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Low-Platinum-Content Quaternary PtCuCoNi Nanotubes with
Markedly Enhanced Oxygen Reduction Activity**

Lifeng Liu* and Eckhard Pippel

Polymer electrolyte membrane fuel cells (PEMFCs), among
other clean energy sources, represent a highly efficient and
potentially inexpensive solution for worldwide ever-growing
energy demand and increasing environmental concern, and
are expected to be able to find various applications ranging
from automotive vehicles to stationary and portable devices.
Presently, the widespread commercialization of PEMFCs is,
however, substantially hampered by the slow rate of the
oxygen reduction reaction (ORR) at the cathode and the
relatively high costs resulting from the excessive use of
precious metal platinum. Therefore, considerable research
efforts have recently been dedicated to the development of
low-cost and highly efficient electrocatalysts for the ORR.
While great progress has been made towards non-platinum
electrocatalysts, such as nitrogen-doped carbon nanotubes/
graphenes, conducting polymers, and other nonprecious
metals/alloys,?! platinum-based catalysts are still more effi-
cient for the ORR. To date, there are several major strategies
being developed to reduce the cost of platinum or enhance
platinum utilization in electrocatalysts. The most popular one
is to alloy Pt with other nonprecious metals, for example, Fe !
Co, I Ni,F Cu, T, Bi,®! Sc, and Y (PtM alloys). A variety
of binary PtM alloy nanoparticle electrocatalysts have been
investigated, and a 2-10-fold enhancement in ORR activity
relative to pure Pt was repeatedly observed. It is generally
accepted that this activity improvement can be ascribed to the
lattice strain induced by the formation of Pt-skinned surfaces
(i.e. PM alloy/Pt core/shell structure) through surface deal-
loying and the modified electronic structures, which can
weaken the interaction between the Pt surface atoms and
spectator species so as to increase the number of active Pt
sites.”®! The second frequently used approach to enhancing
Pt utilization is to design core/shell nanostructures by cover-
ing the surface of nonprecious metal nanocatalysts with a Pt
shell or monolayer, which can be accomplished either by
solution-phase heterogeneous nucleation and growth on
nonprecious metal nanoparticles”! or by Cu underpotential
deposition and subsequent galvanic replacement reaction."!
The third strategy is to use hollow Pt nanostructures as
electrocatalysts.'” In contrast to core-shell structures, the
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hollow geometry not only allows the reactants to access the
external active Pt sites, but also renders the internal catalyti-
cally active sites accessible. Moreover, it was experimentally
demonstrated very recently that the confinement effect
occurring in the cavity of the nanocage catalysts can lead to
a much higher frequency factor for the reduction of 4-
nitrophenol by NaBH,, a model reaction that can be used to
evaluate the catalytic activity of metals.”™ So far, a few
reports have been dedicated to the development of hollow Pt
electrocatalysts for both the ORR and methanol oxidation
reaction (MOR).['?l Nevertheless, in contrast with the other
two approaches, Pt-based hollow electrocatalysts still remain
insufficiently explored.

Herein, we report the synthesis of low-platinum-content
quaternary PtCuCoNi nanotubes (NTs) by means of tem-
plate-assisted, one-step electrodeposition and testing of the
suitability of these hollow multimetallic NTs as effective
ORR electrocatalysts. We found that the as-prepared PtCu-
CoNi NTs exhibit markedly enhanced ORR activity over
commercially available Pt black and Pt/C catalysts because of
compositional (i.e. multicomponent alloys) and geometrical
(i.e. hollow structure) properties of the material.

The quaternary PtCuCoNi NTs were prepared by a one-
step direct electrodeposition approach using a porous anodic
aluminium oxide (AAO) membrane as the template. One-
step electrodeposition takes advantage of the sputtered
annular base electrode and rapid consumption of metal ions
at the deposition front as a result of a large deposition current
density to grow tubular structures (see Figure S1 in the
Supporting Information) without the need to modify the pore
walls of the AAO template, and has recently been proved to
be a simple and highly efficient way to fabricate metallic and
alloy nanotubes.'¥ With this method, a growth rate of
PtCuCoNi NTs of as high as 5 ummin~" was achieved. The
electrodeposition was carried out under a condition that
favors the reduction of less noble copper ions in the electro-
lyte (e.g. —0.8V vs. Ag/AgCl). Afterwards, the AAO
membrane was immersed into 10 wt% H;PO, solution at
45°C for 5h. In this process, the porous alumina was
completely removed. Meanwhile, mild dealloying also oc-
curred in the as-deposited nanostructures.

