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Titanium dioxide (TiO,) nanotubes exhibit high surface area, chemical stability and geometrically favorable
electronic properties, posing as a suitable support material for embedded nano-catalysts. However, being
semiconductive in nature, TiO, nanotubes suffer from limited conductivity. This hampers their use as
electrodes especially in anodic applications where they experience significant current blockage. In this
study, we investigate the intrinsic decoration of TiO, nanotubes with Cu sites and the subsequent defect
engineering of the electrodes for enhanced glycerol oxidation. Despite its good electrocatalytic glycerol
oxidation performance, Cu suffers from low stability, requiring a sturdy scaffold as a support material. Ti—
Cu alloy foils containing trace concentrations of copper were anodized, simultaneously decorating
titania nanotubes with Cu species as they grow on the metal substrate, followed by treating the metal-
metal oxide electrodes in an optimized reducing environment. Cu nanoparticles as small as 2-3 nm in
diameter are formed as a result as well as point defects in the titania lattice such as Ti** and oxygen
vacancies. The presented methodology results in significantly uplifting the conductivity of TiO,, robustly
securing Cu-based catalytic sites on the titania tube walls and allowing for the synergistic interactions
between Cu sites and point defects in the titania lattice. These physicochemical changes were confirmed
by electron microscopy techniques (FESEM, TEM, HAADF) and surface characterization (XPS, EDX),
revealing homogeneously distributed Cu nanoparticles, lattice distortion, and increased Ti**/Ti** ratios.
The substoichiometric TiO, nanotubes also demonstrated an increased capacity to scaffold co-catalysts;
this was exemplified using Co deposition, which showed uniform nucleation and stable anchoring,
indicative of improved chemical compatibility and interface engineering. Electrochemical analysis
demonstrated a significant improvement in activity, where binder-free Cu-decorated electrodes treated
in a hydrogen environment at 500 °C showed up to 239 times higher glycerol oxidation activity than air-
annealed CuTNA, and up to 325 times higher activity than pristine TNAs. The enhancement is attributed
to the combination of improved charge transport, increased active surface area, and catalytic synergy
between Cu and TiO, defect sites. Furthermore, the modified electrodes exhibited Faradaic efficiency as
high as 33.69% toward the partial oxidation of glycerol, suggesting favorable selectivity toward value-
added oxidation products, mainly formate and glycolate. These findings demonstrate the effectiveness of
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lower energy demands than traditional conversion technolo-
gies.*® Additionally, further processing of glycerol via electro-

1. Introduction

The increasing global production of biodiesel as an alternative
energy source is simultaneously introducing an excess of low-
demand crude glycerol, initiating the requirement for its
valorisation." As sustainable technologies, electrochemical
conversion systems provide a promising carbon-neutral route
for synthesizing value-added products from waste glycerol at
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oxidation is energetically and economically competitive in
comparison to both glycerol electroreduction and oxygen
evolution reactions, where complete oxidation of glycerol to
formic acid requires a small energy input of 0.69 V vs. RHE,® as
well as the production of more valuable materials (i.e. oxygen
and glycerol reduction products), making glycerol electro-
oxidation a promising alternative reaction in assistance of
hydrogen evolution.”® However, similarly to other electro-
chemical conversion technologies, glycerol electrooxidation is
bottlenecked by the use of noble platinum-group metals as
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catalysts characterized by their scarcity, high cost and poor
stability during operation.®**'*

As alternative electrochemical conversion electrodes, semi-
conductor metal oxides stand out as an abundant hence low-
cost option in lieu of their noble counterparts, with high
chemical and mechanical stability and morphological
versatility.”*™* Of these oxides, titanium dioxide is viewed as
a promising contender due to its tuneable electronic properties
and its opportunity of fabrication to various nanostructures.*>'®
Amongst various fabrication techniques, anodic self-growth of
one-dimensional titania nanostructures aligns well with elec-
trochemical applications. Anodization of Ti foil is performed in
a fluoride-containing electrolyte, resulting in a directly coupled
metal-metal oxide electrode with easily controlled oxide nano-
tube array morphology unlike powder-based morphologies.”*
This binder-free configuration allows for a direct e transfer
pathway from the metal back-contact to the charge transfer
layer, facilitating better charge separation and reducing resis-
tances that result from the conventional addition of binder
materials.">*°

Despite its corrosion resistance and stand-out electronic
properties, TiO,'s performance is less studied in electro-
chemical contexts considering some bottlenecks such as having
a wide bandgap of 3.0-3.2 eV that contributes to sluggish
interfacial kinetics.”® Additionally, the n-type semiconductor
behaviour of TiO,, hence its poor conductivity, highly limits
electrooxidation applications due to current blockages in
anodic operations.* As counter-measures, further treatments to
improve the electronic properties of titania include metal
decoration,®?* doping®®* and self-doping, which includes
reduction-based treatments.”»** In terms of conductivity,
semimetallic behaviour resultant of high temperature treat-
ments was reported for titania, namely Magnéli/Ti,0,,_, pha-
ses, but is limited to nanoparticulate titania.**** Hydrogen-
based atmospheric treatments of TiO, in high temperature
environments were reported to introduce point defects, namely
oxygen vacancies (Vo) and Ti*" sites (0>~ + 2Ti*" — 10, + Vv, +
2Ti*"), increasing charge carrier density, hence conductivity,
due to ejected e™ into the titania lattice.**** The characteristics
of the point defect centres depend on the treatment operating
conditions; defect types as well as their locations (surface
exposed vs. lattice-embedded), with various catalytic activities,
are concomitant of the temperature and annealing environment
(e.g., noble gas vs. H,).>* Anatase titania is also amphoteric in
nature, with Ti**~0®" acid-base Lewis pairs.*®* Considering
glycerol oxidation, Yan et al. reported that the introduction of
M® -V, defects into the metal oxide catalysts can form frus-
trated Lewis pairs (FLPs). To form FLPs, M** should be made
more prone to receiving electrons and O more prone to lose
electrons. This is where defect engineering titania forming Ti**-
Vo comes into place, where oxygen vacancies possibly inter-
acting with O-containing species and M°" sites facilitating C-C
bond cleavage, hence a more efficient glycerol oxidation reac-
tion mechanism.?”*

