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Abstract
A capacitive sensor based on S-{12-[1-(pyridin-4-ylmethyl)-1H-1,2,3-triazol-4-yl]dodecyl} ethanethioate (FT), a compound with a
functional group exhibiting selective affinity towards Cr(VI) ions, was developed. FTwas mixed with shorter-chain thiol-decanethiol
(DT), to obtain an Au electrode surface well covered by a thiol monolayer. The composition and high quality of self-assembled
monolayers (SAMs) were crucial factors influencing the performance of the capacitive sensor. In this work, SAMs formed from FT
and DT mixtures with different compositions were studied. For physicochemical characterization of SAMs X-ray photoelectron
spectroscopy (XPS), contact angle measurements as well as atomic force microscopy (AFM) were used. Cyclic voltammetry was
employed to estimate an electrode surface coverage. Based on the obtained results, the composition of thiol layer providing the best
parameters for capacitive sensing of chromium(VI) was chosen. Moreover, the analytical performance of sensor was verified.
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Introduction

The ability of sensitive detection is of crucial importance in
many areas of human life. Sensors of new generation seem to
be ideal analytical tools for that purpose not only because of
their highly sensitivity, but also due to their simplicity
and minimal requirements for a sample pretreatment.
Ultrasensitive sensors designated for medical diagnosis, food
analysis, environmental analysis, and monitoring of air quality
have been reported. In the trend of ultrasensitive detection,
electrochemical methods are often used. The indicator-free
DNA hybridization sensor based on graphene nanocomposite
as the enhanced sensing platform for detection breakpoint
cluster region gene and the cellular abl (BCR/ABL) [1] and
non-enzymatic glassy carbon sensor modified with gold nano-
particles (GNPs) onto conductive polyaniline (PANI) for de-
tection of glucose [2] can be given as examples.
Electrochemical methods can be also adopted for the

quantitative detection of medicament-diclofenac with the use
of aptasensor based on bimetallic AgPt nanoparticle–
decorated carbon nanotubes [3] or to sensitive impedimetric
determination of melamine with molecularly imprinted
polymer-based electrode [4].

Among electrochemical sensors, capacitive sensors can be
distinguished. They are commonly known in two configura-
tions: parallel-plate or interdigitated electrode (IDE) with
various sensing layers [5]. They can be used in different areas
of analysis. Zeinali et al. [5] and Homayoonia et al. [6]
reported capacitive sensors designated for gas analysis. In
both casesMOFwas used as a component of capacitive sensor
and volatile organic compounds (VOCs) were the analytes. A
miniaturized sensor based on an interdigital capacitor (as
the transducer) and a dual-imprinted titania-polyaniline
composite film (as the receptor) for instant monitoring of
ethanol in gasohol fuel blends were proposed by Irshad et al.
[7]. For detection of 4-nitrophenol, manganese dioxide/
reduced graphene oxide nanocomposite paper was fabricated
for supercapacitor preparation [8]. Using the interdigitated
electrode capacitors, glucose, based on solvatochromic-
dye-containing sensing membrane [9], and foodborne
pathogenic Escherichia coli [10] were detected. A
supercapacitor-based biosensor for low lipoprotein detection
was also proposed [11]. For this purpose, graphene oxide was
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functionalized with hyperbranched polyethylenimine and in-
corporated into chitosan to obtain a nanocomposite film on a
Pt disk electrode.

Capacitive sensors are a different group of electrochemical
sensors whose operation is based on the electrostriction phe-
nomenon. The electrostriction, described in the literature in
1960s [12], consists in a change of dimensions of materials,
influenced by electrical field, and is specific for dielectrics.
This phenomenon is especially noticeable in nanomembranes,
e.g., self-assembled monolayers (SAM) [13]. Applying to
these membrane potential lower than 1 V causes an appear-
ance of strong electrical field of 105–106 V cm−1 in intensity.
Electrostatic forces change the dimensions of the dielectric. In
this case, the membrane’s compression, manifested by a de-
crease in its thickness, occurs. As a result, an increase in the
membrane capacitance is observed.

