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Abstract

The amino acid Cysteine, which plays a significant role as a charge transfer bridge, e.g. in redox proteins like
Ferredoxin or Mo-Nitrogenase and in artificial systems like Self Assembled Monolayers (SAM’s) on gold, was
adsorbed on both, natural and synthetic molybdenum disulfide and the changes were studied with combined
photoelectrochemical and microwave conductivity techniques. In contrast to pyrite (FeS,), where modification with
cysteine enhances the electrochemical corrosion, with molybdenum disulfide this is not the case. It was found that
cysteine chemically interacts with both dangling bonds of molybdenum on edge sites as well as with d2 orbitals of
molybdenum that protrude through the van der Waals surface. The interaction with the edge sites leads to a
decrease in dark current and hydrogen evolution activity. In inert electrolyte the interaction with the van der Waals
surface leads to a decrease in decomposition-photocurrents due to the action of cysteine as a recombination centre
for charge carriers. If, however, a reducing agent such as hydroquinone/quinone or hexacyanoferrate is added,
photocurrents increase because the adsorbed cysteine now acts as charge transfer bridge and no longer as a
recombination centre. This is supported by a significantly increased microwave conductivity indicating increased

charge carrier lifetime.

1. Introduction

Cysteine is an amino acid (Figure 1), which plays a
significant role in biological electron transfer related to
energy conversion catalysis. It, for example, acts as an
electron transfer bridge for the Fe S, cubane cluster of
the Ferredoxin and several other redox proteins [1, 2]. In
biosensors cysteine is used as a coupling chain between
the inorganic and biological component. It adsorbs with
its thiol group on gold and forms Self Assembled
Monolayers (SAM’s). With its other functional groups it
immobilizes redox proteins like Copper—zinc superoxide
dismutase (SOD) and acts as a charge transfer chain
between the metal and protein [3] or it is capable of
promoting redox reactions e.g. of Hydrochinone with
Gold [4]. Adsorbed on Titanium dioxide cysteine is able
to enhance the reduction of heavy metals along with the
destructive oxidation of organic compounds [5, 6] which
involves, in both cases, charge transfer via the amino
acid. The effect of cysteine on FeS, (pyrite) surfaces has
been studied in some detail with photoelectrochemical
techniques [7]. It was observed that in the presence of
cysteine, the anodic dissolution of pyrite is enhanced.
The interaction of sulphide oxidizing bacteria (Acidi-
thiobacillus ferrooxidans) with pyrite in the presence of

cysteine has also been investigated [8], where the amino
acid can enhance the availability of FeS, as an energy
source for these bacteria.

In this study, the interaction of cysteine with molyb-
denum disulfide crystals should be investigated to
achieve deeper understanding, how this amino acid
channels charge carriers. If cysteine interacts with the
van der Waals surface of this semiconductor a change in
interfacial charge transfer could be expected, because
the photocurrent flows over these plains [9]. Since
photoelectrochemical current voltage curves do not
allow a distinction between changes in interfacial
electron transfer rate and changes in surface recombi-
nation rate, photo-electrochemical studies were com-
bined with light induced microwave conductivity
studies. This technique has been described in the
literature [10, 11]. Simultaneous measurements of the
potential dependent photocurrents and the potential
dependent photo microwave conductivity (PMC) reveal
additional information on the photoelectrochemical
system. The microwave conductivity technique provides
a signal proportional to the integral over the number of
photogenerated minority carriers Ap(x) (here all formu-
lated for a n-type semiconductor) in the semiconductor
with the thickness d (1.1). S is a sensitivity factor with
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Fig. 1. L-cysteine in its general configuration.

the dimension [cm?]. The measured PMC signal can be
related under certain assumptions (in this case low
interfacial charge transfer and low surface recombina-
tion velocity) to the charge transfer rate k, and the photo
current I, (1.2):

d
PMC = S/ Ap(x)dx (1.1)
0
ke L
®(AU) °PMC (12)

®(A) is a function which reflects the minority charge
carrier profile in the space charge layer. For a detailed
treatment of the theoretical background of microwave
reflection measurements at semiconductor-electrolyte
interfaces see e.g. [12] and [13]. Qualitatively the PMC
signal shows whether the minority carriers accumulate
due to a low charge transfer and surface recombination
rate constant or whether the minority carriers are
depleted under anodic polarization. It is expected that
studies on cysteine—metal sulphide interaction will
provide deeper knowledge towards charge transfer
processes via cysteine. Understanding these processes
is important regarding applications for new innovative
catalytic centres, interfaces and sensors based on charge
transfer via cysteine.