Additionally, co-catalyst decoration of titania nanotube
arrays was reported to facilitate further electron transfer. Of
different decoration techniques, direct “intrinsic” decoration
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on anodic TiO, nanotubes (NT) grown from Ti alloys with low
concentration of noble metals, such as Au,* Pt,**** Rh** and
Ru,> allows for a uniform decoration of the tube walls with
noble metal nanoparticles. The main advantage is the highly
stable lodging of co-catalysts into the titania lattice in contrast
with extrinsically decorated NT arrays.** Non-noble secondary
metals such as Nb** or Cu** are reported to be simultaneously
anodized, but instead of metal nanoparticles, they develop into
doped secondary metal oxide sites within the NT lattice. In the
case of copper, CuO,-doped titania is especially well-studied for
photoreduction applications, such as H, evolution and CO,
photoreduction due to copper’'s plasmonic properties and its
photocatalytic synergy with TiO,. Despite this, the surface
modifications introduced by copper decoration provide
a promising premise for electrooxidation. Interestingly, syner-
gistic effects between CuO, and TiO, are reported, with Cu-
doping partially promoting the formation of point defects in
TiO, lattice.® Mechanistically, Wang et al. computationally
demonstrated a possible link between the type of Cu decoration
and point defects within the TiO, lattice, with interfacial Cu
(higher stability in contrast to surface Cu) inducing more Vg
formation by being an electron trapper, while simultaneously
suppressing the formation of Ti**.***” Additionally, the oxida-
tion state of Cu-surface sites for both reactions is of various
opinions within the literature, and the existence of Cu as either
CuO-TiO, heterojunctions or Cu’-TiO, Schottky junctions
(noting that highly dispersed copper oxide NPs can also act as
Schottky barriers) is under debate, although studies highlight
the contribution of the treatment atmosphere to their phase,
with decreasing oxidation states of Cu in more reducing envi-
ronments (e.g., Hy) as well as Ti**-induced reduction.*>**-* In
the context of glycerol electro-oxidation, Although Cu-based
electrocatalysts were reported to exhibit low onset potentials,
pristine Cu and Cu oxide glycerol oxidation electrocatalysts
suffer from compromised durability, where Cu oxides suffer
from intrinsic low conductivity, and metallic Cu can suffer from
structural collapse, as well as its susceptibility of leaching in the
presence of glycerol.>*>*

In this paper, we spotlight the synergistic interactions
between Cu and TiO, point defects ensuing surface modifica-
tions of the semiconductor through the lens of electrochemical
glycerol oxidation. We fabricated intrinsically doped Cu-TiO,
nanotube arrays, treated them in a H,-based high temperature
environment, and explored the links between intrinsically
lodged Cu®" sites and induced Ti**/V,, defects electrochemically
and spectroscopically. Additionally, we briefly demonstrate the
effect of doping the titania-based electrodes with a co-catalyst
on the electronic configuration of CuO,-TiO, NT arrays using
cobalt as an example, and the resultant synergistic interactions
between intrinsically embedded Cu and deposited Co species,
showing the contribution of the former in uplifting the perfor-
mance of deposited catalytic species from effective zero current
density to a 35 times increase as Cu is intrinsically embedded
into the titania nanotube walls, and about 900 times increase
when deposited on reduced Cu-doped titania nanotube arrays
(CuTNAs).

This journal is © The Royal Society of Chemistry 2025
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2. Experimental details

2.1. TiO, NTs preparation

TiO, nanotube arrays and Cu-decorated nanotube arrays were
fabricated via anodization of Ti foil (0.125 mm thick, Hauner
Metallische Werkstoffe), and Ti-Cu foils with different Cu
concentrations (3, 5 and 8 at%) [0.5 mm thick, Hauner Metal-
lische Werkstoffe]. Ti foil pieces were cut into 1.5 mm x 1.5 mm
squares and mechanically polished using 1200 grit SiC papers.
The foils were then ultrasonically cleaned sequentially in
reagent alcohol (90% ethanol, 5% methanol, 5% isopropyl
alcohol; Fischer Chemical) and deionized water for 10 minutes
each. The foils were air-dried then anodized at 60 V using a DC
power supply for 15 minutes in a 0.15 M NH,F ethylene glycol
(3 vol% deionized water) electrolyte, in a two-electrode config-
uration with a graphite rod as a counter electrode. The resultant
anodized samples were then dipped in reagent alcohol for 60
minutes, then air-dried. The fabricated anodic nanotube
samples were air annealed to crystallize the amorphous TiO,
into anatase nanotubes in a box furnace (Thermolyne, Model
No. FB1415M) at 450 °C for 1 hour, then cooled rapidly in
ambient temperature. Resultant TiO, nanotubes (TNA) and Cu-
decorated nanotubes (CuTNA) were treated in a sliding tube
furnace (Barnstead-Thermolyne, Model No. F21100) in the
presence of H,/Ar (10:90) environment, at temperatures
ranging from 350 °C to 500 °C, at a flow rate of 50 cc min~". To
study the synergistic effects as a result of Cu-decoration, cobalt
nanoparticles were embedded on the reduced TNA nanotube
samples via electrodeposition at cathodic voltage of 1 V using
a DC power supply in 0.5, 5 and 50 mM Co(NOj3), for 15
minutes, then washed in deionized water and air-dried.

