¢| Desalination and Water Treatment
www.deswater.com

0 doi: 10.5004/dwt.2019.23133

139 (2019) 145-155
January

Fabrication of quantum Cu(II) nanodot decorated TiO, nanotubes by the
photochemical deposition-assisted hydrothermal method: study catalytic activity

in hydrogen generation

Neda Gilani* Javad Vahabzadeh Pasikhani, Parisa Tafazoli Motie, Mahmood Akbari

Fouman Faculty of Engineering, College of Engineering, University of Tehran, P.O. Box 43515-1155, Fouman 43516-66456, Iran,
email: gilani@ut.ac.ir (N. Gilani), vahabzadeh089@gmail.com (].V. Pasikhani), parisa_95t@yahoo.com (P.T. Motie),

mahmood.akbari95@gmail.com (M. Akbari)
Received 23 April 2018; Accepted 13 September 2018

ABSTRACT

Nanotubular structures of TiO, were synthesized through a hydrothermal process and quantum
Cu(II) nanodots (QCNs) were homogeneously deposited on their surface using a photo-deposition
method. The surface morphology, structural properties, crystallography, elemental composition, sur-
face chemistry and specific surface area of the synthesized samples were determined by the FESEM,
TEM, XRD, EDS, FTIR and BET analysis, respectively. The results showed that dispersion of fine
QCNs onto the TiO, nanotubes (TNTs) can dramatically increase their surface area from 86.54 to
644.29 m*/g. Also, investigation of the catalytic performance of the prepared catalysts in generation
of hydrogen from NaBH, revealed that QCN deposition enhances the catalytic activity of the TNTs.
So that, application of 2wt.% QCN resulted in more than 2-fold increase (from 9 to 21.67 mL min™)
in the rate of hydrogen production due to the provision of a high surface area and the synergistic
effect between the QCNs and the TNTs. Kinetics studies on the NaBH, hydrolysis reaction cata-
lyzed by QCNs (2%)/TNTs suggested that the reaction rate is first-order with respect to the catalyst
amount and zero-order relative to NaBH, concentration Furthermore, the results of catalyst reusabil-

ity showed that QCNs (2%)/TNTs is noticeably stable and quite active up to the fifth run.
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1. Introduction

High development of economy has led to an ever-
increasing need of energy in the today’s world. On the
other hand, the concerns related to exhaustion of fossil
fuel resources, environmental pollution and the global
warming caused by the steep increase in the emission
of carbon dioxide and other gases have motivated the
application of hydrogen as a beneficial source of energy
[1-4]. Hydrogen does not naturally exist in its energy rich
state. However, it can be obtained from many different
sources, such as water, ethanol, natural gas and other fossil
fuels [5,6]. Among these sources, petroleum and natural
gas are majorly used to generate hydrogen through steam
reforming. However, this method requires consumption
of energy and results in greenhouse gas emissions,
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mainly carbon dioxide [7]. In contrast, the chemical
hydrogen storage can be adopted as a promising strategy
of hydrogen production. In this approach, hydrogen is
stored in chemical compounds, such as NaBH,, NH,BH,,,
LiH, NaH, CaH,, MgH, and LiAlH,, and released via an
irreversible chemical reaction [8,9]. Among these chemical
hydrides, NaBH, is an attractive candidate owing to
several advantages, including high hydrogen capacity
(10.8 wt%), non-flammable, stabile solutions of alkaline, a
simple controllable production rate of hydrogen, modest
temperature of operation, and nontoxic hydrolysis
byproducts [9,10]. To limit the NaBH, self-hydrolysis,
NaOH is commonly inserted into the solution of NaBH, as
stabilizer [11]. However, the hydrolysis of NaBH, systems
at room temperature is quite slow and it can be completely
suppressed by working in highly basic solution [12]. When
compared with conventional production of hydrogen
from aqueous NaBH,, the catalytic hydrolysis of NaBH, in
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limited water amount can accelerate hydrogen generation
rate [13]. Generally, the following stoichiometric equations
are employed for hydrolysis of NaBH, [14]:

