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A reverse microemulsion procedure has been adopted for the preparation of 20 wS®/ & @wherex =

1 andy = 0—1). This system has been examined for electrochemical oxygen reduction activity. The measured
oxygen reduction activity was comparable with that of commercial Pt/C (E-TEK). The activity is due to
stabilization of Ru active sites by Se against blocking as a result of (hydr)oxide formation.

1. Introduction compounds with amorphous structures could be produced,
depending on the synthesis temperature. It was difficult #o
separate and characterize these mixtures by traditional chenzical
methods due to their poor solubility, which was probably omne
an the drawbacks of this synthesis method. Another disadvantsge
of this method could be that the yield of the final product was
40—-60%. Reeve et dP also carried out the same synthesis usiig
Ru-based electrocatalysts for oxygen reduction. But the actiwidy
of the synthesized catalysts is low compared to that of Rt.
Recently, Stephen and CampBbeliisclosed an environment-s1
electrocatalyst is needed to reduce the overpotential. To date,frienOIIy agueous method for preparing active cataly_sts sucheas
the most promising electrocatalyst for oxygen reduction is Pt X4S€ by eliminating the carbony! precursors and toxic solvenss
like xylene. In this method, the stoichiometric amounts of actige

supported on carbon. Even though it has been commercially X ) ) .
exploited, this system has some drawbacks. Those are thecarbon, ruthenium(lll) chloride, and selenium dioxide were taken

formation of—OH species at-0.8 V vs NHE which will hinder in a water/propanol solvent and stirred at 353 K for 1 h. The
the reduction of oxygen, formation of poisoning intermediate fesulting mixed solution was then allowed to cool at room
species like HO,, expense, and ralatively low abundance of Pt témperature. An aqueous solution of NaOH containing NaBb#
in nature3# In recent years, there has been significant activity Was then added to the solution to carry out the chemieal
in the development of less expensive non-noble metal-basedréduction reaction. In this way, a carbon-supported catalys,
electrocatalysts which will exhibit both activity and stability Which has a chemical formula of RSe, was produced. Theyr:
similar to that of Pt. Carbon-supported /88, catalysts con- claimed that the electrocatalytic ORR activity of prepgred
stitute one class of materials that show activity for oxygen catalysts was very close to that of carbon-supported platinum
reduction®® Numerous electrochemical investigations have catalysts. Even then the onset potential is 100 mV less than
proven that oxygen reduction occurs on ,Bg catalysts that of commercial Pt/C catalyst. Hilgendorff ettdbttempted 75
predominantly via a four-electron reduction path with a negli- to synthesize Rie, by an impregnation process. One possibfe
gible amount of hydrogen peroxide intermediate compared to drawback of this method is that the temperature used to sirter
the Pt catalyst&:10 the catalyst particles is relatively high, which could reduce the
Many methods have been reported on their preparation,CatalySt active surface area. In this process, a solution7of
including a chemical precipitation meth&tt2NaBH, reduction ruthenium oxalate or carbonyl complex was mixed with a carban
method'® impregnation metho#: colloidal method5 and support to form a slurry, which was then dried to remove the
decomposition of organometallic precursét$iowever, these solvent. The formed solid was then heated to decompose g¢he
preparation methods result in difficulties of controlling chemical salt, in order to produce the desired form of the solid carborss
composition and particle size regardless of metal content. TrappRU salt. For selenium incorporation, the solid was dispersedin
et al!! proposed a low-temperature chemical precipitation @ solution containing bSeQ. After the chemical reactionss
method by refluxing metal carbonyls and the corresponding between the carberRu salt and HSeQ, a RySe, catalyst was 86
chalcogen in an organic solvent such as xylene or 1,2- produced. The low-temperature chemical precipitation mettsrd
dichlorobenzene in an Ar atmosphere. The reaction productsdescribed has the advantage of allowing the reaction perforraed
consist of nanoscale Ru metals and octahedral clusters of Rujn a solution to form bimetallic catalysts at low temperatureg
which contain carbon in the center, surrounded by carbonyl and the prepared catalysts normally have a higher active asea.
groups. However, because this method involved some complexHowever, this method was limited to those reactants which have
chemical reactions, a mixture containing several polynuclear similar precipitation chemistries or properties, which are easily
reduced chemically to metals. In order to minimize this
* Corresponding author. E-mail: bvnathan@iitm.ac.in. limitation, Tributsch et al® followed the colloidal method 94

