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Abstract: Thin films (100-250 A) of several phthalocyanines (MgPc, ZnPc, AICIPc, TiOPc, CoPc, FePc, H,Pc) were investigated
as sensitizers for photoelectrochemical processes at n-type TiO, and WO, single crystal electrodes in aqueous solution. The
sensitized oxidation of several solution species (I", Fe(CN)¢*, hydroquinone, Fe(I)-EDTA) occurred with photocurrents
proportional to light intensity and spectral responses characteristic of the metal phthalocyanine (MPc) films. At negative
electrode potentials cathodic photocurrents for the reduction of benzoquinone, O,, and Fe(III)-EDTA were observed, consistent
with the p-type behavior of the phthalocyanines themselves. The photoelectrochemical behavior is rationalized from the energy
levels of the semiconductors, solution couples, and MPc. The surface ionization potentials were found to yield better estimates
of the phthalocyanine levels than the redox potentials of the MPc couples (measured in N,N-dimethylacetamide solutions).

Introduction

Photoactive dyes can be either adsorbed or covalently attached
to semiconductor electrode surfaces to sensitize the electrode to
visible-wavelength light and thus produce photocurrents or pho-
tovoltages at wavelengths longer than energies corresponding to
the semiconductor band gap.'"!* Such sensitization is also of
interest because it provides information about the nature of charge
transfer between excited states of surface species and electrodes.
Sensitization by phthalocyanines is of interest for a number of
reasons. Research on these materials has been very active re-
cently,'* and much is known about the redox behavior of these
species in solution,!’ the surface ionization potentials in the solid
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state,!o and their photoproperties.” These compounds have many
characteristics which suggest that they might be useful sensitizers
for semiconductor electrodes: (1) they are chemically very stable;
(2) they have highly absorbing chromophores within the solar
spectrum; (3) a wide variety of metal phthalocyanines (MPc) have
been prepared which allow a range of different compounds with
different energy levels (i.e., redox potentials); (4) they often exhibit
semiconducting behavior themselves,

Recently, we demonstrated that the behavior of the sensitized
photocurrent by metal-free phthalocyanine (H,Pc) thin films on
several single-crystal n-type semiconductors correlated well with
the relative positions of the energy levels of the semiconductors,
H,Pc, and the redox couples in solution.’® Both anodic and
cathodic sensitized photocurrents could be observed for the same
H,Pc/semiconductor electrode depending upon the applied po-
tential. The studies reported here concern the utilization of various
metal phthalocyanines on n-WO; and n-TiO, single crystal
electrodes. We show that the efficiencies of the sensitized pho-
tooxidation of several redox couples are strongly dependent on
the potential for oxidation of MPc. These potentials for MPc
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oxidation of thin films under illumination correlate better with
the surface ionization potentials of thin films rather than with
the redox potentials of these species in solution. The action spectra
of the sensitized photocurrent, the current—potential (i-V) be-
havior, and the dependence of the sensitized photocurrent on light
intensity are also described.

Experimental Section

Materials. All phthalocyanines except H,Pc (Eastman Chemicals,
Rochester, N.Y.) were supplied by Professor A. B. P. Lever and used
without further purification. n-TiO, single crystals (donor density ~
10'% /cm?) were obtained from Fuji Titanium and n-WO, single crystals
from Sandia Laboratory. The ohmic contact was made by plating In-Ga
alloy on the rear side of each crystal which was polished first with fine
sandpaper and then with 0.5-um alumina on felt. A copper wire was then
attached to the ohmic contact with conductive silver epoxy (Allied
Product Corp., New Haven, Conn.) which was subsequently covered,
along with the copper wire and the sides of crystals, leaving the front face
exposed, with silicone rubber sealant (Dow Corning Corp., Midland,
Mich.). The semiconductor material was then mounted onto an 8-in. long
piece of 7-mm diameter glass tubing. Before use, n-TiO,; electrodes were
etched for 5-10 s in 509% HF-50% concentrated HNO;-Br; (2 drops of
Br, per 50 mL of etching solution) and then washed thoroughly with
distilled water. n-WO, electrodes were etched for 5-10 s in concentrated
H,SO, and then rinsed with water. Reagent-grade N,N-dimethylacet-
amide (DMA) was obtained from Matheson Coleman and Bell (bp
164-166 °C) and purified further first by refluxing with CaH, under
purified nitrogen for at least 6 h and then using the procedure and
apparatus reported previously, method A.?' The alumina was allowed
to settle, and the solution was decanted. The neutral alumina (ROC/
RIC Chemicals Co., Belleville, N.J.) was dried before use under vacuum
at 150 °C. Tetra-n-butylammonium perchlorate (TBAP), used as the
supporting electrolyte in DMA, was polarographic grade (Southwestern
Analytical Chemicals, Austin, Texas). The TBAP was recrystallized
from ethyl acetate, dried in vacuo for 24 h, and then stored in a glovebox.
All other chemicals were reagent grade and used without further puri-
fication.

