catalysts

Article

Cathodic Activation of Titania-Fly Ash Cenospheres for
Efficient Electrochemical Hydrogen Production: A Proposed
Solution to Treat Fly Ash Waste

Tariq Altalhi 1*©7, Amine Mezni !, Mohamed M. Ibrahim !, Moamen S. Refat 1%, Adil A. Gobouri ?,
Ayham M. Safklou 2, Adel M. Mousli 2, Mohamed S. Attia 3, Purna K. Boruah *5, Manash R. Das 4%, Jacek Ryl ®,

Rabah Boukherroub ?

check for
updates

Citation: Altalhi, T.; Mezni, A.;
Ibrahim, M.M.; Refat, M.S.; Gobouri,
A.A.; Safklou, A.M.; Mousli, A.M.;
Attia, M.S,; Boruah, PK.; Das, M.R.;
et al. Cathodic Activation of
Titania-Fly Ash Cenospheres for
Efficient Electrochemical Hydrogen
Production: A Proposed Solution to
Treat Fly Ash Waste. Catalysts 2022,
12,466. https://doi.org/10.3390/
catal12050466

Academic Editor: Bruno Fabre

Received: 16 February 2022
Accepted: 12 April 2022
Published: 22 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Mohammed A. Amin 1'*

1 Department of Chemistry, College of Science, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia;
aminemezni@yahoo.fr (A.M.); ibrahim@tu.edu.sa (M.M.I.); moamen@tu.edu.sa (M.S.R.);
a.gobouri@tu.edu.sa (A.A.G.)

2 SQustainable Environmental Works Trading Company, P.O. Box 109660, Jeddah 21351, Saudi Arabia;

ayhamsaficlo@hotmail.com (A.M.S.); am666666@gmail.com (A.M.M.)

Chemistry Department, Faculty of Science, Ain Shams University, Abbassia, Cairo 11566, Egypt;

mohamed_sam@yahoo.com

Advanced Materials Group, Materials Sciences and Technology Division, CSIR-North East Institute of Science

and Technology, Jorhat 785006, India; pkboruah143@gmail.com (P.K.B.); mrdas@neist.res.in (M.R.D.)

5 Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India

Institute of Nanotechnology and Materials Engineering, Faculty of Applied Physics and Mathematics,

Gdansk University of Technology, Narutowicza 11/12, 80-233 Gdansk, Poland; jacek.ryl@pg.edu.pl

7 University of Lille, CNRS, Centrale Lille, Université Polytechnique Hauts-de-France, UMR 8520—IEMN,
F-59000 Lille, France; rabah.boukherroub@univ-lille.fr

*  Correspondence: ta.altalhi@tu.edu.sa (T.A.); mohamed@tu.edu.sa (M.A.A.)

Abstract: Fly ash (FA) is a waste product generated in huge amounts by coal-fired electric and
steam-generating plants. As a result, the use of FA alone or in conjunction with other materials is an
intriguing study topic worth exploring. Herein, we used FA waste in conjunction with titanium oxide
(TiO,) to create (FA-TiO,) nanocomposites. For the first time, a cathodic polarization pre-treatment
regime was applied to such nanocomposites to efficiently produce hydrogen from an alkaline solution.
The FA-TiO; hybrid nanocomposites were prepared by a straightforward solvothermal approach in
which the FA raw material was mixed with titanium precursor in dimethyl sulfoxide (DMSO) and
refluxed during a given time. The obtained FA-TiO, hybrid nanocomposites were fully characterized
using various tools and displayed a cenosphere-like shape. The synthesized materials were tested
as electrocatalysts for the hydrogen evolution reaction (HER) in 0.1 M KOH solution in the dark,
employing various electrochemical techniques. The as-prepared (unactivated) FA-TiO, exhibited a
considerable HER electrocatalytic activity, with an onset potential (Eggr) value of —144 mV vs. RHE,
a Tafel slope (—b.) value of 124 mV dec™! and an exchange current density (jo) of ~0.07 mA cm 2,
The FA-TiOys HER catalytic performance was significantly enhanced upon cathodic activation (24 h
of chronoamperometry measurements performed at a high cathodic potential of —1.0 V vs. RHE). The
cathodically activated FA-TiO, recorded HER electrochemical kinetic parameters of Eggr = —28 mV,
—be =115mV dec™!, j, = 0.65 mA cm~2, and an overpotential 7719 = 125 mV to yield a current density
of 10 mA cm~2. Such parameters were comparable to those measured here for the commercial
Pt/C under the same experimental conditions (Eggr = —10 mV, —b. = 113 mV dec1, jo=0.88 mA
cm™2, 7719 = 110 mV), as well as to the most active electrocatalysts for H, generation from aqueous
alkaline electrolytes.

Keywords: fly ash; titanium dioxide; hybrid nanocomposites; solvothermal process; hydrogen
production
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1. Introduction

Growing energy consumption, fluctuating oil costs, and environmental concerns have
all contributed to the importance of renewable energy. Fuel cells, which mix hydrogen (as a
fuel) and oxygen to produce heat, electricity and water, are today one of the most popular
renewable energy sources [1,2], because of their remarkable efficiency and performance,
cleanliness, and cost-effective power supply. Chemical energy is used in both fuel cells and
batteries to produce electricity. A fuel cell never loses its charge and produces power as
long as fuel is available. To function effectively, fuel cells need pure Hj as fuel, which is
commonly produced using methane reforming. This well-known commercial process, how-
ever, requires a large amount of energy (heat) to generate H,. Furthermore, the produced
Hj; is impure due to the presence of carbon dioxide (CO;) gas as a byproduct [3-5].

The best way for producing pure H; electrochemically at room temperature is through
water electrolysis. Efficient electrocatalysts are commended as cathode materials in water
electrolysis cells, because they are able to create considerable amounts of hydrogen at low
overpotentials by speeding up the kinetics of the hydrogen evolution reaction (HER) [6].

