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Abstract A composite electrode of Pt nanoparticles cou-
pled with tourmaline is prepared on glassy carbon (GC)
disk electrode via electrodeposition. The nanocomposite of
Pt/tourmaline is characterized by scanning electron micros-
copy, X-ray photoelectron spectroscopy, X-ray powder
diffraction, and transmission electron microscopy examina-
tions linked with energy dispersive X-ray analysis. The
electrocatalytic performance of the composite electrode (Pt/
tourmaline/GC) is investigated in electrocatalysis oxidation
of methanol at room temperature by cyclic voltammetry
and chronoamperometry. It is indicated that Pt nanoparticles
with size of ~5 nm are uniformly assembled along the
tourmaline particles and Pt exists in metallic and oxidated
states confirmed by XPS. The results of electro-oxidation of
methanol show that Pt/tourmaline catalyst is catalytically
more active and stable than platinum-modified GC elec-
trode, and the onset potential of Pt/tourmaline shifts 0.15 V
to the negative side, and also the current density is
significantly enhanced.
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Introduction

Direct methanol fuel cells (DMFCs) have attracted much
attention as a clean and effective power source [1, 2].
However, the adsorbed intermediates (e.g., CO) in methanol
oxidation reaction cause kinetic impediment, resulting in
overpotential of 0.1-0.6 V [3]. The sluggish kinetic rate of
methanol oxidation resulting from poor activity and low
utilization efficiency of noble metal catalysts pose a
challenge to the development of DMFCs [4, 5]. Pure
platinum as a catalyst for methanol electro-oxidation is not
very effective because Pt is readily poisoned by strongly
adsorbed intermediates, i.e., the so-called Pt poison phenom-
enon [6—8]. A most common way to overcome Pt poison is
to select a proper electrode with further modification such as
metals that are capable of absorbing oxygenated species (e.
g., OH) from the dissociation of water at low potentials [9].
The modified layer is able to oxidize the intermediates
completely to CO,, and generally the modifier should
facilitate cleavage of C—C in the alcohols [10]. Presently,
conductive boron-doped electrode has emerged as an
attractive electrode material due to its wide electrochemical
potential window, high chemical and thermal stability,
extreme hardness and corrosion resistance, and a very low
capacitive background current [11, 12, 13, 14]. Avaca et al.
found that the boron-doped diamond electrode possessed
high stability at extreme positive and negative potential
under both acidic and alkaline conditions, without any
evidence of structure degradation in catalyzing the methanol
oxidation reaction [15]. Montilla and coworkers prepared a
Pt-modified boron-doped diamond electrode by electrochem-
ical method and applied it in catalyzing methanol oxidation
[16]. The activity was found to be satisfactory, although
there is a loss of 65% of the initial Pt particles after cycling
several times.
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Tourmaline is a kind of borosilicate mineral belonging to
the trigonal space group. The general chemical formula can
be written as NaMg;Alg[SicO;5](BO3);(OH)4, where A"
can be replaced by Fe’*, Na* by Li", and Mg*" by Fe*" or
Li'—AI’" [17]. One of the most important features of
tourmaline is the possession of spontaneous and permanent
poles. Due to the strong electric field and high irradiation of
far infrared around its surface, tourmaline has been widely
used in many fields such as shielding of electromagnetic
wave [18], releasing of negative ions, and as ecomaterials
in environment purification [17, 19], pressure sensor [20],
infrared sensor [21], etc. In view of the properties of
tourmaline such as permanent or spontaneous polarity and
high radiancy of far infrared that favors producing negative
ions [22], herein, we proposed a new tourmaline-based Pt
nanocatalyst (Pt/tourmaline) via method of electrodeposition
and employ it on glassy carbon electrode (GC) in electro-
catalyzing oxidation of methanol. The results showed that
the prepared Pt/tourmaline-modified GC (Pt/tourmaline/GC)
is relatively highly active with prominent stability in room
temperature for electro-oxidation of methanol. This method
provides new insight in developing low-cost and high-
performance, tourmaline-based electrodes.

Experimental

Tourmaline was collected from Arertai, Xinjiang Province,
China. The chemical components were analyzed by
electron probe microanalysis (EPMA-1600, averaged by
30 points) and the phase was identified by XRD analysis.
On the principle of mass balance and according to the
composition of ideal tourmaline, the chemical formula was
evaluated as (Nag.629Cag.195)(Mg2.007F€0.138)(Als.054)
(Si4'8]3Ti0'068)01g(BO3)3(F,OH)4 calculated by LINPRO
software. The tourmaline can be classified into dravite
series. Other chemical reagents such as H,PtCls, H,SOy,
and methanol were purchased from Beijing Chemical
Reagent Ltd. High purity water was prepared from distilled
water filtered with a Millipore Milli-Q system (MQ water,
18.2 MQ).

