Applied Surface Science 640 (2023) 158316

Contents lists available at ScienceDirect » Applied
Surface Science

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

ELSEVIER

Full Length Article

Controlled electrodeposition of brookite TiOy for photoelectroanalysis at
printed carbon electrodes

José L. Bott-Neto ™", Thiago S. Martins “, Osvaldo N. Oliveira Jr?, Frank Marken "

2 Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, UK
b Sao Carlos Institute of Physics, University of Sao Paulo, 13560-970 Sao Carlos, SP, Brazil

ARTICLE INFO ABSTRACT

Keywords:

Brookite TiO5

Printed carbon electrodes
Electrodeposition

Vitamin C
Photoelectrochemical sensing

TiOy-based photoelectrochemical (PEC) (bio)sensors have high photoactivity, chemical stability, and biocom-
patibility. However, their performance depends on multiple factors, including deposition method, morphology,
and interaction with the target analyte. Herein, we describe a PEC platform based on TiO; electrodeposition
directly onto printed carbon electrodes (without heat treatment), designed for point-of-care (POC) applications.
Brookite TiO2 nanocrystals were synthesized via electrodeposition in an acidic solution containing TiCls, and
parameters such as pH and temperature were optimized to improve photoelectrocatalytic activity. Photo-
electrooxidation of ascorbic acid (AA) with electrodes prepared under optimal conditions (pH 2.5, 80 °C) had
10.5 times higher photocurrents than electrodes modified with commercial TiO, nanoparticles via drop casting.
The resulting sensor was highly sensitive and selective for AA, with a linear range from 10 to 1000 uM and a limit
of detection of 3.25 uM (S/N = 3). Since brookite TiO electrodeposition does not require thermal treatment,
printed carbon electrodes on polymer substrates can be used in producing miniaturized devices for sensitive,

selective PEC (bio)sensors.

1. Introduction

Electrochemical sensors exhibit high sensitivity and selectivity, and
they are useful for clinical diagnosis and for monitoring food quality or
the environment [1-5]. Photoelectrochemical (PEC) sensors, in partic-
ular, are promising for their unique ability to convert light energy into
electrical signals [6]. Usually, a light pulse triggers a current associated
with a local diffusional flux, which is then impeded by bio-recognition
elements such as antibodies or aptamers to give the analytical signal
[7-10]. The magnitude of the local photocurrent/ ion flux needs to be
significant to achieve high sensor performance or sensitivity [11,12].
Improving photocurrent responses is therefore essential for a higher
sensor performance. This can be reached with photoelectroactive ma-
terials such as TiO, semiconductor, which is used in photovoltaic de-
vices, and photoelectrochemical sensors [13-15].

TiO, exhibits high photoactivity, chemical stability and biocompat-
ibility, being found in the crystalline forms of anatase, rutile, brookite
and their mixtures [16]. Anatase exhibits greater photocatalytic activity
due to its slightly higher Fermi level, lower oxygen absorption capacity,
and higher degree of surface hydroxylation [17]. Rutile has a narrower
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band gap of 3.0 eV compared to anatase, but its photocatalytic activity is
one order of magnitude lower [18]. Brookite offers unique properties,
such as a narrower band gap and higher charge carrier mobility, which
enhance its photoelectrochemical response, making it promising for PEC
sensors. However, brookite is the least studied TiO5 polymorph due to
synthesis challenges. Recent advancements in chemical techniques with
post-annealing have permitted fabrication of brookite-based TiO3 pho-
toelectrocatalysts [13,19,20]. In particular, electrochemical deposition
allows for precise control over morphology and thickness of the
deposited layer [21], and efficient electrical connection to the substrate,
in addition to being scalable [22,23]. It is noteworthy that electrode-
position can produce photoactive films without the need for further
annealing, making it suitable for temperature-sensitive substrates such
as screen-printed carbon electrodes.

In this study, we report a controlled synthesis of brookite TiO,
crystalline phase in an anodic deposition process on printed carbon
electrodes. This sensor PEC platform was characterized, and its perfor-
mance was studied in detecting ascorbic acid as a proof- of-concept
analyte. A 10.5-fold increase in photocurrent was obtained for elec-
trodes prepared via electrodeposition compared to electrodes modified
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via drop casting TiO,, with a resulting sensing performance considerably
higher than those reported in the literature [15]. The higher photo-
electrocatalytic performance was attributed to a better coating of the
conductive surface and an improved contact between TiOs film and the
carbon substrate. The main novelty in the work is therefore in the use of
electrodeposited brookite TiOy without thermal annealing. This allows
for sensors on printed electrodes since no thermal treatment is required,
thus favoring miniaturization of PEC devices.

