36 Chem. Mater2007,19, 36—41
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This paper presents an approach to the synthesis of PtRu nanostructures with defined shapes. Platinum
acetylacetonate and ruthenium acetylacetonate were used as metal precursors. The selected capping of
different low indexed surfaces by adamantaneacetic acid and hexadecaneamine led to the formation of
cubic or tetrahedral nanodendrites from faceted primary nanoparticles, most likely through the oriented
attachment. Our energy dispersive X-ray (EDX) analysis and X-ray diffraction pattern indicate that the
nanostructures were Pt rich and contained up-&2 atom % of Ru. These PtRu nanostructures were
catalytically active in the direct methanol oxidation. The highest peak mass current density obtained for
as-made B§Ru, nanodendrites was 99 mA myPt.

steps and neighboring ruthenium atoms in providing the
. . , , . necessary active sites for reaction intermediates to complete
This paper describes the ;yntheS|s of three—dlmenS|onaIthe oxidatior214-16 Depending on the synthetic procedure
PtRu alloy ng_nostruqtures W'th, cont_rollable shape, tgxture, and post-synthesis treatment, the PtRu nanoparticles could
and comp03|t|oq. This synthe5|§ relies on the formation of have different degrees of crystallinity and surface composi-
faceted small primary nanoparticles (PNPs) and the SUbSEE'tions, which could affect the catalytic property even for those

quent groyvth OT PNPs along the directions defined by the nanoparticles with similar overall composition and average
crystal orientation. The as-made nanostructures of PtRU;,e

alloys show relatively high catalytic activity toward the ) ) )
Platinum ruthenium alloy nanoparticles have been prepared

oxidation of methanol. L . . . e
. . . . via impregnation or arc melting, although the size distribution
Platinum-based nanoparticles are important electrochemi-. " . )
is broad and the composition varies depending on the

cal catalysts for proton exchange membrane fuel cells methods used?1”For low Pt-loading nanostructures, under-

A . . )
.(PEMFC)' pe3|gn|ng low CO.St and highly active catalysts otential deposition (UPD) of Pt on less noble metals has
is a challenging and attractive research area despite th .
. : een shown to be an effective approadtisSpontaneous
considerable advances that have been made in recen o .
deposition of a submonolayer of Pt on a Ru nanoparticle

earst?5 7 In comparison to pure platinum, bimetallic PtRu . .
y P pure pratin Lo surface has been achieved using the UPD metffo8luch
alloys have shown better electrochemical activities in direct

methanol oxidation and other similar reactiéiis* The

superior catalytic properties of PtRu nanoparticles ca
partially be attributed to the ability of platinum atoms in
adsorbing and activating methanol in the dehydrogenation
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catalysts have shown good CO tolerance at low platinum or 220 mg), and hexadecaneamine (HDA, Aldrich, 90%, 4 g) were
loading. Besides the above approaches, colloidal synthesisadded into a 25 mL three-neck round-bottom flask. This reaction
is becoming a very useful alternative for making PtRu alloy Mixture was heated to 19 using a heating mantle at a rate of
nanoparticles. A high level of control over size, shape, and 10 °C/min. ‘In a separate setup, a mlxtqre of 1, ?-hexadecanedlol
chemical composition can be possible for PtRu catalysts (HDD, Aldrich, 90%, 1 or 1.43 g) was dissolved in 2 mL of DPE
through the solution-phase synthesids-192%Although many at 130°C and subsequently injected into the flask containing Pt-
efforts have been devoted to the development of such (acac) and Ru(acag) The color of the solution turned from dark

icl fth K has f d h red to dark black spontaneously. The reaction was maintained at
nanoparticles, most of the work has focused on the NON- the reflux temperature (28@) for 30 min. After the reaction, the

