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Semiconductor Electrodes XXXIII.

Photoelectrochemistry of n-Type WSe 2 in Acetonitrile

Henry S. White, Fu-Ren F. Fan, and Allen J. Bard

Department of Chemistry

The University of Texas at Austin

Austin, Texas 78712

(ABSTRACT)

The photoelectrochemical behavior of n-type WSeT single crystal electrodes

in acetonitrile solutions containing several redox couple I/1 3  Br- Br3 ,

C-/C13-, thianthrene0 /+, Ru(bpy) 32I+ 
-twas investigated . Electrodes i!iLh Uis-

continuities in the van der Waals' surface show large dark currents and

recombination of electrons with photooxidized solution species. Pretreatment

of such a surface with Cl. passivates these dark active sites and increases

the photocurrent density. The observed photopotentials at WSe for redox

couples uith potentialsVredox , more positive than 0.5 V vs SCE show behavior
I-I .d ed

consistent with Ferni level pinning; the onset potential of photocurrents

increases linearly with increasing Vredox while the photopotential remains

constant. The energy position at which pinning occurs depends on the density

of surface states and the concentration of solution species. The characteristics

of a photovoltaic cell based on the n-WSe2 /Cl, Cl2 -/Pt syseis also described.

(End of abstract)
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INTRODUCTION

The performance of photoelectrochemical devices for conversion of

solar to chemical and electrical energy can be critically limited by

processes occurring via intermediate energy levels at the semiconductor/

liquid interface (surface states). Surface recombination and Fermi level

pinning are two such processes that generally are detrimental to efficient

energy conversion. In either case the photoelectrochemical results are

somewhat different from expectations based on the idealized model (1) of

the semiconductor electrode/solution interface. A number of investigations

of the dependence of potential distribution (2) and charge transfer kinetics (3)

on surface states have been carried out. The surface pretreatment or modifi-

cation procedures can influence the distribution and density of surface states

at energies located within the band-gap and thus cause changes in the electro-

chemical behavior (4,5).

Recently, Tributsch and co-workers have introduced photoelectrochemical

cells based on layer-type transition metal dichalcogenides (5). These and

later investigations (6-11) have shown that the observed photopotentials in

aqueous (5f,9) and nonaqueous (6-8) solutions are smaller than the expectations

based on the ideal junction model. Lewerenz (10), Tributsch (11) and co-workers

have also recently investigated the role of surface morphology on conversion

efficiencies of layered semiconductors in aqueous solutions. We report here

an investigation of n-type WSe 2 electrodes in acetonitrile (iIeCN) solutions.

The effect of the nature of the surface and pretreatment procedures on the
electrochemical response and a photovoltaic cell based on the photogeneration

of chlorine at n-type WSe 2 immersed in a MeCN solution containing Cl-/C12

is described.

. .
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EXPERIMENTAL

Semiconductor Electrodes

N-type WSe 2 single crystals were generously donated by Drs. Barry

Miller and Frank DiSalvo of Bell Laboratories. Electrical contacts were

made to the back of each crystal by rubbing In/Ga alloy into the crystal

to which a copper lead was contacted with silver epoxy cement (Allied

Products Corp, New Haven, Conn.). A clean new crystal face (IC axis) was

exposed by sticking adhesive tape on the front side and gently pulling

off the top surface layer. To obtain electrodes with only the van der Waal's

surface (1-C axis) exposed, a very minute surface area was carefully chosen

that was free from any edges or face defects; these are known to provide

recombination centers (10, 11). Such electrodes are designated "Type S" in

this paper. No electrodes were prepared with only the surface II C axis

exposed, since the crystals were only 'x 1-2 mm thick along this plane and

are difficult to mount without leaking. Electrodes were prepared from

several crystals that had visible edges (discontinuities in the otherwise

smooth van der Waal's plane) exposed to the solution. These electrodes are

designated "Type E." Scanning electron micrographs of Type S and Type E

WSe 2 electrodes are shown in Fig. 1. The surface defects represented roughly

5-10 % of the total surface area of Type E electrodes.

