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The quantum efficiency for photoelectrochemical reactions at bare and Pt and Au catalyst incorporated p-InP electrodes
in 1.O M H2S04and bare and Ru/p-InP in 0.05 M Eu3+in 1.O M HCIO, has been studied as a function of potential and
wavelength of incident light. As opposed to a previous report, quantum efficiency (e) values above 1 were not obtained.
Rather an t of 0.65 was found for the hydrogen evolution reaction in 1.O M H2S04at Pt/p-InP and c = 0.8 for Eu3+reduction
on Ru3+-treated p-InP electrodes. The flat-band potentials of bare, Pt-, and Au-plated p-InP electrodes were determined
by impedance measurement and were independent of the nature of the plated metal (Pt, Au).

Introduction
Its favorable band gap (1.35 eV) and stability to photocorrosion
have made p-InP an attractive choice for photoelectrochemical
(PEC) applications. The PEC performance of this electrode was
reported for several redox systems in nonaqueous solutions'J and
for the V3+/Vz+couple and hydrogen evolution reaction (her) in
aqueous solution^.^-^ Heller and co-workers studied Rh-, Ru-,
and Pt-plated p-InP electrodes and reported quantum efficiencies
(e) of up to 0.8 for the her in 3 M HC17g8with Ar ion laser
irradiation and e's of 0.64-0.83 for V3+reduction in s ~ n l i g h t . ~ . ~
However, Szklarczyk and Bockris9 recently reported t-values
significantly larger than one (up to 1.6) for the her on catalystplated p-InP and suggested possible processes by which photon
energy greater than that of the bandgap can result in multiple
electron transfer per incident photon. Since such processes are
generally unprecedented in PEC cells (in the absence of current-doubling processesI0J1) and could be of significance in the
development of efficient PEC cells, we reinvestigated p-InP to
obtain further information about the mechanism of this process.
To this end, we studied bare, Pt-, and Au-plated p-InP electrodes
in 1.O M H2S04 and bare and Ru-treated p-InP electrodes in 0.05
M Eu3+in 1.O M HC104 under carefully controlled conditions.
In no case did we find €-values above 1, and for both the her and
Eu3+ reaction, t was generally the same as that reported by earlier
workers. We also studied the effect of plated metal on flat-band
potential (V,) and briefly searched for possible current-doubling
reactions at p-InP. Details of these experiments are given below.
Experimental Section
Zinc-doped p-InP (dopant concentration, (2-3) X 1017~ m - ~ ) ,
generously provided by Drs. W. A. Bonner and B. Miller of Bell
Laboratories, was used in the present studies. Electrical contact
to the single crystals was provided by heating In-Zn (98% In)
alloy over a freshly abraded (with 320 grade sand paper) single
crystal surface at 600 "C for 15 min under a hydrogen atmosphere.
After confirming the ohmic nature of the contact, a copper wire
(1) Kohl, P. A.; Bard, A. J. J. Electrochem. SOC.1979, 126, 598.
(2) Dominey, R. N.; Lewis, N. S.; Wrighton, M. S. J. Am. Chem. SOC.
1981, 103, 1261.
(3) Hellcr, A.; Miller, B.; Lewerenz, H. J.; Bachmann, K. J. J. Am. Chem.
SOC.1980, 102, 6555.
(4) Lewerenz, H. J.; Aspenes, D. E.; Miller, B.; Malm, D. L.; Heller, A.
J . Am. Chem. SOC.1982, 104, 3325.
( 5 ) Menezes, S.; Lewerenz, H. J.; Thiel, F. A,; Bachmann, K. J. Appl.
Phys. Letf. 1981, 38, 710.
