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We report polygonal Pd catalysts on carbon black synthesized by means of polyol process in the presence
of poly(vinyl pyrrolidone) and NO3~ ion. We find that the polygonal Pd/C has dominant {11 1} facets
observed by X-ray diffraction method and transmission electron microscopy analysis. The current den-
sity for formic acid electrooxidation of polygonal Pd/C (1.908 mA cm~2) with controlled surface structures
such as dominant {11 1} facets is much higher than Pd/C (0.478 mA cm~2) at 0 V. Furthermore, the polyg-

onal Pd/C with controlled surface structures shows much improved performances in dye-sensitized solar
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cells (DSSCs) due to its highly thermal stability and enhanced catalytic activity for iodide reduction.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Platinum has been of major interest as a catalyst for elec-
trochemical power sources such as direct formic acid fuel cells
(DFAFCs) and dye-sensitized solar cells (DSSCs) due to its excellent
activity and stability in comparison with other metallic catalysts.
Typically, Pt and Pt-based metallic structures have been utilized
as electrocatalysts for formic acid electrooxidation in DFAFCs and
efficient counter electrodes for iodide reduction in DSSCs [1-8].
In DSSCs, many efforts have been made to improve efficiency and
long-term stability in the anode [9,10], whereas only few studies of
the cathode for the iodide reduction in DSSCs have been reported
[11,12]. However, since Pt is highly expensive for mass production,
the catalyst for electrochemical power sources should be replaced
with a potential candidate with high energy conversion efficiency
and low cost [13-15].

In particular, metallic nanostructures can have significantly
enhanced catalytic reaction rates over those of bulk materials
[16,17]. In metallic electrodes for DFAFCs and DSSCs, crucial factors
affecting catalytic activity are size, structure, and shape of catalysts.
Recently, it has been reported that nanostructure catalysts could be
controlled by electrodeposition in the electrochemical process for
preparation of metal nanoparticles [4,18]. Furthermore, to increase
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activity of metallic nanostructure catalysts, there have been many
efforts to manipulate structure and shape of nanoparticles during
synthetic process [19-23].

In this work, we synthesized polygonal Pd on Vulcan XC-72R
using a polyol process in the presence of poly (vinyl pyrrolidone)
and NO3 ™~ ion. The crystal structure of the catalyst was confirmed by
X-ray diffraction analysis and field-emission transmission electron
microscopy. To characterize photoelectrochemical properties and
cell performances in DFAFCs and the DSSCs, cyclic voltammograms
(CVs) and current-voltage curves were obtained using synthesized
catalysts compared to conventional catalysts.

2. Experimental

The carbon black (Vulcan XC-72R) supported Pd (20 wt%) cat-
alyst was prepared by reducing Pd salt in ethylene glycol (EG)
solution. A solution of metal salt of 2 mM Na,PdCl, and slower
reduction additives such as 10 mM NaNOs3; and 20 uM FeCl3 was
dissolved in 50 ml of EG with 50 mg poly(vinyl pyrrolidone) (PVP,
MW =29,000) and Vulcan XC-72R treated in 5M HCI solution at
50°C for 12 h [30,31]. All chemicals used were of analytical grade.
The solution was raised by 5°Cmin~! and was kept for 3hat 250°C
until Na,PdCl4 was completely reduced by EG. The resulting col-
loid solution was cooled at room temperature and then washed
with water and ethanol several times to remove ethylene glycol
and excess PVP.
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X-ray diffraction (XRD) analysis was carried out using Rigaku
X-ray diffractometer with Cu Ka (A =0.15418 nm) source with a
Ni filter operated at 40kV and 100 mA. The 260 angular scan from
20° to 80° was explored at a scan rate of 5° min~'. For all the XRD
measurement, the resolution in the scans was kept at 0.02°. The
ratio of (11 1) to (200) of the samples was measured using D/MAX-
2000/PC software (Rigaku Co.), which the background was adjusted
by means of Sonnevelt-Visser’s method. The morphology, struc-
ture, and size distribution of the catalysts were characterized by
field-emission transmission electron microscopy (FE-TEM) using a
Tecnai G2 F30 system operating at 300 kV. The TEM samples were
prepared by placing a drop of catalyst suspension dispersed in an
ethanol on a carbon-coated copper grid. The average particle size
was calculated by measuring the size of all the polygonal Pd NPs
with total number of 70-80. The electrochemical properties of the
catalysts were measured in a three-electrode cell at room temper-
ature using a potentiostat (Eco Chemie, AUTOLAB). A Pt wire and
Ag/AgCl (in saturated KCl) were used as a counter and reference
electrode, respectively. The glassy carbon electrode as a working
electrode was polished with 1, 0.3, and 0.05 pwm Al,03 paste and
then washed in deionized water. The catalyst ink was prepared
by ultrasonically dispersing catalyst powders in an appropriate
amount of Millipore water. The catalyst ink was pipetted onto a
glassy carbon working electrode. After drying in 50°C oven, the
loading amount of metal catalyst was identical with 20 pg cm~2.
The cyclic voltammograms (CVs) of the electrocatalysts for formic
acid electrooxidation were obtained from —0.2 to +1.0V in each
0.1 M HClO4 and 0.1 M HClIO4+2 M formic acid. In order to eval-
uate the electrocatalytic activity toward iodide reduction, the CVs
were obtained from —0.2 to +1.3 Vin the solution consisting of 0.1 M
LiClO4 as supporting electrolyte and 10 mM Liland 1 mM I, as redox
couple in acetonitrile solvent.

