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Abstract: Carbon modified TiO2 nanobelts (TiO2-C) were synthesized using a hydrothermal growth method,
as a support material for palladium (Pd) nanoparticles (Pd/TiO2-C) to improve the electrocatalytic perfor-
mance for methanol electrooxidation by comparison to Pd nanoparticles on bare TiO2 nanobelts (Pd/TiO2)
and activated carbon (Pd/AC). Cyclic voltammetry characterization was conducted with respect to saturated
calomel electrode (SCE) in an alkaline methanol solution, and the results indicate that the specific activity of
Pd/TiO2-C is 2.2 times that of Pd/AC and 1.5 times that of Pd/TiO2. Chronoamperometry results revealed
that the TiO2-C support was comparable in stability to activated carbon, but possesses an enhanced current
density for methanol oxidation at a potential of —0.2 V vs. SCE. The current study demonstrates the potential
of Pd nanoparticle loaded on hierarchical TiO2-C nanobelts for electrocatalytic applications such as fuel cells
and batteries.
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Introduction

Direct methanol fuel cells (DMFC) have garnered in-
terest in the portable devices and transportation in-
dustries because of their relatively low cost, high stor-
age capabilities, low temperature operation, low-carbon
emission, and high energy density [1-3]. However, issues
pertaining to sluggish catalytic kinetics and instability
of methanol delivery systems due to poisoning, limit
their potential practical applications [4-6]. Recently,
substantial work has been devoted towards electrooxi-
dation of alcohols using platinum (Pt)-based catalysts
in alkaline medium [7-10]. However, the activity of al-
cohol electrooxidation on many Pt-based catalysts in

alkaline medium is hindered by two factors: i) the high
cost of Pt because of low supply and high demand in in-
dustry and ii) the propensity of Pt catalysts to strongly
absorb carbon monoxide (CO,qs) intermediates, while
having difficulty in oxidizing adsorbed CO into COa.
This inability to oxidize CO,qs hampers the catalytic
activity [11,12].

As a substitute to Pt, palladium (Pd) has been
demonstrated to be a suitable electrocatalyst for
DMFC. At present, there are many efforts to enhance
the electrocatalytic activity of Pd through the improve-
ment of its geometrical and electronic properties. A
common strategy is combining Pd with other metals
forming alloys, such as PdSn, PdRu, and PdNi [13-15].
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Alloy catalysts have a higher oxygen reduction activity
than pure Pd [15], which help promote the oxidation
of strongly adsorbed intermediates, such as the oxida-
tion of CO,q5 to CO2. Another effective strategy is to
prepare composite catalysts by coupling with semicon-
ducting oxides (TiO2, SnO5 and RuO2) as support ma-
terials, which have been demonstrated to improve the
catalytic activity and stability of Pd catalyst for alco-
hol electrooxidation [6,16,17]. Among these metal ox-
ides, TiOs is touted as an effective substrate because of
its high catalytic activity, long-term stability, and non-
toxicity [18,19]. However, there are significant draw-
backs of using TiO, which include poor electrical con-
ductivity.

TiO2 nanobelts, previously used for photocatalysis
in water treatment [20-22], were adopted for the use in
electrocatalyst supports for Pd nanoparticles (denoted
as Pd/TiOg). In order to increase the conductivity of
the electrocatalyst support, the surface was modified
with a thin layer of carbon using glucose as a carbon
precursor source. A similar study has been conducted
on Pd loaded on carbonized TiO2 nanotubes for alco-
hol electrooxidation [23]. Furthermore, there have been
other studies that use TiOz on carbon fibers [24,25],
nanotubes [26-28], and nanoparticles [29] for electro-
catalysts. To the best of our knowledge, carbonized
anatase TiO2 nanobelts have not yet been researched
as a support for Pd catalysts for electrooxidation.

In this paper, we have conducted preliminary work
on improving the conductivity of TiOs nanobelt sup-
ports via carbonization and demonstrate higher peak
density currents for methanol electrooxidation than the
study conducted by F. Hu et al., which used car-
bonized TiO2 nanotubes [23]. The electrocatalytic ac-
tivities of Pd/TiO2-Ctoward methanol electrooxidation
were conducted using an electrochemical cell with a
three-electrode setup and compared to Pd nanoparti-
cles loaded on bare TiO2 nanobelts (Pd/TiO2) and on
activated carbon (Pd/AC).

