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ABSTRACT: To evaluate the potential role of in situ formed Sr—Ti—O ! L
species as a ferroelectric component able to enhance the photocatalytic el o

properties of an adjacent TiO, semiconductor, Cu-doped/graphene oxide
(GO)/TiO, nanotubes (TiNTs) composites (with 0.5 wt % Cu and 1.0 wt
% GO) have been synthesized while progressive amounts of strontium (up
to 1.0 wt %) were incorporated at the surface of the composite through
incipient wetness impregnation followed by post-thermal treatment at 400
°C. The different resulting photocatalytic systems were then first deeply
characterized by means of N, adsorption—desorption measurements, X-ray
diffraction (XRD), UV—vis diffuse reflectance (UV—vis DR), Raman and
photoluminescence (PL) spectroscopies, and scanning electron microscopy o rotrued chrgs

(SEM) (with energy-dispersive X-ray (EDX) spectroscopy and Z-mapping). ety a [ pr—

In a second step, optimization of the kinetic response of the Sr-containing

composites was performed for the formic acid photodegradation under UV

irradiation. The Sr-containing Cu/GO/TiNT composites were then fully characterized by electrochemical impedance spectroscopy
(EIS) for their dielectric properties showing clearly the implication of polarization induced by the Sr addition onto the stabilization
of photogenerated charges. Finally, a perfect correlation between the photocatalytic kinetic evaluation and dielectric properties
undoubtedly emphasizes the role of ferroelectric polarization as a very valuable approach to enhance the photocatalytic properties in
an adjacent semiconductor.
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1. INTRODUCTION decreased by changing the morphology of titanium oxide to
one-dimensional (1D) materials (films, tubes, wires, and
rods),'”™** by doping with earth metals’ ** (La and Ce) or
by combining TiO, with nanostructured carbon materials such

Photocatalysis is a very effective advanced oxidation process
(AOP) used to remove pollutants present in wastewater or the
atmosphere. Photocatalysis can also be employed for the

production of green energy (e.g, H, and C; production) or for as fullerenes, polyhydroxyfullerene, carbon nanotubes, or
the conversion of biomass sources. ~ Among the various graphene oxide (GO) to form carbon—TiO, composites.24_28
applied semiconductors used in photocatalysis, titanium The design of cerium-doped TiO, nanomaterials with tuned
dioxide (TiO,) shows a high photocatalytic efficiency and a structural and textural properties was previously reported.”®
strong oxidizing ability for the photodegradation of several Results emphasized the beneficial effect of cerium doping of
pollutants and for the disinfection of various harmful TiO, nanotubes (TiNTs), the activity reaching 39 umol-L ™1
compounds in both water and air applications.4’° However, min~? against 16 umol-L™'min~! for Ce-free sample after
TiO, presents two main drawbacks: (1) a large band gap (3.2 calcination at 700 °C. This result is due to not only the redox

eV for anatase) leading to activation only in the UV range (4 <
385 nm) and therefore limiting its photoabsorption ability to
only a small fraction of solar light (about 3—4%) and, (2) a
quite high recombination rate of electron—hole pairs. These
drawbacks limit the practical application of TiO,.*” Consid-
erable efforts have then been made in extending its
photoabsorption to visible light through doping and codoping
by metals and/or nonmetals, coupling with metal oxides or
through acid inorganic treatment of TiO,."*~"® Similarly, the
rate of recombination of photogenerated carriers can be

properties of cerium but also a stabilization effect of the
anatase phase at high calcination temperature (700 °C).
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Hence, the presence of Ce limits the growth of TiO, crystallite
sizes during the post-thermal treatment. Similar results are
reported for lanthanum-modified TiO, nanorods (NR), the
photodegradation of formic acid under UV-A onto the
lanthanum-doped sample being four times more active (k =
52 pmol-L™"-min™") than the nondoged one (k= 13 pgmol-L™"
min~!) after calcination at 700 °C.”® Hamandi et al. showed
that incorporating 1 wt % of poly(hydroxyfullerene) (PHF)
onto TiO, nanotube helps to maintain surface oxygen
vacancies at the TiO, surface as well as Ti** sites and to
improve faradic current across the semiconductor interface
leading to much better photocatalytic activity of formic acid.””
More recently, Bin Sadi et al.’® demonstrated that the
photodegradation of formic acid is boosted in the presence
of cyanuric acid-modified TiO, nanoparticles due to the
creation of nitrogen defects as evidenced by PL measurements.
The photodegradation of formic acid under UV-A onto 5 wt %
cyanuric acid-doped TiO, is more than two times more active
(k = 82.6 ymol-L™"-min™") than TiO, P25 (k = 35 pumol-L™"-
min~t).

The hybridization of TiO, with graphene oxide or reduced
graphene oxide (rGO) impacts the band gap energy: due to
this hybridization, the absorption threshold would shift from
UV to the edge of the visible range.31 Graphene oxide (GO)
has attracted significant attention in the past few decades in
photocatalysis applications due to its unique properties such as
its high surface area, good thermal and electrical conductivities,
and excellent charge carrier mobility.”"** Hence, combining
TiO, nanotubes with GO results in the creation of new
hydroxyl groups and oxygen vacancies influencing the charge
carrier transfer.’’ In this respect, rGO was successfully
obtained by GO photoreduced by BiVO, and provides a
great improvement in the activity for water splitting by
efficiently transferring photoexcited electrons from the O,
photocatalyst to the H, photocatalyst. Based on UV-DRS
and electrical measurements, the authors concluded that RGO
acts as an electron conductor rather than as a semiconductor.”
Kumbhakara et al.** also reported a green synthesis approach
to synthesize in situ 2D rGO-ZnO (rGZn) nanocomposites
from apple juice and zinc acetate. rGZn nanocomposites
showed excellent efficiency (~60%) for the photodegradation
of methylene blue (MB) under direct sunlight irradiation.

Other strategies were also investigated through, for instance,
the inhibition of the photogenerated electron—hole recombi-
nation and the shifting of the absorption toward visible light by
doping TiO, with transition metals such as Cu, Fe, Co, and
Ni—Cu.*” In this respect, copper is an interesting candidate
since it possesses different degrees of oxidation leading to
different oxide species on TiO,, Cu,0, and CuO being the
main species observed. However, the exact nature (CuO or
Cu,0) of the copper oxide entities participating in the
enhancement of TiO, photocatalytic properties remains
debated.**™%’ Indeed, according to several reports, Cu,O
species were found to be more likely responsible for enhanced
photocatalytic activity, while few other reports suggest that
CuO is in fact responsible for a better separation of charge
carriers (electrons and holes).”*”*" The exact role of copper
was also debated. For instance, Yan et al. and Zhu et al
prepared Cu-doped TiO, nanoparticles (NPs) and demon-
strated that Cu—TiO, exhibited smaller band gap values
compared to pristine TiO,.*"** Krishnakumar et al. reported
that Cu doping inhibited recombination of photogenerated
pairs of TiO, and boosted the photocatalytic activity.*
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Moreover, copper-doped TiO, with or without GO was
found as an interesting alternative for enhanced photocatalytic
systems. For instance, on Cu/TiO, nanotubes, Zghab et al*
evidenced unambiguously a stabilization of Cu NPs at a + I
oxidation state due to a strong interaction with TiO,
nanotubes leading to an 80% increase in activity for formic
acid (FA) degradation under UV irradiation. When combined
with GO, Zghab et al.** found that a synergetic effect between
copper and graphene oxide deposited separately onto TiO,
nanotubes can effectively improve the interfacial charge
transfer processes limiting charge recombination. It also offers
more adsorption sites leading to a better photocatalytic
hydrogen evolution for solar water splitting applications.”
Contrary to GO/TiO, nanotubes, in the presence of Cu, the
addition of nonreduced GO leads to a 150% increase in activity
compared to its free counterpart Cu/TiO, nanotubes while the
use of partially reduced GO leads to a complete loss of any
beneficial effect due to the creation of defects on the graphene
layers allowing Cu to interact again directly with TiO,.