The electrostriction phenomenon is often found in layers
formed by long-chain organic compounds organized on a sur-
face of solid electrode being in contact with an electrolyte
solution [13, 14]. A gold electrode covered with a self-
assembled monolayer of long-chain thiols can be considered
as a capacitor whose covers are the electrode surface from one
side and the electrolyte (analyte) solution from the other side
(Fig. 1). Functional groups of thiols exposed to the solution
participate in different interactions with an analyte based on
adsorption, association, formation of hydrogen or coordina-
tion bonds, redox reactions, or antigen-antibody interactions.
The presence of analyte initiates phenomena on the
membrane/solution phase boundary influencing the
electrostriction of the double layer and affects the
capacitance-potential characteristics. The measurement of ca-
pacitance changes can be used to determine different types of
analytes.

The crucial factors influencing the behavior of capacitive
sensor are composition and quality of thiol SAM. To achieve
the best analytical parameters of developed sensors, the self-
assembled monolayer of thiols should expose the biggest
number of functional groups to the analyte solution

simultaneously providing the favorable wetting properties.
Furthermore, the well-ordered thiol film enables the repeat-
able occurrence of electrostriction phenomenon beneficially
influencing the sensor functioning.

Self-organizing layers have found applications in many
areas of nanotechnology, molecular electronics, and
(bio)sensors because of the possibility of changing the sur-
face. Recently, modification of electrodes by self-assembled
monolayers has become very attractive due to simplicity and
quickness of this approach [15]. Well-defined self-assembled
monolayer of thiols is formed as a result of strong chemisorp-
tion between metal surface (usually gold) and sulfur atoms of
thiols [16]. SAMs of alkanethiols on the gold surface,
Au(111), are the most commonly studied because of their
well-packed structure, stability, and especially flexibility in
design of the chain length [17]. For this reason, electrochem-
ical and surface studies of different SAMs [18], blocking be-
havior [19], potential dependence of the kinetics of thiol self-
assembling on gold [20] or impact of 1-decanethiol formation
and removal cycles on the surface properties of polycrystalline
Au and SAM quality [21] were reported. Moreover, these
structures have found many applications in electrochemistry
as sensors [22, 23] and biosensor platforms [24], in catalysis
[25] and surface science [26]. The main advantage of using
SAM is the possibility of fabricating and modifying the func-
tional, active groups of thiols according to their purposes.

The present work deals with a capacitive sensor for Cr(VI)
determination [27]. Chromium is believed to be one of the
most common pollutants at hazardous waste sites.
Chromium exists in the environment in the form of trivalent
Cr(III) and hexavalent Cr(VI). The first one is considered to be
essential for the maintenance of glucose, protein, and lipid
human metabolism. The second form, Cr(VI), has an undesir-
able effect on the lungs, liver, and kidneys. The examples of
electrochemical chromium(VI) determination include the use
of a glassy carbon electrode modified with silicomolybdate
doped polypyrrole film [28], the preparation of hybrid and
electroactive thin films containing microcrystalline cellulose
(MC), or MC modified with a phosphate group (PC) in con-
junctionwith polyaniline (PANI) and poly(vinyl sulfonic acid)
(PVS) by the layer-by-layer technique [29] or determination in
estuarine waters by catalytic cathodic stripping voltammetry
using a vibrating silver amalgam microwire electrode [30].
The determination of Cr(VI) employing the screen-printed
carbon electrode (SPCE) modified with the use of organic
compound (PANI) and graphene quantum dot [31] or inorgan-
ic nanoparticles like AuNPs [32] have been reported.

