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TiO, Films with Macroscopic Chiral Nematic-Like Structure
Stabilized by Copper Promoting Light-Harvesting Capability

for Hydrogen Generation

Cong Wang, Sébastien R. Mouchet, Olivier Deparis, Jingwei Li, Erwan Paineau,
Diana Dragoe, Hynd Remita, and Mohamed Nawfal Ghazzal*

Cellulose nanocrystals (CNCs) have inspired the synthesis of various
advanced nanomaterials, opening opportunities for different applications.
However, a simple and robust approach for transferring the long-range chiral
nematic nanostructures into TiO, photocatalyst is still fancy. Herein, a
successful fabrication of freestanding TiO, films maintaining their
macroscopic chiral nematic structures after removing the CNCs biotemplate
is reported. It is demonstrated that including copper acetate in the sol avoids
the epitaxial growth of the lamellar-like structure of TiO, and stabilizes the
chiral nematic structure instead. The experimental results and optical
simulation demonstrate an enhancement at the blue and red edges of the
Fabry-Pérot reflectance peak located in the visible range. This enhancement
arises from the light scattering effect induced by the formation of the chiral
nematic structure. The nanostructured films showed 5.3 times higher
performance in the photocatalytic hydrogen generation, compared to lamellar
TiO,, and benefited from the presence of copper species for charge carriers’
separation. This work is therefore anticipated to provide a simple approach
for the design of chiral nematic photocatalysts and also offers insights into
the electron transfer mechanisms on TiO, /Cu,O with variable oxidation
states for photocatalytic hydrogen generation.

1. Introduction

Photoactive structured materials have
attracted wide attention in the last few
years and have demonstrated promising
light-harvesting capability for hydrogen
generation.'!' Chiral materials, as novel
functional materials, have numerous
potential applications in sensors, enan-
tiomeric separation, and optoelectronic
devices, with their fascinating chemical
and physical properties attracting con-
siderable attention.>] The transfer of
chiral nanostructure into metal oxides is
among the most challenging and promis-
ing strategies for developing new catalysts.
A blatant example is chiral photonic struc-
tures, which are often reported as being
responsible for the structural coloration
of many insects and other biological liv-
ing species.!1l In this case, chirality
also plays a key role in light-harvesting
properties during photosynthesis,['?! since
it participates in multiple and complex
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steps, including charge and energy transfer from the organic an-
tenna to active sites. From this perspective, transferring such a
kind of nanostructure in photoactive inorganic material is among
the most challenging but promising strategies for improving the
properties of catalysts for energy applications.>1*] Tt is, there-
fore, necessary to have a suitable system that imparts chirality to
the final material.

Cellulose nanocrystals (CNCs) are natural materials capable of
self-assembly, forming chiral nematic structures in solid films.!%!
The solubility and stability endow the use of CNCs as bio-
templates, transferring the chiral nematic structure to metal
oxide films and providing them with photonic properties.!¢]
Thus, SiO, with photonic structure was first proposed using a
facile and easy one-step method that allowed tuning the pho-
tonic properties of silica films.['”] However, transferring such
structures to other metal transition oxides, such as TiO,, has
faced multiple challenges. The low stability of titanium pre-
cursors (such as chlorides or alkoxides) to moisture enables
only the generation of mesoporous TiO, where no chiral ne-
matic structure was observed.'®23] As an alternative, impreg-
nation and hard template methods were proposed to obtain
nanostructured TiO, films with chiral nematic structures.!*!]
Still, these approaches usually require successive impregna-
tion/drying/etching/calcination steps to get the target films.[?]
Another way is to use stable precursors to elaborate a photonic
hybrid CNCs/TiO, films retaining the chiral nematic structure as
shown recently.[2°27] However, the calcination step required to re-
move the CNCs biotemplate leads to the formation of 2D lamellar
structures at the expense of the chiral nematic structure. In our
previous study, we reported that adding Cu as a cocatalyst could
stabilize the chiral-like structure in black-TiO,.[?8!

In this work, we aimed to explore the effect of Cu acting as
stabilizing the structure, which enhances light harvesting and
promotes the photogenerated charge carriers’ generation lead-
ing to improved photocatalytic H, generation. The self-assembly
approach requires the use of CNCs biotemplate in the presence
of copper (Cu(OAc),) and titanium oxide (Ti(acac),(OiPr),, TAA)
precursors in the stock solution. After removing the CNC tem-
plates, the TiO, films retain their chiral nematic-like structure,
observable through the cross-section by scanning electron mi-
croscopy. The key compound proved to be the presence of cop-
per. The copper serves as a stabilizer for chiral nematic structures
and prevents the sintering during the crystal growth of the TiO,.
Consequently, the chiral nematic-like structure is maintained at
the expense of the lamellar one. Using theoretical optical simula-
tion, we confirmed the beneficial effect of the chiral nematic-like
structure in light harvesting properties for hydrogen production.
The substantial improvement in photoactivity is attributed to the
unique combination of photonic chiral nematic structures and
the presence of copper.

