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16 ABSTRACT: In this paper, we demonstrated, for the first
17 time, aluminum titania nanoparticle (Al-TiO, NP) composites
18 with variable amounts of TiO, NPs as nonprecious active
19 catalysts for the electrochemical generation of H,. These
20 materials were synthesized by mixing desired amounts of
21 hydrogen titanate nanotubes (TNTs), fabricated here by a
22 cost-effective approach at moderate hydrothermal conditions,
23 with aluminum powder (purity 99.7%; size 35 um). The
24  mixture was compacted under an applied uniaxial stress of 300
25 MPa followed by sintering at 500 °C for 1 h. After sintering
26  had been completed, all TNTs were found to convert to TiO,

electrochemical
investigation of HER

Pyc

Al-3%TiO, NPs

&

03 1 00
E, V (RHE)

7’}

- AI3%TiO, nanocompositesq
prepared by powder metallurgy

27 NPs (average particle size 15 nm). Finally, Al-«TiO, NP nanocomposites (x = 1, 3, S, and 10) were obtained and characterized
28 by scanning electron microscopy/energy-dispersive X-ray, X-ray diffraction, and X-ray photoelectron spectroscopy. The
20 hydrogen evolution reaction (HER) activity of these materials was studied in 0.5 M H,SO, at 298 K using polarization and
30  impedance measurements. The nanocomposite of chemical composition Al-5% TiO, NPs showed the best catalytic performance
31 for the HER, with an onset potential (Eygyg), a Tafel slope (f.), and an exchange current density (j,) of —100 mV (RHE), 59.8
32 mV decade™, and 0.14 mA cm™? respectively. This HER activity is not far from that of the commercial platinum/carbon catalyst
33 (Eger = 0.0 mV, B, = 31 mV dec™, and j, = 0.78 mA cm™2). The best catalyst also exhibited good stability after 10000 repetitive

34  cycles with negligible loss in current.

35 KEYWORDS: nanocomposites, aluminum, titania nanoparticles, electrocatalysis, hydrogen evolution reaction

1. INTRODUCTION

36 Rapid depletion in the fossil fuel reserves has paved the way
37 toward increasing energy demand for new and environmentally
38 friendly energy sources.” Since the beginning of the 1970s,
39 molecular H, has been considered as a source of efficient, clean,
40 and renewable energy capable of addressing global and
41 environmental challenges.2 Because H, does not exist in free
4 form but is present in compounds like hydrocarbons and water,
43 technologies toward the production of sustainable H, is thus
44 crucial.® Another important aspect related with H, production
45 is its storage and delivery to the users because it is highly
46 explosive and flammable. Hence, H, production, storage, and

v ACS Publications  © Xxxx American Chemical Society

transfer to its user is an important aspect of the hydrogen 47
economy.* 48

Among different manners of H, production, like direct 49
decomposition or partial oxidation of hydrocarbons,” water so
splitting reaction,6 steam reforming of hydrocarbons,7 etc., s1
hydrolysis of metallic aluminum (Al) in an aqueous medium is s2
noteworthy.” Most of the other methods are associated with s3
their own disadvantages like high cost and less efficiency. s4
Recently, H, generation via hydrolysis reaction of metal and ss
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metal alloy has attracted wide importance because of the ease of
H, storage, delivery, and low cost. Metallic Al having low cost,
high abundance, and high activity readily reacts with water to
produce around 3.7 wt % H,, thus making it a highly favorable
material for H, generation.

The production of H, via electrochemical water splitting
reaction is another green and renewable technique. A platinum
(Pt)-based electrocatalyst, because of its low reduction over
potentials and fast proton reduction in acidic media, has been
considered as the most effective catalyst toward the electro-
chemical generation of H,. However, the high cost and scarcity
of Pt makes the search for an alternative an important objective.
A large number of Pt group metals such as Pt, ruthenium (Ru),
thodium (Rh), iridium (Ir), and palladium (Pd) are also
considered as good alternative catalysts for the hydrogen
evolution reaction (HER).” Other non-noble metals such as
iron (Fe), cobalt (Co), nickel (Ni), and molybdenum (Mo)
and their derivatives along with metal-free carbon-based
materials are currently being investigated toward the HER
catalytic reactions.'’~"* Other materials widely used toward the
HER include supported metallic nanoparticles (NPs), like silver
(Ag)13 and gold (Au), bimetallic alloy NPs such as Au—Pd,"
Ni—Mo," 16 Co— —Ni,"” etc core—shell NPs such as Ni@Pd/PEI-
rGO,"® NiAu@Au,"” etc., transition-metal chalcogenides
(MoS,,*° WS,,*" etc.), transition-metal carbides (WC NPs,*”
Mo,C/graphene hybrid,* etc.), transition-metal nitrides (Mo
nanosheets”), transition-metal borides (a-MoB micropar-
ticle®), and transition-metal phosphides (CoP/ Ti*).

TiO,-based nanostructures have been developed for potential
catalytic applications like in water splitting,”” photocatalysis,”®
biomedical applications,” etc. Tubular TiO, structures are
effectively used as electrodes without loss of conductivity at the
titanium (Ti) and TiO, interface.’® A large number of studies
have focused on the doping of noble and non-noble metals like
manganese (Mn), Ru, Pt, etc., to modify the high band gap of
TiO, (3.0-3.2 €V) and simultaneously increase its electro-
chemical properties.®"**

The objective here, with a view of preparing a nonprecious
stable and active catalyst, is to modify Al powders with different
ratios of TiO, NPs. Such a modification is expected to reduce
the electron—hole pair recombination of TiO,, thus providing
more reactive sites for electrocatalysis.”® TiO, NPs were
prepared in situ from hydrogen titanate nanotubes (TNTs) at
500 °C. In situ formation of TiO, NPs enabled us to obtain
good dispersion of TiO, NPs as a filler. Moreover, Al, because
of its advantages of natural abundance and high activity, is
thought to help in generating more positive holes in the
valence-band of TiO, which can increase the electrocatalytic
activity of our synthesized Al-TiO, nanocomposites.’"**

Such nanocomposites were prepared here by mixing Al
powder with increasing amounts of TNTs. The percent weight
of TNTs was selected to give the percent weight of TiO,, 1, 3,
S, and 10% based on 39% total weight loss of TNTs, as
determined with thermogravimetric analysis/differential scan-
ning calorimetry (TGA/DSC; Supporting Information, Figure
S1). The mixed AI-TNT powders were hydrostatically
compressed, followed by sintering at high temperature (500
°C), to form four disks with different chemical compositions,
namely, Al-1% TiO,, Al-3% TiO,, Al-5% TiO,, and Al-10%
TiO,. Literature revealed no reports on the use of a TiO,
nanotube-doped Al powder to catalyze the HER. This makes it
an entirely new study in which such low-cost and earth-

abundant materials can be utilized toward the effective
electrochemical generation of H,.

