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ABSTRACT: Novel Janus nanostructured electrocatalyst (Pt/
TiSi,NCNT) was prepared by first sputtering TiSi, on one
side of N-doped carbon nanotubes (NCNTs), followed by wet
chemical deposition of Pt nanoparticles (NPs) on the other
side. Transmission electron microscopy (TEM) studies
showed that the Pt NPs are mainly deposited on the NCNT
surface where no TiSi, (ie., between the gaps of TiSi, film).
This feature could benefit the increase in the stability of the Pt
NP catalyst. Indeed, compared to the state-of-the-art
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commercial Pt/C catalyst, this novel Pt/TiSi-NCNT Janus structure showed ~3 times increase in stability as well as
significantly improved CO tolerance. The obvious performance enhancement could be attributed to the better corrosion
resistance of TiSi, and NCNTs than the carbon black that is used in the commercial Pt/C catalyst. Pt/TiSi,-NCNT Janus
nanostructures open the door for designing new type of high-performance electrocatalyst for fuel cells and other oxygen

reduction reaction-related energy devices.
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B INTRODUCTION

Because of their high efficiency, high power density, and zero
emission, polymer electrolyte membrane (PEM) fuel cells
(PEMFCs) are a type of promising power sources being
developed for transportation, stationary and portable device
applications." Despite much progress achieved, the high cost
and insufficient stability of Pt-based catalysts are two of the key
challenges that are hindering the wide-spread commercializa-
tion of PEMFCs.”~* Pt and Pt-based catalysts are commonly
used in both anode (for oxidation of hydrogen, methanol,
ethanol, etc.) and cathode [for oxygen reduction reaction
(ORR)] in PEMFCs.”® In the literature, different carbon
materials, such as carbon black spheres,7‘8 carbon nanofibers,”
and carbon nanotubes,'”"" have been widely reported as
catalyst supports because of their high surface area and good
electrical conductivity. It is well-accepted that the performance
degradation of PEMFCs could be attributed to the following
factors: (1) the dissolution, aggregation, Oswald ripening, and
poisoning of Pt catalysts and (2) the corrosion (electrochemical
oxidation) of the carbon supports during fuel cell operation,
especially at potentials higher than 0.9 V."*~'* To address these
challenges, researchers have employed various materials,
including carbide, nitride, and metal oxide, as alternative
catalyst supports because of their better stability and/or
stronger interaction with Pt than carbon black support.'*'®
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Because of their excellent corrosion resistance, thermal
stability, and electrical conductivity,17_19 metal silicides (e.g,
TiSi,) have recently attracted much interest as alternative
catalyst supports in PEMFCs. Metal silicide-supported Pt
catalysts have been reported to show improved stability and
activity for ORR and methanol oxidation.”””' Most of the
previously reported metal silicides were in the form of thin
films or powders, which hardly provide high surface area
demanded for using as catalyst supports. The combination of
TiSi, and carbon materials as supports potentially allows the
optimization of the dispersion and corrosion.

Herein, we have developed a new type of electrocatalyst by
combining N-doped carbon nanotubes (NCNTs) and TiSi, as
the Pt support. As demonstrated in Figure 1, this strategy was
realized by a two-step method, specifically, TiSi, was first
sputtered onto one side of NCNTs, and then Pt nanoparticles
(NPs) were deposited on the other side through wet chemical
reduction, forming a unique one-dimensional Janus nanostruc-
ture (Pt/TiSi,-NCNT). Ever since Gennes first emphasized the
Janus structure in his Nobel Prize address,” this unique
nanostructure has attracted increasing interests in various
applications.” In general, Janus structures include two different
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Figure 1. Schematic illustration of the fabrication process of PtNP/
TiSi,-NCNT Janus nanostructures.

materials on the opposite faces and thus possess dual surface
properties.”* Therefore, this type of unique Janus nanostructure
has promising applications in drug delivery, biosensing,
catalysis, and so forth. Moreover, in this work, Pt/TiSi,
NCNT Janus nanostructures were directly grown on a carbon
paper, which is commonly used as fuel cell backing, forming
novel three-dimensional (3D) nanostructured electrodes.
Importantly, such 3D supports possess additional advantages,
such as improved mass transport, better gas permeability, and
increased catalyst—support interaction.

