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observed from the ethoxy precursors. 
29Si CP/MAS NMR of 32 prepared under acidic hy- 

drolysis conditions of 3a followed by solvent replacementlo 
and vacuum drying shows three resonances at -59, -68, and 
-76 ppm, respectively. The peaks correspond to branched 
silicates that correlate with the substructures PhSi- 
(OH),(SiO) (Tlph), PhSi(OH)(OSi)2 (T2ph), and PhSi(OSi)3 
(T,Ph) .193' The %i resonances were deconvoluted, and 
the areas, after correction for contact times, were inte- 
grated. Xerogels prepared by acid-catalyzed hydroly- 
sis/condensation of 3a, 4a, and Sa indicate the degree of 
condensation to be approximately 60-70%. Base-catalyzed 
hydrolysis'* and solvent gradient processing produce ma- 
terials with a higher degree of condensation (7545% ). 
The absence of a ?3i resonance corresponding to Q4 (sil- 
icate, -110 ppm) indicates the monomers retain their in- 
tegrity during hydrolysis and do not suffer aryl group 
cleavage. Although quantitative conclusions regarding the 
calculated degree of condensation must be interpreted with 
caution,20e the materials reveal an extent of condensation 
similar to that found in pure silicate xerogels. 

In conclusion, it is shown that organic spacers can be 
inserted a t  regular intervals into the Si-0-Si silicate 
structure. Sol-gel processing allows for the preparation 
of aryl-bridged polysilsesquioxanes, high surface area 
materials that have certain morphological properties in 
common with silicates but with added opportunities for 
systematic modification. Applications of these and related 
materials to chromatography, optics, and molecular level 
control of morphology will be presented in forthcoming 
articles. 
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Direct reduction of carbon dioxide at  most common 
electrode surfaces (e.g., Pt or C) occurs with large over- 
potential~l-~ and, typically, stops at  the stage of two- 
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Figure 1. (A) Cyclic voltammetry of a 2.2 X lo4 mol cm2 
poly[Rh(vbpy)(COD)]Br film at 50 mV/s in 0.1 M TBk3r/ 
CH&N solution under N2 (solid line) and C02 (broken line) 
atmospheres. (B) Cyclic voltammetry of the poly[Rh(vbpy)- 
(COD)]Br film at 100 mV/s after a 20-min electrolysis in 0.1 M 
TBABr/CH3CN in the presence of COz and [Rh(COD)Cl]p The 
solid line was recorded under N,, and the broken line under C02 
atmospheres. 

electron, single carbon reduction products such as formic 
acid or carbon monoxide. Recently, metal electrodes such 
as R u , ~  C U , ~  Mo,B and Au7 and semiconductor electrodes, 
for example, GaAs? have been successfully employed to 
produce methanol, methane, and/or ethylene. During our 
studies on the electrocatalytic reduction of C02 by tran- 
sition-metal complexes in homogeneous solutions and in 
some related preparative studies of thin polymeric films 
on electrode surfaces,'o we have found that metallic Rh can 

(1) (a) Collin, J. P.; Sauvage, J. P. Coord. Chem. Rev. 1989,93,245. 
(b) Sullivan, B. P.; Bruce, M. R. M.; OToole, T. R.; Bolinger, C. M.; 
Megehee, E.; Thorp, H.; Meyer, T. J. In Catalytic Activation of CO,; ACS 
Symposium Series No. 363; Ayers, W. M., Ed.; American Chemical So- 
ciety Washington, DC; pp 52-90. (c) Braun, A. M.; Skolnick, D. G. 
Chimia 1988,42,104. (d) OConnell, C.; Hommeltoft, S. I.; Emenberg, 
R. In Carbon Dioxide as a Source of Carbon; Aresta, M., Forti, G., Eds.; 
Reidel: Dordrecht, Netherlands, 1987; pp 33-54. (e) Ziessel, R. Nouu. 
J. Chim. 1983, 7,613. 

(2) (a) Surdhar, P. S.; Mezyk, S. P.; Armstrong, D. A. J. Phys. Chem. 
1989,93, 3360. (b) Lamy, E.; Nadjo, L.; Saveant, J.-M. J. Electroanal. 
Chem. 1977, 78,403. 

