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summary 

Catalysis of multiple4ectron transfer fuel-forming redox reactions at 
illuminated semiconductor-liquid electrolyte interfaces is important in 
achieving efficient optical energy conversion. The characterization of redox 
polymer-noble metal combinations as catalysts for the reduction of HZ0 
and aqueous CO2 is described in this article. Emphasis is on the demonstra- 
tion of rational synthetic methods applied to interfaces and the correlation 
of surface structure and function. 

1. Introduction 

Catalysis of light-driven redox processes at semiconductor -liquid 
electrolyte interfaces has yielded significant advances in the efficiency for 
the conversion of solar energy to chemical energy. Particular success has 
been achieved for the catalysis of photoelectrochemical H2 evolution at 
p-type semiconductor photocathodes where gross decomposition of the 
semiconductor is usually not a problem [l - 51. However, the catalysis of 
photoanode processes is also important. The 1,-I- mediated oxidation of 
SO2 (61 and catalyzed Cl2 generation [7] at n-type metal dichalcogenide 
photoanodes represent systems where high efficiency depends on rate 
improvement of the desired oxidation process. Since many of the fuel- 
forming reactions of interest in solar conversion involve multiple-elect.ron 
transfer processes and these are generally kinetically sluggish at electrodes, 
better and less costly electron transfer catalysts will probably be necessary 
to develop practical solar production of useful fuel. 

*Paper presented at the Fifth International Conference on Photochemical Conversion 
and Storage of Solar Energy, Osaka, Japan, August 26 - 31, 1984. 
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We have been especially interested in the catalysis of reduction processes 
at electrodes derivatized with the viologen reagent I [ 4, 51: 

More recently, the cobalticenium-based reagent II 

has been synthesized and shown to be useful as an electrode derivatizing 
reagent [ 8 J. In this article we wish to summarize some of our recent results 
on the characterization of electrode catalysts derived from the combination 
of I and noble metals such as palladium, platinum and rhodium [9, lo]. 
Further, we summarize findings relating to a new surface modification 
procedure for p-InP to catalyze photoelectrochemical H, generation using 
reagent II and deposited rhodium [ 11 J and describe a catalyst system for the 
electrochemical and photoelectrochemical reduction of aqueous C03H- 
[la. 

The work described herein concerns the study of electrode/catalyst 
assemblies like those illustrated in Figs. l(a) and l(b). In the assembly shown 
in Fig. l(a) the noble metal (palladium, platinum or rhodium) is confined to 

Electrode Electrode Pd 

(a) tb) 
Fig. 1. (a) Electrode/catalyst assembly for Hz evolution and (b) electrode/catalyst 
assembly for reduction of aqueous C&H-. 
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the outermost portions of the redox polymer [(PQ2+‘+“)Jsurf from I or the 
redox polymer [( CoL2+“),] s,,rf from II by electrochemically depositing the 
metal onto the one-electron reduced polymer [4, 8 - lo]. The uniformly dis- 
persed palladium in the assembly shown in Fig. l(b) is achieved by exchang- 
ing the charge-compensating anions of [(PQ2’.2Br-),JsUti with PdCla2- fol- 
lowed by electrochemical reduction of the bound PdCle2- to palladium 
metal [4]. 

2. Results and discussion 

2.1. Synthesis and Auger spectroscopic characterization of a structured 
catalyst assembly 

The general methodology for the preparation of the structured assembly 
represented by Fig. l(a) is to derivatize an electrode with I or II to give a 
uniform pinhole-free redox polymer film. It would appear that for I coverages 
of about lo-’ mol cmm2 are sufficient to cover the electrode surfaces com- 
pletely [4] _ The noble metal can then be deposited from an aqueous solution 
of PdClq2-, for example, by holding the electrode at a potential where 
the surface polymer from I or II is in the reduced state f4,8 - lo]. The 
evidence that an assembly as shown in Fig. l(a) results comes from Auger 
spectra recorded while sputtering the surface with Ar+ ions. Figure 2 
shows the Auger spectrum of the outer surface of an electrode/[(PQ2+-2Cl-).] f 
Pd surf system and the so-called depth profile analysis [ 133. The crucial point 
is that palladium is confined to the outermost portions of the polymer and 
does not directly contact the underlying electronic conductor. Thus, the 
only mechanism for equilibration of the electrode with palladium is via the 
intervening polymer. Similarly structured interfaces can be prepared using 
other metals (platinum or rhodium) and polymers derived from II. Figure 3 
illustrates the Auger depth profile analysis of a p-Si/[(CoL2+*X-),]/Rh,,,, 
photocathode/catalyst assembly [ 81. 