textured form. Design and synthesis of a porous or highly anoparticles were separated and washed using chloroform and
interconnected network of PtRu alloy nanoparticles can ethanol, respectively. In a typical procedure, 2000f the product
potentially create new opportunities for making high- was dispersed in 800L of chloroform in a plastic vial (2 mL),
performance catalysts. followed by the addition of 1 mL of ethanol, which was used as
Porous or flower-shaped nanomaterials of metals and metalthe anti-solvent. The precipitate was separated from the solution
oxides have recently been made by several grétpsThere mixture by a centrifuge at 6000 rpm for 7 min. Yellow-brownish
are two major strategies for making this type of platinum supernatant was decan_ted, and the black product was (_jispersed in
nanostructures. One is to use lyotropic liquid crystal or lipid 1 ML of chloroform. This process was repeated three times.
membrane as the template to generate porous stru@tufés. Characterizations. Electron microscope specimens were pre-
Mesostructured materials and dendritic sheets of platinum Pared by dispersing the suspension of nanoparticle in chloroform
have been made. Jiang and Kucernak have shown the(Nl mg/ml__) and drop-castlr_lg it onto TEM grids. The transmission
synthesis of microspheres of mesoporous PtRu alloys byEIECtron MICroscopy (TEM) images were recorded on a JEOL JEM
reducing hexachloroplatinic acid and ruthenium trichloride L200EX microscope at an accelerating voltage of 120 kV. Energy

. . . . . . dispersive X-ray (EDX) analysis was obtained with a field-emission
in the hydrophilic domains of oligoethylene oxide lyotropic scanning electron microscope (FE-SEM, model LEO 982) equipped

liquid crystals, similar to the te_mplating methods. ~ with an EDAX detector or a Hitachi HD-2000 scanning transmission
An approach to the synthesis of porous Pt nanoparticleselectron microscope (STEM) equipped with the EDX system from
through the polyol process has been reported recétitlyis Oxford Instruments, Inc. that has a lateral resolution of 0.18 nm.

method did not rely on the formation of supramolecular The high-resolution TEM (HR-TEM) images were recorded on a
templates but was related to the oriented attachment of PNPSEI Tecnai G20 microscope at an accelerating voltage of 200 kV.
between the surfaces with similar atomic structures. Nano- Powder X-ray diffraction (PXRD) patterns were taken using a
flowers of metal oxides have also been made recently by Philips MPD diffractometer with a Cu&X-ray source{ = 1.5405
this strategy?! In this paper, we show PtRu alloys can be A) at. a scan rgte of 0.0220/s. The X-fit and Treqr were used to
made as three-dimensional (3D) nanostructures that have nof>@in the lattice constant, full width at half-maximum (FWHM),

IV text but also definable sh ting th 3Dand lattice spacing. The particle size distribution was obtained by
gtr;lilctﬁi(ets”fe(frmu dljiest% tﬁelnc?en?:lristicag?os\;v'?hug?ilegg baesed analyzing about 100 particles on TEM images using the ImageJ

h - d h incipl software from NIH.
on the oriented attachment principle. Electrocatalytic Study. The electrochemical catalytic activities

of PtRu nanostructures were characterized using a three-electrode
system on a CHI 760 dual channel electrochemical workstation (CH

Synthesis.In a typical procedure, platinum acetylacetonate (Pt- Instruments, Inc). A platinum wire was used as the counter
(acac), Gelest Inc., 97%, 50 mg), ruthenium acetylacetonate (Ru- electrode, and an Ag/AgCl (3 M KCI) electrode was the reference.

(acac), Aldrich, 97%, 50 or 100 mg), diphenyl ether (DPE, Aldrich, The working electrode was made of glassy carbon that was polished

99%, 2 mL), 1-adamantaneacetic acid (AAA, Aldrich, 99%, 150 with Al;05 powders (Aldrich, 1um) and rinsed with Millipore
deionized water prior to the test. Cyclic voltammetry (CV) was

(19) (a) Bock, C.. MacDougall, B.: LePage, ¥. Electrochem. So2004 conducted in the suppprting electrolyte for multiple cycles untilla
151, A1269. (b) Bock, C.; Paquet, C.; Couillard, M.; Botton, G. A.; stable curve was obtained. All the solutions were prepared using
MacDougall, B. R.J. Am. Chem. So2004 126, 8028. Millipore deionized water. Perchloric acid (HCJO Aldrich,

(20) (@) Liu, Z. L.; Ling, X. Y.; Su, X. D,; Lee, J. YJ. Phys. Chem. B 99.999%, 0.1 M) was used as the supporting electrolyte. Methanol
é%?f Ll.oﬁ.Egﬁém(ﬂ)rzLé&zz'o,List‘?bf i)Zi'\;/aCrgjejr%,ng; fe e'y"i”ga[v"; (CH;OH, anhydrous) was the analytical reagent from Aldrich. All
Power Source005 142, 43. solutions were deaerated with argon for at least 15 min before the

