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A nanoporous oxide interlayer makes a better Pt catalyst
on a metallic substrate: Nanoflowers on a nanotube bed
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To improve the contact between platinum catalyst and titanium substrate, a layer
of TiO, nanotube arrays has been synthesized before depositing Pt nanoflowers

by pulse electrodeposition. Dramatic improvements in electrocatalytic activity
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(3%) and stability (60x) for methanol oxidation were found, suggesting promising
applications in direct methanol fuel cells. The 3x and 60x improvements persist
for Pt/Pd catalysts used to overcome the CO poisoning problem.

1 Introduction

Due to superior catalytic activity and chemical stability,
nanostructured platinum (Pt) is frequently used in
fuel cells [14], metal-air batteries [5-8], water ionizers
[9, 10], solar cells [11-14], and bio-sensors and actuators
[15-18]. The high price of Pt drives nanostructuring
strategies to reduce platinum mass use, while main-
taining total electrode activity and stability [19].
Platinum mass use can be reduced by optimizing
platinum particle’s morphology and size due to surface
structure effects on catalytic activity [20, 21]. Therefore,

bonding Pt nanoparticles with controlled morphology
and size on a metal substrate, such as titanium (Ti),
may dramatically reduce Pt mass use for electro-
catalysis [3]. However, the poor contact between Pt
nanoparticles and Ti substrate often leads to mechani-
cal detachment, loss of electron conduction paths, and
greatly reduced service life. Because a Pt nanoparticle
has a small radius of curvature (rp), it cannot bond well
with an atomically flat surface (Fspsirate = ) according to
the Johnson-Kendall-Roberts (JKR) theory of adhesive
contact. Roughening the substrate surface by nano-
structuring, so that its radius of curvature matches
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that of the nanoparticle, may significantly improve
bonding. Anodic oxidation dramatically increases the
roughness and surface area of Ti [22-29], and thus
could be a viable strategy to achieve the above goal.
Lei et al. have previously deposited Pt nanospheres on
a titanium substrate with TiO, nanotube arrays and
found improved specific catalytic activity of Pt [30].
However, they used single-pulse electrodeposition,
which gives a low Pt loading (0.1 mg/cm?).

In the present work, Ti substrates were first anodized
in an organic electrolyte containing fluoride ions [31].
TiO, nanotube arrays, with diameter of ~80 nm and
length of ~2 um, were formed on the surface of the
Ti substrate. Pt nanoflowers were then deposited on
the surface of anodized Ti containing TiO, nanotubes
(Pt=TNT-Ti), and normal Ti with a compact thin oxide
film of ~100 nm thickness (Pt-Flat-Ti), using pulse
electrodeposition (PED). The hybrid electrodes’ electro-
catalytic activity and stability were investigated in
sulfuric acid solution with or without methanol fuel.
The measurements show that not only the electro-
catalytic activity but also the chemical stability of
the hybrid electrode was greatly increased by nano-
structuring the Ti surface. Essentially, planting Pt
nanoflowers on nanotube beds (Pt~TNT-T1i) was found
to work much better than planting the same Pt nano-
flowers on flat beds (Pt-Flat-Ti). It is also intriguing
that the micron-long TiO, nanotubes do not seem to
impede electron transfer between Pt and the titanium
metal, and actually reduce the electrical impedance
by a factor of two compared to Pt-Flat-Ti.

2 Results and discussion

Figure 1 briefly illustrates our approach. The Ti sub-
strate was first nanostructured by anodic oxidation
(Fig. 1(a)), followed by annealing to transform the
anodized amorphous TiO, into anatase (Fig. 1(c)). For
comparison, the pure titanium substrate was annealed
in an oxygen atmosphere to form a compact oxide film
of ~100 nm thickness on the Ti substrate (Fig. 1(b)).
The Pt nanoflowers were deposited on the different
substrates as shown in Fig. 1. In order to examine the
efficacy of the “flower-on-stem” approach, the electro-
chemically active surface area, electrocatalytic capability
for methanol oxidation and conductivity of the hybrid
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electrode in methanol plus sulfuric acid solution were
measured and compared.

