOH containing 1 M ethanol.

3. RESULTS AND DISCUSSION

3.1. Structural Characterizations. Scheme 1 displays the
fabrication process of D-Pt;Fe/rGO and O—Pt;Fe/rGO. First,

Scheme 1. Schematic Diagram for the Preparation Process
of Catalysts
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H,PtCls-6H,0, Fe(CH;COO),, and GO were mixed and
freeze dried to get a uniform Pt;Fe/GO hydrogel.
Subsequently, the hydrogel was subjected to the Joule heating
treatment to ~904 K within 2 s (temperature ramping rate is
~0.3 X 10°> K s7'), allowing the formation of rGO-supported
structurally disordered Pt;Fe nanoalloys. From the heating
curve (Figure S1), it can be seen that one-time thermal shock
includes several heating and cooling cycles. Each cycle includes
2 s of heating (current-on), followed by several seconds of
cooling period (current-off), attaining a peak temperature of
approximately 904 K. Therefore, one-time thermal shock lasts
several tens of seconds. Based on the results from EOR
catalysis, two thermal shocks were selected as optimal
condition for catalyst synthesis. Prolonged heating duration
(>2 s) or an increased frequency of thermal shocks (exceeding
twice) would result in a bigger size of alloy and a deterioration
in EOR catalytic performance. The first thermal shock of just
dozens of seconds may provide only limited energy and time
for atomic diffusion of Pt and Fe, leading to the formation of
disordered Pt;Fe nanocrystals. When the second thermal shock
was applied, the diffusion and rearrangement of building block
atoms were promoted due to the extra energy and time input,
promoting the occurrence of disorder-to-order phase tran-
sitions and formation of the O—Pt;Fe/rGO.

XRD profiles of D-Pt;Fe/rGO and O—Pt;Fe/rGO are
shown in Figure la. Both profiles contain a broad peak for the
(002) facet of carbonaceous supports near 25.6°.”> D-Pt;Fe/

rGO reflections show five diffraction peaks between 40° and
90°, assignable to the (111), (200), (220), (311), and (222)
planes of Pt;Fe fcc phase.”* Comparing with the patterns of
pure Pt, these five peaks shifted to relatively higher angles
(Figure S2) due to the concomitant lattice contraction upon
the incogporation of Fe atoms with the smaller radius in Pt
lattice.>>*® Meanwhile, the peaks of (111), (200), (220),
(311), and (222) in the O—Pt;Fe/rGO profile exhibit positive
shifts compared with those representing disordered Pt;Fe
alloys, disclosing a larger lattice strain in the O—Pt;Fe/rGO
compared with the D-Pt;Fe/rGO. No patterns associated with
pure Fe, Pt, or oxides are found, confirming the formation of
the PtyFe alloys and the structural purity of alloys. Moreover,
the XRD profile of O—Pt;Fe/rGO contains four new peaks at
22.9° 32.7° 52.8° and 58.2° which can be assigned to the
characteristic (100), (110), (210), and (221) planes of ordered
Pt;Fe phase.””*® In addition, to evaluate the alloying degree of
D-Pt;Fe/rGO and O-Pt;Fe/rGO, the induced lattice
contraction and strain variation are evaluated based on the
Debye—Scherrer equation.””*’ The estimated strain variation
in O—Pt;Fe/rGO is higher than that D-Pt;Fe/rGO (1.59% vs
0.53%), suggesting that the formation of ordered intermetallic
phase results in a larger strain variation. The ordering degree of
O—Pt;Fe/rGO was assessed by comparing the peak intensities
of (110) and (111) in the XRD profile, in accordance with the
established technique.”' In our study, the intensity ratio of the
(110) peak to the (111) peak is 0.11, which approximates the
standard value for Pt;Fe intermetallic alloys (0.12, #/CPDS-
892050). This suggests that the Pt;Fe alloys in the O—Pt;Fe/
rGO have highly ordered intermetallic structures.

