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’ INTRODUCTION

There has been vast interest into self-assembled monolayers
(SAMs) owing to their ease of preparation, precise control of
structure at a molecular level, and wide variety of functionalities
allowing a versatile manipulation of surface and interface pro-
perties.1�4 Electrochemical techniques such as electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) are
widely used to observe the properties of SAM-modified electrode
surfaces,5�7usuallyby comparing itwith thebare electrode.4,7�10 SAMs
reduce the electrochemical activity of the surface by forming effective
insulating barriers to electron transfer and ion penetration.4,6�14

Similar to SAMs of thiols on gold and silanes on SiO2,
15,16

there has been a substantial number of studies on SAMs on
metal oxides.17�34 Alkylphosphates and alkylphosphonates form
SAMs with very high ambient stability on metal oxides such as
Ta2O5, Al2O3, ZrO2, and TiO2 without the need for controlled
environmental conditions,25,30,31,34�39 but they are known to be
unstable in aqueous conditions.30,38

Most of the electrochemical studies on SAMs involve thiols on
gold.3,6,40 However, upon repetitive CV cycles or by extending
the operational potential windows during CV, thiol molecules
desorb from the surface, leading to destruction of the
monolayer.3,11,41�44 Octadecyltrichlorosilane monolayers on
gold have been reported to be electrochemically unstable as
well.1 The need for capture probe immobilization within FET
biosensors based on Ta2O5

45 sets a good example where stable
monolayers on metal oxide surfaces are crucial. There are few
studies about alkylphosphonates in electrochemistry, such as on
nitinol7 or on ITO,4 in which case they were studied within a
rather narrow potential range from �0.5 to 1 V.

Here, the electrochemical behavior and stability of alkylpho-
sphate SAMs with different chain lengths assembled on conduct-
ing metal oxide Nb-doped SrTiO3 (Nb�STO) is investigated by
using CV and EIS.

’EXPERIMENTAL SECTION

Materials. Polished substrates of (100) 0.5 wt % niobium-doped
SrTiO3 (Nb�STO) (1� 10� 10mm) were purchased from SurfaceNet
GmbH,Germany. These substrates were cut into 5� 5mm2 pieces with a
diamond saw and cleaned by ultrasonication in acetone and ethanol for 30
min each. Decylphosphoric acid (DP), tetradecylphosphoric acid (TDP),
and octadecylphosphoric acid (ODP) were supplied by A.Wagenaar and J.
Engbersen (RUG, Groningen).
SAM Formation. Oxygen plasma-cleaned Nb�STO substrates

were immersed into 0.125 mM alkyl phosphoric acid solutions in
100:1 v/v hexane:isopropanol for 2 days at room temperature. After-
ward, the samples were rinsed with the pure solvent mixture and dried
under a flow of N2.
Measurements. Electrochemistry. Cyclic voltammetry (CV)

measurements were performed with an AUTOLAB PGSTAT10 at
100�200 mV/s scan rates in a voltage range from �2 to 2 V. Measu-
rements were performed on bare or SAM-modified Nb�STO in 0.1 M
tetrabutylammonium hexafluorophosphate (Bu4N

+PF6
�) in acetoni-

trile using Ag/AgCl and Pt as the reference and counter electrodes,
respectively. All scans shown are averages over five measurements.
Electrochemical impedance measurements were performed in the same
setup within the range from 10 kHz to 10 mHz at �0.2 V.

X-ray Photoelectron Spectroscopy (XPS). Elemental composition
was analyzed by a Physical Electronics Quantera Scanning X-rayMultip-
robe instrument, equipped with a monochromatic Al KR X-ray source
operated at 1486.7 eV and 25 W. Spectra were referenced to the main
C1s peak at 284.80 eV.

Scanning Tunneling Microscopy (STM). The morphology of SAM-
modified Nb�STOwas observed by an easyScan 2 STM at ambient and
room temperature.
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Contact Angle (CA). Measurements were done with a Kruss G10
goniometer equipped with a CCD camera. Contact angles were
determined automatically during growth of the droplet by a drop shape
analysis. Milli-Q water (18.4 MOhm.cm) was used as a probe liquid.