The presented capacitive sensor was formed by
S-{12-[1-(pyridin-4-ylmethyl)-1H-1,2,3-triazol-4-
yl]dodecyl} ethanethiol, with the terminal groups exhibiting
the affinity towards CrO4

2− and Cr2O7
2− anions, assembled on

a gold electrode surface [33]. Because of steric hindrance,
attributed to the relatively large functional groups, to obtain
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Fig. 1 Scheme of membrane-covered electrode in contact with an
electrolyte solution
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the well-ordered thiol monolayer, which in turn minimizes
non-specific adsorption of analyte, shorter-chain thiol-
decanethiol (DT) was used as an additional component of
thiolating solution [34, 35]. The main goal of the study was
the characterization of thiol layers of various compositions
supported on the gold surface. X-ray photoelectron spectros-
copy (XPS) and contact angle measurements as well as atomic
force microscopy (AFM) techniques were employed. An elec-
trode surface coverage with the layer of thiols was calculated
using cyclic voltammetric measurements. The research under-
taken also dealt with optimization of measuring procedure and
its influence on analytical performance of the sensor.

Experimental

Chemicals

All chemicals, unless mentioned otherwise, were analytical-
grade reagents. Potassium dichromate(VI), K2Cr2O7 (>
99.5%), ethanol (EtOH), nitric acid, potassium chloride, sodi-
um nitrate, and potassium hexacyanoferrate(III) were pur-
chased from Avantor (Poland). 1-Decanethiol from Alfa
Aesar (USA), sulfuric acid (95–97%) from Merck
(Germany), acetone from Chempur (Poland), potassium hy-
droxide from Centro-chem (Poland), and 0.3 μm alumina
powder, used for polishing working electrodes surface from
Buehler Micropolish (USA), were supplied. Water solutions
were prepared using ultrapure water (conductivity <
0.5 μS cm−1) from an HLP 5 system (Hydrolab, Poland),
and EtOH/H2O mixture (1:1, v/v) was used for preparation
of 0.2 mmol L−1 both decanethiol (DT) and functionalized
thiol (FT) solutions.

1-Decanethiol 99% (DT) was purchased from Aldrich
(USA), while S-{12-[1-(pyridin-4-ylmethyl)-1H-1,2,3-
triazol-4-yl]dodecyl} ethane-thiol (FT) was synthesized ac-
cording to the procedure described in Supporting information.
The structure of FT was confirmed by NMR and ATR-IR
spectroscopy as well as elemental analysis.

Sensor preparation

Prior to formation of thiol monolayers, a gold electrode
was cleaned by mechanical polishing with alumina slurry
followed by cyclic voltammetry in 0.5 mol L−1 KOH and
0.5 mol L−1 H2SO4 solutions, in potential between of
− 0.2 to 1.1 V and − 0.3 to 1.5 V vs. Ag/AgCl reference
electrode, respectively. The measurements were carried
out until repeatable cyclic voltammograms were obtained.
Solution of K3[Fe(CN)6] (5 mmol L−1 with 20 mmol L−1

NaNO3) was used for verifying cleanliness of an electrode
surface. A pair of well-defined redox peaks correlated to
Fe(III) + e− ↔ Fe(II) reaction manifested a desired result

of cleaning. The efficiency of the processes was evaluated
based on peak potential separation, ΔEp [36]. The smaller
was the ΔEp value and the closer to theoretical one (for
one-electron process 0.058 V), the cleaner was the gold
electrode surface. In our experiments, the value of ΔEp in
the range of 0.07–0.08 V was accepted.

Self-assembled monolayers of thiols were spontane-
ously formed on a gold electrode surface by immersing
the electrode in a thiol solution at 30 °C for 30 min, and
subsequently at ambient temperature (ca. 20 °C) for
90 min. Then, the electrode was rinsed with a large
amount of EtOH/H2O (1:1, v/v) solution. The prepared
sensors were stored in the EtOH/H2O (1:1, v/v) solution
and carefully rinsed with the EtOH/H2O (1:1, v/v) solu-
tion before capacitive measurements. Because of steric
hindrance, attributed to relatively large functional
groups, to obtain a high structural quality of the thiol
membrane, FT was mixed with shorter-chain DT. In the
thiolation process, the mixtures obtained by mixing of
0.2 mmol L−1 solutions of both thiols at various FT/(FT
+ DT) volume ratios (0.00, 0.05, 0.15, 0.25, 0.33, 0.50,
0.67, and 1.00) were examined.