Transmission electron microscopy 113,141 has been used to examine 
the noble metal deposited onto polymers derived from I. (Transmission 
electron micrographs were obtained on a Philips model EM 200 microscope 
at the 3M Central Research Laboratories. The methodology employed is as 
described in ref. 14. Approximately 20 A of carbon was vapor deposited 
onto the sample surface to form a carbon envelope around the metal micro- 
islands. The carbon film containing the palladium or platinum was removed 
from the KPQ2’Msuti film and/or the tungsten substrate by immersion of 
the sample in 20% HF in such a way that the film floated on the solution 
surface. The carbon film was then lifted from the solution surface on a 200 
mesh copper transmission electron microscope grid. Micrographs were made 
by through-focusing until any microislands were imaged.) Figure 4 illustrates 
the difference between palladium and platinum deposited onto [(PQ2+‘+)J surf. 
The palladium is shown to be more uniformly deposited than the platinum, 
but in both cases the particle size of the metal is small (less than 200 A). 
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Fig. 2. (a) Auger electron spectrum of palladium on [(PQ2’*2C1-),],,,f on a tungsten 
substrate with a 5 keV, 2 pm, 150 nA electron beam as the excitation source, (b) Auger 
depth profile of Pd/[(PQ 2+-2Cl-),]8Urf/W recorded while sputtering with 2 keV Ar+ ions 
at an ion current density of about 25 PA cm -2. Depth-dependent signals for palladium 
(xl), carbon (x4/3), nitrogen (x4), oxygen (x2). silicon (X7/3) and tungsten (xl) 
are shown. The coverage of palladium was about 2 x 10-s mol cme2 and that of 
[(PQ2+*2Cl-),],,,f was about 4 X 10-s mol cmm2. 

At the coverages shown there is obviously a non-continuous film of metal. 
In general, cyclic voltammetry (sweep rate, 50 mV 5-r) in an aqueous 
electrolyte solution of electrodes derivatized with polymers from I is unaf- 
fected by the deposition of metal even for amounts exceeding lo-’ mol cm-*. 

The electrode/catalyst assembly represented by Fig. 1 (b) can, be prepared 
by first derivatizing the electrode with I and then exchanging counter-ions 
with PdCl,2- and (photo)electrochemical reduction of the palladium(I1) to 
palladium(O) [4]. For such an assembly the Auger depth profile analysis 
shows palladium(O) throughout the polymer 141. 
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Fig. 3. Auger depth profile analysis of a p-Si/[(CoLz+ -Cl-),]/Rh,,rf interface (coverage 

of the polymer, 6 x 10-s mol cmm2 ; coverage of the rhodium, 2.5 x 1 0m8 mol cmm2 ). 

(a) (b) 
Fig. 4. Transmission electron micrographs of 2 x 10m8 mol cm-’ (a) of palladium and (b) 
of platinum electrodeposited onto a [(PQ2’), Isurf film at -0.60 V measured with respect 
to a standard calomel electrode (SCE) from a solution of 15 PM MC1,2- (M = Pd, Pt) and 

1 M KC1 (see for example refs. 13 and 14). The dark spots are the metal particles. 

2.2. Catalytic activity of palladium, platinum and rhodium deposited onto 
redox polymers 

For the interfaces represented by Fig. l(a) it is possible to assess quan- 
titatively the catalytic activity of the deposited noble metal for the H, evolu- 
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tion reaction. By confining the catalyst to the outermost surface of the 
polymer, the catalytic activity of the system is restricted to that region. 
Accordingly, the situation fits one of the limiting cases treated by Saveant 
and coworkers [ 151, allowing the following relationship 

1 1 ‘+l+ 1 
-=-+ 

lObE i, iE ik i 1 

hbs -- l- 
K i, iL 

(1) 

between the observed current iobs at a rotating disk electrode, the polymer- 
limited current iE, the (Levich) mass-transport-limited current iL [16] and 
the kinetic current ik. In eqn. (l), K is the equilibrium constant for the 
reaction involving the redox polymer and the substrate. Since the formal 
potential E”’ of [(PQ2”“),,lsurf is independent of pH [4,5 ] and E”’ (HzO/H2) 
is pH dependent, -the value of K can be adjusted by varying the pH for a 
fixed redox potential. When K is large, eqn. (1) simplifies to 

1 1 1 1 i,, -=-+-++-- 
iobs iL iE 

(2) 
gk iE iL 

The catalyst assembly in Fig. l(a) may give an H2 evolution rate that is 
limited by (i) the charge transport properties of the redox polymer (iE limited), 
(ii) the catalytic activity of the metal (ik limited), (iii) the flux of reducible 
material (iL limited) or (iv) a combination of two or more of these. Here we 
are concerned with the value of ik. The metal used as catalyst and its coverage 
should cause variations in ik [ 171. Figure 5 illustrates the situation, showing 
the polymer charge transport iE and the catalyst current ik . 