Better separation of the photogenerated charges can also be
obtained through the application of an electric field resulting
from the energy mismatch at the semiconductor/electrolyte
contact area. Indeed, varying the electronic band structure at
the interface is an attractive approach to improve the
separation of photogenerated charges. This enhanced separa-
tion can be achieved by ferroelectric polarization which allows
a very intense modification of the band structure and a much
better transport of the photogenerated charges in semi-
conductors.**™* Spontaneous electrical polarization can be
obtained through the adjunction of a ferroelectric component
to a neighboring semiconductor leading to a significant
redistribution of the photogenerated charges and their
stabilization at the electrolyte/semiconductor interface.’’
Therefore, locally generating such a polarization by adding a
ferroelectric component to a photocatalyst makes it possible to
finely adjust the charge separation properties in the semi-
conductor independently of the potential limitations attributed
to the synthesis methods employed. Indeed, a ferroelectric
material exhibits a spontaneous polarization due to the
displacement of the center of the positive and negative charges
in its unit cell. This creates macroscopic charges on the surface
of ferroelectrics. Any region with an aligned spontaneous
polarization direction is termed a ferroelectric domain. Free
electrons will then tend to reach surface positive domains
resulting in downward band bending, while on the opposite,
positive charges will accumulate on a negative surface domain
leading to upward band bending. The resulting separation of
charge carriers due to the influence of ferroelectricity on band
bending can slow down electron—hole pair recombination in
an adjacent semiconductor. Among the possible ferroelectrics,
titanates of general formula ATiO; (with A = Sr, Ba) have
interesting ferroelectric properties.

Different methodologies have been considered to build
systems combining titanate ferroelectrics and semiconduc-
tors’” 7> such as using TiO, materials obtained by
anodization®" or rutile nanowires’”** followed in all cases by
in situ substitution by Sr under hydrothermal conditions.
However, even if successful, the results acquired by Zhang et
al.>" but also by Liu et al.>* were considered as resulting only
from a classical heterojunction effect due to the similarity of
the band gaps between SrTiO; and TiO,.”* The first attempt
considering really the ferroelectric effect was made by Yang et
al.*’ by combining a ferroelectric BaTiO; phase with a TiO,

https://doi.org/10.1021/acsomega.2c06717
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semiconductor for photoelectrochemical water splitting
application. They were able to determine that a S nm
BaTiO;-coated TiO, rutile nanowire (NW) can achieve an
increase of 67% of the photocurrent density compared to TiO,
NWs alone. Spontaneous polarization of the BaTiO; film
increased the band bending of adjacent TiO, NWs slowing
down recombination phenomena and therefore increasing the
lifetime of photogenerated charges. However, this study
suffered from a poor economy of atoms since using massive
TiO, NWs combined with the least reactive rutile polymorph.
Similar conclusions were reached using SrTiO;.** Li et al.>*
employed BaTiO; covered by TiO, for photocatalytic
hydrogen production but without distinguishing heterojunc-
tion effects from ferroelectric polarization. In an interesting
study, Huang et al.*’ prepared ferroelectric BaTiO; NPs
combined with CdS and evaluated their photocatalytic
efficiency in H, production under visible light. A 10-fold
increase in H, production rate was found when replacing CdS
by CdS/BaTiO;. These authors concluded that the ferro-
electric polarization of BaTiO; was the only reasonable
explanation for the beneficial effect observed. However, this
conclusion was only reached indirectly by default without
evidencing clearly the link between polarization and enhanced
photocatalytic activity. More recently, Alrashedi et al.”> showed
that the addition of low amounts of strontium onto 0.5 wt %
Cu-doped TiO, nanotubes (Sr-0.5Cu-TiNT) enhances the
photocatalytic degradation of formic acid under UV irradi-
ation. The determination of dielectric properties of Sr-0.5Cu-
TiNT strongly emphasizes that an optimum formation of in
situ SrTiOj; at the surface of TiO, nanotubes helps to stabilize
photogenerated charges at the semiconductor surface through
in situ polarization effects induced by the ferroelectric domains
of the adjacent SrTiO; species. This effect was related to the
metastable paramagnetic nature of SrTiOs; which becomes
ferroelectric under small perturbations such as small stress®® or
an electric field”” The same authors demonstrated that
optimized formation in SrTiO; was found to be reached at a
strontium loading of 0.8 wt % in Sr, while further increase in Sr
content to 1.0 wt % leads to the extra formation of SrO species
partially covering the Cu-doped TiO, nanotubes. This work
therefore strongly emphasized the potentiality of using
ferroelectric components to induce better stabilized photo-
generated charges more available for producing reactive oxygen
species (ROS) for photoreaction, even if a direct correlation
between photocatalytic activity and polarization had still to be
demonstrated.

In the present study, in order to benefit from both a better
transfer of charge properties coming from GO and from more
stabilized excitons induced by ferroelectrics, graphene oxide
was herein combined with ferroelectric Sr- and Cu-doped TiO,
nanotubes (Sr-Cu-GO-TiNTs) for enhancing the photo-
catalytic response of the resulting 1D TiO, semiconductors.
A deep characterization will be devoted to study the structural,
textural, morphological, electrical, and dielectric properties of
Sr-Cu-GO-NTs nanomaterials. Results of this extensive
characterization will then be correlated with an optimized
analysis of the kinetic comportment of our photocatalytic
systems in order to propose a method allowing one to directly
evaluate the potential influence of ferroelectric stabilization of
photogenerated charges on the photocatalytic efficiency of an
adjacent TiO, semiconductor. This study will therefore for the
first time propose a direct methodology for correlating detailed
kinetic analysis describing photocatalytic properties with
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dielectric properties and in particular the ability of a given
photocatalyst to be polarized.

2. EXPERIMENTAL SECTION

2.1. Elaboration of the Photocatalysts. 2.1.1. Elabo-
ration of TiO, Nanotubes. Titanate nanotubes were
synthesized using hydrothermal conditions under strong
alkaline concentration as described previously.'”**** A 3 g
amount of TiO, P25 precursor was first added to 90 mL of a
NaOH solution (11.25 mol-L™") in a 150 mL Teflon-lined
autoclave at 130 °C for 20 h (heating ramp, 2 °C/min).
Filtration was then performed on the resulting suspension. The
as-obtained powder was then contacted to a hydrochloric acid
solution (0.1 mol-L™") before being washed with hot water
multiple times to eliminate sodium and chloride. The solution
still presenting sodium in excess was then submitted to a
subsequent washing with a higher concentrated hydrochloric
acid solution (1.0 mol-L™"), leading to complete removal of
sodium. The resulting solid was then dried at 80 °C for 12 h.
This as-obtained powder was then labeled HTiNT and consists
of a hydrogenated H,Ti,Oy-H,O phase.’® Subsequently,
HTIiNT was submitted to a calcination treatment under air
for 2 h at 400 °C (heating rate, 2 °C/min) to transform the
hydrogenotitanate phase into anatase. This sample was then
labeled TiNT.

2.1.2. Elaboration of 1 wt % GO-TiO, Nanotubes.
Graphene oxide-TiNT composite was obtained following an
incipient wetness impregnation method of TiINT with 1.0 wt %
colloidal solution of graphene oxide (GO).** Typically, 1.0 wt
% colloidal GO (Sigma-Aldrich, 99.99%, 4 mg-mL™") was
added to TiNT powder and the paste was dried in an oven at
50 °C for 20 h under vacuum. Finally, the material was
calcined under air at 400 °C for 2 h (2 °C/min, 60 mL/min).
The resulting powder was called GO-TiNT.

2.1.3. Elaboration of Sr-Cu-GO-TiO, Nanotubes. First, the
GO-TiNT material was doped with an optimum 0.5 wt %
copper following an incipient wetness impregnation method as
described in earlier work™ using Cu(NO;),-3H,0 (Sigma-
Aldrich, 99%) as precursor. The paste obtained was dried in an
oven at 50 °C for 20 h under vacuum and then calcined under
air at 400 °C for 2 h (2 °C/min, 60 mL/min). The resulting
nanomaterials are named Cu-GO-TiNT. Second, different
amounts of strontium (0.2, 0.4, 0.6, 0.8, and 1.0 wt %) were
incorporated using a similar incipient wetness impregnation
procedure using Sr(NO;), (Sigma-Aldrich, 99.9%) as
precursor. Further post-thermal treatment was performed at
400 °C for 2 h using the same procedure as that for copper.
Samples were then named as awt%Sr-Cu-GO-TiNT with x
being the weight percentage in strontium used.