The cathodic oxygen reduction reaction (ORR) has techno-
logical importance in the development of electrochemical power
devices like fuel cells and metahir batteries. This reaction
has been studied over the years because of its fundament
complexity, sensitivity to the electrode surface, and sluggish
kinetics. Especially in the low-temperature fuel cells (PEMFC
and DMFC), it usually contributes considerably to the overpo-
tential (=300 mV), and therefore results in a low efficiency in
the functioning electrochemical device%An extremely active

10.1021/jp075520w CCC: $37.00 © xxxx American Chemical Society
Published on Web 00/00/0000 PAGE EST: 5.9



BATCH: jp11b203 USER: emm29 DIV: @xyv04/datal/CLS_pj/GRP_jy/JOB_i44/DIV_jp075520w DATE: September 18, 2007

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

B J. Phys. Chem. C Rao and Viswanathan
and uniform. A number of nanoparticle systems have beesn
""'""""““;'N» prepared in reverse micelles, including mefdig2 metal 138
Bx H mmm oxide§?3 metal sulfides and selenidé%%5m§tal boridegfand 139
= f "_M'""“"W organic polymers’ However, the preparation of Rbg nano- 140
: particles in reverse micelles has not been reported and exploitad
for oxygen reduction measurements. 142

In the present study, we have synthesized similar-sizee Ri43
Sg/C (x = 1 andy = 0—1) catalysts with controllable 144
composition by a simple and reproducible RME method at roaas
temperature. The resultant catalysts were characterized by Xiray
diffraction (XRD), scanning electron microscopy (SEM), trans47
mission electron microscopy (TEM), and energy-dispersives
X-ray analysis (EDX). The as-synthesized catalysts wem
investigated for oxygen reduction and compared with that @b

Intensity (a.u)

commercial Pt/C (E-TEK). 151
2. Experimental Section 152
Figure 1. Powder X-ray diffraction patterns of as-synthesized-Ru Ruthenium(lll) chloride and selenous acid from Sigmas3
Sg/CDX975 catalysts: (a) Ru/CDX975, (b) R JCDX975, (c) Ru- Aldrich, AOT from Acros Organics, sodium borohydride froms4

S&.4CDX975, (d) RuSedCDX975, (e) RuSe.dCDX975, and (f) Merck, and heptane from Fisher Chemicals were used 185
RwSe/CDX975 (inset shows the slow-scan XRD spectra for the (110) received. Water purified by a Milli-Q water purification systense
peak of RuSg/CDX975 catalysts). was used through out the experimental work. Carbon black