The phthalocyanine thin films were prepared by vacuum evaporation
as described in the previous paper.!® The thicknesses of the sublimed
phthalocyanine thin films were estimated by spectrophotometric methods
and ranged from 100 to 250 A.

Apparatus. A conventional three-electrode, single-compartment cell
was used for the electrochemical measurements in aqueous solutions. The
electrochemical cell (volume ~25 mL) which contained the Pt disk or
semiconductor working electrode was fitted with a flat Pyrex window for
illumination of the semiconductor. Removable air-tight Teflon joints
were used with the Pt disk or semiconductor electrode. A platinum coil
was used as the counterelectrode and an aqueous saturated calomel
electrode (SCE) as the reference electrode.

The cyclic voltammograms were obtained with a PAR (Princeton
Applied Research 173 potentiostat, PAR 175 universal programmer, and
PAR 179 current-to-voltage converter) and recorded on a Houston In-
struments Model 2000 X-Y recorder (Austin, Texas). The action spectra
and the sensitized i~V behavior were recorded with modulated irradiation
and phase-sensitive detection techniques. A custom-built mechanical
chopper and a PAR HR8 lock-in amplifier were used in these experi-
ments. The light source was either an Oriel Corp. 450-W Xe lamp
(Stamford, Conn.) or a 1.6-mW Spectra Physics Model 132 He-Ne
laser. Experiments designed for specific wavelengths employed an Oriel
7240 grating monochromator with a 20-nm band-pass. A red filter
(590-nm cut-on) was used with the xenon lamp. The radiant intensity
was measured with an E G & G Model 550 radiometer/photometer
(Salem, Mass.). All photocurrent-action spectra have been normalized
against the photon flux of the lamp-monochromator. If not otherwise
mentioned, all experiments were carried out with the solution deaerated
and maintained under purified nitrogen and the pH buffered at 6.9 with
0.25 M phosphate buffer.

The cyclic voltammetric measurements in DMA were carried out in
a VAC HE 43-2 Dri-Lab with M0 40-1 Dri-Train glovebox (Vacuum
Atmospheres Corp., Hawthorne, Calif.). The working electrode was a
platinum disk and the counterelectrode was a platinum coil. A silver
electrode was used as a quasi-reference electrode whose potential was in
turn referenced to the first reduction potential of p-benzoquinone (-0.52

(19) Fan, F.-R. F,; Reichman, B.; Bard, A. J. J. Am. Chem. Soc., 1980,
102, 1488.
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Figure 1. Cyclic voltammograms of ~0.4 mM phthalocyanines in 0.1
M TBAP-DMA at Pt electrode; scan rate 50 mV/s. (a) ZnPc; (b)
AlPcCl,

Table I. Potentials for the First Oxidation and Reduction of the
Metal Phthalocyanines®

potential potential
for first oxidn, for first redn,
phthalocyanine Vvs. SCE Vvs. SCE
AlPcCl 1.15 -0.50
-0.53%
H,Pc 1.10¢ -0.66°
CuPc 0.98°¢ —0.84%
CoPc 0.80 -0.20
0.77¢ -0.37%
ZnPc 0.78 -0.80
0.68¢ -0.89%
MgPc 0.70 -0.95
-0.91%
FePc 0.384

@ The potential taken here is the average of the two peak po-
tentials since the cyclic voltammograms are fairly reversible; ~5
X 107* M solutions of MPc in 0.1 M tetra-n-butylammonium
perchlorate/N, N-dimethylacetamide (DMA). ® From ref 15b;in
N,N-dimethylformamide. € From ref 15a;in 0.1 M tetra-n-
butylammonium perchlorate/1-chloronaphthalene. 4 From ref
15c;in tetraethylammonium perchlorate/ DMA.