To prepare counter electrodes for iodide reduction in DSSCs,
the paste was prepared using 50 mg powder mixed with 0.09 ml
acetic acid, 0.36 ml distilled ion water, 9.1 ml ethanol, 0.25 g ethyl
cellulose, and 1.78 ml terpineol, and then evaporated at 80 °C for
20 min. The prepared paste was coated on the FTO glass (F-doped
tin oxide, 12 ohm/sq) by doctor blade method and annealed at
500 °C for 30min in N, atmosphere. For photoanodes, the TiO,
paste (Solaronix, Ti-nanoxide HT/SP) was deposited on the FTO
glass by using doctor blade technique. The films were annealed
at 450 °C for 1h in air atmosphere and soaked in an anhydrous
ethanol solution containing 5 x 10~4 M Ru535 (Solaronix, N3 dye)
for 24 h. The dye-absorbed TiO, film used as working electrodes in
two-electrode sandwich cells with effective areas of 0.16 cm? and
the inner space was filled with a liquid electrolyte containing 0.5 M
Lil and 0.05M I, as a redox mediator. Photocurrent measurements
were carried out using a 500 W Xe lamp (XIL model 05A50KS) sim-
ulated AM 1.5 solar irradiance with the intensity of 100 mW cm~2,
which was adjusted using a NREL fabricated Si reference solar
cell.

3. Results and discussion

Fig. 1 shows XRD patterns of synthesized Pd on Vulcan XC-72R
compared to those of commercial Pt/C (E-TEK, Co.) and commercial
Pd/C (E-TEK, Co.). The diffraction peaks at 40.1°, 46.6°, and 68.1°
correspond to (111),(200), and (2 2 0) plane, respectively, of face
centered cubic (fcc) structure of Pd metallic phase. The broad peak
around 25° was associated with (00 2) plane of the Vulcan XC-72R
carbon support. The intensity ratio of (11 1) to (2 00) of synthesized
Pd/C, commercial Pt/C, and commercial Pd/Cis 3.27, 2.99, and 2.74,
respectively. The full-width half-maximum (FWHM) calculated by
Scherer equation in (2 2 0) planes of the polygonal Pd/C, Pt/C, and
Pd/C is 0.83°, 2.40°, and 2.12°, respectively. This suggests that the
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Fig. 1. XRD patterns of polygonal Pd/C catalyst synthesized by polyol process, Pt/C
(E-TEK), and Pd/C (E-TEK).

polygonal Pd/C shows highly dominant (11 1) plane compared to
Pt/C and Pd/C.

