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Photoelectrodes of TiO, in the form of films are commonly fabricated using screen printing techniques,
employing viscous commercial TiO, pastes. However, these pastes comprise environmentally unfriendly,
multicomponent formulations designed to manufacture the photoactive TiO, nanoparticles. To strive for
sustainable processing and pave the way for the use of liquid-phase film processing technologies, the
inherent limited water dispersibility of TiO, nanoparticles must be overcome. In this study, we show that
cellulose nanocrystals, produced via an environmentally benign one-pot hydrolysis process, enable the
preparation of stable TiO, water dispersions. The remarkable stability of these dispersions, evidenced by
their outstanding £-potential values of —34 mV, facilitates the fabrication of macroporous TiO,
photoactive films throughout spray coating. Employed as photoanodes in a photoelectrochemical cell,
our TiO, photoanodes are compared with conventional TiO, electrodes obtained from commercial
pastes under water splitting conditions. Interestingly, our photoanodes reveal a remarkable three-fold

enhancement of the photocurrent performance (132 vs. 46 pA cm~2) and a four-fold increase in the on—
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Accepted 30th May 2024 off response rate (4 vs. 1 s). These findings underscore the valuable role of cellulose nanocrystals as

a green processing asset for achieving TiO, water dispersions. Moreover, they serve as sacrificial
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adjuvants for preparing highly macroporous and functional film photoelectrodes,

rsc.li/rscsus a significant step forward in the pursuit of sustainable and efficient materials processing.

Sustainability spotlight

Photoelectrochemical processes are essential for many clean energy production methods. For such purpose, the involved electrodes are typically fabricated by
means of polluting additives and toxic solvents. Designing efficient electrodes in a sustainable way is of fundamental interest. There is thus a need for non-toxic
and green aqueous dispersants, for which nanocellulose shows promising prospects of sustainability and cost-effectiveness. Here we use cellulose nanocrystals
in combination with TiO, nanoparticles, not only to valorise renewable raw materials, but also to conform functional photoanodes in a ground-breaking way.
These electrodes are able to undergo photoelectrochemical water splitting, performing more efficiently than a commercial TiO, benchmark due to the role of
nanocellulose, which goes beyond a mere dispersing agent. Our methodology addresses important aspects of responsible consumption and production (UN
SDG 12), affordable and clean energy (UN SGD 7), and climate action (UN SDG 13).

purpose, TiO, materials should be previously processed into
photoactive films over a conductive substrate, rendering TiO,

1. Introduction

Titanium dioxide (TiO,) is a widely studied photoactive semi-
conducting metal oxide of special interest in photocatalysis,*
dye-sensitized solar cells,>® and photoelectrochemical (PEC)
applications.* In particular, PEC water splitting is a technology
that combines both solar energy and electrochemistry to
produce hydrogen by the photoelectrolysis of water.>® For such
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photoelectrodes. One of the most employed procedures for
depositing TiO, into films for PEC applications is by means of
highly viscous pastes, almost completely limiting the deposi-
tion methodology to screen printing. In such commercial
pastes, TiO, is generally mixed with organic solvents, binders
and additives such as acetonitrile, terpineol, or ethyl- and car-
boxymethyl cellulose,” whose synthesis conditions and overall
preparation procedure may be considered non environmentally
friendly.*® On the contrary, the rather challenging issue of
developing stable aqueous TiO, dispersions not only would
offer a more desirable green alternative route, but also enables
an environmentally friendlier fabrication of photoelectrodes,
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compatible with large area liquid processing techniques, such
as spray coating.

Within this context, an emerging trend based on the use of
nanostructures from a natural origin (ie, derived from
biopolymers) as processing adjuvants for carbon nano-
materials, is growing steep. In particular, cellulose nanocrystals
(CNC) have attracted an increasing level of attention in the
materials community. These nanostructures, derived from
cellulose, the most abundant biopolymer on Earth, serve as
paradigm of a truly sustainable entry to nanotechnology," by
virtue of their inherent renewability and hydrophilicity, stem-
ming from their size and morphology.** The outstanding
versatility of CNC is the reason behind the wide range of fields
in which it is being used, namely biomedicine,"” wastewater
treatment,” or green hydrogen production.* To achieve such
landmark results, the aqueous dispersive ability of CNC is a key
property, enabling an environmentally friendly processing for
many otherwise water-insoluble nanomaterials. In particular,
the dispersion of carbon nanomaterials by action of CNC in
water is the pinnacle of this strategy, to which we have recently
reported significant advances in the field of water-based carbon
nanotube inks with high colloidal stability, tunable consistence
and composition, facile workability and potential applications
in the field of electronics," biosensing,'® energy storage,"” and
biomedicine."®**