V vs. aqueous SCE in DMA). The concentrations of phthalocyanines
were about 3-5 X 107 M.

The absorption spectra of phthalocyanine solutions in DMA or the
phthalocyanine thin film on microscope slides were carried out on a Cary
Model 14 spectrophotometer.

Results

Voltammetric Data in DMA. Typical cyclic voltammograms
of ZnPc and AlPcCl at a Pt electrode are shown in Figure 1.
ZnPc shows three well-defined reduction—reoxidation peaks in the
potential range studied. The peak current ratio of the cathodic
wave to the reverse anodic wave is one. The peak potential
separation is ~60 mV. Moreover, i,/ Av'/2C (where iy is the
peak cathodic current, A4 is the electrode area, C is the MPc
concentration, and v is the scan rate) is ~ 540 pA s!/2 cm™? mM™!
V-172, These cyclic voltammetric parameters show that the first
two reduction waves are reversible, one-electron processes. These
results imply that monoanions and dianions of ZnPc are stable
on this time scale (v = 50 mV/s) in DMA. The first oxidation
wave is also a reversible, one-electron process. AlPcCl shows two
reversible, one-clectron reduction waves. The third reduction, by
its wave shape, apparently involves some adsorption process. The
oxidation of AIPcCl occurs at a fairly positive potential, ~1.20
V vs. SCE. The potentials for the first oxidation and first reduction
for several phthalocyanines in DMA are given in Table I. These
potentials represent the average of the anodic and the cathodic
peak potentials. Since the cyclic voltammograms are fairly re-
versible, these values are probably close to the formal potentials
of the half-reactions. The agreement of our data with previously
reported datal® is fairly good.
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Table II. Summary of the Behavior of the Metal Phthalocyanines on n-WQ, and n-TiQ,¢

WO, TiO,
AlPc* TiOPc  H,Pc CoPc ZnPc  MgPc FePc H,Pc AlPc  ZnPc MgPc
I I 1 | I I I I i I H,0
I I 1 Cl-
I I I I I 1 I I I I Br- oxidn
11 II 1II 1 11 I I 111 11 1 I
111 I I 111 I I 1I 111 I 11 Fe[CN]*"
I I 111 I 1 1I J1E I 11 HQ

I 11 Fe-EDTA?

*redn redn redn no redn* redn redn redn redn redn redn BQ
*redn redn redn redn redn *redn redn redn redn Fe-EDTA" redn
* redn redn redn * redn redn 0,

¢1], type 1 anodic photosensitization behavior (no oxidation of solution species); II, type 2 behavior (partial oxidation of solution species);
II1, type 3 behavior (rapid oxidation of solution species). See text for the meanings of these three types of behavior. An asterisk indicates

that MPc film became detached from electrode.

cathodic

40 uA[curves alc)
10 «A(curves b&d)

—_

12 ! : o'a t 5
.m

anodic

Figure 2. Current-potential curves with a 0.50 M Na,SO,, 0.25 M
phosphate buffer (pH ~6.9), illuminated with a 1.6-mW He-Ne laser
(632.8 nm), phase-sensitive technique being used to record the i~V curves.
(a) WO;-TiOPc electrode without reducing agents other than water; (b)
WO3-ZnPc electrode with 50 mM I~ (¢) WO,-TiOPc electrode with
50 mM K Fe(CN)g; (d) TiO,-AlPcCl electrode with 50 mM K, Fe(C-
N)e.