NaBH, + 4H,0 — NaB(OH), + 4H, 1)
NaBH, +2H,0—““' 3 NaBO, + 4H, 2

In this respect, noble metal-based catalysts containing
Ru, Rh, Pt and Pd have been reported to promote NaBH,
hydrolysis, considerably [13]. However, great costs,
constrained reservoir or modest catalytic activity have
limited the application of catalytic NaBH, hydrolysis
processes in large scales [15]. Therefore, novel catalysts
with lower costs and higher efficiencies should be
developed. To date, metal oxides of Co, Cu, Ni, Zn, Fe,
Ti, Al and many other metals have been widely studied
due to their excellent physical and chemical properties
[8]. Among them, Cu-based catalysts have attracted
more attention since they exhibit a good level of activity
and selectivity for hydrolysis of NaBH,, their costs are
lower than noble metals and they are environmentally
friendly [16,17]. In addition, the study of Eugenio et al.
[18] regarding the catalytic activity of Cu-Co foams has
indicated that porous Cu-rich foams can be used as an
alternative to Co-based catalysts to provide a low-cost,
active and stable heterogeneous catalyst for production
of hydrogen through sodium borohydride hydrolysis.
The major drawback of copper based catalysts is that they
dramatically lose their activity after only a few operative
cycles due to the strong adsorption of byproducts, i.e.
B(OH),", on their surface [19,20]. Moreover, such catalysts
aggregate intensely across the reaction because of their
high surface energy and cause a considerable catalytic
activity deficiency [16]. Aggregation of Cu-based metal
catalysts can be hindered by employing various support
materials. The utilized support can immobilize bare metal
nanoparticles (NPs) and reinforce their catalytic stability
and activity [21-23].

Due to the effective role of catalyst supports, extensive
efforts have been devoted to exploring new supporting
materials. Specifically, TiO, has been widely studied for
evolution of hydrogen since it has unique chemical and
physical properties and exceptional stability. Furthermore,
it is low-cost, nontoxic and abundant [24,25]. One of the
key features in catalytic materials is their specific surface
area, which needs to be sufficiently high. While TiO, can be
found in many forms, TiO, nanotubes (TNTs) can provide
open mesoporous morphology and the highest surface area
for catalytic applications. In addition, the mesopores of
TNTs facilitate diffusion of reagents towards active catalyst
sites and, therefore, greatly improve the catalytic activity
of different catalysts [25,26]. To the best of our knowledge,
deposition of Cu NPs on TNTs (Cu/TNT) for generation of
hydrogen from sodium borohydride has not been reported
previously. Therefore, this study focuses on the synthesis
and application of Cu/TNT.

To obtain a desired performance from the Cu/TNT
catalyst, itis necessary to disperse fine CuNPs onto the TNTs
support. For this purpose, the photo-deposition technique is

used as an appropriate method that can even be employed
for deposition of quantum Cu (II) nanodots (QCNs) [27-
31]. QCNs are a new and relatively homogeneous class
of Cu nanomaterials with unique adsorption potential
and excellent optical and electronic properties [32-34].
Deposition of QCNs on TNTs and catalytic performance
of the resultant catalyst (QCNs/TNTs) for hydrolysis of
NaBH, have not been reported, previously. Accordingly,
the present study investigates the catalytic activity of
QCNs/TNTs in hydrogen generation through NaBH,
hydrolysis. For this purpose, TNTs are synthesized via a
hydrothermal process and QCNs are deposited on them
using a photo-deposition method. The produced catalysts
are characterized by FESEM, TEM, XRD, FTIR and BET
analysis. Furthermore, various variables including QCN
concentration, catalyst dose, NaBH, amount and catalyst
recyclability are evaluated to determine their effects on
generation of hydrogen from NaBH,.

2. Experimental
2.1. Catalyst preparation

In this research, the TNTs were synthesized through
an ultrasound-assisted hydrothermal method. As the
precursors of the TNTs, a commercial TiO, powder (P25,
Evonik, Germany) and pellets of sodium hydroxide (Merck)
were used without any further purification. First, 2 g of the
commercial TiO, powder was added to 100 mL concentrated
NaOH (10 M) and stirred for 30 min at room temperature to
form a suspension. To homogenize the suspension, it was
ultrasonicated for 30 min at room temperature. Then, the
homogenized suspension was transferred to a Teflon vessel
to carry out the hydrothermal reaction at 150°C for 48 h. After
cooling down the reaction mixture to room temperature,
the resultant white precipitates were separated and washed
repeatedly with a dilute HCl solution (0.1 M) and distillated
water until the pH of the solution reached a neutral state.
After that, the hydrothermal products were separated from
the washing solution by filtration and dried for 15 h at 80°C
in an oven. Finally, the as-synthesized TNTs were calcined
at 400°C in air for 2 h.