(6) Heller, A.; Miller, B.; Thiel, F. A. Appl. Phys. Letr. 1981, 38, 282.
(7) Heller, A.; Vadimsky, R.G. Phys. Reu. Lett. 1981, 46, 1153.
(8) Heller, A.; Aharon-Shalom, E.; Bonner, W. A.; Miller, B. J. Am.
Chem. SOC.1982, 104, 6942.
(9) Szklarczyk, M.; Bockris, J. O M . J. Phys. Chem. 1984, 88, 5241.
(10) Gomes, W. P.; Freund, T.; Morrison, S. R. J. Electrochem. SOC.1968,
115, 818.
(11) Gerischer, H.; Rosler, H . Chem. Ing. Tech. 1970, 42, 176.
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was soldered to the In-Zn alloy layer with In solder. The front
surface of the crystal was polished with alumina powder of successively decreasing particle size down to 0.05 Fm. The back
surface and sides of the crystal were covered with a thin layer of
5-min epoxy (Devon Corp., USA) and the crystal was mounted
in 6-mm-diameter glass tubing with silicone sealant (Silastic 732
RTV, Dow Corning Corp., USA). The epoxy cement was also
covered with the silicone, leaving an InP area of ca. 0.1 cm2
exposed. This procedure for preparing semiconductor electrodes
has been used successfully in numerous previous studies from our
laboratory with both aqueous and nonaqueous solutions.12
The crystal surface was etched with a HNO3:HC1:H2O (2:2:1)
mixture for 10 s and thoroughly washed with Millipore water.
For studies with Au- and Pt-deposited electrodes, the electrodeposition of a few monolayers of the respective metals was carried
out potentiostatically under 50-mW white light illumination of
the electrode from either a gold cyanide bath (pure gold SG-10
Transene Co., Inc., Rowley, MA) or a chloroplatinic acid solution.
The amount of metal deposited was determined from the number
of coulombs, under the assumption of 100% current efficiencies
in the plating process.
Reagent grade H2S04, H N 0 3 , and HC1 (Fisher), HCIO,
(MCB) and 99.9% pure EuC13 (Johnson Matthey) were used as
received. Test solutions were prepared with Millipore water and
deaerated with nitrogen for 1 h before the experiments.
A conventional single compartment cell with a flat Pyrex glass
window for illumination of the semiconductor electrode was used.
A Pt gauze electrode was used as the counter electrode. The
reference electrode was a saturated calomel electrode (SCE) with
saturated KCI agar bridge.
A 2500-W Xe lamp (Schoeffel Instrument Co., Westwood, NJ)
combined with lens and Jarrel Ash monochromator (Waltham,
MA) served as the light source. The light flux was measured with
an EG&G Model 550 radiometer. The radiometer was calibrated
by actinometry using aqueous KCr(NH,),(NCS), following the
procedure described in the 1iterat~re.l~The flux determined by
actinometry was within 15% of the nominal readings of the radiometer. Based on this calibration, the white light power at the
electrode surface was adjusted to 50 f 1 mW/cm*.
Current-potential curves were recorded with a PAR Model 173
potentiostat, a Model 179 digital coulometer, Model 175 programmer (Princeton Applied Research, Princeton, NJ), and Model
2000 X-Y recorder (Houston Instruments, Austin, TX).
For ac impedance studies of the p-InP electrodes, a 12-mV
peak-to-peak ac sinusoidal signal, obtained from a HewlettPackard wide range oscillator (Model 200 CD), was superimposed
on a slow (5 mV/s) dc potential ramp. The output from the
potentiostat was separated into in-phase and out-of-phase com~

