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Organic thiols, RSH = cysteamine, 2-mercaptoethan01, penicillamine, or cysteine, effectively suppress photoanodic decomposition 
of n-CdS and n-CdSe in aqueous solutions and undergo efficient controlled potential photoelectrochemical oxidation to the 
corresponding disulfides, RSSR. Photovoltage (the extent to which oxidation occurs at potentials negative of the thermodynamic 
potential) of greater than 700 mV is observed for certain thiols upon excitation of the semiconductor anode with light of 
energy greater than the band gap. As electrodes for preparative electrosynthesis, both illuminated n-CdS and n-CdSe offer 
significant electrical energy savings compared to conventional electrochemical oxidation in the dark at a Pt electrode. The 
oxidation of RSH to RSSR at n-CdS and n-CdSe has been studied under various conditions: high current efficiencies, typically 
measured to be greater than 98%, are found at high and low pH for all RSH studied except glutathione which is oxidized 
with about 60% current efficiency. Attempted controlled potential oxidation of glutathione at n-CdS leads to decomposition 
of the electrode. No S/Se exchange occurs at the surface of n-CdSe in the efficient photoelectrochemical oxidation of RSH 
to RSSR, as determined by Auger spectroscopy. The output parameters at n-CdS and n-CdSe depend on the nature of the 
functional groups on the RSH. The best energy conversion performance is achieved with a 1 M solution of cysteamine at 
pH 11 with an efficiency for conversion of 501.7-nm light (30 mW/cm2) to electricity of 14.5% (without electrode decomposition) 
with a photovoltage of 670 mV when n-CdS is used as a photoanode. In contrast, a 1 M glutathione solution at pH 11 yields 
an efficiency of only 0.6% (with electrode decomposition) with a photovoltage of 510 mV under the same conditions. Both 
capacitance-voltage and photocurrent-voltage measurements show that the flat-band potentials, EFB, of n-CdS and n-CdSe 
are shifted to more negative values (by up to 0.7 V) by the strong adsorption of RS-. Unfortunately, a simple Langmuir 
model does not explain the concentration dependence of adsorption of RS- and detailed comparisons of binding properties 
cannot be made. 

We wish to report some new results relating to specific inter- 
action of redox substrates, organic thiols (RSH), with semicon- 
ductor photoelectrodes, n-CdS and n-CdSe, that leads to high- 
efficiency photoelectrochemical oxidation processes which compete 
effectively with photoanodic decomposition of the semiconductors. 
Part of the significance of the results rests in the fact that the 
strong adsorption of RSH onto CdX (X = S, Se) makes these 
electrodes superior electrodes for the purpose of oxidation of RSH 
to form RSSR. It is likely that the development of useful ap- 
plications of photoelectrochemical synthesis will involve cases 
where the redox chemistry can be done uniquely well a t  the 
semiconductor electrode. Accordingly, exploration of the specific 
interactions of redox substrates with semiconductor surfaces is 
now under investigation in this laboratory. A recent paper de- 
scribes studies of the interaction of dithiocarbamates with n-CdS 
and n-CdSe in nonaqueous electrolyte solutions.' As for the 
dithiocarbamates, study of thiols is likely to be quite fruitful, since 
there are a large number of variations possible, in terms of 
electronic and geometric structure. Some earlier work on organic 
thiols has been r e p ~ r t e d , ~ . ~  but this article represents the first 
investigation of the behavior of organic thiols a t  single-crystal 
n-CdS and n-CdSe. 

Strongly interacting redox substrates have proven crucial to 
the development of efficient photoelectrochemical devices for the 
conversion of light to e l e c t r i ~ i t y . ~ , ~  In fact, the first significant 
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SCHEME I: Interfacial Energetics for the Photoelectrochemical 
Oxidation of a Redox Substrate, A, at an Illuminated n-Type 
Semiconductor 
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stabilization of small band gap, EB, (visible light-responsive) n-type 
semiconductors to photoanodic decomposition involved the use 
of aqueous polychalcogenide redox systems, X2- (X = S, Se, Te) 
to suppress decomposition of n-CdX (X = S, Se, Te) electrodes? 
The ruggedness of n-CdS in the presence of strongly interacting 
S;-, for example, is a consequence of the ability of the S2- to 
effectively scavenge the photogenerated oxidizing equivalents, h+, 
that become available a t  the top of the valence band in contact 
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with the electrolyte solution, Eve, Scheme I. The h+ oxidizes 
the redox substrate at a net efficiency that precludes photoanodic 
decomposition according to eq 1. Subsequently, there have been 

CdS (or CdSe) + 2h+ - Cd2+ + S (or Se) (1) 

many demonstrations of the use of redox reagents, in solution and 
bound to the surface of the semiconductor, to substantially suppress 
the photoanodic decomposition of n-type semiconductors.6 

The ability to completely suppress the photoanodic decompo- 
sition of small E, semiconductors allows the claim that one can 
sustain the conversion of visible light, including solar energy, to 
electricity (or chemical energy) with high efficiency and for long 
periods of time. When the electrochemical potential of the sem- 
iconductor, Ef, can be held at a potential more negative than the 
electrochemical potential of the solution, Eredox, and there is 
photocurrent,e6 as shown in Scheme I, there is positive efficiency 
for the conversion of optical energy. The maximum extent to 
which the photocurrent, i, onsets at an electrode potential, Ef, that 
is more negative than ErdOx is the open-circuit photovoltage, Ev(+ 
and the extent to which Ef is more negative than Eredox when the 
photocurrent is the photovoltage, Ev, Scheme I. The onset of 
photocurent generally corresponds closely to the so-called flat-band 
potential, EFB, the value of E f  where there is no band bending. 
The EFB can also be determined by measuring the interface ca- 
pacitance as a function of Ef.’ The objective in energy conversion 
is to maximize the product of photocurrent and photovoltage at  
a given incident optical power, in order to achieve the highest 
power conversion efficiency, eq 2. 
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qmax = [(Evi),,,/optical power] X 100% (2) 

The interaction of several thiols with polycrystalline n-CdS has 
been examined.2 Photocurrent-voltage curves and interfacial 
capacitance studies show that the thiols interact strongly and in 
favorable ways with the CdS. In this work, we demonstrate that 
organic thiols stabilize single-crystal n-CdX (X = S, Se) to 
photoanodic dissolution, and that efficient photoelectrochemical 
oxidation to the disulfide, eq 3, takes place not only with high 

2RSH + 2h+ - RSSR + 2H+ (3) 

current efficiency but with a high energy conversion efficiency, 
with appropriate choice of R- group. In this work with the 
polycrystalline CdS long-term durability was not achieved,2 
possibly because the electrode potential was held at  more positive 
values than required to effect the photoelectrochemical oxidation. 
Additionally, the differences in chemical composition and structure 
of the polycrystalline vs. single crystal surfaces can affect the 
durability. Our work has shown that long-term durability is 
possible when the electrode is held close to the so-called maximum 
power point on the photocurrent-voltage curve. In addition, 
photocurrent onset and capacitance measurements reveal that 
adsorption of thiolate, the deprotonated thiol, is solely responsible 
for shifts of EFB of single-crystal n-CdS and n-CdSe in aqueous 
solutions of RSH/RS-. In the polycrystalline samples of CdS a 
pH-dependent shift of EFB was found that we do not find for the 
single-crystal surfaces investigated here; the difference may lie 
in the presence of an oxide on the surface of the polycrystalline 
CdS.* 

Experimental Section 
Electrode Preparation. Single crystals of low-resistivity (1-5 

ohman)  n-CdS and n-CdSe, cut perpendicular to the c axis, were 
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obtained from Cleveland Crystals, Inc. The crystals were ap- 
proximately 1-mm thick and were cut into small pieces with a 
diamond-blade string saw. The CdS crystals were etched in 
concentrated HCl for 30 s and rinsed with a large volume of H20. 
The CdSe crystals were etched in aqua regia, rinsed with distilled 
H20,  and then soaked for 5 min in a concentrated aqueous solution 
of KCN, before a final rinse with a large volume of distilled H20.  
Most experiments were carried out using the shiny Cd-rich faces 
of the polar (0001) crystals of n-CdS and n-CdSe.* The donor 
densities, determined from the slopes of Mott-Schottky plots, were 
typically 1 X 10’’ cm-3 for both materials. 