The QCNs/TNTs particles were prepared via an in
situ photo-deposition method [27,35]. Accordingly, the
as-prepared TNTs were first mixed with the required
amount of aqueous CuCl, (0.01 M) under ultrasound
irradiation. Then, N, was purged into the solution to
remove the dissolved oxygen molecules. After that, 5 mL
glycerol was injected into the suspension and the mixture
was irradiated for 2 h with a 400 W UV lamp under
magnetic stirring. The final product was filtered, washed,
dried and calcined. Hereinafter, the obtained catalysts
are called QCNSs(x)/TNTs, where x is the nominal weight
percentage of Cu in the final product (0.5%, 1%, 1.5% or
2%). Fig. 1 illustrates preparation of the QCNSs(x)/TNTs
catalysts, schematically.

2.2. Catalyst characterization

The prepared catalysts were analyzed using an X-ray
diffraction (XRD) instrument (Philips X'Pert Pro X-ray
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Fig. 1. Schematic representation of the catalyst synthesis
method.

diffractometer, Germany) to obtain crystallographic
information. The XRD patterns were collected by applying
Cu Ka radiation (wavelength: 1.54 A) over the 20 range of
10-80. The surface morphology and structural features of
the catalysts were studied using field-emission scanning
electron microscopy (FESEM, TESCAN MIRA3-XMU,
Czech Republic) and transmission electron microscopy
(TEM, PhillipsFEGCM300, Germany), respectively. The
elemental composition of the catalysts was identified by
an energy-dispersive X-ray spectroscope (EDS, TESCAN
MIRA3-XMU, Czech Republic) linked to the FESEM
device. To determine the functional groups of the catalysts,
Fourier transform infrared (FTIR) analysis (Bruker alpha-
2000, USA) was performed over the wavenumber range of
500-4000 cm™. The Brunauer-Emmet-Teller (BET) analysis
was carried out by a micrometer ASAP 2000 instrument
(USA) to estimate the pore volume and the specific
surface area of the catalysts. In addition, the mean value
of pore size and pore distribution were estimated from the
adsorption isotherms of the particles based on the Barrette-
Joynere-Halenda (BJH) analysis method, which principally
relies on multi-point isothermal adsorptions-desorption of
nitrogen gas.

2.3. Hydrogen production

Activity of the as-prepared catalysts was investigated
by applying them to the production of hydrogen through
hydrolysis of sodium borohydride. In this investigation,
10 mL of a NaBH, solution containing 5 wt% NaBH,
and 1.5 wt% NaOH was poured into a sealed flask and
placed in a thermostatic water bath that was maintained
at 30°C. To measure the volume of the hydrogen gas
evolved from the reaction, a graduated burette (1000
mL) filled with water was attached to the reaction flask.
Then, the catalyst particles (100 mg) were added to the
sealed reaction flask and the flask contents were stirred
at 800 rpm. Immediately, monitoring of the progress of
the reaction started by measuring the produced hydrogen
gas using the water displacement method. In this method,
the volume of hydrogen was supposed to be equal to that
of the displaced water, the weight of which was recorded
by a balance. After the reaction, the catalyst particles
were removed through filtration, completely rinsed and
dried for 10 h at 60°C. Then the catalyst was reused for

another cycle of hydrolysis. For reusability assessment of
the optimal catalyst, the catalyzed hydrolysis reaction was
repeated 5 times.

