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We have found efficient electrocatalytic removal of CO by rhodium
octaethylporphyrin on carbon black at a wide potential range. Using
carbon-supported rhodium octaethylporphyrin, we have separated
the RR(ll) state participating reaction and the Rh(lll) state
participating reaction with CO. We have clearly demonstrated
electrocatalytic CO oxidation by rhodium(lil) porphyrin. The onset
potential for CO oxidation is much lower than that for CO oxidation
by conventional Pt/Ru catalysts and cobalt porphyrin.

rhodium tetraphenylporphyrin can perform electrocatalytic
CO oxidatior®* However, little is known about this interesting

catalysis. It is attributed to the complexity of rhodium

porphyrin catalysts.

Rhodium porphyrins can catalyze various useful catalytic
reactions;® not only CO molecule activatiéri but also
C—H bond activatior?,etc. As the reactive species in these
catalytic reactions, rhodium(ll) and rhodium(lll) porphyrins
are emphasizett® For the development of rhodium por-
phyrin catalysis, it is important to understand and regulate

For the development of a fuel cell, a critical problem is the reactive species during the catalytic reactions. However,
CO poisoning of the anode catalyst. CO adsorption on the the reactive species in electrocatalytic CO oxidation have
platinum anode catalyst causes a drastic decrease in the celhot been clearly identified and regulatedespite the fact
performancé. From this viewpoint, CO-tolerant anode that this reaction has attracted much interest for the above-
catalysts such as Pt/Ru alloy and Pt/metal oxide have beemmentioned reasons.
extensively investigatetf It has been proposed that elec- st of the difficulties could be attributed to the inter-
trocatalytic CO oxidation would play an important role in - gjecular reactions between rhodium(ll) porphyfing:t

CO tolerancé>“On the other hand, the removal of CO from Rhodium(ll) porphyrin can undergo dimerization to produce
the anode gas by electrochemical CO oxidation has been

performed using a Pt/Ru alloy catalystrom this context,
electrochemical CO oxidation catalysts attract increasing
amounts of interest. However, unfortunately, conventional
catalysts require a large overpotential for CO oxidatién;
the exploration of the electrochemical CO removal catalyst
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the rhodium(lly-rhodium(ll) porphyrin dimer in both organic ‘""\ ‘-sel

(B)

and aqueous solutiod8. Furthermore, Sawnt and co- 150 C; ® 120

workers clearly demonstrated that the disproportionation of a c

rhodium(Il) porphyrin can occur in solution so as to produce 10057 o5 ; /[\/\//— y

rhodium(l) and rhodium(lll) porphyrins during the electro- e

chemical reduction of the rhodium(lll) porphyriksThese = " a

intermolecular reactions cause irreversible and complex 0

cyclic voltammograms (CVs) of Rh macrocycles including

porphyrins!’ 13 To understand the reactive species, one %2 %z o oz o1 o5 %2 o 02 04

should suppress these intermolecular reactions of the rhod- E/V vs. AgiAgCIKCl(sat.) EIV vs. AgIAgCI/KCl(sat.)

ium(ll) porphyrins and separate the rhodium(ll) and rhod- Figdee LA CVtand LhSV of [Eh(C:EP)]tatt,Scanl rafe 30 TT(B; st d(a) .
. . L . under an argon atmosphere without a rotating electrode, under a
ium(llT) porphyrin participating reactions. atmosphere without a rotating electrode, and (c) under a CO atmosphere

In our previous study, we intended to suppress the with a rotating electrode (3600 rpm). Inset: an expanded figure of curve a.

intermolecular reactions of a rhodium porphyrin by adsorbing (B) CV and LSV of [Rh(OEP)] at scan rate 10 mV s'* (a) under an
argon atmosphere without a rotating electrode, (b) under a CO atmosphere

. N . 2
it on _Carbon black _\Ne succeeded in c_>bta|n|ng clear yithouta rotating electrode, and (c) under a CO atmosphere with a rotating
reversible CVs of rhodium octaethylporphyrin ([RIOEP)]- electrode (6400 rpm). The measurements were performed in a 0.3-M H

Cl) on carbon black. A clear Gaussian-shaped voltammo- S aqueous solution at Z&. To prevent contamination of the coordinating
L. . ion or ligands, ultrapure water was used in the experiments.
gram, which is derived from the molecule strongly adsorbed

on an electrode surface, suggests that the possible intermoXC 72R using an equilibrium adsorption method. The

lecular reactions be successfully suppreséddd. such a prepared Vulcan XC 72R supported [RIDEP)CI] was fixed
heterogeneous system, the number of electrons transferre%lt the electrode surface with Nafion.