Figure 1a shows a representative scanning electron mi-
croscopy (SEM) image of the as-prepared nanostructures
after removal of the AAO template. Unlike the nanoporous
PtCo and PtNi nanowires reported previously,!'” compact and
robust fibers without discernable nanopores were observed
after the acid treatment. Upon closer examination by trans-
mission electron microscopy (TEM), it was found that most
fibers actually possess hollow tubular morphology with an
average diameter of 50 nm, as evidenced in Figure 1b,c. The
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Figure 1. Structural characterization of the Pt;Cu,,Co;;Niz nanotubes.
a) A representative SEM micrograph of the nanotubes released from
AAO membranes. b,c) Typical TEM micrographs. Inset of (b): Electron
diffraction pattern. d) EDX spectrum. e,f) High-resolution TEM
images.

tube wall appears to be fairly rough, and its thickness ranges
from 3 to 10 nm, which is a characteristic of NTs prepared by
template-assisted one-step electrodeposition. It is noted that
the tube diameter is virtually consistent with the pore
diameter of the AAO template used. This might be associated
with the fact that Cu is much more resistant under the present
etching conditions, and its abundance in the NTs helps to
preserve the tube diameter. It is also seen that some irregular
holes exist along the NTs, probably resulting from either
incomplete growth of the NTs due to the fast deposition!" or
the surface dealloying. It is worth mentioning that the
roughened and porous surfaces of the NTs are particularly
conducive to electrocatalysis because they not only offer a
larger surface area but also allow the reactants to be
transported into and within the NTs. Electron diffraction
(ED) studies revealed that the N'Ts consist of multiple phases
in which metallic Pt and Cu are distinguishable, as depicted in
the inset of Figure 1b. This structural feature was also
confirmed by X-ray diffraction (XRD) of the NT powders
(Figure S2). Extensive energy-dispersive X-ray spectrum
analyses revealed that the N'Ts are composed of Pt, Cu, Co,
and Ni, and their atomic ratio turns out to be 5:76:11:8
(Figure 1d). Figure 1e,f shows typical high-resolution TEM
images of the as-prepared Pt;Cu;sCo;;Nig NTs, indicating that
the NTs are polycrystalline. Some distortions are visible in the
lattice, which could originate from the surface dealloying.
We believe that the fast reduction of Cu®" at the
deposition front plays an essential role in the formation of
the tubular structures. Control experiments showed that
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without the addition of Cu*' to the electrolyte, only solid
nanowires were obtained, even if other parameters (e.g. ion
concentrations, deposition potential) were the same as those
used for preparing Pt;Cu;Co;;Nig NTs. Regarding the
composition of the NTs, it is known that the standard
reduction potentials for Cu®", Co®*, and Ni** are +0.34V,
—0.28V, and —0.25V versus normal hydrogen electrode
(NHE), respectively. The more positive reduction potential
gives the Cu®" ions a much higher tendency to be reduced, and
therefore the content of Cu in the resulting NTs is much
higher than that of Co and Ni, although their ion concen-
trations in the electrolyte are identical (0.25M, see exper-
imental section). In contrast, Co*" and Ni*" have similar
reduction potentials and their concentrations in the electro-
lyte are the same; hence, their atomic percentages in the NTs
are very close. In contrast, [PtCl]*~ has a more positive
reduction potential (4+0.68 V vs. NHE) than Cu®', but the
concentration of [PtCl]*~ was 50 times lower than that of
Cu’" and its reduction to Pt requires two steps ([PtCl]*~—
[PtCL,]>” —Pt), so that only a small amount of Pt was
incorporated into the NTs.

To get further insight into the elemental distribution in the
as-prepared PtsCu,CoNig NTs, we carried out elemental
analysis for a representative single NT by scanning trans-
mission electron microscopy (STEM). Figure 2a shows a
high-angle annular dark field (HAADF) micrograph of one
NT, in which the porous tubular morphology can be clearly
seen. Figure 2b—f depicts the elemental maps of Pt, Cu, Co,
Ni, and their overlay. Although the tubular structure is no
longer discernable as a result of the strong scattering and
detector noise during scanning (as seen from the spots
surrounding the NT), these maps disclose that all four
elements are evenly distributed along the NT. It is also
noted that the Pt map is not as dense as that of other elements,
which could be ascribed to the very low content of Pt in the
NT.