3. Results and discussion
3.1. XRD

The XRD patterns of the parent TNTs and the QCNs/
TNTs catalysts containing various Cu quantities are depicted
in Fig. 2. The TNT pattern presented in Fig. 2 unravels the
presence of anatase TiO, (101) as the main phase at the 20
value of 25.3°. Also, the diffraction peaks positioned at 37.9°,
48.1°, 53.8°, 55.2°, 62.2°, 68.8°, 70.02° and 75. 09° represent
the other nanocrystalline phases of anatase TiO,, which can
be indexed as (004), (200), (105), (211), (213), (116), (220) and
(215), respectively [36-39]. Comparison of the XRD patterns
of the catalysts with that of TiO, declares that the inclusion
of Cu has not led to any changes in the number and position
of the TNT peaks. Moreover, Fig. 2 outlines no Cu oxide
species. Therefore, it can be stated that the catalysts have
conserved the anatase structure of TNT and the Cu species
are highly dispersed on the surface of the TNTs.

The average crystallite size of the synthesized samples
was estimated based on the line broadening of the XRD
peak observed around 25.3° i.e. the (101) plane, using the
Scherer’s equation:

kx

- BcosO ®

where D is the average crystallite size, k is a constant (=0.89,
here), A is the wavelength of the X-ray radiation source
(=1.5406 A), 0 is the Bragg’s angle, and f is full width of
the diffraction peak at half its maximum intensity in radian.
Furthermore, the lattice parameters were obtained using
the following equations [40]:
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Fig. 2. The XRD patterns of the TiO, nanotubes and the catalysts
calcined at 400°C in air.
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where h, k and [ are the crystal plane indices, d(hkl) is
the distance between the (hkl) crystal planes, 0 is the
diffraction angle of the (hkl) crystal plane, and 4, b, and
c are lattice parameters (anatase crystal: a = b # c). Also,
volume of the crystal cells (tetragonal) was calculated
through Eq. (6).

v=a%c (6)

The calculated crystal sizes, lattice parameters and
cell volumes of the synthesized particles are reported in
Table 1. With respect to Table 1, the values of the lattice
parameters are in line with the anatase structure of TiO,
(JCPDS card 21-1272). Also, the crystallite lattice of all
samples, whose sizes range from 11.18 (TiO,) to 20.13 nm
(QCNs/TNTs), are nanosized. The crystallite size increase
of TNT upon QCN incorporation can be justified since the
ionic radius of Cu* (0.73 A)is greater than that of Ti** (0.64
A). In addition, Table 1 reveals a slight increase in the cell
volume and lattice parameters of TNT by deposition of
QCN. It is due to resemblance in Cu?* and Ti*" ionic radius
allowing the interstitial incorporation and generating
lactic strain in the network of TNT [41]. These results
could infer the thorough dispersion of QCNs on the TiO,
surfaces.

3.2. FESEM and TEM

Fig. 3 shows the FESEM and TEM images of the
commercial TiO, powder, pure TNTs and QCNs (2%)/
TNTs. The FESEM image of the commercial TiO, powder
(Fig. 3a) displays non-uniform spherical particles whereas
Fig. 3b depicts cylinder-like particles. Therefore, it can
be concluded that the raw TiO, NPs have converted
into nanotubular structures during the hydrothermal
treatment. According to the TEM image of the TNTs (Fig.
3c), the average inner diameter and the wall thickness of
the TNTs are 5.4 and 3.5 nm, respectively. By comparison
of Fig. 3c with Fig. 3d, the 1-3 nm black dots that are
appeared on the TNT particles can be assigned to the
deposited QCNs.

Table 1
Phase, crystal size and lattice parameters of the prepared
catalysts

100 nm
—

Fig. 3. The FESEM images of (a) the commercial TiO, powder
and (b) the pure TiO, nanotubes, and the TEM images of (c) the
pure TiO, nanotubes and (d) QCNs(2%)/TNTs.

3.3. Elemental EDS and mapping

Fig. 4 presents the EDS spectra of the as-prepared
catalysts. The quantitative EDS results are given in Table 2.
Based on Fig. 4(a) and Table 2, the TNTs contain 51.27% Ti,
41.52% O and 7.22% Na. The presence of copper in TiO,
nanotubes was further confirmed by EDS analysis (Fig.
4). QCNs/TNTs catalyst mainly consisted of Ti, O, Na,
and Cu. The EDS analysis of QCNs/TNTs shows a peak
around 0.4 and 0.5 keV, and another intense peak appears
at 4.5 and 4.9 keV for Ti. The peaks due to copper are
clearly distinct at 0.9 and 8.0 keV. Since the characteristic
peaks of Cu are evident in Fig. 4, the EDS spectra can be
considered as a direct proof of successful QCN deposition
onto the TNTs. Generally, the variations in the elemental
composition of the samples (Table 2) suggest that QCNs
are definitely present in the catalysts. Moreover, the
experimental values of elemental percentages are close to
the predicted values (Table 2).

