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Newly-Designed Complex Ternary Pt/PdCu Nanoboxes
Anchored on Three-Dimensional Graphene Framework
for Highly Efficient Ethanol Oxidation

Chuangang Hu, Huhu Cheng, Yang Zhao, Yue Hu, Yong Liu, Liming Dai,

and Liangti Qu*

Fuel cells powered by hydrogen or small organic molecules are
environment-friendly and have high energy conversion effi-
ciency, low emissions, and simplicity in device fabrication.
Ethanol, with its high energy density, low toxicity, large scale
of production from renewable sources, and easy storage and
transportation, is one of the ideal combustible materials for
fuel cells. However, commercialization of direct ethanol fuel
cells has been obstructed by the low-efficiency oxidation of
ethanol at the existing electrocatalysts.?™ The development
of highly active catalysts for oxidation of fuel molecules is one
of the vital needs for practical applications of fuel cell devices.
Due to the low activity of non-noble catalysts, considerable
efforts have been devoted to the optimization of the existing
platinum (Pt) nanoparticle catalysts and to the design of new
catalyst systems with less usage of Pt as anode catalysts for
direct fuel cells.>>¢ Pt loading can be decreased by reducing
their size for enhanced specific surface areas per mass or using
high surface area supporting materials.”! Recent research has
focused on the fabrication of multicomponent metal catalysts to
modify the Pt electronic structure and improve the Pt catalytic
efficiency.?l Indeed, the combination of non-noble metals with
Pt has provided an effective pathway to reduce the overall use
of expensive Pt and the risk of poisoning.?#! In particular, ter-
nary electrocatalysts have shown superb electrocatalytic activity
in many aspects toward fuel oxidation superior to their binary
counterparts,®!% and hold the great promise for resolving the
aforementioned challenges to develop direct ethanol fuel cells
(DEFCs) of practical significance.'® Apart from the composi-
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tion, the geometry of catalysts directly associated with the
surface atomic arrangement must also be precisely controlled
for high-efficiency active electrocatalysis. For example, hollow
nanostructures favor high catalytic performance and utilization
efficiency because of their lower densities and higher surface
areas.'!] As a representative of geometry-defined Pt-based cata-
lysts, Pt nanocubes have received significant attention due to
their superior electrocatalytic activity.'>"1* However, to the best
of our knowledge, there have been no report on the prepara-
tion of ternary Pt-based nanocubes in either hollow or solid
state, and thus their electrocatalytic behavior remains unknown
so far.

Graphene is an attractive supporting material for catalyst
loading owing to its fast 2D electron-transfer kinetics, large
surface areas, high mechanical, thermal and chemical sta-
bility.'>1%] On the other hand, the abundant functional groups
on the surfaces of graphene oxide precursor provide many
favorable sites for anchoring the functional nanocomponents,
such as catalyst nanoparticles.l'” ¥ However, the strong planar
stacking of 2D graphene sheets by forming irreversible agglom-
erates!92% leads to a drastic loss of electroactive sites during
the electrode assembly. As a consequence, 3D porous graphene
structurel?22l is highly desirable for catalyst loading to facilitate
the mass transfer and maximize the accessibility to the catalyst
surfaces.

We have recently fabricated the graphene-based cathodic
catalysts for fuel cell applications.[?*?’] Herein, we develop the
shape-defined ternary Pt/PdCu nanoboxes anchored onto 3D
graphene framework (3DGF) as a new complex catalyst system
for anodic electrocatalysis. The shape-defined ternary Pt/PdCu
on 3DGF catalyst system is desinged on the basis of the fol-
lowing considerations: (i) Pd and Cu are less expensive and
widespread in the earth. (ii) Hollow PdCu binary alloy cubes are
available via a solvothermal approach.?! (iii) Pd has extemely
high lattice match with Pt,?28] and the obtained PdCu binary
has the same face-centered cubic (fcc) structure like Pt, favoring
the deposition of Pt for the formation of a ternary structure and
the creation of a high activity in catalytic process. (iv) Cu could
induce the Pt formation by galvanic displacement reaction.l?:3%
(v) PdCu alloy itself is electrochemically active for ethanol oxi-
dation reaction®!l and synergetic effects on electrocatalysis are
expected for PdCu and Pt. (vi) 3D graphene framework can be
obtained by hydrothermal treatment of graphene oxide,?? which
should be compatible with the solvothermal approach to PdCu
binary alloy cubes mentioned above. (vii) 3D porous graphene
structure as a support for Pt/PdCu will provide the maximum
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Figure 1. (a,b) FE-SEM images of the Pt/PdCu on 3DGF, (c) the corresponding EDS spectroscopy, and (d) XRD patterns of Pt, PdCu, and Pt/PdCu on
3DGF. The inset in (b) is a high magnification view of cubic Pt/PdCu on graphene sheets.

