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ost commonly, spatial resolution
in electrochemical sensors s
achieved by structured surfaces,

such as arrays of electrodes. One alternative
is addressing individual points on an un-
structured electrode by light. The concept
of such light-addressable electrodes has
been introduced already decades ago.' 3
Hereby, illumination of selected spots on
the electrode surface generates a local
photocurrent, and thus by scanning a light
pointer across the sensor surface, different
positions can be addressed; that is, spa-
tially resolved measurements are possible*
(cf. Figure 1a). Traditionally, such light-ad-
dressable sensors have been designed as
microfabricated silicon chips, typically in
doped silicon—silicon oxide/silicon nitride
geometry. The essential element is a semi-
conductor layer, in which light-generated
electron—hole pairs can be generated as
local charge carriers with the light pointer.

In recent years, attempts have been re-
ported to create similar setups, however, by
placing a layer of semiconductor nanopar-
ticles (quantum dots, QDs) on the surface of
gold electrodes via conductive dithiols as a
linker.>® This approach has potentially sev-
eral advantages. First, QD layers can be
deposited on gold surfaces without the
requirement of any microfabrication facil-
ities. Second, due to the small size of the
QDs and prevention of lateral current in the
QD layer, in principle, better spatial resolu-
tion could be obtained. Third, besides semi-
conductor nanoparticles (QDs), other types
of nanoparticles (NPs) can be added on
top of the gold electrode, which could, for
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ABSTRACT

}

Alight-addressable gold electrode modified with CdS and FePt or with CdS@FePt nanoparticles
via an interfacial dithiol linker layer is presented. XPS measurements reveal that trans-

stilbenedithiol provides high-quality self-assembled monolayers compared to benzenedithiol

and biphenyldithiol, in case they are formed at elevated temperatures. The CdS nanoparticles

in good electrical contact with the electrode allow for current generation under illumination

and appropriate polarization. FePt nanoparticles serve as catalytic sites for the reduction of

hydrogen peroxide to water. Advantageously, both properties can be combined by the use of

hybrid nanoparticles fixed on the electrode by means of the optimized stilbenedithiol layer.

This allows a light-controlled analysis of different hydrogen peroxide concentrations.

KEYWORDS: quantum dots - hydrogen peroxide - sensor - self-assembled

monolayers - light-controlled detection

example, specifically trigger catalytic reac-
tions. QDs have been characterized elec-
trochemically.” "' Functionality of QD-
modified gold electrodes as electrochemi-
cal sensors has been demonstrated before
and also applied to the detection of enzy-
matic reactions.'*'® Though attempts have
been made to quantitatively optimize the
QD layer on the gold surface and thus to
improve sensor performance,'” still a con-
clusive picture of the nanostructure of this
interfacial layer is missing. In spite of the fact
that in most images such NP layers are
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Figure 1. Experimental setup. (a) Setup of the light-con-
trolled electrode comprising a QD layer on top of a gold
electrode with an interfacial dithiol layer, an applied bias
voltage, and a modulated light source. (b) Schematic illus-
tration of the different dithiols. (c) Schematic illustration
of the geometry of the different used gold substrates.
(d) Photocurrent | recorded over time at fixed bias potential
U=+200 mV.

depicted as homogeneous self-assembled monolayers
(SAMs), so far no detailed data exist, which would sup-
port such statement about the geometry.

In the present work, the QD—SAM—Au junction was
systematically studied for the case of various dithiol
SAMs adsorbed onto differently prepared gold electro-
des in order to emphasize the importance of defined
structures on device performance and to understand
and optimize such sensors. Best device performance
was obtained for a conjugated stilbenedithiol linker,
which can be assembled as a structurally well-ordered
monolayer by means of immersion at elevated tem-
perature without the necessity of protection groups,
while this was required for preparation at room tem-
perature. This analysis has also to be seen in a more
general context of investigating the structure of NP
layers on top of plane surfaces as we demonstrate also
the ability of making such layers of different materials.
Besides semiconducting CdS QDs, which serve as a
switch for light-controlled detection, also other NPs
can be used, which for example locally catalyze reac-
tions at the electrode surface. In the present case, we
demonstrate the detection of H,0, via catalytic degra-
dation at the surface of FePt NPs and charge transfer
from the electrode via the CdS QDs.