Surface characterization

For surface investigation, gold layers with thickness of ca.
150 nm were evaporated onto crystal silicon wafers (ITME,
Warsaw) consolidated with a 5-nm chromium adhesion layer.
Evaporations were carried out in an oxygen-free glovebox
(MBRAUN, Germany). SAMs of thiols were formed by im-
mersing the freshly prepared wafers in the thiol mixture of
different composition at ambient temperature for 24 h.
Before measurements, the wafers were brought out from the
thiol solution and carefully rinsed with EtOH/H2O (1:1, v/v).
Before the AFM experiments, they were additionally dried
using nitrogen.

Contact angle measurements were carried out at room tem-
perature using a Standard Contact Angle Goniometer ramé-
Hart Model 2000 (ramé-hart instrument co., USA). They were
performed to study hydrophobicity of SAMs supported onto
an evaporated gold layer. One microliter of deionized water
was put on a gold surface covered by SAMs and a needle tip
was in contact with a drop. For each SAM, the measurements
were repeated five times.

X-ray photoelectron spectroscopy measurements were per-
formed with a Prevac system equipped with a hemispherical
analyzer VG SCIENTA R3000 (Scienta Omicron, Sweden).
The spectra were taken using a monochromatized aluminum
source AlKα (Eb = 1486.6 eV). The base pressure in the ana-
lytical chamber was about 5 × 10−9 mbar. The binding energy
scale was calibrated using the Au 4f7/2 line of a cleaned gold
sample at 84.0 eV. The surface composition was analyzed
taking into account the areas and binding energies of Au 4f,
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C 1s, N 1s, S 2p, and O 1s. The spectra were fitted using the
Casa XPS software.

Atomic force microscopy images were obtained with a
Dimension Icon+ atomic force microscope (Bruker,
Germany) working in air in PeakForce Tapping mode.
Silicon nitride cantilevers (Bruker, Germany) with nominal
normal spring constant of 0.58 N m−1 were used for all the
measurements.

Electrochemical measurements

All electrochemical experiments were carried out at room
temperature in a three-electrode arrangement consisting
of a working gold electrode covered by SAM, a platinum
counter electrode, and a Ag/AgCl (3 mol L−1) reference
electrode. The gold electrodes were made from a 1.00-
mm-diameter rod of pure gold (99.99%, Mint of Poland)
placed into a Teflon holder. Both, measurement KSP-2
module, composed of a galvanostat, capacitance meter
CMTR-243 and A/C-C/A converters, and the software
used to control measurements, acquisition, and analysis
of the capacitance-potential characteristics, were de-
signed and produced by KSP Elektronika Laboratoryjna
(Poland).

Capacitance measurements were performed using the
capacitance-to-frequency conversion method [13, 37, 38].
In this approach, the investigated capacitor, an electrode
covered with SAM of functionalized thiols, being in con-
tact with analyte solution, is periodically charged and
discharged by a current in a defined range of potential,
ΔU, and the current is constant in its absolute value, but
with alternating sign. The voltage change over the time is
triangular as is presented in Fig. 2.

While the capacitor is charged from the voltage U+ to U−,
the voltage changing rate, V, is influenced by the current, i, and
the capacitance, C, according to the equation:

V ¼ Uþ−U−

Tþ
¼ i

C
ð1Þ

Owing to the fact, that the current value is the same in both
directions of voltage change, charging of the capacitor from

the voltage U+ to U− lasts the same as in opposite direction,
from U− to U+ and can be expressed by the equation:

Tþ ¼ T− ¼ C
ΔU
i

ð2Þ

Since the total period of the resulting signal, T, is given as
T = T+ + T−, it is equal to

