Hybrid catalytic systems for the electrooxidation of dimethyl ether in acid media.
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Electrocatalytic activity of Vulcan-supported PtSn (PtSn/V) nanostructured alloys toward electrooxidation of dimethyl ether (DME), a potential small-organic-molecule fuel, has been significantly enhanced in
acid medium (0.5 mol dm= H,SO,) by decorating PtSn/V with ruthenium black or bimetallic PtRu nanoparticles. The enhancement effect concerns both shifting the onset potential for the DME-oxidation
toward less positive values and increase of the DME electrocatalytic current densities recorded under both cyclic voltammetric and chronoamperometric conditions. The activating capabilities of ruthenium
nanostructures seem to originate from the existence (even below 0.45 V vs. RHE) of reactive ruthenium oxo/ hydroxo groups on their surfaces capable of inducing the oxidative removal of poisoning (CO type)
adsorbates from the neighboring platinum catalytic sites. In this respect, the Ru-oxo species seem to support activity of Sn forming with Pt the PtSn heterogenous alloy. The Ru-decorated PtSn/V and, in
particular, PtSn/V admixed with PtRu exhibit very high activity toward the oxidation of methanol which is also an important DME-oxidation intermediate. On the whole, the hybrid materials composed of
Vulcan-supported PtSn decorated with Ru or PtRu nanoparticles seem to act as multifunctional nanoreactors inducing not only stripping of poisoning adsorbates but also catalyzing oxidation of the DME-
reaction intermediates (methanol).
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The enhancement effect has been observed upon

combining PtSn/V and PtRu nanoparticles to form a hybrid
electrocatalytic interface - not only the net peak-current-
density for the oxidation of DME is increased , but the
process starts at less positive potentials. This observation
could be of importance to the technology of the low-
temperature DME-propelled fuel cells.

Background-substracted electrooxidation of dimethyl ether and methanol at Pt/Vulcan, PtRu/Vulcan and PtSn/Vulcan

B
Upon alloying platinum with tin or ruthenium (to form PtSn or PtRu), 6l
the oxophilic character of a second metal components tends to
facilitate the oxidative removal of poisoning adsorbates.

There is a need to protect better Pt against poisoning, ensure its
electrocatalytic (dehydrogenation, bond-breaking) activity as well as to
induce oxidation of intermediates (methanol) formed upon splitting of

T 0 200 400 600 800 1000
0 200 400 600 800 1000 t/s

0.0

j ./ mAcm2
)./ MA cm-2
=Y

t/s
) ' the DME molecule. It is reasonable to expect that placing Ru or PtRu in 1| : Chronoamperometric responses illustrate the performance of Ru-black nanoparticles deposited onto (a) Pt/V (solid line), (b) PtRu/V (dashed line), and (c) PtSn/V (dotted
“%4 o5 06 07 08 08 10 close vicinity of Pt (in PtSn) would be helpful in this respect. ' YO “""‘6;" 06 08 1.0 line) during oxidation of DME upon application of (A) 0.54 and (B) 0.44 V. Electrolyte: deaerated 0.5 mol dm= H,SO,. Scan rate, 10 mV s1.
Evs.RHE/V E vs. RHE / V
Background-subtracted (net) (A) DME-oxidation currents recorded at Pt/V (solid line), PtRu/V (dashed line) and PtSn/V (dotted line); and (B) methanol oxidation currents Electrooxidation of methanol at Pt/Vulcan and PtRu/Vulcan decorated with PtRu-black nanoparticles
recorded at Pt/V (solid line), PtRu/V (dashed line) and PtSn/V (dotted line). Electrolyte, deaerated 0.5 mol dm= H,SO,. Scan rate, 10 mV s™1. Electrode substrate, glassy carbon.
Pt-metal loading, 15 ug cm. 20/
- s - The introduction of PtRu to PtSn/V results in the sizeable promotional effect during methanol
. ] ! 25_' ,f' \\ | oxidation could explain the hybrid system’s high activity toward the DME-oxidation, the complex
Performance of ruthenium-black nanoparticles o process involving formation of the methanol as the reaction intermediate.
T sl
B \‘&d’ 10- Background-subtracted (net) methanol oxidation currents recorded at PtRu-decorated Pt/V (solid line) and PtSn/V
g: % The bands at 461 cm™ and 582 cm shall be attributed to asymmetric _ | giaRshled (Iji.ne).lE(;gctrolytt_ez, .deade;a'iecljp(i.? rr:jc?l drgS3 HzSO4_.ZScan rate, 10 mV s! . Electrode substrate, glassy carbon.
o 2 > stretching modes of ruthenium- oxide-type species. The peak at 879 cm! _ u loading, Hg cm =, ahd tota 0ading, o> Hg cm=.
g 3 reflects the presence of Ru—OH groups. The band appearing around at 1169 0 1 - - - . -
= > 1 ) . . ) 0.2 0.4 0.6 0.8 1.0
o 5 cm can be correlated with the stretching vibration of peroxo groups and
o g $ band at around 1630 cm™ to the vibration of hydroxyl groups of molecular. Evs.RHE/V
8 The broad band at 3409 cm™ stands most likely for the stretching vibrations Oxidation of dimethyl ether at Pt/Vulcan and PtSn/Vulcan decorated with PtRu nanoparticles
< of OH groups.
4000 3500 3000 2500 2000 1500 1000 500 A osl (A ) TEM images o f PtRU nanopartic les.
Wavenumber/cm™ . _ 0.6l Voltammetric responses recorded in
N o4l o absence (solid line) and in presence of
(A) TEM images of Ru nanoparticles. (B) FTIR spectrum (obtained by ex situ reflectance) of air-dried ruthenium § 0.2f g DME (dotted line) at PtRu-decorated (B)
nanoparticles deposited gold covered glass electrode. (C) Cyclic voltammograms of Ru nanoparticles in presence of (a) < 0.0 « Pt/V and (C) PtSn/V  catalysts.
o DME (dotted line) and (b) methanol (dashed line). Solid line stands for the background response in the electrolyte, E 02r £ Electrolyte, deaerated 0.5 mol dm3
= deaerated 0.5 mol dm3 H,50,. Scan rate, 10 mV s1 . Electrode substrate, glassy carbon. Ru loading, 75 ug cm ] = H,S$0,. Scan rate, 10 mV s . Electrode
st 061 substrate, glassy carbon. PtRu loading,
< 20 nm 08/ b :
£ ’ [ ] 100 ug cm™ ; and total Pt loading, 65 ug
o3 The ruthenium system, or oxo/hydroxo species generated on its surface exhibit some electrocatalytric activity g T T T T T .- cm2
= toward oxidation of DME and methanol. The observed activities are not very high but the onset potentials for the E vs. RHE / V 0 G2 04 06 08 19
oxidation reactions (ca. 0.15 V) are definitely less positive at the ruthenium system. Thus, in the next step, we have Evs. RHE/V
considered decoration of Pt-based systems with ruthenium nanoparticles. The enhancement effect has been observed upon combining PtSn/V and PtRu nanoparticles to form a hybrid electrocatalytic interface - not only the net