Fig. 2 shows comparison of TEM images of the polygonal Pd/C,
Pt/C, and Pd/C before and after annealing at 500 °C, respectively.
In Fig. 2(a), the average particle size of polygonal Pd nanoparti-
cles such as dodecahedron, decahedron, triangular, and hexagonal
plates is ~34.37nm. The polygonal Pd/C represents the {111}
facets with d-spacing of 0.229 nm of Pd metallic phase with a face
centered cubic (fcc) crystal structure. It is evident that the polyg-
onal Pd nanoparticles with dominant {111} facets are formed
during the polyol process, which the {11 1} facets have the lowest
total free energy by maximizing the surface coverage. As shown
in Fig. 2(b), the polygonal Pd/C shows highly thermal stability for
angular shapes without any serious agglomeration after anneal-
ing at 500 °C. On the other hand, Pt/C (Fig. 4(d)) and Pd/C (Fig. 4(f))
show an agglomeration between nanoparticles and increased parti-
cle size due to degradation during annealing at 500 °C. This suggests
that highly thermal stability of the polygonal Pd/Cis superior to that
of Pt/C and Pd/C.

In Fig. 3(a), the CVs of the catalysts are obtained in 0.1 M HClO4
between —0.2 and 1.0V. The electrochemical active surface area
(EASA) of the catalysts were measured by integrating hydrogen
adsorption and desorption region assuming 210 wC cm~2 of Pt and
95 wCcm2 of Pd. The EASAs are 7.12, 30.33, and 22.62m? g~! for
the polygonal Pd/C, Pt/C, and Pd/C, respectively. The CVs of Pd/C
catalysts for formic acid oxidation are shown in Fig. 3(b). In com-
parison of the CVs, the polygonal Pd/C shows more negative peak
potential (0.195V) for oxidation than 0.653V of Pd/C. The current
density of polygonal Pd/C (1.908 mAcm~2) is much higher than
Pd/C (0.478 mA cm~2) at 0V. Recently, Hoshi et al. [24] and Baldauf
and Kolb [25] reported that {111} facets of Pd represented par-
ticularly faster oxidation potential peaks than other facets of Pd/C
as shown in our data. Thus, this suggests that the polygonal Pd/C
with controlled surface structures such as dominant {11 1} facets
shows improved electrocatalytic activity for formic acid oxidation
in comparison with Pd/C.

Fig. 4 shows CVs of I3~ /I~ system for the polygonal Pd/C, Pt/C,
and Pd/C electrodes before and after annealing at 500°C. In the
CVs with I3/~ redox peaks, the more positive pair is assigned
to redox reaction of Eq. (1) and negative one is assigned to redox
reaction of Eq. (2). However, in actual, the I3~ /I~ redox peaks of
all catalysts according to Eq. (2) become significant redox reaction
between electrolytes and counter electrodes in the DSSCs.

3, +2e” o 2I3~ (1)
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Fig. 2. TEM images of polygonal Pd/C (a and b), Pt/C (c and d), and Pd/C (e and f) before and after annealing at 500 °C, respectively. (The inset indicates a high-resolution

image of the catalyst.)

I3~ +2e” < 3I- (2)
Anodic peak (~0.3V) : 31" — I3~ +2e” (2-1)
Cathodicpeak (~0.1V): I3~ +2e~ — 31~ (2-2)

In general, electrons are usually injected to photo-oxidized dye
from [~ ions in the electrolyte (Eq. (2-1)), and the produced I3~
ions are reduced on the counter electrode (Eq. (2-2)) in the DSSCs.
As shown in Fig. 4(d), the polygonal Pd/C after annealing treat-

ment at 500 °C shows a reduction current similar to Pt/C and 1.48
times higher than Pd/C at I3~ reduction potential (A). It is likely that
improved electrochemical properties of the polygonal Pd/C result
from controlled surface structures in spite of much smaller EASA of
the polygonal Pd/C than other electrodes (Fig. 3(a)). Fig. 5 illustrates
a relation between all the peak currents at reduction potential of
I3~ (Ain the Fig. 4(d)) as a function of a square root of scan rate. The
linear relationship with various scan rates means the diffusion limi-
tation of the redox reaction, which can be related with the transport
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Fig. 3. (a) CVs of polygonal Pd/C, Pt/C, and Pd/C catalysts in 0.1 M HClO4 with a scan rate of 50mVs~. (b) CVs of polygonal Pd/C and Pd/C catalysts in 0.1 M HCIO4 + 2 M formic
acid with a scan rate of 50 mV s~!. The loading amount of metal catalyst on the electrode is 20 p.g cm—2.