Current—Potential Behavior of Phthalocyanine-Coated Semi-
conductor Electrodes. Sensitized Photooxidation. The anodic
photocurrent-potential curves for the phthalocyanine-coated
n-WO; electrodes during illumination with light of energy less
than the band gap (E;) of n-WOj; (i.e., X >590 nm) can be
classified into three categories, depending on the phthalocyanine
used and the redox species present in the solution. In the first
category, no sensitized photooxidation of the solution species is
observed. This behavior was found with H,0, CI", and Br™ in
solution with almost all of the phthalocyanines used in this study.
A typical photocurrent-potential curve, shown in Figure 2a, il-
lustrates the behavior of a n-WO;/TiOPc electrode. An anodic
photocurrent, probably due to the photooxidation of the MPc itself,
starts at potentials ~0 V vs. SCE. This anodic onset photopo-
tential, V,,, is close to the flat-band potential (V,), ~0 V vs. SCE,
of n-WOj; electrodes and is nearly independent of the phthalo-
cyanines used in this study. The sensitized anodic photocurrent
reaches a maximum on scanning toward positive potentials at
around 0.10-0.25 V vs. SCE and then decreases to essentially zero
at more positive potentials. The second type of photovoltammetric
behavior is illustrated by Figure 2b. The sensitized photooxidation
of I" at n-WO,/ZnPc and those of hydroquinone and ferrocyanide
by n-WO;/MgPc belong to this category. Different from type
I behavior, type II curves have a significant residual sensitized
photocurrent at potentials positive of the peak potential. In the
third type of sensitized photooxidation, as shown in Figure 2c,
the photocurrent attained a limiting (saturated) level when the
concentration of reducing agent (i.e., supersensitizer) was suffi-
ciently high. For this case, the anodic onset photopotentials were
also close to the Vy, values of n-WO, electrodes. As summarized

1

cathodic 1;—40 nA (curves a,b&c)

| 1 0.1 UA (curve d) /ﬁ
: ! LOOMA [curve ) | |
| 150 LA (curve ¢)

Current

02— -0.4 06 08 1.0 1.2
Potential, Vv vs. SCE

anodic

Figure 3. Voltammetric curves with a 0.50 M Na,SO, containing
phosphate buffer (pH ~6.9), if not otherwise mentioned. A 1.6-mW
He—Ne laser was used as the light source in photoeffect measurement.
Phase-sensitive detection technique was used to record the photocur-
rent-potential curves. (a) WO;-ZnPc electrode with no added reducing
agents; (b) as (a) for TiO;—ZnPc electrode; (¢) WO;-ZnPc electrode
with ~20 mM p-benzoquinone; (d) TiO,~ZnPc electrode with ~20 mM
p-benzoquinone; (e) cyclic voltammograms on WO;-ZnPc electrode in
~20 mM p-benzoquinone in the dark; (f) cyclic voltammograms on
TiO,~ZnPc electrode in ~20 mM p-benzoquinone in the dark.

in Table II, sensitized photooxidation of electroactive species with
redox potentials more negative than that of I by most phthalo-
cyanines used in this study (except MgPc) falls into this category.
The results, summarized in Table II, show that similar sensitized
photooxidation behavior occurs on phthalocyanines coated on
n-TiO, electrodes. However, the anodic onset photopotentials were
shifted to more negative potentials compared to n-WOQ; systems.
As shown in Figure 2d, V, for MPc/n-TiO, electrodes at pH 7
was ~—0.45 V vs. SCE, which is close to Vi, of n-TiO,.
Sensitized Photoreduction. As discussed in previous reports'4#
the phthalocyanines themselves are p-type materials and can thus
produce cathodic photocurrents at more negative potentials. The
cathodic photocurrent—potential curves for the phthalocyanines-
coated n-WOj; or n-TiO, electrodes at potentials negative of V,,
show that the cathodic photocurrent is strongly affected by the
presence of oxidizing agents in the solution (e.g., p-benzoquinone,
Fe(III)-EDTA, O,, etc.). Except for AIPcCl and CoPc, where
the thin films broke easily during cathodization, most phthalo-
cyanine-coated n-WOQO; and n-TiO, electrodes showed higher
cathodic photocurrent than anodic sensitized ones. Several ex-
amples are shown in Figure 3. With no added oxidizing agents
only small cathodic photocurrents were observed at potentials
negative of ~0 V vs. SCE on n-WOQO;/ZnPc electrodes (curve a)
and of ~~0.45 V vs. SCE on n-TiO,/ZnPc electrode (curve b).
The addition of p-benzoquinone (or Fe(III)-EDTA, or O,) into
the solution shifted ¥, to slightly more positive potentials and
enhanced substantially the cathodic photocurrent. The cathodic
photocurrent showed a maximum around the cathodic peak po-
tential, Vi, in the dark cyclic voltammogram. (See curves ¢ and
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Figure 4. The light intensity dependence of the sensitized photocurrents;
0.50 M Na,SO, and 0.25 M phosphate buffer (pH ~6.9), if not other-
wise mentioned; 1.6-mW He-Ne laser (632.8 nm) as the light source.
Curves 1-7: anodic sensitized photocurrent. Curves 8 and 9: cathodic
sensitized photocurrent. (1) WO;-ZnPc; 50 mM K, Fe(CN)y; biased at
0.6 V vs. SCE. (2) WO;~ZnPc; 50 mM Fe(II)~EDTA,; biased at 0.6 V
vs. SCE; no phosphate buffer, pH ~5. (3) WO,-TiOPc; 50 mM Nal;
biased at 0.6 V vs. SCE. (4) WO;-TiOPc; 50 mM K, Fe(CN)g; biased
at 0.6 V vs, SCE. (5) WO;~CoPc; 50 mM p-hydroquinone; biased at
0.6 Vvs. SCE. (6) WO;-H,Pc; 50 mM Nal; biased at 0.6 V vs. SCE.
(7) WO;-H,Pc; 50 mM K, Fe(CN)g; biased at 0.6 V vs. SCE. (8)
WO;-TiOPc; 50 mM Fe(III)~EDTA; biased at —0.7 V vs. SCE; no
phosphate buffer, pH ~5. (9) WO;-H,Pc; 50 mM Fe(III)-EDTA;
biased at -0.7 V vs. SCE; no phosphate buffer, pH ~35.

