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Particles of RuSeMo and RuSnMo have been produced by ball milling; they present catalytic

activity towards the oxygen reduction reaction (ORR) in acid media. A Tafel slope close to

120 mV/dec was found for both materials. Their morphology was first characterized by

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM and

TEM images reveal particles in the sub-micrometer range. The structure of the materials

was further probed with synchrotron radiation powder X-ray diffraction (SR-PXD) and X-

ray absorption spectroscopy (XAS). SR-PXD reveals the existence of metallic Ru as the main

phase and the formation of phases such as RuSe2 in RuSeMo and Ru3Sn7 in RuSnMo. Mo

was found to form solid solution into the RuSe2 phase in ball milled RuSeMo. Finally, The

Ru L3-edge and Mo L3-edge XAS fingerprints were correlated with the catalytic activity

towards ORR.
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Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are

considered potential alternatives to the conventional internal

combustion engine in automobile applications [1]. However,

several shortcomings still limit their commercialization on a

large scale. One crucial issue is the cost and limited avail-

ability of the Pt necessary as fuel cell electrocatalyst. The ef-

forts to reduce the amount of Pt in electrocatalysts for fuel

cells include: 1) the use of suitable supportingmaterials; 2) the

formation of Pt alloys with non-noble metals, and 3) alterna-

tive electrocatalysts without any Pt. Electrocatalysts for low

temperature PEMFCs are extensively studied with the aim of

improving their catalytic activity, selectivity and stability. Ru

based electrocatalysts are well known because of their rela-

tively high activity towards the oxygen reduction reaction

(ORR), high tolerance to CO poisoning and stability in acid

media [2,3] that can be attractive to specific applications. It is

recognized that the activity towards ORR of Ru-electro-

catalysts is enhanced by the incorporation of Se [4]. The

addition of a second transition metal, i.e. Mo, Cr, W or Fe, to

the RueSe particles increases the ORR activity further [5e7].

Typically the RueSe and RueMoeSe electrocatalysts have

been produced by thermolysis of Ru3(CO)12 and Mo(CO)6 in a

suitable solvent (i.e. xylene or 1,6-hexanediol). The solvated

carbonyl precursors are decarboxylated and the products co-

precipitate with Se to form chalcogenides [4,7]. A relatively

unexplored method to produce electrocatalytic alloys for fuel

cell is the mechanical milling or ball milling [8,9]. Ball milling

is a high energy, quick synthesis procedure that can be easily

up-scaled. Ball milling has the advantage of eliminating the

solvents during the synthesis, washing and purification of

materials; but can produce a complicated mixture of meta-

stable or disordered phases [10,11]. As a relatively new syn-

thesis procedure for fuel cell purposes, the products and

byproducts of ball milling must be characterized in detail.

Synchrotron radiation is an extremely intense beam that al-

lows fast imaging, scattering, diffraction or X-ray absorption

studies. These techniques can make an important contribu-

tion to electrocatalysts characterization [12]. In the present

work ball milled RuSeMo and RuSnMo particles were studied

in detail by the synchrotron radiation powder X-ray diffrac-

tion (SR-PXD) and X-ray absorption spectroscopy (XAS).

Despite their importance as electrocatalyst or catalyst (not

limited to hydrogen/oxygen fuel cells), experiments at the Ru

and Mo L3-edges are not comprehensively available in the

open literature. XAS at the L-edges can provide direct and

valuable information on the d-electron density of the metal

center. This is of paramount importance for an ORR electro-

catalyst, because of the well known relationship between the

d-band occupancy/vacancy and the catalyst activity [13].
Experimental description

The syntheses procedure of the ball milled Ru based particles

is described elsewhere [14,15]. Briefly, powder precursors (Ru,

Se, Sn and SnAldrich, 99.9% nominal purity) in an atomic ratio

2:1:1 (2 at Ru) were milled in a high energy ball mill SPEX 8000
for 40 h. Steel vial and zirconia balls were used for producing

RuSeMo and RuSnMo. The ball to powder ratio was 4:1 and

methanol was used as process control agent. The milling vial

was sealed under argon atmosphere. The as-milled powders

were characterized without further treatment.