With anodization, a 2 pum-thick layer of an aligned
amorphous TNT array with openings of 80 + 5 nm was
created on top of a more compact TiO, underlayer that
touches the Ti metal (Fig. 1(a)). To obtain crystalline
TiO,, the amorphous TNT thin film was converted
into the anatase phase by annealing at 500 °C for 2 h
[31, 32]. Figures 2(a) and 2(b) show the top and cross-
sectional morphologies of the annealed TNT thin film.
The conversion from amorphous to anatase phase was
identified by XRD (Fig. 1(c)). The platinum nano-
particles aggregate in the form of nanoflowers which
mainly cover the top surface of the TiO, nanotube
array (Pt-=TNT-Ti), and also partly disperse along the
wall of the nanotubes (Fig. 2(d)). Compared with the
reported pulse method (-2mA/cm?) for electro-
depositing Pt nanoflowers [30], we adopted higher
pulse current (Jpus =-350 mA/cm?) for a relatively
long duration (6 ms), which not only reduces the de-
position time but also makes the Pt nanoflowers more
homogenously distributed. In comparison to direct
current deposition (0.1 mA/cm? reported by Zhang
[33]), the high current densities increased the number
of deposition centers (nucleation sites) around the
tubes. The relaxation time (zero current density), t.s
improved the homogeneity of the deposition and
limited hydrogen evolution [34, 35]. For comparison,
Pt nanoflowers were also electrodeposited on the
surface of titanium with native TiO, (Pt-Flat-Ti). It is
clear that Pt nanoflowers can also be electrodeposited
on the surface of the TiO, film and the particle size is
similar to that of Pt=TNT-Ti. However, there are some
cracks between the Pt nanoflower layer and TiO, thin
film (Fig. 2(f)), indicating poor bonding as hinted
before. XRD shows that the nanoflowered Pt had
(111), (200) and (220) diffraction peaks, as shown in
Fig. 1(c), characteristics of a face-centered cubic (FCC)
crystal structure. It can also be seen that the diffraction
peak intensities of the (111) and (200) peaks are higher
than that of (220), which is in agreement with the TEM
results (see below). The average particle size of the Pt
particles was calculated to be about 7.2 nm for Pt~-TNT-
Ti and 7.3 nm for Pt-Flat-Ti based on the Scherrer
equation. The TiO, nanotubes are in the anatase phase,
as shown in the top XRD pattern in Fig. 1(c).
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Figure 1 (a) Illustration of Pt nanoflowers on the TiO, nanotube array substrate and (b) the flat TiO, film substrate; (c) XRD patterns
of Pt—TNT-Ti, Pt-Flat-Ti and annealed TiO, nanotube arrays and (d) the schematic of the current pulse shape utilized during the Pt
electrodeposition process.
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Figure 2 Scanning electron microscopy morphology of the TiO, nanotube (TNT) thin film and the hybrid electrode films decorated with
Pt nanoflowers: (a) top view of TNT, (b) cross-section of TNT, (c) top view of Pt—-TNT-Ti, (d) cross-section of Pt=TNT-Ti, (e) top view of
Pt-Flat-Ti and (f) cross-section of Pt—Flat-Ti. The insets in (c) and (e) are high-magnification views of the top morphology of Pt~TNT-Ti
and Pt-Flat-Ti respectively. The inset in (f) is the high-magnification cross-section of the Pt nanoflower layer of Pt—Flat-Ti.