accessibility for active species to the catalysts to ensure an effec-
tive mass transfer of reactants and/or products.’3*34

To achieve this goal, we have devised a dual solvothermal
process to prepare the ternary Pt/PdCu hollow nanocubes on
3DGEF. Briefly, we first developed a facile one-pot solvothermal
strategy to fabricate the 3DGF with in-situ formed hollow
binary PdCu nanocubes. Palladium(II) and copper(Il) salts with
a 1:1 atomic ratio, glutamate, and graphene oxide were simul-
taneously added into ethylene glycol (EG) in a stainless-steel
autoclave, which was then heated at 160 °C for 7 h to prepare
the hollow alloyed nanocubes on porous graphene structure.
This solvothermal approach worked well for the formation of
3D graphene framework similar to those synthesized hydro-
thermally (Figure S1).32 Hollow PdCu nanocubes!?®! were uni-
formly anchored onto the graphene sheets (Figures S2 and S3),
and the formation of alloyed PdCu was confirmed by the XRD
pattern in Figure S4. The ternary Pt/PdCu nanoboxes were sub-
sequently formed by reducing H,PtCl with EG in the presence
of glutamate and depositing Pt on the cubic PdCu through the
second solvothermal process. EG will effective reduce Pt ions
(Table S1) and the existence of glutamate will lead to the selec-
tive deposition of Pt on PdCu particles (Figure S5).

The formed ternary Pt/PdCu nanocubes on 3DGF are shown
in Figure 1. The field-emission scanning electron microscopic

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(FE-SEM) image exhibits a well-defined and interconnected
3D porous network of graphene sheets (Figure 1a), consistent
with the hydrothermally synthesized 3D graphene.’? Pt/PdCu
nanocubes covered all around the individual graphene sheets
with a uniform size of ca. 30 nm (Figure 1b). The energy dis-
persive spectroscopy (EDS) (Figure 1c) reveals that the sample
is mainly composed of C, Pd, Pt and Cu elements plus O asso-
ciated with the hydrothermally reduced graphene oxide.?%
The atomic ratio of Pt, Pd and Cu in the nanocubes is ca.
0.33/1.0/0.78, which is approximate to the stoichiometric pro-
portion of initial reactants and matchs well with the analysis of
inductively coupled plasma-mass spectrometry (ICP-MS). The
Pd:Cu atomic ratio in Pt/PdCu nanocubes is slightly higher
than that of the initial PdCu nanocubes (1/1.1) (Figure S2,d),
indicating that partial displacement reaction, similar to our pre-
vious report,2>3% probably occurred between Cu and H,PtCl
during the formation of ternary Pt/PdCu nanocubes (Table S1).
The mass ratio of C, Pt, Pd and Cu comfirmed by ICP-MS anal-
ysis is 75.32%, 5.81%, 12.95%, 5.92%.

X-raydiffraction (XRD) pattern of the Pt/PdCuon 3DGF further
verified the composition profile in comparison with Pt and PdCu
on 3DGF synthesized under the same conditions (Figure 1d).
The broad peak located at 20 = 23° is assigned to the (002)
plane of stacked graphene sheets within 3DGF.? The PdCu
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Figure 2. (a) TEM images of Pt/PdCu nanocubes on graphene sheets, (b) HAADF-STEM image
of a hollow Pt/PdCu nanocube, (c—e) HAADF-STEM-EDS mapping images of Cu, Pd, and Pt
elements, respectively.

and Pt on graphene sheets have characteristic peaks of face-
center cubic crystals (Figure 1d).2**%1 Accordingly, the ternary
Pt/PdCu nanocubes present typical diffraction peaks similar to
those of PdCu and Pt, while the main peaks of Pt/PdCu shift to
the transitive diffraction angles corresponding to those of PdCu
and Pt, suggesting that Pt has been effectively intercalated into
the PdCu domains.