RESULTS AND DISCUSSION

Self-Assembled Dithiol Monolayers on Gold Surfaces. As
the first step, electrodes were prepared by generating
self-assembled layers of different dithiols (1,4-benze-
nedithiol (BDT), 4-4'-biphenyldithiol (BPDT), biphe-
nyldithiol monoacetylated (BPDTAc-1), trans-4,4'-stil-
benedithiol (StDT), and trans-4,4'-stilbenedithiol
monoacetylated (StDTAc-1),"” cf. Figure 1b) on three
different Au substrates (Au/glass (with a thin Ti inter-
mediate layer), Au/mica, Au/SiO,, cf. Figure 1c). For this
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Figure 2. XPS of the different SAMs. (a—c) S2p XP spectra
of the following SAMs on Au/SiO,: (a) BDT, (b) StDT pre-
pared by immersion at room temperature, and (c) at 350 K.
The different sulfur species have been identified according
to their binding energies as sulfides (AuS, blue), thiolates
(AuS-R, green), thiols (R-SH, R-SAc, red), and sulfonates
(AuSO,, purple).

purpose, dithiols were dissolved at a concentration of
100 nM in dichloromethane or toluene and the Au
substrates were immersed in these solutions. The
amount of dithiols has been calculated to be enough
to completely cover the Au surface. For characteriza-
tion, XPS (X-ray photoelectron spectroscopy) was car-
ried out at the HE-SGM synchrotron beamline of BESSY
Il in Berlin. All experimental protocols and several
characterization measurements are described in detail
in the Supporting Information.

In previous works, commonly, BDT has been used
to immobilize QDs on Au electrodes,” although they
form rather poorly ordered SAMs. Like in the case of
benzenethiol,'® their short backbone offers only a
weak intermolecular stabilization, which leads to a
reclined molecular orientation after adsorption on gold
substrates.'” As a consequence, the molecular film is
lacking its function for anchoring the QDs provided by
densely packed SAMs of upright oriented molecules
with thiol groups exposed to the solution, and a noticeable
oxidation of the thiolate anchoring groups takes place.

Indeed, the poor ordering of BDT SAM:s is clearly
evidenced by high-resolution XPS measurements
(details of this analysis and about the experimental
setup are given in the Supporting Information). As
depicted in Figure 2a, corresponding XPS data of the
sulfur region reveal an intense sulfonate signal at a
binding energy of 168.5 eV, while the sulfur signals
of the thiol and thiolate species are not separated, thus
reflecting an inhomogeneous broadening due to
disorder of the film. Largely improved ordering of
SAMs has been achieved for thiols with larger but
more rigid backbones such as oligophenylenes. Since
dithiols potentially might bind with both thiol groups
to the gold surface, protective monoacetylation was per-
formed, permitting in turn selective anchoring; that is,
only the free thiol can react with the gold surface.'>'®"®
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TABLE 1. Electrical Characterization of CdS QDs Immobilized on Top of SAMs of Different Dithiol Molecules That Were

Adsorbed on Different Electrode Substrates”

dithiols substrate Iimean [NA]
Au/mica 0.27 + 0.04
BDT Au/glass 0.67 & 0.15
Au/Sio, 1.56 = 0.30
BPDT Au/mica 0.07 + 0.02
Au/glass 0.00°
Au/Sio, 0.62 £ 0.10
Au/mica 0.11 £ 0.02
BPDTAc-1 Au/glass 0.3 £ 0.07
Au/Sio, 176
ST Au/mica 0.37 & 0.07
Au/glass 1.08 4+ 0.1
Au/Sio, 1.57 £ 0.4
StDTAC-1° Au/mica 0514012
Au/glass 1.45 4 045
Au/sio, 251+ 0.14
StDT (heated) Au/sio, 8.84 £ 0.50

Taritt = (AMllmean) /AL ] Inean/lnoise (lo — L)1y [%]
(51 +18) x 1072 57+10 68.1+2
(2.5 +04) x 1072 173425 523+ 24
48+22) x 107" 55+ 8 305 + 44
(48 +£12) x 1072 35+ 11 100
38+24) x 107" 104 +17 321407
(6.8 £ 0.6) x 1072 155+ 16 473418
(34 +06) x 102 267 + 69 265 + 49