Table III. Quantum Efficiency of Sensitized Anodic and
Cathodic Photocurrents®

system 0% "% 3, %% 9%
n-WO,-ZnPc/ 6.0x 107 4.0x 102
Fe(CN),*"
n-WO,-ZnPc/ 8.8 x 1073 5.8 x 102
Fe(I)-EDTAf
n-WO, TiOPc/I- 1.5% 107? 1.0 x 107!
n-WO,-TiOPc/ 1.6 X 107? 1.1x 10"
Fe(CN),*~
n-WO,CoPc/ 8.7x 10 6.0% 1072
p-hydroquinone
n-WO,-H,Pc/[~ 2.3 X 10~3 1.5x 1072
n-WO,-H,Pc/ 1.9x 10°? 1.3 x 107
Fe(CN)2-
n-WO,-TiOPc/ 7.5 X 1072 5.0x 107!
Fe(Ill)-EDTA'
n-WO,~H,Pc/ 4.4 x 107 2.9 x 10!
FedIl)-EDTAf

9 0.50 M NaSO, and 0.25 M phosphate buffer (pH ~6.9) as the
supporting electrolyte, unless otherwise noted; 1.6-mW He~Ne
laser (632.8 nm) as the light source. ¢ The incident quantum
efficiency for the anodic sensitized photocurrent. € The incident
quantum efficiency for the cathodic photocurrent. ¢ The
quantum efficiency based on the adsorbed photons by phthalo-
cyanine thin films for the anodic sensitized photocurrent. € The
quantum efficiency based on the adsorbed photons for the
cathodic photocurrent.  No phosphate buffer was used; pH ~5.
£ This quantum efficiency was normalized to the same absorption
(OD of thin film = 0.15), assuming that ¢ was not changed by
small variations of the film thickness.

d.) The decrease in the cathodic photocurrent at potentials
negative of ¥ during scanning can probably be attributed to mass
transfer effects (i.e., the current being limited by diffusion of the
oxidant to the electrode). The extent of this current fall-off was
diminished and the photocurrent was enhanced by stirring the
solution.

Dependence of Sensitized Photocurrent on Light Intensity. The
dependence of the sensitized photocurrent for several redox systems
to light intensity on phthalocyanine-coated n-WQ; electrodes is
shown in Figure 4. Both cathodic and anodic sensitized photo-
current showed a linear dependence with light intensity in most
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Figure 5. Action spectra of anodic sensitized photocurrents (curves 1-6)
and absorption spectra of phthalocyanine thin films (7-9). A 430-nm
cut-on filter was used to cut off higher order harmonics. (1) WO;-ZnPc;
0.50 M Na,SO,, 0.25 M phosphate buffer (pH ~6.9), and 50 mM
K Fe(CN)g; biased at 0.6 V vs. SCE. (2) WO;-TiOPc; 0.50 M Na,SO,,
0.25 M phosphate buffer (pH ~6.9), and 50 mM Nal; biased at 0.6 V
vs. SCE. (3) WO,~CoPc; 0.50 M Na,SO,, 0.25 M phosphate buffer (pH
~6.9), and 50 mM p-hydroquinone; biased at 0.6 V vs. SCE. (4)
WO;~-H,Pc; 0.50 M Na,SO,, 0.25 M phosphate buffer (pH ~6.9), and
50 mM p-hydroquinone; biased at 0.6 V vs. SCE. (5) WO;-MgPc; 0.50
M Na,SO, and 50 mM Fe(II)-EDTA (pH ~5); biased at 0.6 V vs.
SCE. (6) WO;-AlPcCl; 0.50 M Na,SO,, 0.25 M phosphate buffer (pH
~6.9), and 50 mM K,Fe(CN)g; biased at 0.6 V vs. SCE. (7) H,Pc. (8)
CoPc. (9) MgPc.