In this work, we explore the use of CNC which show promise
to establish electrostatic interactions with TiO, nanoparticles
(TiO,-NPs), rendering stable water dispersions. CNC can be
synthesized in any of their two most common crystalline allo-
morphs, types I (with parallel chain arrangement), and II
(antiparallel chains). We have focused on type II CNC for several
reasons. Particularly, our experimental procedure for the
synthesis of type II CNC is based in a one-pot acid hydrolysis.****
The main advantage of the chosen procedure with respect to
other methods is that it only uses a single H,SO, treatment to
microcrystalline cellulose, and as a result is a shorter and
environmentally-friendlier method compared to TEMPO-
mediated oxidation or mercerization.”® The one-pot acid
hydrolysis also entails the retention of sulfate ester groups on
the type II CNC surface, which can be up to double compared to
type I CNC,* and could be removed if an eventual mercerization
step were applied.* It is the presence of the sulfate ester groups,
which thus renders a type II CNC of potential interest for
establishing interactions with TiO,, promoting its water
dispersibility.

We also herein show that such waterborne TiO,-CNC-II
colloidal systems can be readily processed by spray coating
into film photoelectrodes. Employed as the photoanode in
a PEC cell under water-splitting conditions we compare its
performance with a photoanode fabricated from a commercial
TiO, paste. Properties of the developed materials, dispersions
and films are studied in detail and compared to those of the
commercial paste, providing insights into the beneficial action
of CNC for dispersing TiO,-NPs and the enhanced operational
performance of photoelectrodes obtained thereof.
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2. Experimental
2.1 Materials and reagents

The cellulose source employed was microcrystalline cellulose
(MCC) derived from cotton linters in powdered form with an
average particle size of 20 pm (Sigma-Aldrich, ref 310697).
Sulfuric acid (H,SO,4, 98%) was acquired from Labkem (Barce-
lona, Spain). Boric acid (H3BOs, 99.9%) was purchased from
a local provider. Isopropanol (<99.8%) and ammonium
hydroxide (NH,OH, 30%) were acquired from Panreac. Any re-
ported use of water corresponds to ultrapure water from
a Siemens Ultraclear device, with a conductivity of 0.055
uS em™'. Titanium(wv) isopropoxide, TTIP (97%, 205273) was
purchased from Sigma-Aldrich. A commercial TiO, paste was
purchased from GreatCell Solar (18 NR-AO). Asahi fluorinated
tin oxide (FTO)-coated glass substrates (70-100 Q sq ™, 80 nm
thick) cut in 2.5 x 1 cm pieces were supplied by Solems (Pal-
aiseau, France).

2.2 Sample preparation

2.2.1 Synthesis of cellulose nanocrystals (CNC). In a typical
experiment, 45 mL of ultrapure water and 10 mg of MCC were
added into a 500 mL round bottom flask. The mixture was then
homogenized in an ultrasound bath for 5 min. Next, the flask is
placed in an ice/water bath (0 °C) and 45 mL of H,SO, (98%)
were added dropwise, while keeping a high shear mixing to
ensure thorough homogenization. The resulting mixture was
kept at 27 °C for 1 h to break the non-crystalline parts. After the
reaction, the mixture was transferred into a 1 L flask containing
ultrapure water at a temperature range of 4-6 °C. Subsequently,
it was kept in the fridge overnight to facilitate decantation. After
removing the acidic supernatant, the part containing CNC as
well as several byproducts from the synthesis was introduced
into dialysis membranes (Merck, with an average flat width of
33 mm, ref D9652-100FT). Dialysis was conducted against
ultrapure water until a fully neutral pH was achieved, typically
requiring 3-4 changes over a duration of 3 days. The as-
obtained colloids subjected to centrifugation/re-
dispersion cycles at 9000 rpm (9327 rcf) for 1 min until no
extraction occurred (usually taking between 5 and 7 centrifu-
gation cycles), thereby isolating CNC in the aqueous suspen-
sion.”® Finally, the dispersion was freeze-dried (Telstar Cryodos
freeze dryer, —49 °C, 0.3 mbar) to obtain a fine powder of CNC
of crystalline type II. Further characterization of CNC including
TEM and elemental composition can be found in the ESI
(Fig. S1, S2 and Table S1).}

2.2.2  Synthesis of TiO, nanoparticles. TiO, was synthesized
in the form of nanoparticles according to our previously
established protocol.* In short, 5 mL of TTIP were diluted in
50 mL of isopropanol and added dropwise, under constant
stirring, to 50 mL of a water/isopropanol (1:1) mixture con-
taining 5 mg of boric acid. The resulting gel was aged overnight
under constant magnetic stirring, vacuum-filtered, and dried in
an oven at 80 °C. The as-prepared amorphous TiO, was then
thermally treated in a horizontal quartz reactor under an air

were
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atmosphere at 550 °C for 30 min to induce the crystallization of
the anatase phase.