2. Experimental
2.1. Reagents

Titanium (III) chloride solution 20% (w/v), hydrochloric acid (HCD),
potassium chloride (KCl), sodium bicarbonate (NaHCO3), sodium chlo-
ride (NaCl), sodium phosphate dibasic (NagHPO,4), potassium phosphate
monobasic (KHPO4), potassium hexacyanoferrate (II) trihydrate (K4[Fe
(CN)e].3H20), and potassium hexacyanoferrate (III) (K3[Fe(CN)el), ti-
tanium oxide power (TiOg; nanopowder, less than25 nm particle size,
Anatase, Product Number: 637254) were obtained from Sigma-Aldrich.
The Ag/AgCl conductive ink used on the reference electrode was ob-
tained from TICON® (Sorocaba, Brazil). Ultrapure water provided by a
Thermo Fisher system had 18.2 MQ cm resistivity. Phosphate buffer
saline (PBS) solution at pH 7.4 was prepared with 137 mmol/L NaCl, 2.7
mmol/L KCI, 10 mmol/L NasHPO,4, and 1.8 mmol/L KH,POy4. In addi-
tion, a 5 mM Fe(CN6)3'/ 4 solution was prepared in 0.1 M KCl, which
contained 5 mM K4[Fe(CN)g] and 5 mM K3[Fe(CN)g].

2.2. Apparatus

Scanning electron microscopy (SEM) images were recorded at a 5.0
kV accelerating voltage with a JOEL JSM-7900F instrument, which also
allowed for energy-dispersive X-ray spectroscopy (EDX, Ultim Max 170
mm?). Raman analyses were performed using the Renishaw Qontor
confocal Raman microscope with an excitation wavelength of 532 nm.
Electrochemical impedance spectroscopy (EIS) experiments were
recorded with a CompactStat (Ivium Technologies, Netherlands), while
the other electrochemical experiments were performed with a Metrohm
Autolab potentiostat (PGSTAT12).

2.3. Electrodeposition of TiOz on SPCE

Screen-printed carbon electrodes (SPCEs) were fabricated on poly-
ethylene terephthalate (PET) substrates, as described previously [2].
Before electrodeposition, the SPCEs underwent an electrochemical
treatment involving two cycles of potential cycling between —3.0 V and
+ 2.5V versus a pseudo-reference carbon electrode at 100 mV s~ . Then,
amorphous or crystalline titanium dioxide (TiO2) was electrodeposited
onto the SPCEs according to a literature procedure [24]. To electrode-
posit TiO9, a conventional three-electrode cell with temperature control
was employed (Scheme 1). The platinum mesh and silver/silver chloride
electrode (Ag/AgCl, saturated KCl) were used as auxiliary and reference
electrodes, respectively. Electrodeposition of TiOy was carried out in a
TiCl3 solution (25 mM). The solution was saturated with nitrogen and

RE
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Electrodeposition

L TiCl; pH 2.5 at 80 °C

SPCE

TiO,-10/SPCE

Scheme 1. (i) Electrochemical cell with temperature control. (ii) SPCE before
and after electrodeposition of TiO, for 10 min.
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the pH adjusted to 2.0, 2.5 or 3.0 using NaHCOg solution. A potential of
1.5V (vs. Ag/AgCl, saturated KCI) was applied for 5, 10, 30 and 60 min,
at temperatures of 60 °C and 80 °C. The electrodes prepared for 5, 10, 30
and 60 min at 80 °C are referred to here as TiO»-5, TiO5-10, TiO,-30,
TiO2-60, respectively. After electrodeposition, the electrodes were dried
at room temperature, and one of the carbon electrodes was painted with
silver/silver chloride paint to be used as a pseudo reference electrode
(Ag/AgClysew). Furthermore, to prepare electrodes with TiO2 nano-
particles via drop casting, 6 uL of TiO, (1 mg mL 1) was applied to the
electrode surface using optimized conditions under [15], and subse-
quently dried under vacuum at room temperature. Additionally, previ-
ous studies have provided details regarding the characterization of the
used commercial TiOo, revealing that the material primarily comprises
nanoparticles, predominantly in the anatase phase, with an average
crystalline size of 20 nm [15].