The Pt/tourmaline-modified electrode (Pt/tourmaline/
GC) was prepared by electrodeposition of H,PtCls onto
the tourmaline-modified glassy carbon electrode (GC,
3 mm diameter, Bioanalytical Systems Inc.). GC electrode
was firstly polished with emery paper and then with
aqueous slurries of fine alumina powders (0.3 and
0.05 um) on a polishing cloth. The electrodes were rinsed
with MQ water and acetone in an ultrasonic bath, each for
5 min, and were extensively rinsed with MQ water before
use. Then the clean GC electrode was deposited with a drop
(0.05 ml) of tourmaline aqueous dispersion (0.1 g/ml)
followed by drying under irradiation of infrared lamp.
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Electrodeposition of Pt nanoparticles on the tourmaline-
modified electrode was carried out in KPF4 (0.1 M) and
H,PtClg (0.1 M) solution at —1.5 V (referred to an Ag/AgCl
electrode (KCl saturated)) for 40 min. To evaluate the
content of Pt in the modified layer of Pt/tourmaline/GC, we
test the parallel sample by XPS technique. The content of Pt
is 0.48 mg/cm?. This sample of modified GC electrode was
denoted as Pt/tourmaline/GC. The electrodeposited Pt
nanoparticles were rinsed thoroughly with MQ water prior
to electrochemical measurements. For comparison, we also
conducted a control experiment to prepare Pt-modified GC
(Pt/GC) and tourmaline-modified GC electrode (tourma-
line/GC). In preparing Pt/GC, H,PtCls aqueous solution
was firstly reduced by NaBH, to get a dispersion of Pt(0)
particles and then a droplet of Pt(0) dispersion was
deposited on the GC electrode before it was dried. By
controlling the initial Pt concentration, both electrodes
including Pt/tourmaline/GC and the Pt-modified GC have
the same content of Pt ~0.5 mg/cm®. Tourmaline/GC
electrode was prepared by dropping 0.05 ml tourmaline
dispersion (0.1 g/ml) onto the GC electrode. The tourmaline
layer was attached to the GC by a droplet (5 ul) of a dilute
aqueous Nafion solution.

The X-ray photoelectron spectroscopy (XPS) spectra of the
Pt/tourmaline composite were collected on an ESCALab220i-
XL spectrometer at a pressure of about 3x10~° mbar using
Mg K as the excitation source (hv=1,253.6 eV) and
operating at 15 kV and 20 mA. The Cls binding energy
was set to 284.8 eV as the energy calibration. The X-ray
powder diffraction (XRD) patterns were collected on an X-
ray diffractometer (DMAX) operated at 40 kV and 40 mA
with nickel-filtered Cu Koc radiation A=1.5419 A. Trans-
mission electron microscopy (TEM) equipped with X-ray
energy dispersive analysis (EDS) was performed on a
transmission electron microscope (Philips, Tecnai F20) at a
operating voltage of 200 kV, and the images were electron-

D--Dravite 44-1457
Q--Quartz 83-0539
Pt-Pt metal 04-0802
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Fig. 1 XRD patterns for the catalysts of Pt/tourmaline and pristine
tourmaline. D dravite; QO quartz
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Fig. 2 a SEM of the pristine
tourmaline; b EDS spectrum of
the pristine tourmaline; ¢, d
TEM images of Pt/tourmaline
prepared via electrodeposition; e
selected area electron diffraction
(SAED) in area of (c); insert in
(c), the data denote the diffrac-
tion rings for Pt (fcc); f EDS
spectrum of Pt/tourmaline com-
posite taken from the micro-area
in (c)

ically captured using a CCD camera. Scanning electron
microscopy (SEM) examination was carried out on a
scanning electron microscope (JEOL JSM-6700) operated
in high-vacuum mode at 15 kV linked with energy dispersive
analysis system of X-ray (EDAX, Phoenix).
Electrochemical measurements were conducted on
computer-controlled BAS 100 B/W electrochemical analyzer
with a three-electrode cell at room temperature (~25°C), in
which the prepared electrodes made in the abovementioned
procedure served as the working electrode and Pt spiral wire
as the counter electrode. The reference electrode was Ag/
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AgCl electrode. Both water—methanol and H,SO, containers
were de-aerated with nitrogen (99.99%) and circulated
through the cell. The electrolyte solutions were prepared
from H,SO,4, methanol, and MQ water. The prepared
electrodes were tested for methanol oxidation by using
cyclic voltammetry (CV), from +1.0 to 0.0 V vs. Ag/AgCl,
with a solution of 0.5 M methanol in 0.5 M H,SO,. The
catalytic responses toward methanol oxidation were mea-
sured by chronoamperometry with 0.5 M methanol in 0.5 M
H,S0, using a constant potential of 0.51 V vs. Ag/AgCl for
450 min.
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Fig. 3 XPS spectra of sample Pt/tourmaline: a survey spectrum and b
high-resolution XPS Pt 4f spectrum in Pt/tourmaline