Platinum (Pt)-based materials are the most stable and efficient HER electrocatalysts.
However, the exorbitant price of these components raises the overall cost of water elec-
trolyzers. This made the development of innovative, inexpensive, and effective HER
electrocatalysts one of the most important goals for large-scale H, production [7,8]. Electro-
catalytic water splitting is also limited due to the substantial amounts of electric energy
required to generate H; from water. Owing to its numerous advantages, such as high
electron mobility, various morphologies, cheap synthesis, good photochemical stability,
and lack of toxicity, titania (TiO;) has attracted a lot of attention as a cutting-edge material
in photocatalysis [9]. Recently, TiO, has generated a consistent interest as a material for
‘dark’ electrocatalysis for the production and conversion of renewable energy. The efficacy
of TiO, as an electrocatalyst is influenced by its shape, surface area, and crystallinity, among
other factors [9].

As a result, several strategies for modifying and engineering TiO, to boost its conduc-
tivity, and hence, catalytic activity, were employed. For example, Feng et al. [10] engineered
interfacial oxygen vacancies to activate pure TiO, single crystals toward the HER in an
alkaline solution. The experimental and theoretical findings obtained by Feng et al. re-
vealed that the subsurface oxygen vacancies and low-coordinated Ti ions (Ti**) improved
electrical conductivity and thus, facilitated electron transfer and hydrogen desorption. In
another study, Swaminathan et al. [11] used an electrochemical cathodization technique to
overcome the paradigm of electro-inactive titania by using defect engineering as a tool to
alter the nonconductive titania’s local atomic structure. Ultrafast HER kinetics are ensured
by increased electro-conducting characteristics and favorable surface energetics for H,gs
of reduced titania (TiOq53). TiO, was also combined with advanced materials, such as
carbon-based materials, transitional metal dichalcogenides (TMDs), metal oxides, and
metal-organic frameworks (MOFs) to boost its HER catalytic activity [9].

Electrocatalysts’ cathodic polarization pre-treatment is an electrochemical technique
employed to effectively enhance HER catalytic performance. This approach of cathodic
activation is not only ecologically sustainable, but it also takes place in the same electro-
chemical cell that is employed for HER measurements thus, reducing additional costs.
Despite these advantages, the literature revealed a limited number of research papers
on the cathodic activation of electrocatalysts for increased catalytic activity. For instance,
Prosini et al. found that cathodic polarization of a carbon nanotubes (CNTs) substrate im-
proved its electrocatalytic activity for the HER [12]. Cui et al. [13] reported that a two-step
activation process of multi-walled carbon nanotubes (MWCNTs), consisting of oxidation
in HNOj at 120 °C for 4 h followed by 4 h of cathodic activation at —2 V vs. a saturated
calomel electrode (SCE) in HySOy, resulted in a significant improvement in the substrate’s
HER electrocatalytic activity. In another study, the HER catalytic activity of mesoporous
bacterium-derived carbon electrocatalysts has been considerably enhanced upon cathodic
activation in 0.1 M H,SOy4 at —2 V vs. SCE for 4 h [14].
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Some of us investigated cathodic activation of Au-Pd NPs/rGO [15], Ti-supported
Au NPs [16], Au-Ni NPs/rGO [17], Au/TiO; [18], and hydroxyl-functionalized ZrO,
nanoparticles [19] electrodes at high cathodic overpotentials to enhance their HER activi-
ties. Recently, we adopted a simple electrochemical activation approach to achieve good
performance for the HER in an alkaline medium using a widely available and inexpensive
carbon felt (CF) electrode [20].

Industrial fly ash (FA) is a hazardous by-product generated by a variety of manufac-
turing processes, particularly those involving significant thermal energy [21]. FA waste
is released in the form of fine black dust that is easily dispersed into the atmosphere [22].
The FA appears as big, porous particles with a micrometric size of up to 25 pm [23,24].
The presence of hazardous elements, such as vanadium, cadmium, and others in FA waste
induces toxicity, which has a direct impact on human and animal health and causes several
environmental and ecosystem concerns [25]. Therefore, researchers all over the globe are
searching for better utilization and valorization of FA waste for diverse applications [26-31].
Kunihiko et al., for example, described a mechano-chemical treatment of FA powder to
produce geopolymers for environmental and materials science applications [31]. In addi-
tion, FA displays high porosity and, therefore, its large surface area can be explored for the
immobilization of various nanoparticles with the aim to limit/restrict their agglomeration
and enhance their catalytic/electrocatalytic activity.

In view of this, the present work deals with the utilization of FA as an effective
support for TiO, nanoparticles immobilization to prepare an efficient hybrid catalyst
for electrocatalytic hydrogen production from alkaline solutions. The objective here is
to obtain the best catalytic performance feasible for the electrochemical production of
Hj. For this purpose to be properly achieved, the catalyst is treated by a protracted
cathodic pre-polarization (cathodic activation) at —2.0 V vs. RHE, under which Hj gas is
abundantly created.

The evolved Hj not only strengthened the FA-TiO, interaction, and therefore, fa-
vored charge-transfer during the reduction of water molecules (evidenced here by EIS
measurements), but also generated new active catalytic sites for H, generation, decreased
average particle size (confirmed by HRTEM), and significantly increased the active surface
area (manifested from capacitance measurements). As a result, cathodic activation of the
as-prepared FA-TiO, catalyst greatly enhanced its HER catalytic activity approaching that
of the Pt/C under otherwise similar conditions.

2. Experimental Procedure
2.1. Synthesis of FA-TiO, Hybrid Nanocomposites

The fly ash waste was generated at Rabigh Power Plant and handled by Sustainable
Environmental works trading company. It is obtained as a residue that results from
the combustion of heavy oil-fired power generators. The FA-TiO, nanocomposites were
synthesized by adopting a simple thermal method (Scheme 1). Briefly, 5 mL of titanium
butoxide precursor were mixed with 3 g of pure FA in dimethyl sulfoxide (DMSQO), and
the reaction mixture was then refluxed for 2 h under magnetic or mechanical stirring. The
color of the reaction mixture turned black and then cooled down at room temperature. The
product was collected by centrifugation and dried in an air oven at 60 °C for 12 h. After
that, to crystallize the TiO,, a thermal annealing step at 400 °C for 2 h was adopted under
an inert atmosphere. The product obtained by this synthetic process was characterized by
several tools to establish its morphology and composition. Bare TiO; NPs were prepared
using the above protocol by dissolving the titanium precursor in DMSO (in the absence of
FA) under refluxing conditions for 2 h.
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Scheme 1. Synthetic route of FA-TiO;.