T ¼ 2C
ΔU
i

ð3Þ

As a consequence, the capacitance can be described as
follows

C ¼ T
i

2ΔU
ð4Þ

The method employed for measurement enabled recording
of capacitive characteristics in the form of capacitance-
potential curves. The measurements were carried out in the
potential range from − 200 to 800 mV with scan rate of
50 mV s−1 and potential step of 2 mV. Every day, before
capacitance experiments, the measurement device was cali-
brated using a 10.00 nF capacitor. For each sensor, the capac-
itance measurements in solution of supporting electrolyte
(0.1 mol L−1 NaNO3) were performed. After addition of a
proper volume of the sample solution (or analyte standard
solution), the mixture was stirred for 1 min using a magnetic
stirrer MS 11HS (Wigo, Poland) and then measuring cycles
were done registering capacitance-potential curves.

Results and Discussion

Electrochemical characterization of SAMs

Assuming that redox reactions can take place only on parts of
electrode surface uncovered by thiols and that diffusion to bare
surface spots is planar, characterization of SAMs can be done
using fractional coverage of the monolayer on a gold surface,
Θi

CV estimated from cyclic voltammetry measurements [39]:

Θi
CV ¼ 1−

iSAMp

ibarep

ð5Þ

where ibarep is a peak current recorded on the bare gold electrode

in a K3[Fe(CN)6] solution, and iSAMp is a respective peak current

recorded on the electrode covered by thiol at the same
measuring conditions. Based on the CV measurements,
carried out using the gold electrodes covered with thiol
monolayers of varying composition, the Θi

CV values were
calculated (see Table 1). It can be found that the best elec-
trode surface coverage was achieved at the FT/(FT + DT)
ratio of 0.67 (FT:DT ratio 2:1, v/v).

U 

t 

U+ 

U− 

T 

ΔU 0 

Fig. 2 Cyclic changes of the capacitor voltage during measurements

1466 J Solid State Electrochem (2019) 23:1463–1472



Physicochemical characterization of SAMs

X-ray photoelectron spectroscopy was used to follow the
composition of the thiol monolayer formed on the Au elec-
trode. Apart from the Au 4f photoemission observed as a
doublet at 84.0 eV (Au 4f7/2) and 87.7 eV (Au 4f5/2) with
spin-orbit splitting of 3.7 eV, the peaks related to C 1s, N 1s,
S 2p, and O 1s are found in the recorded survey XPS spectra.
The presence of oxygen impurities can be attributed to partial-
ly oxidized electrode surface and other contaminants (such as
unremoved solvents) existing in the thiol layer. The remaining
elements correspond mainly to thiols (FT and DT) introduced
onto the Au surface. The determined amounts of the compo-
nents of SAMs are listed in Table 1. Obviously, the packing
density of the thiol layer on the Au electrode is very similar
regardless to the composition of the thiolatingmixture, and the
S/Au atomic ratio of 0.05–0.06 was determined for all the
studied membranes.

The S 2p spectra have a doublet structure due to the pres-
ence of the S 2p3/2 and S 2p1/2 peaks. Their positions at 162.0
± 0.1 eV and 163.3 ± 0.2 eV suggest that sulfur exists exclu-
sively in the thiol groups chemically bonded to the Au surface,
and no significant amounts of free or oxidized thiols are iden-
tified [40]. Furthermore, the N and S contents were used to
calculate the composition of the thiol layers formed at the
various thiolating mixtures. In Fig. 3, % at. of FT in SAMs
determined as

% at:FT ¼ 1

4
∙
% at:N

% at:S
∙100% ð6Þ

is shown. As can be found, at lower FT/(FT +DT) ratios in the
thiolating mixture, FT is predominantly attached to the metal
electrode. An increase in the FT content during the thiolating
process results in obtaining the monolayer characterized by
the chemical compositions very close to the intended ones.

The wetting behavior of the Au surface after modification
with the thiol monolayer was studied by contact angle mea-
surements. Examples of images captured for the thiol mixtures
of different composition are shown in Fig. 4. The determined

values of static contact angle (Table 1) clearly decrease with
raising the FT content due to its higher hydrophilicity com-
pared to DT. It should be kept in mind that both thiols differ in
the length of hydrocarbon chain and the layer is formed main-
ly by the functional groups of FT. It is not therefore surprising
that this surface becomes hydrophilic even at the low contents
of FT in the formed membrane.