For [(PQ2+‘+),Jsuri the value of iE, the maximum current that can be 
passed through the polymer film, can be determined by measuring the 
current for the mediated reduction of Ru(Nl& )63’ at a derivatized rotated 
disk [18, 19): 

C(PQ2+Mmr~ ne- IPQ+Msuti (3) 

k 
W’Q+hJsurt + Ru( NH3 )63+ “t W’Q2+hzl,rr + nRu(NHs hi*+ (4) 

The value of ket is so large [18,19] (giving a very large value of ik) that it is 
very easy to find conditions where lobs * iE. Equation (2) applies in this 

Fig. 5. Polymer/catalyst system for Hz evolution. 
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case since the Ru(NH~)~~+ does not-sig n f i ic antly penetrate the [(PQz”“),],,, 
polymer and K exceeds lo4 1191. Importantly, the same value of i, is 
found for disk electrodes only derivatized with I [ 193 and for electrodes 
derivatized with I followed by deposition of a noble metal [9, lo]. For 
coverages of about 5 X 10-s mol cm-’ of I, ix is in the vicinity of 10 - 15 
mA cme2 in 1.0 M KC1 of pH 2.8 made acidic with HCl [9, lo]. The 
value of ix is inversely proportional to the thickness of the polymer and 
sufficiently thin, but pinhole-free, films of [{PQ2”‘),lsuri give iE values that 
significantly exceed 30 mA cmv2. 

At a sufficiently large rotation velocity for a rotating disk electrode 
or where mass transport does not limit the value of iok, the observed current 
for a mediated reduction process at the outer surface of the catalyst assembly 
would be given by [9, lo] 

1 1 
+I -=- - (5) 

IObS iE ik 

In order to achieve high efficiency solar devices it is important that the only 
current-limiting factor be light intensity. Under air mass 1 illumination the 
optimum solar devices would give a value of iobs of the order of 25 mA cmm2. 
Accordingly, it is important to find redox polymers with iE values that 
significantly exceed 25 mA cm-’ as well as catalysts that give values of ik 
well in excess of 25 mA cm- 2. There is the additional objective of delivering 
more than 25 mA cm-* with the least amount of driving force, since the 
driving force diminishes the photovoltage. Finally, for photoelectrode 
catalysts there is the requirement that the catalyst assembly be optically 
transparent and, if absorbing, photoinert. There is intense visible absorption 

for WTMpUrf (ha, = 550 nm, e = lo4 M-l cm-l) [20], but at coverages 
where iE would significantly exceed 25 mA crne2 (less than 1 X 10d8 mol 
cmm2) the extinction of the visible light would be less than about 10% even 
when all the electrode-bound polymer is in the [(PQ),Jsulf state. The optical 
properties of [(COL,~),],,~ are even more favorable in this regard: X,,, = 
460 nm; E = lo3 M-’ cm-’ [8]. However, the deposited metals do absorb 
incident light and it is therefore important to minimize the amount of 
metal deposited. Naturally, minimization of the amount of noble metal is 
also impelled by the high cost of such materials. Indeed, there is justifiable 
effort to find catalysts for fuel-forming reactions that do not employ 
expensive noble metals. The naturally occurring enzyme hydrogenase, having 
no noble metals, will catalyze H2 evolution at a rate of about lo3 s-i per site 
(see for example ref. 21). This rate is sufficiently high to give an ik value of 
10 mA cme2 if the coverage of the catalyst is lO-‘O mol cm-*. The point is 
that effective catalysts for fuel-forming reactions exist; it is important to 
develop protocols for evaluating them in quantitative terms. 

One set of rotating disk electrode measuremen& has been carried out 

for WQ+M /PL,~ disk surfaces and the conclusion drawn was that eqn. (2) 
applies for 1.0 M KC1 solutions of pH 2.8 for an electrode held at -0.78 V 
(SCE) where the polymer is in the one-electron reduced state [ 9, lo] _ For 
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palladium coverages of more than 1 X 10M7 mol cme2, ik values of more than 
30 mA cm- 2 for Hz evolution can be obtained. Thus, by using sufficiently 
thin films of [(PQ2+“‘)J,,i coated with palladium it should be possible to 
achieve a solar-limited current for Hz evolution. 