2. EXPERIMENTAL SECTION

2.1. Materials. TNTs were prepared by adding 2.0 g of TiO, to 75
mL of a 10 M NaOH solution under vigorous magnetic stirring for
about 1 h to form a white suspension. This suspension was then
transferred into 100 mL Teflon-lined stainless steel autoclaves and
allowed to react at 130 °C for 24 h to form sodium titanate nanotubes
(STNTs). The produced STNT powder, after being cooled to room
temperature, was washed several times with dilute HNO, (pH = 3)
and then distilled water until neutralization. Finally, the washed
powder was dried in air at 60 °C overnight to achieve the hydrogen
TNTs. TNTs were calcined at 300 and 500 °C for 1 h.

The catalysts employed in this work were AI-TiO, NP nano-
composites of variable amounts of TiO, NPs that are supposed to be
uniformly distributed within the Al matrix, to be tested as efficient
electrocatalysts for the HER. These were prepared by powder
metallurgy using Al powder (purity 99.7%; size 35 um) and the
above-synthesized TNTs. A mixture of Al powder and TNTs of a
given composition was first mixed mechanically to get the required
homogeneity. The nanocomposites were prepared in the form of a
cylinder (2 cm length and 1 cm diameter) via compaction under an
applied uniaxial stress of 300 MPa using 2 g of the mixed powder for
each sample. After that, all cylinders were sintered at 500 °C for 1 h
with a heating rate of 20 °C min™". At 500 °C, all TNTs were
converted to TiO, NPs of an average particle size of 15 nm. Finally,
nanocomposite materials of chemical compositions Al-x% TiO, NPs
(x=1, 3,5, and 10) were obtained and were ready for electrochemical
characterization.

2.2. Characterization. X-ray diffraction (XRD) analysis was
carried out using an automated diffractometer (Philips PW1840), at
a step size of 0.02°, a scanning rate of 2° in 26/min, and a 26 range
from 4° to 80°. After being coated with Au, the prepared catalysts’
morphology was studied by means of a scanning electron microscope
(JEOL model JSM-5600, Japan) equipped with a secondary electron
detector (Hitachi model S-3400N, Japan) with an energy-dispersive X-
ray (EDX) analyzer from ThermoFisher Scientific (U.K.), operating at
a 20 kV accelerating voltage. The particle shape and size of the TNTs
before and after sintering were studied by a transmission electron
microscope (JEOL model JTEM-1230, Japan) operated at an
accelerating voltage of 120 kV.

Chemical binding properties of the analyzed surface were
investigated using X-ray photoelectron spectroscopy (XPS), with a
Escalab 250Xi spectrometer (Thermofisher Scientific, U.K.), utilizing a
monochromatic Al Ka source and charge neutralization by means of a
flood gun. High-resolution spectra were recorded at a pass energy of
10 eV and an energy step size of 0.1 eV. Spectra were normalized,
shifting the X axis versus peak of neutral C 1s (284.6 eV). Depth-
profile analysis was provided by means of an ion gun, etching with Ar*
ions (2000 V). Analysis software was provided by the manufacturer.

2.3. Electrochemical Measurements. Electrochemical studies
were carried out in a standard three-electrode cell, with a saturated
calomel electrode (SCE) as the reference electrode and a long spiral Pt
wire as the counter electrode, connected to an Autolab PGSTAT30/
FRA system (Ecochemie, The Netherlands). Measurements were
conducted in a 200 mL deaerated aqueous solution of 0.5 M H,SO,;
the solution was sparged for ~30 min with Ar. The solution
temperature was maintained at 25 + 0.2 °C using a temperature-
controlled water bath. Potentials were measured versus SCE and
presented here against a reversible hydrogen electrode (RHE). More
details concerning the conversion of SCE to RHE are presented in the
Supporting Information, section II. The working electrode was then
immediately immersed in the test solution.

The electrochemical techniques used to evaluate the electro-
chemical performances of catalysts toward the HER were linear
potential sweep voltammetry (LSV) and electrochemical impedance
spectroscopy (EIS). LSV measurements were carried out by sweeping
the potential of the working electrode negatively at a scan rate of 5.0

DOI: 10.1021/acsami.6b05630
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX

18
119

—

—
@
N

—
W
O

140
41
142
43
44
145
46
47
148
49

—

—_

—_

—_

[Er——
wn
L =

—
o
@


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b05630/suppl_file/am6b05630_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b05630/suppl_file/am6b05630_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b05630

f1

185
186
187
188
189
190
19
192
193
194
195
196
197
198
199
200
20
202
203
204
205
206
207
208
209
210
21

—

=t

—_

212
213
214
218
216
217
218

ACS Applied Materials & Interfaces

Research Article

mV s™! starting from the corrosion potential (E.) up to a cathodic
potential of —1.76 V vs RHE. Impedance measurements were carried
out as a function of the applied cathodic overpotentials, namely, —0.06,
—0.26, and —0.46 V vs RHE, using alternating-current signals of a
peak-to-peak amplitude of S mV in the frequency range of 100 kHz to
10 mHz. HER Faradaic efliciencies for the studied catalysts were
determined here by quantifying the amount of H, generated during
controlled potential electrolysis by a gas chromatograph and dividing
that by the amount of H, expected based on the charge passed
(assuming 100% Faradaic efficiency) through the working electrode
(WE) during that electrolysis. Measurements were conducted in a
custom-made airtight electrolysis cell containing a 0.5 M H,SO,
solution by holding the electrode at —0.7 V vs RHE for 1 h. Gas
chromatography was conducted on an Agilent 7890A gas chromato-
graph with a pneumatically operated automatic gas sampling valve to
monitor the evolved H, gas. The electrolysis cell was connected to the
gas chromatography system via bespoke airtight glass-to-metal
adapters and copper tubing with an internal diameter of '/ in. The
oven temperature was set to 45 °C, and the carrier gas was Ar with a
flow rate of approximately 3 mL min~".

The durability and stability of the best catalyst was evaluated, as
described elsewhere,"* by 24 h of chronoamperometry measurements
at a fixed cathodic overpotential and continuous potential cycling up to
10000 cycles. Each run was repeated at least three times to ensure the
reproducibility of the results. The reported data are found to be
statistically significant; their arithmetic mean and standard deviation
were calculated and reported.

3. RESULTS AND DISCUSSION

3.1. Structure Properties of the Prepared TNTs. XRD
patterns of TNTs annealed at different temperatures are shown
in Figure 1. The sample annealed at 100 °C shows a typical
diffraction of layered titanates. The interlayer space gives a
strong broad peak at around 26 = 10°. According to ref 34, the
composition of the TNT sample is very close to that of
H,Ti;O, (hydrogen titanate with a layered structure).

* Anatase
+ TNT

50 60 70

40
20, degree

Figure 1. XRD patterns recorded for hydrogen TNTs thermally
treated at 100, 300, and 500 °C for 1 h.

However, for the sample treated at 300 °C, the XRD peak at
20 = 10° disappears, indicating the collapse of the layer
structure, and all of the other peaks of hydrogen titanates are
still observed. At 500 °C, all nanotubes are converted to anatase
(TiO,). Figure 2 shows transmission electron microscopy
(TEM) micrographs of the TNTs calcined at 300 and S00 °C.
Figure 2a indicates that the tubular structure of TNTs is still
maintained up to 300 °C. However, at 500 °C, all TNTs
tubular structures are converted to TiO, NPs (9—16 nm).

