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Water-gas shift (WGS), CO+ H,O — CO, + Hy, is of e
importance for the production of fuel-cell-grade flom catalytic €O -
reforming of hydrocarbons; however, this reaction has been regarded B
as a bottleneck in the production of, Wecause of low rates at
temperatures near 500 K and the need to vaporize w&ecently,
we demonstrated that high rates of CO oxidation with liquid water
could be achieved using aqueous polyoxometalate (POM) species,
e.g. PMoy,04, at room temperature over gold nanoparticles, thus
potentially eliminating the difficult WGS stef(Structures of POM
species are represented in Figure 1 as an oxidized form having 12
MoOs octahedra with yellow M&" cations and as a reduced form
having one blue Mo cation.) This POM-mediated process
produces reduced POM species and protons that can be used to <« Cano%eEM—_Tu

power a fuel cell via reoxidation of the reduced POM speties. COzq) Pt-Rh cathode

This process using POM species and a gold catalyst can also Servesjg e 1. Representative scheme for hydrogen transfer from reduced

as an efficient system for the preferential oxidation of CO ia H  polyoxometalate (produced from catalytic oxidation of CO with water over

rich gas streams for ffuel cells? a gold catalyst) to benzene using an electrochemical cell consisting of a
In this communication, we show thatlgas can be produced  carbon anode, PEM, and a Pt-based cathode.

by transfer of protons and electrons from an aqueous solution of scheme 1. Hydrogen-Transfer Scheme from Liquid Water to

POM species reduced by CO with water over gold nanoparticles, Benzene via CO Oxidation Assisted by Reversible Redox of

and we further demonstrate that this reduced solution can be used©lyoxometalate Species

to hydrogenate unsaturated organic compounds (e.g., benzene to  COp* H:00+ 2(POM)aq) = COsxg + 2H og + 26 (POM) g (1)

cyclohexane, thereby storing a higher weight density pfrtthe ?:HH“‘*):G(‘; (IEOE/?;_‘*IW Cotls = 6(POM)ag + Celhro gg

organic pha_se than present in the aqueous POM solution) using an ci)(;)er H206(|)6—) COZ;Z)-F Ha Overall

electrochemical cell consisting of a carbon anode, a proton-exchange

membrane (PEM), and a Pt- or Rh-based cathode.

Fi 1l h Il sch ¢ . finally leading to production of gaseous Hy dehydrogenation of
igure 1 illustrates the overall scheme for our process using an cylcohexane (i.e., the dashed arrows in the figure),

aqueous POM so!utio_n as a reversible oxidiz_ing ager_1t for_ C_O and The benzenecyclohexane system is a potential candidate for
as an energy carrier (i.e., electron shuttle). First, CO is oxidized to H, storage in view of the ease of transport of the liquid fuel (e.g.,

CO;, by the POM species and liquid water on gold nanopartiplgs, cyclohexane) and the desirable hydrogenatidehydrogenation
thus producing two hydrogen atoms that are subsequently oxidized

“properties of this systeff Moreover, it has been reported that
to protons and electrons (represented as eq 1 of Scheme 1). Th|£

h vic di o ; in the liquid ph kes pl ith yclohexane can be used as a direct fuel to generate electrical energy
eterolytic 'SSOC'a_t'on of waterin the liquid phase takes p ace wit using a PEM fuel cell, providing an alternative for direct methanol
a low energy barrier over metal surfadeshe reduced POM is

Y ; fuel cells with good resistance against fuel-crossover, resulting in
then reoxidized at the carbon anode by transferring electrons to

h hode th h | ductive cireui q it moderate power densities up to 15 mW&mn
the cathode through an external conductive circuit, and protons dil- Figure 2 shows rates of Hvolution from electrolysis of water

fusg through a proton e>_<change m_embrane to the cathode. Gaseougnd from reoxidation of an aqueous solution of reduced POM
Ha is prod_uced When inert gas is passed through the Ca_thOdespecies. The aqueous POM solution (0.2 M) had been previously
champer via reduction of protons by f_slectrons. Alternatively, if an reduced with CO and water over a gold catalyst. (See the Supporting
organic substrate such as benzene is passed through the cathoqg, mation for detailed procedures.) The extent of reduction of
chamber, then benzene can be hydrogenated to cyclohexane (ege powm by CO in this work was about five electrons per POM,
2), in which case the liquid cyclohexane serves as a hydrogen as calculated by measuring the amount of,@@duced. Deionized
storage and transport agent, because cyclohexane can be subsgjaier or reduced POM solution was delivered to an electrochemical
quently dehydrogenated to benzene and gasegusd3) over a cell consisting of a simple carbon anode, a PEM (Nafion 117,
Pd membrane, as demonstrated elsewhé&he overall scheme thus Aldrich), and a Pt- or Rh-based cathode. The anode was a simple
corresponds to hydrog_en transf_er from liquid water via protons e_md carbon cloth (B-1/A, E-Tek) that had been heat-treated at 873 K
electrons to an organic H-carrier (benzene) upon hydrogenation,¢,. o5 h to improve its hydrophilic properties. The Pt and Rh
cathodes were prepared by pasting 30 mg of the corresponding
T Current address: Department of Materials Science and Engineering, Gwangju metal catalyst (Alfa Aesar) onto a carbon paper (B3, E-Tek) that