described by Bonnemann et!din 1991. But the reproducibility ~ (CDX975, received from Columbian Chemicals Company) withs
was relatively low. The first step for the catalyst synthesis was & Specific surface area (BET) 6f300 n¥ g~* was used as the1s9
to make colloidal Ru nanoparticles through Rufduction in ~ support for all catalysts. 160
a solution of tetrahydrofuran (THF) containing NG 7)4BEt;H, 2.1. Synthesis of 20 wt % RySeg/Carbon Black Catalysts. 161
followed by the addition of absolute ethanol. After that, the Carbon-supported R8g, catalysts (wher& = 1 andy = 0—1) 162
mixture was centrifuged (4500 rpm, 15 min) to obtain the solid with a metal(s) loading of 20 wt % were prepared by the revenss
powder. After the incorporation of selenium, /3&0O, nano- microemulsion method with the use of sodium bis(2-ethylhexyhs
particles were prepared. The produced catalyst was tested forsulfosuccinate (AOT) as the surfactant and heptane as theiesil
O, reduction, and a fairly high electrocatalytic activity was phase. Aqueous solutions of RuCH,SeQ, and NaBH were 166
observed. The high catalytic activity has been attributed to its used to form the reverse micelle. The size of the particles was
large surface area, narrow particle size distribution, and ability controlled by adjusting the molar ratio of surfactant to watess
to prevent particle aggregation. All the methods described above(W = [H20]:[AOT]). Microemulsion 1 was prepared by mixingie9
involve difficulty in the control of composition. As a result, required amounts of Rugl selenous acid, AOT, deionized70
various authors obtained &g, catalysts of different Ru and ~ water, and heptane under constant stirring followed by ultna1
Se compositions with different sizes. So the oxygen reduction sonication for 20 min. Microemulsion 2 was prepared by mixingz
activities obtained were not comparable. Recently, Colmenaressodium borohydride with small amount of NaOH, AOTy73
et al? synthesized Se-modified Ru/C catalysts of controllable deionized water, and heptane under constant stirring followea
compositions by a two-step process: synthesis of Ru/C via a by ultrasonication for 20 min. In both microemulsions, the molars
borate route followed by adding controllable amounts of ratio of water to AOT was kept at 10:1. Microemulsions 1 ands
selenium via reductive annealing of theS¢Q-impregnated 2 were then mixed together and ultrasonicated for 2 iz
catalysts at 200C in a H gas flow. This method results in ~ Subsequently, an appropriate amount of carbon (CDX975) was
RuSe/C catalysts with a mean Ru particle diameter of 4 nm added to the mixture to give a metal(s)/C weight ratio of 20z9
with varying amounts of Se and a small amount of oxygen 80. The resultant slurry was kept under constant stirring fong
content. Even though they were able to control the composition, h, filtered, washed with acetone and deionized water, and dried
paticle size was not the same in all the catalysts. The resultsin an air oven at 348 K for 2 h. 182
obtained by various authors were encouraging, but the ORR 2.2. Characterization TechniquesX-ray diffraction (XRD), 183
activity was not comparable with that of commercial Pt/C. All scanning electron microscopy (SEM) and transmission electien
the electrochemical studies indicate that there is an optimum microscopy (TEM) were used to identify the structure and phase
Ru/Se composition for the maximum ORR activity. identification, morphology, and particle size, respectively. XRi36

In the past few years, the reverse microemulsion method measurements were performed on a Rigaku Miniflex X-rag7
(RME) has been employed as a suitable method to generatediffractometer using a Cu & source operated at 30 keV at ass
metal colloids and/or clusters on the nanoscale with greater scan rate of 0.05s1 over the 2 range of 10—90°. For particle 189
uniformity and controllable compositidii:° Reverse micellar size measurements, XRD spectra were recorded in@hiartye 190
solutions are transparent, isotropic, thermodynamically stable of 63—75° at a scan rate of 0.0 1. The average sizes ofi91
water-in-oil microemulsions with nanosized water droplets metal crystallites were calculated using a Scherrer formula fraga
which are dispersed in a continuous oil phase and stabilized bya fwhm of (110) diffraction line, which for all samples doess3
surfactant molecules at the water/oil interface. The surfactant- not overlap with other lines. Transmission electron microscope
stabilized water pools not only act as nanoreactors for processing(TEM) images were obtained by using a high-resolution JEQés
reactions but also inhibit the excess aggregation of particles 2010 TEM system operated with an accelerating voltage 206
because the surfactants could adsorb on the particle surface whekV. The sample for TEM analysis was prepared by placingigr
the particle size approaches that of the water pool. Consequentlydrop of dispersed catalyst onto the carbon-coated copper gggd
the particles obtained in such a medium are generally very fine and drying it in air at room temperature. A scanning electragp
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Figure 2. (a) SEM image (inset shows the high magnification image) and (b) EDX spectrum;8BRICDX975.