The morphologies of the Pt nanoflowers are shown  nanoparticles, as identified by the HRTEM images
in Fig.3. The diameters of the nanoflowers ranged  (Fig. 3(d)). The particle size was calculated to be
from 0.6 pm to 0.8 um, as calculated from Fig. 3(a). 7-9 nm, which is consistent with the size calculated
The surface of the nanoflower was composed of Pt from XRD patterns (Fig. 1(c)) based on the Scherrer
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Figure 3 Transmission electron microscopy observation of
nanoflowers with different magnification: (a) and (b) are low-
magnification views of Pt nanoflowers; (c) and (d) are HRTEM
images of the morphology of Pt nanoparticles that make up the Pt
nanoflower.

equation. The HRTEM images also clearly show that
main orientation was Pt (111) and Pt (100), in good
agreement with the XRD results.
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The mechanism for the formation of Pt along the
wall of the nanotubes is that the bottom of the TNT
has a lower potential than that of the top section. The
lower potential resulted in the PtVCI; ion being pre-
ferentially reduced to pure Pt along the wall. However,
the PtVCI; ions could not be immediately replaced
because of the low concentration of PtVCIZ ions in
the precursor. Therefore, the Pt was not uniformly
deposited into the nanotubes as in the case of Ni in
an anodic aluminium oxide (AAO) template [34] and
Cu in TiO, nanotubes [35].

Figure 4 describes the cyclic voltammograms (CVs)
of samples in 0.5 M H,SO, (with no methanol fuel) at
a potential scan rate of 50 mV/s. Similar responses
were noticed in the potential between -0.25V and
0.0 V for Pt=TNT-Ti and Pt-Flat-Ti. Three well-defined
hydrogen adsorption peaks at about —-0.24 V, -0.15V
and 0.0V are observed for Pt-TNT-Ti, which are
respectively attributed to the surface adsorption
characteristics of Pt (111), Pt (100) and Pt (110) facets,
indicating that these Pt nanoflowers have good
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Figure 4 CVs of Pt—TNT-Ti (green), Pt-Flat-Ti (red) and pure platinum plate (black) in 0.5 M H,SOj, solution with a scanning rate of
50 mV/s: (a) and (b) were tested using the as-deposited electrode; (c) and (d) were tested after the chronoamperometric experiment; (b) and
(d) are the curves for the pure platinum electrode with an expanded current density scale.
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crystalline facets, in agreement with the XRD and
HRTEM results.

Hydrogen adsorption and desorption is a powerful
technique to determine the active surface area of a Pt
electrode, and the integrated intensity of the peaks
represents the number of Pt sites available for hy-
drogen adsorption/desorption, that is, the true surface
area. By means of hydrogen adsorption/desorption
methods and CV, the electrochemical surface area of
Pt nanoflower thin films can be calculated as [19]:

Sy 1)

Qref x Ptloading

where Qu(mC/cm?) is the number of catalytic sites
available for hydrogen adsorption/desorption, and
Qrer = 0.21 mC/cm?, is the charge needed for oxidation
of a single layer of hydrogen on a smooth Pt surface.
The Qg values of Pt nanoflower thin films measured
under the electro-adsorption curve for hydrogen were
58.37 mC/cm? and 42.75 mC/cm? for PTNT-Ti and
Pt-Flat-Ti, respectively. The active surface areas of Pt
were calculated to be 228.3 cm?/mg and 225.5 cm*/mg

(a

~

160T—p; 2 F,
‘€ 140] —Pt-Fla-Ti | [ /)
S 120]  PETNT-Ti /\ // \
£ 100
2 807
£ 601
; 40
o 201
5 04 ==
—20+— T T T T T T
-02 0.0 02 04 06 08 1.0
Potential voltage (V vs. SCE)
C 160
( )ﬁ‘ 140 — M B B
g 120 — Pt-Flat-Ti ANV
2 1 — Pt-TNT-Ti [/
é 100 /| / \
= / \\ / \
= 80 /.
hz 1 / '/ \\ /
g o0 [~/ v
S 40 /
2 2] / “Eﬁi—/
5 o] ==
-20

02 00 02 04 06 08 1.0
Potential voltage (V vs. SCE)

1011

for Pt-TNT-Ti and Pt-Flat-Ti, respectively.