The electrocatalytic property of the supportless
Pt;Cu,sCo;Nig NTs was tested and compared with commer-
cially available Pt black (BASF) and carbon-supported Pt
nanoparticles (Pt/C, 30 wt% Pt on Vulcan XC-72, BASF)
reference catalysts. Figure 3a shows the cyclic voltammo-
grams (CVs) of these three catalysts dispersed on a glassy
carbon electrode (GC, 5 mm in diameter, Pine Instruments),
which were recorded in an Ar-saturated 0.1m HCIO, solution
at room temperature. Before recording, the GC electrode was
repeatedly swept from 0.05 V to 1.2 V until a steady CV curve
was obtained (Figure S3).'! From Figure 3a, it is seen that
the CV profile of the Pt;Cu;Co,;;Nig NTs resembles that of Pt
black and Pt/C, but the hydrogen adsorption/desorption
peaks resulting from Pt (110) and Pt (100) crystal planes are
not clearly visible, indicating that Pt may exist in one or few
surface layers of the NTs in a disordered form. The electro-
chemically active surface area (ECSA) of the catalysts was
calculated according to the hydrogen adsorption charges by
using the conversion factor of 210 uCcm %y, It was found that
the ECSA is 14.7 m?>g "'}, for Pt black, 49.8 m?g '}, for Pt/C,
and as high as 104.1 m*g '}, for the supportless Pt;Cu;sCo,;Nig
NTs, respectively. The large ECSA of the Pt;Cu,,Co,;Nig NTs
may stem from the following factors. First, it is assumed that
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Figure 2. Elemental analyses of a typical single Pt;Cu,;Co,,Nig nano-
tube. a) HADDF image. Elemental maps of b) Pt, ) Cu, d) Co, and
e) Ni. f) Overlay map of the elements. Scale bar: 30 nm.

both the outer and inner surfaces of the NTs are covered with
Pt atoms or at least are Pt-enriched as a result of surface
dealloying,® as evidenced by the Pt-like CV in Figure 3 a, so
that the limited content of Pt is fully utilized. Second, the
unique tubular geometry with roughened outer and inner
surfaces as well as porous tube walls not only enhances the
active surface area but also makes all active sites accessible.
We believe that it is the combination of these favorable
factors that leads to the high ECSA of the Pt;Cu,;Co,;Nig
NTs.

The hydrodynamic ORR activity of these three catalysts
was evaluated by rotating disk electrode (RDE) voltammetry.
Figure 3b compares the linear scan polarization curves of the
Pt black, Pt/C, and Pt;Cu,Co,;Nig NTs modified GC electro-
des, which were recorded in O,-saturated 0.1m HCIO, at a
revolution speed of 1600 rpm. According to Figure 3b, the
half-wave potentials (E,,) for Pt black and Pt/C are 0.74 V
and 0.84 'V, respectively; in contrast, the E;, value for
Pt;Cu,sCo,;Nig NTs was found to be 0.87 V, indicating that
the Pt;Cu;sCo;Nig NTs have superior ORR performance
over both Pt black and Pt/C catalysts. The kinetic current of
the catalysts 7, was calculated from the Koutecky-Levich
equation [Eq. (1)],'" where i is the experimentally measured
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Figure 3. Evaluation of the electrocatalytic performance of the as-
prepared Pt;Cu,sCo,;Nig nanotubes. Commercially available Pt black
(BASF) and Pt/C catalysts (30 wt% Pt, BASF) were selected for
comparison. The Pt loadings for Pt black, Pt/C, and Pt;Cu,¢Co,,Ni
nanotubes were 40.8 ugcm™2, 11.2 pgem 2, and 11.2 pgem™2 | respec-
tively. a) Cyclic voltammograms recorded in Ar-saturated 0.1 m HCIO,
solution at a scan rate of 50 mVs™'. b) Polarization curves recorded in
O,-saturated 0.1 M HCIO, solution at a scan rate of 10 mVs™' and a
revolution speed of 1600 rpm. c) Specific and mass activities of these
three electrocatalysts at 0.9 V.

h=+—— (1)

current and iy is the diffusion-limited current. Figure 3¢
compares the kinetic currents of these three catalysts at 0.9 V,
normalized to the Pt surface area (specific activity) and Pt
mass (mass activity). It reveals that the specific activity of
Pt;Cu;Co,;Nig NTs is about 0.18 mA cm~2,, which is 3.6 and
2.5 times higher than that of Pt black and Pt/C, respectively,
indicating that the Pt;Cu;Co;Nig NTs are intrinsically
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superior for ORR. Furthermore, the mass activity of
Pt;Cu;sCo;;Nig NTs was also found to be as high as
0.19 Amg ', which is 17.5 and 5.0 times higher than that of
Pt black and Pt/C catalysts, showing markedly enhanced
ORR activity.

To further examine the reaction kinetics of oxygen
reduction, the polarization curves of the supportless
Pt;Cu,,Co;Nig NTs modified GC electrode were recorded
at different revolution speeds (w, from 625 to 2025 rpm), as
depicted in Figure S4. The corresponding Koutecky-Levich
plots, namely j! as a function of w7, exhibit good linearity
and are well parallel to each other, indicating that the ORR
follows the first-order reaction kinetics relative to the
dissolved oxygen. The calculated number of the transferred
electrons during the reaction is 4.26, suggesting that the
oxygen reduction of the Pt;Cu;,Co,;Nig NTs follows a four-
electron pathway.