(21) (a) Narayanaswamy, A.; Xu, H.; Pradhan, N.; Kim, M.; PengJX.  measurements. A 10L dispersion of PtRu catalysts, which was

Am. Chem. SoQ006 128 10310. (b) Narayanaswamy, A.; Xu, H.; inati i i 1)
Pradhan. N.. Peng, Xingew. Chem., Int. E®00G 45, 5361. prepared by sonicating nanoparticles in ethanol (0.5 mg PtijnL

Experimental Section

(22) Teng, X. W.: Liang, X. Y.; Maksimuk, S.; Yang, Ksmall2008 2, for 10 s, was drop-cast onto a carbon electrode (5 mm in diameter).
249. The CV was performed at 22, and the variation of temperature
(gi) \é\aang, ZX:_(I?:ian, XYF'LYE' J, Zhhuf-zk K—ﬁ”\gl\fglﬁ"zool\j 20, gggl- was controlled withint0.1°C using a circulating bath (Polyscience,
24) 18,02nz?é8.” eng, ¥.; Lieberwirth, .. Knoll em. Mater2006 model 1180A). The potential was swept between @ arV at a
(25) Attard, G. S.; Bartlett, P. N.; Coleman, N. R. B.; Elliott, J. M.; Owen, rate of 50 mV s*. The rate of the rotating disk electrode (working
J. R.; Wang, J. HSciencel997, 278 838. electrode) was set at 1000 rpm for the measurements. The

(26) ((g)) jilgrr:g’ ‘J] : ; ﬁﬂggmgt fég?:tr&i?g'zggzq%oggé’;g 187. chronoamperometry of PtRu nanoparticles was recorded at a bias

(27) (a) Song, Y. J.; Yang, Y.; Medforth, C. J.; Pereira, E.; Singh, A. K.; Vvoltage of 0.6 V. The change in the current density with time was
Xu, H. F.; Jiang, Y. B.; Brinker, C. J.; van Swol, F.; Shelnutt, J. A.  recorded for 100 min. The loading amount of PtRu catalysts was
J. Am. Chem. So@004 126 635. (b) Song, Y. J.. Steen, W. A.. 55 cnr2 for all the measurements. The activation energy was
Pena, D.; Jiang, Y. B.; Medforth, C. J.; Huo, Q. S.; Pincus, J. L.; Qiu, " . . L .
Y.: Sasaki, D. Y.: Miller, J. E.: Shelnuttt, J. Ahem. Mater2006 obtained from the slope of the Arrhenius relationship, in which

18, 2335. log(i, A cm~2) was plotted against 1000/wherei is current density
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neighboring PNPs, further indicating that they were (111)
and (111) planes of cubic phase PtRu allgswithin the
cubic shape nanopatrticles, the short rod shape could be
observed, presumably due to the oriented attachment of PNPs
along[111directions. Such nanoparticle-to-rod transforma-
tion also happens for different types of quantum ddts.
Unlike the cases in CdTe and PbSe quantum dots where the
dipole moment was the driving force, the oriented attachment
in these PtRu nanostructures was most likely due to the
incomplete growth inhibition by capping reagents on selected
crystal surfaces.

In general, the shape of nanoparticles is highly dependent
on the relative growth rates along the low index crystal
planes’® These growth rates could be quite different for
colloidal nanopatrticles in the presence of surfactants. AAA
seemed to preferentially adsorb on the00 surfaces of
PtRu and facilitate the growth alom@jl 1 directions. Unlike
most of the reported cases of nanoflowers, the secondary
growth of PNPs apparently took several preferred equivalent
directions. The secondary growth of PNPs could be faster
along[111than [100directions, leading to the formation
of cube-shaped nanostructure in a dendritic fashion. By
increasing the Ru(acac)o Pt(acac) ratio and the amount
of AAA and HDD, the PNPs could still also grow along
[111Mdirections. In this case, however, the increase in the
concentration of capping agents led to a better coverage of
the surfaces of nanocrystals. Thus, instead of forming cube-
- L TEM PR dendit de at Pi(alfu like nanodendrites which grew along eightl 1 directions,
T maes o PR nanedendies made s Platoecad) ., the PNPS might grow at a reduced numbers of surfaces,
HR-TEM image of a portion of a cubic PtRu nanodendrite shown in panel leading to the formation of tetrahedral nanodendrites that

