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Multifunctional electrodes that combine the adsorption capacity of mesoporous oxides and the elec-
trocatalytic activity of metallic nanoparticles (NPs) were designed, synthesized and tested for As (III)
determination in aqueous solution.

The electrodes were produced in two steps: first, mesoporous ZrO, thin films were prepared by evap-
oration induced self-assembly and, afterwards, Au NPs were included within the pores by adsorption of
Au (III) and subsequent chemical reduction. Different pore sizes and Au NPs loadings were explored, in
order to study its effect over the sensor’s performance. The obtained materials were characterized by
electron microscopy, UV-vis spectrometry and X Ray Reflectometry. The electrochemical performance
was studied by cyclic voltammetry.

By comparison with empty ZrO, and Au loaded SiO-, electrodes, it was possible to determine that the Au
loaded ZrO; electrodes present a synergetic effect for the As (III) detection, combining the electrocatalytic
behavior of Au NPs and the adsorption capacity of mesoporous ZrO,. Moreover, a clear difference in the
electrochemical performance of the material was observed depending on the pore size and the amount
of incorporated Au NPs. In particular, a higher sensitivity (detection limit as low as 1.0 ppb of As (III)) was
observed when small NPs (around 5 nm) were included within mesoporous films with bigger pore sizes
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(7 nm diameter) due to a higher accessibility.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade, metallic nanoparticles (NPs) have attracted
broad attention for their application in several fields. These appli-
cations are related to the size-dependent properties and the high
surface to volume ratio of these nanomaterials. In particular gold
NPs show excellent properties for numerous applications in the
electrochemistry [1], electroanalytics [2,3] and bioelectrochem-
istry [4] fields, by providing an enhancement of mass transport
and improving catalytic processes [5,6]. The most important fea-
ture concerning their superior electrochemical performance is their
extremely high specific surface, that allows achieving high sensi-
tivity using a small amount of material [ 7]. However, their response
can be affected over time, due to electroactive area losing by leach-
ing, coarsening and/or aggregation. Much effort has been devoted
to solve these stability issues, being their dispersion into porous
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supports one of the most promising strategies. These supports pro-
vide anchoring sites to stabilize metal nanoparticles and help to
maintain them well dispersed. Moreover, the NPs—support inter-
face can play an active role in catalytic systems, by inducing an
enhancement in the supported particles activity [8].

In that sense, ordered mesoporous oxides have received con-
siderable attention as NPs supports, since they present controlled
pore sizes and easily tunable framework’s properties [9]. This tun-
ability is a consequence of the synthetic method used to produce
the mesoporous oxides: sol gel reactions to produce the frame-
work, combined with amphiphilic molecules’ self assembly to give
rise to the mesopores. Interestingly, mesoporous materials can be
deposited as thin films onto many substrates, expanding their pos-
sible applications [10]. In fact, mesoporous thin films (MTF) have
been successfully used to design and fabricate chemically-modified
electrodes, as summarized in recent reviews [9-11].

More importantly, the nanocomposites obtained through the
combination of MTF and NPs posses not only the intrinsic prop-
erties of each component, but also new features derived from the
synergy between them, mainly due to the high interfacial contact
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area between the metal and the oxide [12]. In that sense, recently
Au NPs dispersed into mesoporous mixed Zr-Ce oxides supports has
been proposed by Violi et al. [8] as catalysts for a variety of chemical
reactions, including electrochemical ones. In these electrodes, the
Au NPs not only serve as reaction sites but also provide an electron
pathway to the current collector as a string of pearls. In this work,
a step further is presented: the use of a mesoporous oxide that acts
both as a support for the Au NPs and as an adsorbent for the chosen
analyte.

Arsenic (III) was chosen as the model analyte, since contam-
ination with this species is a worldwide problem because of its
notorious toxicity. The As (III) exposure, mainly through drinking
water, can lead to various health problems involving the skin, lungs,
urinary bladder or kidneys [13]. Arsenic (III) has been ranked by the
International Agency for Research on Cancer (IARC) as a group 1 car-
cinogen [14]. Moreover, the World Health Organization (WHO) has
fixed a maximum permissible concentration of 10 ppb for this con-
taminant in drinking water. Many analytical methods have been
developed for determination of such levels of As (III) [15]. Elec-
trochemical methods are the most suitable for in-field monitoring
[16,17] due to their simplicity, low-cost, high speed and high sensi-
tivity [18]. In particular, Au has been the most used electrode for As
(III) detection, [19] because it shows excellent catalytic activity and
good intrinsic conductivity [20]. In order to minimize the required
amount of noble metal for the sensors construction, the use of Au
NPs has been proposed in the last years [13]. Moreover, such Au NPs,
supported onto different substrates, can influence the measure-
ment performance, improving the sensitivity and detection limit
for As (II1) [13,21,22].