2.2. Characterization of surface-engineered TNAs

The surface morphology of TNA samples was studied using
field-emission scanning electron microscopy (FESEM, Hitachi
S-4800) with an 8 mm working distance and 10 kV accelerating
voltage, and transmission electron microscopy (TEM, JEOL
JEM-ARM200CF) at 200 kV HT, as well as elemental analysis
using an energy dispersive X-ray detector. The crystal structure
of the pristine and Cu-decorated TNAs and fabricated nano-
tubes was interpreted using Rigaku Ultima IV X-ray diffrac-
tometer (Cu Ko, 1.5406 A, 44 mA, 40 kV) with a 26 range of 20~
80° with a 1° glancing angle at a step size of 0.01°. X-ray
photoelectron spectroscopy (XPS, Kratos AXIS Ultra) was used
to characterize the surface composition and chemical states of
various samples with the C 1s binding energy peak calibrated at
284.8 eV.

2.3. Electrochemical performance of TNAs

Electrochemical properties and impedance-based characteris-
tics were elucidated using a 3-electrode setup in 1 M KOH +
0.1 M glycerol electrolyte, with TNA substrates as the working
electrode (surface area 0.785 cm?) with a Pt rod counter elec-
trode, and Hg/HgO (1 M KOH) served as a reference electrode.
Half-cell electrochemical performance of titania nanotube-
based electrodes are performed using a Solartron 1287
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electrical workstation. Linear sweep voltammetry tests were
performed from 0V to 3 Vvs. RHE ata 1 mV s~ ' scan rate. Cyclic
voltammograms were obtained at different scan rates (20-
100 mV s, 10 cycles) from 0.025 V to 1.3 V. Impedance-based
tests were performed using BioLogic SP-200 electrochemical
workstation. Electrochemical impedance spectroscopy (EIS)
analyses were performed at a DC voltage of 0 V vs. OCP, 10 mV
AC voltage in a frequency range of 100 kHz to 100 mHz. Mott-
Schottky analysis was performed in DC voltage range of —1 V to
1 Vvs. RHE at a frequency of 200 Hz. The measured potential
was converted to the RHE scale using the following equation
derived from the Nernst equation:*

Erue = Engngo + 0.059pH + Edigie0 (1)

where Eryg is the potential versus reference hydrogen electrode
in volts (V), Eggmgo is the potential measured via the electro-
chemical workstation versus Hg/HgO reference electrode and
E?{g/Hgo is the standard Hg/HgO reference electrode potential at
298 K equivalent to 0.098 V vs. RHE.

3. Results and discussion

Herein, the performance of Cu-doped TiO, nanotube arrays
(CuTNAs) is investigated in the context of electrocatalytic glyc-
erol oxidation. Self-aligned TiO, nanotubes are grown via high-
voltage anodization in ethylene glycol containing 0.15 M NH,F
and 3 vol% water forming a layer of amorphous TNAs, which is
followed by annealing in air to crystallize into anatase TiO, (see
Fig. S1t for the colour change post-treatment). Ti-Cu alloy
substrate foils containing a range of atomic concentrations of
Cu (0-8 at%) were anodized and investigated. The use of alloys
as metal substrates helps in the organized intrinsic embedding
of Cu into the length of the TiO, nanotubes as anodic growth
proceeds. Fig. 1 shows the morphological trends between pris-
tine TNAs (p-TNA) and Cu-decorated TNAs with different
concentrations. In pristine TNAs, the outer tube diameter is an
average of 99.3 £ 12.5 nm wide with a wall thickness of 19.8 +
2.3 nm and a nanotube length of 6.8 £+ 0.2 um. The addition of
Cu into the metal foil substrate, and the subsequent anodiza-
tion, demonstrated a slight decrease in the nanotube dimen-
sions, with an outer diameter of 79.4 £+ 5.7 nm and a thickness
of 15.7 + 2.5 nm for 3 at% Cu, with comparable dimensions for
other Cu at% concentrations (Table S1t). Lengthwise, however,
the tube length follows a negative trend with increasing Cu at%.
Increasing concentrations of Cu in the original metal foil
correlates to the formation of more Ti,Cu intermetallic sites
which, unlike Ti, do not undergo a regular anodic oxide growth
pattern and hinder the self-assembly of TNAs. At a Cu concen-
tration of 8 at%, the growth is significantly impeded peaking at
=4 microns [Fig. 1(d)], with areas of impeded anodic growth
and various “volcanic” pits in Fig. 1(e) are observed in the top
morphology of the arrays. Fig. 1(f) shows an area with smooth
oxide regions (yellow dotted boxes) as well as premature growth
of nanotubes, along with the “pits” [red circles in Fig. 1(e)],
signifying areas where the anodization process halts.** SEM-
EDX results (Fig. S2 and Table S21) show the disparity
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Fig.1 FESEM images of (a) anodic titanium dioxide nanotubes, (b) 3-CuTNA, (c) 5-CuTNA, (d) 8-CuTNA, (e) top view of anodic 8-CuTNA and (f)

growth-impeded areas in 8-CuTNA.

between the Cu concentrations in the metal substrate versus in
the nanotube arrays, with a significant decrease due to the
formation of intermetallics as the Cu concentration peaks at
0.58 at% in TNAs grown from 8 at% Cu Ti alloys. Additionally,
Cu is uniformly distributed along the nanotube walls as seen in
the EDS maps in Fig. S2(e),T where the Cu is simultaneously
doped into the tube walls as the oxide nanotube arrays grow
during anodization. Fig. 2(a) shows X-ray diffraction analysis
conducted to further investigate the anodic TNAs. Anatase
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peaks in annealed pristine TiO, can be seen at around 25.31°
(101), 36.36° (103), 38.34° (121), 62.83° (204), 70.66° (202) and
76.16° (301) [ICDD 96-900-8215]. For Cu-doped samples, there
were no apparent peaks for Cu or Cu oxides, predominantly due
to their low concentration that is below the detection limit of
XRD. However, peak shifts to lower angles for anatase peaks
[Fig. 2(b)] were observed, with a large shift at 8 at%, which is
attributed to the expansion of the oxide lattice due to Cu
inclusion. Ti peaks corresponding to the metal foil that back-
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(a) XRD pattern of pristine, 3, 5, and 8 at% anodized Ti foils and their (b) resultant peak shifts.