2.2. Catalyst Characterization. A Micromeritics ASAP
2020 apparatus was used to perform N, adsorption—
desorption measurements at 77 K on the various samples
studied here. Specific surface areas were determined, obtained
employing the Brunauer—Emmett—Teller (BET) procedure.
The relative P/P, pressure range extending from 0.05 to 0.25
was chosen while using the experimental values for adsorption.
Pore size distributions were determined using the Barrett—
Joyner—Halenda (BJH) procedure.

X-ray diffraction (XRD) analysis was performed using an
automatic diffractometer (Philips Panalytical X'Pert ProMPD)
equipped with a Ni-filtered Cu Ka source. Crystallite sizes
were determined using the Scherrer relationship (eq 1).

https://doi.org/10.1021/acsomega.2c06717
ACS Omega 2023, 8, 8303—-8319
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L = KA/ cos O (1)
with L being the crystallite size, 4 the X-ray wavelength (1 =
1.54184 A), f the full width at half-maximum (fwhm), and K
the shape factor (fixed at 1 in this study).

Raman spectroscopy results were performed using a Horiba
Jobin Yvon LabRAM-HR apparatus. Spectra were acquired at
20 °C in the wavenumber range extending from 100 to 2500
cm™! (resolution, +1.5 cm™). A 514 nm Ar—Kr RM2018 laser
was used for excitation, while a CCD detector cooled at —75
°C was employed for the acquisition of the spectra. The power
of the Ar—Kr laser was set at 1 mW to hamper any structural
modification of the solids during recording.

Scanning electron microscopy (SEM) images with Z-
mapping of the axwt%Sr-Cu-GO-TIiNT solids were studied
using an FEI Inspect S50 scanning electron microscope
working at 20 kV.

An AvaSpec-2048 fiber optic spectrometer with Czerny—
Turner design was employed to acquire UV-—vis diffuse
reflectance spectra (UV—vis DRS). A 2048 pixel CCD detector
was used to determine the optical properties in the 250—800
nm wavelength range. Band gap determination was performed
using the Kubelka—Munk procedure. F(R)h'/* vs hv plots
were obtained with F(R) = (1 — R)/2R, considering an
indirect transition as expected for TiO, anatase.

Dielectric properties were also acquired on the xwt%Sr-Cu-
GO-TiNT (x = 0.2, 0.4, 0.6, 0.8, and 1) solids as well as on the
Sr-free Cu-GO-TiNT given as reference. Herein, samples were
investigated as shaped pellets (diameter, 6 mm,; thickness, 1
mm) by electrochemical impedance spectroscopy (EIS) using
a PalmSens impedance analyzer. All of the measurements were
performed over a 1 Hz to 1 MHz frequency range at a voltage
amplitude of 0.25 V and over a temperature range comprised
between —10 and 60 °C. The temperature was adjusted with a
precision of +1 °C using a recirculating Chiller for the —10 to
10 °C range and using a hot and cold microscope stage for the
20 to 60 °C range. Before conducting the impedance tests,
samples were placed between two glasses coated with
conductive FTO electrodes. ZView software was utilized to
fit the impedance data.

2.3. Photocatalytic Experiments. Photocatalytic reac-
tions were carried out using a 100 mg-L™" formic acid solution
(30 mL volume). The test was performed in a 100 mL Pyrex
photoreactor equipped with an optical quartz window of 12.5
cm’ placed above a light source. The photocatalyst
concentration was fixed at 1.0 g-L™', while the pH was
maintained at 3.0 + 0.5. A UV PL-L (18 W) lamp was
employed and provided the maximum energy at 365 nm. A
Corning filter 0.52 was used to remove wavelength below 340
nm. A 5 mW-min~! flux was set for all measurements. The
lamp is turned on 30 min before starting the reaction to
stabilize the power of its emission. The suspensions of catalyst
and substrate (formic acid) were stirred in the dark for 30 min
before the UV irradiation to attain equilibrium for adsorption—
desorption. After reaching the adsorption—desorption equili-
brium, the FA concentration was set as the initial
concentration (Cp). During the UV irradiation, samples were
withdrawn from the reactor at constant time intervals (C,). At
the end of the reaction, the catalyst was recovered by simple
filtration. A Shimadzu Prominence-i LC-2030C 3D Plus high-
performance liquid chromatograph (HPLC) equipped with a
Hypersil Gold column (150 mm X 3 mm) and a PDA detector
was then used to perform analysis of the samples retrieved
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from the reactant solution. A water/acetonitrile (45/55)

solution was used as a mobile phase flowing at 0.5 mL-min™".

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction (XRD). Figure 1A reports the XRD
results for the Sr-doped xwt%Sr-Cu-GO-TiNT samples (with x
= 0.2, 0.4, 0.6, 0.8, and 1.0). For comparison purposes, XRD
results obtained for the Sr-free Cu-GO-TiNT and for the Cu-
free GO-TiNT were also determined and used as references.

The TiNT exhibited characteristic diffraction peaks at 26 =
25.4°, 37.8°, 48.1°, 53.9°, 55.0°, and 62.7° ascribed to the
(101), (004), (200), (10S), (211), and (204) reflection planes
of the anatase phase, respectively.”* Both Cu-GO-TiNT and
GO-TiNT (Figure 1B) do not present any shift of the main
(101) diffraction peak for anatase, showing that adding copper
does not result in any distortion of the bulk TiO, lattice as
already demonstrated by Reddy et al.’’ Furthermore, the
strontium incorporation does not induce either any new XRD
signals like those corresponding to SrO. Strontium addition
also does not give rise to any shift of the (101) anatase
reflection, confirming that the anatase phase is not affected by
distortion of the TiO, lattice. Considering the differences in
radius and charge between Sr** (1.18 A) and Ti** (0.68 A),
this latter result showing that strontium cannot penetrate
inside the TiO, lattice can be expected. To study the stability
of xawt%Sr-Cu-GO-TIiNT samples, the XRD analysis of the
representative 0.8wt%Sr-Cu-GO-TiNT nanocomposite is
performed after the photocatalytic test (Figure 1 C). The
diffraction peaks of the anatase phase before and after the
photocatalytic test are similar and showed no shift of the main
(101) diffraction peak for anatase, which confirms the stability
of the 0.8wt%Sr-Cu-GO-TiNT nanocomposite.

The Scherrer equation was also utilized (eq 2) to calculate
the average size of anatase crystallites:"

KA
peos(%) 2)

with Ly being the size of the crystallites; K the shape constant;
A the wavelength of the Cu Ka radiation (4 = 1.5406 A); 20
the Bragg angle; and f the line width in radians.

The values of anatase crystallite sizes for the xwt%Sr-0.5Cu-
GO-TiNT materials (with x = 0.2, 0.4, 0.6, 0.8, and 1.0) as well
as for the Sr-free Cu-GO-TiNT and for the Cu-free GO-TiNT
as references are listed in Table 1. Crystallite sizes are
essentially identical for all of the axwt%Sr-Cu-GO-TiNT
samples (10.7 + 0.5 nm) and do not differ substantially
from the value found for the Cu-GO-TiNT reference (10.2
nm). This last result emphasizes the quite good stabilization of
the structural properties of the starting Cu-GO-TiNT solid in
accordance with Zghab et al.**

3.2. Textural Properties. The textural properties of the
awt%Sr-Cu-GO-TiNT materials (with x = 0.2, 0.4, 0.6, 0.8,
and 1.0) as well as of the Sr-free Cu-GO-TiNT and the Cu-free
GO-TiNT as reference catalysts were examined using N,
adsorption—desorption measurement at 77 K (Figure 2).
The nitrogen adsorption—desorption isotherms present similar
profiles whatever the Sr loading with typical type IV curves
with Hj hysteresis loops corresponding to nonrigid aggregates
of particles leading to slit-shaped pores. Textural properties are
summarized in Table 2. First, the addition of 0.5 wt % Cu leads
to a decrease of the BET surface area from 179 to 142 m*/g.
Moreover, with the addition of strontium and up to a loading
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A Table 1. Crystallite Sizes Determined by Applying the
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and Band Gap Values of GO-TiNT, Cu-GO-TiNT, xwt%Sr-
Cu-GO-TiNT Nanomaterials, and the 0.8wt%Sr-Cu-GO-
- TiNT Sample after Photocatalytic Test (Indicated by an
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2Theta (%) Figure 2. (A) N, adsorption—desorption isotherms of the xwt%Sr-