to electrodesn) is calculated from the width of the peak at Figure 1A (inset curve a) is a CV of Vulcan XC 72R

half-height. The pegk Wldth of the CV clearly |'nd|cates that supported [RH(OEP)CI] in an argon-saturated atmosphere
the electrode reaction is a one-electron reaction; hence, the

hould b ibed 1o th tion bet Rh(l] dat a scan rate of 50 mV-§in an aqueous solution. The
\g?\/”el s totj be ascribed to de ref)\c lon be vvte%n é )an peak separation of this CV is also virtually zero, indicating
() states because we used car on-supporte .(ERE )- that the CV is derived from the molecule strongly adsorbed
Cl].** The observed one-electron reaction discards the

ibility of th Hicinati f the Rh(1) states in adsorbed on an electrode surface. From the peak width, the clear
possibiity ot the participation of the ().S ales In adsorbed o\ asiple voltammogram (curve a) in Figure 1A should be
rhodium porphyrin, in contrast to rhodium porphyrin in

- : ascribed to the conversion between [ROEP)]" and [RH -
solution!! Clear and simple voltammograms can allow us

S (OEP)]. In this experiment, the strong adsorption of [Rh-
|
to dlls.tmg.wsh betyveen the [R(OEP)] and [RN(OEP)I (OEP)] on carbon black prevents undesirable reactions so
participating reactions.

. _ as to stabilize [RWOEP)] on the surface, as demonstrated
The separation and regulation of the Rh(Il) and Rh(lll)

; . . ; in our previous papet
states in the rhod|gm porphynn In our system can prov@e @ The introduction of CO gas into the test solution produced
(t:)lut\eN for éhoe eI(;Jclzdac\jt}on of tEe _eIeLj:t_rocatalgnc reacuotnda drastic change in the CV of [Rh(OEP)] (Figure 1A, curve
[sh”,((agrép) Cﬁmwé r?a\l/l:eng:lgc;rr?y gggér;'gg tchaer t\?\g?gggggﬁs b). The drastic increase in the anodic current clearly indicates

. ’ . electrocatalytic CO oxidation by [RHOEP)}'. A sharp

|
gcl:soo \élvgri([)?1rsitggtig)gtgngx(i:cigt\igﬁhb[:/qmlaojIlzz?)]]?é\r?éefgsxg anodic peak in Figure 1A does not mean that the catalytic
ti i th k potential. In fact

the CO participating reduction by [REDEP)]. active species decompose above the peak potential. In fact,

) ) ) ) after the measurement of CVs in the presence of CO, the
The detailed experl_mental procgdures are described in refproperties of the CV of [Rh(OEP)] under an argon atmo-
14 and the Supporting Information. [RFOEP)CI] was

) s ) i sphere did not change (data not shown), indicating thdt {Rh
s;_/nthesm?q aqcorsdmg"fo the method of Ogoshi et al. with 2 (OEP)]' is preserved after the CO oxidation. Such a peak
slight modification [Rh"'(OEP)CI] was adsorbed on Vulcan  generation occurs when the rate of catalytic reactions exceeds

that of mass transfer. This phenomenon is clearly analyzed
(10) (a) Fu, X.; Wayland, B. BJ. Am. Chem. SoQ004 126, 2623~ . . . , 1
2631. (b) Fu, X.; Basickes, L.: Wayland, B. Bhem. Commur2003 from theoretical viewpoints by Saamt and co-worker¥.
520|;521- (c) Setsune, J; YOS(Zi)da, Z,; Ogoshi,J-.A.ghem. 50c.,h The reaction is so fast that the mass transfer of CO is the
Perkin Trans1982 1, 983-987. (d) Setsune, J.; Yoshida, Z.; Ogoshi, . i ;
H. J. Am. Chem. Sod977 99, 3869-3870. (¢) Wayland. B. B.. rate determ_mmg step. A Imear_s_weep vol_tammogram (LSV)
Woods, B. A.J. Chem. Soc., Chem. CommaS81, 475-476. under rotating-electrode conditions provided a steady-state

(11) (a) Grass, V., Lexa, D. Momenteau, M.; Saw€ J.-M.J. Am. Chem. anodic current even above the peak potential (Figure 1A
Soc.1997 119 3536-3542. (b) Grass, V.; Lexa, D.; Szaat, J.-M. P P ( 9 !

J. Am. Chem. Sod997 119, 7526-7532. curve c). The enhancement of the mass transfer by electrode

(12) 81) Kagggé 54-1 ’\231\22'5 <23(-)-L(. t;J )A}?dctje,rshonk JME.';4 CO\ioIi‘gs,lrﬁﬁrg+ rotation results in the emergence of the steady-state current.
em. . . aaisn, K. iv.; AU, Y.; boscnl, [.; . .