2.2.3 Preparation of waterborne TiO, dispersions. Water-
borne TiO, dispersions were achieved through the use of CNC
as processing adjuvant. These were attained by adding 50 mg of
TiO,-NPs, 50 mg of CNC, 20 mL of ultrapure water and treating
the mixture with an ultrasounds probe (400 W UP400S
Hielscher, Germany) for 1 h at 60% of amplitude and 0.5 cycles,
resulting in TiO, aqueous colloids, termed TiO,-CNC.
Employing the same protocol, but using 19.7 mL of ultrapure
water with additional 300 puL of aqueous ammonia (30%) as
a stabilizing agent, without changing the overall quantity of the
liquid phase, afforded another series of aqueous TiO, colloids,
termed TiO,-CNCnp,on). Samples in powder form were ob-
tained by freeze-drying the aforesaid dispersions.

2.2.4 Preparation of TiO, photoelectrodes. The TiO,
aqueous dispersions were cast onto FTO substrates placed on
a hot plate, set at 70 °C, employing an automatic spray-coater
system (Nadetech S.L, Spain). The nozzle was placed at
60 mm above the samples, and the TiO, dispersions were
sprayed using a flow rate of 23 mL h™" at a scanning speed of
1000 mm s~ ', covering a surface of 1 cm?. The thickness of the
films was controlled by the number of selected spraying passes
over the area being coated. Subsequently, the TiO, films were
sintered in air atmosphere at 450 °C for 2 h in a quartz reactor.
In order to enhance the surface adhesion of the TiO, films, the
FTO substrates underwent a thorough cleaning process
involving consecutive immersions of acetone and isopropanol
inside an ultrasonic bath for 15 min, blow-dried using an air
stream, followed by an ozone treatment (Ossila, E511 UV Ozone
Cleaner) for 15 min (Fig. 1). Photoelectrodes composed of the
commercial paste were prepared following the protocol out-
lined in the ESI (Fig. S3).T

2.3 Characterization techniques

X-ray diffraction (XRD) patterns of powder materials were
collected with a Bruker D8 Advance diffractometer using a Cu
tube as the X-ray source (A CuK, = 1.54 A), a tube voltage of 40
kv, and a current of 40 mA. The results were recorded in Bragg-
Brentano geometry in the range of 26 = [5-40°], with steps of
0.05° and 3 s accumulation time.

Particle size and {-potential were measured in a Malvern
Nano ZS instrument, employing the principles of dynamic light
scattering (DLS) and electrophoresis. To this end, TiO, disper-
sions were diluted in water (1:50) with respect to their initial

Sonication
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concentration. For the DLS measurements, a refractive index of
2.52 for TiO, (anatase) was considered. Measurements were
performed at room temperature (25 °C) in triplicate and are
referred to a typical pH of 6.5 (TiO,~CNC dispersions) or 6.7
(TiO,~CNCm,0m) dispersions).

Transparency of the waterborne TiO, dispersions was
assessed by measuring the UV-vis transmittance spectra in 3 mL
quartz cuvettes using a Shimadzu UV-2401PC spectrophotom-
eter. Prior to the measurement, dispersions were diluted 1:50
times in water. In order to determine the stability of the
dispersions, transmittance was evaluated at a fixed wavelength
for different times.

Thickness and surface roughness of supported film photo-
electrodes were evaluated by using a contact DektakXT Stylus
Profiler (from Bruker, Billerica, MA, USA). The radius of the
stylus tip was 2.5 um. The height of the step of each deposited
layer was measured at different areas along the layer edge. The
depths of grooves made in the central part of the sample
(reaching the substrate) were also determined. The layer
thickness was obtained as the mean value of such measure-
ments. The profile roughness was analyzed using Dektak
analytical software (from Bruker, Jena, Germany).

Transmission electron microscopy (TEM) images were
collected for all the TiO, dispersions using a Tecnai T20
(Thermofisher) at 200 kV. Dispersions were deposited onto lacey
carbon coated TEM copper grids (CF400-CU, 50/pk) supplied by
Aname.

Scanning electron microscopy (SEM) images of the TiO,
photoanodes were taken using a Hitachi S3400N equipment
(Tokyo, Japan), working in the secondary electron mode at
a voltage of 15 kV and a distance of 5 mm.