The coating of Au electrode with the thiol monolayer was
also controlled by atomic force microscopy. In Fig. 5, an ex-
ample of AFM image taken for the bare gold and gold covered
with mixture of FT/(FT + DT) at molar ratio of 0.67 is shown.
The obtained layer is continuous, remarkably smooth, and
densely uniform (compared with bare Au surface), without
any clear faults. For other compositions of thiol films, similar
AFM pictures were collected.

Verification of sensor functioning

Based on the results of electrochemical and physicochemical
studies performed, for further experiments, the mixture of FT/
(FT + DT) at molar ratio of 0.67 was chosen for the sensor
construction. For a series of prepared electrodes, similar in
shape capacitance-potential curves usually with hysteresis
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Fig. 3 Composition of thiol monolayer determined by XPS

Table 1 Characterization of
SAMs: electrode surface
coverage Θi

CV, contact angle and
surface composition of studied
thiol monolayers assembled on
Au electrode

Composition of thiol
mixture FT/(FT + DT)

Θi
CV Contact angle [°] FT/(FT + DT) ratio

at Au surface
Atomic ratio at Au surface

S/Au N/Au C/Au

0.00 (100% DT) 0.641 112.8 0.000 0.05 0.00 0.53

0.05 0.664 90.2 0.335 0.05 0.02 0.77

0.15 0.743 69.0 0.652 0.06 0.07 0.81

0.25 0.780 61.4 0.757 0.06 0.08 0.92

0.33 0.817 51.9 0.879 0.05 0.09 1.02

0.50 0.866 48.4 0.920 0.06 0.12 1.28

0.67 0.886 42.9 0.979 0.06 0.16 1.17

1.00 (100% FT) 0.849 40.9 1.000 0.05 0.21 1.08
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were recorded, in both, supporting electrolyte and analyte
solutions (see Fig. 6). The fluctuation of capacitive char-
acteristic pattern and the level of measured capacitance
were random, which could be clarified by unrepeatable
assembling of thiols on the gold electrode surface being
an effect of non-ideal smoothness of gold surface after the
electrode preparing process.

The important issue of proposed approach was the
way of the analytical signal readout. From Fig. 6, it is
seen that, with increasing concentration of Cr(VI), up to
500 nmol L−1, capacitance characteristics moved along
the capacitance axis. It was noticed that in nearly all
cases, the most significant signal changes were revealed
at potentials of 0.70 V, accordingly that potential was
selected for the analytical signal readout.

To improve the analytical parameters of proposed
sensor, consideration about experiments performed in
the solution of supporting electrolyte was taken. The
most often employed procedure of electrochemical mea-
surements includes recording signal in supporting elec-
trolyte until its constant value is reached. During capac-
itive experiments it was observed that the biggest dif-
ference in capacitance-potential curves registered for
supporting electrolyte occurred during the first three

measuring cycles. Simultaneously, it was revealed that
the sensor sensitivity decreased along with the increase
in the number of measurements carried out in solution
of supporting electrolyte It is likely that the thiol mono-
layer, after being exposed many times to variable elec-
tromagnetic field, was less flexible and, as results,
electrostriction of SAMs was weaker. For that reason,
it was decided that five measuring cycles in supporting
electrolyte (0.1 mol L−1 NaNO3) for each sensor will be
carried out, assuming that the further changes in the
course of capacitance-potential curves could be
neglected. After an introduction of each volume of stan-
dard Cr(VI) solution and mixture stirring, five consecu-
tive capacitance-potential characteristics were recorded.
Since, starting from the third measuring cycle, the
curves overlapped; therefore, the fourth cycle was used
for analytical purposes.