A; (D) TEM and (E, F) EDX maps of a single nanodendrite showing the had four equivalent growth directions.
uniformly distributed (E) Pt and (F) Ru elements. The HDA/DPE molar L. T . . .
ratio was kept at 120:200. The composition of individual nanoparticle was investi-

gated by EDX analysis. Figure HF shows the TEM image
andT is temperature. The temperature range was between 25 andand the corresponding EDX maps for Pt and Ru elements,
60 °C. The peak mass current density presented was after baselingespectively, of an individual nanoparticle from the product
correction. made at a Pt(acagiRu(acac) molar ratio of 1:1. The Pt and
Ru signals were readily detectable, and both elements evenly
Results and Discussion distributed throughout these nanodendrites. It is noted that

Figure 1A shows the TEM image of the PtRu nanoparticles the amount of reducing reagent used was about 15 times the
made at a Pt(acagRu(acacyAAA/HDD molar ratio of 1:1;  total mole number of Pt(acacnd Ru(acag) Under such a
6:30. The molar ratio between HDA and DPE was kept at Nghly reductive enwronm(gnt, platinum and ruthenium
120:200 for all the reactions. The nanoparticles formed after ations could be reduced to’Rind R rapidly, judging by
the reaction for 30 min at the reflux temperature, which is the rapid color change from dark red to black during the
around 280°C. The as-made nanoparticles had a relatively "€action. The obtained atomic ratio was;Rths, which was
uniform cubic shape consisting of interconnected PNPs. TheSimilar to PgsRuis obtained from the EDX data of an
average length of the edges of these cube-shaped nanostru@-”semble of PtRu nanopatrticles. Similar measurements were
tures was 31.2 2.3 nm. The PNPs had an average width conducted with the nanopatrticles shown in Figure 1B, which
around 4.2 nm. Figure 1B shows the TEM image of as-made N2d @ composition of PR for the ensemble and ft
PtRu nanodendrites when the Pt(agii)(acacy AAA/HDD Ruws for a single particle. These EDX measurements indicate
molar ratio was changed to 1:2:9:45. At this reactant ratio that the composition of these as-made PtRu nanodendrites
the particles had either cubic or tetrahedral symmetry. TheseVas relatively u;‘nform. The yields of 8Runs nanodendrites
two types of morphologies could be the result of growth of Were about 84% based on the weight of Pt, angdRek,
PNPs along111directions in a dendritic fashion. nanodendrites had a similar yield. These data indicate that

The high-resolution TEM image shows that the PNPs in

these PtRu nanostructures were single crystalline (Figure(zg) Edington, J. WElectron Diffraction in the Electron Microscope
Macmillan: Eindhoven, 1975.

1C)). The lattice spacing was equal to 2.25 A (or 2.25 nm (29) (a) Tang, Z. Y.; Kotov, N. AAdv. Mater.2005 17, 951. (b) Tang, Z.
for 10 consecutive fringes), which could be assigned to the Y.; Kotov, N. A.; Giersig, M.Science2002 297, 237. (c) Pradhan,

: N.; Xu, H. F.; Peng, X. GNano Lett.2006 6, 720.
{111 planes of PtRu alloy. The HR-TEM image further (30) (a) Wang, Z. L.J. Phys. Chem. R00Q 104, 1153. (b) Wiley: B.:

shows such well-resolved lattice planes at & @Agle for Sun, Y. G.; Mayers, B.; Xia, Y. NChem—Eur. J. 2005 11, 454.

10 nm
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Figure 2. PXRD patterns of (A) Pt nanoparticles and (BysRtys and

(C) PRz nanodendrites. Inset shows the PXRD patterns of the two PtRu Figure 3. Dependence of the lattice constant on the Ru content (atom %)

nanodendrites between 30 and® @. for Ptioo-xRux nanodendrites.
Table 1. Peak Position, Lattice Spacing, Primary Particle Size, and A
Unit Cell Constant
peak lattice  particle unitcell
position  spacing = sizé constant
source sample (26, deg) A (nm) A
JCDPS  Pt(111) 39.76 2.265
Pt(200) 46.25 1962 A 3.920
PXRD  PgsRus(111)  40.23 2.242
PueRW(200) 4672 1042 O 3.884 c
PtaRup(111)  40.30 2.239 7
PtgRWbA(200) 4682 10939 O 3878 g
ACA
a Size analysis of PNPs is based on the FWHM of the PtRu (111) peak. g
=
although both Pt(acac)and Ru(acag)could be reduced £ .
effectively at this temperature, the amount of Ru atoms that = [
was incorporated into Pt lattices was limited. The stable 30 35 40 45 50 55
colloidal form of alloy between these two metal precursors 20 (degree)