Mesoporous ZrO,, on the other hand, has been chosen as the
support oxide, as this oxide has been reported to be a good adsor-
bent for the removal of arsenic ions [23-25] and other pollutants
from water [26]. In addition, ZrO, presents a high stability to
harsh chemical environments, resulting ideal for the construction
of highly durable devices.

Hence, in the present study, we propose the construction of
composite electrodes: Au NPs included within the pores of ZrO,
mesoporous thin films, for the detection of As (Ill) in aqueous
solution. These electrodes combine the Au NPs electrocatalytic per-
formance for the contaminant detection with the As (III) adsorption
capability of mesoporous ZrO,.

The oxide was obtained by Evaporation Induced Self Assembly
(EISA) [27], using two different block copolymers as templates. The
NPs deposition was performed by impregnation-reduction method,
which presents several advantages over traditional methodologies,
including:

(a) the Au NPs remain trapped inside the mesopores,

(b) no separate NPs preparation is required, resulting in a faster
and greener methodology, since no organic solvents or toxic
stabilizers are employed,

(c) the NPs surface is free from strongly bound capping agents, and

(d) a better distribution of NPs is obtained, when compared with
electrodeposition procedures [8,28].

The effect of the Au NPs amount over the electrochemical detec-
tion of As (III) was evaluated and the composite’s synergetic effect
was confirmed by comparing with Au loaded mesoporous SiO, and
non loaded mesoporous ZrO,. The experimental results suggest
that, when a careful control over the framework and Au NPs load-
ing is achieved, the obtained modified electrodes show excellent
performance for As (IlI) detection in neutral media.

Interestingly, the synthetic approach can be easily extended to
the fabrication of other electrochemical sensors, by simply modi-
fying the adsorbent mesoporous support.

2. Materials and methods
2.1. Materials

Zirconium n-propoxide in ethanol, acetylacetonate (acac), KOH,
NaOH, diblock copolymer Brij 58 (B58), triblock copolymer Pluronic
F127 (F127), tetraethoxysilane (TEOS), aminopropyltriethoxysi-
lane (APTES), HAuCl4-3H,0, and sodium arsenite were purchased
from Sigma-Aldrich. HCI 35% was purchased from Merck, absolute
ethanol was purchased from Biopack and NaBH,4 was obtained from
Riedel-de Haén. Water (resistivity = 18 M2) was obtained from an
E-pure system. Bare glass, and indium-doped tin oxide coated glass
(ITO, Delta Technologies) were used as substrates for film deposi-
tion.

2.2. Synthesis of sol-gel thin films

2.2.1. Preparation of the sols

Sols to give rise to mesoporous ZrO, were prepared following
the procedure reported previously [29]. Briefly, acac, zirconium
propoxide and the template (B58 or F127) were mixed in ethanol;
the mixture was stirred for a minute. Then, HCl and water were
added dropwise under vigorous stirring. The obtained solution,
with molar ratio of 40 ethanol: 1 zirconium propoxide: 1 acac: 1
HCI: 20 H,0: x template (with x=0.05 for B58 and x=0.005 for
F127), was stirred for 1 h at room temperature before its use.

SiO, sols were prepared using TEOS as the oxide precursor
and B58 or F127 as templates; the sols were prepared by mix-
ing ethanol, TEOS, water and the copolymer, with the following
the molar ratio:40: 1: 10 (HCl 0.004): x, where x was 0.05 for B58
and 0.005 for F127. This solution was aged for 24 h before the film
deposition on the substrate [30].