B EXPERIMENTAL SECTION

Preparation of TiSi,-NCNT Catalyst Support. Chemical vapour
deposition (CVD) and magnetron sputtering techniques have been
combined to fabricate the TiSi,-NCNT nanostructure. In this work,
NCNTs were first grown on a carbon paper via a CVD process at 800
°C. The carbon paper was precoated with an Al buffer layer (30 nm)
and a Fe catalyst layer (1 nm). For the NCNT synthesis, melamine
was used as the precursor for both carbon and nitrogen sources.”
After that, the carbon paper with NCNTs was put in a plasma-
enhanced CVD/sputtering system. To purge the oxygen in the system,
the pressure in the chamber was vacuumed down to 1.9 X 10~ Torr,
and then Ar gas was introduced into the chamber to tune the pressure
to 1.5 X 107 Torr. The Ar flow rate was kept at 15 sccm during
sputtering. A TiSi, thin layer (100 nm) was deposited on the NCNTs
by using a TiSi, target (2 in.) under radio frequency magnetron (150
W, 10 min).

Preparation of Pt/TiSi,-NCNT Janus Nanostructure. Pt NPs
were deposited on TiSi,/NCNTs through the reduction of
hexachloroplatinic acid (H,PtCl;-:6H,0) at 80 °C by formic acid
(HCOOH).*® In a typical experiment, H,PtCls-6H,0 (32 mg,
Aldrich), HCOOH (Aldrich, 1 mL), and H,O (20 mL) were mixed
in a glass vial at room temperature. The TiSi,/NCNT/carbon paper
substrate was immersed into the above reaction solution, and then the
vial was place in a water bath (80 °C) for 30 min. After reaction, the
carbon paper sample was washed with deionized water three times and
dried in a vacuum oven. Inductively coupled plasma (ICP)—optical
emission spectroscopy was used to evaluate the Pt loadings in the
samples.

Physical Characterization. The as-synthesized samples were
characterized by scanning electron microscopy (SEM, Hitachi S-4800,
operated at 5 kV), transmission electron microscopy (TEM, JEOL
JEM-2100, operated at 200 kV), and X-ray diffraction (Bruker D8
ADVANCE diffractometer equipped with a Cu Ka radiation source).

Electrochemical Evaluations. Cyclic voltammetry (CV) meas-
urements of the Pt/TiSi,-NCNT/carbon paper were conducted in a
standard three-electrode cell at room temperature, using Ag/AgCl (3
M NaCl) and Pt wire as the reference and counter electrodes,
respectively. All potentials in this work, however, are normalized to the
reversible hydrogen electrode (RHE). CV measurements were
conducted in a N,-saturated 0.5 M H,SO, solution at a scan rate of
50 mV/s by using a CHI 600C (CH Instrument Company) system.
The 4000 cycle accelerated durability test (ADT) was performed by
potential cycling between 0.60 and 1.2 V at 50 mV/s in a O,-saturated
0.5 M H,SO, solution at room temperature. Meanwhile, the full-scale
CV between 0.0 and 1.2 V in N,-saturated H,SO, solution (0.5 M)

was taken periodically to track the degradation of the three Pt-based
catalysts. The electrochemical active surface areas (ECSAs) of the Pt
catalysts were calculated from the hydrogen adsorption peaks in the
CV curves. For methanol oxidation properties, the CV measurements
were conducted in an N,-saturated 0.5 M H,SO, solution containing 1
M MeOH. For CO-stripping measurements, pure CO (99.5%) was
purged into the solution for 1 h, with the electrode polarized at 0.05 V
(vs. RHE) in a fume hood. Then the solution was purged with
ultrahigh pure N, for another 1 h under potential control, followed by
voltammetric stripping.