Reagents. Penicillamine, 2-mercaptoethanol, 3-mercapto- 
propionic acid (and its methyl ester), 3,3’-dithiodipropionic acid, 
2-hydroxyethyl disulfide, and penicillamine disulfide were pur- 
chased from Aldrich Chemical Co. and used as received. Reduced 
and oxidized glutathione, cysteine, cystine, 2-mercaptoethylamine 
(cysteamine), 2-mercaptoethanesulfonic acid, cysteine ethyl ester, 
and cystamine were used as received from Sigma Chemical Co. 
Several of the thiols listed above were also obtained from Fluka 
Chemical Co. Aqueous solutions were prepared by dissolving 
appropriate reagents in triply distilled HzO (1 8 Mohm) or MCB 
Omnisolv HPLC grade HzO. Na2S04 electrolyte was used as 
obtained from Mallinckrodt. MCB Omnisolv H 2 0  and MeOH 
were used as solvents for the HPLC. 

Equipment. Current-voltage data were obtained by using a 
Princeton Applied Research (PAR) Model 173 or ECO Model 
551 potentiostat driven with a PAR Model 175 universal pro- 
grammer. For all experiments, a calibrated saturated calomel 
electrode (SCE) was the reference electrode and a clean Pt foil 
of area 3 cm2 was the counter electrode. Current-voltage data 
were plotted with a Houston Instruments Model 2000 X-Y re- 
corder. The current vs. time plots were recorded with a Hew- 
lett-Packard 7133A or Varian A-44 strip chart with an ESC digital 
coulometer. Current-voltage curves were recorded at 2 or 5 mV/s, 
using stirred, N2- or Ar-purged solutions. Controlled potential 
oxidations were performed in two-compartment cells separated 
by a medium or fine glass frit. 

Capacitance measurements were made with a PAR Model 5204 
lock-in analyzer to generate an ac signal of amplitude 4-7 mV 
peak-to-peak, at frequencies between 500 Hz and 10 kHz. 
Calibration was made using an externally constructed RC circuit, 
whose linearity was established prior to each measurement. All 
measurements were taken in complete darkness in a quiet solution, 
a t  a rate of 2 mV/s. The data were analyzed by using a Hew- 
lett-Parckard 85 computer and plotted with the Hewlett-Packard 
11 40 plotter. 

The light sources for illumination of n-CdS were a focused 
200-W tungsten-halogen lamp or a beam-expanded Spectra 
Physics Model 164 laser a t  50 1.7 nm; for illumination of n-CdSe 
an Aerotech beam-expanded He-Ne laser at 632.8 nm was used. 
Light intensities were measured with a Tektronix 516 radiometer 
equipped with a 56502 probe, and a calibrated Solarex Corp. 
photometer. The intensities were varied by using a Variac variable 
voltage source or a photographic polarizing filter. The areas of 
illumination were adjusted by using precision diameter masks. 

High-pressure Liquid Chromatography. Current efficiencies 
were monitored by using the Hewlett-Packard 1084B HPLC 
equipped with a Hewlett-Packard 1040 Rapid-scan UV-vis de- 
tector, or with a Waters Associates 6000A HPLC. Detection was 
made at 254 nm, and separations were accomplished with an Alltex 
CIS reversed phase 5 - ~ m  column (250 mm X 4.6 mm i.d.) or an 
H-P Cs RP-8 5-pm column (200 mm X 4.6 mm i.d.) with 
MeOH/H20 solvent mixtures buffered with 0.008% to 0.2% v/v 
trifluoroacetic acid, depending on the particular thiol/disulfide 
couple to be separated. Identities of molecules associated with 
the peaks were established by comparison of rapid scan UV-vis 
spectra and retention times with injected authentic samples of the 
thiols and disulfides in the same electrolyte. Linear plots of 
integrated peak area vs. concentration of authentic samples were 
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Figure 1. Steady-state photocurrent-voltage curves ( 5  mV/s) for n-CdS 
in 0.1 M 2-mercaptoethanol/O.l M Na2S04 at pH 7.2, initially and after 
24 h of irradiation. The inset shows the current density obtained over 
the 24-h period. The excitation source was a tungsten-halogen lamp. 

found and integrations were thus used to quantitatively measure 
disulfide concentration in the anolyte compartment of photoe- 
lectrochemical cells. 

Auger and X-ray Photoelectron Spectroscopy and Electron 
Microscopy. Auger spectra were obtained with a Physical 
Electronics Model 590A scanning Auger spectrometer. A 5-keV 
electron beam with a beam current of 0.1-1 pA was used as the 
excitation source. A Physical Electronics Model 04-303 differ- 
ential ion gun was used to produce a 2-keV Ar+ ion beam for 
sputtering. X-ray photoelectron spectra were obtained on a 
Physical Electronics Model 548 spectrometer with a magnesium 
anode. The broad scans were recorded with a pass energy of 100 
eV and the narrow scans with a pass energy of 25 eV. Elements 
detected by Auger and XPS were identified by reference to data 
previously reported, obtained by using these  technique^.^ The 
SEM photographs were obtained by using a Cambridge Mark 
2A stereo scanning electron microscope with resolution of 20 nm. 

Results and Discussion 
Study of the behavior of n-CdX (X = S, Se) photoanodes in 

aqueous solution containing one of a variety of organic thiols, RSH, 
shows the general result that sustained oxidation of RSH can be 
effected in a thermodynamically uphill sense to quantitatively form 
RSSR. The same essential result is obtained for all RSH, except 
for glutathione which is unsuccessful in completely suppressing 
decomposition of the illuminated n-CdX. However, the efficiency 
of the conversion of optical energy depends significantly on the 
nature of the R- group. Additionally, there are important con- 
sequences associated with variation in pH that relate to the shift 
in EFB of the n-CdX as a consequence of RS- adsorption. In the 
sections below we detail the experiments that establish the pho- 
toelectrochemical behavior of the n-CdX/RSSR/RSH/RS- 
system in aqueous solution. 