2.2.2. Preparation of the films

Mesoporous thin films were produced by combining a sol—gel
reactions with amphiphilic molecules self-assembly in the strategy
known as Evaporation Induced Self Assembly (EISA) [27]. The films
were prepared by dip-coating onto ITO coated glass substrates care-
fully cleaned with pure water and acetone, under 20-50% relative
humidity (RH) and 20°C. A withdrawal speed of 2.0 mms~! was
used in all cases. The as prepared films were transferred to a cham-
ber with RH of 50% (obtained with a saturated solution of Ca(NOs);)
for 24 h. In order to remove the organic template and to promote a
consolidation of the oxide structure, a gradual thermal treatment
was applied. The heating procedure consist of three steps: 24 h at
60°C, followed by 24h at 130°C and 2 h at 350°C (heating rate
1°C*min—1). Before its use, the films were rinsed with water and
ethanol and dried at 130°C.

The ZrO, films obtained by using B58 and F127 as templates
were denominated ZrB and ZrF, respectively. The same code was
used for SiO, films, which were denominated SiB and SiF.

2.2.3. Infiltration with gold NPs

The infiltration of Au NPs on mesoporous films was achieved
by an iterative adsorption/reduction (A/R) method based on previ-
ously reported procedures [8,31]. This methodology consists in the
adsorption of a gold precursor onto the surface of the mesoporous
oxide followed by a reduction with NaBHy. In all cases, the film was
immersed for one minute in 1 mM HAuCl4-3H,0 solution at pH=4
(adjusted by adding 0.1 M NaOH solution). The pH was selected to
promote the adsorption of the negatively charged Au(Ill) salt onto
the positively charged surface of the film [31]. After this residence
time, the film was rinsed and dried under air flow. Afterwards, it
was immersed for 1 min in a 1 mM NaBH,4 solution, rinsed with
water and dried under air flow. These two consecutive steps were
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repeated 8 and 15 times in order to achieve different degrees of NPs
filling.

For ZrO, films, the adsorption of AuCl, ~ was carried out directly.
For SiO, films, a previous surface functionalization with amine
groups was performed, to allow the Au precursor adsorption onto
the surface [32]. The functionalization was carried out at room tem-
perature by immersing the films for 20h in a 2 x 10~4 mol-dm~3
APTES solution in ethanol, followed by a careful rinsing with the
same solvent [33].

The Au loaded films were denominated according to the oxide,
the template and the number of A/R cycles used to Au NPs load,
as follows: ZrB-8Cay, ZrF-8Cx, and ZrF-15Ca, for ZrO, films and
SiB-8Cpy and SiF-8Cay for SiO, films; where yCa, represents the
number y of A/R cycles.

2.2.4. Characterization of the films

MTF pore ordering and Au loading was studied by field emis-
sion scanning electron microscopy (FESEM, Carl-Zeiss SUPRA 40
operated at 3kV and using an in lens detector, CMA-FCEyN-UBA)
and transmission electron microscopy (TEM, Philips CM 200 oper-
ating at 180 kV, GM-CAC-CNEA). Au NPs growth was also monitored
using an HP8453 UV-vis spectrophotometer.

The X-ray reflectometry (XRR) studies, used to determine film
thicknesses, porosities and Au loading, were performed on a PanAn-
alytical Empyrean X-Ray diffractometer. Cu Ka, radiation (1.54 A),
incident angle of 1°, a divergence slit of 0.38 mm and a mask of
10 mm were used for the measurements. Films thicknesses (T) were
obtained from the Kiessig fringes in the reflectogram [34], using Eq.
(1) (valid when 6 > 4 critical angle, 6):

A
T= 2A(sin0)

where X is the wavelength of the X-rays and A (sin 0) is the period
of these oscillations.
Electronic densities (p.) of the films were obtained from the
reflectivity critical angle 6. [35], using Eq. (2):
b4

2
Pe = mec (2)

(1)

where 1. =2.813 x 10-% nm is the electron’s classical radius.

Taking into account Eq. (2), the films’ porosity can be estimated
from XRR data by measuring the change in the critical angle (and
thus, in the thin film density) when the RH changes from <5% (i.e. the
pores are full of air) to >90% (i.e. the pores are filled with water). For
that purpose, XRR measurements were made with the films placed
inside a chamber whose humidity was controlled by bubbling dry
or wet air [36].

The increment in the film density at high RH values was con-
sidered only due to the water content in the pores. After this
assumption, the water volume fraction (Fyyp) within the film was
determined using Eq. (3):

Fino Pfitm+H20 — PfilmPH20 3)
where pfim+H20 is the water-filled film electronic density (obtained
using 6. measured at RH > 90%), pgin, is the empty film electronic
density (obtained using 6. measured at RH <5%) and the pyy is the
water electronic density. This Fyyq is equivalent to the accessible
porosity of the material.