2. Results and Discussion

The one-pot route used to synthesize the films with a chiral
nematic-like structure (referred to as CNTiO,/Cu,O) is depicted
in Figure la. The starting aqueous CNC suspension (4 wt.%,
pH = 6) exhibits birefringence due to the spontaneous self-
organization of CNCs into organized chiral nematic structures,
as shown in Figure 1b. The typical fingerprint is recognized by
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the alternated dark and bright lines appearing in the image ob-
tained using a polarized optical microscope (POM). The suspen-
sion was mixed with ethanolic TAA solution (0.6 mL of TAA in
2 mL ethanol) and variable volume of ethanolic Cu(OAc), solu-
tions to form transparent yellow-green mixtures (Figure 1c; Table
S1, Supporting Information). The addition of TAA and Cu(OAc),
solutions lowers the concentration of the stock solution, turn-
ing the anisotropic phase into isotropic, as demonstrated by the
dark image under POM (Figure 1c). Subsequently, the mixture
was poured into polystyrene Petri dishes, allowing the solvent
evaporation to induce the self-assembly of CNCs to form solid
CNC/TiO, /Cu(OAc), hybrid films. Iridescent colors can be ob-
served after approximately two days of drying, indicating the for-
mation of photonic structures (Figure 1d).[?%)

A typical fingerprint with alternating bright and dark lines is
observed under POM observation, attesting to the formation of
CN ordering in the hybrid films (Figure 2a; Figure S1, Support-
ing Information). The removal of CNCs templates was achieved
by calcination at 500 °C in air. The resulting freestanding films
display a light tawny color with strong birefringence and distinc-
tive fingerprint patterns under POM (Figure 2b; Figure S2, Sup-
porting Information), confirming that the CN-like structure is
preserved after the calcination step. These films exhibit a Bragg
reflection peak with maximum reflectance spectra at ~#450 nm
(Figure 2c). Interestingly, the increase in the amount of Cu(OAc),
induces a slight red-shift in the maximum of the Bragg peak, cor-
responding to an increase in the pitch of the chiral nematic struc-
ture of the films. The shift was found to be higher at lower loading
of copper acetate. However, over 0.1wt.%, the observed redshift is
limited to a few nanometers compared to lower values of copper
acetate, which could be due to the interaction between Cu?* with
sulfates function at the surface of cellulose nanocrystals.

The difference in the films’ structures before and after calcina-
tion was revealed through scanning electron microscopy (SEM).
Cross-section SEM images of CNC/TiO, hybrid films show pe-
riodic left-handed twisting that is repeated along the direction
normal to the film (plane/surface), confirming the existence of
CN structures (Figure 3a). The distance between two twisted lay-
ers corresponds to half of the helical pitch (P). The introduction
of Cu(OAc), does not interfere with the organization of CNCs
since the CN structures are still clearly visible in hybrid films
(Figure 3b,c). The result demonstrated that the optimal range
of copper acetate is 0.05-0.8 wt.%. In fact, above this range,
which fastens the sol-gel transition, leading to gel formation. It
is worth noting that adding a higher copper acetate concentra-
tion leads to strong crosslinking between Cu?* and sulfated cel-
lulose nanocrystals which fastens the sol-gel transition, leading
to gel formation. As we previously reported, calcination can effec-
tively remove the CNCs template from the CNC/TiO, compos-
ite and allow obtaining the photoactive anatase phase of TiO,.!**]
The copper-free films show a lamellar structure of the TiO, films
(LTiO,) due to the crystal growth and sintering (Figure 3d,e), in
agreement with our previous work.'3] Copper-containing films,
on the other hand, show that well-defined CN-like structures still
can be observed after calcination (Figure 3f—i; Figure S3, Sup-
porting Information), similar to the morphology of the hybrid
CNTiO,/Cu,O films before calcination (Figure 3b,c). The film
features a long-range ordered layers and twisted-like morphol-
ogy reminiscent of the chiral nematic structure. Cu is mixed with
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Figure 1. a) Schematic illustration of the chiral nematic freestanding TiO, /Cu, O film synthesis. POM images and photographs (under polarized light)
of b) 4 wt.% CNCs suspension and c) CNC/TAA/Cu(OAc), solution. The insets represent macroscopic optical observations between crossed polarizers.
d) Photographs of the sol-gel process of CNC/TAA/Cu(OAc), solution for 2 days at room temperature.

the TiO,, forming a homogenous film as evidenced in Figure S4
(Supporting Information).[?] In addition, it appears that copper
inhibits the sintering of the TiO, crystal during the calcination
step, avoiding the formation of the lamellar structure. Indeed, Cu
is reported to lower the temperature of crystallization of TiO,,
which can reduce the surface energy and hinder the sintering
observed for copper-free films.[**) However, at higher concentra-
tions of copper acetate, the films do not exhibit any visible or-
dered structure. Instead, as shown in Figure S5 (Supporting In-
formation), the chiral nematic structure is destroyed and replaced
by a porous film. The copper acetate precursor due to the charge
of the Cu?* cations has the potential to disrupt the formation
of the chiral nematic structure and cause gelation before/during
drying due to charge-balancing effects.