Electrochemistry measurements of rotating disk electrode

(RDE) were taken in a conventional three electrode arrange-

ment [14,15]. Each electrocatalytic powder was mixed with

Nafion� monomer and ethanol to form a suspension or “ink”:

1 mg electrocatalyst, 0.4 mg of Vulcan, 12 ml of Nafion� mono-

mer and 0.3 ml of ethanol. A glassy carbon electrode (5 mm

diameter) was coated with 5 ml the suspension and dried at

room temperature. This thin-film electrode arrangement was

the working electrode. A platinum wire was the counter elec-

trode and a saturated Calomel electrode (SCE) was the refer-

ence electrode. The electrolyte (H2SO4, 0.5 M) was oxygen

saturated before each measurement. The rotation of the

working electrode was varied from 100 to 1600 rpm. Kinetic

current density was obtained by appropriated mass transfer

effects correction according with Koutecky-Levich first order

reaction approach [14e16]. Once the kinetic current was

extracted; the jkversusEdatawasplotted in the typical fuel cell

performance style. The resistance losses were extracted from

the slope of the linear region of the jk versus E plot.

Scanning electron microscopy (SEM) micrographs were

taken with secondary electrons at a Quanta 3D FEG scanning

electron microscope. The samples were dispersed ultrasoni-

cally in ethanol and then one drop was deposited on extra-

smooth graphite tape. Transmission electron microscopy

(TEM)micrographswere taken at 300 kV at Tecnai G2 F30 from

FEI microscope. The samples were dispersed in isopropyl

alcohol, the dispersion was ultra-sonicated 6 times in periods

of 5 min in the ultrasonic bath with a 2 h resting time; then

one drop was deposited on a copper sample holder. Energy-

dispersive X-ray spectroscopy (EDS) was used as a quick

method to determine the presence of the starting ball milled

elements and possible contamination from vial or balls.

All synchrotron radiation experiments were performed at

the MAX-lab facility, Sweden. Synchrotron radiation Powder

X-ray diffraction (SR-PXD) patterns were taken at the I711

beamline. The samples were sealed in glass capillaries

(0.3 mm diameter). The wavelength was 1.0085 �A. A CCD de-

tector (Titan CCD camera) was used to collect data. Exposure

time of 240 s and appropriate rotation of capillary was set [17].

Radial integration was performed with the fit2d software [18].

X-ray Absorption (XAS) experiments were accomplished at

theRuL3-edgeandMoL3-edgeat the I811beamline. 1mgofeach

powder samplewas finely dispersed on 1.5 cm2 of the glue-side

of Kapton� tape and placed inside a He-filled cell. XAS experi-

ments were performed in Fluorescence mode. Samples were

oriented at 45� with respect the incident beam. 3 scans were

measured and averaged. No indication of sample damage was

observed. Data extraction was executed with Athena program

[19]. No further correction for self-absorption effectswasmade.
Results and discussion

Detailed electrochemical characterization by means of cyclic

voltammetry (CV) and rotating disc electrode (RDE) in acid

http://dx.doi.org/10.1016/j.ijhydene.2014.03.220
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Table 1 e Kinetic parameter of ORR at 25 �C, composition.

Material Synthetic
procedure

Open circuit
potential [V
versus NHE]

Tafel
slope at
25 �C

[mV/dec]

j0 at 25 �C
[mA cm�2]

Resistance
loss

[U cm2]

EDS elemental
composition

analysis and edge
[atomic%]

Composition
(Rietveld

method) [wt.%]

Composition
from Rietveld

method
[atomic%]

RuSeMo Ball milling 0.81 [15] 121.5 [15] 6.8 � 10�6

[15]

256.0 Ru(K): 75.5 � 0.6

Se(K): 19.0 � 0.6

Mo(K): 5.5 � 0.3

Ru: 65.9 � 1.0

RuSe2: 33.2 � 0.9

Mo: 0.8 � 1.0

Ru: 74.8

Se: 24.4

Mo: 0.8

RuSnMo Ball milling 0.71 [15] 110.6 [15] 1.3 � 10�6

[15]

206.0 Ru(K): 51.3 � 0.6

Sn(K): 17.4 � 0.5

Mo(K): 31.3 � 0.4

Ru: 60.7 � 1.0

Mo: 18.7 � 1.0

Ru3Sn7: 20.6 � 0.8

Ru: 67.0

Sn: 13.0

Mo: 20.0

RuxMoySez
[21]

Thermolysis of

carbonyl

precursors in 1,6-

hexanediol

0.86 116.0 4.82 � 10�5 20.0 Ru6Mo1Se3 e e

Fig. 1 e Kinetic current densityepotential curves of ball

milled RuSeMo and RuSnMo. Inset RDE curves at 1600 rpm

of ball milled RuMoSe [15] and RuMoSn [15] and RuxMoySez

synthesized from carbonyls [21] in 0.5 M H2SO4 at 25 �C.
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media can be found elsewhere [15]. Table 1 collects the elec-

trochemical relevant data for correlation with XAS findings.