Controlled Potential Electrolyses. Figure 1 shows the 
steady-state photoelectrochemical behavior of n-CdS, a t  pH 7.2, 
in the absence and presence of 0.1 M 2-mercaptoethanol. The 
addition of RSH is associated with a large increase in anodic 
current, ostensibly due to oxidation of RSH. The photocur- 
rent-voltage curve in the presence of the R S H  shows a slight 
improvement (more negative onset) after a short period of 
steady-state photoelectrochemical oxidation. The changes in the 
photocurrent-voltage curve can be attributed to a photoetching 
of the surface in the initial period of photoelectrolysis that does 
not correspond to a significant amount of charge passed.1° 
Controlled potential (-0.5 V vs. SCE) photoelectrochemical ox- 
idation of 2-mercaptoethanol in a two-compartment cell can be 
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electron Spectroscopy; Perkin-Elmer Corp.: Eden Prairie, MN, 1979. 
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Figure 2. HPLC chromatograms vs. charge passed during a controlled 
potential photoelectrolysis of 1 .O M 2-mercaptoethanol/O. 1 M 
Na2SOp/pH 10.5 solution using a CdSe photoanode exited by a tung- 
sten-halogen lamp. HPLC conditions: 12% MeOH/H20/0.2% CFg- 
COOH, 1.0 mL/min, reverse phase C8 column. (a) Initial chromato- 
gram at 0 C passed. The inset shows the rapid-scan UV-vis spectrum 
of the peak eluted (2-mercaptoethanol). (b) Final chromatogram at 200 
C passed. The insets show the rapid-scan UV-vis spectra of peaks eluted 
(2-mercaptoethanol followed by 2-hydroxyethyl disulfide). Data in this 
figure correspond to entry 8 in Table I. 

sustained at  illuminated n-CdS, as demonstrated by the nearly 
constant photocurrent of 20 mA/cm2 for 24 h, Figure 1. 

Analysis of the anolyte of the two-compartment photoelec- 
trochemical cell was performed periodically by HPLC. The 
chromatograms show gradual disappearance of a peak due to the 
starting material with concomitant growth of a peak corresponding 
to 2-hydroxyethyl disulfide. Figure 2 shows representative data 
for the various systems studied. The identities of the substances 
associated with the chromatographic peaks were confirmed by 
comparison (retention time and UV-vis spectrum) to injected 
authentic samples. The HPLC analyses allow the conclusion that 
the current efficiency for RSSR formation, defined as the per- 
centage of integrated current attributable to disulfide formation, 
is within experimental error 100%. Thus, quantitative photoe- 
lectrochemical oxidation of 2-mercaptoethanol to 2-hydroxyethyl 
disulfide, eq 4, occurs a t  illuminated n-CdS. Apparently, all 

2h+ + 2HOCH2CH2SH - 
HOCH2CH&SCH&H20H + 2H+ (4) 

photogenerated h+’s reaching the surface of the electrode yield 
oxidation of the R S H  to RSSR, not oxidation of the semicon- 
ductor. 

The oxidation process represented by eq 4 can be effected at  
a clean Pt electrode, Figure 1. However, the steady-state cur- 
rent-voltage curve worsens with time in the sense that more 
positive potentials are required in order to maintain a given current 
density. The deterioration of the performance of the Pt electrode 
is likely due to fouling of the electrode. By applying a potential 
of +1.2 V vs. SCE to the Pt electrode, high current efficiency 
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TABLE I: Controlled Potential Photoelectrolyses at n-CdS and n-CdSe 
thiol* potential % conversion curr curr savings 

entry (PH) electrode vs. SCE, V (coulombs passed) efficiency,* % density, mA/cmZ vs. Pt,C V 

2 0.1 M 2-mercaptoethanol (pH 7 . 2 )  n-CdS -0.5 40 (80) 100 18 1.7 
3 0.1 M penicillamined (pH 7.2) n-CdS -0.7 78.5 (63) 98 13.5 1.9 

1 0.1 M cysteamine (pH 7.2) n-CdS -0.55 40 (50) 99 11.5 1.8 

4 0.1 M cysteine (pH 0.5) n-CdS -0.4 40 (53.5) 98 7 . 5  >2.0 
5 1.0 M 2-mercaptoethanol (pH 11) n-CdS -0.7 16 (360) 98 20 1.2 
6 1.0 M cysteamine (pH 1 1 )  n-CdS -1.0 3 (75) 96 17 1 .o 
7 0.5 M glutathionee (pH 0.5) n-CdS -0.4 33 (86) 59 I O  >2.0 
8 1.0 M 2-mercaptoethanol (pH 10.5) n-CdSe -0.6 40 (200) 97 10 1.1 
9 1.0 M cysteamine (pH 10.5) n-CdSe -0.9 6 (151) 100 15 1 .o 

“All solutions were 0.1 M NazSO,. Adjustments in pH were made with NaOH or concentrated HCI. bBy HPLC; associated error is f2%. 
CSavings refers to the difference in potential required to maintain a given current density at  Pt and n-CdX. dPenicillamine = (CH,),C(SH)CH- 
(NH2)C02H. eGlutathione = HOOCCH(NH2)CH2CH2(C=O)NHCH(CH2SH)(C=O)NHCH~CO~H. 

oxidation according to eq 4 is obtained at  a current density of 20 
mA/cmZ. The same current density can be maintained at  the 
illuminated n-CdS when the electrode potential is only -0.5 V vs. 
SCE. Thus, the light-driven oxidation of 2-mercaptoethanol to 
2-hydroxyethyl disulfide at  n-CdS allows a savings of 1.7 V of 
electrical driving force compared to a Pt electrode, without any 
sacrifice of rate or current efficiency. Such “savings” in electrical 
driving force, of course, depend on the nature of the dark electrode 
used. There are doubtless electrodes, for example, that are superior 
to Pt as an anode for the process represented by eq 4.” It is 
probably best to discuss the value of the illuminated semicon- 
ductors with respect to the thermodynamic potentials associated 
with the RSSR/RSH redox couple. At pH 7.2, the formal po- 
tential, EO’, of the 2-mercaptoethanol system is -0.46 V vs. SCE.I2 
Thus, the photocurrent onset for n-CdS is more negative than E O ’ ,  

indicating that light can be used to drive the uphill oxidation 
process. The lack of current near Eo’ for a Pt anode shows 
extremely poor kinetics for the electrochemical process represented 
by eq 4 at  Pt. Some quantitative measurements of efficiency of 
optical energy utilization are given below, but here it is worth 
noting that oxidation of RSH at the illuminated n-CdX can occur 
with apparent kinetics that are far superior to the kinetics a t  Pt. 

Table I shows the results of controlled potential photoelectro- 
chemical oxidations of several RSH at  n-CdS and n-CdSe under 
a variety of conditions. The current efficiency for all entries was 
determined by HPLC, with the peak identities confirmed by 
comparison (retention time and UV-vis spectrum) to authentic 
samples. Figure 2 shows data for entry 8 in Table I, for example. 
Generally, the data in Table I show that a variety of RSH can 
be oxidized to RSSR with high current efficiency at illuminated 
n-CdX in acidic or basic solution. The notable exception is that 
glutathione is not photoelectrochemically oxidized with good 
current efficiency, possibly a consequence of product adsorption 
on the electrode surface. But in the other cases photoelectro- 
chemical oxidation can be driven to substantial extent conversion 
and at  high current density without deterioration in the current 
efficiency or decomposition of the n-CdX photoelectrode. The 
photoelectrodes used in the controlled potential electrolyses were 
typically of 0.1 cm2 area. Thus, several thousand coulombs of 
charge per square centimeter can be passed through the semi- 
conductor/solution interface without obvious difficulty. For the 
situations where the largest amount of charge was passed through 
the interface, there was enough charge passed to decompose the 
photoelectrode several times over, if the decomposition according 
to eq 1 occurred. With the exception of glutathione, there is no 
evidence of gross decomposition of the photoelectrode for any RSH 
used. We should note that other workers have concluded that 
certain thiols, including cysteine, are not capable of stabilizing 

(1 1) Zagal, J.; Fierro, 
(1 2) (a) Szajewski, R. 