3.2. Structure Properties of the Prepared Nano-
composites. Figure 3 shows the XRD patterns of the
prepared Al-x% TiO, NP (x = 1, 3, S, and 10) nanocomposites.
The observed peaks are assigned to the a-Al and TiO, phases.
The main XRD peak of TiO, is located at 25.379° diffracted
from the (101) plane. The intensity of this diffraction peak is
enhanced, as expected, with an increase in x. The lattice
parameter, crystallite size, and microstrain of @-Al calculated
from the (111), (200), (220), (311), and (222) XRD lines are
presented in the Supporting Information, Table SI. It is seen
that the lattice parameter of the @-Al phase increases with x,
referring to expansion of the Al (atomic radius equal to 143 A)
unit cell. This expansion in the Al unit cell is most probably
attributed to the incorporation of Ti atoms with a larger atomic
radius (170 A) as a result of dissolution of Ti in the a-Al phase.
Moreover, for the composite of chemical composition Al-10%
TiO, (where the XRD peaks due to TiO, are considerable
enough to deal with), the average crystallite size and lattice
strain of TiO, calculated from (101), (200), (10S), (211), and
(204) XRD lines are 35 nm and 0.304, respectively. This means
that the average crystallite size of the TiO, particles included in
our synthesized nanocomposite materials is in the nanometer
scale, even after sintering.

Scanning electron microscopy (SEM) micrographs and EDX
spectroscopy (Supporting Information, Figure S2) of as-
prepared Al-x% TiO, NP composites were performed as a
function of the content of the TiO, NPs included in the matrix,
x=1,3,5, and 10. The EDX spectra of these materials prove
the existence of Ti and O; their ratios increase with an increase

in the content of TiO, NPs. It is shown that the morphology of 257

these nanocomposites gets more porous with an increase in the
content of TiO, NPs. All synthesized Al-TiO, NP composites
exhibit almost homogeneous composition except the composite
with the highest content of TiO, NPs (Al-10% TiO, NPs;
Supporting Information, Figure S2, image d). EDX chemical
analysis for Al, Ti, and O was presented in detail in Figure 4.
TiO, NPs are well distributed through the Al matrix for Al-1%
TiO,, Al-3% TiO,, and Al-5% TiO,; however, in the last case,
the chemical composition on the surface is less homogeneous
because TiO, NPs start to accumulate as larger structures. The
size of the agglomerations does not exceed 20 pm. On the
contrary, the NPs of TiO, are not well distributed through the
matrix of the Al-10% TiO, NP composite but accumulated in
isolated regions, leading to the observed nonhomogeneous
composition. The inhomogeneous distribution of TiO, NPs
through the matrix of the Al-10% TiO, NPs composite is quite
evident from the EDX element mapping study, shown in Figure
S.

High-resolution XPS spectra were recorded in the Al 2p, O
Is, and Ti 2p energy ranges. The goal of the analysis was to
confirm the homogeneous incorporation of TiO, NPs into Al

258
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276
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The results are presented in Figure 6. The incorporation of 279 fs
TiO, NPs on the Al surface was confirmed on the basis of 280

registered spectra. The region attributed to titania was
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Figure 2. TEM micrographs of prepared TNTs after calcination at (a) 300 and (b) S00 °C.
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Figure 3. XRD patterns of Al-x% TiO, NP nanoconposites, where x =
1, 5, and 10.

5%TiO,

Figure 4. SEM micrographs and corresponding EDX chemical maps
acquired for Al with 1%, 3%, and 5% TiO, NPs incorporated: Al (red);
Ti (light blue); O (green). Magnification 1000X.

282 characterized with a single peak doublet: Ti 2p,,, and Ti 2p;,.
283 The position of Ti 2p;, is 459.3 eV and corresponds to TiO,
284 according to numerous reports.”>* Three peak doublets can be
285 distinguished for Al 2p spectra and were used for deconvolution
286 purposes. One is characteristic for metallic Al (Al,,), with the Al
287 2p3,, peak located at 73.4 eV and the remaining two (Al,,; and

Al,,) corresponding to oxidized metal. Al ,; is in energy range 28
typical for aluminum oxide (Al,O3; 76.1 eV), while Al_,, most 289
likely represents Al(OH); and/or AIOOH (74.6 eV). These 290
results are in good agreement with other studies.”” " The 291
higher incorporation of Ti also resulted in a slight shift of the 292
Al,, peak into more negative binding energy values. This shift 293
does not exceed 0.3 eV for the 5% TiO, NP sample and is in 294
good agreement with the results obtained for Ti—Al alloys. In 295
their study, Diplas et al. observed that the addition of Ti as an 296
alloying component of Al results in a similar behavior."” The 297
total shares of each deconvoluted peak in the high-resolution 298
XPS spectra are summarized in Table S2 (Supporting 299
Information). 300
These results confirm that the amount of incorporated TiO, 301
NPs is proportional to the share of Ti in the investigated 302
spectra. The pure Al sample had the lowest share of O, and the 303
highest share of the Al,, subpeak; therefore, a conclusion was 304
drawn that the incorporation of TiO, NPs slightly increases the 30s
thickness of the passive layer. A depth-profile analysis was then 306
performed to determine the homogeneity of this layer. Figure 7 307 7
shows, as a representative example, the depth-profile analysis 308
obtained for the Al-5% TiO, NP sample. Similar results were 309
obtained for 1 and 3% TiO, NPs (Supporting Information, 310
Figure S3). Ion-beam etching revealed a slow diminishing of 311
the Al ., and O, subpeaks with the depth of the oxide layer, 312
proving a higher level of hydration of the outer film. In a similar 313
way, C contamination originating from the exposure of samples 314
to air conditions is also only prominent in the outer film and 315
diminishes with the depth. This contamination affects O, the 316
most. On the other hand, the signal from TiO, remains 317
constant with in-depth analysis, proving its good homogeneity. 318
After 7000 s of etching, the layer was removed, fully revealing 319
the Al and TiO, substructures. 320
3.3. Electrochemical Generation of H, Gas. 3
3.3.1. Cathodic Behavior of Al-TiO, Nanocomposites in 32
Sulfuric Acid Solutions. A literature survey revealed no reports 323
concerning the electrochemical activity of AIl-TiO, nano- 324
composites toward the HER. This was the reason why the 325
HER activity of our synthesized Al-TiO, NP composites was 326
evaluated here. The electrochemical performances of both bare 327
sintered Al and Pt/C electrocatalysts were also investigated for 328
comparison. To assess the impact (catalytic influence) of TiO, 329
NPs themselves on the kinetics of the HER, the HER 330
polarization curves of TiO, NPs alone were also constructed. 331
In this respect, the NPs of TiO, were loaded on glassy carbon 332
electrodes (GCEs) with different densities (0.0016, 0.0046, 333
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10 pm

10 pm

Figure 5. SEM/EDX of Al-10% TiO, NPs revealing a heterogeneous TiO, distribution and its local accumulation. EDX chemical maps: Al (red); Ti
(light blue); O (green). Magnification 200X (top left) and 2000x (other images).
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Figure 7. Depth-profile analysis for the Al-3% TiO, NP sample on the
basis of high-resolution XPS spectra. Ion energy = 2000 V.