Briefly, the Tafel slope near 120 mV/dec and the number of

electrons transferred n ¼ 4e� in both materials are associated

to the water formation. These values have been used to pro-

pose the ORR mechanism. A common accepted ORR mecha-

nism in acid media involves the competition between the

dissociative adsorption (eq. (1)) versus the reductive adsorp-

tion of oxygen (eq. (3)) [20]; i.e. the coverage of O versus OH

species over the electrocatalyst surface:

1
2
O24Oad Dissociative adsorption Tafel slope ¼ 60 mV=dec

(1)

Oad þHþ þ e�4OHad Reductive transition (2)

1
2
O2 þHþ þ e�4OHad Reductive adsorption Tafel slope

¼ 120 mV=dec (3)

OHad þHþ þ e�4H2O Reductive desorption (4)

The Tafel slope depends on the coverage of O versus OH,

which in turn depends on the electrode material and poten-

tial. In acid media, the OH coverage is related to a Tafel slope

of 120 mV/dec; while the O coverage is related to 60 mV/dec

[20]. The Tafel slope value of 120 mV/dec at both studied

materials is characteristic of Ru based electrocatalyst in acid

media. Based on thismodel, the ORRmechanism over this Ru-

electrocatalysts is ruled by the OH coverage at low

overpotential.

The electrocatalytic activity (estimated as the exchange

current density j0 i.e. the extrapolated kinetic current density

at zero overpotential), is affected by the presence of Se or Sn: a

decrease of 50 mV in the open circuit potential (OPC) in ball

milled RuSnMo drives the exchange current density to lower

values. The exchange current density values are collected in

Table 1, their order of magnitude is such that:

RuSeMo > RuSnMo. Exchange current density values of

10�6 mA cm�2 are low compared to the values obtained in

similar carbon supported materials synthesized by thermol-

ysis of carbonyl precursors, where values of 10�5 mA cm�2 at

room temperature are the common [7,21]. However as an

alternative synthetic route, the ball milled products must be

characterized in detail.
Despite that the electrochemical kinetic data OCP, Tafel

slope and exchange current density in Table 1 describe the ball

milled RuSeMo as better electrocatalyst than ball milled

RuSnMo; peculiar observations at the kinetic current density

versus potential must be stated. The RDE complete set of

curves reported elsewhere [15] presented low definition of the

mixed and diffusional potential zones and high overpotential

for the ORR (inset of Fig. 1, RDE polarization curves taken at

1600 rpm). For comparison purposes our old RuxMoySez syn-

thesized by thermolysis of carbonyl precursors [21] was

analyzed in the same way as the ball milled materials. The

high overpotential for the ORR al ball milled materials can be

attributed to ohmic losses. However from RDE curves it is not

easy to visualize or to extract the resistance losses. Fig. 1

presents the corrected kinetic current density versus poten-

tial in acid medium of RuSeMo and RuSnMo extracted from

RDE curves [15,21] plotted in a typical fuel cell performance

style [22]. From that figure, the high ohmic drops are easy to

visualize and estimate. The resistance losses are 256 U cm2 for

RuSeMo and 206 U cm2 for RuSnMo; these values are referred

http://dx.doi.org/10.1016/j.ijhydene.2014.03.220
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to the electrode geometrical area. Notwithstanding that the

Tafel slope and the OCP are quite similar; the ohmic resistance

at RuxMoySez from carbonyls is 20.0 U cm2. The ohmic resis-

tance, overpotential and electrochemical activity are closely

related. The characterization below can help explaining the

relationship.

Fig. 2 displays the SEM images of the studiedmaterials. It is

well known that the ball milling of Ru-electrocatalyst family

produces micrometer aggregates about 10e30 mm [14,15].