2.4. Analytical procedure

Ascorbic acid (AA) solutions were prepared by dissolving AA in PBS
solution, at concentrations ranging from 1 to 1000 uM. The analytical
curves were obtained by recording the photocurrent generated by AA
solutions at the TiO,-based working electrode after 132 s illumination
(410 nm, 350 mW cm~2). A potential at 0 V was applied vs open circuit
potential (OCP), which was predetermined for 120 s and equal to —0.08
V vs Ag/AgCl. The analytical curves for photocurrent versus AA con-
centration were fitted using linear regression analysis and the limits of
detection (LOD) and quantification (LOQ) were calculated using the
least square regression method [25].

3. Results and discussion
3.1. TiO; electrosynthesis optimization

Fig. 1a shows transient photocurrent curves for 0.1 M AA in PBS
solution for electrodes prepared at pH 2.0, 2.5, and 3.0 at 60 and 80 °C
for 30 min. The photocurrents for electrodes prepared at 60 °C and pH
2.0, 2.5 and 3.0 were 0.3, 1.0, and 1.3 pA, respectively. In contrast, the
photoelectrocatalytic activity of electrodes prepared at 80 °C is signifi-
cantly higher, with photocurrents of 6.7, 9.9, and 5.8 pA for modified
electrodes at pH 2.0, 2.5, and 3.0, respectively. The effect of electro-
deposition time for the modified electrodes at 80 °C and pH 2.5 is shown
in Fig. 1b. The photocurrent increases for electrodes prepared between 5
and 10 min, but it decreases for those synthesized from 10 to 60 min. For
the latter electrodes the current takes longer to stabilize. These findings
provide important insights into the factors determining the photocurrent
response of TiO; over printed electrodes and highlight the potential of
adjusting preparation conditions to optimize performance. As shown in
Fig. 1b, the TiO2-10 electrode has a photocurrent of ca. 10 pA, which
represents a 10.5 fold increase compared to electrodes with drop cast
nanoparticles (TiO2 NPs). In part, this better performance can be
attributed to improved electrical contacts created by the electrodepo-
sition methodology.

3.2. Electrochemical characterization

To investigate the electrochemical properties of TiO; electrodes, EIS
and CV measurements were conducted in 5 mM [Fe(CN)g] 3/4in0.1 M
KCl. The Nyquist plots in Fig. 1c indicate an increase in charge transfer
resistance for modified electrodes compared to bare SPCE. This resistive
behavior is attributed to TiO2 accumulation on the SPCE, which prevents
direct charge transfer of [Fe(CN)g] 3-/4- complexes. Using the circuit in
Fig. S1 to fit the data, the estimated charge transfer resistance for SPCE,
TiO5 NPs, and TiO2-10 are 4.3, 8.9, and 34 kQ. The cyclic voltammo-
grams obtained under the same conditions in Fig. 1d corroborate the EIS
results. The modified SPCE via drop casting exhibits a similar profile to
the unmodified SPCE, and the current arising from the Fe'¥/Fe!™ redox
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couple for the TiO2-10 electrode is very small. The drop casting method
produces discontinuous films prone to unwanted back reactions (sub-
strate recombination) in photoelectrochemical processes [26]. Electro-
deposited TiO, electrodes had a lower current for Fe'™/Fe™ redox
processes, while the electrode modified via drop casting exhibited a
voltammetric profile similar to bare SPCE. This means that a consider-
able portion of the electrode is exposed to allow for back reduction to
occur, which could explain the lower photocurrents for TiO, modified
via drop casting compared to electrodeposited electrodes.

3.3. Structure and morphology

Fig. 2a shows Raman spectra of electrodeposited TiO, under
different conditions, recorded with 3 mW, which is sufficiently low to
avoid structural changes to the materials [27]. For the electrode pre-
pared during 60 min, an intense vibration mode appears at 153 cm™?
assigned to the A;; mode, characteristic of the brookite phase. The weak
signals at 252 (Ayg,), 322 (B3g,), 412 (A1), and 633 em ! (A1g) [27-29]
confirm the presence of the brookite phase. The Raman spectra for TiOo-

a) — Ti0,60
— Ti0,-30
— Ti0,-10
— TiO2 NPs

Intensity (arb. unit)

200 400 600 800
Raman shift (cm™)

30 and TiO2-10 electrodes have a similar profile. However, for the
electrodes prepared for 5 min at 80 °C and 30 min at 60 °C in Fig. S2, the
Raman signals are very weak due to the low amount of TiO3 on the
carbon substrate. Additionally, the Raman spectrum of commercial TiO5
NPs exhibit bands at 144 (E), 396 (B1g), 516 (B1g) 638 cm’l(Eg), which
are typically attributed to the anatase phase (Fig. 2a) [30]. The HR-TEM
image in Fig. 2b displays a d = 0.35 nm lattice spacing that can be
assigned to (110) or (210) planes of anatase or brookite phases,
respectively [31]. Fig. 2c shows the electron diffraction patterns for the
same electrode, and the spacing values obtained are listed in Table S1.
The D-spacings 3.541, 2.976, 2.399, and 1.900 A are attributed to
(210), (211), (012), (321), and (421) planes of the brookite TiOq
structure, respectively.