2.4 Photoelectrochemical (PEC) measurements

PEC measurements were carried out in a three-electrode cell,
using a 150 W Xe arc lamp from LOT-Oriel (Quantum Design
Europe, Germany) that provided a light power intensity of 100
mW cm ™ (AM 1.5G filter) at the distance of the target electrode.
A monochromator (LOT Oriel MSH-300) is utilized to study the
photocurrent as a function of the incident wavelength. The
employed PEC cell consisted of a glass container with a quartz
window, the Ag/AgCl electrode as the reference and a graphite
bar as the counter electrode. The electrolyte was a 0.1 M Na,SO,
aqueous solution. The cell was purged with N, for 15 min before
the measurement. Cyclic voltammetry (CV) experiments were
performed in the range of —1.1 to 0.4 V, starting at 0.4 V, both in

Spray coating
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TiO,-CNC
dispersions

Fig. 1 Preparation of TiO; films on FTO substrates.
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the dark and under irradiation conditions. On/off transient
photocurrent experiments and Incident Photon to Current
Efficiency (IPCE) measurements were performed at a constant
voltage of 0 V (vs. Ag/AgCl). Open Circuit Potential (OCP)
measurements were conducted forcing zero intensity. Electro-
chemical impedance spectroscopy (EIS) experiments were
carried out from 10° to 10> Hz at 0 V (vs. Ag/AgCl) both in the
dark and under irradiation.

3. Results and discussion

TiO, is a well-known semiconductor widely used in photo-
catalytic and PEC applications. However, its inherent insolu-
bility and non-processability in water pose substantial
challenges. For the development of TiO, photoactive films,
commercial pastes containing alkylated celluloses and other
organic compounds are commonly employed, entailing multi-
component and environmentally unfriendly formulations.
Moreover, due to the high viscosity of these pastes, fabrication
of films is generally limited to the use of screen-printing tech-
nologies. With a view to develop greener water-based TiO,
formulations and to expand its applicability to more convenient
large-area film processing, we propose the use of CNC for
stabilizing TiO,-NPs in water. CNC, with their potential to
establish favourable interactions, particularly with inherently
hydrophobic carbon nanostructures,* offer a unique opportu-
nity to address the challenge of preparing aqueous TiO,-NPs
dispersions.'*'®**?** OQur dispersing strategy for TiO,-NPs relies
on CNC in its type II crystalline allomorph, synthesized by
acidic hydrolysis, avoiding the need for mercerization steps.*
This greener protocol enables the retention of a significant
number of negatively charged sulphate ester groups on its
skeleton, responsible for their high aqueous colloidal stability.
Consequently, this strategy should provide promising pathways
for stablishing electrostatic interactions with TiO,-NPs, thereby
enabling their effective dispersion in water.

Accordingly, TiO,-NPs were dispersed in water with the
assistance of type-Il CNC as dispersing agent. DLS and {-
potential measurements were carried out for the employed
dispersions (ESI, Table 1 and Fig. S471). Notably, the hydrody-
namic radius (Ry) of the colloidal particles in the TiO,~CNC
dispersions exhibits a slight decrease compared to the bare
type-II CNC aqueous colloids, which typically reveal values
between 400 to 500 nm.'?° This observation suggests the
establishment of favorable interactions between TiO, and CNC,
which simultaneously promote the disaggregation of the hybrid
material. Moreover, previous studies have highlighted the
significance of pH in governing the stability of cellulose nano-
crystal dispersions,*® cellulose derivatives,”” as well as of TiO,
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colloids,”® underlining the convenience of higher pH values to
attain more stable colloids. Accordingly, a slight alkalization of
the TiO,-CNC system using NH,OH was employed to further
enhance the stability of the dispersion. This alkalization resul-
ted in a decrease of the average Ry, indicating further disag-
gregation of the suspended TiO,~CNCpaon) hybrids.
Additionally, -potential measurements served as a direct
assessment of the colloidal stability based on electrostatic
interactions. The {-potential of TiO,~CNC dispersions exceeds
20 mV in absolute value, implying an incipient level of stability
in the achieved aqueous dispersion. The alkalization of this
colloidal system, yielding the TiO,~CNCnp,on) variant, leads to
an enhancement of the {-potential by 10 mV in absolute value,
hence entering in a range characteristic of stable dispersions.*
While the presence of CNC is key for initially achieving TiO,-
NPs stably suspended in water at neutral pH, the addition of
NH,OH synergistically results in dispersions characterized by
smaller particle sizes and enhanced electrostatic potentials,
thus providing a more favorable scenario (ESI, Table S2+).