cases, at least up to the highest proton flux employed in the present
study. These experiments were conducted with a He-Ne laser
(1.6 mW, 632.8 nm) and neutral density filter to vary the light
intensity. Based upon the slopes of the straight lines shown in
Figure 4, the incident quantum efficiency, ¢’, was calculated; these
are summarized in Table III. To allow comparisons, the ¢’ values
are normalized to the same absorbance (0.15), which is close to
the absorbances of most of the phthalocyanine thin films studied
here (~200 A). ¢’ is only slightly dependent on the solution redox
couples for a given phthalocyanine, if type III sensitization be-
havior is fulfilled (compare curves 3 and 4 or curves 6 and 7).
This is reasonable, since type III sensitized photocurrents at
constant light intensity are essentially controlled by the electrode
itself. It is interesting to note that different phthalocyanines show
substantially different ¢’ values for a given redox couple (compare
curves 1, 4, and 7). TiOPc showed the highest efficiencies for
both anodic and cathodic sensitization.

Sensitized Photocurrent—Warvelength Response. The anodic and
cathodic sensitized photocurrent action spectra on phthalo-
cyanine-coated n-WOQ, electrodes are shown in Figures 5 and 6,
respectively. The sensitized photocurrents are corrected for the
number of incident photons (in arbitrary units). Generally, as
shown in these figures, both the anodic and cathodic photosen-
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Figure 6. Action spectra of cathodic sensitized photocurrents. A 430-nm
cut-on filter was used to remove higher order harmonics. (1) WO;-ZnPc;
0.50 M Na,SO,, 0.25 M phosphate buffer (pH ~6.9), and 50 mM
p-benzoquinone; biased at —0.7 V vs. SCE. (2) WO,-H,Pc; same solu-
tion as in (1); biased at —0.7 V vs. SCE. (3) WO;-MgPc; same solution
as in (1); biased at —0.7 V vs. SCE.

sitized current action spectra were close to the absorption spectra
of the phthalocyanine thin films. The positions of the peaks of
the sensitized photocurrents vary significantly with different
phthalocyanines, although their shapes, similar to those of the
absorption spectra, are essentially structureless. Similar results
were obtained for phthalocyanine-coated n-TiO, electrodes.

Discussion

The interpretation of dye-sensitized photocurrents at semi-
conductor electrodes is usually based on diagrams showing the
energy levels of the semiconductors, the solution redox couples,
and the sensitizing dyes, as shown in Figure 7.! The energy levels
are frequently presented on a scale of electrode potentials (vs.
NHE), so that the redox couples are shown at their standard (or
formal) potentials, V°, and the positions of the semiconductor
bands are estimated from the flat-band potentials. A question
arises, however, on the appropriate method of representing the
energy levels of the thin films of the sensitizer (i.e., MPc) on the
electrode surface. If these are considered as equivalent to the
solution species, then these can be estimated from the cyclic
voltammetric potentials for the first oxidation and reduction waves
in an appropriate solvent as given in Table I. Transposition of
these values to aqueous solutions involves an estimation of the
liquid junction potential; such values are shown on the right-hand
side of Figure 7. If the dye layers are closer to the bulk solids,
then these energy levels are more appropriately estimated from
the ionization potential of the solid and the spectral properties.
Most of the ionization potentials reported so far for the phthal-
ocyanines are actually surface ionization potentials, I, which
perhaps are more useful than bulk ionization potentials in de-
termining the appropriate energy level for rationalizing the
charge-transfer behavior at the semiconductor/phthalocyanine
or the phthalocyanine/solution interface. The surface ionization
potentials of phthalocyanines have been studied by several tech-
niques.!#>!6 The I, values determined from these methods show
some scatter but usually agreed with each other within ~0.2 V.
The average I, values and the absorption spectra of the phthal-
ocyanines were used to estimate the energy levels shown in Figure
7. Placement of these I, values on the electrode potential scale
required the usual assumption® that 0 V vs. NHE is equivalent
to —4.5 to —4.7 eV vs, vacuum. In the series of phthalocyanines
whose first oxidation potentials involve ligand oxidation!** and
which contain divalent central metal ions, or their equivalents (i.e.,
H,Pc¢, ZnPc, MgPc, and CuPc), the difference between the po-
tential for the first oxidation and I, is ~+0.7 (£0.1) V. This
relation might be useful in estimating I, from the first oxidation
potentials, if the above criteria are fulfilled and similar solvents
are used. A change in the central metal ion from divalent to
trivalent (such as AI3*) or tetravalent (such as Ti**) results in
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Figure 7. Energy levels of oxide semiconductors, phthalocyanine thin
films, redox coules (pH ~6.9), and phthalocyanines in DMA (V vs.
NHE). V° = standard potentials; 4, = surface electron affinity of
phthalocyanine thin film; I, = surface ionization potential of phthalo-
cyanine thin film; E; = conduction band edge of oxide semiconductor;
E,; = band gap of oxide semiconductor; E, = valence band edge of oxide
semiconductor.