Fig. 2(a) and (b) present the RuSeMo and RuSnMo SEM, the

ultrasonic treatment divided the large aggregates into small

aggregates well below 1 mm in size; with irregular aggregate

morphology but spherical-like particles. To allow more

detailed images, TEM was performed. The extensive ultra-

sonic treatment allowed the dispersion of the aggregates and

the local observation of particles. Fig. 3(a) and (b) present the

TEM images of RuSeMo. These particles appear as lumpy

material but not fused, their size was well below 100 nm and

spherical morphology. TEM images of RuSnMo show that this

material had particle size above 100 nm and elongated mor-

phologies (Fig. 3(c) and (d)). It can be proposed that one of the

roles of Se is to reduce the particle size. SEM and TEM obser-

vations reflect the fractal-like morphology of the RuSeMo and

RuSnMo obtained by high energy ball milling. At first glance it

seem low possible that ball milling synthesis can produce

nanoparticles. Takuya et al. [23] bring examples of how the

mechanochemical synthesis (ball milling) can produce nano-

materials well below 100 nm; by selecting suitable chemical

reaction paths, stoichiometry of starting materials, milling

conditions and post-synthesis treatments. In the present

work, the intensive ultrasonic treatment for TEM imaging

allow for agglomerate fracture. Similar intensive treatment is

performed when the electrocatalyst “ink” for EDR testing is

prepared. This forced fracture of particles and the increase of

exposed electrocatalyst surface/active sites can be the

responsible for the higher exchange current observed at

RuSeMo. However, the low electrochemical activity

(j0 z 10�6 mA cm�2) towards the ORR is correlated to the

synthesis method where big agglomerates/particles are
Fig. 2 e (a) SEM micrograph of ball milled RuSeMo particle
formed. The electrochemical activity might be improved by

optimization of ball milling conditions and the use of suitable

additives to reduce the particle size and produce supported

materials.

EDS analysis is collected in Table 1. EDS of RuSeMo reveals

low-than expected Mo and Ru content. It was likely a losing of

Mo material by the staking at the vials walls. The EDS of

RuMoSn is more in agreement with the initial atomic

composition 2Ru:1Sn:1Mo. At both materials low-level con-

tent of Fe from vial and Zr from balls were present.

SR-PXD patterns are plotted in Fig. 4. The composition

obtained by Rietveld refinement of experimental data (MAUD

software [24]) is collected in Table 1. Both ball milledmaterials

present the characteristic peaks of metallic Ru (40354-ICSD),

confirming the presence of a Ru-rich zone. The refinement of

the RuSeMo data indicates the formation of distorted Ru and

RuSe2 phases. The distortion of Ru phase in RuSeMo leads to

a ¼ b ¼ 2.724 � 0.001 �A and c ¼ 4.309 � 0.001 �A; versus the

reported Ru (40354-ICSD) a¼ b¼ 2.7508�A and c¼ 4.2819�A. The

cell distortion is more evident for the RuSe2. The reported cell

size of RuSe2 (24201-ICSD) is a ¼ b ¼ c ¼ 5.935 �A, while the

refined data reveal a¼ b¼ c¼ 5.976� 0.003�A. Rietveld analysis

accounted for less than 1 wt.% Mo as pure phase in the

RuSeMo material. The Rietveld weight percentages were used

to estimate the atomic percentages (Table 1). The low Mo

content follows the EDS atomic composition; differences of

the estimated values can be attributed to the presence of

amorphous materials and to some extent the formation of a

solid solution of Mo in RuSe2.

In the ball milled RuSnMo, it was possible to confirm the

formation of Ru3Sn7 (54510-ICSD), whereas the peaks of Mo

(643962-ICSD) were evident. The lattice distortion of Ru in

RuSnMo leads to a¼ b¼ 2.722� 0.001�A and c¼ 4.304� 0.001�A.

The Mo in the RuSnMo also presents lattice distortion

a¼ b¼ c¼ 3.161� 0.002�A compared to Mo (643962-ICSD) were

a ¼ b ¼ c ¼ 3.147 �A. The Ru3Sn7 also presents a small increase

of cell lattice a ¼ b ¼ c ¼ 9.384 � 0.005 �A compared to the

Ru3Sn7 (54510-ICSD) a ¼ b ¼ c ¼ 9.372 �A. The conclusion is

minor atom substitution of Mo in Ru and vice versa, but still
s. (b) SEM micrograph of ball milled RuSnMo particles.

http://dx.doi.org/10.1016/j.ijhydene.2014.03.220
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Fig. 3 e (a) TEM micrograph of ball milled RuSeMo particles. (b) TEM micrograph of ball milled RuSeMo particles. (c) TEM

micrograph of ball milled RuSnMo particles. (d) TEM micrograph of ball milled RuSnMo particles.
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conserving Ru andMo-rich zones at RuSnMo. The distortion in

the Ru3Sn7 leads to conclude the formation a solid solution of

Mo in the Ru3Sn7 to some extent.