13x 107 4762 22
(25+07) x 1072 203 + 56 356+ 53
(41 +08) x 1072 40.0 + 6.2 217 £ 52
29+£13) x 107" 489 + 6.2 124411
(1.9 +08) x 1072 138 +3.1 46.6 + 4.1
(13 £ 04) x 1072 385 + 126 303 4+ 23
17+£01) x 107" 137 £ 50 44406
84 +05 x 107° 262.8 + 152 10 £ 0.1

“The definition of the parameters is given in Figure 1d. All measurements have been replicated with at least two different electrodes (with the exception of BPDTAc-1 on Au/
$i0, hecause the gold electrode turned out to be very fragile upon decapping), and data represent mean values with the corresponding standard deviation.. ° The capping
group had been removed after assembly of the dithiol SAM, before attachment of the QDs. “ The photocurrent was below the detection limit.

In the present study, this strategy has been utilized
for the case of BPDT by first preparing a SAM of
BPDTAc-1 and, subsequently, decapping the acetate
group by immersion in NaOH solution (cf. Supporting
Information) before immobilization of the NPs. Despite
a distinctly improved ordering of such dithiol SAMs (cf.
Figure S5 of Supporting Information), the correspond-
ing sensor characteristics have improved only little as
compared to those using BDT SAMs (cf. Table 1). This
result can be attributed to the modest conductivity of
biphenyl-based SAMs (HOMO—LUMO band gap >4 eV),
which in turn hampers an efficient electron trans-
fer of the electron—hole pair from the illuminated QDs
to the gold substrate. Note that this energy gap is
almost independent of the number of phenyl rings
because they are separated by C—C single bonds,?°
hence demonstrating that oligophenylene-based
thiols are only partly conjugated.

Therefore, dithiols with fully conjugated back-
bones such as trans-stilbenes have been used instead
because they exhibit a distinctly smaller HOMO—
LUMO gap of only 2.14 eV.2" In order to avoid simulta-
neous anchoring of both thiols of StDT, which again
results in a partial oxidation and a poor film ordering
(as indicated by corresponding XPS data shown in
Figure 2b), also StDTAc-1 was used (for synthesis and
film characterization, see the Supporting Information).
After decapping, highly ordered StDT SAMs were
obtained, which enable the fabrication of QD-based
sensors with largely improved device performance
(see detailed discussion in the next section and data
in Table 1). In contrast to the partly conjugated SAMs,
acetylated stilbenedithiol was found to be rather me-
tastable and exhibits a rapid photo-oxidation within of
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several hours and, therefore, requires a quick proces-
sing after its synthesis.

In order to provide a more robust method to
prepare highly ordered StDT SAMs, another approach
has been tested. Guided by previous studies that
reported a largely improved ordering of organothiol
SAMs by immersion at elevated temperature or anneal-
ing in nitrogen atmosphere,®>?* StDT SAMs were
alternatively prepared by immersing Au/SiO, samples
in thiol solution at about 350 K. Surprisingly, this
procedure yielded excellent films even for nonpro-
tected stilbenedithiols. Comparing the correspond-
ing XPS data (see Figure 2c) with those obtained for
SAMs of acetylated stilbenedithiols after decapping
(cf. Figure S6¢ of Supporting Information), even further
improved film quality has been assessed. This is
evidenced by distinctly enhanced intensity ratios of
the thiol-to-gold and the thiol-to-thiolate signals,
which reflect a denser molecular packing and a more
upright orientation. The latter finding has also been
confirmed directly by near-edge X-ray absorption fine
structure (NEXAFS) measurements (see Supporting
Information, Figure S7), which yield a molecular tilt
angle of 62° with respect to the surface plane.

Electrical Characterization of Quantum Dots Layers on Top of
Self-Assembled Monolayers of Conductive Dithiols. In the
next step, the influence of the various SAMs on the
electrical properties of the light-addressable sensor
has been investigated. For this purpose, CdS QDs were
immobilized on top of the SAM-covered gold electro-
des by immersion. CdS,?* FePt,>® and CdS@FePt**2’
NPs have been synthesized according to previously
published protocols. CdS@FePt NPs are hybrid NPs in
which a bleb of CdS has been grown on spherical FePt
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NPs.2527 Electrical characterization of the NP-covered
electrodes was performed as previously described
elsewhere." Optical and structural data are shown in
the Supporting Information (Figures S1—S3).