201 1. (b) Patai, S., Ed. 
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The Chemistry of The Thiol Group; Wiley: New 

York, 1974; Part 11, p 787. (c) pK, (cysteamine) = 10.75; pK, (2- 
mercaptoethanol) = 9.6; pK, (3-mercaptopropionic acid) = 10.6; pK, (cys- 
teine) = 10.28; pK, (glutathione) = 8.7. 

(1 3) Bard, A. J., Lund, H., Eds. Encyclopedia of Electrochemistry of the 
Elements; Marcel Dekker: New York, 1978; Vol. XII, pp 393-411. 

polycrystalline CdS with respect to photoanodic decomposition.2 
However, the likely key to achieving sustained photoelectro- 
chemical oxidation is to keep the electrode potential as negative 
as possible. Generally, there is no photoanodic decomposition 
current a t  the potentials used even in the presence of innocent 
electrolytes; the observation of significant photocurrent in the 
presence of RSH/RS- signals a favorable interaction of the 
RSH/RS- with the CdX surface. The data in Table I are for 
electrodes held near the maximum power point in the photo- 
current-voltage curves. The final generalization from data shown 
in Table I is that there is a significant voltage savings associated 
with the illuminated semiconductors compared to a Pt anode 
operated at  the same current density. 

In general the pH does not affect the ability of the n-CdX to 
give high current efficiency for the oxidation of RSH to RSSR, 
and the pH for the various systems in Table I is more or less 
arbitrary. However, for cysteamine and 2-mercaptoethanol note 
that data are included for pH 7.2 and pH 11 for oxidation at CdS. 
These data, entries 1, 2, 5, and 6, show that solutions that contain 
principally RSH or a large fraction of RS- will both give good 
current efficiency for the formation of RSSR. An important point, 
though, is that at high pH the photoelectrochemical oxidation can 
be sustained at  high current density a t  values of Ef that are 
significantly negative of EFB for CdS and CdSe in the presence 
of “innocent”  electrolyte^.'^ This result suggests that the RS- 
interacts with the CdX surface to shift EFB to a more negative 
value. The effects of pH on the interface energetics will be 
elaborated below. The case of cysteine shows that high current 
efficiency can also be obtained in strongly acidic solutions. At 
pH 7.2 the cystine product precipitates onto the photoelectrode 
and blocks sustained photoelectrochemical oxidation, but at pH 
0.5, precipitation of cystine is averted and a high efficiency ox- 
idation can be effected, entry 4 of Table I. The kinetics of ox- 
idation of the same cysteine solution at  Pt are sufficiently poor 
that an anodic process leading to evolution of a gas, presumably 
02, competes with the formation of cystine. A voltage savings 
in excess of 2 V can be realized by using the method of photoe- 
lectrochemical oxidation. Apparently, the current efficiency for 
formation of RSSR at  the illuminated n-CdX does not depend 
on pH, but there are practical constraints in particular systems 
that preclude detailed, direct measurements of the current effi- 
ciency for a wide range of pH’s. 

Only in the case of glutathione is there a significant departure 
from the otherwise efficient formation of RSSR from RSH at 
illuminated n-CdX. Table I and Figure 3 give some data for the 
behavior of glutathione at CdS. When a n-CdS anode is irradiated 
in the presence of a pH 0.5/0.5 M solution of the cysteine-con- 
taining tripeptide glutathione (Table I, entry 7) ,  a current effi- 
ciency of only about 60% is found for oxidized glutathione. Thus, 
approximately 40% of the photogenerated oxidizing equivalents 
corrode n-CdS, according to eq 1. The gradual yellowing of the 
solution during the photoelectrochemical oxidation of glutathione 
is consistent with decomposition of the photoanode. Direct evi- 

(14) Ellis, A. B.; Kaiser, S. W.; Bolts, J. M.; Wrighton, M. S. J .  Am. 
Chem. SOC. 1977, 99, 2839. 
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F i y r e  3. Scanning clcctron micrographs of (a.  top)  n-CdS after I min 
of photoetching (cf. ref I O  for procedurc) in I 2  M HCI; (b. middle) 
n-CdS after photoelectrolysis in a pH I I .  I M cysteamine/O.l M NaSO, 
solution for 20 h: (e. bottom) n-CdS after photoelectrolysis i n  a pH 1 I .  
1 M glutathione/O.l M Na,SO, solution far I S  h. 

dence of the inability of glutathione to suppress photoanodic 
decomposition of n-CdS is illustrated in Figure 3. which shows 
scanning electron micrographs of n-CdS after three different 
electrode treatments. The top picture shows a photoetched n-CdS; 
this treatment causes formation of a large number of submi- 
crometer etch pits, giving a larger effective surface area and 
consequently. higher efficiency as a photoelectrode.'O The middle 
photograph is of an electrode used in the controlled potential 
photoelectrolysis of a pH I I /  I M cysteamine solution (Table I, 

Y 
0 

: 
w 
z 
0 

I '  I I '  1 1  

I I ,  I I 
400 800 1200 1600 

Electron Kinetic Encqy. CV 

Figure 4. Auger electron spectra of (a) freshly etched n-CdSe ( I S  s in 
aqua regia, S min in concentrated KCN. H,O rinse); (b) an n-CdSe 
electrode used in a controlled potential photoelectrolysis of 2-mercapto- 
ethanol. with 200 C passed (Table 1. entry 8): (c) an n-CdSe electrode 
used in controlled potential electrolysis of polysulfide. with 10 C passed. 
Electrode areas used in the photoelectrolyses were 0.1 Em2. 

entry 6). This electrode gives efficient cysteamine oxidation, and 
shows a morphology similar to that obtained by photoetching: 
complete coverage of the electrode surface with submicrometer 
etch pits. The bottom micrograph shows an n-CdS electrode after 
a controlled potential photoelectrolysis of 1.0 M glutathione so- 
lution at pH l l .  In addition lo the submicrometer etch pits Seen 
in the other micrographs. large holes several micrometers in di- 
ameter are present, a clear indication of decomposition of the 
electrode. While photoelectrosynthesis of oxidized glutathione 
a t  n-CdS is far from an efficient process, we were unable to 
generate the same current density obtained for n-CdS a t  a h 
electrode a t  any potential short of gas evolution; apparently, 
irreversible adsorption of glutathione poisons the surface of the 
Pt electrode. 

The final two entries in Table I demonstrate that n-CdSe is 
also an effective photoanode for formation of RSSR. From entry 
9, it is seen that a pH 10.5 solution of I M cysteamine is oxidized 
to cystamine at n-CdSe irradiated with monochromatic 632.8-nm 
light with 100% current efficiency. Similarly, a solution of 2- 
mercaptoethanol. Table I, entry 8, also gives a high efficiency for 
RSSR formation after passage of 200 C, enough charge to com- 
pletely corrode the photoelectrode if decomposition occurred 
according to eq 1. 

We were interested in the composition of the surface of CdSe 
electrcdes used to pmduad RSSR from RSH/RS-, since previous 
work on single crystal n-CdSe indicates that in the presence of 
basic S:- solution. extensive S/Se interchange occurs at the 
semiconductor surface. resulting in an amorphous or polycrystalline 
layer of CdS.Is Figure 4 shows the Auger sectra of n-CdSe after 
three different electrode treatments. The top spectrum shows an 
electrode immediately after an aqua regia etch and soak in KCN 
and H20. Apart from Cd. Se. and adventitious carbon, only CI 
is yen, presumably a remnant ofthe aqua regia etching promlure. 