in this reaction system was close tgR. The differences  Figure 4. TEM images of as-made PtRu nanoparticles synthesized using
in reaction rate between these two precursors and the(®) ACA and (B) AA as one of the capping agents. (C) PXRD patterns of

. . . the corresponding PtRu nanopatrticles. Diffractions from both fcc PtRu alloys
crystalline phase between pure platinum and ruthenium (®) and hcp Ru metall) were observed for the sample when ACA was
metals could be the main reasons for this limited variation used. The Pt(acagRu(acacyACA or AA/HDD molar ratio was 1:1:6:30.
in composition that we could obtain. composition between these two metals assuming that Veg-

Figure 2 shows the PXRD patterns of these two nano- ard’s law relationship applies to the nanoparticfés.

dendrites. The PXRD pattern of platinum nanoparticles was Figure 3 shows the lattice constants obtained for Pt
included for comparison. The PXRD patterns could be nanoparticles and RRu;s and P$sRuw, nanodendrites. The
assigned to the (111), (200), (220), (311), and (222) lattice constant decreased almost proportionally as the Ru
diffractions of face-centered cubic (fcc) PtRu allé§&The content increased. The unit cell constant had a linear
20 angles were higher for nanoparticles of PtRu alloys than relationship with Ru content, and the slope w&&0018 A,
for pure Pt, as the incorporation of Ru atoms into Pt lattices which was comparable to the reported valtieThe ada-
led to the decrease in the lattice constant. The FWHM of mantane moiety appeared to be one of the key functional
the (111) diffraction was used to estimate the average Sizegroups of the capping agents. Adamantanecarboxylic acid
of the PNPs according to the Scherrer equationable 1~ (ACA) and adamantanamine (AA) were further tested to
summarizes the peak position, lattice spacing, averageexamine the effect of such reagents on the morphology and
particle size, and unit cell constant calculated using the composition of PtRu nanostructures. Figure 4 shows TEM
experimental data and JCDPS X-ray diffraction database. Theimages and PXRD patterns of the nanoparticles when AAA
calculated sizes of PNPs based the peak broadening in PXROyas replaced by either ACA or AA in the reaction mixtures.
data agreed in general with those obtained from the TEM All other reactants were maintained the same, and the
study. X-ray line shape was fit based on pseudo-Voigt (PV) synthetic conditions were also the same as those for making
and split Pearson (PVII) functions with a fundamental the 31-nm RERws cube-shaped nanodendrites, as shown in
parameter (FP) convolution approach using XMIThe peak  Figure 1A. The 3D nanostructures were observed only when
position and FWHM were obtained from the fits and used ACA was used as one of the capping agents. When AA was
to generate lattice parameters, such as interplanar distancemployed, only faceted nanoparticles were observed. In this
and lattice constant based on the Treor analysis. The changease, the as-made nanoparticles had an overall composition
in lattice constant could be used to estimate the elementalciose to PgRu, This composition could qualitatively be
fit to a linear relationship between the lattice constant and
(31) Cheary, R. W.; Coelho, A. Al. Appl. Crystallogr.1992 25, 109. the Ru content for the nanodendrites, Figure 3. We noted
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1st stage 2nd stage 3rd stage

\ &) o

Figure 5. lllustration of the formation of 3D PtRu nanodendrites.