This journal is © The Royal Society of Chemistry 2025
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contacts the anatase TNAs appear at 34.88° (100), 40.14° (110)
and 52.88° (120) [ICDD 96-900-8518], and at higher concentra-
tions of Cu in the metal foil, faint peaks corresponding to Ti,Cu
intermetallic phases are observed at 43.57° and 50.71°.>° XRD
patterns in Fig. S3(a) and (b)} showed that high temperature
hydrogen treatment of anatase TNAs does not seem to cause
significant shifts of TiO, peaks, as well as no significant
observed morphological changes to the TNAs such as any
compromise to the structural integrity of the tubes [Fig. S3(c)
and (d)1], essentially demonstrating that the induced change is
mainly to the electronic properties of TiO,.

Steady state polarization curves [Fig. 3(a)—(c)] were recorded
for a comparative analysis between different surface-modified
TNAs from a glycerol electrooxidation perspective. As pristine
TiO, is an n-type semiconductor, it suffers from a current
blockage in the anodic direction, imposing a challenge for
oxidation reactions. Air annealed TNAs (a-CuTNA) exhibit
typical TiO, behaviour as reflected by effective zero current
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(a) Polarization curves of anodic Cu-decorated (3 at%) TNAs hydrogen-treated at different temperatures (350, 400, 450, 500 °C) and air
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densities even at large applied voltages (3.0 V vs. RHE),
regardless of the concentration of Cu [Fig. S4(a) and (b)f]. Upon
treatment in hydrogen at elevated temperatures, the resultant
current density increases, peaking at a maximum of 7.75 mA
cm 2 at 3.0 V vs. RHE post-treatment for hydrogen-treated
CuTNAs (H-CuTNA) at 500 °C. The performance starts drop-
ping at 550 °C, and at 600 °C the oxide layer becomes highly
brittle and breaks apart upon polarization. For different
concentrations of Cu in the metal substrate (Fig. S41), the
performance drops at higher at% due to the inhibition of
nanotube growth during anodization, as well as the formation
of pits in intermetallic sites. The intrinsic kinetic activity of the
different TNAs is limited by the first electron transfer step, with
pristine TNAs having significantly high Tafel slopes at 1255 mV
dec™" due to its extremely low conductivity and high Schottky
barrier in anodic voltages [Fig. 3(b)]. Although the addition of
Cu improves the kinetic activity, only at further reduction does
the Tafel slope show a significant decrease to 381 mV dec " at

(b) 3000
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E/V vs. RHE

~1 (b) Tafel plots of high-temperature hydrogen-treated

CUTNAs. (c) Polarization curves recorded in 1 M KOH + 0.1 M glycerol at a sweep rate of 1 mV s~ of TiCu foil, and TNAs with different treatments
(pristine, Cu-decorated, hydrogen-treated). (d) Steady-state cyclic voltammograms of TNAs with different treatments (pristine, Cu-decorated,
hydrogen-treated) in 1 M KOH + 0.1 M glycerol at a sweep rate of 100 mV s~ %,
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450 °C. At high overpotentials (>2.5 V vs. RHE) the performance
degrades rapidly as the reaction profile becomes mass transfer-
limited, with a drawn-out deactivation process. To further study
catalyst deactivation, we performed a chronopotentiometric
stability test at mild conditions of 1 mA cm 2 for 8 hours
[Fig. S5(a)t], which showed significant performance loss with an
overpotential increase of >1 Vvs. RHE. The post-stability FESEM
images show that deactivation of the TNAs is less likely due to
pore blockage [see Fig. S5(b)-(d)f] and is possibly due to the
rapid saturation of the adsorbed reactant glycerol and possible
products on the array surface, as well as the uprooting of some
nanotube array structures from the metal foil. In case of
possible re-oxidation, it is possible that some Ti**/V,, sites have
re-oxidized, however we did not observe a significant comple-
mentary color change to a lighter grey in the sample for
complete re-oxidation.>” For vigorously doped CuTNAs at 550 °©
C, tunnelling breakdown of the Schottky barrier (>3 V vs. RHE)
can accelerate the deactivation process.*® The performance of
the TNAs was compared against freshly polished and ultra-
sonicated TiCu foil [Fig. 3(c)], showing a current blockage for
the latter. Although more conductive, the high surface area of
TNAs enables an improved electrochemical performance.
However, the increased surface area is insufficient for pristine
TiO,, and it is only upon high temperature reduction of the
CuTNAs when the resultant current density surpasses that of
TiCu foil at 2.3 V vs. RHE. Additionally, pristine TiO, fails to
perform as a glycerol electrooxidation catalyst, even post-
reduction in aggressive H, environments to improve its
conductivity. As it struggles to reach 1 mA cm 2 of current
density at high voltages of 3 V vs. RHE [Fig. S4(c)7], it shows the
necessity of doping with a more active component. Despite the
slight increase in current density relative to strictly air annealed
p-TNA, reduced p-TNA falls short of reduced CuTNAs by
exhibiting a higher onset potential of 2.06 V vs. RHE, whereas
the polarization curve of reduced CuTNA onsets at 1.93 V vs.
RHE.