By using buffered solutions of pH 2.8, the available proton flux at a 
rotating disk electrode can be much higher than that in the unbuffered 1.0 M 
KC1 solutions of pH 2.8 used to characterize [9] the palIadium on [(PQ+)J surf. 
Experiments have been carried out in a solution of 0.2 M ClCH2COOH and 
1 M KCl, adjusted to pH 2.8 with aqueous NHB, to measure the metal depen- 
dence of i, when eqn. (5) should apply. A rotating naked platinum disk 
electrode {held at -0.78 V (SCE)) gives a linear plot for id versus wI’~ up 
to 01’2 = 16 where i,,& is about 80 mA cm -* for H2 evolution. For coverages 
of WQ*+Llsm~ of about (4 - 5) X 10e8 mol cme2 the value of i, was found to 
be 11 - 16 mA cm- 2 from rotating disk experiments for the reduction of 
50 mM Ru(NH,)~ 3+ in 1 M KC1 of pH 2.8 (ClCH,COOH buffered). For such 
solutions the reduction current for the mediated reduction of Ru(NH~&~+ is 
essentially independent of the rotation velocity, since iobs is controlled by ix. 
Figure 6 shows the value of idx, for H, evolution at w”~ = 16 and an electrode 
potential of -0.78 V (SCE) for rotating disk electrodes derivatized with 

0 
-9 -8 -7 -6 

Log rM (mol cme2) 

Fig. 6. Plot of current density for H2 evolution at indium tin oxide (ITO)/[(PQ2+)n]/Ms~ 
electrodes as a function of r~ (o”~ = 16;electrode potential (potentiostatted), -0.78 V 
(SCE); solution, 0.2 M ClCHzCOOH and 1 M KCl; pH 2.8): A, rhodium; +, platinum; 
l , palladium; I, silver. rps~ was between 4 X lo-* .and 5 X lo-* ma1 cm-* and in varied 
from 11 to 16 mA cm-*. (The deposition of silver, rhodium, palladium and platinum was 
effected by holding the electrode at a potential where the [(PQ*),]sur+ is present in 0.5 M 
NaNOa, 1.0 M Na$304, 1.0 M KC1 and 0.5 M NaC104 respectively, followed by the addi- 
tion of AgN03, Rh,(S04)3, KzPdCl, and cis-Pt(NHs)sCla respectively to bring the metal 
ion concentration to 20 - 50 fl. Plating was monitored by measuring the charge passed 
associated with the reduction of the metal ion.) 
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(4 - 5) X 10m8 mol cmv2 of [(PQ2’),Jsurf and various metals (silver, rhodium, 
palladium and platinum) at different coverages. 

The data in Fig. 6 show that there is a strong dependence of i& on the 
deposited metal and its coverage. Clearly, silver is the least effective catalyst. 
This finding is consistent with the knowledge that silver has a large over- 
voltage for H, evolution compared with the other metals [ 171. For the other 
three metals the ranking for coverages less than lo-’ mol cme2 is Rh > Pt > 
Pd. When the coverage of metal is greater than about lo-’ mol cm-’ the 
differences between platinum and palladium are smaller, but rhodium 
remains the superior catalyst for Hz evolution from the [(PQ+),lsurr polymer. 

Figure 7 shows steady state current density-voltage curves for rotating 
disk indium tin oxide (ITO) electrodes derivatized with I followed by various 
coverages of rhodium. (The IT0 was deposited onto platinum flag electrodes 
using a Materials Research Corporation model 8620 r.f. sputtering system 
operating at about 200 W power output. A pressed-powder IT0 target was 
sputtered for about 30 min to give a thickness of IT0 sufficient to cover the 
platinum and to block H, evolution from the platinum.) The IT0 electrode 
is representative of electrode surfaces having a large overvoltage for H, 
evolution. As shown in Fig. 7, negligible steady state current for Hz evolution 
occurs for either naked IT0 or ITO/[(PQ2+‘+)Jsurf for electrode potentials 
near E”‘(HzO/H2)_ Clearly, the deposition of rhodium onto the [(PQ2”+)Jsurf 
or directly onto the IT0 gives significant catalysis of H, evolution. A naked 
platinum disk gives an H2 evolution rate that is directly proportional to ai’2 
at -0.78 V (SE) and which is included in Fig. 7(a) for comparison. The 
lack of a current plateau indicates that iE does not completely limit the H2 
evolution for the rhodium coverages shown. Also, since the iL limit is much 
higher (cf. the naked platinum curve), the value of ik is the limiting factor. 
The strong dependence on potential is consistent with an ik limitation. It is 
noteworthy that iobs exceeds 25 mA cm -2 for the rhodium coverage of 6.6 X 
lop8 mol cmp2, a significantly better performance than that achieved with 
palladium [ 91. 

A significant finding is that the values of i& far exceed ix when the 
coverages of the most active metals exceed lo-’ mol cme2 (Figs. 6 and 7). 
At first this seems like an inexplicable result, since the redox conduction of 
the polymer is the only mechanism for equilibration of the electrode with 
the noble metal. However, as the coverage of metal increases, it is probable 
that the metal is not restricted only to the outermost surface of the polymer. 
Instead, the noble metal is likely to be penetrating the polymer, significantly 
reducing the separation of the electrode from the catalyst particles. Under 
such circumstances the value of ix determined by measuring i,, for the 
mediated reduction of Ru(NH~)~~+ at the outermost surface of the polymer 
is an inappropriate limit for the generation of Hz. Auger depth profile 
analyses qualitatively show that the larger coverages of metal do extend 
further into the polymer. 