0.0075, and 0.018 g cm™2), and their HER catalytic perform-
ances were then measured in a comparison with the bare GCE.
Figure 8a collects the recorded HER polarization curves.
Measurements were carried out in 0.5 M H,SO, solutions at a
scan rate of 5.0 mV s™' at 25 °C.

It is seen that the Pt/C electrode (curve 11) shows the
lowest onset for the HER (Eygz ~ 0.0 mV) and highest
cathodic currents, indicating its superior HER electrocatalytic
activity."' By contrast, bare sintered Al (curve 1) exhibited little
HER activity with a larger Eypyp of about —520 mV and much
lower catalytic currents. The bare GCE (curve 2) exhibits a
minimal background activity for the HER. The cathodic
polarization curves of GCE-loaded TiO, NP electrodes (curves
3—6) showed, compared with that of bare GCE (curve 2),
increased HER catalytic activity. These results reflect the
catalytic activity of the loaded TiO, NPs toward the HER. Such
HER activity of TiO, NPs is found to be enhanced with a
loading density of up to 0.0075 g cm™>, curve 7. A further
increase in the loading density of TiO, NPs from 0.0075 g cm™>
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Figure 8. Electrocatalytic hydrogen evolution of different catalysts: (a)
polarization curves for the HER on (1) bare sintered Al; (2) bare
GCE; (3) GCE-loaded TiO, NPs (loading density 0.0016 g cm™);
(4) GCE-loaded TiO, NPs (loading density 0.0046 g cm™); (S)
GCE-loaded TiO, NPs (loading density 0.0075 g cm™); (6) GCE-
loaded TiO, NPs (loading density 0.018 g cm™); (7) Al-1% TiO,
NPs; (8) Al-3% TiO, NPs; (9) Al-5% TiO, NPs; (10) Al-10% TiO,
NPs; (11) a commercial Pt/C catalyst. Measurements were carried out
in 0.5 M H,SO, solutions at a scan rate of $ mV s~ at 25 °C. (b) Tafel
plots for the tested catalysts derived from part a.

353 (curve 5) to 0.018 g cm ™ (curve 6) has resulted in an obvious
354 decrease in the catalytic activity. These findings can be
355 explained on the basis that an increased loading density of
356 the NPs of TiO, increases their population. This, in turn, might
357 increase TiO, NP aﬁgregation, which acts against the
358 electrocatalytic activity.

359 The overpotentials of the AI-TiO, composite catalysts
360 (curves 7—10) are smaller, with higher cathodic currents,
361 than those recorded for TiO, NPs alone (curves 3—6) and bare
362 sintered Al (curve 1). These findings reveal that the HER
363 proceeds faster when sintered Al and TiO, NPs are brought
364 together as composite materials than if they are working
36s individually. On the basis of these results, it can be proposed
366 here that the Al-TiO, NP composite catalysts show high HER
367 electrocatalytic properties via cooperative interactions (syner-
368 gistic effects) between Al and TiO, NPs.

369 A comparison among curves 7—10 reveals that the HER
370 activity of the synthesized catalysts increased with an increase in

the amounts of TiO, NPs in the composite. This is quite clear 371
from the shift of Eygp toward more active potential values with 372
increasing TiO, NP content. This active shift of Eygy gives rise 373
to higher exchange current densities and larger cathodic 374
currents at low overpotentials (see later), indicating increased 375
kinetics for the HER. In other words, the higher the amount of 376
TiO, NPs added to the Al matrix, the higher the number of 377
TiO, NPs included in a given area of the matrix. Thus, 378
population of the active catalytic sites (the electrocatalytic 379
activity of TiO, NPs toward the HER is confirmed from the 3s0
polarization measurements of the GCE-loaded TiO, NP 381
cathodes; Figure 8a, curves 3—6) available for the HER 332
increased, favoring H, generation at lower overpotentials.'* 383
This increase in the HER activity has occurred systematically 384
when the amount of added TiO, NPs increased from 1.0 wt % 385
(curve 7) up to 5.0 wt % (curve 9). 386

However, a further increase in the amount of added TiO, 387
NPs, ie, beyond 5.0 wt % (curve 10), exerted a marked 3ss
negative influence on the catalytic activity of the tested 389
materials. This negative impact of TiO, NPs on the HER 390
activity of catalyst Al-10% TiO, NPs can be attributed to the 391
inhomogeneous distribution of TiO, NPs in the matrix, as 392
evidenced from EDX element mapping (Figure S). This 393
inhomogeneous distribution of TiO, NPs may originate from 394
the higher content of TiO, NPs (10%) included in the matrix 39s
of that catalyst, which permits aggregations most likely due to 396
coalescence and agglomeration processes.”'* On the basis of 397
these results, the HER catalytic performances of the tested 398
nanocomposite catalysts are ranked as Al < Al-1% TiO, NPs < 399
AL10% TiO, NPs < Al-3% TiO, NPs < Al-5% TiO, NPs. 400

3.3.1.1. Analysis of the Polarization Curves (Tafel Plots) 401
and Origin of the Catalytic Activity. Figure 8b depicts the 402
Tafel plots for all tested materials derived from the 403
corresponding LSV data shown in Figure 8a. To extract the 404
important kinetic parameters characterizing the kinetics of the 405
HER (Table 1), the linear portions of these plots were fitted to 406 t1
the Tafel equation for a cathodic reaction, expressed as"’ 407

n = (23RT/naF)logj, — (2.3RT/naF) log j (1)

where 7 is the cathodic overpotential and j; is the exchange 409
current density (the current density here is referred to as the 410
working electrode’s geometric area), n is the number of 411
electrons involved in the electrode reaction, and a is the 412
charge-transfer coefficient. Obviously, the parameters vary 413
according to the type and chemical composition of the tested 414
materials. The values of j, calculated via Tafel extrapolation 415
until zero overpotential 7, (Supporting Information, Figure 416
S4), recorded for the studied GCE-loaded TiO, NPs are much 417
higher than that recorded for the bare GCE, demonstrating the 418
catalytic influence of TiO, NPs on the HER. For instance, the 419
GCE-loaded TiO, NPs with a loading density of 0.0075 g cm™ 420
recorded the highest j, value (3.16 X 107* mA cm™2) among 421
the other tested GCE-loaded TiO, NPs (2.5 X 107% 1.58 X 422
107°, and 1.38 X 1077 mA cm ™ for loading densities of 0.0016, 423
0.0046, and 0.018 g cm™?, respectively), which is 4.3 X 10° 424
times greater than that measured for the bare GCE (7.4 X 107'% 425
mA cm?). Further inspection of Table 1 reveals that the 426
parameters of the HER are significantly affected by treating Al 427
with TiO, NPs to different extents depending on the amount of 428
TiO, NPs included in the Al matrix. For instance, a Al-5% TiO, 429
NP composite catalyst (the best catalyst here) exhibited the 430
highest j, value (0.14 mA cm™) among the other studied 431
composite catalysts (1.8 X 1073, 5.6 X 1077, and 8.0 X 107> mA 432
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Table 1. Mean Value (Standard Deviation) of the Electrochemical Kinetic Parameters for the HER on the Surfaces of Our
Synthesized Al-x% TiO, (x = 1, 3, 5, and 10) Nanocomposites in a 0.5 M H,SO, Solution at 25 °C, in a Comparison with Those
Recorded for Bare Al (as Sintered), TiO, NPs Alone (with Different Loading Densities on a GCE®), and Pt/C

onset potential (Eygp, mV  Tafel slople (mV  exchange current density (j, overpotential at j = 10 mA cm™