The formation of hollow Pt/PdCu nanocubes was confirmed
by the transmission electron microscopy (TEM) images in
Figure 2a and b. Even after the ultrasonication for preparation of
TEM sample, the Pt/PdCu nanocubes are still firmly anchored
onto the graphene sheets (Figure 2a). Figure 2b shows a high
angle annular dark field scanning transmission electron micro-
scopy (HAADF-STEM) image of a single hollow nanocube
with a size of ca. 30 nm, exhibiting an internal cavity with a

Adv. Mater. 2012, 24, 5493-5498

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

uniform shell of ca. 5 nm. The elemental
mappings reveal that Cu, Pd, and Pt ele-
ments are coexistently distributed along the
nanobox shells, and Pt is mixed with PdCu,
which is also verified by STEM-EDS line
scaning (Figure S6) and X-ray photoelec-
tron spectroscopy (Figure S7), evidencing
the formation of ternary Pt/PdCu hollow
nanocubes. Accordingly, HR-TEM image
further reveals the coexistence of lattice spac-
ings of 0.21 nm and 0.23 nm in the Pt/PdCu
nanocube (Figure S8), corresponding to the
(111) interplanar distance of face-centered
cubic PdCu alloy?! and a standard Pt crys-
talline lattice,3% respectively. These results
show the hybrid structure of Pt and PdCu
within the hollow nanocubes.

To evaluate the catalytic activity of ternary
Pt/PdCu nanoboxes on 3DGF, we investi-
gated the electrooxidation reaction of ethanol
in basic medium. Figure 3a shows the cyclic
voltammograms (CVs) of ethanol oxidation
ina 1.0 M KOH + 1.0 M C,H;OH solution
at a scan rate of 50 mV s! on Pt/3DGF (Pt
loading: 0.032 mg cm™?), PdCu/3DGF (Pd
loading: 0.057 mg cm~2), Pt/PdCu/3DGF (Pt
loading: 0.020 mg cm™ + Pd loading:0.042
mg cm2), and 20% Pt/C (Pt loading: 0.069
mg cm?) electrodes. The metal contents
were evaluated by ICP-MS analysis. The onset
potential for the ethanol oxidation on the Pt/
PdCu/3DGF electrode is ca. —0.6 V, which is
100 mV more negative than the ca. -0.5 V
observed on Pt/3DGF electrode, PdCu/3DGF
electrode and the commercial 20% Pt/C elec-
trocatalysts (Figure S9). The reduction in the
onset anodic potential shows the significant
enhancement in the kinetics of the ethanol
oxidation reaction. Ethanol oxidation is char-
acterized by well-separated anodic peaks
in the forward and reverse scans. Thus, the
magnitude of the anodic peak current den-
sity (j) in the forward scan is also directly
proportional to the amount of ethanol oxi-
dized at the catalyst electrodes.’”3® The peak current density
is 183 mA cm™ for the reaction on Pt/PdCu/3DGF electrode,
which is more than 3, 4, and 6 times those on the 20% Pt/C
electrode (55 mA cm™2), Pt/3DGF electrode (45 mA cm™) and
PdCu/3DGF electrode (27 mA cm™2), respectively. A more than
6-fold improvement in activity per unit mass of Pt over the
commercial Pt/C catalyst (E-TEK 20%) was obtained for the Pt/
PdCu/3DGF electrode based on the peak current density. We
have also evaluated the activity of Pt/PdCu/3DGF on the basis
of the total mass of active metals. As shown in Figure S10, Pt/
PdCu/3DGF owns the highest activity compared with all the
other catalysts as normalized to the total mass of available
Pt and Pd. An about 4-fold improvement in catalytic activity
per unit mass of Pt + Pd for ethanol oxidation over the com-
mercial Pt/C catalyst was observed. The significantly negative
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Figure 3. (a) CVs of the Pt/PdCu, Pt, PdCu on 3DGF, and commercial 20% Pt/C catalysts in 1 M CH3CH,OH + 1 M KOH aqueous solution. (b) The
chronoamperometric curves of the Pt/PdCu, Pt, PdCu on 3DGF, and 20% Pt/C electrodes in 1 M CH3;CH,OH + 1 M KOH aqueous solution at a given
potential of —0.3 V. (c, d) Forward peak current density (j) as a function of potential scanning cycles of Pt/PdCu and Pt on 3DGF between —0.8 and
0.2Vin 1M CH;CH,OH + 1 M KOH electrolyte, respectively. The insets in (c) and (d) are the corresponding 20" and 1000™ CV curves of Pt/PdCu