TABLE 1: Elemental Composition, Se/Ru Atomic Ratio, Crystallite Size, Onset Potential for Oxygen Reduction, and ORR
Activities of 20 wt % Ru,Sg/CDX975 (x = 1 and y = 0—1) and Commercial 20 wt % Pt/C (E-TEK) Catalysts

elemental composition  Se/Ru atomic crystallite size onset potential (V) for  ORR activity at+0.65

catalyst by EDX ratio from XRD (nm) oxygen reduction V vs NHE (mA/ cn?)
Ru/CDX975 100:- 0.0 3.0 +850 1.3
Rw,Se J CDX975 87.7:12.3 0.18 3.0 +875 2.1
RuSe 4 CDX975 76.6:23.4 0.38 3.1 +890 3.0
Rw;Se ¢ CDX975 68.5:31.5 0.59 3.1 +905 4.2
RuSe o CDX975 62.2:37.8 0.78 3.1 +885 1.6
Rw,Se/ CDX975 56.2:43.8 1.00 3.1 +870 1.4
Pt/C (E-TEK) +930 4.0

microscope with EDX (FEI, Model: Quanta 200) was used to around 38, 42°, 44°, 58, 69°, 78, and 85 corresponding to 237
observe the surface morphology and composition of the the (100), (002), (101), (102), (110), (103), and (112) planes2s$
catalysts. ruthenium, respectively. These characteristic peaks canz2ie
2.3. Electrochemical MeasurementsActivity of the as- assigned tdicpruthenium. The positions and intensitieshafp 240
synthesized Rigg/ CDX975 (wherex = 1 andy = 0—1) and ruthenium diffraction lines are in good agreement with thosel
commercial Pt/C catalysts was determined by cyclic voltam- of the JCPDS powder diffraction data file no. 89-4903. The2
metry using a potentiostat (BAS 100 electrochemical analyzer). broad peaks indicate that the particles were in nanocrystalizag
All experiments were performed at room temperature in a range. With an increase of the Se/Ru atomic ratio, Ru diffractinra
conventional one-compartment electrochemical glass cell as-lines shift slightly to higher @ values with respect to thez24s
sembled with a glassy carbon (GC) disk as the working corresponding peaks in the Ru/CDX975 catalyst (obeying
electrode, Ag/AgCI, 3.5 M KCI£0.205 V vs NHE) as the  Vegard's law), indicating the solubility of Se in Ru lattice. Thes7
reference electrode, and Pt foil as the counter electrode, broad diffraction peak observed at arourfid=2 25° corresponds 248
respectively. Oxygen-saturated 0.5 M3®, was the electrolyte.  to the (002) plane diffraction of the hexagonal structure of the
The electrode was fabricated as follows: 5 mg of the catalyst, carbon support. The average particle size for theSBU 250
0.5 mL of diluted Nafion solution (Aldrich, 5 wt % in 15 CDX975 catalysts was calculated from broadening of the (126)
20% water/low aliphatic alcohols), and 0.5 mL of isopropyl diffraction peak (shown as an inset in Figure 1) using Scherrezs
alcohol were ultrasonically blended for 20 min. A GC disk (0.07 equation: L = (0.91)/(812 cosf), wherel is the wavelength of 253
cn?) was polished to a mirror finish with 0.06m alumina the X-ray (1.5406 A)g is the angle at the position of the peaksa
suspensions before each experiment and served as an underlyinghaximum, andy, is the width (in radians) of the diffraction2ss
substrate of the working electrode. An aliquot gfl5of catalyst peak at half-height.The obtained results are shown in Tablss
suspension was pipetted onto the mirror polished glassy carboni. The average particle size of metallic nanoparticles in 20 a5t
substrate, leading to a metal loading oOf Zeta cM™~2, and % RuSg/CDX975 catalysts are estimated to be around 3.0 ress
dried in flowing argon at room tlemperature. After preparation, 3.2. SEM, EDX, and TEM Analysis. Figure 2 shows the 259
the electrodes were immersed in deaerated 0.58104 Then scanning electron microscopic (SEM) image and the corpee
the cyclic voltamograms were recorded betwe¢h0 and+1.0 . sponding EDX spectrum of R8& ¢CDX975 catalyst. Ag- 261
V'vs NHE at a scan rate of 20 mV/s. For oxygen reduction g, meration of spherical-shaped carbon with metallic particke=
measurements, linear sweep voltammograms (LSVS) were e seen from the SEM image (Figure 2a). Elemental analysis
recorded_ betweer0.2 and+1.2 V vs NHE at a scan rate of performed by EDX confirms the presence of Ru, Se, C, andea
5 mV/?’ In bo.tr.' Ar- and Q@saturated 0'5_ M lzBO4._Oxygen . very small quantity of oxygen (Figure 2b). The calculateds
red.ug:tlon activity was calcu!ated by taking the difference in elemental composition (Ru/Se) in e, JCDX975 is about 266
activity at +0.65 V vs NHE in Ar- a_nd @ saturated 0'5. M (wt %) 68.5:31.5, corresponding to a Se/Ru atomic ratio of 0.587
H2SQ,. Current densities are normallzc_ad to the geometric area Similarly we have analyzed the other catalysts of different Res
of the glassy carbon substrate (0.07%in the following text. and Se composition. For each molar ratio of Ru/Se, some regizsas
were chosen randomly to analyze the composition by ERX
attached to a SEM. The results are given in Table 1. The slight
3.1. XRD Analysis. Figure 1 shows the powder X-ray deviation of composition among different particles at eaefe
diffraction patterns of the R8g/CDX975 catalysts. All the as-  [RuCly]/[H.SeQ] ratio might result from the detection errorsz7s
synthesized R$g/CDX975 catalysts show peaks &t 2alues The deviation could be due to the detection errors and the famt