The electrochemical results for H, evolution at high coverages of the 
catalytic metal are consistent with the fact that the metal penetrates into 
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Fig. 7. (a) Current density-voltage curves for an ITO/[(PQ*+),]/Rh,,,,+ electrode (-) 
with increasing .r’ (till2 = 12; solution, 0.2 M ClCH2COOH and 1 M KCI; pH 2.8). The 
coverage of [(PQ2”+ )n]sd is about 4 x 10-s mol cmd2 and gives a negligible current for 
the [(FQ2+)n]sd 2 [(pQ*),&~rf interconversion at the current scale shown (sweep rate, 
10 mV s-l). The current at a naked platinum disk of the same area (- - -) is .&own for 
comparison. (b) Comparison of ITO, IT0 onto which rhodium was deposited, and the 
ITO/[(PQ2+/‘),]/Rhs~ in 0.5 M H2S04 (sweep rate, 100 mV 8-l). (It should be noted 
that the ITO/[(PQ*+),]/Rh auri electrode (rRh = 6.6 x 10v8 mol cme2) gives an onset at 
the potential for reducing [(PQ2+),],d and not at E”‘(H+/Hz), indicating that the 
rhodium is not in direct contact with the IT0 surface.) 

the polymer, but the Auger depth profile analysis shows that the metal does 
not directly contact the electrode surface. Electrochemical results are in 
accord with the conclusion that the redox conduction of the polymer 
remains the only mechanism for equilibration of the electrode with the 
noble metal catalyst. Figure 7(b) shows the current density-voltage curves 
in 0.5 M H2S04 for ITO, ITO/Rh and the ITO/[(PQ2+),]/Rh,,l electrode 
used in Fig. 7(a)_ The current response at the ITO/[(PQ2+),]/Rhsurf electrode 
with r,, = 6.6 X 1Oms mol cm-l closely tracks that of naked ITO. When 
rhodium contacts the IT0 substrate, current is observed at more positive 
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Fig. 8. Plot of current density for Hz evolution at ITO/M rotating disk electrodes for 
M = Pd, Pt, Rh as a function of coverage of M (O iI2 = 16; electrode potential, -0.78 V 
(SCE); solution, 0.2 M CICHzCOOH and 1 M KCl; pH 2.8): l , rhodium; A, platinum; 
w, palladium. (The metals were plated as described in the caption for Fig. 6; the electrodes 
are characterized by data as for the polymer-modified electrodes in Fig, 6.) 

potenG&, and in the current, density-voltage curves waves for the formation 
and reoxidation of a rhodium hydride are seen. Even at the highest metal 
coverages studied the [(PQ2+)n]suri film can separate the noble metal from 
the electrode substrate. 

The activity of metal deposited directly onto IT0 substrates was also 
investigated, to provide a comparison for the results obtained on polymer- 
modified surfaces. Figure 8 shows the current density for H2 evolution as a 
function of noble metal and coverage in a solution of 0.2 M CICHzCOOH 
and 1 M KC1 of pH 2.8 at, rotating (w 1 I2 = 16) metal-modified IT0 electrodes 
held at -0.78 V (SCE). For these electrodes the current, was rotation 
dependent, so iobs does not represent the maximum current, possible. For 
rhodium and platinum the highest coverages yield electrodes that give linear 
Levich plots; however, palladium was much less active than this. For low 
coverage the ordering of catalyst activity is again Rh > Pt > Pd, as found for 
the metals deposited onto the redox polymer. Current densities close to the 
maximum values attained for platinum and palladium on ITO/ [(PQ2’),]/M,,,,t 
electrodes at -0.78 V (SCE) are obtained at ITO/M electrodes at the same 
potential with approximately 100 times less metal. Films of [(PQ2’)J/Rhs,,i 
are relatively more active, requiring about ten times more rhodium to give 
the same current at rhodium deposited on ITO. However, the activity at 
polymer-modified surfaces is related in part to the rate of charge transport 
from the electrode, through the polymer, to catalyst sites. Since this factor 
cannot be evaluated at high metal coverages where iE is not known, a direct, 
comparison of metal activity ik for the two types of modified IT0 surface 
is difficult. Nonetheless, it is apparent that at low metal coverage on the 



polymer where the value of iE is approximately equal to that found from the 
mediated reduction of Ru(NHs& 3+ the metal on the polymer is less active 
than when it is deposited directly onto ITO. For palladium the polymer 
appears to lower activity by at least a factor of 10 under such conditions 
16,101. 