Experimental

Synthesis of TiO2 nanobelts and carbon modi-
fied TiO5 nanobelts

TiO2 nanobelts were synthesized using a modified hy-
drothermal process reported in a previous work [20-22].
In a beaker, 2.0 g of TiOy nanoparticle precursor (P25
Aeroxide™, Evonik Industries, particle size: 21 nm,
BET surface area: 50415 m?/g) was dispersed in 60
mL of 10 M NaOH. The solution was stirred in a beaker
until well mixed and transferred to a 100 mL Teflon-
lined autoclave and heated at 190°C for 72 hours. The
product was filtered and washed in distilled water for
several times, including an acid wash in 0.1 M HCI so-
lution until pH = 7. H,Ti3O7 nanobelts were subse-
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quently obtained and dried at 70°C overnight. Bare
TiOs nanobelts were obtained by calcining HyTizOr
nanobelts at 450°C for 3 hours in air in a furnace. The
powder was then ramped to 700°C at a rate of 10°C/min
and held for an hour to form bare TiO5 nanobelts.

TiO2-C nanobelts were obtained using a modified
version of a method reported elsewhere [30]. In short,
0.75 g of as-prepared HyTizO; nanobelts was easily
dispersed by ultrasonication in 60 mL aqueous solu-
tion with 1.44 g of glucose. The solution was then
transferred to a 100 mL Teflon-lined autoclave and
heated to 180°C and held for 4 hours. After cool-
ing overnight, these suspensions were harvested by fil-
tration and washed with deionized water and ethanol
alternately at least five times. After drying at 70°C,
the resulting brown products were carbonized at 450°C
for 3 hours under nitrogen atmosphere in a tube fur-
nace. The powder was then ramped to 700°C at a
rate of 10°C/min and held for an hour to form TiO5-C
nanobelts.

Synthesis of Pd/TiO2-C nanobelt catalysts

Pd nanoparticles were loaded on as-prepared TiO5-C
nanobelts, TiO2 nanobelts, and activated carbon (AC)
through a liquid phase reduction method [31]. In a typ-
ical procedure, 6.8 mL of 40 mM of Nap,PdCly (99.995%
trace metals basis, Sigma Aldrich) aqueous solution and
120 mg TiO2-C nanobelts were added to 50 mL water.
The pH was adjusted to 9 using NaOH and the suspen-
sion was stirred for 2 hours. After 2 hours, 100 mL 0.05
M NaBH, reductant was added dropwise to the solu-
tion. The obtained suspension was magnetically stirred
for an additional hour. Subsequently, the mixture was
centrifuged at 3000 RPM, filtered in vacuum and rinsed
using Millipore water. The resultant product was dried
in a furnace at 70°C overnight. The same liquid phase
reduction method was used to form Pd nanoparticles
that were supported on bare TiO5 nanobelts and ac-
tivated carbon (Glassy spherical powder: 99.95% trace
metals basis and >100 m? /g specific surface area, Sigma
Aldrich). The final amount of Pd loaded in each sample
was determined by anodic stripping voltammetry (see
Fig. S3) and the results are shown in Table 1.

Microstructure and chemical composition char-
acterization

The carbon content of the TiO2-C composite was
investigated using thermogravimetric analysis (TGA,
TA Instruments Q500) from 50°C to 800°C at a rate
of 10°C under air flow (60 mL/min). The phase and
microstructure of as-synthesized TiOs nanobelts and
TiO2-C nanobelts were investigated using Raman spec-
troscopy, X-ray diffraction (XRD), field emission scan-
ning electron microscopy (FE-SEM), high resolution
transmission electron microscopy (HRTEM) and X-
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ray photoelectron spectroscopy (XPS). Raman spec-
troscopy was conducted using a Raman microscope
(Renishaw in via microscope equipped with 488 nm Ar
ion laser and a grating of 2400 L/mm) with a spec-
tral resolution of < 1 em™!. The morphology of the
as-synthesized TiOs nanobelts was evaluated using a
ZEISS LEO 1530 FE-SEM equipped with energy dis-
persive X-ray (EDX) instrument at an accelerating volt-
age of 10 kV. Powder XRD measurements were per-
formed on a Rigaku SA-HF3 X-ray diffractometer us-
ing Cu-K radiation (1.54 A) X-ray source equipped with
an 800 um collimator, operating at a voltage of 50 kV.
The obtained diffraction patterns were collected from
10° to 120° at a scanning rate of 1.5°/min. HRTEM
observation was conducted using a JEOL 2010F at the
Canadian Centre for Electron Microscopy (Hamilton,
Ontario, Canada). TEM samples were prepared by sus-
pending TiO2 nanobelts in ethanol and drip casting the
solution onto lacey carbon grids. X-ray photoelectron
spectroscopy (XPS) measurements were used to verify
TiOs, carbon, and Pd contents. The measurement was
carried out in ultra-high vacuum (HV) equipped with
VG Scientific ESCALab 250, using an aluminum Ka
X-ray radiation source (hv = 1486.6 ¢V). High resolu-
tion spectra were collected with a dwell time of 0.1 s
per point for all scans. Survey scans were collected at
50 eV pass energy, whereas individual scans were col-
lected at 20 eV pass energy. Cls, Ti2p, Ols, Cls, and
Pd3d regional spectra were obtained and their peaks
deconvoluted.