3. Results and Discussion
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Figure 3. TEM images of (a) RiBadCDX975 at low magnification and (b) RB& dCDX975 at high magnification. Histograms of (c) &

particles on CDX975 and (d) commercial Pt/C (E-TEK).

that fewer regions were chosen for analysis. In addition, it was
observed that the average compositions were roughly in
agreement with those of the initial metal salt solutions.

Figure 3 represents the TEM images of the as-synthesized
RuSe ¢CDX975 and commercial Pt/C catalysts. Well-
dispersed, uniform-size, and spherical-shaped metallic nano-
particles with an average size of 3.1 nm on the carbon support
can be seen from both the low- and high-magnification TEM
images (Figure 3a,b). The average crystallite size calculated from
the XRD peak width was found to be consistent with those
obtained from the TEM result. Figure 3c shows the narrow size
distribution of RySeys metallic nanoparticles on a carbon

-1

22

Current density (mA/cm’)

34 N'”"p( / | —®—Ru/CDX975
L e St / —A— Ru,Se ,/CDX975

—v— Ru Se, /CDX975

: . . . 41 ¢ # | ——RusSe /CDX975
support. For comparison, a TEM image of commercial Pt/C is 060000004 / ¢ Ru Se. /CDX975
also shown in Figure 3d. The average particle size of Pt in the i RO —»— Ru,Se,/CDX975

-5

case of the commercial catalyst is 3.7 nm, which is in good
agreement with the literature repdrt. T T T T T T
3.3. Electrochemical PerformancesLinear sweep voltam- 02 04 06 . 08 0 12 1
metry (LSV) was performed to measure the oxygen reduction Potential (V) vs. NHE
activity of as-synthesized R8g/CDX975 and commercial Pt/C  Figure 4. Linear sweep voltammograms (LSVs) of @duction on
(E-TEK) catalysts in Ar- and @saturated 0.5 M bBOs. The 20 wt % RySg/CDX975 and commercial Pt/C (E-TEK) catalysts in
obtained voltammograms are shown in Figure 4. It is clear that ?.Str:—lzsl_%\;/sqan';ate: dB gvf‘l (Ifrr(;pct)ySanMdgasymbolst(_:orlrespond
the electrode prepared by using as-synthesize@&eCDX975 o the S I Al and ipsaturated 2. - respectively).
shows higher oxygen reduction activity than other Ru catalysts.
A high oxygen reduction current is paramount for an efficient in the potential region betweeh0.6 and+0.95 V vs NHE. In 306
electrochemical power device. the case of Ribg/C catalysts withx = 1 andy = 0, 0.8, and 307
Figure 4 indicates that the ORR kinetics is not the same on 1.0, ORR is diffusion-controlled at potentials beleid.4 V 308
all the catalysts. Oxygen reduction is facile in the case of Se/ and diffusion- and kinetics-control in the potential regiosve
Ru atomic ratios of 0.2, 0.4, and 0.6 compared to the Se/Ru betweent+0.4 and+0.9 V vs NHE. The reason for the differengio
atomic ratios of 0, 0.8, and 1.0. In the case of$B/C catalysts curve shapes for RBg/C catalysts with different Se/Ru atomis11
with x = 1 andy = 0.2—0.6, ORR is diffusion-controlled at  ratios may be due to the variation of geometric and electrogie
potentials belowt0.6 V and diffusion- and kinetics-controlled  factors like the Re-Ru interatomic distance, RtSe distance, 313