Tagliatesta, Plnorg. Chem.1993 32, 2996-3002. These features are much more promment in the LS\( at a
(13) Tse, Y.; Seymour, P.; Kobayashi, N.; Lam, H.; Leznoff, C. C; Lever, slower scan rate (10 mV$ and higher electrode rotation

A. B. P.Inorg. Chem.1991, 30, 4453-4459. in Ei
(14) Yamazaki, S.; Yamada, Y.; Yasuda,lKorg. Chem2004 43, 7263~ rate (6400 rpm), as shown in Figure 1B (curve c).

7265.
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The steady-state current above the redox potential of 1, curve c). This cathodic current was not observed without
[Rh"'(OEP)] indicates that [RhOEP)I" would catalyze ~ CO under rotating-electrode conditions (data not shown).
the CO oxidation. Our results clearly show that [ROEP)] [Rh'(OEP)] exists as the predominant species in this potential
catalyzes the CO oxidation. From the magnitude of the region. The cathodic current should be ascribed to the CO
steady-state current and the amount of adsorbed species, thearticipating reduction by [RHOEP)]. This reaction was not
second-order rate constant of this reaction is calculated toobserved without rotating the electrode. The efficient supply

be (9.1+ 0.1) x 1M ts1, of CO, the removal of the product, or both might be required
The proposed reaction mechanism can be written asfor driving this reactiort®
follows: The product analysis of the test solution after potentiostat

" " electrolysis at—0.2 V revealed a slight generation of
[Rh"(OEP)]" + CO= [Rh"(OEP)(CO)] (1) formaldehyde (0.03@mol). However, the amount of form-
" — e N aldehyde was much lower than the total amount of product
2 .66umol) calculated from the number of electrons. Almost
[Rh"(OEP)(CO)[ + H,0= [Rh" (OEP)(COOH)+ H (0.66umol) calculated f h ber of el Al

&) all products would be gaseous compounds. It is well-known

1 1 4 _ that a CO molecule is activated upon coordination to"fRh
[Rh™(OEP)(COOH)}— CO, + [Rh (OEP)]" +H" +2e (OEP)]® It is possible that the activated CO molecule
®3) participates in the cathodic reaction. The details of the

This reaction mechanism was proposed by Anson and co-¢a&thodic reaction remain to be clarified. _
workers concerning the electrocatalytic CO oxidation by [Co- [N conclusion, we have succeeded in clearly separating
(OEP)]%” The onset potential for the CO oxidation (ee0.1 the Rh(ll) and Rh(l_ll)_stat_es in [Rh(OEP)] on the surface of
V vs Ag/AgCI/KCl(sat.)) by [RH'(OEP)]" is much lower carbon black and (_j|§t|ngmsh|ng petweeq the'[lRIEP)] and
than those for the CO oxidation by [Co(OEP)] and noble [Rh"(OEP)I" participating reactions with CO. We have
metal catalysts such as Pt and PURu alloys. The propertycléarly demonstrated the CO oxidation by [RDEP)J". The
would be favorable for the electrochemical removal of CO. high reactivity of [Rh(OEP)] toward CO at a wide potential

For the electrocatalytic CO oxidation by cobalt and 'ange would be attractive in terms of the electrochemical
rhodium porphyrins, the onset potential is closely correlated "€moval of CO from a fuel cell anode catalyst.
with t.he redo'x'poten'tial of theT ceptral metal, because' trivalent  Acknowledgment. The authors thank researchers in
species participate in CO oxidation for both porphyrins. The Advanced Fuel Cell Research Group (National Institute of

redox potential of [Rh(OEP)] is much lower to that of [Co-  Advanced Industrial Science and Technology) for their
(OEP)], resulting in the low onset potential for the CO fryijtful discussions.

oxidation. Thus, the regulation of the Rh(ll) and Rh(lll) states
in the rhodium porphyrin in our system provides mechanistic
insight for the onset potential of electrocatalytic CO oxidation
by rhodium porphyrin.

Interestingly, below the redox potential of [Rh(OEP)], the
cathodic current also increased, and a steady-state currentc050911F
was observed at the higher electrode rotation rates (Figure(18) Without a rotating electrode, electrocatalytic CO oxidation proceeds

by the slight amount of [Rl(OEP)I" even below the redox potential
(17) shi, C.; Anson, F. Cinorg. Chem.2001, 40, 5829-5833. of [Rh(OEP)] (Figure 1, curve b).
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