X-ray elemental mapping was performed on the
QCNs(2%)/TNTs catalyst to illuminate the distribution of
QCNs on the surface of TNTs. Fig. 5 shows the obtained
map. As this figure shows, the QCNs are homogeneously
distributed on the surface of the TNTs.

Catalysts Crystal Crysta- a=b ¢ v
phase  llitesize (&) A) (A%) Table 2
(nm) Elemental composition (%) of the prepared catalysts
TNTs Anatase 11.880 3.853 9.041 134.269 Catalysts (@) Na Ti Cu Cu
QCNs Anatase 20125 3785 9463 135.605 (W) (W%) (W%)* (wh)* (w%)"
(0.5%)/TNTs TNTs 4152 722 5127 0 0
QCNs (1%)/  Anatase 20.129 3.783 9498 135946 QCNs (0.5%)/TNTs 53.30 2.89 4328 054 05
TNTs QCNs (1%)/TNTs 5107 646 4149 098 1
8C5£>L;’HNT Anatase 20129 3786 9451 135492 OCNs (1.5%)/TNTs 4451 453 4976 120 15
D70 S

. QCNs (2%)/TNTs 4455 036 5332 177 2

%S,l;l s(2%)/  Anatase 20131 3784 9459 135449 ? Actual values determined by EDS analysis.

b Predicated values.
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Fig. 4. The EDS spectra of (a) the pure TiO, nanotubes, (b) QCNs (0.5%)/TNTs, (c) QCNs (1%)/TNTs, (d) QCNs (1.5%)/TNTs, and (e)

QCNs (2%)/TNTs.

3.4. FTIR

Fig. 6 exhibits the functional groups of the synthesized
photocatalysts as indicated by FTIR spectroscopy. In this
figure, the peaks observed around 3420 and 2962 cm™ refer
to the Ti-OH bonds [42]. Also, the spectra of all catalysts
show a relatively strong band from 1635 to 1622 cm™ that
is due to the OH bending vibration of the water molecules
chemisorbed and/or physisorbed on their surface [43]. The
broad absorption peaks positioned from 800 to 700 cm™ and
from 490 to 433 cm™ are related to the asymmetric stretching,
symmetric stretching and the bending modes of the Ti-O-Ti
bond, respectively [44]. For all photocatalysts, a small peak
is observed around 3780 cm™ that can be assigned to the
O-H stretching of the hydroxyl group coordinated to the
Ti atoms [42]. The broad low-intensity band that is risen
around 840 cm™ is indicative of Na—O-Ti bending of the
sodium titanates [45]. The bands located at about 585 to 525
cm™ are related to the low-frequency stretching vibrations
of Cu-O and Cu-Ti. The bands that are just present in the
FTIR spectra of the catalysts and are observed lower than
1100 cm™ are related to the Cu—O bond vibrations [46]. Also,
the vibrational bands observed at 1100 to 1360 cm™ are
associated with the Ti-O and Ti-OH stretching vibrations
[44]. These results confirm that the Cu and Na species are
incorporated into the TiO, nanotubes, in agreement with
the EDS results.