2. Experimental

Natural n-type molybdenum disulfide was obtained via
SPI supplies, (http://www.2spi.com/), from a Canadian
mine. Synthetic n-type molybdenum disulfide was grown
by close space vapour transport. Halogens were used as
transport agents and stoichiometric quantities of the
elements or the powdery compound itself were used as
starting materials [14].

The back contact of the electrochemical cell was made
by platinum paint from SPI supplies (sometimes silver
epoxy resin was used) and the electrode encapsulated
with epoxy resin (Araldit rapid) or silicone (scrintec 901)
(Figure 2).

Electrolytes were prepared in with milli-Q water (18 M
Q cm). For measurements free of redox system an

illumination
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Fig. 2. Photoelectrochemical cell for combined photocurrent-micro-
wave reflection measurements.

electrolyte with 0.5 M K,SO4 (Merck, p.a.) was used.
For measurements with the redox systems Ks[Fe(CN)g]/
Ky4[Fe(CN)g] (both from Merck, p.a.) or Quinone/
Hydroquinone (both from Janssen chemika, p.a.) the
redox agents were dissolved in 0.5 M K>SOy solution.

To modify the crystals they were dipped in 0.08 M
L-cysteine (Fluka, Mikro select > 99.5) solution and
left under Nitrogen atmosphere for 14-18 h. The
modified electrode was cleaned with milli-Q water.

The combined photocurrent-microwave reflection
measurements were performed with 70 Hz chopped
illumination through a light guide from a 450-Watt
Xenon Lamp (8.6 mW cm™2) or a Schott KL 1500 LCD
with a 150 Watt Osram HLX halogen lamp
(7.3 mW cm ™). Monochromatic illumination came
from a 626 nm LED. The microwave radiation was
sent via a wave-guide to the bottom of the photoelect-
rochemical cell (Figure 2). For a detailed setup sece e.g.
[10]. The Potential was controlled in a three electrode
setup with a SCE (saturated calomel electrode) as
reference electrode and a platinum counter electrode.
Scanning rates were in the order of 520 mV s '.
Photocurrent (via a potentiostat) and microwave reflec-
tance signals (via a rectifying microwave diode) were
extracted by Lock-In technique.

A sequence of measurement was carried out as
follows:

— First the dark current of the freshly cleaved crystal
surface was recorded after several potential pres-
cans.

— Then the photocurrent and microwave reflection
were recorded under illumination.

— After the modification (mostly several hours), the
measurements of the dark and photocurrent and the
microwave reflection were repeated.

3. Results and discussion
3.1. Dark current measurements:

Plain cyclic voltammograms of MoS, without a modi-
fied surface showed that decomposition products such as



oxomolydates (mainly and) can appear at redox poten-
tials around —-500 mV vs. SCE. The origin of a
commonly appearing broad reduction peak at 0 to
—-200 mV vs. SCE (Figure 4) is presumably not a
sulphur/sulphide reduction peak in contrast to pyrite
[7]. No PbS was formed upon addition of Pb(AC), and
no H,S found in the applied potential range with
differential electrochemical mass spectroscopy (DEMS)
measurements. H,S evolution was only noticed after
long (1 min) polarization under high anodic potentials
(1.5-2 V vs. SCE). This is a significant difference to the
electrochemical behaviour of FeS, [7] and to the
molybdenum disulfide isostructural compounds tanta-
lum disulfide and titanium disulfide which liberate high
quantities of H,S even under low anodic prepolarisa-
tion.

The standard potential £, = —-340 mV vs. NHE at
pH = 7 [15] of the redox reaction cysteine/cystine
depends strongly on the pH, electrolyte medium and
electrode material [16, 17]. No oxidation wave to cystine
was observed at cysteine modified MoS,. When natural
MoS, was treated with cysteine the anodic corrosion
current was reduced as Figures 3, 4 show. This can be
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Fig. 3. Cyclic voltammogram of an unmodified (—) and a modified
(- -) natural crystal where only the edged planes parallel to the c-axis
where exposed to 0.5 M K,SOy electrolyte (scan rate 20 mV s™').
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Fig. 4. Cyclic voltammogram of a natural crystal in 0.5 M K,SO4
electrolyte before (—) and after (- -) modification (scan rate 50 mV
-1