( I S )  (a) DeSilva. K. T. L.: Hareman. D. J.  Elmrorhrm. Sor l980.127. 
1554 (b)Gerlrchcr. H.;Gobmht. J. Be,. Bummgr. Phyr. Chem 1978.81, 
520. (e) C a h n .  D; Hoda.C.; Wanasscn. J.  J.  Electmhrm Sa. 1978. I Z I .  
1623. Id1 Icoufi. R. N :Kohl. P A.: Roeen. J. W.. Jr.. White. J. M ,Bard. 
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TABLE 11: Output Parameters for 1 M Thiols at n-CdX" 
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light 
EO', intensity, EV(W;.), 

thiol V vs. SCEb electrode mW/cm2 9," qmax FF V vs. SCE 
HSCH2CH2NH2 (cysteamine) -0.67 CdSe 10 0.77 10.6 0.54 0.51 

HSCH2CH20H (2-mercaptoethanol) 

HSCH2CH2C02H (3-mercaptopropionic acid) 

HSCH2CH,C02Me (methyl-3-mercaptopropionate) 

HSCH2CHC02H 
I 

"2 

(cysteine) 

HSCHzCHC02Et 

1 
"2 

(cysteine ethyl  ester)  
glutathione 

CdS 

-0.60 CdSe 

CdS 

-0.65d CdSe 

CdS 

-0.65d CdSe 

CdS 

-0.65 CdSe 

CdS 

-0.65d CdSe 

CdS 

-0.55 CdSe' 

CdS' 

30 
10 
30 
10 
30 
10 
30 
10 
30 
10 
30 
10 
30 
10 
30 
10 
30 
10 
30 

10 
30 
10 
30 
10 
30 
10 
30 

0.81 
0.90 
0.94 
0.77 
0.86 
0.93 
0.90 
0.24 (0.81) 
0.26 (0.88) 
0.93 (0.93) 
0.82 (0.91) 
0.25 (0.82) 
0.16 (0.89) 
0.38 (0.93) 
0.34 (0.85) 
0.80 (0.80) 
0.67 (0.84) 
0.95 (0.95) 
0.81 (0.90) 

0.60 (0.93) 
0.41 (0.98) 
0.35 (0.86) 
0.34 (0.84) 

0.08 (0.82) 
0.06 (0.91) 
0.09 (0.88) 
0.05 (0.90) 

10.6 0.48 
15.4 0.53 
14.5 0.55 
5.8 0.41 
5.3 0.30 

13.2 0.55 
10.4 0.44 
0.7 0.05 
0.4 0.10 
7.4 0.35 
4.5 0.53 
0.7 0.22 
0.4 0.16 

12.0 0.43 
8.3 0.29 
4.0 0.17 
2.1 0.11 
7.0 0.30 
6.1 0.23 

3.7 0.22 
1.8 0.16 
2.4 0.12 
1.0 0.07 

0.1 0.10 
0.1 0.07 
1.5 0.05 
0.6 0.10 

0.54 
0.63 
0.67 
0.35 
0.45 
0.63 
0.71 
0.24 
0.33 
0.57 
0.60 
0.23 
0.30 
0.66 
0.69 
0.50 
0.56 
0.59 
0.65 

0.55 
0.53 
0.55 
0.49 

0.13 
0.17 
0.45 
0.51 

aAll data are for pH 11/1 M thiol/l M Na2S04 aqueous solution with excitation at 501.7 nm for n-CdS and 632.8 nm for n-CdSe. See Figure 
5 for steady-state photocurrent-voltage curves. bCalculated from data in ref 12. CQuantum yield for electron flow at E O ' .  The values in parentheses 
are quantum yields for electron flow on the plateau of the photocurrent-voltage curves. Where there are no data in parentheses the quantum yields 
at Eo' are the same as on the plateau of the photocurrent-voltage curves. dValues are assumed, since no literature data are available. "Sustained 
energy conversion is not possible because the glutathione does not effectively suppress photoanodic decomposition of. the photoelectrode. 

The bottom spectrum is that of thoroughly rinsed n-CdSe after 
photoelectrolysis of a 1 M Na2S/ 1 M S/ 1 M NaOH solution (-1 .O 
V, 10 mW/cm2, 100 C/cmZ passed). The presence of the S peak 
is evidence for S/Se intercharge; the formation of CdS is con- 
firmed by XPS data, which shows S in the -2 oxidation state. The 
middle spectrum is of the n-CdSe after use in the photoelectro- 
chemical oxidation of 2-mercaptoethanol (Table I, entry 8).  
Though more than an order of magnitude more oxidizing 
equivalents reached the interface than for the oxidation of the S:- 
solution, the n-CdSe shows no evidence of S/Se exchange found 
far the electrode used in S;- solution. Formation of n-CdS on 
n-CdSe in the presence of aqueous RSH solutions would require 
scission of a C-S bond, a process not consistent with the controlled 
potential photoelectrolysis data that show 100% efficiency for the 
formation of RSSR. However, the Auger electron spectroscopy 
can detect very small amounts of surface S. The absence of S 
in the Auger spectrum in the middle frame of Figure 4 shows that 
the RSH species are not desulfurized in the photoelectrochemical 
oxidation a t  illuminated n-CdSe. 

Another point that can be made from the Auger spectrum for 
the electrode used for the photoelectrochemical oxidation of 2- 
mercaptoethanol is that the RSH/RS- system does not persistently 
adsorb to the electrode surface, as was found for Et2NCS2-.' 
While shifts in EFB do signal adsorption of RS- (vide infra), the 
ability to rinse the electrode free of S-containing material after 
exposure to the electrolyte solution shows that the RS- is more 
easily removed than is the adsorbed Et2NCS2-. However, a 
quantitative comparison of desorption rates has not been made. 

Photocurrent-Voltage Curves for  Oxidation of RSHIRS- at 
n-CdX as a Function of R.  Photoelectrochemical cells for con- 
version of optical energy based on the RSSR/RSH/RS- redox 
system are potentially attractive in that the redox system is op- 
tically transparent in the region of interest for solar energy ap- 
plications. The data from controlled potential electrolyses establish 
that the n-CdS photoelectrodes are rugged for several RSSR/ 
RSH/RS- systems. Steady-state photocurrent-voltage curves, 

however, show that there is considerable variation in the efficiency 
that can be achieved for the photoelectrochemical oxidation of 
the RSH/RS- system, depending on the nature of R. Figure 5 
illustrates the steady-state behavior of several RSH/RS- systems 
at  single crystals of n-CdS and n-CdSe. The data were obtained 
under identical conditions of light intensity (30 mW/cm2), scan 
rate ( 5  mV/s), and pH (1 1) for both semiconductors. At both 
photoanodes, there is an obvious difference in the shape of the 
power curves for each of the five RSH/RS- systems. While the 
data shown are for single electrodes, it is important to point out 
that these results are representative of a large number of electrodes 
used. We have found essentially the same behavior a t  literally 
dozens of unpolished, freshly etched electrodes of both CdS and 
CdSe. In all cases, cysteamine and 2-mercaptoethanol give the 
"best" photocurrent-voltage curves, and glutathione gives the 
worst, with cysteine and 3-mercaptopropionic acid intermediate 
in behavior. Here "best" refers to the extent to which the curves 
are rectangular and have a negative onset of photocurrent to result 
in a high efficiency for the conversion of optical energy to elec- 
tricity. 