2

tested cathode vs RHE) dec™) mA cm™2) (119, mV)
bare Al —520(9) 124(2.4) 4.4(0.05) x 107* 535(6)
bare GCE —636(11.6) 75(1.2) 7.4(0.07) x 107'° 742(9.2)
GCE-loaded TiO, NPs (loading density —550(12) 52(1.4) 2.5(0.06) x 107® 502(5.6)
0.0016 g cm™2)
GCE-loaded TiO, NPs (loading density —481(8) 69(1.5) 1.58(0.03) x 107° 397(4.2)
0.0046 g cm™2)
GCE-loaded TiO, NPs (loading density —374(5) 85(1.4) 3.16(0.05) x 107* 373(4.8)
0.0075 g cm™2)
GCE-loaded TiO, NPs (loading density —434(6) 59(1.2) 1.38(0.03) x 1077 463(5.4)
0.018 g cm™)
Al-1% TiO, NPs —259(4) 78(1.06) 1.8(0.04) x 1073 292(3)
Al-3% TiO, NPs —150(3) 62(1.06) 5.6(0.04) x 107> 145(4)
Al-5% TiO, NPs (the best catalyst) —110(3) 59.8(1.03) 0.14(0.005) 112(3)
Al-10% TiO, NPs —224(5) 72(1.1) 8(0.12) x 1073 220(5)
Pt/C ~0.0(0.05) 31(0.2) 0.78(0.012) ~2(0.035)

“Glassy carbon electrode.

433 cm™? for Al-1% TiO, NP, Al-3% TiO, NP, and Al-10% TiO,
43¢ NP composite catalysts, respectively), which is ~3.2 X 107
435 times greater than that recorded for the bare sintered Al
436 electrode (4.4 X 107" mA cm™) and 4.4 X 10* times greater
437 than the best GCE-loaded TiO, NPs (3.16 X 10™* mA cm™2),
438 the one with a loading density of 0.0075 g cm™. These results
439 demonstrate that the Al-TiO, NP composite catalysts possess
440 much higher catalytic activity toward the HER than the bare
441 sintered Al and TiO, NPs alone. However, the Pt/C
442 electrocatalyst recorded a j, value of 0.78 mA cm™, which is
443 ~6.0 times greater than that measured for the Al-5% TiO, NP
444 composite catalyst. That means that the HER electrocatalytic
445 activity of our best catalyst (Al-5% TiO, NPs) is still relatively
446 low compared with that of Pt/C and needs further improve-
447 ment. However, its current HER activity was found to be
448 comparable with those of some other newly reported highly
449 eficient nonprecious electrocatalysts (Supporting Information,
450 Table S4).

451 The overpotential at a given current density is another
452 important parameter characterizing the apparent electrode
453 activity.***® The values of the overpotential at a current
454 density of 10 mA cm™ (7o) recorded for the tested catalysts
4ss (Table 1) decrease markedly, thus favoring H, generation with
456 high cathodic currents at lower overpotentials, in comparison
457 with that of the bare Al electrode (535 mV). Here again, an Al-
458 5% TiO, NP composite catalyst recorded the lowest 77, (112
459 mV) among the studied composite catalysts (292, 145, and 220
460 mV for Al-1% TiO, NP, Al-3% TiO, NP, and Al-10% TiO, NP
461 catalysts, respectively). The same trend was observed
462 considering the values of Epgp; the lowest value of Epgpp
463 (=110 mV) is measured for an Al-5% TiO, NP catalyst.
464 These findings add other evidence that the treatment of Al with
465 TiO, NPs significantly enhances its HER activity, with the Al-
466 5% TiO, NP catalyst being the most effective one.

467 The HER inherent activity of our synthesized nano-
468 composites was also evaluated by their measured f. values
469 (Table 1), which showed a marked decrease from 124 mV
470 dec™ for bare Al to about 60 mV dec™' for the two best
471 catalysts, namely, Al-3% TiO, and Al-5% TiO, NPs. This
472 decrease in the f. values indicates accelerated kinetics of the
473 HER upon treatment of Al with TiO, NPs because lower Tafel

st

slopes suggest an increased number of accessible catalytic active 474
. 47,48 1. . . .

sites. In acidic media, the HER proceeds via three possible 475

reaction steps.”’~* These include the following: (i) a primary 476
discharge step (Volmer reaction, eq 2), followed by either (ii) 477
an electrochemical desorption step (Heyrosky reaction, eq 3) 478
or (iii) a recombination step (Tafel reaction, eq 4). 479

H,0" + ™ = Hyy, + H,0, with

= 2.3RT/aF ~ 120 mV (2) 450

H,y + HO" + e

= H, + H,0, with 8

= 23RT/(1 + )" ~ 40 mV (3) 481
H,, + Hyy, = H,, withf = 23RT/2F ~30mV  (4) o,

where R is the ideal gas constant, T is the temperature, ¢ is the 483
symmetry coefficient, and F is the Faraday constant. Indeed, it 484
is difficult here to establish the HER mechanism over our 4ss
catalysts because their measured f. values (78, 62, 59.8, and 72 4s6
mV dec™ for Al-1% TiO, NPs, Al-3% TiO, NPs, Al-5% TiO, 487
NPs, and Al-10% TiO, NP catalysts, respectively) are not close 4ss
to the three standard values for the HER reaction steps shown 489
in eqs 2—4. However, the Tafel slope of ~60 mV dec™ 490
recorded for the two best catalysts may suggest that the HER 491
proceeds on their surfaces via both Volmer and Volmer— 492
Heyrovsky mechanisms (eqs 2 and 3, respectively). On the 493
other hand, the large Tafel slope measured for bare Al (124 mV 494
dec™) may refer to the Volmer reaction (eq 2) as the 495
mechanism responsible for the HER over a bare Al surface. 496

The HER activity per site of a catalyst is evaluated by what is 497
called the turnover frequency (TOF), the number of H, 498
molecules produced per second per active site.””>" TOF values 499
were calculated here at 250 mV overpotential using the Sppr s00
values measured for the tested catalysts (the procedure is so1
reported in the Supporting Information, and the obtained TOF s02
values are collected in Table S3). It is shown that the TOF of s03
Al significantly enhanced upon mixing with TiO, NPs. Even so4
low concentrations of TiO, NPs had a remarkable increase in so0s
the TOF. For instance, the TOF value of the Al-1% TiO, NP s06
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catalyst (5.4 X 107> H,/s per active site) is about 14 times
greater than that measured for bare Al (3.95 X 107 H,/s per
active site). These results confirm that the combination of Al
and TiO, NPs greatly enhances the HER kinetics over the Al-
TiO, NP composite catalysts. Here again, Al-5% TiO, NPs
catalyst recorded the highest TOF value (1.6 H,/s per active
site), which is more than 400 times higher than that of bare Al
(3.95 X 107 H,/s per active site), among the other tested Al-
TiO, NP composite catalysts (5.4 X 107, 1.37, and 0.32 H,/s
per active site for Al-1% TiO,, Al-3% TiO,, and Al-10% TiO,
NPs, respectively).