The crystal sides and back and the copper lead were completely covered

with 5-minute epoxy cement; this was then covered with silicone rubber sealent

fl (Dow Corning Corp., Midland, Mich). For long-term stability measurements

involving strong oxidants, such as C12 , the electrode was covered with a pre-

activated photo-cure epoxy cement that is used in dental restorative work

(Caulk Nuva-Fil, D.A., Milford, Del). The exposed areas of the crystal faces,

2in both types of electrodes were between 0.010 and 0.070 cm
r

I
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Unless noted otherwise, before each experiment the electrodes were etched

in 12 M HCI for 15-30 sec, rinsed thoroughly with distilled water and dried

under vacuum for I hr. The electrodes were then stored inside a He-filled

dry box (Vacuum Atmospheres, Hawthorne, Cal.) and used within one day.

Chemicals

All electrochemical grade tetralkylammonium salts were purchased from

Southwestern Chemical Copany (Austin, TX). Tetrabutylammonium perchlorate

(TBAP), tetrabutylammonium bromide (TBABr), tetramethylammonium chloride (TMACl)

and tetrabutylammonium iodide (TBAI) were recrystallized at least twice from

acetone-ether and dried under vacuum for two days. Tetraethylammonium chloride

(TEAC) was recrystallized from MeCN-ether and dried as above. Thianthrene (Th)

(Aldrich Chem.) was either sublimed three times or recrystallized from benzene

twice. Ru(bpy)3(C104)2 was prepared and purified as previously described (12).

After purification the reagents were stored inside the dry box. 12 (Fischer

Scientific Company), Br2 (MCB), and Cl2 (Matheson Gas Company) were used

without further purification. I.eCN was purified and dried as previously

described (13) and stored inside the dry box.

Electrochemical Apparatus

Voltammetric measurements were made in a two compartment cell (30 ml)

equipped with an optically flat Pyrex window. The working and reference

electrodes were separated from the auxilliary electrode, a Pt flag ( 8 cm
2),

by a medium-porosity frit. Along with the semiconductor electrodes the main

compartment contained a Pt disk (0.025 cm 2 ) sealed in glass that was used to

check the purity of the electrolyte and to locate the potential of the ref-

erence electrode with respect to the potential of a known reversible redox

r. couple. The reference electrode was a polished silver wire inside a glass

'i
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cylindrical compartment containing only the supporting electrolyte and

separated from the main solution by a medium porosity frit. All potentials

reported here are referenced to an aqueous saturated calomel electrode (SCE).

Single compartment, two electrode cells, also equipped with optically

flat Pyrex windows, v.ere used as photovoltaic (solar) cells.

The electrochemical cell and solutions were prepared before each experiment

within the dry box. All ground glass joints were sealed with silicone-based

vacuum grease to permit the cell to be removed from the inert atmosphere for

study. When the experiment required opening of the electrochemical cell

outside of the dry box, pre-purified N2 was blown over the top of the solution

until the cell was reclosed.

The cyclic voltammograms were obtained with a Princeton Applied Research

(PAR) Model 173 potentiostat and PAR Model 175 Universal programmer and recorded

on a Houston Instruments Model 2000 X-Y recorder. Capacitance measurements

were mnade using a PAR Model HR-8 lock-in amplifier. Solar cell current-voltage

cjrves were made by measuring the voltage across a variable load resistance

with a Keithly Model 179 TRMS digital multimeter.

The light source used for photoelectrochemical studies was an Oriel Corp.

(Stanford, Conn.) 450 W xenon lamp. A red-filter was used to eliminate wave-

lengths below 590 nm. Neutral density filters (Oriel Corp.) were used to

vary the light intensity. The full, filtered xenon lamp power output was

150 mW/cm2 as measured with an E. G. & G. (Salem, Mass.) Model 550 radio-

imeter/photometer and a Scientech 361 power meter.