The results for the generation of Hz from the [(PQ2”‘),]/Msurt systems 
allow several conclusions. First, significant current densities (more than 
25 mA cmm2) for H2 generation can be obtained for sufficient coverages of 
the metal. Second, rhodium is the superior material of the group silver, 
rhodium, palladium and platinum, giving the highest catalytic activity and 
giving iobs in excess of 25 mA cmm2 with the lowest coverage. Third, there 
appears to be evidence at the higher metal coverages that the polymer can 
serve as a threedimensional zone of catalytic activity to improve i,; the 
fact that iObs can significantly exceed iE is the principal evidence that H2 
evolution is not constrained to the outermost surface of the catalyst. Finally, 
though the polymer can be a zone of threedimensional activity, the catalytic 
activity of the metal is less than that on ITO surfaces. The inability to know 
the proper value of SE for the case where the metal penetrates the polymer 
precludes quantitative evaluation of ik, so conclusions regarding the activity 
of the metal catalyst at high coverages of metal are qualitative. 

2.3, Surface modification of p&P photocathodes 
The discovery that deposited rhodium is the superior catalytic metal 

when deposited onto redox polymers has stimulated us to assess the behavior 
of photocathode/redox polymer/rhodium assemblies for the photogeneration 
of H, . Additionally, the properties of the polymer derived from the cobaltice- 
nium reagent II are superior to those of polymers derived from I in that the 
cobalticenium is more transparent and is more durable in aqueous solutions 
at very negative potentials [8]. The improved durability probably derives 
from the fact that [(COL,“‘~),],~~ has only one redox system whereas for 
UPQ2+‘+Ll surf further reduction to [(PQ”),JeuTf, which is not durable in 
aqueous media, is easily accessible. The value of E”‘[(CoL2+‘o)n]surf is about 
-0.6 V (SCE) [S], and the charge transport properties are similar to those 
of WQ2+‘+Msur~. The results for p-Si/[(CoL2*/o),] /RhsUrf show similar 
performance for photoelectrochemical H2 evolution to p-Si/ [(PQ2*“)J /PdsUri 
[S], but optimization of the systems has not yet been undertaken. Figure 3 
shows the Auger depth profile analysis for a p-Si cathode studied in this 
regard [SJ. 

Derivatization of p-InP should lead to higher efficiencies for II2 evolu- 
tion than is possible with p-Si, and some preliminary results with p-InP/ 
WQ2+‘+L1 mri /Pd are quite promising [ 221. However, unlike p-Si, the surface 
chemistry of (lll)B-oriented p-InP is not as conducive to functionalization 
with silane reagents like I and II because there is not a stable oxide. Recently, 
it has been discovered [lo] that BrCH3CH20H will react with a (lll)B- 
oriented p-InP surface pretreated with Br2-MeOH in such a way as to 
promote the binding of the silane reagent II. The rationale for the use of 



33 

1 I I I I 

OH 
OH 
OH 

L I I 1 I 
-0.4 0 +a4 

POTENTIAL (V (SCE)) 

Fig. 9. Cyclic voltammetry of {lll)B-oriented p-InP under 632.8 nm illumination (about 
40 mW cm- 2) after derivatization with reagent II for different InP pretreatment.6 [ 111: 
(a) a 20 min exposure to CHaCHzOH at about 333 K after a Brz-MeOH etch; (b) a 20 min 
exposure to BrCHaCH20H (1 vol.% in CH&N) at about 60” after a Brz-McOH etch. 

BrCH,CH*OH was the possibility of reaction of the phosphorus-rich surface 
with the BrCH* CHZ OH to give a pendant alcohol group that could react with 
silane reagents. Whether this rationale corresponds to reality remains to be 
established, but the derivatization of {lll)B-oriented p-InP can be carried 
out successfully using a BrCH2CH20H pretreatment and does not work 
when using CH3CH20H as a control pretreatment (Fig. 9). Conventional 
oxide-bearing electrodes, such as degenerate Sn02 (or silicon, Fig. 3), can be 
functionalized with reagent II and when compared with the illuminated 
p-InP give a measure of the photovoltage (Fig. 10). As illustrated by the data 
in Fig. 10, the reduction of [(CoLZ+)Jsurf to [(COL,‘),],~ can be effected 
at a voltage approximately 750 mV more positive on the illuminated p-InP 
surface than on the conventional electrode surface. Approximately 750 mV 
is the expected photovoltage for a good p-InP photocathode in aqueous 
solution [ 23 ] . 