~

(12) Wheeler, B. L.; Nagasubramanian, G.; Bard, A. J. J. Electrochem.
Soc. 1984, 131, 2289.
(13) Wegner, E. E.; Adamson, A. W. J. Am. Chem. Sor. 1966.88, 394
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Figure 1. Mott-Schottky plots for p-InP electrodes at 50-Hz ac input
signal: (0) bare, (0)Pt-plated, (A) Au-plated electrode in 1.0 M
and ( 0 )bare electrode in 0.05 M Eu3+ in 1.0 M HClO4.
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Figure 3. i-E curves for p-InP electrodes in 1 .O M H2S04under dark
and 550-nm monochromatic light illumination: A(A’) bare, B(B’) Ptplated, and C(C’) Au-plated electrode under illumination (dark).
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Figure 4. (A) Quantum efficiency vs. potential for p-InP electrodes in
1.0 M H2S04at 550-nm monochromatic illumination: (0) bare, (0)

Figure 2. i-E curves for pInP electrodes in 1.0 M H2S04under 50-mW
white light illumination: (A) bare, (B) Pt-plated, and ( C ) Au-plated
electrode.

Pt-plated, and (A) Au-plated electrode. (B) Quantum efficiency vs.
wavelength for p-InP electrodes (biased at -0.5 V vs. SCE) in 1.0 M
H2S04: (0)bare, (0)Pt-plated, and (A)Au-plated.
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(Model 6432). The measurements were carried out in the frequency range 35-500 Hz.

trades. Similarly Heller et al.* reported that the open circuit
photopotentials (AV,) at bare p-InP electrodes (untreated, etched,
or dipped in A ~ N Q ) and pt-, Rh-, or Ru-deposited or evaporated
films were all the same, within f l O O mV. This similaritv of VOn
and V, for the three different electrodes is consistent kith the
model of Heller and co-workers that involves a decrease in the
work function of the metal overlayer by adsorption of hydrogen
leading to a small barrier at the metal/semiconductor junction.
At higher photocurrent levels the rate of the her becomes important and the catalytic role of the metal in promoting the
electron transfer determines the potential; hence, in this region
at a given current density below saturation, the potentials are in
the order Pt-plated > Au-plated > bare InP. The lower saturation
current on the Pt-plated electrode under white light illumination
can be attributed to the attenuation of light by the thicker Pt film
compared to the Au-plated electrode. For a thinner Pt coating
under monochromatic illumination, the saturation current was
higher than that for the Au-plated electrode.
To obtain the quantum efficiency ( e ) vs. potential curves for
550-nm monochromatic illumination of the electrodes, the dark
current values were subtracted from the observed photocurrents
at 100-mV intervals of potential and the corresponding electron
flux (e s-I cm-2) was divided by the incident photon flux (photons
s-’ cm-2). For comparison with the values reported by Szklarczyk
et a1.: no correction was made for the absorption of light by the
solution and reflection by cells walls or electrode surface in
calculating the photon flux. The resulting e-E curves are shown
in Figure 4A. Measurement of the solution absorption and
reflectance by the cell walls by determining the ratio of light
incident to that transmitted through the cell demonstrated that
light attenuation by these factors was <4% with 50-mW white
light and <2% with monochromatic light at 550 nm. The etched

Results and Discussion
Plots of l/C (C, capacitance) vs. electrode potential ( E )
(Mott-Schottky plots) for bare, Pt-plated, and Au-plated p-InP
electrodes in 1.O M H 2 S 0 4and a bare electrode in 0.05 M Eu3+
in 1.0 M HC104 at frequencies of the input signal of 35-500 Hz
were straight lines. The values of 1/cat a fixed potential were,
however, frequency-dependent. Although, in the lower frequency
range (35-100 Hz), the l / c vs. E lines converged to a single point
on the potential axis, in the higher frequency region the plots
exhibited parallel shifts. As suggested by Dutoit et aI.,l4 the
flat-band potential ( V f i )can be estimated from Mott-Schottky
plots that are frequency-dependent but converge on the potential
axis. Hence, the data in the lower frequency range of the input
ac signal were used to obtain V& A typical set of Mott-Schottky
plots obtained at 50 Hz are shown in Figure 1. V, was +0.6
f 0.1 V vs. SCE for bare, Pt-, and Au-plated p-InP, so that, within
experimental error, V , is unaffected by metal deposition.
Photoelectrochemistry in H2S04. The current-potential (i-E)
curves for bare and plated p-InP in 1 .O M H2S04under illumination with 50 mW/cm2 white light, 550-nm monochromatic light,
and in the dark are shown in Figures 2 and 3. A notable feature
of these plots is that the potential of onset of photocurrent due
to the her (Van), as opposed to the potential to sustain a larger
photocurrent, is spaced within about 100 mV for all three elec(14) Dutoit, E. C.; Van Meirhaeghe, R. L.; Cardon, F.; Gomes, W. P.Ber.
Bunsenges, Phys. Chem. 1975, 79, 1206.
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Figure 5. i-E curves for p-InP electrodes in 0.05 M EuSCin 1.0 M