Raman spectra of GO, D-Pt;Fe/rGO, and O—Pt;Fe/rGO in
Figure 1b exhibit typical D and G bands at ~1348 and 1594
cm™!, which denote the sp® hybridized defective graphite and
the sp hybridized ordered graphite.*” The G bands of D-
Pt;Fe/rGO and O—Pt;Fe/rGO shift to lower wavenumbers
compared with that of GO, suggesting a strong interaction
between rGO and metallic nanoparticles.43’44_47 Besides, the
Ip/I ratio of D-Pt;Fe/rGO and O—Pt;Fe/rGO are higher
than that of raw GO (1.21, 0.94 and 0.83), suggesting that the
in-plane sp®> domains were decreased after the treatment by
Joule heating.***” This reveals that GO is effectively reduced
and rGO is fundamentally built.*” Such an effect is more
noticeable for O—Pt;Fe/rGO (the highest I,/I; ratio),
indicating that the O—Pt;Fe/rGO complex possesses more
defects.

FTIR spectra were obtained to further reveal the change of
chemical groups during the synthesis. Figure 1c displays the
FT-IR spectra of GO, D-Pt;Fe/rGO, and O—Pt;Fe/rGO. The
broad absorption peaks of all samples at approximately 3415
cm™" are ascribed to the O—H stretching vibration.*° For GO,
the peaks between 1620 and 1750 cm™' represent the
stretching vibrations of C=O groups.”’ Other prominent
peaks at 1053 cm™' and 1225 cm™” are attributed to the
stretching vibrations of oxygen-containing functional groups
such as C—O epoxy and C—O alkoxy groups.”” Compared
with the patterns of GO, the intensities of the peaks of O—H,
C=0, C—-O0 epoxy, and C—O alkoxy groups in the spectra of
D-Pt;Fe/rGO and O—Pt;Fe/rGO are significantly reduced,
suggesting the efficient reduction of GO to rGO."

The porous structures of samples were examined by a
nitrogen adsorption/desorption survey. Figure 1d demon-
strates that both D-Pt;Fe/rGO and O—Pt;Fe/rGO show
typical type-IV isotherms with apparent Hj hysteresis loops,
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Figure 1. Structural characterizations of O—Pt;Fe/rGO, D-Pt;Fe/rGO and/or raw GO. (a) XRD profiles; (b) Raman spectra; (c) FTIR spectra;
(d) N, adsorption—desorption isotherm and the pore size distribution (the inset); and (e—f) high-resolution C 1s and Pt 4f XPS spectra.

suggesting the existence of abundant mesopores and macro-
pores.”> O—Pt;Fe/rGO possesses a larger surface area of 137.5
m? ¢! than D-Pt;Fe/rGO (100.8 m”> g™'). The pore size
distributions were also estimated using the BJH method. As
presented in the inset of Figure 1d, the average pore size of D-
Pt;Fe/rGO and O—Pt;Fe/rGO is ~21.9 nm and ~19.3 nm,
respectively, indicating that the mesopores are dominant in
these two catalysts. The large surface area and the open pores
of O—Pt;Fe/rGO provide approachable active sites, which are
beneficial for catalytic performance.>”

XPS measurement was conducted to analyze the chemical
valence states. As shown in Figure S3, the spectra of D-Pt;Fe/
rGO and O—Pt;Fe/rGO contain four peaks at approximately
71,284, 532, and 726 eV, which can be assigned to the Pt 4f, C
1Is, O 1s and Fe 2p, respectively.53 The high-resolution C 1s
spectra of D-Pt;Fe/rGO and O—Pt;Fe/rGO (Figure le) were
deconvoluted into three peaks, corresponding to C—C, C-0,
and O—C=0 bonds.””** The fine Pt 4f spectrum of D-
Pt;Fe/rGO was resolved into two well-separated doublets,
including two strong peaks at 71.86 and 75.18 eV for Pt” and
another two relatively weak peaks at 73.49 and 76.81 eV for
Pt** (Figure 1f).>° Besides, the binding energies are positively