SEM images of TiOp-based electrodes were analyzed to investigate
their morphology and surface density. The image for SPCE before
modification in Fig. 3a is typical of a rough surface of amorphous carbon
(carbon black) and graphite. The SEM images for modified electrodes at
60 and 80 °C for 30 min show increased film density for electrodeposited
electrodes at the higher temperature, according to Fig. 3b and Fig. 3e.

Fig. 2. (a) Raman spectra of commercial TiO, NPs and TiO, electrodeposited for 10 (TiO2-10), 30 (TiO»-30), and 60 (TiO»-60) min at pH 2.5 and 80 °C. (b) HR-TEM
image and (c) electron diffraction of TiO, electrodeposited at 80 °C for 10 min (TiO,-10).
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Fig. 3. SEM images of the electrodes at 100 k times magnification: (a) SPCE, (b) TiO, electrodeposited at 60 °C for 30 min, (c), TiO,-5, (d) TiO,-10, (e) TiO»-30, and

(f) TiO2-60.

More compact, homogeneous structures were obtained in Fig. 3c-f by
increasing electrodeposition time between 5 and 60 min at 80 °C. Fig. S3
displays lower-magnification SEM images. Several cracks are observed
throughout the film. The presence of microcracks in electrodeposited
films is not uncommon and can occur in various electrodeposition
methods. However, it is worth noting that the presence of microcracks
does not necessarily invalidate the deposited film. In fact, in certain
cases, microcracks can even be desirable, especially in applications such
as sensors, where a larger surface area is beneficial. The cross-sectional
images in Fig. 4a-b and Fig. S4 reveal a 1.7 + 0.7 pum thick film for the
electrode prepared at 10 min, 80 °C, and pH 2.5. The EDX analyses of
different areas depicted in Fig. 4c-f and Fig. S5 indicate a homogeneous
distribution of titanium on the surface of the SPCE electrode.

3.4. Analysis of PEC sensor performance for ascorbic acid

Fig. 5a shows the transient current curves for different AA concen-
trations, which can be described by equations 1 through 4. In the
absence of AA, the photocurrent arises from oxidation and reduction
reactions of water and oxygen, described by equations 2 and 3,
respectively. For concentrations above 10 uM, the photocurrent in-
creases linearly with AA concentration up to 1000 uM according to the
equation I/nA = 0.1137 Cap /uM + 27. 46 (r2 = 0.994, N = 3), where
Caa is the AA concentration, and I is the photocurrent intensity at 132's.
This suggests that AA oxidation is the prevailing process. The limit of
detection (LOD) value was estimated as 3.25 uM (S/N = 3).

TiOy + hv = ¢ +h' @
0O, +¢e =03 (2)
H,0 + h' - "OH 3
‘0y/eOH/h™ + AA — AAT @)

The performance of our PEC sensor using brookite TiOz on SPCE for
AA detection exhibited promising results compared to previous studies,
as shown in Table 1. These findings highlight the potential of our
approach for accurate and efficient AA detection in various applications.
The selectivity of the PEC sensor towards the target analyte was assessed

with experiments in the presence of potential interferents, namely uric
acid, lactate, dopamine, glucose, sodium chloride, and potassium chlo-
ride. Fig. 5¢ confirms the high degree of selectivity without effects from
the tested interferents. The stability and reproducibility of the PEC
sensor were evaluated through measurements to detect 500 uM AA,
whose results in Fig. 5d demonstrate the reproducibility with a relative
standard deviation (RSD) of 3.9% in photocurrent measurements taken
using 6 distinct electrodes. In the stability tests, the photocurrent was
recorded under irradiation during 20 s on/off cycles, and the standard
deviation was 0.95%. These findings suggest that the PEC sensor is
reliable and can produce consistent results. Recovery measurements
were performed with Vitamin C tablet in PBS solution using the standard
addition method. The AA concentrations calculated from the analytical
curve and other parameters are summarized in Table S2. Recovery for
the PEC sensor ranged between 95.0% and 98.7%, with relative stan-
dard deviation (RSD) less than 4.1%. These satisfactory results confirm
the potential application in pharmaceutical analysis.