Table 1 Pd (II) concentrations of Pd/TiO.,
Pd/TiO2, and Pd/AC catalysts obtained from an-
odic stripping voltammetry.

Sample Pd .
Std. Pd in
Sample Concentration Concentration
rror  Sample (%)
(mg/mL) (mg/mL)
Pd-TiO2-C 11.1 1.35 0.040 12.2 +/— 0.4
Pd-TiO2 12.4 2.09 0.062 16.9 +/— 0.5
Pd-AC 11.0 1.41 0.042 12.8 +/— 04

* Sample size (n = 3) and a dilution factor of 1000 was used
when running anodic stripping voltammetry tests in order to
interpolate Pd concentration from calibration curve

Conductivity measurements

A modified method by Y. L. Hsin et al. was used
to determined conductivity of powdered catalysts [32].
The powder samples of TiO5-C, TiOs, and AC were
packed into heat-shrink tubing (diameter: 3.18 mm, 18
mm length) with two #4 stainless steel screws (2.78
mm diameter). One end of the tubing was capped with
a screw before packing the powder samples, and subse-
quently shrunk to tightly fit onto the screw end using
a hot air blower. Powder samples were added into the
open end of the tubing and compressed until densely
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packed. Subsequently, the open end of the tubing was
capped off with another screw and heat shrunk to fit
the screw.

The DC electrical resistance of the pressed powder
was determined by a two-probe method. A known cur-
rent was applied to the sample in one direction, then in
the opposite one via two #4 screw end terminals. The
real voltage drop was calculated from the arithmetic
mean of two voltage drop values, in order to correct for
thermo-electric contributions. A Keithley 2400 Source-
meter was used as a current supply and voltage mea-
surement meter. In each experiment, several values of
current were measured to ensure ohmic behavior of the
sample. The resistances of the #4 stainless steel screws
were much lower than that of the powder samples used
in this study.

Electrochemical measurements

Electrochemical measurements were conducted using
a three-electrode setup, consisting of the catalyst on a
working electrode, Pt wire as the counter electrode, and
a saturated calomel electrode (SCE, 0.242 V vs. nor-
mal hydrogen electrode) as the reference electrode. The
catalyst ink for the working electrode was prepared by
dispersing 5 mg of catalyst in 2 mL, H,O and sonicating
for 10 min. A volume of 12 uL of prepared catalyst ink
was dispersed onto a glassy carbon electrode (GC, 3 mm
diameter, CH Instruments Inc.), which served as the
working electrode. After drying the ink at room tem-
perature, 2 uL of Nafion (5 wt% in lower aliphatic alco-
hols and water, Sigma-Aldrich) was applied on the GC
electrode. This setup was used in measurements to de-
termine Pd concentration of the catalysts and methanol
electrooxidation performance.

The catalysts were digested using aqua regia and
the Pd concentration of the catalysts were determined
by anodic stripping voltammetry using a glassy carbon
electrode modified with chitosan (see Experimental De-
tails — Preparation of Chitosan Modified Electrode in
the ESI) in 0.02 M KCI-HCI supporting electrolyte (pH
2.0). Pd (II) standard solutions were developed from
PdCly anda calibration curve was constructed to de-
termine the Pd concentration of the catalysts (see Ex-
perimental Details — Pd (II) Concentration Character-
ization in the ESI). Anodic stripping voltammetry was
conducted from a potential range from 0.0 V to 1.0 V
at a scan rate of 100 mV/s. Additionally, the working
electrode was conditioned at a potential at 0.0 V for
60 s before measurement and an accumulation time of
60 s was used. High-purity nitrogen was used to deaer-
ate the solution for 15 min and the measurements were
carried out under an atmosphere of nitrogen at room
temperature.