shifted than those for metallic Pt, indicating the down-shifted
Pt d-band center and the changed electronic structure upon Fe
doping, which would weaken the CO adsorption.>> As for the
deconvoluted Pt 4f spectrum of O—Pt;Fe/rGO, two peaks
appeared at 72.28 and 75.60 eV correspond to Pt’ and another
two peaks emerged at 73.81 and 77.13 eV are related to Pt**
(Figure 1f).>> The presence of Pt** may attribute to the
oxidation of the catalyst during synthesis or drying due to the
incomplete removal of adsorbed H,O. It might possibly result
from catalysts that were partially oxidized when exposed to air
during XPS studies. Similar XPS profiles containing Pt** signals
have also been seen in certain Pt-based catalysts, indicating
that Pt oxidation often occurs.”*>” Moreover, it is noteworthy
that the positive shift of ordered Pt;Fe nanoparticles is larger
than that of disordered Pt;Fe nanoparticles, suggesting that
there are more metallic interactions and electron transfer
between Pt and Fe in ordered Pt Fe nanoparticles.
Furthermore, the percentage of Pt° in D-Pt;Fe/rGO and O—
Pt;Fe/rGO is much higher than that of Pt>*. This confirms that
a majority of the Pt precursors was reduced to metallic PtFe
alloy nanoparticles, disclosing the effective reduction by
thermal shock treatment. Additionally, the Pt°/Pt** ratio of
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O—Pt;Fe/rGO is higher than that of D-Pt;Fe/rGO. It has
been reported that the high Pt’/Pt*" in catalysts is favorable for
boosting the catalytic performance toward EOR as larger
metallic state on the surface of catalysts would afford more free
and effective Pt sites for oxidizing reactants.’ Therefore, O—
Pt;Fe/rGO is expected to show better performance than D-
Pt;Fe/rGO.

The SEM image of O—Pt;Fe/rGO in Figure 2a shows that
the Pt;Fe nanoparticles are well dispersed on the rGO carriers.

Figure 2. Morphology and microstructures of O—Pt;Fe/rGO. (a)
SEM image; (b, c) TEM images; (c, e, f) HRTEM images; (d)
particle size distribution; and (gl—g4) corresponding elemental
mapping images.

TEM images in Figure 2b,c further confirm the ultrafine size
and uniform dispersion. Figure 2d reveals that the average size
of ordered Pt;Fe is 3.7 nm. As disclosed in Figure 2e, O—
Pt;Fe/rGO displays an interplanar spacings of 0.378 nm, which
is ascribed to the superlattice reflection of (100) of ordered
Pt;Fe.”” The interplanar spacing of 0.218 nm is also found
(Figure 2f), indexed to the (111) facet of Pt;Fe alloys.”” All
these results confirm the formation of the ordered Pt;Fe
intermetallic phase in the O—Pt;Fe/rGO sample, which agrees
well with the XRD results. Meanwhile, the TEM-EDS
elemental mapping images (Figure 2gl—g4) further display
the coexistence of Pt, Fe, and C elements, which have uniform
dispersion throughout the whole carbon networks. These
results further reflect the formation of Pt;Fe alloys. The ICP-
MS analysis indicates that the Pt content in the oxidation
reaction in O—Pt;Fe/rGO is 14.95% and the atomic ratio of
Pt/Fe is 2.91:1, respectively, which are close to the molar ratio
of metals in the precursor and the stoichiometric composition
of Pt;Fe (Pt/Fe = 3:1), respectively.

Figure S4 shows that D-Pt;Fe/rGO exhibits a similar
morphology to O—Pt;Fe/rGO, with well-dispersed Pt;Fe
nanoparticles on rGO supports (Figure S4a,b). As shown in
the inset of Figure S4b, the featured (111) lattice spacing of
Pt;Fe in D-Pt;Fe/rGO is ~0.221 nm, which is slightly larger
than that of ordered Pt;Fe (0.218 nm). This result confirms
that the lattice strain is lower in D-Pt;Fe/rGO, agreeing well
with the XRD results. The TEM-EDS elemental mapping
images (Figure S4el-e4) prove the integration of Pt, Fe, and C
elements in D-Pt;Fe/rGO. Additionally, ICP-MS reveals that
in D-Pt3Fe/rGO, the Pt loading is 14.88% and the Pt/Fe
atomic ratio is 2.89:1. This result is similar to that of O—
Pt;Fe/rGO, indicating that both D-Pt;Fe/rGO and O—Pt;Fe/

rGO synthesized by this strategy have a high raw material
utilization rate.