RESULTS

Capacitance measurements and cyclic voltammetry in the absence of redox

couple. - Capacitance measurements on several n-WSe 2 electrodes in MeCN

containing only TBAP (0.2 M) resulted in two distinct types of behavior. The

A

I * * : -:. . - ; :... .- -
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capacitance versus potential curve of a Type S electrode, Fig. 2, closely

resembles behavior typical of a fairly large band-gap n-type semiconductor,

where at potentials positive of the flat-band potential, Vfb, the space

charge region is depleted of electrons and contains ionized donors at some

constant concentration (1). This region extends up to potentials of 1.3 V

vs. SCE. At potentials more negative than -0.4 V, the capacitance becomes

constant indicating the onset of degeneracy. The voltammetric behavior of

the same electrode in MeCN-O.2 M TBAP is shown in Fig. 3. In the dark a small

2current, % 0.2 mA/cm , begins at 0.6 V. Under illumination, the photocurrent

begins at 0.5 V and increases steadily at more positive potentials. At 1.0 V,
2

the photocurrent is % 1.0 mA/cm . On the reverse scan, under illumination,

a small cathodic current, , 0.2 mA/cm 2 , begins at 0.0 V. This same cathodic

current is observed if the light is turned off on the reverse scan and increases

with more positive switching not2ntials. The anodic photocurrent and induced

dark current are probably due to the oxidation and re-reduction of the crystal

surface caused by traces of H20 in the acetonitrile (5e). Further purification

of the solvent by addition of Al203 significantly reduced these currents.

The capacitance behavior of a Type E WSe 2 electrode, also shown in Fig. 2,

is typical of electrodes with discontinuities in the van der Waal's surface.

The branch towards negative potentials is similar in shape to the Type S

electrodes. However, at potentials more positive than 0.7 V, the capacitance

increases sharply indicating either deep surface states, inversion of the

space charge region, or the occurence of a faradaic process. As Tributsch

has already pointed out (5e), inversion of the space charge region in a semi-

conductor with a band-gap of 1.4 eV volts is unlikely within this potential

region. If space charge inversion due to thermal activation of electrons

into the conduction band were responsible for this increase in capacitance,

both Type S and Type E electrodes should show this behavior. The voltammetric
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behavior of the same crystal (Type E) in a blank solution is shown in Fig. 3.

A dark anodic current is observed that is approximately five times larger

than on the Type S electrode (compare at 1.0 V). Under illumination, a

photocurrent begins at -0.3 V and is fairly constant until 0.7 V where a

sharp increase in anodic currents begins. The net photocurrent density at

21.0 V is 0.6 mA/cm , which is % 60 % the current density at the Type S

electrode. The Vfb-values and donor densities of these crystals were

estimated from the capacitance measurements. Mott-Schottky plots for the

two crystals described above are shown in Fig. 4a and 4b. The results for

several crystals are summarized in Table 1. Vfb, for WSe2 in MeCN, estimated

by extrapolating to the potential where I/Csc2 = 0, was always in the range

of -0.2 to -0.4 V vs SCE. The apparent donor densities, nD, for Type E

electrodes were 7 to 10 times larger than for Type S electrodes. As can be

seen in the Mott-Schottky plots, the apparent capacitance values were highly

dependent on the frequency of the applied alternating voltage. Frequency

dispersion of the capacitance due to dielectric relaxation should be negligible

in a covalent-tyne naterial like WSe 2. It is possible that the

dispersion observed here is due to small changes in the effective electrode

surface due to corrosion. The values of nD listed in Table 1 are from measure-

ments in the range 500-1000 Hz. A value of 10 for the dielectric constant of

WSe 2  was used in all calculations (16).

Voltammetric behavior of various redox couples at n-WSe2. - Type S and E

1< electrodes showed distinctly different voltammetric behavior. Recall that

HI Type E electrodes are those that have visible edges or discontinuities in

the van der Waal's plane exposed to the solution. These edges have been associated

with the face parallel to the main C axis ( II C axis) (14) where empty conduction

band orbitals are exposed to the solution. The results are summarized in

Tables 2 and 3.
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Oxidation of I- and Br-. - The Type S electrode shows negligible dark

current in the vicinity of I- oxidation on Pt (Fig. 5a). Upon illumination,

the potential for onset of photocurrent, Von, was 0.0 V and attains a satura-

tion current at "- 0.2 V. The chopped light voltammogram clearly indicates

that little back-reaction (reduction of photooxidized products) occurs beyond

the onset potential. The dark current at the Type E electrode in the presence

of I- (Fig. 5b) was smaller (i.e. about one-tenth) than in the blank solution

j. 3 o. V wes 1 0.07 V more neqative than the V at the Type S electrode.
on on

-iS difference in onset potential is approximately the difference in the

• cUred flaL-band potentials for these crystals. The maximimum photocurrent

uur ,ities were about the same for both Type S and Type E electrodes. However,

on scan reversal , a much larger reduction peak centered at -0.07 V was found

with the Type E electrode.