Base cyclic voltammetry (CV) experiments were car-
ried out in a 1 M KOH solution at a scan rate of 50
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mV/s. Cyclic voltammetry was conducted in 1 M KOH
and varying concentrations of methanol (0.1 M to 4.0
M) at a scan rate of 50 mV /s. Chronoamperometry was
conducted at —0.2 V vs. SCE in 1 M KOH + 1.0 M
methanol (MeOH). All the above electrochemical mea-
surements were performed on the PSTAT500Gamry
Instrument Potentiostat. Furthermore, all tests were
purged under nitrogen for 10 min before starting any
experiment and potentials were quoted with respect
to SCE. All tests were reproduced five times and are
within 5% error. In addition, current densities were
normalized by the electrochemical active surface area
(EASA), or specific activity. The EASA of the cata-
lysts were determined by integrating the charge (@) on
the PdO reduction peak region and using the equation
33],

Q
g (1)
where S is the proportionality constant used to relate
charge with area and [ is the Pd catalyst loading in mg.
A charge value of 405 uC/cm for reduction of the PdO
monolayer was used [34].

EASA =

Results and discussion

Material characterization and analysis

Thermogravametric analysis was used to analyze the

(a)

5

weight composition of carbon in TiO5-C from 50°C to
800°C. From the analysis, the TiO2-C nanobelts con-
tained 12.8% carbon by weight (Fig. S1). TiO2 remains
stable beyond the maximum temperature of the exper-
imental run so the mass loss can be attributed solely
to the thermal oxidation of the carbon material. It
is important to point out that the high retention of
Pd particles (greater than 85%) after centrifugation at
3000 RPM and filtration suggests that the particles are
properly impregnated on the supports rather than sim-
ply mixed.

The Raman spectra shown in Fig. S2 reveal the
existence of 3 characteristic anatase bands of 392
cm~1(Byy), 512 cm™!(Ayy), and 634 cm~(E,) [35].
The TiO2-C spectrum reveals the existence of two
carbon bands, one at 1348 (D) ecm™! and the other
at 1589 (G) em~! [36], corresponding to defect and
graphitic bands of carbon, respectively; it also depicts
the three characteristic anatase bands- 389 cm™1(By,),
508 cm ! (A1), and 630 cm™! (E,) — that are similar
to bare TiOonanobelts, however they are red-shifted by
3-4 cm~lindicating that there is an interaction with the
surface carbon due to Raman spectroscopy being sen-
sitive to crystallinity and microstructure of a material.

HRTEM of Pd/TiO2-C (Fig. 1) details the lattice
structure of the material. The lattice parameters,
found by indexing the selected area electron diffraction
(SAED) pattern (Fig. 1(b)) using a zone axis of [001],

0-20

—2;:01'“"

—110
110200,

1-10 2-20

220

1/nm

Fig. 1 TEM Images of Pd/TiO2-C nanobelts: (a) Single Pd/TiO2-C nanobelts; (b) Indexed SEAD patterns with the zone
axis of [001]; (c) High resolution image of TiO2-C nanobelt coated with a 3 nm amorphous carbon layer and deposited Pd
nanoparticles; and d) visible 6-8 nm Pd (111) nanoparticles on TiO2 (101) planes with amorphous carbon phases.
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is mostly attributed to the anatase phase (tetragonal
structure), in agreement with the XRD results given be-
low. HRTEM observation also reveals the existence of
a3 nm amorphous carbon layer in Fig. 1(c), and spher-
ical Pd nanoparticles (Fig. 1(c) and 1(d)) with a mean
diameter less than 10 nm.