sT).
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attributed to the reduction of surface states and the
inhibition of the anodic dissolution of the crystal. When
synthetic MoS, was treated with cysteine the dark
current stays mainly the same because the crystal surface
is nearly ideal and only few surface states exist (no figure
shown). In molybdenum disulfide surface states origi-
nate from unsaturated bonds at the crystal edges
(Figure 5). These so called dangling bonds appear as
interband energy states located around the Fermi level
and are able to trap charge carriers and exchange them
with an electrolyte (Figure 6). Cysteine interacts with
these bonds especially with those of the molybdenum
and saturates them (Figure 5). This leads to a chemical
bonding and results in a passivated edge, reduced
surface state density and consequently in a lower dark
current. A proof for the interaction of these dangling
bonds with cysteine can be derived from modification of
crystals of different surface quality. If a crystal with a
low quantity of imperfections and thus few surface steps
is used (which can be determined with an optical
microscope) the effect of the modification on the dark
current is relatively low, despite the small reduction of
the dissolution of the natural sulphide (Figure 4). In
contrast to this, crystal surfaces with an optically
observed high density of imperfections exhibit higher
dark currents. The extreme case when the surface
parallel to the c-axis, which consists only of sulphur
and molybdenum dangling bonds, was exposed to the
electrolyte is shown in Figure 3. The decomposition
current starting at potentials around 700 mV vs. SCE is

van der Waals surface
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Fig. 5. MoS, structure and possible modification places for cysteine.
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Fig. 6. Band diagram for the charge transfer via the surface states.
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reduced. The suppression of the decomposition current
itself is based on the blocking of adsorption sites for
water and hydroxyl groups. The dissolution of MoS,
starts with the adsorption of water or hydroxyl groups
at Mo(IV) dangling bonds. On the cathodic half cycle
hydrogen evolution, starting from —700 mV or lower, is
reduced which again finds its origin in the blocking of
adsorption sites for water.

3.2. Photocurrent measurements in inert electrolyte:

Capacitive surface photovoltage measurements revealed
a modification through cysteine by identifying a quench-
ing of the photovoltages lower than the bandgab (inset
in Figure 7). This implies an interaction of the thiol with
the layered semiconductor and can be ascribed to the
reduction of surface state density, which accounts for
the appearance of sub-bandgap photovoltages.

In the first series of experiments under illumination
only an inert conducting salt was used in the electrolyte.
Through this precondition the effect of cysteine on the
photocorrosion current could be investigated. In this
case all resulting photocurrent can be attributed to the
photodissolution of the van der Waals surface with
preferences for the edge sites because no redox system is
provided for capturing of the charge carriers [18]:

MoS; + 18h* + 12H,0 — MoOj ) + 2505~ +24H*

The mechanism of the anodic (photoinduced) disso-
lution involves several steps and starts with the change
of the molybdenum oxidation state from Mo(IV) to
Mo(V) at edge sites on the surface. Water or hydroxyl
groups (depending on pH) adsorb to the metal and the
dissolution starts step after step [19].

After the modification the photocorrosion current was
reduced (Figures 8 and 9). Chemisorbed cysteine inhib-
its the attack and thus the destructive photoreaction.
One would be inclined to associate this fact with an
increase of charge carriers in the molybdenum disulfide,
which would be detectable in the microwave reflection.
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Fig. 7. Photovoltage measurements of a natural MoS, crystal (—8—
freshly cleaved crystal, —e— cysteine modified crystal).
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Fig. 8. Decomposition photocurrent (—o—) and microwave reflec-
tion (- -o0- -) before and after (— [J—), (- - [J- -) the modification
of a natural crystal with cysteine in 0.5 M K,SOy4 (scan rate 20 mV
s~!, lamp: Schott KL).
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Fig. 9. Decomposition photocurrent (—o—) and microwave reflec-
tion (- -o- -) before and after (— [J—), (- - [J- -) the modification
of a synthetic crystal with cysteine in 0.5 m K,SO4 with 0.005 m
H,SOy (scan rate 20 mV s~', lamp: Schott KL).

But as both figures show, the microwave reflection was
lower, which corresponds to a reduced concentration of
charge carriers within the semiconductor. On first sight
this result cannot be comprehensively explained only by
the modification of the crystal edges. If one takes into
account that cysteine acts as a charge transfer chain in
nature and biosensors, this results can be described by
the capture of holes through the amino acid at the van
der Waals surface (Figure 5). Since the photocurrent
flows through the van der Waals surface [9] minority
carriers must be collected there. This leads to the
preliminary conclusion that cysteine interacts with two
different bonding sites of the chalcogenide. One weak
one (physisorption) at the d: orbitals protruding
through the van der Waals surface [20] where the holes
of the n-semiconductors are captured. The other bond-
ing site is the chemisorbed species at the edges of the
crystal at the dangling bonds, through which the dark
current is channelled. The cysteine interaction with the
semiconductors d2 orbitals apparently extracts holes
from the valence band and forms an adsorbed interme-
diate cysteine radical [5] thus lowering the available