Table I1 summarizes the optical to electrical energy conversion 
efficiencies associated with the data given in Figure 5; data for 
the ethyl ester of cysteine and the methyl ester of 3-mercapto- 
propionic acid are included in Table I1 but are not included in 
Figure 5 .  The quantitative results show that CdS generally gives 
more efficient energy conversion than CdSe. As the photocur- 
rent-voltage curves would suggest, there is considerable variation 
in the efficiency depending on the RSH/RS- system used. In 
addition to the overall conversion efficiencies, calculated from eq 
2, Table I1 gives other important parameters including the 
quantum yield for electron flow at short-circuit, the quantum yield 
on the plateau of the photocurrent-voltage curve, and the fill 
factor, FF, defined by eq 5 where is, is the photocurrent at Ef = 

fill factor = [ ( i E v ) m ~ ~ / ( E ~ ~ ~ ~ i ~ = ) ]  ( 5 )  

Eredox. The fill factor is generally regarded as the quantitative 
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Figure 5. Steady-state photocurrent-voltage curves ( 5  mV/s) in the 
presence of 1 M RSH/O. 1 M Na2S04 at pH 11 for various R- groups 
at (a) n-CdSe irradiated at 632.8 nm at 30 mW/cmz and (b) n-CdS 
irradiated at 501.7 nm at 30 mW/cm2. Energy conversion parameters 
are summarized in Table 11. 

measure of the rectangularity of photocurrent-voltage curves. 
Two experiments demonstrate that the differences in the 

properties of the RSH/RS- systems, rather than in any properties 
of the RSSR molecules formed, are responsible for the observed 
variations in the photocurrent-voltage curves and efficiencies for 
the seven RSSR/RSH/RS- systems. The first is that addition 
of 0.1 M of the corresponding RSSR has no effect on the shape 
of the photocurrent-voltage curves for a given RSH/RS- system. 
Indeed, addition of any RSSR has essentially no effect. The 
second experiment of interest concerns cysteine and shows that 
moving to pH 14, where cysteine has a much higher solubility 
than at  pH 11, does not substantially alter the cysteine photo- 
current-voltage curve. These two experiments allow us to focus 
on the properties of RSH/RS- to rationalize the differences in 
the shapes of the photocurrent-voltage curves in Figure 5. 

Three features of the seven RSSR/RSH/RS- systems are very 
similar. First, with the exception of the glutathione, each system 
is effective in suppressing the photoanodic decomposition of the 
n-CdX, and RSH/RS- is converted to RSSR with high current 
efficiency. Second, the pK,'s of the RSH molecules studied are 
all below 11 , I 2  so that in every case, the RS- form is the principal 
electrochemically active species in solution. Third, with the ex- 
ception of glutathione (Eo'(pH 11) = -0.55 V vs. SCE), the pH 
1 1  redox potentials of the molecules are very similar, falling in 
the range -0.60 to -0.67 V vs. SCE.12 Another, perhaps less 
relevant, fact is that the limiting current is found to be near 1 1  
mA/cmZ at 30 mW/cm2 at  both n-CdS and n-CdSe in every case. 
Thus, the limiting quantum yield for electron flow is the same 
for all RSH/RS-. We take the limiting current to be the current 
found at  the plateau of the photocurrent-voltage curve (where 
the current is found to be potential-independent). This fact may 
be less relevant than the first three because one might expect the 
photocurrent to become limited by the excitation rate at sufficiently 
positive potentials no matter what species are in the solution. The 
key is that nearly unit quantum yield for electron flow is expected 
when the band bending is sufficiently great (to inhibit back re- 
action). However, the point that can be made is that the 
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RSH/RS- species do not themselves adsorb and block the surface, 
a t  least when the potential is sufficiently positive. Despite these 
similarities of the RSH/RS- systems there are differences among 
them that give apparent changes in the kinetics for the formation 
of RSSR. 

The data in Table I1 show that the overall energy conversion 
efficiencies for the RSH/RS- systems vary by more than an order 
of magnitude, ignoring the glutathione system for which sustained 
energy conversion cannot be claimed, because the photoelectrodes 
are grossly corroded when irradiated in the presence of glutathione. 
The highest efficiency of any system investigated is attained a t  
n-CdS for a 1 M cysteamine solution, which gave an energy 
conversion efficiency of 14.5% at  30 mW/cm2 and 15.4% at  10 
mW/cm2. While the potential for photocurrent onset among the 
RSH/RS- investigated deviates most significantly for glutathione, 
the value of Ev(oc) even for this system does not appear much 
smaller, owing to the more positive Eo'. The largest photovoltages 
obtained are for n-CdS, with cysteamine giving 670 mV and 
2-mercaptoethanol giving over 700 mV. The dramatic difference 
in behavior of two RSH/RS- systems with similar structure and 
electrochemical properties is best illustrated by cysteamine and 
cysteine: the redox potentials of these molecules differ by only 
20 mV, Ev(=) values at n-CdS at  30 mW/cm2 only differ by 20 
mV, and yet the fill factor and T~~~ for cysteamine are more than 
double those for cysteine. Clearly, removal of the carboxylate 
group of cysteine (to give cysteamine) has an enormously favorable 
effect on the electrochemistry at  CdS and CdSe. The data for 
the ethyl ester of cysteine shows that the presence of the car- 
boxylate functional group is not in itself detrimental, since the 
ethyl ester gives lower efficiency than the parent cysteine. 
However, the esterification of a carboxylate does not always give 
lower efficiency, since the methyl ester of 3-mercaptopropionic 
acid actually gives a higher efficiency than the parent acid at  
n-CdS. There appear to be no simple rationalizations for the wide 
range of efficiencies found for the various RSH/RS- systems that 
are capable of effectively suppressing the decomposition of the 
n-CdX. 

Variation in the rate of one or more of the fundamental steps 
in the net process represented by eq 3 could account for the 
variation in the energy conversion efficiencies given in Table 11. 
We hypothesize that the variation in the efficiencies are due to 
variations in the rate of coupling of two, electrode bound, RS' 
species that are formed by hf transfer to a RSH or RS- species. 
This hypothesis accommodates the fact that there are big dif- 
ferences between CdS and CdSe; the strength of the interaction 
of RS' should depend on the nature of the surface. This hypothesis 
is also consistent with the fact that very subtle changes in the 
nature of R give rise to large variations in the photocurrent-voltage 
curves and efficiencies, because interaction of the R group with 
the CdX may control the rate of coupling. Whenever the coupling 
of RS' species is slow there is the prospect thet there may be net 
electron-hole recombination at  a given value of Ef  resulting in 
little or no net photocurrent, even though the primary event of 
h+ capture is efficient. The result of slow coupling would be that 
the surface of the photoelectrode is covered with a layer of RS' 
that blocks net flow of current a t  the smaller band bending as- 
sociated with large values of photovoltage. Furthermore, the band 
edges may shift to more positive values since the surface coverage 
of RS- is reduced (vide infra). The fact remains, though, that 
we see little to guide us in the selection of R for the RSSR/ 
RSH/RS- redox systems other than the empirical results provided 
in Table I1 and Figure 5.  

Another issue deserves mention in connection with the con- 
version of optical energy to electricity using the RSSR/RSH/RS- 
redox systems: an efficient device for electricity generation would 
require the development of a "good" counter electrode for the 
reduction process represented by eq 6. Electrodes do not exist 

RSSR + 2e- G 2RS- 

that will effect the reduction represented by eq 6 with small 
overvoltage, for any choice of R--.l3 Research is under way in 
this laboratory to evaluate the kinetics for the reduction at  various 

( 6 )  
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Figure 6. Plots of onset potential for photoanodic current vs. pH at 
n-CdS (30 mW/cm2, 501.7-nm irradiation) for (a) 1 M cysteine/O.l M 
NazS04; (b) 1 M 2-mercaptoethanol/O.l M NazSO,; (c) 1 M cyste- 
amine/O. 1 M Na2S04. Circles refer to the Cd-rich face, and x's to the 
S-rich face of the CdS. 