The oxidation of Br- (as TBABr) on WSe 2 followed behavior similar to

that found for I (Figs. 6a, 6b). The Von for the Type E electrode was about

30 mV more negative than for the Type S electrode. A much larger difference

existed, however, in the total photocurrent densities. The current density

at the Type S electrode was about 4 to 5 times larger than that at Type E.

Oxidation of Cl. - The voltammetric behavior for the oxidation of Cl at

the two WSe 2 electrodes are shown in Figs. 7a and 7b. At the Type S electrode,

V on is 0.55 V. Again, no dark current or back-reaction is seen at this electrode.

The oxidation of Cl on the Type E electrode is strikingly different. Von was

0.34V more negative at this crystal. This difference in onset potential can-

not be accounted for by the small difference in flat-band potential (% 50 mV).

The cyclic voltammogram at the Type E electrode shows a large reduction peak

centered at 0.17 V in the dark on scan reversal. This peak probably corresponds

to the reduction of chlorine generated in the dark on the anodic scan. Under

-J
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illumination, this reduction peak occurred a potential about 0.2 V more

negative. No reverse reduction peak was observed in the dark on the Type S

electrode since no dark anodic current flowed. However, under illumination,

a similar cathodic current was observed at potentials more negative than 0.0 V.

Thianthrene. - The voltammetric behavior for the oxidation of thianthrene (Th)

at the two WSe2 crystals is shown in Figs. 8a and 8b. While under illumination,

the onset potential and waveforms are almost identical at the two electrodes;

in the dark a striking difference exists. With the Type E electrode, a large

quasi-reversible peak is located at approximately the same potential as on Pt.

The current density in the dark is equal to the photocurrent density. On the

Type S electrode, no dark anodic current is observed. On scan reversal follow-

ing an anodic scan under illumination, a cathodic peak is observed at both

Type E and S electrodes.

Oxidation of thianthrene in the presence of halide. - The photooxidation

of Th with small amounts of halide species (10-15 mMi) added to the solution

was studied to determine the effect of halide ions upon the photoelectrochemical

behavior of WSe 2. The cyclic voltammograms obtained in the dark at

the Type E electrode in miixed Th/halide solutions is shown in Fig. 9. The

previously observed dark quasi-reversible wave due to Th oxidation and Th!

reduction is noticeably absent in the presence of I, Br, or C. A comparison

of the cyclic voltammograms under illumination of thianthrene alone and with

either I- or Br- in solution shows little change in the peak potentials due

to Th photooxidation. In the presence of CI-, however, these peaks, which

were centered around G.75 V vs SCE, are absent (Fig. 10), and instead a new

pair of oxidation and reduction waves centered at 0.52 V appeared. These

peaks were not present in solutions containing Cl alone and therefore are

assigned to the oxidation and reduction of Th. From these results, it appears



10

that Cl induces a 230 mV shift in V for the oxidation of thianthrene.on

To demonstrate that this effect results from the interaction of C1 with the

surface discontinuities, the experiment illustrated by Fig. 11 was under-

taken. A fresh Type E electrode was prepared and the dark and photooxidation

of Th was observed (curves a, b). The electrode was then removed and dipped

into a AeC, solution of 7.0 mM TEACI in the dark without any external electrical

connection. After 30 sec, the electrode was removed, rinsed thoroughly with

MeCN and placed back into the original Th-containing solution. The resulting

cyclic voltammograms (curves c, d) showed an immediate decrease in the dark

current and a negative shift (,,, 180 mV) of the onset potential for photo-

current. The maximum photocurrent for Th oxidation increased by about 25

followimn; this surface treatment. This improved photocurrent-potential curve

rem:a.ined unctianged for at least 30 min of continuous cycling. When a similar

experirient was carried out with a Type S electrode, no changes in the dark

oxidation current (which was negligible) or the photocurrent was found by a

Cl pretreatment. Note that the decrease in dark current for the Type F

electrode upon treatment with C1 takes place without any possibility of

photooxidation occurring during the exposure of the electrode to C1- so that

the formation of a light-induced complex between the electrode and CI- is

unlikely. The observed effect can be ascribed to interactions of the Cl

with surface discontinuities leading to modification or passivation of these

sites.