Same approach was used to determine the Au filling (gold vol-
ume fraction, Fa,) inside the pores, using Eq. (4):

(Pfitm+au) = Pfitm PAu

(4)

where pfm +au 1S the Au-filled film electronic density (measured at
RH <5%), pfiim is the electronic density of empty mesoporous film
and p py is the gold electronic density.

FAu =

Au mass density (3 ) within the films was calculated by using
Eq. (5):

Pau AAuZAu
Sm = e (5)
where pj, is difference between pgm+ay and Pgim, Na is Avogadro’s
number, Z,, is Au atomic number and Aay is Au atomic mass.
Finally, the accessible porosity after Au loading was calculated
by measuring the change in the critical angle of Au loaded samples
between low and high RH [36].

2.2.5. Electrochemical measurements

Electrochemical experiments were performed with a com-
puter controlled potentiostat/galvanostat (AUTOLAB PGSTAT30,
Eco Chemie). A conventional three-electrode cell with a Ag/AgCl
(sat. KCl) reference electrode and a Pt wire counter electrode was
used. To prepare the working electrode, each mesoporous film
prepared onto ITO (size: 7 x 2.5cm) was cut into three pieces of
approximately 2 x 2 cm. Thus, each film was used to prepare three
electrodes with the same characteristics.

The working electrode was electrically connected using a gold
wire through a small section of the free ITO substrate. Before elec-
trochemical measurements, all solutions were deoxygenated by
argon bubbling for at least 30 min. The electrochemical determina-
tion of As (III) concentration was performed by cyclic voltammetry
and differential pulse voltammetry. The voltammetry experiments
were carried out on As (III) solutions prepared by dissolving sodium
arsenite in phosphate buffer solution (0.1 M PBS, pH=7). The same
solution without arsenic was used as reference.

The Au NPs electroactive surface area was electrochemically
determined by assuming 390 wC* cm~2 for the reduction of a gold
oxide monolayer of polycrystalline surface [37]. The voltammetric
responses of the Auloaded films were determined over 0.0 to +1.2V
vs Ag/AgCl potential range.

3. Results and discussion

The mesoporous ZrO, thin films were prepared by dip coating
using a sol-gel based EISA route, according to previously reported
procedures [29]. The obtained thin films present a locally ordered
mesoporous structure, as can be seen in Fig. 1a for ZrB and 1c for
ZrF. The average pore size is 3.8 +0.9 nm for ZrB films and 7 + 1 nm
for ZrF films, while the interpore distances are 8.1 and 16.5 nm,
respectively (determined from measurements performed in several
electron microscopy images). The obtained values are in agreement
with previously obtained results [29].

Au nanoparticles were incorporated within the mesopores
through repetitive adsorption-reduction cycles, using AuCly~ as
metallic precursor and NaBH4 as reductant. The obtained films
present a pink color due to Localized Surface Plasmon Resonance
(LSPR) of Au NPs [31], whose intensity depend on the amount of
A/R cycles used. TEM image of ZrB-8Ca, sample (Fig. 1b) shows
the Au NPs obtained after 8 A/R cycles. The NPs exhibit a spheri-
cal shape and seem to be isolated from the TEM point of view. As
TEM images are a 2D projection of a 3D sample, contact between
particles stacked along the film thickness cannot be ruled out.

Au NPs with bigger size were obtained by using more A/R
cycles, observing also agglomeration between them along consec-
utive pores (Fig. 1d). The obtained particles sizes are 4+1, 541,
24.3 £0.9nm for ZrB-8Cp,, ZrF-8Cp, and ZrF-15C,, respectively.
In the last system, and as consequence of the bigger number of
A/R cycles, the particles are larger than the pore size (see inset in
Fig. 1d). This observation indicates that the TEM resolution does not
allow distinguishing each particle separately and thus, the contact
between them is ensured.
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Fig. 1. TEM images of ZrB-8Cx, sample with focus on the oxide’s structure (a) and in the Au NPs included within (b), SEM image of ZrF sample surface (c) and TEM image of

ZrF-15Ca, sample (d).
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Fig. 2. UV-vis spectra of a) ZrF-8Cpy, b) ZrB-25Cay, C) ZrB-15Cp, and d) ZrB-8Cay
samples.