Figure 1. (A) XRD patterns of the xwt%Sr-Cu-GO-TiNT nanoma-
terials with comparison to the copper-free GO-TiNT and the Sr-free
Cu-GO-TiNT: (a) GO-TiNT, (b) Cu-GO-TiNT, (c) 0.2wt%St-Cu-
GO-TiNT, (d) 0.4wt%Sr-Cu-GO-TiNT, (e) 0.6wt%Sr-Cu-GO-
TiNT, (f) 0.8wt%Sr-Cu-GO-TiNT, and (g) 1.0wt%Sr-Cu-GO-
TiNT. (B) Zoom in of the region of the (101) anatase reflection
showing the absence of shift consecutively to the addition of
strontium. (C) (f) 0.8wt%Sr-Cu-GO-TiNT, and (h) 0.8wt%Sr-Cu-
GO-TiNT after photocatalytic test.

of 0.8 wt % in Sr, BET specific surface area values vary in a
130—170 m*/g range without any clear tendency while total
pore volumes also vary but in an uncorrelated way with BET

8307

Cu-GO-TiNT nanomaterials with comparison to the Sr-free Cu-GO-
TiNT and (B) BJH pore size distribution plot derived from the
desorption branch with (a) GO-TiNT, (b) Cu-GO-TiNT, (c) 0.2wt%
Sr-Cu-GO-TiNT, (d) 0.4wt%Sr-Cu-GO-TiNT, (e) 0.6wt%Sr-Cu-
GO-TiNT, (f) 0.8wt%Sr-Cu-GO-TiNT, and (g) 1.0wt%Sr-Cu-GO-
TiNT.

surface areas. Finally, average pore diameter values remain
constant at about 19 A. All together, these results suggest that
these variations in textural properties mainly result from
intergranular porosity between aggregates of bunched TiO,
nanotubes resulting from van der Waals interactions.’>*"
Strikingly, at the highest Sr loading of 1.0 wt %, a net decrease
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Table 2. Textural Properties of Cu-GO-NT and xwt%Sr-Cu-
GO-TiNT Nanomaterials

BET Av
Surface Total Pore N, Heat of
Area Pore Vol ~ Diam  Adsorption
Catalyst (m*/g) (em®/g) (A) (kJ/mol)
GO-TINT 179 0.92 20 8.14
Cu-GO-TiNT 142 0.88 19 7.97
0.2wt%Sr-Cu-GO-TiNT 146 0.98 19 7.99
0.4wt%Sr-Cu-GO-TiNT 130 0.86 19 7.82
0.6wt%Sr-Cu-GO-TiNT 155 1.02 19 7.98
0.8wt%Sr-Cu-GO-TiNT 171 0.95 20 7.94
1.0wt%Sr-Cu-GO-TiNT 126 0.83 27 7.89

in surface area to 126 m*/g (from 171 m*/g at 0.8 wt % Sr)
was observed accompanied symmetrically by a loss of total
pore volume to 0.83 cm®/g and an increase of the average pore
diameter to 27 A. Therefore, in the latter case, the addition of
1.0 wt % Sr starts indicating some degradation of the textural
properties of the resulting 1.0wt%Sr-Cu-GO-TiNT material.
Determination of N, heat of adsorption does not show any
variation even at the highest Sr loading of 1.0 wt %, showing
that the surface interaction with the adsorbate remains
essentially similar whatever the strontium loading.

3.3. Raman Spectroscopy. The xwt%Sr-Cu-GO-TiNT
nanomaterials were also characterized by Raman spectroscopy
(Figure 3). Comparison was also provided to the Sr-free Cu-
GO-TiNT solid as a reference. All of the Raman spectra exhibit
typical vibration bands expected for the TiO, anatase phase
with an intense E;, vibration mode at around 14$ cm™h,
Additional less intense contributions due to anatase can also be
noticed at 159 (E,), 394 (B,,), 514 (B,,/A,,), and 638 cm™"
(E,).” Moreover, no new vibration bands due to copper or
strontium can be noticed, confirming previous XRD
observations about the very high degree of Cu and Sr
dispersion achieved on these materials.

A deeper analysis of the main E,, vibration mode reveals
some significant shifts with increasing Sr loading with blue and
red shifts observed at Sr content similar to that in our previous
study on GO-free Sr-Cu-TiNT solids.” In this respect, the
addition of 0.2 wt % Sr leads to a blue shift of the main E,,
vibration mode from 145.3 to 145.8 cm™. This blue shift is
attributed to the creation of surface oxygen vacancies’ directly
resulting from the implementation of strontium onto the
surface of TiO, nanotubes. As soon as a Sr loading of 0.4 wt %
is reached, an opposite shift to lower values is observed. This
red shift leads to maxima for the E,, vibration mode, moving
from 145.8 em™ for 0.2wt%Sr-Cu-GO-TiNT to 145.6 cm™
for 0.4wt%Sr-Cu-GO-TiNT, 145.3 em™" for 0.6wt%Sr-Cu-GO-
TiNT, and finally 145.2 cm™ for 0.8wt%Sr-Cu-GO-TiNT. The
reasons behind such a red shift can be multiple: crystalline
lattice distortion of the anatase phase,”® heterogeneous particle
size distribution,®* or formation of a new phase at the surface
of the nanotubular structure.®® Previous XRD results have been
demonstrated that such a shift cannot be attributed to lattice
distortion of the anatase phase. Similarly, at such low loadings
of strontium deposited onto a high surface area titanium oxide,
it is quite improbable that non-uniform distribution would be
achieved. The absence of Sr signals on Raman spectra supports
this assumption. The red shift can then be attributed to the
formation of a new phase (SrTiO; or SrO) on the surface of
the TiO, nanotubes. The creation of surface oxygen vacancies
at a very low loading in strontium of 0.2 wt % results from a
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Figure 3. (A) Raman spectra of the xwt%Sr-Cu-GO-TiNT materials:
(a) Cu-GO-TiNT, (b) 0.2wt%Sr-Cu-GO-TiNT, (c) 0.4wt%Sr-Cu-
GO-TiNT, (d) 0.6wt%Sr-Cu-GO-TiNT, (e) 0.8wt%Sr-Cu-GO-
TiNT, and (f) 1.0wt%Sr-Cu-GO-TiNT. (B) Zoom in to the region
of the E  active mode of anatase showing the presence of shift effects
with the addition of strontium.

strong initial interaction between strontium and titania
inducing the creation of SrTiOj; entities on the semiconductor
surface as already observed on GO-free Sr-Cu-TiNT solids.>
The similar shift variations observed here at a given Sr loading
whatever the presence of GO reflect the absence of
perturbation coming from graphene oxide and susceptible to
influencing the Sr-TiO, interaction. Increasing further the Sr
loading to 1.0 wt % leads to a new significant blue shift of the
E,; vibration mode from 145.2 to 146.0 cm™!, suggesting the
formation of segregated SrO-like species at excess Sr loadings.
Finally, some variations in intensity of the E;, mode of
vibration can be noticed, suggesting some heterogeneity in
terms of crystallinity of the TiO, anatase phase.