X-ray scattering (XRS) was performed to characterize the
structure of the samples and their related crystallinity form.
CNC/TiO,/Cu(OAc), hybrid films showed several characteristic
peaks at Q ~1.1 A~ [(110), (110)] and 1.6 A~ (200) correspond-
ing to the crystalline structure of I, cellulose form.’! After the
calcination of the films, all the samples present the characteristic
peaks related to anatase TiO, (Figure 4a). No diffraction peaks as-
sociated with Cu species were observed due to the low quantity of
Cu loading (<0.8 wt.%), below the detection sensitivity.*?! There
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was no alteration in the crystalline structure, but a slight de-
crease in the crystal size of anatase TiO, was observed. The size of
TiO, crystallites decreased by ~1 nm as the Cu loading increased
from 0 to 0.8 wt.% (Table S2, Supporting Information), in agree-
ment with the fact that Cu limits the crystal growth of TiO, .3
Furthermore, doping with Cu can inhibit the transformation of
TiO, from anatase to a more compact rutile form during the
calcination process, thereby improving the phase stability of the
TiO, and favoring the preservation of the CN structures.*?] Low-
and high-resolution transmission electron microscopy (HRTEM)
was employed to offer further insight into the microstructure of
CNTiO, /Cu, 4, confirming the doping of Cu into the TiO, lat-
tice (Figure 4b; Figure S6, Supporting Information). The crys-
talline sizes of TiO, observed in HRTEM images were compara-
ble to those deduced from the XRS patterns. The crystal lattice
constants were identified to be 3.5, 2.06, 2.16, 2.4, and 2.53 A
corresponding to the anatase TiO, (101), metallic Cu (111), cu-
bic phase Cu, O (200), monoclinic phase CuO (111) and (002), re-
spectively. Noticeably, the interfaces between TiO, and various Cu
species were physically in contact and potentially formed differ-
ent junctions (including Cu/TiO, Schottky junction, Cu,O/TiO,
pn junction, and CuO/TiO, heterojunction). The presence
of CuO was analyzed in an electron diffraction (ED) pattern

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. POM images and photographs of a) CNC/TiO,/Cu(OAc), hy-
brid film and b) freestanding CNTiO,/Cu,O film (the mass loading of Cu
is 0.4%). All scale bars correspond to 50 um. c) Reflectance spectra of the
hybrid films obtained with variable amounts of copper.

(inset in Figure 4b).33] This finding echoed the results from
XRS, in which no diffraction peaks associated with Cu species
except those of anatase TiO, were detected. Energy-dispersive X-
ray spectroscopy (EDS) mapping in scanning transmission elec-
tron microscopy by using a high-angle annular dark-field detec-
tor (STEM-HAADF) showed the homogeneous dispersion of Cu
species in CNTiO,/Cu,O films (Figure S6, Supporting Informa-
tion).

The optical properties of as-prepared films were analyzed by
UV-vis diffuse reflectance spectra (DRS) (Figure 5a). The absorp-
tion in the UV region is assigned to the band-to-band transition
of TiO,.3* The ITiO, showed a noticeable enhancement in light
absorption compared to TiO,-P25 due to multiple light scatter-
ing caused by the lamellar structure (Figure 5a).['*] Introducing
Cu further improves light absorption capability in the visible re-
gion (400-800 nm wavelength). It extends the absorption edges,
ascribed to Cu 3d—Ti 3d optical transition formation.[**] The ab-
sorption was enhanced with the increase in Cu loading, while
the rising trend essentially saturated above 0.4 wt.% Cu. In ad-
dition, an extra broad band ~750 nm corresponding to the d—d
transition of Cu was observed (Figure 5a).”%l The bandgaps (E,) of
CNTiO,/Cu,O films were estimated from Kubelka—Munk (K-M)
theory. In agreement with the absorption measurement, LTiO,
exhibited a narrower bandgap (3.0 eV) than TiO,-P25 (3.2 eV) and
a reduction from 3.0 to 2.7 eV in the bandgap of CNTiO,/Cu,O
was noticed with the addition of Cu (Figure 5b). The coupling
of TiO, anatase to Cu,O, which is reported to have a smaller
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bandgap, leads to the reduction of the electronic bandgap of the
nanocomposite. Indeed, Cu doping of TiO, lattice could intro-
duce intermediate states that reduce bandgap.*”! To provide fur-
ther insight into the effect of the chiral nematic-like structure on
the absorptance properties, we numerically simulated the absorp-
tance of the films. The simulations were performed at normal in-
cidence using a one-dimensional Berreman 4 x 4 matrix method
for stratified anisotropic media,’*** applying Jones calculus to
account for light propagation through the chiral nematic mul-
tilayered structure, and the results are shown in Figure 5c.[*ll
Such a matrix formalism enables the propagation of the solu-
tion across the layers. Essentially, the electromagnetic fields’ con-
tinuity conditions at the interfaces of adjacent layers are repre-
sented through matrix equations. This yields a transfer matrix
for traversing the interface. By sequentially multiplying these
matrices, the solution propagates all through the layers, provid-
ing the structure’s reflectance and transmittance. This approach
is straightforward and generally yields accurate results. Conse-
quently, it has been recurringly used to model electromagnetic
wave propagation in layered media in general and, specifically,
in nematic structures, including CNC films.[*>~*] The helicoidal
structure was treated as a stack of birefringent layers with a 219-
nm pitch on an isotropic, lossless, and non-dispersive substrate
with a refractive index (RI) of 1.50. The incidence medium was
chosen to be air. The ordinary RI n (4) and k,(4) of Cu-TiO, be-
tween 400 and 900 nm were taken from ref.[41] where the mate-
rial was annealed at 500 °C.I**! In the absence of published data
in the UV range, values of n,(4) and k,(4) in the 200-400 nm
range were assumed to be constant and equal to n, (A = 400 nm)
= 2.83 and 1.60, respectively, to account for the bandgap at ca.
3.1 eV. We accounted for birefringence by assuming the extraor-
dinary RI n_ (A) = n, (4) — 0.3 and k,_ (A) = k, (4) — 0.01. The
absorptance and reflectance were averaged over transverse mag-
netic (TM) and transverse electric (TE) polarizations, i.e., simu-
lating unpolarized incident light. Our simulations show an en-
hancement of absorptance A,, at the blue and red edges of the
Fabry-Pérot reflectance peak located at 465 nm with respect to
a non-chiral birefringent 219-nm-thin film with the same RI
(Figure 5c¢). This enhancement arises from the slow photon ef-
fect, previously reported in other contexts.[*#’] With an increas-
ing number of pitches in the photonic structure, a Bragg re-
flectance peak appears in the spectra at ca. 600 nm due to the for-
mation of a multilayer stack (Figure S7, Supporting Information).
Some absorptance enhancement at the edges of Bragg peaks is
observed akin to the one-pitch structure of Figure 5c. Guided by
such simulations, the chiral nematic structures can be tuned to
enhance photocatalysis by decreasing the pitch to position the
red edge of the Bragg reflectance peak close to the electronic
absorption band edge of the photocatalyst.[**#91 This optimiza-
tion in band structure arose from incorporating Cu, which could
produce a donor level below the conduction band (CB) of TiO,
and enhance light absorption. Moreover, incorporating Cu con-
tributed to modifying the electronic density of states and promot-
ing the charge separation of TiO,, endowing the CNTiO,/Cu,O
films with great potential in photocatalysis.[>"]