The time-dependent stability of the TiO,~CNC dispersions
was further assessed by UV-Vis transmittance spectroscopy
(Fig. 2). For these analyses two key considerations are taken into
account. Firstly, an increase in transmittance over time indi-
cates a loss of colloidal stability. Secondly, two distinct
phenomena affect the transparency in the UV-Vis spectra: light
absorption and scattering. Specifically, TiO, exhibits significant
light absorption in the near-UV range, while scattering
contributes both to visible and UV regions. Hence, a wavelength
of 360 nm was selected for the transmittance analysis, as it
measures the combined effects of scattering and absorption
exhibited by the suspended particles. The transmittance spectra
of both TiO, dispersions (Fig. 2a) displayed minimal values in
the range of 300 to 350 nm, due to the absorption of TiO,.
Initially, the transmittance of both dispersions was nearly
identical. However, after 24 hours, noticeable differences in
their spectra emerged, highlighting the synergistic effect of
NH,OH and CNCs in stabilizing the TiO,-NPs over extended
periods of time (ESI, Fig. S51). Fig. 2b displays the evolution of
transmittance with time at the selected wavelength of 360 nm.
Notably, the TiO,~CNC(ny,on dispersion exhibits the highest
stability, as the transmittance values remained practically
unchanged even after 24 hours, thus further evidencing the
remarkable in-time stability achieved through the additional
use of NH,OH.

Transmission electron microscopy (TEM) analysis (Fig. 3)
provided valuable insights into the morphology both of TiO,-
CNC systems and interactions between components. Examina-
tion of the freeze-dried materials obtained from each TiO,
dispersion unveiled the presence of TiO,-NPs (dark contrast)

Table 1 Hydrodynamic radius (Ry) from DLS and {-potential measurements of the employed materials and aqueous TiO, dispersions

(measurements were performed in triplicate)

TiO, CNC TiO,~CNC TiO,~CNConm,0m)
Ry (nm) 380 + 15 252 + 8 159 + 3 115 + 3
¢-Potential (mV) ~16.0 + 0.6 —25+2 —24.1 + 0.1 —34+1
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with an average diameter of 25 nm. These nanoparticles form
aggregates with sizes ranging from 300 to 400 nm tethered of
rod-like CNC, which individually exhibited a length of about
50 nm and a diameter around 5 nm. The CNC aggregates reveal

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig. 2 UV-vis transmittance measurements of the waterborne TiO, dispersions. (a) UV-vis transmittance spectra of each TiO, dispersion both
immediately after preparation (solid line) and after settling for 24 h (dashed line); and (b) transparency given in transmittance percentage at
different times at a wavelength of 360 nm, with the plotted lines serving as a visual aid.

sizes of approximatively 100 nm. Both components exhibit close
contact with each other, with minimal presence of free TiO, or
CNC. Interestingly, differences were noted between the two
systems. In the TiO,-CNC material (Fig. 3a), the aggregates were

Fig. 3 TEM images of the TiO,~CNC hybrids. (a) TiO>—CNC aggregates and (b) zoom in. (c) and (d) Different aggregates of TiO>~CNC,om)-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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notably larger compared to those observed in the TiO,-
CNCyu,0m) hybrid (Fig. 3c and d). These observations are in line
with those derived from DLS measurements. Furthermore, the
coverage differed between the systems. In the non-alkalized
TiO,-CNC hybrid, TiO,-NPs tended to form agglomerates on
the surface of CNC, leaving large areas of CNC uncovered
(Fig. 3b). By contrast, the TiO,-CNCn,om) hybrid exhibited
smaller sizes, thus leading to a higher level of interaction
between both components (Fig. 3c and d). These observations
suggest that ammonia not only contributes to improve the
dispersion of both TiO,-NPs and CNC, resulting in less aggre-
gated materials (ESI, Fig. S67), but also enhances the interaction
between the components, leading to a more defined hybrid
material.

Based on these findings, the TiO,~CNCnaon hybrid was
chosen for the film fabrication of TiO, photoanodes. The TiO,-
CNC(np,0n) ink was spray-coated onto FTO substrates and the
resulting films were characterized. Particularly, the TiO, : CNC
ratio of the employed inks was 1 : 1. Morphology of the prepared
films was examined by scanning electron microscopy (SEM)
before and after the applied sintering process (Fig. 4).

Specifically, Fig. 4a shows a densely packed film with
multiple fissures resulting from the spray coating process. Upon
air sintering, the film underwent a remarkable morphological
transformation, acquiring a highly macroporous structure,
related to the complete removal of CNCs from the TiO, matrix
(Fig. 4b). The complete elimination of CNC was corroborated by
dynamic TGA analysis (ESI, Fig. S77). In particular, CNC were
almost completely eliminated in the TiO,~CNC material at 450 °©
C under an air atmosphere (ESI, Fig. S87). Therefore, it can be
deduced that CNC have been completely removed from the TiO,
matrix during the sintering step (450 °C, 2 hours). Thus, the
complete removal of CNC facilitates the formation of a macro-
porous film. Physisorption isotherms and profilometry studies
(see ESI, Fig. S9-S13t) support the effect of CNC removal
regarding bulk porosity and film surface, respectively.