¢

that besides PtRu alloy, nanoparticles of pure Ru could be PtRu electrode (60 kJ md)!”® and mesoporous PtRu
detected by PXRD when ACA was used as the capping electrodes (3645 kJ moi1)2%2 but comparable to a value
agent, Figure 4C. This observation suggests that the byprod-of 29 kJ mof! measured on 15 nm PtRu nanoparticfes.
ucts could be pure Ru nanoparticles. These Ru-nanoparticleThe difference in activation energies among these catalysts
byproducts could be readily separated out from PtRu could be related to the variations in the composition,
nanodendrites when AAA was used. crystallinity, and surface structuté.These structural pa-
The shape of PtRu alloys changed from nanodendrites torameters also depended on how the electrodes were prepared
faceted nanoparticles when the carboxylic acid functional including the condition of postsynthetic treatment of nano-
group was replaced by amine. In a separate control experi-particles, such as temperature and whether carbon supports
ment when adamantane-based capping agents were replacedere used.
with oleic acid, only aggregates of nearly spherical particles The electrochemical oxidation of methanol by PtRu
could be obtained. These observations indicate that bothcatalysts goes through multiple intermediate steps including
adamantane and carboxyl acid groups are essential in thehe formation of adsorbed CO, G&? The dehydrogenation
formation of PtRu nanodendrites. Nucleation at the low of adsorbed methanol typically happens at Pt atom sites to
concentration of Pt(acacand subsequent growth via oriented
attachment of PNPs led to the formation of dendrites, as A
illustrated in Figure 5. Upon the formation of PNPs with £ 200
defined shapes (Stage 1), the secondary growth happened S
preferentially at th¢ 111} faces, which were less protected E
than{100 faces (Stage 2). This oriented growth of PNPs E
eventually led to the formation of dendritic nanostructures =
with well-defined morphology (Stage 3). %
The catalytic property of BiRuis and PisRup, dendrites E 50+

o

3

?

b

1504

Commercial
PtRu

for the oxidation of methanol was studied using CV. The
observed methanol oxidation peaks for botafRts and Pis-
Ru, nanodendrites were at 0.63 V (vs Ag/AgCI) in the s ; .

forward sweep and at 0.51 V in the backward sweep, Figure 0 0.2 0.4 06 08 10
6A. The current density per unit mass of platinum was Voltage (V) vs. Ag/AgClI
calculated based on the CV recorded after 100 cycles. The
peak mass current densities were 99 mA gt for Ptg-

Ruw, and 74 mA mg? Pt for PgsRus nanodendrites. As a
reference, a carbon-supported PtRu catalyst (HISPEC 7000,
Johnson Matthey, 30% Pt, 15% Ru, and 55% carbon) was
tested, which had a mass current density of 49 mAhRj.

One reason for the high catalytic property could be due to
the fact that these nanodendrites had compositions close to
Pt;0RUso, Which is the optimized composition for having the
highest catalytic performance toward the methanol oxida-
tion?® The chronoamperometry data indicated that the
difference in the mass current density fosgRib, and Pgs- : :
Rus dendrites remained almost the same when the reaction 2 : 4 6
reached the steady state after 6000 s, Figure 6B. The Time (X1000"'s)

activation energyE, determined according to Arrhenius Figure 6. (A) CV and (B) chronoamperometry for methanol oxidation
relationship, was 24.8: 1.3 kJ moffor ProRus and 27.0 - ceahece by i sl s enenates i e s D,
+ 1.5 kJ mot? for Pt;gRw:, nanodendrites, inset of Figure y '

- shows the Arrhenius plots usingshfRus and PisRup2 nanodendrites as
6B. These values were lower than those of the polycrystalline the catalysts.
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form CQOygs While Ru atoms provide sites for water adsorp- Conclusion

tion. Typically, the adsorption and decomposition of water  Wwe have developed a new synthetic method for making
on the surface of a catalyst limits the overall rate of the ptRu alloy nanodendrites with defined 3D shapes. The
reaction series. Increasing the Ru content can provide moreformation of nanodendrites relies on the secondary growth
reaction sites and facilitates the oxidation of L{However, of PNPs. The fact that lattices at the interface regions of
the introduction of Ru atoms results in the reduction of PNPs are matched suggests oriented attachment took place
surface Pt sites, and the rate-determining step can change t¢n the formation 3D nanodendrites. The interaction between
methanol adsorption and dehydrogenation. Thus, a properadamantaneacetic acid and selected surfaces of PtRu PNPs
Pt/Ru atomic ratio and surface structure are essential tosuch as{100 faces could facilitate this preferred growth.
achieve the maximum catalytic performance. The optimal This template-free approach can be a useful method for
composition of PtRu alloys has been found experimentally making nanoparticles of PtRu and other metal alloys with
to be around RiRuso.t"*9The highest amount of Ru that  new structures which can be desirable for catalytic applica-
was incorporated into the PtRu alloy nanodendrites in our tions.
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