The photocatalytic properties of CNTiO,/Cu,O films are eval-
uated for hydrogen evolution reaction (HER). The HER experi-
ment used triethanolamine (TEOA) as a sacrificial electron donor
to evaluate the photocatalytic activity of the CNTiO, /Cu,O films

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Cross-section SEM images of composite films prior to and after calcination. a) CNC/TiO, hybrid film, b) CNC/TiO,/Cuq s, hybrid film, c)
CNC/TiO,/Cug 494 hybrid film, d,e) LTiO, film, f,g) CNTiO,/Cujg 59, calcined films and (h,i) CNTiO,/Cug 49, calcined films.

with different Cu mass loadings (Figure 6a). The LTiO, showed
an enhanced photocatalytic H, evolution rate compared to com-
mercial TiO,-P25. By introducing a very small amount of Cu
(0.05 wt.%), the production rate of CNTiO, /Cu s, remarkably
increased, reaching a rate of 0.28 mmol g! h™!, 5.3 times higher
than that of LTiO,. The highest H, evolution rate of 0.73 mmol
g™! h™' was reached by CNTiO,/Cu, 4. The optimal photocat-
alytic activity is in agreement with the evolution of the absorbance
obtained from UV-vis absorption spectra. Further increase in the
Cu loading up to 0.8 wt.% leads to a decrease in the photocat-
alytic activity of CNTiO, /Cu,O films, which could be attributed
to the partial blocking of active TiO, caused by the growth of
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Cu,O particles at higher loading.°!! An alternative interpreta-
tion is that excess Cu could serve as recombination sites short-
ering the photogenerated charge carriers’ lifetime, which results
in a lower H, evolution rate.’? The optimized CNTiO,/Cuy 4,
exhibited excellent stability without any significant decrease
in the photocatalytic activity during five successive cycles
(Figure 6b).

To obtain further insight into the mechanism of the photo-
catalytic H, reaction, electrochemical impedance spectroscopy
(EIS) was measured to assess the electric charge transfer resis-
tances of CNTiO,/Cu,O films. The smaller the semicircle of the
Nyquist plots at low frequencies, the higher the charge transfer
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Figure 4. a) XRS patterns of CNC/TiO, and CNC/TiO,/Cu hybrid films, and the XRS patterns of LTiO, and CNTiO, /Cu, O photonic films after removing