3.5. BET

The structural characteristics and pore size distribution
of the as-synthesized catalysts were evaluated via N,
adsorption—desorption  analysis. The corresponding
isotherms and properties are presented in Fig. 7 and Table 3,
respectively. Asitcanbe seen, all samples have demonstrated
typical type IV isotherms with an evident type-H3 hysteresis
loop over the relative pressure (P/P0) range of 0.4 to 1.0,
according to the IUPAC classification [47]. This kind of
isotherm suggests a slit-like pore geometry formed by the
TNTs due to their aggregation. Such geometry is typical for
mesoporous materials [48]. Based on Fig. 7, the hysteresis
loop of the catalysts becomes smaller with the increase of
QCN amount and shifts towards the high relative pressure
region of 0.8 to 1.0. The insets of Fig. 7 illustrate the pore
size distributions of the catalysts. As exhibited in the insets
of Fig. 7, the extent of copper deposition has a great impact
on the pore size distribution of the catalysts. When the
QCN content is less than or equal to 1 wt%, the pore size
distributions of the catalyst particles is almost identical and
relatively narrow with an average pore size around 12 nm.
However, when loading of the QCN species increases to 2
wt%, the pore sizes distribute in a wider range (2-10 nm).
Generally, deposition of QCNs on the pure TNTs increases
their surface area and pore volume. In other words, the
QCNs augment the surface attractive forces of the TNTs to
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o

Fig. 5. The elemental mapping micrograph of the QCNs (2%)/
TNTs catalyst.

form larger mesoporous pores without changing their pore
type.

3.6. Catalytic performance of QCNs/TNTs

The performance of the synthesized catalysts was
investigated by estimating theamountofhydrogen produced
from hydrolysis of an alkaline NaBH, solution. The results
of this experiment are shown in Fig. 8. After addition of the
catalysts, hydrogen was released immediately without any
induction period. The rate of hydrogen production (mL
min™) was calculated with respect to the slopes obtained
from the hydrogen volume-time curves. According to Fig.
8, TNT, itself, has some catalytic activity though it provides
a low rate of hydrogen generation (9 mL min™) and gives
just 113 mL H, within 15 min. This catalytic activity can be
attributed to the acidic and basic sites of the TNTs. As Fig. 8
demonstrates, the catalytic activity of TNT can be enhanced
by deposition of QCN on its surface. So that, increasing the
amount of QCN improves the rate of hydrogen generation.
For instance, adding 2 wt.% QCN to the TNTs can increase
the rate from 9 to 21.67 mL min' and promote the amount
of hydrogen produced within 15 min from 113 to 244 mL.
This remarkable enhancement in the catalytic activity of
TNT roots in to two factors. First, the newly added metal
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Fig. 6. The FTIR spectra of the TiO, nanotubes, QCNs (0.5%)/
TNTs, QCNs (1%)/TNTs, QCNs (1.5%)/TNTs and QCNs (2%)/
TNTs.

can act as an electrophile or Lewis acid for adsorption
and activation of the reactants to increase the total rate of
reaction. Second, deposition of QCN can increase the total
surface area of TNT, dramatically (see Table 3). It should
be noted that surface area is indirectly related to catalytic
activity. The number of active sites in a catalyst with a
high surface area is possibly greater than that of the same
catalyst with less surface area. Consequently, deposition
of more QCN species should result in promoted catalytic
activity since it leads to enhanced surface area.

The origin of the superior catalyticactivity of the QCNs/
TNTs particles can be clarified by considering hydrolysis
of borohydride over metal surfaces, as reported by Wu
et al. [49]. Principally, the BH,” ions and H,O molecules
are activated on two different types of active sites. The
reason is that BH,  activation requires an electron rich
center while an electron deficient center is necessary for
activation of H,)O. In the case of the QCNs/TNTs catalysts,
there is a kind of acidic site on the surface of the TNTs,
namely Lewis acid sites (exposed Ti™* cations). These sites
are stronger Lewis acids compared with the Cu ions [50].
Therefore, the water molecules should adsorb on the TNTs
for activation while the BH4- ions should adsorb on the
QCN:s, as electron rich sites [51,52]. A possible pathway for
QCNs/TNTs-based production of hydrogen from NaBH4
isillustrated in Fig. 9. In this reaction scheme, first H,O and
BH,~ adsorb on the QCN and TNT sites, respectively. Then,
a H™ ion transfers from BH,  to the Cu metal atom. The
transferred hydrogen atom acquires an electron from the
Cu metal to form the hydridic form of H- while the created
BH3-specie remains attached to the Cu atom [53]. At the
same time, the adsorbed H,O molecule coordinates to
the unsaturated titanium atoms and/or interacts with the
exposed surface oxygen atoms. This interaction leads to
the polarization of the water molecule and, consequently,
makes an H atom of H,0 more acidic [54]. Then, the
reaction between the hydridic H- ion of BH, and the
protic hydrogen of H,O advances H, generation (II) and
formation of surface adsorbed BH,(OH) as represented
(III). In the next step, the cycle of charge transfer continues
as BH,(OH)- -BH,(OH),” — BH(OH),” — B(OH),” and
a H, molecule releases at each step. Thus, the superior
catalytic performance of QCNs/TNTs can be ascribed to
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Fig. 7. The N, adsorption-desorption isotherms and pore size distributions of (a) the pure TiO, nanotubes, (b) QCNs (0.5%)/TNTs,
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the high surface activity of the QCNs and the synergistic
effect between the QCN species and the TNTs. Therefore,
the results imply that the presence of QCNs on the surface
of the TNTs increases the surface area of the TNTs and
promotes its catalytic activity.