The experimental setup is depicted in Figure 1a. All
experimental protocols and several characterization
measurements are described in detail in the Support-
ing Information. The modulated light source was per-
iodically switched on and off, and the photocurrent |
was recorded during on-periods at fixed bias potential
U=+4200 mVin 0.1 M phosphate buffer solution (pH =
7.5) versus time. Four parameters were extracted from
each photocurrent trace /(t) as previously described™
and depicted in Figure 1d: the average photocurrent
Imean (While turning on and off the light source in the
first part of cylce), the current decay rate 7y = (Algrife/
Imean)/At, which is a measure for drifts in photocurrent
Algir, the signal-to-noise ratio /hean/Alhoise, and the
loss in photocurrent amplitude (Iy — 1,)/lo after rinsing
of the sensor surface with water. Here |, denotes the
mean current (at the “on” interval at the end of each
cycle) before any rinsing step and /, the mean current
after the second rinsing step. Experimental details are
described in the Supporting Information. It can be seen
in Figure 1d that the loss of photocurrent during the
second rinsing step is considerably lower than after the
first rinsing step. This suggests that after several rinsing
steps a stable equilibrium can be reached. The results
obtained for sensors made from the various dithiols
and different gold electrodes are summarized in
Table 1. In all cases, electrical performance of the
sensor was found to be best for Au/SiO, substrates.
Note that there was no photocurrent for SAM-modified
substrates without QDs (cf. Supporting Information
Figure S15d). With one exception, Au/glass substrates
lead to slightly better performance than Au/mica. We
speculate that the Au/SiO, substrates were cleaner
than the Au/glass substrates. The former electrodes
were used for immersion shortly after their prepara-
tion, whereas the latter ones had been stored for
months before usage. The Au/mica substrates were
certainly the locally smoothest samples but have only a
limited mechanical stability and tended to peel off
during operation of the electrochemical cell; that is,
adhesion of the gold was found to be rather poor.

Electrical performance depends directly on the
quality of the SAMs, as this is also crucial for the
attachment of the QD layers. XPS data have demon-
strated to be rather defective SAMs in the case of BDT
and BPDT. This goes hand in hand with poor sensor
performance, that is, low signal-to-noise ratio and high
reduction of the photocurrent after rinsing. SAM crea-
tion with capped dithiols (after decapping) resulted in
clearly improved electrical characteristics (BPDTAc-1
versus BPDT and StDTAc-1 versus StDT). StDTAc-1 gave
improved photocurrent measurements compared to
BPDTAc-1, which can be attributed to its smaller
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Figure 3. H,0, detection in the different assemblies.
(a) Alternating layers of CdS and FePt NPs and (b,c) CdS@FePt
NPs were immobilized via dithiol SAMs (BDT (a,b), heated
StDT (c)) on top of Au electrodes. Electrodes were constantly
illuminated with a modulated light source, and the ampli-
tude | of the photocurrent was detected at fixed applied
bias voltage U = —200 mV. Different concentrations of H,0,
were added to the buffer solution (pH = 7.5) on top of the
electrode. Changes in photocurrent due to addition of H,0,
are plotted versus the H,0, concentration for the three
depicted geometries.

HOMO—LUMO energy gap. Generally, the acetylation
improves the ordering of dithiol SAMs, as it suppresses
a reclined molecular orientation accompanied by par-
tial oxidation of thiolate anchoring units. This is deci-
sive, as oxo-functions have been demonstrated to act
as electron traps which distinctly reduce the charge
transport through SAMs?® and therefore have to be
avoided. Best electrical performance was achieved
with SAMs of StDT created at elevated temperatures
(on Au/SiO, substrates). This corresponds to a SAM
with the highest coverage and upright packing yield-
ing the fewest defects as indicated by XPS data. It also
has the lowest loss of photocurrent upon rinsing,
which presumably is due to loss of QDs for the SAMs.
We thus conclude that the highly ordered structure of
the StDT layer with fully reactive thiol groups exposed
to the solution provides obviously good conditions for
a defined immobilization of CdS QDs. The QDs have to
bind to the thiol group by exchanging the ligand from
their preparation on their surface with the surface
group on the Au electrode. Thus, surface disorder
and oxidized species on the surface would diminish
the stable anchoring on the electrode, which is the
reason for the best performance of StDT SAMs gener-
ated at high temperatures.