—=— PY/C (E-TEK)
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Se/Ru atomic ratio Potential (V) vs. NHE

Figure 5. Se/Ru atomic ratio vs ORR current density of as-synthesized Figure 6. Cyclic voltammograms (CVs) o) Ru/CDX975 and @)
RuSg/CDX975 catalysts. RuiSe dCDX975 catalysts in Ar-saturated 0.5%0;; scan rate: 20
mV st

Ru coordination number, and binding capacity of Se toward
Ru active specie%!? For all the Ru-based catalysts, when the that with increasing Ok} formation/surface oxidation, diminish-357
potential was swept from1.2 to +0.2 V vs NHE, a single ing the ORR activity:® and also it has been shown that a pusss
oxygen reduction peak is observed in the potential region of oxide such as Rufat the metallic ruthenium surface, whiclss9
about 1.0-0.4 V. This corresponds with the four-electron would be encountered at potentials of practical oxygen elees
reduction pathway of ©to H,0.”910The steep increase in peak trodes (0.70.9 V vs NHE) is inactive toward oxygen reducse1
current at+0.65 V indicates the facile kinetics of ORR. At the tion.3° In the case of RiS& ¢CDX975 catalyst, the formationse2
lower amounts of Se/Ru atomic ratio of 0.2, the formation of of oxide/hydroxide species formation/reduction was not os3
—OH species was inhibited to some extent compared to the Ru/served. It indicates that the presence of Se is inhibiting thea
CDX975. As a result, both the onset potential and activity were electrochemical oxidation of Ru and stabilizing the Ru actiges
increased. This is more prominent in the case of a Se/Ru atomiccenters in such a way that it exhibited high ORR activity. Recesaé
ratio of 0.4 and 0.6. At a Se/Ru atomic ratio of 0.6, the formation studies have shown that similar ORR enhancement cansée
of —OH species on the Ru surface was completely inhibited. reached by modifying Ru nanoparticles with S&2 Despite 368
At this composition, the geometric and electronic factors~Ru  numerous investigations on the structure and electrochemasal
Ru interatomic distance may be optimum so that it favors the properties of RiSg, cluster material$}—35 the role of Se in the 370
dissociation of the oxygen molecule and facile transfer of enhancement of the catalytic activity is not yet fully understoogia
electrons; consequently, there is a steep increase of oxygerOur studies indicate that the presence of selenium in the prepared
reduction peak current. At Se contents beyond 0.6, even thoughcatalysts is stabilizing the Ru active centers upon electrochemigal
the formation of—OH species was inhibited, the Ru active oxidation and the optimum selenium content is 0.6. At thds4
species were blocked by the presence of Se. As a result, theoptimum Se/Ru atomic ratio, there may be a facile interactiars
oxygen reduction was started at potentialst@.85 V vs NHE between the metal d-orbitals and adsorbate valence statesi&o
and complete reduction took place at potentialst@t4 V vs that electron transfer takes place from the metal d-orbital to e
NHE. antibonding z*-orbital of molecular oxygen. 378
The obtained oxygen reduction current densities normalized In comparison with Pt/C catalyst, the kinetically controllegko
to the geometric area are plotted as a function of the Se/Ruregion of the ORR is shifted negatively byl00 mV on the 3s0
atomic ratio in Figure 5. It shows that the current density exhibits Ru/CDX975 catalyst. This shift of the ORR is attributed to thes1
a maximum for the RiBe ¢/C catalyst. Further increase in Se onset of OHy formation and Ru surface oxidation at lowess2
content results in a decrease of the ORR activity, which however potentials 0.3 V vs NHE) than on the Pt electrode@.68 V 383
still exceeds the catalytic activity of the Ru/C catalyst. Recently vs NHE). In the case of R8g/CDX975 catalysts, a noticeabless4

Fiechter et al® also observed the higher selectivity (989%)
for oxygen reduction to water at moderate Se loadings(

0.3—0.6) under cathode-relevant reaction conditions. Moreover,

oxygen reduction activity of the as-synthesized 88 ¢
CDX975 (4.2 mA cm? was comparable to that of the
commercial Pt/C (E-TEK) catalyst (4.0 mA ci).