The Faradaic efficiency (¢) of the HER was also determined
for the studied catalysts to further evaluate their electrocatalytic
activity. The value of & was determined by measuring the
amount of H, produced per hour using gas chromatography
during electrolysis (a potentiostatic experiment where the
tested catalyst was held at —0.7 V vs RHE for 1 hin a 0.5 M
H,SO, solution) and dividing that by the amount of H,
expected (calculated) based on the charge passed (assuming
100% Faradaic efficiency) during that electrolysis. Figure 9 is a

14 4
{ AI-5% TiO, NPs catalyst

124
—e— calculated H,
—A—measured H,

H, / pmol

Faradaic Efficiency = 0.93

<

0 10 20 30 40 50 60
Time / min

Figure 9. Generated H, calculated from the amount of charge passed
(assuming 100% Faradaic efficiency) and measured from gas
chromatography during 1 h of controlled potential electrolysis of the
best catalyst (Al-5% TiO, NPs) at —0.7 V vs RHE in a 0.5 M H,SO,
aqueous solution.

representative example for the amounts of H, (calculated and
measured, expressed as millimoles) for the best catalyst (Al-5%
TiO, NPs) during 1 h of this electrolysis process. H, versus
time of electrolysis plots for the rest of the catalysts and Pt/C
are shown in Figure SS (Supporting Information). Charge
versus time plots recorded for our synthesized Al-TiO, NP
catalysts, in a comparison with Pt/C, during 1 h of controlled
potential electrolysis are also presented in the Supporting
Information, Figure S6. The obtained data are presented here
in Table 4. Once again, the nanocomposite of chemical
composition Al-5% TiO, NPs presented itself as the best
catalyst for the HER in this work. It yielded the highest amount
of H, (11.87 umol h™"), as measured by gas chromatography,
among the other tested catalysts (6.24, 8.82, and 7.28 ymol h™*
for Al-1% TiO,, Al-3% TiO,, and Al-10% TiO,, respectively)
with a Faradaic efficiency of ~93% (not far from that of Pt,
~100%).

3.3.1.2. Impedance Studies. To further clarify the role of
TiO, NPs in enhancing the kinetics of the HER on the surfaces
of our nanocomposite materials, EIS measurements were

carried out at —0.26 V vs RHE cathodic potential, employing 547
a wide frequency range (10000 Hz to 10 mHz; Figure 10). The s4s fi0

2500

20004 N7
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.
\
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0 500 1000 1500 2000 2500
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Figure 10. Complex-plane impedance plots recorded for the tested
materials: (1) bare sintered Al; (2) bare GCE; (3) GCE-loaded TiO,
NPs (loading density 0.0016 g cm™2); (4) GCE-loaded TiO, NPs
(loading density 0.0046 g cm™); (5) GCE-loaded TiO, NPs (loading
density 0.0075 g cm™2); (6) GCE-loaded TiO, NPs (loading density
0.018 g cm™2); (7) Al-1% TiO, NPs; (8) Al-3% TiO, NPs; (9) Al-5%
TiO, NPs, ;(10) Al-10% TiO, NPs; (11) a commercial Pt/C catalyst.
Measurements were carried out in 0.5 M H,SO, solutions at a cathodic
potential of —0.26 V vs RHE at 25 °C.

impedance responses of Pt/C, bare Al, bare GCE, and GCE- s49
loaded TiO, NPs were also included for comparison. Different sso0
features of these impedance plots deserve comments. The ss1
complex-plane impedance plots of Pt/C (curve 11), bare GCE ss2
(curve 2) and GCE-loaded TiO, NPs (curves 3—6) exhibit a ss3
single capacitive loop. A one-time constant process is also ss4
displayed on the corresponding Bode plots (Supporting sss
Information, Figure S7). This capacitive loop can be assigned ssé
to the charge-transfer process of H' reduction at the ss7
electrocatalyst/electrolyte interface, which is a combination of ss8
charge-transfer resistance (R,) and the corresponding sso
capacitance (Cy).” 560

On the other hand, the Nyquist plots of bare Al (curve 1) sé1
and Al-TiO, nanocomposite catalysts (curves 7—10) showed se2
three times the constant processes. These are two depressed s63
capacitive loops at high- and low-frequency values separated by s64
an inductive loop at intermediate frequencies. Similar sés
impedance responses were previously obtained.”>~>° The first s66
time constant can be assigned to the combination of charge- s67
transfer resistance and double-layer capacitance.””* The ses
inductive loop may be attributed to the relaxation process s69
obtained by adsorption species like H* 4" (eq 2). With a s70
further decrease of the frequency, H, may form either by an s71
electrochemical desorption step (Heyrosky reaction, eq 3) or s72
via a recombination step (Tafel reaction, eq 4), forming the 573
second capacitive loop observed at the low-frequency values. It 574
is observed that, as the applied cathodic potential is made more 575
negative, the diameters of the semicircles observed in Figure 10 576
decrease for all of the studied materials (Supporting s77
Information, Figure S8). These findings indicate that all s7s
semicircles, and hence the total impedance, are associated s79
with the HER kinetics. 580
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Table 2. Mean Value (Standard Deviation) of the Various Electrochemical Parameters Obtained from Impedance
Measurements for the HER on the Surfaces of GCE-Loaded TiO, NPs (with Different Loading Densities) and Pt/C“

tested cathode R, (Q cm?)
bare GCE 2.2(0.05)
GCE-loaded TiO, NPs (loading density 0.0016 g cm™2) 2.05(0.04)
GCE-loaded TiO, NPs (loading density 0.0046 g cm™) 2.02(0.08)
GCE-loaded TiO, NPs (loading density 0.0075 g cm™2) 2.35(0.06)
GCE-loaded TiO, NPs (loading density 0.018 g cm™2) 2.12(0.04)
Pt/C 1.98(0.02)

Q [s"(@™! cm™)] R, (Q cm?) n C (uF cm?)
8.85(0.18) 10537(32) 0.92 7.2(0.12)
26.29(0.3) 4210.9(21) 0.87 18.92(0.26)
48.27(0.66) 545.3(6.7) 0.86 26.7(0.31)
79.65(0.96) 365.53(5.2) 0.83 38.6(0.42)
32.03(0.4) 1551(17.92) 0.86 19.65(0.22)
1661.7(1.31) 9.1(0.15) 0.96 1395.4(2.11)

“Measurements were performed in 0.5 M H,SO, solutions at a cathodic potential of —0.5 V (SCE) at 25 °C.