Neither p-InP nor p-InP/ [ (CoL,+‘O),] surf is effective in the photoelectro- 
chemical generation of HZ. However, as for the [(PQ2*‘+)n]surf system 
described above, the deposition of noble metals onto the [(COL,“‘~),],,, does 
lead to catalytic Hz generation [8, 111. Figure 11 shows photocurrent- 
voltage curves for small-area p-InP/[(CoL,*/“),] /Rhmri photocathodes. The 
pH used is the approximate optimum, giving the highest product of photo- 
voltage, with respect to E”‘(HIO/H;l), and photocurrent for H2 evolution. 
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Fig. 10. Comparison of cyclic voltammetry for Sn02 and illuminated p_InP in aqueous 
1.0 M NazS04 after derivatization with reagent II, showing approximately 750 mV photo- 
voltage for the p-InP (sweep rate, 20 mV s-l). 
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Fig. 11, Photocurrent-voltage curves for H2 generation from p-InP/[(CoL,+‘*),],~/Rh 
photocathodes under 632.8 nm illumination (pH 3.8; E”’ = -0.47 V (SCE); I?,,,,,, = 
1.2 X lo-’ mol cm-*; r~a = 4.0 x lo-* mol cm-*; sweep rate, 2 mV 6’). 

Low light intensity at 632.8 nm gives an efficiency of the order of 10%. The 
efficiency at solar intensities declines, presumably because both iE and ik 
limit the photocurrent for the device shown. For the system shown the 
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coverage of 1.2 X 10M7 mol cm-* of [(CoL2+‘*),Jsurr restricts iz significantly 
[ 81. Even for low light intensities the efficiency falls far short of the best 
efficiencies for p-InP-based Hz generation cells [ 11. Additional effort to 
develop redox polymer/catalyst assemblies having very large ik and iE values 
is required in order to realize practical efficiencies. Exploitation of the three- 
dimensional zone of catalyst activity as a means of improving efficiency is 
viable, but the generation of a gaseous product at high current density 
(25 mA cmP2) would lead to mechanical destruction of the polymer/catalyst 
assembly by the gas bubbles. However, as illustrated below, for the generation 
of solution reduction products the three-dimensional zone of reactivity can 
be quite useful. 

2.4. Electrochemical and photoelectrochemical reduction of aqueous C03H- 
While several metals are known to be relatively effective catalysts for 

the evolution of H2 from H20, e.g. rhodium, platinum and palladium, the 
development of catalysts for the reduction of aqueous CO2 has been modest. 
Intense interest exists in effecting the light-driven reduction of CO*. Solar 
generation of liquid and gaseous alcohol or hydrocarbon fuels that could be 
burned in air is a long-term objective that requires the development of new 
catalysts for the reduction of aqueous C02. Recent work in our laboratory 
has demonstrated that high surface area palladium will effect the equilibrium 
represented by the following equation at 298 K and 1 atm H, [24] : 

“Pd” 
H2 + C03H-(aq) a HC02-(aq) f Hz0 (6) 

Heretofore only biological enzymes were known to be effective in this 
system under such mild conditions [ 261. The generation of HC02- under 
mild conditions indicates that the reduction of aqueous CO2 (C03H-) can be 
effected electrochemically and photoelectrochemically without significant 
overvoltage. Indeed, since H2 can be generated photoelectrochemically with 
more than 10% efficiency Cl], it can be concluded that HCO, could be 
generated with similar efficiency by using the Hz to reduce the COsH-. The 
lack of a loss in efficiency stems from the fact that the equilibrium constant 
is approximately unity for the system represented by eqn. (6) [24]. 

The finding that the equilibrium constant for eqn. (6) is about unity 
means that E”‘(H20/H3) * E”‘(C03H-/HCO,) in aqueous solution contain- 
ing CO,H- and HC02-. Accordingly, the reduction of C03H- to HCO, can, 
in principle, be effected electrochemically using high surface area palladium- 
based catalysts in equilibrium with an electrode. The system represented by 
Fig. 12 has been investigated for the electrochemical 112 ] and photoelectro- 
chemical reduction of aqueous C03H-. In the catalyst system the redox 
polymer provides a mechanism for the direct equilibration of the electrode 
with the dispersed palladium catalyst for the reduction represented by the 
following equation : 

C&H- + Hz0 + 2e- - HCO, + ZOH- (7) 



Electrode Pd 

HCO; + tOli- 

Fig. 12. Catalytic system for the electrochemical reduction of aqueous COaH- to HCOz-. 