The chronopotentiometry testing was carried out at 1 mA
cm ™ to analyze and quantify the resulting products for pristine
TNA, and strictly air annealed and reduced CuTNA, along with
their Faradaic efficiencies. Two electrolyte extractions of one
millilitre each were performed during an 8 hour test, one at the
4-hour mark and one at 8-hours to be analyzed by nuclear
magnetic resonance (NMR) spectrometer. The "H NMR spectra
for 4-hour and 8-hour samples were obtained (Fig. S6(a) and
(b),T respectively), showing the existence of mainly glyceric acid,
lactic acid, glycolic acid and formic acid peaks. Faradaic effi-
ciency values for different electrodes was calculated using the
method indicated by Yelekli Kirici et al.>® Pristine TNAs show
the lowest production and faradaic efficiency, as it ends at the 8-
hour mark with an efficiency of 0.86%, a drop from 3.16%
possibly due to mass transfer limitations and subsequent
breakdown of the products, and it struggles to convert the lactic
acid to formic acid, while still maintaining a small concentra-
tion of glyceric acid, showing the conversion of glycerol through
a glyceraldehyde route. The addition of Cu to the metal
substrate enables the TNA-based electrode to convert more
lactic acid to glycolic and formic acids, while still maintaining
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a low Faradaic efficiency of 3.12%. Upon reduction of CuTNA,
the lactic acid production peaks at the 4-hour mark, with
1.17 mM produced, as well as an increase in the glycolic acid
production from air annealed samples at a concentration of
1.73 mM. The Faradaic efficiency of H-CuTNA is reported to be
7.73% at 8-hours, a slight drop from 8.73% at 4-hours, with the
total produced formic acid being at 2.99 mM.

Using steady state cyclic voltammetry [Fig. 3(d)], the physi-
cochemical characteristics of the charge transfer layer were
evaluated. The cyclic voltammogram of titania is comprised of
faradaic processes at cathodic potentials with a large pseudo-
capacitive profile, and non-faradaic processes at anodic poten-
tials greater than the flat-band potential of the TNAs
representing the start of the electron depletion zone.**** In the
cyclic voltammogram for p-TNAs, this corresponds to a slight
cathodic peak at around 0.46 V vs. RHE. The addition of Cu to
the nanotubes shifts back the peak to around 0.36 V vs. RHE,
which was comparable to the flat-band potential extracted from
Mott-Schottky measurements [see Fig S6(b)f].** Despite the
shift of the flat-band potential to lower potential for Cu-TNA, its
kinetic performance as evaluated by Tafel analysis does not
deteriorate. This alludes to the suppression of Ti*" electron
trapper site formation but not that of oxygen vacancies.*® Upon
the hydrogen-treatment of the Cu-TNAs, the trapper site peak
shifts to higher potentials. Post-treatment at 500 °C, the trapper
site peak disappears as the voltammogram's capacitive region
starts to expand, and at 550 °C the reduction peak starting at
0.025 V vs. RHE (characteristic of Ti** sites) increases consid-
erably. For pristine TNAs [Fig. S4(d)}], reduction at 500 °C
expands the trapper site peaks as well as shifts it to higher
oxidation potentials, without disappearing in similar fashion to
CuTNA. The voltammogram expansion, however, does not
contribute significantly to the electrochemical performance of
the electrode, with persisting electrocatalytic limitations as
discussed earlier with respect to the polarization curve.

Electrochemically active surface area (ECSA) analysis was
performed at a scan rate range of 20 to 1000 mV s " at 1.1 V vs.
RHE as seen in Fig. S8f For pristine TNAs, and both air
annealed and reduced CuTNAs, the non-faradaic regions
(>0.46 V vs. RHE) exhibit a symmetric profile, which corre-
sponds to a linear plot of Aj;,, vs. scan rate. The slope of the
aforementioned plot describes the interfacial capacitance (Cq),
and the ECSA was calculated by dividing the Cq4; by the specific
capacitance (Cs) of TiO, (0.04 mF cmyyy >).*> The intrinsic
decoration of titania and the subsequent reduction increases
the Cq; of the arrays and consequently the active surface area
increases by about two orders of magnitude from 0.176 cm?
cMpyy > for pristine TNAs to 10.4 cm? em 2pyy at 550 °C
(Fig. S9t). To further investigate the interface characteristics,
electrochemical impedance spectroscopy measurements were
employed.

The obtained Nyquist plots [Fig. 4(a)] and their correspond-
ing Bode plots (Fig. S10 and S11}) were used to fit equivalent
two-time constants circuits, with two semicircles corresponding
to space charge layer and the array-electrolyte interface at high
and low frequencies respectively. In this work, the equivalent
circuit fitting utilized constant phase elements Qcpg, Where

This journal is © The Royal Society of Chemistry 2025
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(a) Nyquist plots of annealed and d at different temperatures (350, 400, 450, 500, 550 °C) Cu-decorated (3 at%) TNAs recorded at an AC

voltage of 10 mV in 1 M KOH + 0.1 M glycerol. (b) Electrode—electrolyte interface capacitance vs. applied DC voltage plot for air annealed and
reduced CuTNAs. Mott Schottky plots at f = 1000 Hz for (c) pristine TNAs, CuTNAs and hydrogen-treated CuTNAs and (d) hydrogen-treated

CuTNAs at 450, 500 and 550 °C.