CNCs template. b) HRTEM images of CNTiO, /Cug 4o-

ability at the catalyst/electrolyte interface (Figure S8a, Supporting
Information).>3] A significant reduction of the semi-circle radius
was observed in CNTiO,/Cu,O films compared to LTiO,, credit-
ing to the formation of heterojunction between TiO, and Cu,O,
which can enhance the electrical conductivity and charge trans-
fer efficiency.>¥ Among all samples, CNTiO, /Cu, 4, showed the
best charge transfer ability. Accordingly, the transient photocur-
rent response of CNTiO,/Cu,O films exhibits the same increas-
ing trend in photocurrent intensity, suggesting efficient carriers’
separation under light irradiation (Figure S8b, Supporting In-
formation). Time-resolved studies show that electrons are trans-
ferred from TiO, to Cu,O (Figure S8¢c, Supporting Information),
in agreement with EIS and PEC results. The CNTiO, /Cu,O pho-
tocatalyst underwent a distinct photoactivation process during
the photocatalytic HER cycle. Noticeably, we observed a color
change of CNTiO,/Cu,O photocatalyst during the reaction from
white, dark grey to black with increasing H, bubbles after one
hour of UV-vis irradiation, which originated from the local dis-
tortion of TiO, lattice caused by the electrons trapped in the Cu
d-orbitals (Figure 6¢).%! This black color gradually reverted to
the original white after several hours of exposure to the air un-
der dark conditions, corresponding to a complete photoactivation
cycle.>! To further explore the origin of the H, evolution reac-
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tivity of CNTiO,/Cu,O during the photoactivation process, the
black-activated photocatalyst was collected under argon flow and
analyzed by X-ray photoelectron spectroscopy (XPS). The general
XPS surveys of CNTiO,/Cu,O before and after calcination, and
before and after activation indicated the presence of Cu, Ti, C,
and O species (Figure S9, Supporting Information). The high-
resolution XPS of the films before and after calcination are shown
in Figure S10 (Supporting Information). The results indicate the
presence of titanium dioxide and Cu 2p in its Cu** oxidation
state, as indicated by the satellite present in the spectrum. The
high-resolution XPS spectra of Cu 2p in original CNTiO,/Cu,O
showed peaks with binding energy (BE) at 952.4 and 932.6 eV,
which were ascribed to Cu™, while the ones located at 953.3 and
933.6 eV could be attributed to Cu?* (Figure 6d). The existence of
a broad satellite peak further confirmed the presence of Cu?*.l>*]
Cu® was also present, even if it was difficult to distinguish due
to its low content and the overlap of the binding energy with
Cu*.5%l In comparison, the peaks and satellite peaks correspond-
ing to Cu®* were eliminated and replaced by the peaks attributed
to Cu*/Cu after light excitation, suggesting a reduction of Cu?*
triggered by the electrons generated from TiO, . Relatively, a slight
shift toward lower binding energy accompanied by the appear-
ance of a peak centered at 462.7 eV assigned to Ti** was also

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 5. a) UV-vis absorption spectra and b) the corresponding Kubelka—Munk plot of TiO,-P25, LTiO, and CNTiO,/Cu,O photonic films. The Inset
in b) is the evolution of the optical bandgap with different Cu loadings. Simulated absorptance and reflectance spectra c) of a one-pitch chiral thin film
agree with the experimental observations in a) and (Figure 2c), respectively. Absorptance (A,,) and reflectance (R,,) spectra (averaged over TM and
TE polarizations) of such a chiral film are compared to the ones from a non-chiral birefringent film of identical thickness. The reflectance spectrum of
a one-pitch chiral thin film without absorption (k. (1) = k, (1) = 0.00, dashed curve) allows one to locate accurately the red and blue edges of the

reflectance peak.

observed in activated photocatalysis.l’’! The change in the oxi-
dation state of Cu species can rationalize the color change from
white to dark. The light excitation generates electrons in the
conduction band of TiO,, which are transferred to copper and
reduce Cu?* to Cut and Cu’. After the exposure of the pho-
tocatalyst to air, a reverse oxidation of copper leads to recover-
ing the original color. Based on the characterization results, a
photocatalytic mechanism for CNTiO,/Cu,O films during the
photoactivation cycle can be proposed (Figure 6e). Initially, the
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CNTiO, /Cu,O photocatalyst is inactive (S0), which could change
to the excited state (S1) through light excitation and simultane-
ously generate e”/h* pairs. Immediately posterior, the photo-
generated electrons (e”) transfer from Cu,O (CB) to TiO, (CB)
through the p-n junction and then from TiO, to the d-orbital of
metallic Cu and CuO (S2). On the other hand, the holes (h*) are
scavenged by the sacrificial agent. The localization of electrons
at Cu species leads to an active state (S3) for HER. In addition,
the trapped electrons by copper oxide (CuO) species can reduce

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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films with different Cu loadings.

Cu?* to Cu*/Cu®, representing highly active sites (S4), resulting
in enhanced photoactivity.[*®! Notably, the active sites (S3 and S4)
can gradually return to the original inactive state (SO) after ap-
proximately two hours of exposure to the air under dark condi-
tions, i.e., the Cu/Cu® was oxidized by O, or h*. The variable
valence states of copper during the photoactivation cycle create
additional transfer pathways for the photogenerated electrons,
which are beneficial for photocatalytic HER. More importantly,
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this CNTiO, /Cu, O photocatalyst exhibits a reversible interaction
between Cu,O and the adjacent TiO,.