Sensing of H,0,. In a final step, we wanted to transfer
the better understanding of the QD layer—SAM—Au
electrode interface to improve sensing characteristics.
Hereby, we also wanted to make use of the possibility
of attaching different types of colloidal NPs. In the
present study, we have chosen FePt NPs as the catalytic
element since platinum is known for its electrocatalytic
activity for hydrogen peroxide conversion, particular-
ly reduction (H,0, + 2H" + 2e~ — 2 H,0), and as a
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synthesis protocol for CdS@FePt has been readily
available.?®%” Hydrogen peroxide detection is an im-
portant analytical task both for physiological and non-
physiological applications.?® '

Addition of FePt NPs to the CdS NPs on the Au
surface should thus facilitate sensing of H,0,. Dose—
response curves of the dependence of the photo-
current from hydrogen peroxide were recorded.
Experimental details and characterization measure-
ments are shown in the Supporting Information. In
fact, no response of the photocurrent to H,0, was
found for either only CdS NPs or only FePt NPs (no
photocurrent at all) immobilized at the Au electrode
surface (cf. Supporting Information). This corresponds
to previous findings with CdSe/ZnS NPs on electrodes,
which also did not provide a surface for efficient
hydrogen peroxide conversion.'* However, the com-
bination of CdS and FePt NPs on the Au electrode
surface leads to a photocurrent, which amplitude
depends on the H,0, concentration in the buffer
above the electrode (cf. Figure 3). Data about depen-
dence on bias voltage and pH are shown in the
Supporting Information. As mentioned above, reduc-
tion of H,0, involves H and e~, which account for
dependence on pH and bias potential, respectively.
Thus, it is found that reduction is preferred in the
acidic pH region (pH 5) and can be facilitated by
decreasing the electrode potential from —0.2 to
—0.6 V vs Ag/AgCl.

For combining CdS and FePt NPs, we have actually
employed three different geometries. In the first case
(Figure 3a), CdS NPs were attached on top of BDT SAMs
on Au/glass substrates, which is compatible to condi-
tions in our previous reports.'* FePt NPs were added on
top via an additional BDT layer. Please note thatimages
are not drawn to scale and that, according to the XPS
data, the structure is depicted only schematically.
Clearly, a dependence of the photocurrent on H,0,
concentration (up to ca. 100 uM) could be observed.

Modern synthesis protocols also allow for the
production of hybrid NPs, such as CdS NPs grown
on top of FePt NPs.2? In this way, a combination of
two materials with different functionalities in one
particle is possible. Figure 3b shows the resulting
sensor response of CdS@FePt NPs immobilized via
BDT on top of Au/glass electrodes. In comparison to
the mixed assembly of CdS and FePt NPs (Figure 3a), a
2—3 times higher response to H,0O, could be ob-
served. This can be easily understood. Upon reduction
of H,0,, electrons need to be transferred from the
FePt NPs (the location where the reduction takes
place) to H,0,. Source of the electrons is the CdS
QDs, which in turn receive electrons from the Au
electrode via the conductive dithiol SAM. Effectively,
electrons are injected from the Au electrode for
reduction of H,0,, which results in a photocurrent
with negative sign (cf. Figure 1a and Figure 3). In the
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case of CdS@FePt NPs, electrons can flow directly
from the CdS to the FePt domain without having to
cross an external interface. In the case of coassembly
of CdS and FePt NPs, electrons need to be transferred
from the CdS NPs to the FePt NPs via BDT molecules,
which reduces the intensity of the photocurrent.

As indicated by the XPS characterization of the
various dithiol SAMs and the electrical device char-
acterization, best performance would be expected
using StDT as linker and Au/SiO; as substrate. Dose—
response curves of the photocurrent versus H,0,
concentration were similar to that recorded with
BDT on top of Au/glass but had ~20% improvement
in photocurrent response (cf. Figure 3b,c). The error
bars of the photocurrent measurements from typi-
cally three electrodes at low H,0, concentrations also
reveal that better signal-to-noise ratio for StDT is
achieved (cf. Figure 3b,c). Consequently, StDT mono-
layers on top of Au/SiO, substrates result in a higher
sensitivity for hydrogen peroxide detection and
would allow for a lower H,0, concentration as detec-
tion limit. Thus, this configuration offers the best
geometry used in the present study, which goes far
beyond the previously used setups.