For comparison purpose, other materials including TiSi-NCNT,
PtNP/NCNT, and 30 wt % Pt/C (ETEK) were also evaluated under
identical conditions. To prepare the ETEK Pt/C electrode, 10 mg of
the catalyst was put in 1 mL of H,0/isopropanol (1/1 in volume
ratio) solution and then sonicated for 30 min to make a uniform ink
suspension. The glassy carbon (GC) disk electrodes (5 mm in
diameter) were polished to a mirror finish before using. The catalyst
suspension (20 L) was dropped onto the GC disk electrode and then
dried under N, flow. Then, 10 uL of Nafion solution (0.05 wt %) was
dropped onto the catalyst film. For the Pt/C catalyst, the Pt loading on
the GC electrode was maintained at 0.3058 mg/cm? which is similar
to the Pt loading for the PtNP/TiSi,NCNT electrode (measured
through ICP).

B RESULTS AND DISCUSSION

The surface morphology change of the NCNTs before and
after TiSi, sputtering can be clearly seen from the SEM and
TEM images in Figure 2. The pristine NCNTSs have diameters

(20-40 nm)

Figure 2. SEM (a,c) and TEM (b,d) images of NCNTs with (a,b) and
without (c,d) TiSi, coating.

of 40 to 60 nm (Figure 2ab), and the CNT surfaces are
relatively smooth and possess a bamboolike structure, which is
due to N-doping, that is, the integration of N into the graphitic
structure. After the TiSi, film deposition via sputtering, the
NCNTs surface became very rough, and the bamboolike
structure is also difficult to be seen. Impressively, after the TiSi,
coating, the NCNTs still kept their “free-standing” 3D
architecture (Figure 2c). The TEM image (Figure 2d) indicates
that the TiSi, film (20—40 nm) only covers one side of the
NCNTs, leaving the other parts either without the TiSi, film or
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Figure 3. SEM (a)b) and TEM (c,d) images of Pt NPs deposited on TiSi,-NCNTs. (e,f) EDX spectra recorded from different selected areas, sp' and

sp?, respectively, in (d).

partially covered with a very thin particle film. This
phenomenon might be caused by the shadow effect of the
sputtering process.

Interestingly, after Pt deposition (Figure 3a—d), the Pt NPs
deposit, selectively, on the surface of NCNTSs, which has no
TiSi, coating, forming a unique PtNP/TiSi,-NCNT Janus
nanostructure. This might be caused by the inert surface of the
TiSi, film, which is hard for Pt attachment. On the contrary, for
pristine NCNT support, the Pt NPs (3—4 nm in diameter)
distribute relatively uniformly on their whole surface (Figure
S1). The inset in Figure 3c shows the selected area electron
diffraction patterns, which reveal the crystallinity and
amorphous nature of the Pt NPs and the TiSi, film,
respectively. Figure 3ef shows the energy-dispersive X-ray
(EDX) spectra taken from two selected areas, indicated by
cycles 1 and 2 in Figure 3d, of the Pt/TiSi,-NCNT Janus
nanostructure. The EDX results further confirm that TiSi,
deposits on one side while Pt deposits on the opposite side of
NCNTs. Figure 4a,b show the high-resolution TEM (HRTEM)
images of the sample at different magnifications and locations,
which further demonstrate the highly crystalline character of Pt
NPs and also the amorphous phase of the TiSi, film. The 0.23
nm lattice spacing of Pt corresponds to the Pt(111) plane of
the face-centered-cubic structure. The 0.34 nm lattice spacing
can be indexed to the (002) plane of the CNTs. Moreover, in
some places, Pt NPs preferentially grow between the gaps of

Figure 4. HRTEM images (a,b) of PtNP/TiSi,-NCNTs at different
magnifications and locations.

TiSi, film/nanoparticles, and then form elongated dendritic or
chainlike Pt nanostructures.