3.4. UV-Vis Diffuse Reflectance Spectroscopy. UV—
vis diffuse reflectance spectra (DRS) of the xwt%Sr-Cu-GO-
TiNT materials with Sr loading ranging from 0.2 to 1.0 wt %
are reported in Figure 4. Comparison is provided to TiNT
alone, the GO-TINT sample, and the Sr-free Cu-GO-TiNT
solid. All materials exhibit a strong absorption up to 350 nm
corresponding to O~ (2p) — Ti*" (3d) charge transfer
bands.*® However, the addition of graphene oxide leads to a
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Figure 4. UV—vis diffuse reflectance spectra of the xwt%Sr-Cu-GO-
TiNT materials with comparison to TiNT, GO-TiNT, and Cu-GO-
TiNT: (a) TiNT, (b) GO-TiNT, (c) Cu-GO-TiNT, (d) 0.2wt%Sr-
Cu-GO-TiNT, (e) 0.4wt%Sr-Cu-GO-TiNT, (f) 0.6wt%Sr-Cu-GO-
TiNT, (g) 0.8wt%Sr-Cu-GO-TiNT, and (h) 1.0wt%Sr-Cu-GO-TiNT.

small shift of the onset value for this absorption band to higher
wavelength. Band gap values using the Kubelka—Munk method
were then determined assuming an indirect transition as
expected for anatase. Results first confirm that the GO addition
leads to a slight decrease of the E, value from 3.47 eV for TiO,
nanotubes to 3.29 eV for GO-TiNT (Table 1). This slight
decrease of the band gap energy results either from surface
states or impurity energy bands due to the interaction between
TiO, nanotubes and GO® or from the formation of Ti—O—C
chemical bonds.””*® The addition of 0.5 wt % Cu does not
modify the band gap energy values (3.26 eV), confirming
previous observations about the absence of incorporation of
copper inside the TiO, matrix.** However, copper addition
also leads to the appearance of two new contributions around
420 and 800 nm whose intensities remains constant afterward
with the introduction of strontium. The 420 nm signal is
assigned to Cu(I) oxide entities either like Cu* 3D clusters in
CuO matrix®®”® or as separate Cu,O species.”®”"”* The
second contribution around 800 nm is assigned to octahedral
Cu®" species (*E; — *T,, d—d transition). »74

Further addition of strontium up to 1.0 wt % does not
modify the UV—vis DRS profiles with similar onset values for
the main absorption band and therefore similar energy band
gap values (3.26—3.27 eV). This result confirms our previous
XRD observations about the fact that strontium is not
incorporated inside the TiO, matrix.

3.5. SEM-EDX Analysis. The morphological analysis of the
awt%Sr-Cu-GO-TINT materials and of the Cu-GO-TiNT
reference was performed using scanning electron microscopy
(SEM) (Figure S).

SEM images reveal that essentially identical morphologies
were observed for all the Sr-containing samples with rough
aggregates forming intergranular pores. This agrees with the
fact that strontium does not alter the aggregation degree of the
awt%Sr-Cu-GO-TINT samples.

EDX analysis was also performed to ascertain the surface
distribution of the Cu-GO-TiNT reference and of the 0.4wt%
Sr-Cu-GO-TiNT sample (Supporting Information Figure S1),
while Z-elemental mappings were also obtained (Figure 6).
The EDX analysis of 0.6wt%Sr-Cu-GO-TiNT and 0.8wt%Sr-
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Figure 5. SEM images of (A) Cu-GO-TiNT, (B) 0.4wt%Sr-Cu-GO-
TiNT, (C) 0.6wt%Sr-Cu-GO-TiN,T and (D) 0.8wt%Sr-Cu-GO-
TiNT.

Cu-GO-TiNT (before and after photocatalytic testing) as well
as their corresponding Z-mappings are given in Supporting
Information (Figures S2 and S3). Cu, Ti, C, and O elements
were detected by EDX analysis onto Cu-GO-TiNT, while Sr
was also found onto 0.4wt%Sr-Cu-GO-TiNT. A more in-depth
examination of these elements in three different areas shows a
quite homogeneous distribution.

The corresponding elemental mapping images of Cu-GO-
TiNT (Figure 6A) and of 0.4wt%Sr-Cu-GO-TiNT (Figure 6B)
show a quite good homogeneous dispersion of copper and
strontium in agreement with the conclusion reached using X-
ray diffraction. Finally, EDX analysis of 0.8wt%Sr-Cu-GO-
TiNT (Figure S2B) and of 0.8wt%Sr-Cu-GO-TiNT after
photocatalytic testing (Figure S2C) shows a quite good
homogeneous dispersion. The average molar ratios of Sr/Ti,
and Cu/Ti are respectively 0.028 and 0.034 against 0.020 and
0.030 after the photocatalytic testing, which confirms the
stability of the Sr-Cu-GO-TiNT nanocomposites.

3.6. Photoluminescence Spectroscopy. Figure 7 shows
the photoluminescence (PL) spectra of TiNT alone, GO-
TiNT, and Cu-GO-TiNT in the 350—620 nm wavelength
range. Photoluminescence spectroscopy gives information on
the recombination and migration of photogenerated electron—
hole pairs. To study the luminescent defect state of the
prepared samples, radiation at a wavelength of 350 nm as
excitation was used. One should note that PL spectra generally
result from several emission peaks corresponding to (1)
phonon-assisted indirect transition from the edge (y) to the
center (I') of the Brillouin zone at about 380 nm;**”° (2)
charge transfer contributions from Ti'* species to TiOg*~
octahedra around 490 nm,”® hardly detectable here and
showing a low Ti** contribution in agreement with our
previous investigation on Sr-Cu-TiNT materials;** (3) around
450 nm, bulk recombination processes between self-trapped
electrons and holes;”””® and (4) recombination of electrons
with surface oxygen defects’® at around 465 and 560 nm. The
addition of graphene oxide to the TiNT material results in a
modification of the PL profile. However, variation in PL
absolute intensity cannot be analyzed in the present case as
simply reflecting changes in recombination processes since
graphene oxide was already found to shield PL contributions
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Figure 6. EDX mapping analysis of (A) Cu-GO-TiNT (given as
reference) and (B) 0.4wt%Sr-Cu-GO-TiNT.

from the TiO, semiconductor since GO is expected to partly
wrap the nanotube surface.”” Nevertheless, independently of
the shielding effect due to GO, relative respective contributions
from each emission peak can still be determined, showing, on
GO-TiNT, a relatively lower contribution around 450 nm
corresponding to a lower proportion of bulk recombination of
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Figure 7. Photoluminescence spectra of TiNT, GO-TiNT, and Cu-
GO-TiNT used as references.

electron—hole pairs in agreement with our preceding study on
GO-TiNT systems.””

The addition of 0.5 wt % Cu to the GO-TiNT material
results in a significant loss of PL intensity, showing a strong
decrease of the different processes leading to photolumines-
cence signals on our curves with an even slightly more marked
decline in intensity around 450 nm, suggesting lower electron—
hole recombination processes particularly for self-trapped
electrons in the bulk.

Figure 8 reports the PL spectra of the Cu-GO-TiNT samples
after incorporation of various amounts of strontium (from 0.2
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Figure 8. Photoluminescence spectra of the xwt%Sr-Cu-GO-TiNT
materials with x varying between 0.2 and 1.0 wt % Sr.

to 1.0 wt %). The addition of strontium results in a strong
decrease of the PL intensity up to 0.8 wt % Sr loading with a
signal four times lower for 0.8wt%Sr-Cu-GO-TiNT than for
0.2wt%Sr-Cu-GO-TiNT.

This general decrease in intensity is however not associated
with changes in the respective contributions of the different
emission peaks. This result agrees with previous observations
on GO-free Sr-Cu-TiNT materials®> showing a lower tendency
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Table 3. Kinetic Parameters Determined Assuming Either a Pseudo-First-Order or a Pseudo-Second-Order Kinetics Law for
the xwt%Sr-Cu-GO-TiNT Materials (with x Varying between 0.2 and 1.0 wt %) with Comparison to the Sr-Free Cu-GO-TiNT

Reference

Pseudo-First-Order

Pseudo-Second-Order

Sr Content (wt %) Catalyst k; (min™") R? k, (mol™"-L-min~") R?
0 Cu-GO-TiNT 0.0304 0.9566 0.0075 0.9920
0.2 0.2wt%Sr-Cu-GO-TiNT 0.0336 0.9934 0.0168 0.9763
0.4 0.4wt%Sr-Cu-GO-TiNT 0.0443 0.9974 0.0248 0.9900
0.6 0.6wt%Sr-Cu-GO-TiNT 0.0388 0.9840 0.0158 0.9431
0.8 0.8wt%Sr-Cu-GO-TiNT 0.0340 0.9919 0.0356 0.9702
1.0 1.0wt%Sr-Cu-GO-TiNT 0.0370 0.9993 0.0168 0.9763

for recombination either in the bulk or with surface oxygen
vacancies. Therefore, the addition of strontium up to 0.8 wt %
leads undoubtedly to a lower propensity for recombination.
Moreover, this lower tendency for recombination is not linked
to any change in structural properties able to induce variations
in the optical response. The situation becomes strikingly
different when further increasing the Sr content to 1.0 wt %
with a sudden strong re-increase of the PL intensity,
demonstrating in this case a rise in the ability for
recombination processes when strontium is added in excess.
This last result confirms a change in structural properties as
observed previously and resulting probably from the formation
of segregated SrO species.