The electrocatalytic activity of the samples was
evaluated using cyclic voltammograms (CV) in 1.0 M
methanol fuel plus 0.5 M sulfuric acid electrolyte. The
results are summarized in Table S1 (in the Electronic
Supplementary Material (ESM)). Figure 5(a) illustrates
the CV curves for Pt-TNT-Ti and Pt-Flat-Ti at 50 mV/s.
The forward anodic current density peak (F,) of
methanol electro-oxidation reached up to 149.6 mA/cm?
for Pt-TNT-Ti and 96.0 mA/cm? for Pt-Flat-Ti
(previously reported results were ~21 mA/cm? for
a Pt/nanotube (NT) electrode [36]). All the current
densities reported here were normalized to the
electrode geometry area, i.e., the nominal area of the
electrode. The current density of Pt-TNT-Ti is even
higher than that of Pt-Flat-Ti, which is the main
reason why the F, peak current position (0.741V)
of Pt-TNT-Ti is slightly higher than that (0.717 V)
of Pt-Flat-Ti, due to the resistance polarization. A
possible reason for the observed superiority is that
the conductivity of Pt-Flat-Ti is lower than that of
Pt-TNT-Ti because the contact area between Pt and
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Figure 5 CVs of Pt—TNT-Ti (green), Pt-Flat-Ti (red) and pure platinum plate (black) in 1.0 M methanol fuel plus 0.5 M H,SO, solution
with a scanning rate of 50 mV/s: (a) and (b) were tested with the as-deposited electrode; (c) and (d) were tested after the chronoamperometric
experiment; (b) and (d) are the curves for pure platinum electrode with an expanded current density scale.
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Figure 6 (a) EIS spectra for Pt—~TNT-Ti and Pt-Flat-Ti tested in 1.0 M CH30H + 0.5 M H,SO, solution. (b) Equivalent circuit for
fitting values: R—solution resistance; Rp,, C;—for the surface Pt nanoflowers; R,, C,—for the TiO, nanotube layer or compact TiO, thin
film; and Ry, Cs—for the titanium oxide barrier layer. (c) Chronoamperometric curves of Pt—~TNT-Ti (green), Pt-Flat-Ti (red) and pure
platinum (black) in 1.0 M CH;0H + 0.5 M H,SO, solution with a Pt loading 1.2176 mg/cm?® for Pt~TNT-Ti and 0.9026 mg/cm’ for
Pt—Flat-Ti. (d) Chronoamperometric curve for pure platinum electrode.

Ti substrate of Pt-TNT-Ti is larger than that of
Pt-Flat-Ti. This can be verified by the electrochemical
impedance spectroscopy (EIS) results shown in
Fig. 6(a), which were recorded at open circuit potential
to get equilibrium information of these hybrid
electrodes. The fitting parameters based on the
equivalent circuit model in Fig. 6(b) are shown in
Table 1. The resistance of the Pt (Rp) nanoflowers is
5.716 uQ) and 8.638 ul) respectively for Pt—TNT-Ti
and Pt-Flat-Ti. Also, the electron transport resistance
(Ry) from the Pt nanoflowers to the TiO, nanotubes is
1.64 kQ), lower than the electron transport resistance
(3.25 kQ) from the Pt nanoflowers to the TiO, flat
film. These fitting parameters reproduce the smaller
impedance semicircle of Pt-TNT-Ti compared to
Pt-Flat-Ti. Zhang et al. [37] previously reported that
Pt nanoflowers can be formed on conductive glass
(indium tin oxide, ITO), and the reported electrode’s
anodic current density for oxidizing methanol is

14.7 mA/cm?. Therefore, the electrocatalytic ability
of our hybrid electrodes is about 10 times that of the
previously reported results. The observed prominent
anodic current can be partly attributed to the electro-
catalytic activity of the Pt nanoflowers, which provide
higher specific areas and more active centers for
electrocatalysis. What is more, the Pt dispersed along
the wall of the nanotubes improves the contact between
Pt and the Ti substrate, resulting in improved con-
ductivity of the hybrid electrode as confirmed by EIS.