2.2. Electrochemical Measurements

Electrochemical measurements for the hydrogen evaluation reaction (HER) were
carried out employing a standard double-jacketed three-electrode electrochemical cell.
The cell included a graphite rod (Sigma-Aldrich, 99.999%) and a mercury/mercury oxide
(Hg/HgO, NaOH (0.1 M)) as auxiliary and reference electrodes, respectively. A glassy
carbon (GC, 3 mm)-loaded catalyst served as the working electrode (WE) and was prepared
as described in the Supporting Information file, Section S1.

The catalytic performance of the as-prepared FA-TiO; nanocomposites towards the
HER was investigated using linear potential sweep voltammetry. The long-term stabil-
ity experiment was assessed using the cyclic voltammetry (CV) technique by applying
continuous potential cycling (up to 10,000 cycles). The CV technique was also applied
to calculate the electrochemical active surface area (EASA) of the as-prepared FA-TiO,
nanocomposites. Before conducting each linear sweep voltammetry (LSV) run, the working
electrode (WE) was first subjected to a prolonged cathodic activation process via applying a
chronoamperometry technique for 24 h. These techniques, thoroughly described in Section
52.1 (Supporting Information), were applied to the WE/electrolyte interface via hooking
up the electrochemical cell to a potentiostat, Autolab PGSTAT30/FRA system (Ecochemie,
The Netherlands). The electrochemically active surface area (EASA) of the investigated cat-
alysts was estimated using cyclic voltammetry (CV) measurements carried out at different
potential sweep rates (20-120 mV s~ !) in the potential range (+0.1 to +0.4 V vs. RHE) that
only permits the capacitive current to be recorded. The double-layer capacitance (Cq;) value
of each tested electrocatalyst was estimated from the slope of the current density difference
(J = Janodic — Jcathodic) between the anodic and cathodic scans, recorded at +0.25 V vs. RHE,
against the scan rate plot.

The examined electrocatalysts HER Faradaic efficiencies were measured by dividing
the amount of H; released during 1 h of controlled galvanostatic electrolysis by the pre-
dicted volume of H, computed theoretically during that electrolysis, as fully described in
Section 52.3 (Supporting Information).

The reproducibility of results was verified by repeating each run at least three times.
The resulting data were found to be statistically respectable. The arithmetical mean and
standard deviation were determined and registered for each reported value.
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3. Results and Discussion
3.1. Structural and Morphological Features of FA-TiO, Nanocomposite

The structure and phase crystallinity of the FA-TiO, were examined by X-ray diffrac-
tion (XRD) analysis. Figure 1 illustrates the diffractograms of bare TiO, nanoparticles and
the prepared hybrid FA-TiO; nanocomposite. All the observed diffraction planes belong to
TiO, with the anatase structure phase (JCPDS21-1276). Its characteristic (101) diffraction
peak appears clearly at 26 = 25.5°. Meanwhile, no other peaks were detected, suggesting
the high purity of the as-synthesized FA-TiO, cenospheres. Compared to pure TiO, NPs,
the XRD plot of the FA-TiO, exhibits a similar pattern, and all TiO, characteristic peaks can
be also detected and indexed with no change concerning the position of diffraction peaks.
The results from the XRD analysis showed that the incorporation of TiO, into FA waste
had no effects on the crystal structure of the TiO; NPs.

—
= o) FA-TiO
T 2000 - 2
S— .
> TiO
o 2
m
5 1500 -
—
£
1000 -
w ©004)  (200)
y  (211)
A
500 A
—
20 30

2Theta(’)

Figure 1. XRD patterns of TiO, NPs and FA-TiO, nanocomposite prepared using the solvother-
mal process.

Figure 2 depicts the typical scanning electron microscopy (SEM) images of FA and
FA-TiO; cenospheres taken at different magnifications. The cenospheres exhibit a spher-
ical shape with sizes varying between ~10 and 100 pm. The average diameter of the
as-synthesized FA-TiO, cenospheres was approximately 70 um, as estimated from the
SEM images. It could be seen that the original FA cenospheres had a smooth surface
(Figure 2a—c). The overall morphology of the cenospheres did not change after hybridiza-
tion with TiO,. Nevertheless, it can be seen in Figure 2 that the compactness of the modified
FA cenospheres with TiO, was improved. However, the SEM image of the FA-TiO, ceno-
spheres revealed that the majority of FA pores were filled by TiO, NPs, suggesting the
successful incorporation of TiO; into the FA (Figure 2d-f).

It was clearly observed from the TEM and HRTEM images (Figure 3) that some
aggregated TiO; NPs with nanometer size were distributed on the cenospheres’ surface. It
was noticed that a highly ordered particulate layer of TiO, was formed on the surface of the
FA cenospheres. Analyzing the high-resolution image displayed in Figure 3, lattice fringes
could be evidently distinguished as 0.352 nm, which can be attributed to the (101) lattice
planes of anatase TiO;. The EDX spectrum of the hybrid FA-TiO; cenospheres (Figure 4)
revealed the presence of oxygen, vanadium, magnesium, molybdenum, and sulfur elements
in the FA original sample, whereas additional titanium element was detected in the EDX
spectrum of the hybrid FA-TiO, cenospheres.
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Figure 2. SEM micrographs of the outer surface of (a—c) original FA and (d—f) FA-TiO, cenospheres,
taken at different magnifications.

Figure 5 depicts the TGA and DTA curves of the initial FA cenospheres before and
after hybridization with TiO, NPs. A narrow exothermic peak in the range of 400-600 °C
accompanied by a big weight loss was evident in both plots. Based on the literature
data [18], this could be assigned to the desorption of chemisorbed OH groups. Furthermore,
it can be observed that, in the case of pure FA cenospheres, the decomposition started at
420 °C whereas the FA-TiO, cenospheres started to decompose at 550 °C. The difference
in TGA decomposition temperature may be caused by the protective effect of TiO,. The
thermal analysis experiments further indicated the change in the morphology/composition
of the original FA after the incorporation of TiO, NPs. The thermogravimetric analysis
evidenced that the hybrid FA-TiO, is more stable due to the protective effect induced by
TiO, NPs.
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Figure 5. TGA /DTA curves of (a) original FA and (b) FA-TiO, recorded from room temperature to

1000 °C.