Figure 6 represents the cyclic voltammograms (CVs) of Ru/
CDX975 and RySe ¢CDX975 in deaerated 0.5 M430,. It

shift of the ORR in the kinetic region to more positive valuess
is observed for moderate amounts of Se {4%) to the Ru. 386
For higher Se/Ru ratios, the onset of the ORR is shifted bask
to lower potentials. Qualitatively similar shifts were alsess
observed in potentiodynamic R(R)DE measurements perforragd
by Zaikovskii et aP 390

All these measurements indicate that the$a¢/CDX975 391
catalyst shows an ORR activity significantly comparable wita2

reveals the commencement of oxide/hydroxide species on thethat of the Pt/C catalyst in the technically relevant potentiis

Ru surface at potentials €f0.25 V. The cathodic broad counter
peak betweer-0.15 andt-0.45 V can be thus attributed to the

regime betweent0.6 and+0.8 V. But the overpotential for 394
the G reduction is about 2630 mV higher than for the Pt/C395

surface oxide/hydroxide reduction, and the negative shift of catalyst. 396

oxide/hydroxide reduction suggests an increased irreversibility

of the surface oxidatio?®:2° It is well-known in the literature

Long-term stability of the catalysts is important for practicab7
applications. The current densityime plot of as-synthesizedsgs
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Figure 7. Current density vs time curves of as-synthesized 20 wt %
Ru,Sg/CDX975 catalysts: (a) Ru/CDX975, (b) & /CDX975, (c)
RuSe /CDX975, (d) RuSe ¢ CDX975, (e) RuSe dCDX975, (f) Ru-
Sa/CDX975, and (g) commercial Pt/C (E-TEK) measured in oxygen-
saturated 0.5 M 5O, at +0.65 V vs NHE.

20 wt % RuySg/CDX975 and commercial 20 wt % Pt/C
catalysts in oxygen-saturated 0.5 M3D, at+0.65 V vs NHE

is shown in Figure 7. It shows that the performance of3#/
CDX975 catalysts is better than that of Ru/CDX975. This is
due to the inhibition of (hydr)oxide formation and stabilization
of Ru active centers by means of Se additive. Among all the
carbon-supported R8¢ catalysts, RiSe& ¢ CDX975 exhibited
high performance and it is quite similar to that of the commercial
Pt/C (E-TEK) catalyst. The increasing order of stability of
electrodes is as follows: Ru/CDX975 Ru;Se/CDX975 <
RwuSe dCDX975 < RuiSe /CDX975 < Ru;Se /CDX975 <
RuSe ¢dCDX975~ commercial Pt/C (E-TEK).

4. Conclusions

The reverse microemulsion method (RME) has been adopted
to synthesize 20 wt % R8g/CDX975 catalysts. XRD mea-
surements indicate the existence of Ru inlilbp phase as well
as similar particle size (around 3 nm) in all the as-synthesized
catalysts. EDX reveals the composition obtained for the as-
synthesized catalysts were roughly in agreement with those of
the starting metal content. The TEM image of;B& ¢ CDX975
shows the high dispersion of metallic particles on carbon
(CDX975) support. Evaluation of a series of J88/CDX975
catalysts for the @reduction by LSV measurements reveals
the improvement of ORR activity by the presence of Se with a
maximum activity (geometric area-normalized current density)
for the RuSe) CDX975 catalyst. The reason for the improved
activity is the stabilization of Ru active sites by Se against
blocking as a result of (hydr)oxide formation. The comparable
ORR activity and stability of RiBe) CDX975 with those of
commercial Pt/C (E-TEK) catalyst makes it an ideal cathode
material for electrochemical power devices.
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