The backward anodic current density peak (B,) is
142.3 mA/cm? for Pt—-TNT-Ti and 99.7 mA/cm? for
Pt-Flat-Ti. The ratios (the higher value of this ratiois,
the higher tolerance the electrode will have) of F, to
B, are 1.051 for Pt-TNT-Ti and 0.963 for Pt-Flat-Ti
electrodes, indicating slightly better carbon monoxide
(CO) poisoning tolerance of Pt—~TNT-Ti. It is widely
recognized that pure Pt electrodes have an inherent
tendency to suffer CO poisoning [38], which is also
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Table 1 Fitting values of the equivalent circuit elements for
Pt-TNT-Ti and Pt-Flat-Ti

Rs Rb C3 Rl CZ RPt Cl
(mQ) (Q) (mF) (kQ) (uF) (uQ) (mF)

Pt-TNT-Ti 304.5 61.26 26.45 1.64 4482 5.716 2.765

Sample

Pt-Flat-Ti 4455 38.04 15.71 3.25 393.4 8.638 2.427

Ri—solution resistance; Rp, C,—for the surface Pt nanoflowers;
R,, Cy—for the TiO, nanotube layer for Pt—~TNT-Ti or compact
TiO, thin film for Pt-Flat-Ti; and Ry, Cs—for the compact titanium
oxide barrier layer.

the case in our work (Fig. 5(b)). To overcome the CO
poisoning problem, a Pt/Pd binary catalyst, one of the
popular industrial electrodes [39, 40], was deposited
on the surface of the TiO, nanotube thin film. The
ratio of F, to B,, shown in Fig. S1 (in the ESM), was
calculated to be 1.949 for Pt/Pd deposited on the
TiO, nanotube thin film (Pt/Pd-TNT-Ti) and 1.497
for Pt/Pd deposited on the TiO, flat thin film (Pt/Pd-
Flat-Ti). These ratios are higher than those for the pure
Pt electrode on the same substrates, indicating that
Pt/Pd binary nanoparticles can reduce CO poisoning
problem.

Chronoamperometry data were recorded at 0.60 V
vs. a standard calomel electrode (SCE) for 4 h as an
investigation of the catalyst deactivation (Fig. 6(c)).
The starting current density (S.4) and the final current
density (E.) of the samples are shown in Table S2 (in
the ESM). Both Pt~TNT-Ti and Pt-Flat-Ti show a high
initial current (70.867 mA/cm? for Pt+TNT-Ti and
58.404 mA/cm? for Pt-Flat-Ti). After reaction for
4 h however, the final currents decreased to 37.829
and 8.794 mA/cm? for Pt-TNT-Ti and Pt-Flat-Tij,
respectively. The ratio of final current density to
starting current density was calculated to be 0.534
and 0.151 respectively for Pt-TNT-Ti and Pt-Flat-Ti,
compared to 0.018 for the Pt electrode. Both the
Pt-TNT-Ti and Pt-Flat-Ti electrodes therefore exhibit
slower current decay over time compared to the Pt
electrode. This improvement can be attributed to a
faster removal rate of the poisoning species on (110)
facets of the Pt nanoflowers. In addition, Pt~=TNT-Ti
exhibits a slower current decay over time than Pt-
Flat-Ti, revealing a higher chemomechanical stability.
This is attributed to the slower rate of loss of Pt on Pt-
TNT-Ti. Chronoamperometry data for Pt/Pd-TNT-Ti
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and Pt/Pd-Flat-Ti also revealed that the calculated
ratios of final current density to starting current
density were 0.636 and 0.373 respectively, indicating
that TNT can improve the contact between the Pt/Pd
catalysts and the Ti substrate.