TABLE 1 

Electrochemical and photoelectrochemical reduction of aqueous COaH- to HCOz- a 

Cuthode S ttwting 
solutionb 

Ultimate 
concentration 
ofHC02- c 
(mol l-‘) 

Cuwen t 
efficiency (%) 

W/[(PQZ+-Pd) ] n surf a 
Pt/[(PQ2+*Pd) ] n sti d 
Pt/[(PQ2+-Pd) ] n surt d 
Ptf [(PQ2’* Pd)n lrwd 
WWQ2’*Wn Isurf; 
Pt/[(PQ2+.Pd) ] n 8ul-I 
P-Si/C(PQ2+- Pd), ]surt e 
p-Si/[(PQ2+-Pd) ] n sur! e 

1.0 M Na(COaH] 0.09 80 
1.0 M Na[COaH] 0.11 75 
3.0 M Ce[COzH] 0.18 80 
3.0 M Cs[C03H] 0.32 81 
6.0 M Cs[C03H] 0.38 73 
6.0 M Cs[COaH] 0.53 74 
3.0 M Cs[COaH] 0.02 70 
3.0 M Cs[C03H] 0.02 75 

a Controlled potential electrolysis mode where the cathode (17 cm2 ) potential wm slowly 
moved toward more negative values to maintain approximately 0.5 mA current. The final 
cathode potential was no more negative than -0.80 V (SCE). 
bA specially designed small-volume E-shaped three-compartment Pyrex cell was used. 
The working cathode compartment and the counterelectrode compartment containing 
2 - 5 ml COaH- solution at the ends were separated by the fine glass frits of the middle 
compartment also filled with COJH- solution. The counterelectrode compartment con- 
tained a silver gauze anode to suppress 02 evolution and the middle compartment con- 
tamed an SCE as reference. The glass tubing bodies of the electrodes were sealed to the 
cell using O-ring thermometer adaptors to prevent equilibration with air. 
=Monitored by lH or 13C nuclear magnetic resonance or by enzyme assay. The error limit 
is x10% [12]. 
dControlled current electrolysis mode where the cell current was maintained at 0.5 - 0.8 
mA throughout the entire experiment depending on the size of the cathode (about 15 - 
25 cm2 ). The potential of the working cathode was monitored and did not exceed -0.80 V 
(SCE) at the end of the electrolyses. 
eMeasured under visible light illumination at approximately 100 mW cmm2 from a tungsten 
filament lamp. The p-Si photocathode (about 2 cm2) potential was slowly moved from an 
initial value of 0 V (SCE) to a more negative value to give a photocurrent of approximately 
0.5 mA. This cell current was maintained until the photocathode was poised at -0.60 V 
(SCE) when the electrolyses were terminated. The photovoitage with respect to 
E”‘(C03H-/HC02-) was greater than or equal to 150 mV throughout the photoelectrol- 
ysis. 
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Conventional electrode materials such as tungsten or platinum derivatized 
with I followed by impregnation with palladium give the reduction of 
C03H- to HC02- with more than 70% current efficiency within 50 mV of 
E”‘(C03H-/HC02-). Table 1 gives some representative results. 

Photoelectrochemical reduction of COsH- at illuminated p-Si/ 
[(PQ2+‘+* Pd),lsurf electrodes has also been carried out, and some results are 
included in Table 1. For the conventional electrochemical reduction the 
generation of greater than 0.5 M HCO, has been demonstrated, but the 
photoelectrochemical production has yielded lower absolute amounts of 
HC02-. However, the current efficiencies in both instances can be high. 
The optical-to-chemical conversion efficiency is no greater than about 1% 
with the p-Si/[(PQ 2+‘+. Pd),lsuti system because ik and iE are low, and the 
catalyst assembly absorbs a significant fraction of the incident visible light. 
Nonetheless, the reduction of COsH- to HC02- can be effected in an uphill 
sense at the catalytic photocathode. The results represent a modest beginning 
toward light-driven generation of reduced products from CO2 and H20. 

3. Conclusions 

Effective electrode-bound catalysts for H2 evolution can be derived 
from combinations of a redox polymer and a noble metal. Of the metals 
investigated (silver, palladium, platinum and rhodium) rhodium is the 
superior catalyst. Only one of these metals is effective in the electrochemical 
reduction of COsH- to HC02-, namely palladium. The [(PQ”*Pd),],,, 
catalyst system can produce greater than 0.5 M HC02- at electrode potentials 
near E”‘(COsH-/HC02-), but the catalytic activity of the [(PQ2”“‘-Pd),,],,r 
system is too low to give highly efficient solar-driven production of HC02-. 
The new cobalticenium-based derivatizing reagent II can be used to function- 
alize appropriately pretreated p-InP. The deposition of rhodium onto the 
surface catalyzes the generation of H,, and monochromatic 632.8 nm 
illumination at low light intensity gives an overall energy conversion 
efficiency of about 10%. Additional effort is needed to develop new photo- 
electrode catalyst systems for solar-driven fuel formation if direct fuel 
formation is to approach the high efficiencies now possible for photoelectro- 
chemical electricity generation. 
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