Photovoltaic cell based on WSe 2 /Cl , Cl2 , (MeCN)/Pt. - Schneemeyer and

Wrighton have previously reported photovoltaic cells based on the generation

of Cl2 at illuminated MoS2 (6) and !oSe 2 (7) in MeCN. Similar cells employing

Type S WSe 2 photoanodes were constructed to test the efficiency and stability

of this material. The i-V characteristics for several electrodes in cells



saturated with TEACI and with Cl2 bubbled through the solution are shown in

Fig. 12. The open circuit photovoltage, Voc, and short circuit photocurrents,

isc, for several electrodes are listed in Table 4.

At low photovoltages the photocurrents at several electrodes appear

remarkably high, representing quantum efficiencies of 1 (or even more) under

short-circuited conditions. A sharp drop in photocurrent (-. 30-40%) is observed

with increasing load resistance in the first 100 mV of the photo i-V curve

(Fig. 12). To determine if these unusually high currents are due to a photo-

induced carrosion process, a WSe2 crystal (11.5 mg) was placed in contact with

a Pt electrode and immersed in a 2.0 M TEAC solution saturated with Cl2. After

60 hours under illumination ('u 80 mW/cm 2) the crystal remained unchanged with no

weight loss (± 0.1 mg). While this experiment may not reproduce the actual

conditions of a PEC cell, photo-induced corrosion does not appear to be the

major cause of the high short circuit currents. Other causes for this result,

such as the focusing or scattering of the incident radiation onto the very small

area electrode by the surrounding glass or sealant to cause a higher effective

light flux on the electrrde have been considered. Probing experiments with

the small beam of a He-Ne laser show that this is a small effect. At this

time, the actual cause of these anomalous currents is unclear.

Voc depended strongly upon the amount of Cl2 bubbled through the solution.

The highest V -values listed for the 1.9 M Cl- solutions (Table 5) were pro-oc

duced by optimizing the Cl/C12 ratio. No attempt was made to measure exactly

the amount of Cl2 dissolved in the solution. As shown in Fig. 13, V drops

considerably as excess C12 is added to the solution. In a regenerative photo-

cell with an inert metal electrode and without an external power supply the

photcrurrent can be limited by either processes at the photoanode or at the

metal cathode. Thus, at low concentrations of Cl 2 the photocurrent was

limited by mass transfer to the platinum cathode, while at high Cl 2 /Cl- ratios, the

)-



12

photovoltage was limited by the solution redox potential (as discussed below). When

the photocurrent did not increase with higher concentrations of Cl- or Cl 2 ,

addition of Cl to the solution increased Voc* The i sc-value increased

steadily with Cl- concentration up to 1.6 M. Additional increases in Cl-

concentration had no effect upon i sc or Voc*

In a 1.9 M Cl solution, Voc approached a constant maximum value at

light intensities a 30 mW/cm 2. The short-circuit photocurrent increased

linearly with light intensity up to 120 mW/cm 2 , where it also reached a satura-

tion value.

Irradiatioi of the WSe2 photoanode with the full output from a 450 W xenon

lamp (> 590 nm and IR filtered) focused onto the electrode surface yielded

the i and V -values listed in Table 4. Maximum power efficiencies under these
SC oc

conditions were estimated to be 7 to 10.5 %. No attempts were made to correct

for solution absorption or reflections at the cell windows or electrode surface.

However, since the same photocurrent was found at nu 80 % of this light intensity,

the power efficiencies at lower intensities would be -, 2 i higher.

The stability of n-WSe 2 (Type S) aqainst possible attack by Cl2 generated at the

surface was tested by allowing the photovoltaic cell to run for several hours (Fig. 14).

After 7 hours, the short-circuit nhotocurrent had decreased by - 4% from its original

stable value of 146 pA. This c() responds to 3.7 coulombs of charge passed which

represents an amount of charge sufficient to consume an appreciable part of the

10 rig crystal, if corrosion were occurring. The electrode surface appeared

unchanged after 7 hours.

