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The combinational modification of the morphology, alloying,
and support for Pt catalyst has been optimized towards
oxygen reduction reaction. Graphene-supported PtPd
nanorods have lower unfilled Pt d-states than carbon-
supported Pt nanoparticles (Pt/C) and their specific and mass
activities after accelerated durability test is about 6.5 and 2.7
times higher than those of Pt/C, attributed to the synergistic
electronic modification effect and graphene-metal interaction.

The development of highly effective and stable electrocatalysts
toward oxygen reduction reaction (ORR) has attracted lots of
attention recently.' Carbon-supported Pt nanomaterials with
different alloying components and morphologies especially
nanorods (NRs) or nanowires (NWs) have shown enhanced ORR
performance when compared with Pt nanoparticles (NPs).> The
ORR promotion for Pt or Pt-based 1-dimentional (1-D)
nanomaterials may be related to their larger surface contact with
the carbon support than the polyhedral NPs, better electron
conductivity between the reaction sites and the carbon support,
preferential exposure of certain crystal facets and less surface
defects bearing.ze’3 Besides, recent studies have found that the
electronic and chemical states of Pt NPs can be changed through
the formation of 1-D structure and alloying effect, thus modifying
the oxophilicity of Pt and enhancing the ORR performance. 2>
Another approach for the optimization of the cathode catalysts
is to use graphene as support. Because of high surface area, high
conductivity, unique graphitized basal plane structure and
potential low manufacturing cost, graphene has become a
promising candidate as catalyst support in low-temperature fuel
cells.” It has been reported that the application of graphene as the
support for Pt 1-D nanomaterials can successfully improve the
dispersion and performance of the composite electrocatalyst
materials and further improve the catalytic activity and stability
by tuning the arrangement of surface active Pt atoms.’ However,
this research paid little attention on the effect of alloying of
graphene-supported Pt NRs on the ORR performance.’ Therefore,
in this study, the graphene-supported Pt and PtPd NRs (G-Pt and
G-PtPd) have been prepared and applied as electrocatalysts for
ORR. Formic acid method was employed to prepare the 1-D
nanomaterials without the use of sacrificial templates and
surfactants. To the best of our knowledge, this is the first time
that graphene has been used as supports for the Pt alloy NRs in
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order to enhance ORR performance through electronic
modification. The effect of morphological changes, Pd alloying
and supports modifications on their ORR performance has been
elucidated by the combination of the rotating disc electrode

(RDE), high resolution transmission electron microscopy
(HRTEM), and X-ray absorption spectroscopy (XAS)
characterizations.

Figure 1 shows the morphologies changes of carbon-supported
Pt NRs (C-Pt) and G-PtPd during accelerated durability test
(ADT) characterized by HRTEM. In Figure 1 (a), NRs of C-Pt
with a diameter of 3 nm and a length of 15 nm are grown on the
surface of carbon supports while NRs with a larger diameter
about 4.4 nm and a longer length about 25 nm can be obtained for
G-Pt as displayed in Figure S1 in supporting information (SI).
For G-PtPd NRs, their length is 35 nm as displayed in Figure 1
(b), suggesting that graphene can promote the anisotropic growth
of Pt. Moreover, after ADT, it can be noted clearly that the rod-
like structure almost disappears for C-Pt shown in Figure 1 (c)
while NRs with different degrees of aggregations can still be
observed for G-Pt, carbon-supported PtPd NRs (C-PtPd), or G-
PtPd samples displayed in Figure S1 (c), Figure S1(d), or Figure
1(d), respectively, suggesting that either graphene support or Pd
alloying may stabilize Pt during ADT, thus enhancing the ORR
performance.

Figure S2 in SI shows the X-ray diffraction (XRD) patterns of
various NRs. In the view point of bulk analysis, the C-PtPd and
G-PtPd samples have fcc alloy structures. However, based on the
extended X-ray absorption fine structure (EXAFS) results
displayed in Figures S3 and S4, these alloys have a Pt rich in the
inner core and Pd rich on the outer shell structure. Moreover,
Table S1 shows the data analyses of XRD patterns. The peak
areas integrated from (111), (200), and (220) planes for various
NRs are calculated and used to describe the degrees of
anisotropic growth,® which influence the ORR performance
significantly. It has been reported that the ORR performance
increases on the order of Pt(100) << Pt(111) < Pt(110), in which
the Pt(111) and Pt(110) planes have similar activity." Therefore,
the peak area ratio of [(111)+(220)/(200)] for Pt/C (46%, TKK)
and various NRs are compared in Table S1. It seems that through
alloying with Pd and using graphene support, the growth of (111)
and (220) planes is promoted, suggesting that G-Pt and G-PtPd
NRs have potentials to show better ORR performance due to the
morphological effect.
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Furthermore, Figure S5 displays the X-ray absorption near
edge spectroscopy (XANES) spectrum at Pt Ly; edge of Pt/C and
various NRs. The absorption at 11564 eV is attributed to the
2p3,—5d electronic transitions and the magnitude of white line is
related to the Pt oxidation state. As shown in Figure S5, the
differences in the white lines indicate a change in Pt 5d band
occupancy due to the adsorption of oxygenated species.” The
affinity of OH chemisorption on Pt depends on alloying® In this
study, in order to investigate the effect of morphological changes
of catalysts on the d-band vacancies of Pt, XANES results
extracted from the Pt Lj; and Lj white lines are applied to
calculate the total number of unoccupied d-states, (Hr).” Hr, can
be a good indicator to describe the effect of alloying,
morphological changes, and modification on d-band of P> It
has been reported that the d-band density of states (DOS) is
structure-sensitive and the position of the d-band center shifts for
different surfaces of Pt;Ni single crystals,”® thus affecting their
ORR activity. However, for powder nanomaterials, the precise
characterization of DOS under ultrahigh vacuum seems to be
difficult and the calculation of Hys becomes an alternative way to
get an insight into the d-band. In this study, the Hr, value listed in
Table S2 of Pt/C is decreased due to the formation of NRs, and
further decreased due to the use of graphene support and alloying.
In the viewpoint of d-band, the effect of using graphene as
support and alloying with Pd for Pt is similar, whose Hr is 0.307
and 0.306, respectively. Besides, the Pd alloying and graphene
support can modify the d-band synergistically so that the Hy, of
G-PtPd is as low as 0.295, suggesting that they have lower
unfilled Pt d-states, and more d-band electrons transfer from Pd
to Pt, which may lead to the enhanced ORR activity.?**