The presence of low-oxidation states of Cu and Ti after illu-
mination was further proved by valence band (VB) XPS spectra
(Figure S11, Supporting Information), which was conducive to
the higher photocatalytic activity of the CNTiO, /Cu,O. Moreover,
cyclic voltammetry (CV) was applied to investigate the redox abil-
ity and the change in the valence state of CNTiO,/Cu,O. Two

© 2024 The Author(s). Small published by Wiley-VCH GmbH

959917 SUOWIWIOD SAITERID 3|cedljdde 8y} Aq pauenoB aJe SSo1le YO 9SN J0 S9N Joy Aleld 1 8U1IUO AS|IAM UO (SUOIPUOI-PUE-SLUBI WD A8 | 1M AeIq) 18Ul UO//:SAN) SUOIIPUOD pue SWiS 18U 89S *[7202/80/90] Uo AkeiqiauliuO AS|IM ‘TTZZ0r202 |IWS/Z00T OT/I0p/wWod’ AS|Im Alelq 1jpuluo//:sdny o) papeojumod ‘0 ‘6289ETOT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

quasi-reversible reduction peaks corresponding to the reduction
of Cu?* to Cut and the reduction of Cu* to metallic Cu, respec-
tively, were observed in Figure 6f. Conversely, Cu was stripped
and wholly oxidized to Cu?* when reaching a higher positive
potential.®*) CNTiO, /Cu,,,, showed relatively lower reduction
potentials of Cu?* to Cu* (—0.38 V) and Cu* to Cu® (-0.72 V),
which is beneficial to the photocatalytic reduction reaction.[*]

3. Conclusion

In summary, we have successfully synthesized photonic
TiO,/Cu,O freestanding films with unique chiral nematic
structures using cellulose nanocrystals as bio-templates via a
straightforward one-pot chemistry route. The participation of
copper oxide species enhances the stability of chiral nematic
structures in the TiO,/Cu,O films and simultaneously serves
as a co-catalyst for photocatalytic H, evolution reaction. This
novel photonic TiO,/Cu,O possesses a synergetic effect in the
photocatalysis process: i) the well-preserved chiral nematic
nanostructure improves the light-harvesting capability; ii) the
co-presence of Cu?*, Cu*, and Cu® provides a variety of pathways
for electron transfer, favoring the separation of photogenerated
charge carriers. Moreover, the performance stability and electron
transfer mechanism of TiO,/Cu,O during the photoactiva-
tion cycles are further revealed. The present study explores
a simple one-pot route to synthesize distinctive macroscopic
chiral nematic-like TiO,/Cu,O photocatalysts and provides
insights into the electron transfer during the photoactivation
cycle. Finally, numerical predictions of the optical properties of
this photonic film showed their potential for the development
of photocatalytic applications enhanced by structured pho-
tonic structures, not only to understand the underlying optical
mechanisms, but also to optimize the design of such structures.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

C.W. acknowledges the China Scholarship Council (CSC) for his fellow re-
search position. The authors thank Diana Dragoe for the XPS analysis.
S.R.M. was supported by a BEWARE Fellowship (Convention n°2110034)
of the Walloon Region (CO-FUND Marie Sktodowska-Curie Actions of the
European Union #847587), as a Postdoctoral Researcher. The authors
thank Frangois Brisset for collecting the SEM images and Paul Haghi-
Ashtiani for the TEM images. TEM work was carried out using the facili-
ties available at the MSSMat laboratory within the MATMECA consortium,
which is supported by the Agence Nationale de la Recherche (ANR) under
contract number ANR-10-EQPX-37.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Small 2024, 2402211

2402211 (9 of 10)

www.small-journal.com

Keywords

cellulose nanocrystals, copper oxides, photocatalysis, photonic structure,
titanium dioxide

Received: March 20, 2024
Revised: May 18, 2024
Published online:

[1] C.Wang, M. N. Ghazzal, Energy Adv. 2023, 2, 965.
[2] O.Kose, A. Tran, L. Lewis, W. Y. Hamad, M. J. MacLachlan, Nat. Com-
mun. 2019, 70, 510.

[3] C. E. Boott, A. Tran, W. Y. Hamad, M. J. MacLachlan, Angew. Chem.
Int. Ed. 2020, 59, 226.

[4] M. Kaushik, K. Basu, C. Benoit, C. M. Cirtiu, H. Vali, A. Moores, J. Am.
Chem. Soc. 2015, 137, 6124.

[5] R.Xiong, ). Luan,S.Kang, C.Ye, S. Singamaneni, V. V. Tsukruk, Chem.
Soc. Rev. 2020, 49, 983.

[6] V. Sharma, M. Crne, J. O. Park, M. Srinivasarao, Science 2009, 325,

449.
[7] L.T.McDonald, E. D. Finlayson, B. D. Wilts, P. Vukusic, Interface Focus
2017, 7,20160129.

[8] E.D. Finlayson, L. T. McDonald, P. Vukusic, J. R. Soc. Interface 2017,
14,20170129.
[9] S. Vignolini, P. ). Rudall, A. V. Rowland, A. Reed, E. Moyroud, R. B.

Faden, |. J. Baumberg, B. J. Glover, U. Steiner, Proc. Nat. Acad. Sci.
2012, 7109, 15712.

[10] M. Kolle, A. Lethbridge, M. Kreysing, J. J. Baumberg, J. Aizenberg, P.
Vukusic, Adv. Mater. 2013, 25, 2239.

[17] S. R. Mouchet, O. Deparis, Natural Photonics and Bioinspiration,
Artech House, Norwood, MA 2021.