’RESULTS AND DISCUSSION

SAM Formation. Previously, we have shown the detailed
characterization of a tetradecylphosphate (TDP) SAM on alu-
mina, which resulted in successful formation of a homogeneous
SAM with high coverage.34 The height of the TDP layer was
around 1.5 nm. This is somewhat lower than the extended
adsorbate length (2 nm), which indicates a tilt in the SAM
layer similar to various alkyl phosph(on)ate SAMs on metal
oxides25,31,34,35

Preparation of monolayer-modified Nb�STO substrates was
performed according to literature procedures.25,30,31,34,35 Clean

Nb�STO substrates were immersed into alkylphosphate (with
10 (DP), 14 (TDP), 18 (ODP) C atoms) solutions for 2 days at
room temperature, rinsed afterward with solvent, and dried
under a flow of N2 to yield an alkyl-functionalized substrate.
As a representative example of the whole series, TDP SAMs

were characterized extensively. The water contact angle (CA) of
oxygen plasma-cleaned Nb�STO was below 10�, which in-
creased to 115� after TDP SAM modification. The high CA
value indicates a quite hydrophobic surface, and this confirms a
methyl-terminated SAM. XPS measurements on TDP-modified
Nb�STO showed that all the expected elements were present on
the surface in the expected ratios. To observe the orientation of
the TDP molecules, angle-dependent XPS was performed
(Figure 1). The electron takeoff angles were varied between 5�
and 90�. The results show a clear dependence of the elemental
peak intensities on the detection angle. As the detection angle
increases, the amount of C1s from the alkyl chain decreases and
the contribution of P2s from the headgroup increases. This
indicates that P is located in the inner part of the SAM which is
closer to the substrate surface when compared to C.31,34 The
result is in line with the CA value, which suggests a tails-up
orientation, and agrees with literature, since alkyl phosphates
and alkyl phosphonates were reported to bind metal oxides
through the phosph(on)ate headgroup.31,34,35,46

STM on TDP-covered Nb�STO showed that the SAM is
smooth and continuous (Figure 2). Model calculations per-
formed according to a literature procedure47 showed that the
SAM was homogeneous with a thickness of 1.7 nm.
Contact angles of DP and ODP SAMs on Nb�STO were

identical to the value for the TDP SAM. Moreover, XPS
analysis showed very similar elemental compositions, but the
angle dependence was not further investigated. Overall, the
binding modes for DP and ODP were assumed to be similar
to TDP.
Electrochemistry. Cyclic voltammetry (CV) was performed

on bare and alkylphosphate (DP, TDP, ODP) modified Nb�
STO substrates. The samples were placed in a 0.1 M tetrabuty-
lammonium hexafluorophosphate (Bu4N

+PF6
�) solution in

acetonitrile, and data were collected with 100�200 mV/s scan
rates within potential ranges from either �0.1 to 1 V or �2 to
2 V. All recorded data are averages of five scans.
Figure 3 shows CVs performed on bare and TDP-modified

Nb�STO substrates within the range from �0.1 to 1 V. The
clearly visible oxidation peak can potentially be attributed to
oxidation of Nb atoms at or close to the surface but was not
investigated further. Rather, the redox signal, and the suppression

Figure 1. Angle-dependent XPS of TDP SAM-covered Nb-doped
SrTiO3.

Figure 2. Scanning tunneling micrograph of a TDP-covered Nb�STO
surface with section analysis.

Figure 3. Cyclic voltammograms on (a) bare and (b) TDP SAM-modified Nb�STO performed at 100 (O) and 200 mV/s (9) scan rates.
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thereof, was used as a signature to investigate the blocking effect
of an adsorbed, redox-inactive monolayer. Since not much
difference was seen between scan rates of 100 and 200 mV/s,
the latter was used in further experiments. More importantly, the
comparison between the bare and the TDP-covered substrates
shows a clear blocking effect of the SAM.
To check the electrochemical stability of a TDP SAM on