P H  

electrodes and to attempt to catalyze the process represented by 
eq 6.  
As noted above, the n-CdX photoanodes for formation of RSSR 

operate a t  a substantial voltage savings compared to Pt anodes, 
a t  a given current density. The data in Table I1 give the ther- 
modynamic efficiencies that are needed to make predictions re- 
garding utility of the n-CdX photoelectrodes if the objective were 
to convert light to electricity. However, if the objective is to use 
the photoelectrochemical method for synthetic purposes, the 
comparison of the n-CdX anodes under illumination and con- 
ventional electrodes needs to be made. In this situation the utility 
of the n-CdX must be evaluated not on the basis of the predicted 
energy conversion efficiency, but on the actual energy saved 
considering that there will be greater and lesser overvoltages 
depending on the rates (currents) needed and on the actual 
electrode used. While the illuminated n-CdX electrodes appear 
to represent a real advantage compared to Pt, even considering 
that light must be used, it is not a t  all clear that the photoelec- 
trochemical approach is the optimum. There are likely far better 
electrodes than Pt for the oxidation of RSH/RS-." 

Electrochemical Behavior of R S H / R S  at n-CdX as a Function 
o f p H .  Since the photocurrent onsets a t  n-CdS and n-CdSe in 
the presence of pH 1 1 / 1 M RSH/RS- solutions are significantly 
negative of the known values of EFB for CdS and CdSe in the 
presence of innocent electrolytes, we have undertaken studies to 
establish that RS- adsorption is responsible for the shift in EFB. 
In Figure 6, we show the shift in Ev(oc) with pH for 1 M solutions 
of cysteine, 2-mercaptoethanol, and cysteamine at  n-CdS. Given 
that the band edges of n-CdS are fixed from pH 0 to p H  14 in 
innocent electrolytes (vide infra), the shift in EV(=) can be related 

directly to the deprotonation of RSH to form RS-. For these 
RSH/RS- systems we see large (up to about 600 mV) negative 
shifts in potential for onset of photoanodic current at the higher 
pH values. For this study we examined both the S- and Cd-rich 
single-crystal faces of the CdS oriented with the c axis perpen- 
dicular to the face. The S-rich face consistently gives slightly more 
negative onsets than the Cd-rich face, but in essence the results 
are independent of the face. The curves all have sigmoidal shapes, 
with the onset potential for photoanodic current vs. pH showing 
an inflection point a t  a pH consistent with the pK, of the RSH 
molecules. The conclusion is that the RS- is responsible for the 
shift in the onset potential of photoanodic current. Our results 
differ somewhat from those reported previously2 for cysteine in 
that we observe only one inflection in the plot of EFB vs. pH. The 
earlier work involved the use of polycrystalline CdS, and the 
-COO- group of the cysteine was proposed to be adsorbed. It 
is possible that the polycrystalline CdS has oxide sites for in- 
teraction with the -COO- that are not present on the single-crystal 
material. It should be pointed out that the polycrystalline material 
also shows a shift of EFB with variation in pH that we do not find 
for the single-crystal samples used in our work (vide infra). It 
should also be noted that we obtain the same shape for the curve 
for 2-mercaptoethanol as for cysteine. The cysteine is potentially 
complicated by the various acid-base equilibria possible, but the 
2-mercaptoethanol involves only the RSH/RS- species in the pH 
regime investigated. 

Differential capacitance measurements support the hypothesis 
that RS- adsorption is responsible for shifts in EFB at n-CdX. 
Generally, the onset potential for photoanodic current corresponds 
closely to the value of EFB, but measurement of the interface 
capacitance is regarded as a better way to determine EFB when 
there are kinetic problems as there are with the RSH/RS- systems. 
Through the Mott-Schottky relation, eq 7, we have determined 

(7) 
the EFB of n-CdX in the presence of thiols. In eq 7, n is the donor 
density, t is the semiconductor dielectric constant, to is the per- 
mittivity of free space, and e is the electronic charges7 The 
literature values for t are 5.4 and 10 for n-CdS and CdSe, re- 
spectively.I6 We have observed ideal Mott-Schottky behavior 
(linear plots of [CJ2 vs. El having the same slope and intercept 
at frequencies from 500 Hz to 10 kHz) for CdS and CdSe exposed 
to various RSH/RS- solutions. The intercept of the Mott- 
Schottky plots gives the value of EFB. 

It is generally accepted that shifts of EFB of a semiconductor 
in electrolyte solutions are a consequence of strong adsorption of 
solution species onto the semiconductor resulting in excess charge 
in the Helmholtz layer. This phenomenon has been carefully 
examined in the case of sulfide adsorption on n-CdS.I7 In some 
cases, adsorption of OH- has been found to shift the band edges 
of single crystal n-CdX.I8 For this reason, we have determined, 
by capacitance measurements, EFB for the Cd-rich, (0001) face 
of n-CdS in 0.1 M Na2S04 from pH 0 to 14. The linear 
Mott-Schottky plots we obtained at frequencies between 500 Hz 
and 10 kHz give the same intercept of -0.90 V vs. SCE. The lack 
of pH dependence of EFB of the Cd-rich face of (0001) n-CdS 
agrees with previously published data for the same mate~ia1.l~ We 
find the same results with n-CdSe, with EFB = -0.70 V vs. SCE.I4 
Thus, any shifts of EFB observed with these materials can be 
attributed to the presence of adsorbed species not involving the 
H,O/OH- system. 

Figure 7 shows the Mott-Schottky plots for 1 M RSH/RS-/O. 1 
M Na2S04 at  low pH (1.5) and high pH (1 1) at  n-CdSe. First, 
we note the large negative shifts in EFB at  the high pH for the 
RSH/RS- shown, about 650 mV. Second, the lines are all parallel 
indicating that no change in donor density has occurred. Since 

(16) Sze, S. M. Physics of Semiconductor Devices; Wiley: New York, 

(17) Ginley, D. S.; Butler, M. A. J .  Elecrrochem. SOC. 1978, I25, 1968. 
(18) Frese, K. W., Jr.; Canfield, D. G .  J .  Electrochem. SOC. 1984, 131, 

(19) Watanabe, T.; Fujishima, A,; Honda, K. Chem. Lett. 1974, 897. 

[Cs,]-2 = 2[-(Ef - EFB) - k T / e ] / ( e t t o e )  

1981. 

2614. 
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Figure 7. Plots of 1/C,: vs. potential (Mott-Schottky plots) for 1 M 
RSH/RS-/O.l M Na2S04 solutions at pH 1.5 and pH 11 at n-CdSe: (a) 
cysteine, (b) mercaptoethanol, (c) cysteamine. 

TABLE III: Values of E ,  for 1 M Thiol Solutions at L o w  and High 
pH at n-CdS and n-CdSe" 

EFB, 
thiol electrode DH V vs. SCE AEFa. V 

HSCH2CH2NH2 n-CdS 

n-CdSe 

HSCH2CH20H n-CdS 

n-CdSe 

HSCH2CHC02H n-CdS 

n-CdSe I 
"2 

glutathione n-CdS 

n-CdSe 

1.5 -0.89 

1.5 -0.66 

1.5 -0.90 

1.5 -0.70 

11 -1.41 0.52 

11 -1.30 0.64 

11 -1.25 0.35. 