DISCUSSION

Dark and photocurrents. - The large differences in dark currents on

the Type S and Type E electrode can be understood by a modified model used by

Gerischer et al for dark currents on MoS 2 (14). In this model, the d-orbitals

I
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parallel to the C-axis, in addition to forming the conduction band in the

bulk material, are assumed to provide surface states at discontinuities of

the Type E electrode at energies in the upper part of the band-gap (11).

Facile electron transfers can take place from the electroactive species into

the conduction band via these mediating d-orbitals. When the exposed surface

is free from edges, the layer of Se atoms blocG overlap between the conduction

band and molecular orbitals of the species. In this case, electron transfer

in the dark via the conduction band is allowed only by thermal excitation

or by tunneling. This model seems to fit the behavior found for th: oxidation

of Th at WSe 2. In the dark, a small current (< 0.2 mA/cm 2) is observed on

the Type S electrodes. This dark current is no larger than the current

observed for the same electrode in a solution containing only supporting

electrolyte (0.2 M TBAP). At the Type E electrode, a large, mass-transfer-

limited, dark current is observed for Th oxidation indicating that the

current is not controlled by the number of dark oxidation sites on the

crystal surface. Under illumination, both electrodes show similar voltaimetric

resporses, with slightly higher photocurrents observed on the Type S

electrode. Thus for the Type E electrode, the existence of the surface

states allows Fermi level pinning and electron transfer to occur at potentials

close to the standard potential of the redox couple. However, for a Type S

electrode, there are much lower densities of surface states near the conduc-

tion band. Fast electron transfer reactions do not occur in the dark for

couples with potentials much more positive than the flat-band potential.

However, even with Type S electrodes, Fermi level pinning at the bottor, part

of the band gap may occur, as discussed later.

The photooxidation of halide species shows a slightly more complicated

behavior. At the Type S electrode, the dark anodic current in the presence

of hdlides is about the same as the small dark current observed in a solution

,-!
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containing only supporting electrolyte. However, at the Type E electrode,

the dark current in the presence of halides is much smaller than that in the

blank solution. Tributsch et al have previously proposed an interaction of

I- with the surface in aqueous solutions (5f). The decrease in the dark

oxidation currents on the Type E electrode on the addition of halide ions

similarly suggests a strong interaction of I , Br, and C1 with the surface

states, composed of empty d-orbitals along the exposed edges, deactivating

these previously dark active sites. This is confirmed by the decrease in the

dark currents for Th oxidation (and Tht reduction) by the addition of I-,

Br, or C!

The total ohotocurrent densities for the oxidation of Cl or Br are

3 to 5 times larger at the Type S electrode. Apparently while the dark active

sites at the exposed edges are ineffective for the dark oxidation of Br- or

Cl, they remain rather efficient at trapping electrons and reducing photo-

generated Cl2 and Br The total photocurrent density for the oxidation of

I at the two electrodes was approximately the same.

The difference in behavior between Br- or Cl- and I- probably reflects

fne stronger interaction of I with the electrode surface. The decrease

in background current after treatment with halide (compare the dark currents

at Type E electrode before and after addition of I-, Br-, Cl-) is important,

since this current is presumably caused by oxidation of the surface lattice

in the presence of trace amounts of H20 in the acetonitrile (5e). Suppression

of the crystal oxidation is equivalent to stabilization of these photoanodes

and may be the reason for the stability observed in the aqueous iodide (5e,9)

and nonaqueous chloride (6,7) cells employing layered materials. Further

experiments are necessary to demonstrate if the halide pretreatments are

sufficient for long term stability.
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Photopotentials. - From differential capacitance measurements, Vfb of

n-type WSe 2 (both Type S and E) in MeCN/TBAP alone was -0.3 ± 0.1 V vs SCE

(Table 2). The band-gap of these samples, determined from the action spectrum,

is - 1.4 eV. After correction for the difference between Fermi level and

the conduction band edge, this places the edge of the valence band at % 1.0 V

vs SCE. This is in good agreement with the flat-band potential of p-type WSe 2,

+ 1.0 V vs SCE, measured in MeCN (15).

The difference in potential for oxidation at Pt and illuminated WSe2

(i.e. the photounderpotential) vs the standard potential for several redox

couples is shown in Fig. 15. The standard potentials taken for I , Br, and

C1 are the average of the reduction and oxidation peak potentials at Pt.