Next, the TiO,~CNC(yu,0m) films were used as photoanode
for the oxidation of water. Their photoelectrochemical perfor-
mance was compared against the one of a reference photoanode
fabricated from a commercial TiO, paste (TiO,-P). Full details
on the TiO,-P film fabrication and characterization are
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provided in the ESI (Fig. S3).t Basically, XRD reveals that the
paste has the same crystalline phase than pristine TiO,-NPs
(anatase, ESI, Fig. S141), while having a somewhat higher TiO,
concentration (63%, ESI, Fig. S151) to that of the TiO,-
CNCnp,0m) hybrids (50%, ESI, Fig. S8t) according to the TGA
results.

Cyclic voltammetry (CV) measurements in the dark (Fig. 5a)
exhibited a cathodic current as the potential shifted towards
negative values, accompanied by a nearly symmetric positive
current during the reverse scan. These currents originate from
the filling and emptying of electronic states in nanoparticulate
TiO,, resulting in an accumulation region that characterizes the
capacitive behavior of the film.** Both photoanodes display an
accumulation region at approximately —0.8 V, and a depletion
region at higher potentials (—0.4 V), in agreement with litera-
ture.®® The differences in capacitance between the films
prepared from TiO,~CNCny,on) inks and the commercial TiO,-
P pastes are attributed not only to their TiO, content but also to
their distinct morphological characteristics. The TiO,-P based
films weighted 0.6 mg of TiO, while exhibiting a smooth surface
(ESI, Fig. S16%). Moreover, the TiO,~CNC(nusomybased films
weighted 0.4 mg of TiO, and revealed a highly macroporous
morphology (Fig. 4). Profilometry analysis further revealed
a more pronounced roughness of the TiO,-CNCp,om)
compared to the TiO,-P films (see Fig. S9 and S10 in ESIY).
Under light irradiation (Fig. 5b), a water photooxidation current
is observed at potentials higher than —0.3 V, exhibiting positive
current densities that are in line with the typical behavior of
TiO, electrodes.*” Notably, the TiO,~CNCsnu,on) photoanode
revealed a three-fold higher photocurrent value (132 pA cm™?)
compared to the TiO,~P photoanode (46 pA cm™>) at 0V (vs. Ag/
AgCl). Additional features associated with the photogeneration
of charges were evident in the cathodic scan of TiO,-CNCnm,0m)
photoanode between —0.7 V and —1.2 V.

In order to validate the superior water oxidation activity of
the TiO,-CNCp,ony electrode, transient photocurrent
measurements at a constant potential of 0 V (vs. Ag/AgCl) were
carried out (Fig. 5¢ and d). In the same way, the TiO,-
CNCnu,0n) Photoanode shows a remarkable enhancement in
photocurrent by a factor of 2.5, compared to the TiO,-P pho-
toanode. This significant improvement in water oxidation

Fig. 4 SEMimages at different stages of the employed TiO, photoanodes. (a) TiO,~CNCyn,on) electrode before sintering, (b) TiO,—~CNCw,oH)

electrode after sintering.
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Fig. 5 Photoelectrochemical measurements: (a) cyclic voltammograms under dark and b) irradiation conditions. potentiostatic on—off
measurements of the different TiO, photoanodes at 0 V (vs. Ag/AgCl) during (c) 5 min and (d) zoom-in of the last pulse.

performance can be partially attributed to the removal of CNC
from the TiO, matrix during the sintering step, causing an
enhanced accessibility of the electrolyte to the TiO, active sites.
This remarkable effect highlights an additional role of CNC
serving as a sacrificial adjuvant, contributing to an enhanced
PEC performance (see ESI, Fig. S17 and S187). Importantly, the
development of film roughness is not observed in the
commercial TiO, paste (see SEM and profilometry results in ESI,
Fig. 89, S10 and S16+), which contains other types of cellulose
derivatives, such as carboxymethyl or ethyl cellulose. Further-
more, during the 5 minutes transient photocurrent measure-
ments, both electrodes display a decay in photocurrent (Fig. 5¢),
typically ascribed to the blocking of TiO, surface states caused
by parasitic redox processes (see ESI, Fig. S19} for a 5 hours
photocurrent measurement).**3* The photoelectrochemical
response of the TiO,~CNCna4on) €lectrode exhibits a signifi-
cantly faster response upon switching the light irradiation from
on to off states compared to the one prepared from the
commercial TiO,-P paste (Fig. 5d). Notably, the steady state was
reached within 1 second for the TiO,~CNCy,omn) €lectrode
under both dark and light pulses, whereas the TiO,~P photo-
anode required 4 seconds. This clear distinction in response
time further underscores the significant impact of the TiO,-NPs
processing with CNC, which results in a photoanode with lower
recombination losses.*