HCIO, under 50-mW white light illumination: (A) bare and (B) Ru(111)-treated electrode.
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Figure 6. i-E curves for p-InP electrodes in 0.05 M Eu3+ in 1.0 M
HCIO, under dark and 550-nm monochromatic illumination: A(A') bare

and catalyst-coated surfaces do not reflect light in amounts that
will substantially change t. For the bare p-InP electrodes, c was
and B(B') Ru(II1)-treated electrode under illumination (dark).
low at positive potentials but increased rapidly about -0.2 V vs.
SCE. For Pt- and Au-plated electrodes, however, e increased at
.8
potentials 0.4-0.5-V positive of the standard potential for proton
A
B
reduction and approached saturation at more negative potentials.
To evaluate the dependence of t on the wavelength of incident
0
LL
light (A), the potential of the electrode was held at -0.5 V vs. SCE
and the i vs. X curves were recorded. From the observed current
w
LL
w
values the dark current of the respective electrode at -0.5 V vs.
Z 0.4
I2
SCE was subtracted and the quantum efficiency was calculated.
k
O
z
Typical t vs. X plots are shown in Figure 4B.
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catalyst-coated p-InP electrodes in contrast to the report of
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Szklarczyk and Bockrisg but consistent with the earlier studies
of Heller et a1.* Note that the dopant (Zn) level used in these
E
(V vs.SCE)
WAVELENGTH (nrn)
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studies and those of Heller et al. was (2-3) X 1017 ~ m - while
Figure 7. (A) Quantum efficiency vs. potential for p-InP electrodes in
Szklarczyk and Bockris had a Zn dopant density of 10l8 ~ m - ~ . 0.05 M EuSCin 1.0 M HCIO, at 550-nm monochromatic illumination:
However, Gratzel et al.,I5 in the study of the reduction of MV2+
(0)bare and (A)Ru(II1)-treated electrode. (B) Quantum efficiency vs.
(MV = methylviologen) in 0.1 M HCl at p-InP, noted a strong
wavelength for p-InP electrodes (biased at -0.5 V vs. SCE) in 0.05 M
E d t in 1.0 M HClO,: (0) bare and (A) Ru(II1)-treated electrode.
decrease in t for monochromatic irradiation a t 550 nm when the
Zn dopant density increased from 7.1 X lo1' to 2.3 X l o t 8~ m - ~ .
treatment had earlier been proposed for improving n-GaAs.I7 In
This decrease in t with doping density has also been found with
our case the Ru(II1) treatment may also passivate surface states
other semiconductor electrodes, such as n-Si,I6 so the differences
and decrease recombination; possibly Ru3+ adsorbed on the
between the results here and the previous report probably cannot
electrode surface may be photoreduced to Ru metal which can
be ascribed to this factor. The slightly smaller values o f t observed
catalyze reduction of Eu3+ (and also protons).
for the Au-plated electrodes compared to the bare electrode at
t vs. E and t vs. X curves, constructed following the procedure
X C 650 nm (Figure 4B) may be due to the reflection of light by
given
earlier, are shown in Figure 7A,B. Higher quantum efthe Au-plated surface of the electrode. Note that the E-X plots
ficiencies at negative potentials in the t vs. E plots and higher
obtained at a potential of -0.5 V vs. SCE yield t-values of comc-values at all wavelengths in the t vs. X plots were found for the
parable magnitude irrespective of plating.
ruthenium-treated electrode. Again t values greater than 1 were
PEC Cells with Eu3+. To examine if higher t-values might be
not observed. The fact that the t for Eu3+reduction was slightly
obtained with an electron acceptor different than H+ and V3+,
greater at short circuit than the corresponding value for reduction
and to calibrate the system with a redox couple that can clearly
of protons suggests that there is no current-doubling mechanism
only involve a single-electron transfer without the possibility of
present for H, evolution on p-InP electrode.
current-doubling effects,I0-l1the PEC reduction of Eu3+ at bare
There are several possible factors that might cause apparent
and Ru(II1)-treated p-InP electrodes was examined. The Ru(II1)
t-values > 1. If photocurrent measurements at the semiconductor
treatment involved etching in HN03:HC1:H20 (2:2: l), followed
are taken at potentials where the reaction is thermodynamically
by rinsing with water, immersion of the electrode in 0.01 M Ru3+
allowed and occurs at a conductive electrode, it is possible that
in 0.10 M HN03 solution for 1 min, and washing with water.
currents under irradiation would include both photodriven and
The i-E curves for bare and Ru(II1)-treated electrodes in 0.05
thermal components.
This effect could not occur at
M Eu3+ in 1.0 M HCIO4 under 50-mW white light, 550-nm
"underpotentials" where dark current contributions are not posmonochromatic illumination, and in the dark are shown in Figures
sible. Apparent quantum efficiencies > 1 have been observed in
5 and 6. At positive potentials the magnitude of current for the
the case of some photoelectrochemical systems through curbare and Ru-treated electrodes was similar, but at negative porent-doubling mechanisms.lOJ1 For example, at a p-GaP electentials, the Ru-treated electrode yielded.a higher current. Heller
trode'* in H2S04,current doubling during 0, reduction through
et aL6 showed the beneficial effect on p-InP of surface oxidation
the intermediacy of HOz. has been proposed for low photon flux
and a CN- treatment in removing surface states, and a Ru(II1)
densities (below about 1014 cm-, SKI)at 430 nm incident light.