The electrochemical properties of the Pt/TiSi,-NCNT Janus
nanostructures were evaluated via CV. For comparison
purpose, the pristine TiSiyNCNT (no Pt) and commercial
Pt/C (ETEK) were also evaluated under identical conditions.
The CVs were recorded between 0 and 1.2 V versus RHE in
N,-saturated 0.5 M H,SO, solution with a scan rate of 50 mV/
s. From Figure S, we can see that TiSi,-NCNT only shows the
background currents representing the characteristic of CNT
electrodes (black line), indicating that the TiSi,-NCNT support
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Figure 5. CVs of pristine TiSi, NCNT (black curve) and PtNP/TiSi,-
NCNT (red curve). Measured in N,-saturated 0.5 M H,SO, with a
scan rate of S0 mV/s.

itself is not active. The Pt/TiSi,-NCNT electrode shows clear
and characteristic Pt surface electrochemistry (red line), that is,
the hydrogen adsorption and desorption peaks between 0 and
0.3 V and Pt oxidation and reduction peaks between 0.75 and
1.2 V. Moreover, it also shows the multiple peaks for hydrogen
adsorption and desorption, indicating that multiple e);posed Pt
crystallographic planes were involved in the reaction.

ADT was conducted to evaluate the durability of the
catalysts. Linear potential sweeps were continuously applied to
initiate the surface oxidation/reduction of Pt and also the
oxidation of the Pt support. The formation of PtOH and PtO
on the Pt surface induces the dissolution of Pt through the Pt**
oxidation state.”” The ADT tests were performed by applying
linear potential sweeps from 0.6 to 1.2 V (vs RHE) with a scan
rate of 50 mV/s in O,-saturated 0.5 M H,SO, solution at room

temperature. After 4000 cycles, the ECSAs of the Pt-based
catalyst were determined by measuring the H adsorption and
compared with the ECSAs before ADT cycling. From Figure
6a,d, we can see that the commercial Pt/C (ETEK) catalyst lost
67.5% of its initial ECSA, whereas impressively, the Janus
nanostructured Pt/TiSi,-NCNT catalyst only lost 20% of its
original Pt ECSA (Figure 6¢c,d); in other words, Pt/TiSi,
NCNT is 3.4 times more stable than the commercial Pt/C
catalyst. To further investigate the role of TiSi, coating, Pt NPs
were grown on pristine NCNTs without TiSi, coating, and the
ADT tests were conducted under identical conditions. As
shown in Figure 6b,d, after 4000 cycles ADT test, PtNP/
NCNTs lost 56.5% of the original Pt surface area. We can see
that on the same NCNT support, with the addition of TiSi,, the
stability of Pt was significantly increased by 2.8-fold.

Clearly, the Janus nanostructured Pt/TiSi,-NCNT exhibits
the best stability among the three samples, followed by the Pt/
NCNT sample that shows better stability than the commercial
Pt/C catalyst. The significant stability increase could be
attributed to the following factors: first, NCNTs possess a
higher corrosion resistance than the carbon black used in the
Pt/C commercial catalyst,”® and moreover, by adding the more
corrosion resistant TiSi,, the stability of the Pt/TiSi,-NCNT
catalyst was further increased. Second, Pt NPs sit between the
gaps of TiSi,, which act as an energy barrier to alleviate the
migration/aggregation of individual Pt NPs (as shown in Figure
1).” Third, the unique dendritic and chainlike structure of Pt
makes it less vulnerable to Ostwald ripening and aggregation
during cycling than the PtNPs.® Therefore, the Pt/TiSi,-NCNT
Janus catalyst is much more stable than the commercial Pt/C
catalyst.
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Figure 6. CV curves for catalysts before (black curve) and after (red curve) 4000 cycles ADT test: (a) Pt/C (E-TEK), (b) PtNP/NCNT, and (c)
PtNP/TiSi,-NCNT catalysts. (d) ECSA loss of the three catalysts as a function of the cycling numbers in O,-saturated H,SO, solution (0.5 M) at

room temperature.
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The electrocatalytic activity for methanol oxidation reaction
(MOR) of the Pt/TiSi, NCNT was evaluated in 0.5 M H,SO,
solution containing 1 M MeOH. For comparison, the MOR
properties of the pristine TiSi,-NCNT and commercial Pt/C
were also studied under identical conditions. As shown in the
voltammograms (curve a) in Figure 7, no obvious methanol

704
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—— TiSix-NCNT
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Figure 7. CVs for MOR (1 M methanol in 0.5 M H,SO,). Trace

(ab,c) represents TiSi,-NCNT, Pt/C, and PtNP/TiSi,-NCNT,
respectively.