impedance Zcpg = [Qcpr(i )] to account for deviations from
ideal capacitive behaviour & = 1 caused by interfacial hetero-
geneities on the electrode surface (ESI Note 17).°* The imped-
ance plots distinctly show that strictly air annealed TNAs are
represented by circuits with a ladder configuration R(Qsc[Rsc(-
R;Q;)] as the depletion zone extends through the entire tube wall
to the metal foil-oxide interface, with the charge transfer
processes being predominantly influenced by the space charge
layer (SCL) charging/discharging.®* The large SCL resistances
R, of p-TNAs and a-CuTNAs, 43 and 1.3 kQ respectively (Table
S47), hence their low C. values (Table S51), are attributed to the
height of the Schottky barrier. Additionally, as Ti** centres serve
as both electron trappers and catalytic active sites, their low
concentration in air treated samples increases the interfacial
resistance as the electrode depends solely on electrons in the
space charge layer for kinetic processes. As the samples are
thermally treated, the plots of reduced samples fit better into
a Voigt configuration Ry(QscRsc)(R;Q;) with smaller and more
distinct high frequency semi-circles at lower atmospheric
reduction temperatures, coinciding with the thinning of the
SCL and the increase of the conductivity caused by the release of
electrons from Ti**/V,, formations into the titania lattice. As the
treatment temperature increases, the semi-circle shrinks until

This journal is © The Royal Society of Chemistry 2025

disappearing completely at 550 ©°C. Post-high treatment
temperatures, the charge transfer profile is dominated by Ti**
active sites, and the charging capacity of the space charge layer
increases significantly. Hence, the charge transfer resistance at
the interface R; decreases, reaching a value of 22 kQ at 550 °C
reduction. Table S5 compares the interfacial capacitance
values obtained via cyclic voltammetry analysis versus imped-
ance spectra. There is a loose agreement between the tech-
niques in the increasing trend of capacitance with higher H,
treatment temperatures. Cyclic voltammetry, however, generally
reports smaller capacitance for reduced samples as it intro-
duces a larger potential perturbation to the charge transfer
layer, which is more likely to cause a loss of some Ti*" centres
via re-oxidation.®*®® For pristine titania, as the interfacial
capacitance is heavily influenced by the space charge layer
behaviour, the extremely low space charge layer capacitance
limits the chare transfer profile at the electrode-electrolyte
interface.*

Fig. 4(b) explicates the changes in interfacial capacitance
versus applied potential to account for interfacial perturbations
obscured by static impedance analysis. The plot was extracted
from multiple potentiostatic impedance spectra shown in
Fig. S127 for potentials ranging from —100 to 900 mV vs. Hg/

J. Mater. Chem. A, 2025, 13, 23113-23125 | 23119
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HgO. The capacitance shows an exponential profile towards the
cathodic directions, characteristic of an n-type semiconductor,
with plateauing at higher potentials. Clearly, higher oxidation
potentials show limited capacitance, and the exponential trend
is consistent for the different treated samples. To elucidate and
compare the changes in dopant concentrations in different TNA
samples, Mott Schottky plots were obtained at a frequency of
1000 Hz between 1 V to —1 V vs. Hg/HgO [Fig. 4(c)-(d)]. To
calculate the charge carrier concentration in the TNAs, the
following equation was used:*"*®

2
%= (o)
g X & X e

where ¢, is the permittivity of free space equivalent to 8.85 x
107" Fm™, ¢, is the relative permittivity of TiO, at 31, e is the
elementary charge at 1.60217663 x 10~ '° coulombs, C; is the
interfacial capacitance and E is the applied potential. Typical of
an n-type semiconductor, p-TNA is characterized by a large
positive slope with a dopant concentration of 2.4 x 10*° em ™.
As the TNAs are intrinsically Cu-decorated, the slope decreases
giving a dopant concentration of 1.6 x 10%° cm>. Typically,
electron trapper Cu is expected to lodge into the titania lattice in
its oxide form (CuO,), forming p-n junctions.” Albeit
promoting the formation of oxygen vacancies, hence increasing
the electrons released into the lattice, the concentration of Cu
dopants is not sufficient to improve the kinetic activity, with
additional suppression of Ti** centres.”” As the treatment
temperature increases, the charge carrier density of CuTNAs
increases significantly. The slope is seen to decrease by 2.5-3.5
times with each 50 °C increase [Fig. S7(a) and (c)f] and at 550 °
C, the charge carrier density of CuTNAs experiences a =200
times increase from a-CuTNAs to 3.9 x 10°> cm™>. Additionally,

d(c?) |

1

dE

(2)
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the flat band potential of the CuTNAs increased by 1.0 V from
0.37 V vs. RHE for a-CuTNAs to 1.37 V vs. RHE for H,-treated
CuTNAs at 550 °C [Fig. S7(b)t], showing a decrease in electron
depletion which signifies a thinning space charge layer, which
complements the previously discussed cyclic voltammetry
findings. Table S31 summarizes the key Mott-Schottky analysis
parameters for each temperature of reduction.

To further explain the effects of Cu decoration and atmo-
spheric reduction on Cu-TNAs, high resolution transmission
electron microscopy (HRTEM) along with selected area electron
diffraction (SAED) were employed to evaluate the fine structure
of hydrogen-treated CuTNA treated at 500 °C. Lattice fringes on
the nanotube walls [Fig. 5(a)] with an interplanar distance of
0.365 nm correspond to anatase titania, but no fringes corre-
sponding to CuO, were detected, showing the trace concentra-
tions of Cu on the tube walls. The SAED pattern [Fig. 5(b)] shows
a predominant presence of anatase with no peaks correspond-
ing to CuO, or reduced titania phases. However, high-angle
annular dark field (HAADF) analysis, along with electron
dispersive X-ray (EDX) spectroscopy (Fig. S131) demonstrated
the uniform distribution of both small copper-predominant
nanoparticles, as well as embedded copper oxide along the
tube wall. In Fig. 5(d), the tube edge from Fig. 5(c) was
elementally mapped via EDX, and clear copper-predominant
nanoparticles with a diameter of 2.3 + 0.35 nm were
observed. Additionally, perforations along the nanotube walls
were observed on Fig. 5(c), which are mainly attributed to the
burn-off of carbon that mainly results from anodization in
organic electrolytes during the air annealing process.