X-ray photoelectron spectroscopy (XPS) was used to examine the chemical composition
and bonding of the hybrid FA-TiO, nanocomposite. Figure 6 displays the high-resolution
XPS spectra carried out for FA, bare TiO,, and FA-TiO; nanocomposite.

—— FA— Ti0,—— FA-TIO,

a) e
c=0/C-S

cooH

C
C=C

468 464 460

X
/

292 290 288 286 284 282 d TiO,/S-0/C-
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é \  SC E
H,0

C) SO g=ClTi-QH% \Tt&a
\

e
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Binding Energy / eV

\ 20
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Figure 6. High-resolution XPS spectra in the core binding energy level of C 1s (a), Ti 2p (b), S 2p (c)
and O 1s (d) for FA (a,c,d), bare TiO, (b,d) and FA-TiO, nanocomposite (a—d).

The C 1s spectrum (Figure 6a) of the FA sample reveals a complex nature, with multiple
chemical states. The primary component is observed at 284.8 eV, which is characteristic
of aliphatic carbon-sp? (C-C), and graphitic carbon-sp? (C=C) at 283.8 eV [32,33]. These
two species represent 37 at.% of all FA constituents. The next three peaks, present in the
core energy levels, are typical for oxidized carbon bonds as C-O (285.9 eV), C=0 (287.8 eV)
and O=C-0O (289.3 eV) [32,34,35]. A similar analysis carried out for the FA-TiO, composite
revealed a significant decrease in the total share of all carbon forms. Notably, the FA-TiO,
synthesis has led to the relative increase of C-O bonded species. The C-O/C—C ratio rises
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from 0.52 for FA to 0.85 for FA-TiO,, which might be the sign of C-O-Ti bond formation
between TiO, and FA within the nanocomposite. Table 1 summarizes all observed peaks
with their binding energy positions and surface chemical composition (in at.%).

Table 1. The surface chemical composition (at.%) deduced from the high-resolution XPS spectra
deconvolution of bare TiO, and FA-TiO, nanocomposite.

Ti 2p3/2 Ci1s O1s S 2P3/2
- i =
I as) 153 O
s ¢ ¥ ¢ % ¢ 8 9 ¢ I 9o & g v
= = o v v i S 2 = 5. e 2 2 »n
o o
=
BE/eV  459.1 457.8 283.8 2848 2859 2878 2893 5305 5292 5321 5339 1689 1672 164.0
FA - - 76 303 160 46 39 103 - 152 76 3.8 - 0.7
TiO, 249 70 - - - - - 485 106 9.0 - - - -
FA-TIO, 135 67 2.7 6.3 5.4 1.6 07 291 110 211 - 13 0.6 -

The deconvoluted Ti 2p spectrum (Figure 6b) suggests a dominant presence of the Ti
2p3 /> component at 459.1 eV, which is characteristic of TiO, NPs [16,18,36]. The binding
energy of a second, weaker component at 457.8 eV is attributed to Ti;O3 species in the
FA-TiO; nanocomposite. The TiO, share in the reference sample, based on the total Ti
signal, is 78% (Table 1). On the other hand, the Ti 2p3,, of FA-TiO, nanocomposite exhibits
an increased amount of Ti;O3 species, by half, up to 33%. The formation of C-O bonds
between FA and TiO, facilitates TiO, reduction and the formation of Ti,Os.

As testified by the EDX analyses, the FA contains some amount of sulfur, which,
similar to other studies on FA, was primarily in the form of sulfates, as seen by the peak
doublet with S 2p3/, at 168.9 eV (Figure 6¢) [36,37]. The same peak was distinguished for
the FA-TiO, nanocomposite, next to a slightly weaker component derived from DMSO and
located at slightly lower binding energies [38].

The high-resolution spectra of the O 1s of FA, TiO, and FA-TiO, samples are presented
in Figure 6d. The binding energy at 530.5 eV of the TiO, evidenced the characteristic
stoichiometric titanium (IV) oxides and the binding energy at 532.1 eV corresponds to
surface hydroxyl groups and non-lattice oxygen [18,39,40]. The third, weaker component
at lower core energy level could be ascribed to Ti;O3 based on the literature data and
Ti:O stoichiometry. On the other hand, the primary O 1s signal for the FA sample was
deconvoluted into two components at 532.1 and 530.5 eV corresponding to C=0 species
and sulfates and oxidized carbon (C-O) present in the fly ash, respectively. Thus, it
should be noted that for FA-TiO, nanocomposites the O 1s spectrum is built of multiple
components with peaks overlapping at characteristic binding energies. Finally, the O 1s
spectrum exhibits a peak at a binding energy of 533.9 eV ascribed to chemisorbed water
and disappeared upon the high-temperature treatment during FA-TiO, synthesis. When
analyzing the O 1s spectrum recorded for the FA-TiO, nanocomposite, one can confirm
previously drawn conclusions on the appearance of C-O-Ti bonds, based on the 531.2
eV signal strength (15.2% for FA, 9.0% for TiO;, 21.1% for FA-TiO5,), together with TiO,
reduction to TiyOs.