ofiodide species[26]. The reduction rate of I3~ on counter electorde
should be explained by the diffusion coefficient (D,) [27,28]. The
diffusion coefficient was calculated using Randles-Sevcik equation
of I, = (2.69 x 105)n3/2AD;/2C3u1/2, where Ip is current density, n
is the number of electrons, A is the area of the electrode, Cj is the
concentration in bulk solution, and v is the scan rate involved in
the reaction. The slopes of linear curves for the polygonal Pd/C,
Pt/C,and Pd/Care —0.0081, —0.0065, and —0.0072, respectively. The
diffusion coefficients calculated from the slopes are 7.08 x 1076,
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4.56 x 1078, and 5.60 x 10~ cm? s~! for the polygonal Pd/C, Pt/C,
and Pd/C, respectively. This means that despite smaller EASA of
the polygonal Pd/C than other electrodes in Fig. 3(a), the polygo-
nal Pd/C has higher diffusion coefficient as a counter electrode in
dye-sensitized solar cells.

To analyze and compare photoelectrochemical prop-
erties in dye-sensitized solar cells, as shown in Fig. 6(a),
photocurrent-voltage curves were obtained using the polyg-
onal Pd/C, Pt/C, and Pd/C as counter electrodes. The short circuit
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Fig. 4. CVs of (a) polygonal Pd/C, (b) Pt/C, and (c) Pd/C before and after annealing at 500 °C, respectively, in acetonitrile solution of 10 mM Lil, 1 mM I, and 0.1 M LiClO4 with

a scan rate of 50mVs~!. (d) CVs of the electrodes after annealing at 500 °C.
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Fig. 5. Redox peak currents of I3~ at reduction potential (A in Fig. 4(d)) as a function
of scan rates using polygonal Pd/C, Pt/C, and Pd/C catalysts.

current density (Jsc), open circuit voltage (Voc), fill factor (FF),
and efficiency () were summarized in Table 1. It is considered
that since the polygonal Pd/C despite much smaller EASA has
controlled surface structures such as dominant {11 1} facets, the
polygonal Pd/C shows higher cell efficiency than Pd/C and slightly
lower than Pt/C. Furthermore, in Fig. 6(b), dark current density
of the polygonal Pd/C is similar to Pt/C and higher than Pd/C.
This means that high current of the polygonal Pd/C as a counter
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Fig. 6. (a) Photocurrent-voltage curves and (b) dark current-voltage curves in dye-
sensitized solar cells using polygonal Pd/C, Pt/C, and Pd/C as counter electrodes.

Table 1

Comparison of cell performance of dye-sensitized solar cells (DSSCs) using polygonal
Pd/C, Pt/C, and Pd/C as counter electrodes. The Js, Vo, FF, and 7 are short circuit
current density, open circuit voltage, fill factor, and efficiency in DSSCs, respectively.

Samples Voc (V) Jsc (mAcm~2) FF (%) n (%)
Polygonal Pd 0.72 10.47 62.6 4.71
Pt/C 0.73 10.88 66 522
Pd/C 0.69 10.09 544 3.79

electrode results from such an improved catalytic activity for
iodide reduction [29]. Thus, by combing electrochemical data and
structural analysis, it is concluded that the polygonal Pd/C can be
a promising candidate for the counter electrode in DSSCs.

4. Conclusions

The polygonal Pd catalysts on carbon black were successfully
synthesized by means of polyol process. The controlled surface
structure such as dominant {111} facets in the polygonal Pd/C
could result in an excellent catalytic activity for formic acid
electrooxidation in comparison with Pd/C. Furthermore, the syn-
thesized polygonal Pd/C has highly thermal stability and improved
iodide reduction in spite of smaller EASAs than Pt/C and Pd/C. Thus,
we suggest that the structure-controlled Pd nanostructure elec-
trode can be a promising catalyst for formic acid electrooxidation
and iodide reduction.
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