The chemical state of different species on the surface of the
nanotube arrays, as well as the atomic surface composition, was
investigated using XPS analysis. Fig. 5(e) depicts the survey
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(@) HRTEM image of H-CuTNA nanotube edge and (b) SAED pattern of polycrystalline Cu-decorated hanotube. HAADF-STEM image of (c)

H-CuTNAs and (d) nanotube edge with corresponding EDS mapping of Ti, Cu and O. (e) Survey XPS spectra of p-TNA, a-CuTNA and H-CuTNA, (f)
high-resolution XPS spectra of Cu 2p for a-CuTNA. Deconvoluted HR-XPS spectra for (g) a-CuTNA and (h) H-CuTNA.
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spectra for pristine TNAs, and air annealed and H,-treated Cu-
TNAs. The XPS survey results show the predominant presence of
Ti, O, and adventitious carbon, as well as the slight presence of
Cu for both Cu-TNA samples. An overlay of Cu 2p high resolu-
tion XPS spectra for both a-CuTNA and H-CuTNA [Fig. 5(f)] show
the effects of optimized reduction treatment on changing the
oxidation state of nanotube wall-embedded Cu. As the CuTNAs
are reduced, the major satellite peak is seen to disappear, and
the chemical state of Cu shifted to a lower binding energy,
indicating the formation of Cu/Cu,O sites, as observed in the
HAADF images in Fig. 5(d) and in Fig. S13,1 although some
prominent metal nanoparticles are present, Cu is well-
distributed along the nanotube walls. Interestingly for a-
CuTNAs, the deconvoluted Cu 2p HR-XPS spectra [Fig. 5(g)]
shows the presence of both Cu* (peaks 932.2 eV and 951.95 eV)
as an oxide, and hydroxyl Cu®* (peaks 934.98 eV and 955.19 eV).
The latter oxidation state was supported by the complementary
O 1s HR-XPS (Fig. S141) as the hydroxide deconvoluted peak at
531.4 eV represents 33.7 at% of surface oxygen. As both spectra
are expected to exhibit satellite peaks, it is difficult to attribute
the observed peak at 941.77 eV to one oxidation state of Cu. XPS
analysis of Cu species post-hydrogen treatment show doublets
at 932.21 and 952 eV respectively which is attributed to Cu® (i.e.
metallic) species, showing the effect of H, treatment in reducing
Cu species to Cu metal and the removal of hydroxide groups
from the surface. The Cu surface atomic concentration using
XPS analysis was found to be 0.36% (Table S6t), which is
slightly higher than SEM-EDX results (0.24 at%), but lower than
the concentration of the TiCu substrate of 3 at%. We further
analyzed the Cu concentration in 3 at% Cu-TNA using atomic
absorption spectroscopy (AAS), with 1.48 at% Cu reported. The
contrast between XPS and AAS shows that the oxidation rate of
Cu during the anodization process is much slower than that of
Ti, allowing more Cu to be embedded at the bottom end of the
TNAs than in the surface. In Fig. S14,7 for pristine TNAs, and air
annealed and reduced CuTNAs alike, the deconvoluted Ti 2p
high resolution XPS spectra show Ti*" doublets corresponding
to the metal oxide, and the O 1s peaks show the presence of
lattice oxygen, and peaks at 531.1 £+ 0.2 and 532.1 £+ 0.2 eV
corresponding to hydroxyl groups and adsorbed H,O respec-
tively. The latter is rather adventitious due to the interaction of
atmospheric water vapor on defect sites prior to ex situ XPS.
To evaluate the performance of the optimized Ti-Cu elec-
trode as a support material we studied the resultant synergistic
effects of adding a secondary metal on the TNA surface by
electrodepositing Co at a cathodic DC voltage of 1 V in Co(NO3),
precursor solution of different concentrations, with a graphite
rod as a counter-electrode. Three concentrations of Co
precursor were tested, namely 50, 5 and 0.5 mM. Fig. S15(a)t
shows a polarization curve demonstrating the correlation
between decreasing concentrations and enhanced glycerol
electrooxidation performance. Co electrodeposition demon-
strates a sharp decrease in the reaction onset of the TNAs, with
the smallest onset observed with the use of 5 mM Co precursor
solution. Additionally, for Co(5 mM)@H-CuTNA, a prominent
Co0/Co30, peak at 1.84 V vs. RHE is observed. The subsequent
glycerol oxidation reaction profile is almost immediately