and Pt on 3DGF. The scan rate: 50 mV s,

shift of the onset potential and high anodic peak current for
the ethanol electrooxidation reaction on the Pt/PdCu/3DGF
electrode illustrate the Pt/PdCu/3DGF electrode has superb
electrocatalytic activity for direct ethanol fuel cells. The ter-
nary Pt/PdCu nanocubes on the 3DGF electrocatalyst exhibit
a considerably higher activity for ethanol oxidation than that
of their Pt and PdCu countparts, highlighting the important
synergetic functions of individual components in the ternary
system. Although the detailed electrocatalytic oxidation mecha-
nism is still unclear,>38 our preliminary results suggested that
the oxide species adsorbed on the Pt/PdCu surface could easily
desorbe to refresh the active sites and the poison of Pt active
sites might have been largely impaired due to the existence of
more oxophilic PdCu (Figure S11). Product analysis reveals that
both of acetaldehyde and acetic acid exist after electrooxidation
of ethanol, indicating the ethanol is oxidized by a mixed 2e and
4e paths (Figure S12).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The electrochemical stability of Pt, PdCu, Pt/PdCu nano-
particles on 3DGF, and 20% Pt/C electrodes for ethanol elec-
trooxidation was investigated by chronoamperometric experi-
ments at a given potential of -0.3 V in 1.0 M KOH + 1.0 M
C,HsOH solution (Figure 3b). The polarization current for the
ethanol electrooxidation reaction shows a rapid decay in the ini-
tial period for all the samples, probably due to the formation
of the intermediate species during the ethanol electrooxidation
reaction in alkaline media. Breaking the C-C bond for a total
oxidation to CO, is a major problem in ethanol electrocatal-
ysis.[238-40 Nevertheless, the Pt/PdCu/3DGF catalyst has much
higher anodic current, and the current decay for the reaction on
the Pt/PdCu/3DGF electrode is significantly slower than those
on the Pt/3DGF, PdCu/3DGF, and 20% Pt/C electrocatalysts.
At the end of the 6000 s test, the oxidation current on the Pt/
PdCu/3DGF electrode is still 4 times higher than that on all the
other electrodes. These results show that the ternary Pt/PdCu

Adv. Mater. 2012, 24, 5493-5498



A

ADVANCED

M
\ie'S
www.MaterialsViews.com

nanoboxes on 3DGF have long-term high catalytic activity for
the ethanol electrooxidation reaction in alkaline media.

The high catalytic activity and stability of the Pt/PdCu/3DGF
electrode was also demonstrated in Figure 3c in comparsion
with single-phase Pt on 3DGF electrode (Figure 3d). The Pt par-
ticle size is controlled to be ca. 2-3 nm (Figure S13,c), similar
to the size of Pt domains within Pt/PdCu cubes. Potential scan-
ning between —0.8 and 0.2 V was carried out for 1000 cycles
in 1.0 M KOH + 1.0 M C,H;sOH solution with a sweep rate of
50 mV s Using the steady state peak current density of the
20™ cycle in the forward direction as the reference, the anodic
peak current density on Pt/PdCu/3DGF electrode remains
about 94% after 1000 cycles (Figure 3c). However, the peak cur-
rent density of the 1000™" cycle on Pt/3DGF electrode is only ca.
65% of that measured at the 20" cycle (Figure 3d). The CVs at
the 1000 cycle for Pt/PdCu/3DGF is farily similar to the initial
one (Figure 3¢, inset), while the CVs for Pt/3DGF electrode has
been largely compressed (Figure 3d, inset).