3.7. Evaluation of the Photocatalytic Properties.
3.7.1. Kinetic Study of The Photodegradation of Formic
acid. The influence of strontium on the photocatalytic
performance of axwt%Sr-Cu-GO-TiNT materials was then
evaluated considering formic acid (FA) as a representative
example of many organic pollutants containing carboxylic
functions. FA is also a molecule of choice for photocatalytic
evaluation since it represents very often the last intermediate
before complete mineralization into CO,.

FA photodegradation was performed under UV-A irradi-
ation for the series of xwt%Sr-Cu-GO-TiNT materials (with x
varying between 0.2 and 1.0) by comparison to the Cu-GO-
TiNT reference. The first initial step in our kinetic analysis was
to determine the order of the reaction for FA photo-
degradation. In this respect, the general kinetic equation for
the FA photodegradation rate is expressed in eq 3:

_dIFA] _

rate = = k[FA]” (atconstant temperature)

()

Assuming that the FA degradation rate follows a pseudo-first-
order kinetics, then @ = 1 and eq 3 becomes

_ d[FA] _
rate = _—dt = k[FA] @
AR,
[FA] (5)

Integrating eq S from the initial concentration at ¢ = 0 to the
final concentration at ¢ (>0) results in eq 6:

&)
In| —
Co (6)

with [FA], = C, being the initial FA concentration and [FA], =
C, the FA concentration at time ¢.

—kyt
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Similarly, if the reaction follows a pseudo-second-order
kinetics (a = 2), eq 7 is obtained:
1 1
= 4kt
[l [el (7)

Plotting ln(g) or ﬁ Vs

[C]o cly
the photodegradation reaction follows a first- or second-order
kinetics.

Values for the respective pseudo-first-order rate constant
values (k;) or -second-order rate constant values (k,) are given
in Table 3.

Comparison reported in Table 3 between pseudo-first-order
or -second-order kinetic models clearly underlines a better fit
of the kinetic results assuming a pseudo-first-order model. In
this respect, compared to the Sr-free Cu-GO-TiNT, the
addition of 0.2 wt % Sr already increases the rate constant
value k; by 11%, while an optimum is reached at 0.4 wt % Sr
with a rate constant 46% higher than for the Sr-free
counterpart. Comparison between Cu-TiNT (k = 64 pmol-
L™ min71),>> 0.8wt%Sr-Cu—TiNT (k = 88 umol-L7!
min~'),”> and 0.8wt%Sr-Cu-GO-TiNT (k = 103 umol-L™-
min~") (this work) shows a beneficial influence of the presence
of GO on the photocatalytic response. The maximum k value
observed at 0.8wt%Sr-Cu-GO-TiNT is here 37% higher than
for 0.8wt%Sr-Cu-TiNT and 61% higher than for Cu-TiNT. As
highlighted in the next section about dielectric properties, the
enhancement observed due to the addition of strontium to Cu-
GO-TiNT is related to the creation of highly polarized system
allowing a better separation of photogenerated electron—hole
pairs.

The analysis of Table 3 and of the resulting R* values
obtained by considering a pseudo-first-order model, even if
apparently satisfying, shows some slight but significant
divergence from linearity particularly for the Sr-free Cu-GO-
TiNT and the 0.6wt%Sr-Cu-GO-TiNT samples and to a lesser
extent for 0.8wt%Sr-Cu-GO-TiNT. Therefore, and to deepen
our analysis of our kinetic results, a procedure using an ideal
pseudo-average-order k, (n > 1 and n # 1) was used to
correlate our photodegradation reaction as expressed in eq 8:

C

t can therefore help to determine if

[(n — Dkt + 17707V
Co (8)

A nonlinear regression used to determine the resulting pseudo-
order value was then applied giving rise to a value for n of 1.9.
Figure 9 exemplifies the resulting variation of the predicted C/
C, ratio obtained for this model vs experimental C/C, values in
the case of the 0.4wt%Sr-Cu-GO-TiNT material (k, = 0.075
min~' and n = 1.9). Results emphasize a good correlation
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1.0 1 calculated values, the pseudo-first-order model as shown in

k, = 0.075 min™' eq 6 has been extended to integrate a second component,
S osd n=19 turning it into a second-degree polynomial through the
s addition of a £* term as expressed in eq 9.
=
+ o064 y = 1.0106 x ln[g] = —ait + azt‘2
N R? = 0.9662 Co
=
£ 044 The parameter a; can be transformed into a common factor
M (eq 10) equivalent to a kinetic rate constant. This modification
S . helps to compare in a more straightforward way the pseudo-
o first-order results (eq 6) with those obtained using the present
proposed modified model (eq 10):
0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 =

CIC, (experimental)

Figure 9. Correlation between predicted C/C, obtained by the
nonlinear regression model (with k, = 0.075 min™' and n = 1.9) vs
experimental C/C, values in the case of the 0.4wt%Sr-Cu-GO-TiNT
material.

between predicted and experimental C/C, ratios with a
resulting slope only slightly deviating from unity (1.0106)
and a R? value of 0.9662. However, some significant deviations
from this model can still be observed at low and high
conversion as encircled in Figure 9. This kinetic model was
then applied to all of the xwt%Sr-Cu-GO-TiNT materials, and
results are summarized in Table 4.

Table 4. Kinetic Parameters As Determined by Applying a
Nonlinear Regression of the CS =[(n— Dkt + 1]_1/("_1)
0

Kinetics Law (n = 1.9) for the Series of xwt%Sr-Cu-GO-
TiNT Materials®

Catalyst k, (min~") R?
Cu-GO-TiNT 0.042 0.9906
0.2wt%Sr-Cu-GO-TiNT 0.066 0.9870
0.4wt%Sr-Cu-GO-TiNT 0.075 0.9906
0.6wt%Sr-Cu-GO-TiNT 0.066 0.9925
0.8wt%Sr-Cu-GO-TiNT 0.062 0.9888
1.0wt%Sr-Cu-GO-TiNT 0.060 0.9912

“Comparison is provided with the Cu-GO-TiNT reference.

The substantial deviations observed in Figure 9, as well as
the limited range of C/C, values for which this modified model
applies, significantly impacts the precision of the n value. In
order to restrain divergence between experimental and

C
h{C_O] —at(1 — at) (10

The resulting new kinetic parameters and the correlation
coefficients R are reported in Table 5, while Figure 10 exhibits

the correlation between the ln(ci) term from the modified
0

kinetic model and the experimental values in the case of the
0.4wt%Sr-Cu-GO-TiNT sample.

0

-2
= u
3
[]
-
=4
¢
] y =-0.045x -0.0235
- 2 _
T E R?=0.9999
~
o
N
£

_8 4

10 ; ; ; ;
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Time (min)

Figure 10. Variation of ln(é) = —a,t(1 — at) vs time for the 0.4wt
0

9%Sr-Cu-GO-TiNT material (a4, = 0.04 min™ and a = 1.50 x 107*
min~"): red line (model) and blue squares (experiments).

Figure 10 shows that the values of ln(ci) obtained from the

modified kinetic model fit well with the experimental results.

Table S. Kinetic Parameters Obtained from the Modified Kinetic Model (ln(%)
0

Model (ln(c%)

wt % Sr a; (min™") a, (min~2) a (min™")
0 0.033 3.9 x 1077 12 x 107°
0.2 0.041 6.2 x 107¢ 1.5 x 107*
0.4 0.046 6.9 x 107¢ 1.5 x 107*
0.6 0.040 6.0 x 107¢ 1.5 x 107*
0.8 0.036 5.4 x 107° 1.5 x 107*
1.0 0.035 52 % 107¢ 1.5 x 107*

“Comparison is provided with the Sr-free Cu-GO-TiNT reference.
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—at(1 — at)) and from the Intradiffusion

—kg/t) (with 7y = ﬁ) for the Series of xwt%Sr-Cu-GO-TiNT Materials”
d

R? ky (min~%%) R? 74 (min)
0.9999 0.37 0.9848 7.3
0.9999 0.26 0.9606 15.1
0.9999 0.27 0.9845 13.7
0.9999 0.24 0.9832 17.5
0.9999 0.23 0.9783 189
0.9999 0.25 0.9751 16.4
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Figure 11. (A) Nyquist diagrams acquired for the 0.4wt%Sr-Cu-GO-TiNT sample at temperatures of acquisition varying between —10 °C and +60
°C with corresponding fitting simulations and representation of the equivalent electric circuit and (B) Arrhenius plot of In(¢T) vs 1000/T.