[12] N. Mittal, S. Tien, E. Lizundia, M. Niederberger, Small 2022, 18,
2107183.

[13] C.Wang, ). Li, E. Paineau, A. Laachachi, C. Colbeau-Justin, H. Remita,
M. N. Ghazzal, J. Mater. Chem. A 2020, 8, 10779.

[14] M. Schreck, R. Deshmukh, E. Tervoort, M. Niederberger, Chem.
Mater. 2021, 34, 43.

[15] J. F. Revol, H. Bradford, ). Giasson, R. H. Marchessault, D. G. Gray,
Int. J. Biol. Macromol. 1992, 14, 170.

[16] E. Dujardin, M. Blaseby, S. Mann, J. Mater. Chem. 2003, 13, 696.

[17] K.E.Shopsowitz, H. Qi, W. Y. Hamad, M. J. Maclachlan, Nature 2010,
468, 422.

[18] A.Ivanova, M. C. Fravventura, D. Fattakhova-Rohlfing, |. Rathousky,
L. Movsesyan, P. Ganter, T. J. Savenije, T. Bein, Chem. Mater. 2015,
27, 6205.

[19] A. Ivanova, D. Fattakhova-Rohlfing, B. E. Kayaalp, ). Rathousky, T.
Bein, J. Am. Chem. Soc. 2014, 136, 5930.

[20] ). Xue, F. Song, X.-W. Yin, Z.-L. Zhang, Y. Liu, X.-L. Wang, Y.-Z. Wang,
ACS Sustainable Chem. Eng. 2017, 5, 3721.

[21] Y. Zhou, E.-Y. Ding, W.-D. Li, Mater. Lett. 2007, 61, 5050.

[22] ). Xue, F. Song, X. Dong, X.-W. Yin, Y. Liu, J.-M. Wu, C. Wang, X.-L.
Wang, Y.-Z. Wang, ACS Sustainable Chem. Eng. 2018, 7, 1973.

[23] Y.Li, ). Zhang, C. Zhan, F. Kong, W. Li, C. Yang, B. S. Hsiao, Carbohydr.
Polym. 2020, 233, 115838.

[24] G. D. Gesesse, C. Li, E. Paineau, Y. Habibi, H. Remita, C. Colbeau-
Justin, M. N. Ghazzal, Chem. Mater. 2019, 317, 4851.

[25] C. M. Walters, K. R. Adair, W. Y. Hamad, M. J. MacLachlan, Eur. J.
Inorg. Chem. 2020, 2020, 3937.

[26] T.-D. Nguyen, E. Lizundia, M. Niederberger, W. Y. Hamad, M. J.
MacLachlan, Chem. Mater. 2019, 31, 2174.

[27] C. Wang, E. Paineau, H. Remita, M. N. Ghazzal, Chem. Mater. 2021,
33, 6925.

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85U8017 SUOWILWIOD BAITE.D) 3|cedldde ayy Aq peuseob afe sa[oile YO 8Sn JO Sa|nJ Jo} AkeiqT8UlJUO AB|IA UO (SUORIPUOD-PUE-SWLBYWO A 1M ARe.d 1 [euluo//:SdnL) SUORIPUOD Pue swie 1 8y} 88 " [7202/80/90] U0 Ariqiaul|uo A8|IM ‘TTZZ0rZ0Z |IWS/Z00T 0T/I0p/u0d A8 | Arelq1jput|uoy/:sdny woly pepeojumod ‘0 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(28]

(29]
(3]

(31]
(32]

(33]

(34]

35]

(36]
(37]

(38]
39]
[40]
[41]
[42]
[43]

(44]
[45]

Small 2024, 2402211

Juill

C. Wang, J. Li, E. Paineau, H. Remita, M. N. Ghazzal, Sol. RRL 2023,
2200929.

W. Hong, Z. Yuan, X. Chen, Small 2020, 16, 1907626.

C.Yang, Y. Hirose, S. Nakao, T. Hasegawa, Thin Solid Films 2014, 553,
17.

A. D. French, Cellulose 2013, 21, 885.

C. Byrne, L. Moran, D. Hermosilla, N. Merayo, A. Blanco, S. Rhatigan,
S. Hinder, P. Ganguly, M. Nolan, S. C. Pillai, Appl. Catal. B 2019, 246,
266.

P. A. DeSario, |. . Pietron, T. H. Brintlinger, M. McEntee, |. F. Parker,
O. Baturina, R. M. Stroud, D. R. Rolison, Nanoscale 2017, 9, 11720.
K. Wang, Z. Bielan, M. Endo-Kimura, M. Janczarek, D. Zhang, D.
Kowalski, A. Zielinska-Jurek, A. Markowska-Szczupak, B. Ohtani, E.
Kowalska, J. Mater. Chem. A 2021, 9, 10135.

J. Navas, A. Sanchez-Coronilla, T. Aguilar, N. C. Hernandez, D. M. de
los Santos, J. Sanchez-Marquez, D. Zorrilla, C. Fernandez-Lorenzo,
R. Alcantara, ). Martin-Calleja, Phys. Chem. Chem. Phys. 2014, 16,
3835.