sst It is obvious from the impedance plots that our catalysts,
s82 namely, Al-(1-10%) TiO, NPs, exhibited a significantly lower
ss3 impedance, which depends on % TiO,, than that of bare Al,
ss4 confirming their high HER activity. This significantly reduced
sss impedance refers to fast HER kinetics over the surfaces of our
ss6 synthesized catalysts. The NPs of TiO, included in the Al
s87 matrix act as catalytic adsorption sites that promote electron
ss8 transfer during the H* reduction process. This, in turn, leads to
589 a semicircle with reduced diameter, and hence diminished
590 charge-transfer resistance results. However, in order to gain
s91 more insight on the kinetics of the HER, extracting the various
592 electrochemical kinetic parameters associated with the HER,
593 the measured impedance data were simulated using nonlinear-
594 least-squares (NLS) fitting analysis software. The electrical
s9s circuit models used to study the kinetics of the HER are
s96 depicted in Figure S9 (Supporting Information) and fully
597 described elsewhere.>*

s98  Analysis of the impedance plots revealed that the slopes of
599 the log |Zl against log f plots (Supporting Information, Figure
600 S7) are not —1, and the center of all capacitive loops lies below
601 the real axis. These findings refer to the depressed nature of the
602 semicircles, most probably because of the porous morphology
603 of the tested materials (revisit Supporting Information, Figure
604 S2). Thus, a constant-phase element (CPE), the impedance of
60s which is given by eq 5,°*” was used to describe this behavior
606 properly.

et

=t

o7 Lo = Q '(jo)™ (5)

608 where Q is the CPE constant (a proportional factor), @ is the
609 angular frequency (in rad s™'), j* = —1 is the imaginary number,
610 and n is the CPE exponent. The value of C can be calculated
611 from eq 6:°°

612 Q= (CRct)n /Rct (6)

—_

613 The obtained fitting parameters are presented in Tables 2
614 and 3. It follows from Table 3 that the Al-5% TiO, NP catalyst
615 recorded the lowest charge-transfer resistance value (56.4 Q
616 cm*) among the tested catalysts (274.3, 80, and 129.6 Q cm”
617 for Al-1% TiO,, Al-3% TiO,, and Al-10% TiO, NPs,
618 respectively). This R, value, namely, 56.4 Q cm?, is not too
619 far from that of the commercial Pt/C catalyst (9.1 Q cm?;
620 Table 2) but extremely far from that of bare Al (848.7 Q cm?;
621 Table 3). These results confirm the polarization measurements
622 (Figure 8 and Table 1) that the nanocomposite of chemical
623 composition Al-5% TiO, NPs is the best electrocatalyst for the
624 HER among the studied ones. The largest capacitance value
625 was measured for the Al-5% TiO, NP catalyst, demonstrating
626 its large active surface area, as evidenced from Brunauer—
627 Emmett—Teller (BET) measurements. This increased active
628 surface area of a Al-5% TiO, NP catalyst promotes its

performance for the efficient electrochemical generation of 629
H, vide infra. 630

3.4. Origin of the Catalytic Activity. 3.4.1. TiO, NPs as 631
Active Catalytic Sites for the HER. The presence of TiO, NP 632
particles in the Al matrix are the main reason behind the 633
enhanced HER activity of the tested materials. Their nanoeffect 634
(small size and high dispersion) provides the catalyst surface 635
with active adsorption sites for the HER. It can be proposed 636
here that each TiO, NP acts as a localized cathode in the Al 637
matrix during the process of cathodic evolution of hydrogen. 638
This, in turn, causes rapid H, generation because of the galvanic 639
corrosion effect between the TiO, NPs and Al matrix. 640

3.4.2. Catalysis due to Increased Specific Surface Area es
(BET Measurements). The large electrochemical surface area of 642
such catalysts induced by the nanoeffect of TiO, NPs included 643
in the matrix may be another reason for their increased HER 644
catalytic activity. The small size, high density (number of TiO, 645
NPs per unit surface area of the Al matrix), and high dispersion 646
(and, hence, uniform distribution of TiO, NPs within the 647
matrix) of such NPs are important parameters for increasing 64s
the active (real) surface area of the tested catalysts. BET 649
measurements (Supporting Information, Table S3) showed 6s0
that the specific surface area (S) of the bare sintered Al is 651
increased from 17 cm® mg™" to 29, 47, 97, and 37 cm® g~' for 652
AL-1% TiO, NP, Al-3% TiO, NP, Al-5% TiO, NP, and Al-10% s
TiO, NP catalysts, respectively. This adds other evidence for 6s4
the superior HER electrocatalytic activity of our synthesized Al- 6ss
TiO, nanocomposites compared with bare Al. On the basis of 656
BET measurements, which showed a systematic increase in S 657
with an increase in the content of TiO, NPs from 1% up to 5%, 6s8
the HER catalytic activity of such catalysts is expected to be 6s9
enhanced following the sequence Al < Al-1% TiO, NPs < Al- 660
3% TiO, NPs < Al-5% TiO, NPs. The results of the 661
electrochemical measurements (Figures 8 and 9, curves 7— ¢62
10) showed the same sequence of increased HER activity of 663
such catalysts. Therefore, these findings present increased 664
specific surface area of these materials as an important 6ss
controlling parameter for their enhanced HER activity. This 666
increase in the active area is expected to favor the exposure of 667
more active sites (ie., TiO, NPs) for the HER, thus generating 66s
H, at lower ovepotentials with high cathodic currents. 669

A further increase in the amount of TiO, NPs (10%) added 670
to the matrix has resulted in an obvious decrease in the value of 671
S (37 cm® g!) and a subsequent decrease in the HER catalytic 672
activity. In this work, the lower HER activity of the catalyst Al- 673
10% TiO, NPs (curve 10) compared with those of catalysts Al- 674
3% TiO, NPs (curve 8) and Al-5% TiO, NPs (curve 9) was a 675
highly reproducible phenomenon. The high content of the 676
TiO, NPs included in the matrix of the Al-10% TiO, 677
nanocomposite catalyst can be considered as the main reason 678
behind the low HER activity of that catalyst. This high 679
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population of TiO, NPs permits NP aggregation. As a result, 680