Results and discussion

Figure 1 shows the XRD patterns for the sample of pristine
tourmaline and Pt/tourmaline composites. The diffraction
peaks in all the diffractograms of pristine tourmaline were
nearly totally indexed to dravite (JCPDS, 44-1457). The
minor mineral in pristine tourmaline is mainly quartz as
denoted in Fig. 1. The new peaks of Pt/tourmaline at
39.76°, 46.24°, and 67.45° were ascribed to the planes
(111), (200), (220) of face-centered cubic (fcc) structure of
Pt (JCPDS, 04-0802). This indicated the presence of Pt in
the prepared composites. It is obvious that the peaks of Pt
widen to some extent and exhibit a lower relative intensity,
which indicates the small size and low degree of crystal-
lization of the Pt nanoparticles. Based on the Scherrer
equation [23], the average crystal size of the Pt particles
was estimated to be about 4.5 nm by using the data for the
most intensive (111) reflection.

The microstructure and morphology of the pristine
tourmaline and prepared Pt/tourmaline were characterized
by SEM and TEM. Figure 2a is the SEM image of the
pristine tourmaline, and many column- or prism-shaped
crystallites were found, which proves to be typical
tourmaline crystals [20]. The EDS analysis performed
during SEM observation is shown in Fig. 2b, and the result
also confirmed the overweight of Mg than Fe, which
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suggested dravite was the main component in the pristine
tourmaline, which is consistent with XRD and EPMA
analysis. The detected Au element was due to spraying Au
layer in the sample preparation for SEM observation. TEM
morphology of Pt/tourmaline is displayed in Fig. 2¢ and d. It
is clearly shown in Fig. 2c¢ that numerous uniformed
nanoparticles were distributed on the tourmaline crystals.
And the corresponding magnified image of one tourmaline
crystal is shown in Fig. 2d. The nanoparticles consisted of
smaller clusters, which homogeneously assembled along the
tourmaline surface. The size of the Pt single cluster is around
5 nm and this agrees well with the calculation by Scherrer
equation. Selected area electron diffraction (SAED) spectrum
in Fig. 2e suggests the mixture diffraction patterns for the
tourmaline and the diffraction rings of Pt (fcc) [20, 24]. The
EDS analysis linked with TEM also confirmed the incorpo-
ration of Pt in the composite (Fig. 2f).

The XPS analysis was used to exactly detect the covalent
state of various species in the composite. Figure 3a presents
the survey XPS spectrum of the Pt/tourmaline composite,
and Fig. 3b shows the high-resolution XPS spectra of Pt 4f.
From Fig. 3a, the mass ratio of Pt in the elements of Si, Al,
Mg, Na, Ca, and O is ~0.68%, which is below the initial
addition of Pt into the tourmaline. This might be due to the
incomplete incorporation of Pt into the tourmaline layer by
electrodeposition. The high-resolution spectrum at ca.
75.0 eV (Fig. 3b) was deconvoluted into three pairs of Pt
4f doublets and Al 2p peak (77.2 eV) that originates from
the tourmaline support. The most resolved doublet is
assigned to Pt(0) with peak binding energies of Pt 4f;,
and 4fs, at 71.5 and 74.8 eV, respectively, which are very
close to the values of Pt foil [25]. However, the other two
weaker doublets suggest the presence of Pt(I) and Pt(IV),
and it is suggested that there are Pt oxides likely as PtO, Pt
(OH),, and PtO(OH), in this system [26]. The existence of
Pt oxide on the surface of nanometal was also reported by
others, and the oxides might come from the Pt metal
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Fig. 4 Cyclic voltammograms for the electrochemical oxidation of
0.5 M methanol dissolved in 0.5 M H,SO,4 aqueous solution and
recorded at different electrodes (v=50 mV/s)
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Fig. 5 Chronoamperometry of GC, Pt/GC, and Pt/tourmaline/GC in
0.5 M CH30H/0.5 M H,SO4 at 0.51 V vs. Ag/AgCl

particles when they are exposed to air for a period of time
[27]. From the integral area calculated from the peaks, that
metallic Pt(0) is about 34.2% of the platinum species in the
composites.