The morphologies of Pt-TNT-Ti and Pt-Flat-Ti
electrodes are shown in Fig. 7, which indicates that
some Pt nanoflowers have been mechanically peeled
off from Pt-Flat-Ti. This observation can be con-
firmed by the Pt loading, which was analyzed using
inductively coupled plasma atomic-emission spectro-
metry (ICP) to be 1.2089 mg/cm? and 0.5058 mg/cm?
for Pt-TNT-Ti and Pt-Flat-Ti respectively after the
chronoamperometry observation. While Pt-Flat-Ti has
lost 44% of its initial Pt, Pt~TNT-Ti loses only 0.7% of
its initial Pt. The much higher loss rate of Pt loading
for Pt-Flat-Ti (about 60 times that of Pt~TNT-Ti) is
direct proof of the poorer mechanical contact between
Pt nanoflowers and the flat TiO, surface. Both the
morphology and the Pt loading for Pt—-TNT-Ti are
almost the same as in the as-deposited state, indicating
a higher chemomechanical stability. A similar pheno-
menon was observed for Pt/Pd-TNT-Ti and Pt/Pd-
Flat-Ti as well (Table S3 and Fig. S2 in the ESM).

The electrocatalytic activity of the samples after the
chronoamperometry experiment was further measured
by CV both in 0.5 M sulfuric acid solution and 1.0 M
methanol plus 0.5 M sulfuric acid solution. Figure 4(c)
gives the CV curves recorded in 0.5 M sulfuric acid
solution. The CV behavior of Pt~TNT-Ti is almost
identical to its as-deposited state, in contrast to a sharp
decrease for Pt-Flat-Ti. The electrocatalytic active
surface areas were calculated to be 214.913 cm*/mg
and 163.343 cmz/mg for Pt—-TNT-Ti and Pt-Flat-Tij,
respectively. Figure 5(c) shows the CV curves tested
in 1.0 M methanol plus 0.5M sulfuric acid solution.
The F, for electro-oxidation of methanol decreased
from 149.6 to 141.4 mA/cm? for Pt-=TNT-Ti and from
96.0 to 54.9 mA/cm? for Pt-Flat-Ti electrodes. It was
also found that the F, peak current position for
Pt-TNT-Ti shifted from 0.741V to 0.764 V. This is
attributed to CO poisoning which reduces the catalytic
activity. The peak current position for Pt-Flat-Ti shifted
from 0.717 V to 0.68 V, which is mainly attributed to
Pt peeling off from the substrate. Peeling off of Pt
decreases the oxidation current, resulting in decreasing
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Figure 7 Morphologies of (a) and (b) Pt—~TNT-Ti and (c) and (d) Pt-Flat-Ti after the chronoamperometric experiment.

resistance polarization, and exposes some new Pt
surface, resulting in reduced CO poisoning. These
observations verified that Pt~TNT-Ti exhibited higher
mechanical stability than Pt-Flat-Ti. A similar pheno-
menon was found for Pt/Pd-TNT-Ti and Pt/Pd-Flat-Ti,
as shown in Fig. S2 (in the ESM): F,, decreased from
304.4 to 283.9 mA/cm? for Pt/Pd-TNT-Ti and from
125.1 to 41.2 mA/cm? for Pt/Pd-Flat-Ti electrodes.

The above observations can be rationalized as
follows. The cracks between Pt nanoflowers and flat
TiO, passivation layer (Figs. 2(f) and 7(d)) result in
the Pt nanoflowers being easily peeled off from the
substrate. On the other hand, Pt nanoflowers were
partly “planted” into TiO, nanotube arrays, resulting
in more robust contact between Pt nanoflowers and
the Ti substrate.

3 Conclusions

The surface of a Ti substrate has been nanostructured
by forming TiO, nanotube arrays via anodizing. Pt
nanoflowers were deposited on the nanostructured
and non-nanostructured Ti substrates. Both the
electrocatalytic activity and stability were greatly

improved by nanostructuring the substrate surface,
making the resulting materials attractive for electro-
chemical applications. What is more, the present work
can provide a facile method to improve the quality
of contact between other noble metals and metallic
substrates.