FE-SEM images (Fig.2) indicate that Pd/TiOs-
C nanobelts (Fig. 2(a)) and Pd/TiO2 nanobelts
(Fig. 2(b)) have similar morphology with decorated Pd

-

TioN

X

Carbon sphere ™

with carbond la@ :

nanoparticles; however TiO,-C has a coated layer of
carbon from the carbonization process shown in Fig. 1.
The nanobelts have a thickness of around 20-40 nm
with a width of 50-200 nm and a length that ranges
up to several tens of micrometers. In addition to the
two TiOg samples, activated carbon decorated with
Pd nanoparticles is depicted (Fig. 2(c)), where carbon
spheres range from 2-12 um. The presence of C, Ti, O,
and Pd elements was verified through EDX analysis.

Pd/TiOxC |Element Wt%
11.95
17.02
48.68

22.35

Wt%
22.98
33.01
2.24
41.77

Pd/AC Element Wt%
CK 38.09
PdL 61.91

Fig. 2 FE-SEM images with EDX of three samples: (a) Pd/TiO2-C nanobelts; (b) Pd/TiO2 nanobelts; (c) Pd/AC. Features
in the FE-SEM images are highlighted and EDX elemental composition results and their respective scanned region are given.
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XRD patterns of Pd/TiO2-C, Pd/TiO3, and Pd/AC
samples are shown in Fig. 3. In all of the catalysts,
four characteristic diffraction peaks at near 40°(111),
46°(200), 68°(220), and 81°(311) are observed and
belong to the face-centered cubic (fcc) phase of Pd.
Pd/TiO4 shows characteristic anatase peaks, whereas,
Pd/TiO-C shows lower intensity anatase peaks due to
surface carbon coating.

10000, TO20101)
——Pd/TiOy-C
—-—Pd/TiO,
8000F & T Pd/AC
| , ;
| Tnozl(om) Tloz@%ﬂms)(m) Ti0y(220)
.. 6000F Fd(i) © TiOy(204) TOH(116)
= A ".E," \PA200 | (226 TIG(2)pg(ann)
E homcil o= "'JPd‘u\ljh \.,,.,'-__.\__JE\_,L,\._."A__- _____
= 4000} ; i)
C( 02) ------ I, Pi(220)  P(311)
qoof | T
E}%;“” Pd{(111) Ti04(200) i
N A Ti05{200)p 999y Paf311)
0 L N ﬂ"'-"'.‘““Wk
20 30 40 50 60 70 80 90
2 Theta (degree)
Fig. 3 XRD patterns of three samples: Pd/TiO2-C,

Pd/TiO; and Pd/AC.

XPS analysis was performed from 0 to 1200eV for
Pd/ TiOQ—C and Pd/T102 Tigp, 015, Cls, and Pdgd
peaks were detected and the peaks were deconvoluted
and analyzed for their chemical bonds (Fig. S3) using
an online database [37]. From the peaks, all Pd/TiO5-C
spectra are shifted to higher binding energies compared
to the Pd/TiOg spectra. In the Tiap spectrum, the sep-
aration between the Ti doublets in Pd/TiO,-C is 5.9
eV (Fig. S3(a)), which is slightly larger than the 5.7 eV
separation of Pd/TiO2 peaks (Fig. S3(b)). The higher
binding energies of Ti 2pz/, and Ti 2p; /5, and lower
BE splitting for Pd/TiO2-C may be ascribed to the ex-
istence of Ti-O-C [30]. Furthermore, the Cys peak for
Pd/TiO5-C (Fig. S3(e)) has a larger magnitude than
the Pd/TiO2 peak (Fig. S3(f)), indicating a significant
amount of carbon on the surface Pd/TiO5-C sample,
after accounting for the use of the Ci5 peak as a charg-
ing reference to correct measure BE in non-conductive
samples.

Pd loading was determined using anodic stripping
voltammetry with a chitosan modified electrode. Us-
ing a calibration curve (Fig. S4(a)), the peak currents
(Fig. S4(b)) were used to determine the Pd concentra-
tion in each catalyst. As seen in Table 1, the Pd per-
centage in the catalyst of Pd/TiO5-C, Pd/TiO2, and
Pd/AC are 12.24+0.4 %, 16.9+0.5 %, and 12.84+0.4 %,
respectively.