'g 5? &\ = ,':2\ R the inhomogeneous distribution of TiO, NPs in the matrix 681
= & % ?O; o ‘% results revisit Figure S. Aggregations of TiO, NPs and their 6s2
S N 5 0
2 MR K inhomogeneous distribution in the matrix may account for the 683
°© © lower S value recorded for the Al-10% TiO, NP catalyst 684
8 compared with Al-(1—5%) TiO, NP catalysts, with their TiO, 6ss
— [N . . B . . . .
£ R NPs almost uniformly distributed in their matrices. The high S 6s6
& value (97 cm® g™') of our best catalyst, the Al-5% TiO, NP, due 6s7
o . to the higher number and homogeneous distribution of TiO, 688
e E XY _©% NPs, may be one of the main reasons behind its outstanding 689
g S 6 598 N .
° a TR ITSw performance toward the HER compared with the rest of the 690
S 5aIF%9
5 5 ¥igsd tested catalysts. 691
am 3.5. Long-Term Stability. As shown above, the nano- ¢
,_E . composite material of chemical composition Al-5% TiO, NPs 693
b Eo<3IF 3 recorded the highest electrocatalytic performance for the HER 694
Nt w - S S o . . .
" [N A -t among the studied nanocomposites, the reason why it was 69s
g 5 FEC3a designated here as the best electrocatalyst. However, a 69
g promising electrocatalyst should exhibit good durability 697
5 = (stability) besides its high activity. The long-term stability of 698
§ I§ CeRRe the best catalyst was tested by repetitive cycling to form 10000 699
0 ¥ 86 5 4 = . e .
s L SSET R cycles because intense stability tests in excess of 10000 700
8 T 23S H potential cycles are recommended for real working devices.>® 701
g 5 R Figure 11 shows the activity of the Al-5% TiO, NP catalyst 702 f11
'§_‘ before and after application of 10000 cycles in a 0.5 M H,SO, 703
g . solution at a scan rate of 50 mV s~ at 25 °C. Negligible loss of 704
'_'E o TSI~ the cathodic current density was observed after the 10000th 7o0s
e ; sssgd cycle. 206
: e § § 2 E g; These findings reveal that the nanocomposite of chemical 707
g J composition Al-5% TiO, NPs is highly durable and stable 708
.- o
8 — e during the electrochemical generation of H,. Its stability is 709
'8 ES2E23 % comparable with that of other recently reported nanocomposite 710
@ gaSSsss = electrocatalysts.””®" The excellent durability of that catalyst 711
< 7 TEERZ2 S may originate from the superior electrochemical stability and 712
g g corrosion resistance of the additives (TiO, NPs) and 713
& D a1 spontaneous passivation of Al, as evidenced from XPS (Figure 714
) * ~ : :
E § 22 E 2 T 6). Chronoamperometry measurements, inset of Figure 11, 715
ks L I588c® revealed more information about the electrocatalytic activity 716
g ;: dg228 ¢ and stability of the tested catalysts. The results show an initial 717
5 § linear decrease in the cathodic current from ~0.25 A cm_z, 718
£ s o o = o 2 reaching its minimum value at ~0.08 A cm™> within the first 25 719
3] . . .
2 § 333223 8 min of the run. The current then declines, denoting catalyst 720
['j z £ activation due to H, release, to a reasonably steady value at 721
H g" . P 3 ~0.15 A cm™? over the 24 h of continuous operation. The 722
He EERIER 2 initial decrease in the cathodic current refers to catalyst 723
O <+ ~ g d DS
i g g u:\'_f wT e g deactivation, most probabléy due to catalyst poisoning and/or 724
~ vy . d .
=5 2 2 28GR g 8 H, bubble accumulation.”” This current—time profile was 725
s = highly reproducible in this work (Supporting Information, 726
= ; — S Figure S10). 727
28 5339332
g . P Edde T 4. CONCLUSION
5¥ 352238 s ‘
A 5 32383 0 In this work, the Al-TiO, nanocomposites of various amounts 728
T- g oomae s 2 (1, 3,5, and 10 wt %) of TiO, NPs were prepared by a powder 729
< ! = metallurgy route via mixing an Al powder (purity 99.7%; size 35 730
IR 3] . . .
8= ~ _ & um) with various amounts of hydrothermally synthesized 731
® — o~ 1N . . . .
L8 E8538388 ¢ hydrogen TNTs. The mixture is subjected to compaction under 732
o= S 23S S8 B ydrog ) p
EF S FSR IR A an applied uniaxial stress of 300 MPa, followed by sintering at 733
E § S - 500 °C for 1 h. Sintering has converted TNTs into TiO, NPs 734
ﬁ':t!' i of an average size of 15 nm. The as-prepared Al-TiO, 735
20 R “c 0 od E nanocomposites were tested as electrocatalysts for the HER 736
8 g E g g E E in deaerated 0.5 M H,SO, solutions employing polarization and 737
:’ E - i 222 8 3 impedance measurements. Results showed that the HER went 738
y— L o~ N vy o~ . .
2¥ 2§22 8 faster when sintered Al and TiO, NPs are brought together as 739
s B $S2<<<=2 < 2 & g
o § composite materials than if they work individually, demonstrat- 740
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Table 4. Mean Value (Standard Deviation) of the Amount of H, Produced per Hour by Electrolysis”, Together with the
Faradaic Efficiency Values, ¢ (%), for Our Synthesized Al-x% TiO, (x = 1, 3, 5, and 10) Nanocomposite Catalysts, in a

Comparison with Those Recorded for Pt/C

H, calculated based on the charge
passed during electrolysis

catalyst H, measured by gas chromatography during electrolysis (H, ymol h™')  charge passed (C) H, pmol h™* e (%)
AL-1% TiO, NDs 6.24(0.12) 1.54(0.04) 798(0.17)  78.2(0.13)
Al-3% TiO, NDs 8.82(0.15) 1.98(0.05) 1026(021)  85.96(0.24)
Al-5% TiO, NPs (the best catalyst) 11.87(0.22) 2.466(0.07) 12.78(0.3) 92.88(0.38)
AL-10% TiO, NPs 7.28(0.15) 1.72(0.055) 891(023)  81.7(0.35)
Pt/C 15.28(0.10) 2.95(0.026) 15.3(0.11) 99.9(0.05)

“Electrolysis was carried out by holding the electrode at —0.7 V vs RHE for 1 h in a 0.5 M H,SO, solution.
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Figure 11. Material stability: effect of repetitive cycling (10000 cycles;
scan rate 50 mV s™') on the electrocatalytic hydrogen evolution of Al-
5% TiO, NPs (the best catalyst). Inset: Chronoamperometry
measurements (j vs t) recorded on the best catalyst at a constant
applied potential of —0.2 V vs RHE. All of the stability tests were
carried out in 0.5 M H,SO, solutions at 25 °C.

st

741 ing cooperative interactions (synergistic effects) between Al
742 and TiO, NPs. The high HER activity of these materials was
743 attributed mainly to the abundance of active catalytic sites (i.e.,
744 TiO, NPs) and the increased electrochemically accessible
745 surface area. The HER activity of such nanocomposites is found
746 to increase with the amount of TiO, NPs, reaching its
747 maximum value when the TiO, NP content is 5 wt %, and then
748 drops afterward (with 10 wt % TiO,). The negative influence of
749 the high content of TiO, NPs (10 wt %) on the HER activity of
750 the nanocomposites was attributed to the inhomogeneous
751 distribution of TiO, NPs in the Al matrix as a result of TiO, NP
752 aggregations. The best catalyst, namely, Al-5% TiO, NPs,
753 exhibited a high HER activity with a Tafel slope and an
754 exchange current density of 59.8 mV dec™ and 0.14 mA cm™?,
7ss which are not far from those of the commercial Pt/C catalyst
756 (31 mV dec™ and 0.78 mA cm™). The best catalyst also
757 showed good stability after 10000 repetitive cycles with a
758 negligible loss in current.
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