CONCLUSIONS

It is demonstrated that the quality of interfacial
dithiol films used to immobilize a QDs layer on gold
electrodes has a severe influence on the electrical
properties of a light-controlled sensor. The use of
dithiol linkers with high conductivity and their assem-
bly to a highly ordered, densely packed film with
upright molecular orientation is of key importance in
order to avoid partial oxidation of thiolate anchoring
units. While an improved structural ordering of dithiol
SAMs is achieved by first capping one of the thiol
groups (e.g., monoacetylation) followed by decapping
after SAM formation, this strategy is complicated by a
rapid photo-oxidation of the acetylated group in the
case of low band gap materials such as the presently
studied stilbenedithiols.

However, well-ordered StDT films have been achieved
by immersion at elevated temperature, without the use
of capping groups. Corresponding sensors reveal an
enhancement of the photocurrent by more than an
order of magnitude as well as a largely improved
rinsing stability compared to devices based on the
commonly used BDT. In this way, the ordered structure
with fully reactive thiol groups exposed to the solution
side improves the anchoring of the QDs.

Furthermore, we have demonstrated that inclusion
of other types of NPs facilitates new detection mod-
alities. In the present case, FePt NPs have been used as
catalytic sites for the conversion of H,0,. These parti-
cles can be co-immobilized with the QDs, or more
advantageously hybrid CdS@FePt NPs have been used
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to combine the properties of photoexcitation with the
catalytic activity. Thus, a photoelectrochemical analysis

MATERIALS AND METHODS

Preparation of Gold Electrodes. For the realization of the light-
addressable sensor, three different kinds of gold substrates
were prepared that have been utilized as electrodes. Initially,
commercially available Au-coated glass slides (Au/glass) had
been used, which were compared with self-made gold elec-
trodes consisting either of Au layers evaporated onto mica
sheets (Au/mica) or Au films sputtered onto oxidized Si wafers
(Au/SiO,).

Au/Glass. First, 100 nm of gold was evaporated on glass
slides with the assistance of a 20 nm Ti adhesion layer. The Au/
glass substrates were obtained from Institut fir Mikrotechnik
Mainz GmbH (iMM). These Au/glass slides were initially pro-
tected with a photoresist to avoid oxidation. The removal of the
photoresist was done by sonication of the Au/glass substrates
in toluene, ethanol, and acetone sequentially for 5 min each. To
further remove impurities and leftover oxides, the Au surface
was cleaned by cyclic voltammetry (CV) in 1T M NaOH (0.8 V
to 0.2 V) and 0.5 M H,SO4 (—0.2 V to +-1.6 V). CV was done only
with Au/glass. The other two electrode systems (Au/mica,
Au/SiO,) were used as received, as they were freshly prepared.

Au/Mica. Substrates were prepared by evaporating about
150 nm gold (99.995%, Chempur) at 540 K under high vacuum
conditions (~10~% mbar) onto freshly cleaved mica sheets,
which had been heated to 525 K for 24 h before deposition to
remove contaminations and residual crystal water. After deposi-
tion, the Au/mica substrates were flame-annealed in a protec-
tive nitrogen atmosphere for about 1 min at temperatures of
950 K to enhance crystallinity and reduce the roughness. This
procedure yields high-quality Au films with atomically flat
terraces of several hundred nanometers, exhibiting a (111)
surface orientation that is well-suited for STM measurements.>
Unfortunately, these substrates appear to be unstable during
operation in the electrochemical cell since the gold films were
found to peel off from the mica support.

Au/SiO,. Substrates consist of gold films that were sputtered
onto polished Si(100) wafers (Silchem). Before sputter-
deposition of gold (99.98%) under argon atmosphere (POLARON
sputter coater), the wafers which are covered with a native
oxide layer were rinsed thoroughly with acetone and 2-propa-
nol and subsequently dried in a nitrogen stream. To avoid
electrochemical side reaction in the electrochemical cell, no
adhesion layers (like Ti or Cr) were used. As a result, thick gold
films (=30 nm) were found to peel off from the wafers during
the decapping procedure by immersion in NaOH solution (see
below). This problem could be avoided by preparing ultrathin
gold films with a thickness of only 14 nm.