Institute of Science and Technology (GIST), Oryong-dong 1, Buk-gu, Gwangju . X .
500-712, South Korea. had been wet-proofed by the supplier, i.e., strongly hydrophobic.
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Figure 2. Hj evolution from pure water or from reduced POM flowing pplied voltage

over a carbon anode and; lowing over cathodes with different Pt and
Rh catalysts, as noted in parentheses.

Figure 3. Rate of benzene hydrogenation from reduced POM at cathodes
containing Pt and Rh catalysts.

The electrolysis of pure water takes place at applied voltages
higher than 1.23 V, in agreement with other stuéliadicating that
voltages higher than 1-41.5 V are required to produce gaseous
H, using an electrochemical cell consisting of a membrane
electrode assembly in whichPRh was chemically deposited on

principle calculations also predict that cyclohexene and cyclohexa-
diene are not formed in the dominant reaction path for benzene
hydrogenatiori?
The above demonstrations show that at applied voltages near
both sides of the PEM membrane. When a simple carbon cloth 0.55 V, gas-phase Hcan _be produced or benzene can be
éwdrogenated electrochemically to cyclohexane from aqueous

was used at the anode side, voltages higher than 1.7 V were require 1 lutions of reduced POM species by electrons and protons present
because of the higher activation overpotential for water electrolysis ' Ut u pect Y P P

in the absence of precious metal catalyst at the anode (Figure 2 in liquid water, which are produced during CO oxidation by water
open symbols). Importantly, gaseous I$ produced from the 'and POM species over gold catalysts. The hydrogenation of benzene

reduced POM solution (filled symbols) at voltages that are lower IS a promising model system as a hydrogen-storage agent and
by at least 1.15 V compared to the case of pure water in our hydrogen carrier because the hydrogenated product, cyclohexane,

) . 0 T
electrochemical cell, i.e., showingévolution at voltages as low conltarllns a h_|gh conttertlt of hy?rog;gﬂ(?bl wt d/_tlz)-HthqUI(: d
as 0.55 V. This rate of Hevolution was measured at 5 min after cyclohexane 1s easy 1o transport, angidan be readily extracte

the voltage was applied. The decrease in the voltage required 1o t?e location wh;zret 't5'j ;O b;} USélq;'he sftoralgi densnyFofrtt:ls
produce H from the reduced POM solution as compared to water s:/sder? cnorrzsp:jop ismor v. '[?l Tbrtrl edro %Cn? s]ﬁni' u ?:lb"
electrolysis can be related to the low reduction potentials for study'is needed to improve the electrode a embrane assemblies

H3PMo,,04, as measured in different electrolyte solutiéfis. 'I[:]).ngrl;e.v.lgteth%ver-g(gfe ntlgl]sebyeLaglIga;:r;gt]almzssptrgggpsqut and
According to the reported reduction potentials faP0,,0,40, and inimizing us su Xpensiv sas ’

the fact that the extent of reduction was about five electrons per  Acknowledgment. This work was supported by the National
POM, the expected shift between water electrolysis and reoxidation Science Foundation and the U.S. Department of Energy. Fellow-
of the POM should be within the range of 0:95.4 V, and the  ships were provided by the Graduate Engineering Scholars program
observed shift by 1.15 V in Figure 2 is within this predicted range. and the Camille and Henry Dreyfus Foundation. We thank B.

Figure 3 demonstrates the feasibility of using an aqueous solution|_gurent, W. S. Brower, and S. C. Hankey for assistance in
of reduced POM species for the electrochemical hydrogenation of experiments.
benzene. The rate of cyclohexane production increases with applied
voltage, similar to the curves in Figure 2 for the rate of hydrogen ~ Supporting Information Available: ~ Experimental details for
production. In fact, the rates of hydrogen production are not very prot_:edures and supplem_entary results are reported. This material is
sensitive to the presence of benzene in the cathode Chamber:’;lvralllable free of charge via the Internet at http://pubs.acs.org.
although the rates of hydrogen transfer are slightly enhanced at
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