Based on these results, we can conclude that the TiO, NPs are strongly attached to
FA. This result is in good agreement with DTA/TGA measurements. However, the decom-
position of pure FA starts at 420 °C, while the decomposition of FA-TiO; nanocomposite
starts at 550 °C (Figure 5). Indeed, in the FA-TiO, nanocomposite, more energy is required
to break both intrinsic bonds of FA and the extrinsic bonds of attached TiO, NPs. This
strong affinity of FA with TiO, makes both materials more efficient in an electrocatalytic
application, which is expected to facilitate the charge transfer between the two materials.
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3.2. Electrochemical Measurements
3.2.1. Chronoamperometry Measurements (Catalyst Cathodic Activation)

The as-prepared catalysts, namely GC-FA, GC-TiO, and GC-(FA-TiO;) electrodes,
including the bare GC support, were subjected to a prolonged cathodic activation process
(24 h of chronoamperometry measurements at a cathodic potential of —1.0 V vs. RHE)
before conducting cathodic polarization measurements, as shown in Figure 7.

bare GC electrode

o/

HN0 20000 G0.000 0,000
Time/s

0.00

&
.

i A

-0.01
-0.02

-0.03

-0.04

j/Acm®
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GC-TiO,

-0.06
-0.07 | s |GC-(FAITIO )

-D.GB T Ll I v I
0 20,000 40,000

60,000 80,000
Timels

Figure 7. 24 h of Chronoamperometry measurements recorded for the investigated catalysts in
deaerated 0.1 M KOH solution at —1.0 V (vs. RHE) at room temperature. Inset—the arrow refers to a
zoomed chronoamperometry curve recorded for the bare GC electrode.

The current spikes, which obviously enhance going from GC-FA to GC-(FA-TiO,),
indicate a persistent rivalry between H, bubbles liberation and piling up processes. Despite
such a continued competition between Hj bubble release and accumulation processes, the
net effect is a rise in the cathodic current throughout the run, indicating catalyst activation.
The aggregation of bubbles during Hj piling up is thought to disconnect the catalyst’s
active sites in the electrolyte from the electroactive species thus, impeding charge transfer
and lowering current (catalyst deactivation). The current is then boosted by the release of
gas (catalyst reactivation), freeing up the active sites for another H,O molecule reduction
process [15-20].

It is worth noting that the increase in cathodic current occurs to an extent depending
upon the type of the tested catalyst. The bare GC electrode exhibited similar behavior, but
with inferior currents, as depicted in the inset of Figure 7. This large difference in current
between the substrate (the bare GCE) and the catalyst loaded on GCE is most probably
caused by the catalytic impact of the supported active material. The increased cathodic
current refers to the catalytic impact of Hy gas profusely evolved during cathodic activation.
The role of the cathodic activation process in enhancing HER kinetics over FA-TiO, catalyst
will be discussed in detail later on.

At any given time during catalyst activation, the current enhancement follows the
sequence: GC-FA < GC-TiO; < GC-(FA-TiO,). These results highlight the higher HER
catalytic activity of GC-(FA-TiO;) catalyst compared to FA and TiO, taken separately. These
findings suggest that the HER kinetics on FA-TiO, profits from FA and TiO;, nanoparticles’
cohabitation, most likely through a cooperative (synergistic) relationship.
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3.2.2. Cathodic Polarization Measurements

Figure 8a displays the cathodic polarization curves of the investigated catalysts before
and after cathodic activation. Measurements were conducted in 0.1 M KOH solutions at
room temperature, and curves were cathodically swept at a scan rate of 5.0 mV s~ ! starting
from the corrosion potential (Ecorr) up to a cathodic potential of 1.5 V vs. RHE. Table 2
depicts the various HER electrochemical kinetic parameters associated with these mea-
surements. These parameters, conventionally used to assess the efficiency of the catalytic
reaction, were derived from the corresponding Tafel lines, Figure 8b, constructed via fitting
the experimental polarization data, Figure 8a, with the Tafel equation, Equation (1):

NH2/2H+ = Bc log j+a (1)

where 7 represents the overpotential, which is the difference between the electrode and
standard potentials (7 = E — E,), j denotes the current density, . (the cathodic Tafel
slope) = (2.3RT/«aF) and a = (2.3RT /aF) log j,, with « being the transfer coefficient, F the
Faraday’s constant, R the universal gas constant, T the absolute temperature, and j, is the
exchange current density.
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Figure 8. Linear cathodic polarization curves (a) and the corresponding Tafel plots (b) recorded for
the investigated catalysts. Measurements were conducted in deaerated 0.1 M KOH solution at a scan
rate of 5.0 mV s~ at room temperature.(1) bare GC electrode (unactivated); (2) bare GC electrode
(activated); (3) GC-FA (unactivated); (4) GC-FA (activated); (5) GC-TiO; (unactivated); (6) GC-TiO,
(activated); (7) GC-(FA-TiO;) (unactivated); (8) GC-(FA-TiO,) (activated).
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Table 2. Mean value (standard deviation) of the electrochemical HER kinetic parameters on the tested
electrocatalysts (unactivated and cathodically activated). Measurements were conducted at room
temperature in deaerated 0.1 M KOH solution.

Onset Potential Tafel Slope Exchange Current Density Cat.hodlc Potential
Tested Cathode (Errer)/mV vs. RHE) (—Be, mV dec) G mA cm-2) atj =10 mA cm—2
HER . Cr (S ]0/ (1710’ mV vS. RHE)
bare GC (unactivated) —886 (10.4) — — —
bare GC (activated) —793(9.2) — — —
GC-FA (unactivated) —534 (6.0) 168 (1.9) 2.14 (0.04) x 10~* 737 (8)
GC-FA (activated) —468 (5.2) 167 (2.1) 5.9(0.1) x 10~* 677 (7.4)
GC-TiO; (unactivated) —338 (3.8) 165 (1.8) 4.0 (0.07) x 1073 554 (6.2)
GC-TiO; (activated) —282(3.1) 163 (1.7) 1.8 (0.04) x 1072 443 (5.0)
GC-(FA-TiO;,) (unactivated) —144 (1.8) 124 (1.7) 6.8(0.1) x 1072 160 (3.3)
GC-(FA-TiOy) (activated) —28(0.5) 115 (1.4) 65 (1.3) x 1072 125 (1.6)
Pt/C 10 (0.2) 113 (1.2) 88 (1.2) x 1072 110 (1.4)

It follows from Figure 8a that the bare GC cathodes (both unactivated, curve 1 and
activated, curve 2) show inferior catalytic activity with highly negative onset potential
values (Eggr) for the HER (—886 and —793 mV vs. RHE for the unactivated and cathodically
activated GC electrodes, respectively), and very low cathodic currents. The other studied
catalysts (unactivated and activated), curves 3-8, exhibited catalytic activity far beyond
that of the bare GC electrode. The Eygr values of the activated catalysts (curves with
even numbers) are smaller (more anodic) and their cathodic polarization curves become
steeper (i.e., large cathodic currents can be generated at low overpotentials, corresponding
to faster HER kinetics) than the corresponding unactivated ones (curves with the odd
numbers). The promising HER catalytic activity of the cathodically activated GC-(FA-TiO,)
catalyst (curve 8) is evidenced by its close proximity to the HER catalytic performance of the
most active non-precious electrocatalysts reported in the literature (Table S1, Supporting
Information), corresponding to faster HER kinetics. For any tested catalyst (unactivated
and activated), the Eypr value is always smaller and the cathodic current is larger for
the FA-TiO; catalyst than FA alone and TiO; alone, confirming synergism between FA
and TiO;.