a shift in the first ligand oxidation potential to more positive values.
This effect is well known in the oxidation of metalloporphyrins.!%
Note, however, that the surface ionization potentials are relatively
insensitive to the nature and valency of the central metal jons.
In fact the surface ionization potentials shown in Figure 7 suggest
that potentials for oxidation of the different phthalocyanine thin
films are nearly the same. This insensitivity of I, to the central
metal ion is also reflected in the similarity of the anodic photo-
sensitization behavior of the different MPc compounds shown in
Table II and discussed below.

Anodic Sensitized Photocurrent. The three types of anodic
photosensitization behavior shown in Figure 2 and summarized
in Table II can be satisfactorily explained in terms of the relative
positions of the energy levels of phthalocyanine thin films, the
energy bands of oxide semiconductors, and the redox potentials
of the electroactive species in the solution. Consider first the
energy levels of phthalocyanine thin films in terms of 7, and the
surface electron affinities, 4,, which are calculated from I, and
the energy gaps of phthalocyanines. Energetically, as shown in
Figure 7, all phthalocyanines studied here are able to inject
electrons through photoexcitation into the conduction band of
either an n-WO; or n-TiO, electrode. The differences in the
observed photosensitization behavior can be attributed to dif-
ferences in the oxidation rates of the reducing species by the
photogenerated holes at the surface of phthalocyanine thin films.
Thermodynamically, a hole at a potential I, can readily oxidize
a species with a ¥° more negative than I, and will not oxidize a
species with V° much more positive than ;. Intermediate behavior
and perhaps slower electron transfer will be observed if V° =~ [,
These criteria can be used to rationalize the observed anodic
photosensitization behavior as follows. The oxidations of H,0,
ClI, and Br~ are energetically unfavorable for all of the phthal-
ocyanines studied. Even H,Pc, which has the most positive I,
values, still cannot generate holes at a sufficiently positive potential
to oxidize these species; thus type I behavior is found. The ox-
idations of p-hydroquinone and Fe(II)-EDTA are energetically
favorable for all of the phthalocyanines studied, yielding type III
behavior. Between these two extremes are the photooxidations
of Fe(CN)¢* and I". The effects summarized in Table II follow
these energy criteria quite well.
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On the other hand, predictions based on the redox potentials
of the phthalocyanines determined in DMA do not work very well.
For example, AICIPc, TiOPc, and H,Pc would be expected to
sensitize the oxidation of Cl7, Br-, and H,O based on the
MPc/MPc?* potential but they did not.

Cathodic Photocurrent. A mechanism for the anodic and
cathodic photocurrents on H,Pc-coated semiconductor electrodes
has been proposed in a previous paper,'® and will not be repeated
here. The reduction of an oxidizing species in the solution by
photogenerated electrons occurs only when their potentials are
more negative than the V° of the redox species and the potential
of the electrode is sufficiently negative to force these electrons
to the solution interface. The surface electron affinities of all
phthalocyanines used in this study are negative enough to supply
electrons via illumination to reduce the oxidizing agents listed in
Table IT (Fe(1ID-EDTA, BQ, O,). Nonselective reduction, as
expected, was observed. Note, however, that the energetically
possible reduction of protons to H; did not take place, probably
because the overall reaction is slow. Most p-type semiconductors,
e.g., p-GaAs, are not good H,-generation electrodes.!’