Using atomic force microscopy (Agilent SPM5500), the sur-
face morphology and roughness of the various gold substrates
was characterized. In fact, Au/mica reveals atomically flat
regions extending laterally over several hundred nanometers
together with distinct steps of more than 10 nm between
individual crystalline grains, hence yielding an overall meso-
scopic waved surface. The other gold surfaces exhibit a nano-
granular morphology with rms roughness values of about
3.5 nm for Au/glass and less than 2 nm for Au/SiO,, which
reflects the outstanding quality of the latter gold substrate.

Photoelectron Spectroscopy. The adsorption and chemical pro-
perties of the various self-assembled monolayers (SAMs) were
characterized by means of high-resolution synchrotron-based
X-ray photoelectron spectroscopy (XPS). Additional near-edge
X-ray absorption fine structure (NEXAFS) measurements were
carried out for StDT SAMs to obtain complementary information
about the molecular orientation. All of these measurements
were performed at the HE-SGM dipole beamline of the synchro-
tron storage ring BESSY Il in Berlin (Germany). The used UHV
end-station is equipped with a load-lock system that enables
quick sample transfer. The XP spectra were recorded at a base
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of H,O, becomes feasible. This can be the basis of a set
of biosensors involving enzymes with H,0, as product.

pressure p < 1 x 1072 mbar with a hemispherical energy
analyzer (Scienta R3000) at an incident photon energy of 350 eV
and monochromator settings (slit width) that enable an
energy resolution of about 0.3 eV. All measured photoelectron
binding energies have been referenced to the simultaneously
recorded Au 4f;, peak (84.0 eV) of the substrate. Linear
polarized synchrotron light (polarization factor 92%) was em-
ployed to measure the carbon edge NEXAFS spectra, which
were acquired in partial electron yield mode using a channel
plate detector operated with a retarding field. The NEXAFS raw
data have been normalized in a multistep procedure by con-
sidering the incident photon flux and the background signal of
the clean substrate.*®

Signal-to-Noise and Drift Analysis of Photocurrent. To check the
stability and resolution of the system, characterization measure-
ments were performed. All of the measurements were recorded
in 0.1 M phosphate buffer solution at pH 7.5. A constant bias
potential of U = 4200 mV was applied in all measurements.
A bias potential of +200 mV was selected, as this potential had
been used for the stability characterization of these kinds of
electrodes in our previous work.'* Note that this is a different
potential than that used for H,0, detection. Concerning the Au
electrode preparation, all of the Au substrates had been im-
mersed in 10 uM solutions of CdS QDs. For each system, at least
two electrodes were tested. The Au/SiO, substrates were very
fragile in the decapping solution of NaOH and ethanol. For
characterization, a 10 s pulse of modulated light with a power
Pilum = 23 mW was focused (light on) on the CdS QDs immo-
bilized on top of the Au substrate (CdS/Au) to a spot size of
approximately 2.5 mm?. In a next period, light was switched off
(light off) for 10 s. This process was repeated three times. After
that, the CdS/Au substrate was illuminated with modulated
light for about 200 s. The light on and light off cycles were
controlled by a mechanical shutter. The current decay rate
due to drift current 74, is defined, as depicted in Figure 1d, as
the reduction of photocurrent under illumination within a time
frame At = 60 s as (Algift/Imax)/At. Inayx is the maximum
amplitude of the photocurrent observed for each system.
Signal-to-noise ratio (Imean/Alnoise): The light source was turned
on for about 200 s continuously, and from the resulting photo-
current response, the mean current /ean and the fluctuations in
the current Al,.ise Were determined. The signal-to-noise ratio is
defined as /hean/Alhoise- Rinsing degradation in photocurrent:
Rinsing degradation in photocurrent was defined as the loss of
photocurrent while rinsing the electrochemical cell two times
with water (cf. Figure 1d). The cycle in Figure 1d was repeated
three times. After each cycle, the electrochemical cell was
rinsed: the phosphate buffer solution was taken out of the
Teflon tank, water was poured inside the Teflon tank, water was
taken out, and phosphate buffer solution was poured in again. /p
is the mean current without any rinsing step, /; the mean
current after the first rinsing step, and /, the mean current after
the second rinsing step. The loss in photocurrent during the two
rinsing steps was then calculated as (o — 5)/lp x 100%. All raw
data are shown in the Supporting Information (Figure S10), and
results are summarized in Table 1.
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