The obtained results also suggest that the pore diameter deter-
mines the NPs size only when less than 10A/R cycles are used,
greater A/R cycles number gives rise to NPs agglomeration visible
by TEM.

The Au NPs loaded ZrO, films were characterized by UV-visible
spectrometry, as can be seen in Fig. 2; optical images of selected
samples are presented in Fig. S1 (Supplementary Material). A band
centered around 550 nm attributed to the LSPR of Au NPs is clearly
observed for ZrF-8C,, sample [8]. For Au NPs loaded ZrB, the band
only appears when a higher amount of A/R cycles are performed. In
fact, for ZrB-8C,, system the band is absent although the particles

Table 1
Thicknesses and porosities of ZrO, films.

System Thickness/nm Porosity/%
ZrF 90+3 1941
ZrB 75+3 21+1

are present in the oxide, as demonstrated by electron microscopy
images (Fig. 1b). This behavior can be explained taking into account
the low Au NPs loading and the size of the particles (less than 5 nm
diameter) [38]. When more A/R cycles are performed, more Au NPs
are obtained and thus the band becomes clearly observable (see
spectraband cin Fig. 2). The intensity difference observed between
the spectra of Au NPs included within ZrF and ZrB films can be
attributed to the difference in the NPs diameters, according to Mie
theory [39,40]. Moreover, the width of the absorption band indi-
cates that at least some of the Au NPs are in contact between them
[39].

Zr0, films thicknesses and porosities were obtained by XRR;
selected obtained reflectograms are presented in Fig. 3.

An example of the oscillations due to the constructive interfer-
ence of reflected X-rays on both thin film interfaces can be seen
in Fig. 3a. From those oscillations, the thickness of the films was
obtained using Eq. (1); the results are presented in Table 1.

Porosities were obtained from XRR patterns measured at low
and high RH, using Egs. (2)-(3). The obtained values, presented in
Table 1, are in agreement with previously reported values [29].

Once the films were loaded with Au, two different parameters
were evaluated with XRR: the NPs loading and the remaining acces-
sible porosity. In Fig. 3b-d, changes in the 6. are observed when
comparing empty ZrO, films with Au NPs loaded ones. The phe-
nomenon is a consequence of films’ electronic density changes due
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Fig. 3. XRR of a) ZrB and ZrB-8Ca, b) ZrF and ZrF-8Chpy, ¢) ZrB and ZrB-8Ca, and d) ZrF and ZrF-15Ca, measured at high (>90%) and low (<5%) RH, as indicated in the labels.

Table 2
Fau, Fi2o, Fr, and Au mass density obtained from XRR measurements.

System Au volume fraction (Fay,) Au filling factor (Fr) % Au Mass density g.cm—3 Water volume fraction (Fyz0)
ZrF-15Cx, 0.12 35 0.455 0.4
ZrF-8Cpy 0.09 16 0.321 0.7
ZrB-8Cay 0.08 15 0.329 0.5

to the formation of Au NPs inside the MTF [36]. The Au NPs loaded
films were also measured at high (>90%) and low (<5%) RH. In this
case, the XRR diagrams show a small shiftin 6, due to water conden-
sationinside the pores. The obtained Au and water volume fractions
calculated from 6, shifts are presented in Table 2.

ZrF-8Cpy and ZrB-8Cx, samples present a similar Au filling frac-
tion, while ZrF-15C,, sample shows the highest value, indicating
that an equivalent Au loading is obtained for systems with equal
number of A/R cycles and different pore sizes.

Regarding the water volume fraction, the value for ZrF-8Cuy,
sample results higher than the ones obtained for ZrB-8Ca, and
ZrF-15C4, systems, indicating that a higher accessible porosity is
available after Au NPs growth in this system. It is interesting to note
that, although the Au loading is similar for ZrF-8Ca, and ZrB-8Ca,
systems, there is a clear difference in the water volume fraction
after Au NPs incorporation, indicating that the pore size plays a
role in the final accessibility of the composite films. The number
of A/R cycles also determines the final accessibility of the mate-
rial, as can be observed when comparing the results for ZrF-15Cp,
and ZrF-8C,, samples. These results indicate that the composites’
accessibility is determined both by the pore size and the number
of A/R performed to load them.