3.7. Effects of NaBH, concentration on hydrogen production

The effect of NaBH, concentration on the rate of
hydrogen production was evaluated through a series of
experiments starting with various initial concentrations of
NaBH, (from 1 to 10 wt.%) while keeping the concentration
of NaOH constant at 1.5 wt.% and using the same amount
and type of catalyst (100 mg QCNSs(2%)/TNTs). Figs.
10a and 10b illustrate the effect of sodium borohydride
concentration on the rate and volume of hydrogen
generation, respectively. Based on Fig. 10a, the volume
of H, increases remarkably with the increase of NaBH,
concentration from 1 to 5 wt% and, then, decreases
with further increase of the NaBH4 concentration to 10
wt%. It means that the application of excessive NaBH,
concentrations is unfavorable for H, generation. The reason
is that, at lower NaBH, concentrations, more BH, ions and
H,O molecules would contact the active catalyst sites to

generate more hydrogen molecules by provision of more
NaBH, molecules. However, the generation of hydrogen
is also accompanied with the formation of NaBO,, which
accumulates on the surface of the catalyst particles due to
its low solubility under alkaline condition. Therefore, if
the concentration of NaBH, be increased beyond a limit,
the active sites of the catalyst would be blocked by the
NaBO, products, solution viscosity would increase and
mass transfer would be restricted [10,15]. Interestingly,
Fig. 10b shows no obvious change in the rate of hydrogen
generation with the increase of NaBH, concentration.
This indicates that the hydrolysis of NaBH, by the QCNs
(2%)/TNTs catalyst does not depend on the concentration
of NaBH,, which suggests that the hydrolysis reaction is
zero-order reaction with respect to NaBH, concentration. A
similar observation has been also reported about catalysis
of the hydrolysis reaction by Co-B-TiO, framework [9] and
Ag-activated TiO, [55].

3.8. Effects of catalyst dose on hydrogen production

To optimize the dose of the catalyst, hydrolysis of the
alkaline NaBH, solution was monitored at 30°C using
different amounts of the QCNs (2%)/TNTs catalyst (50-200



152

300
@ +TNTs
= QCNS(0.5%)/TNTs
B0 L QONS(1%)TNTs . X K
g % QCNs(1.5%)/TNTs . . X X X
£ 200 | QCNs(2%)/TNTs X« >‘< A oA A 4
@ X A
H i
= E S 4
$ 150 w X . .
L |
En v X s U :
£ 100 x % . . v °
= 4
= ]
& .,
4 *
50 % i ']
o & . . ‘ ‘ . ; ;
0 2 a 6 ] 10 12 14 16
Time (min)
()
— 22-
E 20 |
g 18 1 L[]
2
£
c 16
=
£ 144 .
Z
-1
s 121
&
s 10 4
k-]
ES L ]
= g
0 0.5 1 15 2
wt% of Cu

Fig. 8. Effect of the QCN content of the QCNs/TNTs catalysts on
the volume (a) and rate (b) of hydrogen generation.