4 Experimental details

4.1 Preparation of titanium dioxide nanotube
(TNT) arrays

Ti foils (0.2 mm thickness, 99.7% purity, ordered from
the General Research Institute for Nonferrous Metals
(GRINM), China) were degreased by ultrasonic
cleaning in acetone, ethanol and de-ionized (DI)
water. The cleaned samples were dried in a nitrogen
stream. Anodization was performed in an organic
electrolyte of ethylene glycol containing 0.1 M NH,HF,
+0.5% DI water with a two-electrode cell. Ti foil was
the working electrode, and a graphite foil served as
a counter electrode. The voltage was 30 V and the
duration was 4 h. The as-formed TiO, nanotube layers
were annealed at 500 °C in air for 2 h with heating
and cooling rates of 2 °C/min [31, 32].
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4.2 Preparation of Pt nanoflower structured

electrodes

For Pt deposition, we used a current pulsing approach
with a cathodic pulse (=350 mA, 6 ms), an anodic pulse
(+350 mA, 1 ms) and a relaxation time (0 mA, 15s) in
0.4 mM H,PtCls + 0.5 M H,SO, aqueous electrolyte
with a temperature of 30 °C for 10 min. The current
pulse shape used in the present work is shown in
Fig. 1(d). The electrolyte was strongly agitated with
magnetic stirring during electrodeposition. The nano-
flowered Pt was electrodeposited on the annealed TNT
substrate (Pt-TNT-Ti). The Pt loading deposited was
determined using inductively coupled plasma atomic-
emission spectrometry (ICP-AES). The calculated Pt
loading is 1.2176 mg/cm? for Pt~TNT-Ti (Table S4, in
the ESM). For comparison, Pt nanoflowers were also
electrodeposited on a Ti substrate with a flat TiO,
thin film (Pt-Flat-Ti), which was formed via annealing
titanium in an oxygen atmosphere at 500 °C for 2 h,
and the Pt loading was measured as 0.9026 mg/cm?
For comparison, the electrocatalytic capability of the
pure platinum plate (Pt) with exposure area of 1 cm?
was also investigated.

4.3 Structural characterization

The surface, top morphology and cross-section
alignment of the samples were characterized using
field emission scanning electron microscopy (Hitachi
FE-SEM 54800) with an accelerating voltage of 15 kV.
The phase compositions of the samples were deter-
mined by X-ray diffraction (XRD) using a diffractometer
with copper (Cu) Ka radiation. The morphologies and
microstructures of the samples were also observed by
transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM,
JEOL-2010, operated at 200 kV).

4.4 Electrochemical characterization

Active surface area was characterized by using an
IM6EX Electrochemical Station (Zahner Instruments,
Germany) in 0.5M H,50, electrolyte. A traditional
three-electrode system was used for the electro-
chemical tests, with the Pt~-TNT-Ti hybrid electrode
as the working electrode, a platinum plate (2 x 2 cm?) as
the counter electrode and a saturated calomel electrode
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(SCE) as the reference electrode. All potentials were
reported against SCE.

The methanol electrocatalysis measurements were
carried out using an IM6EX Electrochemical Station
(Zahner Instruments, Germany) in 1.0 M CH;0H plus
0.5 M H,S0, electrolyte. A traditional three-electrode
setup was used for the electrochemical tests, with the
Pt-TNT-Ti hybrid electrode as the working electrode,
a platinum plate (2 x 2 cm?) as the counter electrode
and a SCE as the reference electrode. All potentials
were reported against SCE and all current densities
were normalized to the electrode geometry area, or
the nominal area of the electrode.

Electrochemical impedance spectroscopic (EIS)
curves of the cells were measured in the frequency
range from 0.1 Hz to 100 kHz under open circuit
conditions. The test electrolyte was 1.0 M methanol
plus 0.5M sulfuric acid solution and the amplitude
was 5 mV.
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