(3) (e) Amatore, C.; Saveant, J.-M. J. Am. Chem. Soc. 1981,103,5021. 
(b) Gressin, G. C.; Michelet, D.; Nadjo, L.; Saveant, J.-M. Nouu. J. Chim. 
1979, 3, 545. 

(4) (a) Frese, Jr., K. W.; Leach, S. J. Electrochem. Soc. 1985,132,259. 
(b) Canfield, D.; Frese, Jr., K. W. J. Electrochem. SOC. 1984,131,2518. 
(c) Canfield, D.; Frese, Jr., K. W. J. Electrochem. Soc. 1983,130, 1772. 

(5) (a) Hori, Y.; Kikuchi, K.; Mwata, A.; Suzuki, S. Chem. Lett. 1986, 
897. (b) Hori, Y.; Kikuchi, K.; Suzuki, S. Chem. Lett. 1985, 1695. (c) 
Cook, R. L.; MacDuff, R. C.; Sammells, A. F. J. Electrochem. SOC. 1987, 
1.74. 1987. - - -, - - - . . 

(6) (a) Summers, D. P.; Leach, S.; Frese, Jr., K. W. J. Electroanal. 

(7) Hori, Y.; Kikuchi, K.; Suzuki, S. J. Chem. Soc., Chem. Commun. 
Chem. 1986,205, 219. 

19117. 72R. - - - . , . 
(8) Frese, Jr., K. W.; Leach, S. J. Electrochem. SOC. 1894, 131, 745. 
(9) Bolinger, C. M.; Story, N.; Sullivan, B. P.; Meyer, T. J. Znorg. 

(10) Meyer, T. J.; Sullivan, B. P.; Caspar, J. V. Znorg. Chem. 1987,26, 
Chem. 1988,27,4582. 

4145. 

0 1989 American Chemical Society 



Communications Chemistry of Materials, Vol. 1,  No. 6, 1989 575 

Table I. C o r  Reduction Products from Bulk Electrolyses on p~ly[Rh(vbpy)(COD)]/Rh(O)~ 
Faradaic efficienciesd of formation: % 

entry [H,O], M total coulombsb Hz CHI CHSOH CH@H2 CHSCHNHZ 
1 0 16.5 1.5 18.4 <1 61 <1 
2 0 7.8 0.5 5.1 38 61 <1 
3 0 10 1 8.1 18.1 61 <1 
3 0.1 40 17 2.0 40 61 <1 
4 0.1 20 27 1.4 28 61 <1 
5 0.1 50 20 7.2 12 10 <1 
6 0.01 M HCl 50 0.5 13 <1 4.5 1.0 

OIn CHSCN solutions of 0.1 M TBAH at -1.60 V vs SSCE. Films grown on vitreous carbon electrodes, original surface coverage of 
poly[Rh(vbpy)(COD)]Br - lo-' mol before Rh(0) deposition. No COP reduction is observed at bare vitreous carbon. bNot exhaustive- 
catalytic current in all cases was at least one-third of original and fairly stable (although most show slow degradation) when electrolysis was 
stopped. 'Defined as (100nF(moles of product))/(coulombs of charge passed), where n is the number of moles of electrons delivered per mole 
of product and F is Faraday's constant, 96500 C/mol of electrons. In all cases the Faradaic efficiency for CO, formate and oxalate was 
<1.0%. dNot all of the products have been identified, so the values do not add up to 100%. 

be deposited in polymeric films of poly[4-vinyl-4'- 
methyL2,2'-bipyridine] (poly[vbpy]). This new material 
is a very active catalyst for COz reduction. In this com- 
munication we describe the preparation and electrocata- 
lytic properties of this supported-metal electrocatalyst, and 
our initial success in producing multiple-electron reduction 
products from COz past the two-electron stage. 