Table 3
Surface area and total pore volume of the prepared catalysts

Catalysts Surface area Pore volume
(m*/g) (em*/g)

TNTs 86.54 0.25

QCNs (0.5%)/TNTs  104.46 0.29

QCNs (1%)/TNTs ~ 115.63 0.31

QCNs (1.5%)/TNTs  587.45 0.79

QCNs (2%)/TNTs ~ 644.29 0.92

mg). The obtained results are displayed in Fig. 11. As shown
in Fig. 11, increasing the dose of the catalyst improves
hydrogen production. So that, generation of hydrogen
within 15 min reaction promotes from 140 to 426 mL by the
increase of catalyst dose from 50 to 200 mg (Fig. 11a). Fig.
11b plots the rate of hydrogen generation versus catalyst.
This plot has given a fitted straight line (slope of 1.01)
with a 0.9675 correlation coefficient (R?). This result clearly
shows that the rate of the catalyzed reaction is first-order
with respect to the catalyst amount. Similar results have
been reported about the CoB-TiO, [9], Cu-Fe-B [56] and
Ag-activated TiO, [55] catalysts.
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Fig. 9. The mechanism proposed for catalytic hydrolysis of
NaBH, by the QCNs/TNTs catalysts.
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Fig. 10. Effect of NaBH, concentration on the volume (a) and rate
(b) of hydrogen generation.

3.9. Catalyst recoverability

Catalyst reusability and stability are two important
factors that should be considered for practical application



N. Gilani et al. / Desalination and Water Treatment 139 (2019) 145-155 153

(@ s00
*50mg
e o
~ 400 | 4100 mg s * °
'E [ ]
~ ©200 mg
@ .
£
5 300 4 *
=
=
.
i .
_g 200 i A
> A
N
= N A .« s b0 + *
100 2 . *
2 « *
. *
‘ +
0 2 ; ; . - ‘
0 2 4 6 8 10 12 14 16
Time (min)
(b)
a4 |
)
=
£
£ 30t
=}
£ y = 1.01x - 1.547
g R* =0.0988
o0
5 34
o0
e
4
5 29
=
24 T T
3.9 4.4 4.9 5.4

Ln (mg of catalyst)

Fig. 11. Effect of QCNs (2%)/TNTs dose on the volume (a) and
rate (b) of hydrogen generation.

of a hydrogen production system. Herein, to investigate
stability of the QCNs (2%)/TNTs catalyst, the hydrolysis
experiment was repeated 5 times using the same catalyst
particles. After each cycle, the utilized catalyst was
separated from the solution, rinsed completely with
deionized water, dried and reused in the next cycle of
NaBH, hydrolysis under the same reaction conditions. The
results are exhibited in Fig. 12 and declare that the activity
of QCN5s (2%)/TNTs does not decline significantly after five
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Fig. 12. Reusability of the QCNs (2%)/TNTs catalyst in NaBH,
hydrolysis.
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consecutive runs. Therefore, this catalyst can be accepted as
a recyclable catalyst for hydrolysis of NaBH,.

4. Conclusion

TiO, nanotubes were synthesized using a hydrothermal
method and different amounts of quantum Cu nanodots
(QCNs) were successfully deposited on them via a photo-
deposition method. The performance of the resultant
QCNs/TNTs catalysts was investigated in generation of
hydrogen through NaBH, hydrolysis. The results showed
that the presence of the deposited QCNs with 1 to 3 nm size
has a dramatic influence on the surface area and hydrogen
production rate of the TiO, nanotubes. So that, increasing
the QCN content of the QCNs/TNTs catalyst led to an
increase in the surface area of the TiO, nanotubes and an
enhancement in the rate of hydrogen production. Among
the examined QCNs/TNTs catalysts, the catalyst containing
2 wt% of QCN exhibited the best catalytic performance and
produced 244 mL hydrogen at 30°C with the rate of 21.67
mL min~. Moreover, the kinetics studies indicated that
the reaction rate of NaBH, hydrolysis catalyzed by QCNs
(2%)/TNTs is first-order and zero-order with respect to the
catalyst and NaBH,, respectively. Furthermore, the QCNs
(2%)/TNTs catalyst was reused for five times without any
significant loss of catalytic activity and demonstrated high
stability. According to the findings of this study, supporting
QCNs on TiO, nanotubes can facilitate fabrication of
catalysts for enhanced generation of hydrogen from NaBH,
hydrolysis.
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