The ball milling technique can produce materials with or-

dered and disordered domains. The latter cannot be probed

with X-ray diffraction; then X-ray absorption may be a com-

plementary characterization technique. The Fig. 5 shows the

Ru L3 XAS of RuSeMo and RuSnMo normalized to the edge

jump. The main characteristics of the Ru L3-edge XAS spectra

are: a sharp peak at 2839.1 eV assigned to 2p3/2 / 4d3/2 tran-

sition (E0 ¼ 2838 eV), a feature at 2849.3 eV as 2p3/2 / 5s1/2 and

a feature at 2853.9 eV [25,26]. The general shape of the

experimental XAS is in agreement with the metallic ruthe-

nium [27] as the main structure and does not exhibit strong

sensitivity to the formation of Ru-phases such as RuSe2 and
Ru3Sn7. These phases were observed in SR-PXD but did not

produce dramatic changes in thewhole Ru L3 XAS. Thismeans

that the RueMo; RueSe and RueSn interactions are ofmetallic

character mainly. It was expected a noticeable change in the

XAS spectra by the RuSe2 formation, however the observa-

tions discussed above are in agreement with an XPS and EC-

NMR study that demonstrated that the Se, a p-type semi-

conductor, becomes metallic when interacting with Ru in

RueSe electrocatalyst due a charge transfer Ru to Se [28].

Small changes near the edge can be observed when the first

derivative of the XAS signal is plotted (inset of Fig. 5). The

integrated intensity of L3 peak can be related with the va-

cancies in the d-band [13,29]. The magnitude of the integrated

white peak intensity 10 eV below and above of E0 (and thus 4d-

vacancies) of RuSeMo is slightly larger than RuSnMo. The

http://dx.doi.org/10.1016/j.ijhydene.2014.03.220
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Fig. 4 e Synchrotron powder X-ray diffraction of RuSeMo

and RuSnMo particles (l [ 1.0085 A, I711 beamline of

MAX-lab laboratory).

Fig. 6 e Mo L3-edge X-ray absorption spectra of RuSeMo

and RuSnMo.
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RuSe2 formation must increase the Ru 4d-vancancies. With

slightly less 4d-vacancies versus RuSeMo; the RuSnMo can act

more effectively as electron reservoir and thus better electron

donor during the ORR.

Fig. 6 presents the Mo L3-edge of RuSeMo and RuSnMo. The

experimental spectra display the general shape of the L3-

edged for 4d systems where the white L3 line corresponds to

2p3/2 to 4d transitions [26,27]. The spectrum of ball milled

RuSnMo is characteristic of metallic Mo (E0 ¼ 2520 eV); unlike

the ball milled RuSeMo where the L3-edge is shifted to

2522.9 eV and a splitting of thewhite line is observed. De Groot

et al. have correlated the energy shift to the Monþ valency; a

shift of 3 eV corresponds roughly to Mo3þ valency [26]. The

splitting depends both on the Mo oxidation state and on the

local symmetry at the Mo site [26,30,31]. The splitting in-

dicates a change from pure metallic to cluster-like behavior
Fig. 5 e Ru L3-edge X-ray absorption spectra of RuSeMo and

RuSnMo. Inset: first derivative at Ru L3-edge.
[26]. The Mo L3-edge XAS indicates that the MoeRu and

MoeSn are metallic interactions meanwhile the MoeSe

interaction is ionic. Ru andMo L3 XAS confirm the SR-PXDdata

where the Mo in RuSeMowas dissolved into RuSe2 providing a

strong MoeSe interaction. The integrated Mo L3 white-line

peaks lead to the relative ordering in Mo d-vacancies

RuSeMo > RuSnMo, then the RuSnMo can act more effectively

as electron donor during the ORR, justifying the observed

preferential 4e� route towards water formation and the well

behaved RDE curves.

Despite that the ORR electroekinetic parameters indicate

that the ball milled RuSeMo is better electrocatalyst than ball

milled RuSnMo; Ru and Mo L3-edges indicated that ball milled

RuSnMo acts as an electron reservoir and thus good electron

donor during the ORR. RuSnMo also present less ohmic losses

at high overpotential, the metallic interactions at RuSnMo are

more appropriate for a electrocatalyst. Ball milled RuSnMo

require further research at fuel cell performance.
Conclusions and perspectives

RuSeMo and RuSnMo particles from ball milling synthesis

present electrocatalytic activity towards ORR in acid media.

Ball milled RuSnMo is better behaved towards the ORR in acid

media.

The low electrochemical activity (j0 z 10�6 mA cm�2) to-

wards the ORR is correlated to the synthesismethodwhere big

agglomerates/particles are formed. The electrochemical ac-

tivity might be improved by optimization of ball milling con-

ditions and the use of suitable additives to reduce the particle

size and produce supported materials.

The studied particles are composed of Ru-rich and Mo-rich

domains, phases such as RuSe2 and Ru3Sn7 were also found in

RuSeMo and RuSnMo respectively. The formation of distorted

Ru, Mo, RuSe2, Ru3Sn7 was confirmed by SR-PXD. A change in

the valence ofMowas confirmed byMo L3 XAS in RuSeMo. Ball

milled RuSnMo retains its metallic behavior as observed at Ru

and Mo L3-edge.
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