Nb�STO, the sample was subjected to CV between�0.1 and 1
V, then the potential window was widened from �2 to 2 V, and
another measurement was done. Finally, the sample was mea-
sured again at the initial potential window (from �0.1 to 1 V).
The scans shown (Figure 4) are averages of five scans, and the
total duration of the experiment was 45 min. There was no
noticeable difference between the scans performed at the same
potential range, which confirms the stability of the monolayer.
More importantly, as seen in Figure 4, the first and third
measurements are identical, which means that the TDP SAM
on Nb�STO is stable over a voltage range of as wide as from
�2 to 2 V. There appears to be no noticeable change, damage,
or desorption of the SAM. This marks a clear contrast with

thiols on gold, which have a rather limited potential window at
which they are stable.44 In the case of thiols, oxidation and
reduction processes occur at the thiol headgroups of the
adsorbates, thus diminishing their affinity for the gold surface
and leading to concomitant desorption. The here observed
high electrochemical stability of the phosphate SAMs on
Nb�STO may be due to the nature of the bond between the
phosphate headgroup and the metal oxide surface and poten-
tially to the absence of oxidative and reductive desorption
pathways.
Figure 5 shows a comparison of the CVs of a bare substrate and

substrates modified with alkylphosphate SAMs of different chain
lengths. The CVs of bare and modified Nb�STO have similar
shapes, showing a single oxidative peak around 0.3 V, but with
reduced height for the SAM-modified samples. Since the
samples were scanned five times each, with no apparent change
to the shape and height of the CV graph, SAMs are stable and
resistant to oxidative desorption.7 The ODP SAM blocks the
electrochemical activity of the substrate and effectively insu-
lates it from the environment; however, there is still significant
activity for DP and TDP, which may be due to more pinhole
defects compared to the longer SAMs. The longer chain
alkylphosphates seem to be more efficient compared to shorter
ones, and the current has a monotonic dependence on chain
length (Figure 5b).
Electrochemical impedance spectroscopy (EIS) was per-

formed in the range from 10 kHz to 10 mHz at a potential of
�0.2 V. Bare Nb�STO and DP- and TDP-modified Nb�STO
were compared. EIS provides a measure of the resistance and
quality of the coating on a conducting substrate.7 Figure 6
shows the impedance data, represented as Bode and Nyquist
plots, of bare and DP- and TDP-modified Nb�STO sub-
strates. Full modeling of the EIS data to an equivalent circuit
was not attempted here. Nevertheless, the data support that
the resistances follow the trend Rbare < RDP < RTDP. As seen in
the Nyquist plot, the impedance semicircle of TDP is larger
than that of DP, which indicates that TDP has a higher
resistance (∼100 vs ∼50 kΩ) and forms a better barrier in
insulating the conducting metal oxide. This is expected since
TDP has a longer chain length. The capacitance values can be
estimated as 5.5 � 10�7 and 3.7 � 10�7 F for DP and TDP,
respectively.

Figure 4. Series of cyclic voltammograms of TDP SAM-modified
Nb�STO performed from �0.1 to 1 V (“scan1”) and back, then from
�2 to 2 V (“scan2”) and back, followed by another experiment from
�0.1 to 1 V (scan 3), all at a scan rate of 200 mV/s. Each experimental
series shown here represents an average over 5 scans.

Figure 5. (a) Cyclic voltammograms of bare and alkylphosphate SAM-modified Nb�STO substrates. (b) Current at 0.3 V vs alkyl chain length. The
linear fit is a guide to the eye, not a result of a model.
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’CONCLUSIONS

Electrochemistry (CV and EIS) has shown that alkylpho-
sphate SAMs inhibit the electrochemical activity of theNb�STO
conducting metal oxide substrate. The inhibition efficiency
increased with increasing chain length of the SAM. Unlike thiols
on gold, the alkylphosphate SAMs on Nb�STO show electro-
chemical stability over a voltage range as wide as from�2 to 2 V.
At the same time, this electrochemical stability (in organic
solvents) contrasts the limited chemical stability of the mono-
layers under aqueous conditions. The resistance of a SAM layer is
much higher than of the bare substrate and increases with chain
length. The described system opens new possibilities to study
electrochemical properties of semiconductors functionalized
with various phosphate-based adsorbates.
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