Table 5 reports the values obtained for the kinetic parameters
a,, a,, and «a as well as the correlation coefficients R? for all of
the Sr-containing samples with comparison to the Sr-free
reference. In all cases, the correlation coefficient R* is quite
close to unity, emphasizing a quite good fit, much better than
that with the unmodified first-order kinetic model (cf. Table
3). Compared to the Sr-free reference, the kinetic parameter a,
increases by a factor of 25% for 0.2wt%Sr-Cu-GO-TiNT, while
an increase by 40% is observed at the optimum for the 0.4wt%
Sr-Cu-GO-TiNT sample. At higher Sr loading, the beneficial
effect due to the addition of strontium declines going back for
0.6wt%Sr-Cu-GO-TiNT to a value similar to the 0.2wt%Sr-Cu-
GO-TiNT sample, while almost any beneficial effect due to
strontium is lost for 1.0wt%Sr-Cu-GO-TiNT.

3.7.2. Intradiffusion Kinetic Analysis. The preceding
modified kinetic model by fitting almost perfectly experimental
values through the addition of a second polynomial term to the

8313

initial pseudo-first-order model reflects the influence of
intradiffusion phenomenon influencing the kinetic response
of the Sr-containing Cu-GO-TiNT materials. To better
ascertain this phenomenon, an intradiffusion study was
therefore performed. In this respect, a kinetic law considering
a ky intradiffusion rate was considered (eq 11).

In(ci] = _kd\/?

0

(11)

Results about fitting using the intradiffusion rate law were
therefore obtained, and the resulting values are reported in
Table 5. Even if the correlation coefficients R? differ from
unity, a quasi-linearity can still be found with R* values ranging
between 0.960 and 0.98S.

From Table S, one should observe the influence of the
intradiffusion phenomenon which results in a decrease by 30%
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ACS Omega 2023, 8, 8303—-8319


https://pubs.acs.org/doi/10.1021/acsomega.2c06717?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06717?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06717?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06717?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06717?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 6. Fitting Simulation Results of the Nyquist Curves for the Series of xwt%Sr-Cu-GO-TiNT Samples with 0 < x < 1 (R,
Resistance; C, Capacitance; n, Dimensionless Parameter Describing Deviation from an Exact Semicircle; E,, Activation

Energy)
wt % Sr Catalyst R (MQ)
0 Cu-GO-TiNT 1.18
0.2 0.2wt%Sr-Cu-GO-TiNT 1.48
0.4 0.4wt%Sr-Cu-GO-TiNT 5.17
0.6 0.6wt%Sr-Cu-GO-TiNT 1.10
0.8 0.8wt%Sr-Cu-GO-TiNT 3.54
1.0 1.0wt%Sr-Cu-GO-TiNT 3.61

C (1071 F) n 7 (us) E, (eV)
1.90 0.81 224 0.044
1.44 0.81 213 0.160
9.34 0.87 48.3 0.316
9.87 0.86 10.9 0.270
1.24 0.85 4.4 0.407
1.55 0.81 5.6 0.470

of the intradiffusion rate kg upon addition of low strontium
loading as soon as 0.2 wt %. For all Sr-containing photo-
catalysts, the intradiffusion rate k; value remains relatively
similar with an average value of 0.25 min™"° with a standard
deviation of only 0.015 min~®°. Equation 11 can also be
reformulated as expressed in eq 12.

C t
In|—|=- =
(Co] U

with 75 =

(12)

ﬁ being the parameter which indicates the
d

intradiffusion specific time.

The different 74 values for the series of Sr-containing Cu-
GO-TiNT samples are reported in Table 5. The Sr-free Cu-
GO-TiNT solid shows the lowest 74 value. The intradiffusion
phenomenon therefore plays a more important role for this
latter sample than for the Sr-containing Cu-GO-TiNT solids.
The highest 74 value is achieved for the 0.8wt%Sr-Cu-GO-
TiNT sample.

3.8. Determination of Dielectric Properties by
Electrochemical Impedance Spectroscopy. 3.8.1. Analysis
of Nyquist Curves. Electrochemical impedance spectroscopy
(EIS) analysis was performed for the Sr-containing Cu-GO-
TINT samples as well as for the Sr-free Cu-GO-TiNT
reference in order to determine the evolution of the dielectric
properties of copper-doped GO-NT solids when strontium was
progressively added to the different photocatalytic systems. In
this respect, as an example, Figure 11A reports the Nyquist
diagram achieved for the 0.4wt%Sr-Cu-GO-TiNT sample at
different temperatures of acquisition ranging from —10 to +60
°C. Similarly, Nyquist curves were also acquired in the same
temperature range of acquisition for the other samples of the
awt%Sr-Cu-GO-TiNT series (with 0 < x < 1) and results are
reported in Figure S4.

As shown in Figure 11A, scattered experimental values (—Z"
vs Z') are roughly distributed on a circular arc. This is
generally related to an electric dipole composed of a resistance
in parallel with a capacitor. This approach is however
sometimes oversimplistic because the scattered points are
not always distributed perfectly on half-circles. Therefore,
combining a resistance with a capacitor in parallel is sometimes
a too approximate way to represent the EIS results. A constant
phase element (CPE) in parallel with a resistance is often a
better approach to describe the parameters fitting the
equivalent circuits.”” The equivalent electrical circuit of the
samples is shown in the inset of Figure 11A. The best fitting
simulations of the experimental results are given in red lines.

The total impedance of the circuit is given in eq 13:

8314

1 1
z*=ReZ*+1mz*=Z/+jZ”=(—+ - ]
Zcpg (13)

with the impedance of the CPE component defined via®'

¥ _ 1
FET Ag(joo)” (14)
with @ being the angular frequency (@ = 2zf) and A, a

constant independent of frequency®’, while n (with 0 < n < 1)
is a dimensionless parameter determining the degree of
deviation from an exact semicircle.”” When n = 1, eq 14
yields the impedance of a capacitor where Ay = C. The
resistance R can be obtained by considering the intercept of
the impedance curve with the Z’ axis. Fitting of the semicircles
was then performed using the ORIGINLAB software based on
the following relationships (eqs 15 and 16):

R(l + RA,@" cos(%))

7 =

1 + 2RA,0" cos(%) + (RA ") (15)
” R*A, 0" sin(%)

1 + 2RA,0" cos(%) + (RA@") (16)

Results about the resistance R, the capacitance C, and the time
constant 7 (equivalent to the lifetime of photogenerated
charges at the depletion layer of the semiconductor) and equal
to the product of the resistance and the capacitance are
reported in Table 6.

Increasing the strontium content leads to a progressive
increase of the resistance and of the capacitance with the
highest values achieved for R at 0.4 wt % Sr and for C at about
0.4—0.6 wt % Sr. Increasing further the Sr content leads to a
general decreasing trend for both resistance and capacitance
values. This general evolution results in a strong increase of the
time constant 7 with a maximum reached at a loading of 0.4 wt
% Sr. The time constant 7 is generally considered as an
indication of the probability for an electron to recombine with
a hole with a higher tendency to recombination increasing with
an increase in 7, i.e., the time the electron stays in the depletion
layer at the surface of the TiO, nanotube semiconductor.
Following this reasoning, one should therefore expect
recombination to reach a maximum at a Sr loading of 0.4 wt
%. This assumption that increasing the time spent by an
electron in the depletion layer would increase the probability
for this electron to recombine with a hole is therefore in
contradiction with the previous kinetic analysis of the
photocatalytic results showing an optimum in photocatalytic
activity around 0.4 wt % Sr. The 7 parameter should in fact be
seen as the time necessary to charge or discharge the capacitor
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within a given supply percentage. This can be fully expected
since the charging (storage) or discharging (release) of a
capacitor is not instantaneous. The 7 parameter in fact should
therefore be envisaged as the time that generated charges can
remain at the interface to generate reactive oxygen species
(ROS) which will degrade pollutants. Therefore, the increase
in 7 value with increasing Sr loading up to 0.4 wt % only
reflects an improved exciton availability. This leads therefore to
a higher probability for these excitons to participate directly or
indirectly (by creating reactive oxygen species) in photo-
degradation reactions. This enhanced availability should be
regarded in fact as indicating a higher stabilization of these
generated charges related to the implementation of strontium
at the surface of the TiO, lattice network and inducing a net
polarization of the surface of the photocatalytic system. This
link between polarization induced by strontium, better
stabilization of photogenerated charges, and improved photo-
catalytic activity will deepen more, emphasized in the next
sections.