3.5. Implications

The TiO»-10 PEC sensing platform is not limited to the direct
detection of ascorbic acid. It may also be employed in PEC biosensors
where AA acts as a redox probe to yield signal amplification. For
example, the electrode can be modified with recognition biomolecules
such as oligonucleotides and antibodies for detecting non-electroactive
biomarkers. Under light irradiation, the photogenerated charge car-
riers interact with AA, which acts as an electron donor, thus increasing
the photocurrent generated [15]. In general, concentrations between 0.1
and 0.2 M AA are used in PEC biosensors [1,15,40-42]. The intensity of
photogenerated current is highly dependent on the interaction of AA
with the semiconductor surface. Therefore, any changes in the film
resulting from an immunoreaction can affect the photocurrent signal. If
the concentration of biomolecules is high, the AA flux is impaired and
the photocurrent decreases. The biosensor would then operate by signal
suppression.

4. Conclusion

This study has shown that the controlled electrodeposition of
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Fig. 4. (a-b) Cross-section SEM image of TiO, electrodeposited for 10 min at pH 2.5 at 80 °C. EDS analysis: (c) electron image, (d) EDS layered image, (e) Ti K, (f) C
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brookite TiO on printed carbon electrodes is effective, holding promise
for a TiO,-based photoelectrochemical detection platform. The TiO; film
on carbon was photochemically active without thermal annealing,
which could be (at least in part) linked to the electrodeposition process
creating good electrical contacts to the substrate. However, further
study will be required to reveal further physico-chemical aspects (effects
of crystal structure, morphology and grain boundaries, light absorption,
charge mobility, recombination, etc.) and to further improve perfor-
mance. This platform ability to operate under visible LED light irradia-
tion makes it versatile and applicable to various biosensor scenarios,
since ultra-violet light can be harmful to biomolecules. The brookite
phase of TiO5 shows superior photoelectrocatalytic activity for oxida-
tion of ascorbic acid compared to drop casting of commercial TiOy
nanoparticles. The optimal conditions for electrodeposition were found
to be pH 2.5 and 80 °C. The method of TiO fabrication over porous
carbon electrodes can be explored for other applications such as printed
photovoltaic and photoelectrochemical pollution treatment systems.
Overall, this work highlights the importance of electrodeposition to

create well-connected semiconductor films on carbon substrates and the
benefits of obtaining the brookite phase of TiO5.
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Fig. 5. (a) Transient photocurrent curves (10 — 1000 uM AA) and (b) analytical curve (blank, 10, 100, 200, 300, 400, 500, 600, 700, 800, 900 1000 uM AA) of TiO,
recorded in 0.1 M PBS (n = 4). (c) Interference study with 500 uM AA and 1 mM Lactate (LA), uric acid (UA), glucose (GLU), dopamine (DA), NaCl, and CaCl,. (d)
Reproducibility and repeatability studies were obtained with 500 uM AA (n = 4). All photoelectrochemical experiments were recorded at 0 V vs. OCP under visible

LED light irradiation (410 nm, 350 mW cm ).

Table 1

Performance comparison with other publications on AA detection.
Modification materials Type Linear range LOD Reference

(M) (pM)
CdS quantum dots FC 0.06-0.3 0.002" [32]
B, N, S co-doped carbon FC 0.1-600 0.05" [33]
dots/Fe>*

1GO/Fe304/GC EC 10-100 18.52% [34]
Graphene nanosheets/GC EC 400-6000 120" [35]
Fe304-Sn0y-graphene/GC EC 0.1-23 0.063" [36]
TiO,-1GO EC 25-725 1.19" [37]
g-C3Ny4 nanosheets/GC PEC 0.25-100 0.12° [38]
BiVO,/FTO PEC  5-300 1 [39]
TiO,-10/SPCE PEC 10-1000 3.25° This work

FC Fluorescent.
EC Electrochemical.
PEC photoelectrochemical.
FTO Fluorine doped tin oxide.
SCPE printed Carbon Electrode.
G€ glassy carbon.
2 LOD calculated based 3S,/m, where Sy, is the standard deviation of the blank
signal and m is the slope of the linear range.
b LOD calculated based S/N = 3.
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