Films of poly[Rh(vbpy)(COD)]Br (COD is 2,5-cyclo- 
octadiene) were prepared on platinum, glassy carbon, or 
vitreous carbon electrodes as described previously.1° The 
electrochemistry of the resulting gold-orange film in fresh 
0.1 M (n-C4H&NBr (TBABr)/CH3CN under an atmo- 
sphere of Nz is shown in Figure 1A (solid line). In the 
presence of COz (Figure lA, broken line) the fmt reduction 
is partially reversible if the potential is switched at  -1.3 
V (versus SSCE), but scanning through the second wave 
leads to both loss of electroactivity and the characteristic 
orange coloration of the film. These observations are 
consistent with earlier observations that Rh(1) could be 
removed easily from poly[Rh(vbpy)(COD)]Br films by 
chemical means to leave only a film of o p t i d y  transparent 
poly(vbpy). In the same studies it was found that rhodium 
could be quantitatively reincorporated by soaking the 
poly(vbpy) films in CH3CN solutions containing the re- 
active dimer, [Rh(COD)C1I2.l0 

In this work, when a modified electrode that had been 
reduced in the presence of COz as described above was 
treated with [Rh(COD)Cl],, the cyclic voltammetry of the 
original poly[Rh(vbpy)(COD)]Br film was regenerated. 
This demonstrates that the polymer network was left in- 
tact during exposure to COz and that an interaction be- 
tween COz and the reduced complex leads to Rh removal 
from the poly(vbpy) film. 

Controlled potential electrolysis of poly[Rh(vbpy)- 
(COD)]Br films at  -1.55 V (vs. SCE) in 0.1 M TBABr/ 
CH3CN in the presence of COz and 0.5 mM [Rh(COD)Cl], 
resulted in suprising current vs time curves. During the 
initial phase of the electrolysis there was a relatively small 
catalytic current density ticclt - 0.15 mA/cm2), but after 
an induction period of -1 min the current started to in- 
crease. After 5 min, j,, = 0.80 mA/cm2 and at  20 min j, 
= 1.5 mA/cm2. At  this point, the smooth, initially orange 
modified- electrode surface had become jet-black. Only 
very small constant currents (<0.1 mA/cm2) were observed 
at  bare electrodes (Pt, Rh, or C) in the presence of both 
COz and [Rh(COD)Cl], or, a t  the modified electrodes, in 
the presence of [Rh(COD)Cl], and the absence of COz. 

In one electrode preparation, after a 20-min electrolysis 
period, XPS spectral analysis of the new film showed in- 
tense Rh 3d transitions at  311.8 and 307.1 eV (Figure 2A, 
broken line). These are shifted to lower binding energies 
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Figure 2. (A) Solid line: ESCA of a poly[Rh(vbpy)(COD)]Br 
film showing Rhu peaks at 313.6 and 309.0 eV. Broken line: 
ESCA of a poly[Rh(vbpy)(COD)]Br film after a 2omin electrolysis 
(as in Figure lB), illustrating the shift in R h u  peaks to 311.8 and 
307.1 eV. (B) ESCA of a poly[Rh(vbpy)(COD)]Br f i i  after only 
l-min electrolysis, showing a mixture of Rh compounds. 

by almost 2 eV from those of the parent polymer poly- 
[Rh'(vbpy)(COD)]Br, which occur a t  313.6 and 309.0 eV 
(Figure 2A, solid line). The shifts are consistent with a 
change in oxidation state from Rh(1) to Rh(0) following 
the electrolysis." The R h N  ratio has also changed dra- 
matically, from 0.4:l for the parent polymer to 3.41 fol- 
lowing this electrolysis. 

In an experiment designed to show the composition of 
the electrode at  short preparations times, a l-min elec- 
trolysis of [Rh(COD)C1],/COZ under conditions similar to 
those given above resulted in the XPS spectral data shown 
in Figure 2B. Although their individual peaks are not 
resolved because of their large band width, the spectrum 
is reminiscent of either overlapping Rh(1) and Rh(0) or an 

(11) Infrared spectral analysis of the black material shows no absorp- 
tions in the CO stretching region (between 1600 and 2100 cm-'), which 
demonstrates that the new material does not contain rhodium carbonyl 
compounds. 
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intermediate oxidation state material. The Rh:N ratio in 
this case was 0.74: l .  

The cyclic voltammetry of the Rh-impregnated films 
immersed in fresh electrolyte/solvent (Figure lB, solid 
line) displays a background current ascribable to a sub- 
stantial non-Faradaic current component, with no repro- 
ducible, distinguishing peaks. In the presence of C02 a 
current enhancement is seen to begin near -1.0 V and 
continue to increase in current until past -1.6 V (Figure 
lB, dashed line). By contrast, pure Rh wire shows no 
current enhancement in the presence of C02 under iden- 
tical experimental conditions. 