3.1. Electrochemical measurements

The electrical wiring of Au NPs onto the film was corroborated by
electrochemical experiments, measuring the modified electrodes
in PBS at pH="7. The Au NPs loaded MTF (ZrF-8Cpy, ZrF-15C,, and
ZrB-8Cpy ) exhibit a sharp reduction peak at ca. 0.5V, which is char-
acteristic for the gold oxide reduction [41], as seen in Fig. 4a. A
similar performance is observed for SiF-8Ca, and SiB-8Ca, systems
(Fig. 4b).

Lowest currents are observed for SiF-8C,,, and SiB-8C,, systems
when compared with ZrF-8Ca, and ZrB-8C,, films. This behavior
is related to the lower gold load in the SiO, films when compared
to ZrO, films, which is independently demonstrated by the lower
absorbance observed in the UV- vis spectra of SiF-8Ca, sample,
when compared with ZrF-8Cj,, system (see Fig. S2).

The electroactive surface area of the Au NPs was calculated by
measuring the area under the reduction peak [42] and assuming
390 w.C-cm~2 for the charge passed per unit area on the surface of
bulk Au. Table 3 shows the surface area values obtained for ZrO,
systems; the results for SiO, samples are presented in Table S1.

ZrF-8Cp, presents the biggest electroactive area, even sur-
passing ZrF-15C,,, which present the higher Au filling fraction
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Fig. 4. Cyclic voltammograms of (a) ZrF-8Cay, ZrF-15Cp, and ZrB-8Cay, (b) SiB-8Cay
and SiF-8Cx, electrodes in PBS pH=7. Scan rate 10 mVs~'.

Table 3
Surface area values obtained for the analyzed electrodes.

System Gold electroactive area (cm?) per cm? of electrode
ZrF-8Cypy 0.711
ZrB-8Cau 0.590
ZrF-15Cay 0.257

according to XRR measurements. This apparent contradiction can
be explained taking into account the NPs agglomeration observed
in the ZrF-15Cx, system by TEM. As a consequence of such agglom-
eration, the Au exposed area is diminished and thus a smaller area is
available for electrochemical reactions. In the same sense, ZrB-8Cay
system shows the lowest electroactive area. This behavior can be
related with pore blocking by Au NPs, which limits the electrolyte’s
accessibility. This behavior is in agreement with the accessible
porosity results obtained by the XRR. Thus, ZrF-8Ca, with bigger
and thus harder to block pores (diameter around 7 nm instead of
3.8 nm) improves the accessible electrochemical surface area and
the diffusion of electroactive species towards the Au NPs surface
[43,44].

Lower electrochemical areas were obtained for SiF-8Ca, and SiF-
8Cay electrodes, due to the lower amount of Au incorporated in
these systems. Therefore, in order to compare both oxide supports

in the following experiments, the obtained currents were normal-
ized for electrochemical area.

3.2. Influence of Au amount on electrochemical response

In order to evaluate the possible use of these composite materi-
als as electrochemical sensors, cyclic voltammetry was employed
to examine the electroanalytical performance as As (IIl) sensors.
Arsenic (III) was chosen as a model analyte, since contamination
with this ion is a worldwide problem and its concentration can be
determined by electrochemical techniques. The experiments were
carried out in PBS medium because arsenite is accompanied by a
phosphate excess in natural waters, and the separation and detec-
tion of As(IIl) in the presence of phosphate usually represents a big
challenge [45].

Fig. 5 shows the cyclic voltammograms of mesoporous ZrO,
electrodes with and without Au NPs in the absence of As (III). As
expected, redox peaks are not observed in the potential window
of 0.15 — 0.65 V. However, a small increase in capacitive current is
observed when Au NPs are incorporated within the film, since the
particles increase the electroactive surface area.

Fig. 6 shows typical cyclic voltammetric responses in the range
from 0.15-0.65V for the different ZrO, electrodes in the presence
of As (III). An oxidation peak is observed in all cases, caused by the
oxidation of As (III) to As (V) [13,46]. This oxidation peak is not
observed for the ZrF and ZrB electrodes, indicating that the As (III)
oxidation is catalyzed by the Au NPs supported onto the films (see
comparison of catalytic oxidation of As (III) in presence of different
electrodes with and without Au NPs in Fig. S3) [47].