In order to verify if the modified procedure of capacitance
measurements enables the determination of chromium(VI) at
lower concentrations, the measurements were performed in
three different Cr(VI) concentration ranges: up to 10, 50,
and 500 nmol L−1. The following linear relationships of the
capacity versus concentration (C–c) were obtained, as mean
values for three sensors for each concentration range:

up to 10 nmol L−1 C nF⋅cm−2� � ¼ 119:4 �7:3ð Þ nF⋅cm−2⋅nmol−1⋅L
� �

⋅c nmol⋅L−1� �þ 10558 �44ð Þ nF⋅cm−2� �
;

up to 50 nmol L−1 C nF⋅cm−2� � ¼ 13:0 �1:0ð Þ nF⋅cm−2⋅nmol−1⋅L
� �

⋅c nmol⋅L−1� �þ 5448 �29ð Þ nF⋅cm−2� �
;

up to 500 nmol L−1 C nF⋅cm−2� � ¼ 7:0 �0:8ð Þ nF⋅cm−2⋅nmol−1⋅L
� �

⋅c nmol⋅L−1� �þ 13503 �224ð Þ nF⋅cm−2� �
;

(standard deviations were calculated based on the law of
propagation of uncertainty). Comparing the calibration re-
lationships obtained for different concentration ranges, it
was realized that the highest sensor sensitivity was re-
ceived for the lowest analyte concentration, up to
10 nmol L−1, 119.4 nF cm−2 nmol−1 L1, whereas 13.0
and 7.0 nF·cm−2·nmol−1·L for the Cr(VI) concentrations
up to 50 and 500 nmol L−1, respectively. In comparison to
the results reported previously [27], it was noticed that
reducing the number of measuring cycles recorded in
supporting electrolyte allowed to increase the sensor sen-
sitivity, its value corresponding to the highest studied

Cr(VI) concentration range (up to 500 nmol L−1) in-
c r e a s e d b y m o r e t h a n 5 0% , f r o m 4 . 6 t o
7 . 0 n F c m − 2 n m o l − 1 L 1 ( 0 . 0 3 6 a n d
0.0557 nF nmol−1 L1, respectively).

Due to fluctuations of the capacitive characteristics
observed for various sensors, analytical signals for a
sample and standard solutions should be measured uti-
lizing the same sensor and in the same solution of a
supporting electrolyte. Furthermore, measurements for
growing analyte concentrations were necessary.
Considering the above, the adequate calibration ap-
proach was applied—the modified standard addition

Fig. 4 Examples of contact angle
images of DT monolayer (a),
DT:FT monolayer at volume ratio
0.50 (b) and FT monolayer (c)
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method, called signal increment extrapolative calibration
method [27, 41]. Calibration procedure was consisted
into few steps. At the beginning, the one addition of
the standard analyte was introduced into supporting
electrolyte and the analytical signal was measured (R1)
(see Fig. 7a). In the next step, the known volume of the
sample solution with unknown concentration of the an-
alyte was added and new analytical signal was recorded
(R2). Afterwards, analytical signals (R3 ÷ R5) were
measured for subsequent three standard additions of
known volume and concentration. As a result, based
on signals (R2 ÷ R5), the calibration graph could be
created, and the concentration of the unknown sample
could be calculated by extrapolation of the calibration
plot to the signal of the first standard solution (R1).

The developed methodology was verified in a synthetic
solution containing different amounts of Cr(VI) within the
lowest examined concentration range. The analyses of syn-
thetic solutions were performed at four different concentra-
tions. The results of determinations are presented in Table 2.
Exemplary calibration graphs obtained for 2 nmol·L−1

chromium(VI) solutions according to the calibration method
used are shown in Fig. 7b. The data in Table 2 reveal that
relative errors are lower than 7%, even at very low
chromium(VI) concentrations (1 and 2 nmol·L−1); therefore,
the accuracy of the sensor can be regarded as satisfactory. The
RSD values do not exceed 6%, indicating acceptable precision
of the method.