3.2. Electrocatalytic Properties. The electrocatalytic
properties of O—Pt;Fe/rGO were evaluated in alkaline
media, with D-Pt;Fe/rGO and commercial Pt/C as com-
parative catalysts. The electrochemical tests details are
provided in Section 2.3. Prior to the evaluation of catalytic
performance, the electrochemical active surface areas (ECSAs)
of samples were estimated in 0.5 M H,SO, through cyclic
voltammetry (CV). From the steady CV curves depicted in
Figure SS, all catalysts display obvious hydrogen absorption
and desorption peaks from 0.1 to 0.3 V, corresponding to the
typical characteristics of Pt-based catalysts. The anodic peak at
0.8—1.1 V is attributed to the formation of Pt oxides, while the
cathodic peak at ~0.7 V refers to the corresponding reduction.
Based on the CV curves, the ECSA of O—Pt;Fe/rGO is 101.2
m® ¢!, which is much higher than those of D-Pt;Fe/rGO
(84.9 m* g™') and Pt/C (60.8 m* g™') (Figure 3a). These data
suggest that O—Pt;Fe/rGO possesses more active sites than D-
Pt;Fe/rGO and Pt/C, thus leading to enhanced catalytic
activity.

To evaluate the EOR performance, CV surveys were
implemented in 1 M KOH containing 0.5 M ethanol. Figure
3b shows that the CV curves of three catalysts contain two
oxidation peaks: The broader peak in the forward scan (Iy)
corresponds to the oxidation of ethanol into intermediates and
the narrower peak in the backward scan with (I) corresponds
to further oxidation of intermediates. Based on the above-
mentioned results, the mass activity of the O—Pt;Fe/rGO was
estimated to be 5.66 A mgp, !, which was 2.5 and 7.1 times
higher than those of the D-Pt;Fe/rGO (2.29 A mgp, ') and
Pt/C (0.8 A mgp, '), respectively. The specific activitity
(Figure 3c) was also obtained based on the ECSA-normalized
CV curves (Figure S6). The data indicated that O—Pt;Fe/rGO
exhibited the best performance among all three catalysts, with a
specific activity of 5.6 mA cm™ (2.1 and 4.3 times higher than
those of D-Pt;Fe/rGO and Pt/C, respectively). Meanwhile,
the present EOR performance of O—Pt;Fe/rGO was
compared with some recently reported Pt-based catalysts. As
demonstrated in Figure 3d and reported in Table S1, the O—
Pt;Fe/rGO exhibits impressive mass and specific activity,
exceeding that of many previously reported Pt-based bimetallic
(PtPd NDs, Pt;Cu/graphene, AgPt (1:3)/C, PtMo/C,
Pt¢sCus, nanoalloys, 250 Pt, Rhjs, PtPd/G-40, and PtCu
NC/CB) and trimetallic catalysts (PtPbPd NWs, PtRh@SnO,
NW/C, PtRu@SnO, NW/C, PdPtNi PNSs, and PtPdRh/
CNTs) for EOR. This remarkable performance implies that
the O—Pt;Fe/rGO catalyst achieves a high Pt utilization rate,
which makes it promising in DEFC utilization. We conducted
the relative test in acidic conditions. As seen in Figure S7,
despite the inferior performance of all three catalysts in acidic
conditions relative to alkaline conditions, O—Pt;Fe/rGO with
ordered nanoalloys still exhibits the best activity among all
three catalysts, showing the highest mass activity and specific
activity of 1.39 A mgp, ' and 1.38 mA cm ™2