Action Spectra and Dependence of the Sensitized Photocurrent
on Light Intensity. The linear dependence of the sensitized
photocurrent on the incident light intensity, I;, implies that the
sensitized photocurrent is proportional to the total rate of pro-
duction of charge carriers G. The expected spectral shapes can
be estimated from absorption data. The rate of carrier generation
as a function of distance, x, from the illuminated surface is
proportional to o exp(—ax), where « is the absorption coefficient
of the phthalocyanine thin film. Since the film thickness, 100-250
A, is of the order of the width of the space charge layer of the
phthalocyanine thin film,!#%¢ it is assumed that the space charge
layer in phthalocyanine extends the whole film thickness. The
total rate of carrier production, G, is thus given by

G = ¢j;dlna exp(—ax) dx = ¢ly[1 - exp(-ad)] (1)

where d is the film thickness and ¢ is the quantum efficiency of

carrier generation. Because the film thickness is much smaller
than the optical penetration depth (for example, even at maximal
absorption, only —15% of incident light was absorbed by the film),
eq 1 can be reduced to

G ~ ¢load = ¢loA (2)
or
G/I, ~ &4 3)

where A is the absorbance of thin phthalocyanine films. Thus,
if G is normalized to the same incident light intensity at every
wavelength, the action spectra of the sensitized photocurrent will
be expected to correspond to the absorption spectra. This is
observed, at least for the general shapes, for both anodic and
cathodic photocurrents.

Conclusion

The foregoing discussion shows that the surface ionization
potentials, I, of the phthalocyanine thin films rather than the
oxidation potentials of phthalocyanines in solution determine the
actual oxidizing power of the photoexcited phthalocyanine mol-
ecules. Thus, attempts at using different central metal ions or
changes in valency to shift I to more positive values for the
sensitized photooxidation of H,O, Br~, and CI” seem rather un-
promising; the I values are rather insensitive to these parameters.

An alternative approach is to modify the phthalocyanine ring
by electron-withdrawing substituents and this is now under in-
vestigation. As found in previous studies with phthalocyanine
materials'*!® the quantum efficiencies for conversion of absorbed
radiation to external current flow are rather low, probably because
of inefficient production or rapid recombination of the charge
carriers. The utilization of MPc sensitization in practical devices
will require significant improvements in these quantum efficiencies.
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Abstract: The photoelectrochemical (PEC) behavior of n- and p-type WSe, single crystal electrodes in aqueous solutions containing
a number of redox couples (Bry/Br-, Fel*/Fe?*, I,/I, Fe(CN)¢*/Fe(CN)¢*, and MV**/MV*, where MV is methylviologen)
was investigated. The results are consistent with a model of the interface where ideal behavior is approached with some couples
but recombination effects are important with others. The characteristics of several PEC cells are described. The n-WSe,/1;
(0.025 M),I" (1.0 M)/Pt cell showed a 0.71-V open circuit voltage, 65 mA/cm? short circuit current, 0.46 fill factor, and
~14% power efficiency under 150 mW /cm? red light irradiation. A rechargeable PEC cell based on the p-WSe,/MVZ*,I"/n-WSe,
system was constructed. Photoproduction of H, and I, with such a cell is also described.

Introduction

The application of semiconductor electrodes to the construction
of photoelectrochemical (PEC) photovoltaic and electrophoto-
synthetic cells has been reviewed recently.! In addition to fun-

(1) (a) Bard, A. I. J. Photochem. 1979, 10, 59. (b) Science, 1980, 207,
139. (c) Wrighton, M. S. Acc. Chem. Res. 1979, 12, 303. (d) Nozik, A. J.
Annu. Rev. Phys. Chem. 1978, 29, 189.

damental studies of the semiconductor/solution interface, in-
vestigations of such electrodes are concerned with the construction
of efficient systems for the utilization of solar energy to produce
electricity or chemical species. The practical application of such
devices depends upon the discovery of inexpensive and abundant
materials with an energy gap which matches the solar spectrum
and which are capable of stable operation in solution over an
extended period. This has led to the investigation of a number
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