The V for I and Br is approximately 0.2 to 0.3 V positive of the measured
on

flat-band potential. This positive value of V onsuggests recombination is

occurring and this can be attributed to the band of surface states lying

directly below the conduction band edge.

For couples with standard potentials more positive than 0.5 V vs SCE

(Cl-/C12, Th/Th
+ , Ru(bpy)32 +13+ ) the photopotential (V"-Von) become almost

constant at a value of % 0.4 to 0.5 V. This limiting value can best be

understood by Fermi level pinning (2a) at surface states located approximately

0.5 eV above the valence band edge. Von for redox couples with V' more pos-

itive than 0.5 V vs SCE should increase linearly with increasiig V . For

couples with V at potentials negative of the surface stdte level (, 0.5 V),

r Von is constant and the photopotential should increase as V' becomes more

positive, as seen in Fig. 15. Further evidence for the presence of surface

states is the highly dependent nature of the photovoltage developed in the

n-WSe 2 /CI-,C12 (MeCN)/Pt cell upon the C12/Cl- ratio (Fig. 13). Based on

the ideal model of the semiconductor-solution interface (1), V should be
on

at Vfb and the Pt electrode would be poised by the redox couple so that a
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higher photovoltage is expected with higher C12 /C1- ratios, i.e. a higher

C12 /C- shifts the solution redox potential to more positive values while the

band-edges remain unaffected. However, the experimentdl results do not

conform to this behavior. Upon addition of Cl2, Voc actually decreases (see

Fig. 13). This could be attributed to a higher surface recombination rate

at the higher Cl2 concentration.

The shift in onset potential for Th oxidation at the Type E electrode

in Che presence of Cl- can also be explained by Fermi level pinninq as shown

in Scheme I (a). As the applied potential is biased in a positive direction,

Cl2 is initially generated and the Fermi level is pinned at the redox potential

of C]2/Cl- or, more likely, somewhere between the V's of the two redox couples.

The result should be a more negative onset potential for thianthrene oxidation

as is observed in Fig. 10. I-/I2 does not affect the onset potential for

thianthrene oxidation, since at the potential where the Fermi level is pinned,

i.e. at the standard potential of I-/I2 , the valence band edge and the bottom

surface states are well beyond the potential of Th/Th! (see Scheme I (b)).

CONCLUSION

The results presented here indicate that the surface morphology of

WSe 2 single crystals is a critical factor in determining their performance

characteristics in photoelectrochemical cells. Both the photocurrent and

photovoltage are dependent upon the discontinuities in the surface plane.

The application of layer-type semiconductors towards efficient solar conversion

devices will depend upon the ability to passivate recombination centers located

at these surface discontinuities. Halide pretreatment can imnrove the photo-

response for the oxidation of thianthrene. Surface pretreatments with other

electron-donating species may passivate recombination to a larger degree and
r

' is under investigation. The correlation of the density of surface states

i

..
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(surface discontinuities) with the observed photopotential lends support to

the role of Fermi level pinning (2). Further results are required before an

unambiguous relationship can be drawn between the density of surface states

and the observed photopotential.

The stability and efficiency of the nonaqueous n-WSe 2/Cl ,Cl2 /Pt photo-

voltaic cell confirm the original predictions of Tributsch (5a) on the performance

of layered materials.
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TABLE 1

Estimates of Flat-band Potentials and Donor

Densities for n-WSe 2

Crystal Vfb' nD'
-3

V vs. SCE cm

IlSe,,

Type S -0.22 1.3 X 1018

-0.36 2.0 X 1018

-0.42 1.8 X 1018

Type E -0.26 8.5 X 1018

-0.4 * 5.6 X 1019

*Measured vs. Ag quasi-reference electrode and

corrected to SCE with accuracy of nu ± 0.1 V.

r*1
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TABLE 3

Comparison of Current Densities at Type S and Type E

WSe2 Electrodes in Solutions Containing Various Redox Couples

Currenta , mA/cm

Redox Couple Tyne S Type E

Dark a Illuminated Dark Illuminated

< 0.1 0.66 < 0.1 0.71

Br < 0.1 5.0 < 0.1 1.I

Cl < 0.1 6.0 0.1 2.0

Th < 0.1 3.2 2.4 2.4

(a) Dark current measured at potential of oxidation peak on Pt.

Photocurrent measured at peak potential for Type E electrodes.