Figure 2 (a) shows the linear sweep voltammetry (LSV) results
of Pt/C and various catalysts in O,-saturated 0.5 M HCIO,
solution at 1600 rpm. The onset potentials of various catalysts
follow the trend: G-PtPd > C-PtPd > G-Pt > C-Pt > Pt/C, which
are inversely proportional to their Hys values as compared in
Table S2. Moreover, their kinetic current densities (Iy) also have
the same sequence, suggesting that the modification of d-band
can decisively promote their ORR performance. Besides, the
specific activity (SA) and mass activity (MA), which is the I
normalized to the electrochemical surface area (ECSA) and Pt
loading are summarized in Table S2. The Pt loading is
determined by inductively coupled plasma-atomic emission
spectrometer and thermal gravimetric analysis, as displayed in
Figure S6 in SI. The 1-D PtPd alloy NRs truly show their merits
when compared with Pt/C and Pt NRs in which the SA and MA
of G-PtPd is about 4.6 and 1.9 times higher than those of Pt/C,
respectively. Furthermore, Figure 2 (b) compares their LSV
results after 1000 cycles of ADT. During the potential cycling,
the degradation of MA and SA occurs inevitably due to the
dissolution, Ostwald ripening and aggregation of the metals and
carbon corrosion.'® It can be seen that the slight changes in
limiting current density after ADT may be due to the changes of
catalyst dispersion and loading on the working electrode.'" The I,
after ADT listed in Table S2 is in the order: G-PtPd > G-Pt > C-
PtPd > C-Pt > Pt/C. It is worth mentioning that although C-PtPd
has higher I before ADT than G-Pt, the latter one has better
stability than the former one during ADT, suggesting that the
graphene can provide excellent modification and stabilization
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effect, probably because of the strong graphene-metal

s interaction.*® Moreover, the MA retention, which is the ratios of

MA/MA after ADT (MA, o) are compared in Table S2. It is
noted that the NRs systems have much higher MA retention that
Pt/C, confirming that 1-D nanomaterials are less vulnerable to
dissolve in acidic media than 0-D materials. On the other hand,
the MA retention of graphene-supported samples is higher than
that of carbon-supported ones and Pt NRs have higher MA
retention than PtPd NRs, demonstrating that graphene can
provide more stable support to the metals and alloys.** The SA
and MA of G-PtPd after ADT is about 6.5 and 2.7 times higher
than those of Pt/C. It is interesting mentioning that although the
graphene support and Pd alloying can both promote ORR of Pt
NRs through the modification of Hy, the stability of NRs can be
specifically enhanced due to the graphene support. Moreover,
Figure S7 summaries the SA changes of Pt/C, C-Pt, and G-PtPd
of ADT in O, and their SA after 2000 cycles is about 5, 40, and
81 pA/em?, respectively, confirming that graphene-supported
PtPd NRs have superior ORR performance to carbon-supported
Pt NPs and NRs during long-term test.

Figure 3 summarizes the correlation between Hrp, and SA
before and after ADT of Pt/C and various NRs. It can be seen that
d-band of Pt/C can be modified by formation of NRs, and further
decreased through using graphene support, addition of Pd, and
the combination of the both. The SA of as-prepared catalysts
basically follows the same trend in which lower Hy, suggests
more d-band electrons transfer to Pt and higher ORR activity.
Moreover, during the ADT, another factor, the resistance to the
dissolution, corrosion and migration in acidic media, will
influence the SA. The stabilization effect of graphene support is
more significant than that from Pd alloying when the SA of G-Pt
and C-PtPd is compared. This stabilization can be optimised by
synergistic addition of graphene and Pd to Pt NRs. Among all, G-
PtPd shows the superior ORR performance to Pt/C and other
NRs, implying that the electronic modification effect from Pd and
graphene—metal interaction can be promoted significantly for Pt.

The modification and stabilization effect from graphene and
Pd also affect the surface chemical states of Pt, as shown in
Figure S8 of the X-ray photoelectron spectroscopy (XPS) spectra.
The fitting results suggest that the surface Pt/PtO ratios of Pt/C
are changed due to the formation of NRs, using graphene support,
and alloying with Pd. The formation of surface PtO is inhibited
for the G-PtPd to 19 %, suggesting that the synergistic effect of
Pd alloying and graphene support not only influence the
electronic state of the bulk but also modify the surface chemical
state of the NRs.

Conclusions

Graphene has been applied as supports to prepare Pt and PtPd
NRs with enhanced ORR performance. The effect of graphene
support and Pd alloying on the d-band vacancy and ORR
performance has been elucidated. It is observed that G-PtPd has
lower unfilled Pt d-states, and more d-band electrons transfer
from Pd to Pt, and their SA and MA after ADT is about 6.5 and
2.7 times higher than those of Pt/C, confirming that the electronic
modification effect from Pd and graphene-metal interaction can
be promoted synergistically for Pt NRs.
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