The conductivity measurements of the catalysts (see
Fig. S5) yield values of 3.45 x 1075 S/m, 6.20 x 10~6
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S/m, and 21.0 S/m for TiO,-C, TiO2, and AC, re-
spectively. Compared to pure TiOs nanobelts, there
is approximately an order of magnitude improvement
in TiO2-C, which can be attributed to the carbon coat-
ing. However, as displayed in TEM images, the coated
carbon is mainly amorphous carbon. This results in
much weaker conducting performance than AC because
of lack of crystallinity. Since an enhanced conductivity
can improve the overall energy converting efficiency, a
further work is under way to improve the conductivity
of the carbon coating layer.

Electrocatalytic performance
Cyclic voltammetry in alkaline solution

Base CV experiments of Pd/TiOs-C, Pd/TiO2, and
Pd/AC catalysts were conducted in a solution of 1.0 M
KOH and purged in nitrogen as seen in Fig. 4, where the
inset figure corresponds to the cyclic voltammograms of
the supports without Pd, which include TiO2-C, TiOs,
and AC, and their capacitive contribution. During the
oxidation current potential sweep, in the range between
—1.0 V and —0.4 V, desorption and oxidation of ad-
sorbed and absorbed hydrogen occurs [38,39]:

Pd‘Habs/ads + OH™ — Pd+ HQO +e (2)

15f I
10r

[
T

410 Supports

Current density (mA/mgpq)

! 5

—10k N\ E o
~15f Lrig sl

7Pd/Ti02—C :V é*l(]"'
90 —-—Pd/TiO, L= T

-------- Pd/AC WO L -
—95) 11 —0.8 —0.4 0 0.2

Potential (V vs. SCE)

—30 : * * * : * !
-1.0 -08 —-06 —-04 —0.2 0 0.2 0.4

Potential (V vs. SCE)

Fig. 4 Cyclic voltammograms of all catalysts (Pd/TiO2-
C, Pd/TiO2 and Pd/AC) in a solution of 1.0 M KOH at
a scan rate of 50 mV/s. The inset figure corresponds to
the cyclic voltammograms of the catalyst supports, which
include TiO2-C, TiO2 and AC.

For the Pd/TiO2-C and Pd/AC samples, peak I cor-
responds to hydrogen desorption and/or oxidation in
this region, but does seem to appear in the Pd/TiO2
sample because of the inherent low hydrogen adsorption
capacity.

From the forward scan, peak II, which emerges at a
potential of —0.4 V| correspond to the formation of Pd
oxides and partially overlaps the hydrogen desorption
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peak. The process of the oxidation process is unclear,
but it is accepted that the process initially starts with
chemisorbed OH™ ions on Pd that can be transformed
into higher valence Pd oxides at higher potentials [38-
42]:

Pd+ OH™ « Pd-OHpqs + ¢~
Pd-OH,qs + OH™ « Pd-O + HyO + e~
Pd-OH,4s + Pd-OH,g4s < Pd-O + H5O.

(3)
(4)
(5)

Peak III, centered at —0.33 V, can be attributed to
the reduction of Pd oxide during the reduction sweep
[34,38],

Pd-O + HyO +2e¢™~ < Pd +20H™ (6)

Following the reduction sweep, peak IV (—=0.8 V to
—1.0 V) corresponds to the adsorption of hydrogen.
From the Pd oxide peaks, the EASA values, obtained
using Eq. (1), were 99.1 ¢cm?/mg, 30.8 ¢cm?/mg, and
181.3 em? /mg for Pd/TiO,-C, Pd/TiO9, and Pd/AC,
respectively. The Pd/TIO2-C:Pd/AC EASA ratio is
0.5, whereas the Pd/TIO,-C:Pd/TiO2EASA ratio is
3.2. The difference in EASA between the Pd/TiOo-
C and Pd/TiOy may be due to the added electrical
conductivity of adding carbon to TiO,-C, which was
exhibited in the conductivity tests on powdered sam-
ples and is a factor in the contribution of increasing

EASA in the Pd/TiO2-C catalyst.

Cyclic voltammetry in alkaline methanol solu-
tion

In Fig. 5, CV curves of Pd/TiO»-C, Pd/TiO2, and
Pd/AC in a solution of 1 M KOH and 1 M MeOH were
obtained to determined electrocatalytic performance.
From the CV curves, the Pd/TiOs-C catalyst exhibits

5 -
| —Pd/TiOy-C
- - -Pd/TiO,
4 - —AC/TiO,

W
T

DO
T

3 2
Current density (mA/cmg,q,)
—

(=]

-0.4 -0.2 0 0.2
Potential (V vs. SCE)
Fig. 5  Cyclic voltammograms (specific activity (mA/
cmiasa) vs.  potential (V vs. SCE)) of all catalysts
(Pd/TiO2-C, Pd/TiO2 and Pd/AC) and supports (TiOs-
C, TiO2 and AC) in a solution of 1.0 M KOH + 1.0 M
MeOH at a scan rate of 50 mV/s.