Measured at current plateau for Type S electrode except for Br-

where 1photo was measured at 0.8 V.

,1
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SCHEME I

(a) (b)

- --- - 1/2

E S.S.
EF + - - C1/1 2

- Th/Tht h/h

E v S.S.no photooxidation of Th

facile photooxidation of Th

Ec = conduction band edge

E F = Fermi level

E = valence band edge

S.S. surface state
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FIGURE CAPTIONS

Fig. I Scanning electron micrographs of WSe2 electrodes: (a) Type E;

(b) Type S. Magnification X 100.

Fig. 2 Differential capacitance curve for Type E and Type S WSe 2 electrodes

in MeCN containing 0.2 M TBAP. Scan rate, 5 mV/sec; applied AC voltage,

5 mV RMS. Frequency, 1000 Hz.

Fig. 3 Voltammetric behavior of Type S and Type E electrodes in 1eCJ - 0.2 M

TBAP. Scan rate, 100 mV/sec, except for chopped light scans, 10 mV/sec.

Fig. 4 Mott-Schottky plots of (a) Type S and (b) Type E WSe2 electrodes in MeCN -

0.2 4 TBAP. (0) 200 Hz, (A) 500 Hz, (F) 1000 Hz.

Fig. 5 Voltammetric behavior of iodide in rleCN containing 0.2 M TBAP and TBAI.

(a) Type S; [1-], 10 mM; (b) Type E; [I-], 15 mni. Scan rate, 100 mV/sec,

except for chopped light scan at 10 nV/sec.

Fig. 6 Voltammetric behavior of bromide in HeCN containing 0.2 M TBAP and 10 mM

Br- (a) Type S; (b) Type E. Scan rate, 100 mV/sec except for chopped

light scan at 10 mV/sec.

Fig. 7 Voltammetric behavior of chloride in MeCN containing 0.2 M TBAP and 10 m4

Cl- (a) Type S; (b) Type E. Scan rate, 100 mV/sec except for chopped

light scan at 10 mV/sec.

Fig. 8 Voltammetric behavior of thianthrene in acetonitrile solution containing

0.2 M TBAP and 5 mM Th. (a) Type S; (b) Tyne E. Scan rate, 100 mV/sec

except for chopped light scan at 10 mV/sec.

Fig. 9 Effect of bulk halide on dark currents at Type E n-WSe2 electrode.

H (a) 5 mM thianthrene (Th); (b) 5 mP' Th and 15 mM TBAI; (c) 5 mMl Th and

10 mMi TBABr; (d) 5 mM and 10 mM TMACI. Scan rate 100 mV/sec. 0.2 i

TBAP as the supporting electrolyte.

rJ

| .
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Fig. 10 Effect of chloride on photooxidation of thianthrene; 5 mnM Th, 10 mi

TEAC1 and 0.2 M TBAP in acetonitrile solution. Solid lines indicate

dark current; broken lines indicate photocurrent; same conditions of

Th and CI- in mixed solution.

Fig. 11 Effect of dipping Type E n-WSe2 electrode into 7 mM1 TEACI solution.

(a) Dark oxidation of 5 mM Th on untreated electrode. (b) Photooxidation

of 5 mM Th on untreated electrode. (c) Dark oxidation of Th after Cl

treatment. (d) Photocurrent after Cl- treatment.

Fig. 12 Performance characteristics of n-WSe2/Cl- (sat'd), Cl2/Pt photoelectro-

chemical cells. 450 VI Xe lamp fitted with a 590 nm cut-on filter used

as light source. Power of focused light at electrode surface, 150 mW/cm2.

Fig. 13 Effect of Cl and Cl2 concentration on open-circuit photovoltage, Voc,

and short-circuit photocurrent, i sc. Electrode area, 0.011 cm

Light source as in Fig. 12.

Fig. 14 Short-circuit photocurrent of WSe 2/CI- (1.9 M), Cl2/Pt DEC cell as

2function of time. Electrode area, 0.015 cm

Fig. 15 (a) Comparison of photopotentials developed at Type S (0) and Type E (A)

WSe 2 electrode for several redox couples in MeCN. (b) Comparison of onset

potential of photocurrent at Type S (0) and Type E (A) electrodes for

several redox couples in MeCN.

(.
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