To analyze the kinetic process, the LSV behavior of three
catalysts was studied in 1 M KOH containing 0.5 M ethanol in
a potential range of 0.1—0.5 V. As shown in Figure 3e, O—
Pt;Fe/rGO exhibits a more negative onset potential of ~431
mV, which is 22 mV and 153 mV lower than those of D-Pt;Fe/
rGO and Pt/C, respectively, indicating that the effectiveness of
Fe dopants and ordered intermetallic structures. Tafel plots
were given to further analyze the electrocatalytic kinetics of the
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Figure 3. EOR performance of all catalysts. (a) ECSA values; (b) mass-normalized CV curves; (c) mass activity and specific activity; (d) EOR
performance comparison of O—Pt;Fe/rGO and other Pt-based catalysts; (e) LSV curves (scan rate: 5 mVs™"), the inset provides enlarged curves

presented in (e); and (f) Tafel plots.

three catalysts. As shown in Figure 3f, the Tafel slopes for O—
Pt;Fe/rGO, D-Pt;Fe/rGO. and Pt/C are 0.656 V dec™’, 0.339
V dec™}, and 0.356 V dec}, respectively. The smallest Tafel
slope of the diffraction-induced reaction of the syringe of the
O—Pt;Fe/rGO means that the reaction kinetics is significantly
enhanced during the EOR process.

For the investigation of durability, chronoamperometry
(CA) was conducted to record the consecutive current density
of ethanol oxidation at 0.80 V. As shown in Figure 4a, there is a
drastic reduction of current density during the incipient stage,
which can be put down to the carbonaceous intermediates
generated at the initial stage of the ethanol oxidation.”®>" As
the reaction proceeds, the adsorption and oxidation rates of the
carbonaceous intermediates on active sites achieve a state of

equilibrium, and thus, the current density is inclined to be
steady.”® Clearly, the O—Pt;Fe/rGO displays the slowest rate
of current degradation in the incipient stage and the largest
current density during the whole period among all the
catalysts. Besides, as displayed in Figure 4b, after 3600 s, the
reversible mass activity of O—Pt;Fe/rGO shows the largest
normalized current density of and residual mass activity of
3.7% and 0.23 A mgp, ', much larger than those of D-Pt,Fe/
rGO (1.6%, 0.05 A mgp, ") and Pt/C (1.4%, 0.01 A mgp, ).

Additionally, the stability was also evaluated by 500
continuous CV scans between 0.1 and 1.5 V. Figure 4c
demonstrates that the mass activity of all catalysts decreases as
the number of CV cycles increase. Nevertheless, compared
with D-Pt;Fe/rGO and Pt/C, the decay of the cation of the
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tetrahydride nitrate in the O—Pt;Fe/rGO complex is always
the lowest during the entire process. As shown in Figure 4d,
after 500 cycles, the retention rate of current density of O—
Pt;Fe/rGO is up to 80.7%, while much lower retention rate is
seen for D-Pt;Fe/rGO (20.8%) and Pt/C (4.8%). Besides, O—
Pt;Fe/rGO also shows a much higher retained mass activity of
4.46 A mgp, ' than D-Pt;Fe/rGO (0.05 A mgp, ') and Pt/C
(0.01 A mgp, "), indicating its superior durability among all the
catalysts.

3.3. Mechanism Analysis. To unravel the mechanism of
the enhanced EOR activity of the O—Pt;Fe/rGO, DFT
calculations were performed. The projected density of states
(PDOS) of the d-orbitals were first calculated to determine the
d-band center and unveil the modification of the electronic
structure. Figure S depicts that O—Pt;Fe (111) has a lower d-
band center of —1.51 eV than D-Pt;Fe (111) (—1.43 eV),

which would attenuate the CO adsorption on O—Pt;Fe (111)
and aid in the renewal of Pt active sites.”” Therefore, the
calculation results of the Pt d-band imply that the stronger
strain and ordering effect can optimize the electronic property,
leading to enhanced EOR kinetics.