Based on described-above calibration approach, the limit
of detection was estimated. For this purpose, the formula
LOD = tα, f ∙ s was employed, where tα, f was the critical
Student’s t value read for the significant level α = 0.1 and f
degrees of freedom for n measurements (f = n − 1), and s was
the standard deviation of the obtained results [42]. The calcu-
lation performed based on ten analyses carried out for 1 nmol·
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Fig. 6 Example of capacitance-
potential curves recorded for
developed sensors in supporting
electrolyte (dotted line) and
Cr(VI) solutions of increasing
concentrations from 1 to
10 nmol·L−1, scan rate 20 mV·s−1

Fig. 5 AFM images of uncovered Au surface (a) and of thiol monolayer
formed on Au electrode in solution containing FT/(FT + DT) molar ratio
of 0.67 (b)
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L−1 Cr(VI) standard solutions gave the LOD value of
0.31 nmol·L−1. Reproducibility of sensor operation was esti-
mated as 3.5% (RSD%) for the three independently prepared
sensors employing for Cr(VI) determination in solution with
concentration of 5 nmol·L−1. Repeatability obtained for three
analyses carried out with the use of one sensor gave an RSD
value of 9.1%.

Comparing the presented sensor to other electrochemical
sensors designated for Cr(VI) determination (see Table 3), it
can be noticed that in this case, linear response range was
better than obtained for the sensors based on hybrid films of
phosphate cellulose and electroactive polymer [29],
polyaniline/graphene quantum dot–modified screen-printed
carbon electrode [31] and screen-printed carbon electrode
modified with gold nanoparticles [32]. The developed sensor
exhibited lower limit of detection in comparison with all re-
ported sensors except for vibrating silver amalgam microwire
electrode demonstrating similar LOD values [30].

Fig. 7 The signal increment
extrapolative calibration–general
approach (a); exemplary
calibration graphs received for
three 2 nmol L−1 Cr(VI) synthetic
solutions (b)

Table 2 Results of determinations of Cr(VI) in synthetic samples

Concentration of Cr(VI) solution [nmol L−1]

Expected Found

Mean RE [%] RSD [%]

1.00 1.07
0.98
1.02

1.02 2.2 3.7

2.00 1.96
1.89
2.17

2.01 0.3 5.9

5.00 4.96
5.32
5.17

5.15 3.0 3.5

10.00 10.72
11.08
10.15

10.65 6.5 3.6
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Conclusion

The electrochemical sensor of new generation for Cr(VI) de-
tection, based on the electrostriction phenomenon of a thiol
monolayer covalently bound on a gold electrode, was present-
ed. To characterize the surface of thiol layers embedded on
gold surface, electrochemical (CV) and physicochemical
methods (XPS, AFM, and contact angle measurements) were
employed. Based on the CV measurements, it was found that
the best surface coverage of the gold electrode was obtained
using the mixture of thiols at the FT/(FT + DT) ratio of 0.67.
The contact angle measurements confirmed that hydrophilic-
ity of the monolayer clearly increases due to the growth of FT
content in comparison to DT. It can be noticed that even in the
case of using two thiols with different lengths of hydrocarbon
chain at different proportions (FT and DT), the external sur-
face of SAMs is mainly formed by the terminal functional
groups of FT. Therefore, the electrode surface becomes hydro-
philic even at the low content of FT in the formed monolayer.
According to the XPS measurements, the packing density of
the thiol monolayer on the Au electrode is very similar regard-
less of the composition of the thiolating mixture, and the S/Au
atomic ratio of 0.05–0.06 was determined for all the studied
thiol films. An increase in the FT content during the thiolating
process results in obtaining the membranes characterized by
the chemical compositions very close to the intended ones.

Our results show that the modification of measuring proce-
dure beneficially influenced the sensor performance. The exper-
iments carried out demonstrated that reducing the number of
measuring cycles recorded in supporting electrolyte allowed to
increase the sensor sensitivity and made possible determination
of Cr(VI) at lower concentration levels, in nanomolar range, in
comparison with those reported formerly [27].
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