The overpotentials at a cathodic current density of 10 mA cm~2 (1719), one of the most
essential parameters that control the electrocatalysts” HER activity (the lower the #1¢ value
the higher is the catalyst’s HER performance [41]), were also compared, Table 2. The
lowest 7719 value was recorded for the cathodically activated catalysts. For instance, the 7719
value (120 mV) achieved for the activated FA-TiO; catalyst to deliver a current density of
10 mA cm~2 is 40 mV more anodic than that measured for the unactivated one (160 mV).

The reduced Eypr and 7719 values of the activated catalysts resulted in higher exchange
current densities, j,, corresponding to accelerated HER kinetics. The cathodically activated
FA-TiO, catalyst recorded the highest j, value (0.11 mA cm™2) among the studied catalysts,
which is 3.0 times greater than its j, value (0.036 mA cm~2) before activation. These findings
again highlight the obvious catalytic impact of the cathodic activation process.

The Tafel slope is a useful metric for evaluating catalysts’ effectiveness while simulta-
neously offering a valuable measure of the mechanistic processes of HER reaction [42,43].
In alkaline electrolytes, based on the classical theory, the evolution of hydrogen occurs
through three main reaction steps [41]:

HyO+e +S5* =+ Hygs + OH™  (Volmer step) 2)
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HyO+e +H,gs — Hy + OH™ +S*  (Heyrovsky) 3)
Hags + Hags — Hp + $* + S*  (Tafel step) (4)

where S* symbolizes the catalyst surface’s active adsorption site. Two primary pathways are
usually suggested for the HER, namely the Volmer-Heyrovsky reaction, Equations (2) and (3),
and the Volmer-Tafel reaction, Equations (2) and (4) [44,45]. The Tafel slope value of 63 mVdec™!
recorded for the cathodically activated GC-(FA-TiO;) catalyst in the current study indicates
that the HER is most likely dominated by both the electron reduction of the hydronium
ions (H30%), which supplies an active adsorbed hydrogen atom (H,4s), Equation (2), and
electrochemical hydrogen desorption, Equation (3), (Volmer-Heyrovsky mechanism).

The high Tafel slope value (124 mV dec™1), estimated for the GC-(FA-TiO,) catalyst be-
fore activation suggests the Volmer step, Equation (2), as the main reaction step controlling
the HER. The HER kinetics for the non-activated catalyst are constrained by the inefficient
number of the catalytically active sites where the adsorption of the water molecule occurs,
as inferred by its large Tafel slope (124 mV dec™!) [46]. On the other hand, the reduced
Tafel slope of the cathodically activated catalyst (63 mV dec™!) indicates that the number of
attainable active sites on the catalyst surface has increased upon cathodic activation [12-20].

The electrochemical active surface area (EASA), which is directly related to the kinetics
of the HER over electrocatalysts, is another significant metric for comparing the catalytic
performance of different electrocatalysts. EASA is also intimately associated with the
electric double-layer capacitance (Cq;) [47-49]. As a result, Cq is utilized to determine
the value of EASA. The Cq; values were calculated employing cyclic voltammetry (CV)
measurements performed within the non-faradic potential zone. CV measurements were
conducted as a function of the potential scan rate (ca. 20-120 mV s~ 1) for each tested elec-
trocatalyst. Figure 9a represents the comparative CV curves of the studied electrocatalysts
performed at a potential sweep rate of 100 mV s~ 1.

The values of Cy; (Table 3) were determined from the slopes of the current density
against potential scan rate plots (Figure 9b). From Table 3, C4 values of 3.9, 9.4, and
23.7 mF cm ™2 were recorded for GC-FA, GC-TiO,, and GC-(FA-TiO,), respectively. Sub-
jecting these electrocatalysts to 24 h of cathodic activation resulted in an apparent increase
in their Cy; values to 6.6, 17.8, and 39.7 mF cm 2 for GC-FA, GC-TiO,, and GC-(FA-TiO,),
respectively. These findings affirm the catalytic influence of the supporting material (TiO,)
and the cathodic polarization pre-treatments on the HER kinetics, as electrocatalysts with
larger Cq4; values possess affluence of attainable active surface sites [47-49]. This, in turn,
facilitates charge transfer, leading to improved HER catalytic performance.

Table 3. Double-layer capacitance (Cq;), electrochemical active surface area (EASA), net voltammetry
charge (Q), and the number of active sites (1) estimated for the investigated electrocatalysts from
CV measurements.

Tested Cathode Cqi/mF cm—2 EASA/cm? Qnet x 103/C @100 mV s—1 n x 108/mol
GC-FA (unactivated) 39 130 94 4.87
GC-FA (activated) 6.6 220 21.2 10.99
GC-TiO; (unactivated) 9.4 313 24.9 12.9
GC-TiO, (activated) 17.8 593 28.5 14.77
GC-(FA-TiO;y) (unactivated) 23.7 790 339 17.58
GC-(FA-TiO,) (activated) 39.7 1323 96.8 50.16
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Figure 9. (a) CV measurements recorded for the investigated electrocatalysts. Measurements were
conducted in 0.1 M KOH aqueous solution at a scan rate of 100 mV s~! at room temperature.
(b) Double-layer capacitance measurements for determining the catalyst’s electrochemically-active
surface area: (1) GC-FA (unactivated); (2) GC-FA (activated); (3) GC-TiO, (unactivated); (4) GC-TiO,
(activated); (5) GC-(FA-TiO;) (unactivated); (6) GC-(FA-TiO;,) (activated).