—0.6

|
e
o0
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enhanced catalytic performance compared to Pd/TiOs
and Pd/AC over the potential range of 0.2 V to —0.8 V
with respect to SCE electrode. In the forward scan,
the oxidation peak corresponds to the oxidation of
chemisorbed species from methanol adsorption. The
reverse scan peak is associated with desorption and ox-
idation of carbonaceous species [43].

The peak current and onset potential on the forward
scan indicates the electrocatalytic activity of the cat-
alyst for methanol oxidation. The onset of methanol
oxidation occurs at —0.595 V vs. SCE for Pd/TiO»-
C and —0.545 V vs. SCE for Pd/TiOz, whereas it is
—0.600 V vs. SCE for Pd/AC. Pd/TiO-C has a simi-
lar onset potential to Pd/AC, but a lower onset poten-
tial than Pd/TiOq, suggesting that the electrocatalytic
activity towards methanol oxidation occurs more favor-
ably in Pd/TiO2-C and Pd/AC than in Pd/TiO4 [44].
When comparing specific activities (Fig. 5), Pd/TiO5-
C has a peak current density (3.93 mA/cm%,q,) that
is 2.2 times that of Pd/AC (1.80 mA/cm?) and 1.5
times that of Pd/TiO2 (2.63 mA/cm$ g, ). The mag-
nitude of the current density, and thus the magnitude
of methanol oxidation, is greater in both Pd/TiOs-C
and Pd/TiOs samples than Pd/AC when taking into
account the EASA.

Figure 6 shows the peak current densities at various
methanol concentrations from 0.1 M to 4 M of catalysts
in the forward scan. An inverse exponential decay func-
tion is generally observed for all catalyst curves within
the methanol concentration range and this function fol-
lows the Langmuir adsorption model, where the current
density is dictated by the surface coverage of the alco-
hol and hydroxyl adsorbates [36]. From Fig. 6, at all
concentrations, Pd/TiO2-C was found to have about
2.5 times the specific activity of Pd/AC and 1.5 times
the specific activity of Pd/TiOs.

——Pd/Ti0s-C
—o—Pd/TiOy
—=—Pd/AC

Current density (mA /cm¥,q,)
) w i S

—_
T T

T B T
Concentration (mol-L~1)

Fig. 6 Peak current density (mA/cmi,ga) in the forward

scan for all catalysts (Pd/TiO2-C, Pd/TiO2 and Pd/AC) at

MeOH concentrations from 0.1 M to 4.0 M.
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F. Hu et al. conducted a similar study for elec-
trooxidation of alcohols, except using carbonized TiO4
nanotubes instead of TiO, nanobelts [23]. In their
study, methanol electrooxidation was conducted in 1.0
M KOH and 1.0 M MeOH. From the cyclic voltamme-
try results, Pd/TiO2-C nanotubes had a peak current
density of 133 mA /mgpg4, which was 1.75 times greater
than the peak density of Pd/C (76 mA /mgpq) and 4.43
times greater than the peak density of Pd/TiOs nan-
otubes (30 mA /mgpq). As a comparison, the Pd/TiOo-
C nanobelts in this study demonstrate a higher absolute
peak current density than that of F. Hu et al., but a
lower peak density ratio when compared to carbon sup-
port used. However, this may be attributed to several
factors rather than TiO structure alone, such as the Pd
synthesis process and the carbonization process. The
EASA requires that the Pd catalyst should be present
at the surface so it is exposed to the Nafion layer and
the methanol-electrolyte solution. Methanol and other
reactant species diffuse through the Nafion film and re-
act with specific Pd catalyst planes on the surface [45].
It is also known that structurally defective or rough
(stepped) surfaces are better candidates for effective
catalysis than perfect (111) facets of fce cubic struc-
tures for Pd and Pt [46]. Therefore, the Pd synthesis
process on the catalyst surface is a factor that should be
considered to explain the disparity between the current
densities. Furthermore, the discrepancy in results may
also be attributed to the differences in the carboniza-
tion process of the catalysts, since surface conductivity
changes with different processing conditions and this
may lead to varying catalytic performances.