In accordance with the durable CV response, the 3D struc-
ture of graphene sheets and hollow Pt/PdCu nanocubes present
the negligible changes in both morphology and composition
after the long-time electrochemical test (Figures S13 and S14).
However, drastic agglomeration of pure phase Pt nanoparticles
appears after the potential cycling (Figure S13 ¢ and d) most
likely due to the Ostwald ripening process.l*!l Pt is in general
chemically inert and becomes unstable when exposed to the
hostile electrochemical environments where Pt surface atoms
migrate and agglomerate, resulting in aggregation of nanopar-
ticles and loss of surface area and activity.*1*? In particular,
the instability of Pt at the anode side represents one of the
major limitations for commercialization of this technology. The
multicomponent Pt/PdCu hollow nanocubes have effectively
avoided the aggregation of Pt and remain the high catalytic
activity for ethanol oxidation. To investigate the effect of particle
size on the catalytic performance, we have also prepared the
Pt/3DGF with a Pt size (ca. 20-30 nm) close to that of Pt/PdCu
nanoboxes (Figure S15). Both the catalytic activity and stablity
of Pt/PdCu are much higher than that of Pt with a similar size
(Figure S16). On the other hand, besides the synergetic func-
tion between Pt and PdCu, our controlled experiments demon-
strated that both the advantageous feature of hollow nanocubes
and the unique 3D graphene structure as support for catalyst
loading play essential roles in enhancing the catalytic perform-
ance (Figures S17-S21).

We further fabricate a single cell to demonstrate the potential
of the newly-designed Pt/PdCu/3DGF for DEFC application.
Despite of the absence of optimization for the experimental
conditions and device fabrication in this preliminary study,
the alkaline DEFC with a Pt/PdCu/3DGF catalyat gives better
performance than that of 20% E-TEK Pt/C in terms of both
open-circuit voltage (Voc) and power density (Figure S22). The
maximum power density for Pt/PdCu/3DGF is 40 mW cm2,
almost two times that of Pt/C (21 mW cm™2). These results dis-
play the potential of Pt/PdCu/3DGF as a good catalyst candi-
date for commercializing DEFCs.

In summary, we have designed a new complex catalyst
system of ternary Pt/PdCu nanoboxes anchored onto 3D
graphene sheets by a dual solvothermal process. The electro-
catalytic activity of the Pt/PdCu/3DGF for ethanol oxidation
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are not only significantly higher than that of pure Pt and PdCu
electrodes, but also has an about 4-fold improvement over the
well-established commercial Pt/C catalysts (E-TEK 20% Pt/C)
as normalized to the total mass of active metals, which, in com-
bination with the demonstrated single cell, shows the great
potential of the geometry-defined Pt/PdCu/3DGF as excellent
electrocatalysts for ethanol electrooxidation in alkaline media
for direct ethanol fuel cells.

Experimental Section

The ternary Pt/PdCu hollow nanocubes on 3DGF were prepared by a
dual solvothermal process. The aqueous solutions of PdCl, (6.7 mg/mL,
1.5 mL), GO (8 mg/mL, 3.2 mL), CuSO4-5H,0 (15 mg), and glutamate
(50 mg) were mixed together in 40 mL of ethylene glycol (EG). The
pH value was adjusted to ca. 13 by adding 8 wt% KOH/EG solution.
The suspension was then transferred into Teflon-lined stainless-steel
autoclave and heated at 160 °C for 7 h. A hydrogel of hollow PdCu
nanocubes on 3DGF was obtained, which was then exposed to the EG
solution containing appropriate amounts of H,PtClg-6H,0 (3.0 mg/mL,
0.9 mL) and 20 mg of glutamate and heated at 160 °C for another
3 h for formation of ternary Pt/PdCu hollow nanocubes on 3DGF. More
experimental details and characterization are included in Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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