© 2024 The Author(s). Published by the Royal Society of Chemistry

Aiming to further evaluate the relationships between the
chosen processing and PEC performance, IPCE and OCP
measurements were carried out. Fig. 6a displays the normalized
IPCE of both TiO,~CNCu,om) and TiO,-P photoanodes recor-
ded at 0 V (vs. Ag/AgCl). The TiO,-CNCu,on) photoanode
exhibited an enhanced UV response, as well as a slight light
absorption shift towards the visible range respect to the TiO,-P
electrode. Thus, it can be stated that the processing of TiO,-NPs
with CNC leads to photoactive films with enhanced PEC activity.
As such, the OCP experiments shown in Fig. 6b revealed that the
TiO,~CNC(nn4om) photoanode was readily polarized upon irra-
diation (Vocp = —0.59 V) when compared to the TiO,~P (Vocp =
—0.46 V). Interestingly, the open circuit photopotential of the
TiO,~CNC(nn,0n) Teveals a significantly slower response upon
switching off the light off (¢ = 65 s), compared to the one of
TiO,-P, thus suggesting a larger carrier lifetime.** These key
findings are in line with the improved PEC performance and
faster response shown in Fig. 5, which are directly related to the
kinetics of the process.

Electrochemical impedance spectroscopy (EIS) was con-
ducted on both TiO,~CNCu4on) and TiO,-P photoanodes to
evaluate the interfacial properties between the photoelectrodes
and the electrolyte. Fig. 7a shows the Nyquist plots of both
photoanodes measured in dark and illumination conditions.
The arc diameters obtained for both electrodes are larger in the
absence of light, indicating a reduced resistance to the charge

RSC Sustainability, 2024, 2, 2015-2025 | 2021
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transference during irradiation. Interestingly, the TiO,-
CNC(nn,0n) photoelectrode exhibits smaller arc radius under
both dark and irradiation conditions compared to that of the
photoelectrode obtained from the commercial TiO,-P paste,
evidencing a lower charge-transfer resistance and thus a supe-
rior charge transfer efficiency within the electrode and toward
the electrolyte. In the Bode phase plots (Fig. 7b), a similar
behavior to other previously measured TiO, materials can be
observed.*”

The EIS data were fitted to an equivalent circuit (Fig. 7c and
S20, in ESIt) commonly employed for the description of semi-
conductor electrodes.*® This circuit consists of a series resis-
tance (Rs) and two RC elements in series, each consisting of
aresistance (R or R.) in parallel with a constant phase element
(CPEq; or CPE.). The Rg parameter includes the resistance of
the substrate (FTO) and the external contact resistance. The first
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(a) Normalized IPCE and (b) OCP measurements of the employed photoanodes.

RC element is attributed to TiO,/electrolyte interface, and is
described by the parallel elements (R., CPEq;), while the second
RC, which can be tentatively attributed to faster processes, such
as TiO,/FTO interface, or TiO, space-charge behavior, was
modeled with (Rg., CPE,.) elements. The impedance spectra of
both photoanodes fitted well to the proposed equivalent circuit,
irrespective of the nature of the TiO, material. Capacitance
values Cq; and Cg. were obtained from CPEgy and CPE,. using
eqn (S1) (see ESI).T Numerical calculations were employed to
determine the model parameters, which are listed in Table 2.
The differences in Rg values can be attributed to various factors,
including the impact of sintering steps on the FTO conductive
substrate, and the ohmic drops resulting from the electrode
contact with the potentiostat. Notably, under light irradiation,
the TiO,-CNCm,omy photoanode exhibits a significantly
smaller R. value compared to the reference photoanode,

100
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’177\ - o Light (TiO,-P)
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ﬁ 60
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Fig. 7 EIS of the TiO;~CNC\n,on) and TiO,—P based photoanodes measured under both dark and light conditions. (a) Nyquist plots and (b)
phase Bode plots. Lines represent fitting results employing the equivalent circuit of (c).
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Table 2 Fitting parameters from EIS analyses for photoanodes made
with different materials, TiO,~CNCn,on) and TiO,—P, under both
dark and irradiation conditions

Photoanode Rs (Q) R« (Q) Rs (Q) Cai (WF) Cgc (1F)
TiO,~CNConu om (dark) 302 8.6 x 10° 60 16 4
TiO,-CNCou,om (light) 318 7.1 x 10* 32 23 4
TiO,-P (dark) 128 1.1 x 10° 17 19 7
TiO,-P (light) 129 2.5 x10° 8 21 5

indicating faster charge transfer process from the TiO, film to
the electrolyte. Additionally, the Cq; constant phase element
values showed a slight increase upon illumination for both
electrodes, which might be related to the generation of excitons
when light interacts with the photoanode, leading to an
increased concentration of charge carriers on the TiO, electrode
surface. Furthermore, R,. values were relatively higher in the
TiO,-CNC(nrsom) photoanode, likely stemming from contact
issues between the TiO, film and FTO, which in turn, could be
related to differences in the film fabrication process, i.e. a factor
not based on intrinsic materials properties. Finally, the Cg.
values, associated with processes at the TiO, bulk, or TiO,/FTO
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interface, remained similar in both cases, probably due to the
crystallographic similarity between the two TiO, starting
materials.