Apart from the d-band analysis, the CO adsorption energies
on model disordered and ordered catalysts with (111)
crystalline facets were also estimated. Figure 6a,b reveals that
the CO adsorption energy on D-Pt;Fe (111) and O—Pt,Fe
(111) is —2.78 eV and-1.55 eV, respectively, suggesting a
weaker adsorption of CO on O—Pt;Fe (111). These data
imply that the desorption of CO on O—Pt;Fe (111) is more
favorable.”’ Therefore, the catalysts with ordered Pt;Fe
nanoalloys are capable of showing better catalytic performance.
The adsorption energy of OH on both surfaces was also
analyzed since it is deemed as another key descriptor of EOR
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catalytic activity.*” Figure 6¢,d unveils that the OH adsorption
energy on D-Pt;Fe (111) and O—Pt;Fe (111) surfaces is
—291 eV and —3.42 eV, respectively, indicating the OH
adsorption on O—Pt;Fe (111) is more prone.’’ The higher
OH affinity is attributed to the more constrained lattice
structure of ordered Pt;Fe.

Given that the decomposition of CH;CO* (the cleavage of
C—C bond) has generally been considered as the rate-
determining step in the ethanol oxidation,”*** the energy
barriers for CH;CO* decomposition on D-Pt;Fe (111) and
O—Pt;Fe (111) were also calculated (Figures S8 and 7).
Figure 7a shows that the cleavage of the C—C bond on D-
Pt;Fe (111) exhibited an energy threshold of 0.83 eV, while a
lower energy barrier of 0.67 eV was required on the C—C bond
on O—Pt;Fe (111) (Figure 7b). This suggested that the
stronger strain and ordering effect of Pt;Fe intermetallic

compounds play important roles in promoting the scission of
the C—C bond.

By integration of the abovementioned DFT calculations and
experimental results, the EOR mechanism of O—Pt;Fe/rGO
can be deduced (Scheme 2). The incorporation of Fe in
ordered lattice structure brings about the strain effect and
short-range electron transfer (ligand effect), leading to the
weakened adsorption of CO on Pt and the regeneration of Pt
active sites. Besides, due to the bifunctional effect, alloying Pt
with transition metal can afford more absorbed OH at lower
potential than on pure Pt. The ordered Pt;Fe enables
enhanced OH adsorption, thereby accelerating the removal
of CO and other intermediates and contributing to enhanced
reaction kinetics. Moreover, the ordered Pt;Fe has exceptional
ability for C—C cleavage, which would also improve the
catalytic activity.
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Scheme 2. Catalytic Mechanism of O—Pt;Fe/rGO toward EOR
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4. CONCLUSIONS

In summary, we displayed an ultrafast fabrication of ordered
Pt;Fe intermetallic nanocrystals anchored on rGO composites
toward ethanol oxidation. The ordered Pt;Fe exhibits a sub—5-
nm particle size on the rGO support, with high density and
uniformity. The structural regulation between ordered and
disordered intermetallic phases can be easily achieved by
tuning the parameters in the thermal shock synthesis.
Compared with the commercial Pt/C and the counterpart
D-Pt;Fe/rGO, O—Pt;Fe/rGO delivers excellent mass activity
and specific activity of 5.66 A mg™" and 5.60 mA cm ™2, which
are also superior to many recently reported Pt alloy—based
catalysts for EOR. O—Pt;Fe/rGO also exhibits the lowest-
onset potential, the smallest Tafel slope, and the best aging
resistance among all three catalysts, reflecting the greatly
enhanced reaction kinetics on it. DFT calculations reveal that
the O—Pt;Fe/rGO exhibits a lower d-band center, a weakened
adsorption of CO, an enhanced adsorption of OH, and a lower
energy barrier for C—C bond cleavage, therefore resulting in a
superior overall performance. Our report gives a promising
strategy for the facile construction of ultrafine intermetallic
electrocatalysts for direct ethanol fuel cell and other related
conversion of renewable energy.
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