3.8.2. Determination of Activation Energy. The direct
current (dc) conductivity of our systems can be determined
using eq 17, where Ry is the bulk resistance calculated in the
previous section:

(4

o=
SR, (17)

with S being the area and e the thickness of the pellet.
Multiplying the dc conductivity by the temperature leads to
eq 18 following an Arrhenius formula:**

oT = o, exp| —

kgT (18)
with ¢, being the pre-exponential factor, E, the activation
energy for conduction, kp the Boltzmann constant, and T the
absolute temperature in K.

Linearization of eq 18 gives eq 19:
Ea
kyT (19)

The Arrhenius plot of the conductivity (In(¢T) vs 1000/T) is
shown in Figure 11B for the 0.4wt%Sr-Cu-GO-TiNT material.
Activation energy is then extracted from the slope of the curve
In(6T) against reciprocal temperature (1000/T). The
Arrhenius plots for the other samples of the xwt%Sr-Cu-GO-
TiNT series as well as of the Sr-free Cu-GO-TiNT reference
are reported in Figure S5. The resulting activation energies are
then compiled in Table 6.

The addition of strontium as low as 0.2 wt % leads to a
significant enhancement of the activation energy from 0.044 eV
for the Sr-free Cu-GO-TiNT to 0.16 eV for 0.2wt%Sr-Cu-GO-
TiNT. Increasing the Sr content therefore leads to higher
values for E, which is generally considered as an indication for
better mobility of photogenerated electron—hole pairs.”* This
enhancement of charge mobility should be a favorable
parameter for photodegradation ability since leading to an
enhanced effective collision per unit volume as the Sr content
increases. However, the activation energy also continues
increasing with increasing Sr content with the maximum
being achieved at a strontium loading of 0.8 wt %. Therefore, a
direct correlation between a higher mobility of photogenerated
charges and an enhanced photocatalytic activity is not a
sufficient condition for optimized photocatalytic systems. One

In(6T) = In(c,) —
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should however keep in mind that this analysis does not
consider any structural modification of the intrinsic optical
properties of our materials.

3.8.3. Determination of the Polarizability Properties.
Permittivity of a system comprises a real part or dielectric
constant (&') which translates the ability of the medium to be
polarized in the presence of the electric field and an imaginary
part (¢” or loss factor) which represents a measure of how
dissipative or lossy a material is to an external electric field.
The loss tangent is then determined as tan 6 = €”/ &', If the
loss tangent value exceeds 10, this implies that the material
studied dissipates too much the energy stored.

The dielectric constant &’ and loss factor &” can be
calculated directly from results acquired by EIS following eqs
20 and 21:*

¢ =-2"/wC,((Z)* + (Z')) (20)

e =7 /oC((Z) + (Z')) (21)
with C, = €,S/e being the capacitance of the void, &, the
vacuum permittivity (8.85 X 107> F-m™"), S the surface area,
and e the thickness of the pellet.

Dielectric constant &’ values were then determined at low
(10 kHz, LF) and at high frequency (100 kHz, HF) for each
sample as well as the corresponding loss tangent. Values are
reported in Table 7.

Table 7. Dielectric Constant (¢’) Values Determined at Low
(10 kHz) and High (100 kHz) Values and Corresponding
Loss Tangent Values for the Series of xwt%Sr-Cu-GO-TiNT
Samples with 0 < x < 1

’

€

Loss Factor (tan §)

wt % Sr Catalyst LF HF (100 to 10 kHz)
0 Cu-GO-TiNT S 8 0.34-0.90
0.2 0.2wt%Sr-Cu-GO-TiNT 8 13 0.35—-1.20
0.4 0.4wt%Sr-Cu-GO-TiNT 10 16 0.40—2.20
0.6 0.6wt%Sr-Cu-GO-TiNT 12 17 0.35—-1.10
0.8 0.8wt%Sr-Cu-GO-TiNT 11 18 0.50—2.00
1.0 1.0wt%Sr-Cu-GO-TiNT 7 10 0.34-0.90

As shown in Table 7, the addition of strontium as soon as
0.2 wt % leads to an increase of the dielectric constant &’ from
S to 8 at low frequency and from 8 to 13 at high frequency.
Increasing further the Sr content leads to a broad optimum
value for € at loadings between 0.4 and 0.8 wt %. Finally, at a
Sr loading of 1.0 wt %, a significant decrease of the dielectric
constant &’ is noticed.

Concomitantly, the loss tangent values are in a low range of
values showing that dissipation factors remain limited whatever
the sample studied. Therefore, increasing the Sr content up to
0.6—0.8 wt % leads to a substantial enhancement of the
polarizability of our materials, showing undoubtedly that the in
situ addition of strontium to the TiO, semiconductor leads to
a better polarized system under an external electric field. This
higher ability to be polarized should therefore impact positively
the rate of separation of photogenerated electron—hole pairs
and enhance the photocatalytic efficiency. This last point was
better evaluated in the next section.

3.8.4. Correlation between Photocatalytic Activity and
Dielectric Properties. First, comparison between the photo-
catalytic activity and the ability of our materials to be polarized
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was determined at different Sr loadings (Figure 12A) by
correlating the variations of the a; parameter (see Section
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Figure 12. (A) Correlation between the kinetic parameter a, and the
dielectric constant ¢’ vs strontium loading. (B) Correlation between
the modified kinetic term (a,*7,) including intradiffusion and the
dielectric constant &’ vs strontium loading.

3.7.1) (equivalent to a kinetic rate constant) of the optimized
kinetic law as determined in eq 9 with the dielectric constant &’
obtained at low frequency.

As shown in Figure 12A, the increase of the ability to be
polarized as characterized by the dielectric constant &’ exhibits
a different optimum in Sr loading (0.6 wt %) than the a,
kinetic parameter. This last observation may be found
surprising considering the fact that a higher polarizability of
our system is expected to favor a higher separation of
photogenerated charges. However, as shown previously, this
approach is in fact oversimplistic since kinetic law optimization
showed the importance of intradiffusion phenomenon on the
kinetic response of our photocatalytic systems.

A way to better ascertain the role of intradiffusion
phenomenon is to include the 74 parameter in the expression
of the kinetic response as shown in Figure 12B. Even if
approximate, this assumption allows ensuring that intra-
diffusion is included in the evolution of the kinetic response.
Correlating the dielectric constant & with this new intra-
diffusion-containing kinetic parameter leads this time to a
perfect correlation between the evolution of the photocatalytic
activity and the ability of our system to be polarized. In this
way, this correlation validates the fact that the enhancement of
the photocatalytic activity as observed here by the addition of
strontium is directly related to a higher stabilization of

photogenerated charges induced by the ferroelectric polar-
ization of the TiO, nanotubes semiconductor.

Further work is in progress to deeply analyze how the
ferroelectric polarization induced by strontium enhances the
photocatalytic properties of adjacent semiconductors.

4. CONCLUSION

In the present study, the addition of low amounts of strontium
to Cu/GO/TiO, nanotubes composites was herein deeply
analyzed in order to determine its role in the generation of
ferroelectric polarization and its potential influence in
enhancing the photocatalytic performance of the adjacent
TiO, nanotube semiconductor. Correlation between a fully
optimized description of the kinetic comportment of the
composites and dielectric properties clearly showed the role of
ferroelectric-induced polarization resulting from the addition
of strontium and the formation of Sr-O-Ti entities on the
stabilization of photogenerated charges formed onto TiO,
nanotubes. Better stabilized photogenerated charges are then
more available for creating ROS species able to degrade
efficiently target pollutant molecules. The approach developed
here therefore provides an original methodology able to
demonstrate how a fine kinetic analysis of photocatalytic
performances can be directly linked to the ability of a given
material to be polarized showing in an unambiguous way that
polarization can affect in a beneficial way the photocatalytic
response.

In a more particular way, this work also demonstrates the
role that polarization resulting from a finely controlled addition
of a ferroelectric component can play in efficiently enhancing
photocatalytic performances in an assisted way without the
need of constructing complex photocatalytic systems.
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