Thus, the use of CNC for dispersing TiO,-NPs not only
provided successful stabilization of the aqueous TiO, disper-
sion, but also played a crucial role in improving the photo-
catalytic activity of the resulting electrodes.

Subsequently, to maximize the water oxidation activity of the
as-prepared TiO, photoelectrodes, a series of experiments were
conducted by adjusting the relative proportion of CNC to TiO,-
NPs and ammonia in the aqueous dispersion. Fig. 8a displays
the photocurrent values obtained from CV and potentiostatic
measurements using photoanodes fabricated with different
TiO, : CNC ratios, and a film thickness of approximately 4.3 pm.
The results clearly underline the key role of removing CNCs in
enhancing the PEC response of TiO, photoanodes. Notably,
increasing the relative amount of CNC leads to a progressive
rise in the photocurrent until reaching a maximum at a 1:1
mass ratio of TiO,: CNC. Detailed analysis of the film rough-
ness (Fig. 8b) reveals that increasing the TiO, : CNC ratio from
1:0 to 1:1 results in higher photocurrent values. However,
surpassing a ratio of 1: 1 leads to a compromised film integrity,
causing gradual material loss during the PEC process.
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Fig. 8

(a) Photocurrent values obtained from different TiO, : CNC ratios and (b) photocurrent values recorded using the optimal 1: 1 (TiO, : CNC)

ratio for the development of the photoanodes with different thicknesses. Cyclic voltammograms under light and transient photocurrent
measurements were recorded, and data was collected at 0 V (vs. Ag/AgCl) at the end of both experiments. Measurements were performed in

triplicate.
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Consequently, the 1:1 (TiO, : CNC) ratio was chosen for inves-
tigation. To explore the impact of film thickness, which is other
key parameter ruling the PEC performance of photoelectrodes,*
additional experiments were conducted while maintaining the
1:1 (TiO,: CNC) ratio (Fig. 8c). An optimum in the photocur-
rent was achieved at a film thickness of 7 um. Increasing the
film thickness beyond this point resulted in a decrease in the
photoanode efficiency, likely due to a favored recombination of
the photogenerated charges during electron-hole transfer
processes.***

4. Conclusions

In this study, we present a novel approach for fabricating stable
water-based formulations of TiO, nanoparticles using nano-
crystalline cellulose as an environmentally friendly adjuvant.
The addition of ammonium hydroxide significantly improved
the dispersion of TiO,~CNC hybrids, enabling their processing
in aqueous media via spray-coating technologies, thus offering
a greener alternative to the conventional TiO, film fabrication
methods. As a result, the number of components in our
aqueous formulation is limited to three, in line with a reduced
consumption of resources for the production of materials (UN
SDG 12). Notably, the resulting films exhibited enhanced pho-
toelectrochemical performance, as demonstrated in a proof-of-
concept experiment under photoelectrochemical water splitting
conditions for the green hydrogen production. The generation
of affordable and clean energy by means of such technology
would comply with UN SDG 7. In fact, the proposed processing
with nanocrystalline cellulose facilitates the charge transfer
within the TiO,/electrolyte interface. Furthermore, the removal
of nanocrystalline cellulose during the TiO, sintering step leads
to a photoanode with a macroporous structure that improves
the interaction with the electrolyte. These findings result in
a three-fold improvement of the photocurrents and on-off
response times reduced by a factor of 4 with respect to screen-
printed photoanodes from commercial pastes. Comparative
analysis with such a commercial TiO, material reveals that the
TiO,-CNC(np,on) films exhibit higher roughness, which was
further increased upon nanocrystalline cellulose removal. Thus,
nanocrystalline cellulose plays two distinct roles: first, it
enables the development of stable waterborne formulations of
TiO, nanoparticles, even in neutral and slightly basic aqueous
media. Second, nanocrystalline cellulose act as a sacrificial
adjuvant that enhances the performance of TiO, photoanodes,
rendering them particularly valuable for photoelectrochemical
applications. All of this under environmentally friendlier
conditions regarding the pursuit of more sustainable princi-
ples, together with excellent prospects of up-scalability and
large area processing. We anticipate that our findings will pave
the way towards a green development of photoelectrochemical
devices by leveraging the exceptional properties of nano-
crystalline cellulose. The whole scenario has also important
contributions for accomplishing UN SDG 13 (climate action) in
light of the greener materials and processing methodologies
within the current context of clean hydrogen production by
photoelectrochemical water splitting.
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