Methanol oxidation reaction was carried on the GC, GC
modified with Pt (Pt/GC), GC modified with tourmaline
(tourmaline/GC), and the electrodeposited Pt/tourmaline/
GC electrodes in 0.5 M CH;0H and 0.5 M H,SOy4
solutions by monitoring cyclic voltammetry. The cyclic
voltammograms are shown in Fig. 4. The bare GC shows
no activity in oxidation of methanol as anticipated, and Pt-
modified GC anode displays oxidation peak at 0.7 V, which
is ascribed to CH;OH oxidation [28, 29]. For the
tourmaline-modified GC electrode, the double peaks are
observed between 0.38 and 0.60 V in the positive-going
scan and between 0.30 and 0.72 V in the negative-going
scan. The specific electro-reactions might be due to the
redox processes of transition metals in tourmaline [30].
However, due to the permanent polarity, tourmaline
particles tend to be polarized by an external electric field
and are attracted to the gap between the electrodes where
the field is at a maximum. It is feasible to conclude that

Fig. 6 TEM image of
Pt/tourmaline composite from
Pt/tourmaline/GC scanned in
0.5 M CH30H/0.5 M H,SO, for
ten runs

electrostatic force would render tourmaline particles to
entrap the polar molecules that exist in the proximity and
thus facilitate the reaction under certain conditions [31]. As
expected, a higher peak of methanol oxidation in Pt/
tourmaline/GC electrode was observed at ~0.68 V and the
onset potential (taken at i=9.0 pA/cm?) was ~0.36 V vs.
Ag/AgCl (Fig. 4). Compared with the onset potential
(0.51 V) of the Pt/GC, a negative shift of 0.15 V was
found and the current density was also increased. This
indicates the enhancement of the catalytic activity of the
platinum coating on GC anode with the assistance of
tourmaline. Generally, the onset potential is related to the
breaking of C—H bonds and subsequent removal of CO,q
intermediates by oxidation with OH,4 supplied by Pt-OH
or other sources [32-34]. As known in the literature, the
piezoelectricity of tourmaline gives rise to a potential
difference in a constant axial direction [35], and when
tourmaline was present in an applied electron field, the
potential difference present within tourmaline would favor
retaining electrons or charge carriers along it. The electrons
and charge carriers include OH ™, O™, O, , or other negative
ions [36, 37]. In the presence of this electric field, the
negative ions would transform into radicals by electron
transfer. Once the radicals are produced, they will surely
promote the oxidation of the adsorbed intermediates to CO,
or weaken the adsorption of CO and other intermediates,
and thus a much lower potential will render the oxidation
for methanol occurrence [38].

Chronoamperometry was carried out to study the time-
dependent behavior of the electrodes towards methanol
oxidation. Figure 5 depicts the chronoamperometry curves
of GC, GC/Pt, and Pt/tourmaline/GC in 0.5 M CH;0H and
0.5 M H,SO,4 at 0.51 V vs. Ag/AgCl. GC shows nearly no
current. Both Pt/GC and Pt/tourmaline/GC electrodes
exhibit a similar current density trend. However, the current
density of Pt/tourmaline/GC is higher than Pt/GC, and this
might suggest the positive effect of incorporation of
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tourmaline in the composite electrode. It is noted that Pt/
tourmaline/GC declined to some extent within the initial
5,000 s and the current density was still higher than that of
Pt/GC, which indicates a better catalytic activity of Pt/
tourmaline/GC for methanol oxidation. The current decay
may be ascribed to the formation and adsorption of
intermediate species such as CO, methoxy species, and
other hydrocarbons on the active sites of the catalysts [1,
39—41]. Therefore, improving the stability of the Pt
electrode assisted with tourmaline is the major task of the
science henceforth.

To check the morphology of the used Pt/tourmaline
composite, we collected the layer of Pt/tourmaline that was
scanned for ten runs from GC electrode and observed under
TEM. Figure 6 displayed the typical morphology in
different magnification scales. From Fig. 6b, one can find
some particles arranged in order in the micro-area and we
indicate that Pt nanoparticles might be affected by the
applied electric field and the permanent electric field from
tourmaline, which altered their morphologies in the
oxidation reaction. Due to the mixed electric fields, Pt can
range along the surface of tourmaline after the reaction.

Conclusion

The composite layer of Pt/tourmaline was first prepared on
glass carbon disk electrode via electrodeposition and the
electrocatalytic activity toward the oxidation of methanol
was investigated. It was indicated that the incorporation of
tourmaline into the Pt/glassy carbon electrode enhanced the
catalytic activity and stability towards the electro-oxidation
of methanol. This method anticipates providing a new and
effective approach to produce tourmaline-based electrodes
or other electric devices.
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