1

(15) Geiger, T.; Nottenberg, R.; Pelaprat, M.; Gratzel, M . Helu. Chim.
Acta. 1982, 65, 2507.
(16) Fan, F.-R. F.; Shea, T. V.; Bard, A. J. J . Electrochem. SOC.1984, 131,
828.

(17) Parkinson, B. A.; Heller, A.; Miller, B. J . Elecfrochem. SOC.1979,
126, 954.
(18) Li, J.; Peter, L. M. J . Electroanal. Chem. 1985, 82, 2399.
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To study whether a similar current doubling could be observed
in the case of p-InP electrodes, experiments were carried out in
02-saturated 1.0 M H2S04with 550-nm monochromatic light
irradiation of the electrode with a photon flux density of 3 X l O I 3
cm-2
s-1 . However, no photocurrent enhancement was noted.
Addition of 50 mM peroxydisulfate or 10 mM maleic acid as
current-doubling mediators to deaerated H2S04solution was also
tried. Again no current enhancement was observed.

Conclusions
(1) The onset of the her occurs at comparable potentials for
bare, Pt-, and Au-plated electrodes. Deposited catalyst metals
improve the kinetics of her in H2SO4. (2) The flat-band potentials

of the bare, Pt-, and Au-deposited electrodes are independent of
the nature of the deposited metal. (3) The maximum quantum
efficiency for the her at the Pt/p-InP electrode was about 0.65;
for Eu3+ reduction it was ~ 0 . 8 ,at Ru3+-treated p-InP electrode.
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Surface-Enhanced Raman Spectroscopy as a Probe of Adsorbate-Surface Bonding:
Benzene and Monosubstituted Benzenes Adsorbed at Gold Electrodes
Ping Gao and Michael J. Weaver*
Department of Chemistry, Purdue University, West Lafayette, Indiana 47907 (Received: June 18, 1985)

Surface-enhanced Raman spectra of benzene and eight monosubstituted benzenes adsorbed at gold electrodes have been
examined in order to probe the nature of adsorbate-surface bonding for simple aromatic molecules. Benzene appears to
adsorb flat via A adsorbate-surface interactions as evidenced by the significant (20-30 cm-l) downshifts in the symmetric
ring breathing mode (vI) and the absence of other ring modes in the SER spectra. Similar results were obtained by using
gold surfaces prepared by electroplating or by anodic-cathodic potential sweeps in chloride, although much more stable SERS
was obtained by using the latter procedure. The ring substituents -CH3, -CH(CH,),, -C(CH3),, -C1, -Br, -CN, -NO2,
-COO-, and -CHO were chosen so to provide steric perturbations or alternative binding modes to the metal surface. With
the alkyl, benzoate, and aldehyde substituents, small yet significant (ca. 5-15 cm-I) decreases in the vI2 and visa characteristic
ring modes along with band broadening were observed upon adsorption, consistent with attachment via the benzene ring.
For the halogen substituents, smaller such downshifts were obtained along with the appearance of low-frequency modes associated
with halogensurface vibrations, implicating the role of substituent bonding in the adsorption. For the nitrile and nitro substituents,
the ring modes were unaltered in frequency or bandshape upon adsorption while intense internal substituent modes were
observed. The frequency shifts obtained for the latter modes along with the appearance of substituent-surface vibrational
bands indicate that surface binding occurs entirely via the substituent rather than the benzene ring. Studies with deuterium-labeled
adsorbates indicate that the adsorption-desorption kinetics were rapid on the time scale required to obtain the surface Raman
spectra.