As for the origin of the markedly enhanced ORR activity
of the Pt;Cu,sCo,;Nig NTs, it is believed that their large ECSA
makes a major contribution to the improvement of mass
activity, while the lattice strain induced by surface dealloying,
which can result in the shortened Pt—Pt surface interatomic
distances and modify the d band structure of the Pt atoms that
can weaken the adsorption of spectacular reactive species,’*!
may play an indispensable role in the enhancement of specific
activity. In addition, we assume that the unique combination
of micrometer-sized length and hollow configuration of the
NTs could also contribute to the enhanced ORR activity.
Moreover, the highly conductive surface and network-like
distribution of these NTs on the electrode surface can greatly
improve the reaction kinetics relative to that of isolated Pt
nanoparticles (for Pt black) or less conductive carbon support
(for Pt/C), thus improving the activity. Also, as recently
proposed by El-Sayed and co-workers,'* the confinement
effect of the reactions in hollow nanocatalysts with similar
cavity sizes comes into play and can thereby result in a much
enhanced catalytic performance.

In summary, quaternary PtCuCoNi nanotubes have been
synthesized by a highly efficient template-assisted one-step
electrodeposition approach. These nanotubes possess ultra-
low content of Pt, but nevertheless exhibit a markedly
enhanced catalytic activity towards oxygen reduction relative
to commercially available Pt black and Pt/C catalysts. The
reaction kinetics study confirms that the oxygen reduction in
PtCuCoNi nanotubes follows a four-electron pathway. The
enhanced catalytic performance can be attributed to the
combination of several favorable factors of these nanotubes:
the multicomponent nature with which different elements
could work synergistically, the strain and electronic effects
associated with surface dealloying, and the unique hollow and
porous geometry of the nanotubes. It is expected that these
multimetallic PtCuCoNi nanotubes would be of great interest
for use as low-platinum-content ORR catalysts in fuel cells.
Furthermore, the combination of compositionally and geo-
metrically favorable factors for ORR provides a new avenue
in designing low-cost and highly efficient electrocatalysts.
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Experimental Section

The AAO membranes were prepared by a two-step anodization
process, as described in our previous work.'® The average pore
diameter of the as-obtained AAO membranes was 50 nm. The
electrodeposition of PtCuCoNi quaternary nanotubes was accom-
plished in a three-electrode electrochemical cell at room temperature
using the metal-coated AAO as working electrode and a platinum
mesh and a Ag/AgCl electrode as counter and reference electrodes,
respectively. The electrolyte consisted of 0.005m KPtClg, 0.25m
CuCl,2H,0, 0.25M CoCl,,6H,0, 0.25m NiClL-6H,0, and 0.485m
H;BO,;. A potentiostat/galvanostat (PAR 263A) was employed to
control the deposition. The deposition potential was set as —0.8 V vs.
Ag/AgCl, at which Cu?" ions are preferentially reduced. After
electrodeposition, the AAO membrane was soaked into 10 wt %
H;PO, at 45°C for 5 h. In this process, the alumina was completely
dissolved; meanwhile, surface dealloying of the as-deposited PtCu-
CoNi nanotubes occurred, leading to roughened and porous surface
of the nanotubes. The morphology and structure of the as-prepared
Pt;Cu,4Co,;;Nig nanotubes were characterized by scanning electron
microscopy (SEM, JEOL 6701F) and transmission electron micros-
copy (TEM, JEOL 1010). The elemental analysis and high-resolution
TEM investigation were carried out on a FEI Titan 80-300 micro-
scope at an operating voltage of 300 keV. For electrochemical
measurements, the catalyst inks were dispersed onto a glassy carbon
electrode (GC, 5 mm diameter, Pine Instrumentation) and dried in air
at room temperature. Subsequently, the GC electrode was covered
with 10 uL. 0.05% nafion (Sigma-Aldrich) solution and allowed to
dry in air for 1 h. A rotating disk electrode (RDE, Pine Instrumenta-
tion) was used to study the hydrodynamic ORR activity of the
catalysts. Both cyclic voltammograms and polarization curves were
recorded with a PAR 263 A potentiostat/galvanostat in 0.1m HCIO,. A
Pt wire and a double-junction Ag/AgCl electrode were utilized as
counter and reference electrodes, respectively. All potentials, if not
specified, are normalized to the normal hydrogen electrode (NHE) in
this work.
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