C. Cheng, W.-H. Fang, R. Long, O. V. Prezhdo, JACS Au 2021, 1, 550.
T. Aguilar, ). Navas, R. Alcantara, C. Ferndndez-Lorenzo, |. ). Gallardo,
G. Blanco, J. Martin-Calleja, Chem. Phys. Lett. 2013, 571, 49.

D. W. Berreman, J. Opt. Soc. Am. 1972, 62, 502.

D. Y. K. Ko, J. Sambles, J. Opt. Soc. Am. A 1988, 5, 1863.

H.-G. Yoon, H. Gleeson, J. Phys. D: Appl. Phys. 2007, 40, 3579.

R. C. Jones, J. Opt. Soc. Am. 1942, 32, 486.

H. G. Yoon, H. F. Gleeson, J. Phys. D: Appl. Phys. 2007, 40, 3579.

A. G. Dumanli, H. M. van der Kooij, G. Kamita, E. Reisner, J. J.
Baumberg, U. Steiner, S. Vignolini, ACS Appl. Mater. Interfaces 2014,
6, 12302.

D. Hewson, P. Vukusic, S. J. Eichhorn, AIP Adv. 2017, 7, 065308.

R. Vidhya, M. Sankareswari, K. Neyvasagam, Int. J. Tech. Res. Appl.
2016, 37, 42.

(46]
[47]
48]
[49]
(5]
(51

[52]
(53]

[54]

[53]

[56]

[57]

(58]

[59]
(60]

2402211 (10 of 10)

www.small-journal.com

O. Deparis, S. R. Mouchet, B. L. Su, Phys. Chem. Chem. Phys. 2015,
17,30525.

J. Liu, H. Zhao, M. Wu, B. Van der Schueren, Y. Li, O. Deparis, J. Ye,
G. A. Ozin, T. Hasan, B. L. Su, Adv. Mater. 2017, 29, 1605349.

T. L. Madanu, S. R. Mouchet, O. Deparis, ). Liu, Y. Li, B. L. Su, J. Colloid
Interface Sci. 2023, 634, 290.

T. L. Madanu, L. Chaabane, S. R. Mouchet, O. Deparis, B. L. Su, J.
Colloid Interface Sci. 2023, 647, 233.

G. Colén, M. Maicu, M. C. Hidalgo, ). A. Navio, Appl. Catal. B 2006,
67,41.

W. Chen, Y. Wang, S. Liu, L. Gao, L. Mao, Z. Fan, W. Shangguan, Z.
Jiang, Appl. Suif Sci. 2018, 445, 527.

M.-C. Wu, P-Y. Wu, T-H. Lin, T-F. Lin, Appl. Surf. Sci. 2018, 430, 390.
B.-A. Meij, J. Lau, T. Lin, S. H. Tolbert, B. S. Dunn, L. Pilon, J. Phys.
Chem. C 2018, 122, 24499.

M. Z. Hussain, B. van der Linden, Z. Yang, Q. Jia, H. Chang, R. A.
Fischer, F. Kapteijn, Y. Zhu, Y. Xia, J. Mater. Chem. A 2021, 9, 4103.
B. H. Lee, S. Park, M. Kim, A. K. Sinha, S. C. Lee, E. Jung, W. . Chang,
K. S. Lee, J. H. Kim, S. P. Cho, H. Kim, K. T. Nam, T. Hyeon, Nat.
Mater. 2019, 18, 620.

D. Zhong, Z. |. Zhao, Q. Zhao, D. Cheng, B. Liu, G. Zhang, W. Deng,
H. Dong, L. Zhang, J. Li, ). Li, J. Gong, Angew. Chem., Int. Ed. 2021,
60, 4879.

J. Zhao, M. Zhang, S. Wan, Z. Yang, C. S. Hwang, ACS Appl. Mater.
Interfaces 2018, 10, 1828.

V. Polliotto, S. Livraghi, A. Krukowska, M. V. Dozzi, A. Zaleska-
Medynska, E. Selli, E. Giamello, ACS Appl. Mater. Interfaces 2018, 10,
27745.

P. Basnet, E. Anderson, Y. Zhao, ACS Appl. Nano Mater. 2019, 2, 2446.
M. A. Hossain, R. Al-Gaashani, H. Hamoudi, Al M. J. Marri, I. A.
Hussein, A. Belaidi, B. A. Merzougui, F. H. Alharbi, N. Tabet, Mater.
Sci. Semicond. Process. 2017, 63, 203.

© 2024 The Author(s). Small published by Wiley-VCH GmbH

959917 SUOWIWIOD SAITERID 3|cedljdde 8y} Aq pauenoB aJe SSo1le YO 9SN J0 S9N Joy Aleld 1 8U1IUO AS|IAM UO (SUOIPUOI-PUE-SLUBI WD A8 | 1M AeIq) 18Ul UO//:SAN) SUOIIPUOD pue SWiS 18U 89S *[7202/80/90] Uo AkeiqiauliuO AS|IM ‘TTZZ0r202 |IWS/Z00T OT/I0p/wWod’ AS|Im Alelq 1jpuluo//:sdny o) papeojumod ‘0 ‘6289ETOT


http://www.advancedsciencenews.com
http://www.small-journal.com