0.2 0. 0.6 0 10 peak-current-density for the oxidation of DME is increased , but the process starts at less positive potentials. This observation could be of importance to
Evs.RHE/V the technology of the low-temperature DME-propelled fuel cells.
Electrooxidation of dimethyl ether at Pt/Vulcan, PtRu/Vulcan and PtSn/Vulcan decorated with ruthenium black Chronoamperometric diagnostic experiments: DME oxidation at Pt/Vulcan and PtSn/Vulcan decorated with PtRu nanoparticles
12— T ot ar .A T 0.3} S B-
B z [ ] . . I ] \
0.9 3 08T R Voltammetric responses recorded in absence RES !
“.'E o 06 ] :'E g: 1 (solid line), and in presence of dimethyl ether IE 1ok 1
G £ o3f S o2l (dotted line) at Ru-black nanoparticels T i The resulting current-time chronoamperograms are in a
E T T oof deposited onto (A) Pt/V, (B) PtRu/V, and ( Cﬁ S G form of steady-state current responses. A synergistic effect
= = ! Ptsn/V. Electrolyte, deaerated 0.5 mol dm — can be postulated for the hybrid electrocatalytic system
oo sl Hx50, Scan rate, 10 mV s . Electrode operating under chronoamperometric conditions
09 08/ substrate, glassy carbon. Pt-loading, 15 ug P & P . _
———————— [ g P S S cm?and Ru-loading, 75 ugcm2. |V TS e T T e
0.0 0.2 0.4 0.6 0.8 1.0 '1'2;_'0 02 o4 o086 o8 10 0.2 0.4 0.6 0.8 1.0 ’ ' 0.0 AL E UL LRI
Evs.RHE/V Evs. RHE/V Evs.RHE/V 0 200 400 600 800 1000
' t/s
Addition of Ru to the electrocatalytic interface can enhances the activity of Pt sites during oxidation of DME due to the ability of ruthenium to Chronoamperometric responses illustrating the performance of (a) PtRu nanoparticles (dotted line) and PtRu-decorated (b) Pt/V (solid line) and (c) PtSn/V (dashed line) during
form chemsorbed oxide or OH species at significantly lower potentials than platinum oxidation of DME upon application of (A) 0.54 and (B) 0.44 V. Electrolyte: deaerated 0.5 mol dm= H,SO,. Scan rate, 10 mV s . PtRu loading, 100 ug cm? ; and total Pt loading, 65
ug cm
Conclusions:

Decoration of Vulcan-supported PtSn, PtSn/Vulcan, with unsupported ruthenium or PtRu nanoparticles leads to the enhancement of the PtSn/Vulcan system’s catalytic activity toward electrooxidation of dimethyl ether (DME).

The ruthenium additive to PtSn supports activity of the tin component within the alloy toward the oxidative removal of the inhibiting adsorbates (reaction intermediates) from the catalytic Pt sites, which are largely metallic as PtSn
is heterogeneous alloy rather than intermetallic system.

The multicomponent systems composed of PtSn/Vulcan and Ru or PtRu nanoparticles form multifunctional electrocatalytic nanoreactors.

The onset potential for the oxidation of dimethyl ether (DME) is somewhat shifted toward less positive potentials, both in the presence of Ru and PtRu, seems to be of potential importance to the low-temperature fuel cell technology.