A major application of vibrational spectroscopies at metal
surfaces is to gain information on the nature of adsorbatesurface
interactions from differences in the form of the spectra, especially
frequencies and bandshapes, for species in bulk and interfacial
environments. A potentially valuable such technique, especially
at electrochemical interfaces, is surface-enhanced Raman scattering (SERS)
Although limited to polycrystalline, mildly
roughened surfaces (most prominently at silver, copper, and gold),
absolute spectra can rapidly be obtained with high resolution (- 1
cm-') over wide frequency ranges, enabling a variety of vibrational
bands associated with internal and absorbate-surface modes to
readily be detected.
We have recently reported a straightforward procedure by which
gold surfaces can be prepared so to yield extremely stable as well
as intense S E R spectra for a miscellany of adsorbates.2 In
particular, stable SER spectra can be obtained at gold for adsorbates such as oxyanions,2 ethylene,, carbon m ~ n o x i d eetc.,
,~
that yield weak or even undetectable signals at the traditionally
preeminent SERS metal, silver.2 This is attributed in part to a
greater stability of the SERS-active sites (probably large metal

.'

(1) For recent reviews, see: (a) Chang, R. K.; Laube, B. L. CRC Crit. Reu.
Solid State Mater. Sci. 1984, 12, 1. (b) Chang, R. K., Furtak, T. E., Eds.;
"Surface-Enhanced Raman Scattering"; Plenum Press: New York, 1982.
(2) Gao, P.; Patterson, M. L.; Tadayyoni, M. A.; Weaver, M. J. Langmuir
1985, 1 , 173.
(3) Patterson, M. L.; Weaver, M. J. J . Phys. Chem. 1985, 89, 1331.
(4) Tadayyoni, M. A.; Weaver, M. J. Langmuir, in press.
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clustersla) at gold, so that their survival does not require the
presence of high adsorbate coverages as appears to be the case
at ~ i I v e r . l ~ ~ ~
We report here a study of potential-dependent SERS for
benzene adsorbed at gold-aqueous interfaces. Benzene is of
interest in view of its simple symmetric structure, and the likely
involvement of 7 orbitals in the surface bonding. The influence
of metal-benzene 7 bonding upon the vibrational spectra has been
examined for bulk-phase arene complexes.6 A number of vibrational studies of benzene adsorbed at metal surfaces have been
reported.'%* These include several SERS studies,* although only
(5) (a) Weaver, M. J.; Barz, F.; Gordon 11, J. G.; Philpott, M. R.; Surf.
Sci. 1983, 125, 409. (b) Weaver, M. J.; Hupp, J. T.; Barz, F.; Gordon 11, J.
G.; Philpott, M. R. J. Electroanal. Chem. 1984, 160, 321.
(6) (a) Fritz, H. P. Adu. Organornet. Chem. 1964,1, 239. (b) Aleksanyan,
V. T. In 'Vibrational Spectra and Structure"; Durig, J. R., Ed.; Elsevier:
Amsterdam, 1982; Vol. 11, Chapter 3.
(7) (a) Lehwald, S.; Ibach, H.; Demuth, J. E. Surf. Sci. 1978, 78, 577. (b)
Bertolini, J. C.; Rousseau, J. Sur-. Sci. 1979, 89, 467. (c) Haaland, D. M.
Surf.Sci. 1981, 102, 405; 1981, 111, 555. (d) Avouris, P.; Demuth, J. E. J .
Chem. Phys. 1981, 75, 4783. (e) Koel, B.; Sornorjai, G. A. J. Electron
Spectrosc. Relat. Phenon. 1983, 29, 287. (0 Hallmark, V. M.; Campion, A.
Chem. Phys. Lett. 1984, 110, 561.
(8) (a) Moskovits, M.; DiLella, D. P. J . Chem. Phys. 1980, 73, 6068. (b)
Krasser, W.; Ervens, H.; Fadini, A.; Renouprez, A. J. J . Raman Spectrosc.
1980, 9, 80. ( e ) Krasser, W.; Renouprez, A. J. Solid State Commun. 1982,
41, 231. (d) Lund, P. A,; Smardzewski, R. R.; Tevault, D. E. Chem. Phys.
Lett. 1982,89, 508. (e) Howard, M. W.; Cooney, R. P.; Chem. Phys. Lett.
1982, 87, 299.
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