Electrocatalytic stability-chronoamperometry
and long cycle cyclic voltammetry

A catalyst’s stability as a function of time is also

4
(a) ——Pd/Ti05-C
—o—Pd/TiOy
s —=Pd/AC

Current density (mA /cm?,,q,)

—00®

8000 12000 16 000
Time (s)

4000 20000

important for their practical application in DMFCs and
was investigated using an electrochemical cell with a
three-electrode setup. To probe the stability of the cat-
alysts, the current densities were observed at a constant
potential of —0.2 V vs. SCE and under cyclic voltam-
metry for 100 cycles. As observed in Fig. 7(a), the cur-
rent density of methanol oxidation drops quickly within
the first 5-10 min of all samples possibly due to the for-
mation of Pd oxides (PtO,) as shown in Fig. 4. The
initial deactivation of the catalyst is a quasi-reversible
process and partial recovery of catalytic activity may
be obtained by cycling to a lower potential periodically
[47,48]. The long term poisoning rate from these ad-
sorbed species, §, can be described as the linear decay
of the current density obtained from chronoamperome-
try after 500 s and is given by [49]:

().

where (dI/dt);>500 is the slope of the linear portion of
the current decay, and I, is the current at the start of
polarization back extrapolated from the linear current
decay. The calculated § values are given in Table 2. Of
note, is the one-order magnitude lower poisoning rate
of Pd/TiOy compared to Pd/TiO2-C and Pd/AC. Al-
though the poisoning rate of Pd/TiO2-C is similar to
Pd/AC, the initial and final methanol oxidation cur-
rents for the Pd/TiO5-C catalyst are superior to that
of Pd/AC. For instance, from a specific activity stand-
point, the final methanol oxidation current of Pd/TiOs-
C at 21600 seconds (6 h) is approximately 2.19 times
greater than that of Pd/AC and 12.2 times greater than
that of Pd/TiO2, demonstrating the higher methanol
oxidation rate of Pd/TiO2-C.

100
=

dl

4]
dt

(7)

1101
[ (b) 4 Pd/TiO5-C
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Fig. 7 (a) Chronoamperometry curves (specific Activity (mA/cmaga) vs. time (s)) of all catalysts (Pd/TiO2-C, Pd/TiOs
and Pd/AC) conducted in a solution of 1 M KOH and 1 M MeOH collected at —0.2 V vs. SCE; (b) Plot of % initial peak
current density vs. cycle number using Pd/TiO2-C, Pd/TiO2, and Pd/AC catalysts conducted using cyclic voltammetry in
a solution of 1 M KOH and 1 M MeOH collected at —0.2 V vs. SCE (scan rate 50 mV/s).
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Table 2 The long-term poisoning rate for Pd/TiO»-
C, Pd/TiO2, and Pd/AC catalysts.

Poisoning Rate

Catalyst
(8, % per s)
Pd/TiO2-C 1.76 x 1072
Pd/TiO4 4.67 x 1073
Pd/AC 2.29 x 1072

When observing the peak current density of the cat-
alysts as a function of the number of cycles (Fig. 7(b)),
the peak current density decays over 100 cyclic voltam-
metry cycles. The peak current density decay after
100 cycles was 17%, 13%, and 20% for Pd/TiO.-C,
Pd/TiOq, and Pd/AC, respectively. The current den-
sity decay is highest for Pd/AC and lowest for Pd/TiOa,
which follows the trend from the poisoning rates ob-
tained from chronoamperometry curves.

Conclusions

We have demonstrated that carbon modified
TiOgnanobelts were a viable support material for a Pd
catalyst undergoing methanol electrooxidation. These
nanobelts have advantages over bare TiO9 nanobelts in
that they slightly improve conductivity of the support
and electrocatalytic performance from both a mass ac-
tivity and specific activity standpoint. In addition, dur-
ing chronoamperometry in alkaline media, Pd/TiO2-C
was similar in stability to activated carbon, but has
an overall higher methanol oxidation current density
throughout the entire reaction time. The modification
of metal oxide nanostructures, particularly TiOy with
carbon particles is a viable method, with optimization,
to create promising electrocatalyst support candidates
for fuel cell and battery applications.
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