The apparent increase in the Cy; values after cathodic activation results from the
increased EASA values of the cathodically activated samples, as shown in Table 3. However,
there is a considerable improvement in cathodic current density among the investigated
cathodically activated samples, as presented in Figure 9. Thus, the high HER catalytic
activity of the cathodically activated samples is not just due to the change in active surface
area, but also due to the structural changes that occurred at the atomic level due to the
cathodic polarization pre-treatments.


http://mostwiedzy.pl

A\ MOST

Catalysts 2022, 12, 466

15 of 22

The value of EASA is obtained by dividing the Cy; value by Cs, Equation (5), Table 3 [50].
EASA =Cq/GCs ®)

where Cs is the specific capacitance of a flat electrode with a surface area value of 1.0 cm?,
typically between 20 and 40 pF cm ™2 [50]. An average Cs value of 30 pF cm ™2 was applied
in this study. The EASA values in Table 3 are obtained by substituting this Cs value in
Equation (5). It is observed that the value of EASA rises upon loading FA on TiO,. The
EASA value is found to be increased with cathodic activation for all tested samples.

To acquire a better understanding of the cathodically activated samples’ high intrinsic
HER catalytic activity, the number of active sites #n was estimated using Equation (6) [47]:

n= Qnet/ 2F (6)

where Qpet is the net voltammetry charge of the catalyst, as determined by CV measure-
ments. The charges generated by the bare GC electrode are subtracted from the charges
produced by the investigated catalyst to estimate Qnet (Qnet = QGc-catalyst — Qbare gc)- The
number 2 denotes the number of electrons consumed in the HER reaction, whereas F corre-
sponds to the Faraday constant (96,485 C/mol). Table 3 also depicts the values of Q and n
recorded for the studied electrocatalysts (unactivated and activated). The considerable rise
in the value of n produced by the cathodic polarization pre-treatments (cathodic activation)
performed on FA and FA-TiO, nanocomposite suggests increased catalytic activity. The ca-
thodically activated FA-TiO; electrocatalyst has the greatest 1 value (50.16 x 10~ per mol),
confirming its exceptional HER catalytic activity. As shown in Table S1, the high HER cat-
alytic performance of the cathodically activated FA-TiO; electrocatalyst outperformed those
of active electrocatalysts previously reported in the literature (Supporting Information).
The formula shown in Equation (7) is used to compute the per-site turnover frequencies
(TOFs, s™1).
TOF = |11 /2Fn (7)

where I refers to the cathodic (catalytic) current value (expressed in A cm~2) measured at a
particular overpotential. Equation (8) is obtained by combining Equations (6) and (7):

TOF= II1/Q (8)

Based on Equation (8), the current densities acquired from LSV measurements, Figure 7,
can be converted to TOF values, as shown in Figure 9. It follows from Figure 9 that, for
any studied electrocatalyst, as the voltage supplied to the electrocatalyst/KOH interface
is made more cathodic (where Hj gas is created excessively), the TOF value increases,
resulting in improved HER kinetics.

The value of TOF increases at any applied voltage in the case of FA-TiO,, especially
at high negative values. When the evaluated electrocatalysts are exposed to cathodic
activation, they exhibit a significant rise in TOF. These results provide further evidence that
HER is effectively catalyzed upon hybridization of FA and TiO,, followed by a cathodic
pre-polarization process applied to the FA-TiO,)/KOH interface.

The Faradaic efficiency (FE%) values of the studied electrocatalysts before and after
cathodic activation for the HER were also computed in order to better examine and compare
their HER electrocatalytic activity. The detailed calculations of such measurements are
discussed in Section 52.3 (Supporting Information). Table 4 summarizes the data gener-
ated, namely the estimated and measured amounts of Hy produced by the electrolysis
technique employed in this study. It is noticed in Table 4 that the FE% value of the FA-TiO,
nanocomposite rises and increases further after it is exposed to the cathodic polarization
pre-treatment. These findings highlight again the obvious catalytic role of both the incorpo-
rated nanomaterial, namely TiO, and the process of cathodic activation in enhancing the
kinetics of the HER on the FA-TiO, electrocatalyst.
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Table 4. Mean value (standard deviation) of Vi, (measured and calculated) obtained after 1 h of a
controlled galvanostatic electrolysis (CGE) *, together with the Faradaic Efficiency (FE) values, (%),

for the studied catalysts.

Tested Electrocatalysts Calculated I;ig;;eglzg:zfysci:arge Passed H, (héff:;l:ldhli);)G c FE(%)
Charge Passed/C H/umol h—1
GC-FA (unactivated) 2.4(0.03) 12.44 6.02(0.08) 48.4(0.6)
GC-FA (activated) 3.2(0.04) 16.58 11.24(0.15) 67.8(0.7)
GC-TiO, (unactivated) 3.4(0.05) 17.62 13.46(0.22) 76.4(0.9)
GC-TiO;, (activated) 4.7(0.06) 24.36 21.66(0.36) 88.9(1.1)
GC-(FA-TiO;) (unactivated) 4.9(0.07) 25.40 23.55(0.32) 92.7(1.3)
GC-(FA-TiO,) (activated) 6.1(0.08) 31.61 31.17(0.42) 98.6(1.5)
* 72 h of chronopotentiometry (cathodic potential vs. time) test performed at a cathodic current density of
—200 mA cm 2.

3.3. Long-Term Stability Test and Origin of Catalytic Activity

The long-term stability test of the as-prepared catalyst is essential to assess its durabil-
ity, one of the most substantial criteria for a viable electrocatalyst. Continuous potential
cycling (up to 10,000 cycles) and chronopotentiometry (potential vs. time at a fixed cathodic
current density) techniques were applied to the (FA-TiO;)/GC catalyst to evaluate its

durability, Figure 10.
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Figure 10. GC-(FA-TiO;) catalyst’s stability tests: effect of repetitive cycling (10,000 cycles)—inset:
72 h of chronopotentiometry (cathodic potential vs. time) test performed at a cathodic current density
of —200 mA cm~2. All measurements were conducted in deaerated 0.1 M KOH aqueous solutions at

25°C.
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After 10,000 CV cycles, the catalyst’s polarization curves exhibit major shifts towards
higher cathodic currents. This increase in current upon potential cycling confirms the
current augmentation that has occurred during the chronoamperometry measurements
(revisit Figure 7) and subsequent activation of the catalyst. This activation is boosted
upon increasing the applied cathodic potential since hydrogen is profusely evolving at
higher cathodic potentials. The same conclusion was drawn by electrolysis carried out at a
fixed cathodic current density of —200 mA cm~?2, see the inset of Figure 10. The cathodic
potential was markedly shifted towards the less negative values (active direction) during
the operation. These results show that the GC-(FA-TiO;,) catalyst has good long-term
stability and is also activated during the process.