Ashiftin the potential of the current density peaks is observed in
the CV when the different electrodes are compared [48,49]: 25 mV
negative in ZrF-8Ca, compared with ZrB-8Ca, and 60 mV negative
compared with ZrF-15Cp,. This behavior can be related with an
alteration of the electroactive species diffusion coefficients within
the mesoporous oxide in which the NPs are confined [50]. Also,
the pore size and the occluded porosity play an important role in
the electroactive species diffusion towards the catalyst, which is
reflected in the displacement of the onset potential toward lower
potential values. For example, ZrF-8Ca, electrode shows bigger
accessible porosity and lower oxidation potential in comparison
with other electrodes (see Fig. 1 and Table 2). As a consequence,
an apparent increase in the electron transfer kinetics appears,
evidenced by the shift in the voltammetric Ipea potential [48],
however this shift could be related to the Au NPs size as reported
by Han et al. [50-52]. These results suggest that ZrF-8Cp, sys-
tem has the best performance as electrode, achieving the highest
current density and thus rendering a higher analytical sensibil-
ity for As (III) detection. Also for this electrode, a lower oxidation
potential for As(IIl) to As(V) oxidation is required. This lower over-
potential is desirable, since allows avoiding the interference of
electro-oxidizable compounds that can appear at higher overpo-
tentials [53-55].

On the other hand, the lowest current density oxidation peak
for ZrF-15Cx, could be attributed to the lower electroactive area in
comparison with the others electrodes (see Table 2), related to the
presence of inaccessible or agglomerated Au NPs (i.e. less available
active surface).

3.3. Influence of the support oxide on the electrochemical
response

In order to study the influence of the oxide used as support and
its pore size, the electrochemical performance of Au NPs deposited
onto SiO, and ZrO, MTF was compared. Fig. 7 shows the electro-
oxidation of As (IIl) by SiF-8Ca, and SiB-8C,,, electrodes compared
with ZrO, electrodes. The normalized peak currents densities
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Fig.7. Cyclic voltammograms of SiB-8C, (a), SiF-8Cay (b), ZrB-8Cay (c) and ZrF-8Ca,
(d) in presence 360 WM As (I1I) solution in PBS pH="7. Scan rate 10mVs~!.

obtained are 34.19 and 7.08 pA-cm~2 for ZrF-8Ca, and ZrB-8Cp;
and 7.05 and 2.92 wA-cm~2 SiF-8Ca, and SiB-8Ca,, respectively.
These normalized currents clearly show that the pore size influ-
ences the electrochemical response of the electrodes: the SiF-8Cay
electrode (bigger pores) has a peak current 5 times higher than
SiB-8Cay, electrode (smaller pores). Similar behavior is observed by
comparing ZF-8Ca, and ZB-8C,, electrodes. However, the type of
oxide used as support has a major role in the electrode’s perfor-
mance: a clearly higher oxidation current is observed when ZrO, is
used as support. This behavior can be explained taking into account
that As (III) can be adsorbed onto ZrO, [23-25] and no evidence of
such phenomenon has been reported for SiO,. Thus, the combina-
tion of Au NPs and mesoporous ZrO, is more suitable for the As
(1) detection than the equivalent systems prepared with SiO,. In
the first case, the analyte is adsorbed onto the ZrO, surface and
it is subsequently oxidized by Au NPs allowing the improvement
of the analytical sensibility, as was observed previously for similar
systems [56-59].

3.4. Quantitative determination of As (IIl)

Taking the above presented results into consideration, the ZrF-
8Cay system was chosen for a preliminary test of electrocatalytic
quantitative determination of As (IIl). This system showed the
best electrochemical performance when compared to the other
developed systems: the highest oxidation current and the lowest
overpotential.

Using the ZrF-8Cu, electrode, the oxidation peak currents for
different As (II) concentrations in the range 5-100ppb were
recorded by cyclic voltammetry and a linear response was obtained
(Fig. 8). The electrochemical response was very reproducible; the
presented data are an average of 3 independent experiments.

The obtained linear regression equation for the 5-100 ppb con-
centration range is: 1=0.026 [As (III)]+0.76, with a correlation
coefficient of 0.9973. The tested range was selected due to the inter-
est in detecting low As (III) concentrations for analytical purposes.
However, the CV response was linear in the 5 ppb to 0.7 ppm range.
Interestingly, for higher As (III) concentrations (see for example the
CV for 360 wM —27 ppm- concentration in Fig. 7), the relationship
between peak intensity and concentration was lower than the one
obtained for lower As (III) concentrations. This behavior has been
observed previously [60] and could be related with a change in
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the way the analyte reaches the active part of the electrode, as a
consequence of the system’s saturation.