11 -1.41 0.71 

11 -1.28 0.40 

11 -1.28 0.55 

11 -1.16 0.26 

11 -1.36 0.56 

1.5 -0.88 

1.5 -0.73 

1.5 -0.90 

1.5 -0.80 

LIEFB values were determined from the intercepts of Mott-Schottky 
plots, cf. Figure 7. All solutions were 0.1 M in Na2S04. The esti- 
mated absolute error is 50 mV, but differences in EFB have an esti- 
mated error of less than 20 mV. 

we have shown that p H  by itself does not shift E F B  of n-CdSe, 
the RS- ion formed at  above pH 10 must be responsible for the 
shift in E F B ,  as also concluded from the data in Figure 6 .  Table 
I11 presents the E F B  values a t  high and low pH for 1 M solutions 
of cysteamine, 2-mercaptoethanol, cysteine, and glutathione at  
n-CdS and n-CdSe. At n-CdSe, we note that all RSH/RS- at  
low pH yield an EFB of about -0.70 V vs. SCE. At n-CdS, we 
find that all thiols a t  low pH yield an E F B  of about -0.90 V vs. 

Potential, V V S .  SCE 

Figure 8. Plots of 1/CG2 vs. Ef (Mott-Schottky plots) for various con- 
centrations of RS- at pH 14 at n-CdS: (a) cysteamine, (b) glutathione. 

TABLE I V  Thiol Concentration Effect on Em of CdS at pH 14 
thiol concn. mM E F ~ .  V vs. SCE 

glutathione 0 
50 

100 
150 
200 

20 
50 
73 

100 
150 

25 
50 

100 
150 
200 

25 
50 

100 
150 
200 

cysteamine 0 

cysteine 0 

2mercaptoethanol 0 

"Conditions are as for the data in Table 111. 
and cysteamine are plotted in Figure 9. 

-0.93 
-1.02 
-1.07 
-1.11 
-1.14 
-0.93 
-1.07 
-1.25 
-1.35 
-1.38 
-1.42 
-0.90 
-1.04 
-1.12 
-1.17 
-1.20 
-1.23 
-0.91 
-1.06 
-1.09 
-1.16 
-1.18 
-1.20 

Data for glutathione 

SCE, the same EFB value for n-CdS in innocent electrolytes. The 
low pH E ,  values show that specific adsorption of charged species 
does not occur in solutions of FSH. However, large negative shifts 
of EFB are found a t  high pH, but the magnitude of the shift 
depends on the semiconductor and on the particular RS-. For 
CdSe the largest E F B  shift occurs with 2-mercaptoethanol, about 
710 mV, while the smallest Em shift occurs with glutathione, about 
560 mV. For CdS the largest shift in Em is seen with cysteamine, 
520 mV, while the smallest shift is seen with glutathione, 260 mV. 

The variation in E ,  of CdS with variation of the concentration 
of the RSH/RS- system was studied for some of the systems. 
Figure 8 shows Mott-Schottky plots for various concentrations 
of cysteamine and glutathione a t  pH 14, and Table IV summarizes 
the data for the four systems studied. As in our related article 
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Figure 9. Plots of AEm of n-CdS vs. solution thiol concentration for 
cysteamine and glutathione at (a) pH 7.2 and (b) pH 14. 

on the interaction of the dithiocarbamates,' we note that the 
Mott-Schottky plots a t  different concentrations of RS- are parallel. 
The figure shows that, a t  p H  14, 20 mM cysteamine shifts EFB 
125 mV more negative than 200 mM glutathione. Moreover, if 
we relate the shift in EFB to the coverage of the adsorbate,' the 
data show that the cysteamine reaches its saturation surface 
coverage a t  a somewhat lower bulk concentration than the glu- 
tathione, as illustrated by the plots of Em shifts vs. concentration 
of the RSH/RS- system in Figure 9. It is thus certain that the 
interaction of cysteamine with n-CdS is much larger than the 
interaction of glutathione. This larger interaction for cysteamine 
correlates with the superior photoelectrochemical behavior of 
cysteamine, compared to glutathione, a t  n-CdS. 

Figure 9 shows the plots of EFB for CdS vs. RSH/RS- con- 
centration for both pH 7.2 and 14 for cysteamine and glutathione. 
We note that overall EFB shifts are much smaller a t  pH 7.2 than 
a t  pH 14, which is consistent with the low concentration of RS- 
ions (compared to the RSH form) at  p H  7.2. What is interesting 
about these data is that the shift in E ,  levels off a t  p H  7.2 at 
about the same total concentration of RSH/RS- as a t  pH 14 
where only the RS- form is present. The point is that increasing 
the total RSH/RS- concentration a t  p H  7.2 should continue to 
raise the amount of the adsorbing anionic species to a value 
sufficient to shift the value of Em to the most negative extent found 
at  pH 14. The data suggest that the neutral RSH form interacts 
strongly with the surface and blocks the RS- from the surface, 
but since it is not charged does not result in a shift in Em. If we 
view the interaction of the RS- as a ligand toward a Cd site it 
is not surprising that RSH could be bound also. The bound 

RSH/RS- system would then give a shift in EFB at pH 7.2 gov- 
erned, in part, by the pK, of the bound system. Given that the 
RSH form can be efficiently photoelectrochemically oxidized, it 
is not surprising that a strong interaction of the RSH with the 
surface would be found. 

The concentration dependence of the shifts in EFB in the RS- 
systems studied are summarized by the data in Table IV and 
Figures 8 and 9. While all systems show a general dependence 
that is consistent with more adsorption at  higher concentration 
of the adsorbing species and a saturation in coverage at concen- 
trations above some value, the curves do not fit simple Langmuir 
adsorption isotherms as found for the dithiocarbamates in 
CH3CN/electrolyte solution.' Thus, detailed analysis of the 
adsorption is not easy. However, some qualitative statements can 
be made from the pH 14 data given in Table IV. First, in com- 
parison to results for the dithiocarbamates studied in CH3CN/ 
electrolyte, the RS- systems in aqueous electrolytes must be at 
a substantially higher concentration in order to achieve the 
maximum shift in Em. For the four systems studied concentration 
in excess of 0.1 M is required in order to achieve the saturation 
shift, whereas the most weakly bound dithiocarbamate requires 
only about 4 mM bulk concentration in order to achieve its 
saturation coverage. Second, as for the dithiocarbamates, the 
adsorption of RS- appears to be strong enough that relatively 
negative values of EF can be used throughout a photoelectro- 
chemical oxidation to a large fractional conversion to RSSR that 
does not interact with the surface. Third, the advantage realized 
by adsorption of the RS- in aqueous electrolyte is somewhat 
clouded by the fact that the redox potential of the RSSR/ 
RSH/RS- system is pH-dependent as is the adsorption, Figures 
6 and 9. However, given the tendency of all n-type semiconductors 
to undergo photoanodic decomposition, there appears to be a 
general advantage in being able to use the most negative value 
of Ef possible for photoelectrochemical oxidation processes. 
Finally, considering the differences in the overall energy conversion 
efficiencies, Table 11, for the four systems shown in Table IV the 
sensitivity of EFB to variations in concentration are fairly similar 
for the four systems. We had hoped to be able to see substantial 
variations in the concentration dependence with variation in R. 
We speculate that adsorption in nonaqueous media will provide 
better insight into the behavior of the RS-, and work is now 
underway in these laboratories to attempt to understand the de- 
tailed aspects of RS- adsorption by investigations carried out in 
nonaqueous media where, based on the results with dithio- 
carbamates,' simpler adsorption behavior may be found. 
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