Since the catalyst is activated during the long-term stability test, where hydrogen
releases abundantly, hydrogen is expected to be incorporated into the catalyst’s structure,
leading to catalyst disintegration [48]. This, in turn, increases the surface roughness of
the catalyst, allowing new HER catalytically active defect sites to be generated. The
incorporation of hydrogen in the catalyst’s crystal structure and subsequent increase in the
catalyst surface roughness is translated into a pronounced increase in the catalyst’s active
surface area, as evidenced from CV measurements, Figure 9.

3.4. The Surface Morphology and Composition of FA-TiO; after Cathodic Activation

Figure 11 displays the SEM images and the corresponding EDX spectrum of FA-TiO,
electrocatalyst after cathodic activation. As can be seen, no change was observed in terms
of chemical composition after the cathodic activation process. On the other hand, the size
of the activated FA-TiO, cenosphere decreased as compared to the inactivated FA-TiO,
nanomaterials (10 to 100 um before activation and 5 to 75 um after activation). Likewise, the
average particle size of the FA-TiO; catalyst decreased (from 10 to 15 nm before activation
and 7 to 11 nm after activation) after the cathodic activation, as indicated in Figure 12.
Indeed, the decrease in particle size involves, without a doubt, an increase in the specific
surface area of the activated catalyst, evidenced by CV measurements, which are in good
agreement with the electrochemical measurements. On the other side, we can observe that
a part of the microstructure of the activated FA-TiO, catalyst is distorted, and many cavities
were formed. This can be attributed most probably to the electrochemical attack triggered
by the H; molecules during the cathodic activation process. Moreover, the formation of
this genre of cavities can serve as additional catalytic active sites, and therefore, enhance
the Hy production process.
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Figure 11. SEM images at different magnifications (a—d) and EDX spectrum (e) of the FA-TiO, catalyst
after cathodic activation.
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Figure 12. TEM image and size distribution histogram of the activated FA-TiO, catalyst.

4. Conclusions

In this work, we have successfully immobilized TiO, nanoparticles on fly ash FA
waste by adopting the solvothermal method. The obtained FA-TiO, material was then fully
characterized using various chemical and physical instruments and techniques. The de-
signed FA-TiO, hybrid nanomaterial exhibited high thermal stability and enhanced activity
compared to bare TiO; nanoparticles. After that, we exploited this hybrid nanomaterial
to produce hydrogen via an electrochemical process as a green solution to treat this kind
of waste. The linear sweep voltammetry technique was applied to the (FA-TiO,)/OH™
interface to evaluate its catalytic activity for the HER in 0.1 M KOH solution in the dark.
Before cathodic activation, the FA-TiO; showed a substantial catalytic performance for the
HER. The unactivated FA-TiO, electrocatalyst recorded an onset potential (Eggr) value of
—144 mV vs. RHE, a Tafel slope (—b.) value of 124 mV dec™!, and an exchange current
density (jo) of ~0.07 mA cm~2. In addition, it required an overpotential value of 160 mV to
generate a current density of 10 mA cm 2.

Prolonged potential electrolysis of the unactivated (as-prepared) FA-TiO, electrocat-
alyst under severe cathodic polarization conditions (chronoamperometry measurements
conducted at a high cathodic potential for 24 h) yielded an activated FA-TiO, electrocatalyst
with significantly enhanced HER catalytic activity. The cathodically activated FA-TiO,
exhibited the following electrochemical parameters for the HER kinetics: Eyygr = —78 mV,
—b. =63 mV dec™?, and j, = 0.22 mA cm 2. It acquired a reduced overpotential value
of 105 mV to deliver a current density of 10 mA cm~2. SEM/EDX examinations of the
FA-TiO; electrocatalyst after the prolonged cathodic activation process revealed no change
in terms of chemical composition. Compared to the unactivated FA-TiO,, the size of the
activated FA-TiO; cenospheres was smaller (10 to 100 um before activation and 5 to 75 pm
after activation). Similarly, after cathodic activation, the average particle size of the FA-TiO,
catalyst decreased from 10-15 nm before activation to 7-11 nm after activation. These
events resulted in increased specific surface area, and hence, enhanced HER kinetics of the
activated catalyst, as evidenced from the CV measurements. Furthermore, as a result of
the electrochemical attack triggered by the H, molecules during the cathodic activation
process, a portion of the activated FA-TiO; catalyst’s microstructure has been deformed,
and several cavities were formed. As a result, such cavities can function as extra catalytic
active sites, enhancing the H; generation process.

The current investigation might open up new routes toward the development of
advanced materials from the FA waste generated from thermal power plants to be used as
potential electrocatalysts for hydrogen evolution and other electrochemical processes. As
a future point of research, for instance, our preliminary electrochemical characterizations


http://mostwiedzy.pl

A\ MOST

Catalysts 2022, 12, 466 20 of 22

revealed that FA-TiO, decorated with Cu NPs exhibited high catalytic activity, which
further enhanced upon decreasing the Cu NPs’ size, towards overall water splitting and
oxygen reduction reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/ catal12050466/s1. Section S1: Preparation of the GC-loaded Catalyst
Working Electrode (WE). Section S2: Electrochemical studies. Table S1: Comparison of HER ac-
tivity of our synthesized FA-TiO2 catalyst (before and after cathodic activation*) with Pt/C and
some other, highly effective titania and titania-based electrocatalysts reported in the literature.
References [10,11,51-62] are cited in the Supplementary Materials.
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