Controlled potential electrolyses a t  -1.60 V (vs SSCE) 
of the Rh-impregnated films prepared in the manner de- 
scribed above were performed in the presence of C02 using 
large vitreous carbon electrodes and employing a number 
of different water concentrations.12 The results are shown 
in Table I. The electrolyses were not exhaustive, and in 
each case, the electrodes were catalytically active when the 
electrolyses were stopped.13 Although reproducibility of 
the product yield is less than desirable, a number of im- 
portant observations can be made. First, less than 1% CO, 
formate, or oxalate is observed under any electrolysis 
condition. Second, electrolyses in fresh 0.1 M TBAH/ 
CHsCN produces hydrocarbons and CH30H even without 
added H20, although with 0.1 M H20 added, the catalytic 
currents increase dramatically to form significant amounts 
of CHsOH, in addition to HP Last, in all cases, CH4 is also 
produced in significant yield. Even when 0.01 M HC1 is 
used as the proton source instead of water, CHI and other 
hydrocarbons are obtained but little H2 is observed. 

The distribution of hydrocarbon products is reminiscent 
of a low molecular weight Fischer-Tropsch reaction 
product di~tribution.'~ For example, in experiment no. 
6 the current yields of hydrocarbons were methane, 13.0%; 
ethane, 0.3%; ethylene, 4.5%; propene, 0.9%; propane, 
0.4%; and total butenes, 0.3%.16 Rh metal has been 
shown to be an active Fischer-Tropsch catalyst for the 
reduction of CO (and C02) with H2;16-'* however, in our 
case, the reactivity is brought about electrochemically a t  
ambient temperature and low pressure by using C02, a 
proton source, and electrons, instead of more extreme 
conditions with CO and HP 

To our knowledge, this is the first report of successful 
C02 reduction by a supported rhodium metal electroca- 
talyst. A significant aspect of the results is that an oth- 
erwise low-reactivity metal, in an electrochemical sense, 
has been converted into an active electrocatalyst for C02 
reduction by its deposition into a polymer that is attached 
to an electrode surface. 
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By the sol-gel technique, a variety of solid materials with 
interesting properties can be made, among them com- 
posites containing small metal or metal oxide particles 
dispersed in a ceramic mat r i~ .~B One of the problems 
connected with this method is the control of the average 
metal particle size and the metal distribution. Ueno et al.& 
reported that hydrolysis of a mixed solution of metal 
glycolates and Si(OEt), (TEOS) supplies silica-supported 
metals (Nit  Fe,5 Rhs) with particularly small and homo- 
geneous particle sizes. The glycolates are formed in situ 
from the corresponding metal nitrates in an ethylene glycol 
solution. Environments of the metal atoms were probed 
by E M S  spectroscopy at  all steps of the Ni-Si02 prep- 
a r a t i ~ n . ~ ~  According to these results, dissolving nickel 
nitrate in ethylene glycol results in a metal glycolate, in 
which the metal atom is octahedrally surrounded by six 
oxygen atoms. Octahedral coordination of nickel is re- 
tained on addition of TEOS and subsequently on hy- 
drolysis, but 'H NMR spectroscopic detection of 1,Z-di- 
ethoxyethane indicates that some of the glycolate ligands 
are replaced by OSi(OEt)3 groups. Even in the dried gels, 
discrete Ni-O-Si species exist. Only on calcination do tiny 
NiO clusters develop, which on reduction by H2 give small 
and uniform metal particles. The key to control the metal 
particle size is the high dispersion of the metal compound 
prior to calcination and reduction, due to bonding between 
the metal and the supporting matrix. 

Although the ethylene glycol modification of the sol-gel 
method gives striking results, it may not be equally suc- 
cessful, if less oxophilic metal ions (or metal ions forming 
no glycolates) are employed. Therefore, a more general 
approach to dispersing metal complexes would be the use 
of a chemically adjustable link between the metal ion and 
the support, for instance, molecules of the type Ax- 
xxxSi(OR),. In these bifunctional compounds, a group A, 
capable of binding to the particular metal ion, is connected 
with the hydrolyzable Si(OR)3 group via an inert spacer, 
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