oxidation peaks could be seen from the CV of the TiSi,-NCNT
electrode, which means that the TiSi,-NCNT support itself is
not active for methanol oxidation. For Pt/C (curve b) and Pt/
TiSi,-NCNT (curve c), there are two typical oxidation peaks
appearing from the CV curves, which are due to the oxidations
of methanol and their intermediates.”® After normalization to
Pt loading, in the forward scan, Pt/TiSi,-NCNT shows higher

activity (62.0 A/gp,) for methanol oxidation than that (56 A/
gp,) the ETEK Pt/C catalyst. According to Goodenough et
al,’" the anodic peak in the reverse scan could be due to the
removal of the incomplete oxidized carbonaceous species, for
example, HCOO—, CO, or HCO—, which were accumulated
on the Pt surface during the forward scan. Therefore, the
current density ratio between the forward scan and the
backward scan, I;/I, are commonly used to evaluate the
catalyst CO tolerance capability. A higher I;/I, ratio indicates
the improved CO tolerance, whereas a lower I;/I;, value usually
means poor activity for the oxidation of methanol and the
excessive accumulation of residual carbon species on the Pt
surface. In our work, Pt/TiSi,-NCNT Janus nanostructure
shows a much higher I;/I;, value than that of Pt/C catalyst (2.0
vs 1.3), suggesting that methanol could be oxidized more
effectively on the Pt/TiSi,-NCNT catalyst during the forward
scan, while releasing less poisoning species than the commercial
Pt/C catalyst, that is, Pt/TiSi,-NCNT has better CO tolerance
than commercial Pt/C catalyst.

To further investigate the CO tolerance properties of the
samples, CO-stripping voltammograms were conducted on the
three samples: Pt/C, Pt/NCNT, and Pt/TiSi,-NCNT catalysts.
CO adsorption was performed via holding the potential at 0.05
V (vs. RHE) for 20 min. Figure 8 shows that, for the three
catalysts, there was a sharp peak during the first scan (red line),
whereas it disappeared in the subsequent scan (black line). This
indicates that the monolayer CO adsorbed on the Pt surface
was completely oxidized during the first forward scan. The peak
potential for CO oxidation on Pt/C, Pt/NCNT, and Pt/TiSi,-
NCNT catalysts are located at 0.867, 0.862, and 0.837 V (vs
RHE), respectively. The results indicate that the Pt/TiSi,-
NCNT Janus nanostructure is more tolerant to CO poisoning,
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Figure 8. CO stripping of (a) Pt/C, (b) PtNP/NCNT, (c) PtNP/TiSi,-NCNT in the presence of CO in 0.5 M H,SO, solution. Scan rate: S0 mV/s.
For the three catalysts, a sharp peak appears in the first scan (red line) and disappears during the subsequent scan (black line). (d) For the
commercial Pt/C catalyst, the CO-stripping peak potential centers at 0.867 V, whereas it centers at 0.837 V for PtNP/TiSi,-NCNT.
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which may due to the involvement of TiSi,. Previous studies
have demonstrated that using metal oxide nanostructures as Pt
catalyst supports could increase the CO tolerance of the Pt.
This is because, according to a so-called bifunctional
mechanism, metal oxide could provide oxygen containing
(e.g, —OH) groups which help in removing the strongly
absorbed species such as CO.>' ™ Thus, the much improved
CO tolerance of the Pt/TiSi,-NCNT Janus nanostructure may
originate from the TiSi, coating, which could provide oxygen-
containing (e.g. —OH) groups on the catalyst surface.

Bl CONCLUSIONS

In summary, a simple two-step method has been developed to
fabricate a novel Pt/TiSi,-NCNT Janus nanostructure, which
consists of NCNTs with deposition of TiSi, on one side and Pt
NPs on the other side. The Pt/TiSi,-NCNT Janus nanocatalyst
showed a much enhanced (~3 times) stability and CO
tolerance compared to the commercial Pt/C catalyst. Pt/
TiSi,-NCNT Janus nanostructures provide a new strategy to
design next-generation high-performance electrocatalyst for fuel
cells and other energy devices.
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