holes for the photocorrosion reaction and the amount of
free charge carriers in the semiconductor (Figure 10).
Simultaneously the recombination increases because the
highly reactive positive charge at the semiconductor
surface promotes the quenching of excited electronic
charge carriers. The charge carriers are subject to a high
“surface” recombination in the cysteine molecule, which
manifests itself in a reduced microwave reflection. This
result is consistent with the reduction of the photovolt-
age response which identifies higher recombination rates
of still hot exited charge carriers towards higher photon
energies of modified MoS, (Figure 7). The fact that
cysteine can interact with two different bonding sites of
MoS, could also explain the different TDS (thermal
desorption spectroscopy) and FT-IR spectra for the
modification of molybdenum disulfide with Methylthiol
by Mauge et al. [21, 22].

3.3. Photocurrent measurements with redox electrolyte:

By adding a redox couple to the electrolyte all resulting
photocurrents are not attributed to the dissolution of
the disulfide anymore but, in the case of n-type
semiconductors to the reduction of photogenerated
holes by the reduced form of the redox couple. In the
case with a relatively low concentration of redox agent
(0.1 M), which still implies low charge transfer and
accumulation of charge carriers at the interface (re-
flected in the microwave signal), cysteine interestingly
enhances both the photocurrent and the microwave
reflection (Figures 11 and 12). A good example is shown
in Figure 12 where a poor charge transfer and a high
accumulation of charge carriers were observed at a
synthetic crystal. Through the cysteine modification
both the photocurrent and the microwave reflection
were enhanced. This effect provoked by cysteine can be
interpreted as follows: the holes are drawn out from the
space charge surface onto the amino acid and are, under
these conditions, reduced through electrons offered by
the redox couple. The charge transfer between the
semiconductor and the reducing agent is assisted by the
modification, which results in a higher photocurrent.
The increase of the microwave reflection can be inter-
preted as a loss of recombination centres for photogen-
erated charges, which leads to a longer lifetime and an
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Fig. 10. Band diagram of the cysteine-MoS, interaction under illu-
mination.

1345

L 40x10°

- 30

- 20

Johoto /MACM
/\/ UOIJO3|§81 SABMOIOIW

T T T T T T
-04  -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage vs. SCE IV

Fig. 11. Photocurrent (—o—) and microwave reflection (- -o- -) be-
fore and after (— [J—), (- - [J- -) the modification of a natural
crystal with cysteine in 0.5 M K,SO4 with 0.1 m K;3/K4[Fe(CN)g]
(scan rate 20 mV s™', xenon lamp).
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Fig. 12. Photocurrent (—o—) and microwave reflection (- -o- -)
before and after (— [J—), (- - [J- -) the modification of synthetic
crystal with cysteine in 0.5 M K,SO, with 0.1 m Hydroquinone (scan
rate 20 mV s, light intensity of 626 nm LED: 0.9 mW cm™).

accumulation of holes in the space charge. If a reducing
agent is offered to the amino acid there are two
competing pathways for the holes to react, the recom-
bination or the transfer via cysteine. If the electrolyte
offers clectrons to the intermediate forming cysteine
radical, the charge transfer becomes the governing
reaction over the recombination. Thus the function of
cysteine as recombination centre for electrons is neu-
tralized and the lifetime of the charge carriers is
enhanced.

4. Conclusion

In contrast to pyrite, MoS, does not dissolve when
chemically interacting with cysteine. Cysteine attaches to
both the edge sites and the van der Waals surface of
MoS,. The amino acid interacts with the dangling bonds
and the through the van der Waals surface protruding d2
orbitals. The interaction decreases the anodic corrosion
via modification of the edge sites by occupying the
adsorption sites for water. The photocorrosion is
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reduced via the modification of the van der Waals
surface. This is coupled with the functioning of the
physisorbed cysteine as a recombination centre and
supported by a low concentration of minority carriers
measured via microwave reflection. When a redox couple
is added the amino acid acts as pure electron transfer
bridge and ceases to function as a surface recombination
centre. Therefore the photocurrent is enhanced and due
to low recombination via the cysteine the charge carriers
can accumulate at the interface. (The determination of
the sensitivity factor S which enables a quantitative
calculation of a charge transfer constant is complicated
and in this series of experiments so far not realised. This
should be attempted in a forthcoming paper.)

As shown by these results the MoS,—cysteine interac-
tion can be used to study and highlight aspects of
photoinduced electron transfer via the amino acid.
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