This journal is © The Royal Society of Chemistry 2025
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impeded and mass transfer-limited leading to a plateauing
starting from 2.5 V vs. RHE. Decreasing the electrodeposition
concentration to 0.5 mM extends the kinetic GEOR region,
despite the concentration polarization taking over at voltages
higher than 2.25 V vs. RHE. NMR spectrometry for 0.5 mM Co-
doped H-CuTNA show a fascinating increase in product
concentration [Fig. S6(c) and (d)f], as the amount of formic acid
significantly increases from 2.99 mM to 9.63 mM, with a full
conversion of lactic acid to formic and glycolic acid (at
a concentration of 1.29 mM). The resultant Faradaic efficiency
reaches up to 33.68% at the 8-hour mark from 7.73% for H-
CuTNA [Fig. S6(e)f]. Additionally, the addition of Co to H-
CuTNA allows it to experience an increasing faradaic effi-
ciency with time, showing that more glycerol is being converted
into its products with decreased mass transfer limitations.
Interestingly, FESEM analysis of 0.5 mM show no visible Co
species compared to the relatively large Co-based agglomera-
tions for 50 mM [Fig S161], signifying particle size selectivity. X-
ray diffraction patterns for different cobalt concentrations are
displayed in Fig. S17.1 Although there are no significant Co
peaks, a slight peak shift of the 38.3° anatase peak is observed
upon Co doping, showing a possible incorporation into the
crystalline anatase structure. The SEM-EDX analysis in Fig. S187
show minimal amounts of Co electrodeposition, showing the
effect of trace elements in effectively improving the electrode
performance via the synergistic properties induced by modi-
fying the Cu-CoO, d-band center.”” Table S8f shows an
increasing pattern of Co at% with increasing precursor
concentration, with 0.59 at% of Co detected post-treatment in
50 mM of cobalt(u) nitrate. HRTEM imaging (Fig. S191) show no
significant loading of CoO, particles especially in the core of the
tube arrays compared to the tube edges. The deposited CoO,
prevails mostly on the top surface of the arrays, facilitating Cu
activity. Fig. 6(a) compares between Co deposition on different
surface-modified TNAs for a cobalt precursor concentration of
0.5 mM, with the corresponding Tafel plots in Fig. 6(b). For
pristine TNAs, the deposition of Co provides minimal contri-
bution, with an effective zero current density at up to 3 V due to
its previously discussed charge transfer limitations. However,
for CuTNAs, there is a distinct increase in the current density
with an observed Co®" oxidation peak after the onset of 1.40 V.
As observed in the corresponding Tafel plot [Fig. 6(b)], all tested
electrodes are kinetically limited by the first electron transfer
step, which correlates to the Tafel slope at the onset for each
sample. Upon the intrinsic Cu-decoration of TNAs, the second
slope decreases from 184 to 129 mV dec ', and its kinetic
profile is observed to extend to a current density two-orders of
magnitude higher. For Co@TNA, three distinct slopes are
observed, while for CO@CuTNA (i.e. regardless of atmospheric
treatment), there are four distinct slopes, each designating
a possible reaction step forming a glycerol oxidation interme-
diate. For H, treated CuTNAs, Co deposition was observed to
reduce the overpotential by 845 mV at 5 mA cm™ 2. At the onset
of 1.37 V vs. RHE, the electrode exhibits a substantial slope of
1654 mV dec™', signifying that the electrode is kinetically
limited by the first electron transfer step, regardless of the high
activity of the second step at a slope of 73 mV dec™*. Table S7+
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summarizes the electrochemical parameters of Co-doped elec-
trodes. Investigating the effects of Co deposition via cyclic vol-
tammetry in Fig. S15(c)-(f) shows that Co deposition does not
affect the peak attributed to electron trappers as Co simply
deposits on the surface without displacing Ti sites, especially
for p-TNA electrodes. However, the a-CuTNA voltammogram
gets constricted upon Co electrodeposition. To further investi-
gate this phenomenon, we performed high resolution XPS
analysis of Cu species for both air-annealed and hydrogen-
treated samples. The addition of Co promotes Cu migration
to the surface of the electrode due to the acidic precursor (4.4-
5.4 pH) aiding in the leaching of Cu to the electrode surface,
increasing the surface composition of Cu with increasing
concentration of deposited Co, peaking at 1.06 at% of Cu (Table
S91) on the surface of the electrode for 50 mM Co@CuTNA.
Additionally, for samples treated in 50 mM of Co precursor,
peaks corresponding to hydroxyl Cu®* (934.61 eV and 954.34 €V)
doublets emerge as large amounts of Co oxidize the surface Cu
sites, which reduces the efficacy of the electrode making it more
susceptible to mass transfer limitations. The deconvoluted
high-resolution XPS spectra in Fig. S21f of Co@H-CuTNA show
the presence of both Co®" (780.98 eV and 796.63 eV) and Co®*
(782.73 eV and 798.42 eV) doublets with prominent satellite
features at 786.41 eV and 802.51 eV [Fig. S21}] which corre-
sponds to CoO/Co30, species on the surface of the TNAs.

4. Conclusions

In summary, we have reported on significantly improving the
conductivity and the electrocatalytic activity of anodic TiO,
nanotubes by anodizing Ti—Cu alloy foils followed by treating
the resultant electrodes in a controlled reducing environment.
Despite the electronic limitations of TiO, nanotubes in elec-
trochemical applications, we showed that through a simple
decoration technique followed by a subsequent hydrogen
treatment, the charge transfer resistance of TiO,-based elec-
trodes can be reduced by up to 16 times from pristine TNAs. The

23122 | J Mater. Chem. A, 2025, 13, 23113-23125

addition of Cu to TNAs showed improved kinetic performance
as the Tafel slope decreases from 1255 mV dec™ ' to 701 mV
dec™ for glycerol electro-oxidation, and decreases to 428 mV
dec™ when reduced at 500 °C. The observed increase in
conductivity was attributed to Ti**/V,, defect formation, even in
air-annealed Cu-decorated TNAs, showing a connection
between Cu and point defects in the titania array. The amount
of added Cu in the metal substrate was limited due to the
formation of intermetallic sites that hinder anodic nanotube
growth. However, the low loading of Cu at 3 at% in the substrate
resulted in the distribution of Cu metal nanoparticles on the
nanotube walls at diameters of 2-3 nm post-hydrogen treatment
with optimum catalytic activity for CuTNAs. Additionally, Cu
loading on titania nanotubes exhibited strong scaffold proper-
ties for co-catalyst deposition, facilitating charge transfer
regardless of reduction in comparison to pristine TNAs. Albeit
the conductivity limitations attributed to the electronic prop-
erties of titania, the Co-decorated reduced CuTNAs demon-
strated a low onset potential of 1.37 V vs. RHE, and a Tafel slope
of 73 mV dec™ ', as well as a Faradaic efficiency as high as
33.69% while selectively producing formic acid, an increase
from the pristine TNA efficiency of 0.87%. By combining elec-
tronic modification of anatase titania with the synergistic
electronic interactions between Cu and Co, we demonstrate
a facile yet effective methodology to synthesize binder-free
electrodes for the partial electrooxidation of glycerol with
optimal selectivity towards key glycerol valorization products.
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