The theoretical detection limit (LOD) was estimated to be 1 ppb,
calculated as three times the standard deviation of the blank’s sig-
nal divided by the slope of the regression line [61]. This LOD is
better than the one reported for Au NPs deposited onto ITO through
CV (5.0 ppm) [21] indicating that ZrO, MTF improves the electrode
performance for As (IlI) quantification. Furthermore, mesoporous
structure acts as the NPs support, conferring a stable design to the
electrode. Interestingly, the advantages of the ZrF-8C,, system are
more notorious when compared with ZrB-8Ca, system, which con-
tains a similar amount of Au NPs but a smaller pore size and lower
accessibility. For this case, the As (IlI) detection is only possible in
the 1-5 ppm range (see Fig. S4).

The stability of ZrB-8Ca, and ZrF-8C,, electrodes was evalu-
ated by applying potentials more negative than 0.15V, through CV.
The electrode behavior was not affected by the applied negative
potentials, as can be seen in Fig. S5.

The application of more negative potentials produces higher
peak currents and improves the electrochemical sensing of As (III)
(Fig. S6) [59]. These results suggest that the higher peak currents
obtained could be related to enhanced As (IlI) adsorption onto
the electrode, when negative potentials are applied [62]. Also, the
synthesized electrodes were unaffected by the negative potentials
applied; thus, more negative potential can be used on Au NPs modi-
fied electrodes, improving the sensor’s response. A similar behavior

was reported by Daietal.[21] for AuNPs supported on ITO; this phe-
nomenon is associated to the stability of electrodes due to highest
oxidation currents obtained [59,63].

It is also important to note that since ZrO, is mechanically and
chemically stable [8,29], and the Au NPs are stabilized inside the
mesopores, the composite material results extremely stable over
time. The presented electrodes were used in more than 20 elec-
trochemical experiments each, without noticing any change in its
performance.

Finally, it worth noting that the detection limit obtained in
phosphate media (1.0 ppb) is suitable to perform drinking water
analysis, taking into account that WHO maximum permissible limit
(10 ppb) [41]. However, the results presented in this paper are pre-
liminary and more experiments need to be done to ensure the
usefulness of the developed electrodes in real samples, including
detailed studies about possible interferences effects.

Moreover, if any particular application requires a lower detec-
tion limit, the sensitivity of these electrodes can be increased by
using more complex electrochemical techniques such as square
wave voltammetry or differential pulse voltammetry (DPV) [17]
(see, as a preliminar example, Fig. S7: DPV on ZrF-8Cp, and ZrB-
8Cay electrodes).

4. Conclusions

A new family of electrodes prepared by Au NPs deposition onto
mesoporous ZrO, was designed and developed, and its capability
for As (III) determination in water was demonstrated.

By comparison with non loaded ZrO, MTF and Au loaded SiO,
electrodes, it was possible to determine that the chosen design is
ideal for the As (IIT) detection, since it combines the electrocatalytic
behavior of Au NPs and the adsorption capacity of mesoporous
Zr0,. In fact, no signal was observed for ZrF and ZrB samples and a
low electrochemical current was observed in the case of SiB-8Cpy
and SiF-8C,, samples.

Within the Au loaded ZrO, films, a clear difference in the elec-
trochemical performance of the material was observed depending
on the pore size and the amount of incorporated Au NPs. In par-
ticular, ZrF-8Ca, presented the higher sensitivity when compared
with samples with higher amount of Au but lower accessibility due
to pore clogging (ZrF-15Cp, ) and samples with similar Au loading
and lower accessibility due to smaller pore size (ZrB-8Cp, ). A detec-
tion limit as low as 1.0 ppb of As (III) was achieved with ZrF-8Cay
electrodes, allowing the detection of this contaminant in relevant
concentrations for water analysis and, notably, in the presence of
phosphate (a usual interferent).

Thus, this work demonstrates the importance of a careful
material design and characterization to improve the performance
of mesoporous materials used as electrodes for electrochemical
detection. Finally, it is important to note that the results presented
here for As (III) detection can be expanded to the detection of other
anions or cations, by simply changing the identity of the meso-
porous framework and thus, its affinity for particular species.
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