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ABSTRACT

We describe the production and catalytic activity of a carbon nanotube supported-Ru(0) (CNT@
Ru(0)) catalyst. For the first time, the produced CNT@Ru(0) catalyst is used to achieve the greatest
hydrogen production rate from potassium borohydride (KBH,) hydrolysis. The produced CNT@
Ru(0) catalyst shows promise in the creation of hydrogen from the degradation of KBH,. The hydro-
gen generation rate of CNT@Ru(0) is determined to be 86,264.85 mL min™ can with a low activa-
tion energy of 30.18 k] mol™. CNTs are potential support for distributing metal catalysts, according
to the current work. Furthermore, structural, morphological, and elemental characteristics of the

produced CNT@Ru(0) catalyst are investigated.

Keywords: Catalyst; Ruthenium; Hydrogen; Potassium borohydride

1. Introduction

In the use of hydrogen energy, secure storage and the
effective release of hydrogen are critical [1,2]. Materials that
can retain enough hydrogen in terms of gravimetric and
volumetric densities, as well as have acceptable thermo-
dynamic and kinetic characteristics, have been the subject
of intense study and development [3]. Long-term research
has demonstrated that solid media, such as sorbent mate-
rials or hydrides, are the most effective and safest means
of storing hydrogen [4,5].

NaBH, is a chemical hydride that is stable and easy to
handle when compared to other chemical hydrides [6-9].
At room temperature, the hydrolysis reaction of NaBH,
and H,O liberates just a small proportion of the theoretical

* Corresponding author.

quantity of hydrogen, although the hydrolysis is expedited
by the application of catalysts [10]. Both sodium borohy-
dride (NaBH,) and potassium borohydride (KBH,) are
safe and effective hydrogen storage compounds, but in
the solid form, both are susceptible to moisture in the air
[11,12]. KBH, can be used to reduce aldehydes, ketones, acid
chlorides, and anhydrides in the same way as NaBH, can.
Because of its strong reactivity, hydrogen concentration, and
potential, it is also utilized in vitamin A production and as
a fuel for fuel cells [13]. The reaction of NaBH, with KOH
is commonly used to make KBH, [14,15]. KBH, may also be
made utilizing saline hydrides and dehydrated borates in a
mechano-chemical process at ambient temperature.

Thermal dehydrogenation or solvolysis can both lib-
erate hydrogen from the KBH, compound. Because the

1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.
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dehydrogenation temperature is so high, catalytic metha-
nolysis and hydrolysis of KBH, utilizing transition metal
catalysts such as platinum, ruthenium, rhodium, palladium,
iron, cobalt, and nickel have sparked a lot of interest [16-22].
Despite employing the greatest stabilizers, most of these
transition metal catalysts are in the form of nanoparticles,
which suffer from long-term stability due to aggregating
into clumps and eventually to the bulk metal, resulting in
a reduction in catalytic activity and lifespan [23]. In systems
with restricted void spaces, such as zeolite, the use of nano-
cluster catalysts has been proven to be an effective means
of avoiding aggregation. The zeolite confined metal(0) nano-
clusters catalysts have two significant drawbacks [24-26]:
diffusion-controlled kinetics and metal migration to the
external surface at high temperatures, notwithstanding their
high activity and extended lifespan [27-32]. When compared
to traditional catalyst supports, carbon nanotubes appear to
be very appealing as catalyst supports in liquid phase reac-
tions because they provide high dispersion of nanoparticles,
significantly increase the contact surface between the reac-
tants and active sites, and greatly reduce diffusion limita-
tions [33]. Various examples of carbon-nanotube-supported
ruthenium catalysts have been reported, including those
formed by impregnation of ruthenium on carbon nano-
tubes with a high Ru/C ratio of 1:1 at high temperature, or
those formed by using additional reducing agents such as
hydrogen at high temperature or ethylene glycol [34]. The
catalyst materials may be altered as a result of the high-tem-
perature treatment, and the high ruthenium loading leads
to the production of large nanoparticles.

In this study, carbon nanotube supported-Ru(0) (CNT@
Ru(0)) catalyst, which was not used in KBH, hydrolysis
before, was synthesized by the chemical precipitation and
reduction method. The effects of parameters such as Ru/CNT
ratio, KOH concentration, catalyst amounts, KBH4 concen-
tration, and temperature on the hydrolysis of KBH, were
examined and the obtained observations were interpreted.
The degree of reaction and the activation energy was also
calculated.

2. Experimental study
2.1. Materials

Ruthenium(III) chloride trihydrate (RuCl,:3H,0) and
sodium borohydride (NaBH,, 97.0 wt.%) from Shanghai Aibi
Chemistry Preparation Co. Ltd., China, were used without
further purification.

2.2. Catalyst preparation

The catalysts were prepared by the impregnation-chem-
ical reduction method. In a typical preparation procedure,
CNT@Ru(0) catalysts were prepared by impregnation of
the carbon nanotube (CNT) (a diameter of 150 nm was pur-
chased from Electrovac) with an aqueous mixture solution
containing RuCl,:3H,0 (0.5 g). To reduce the metal salts to
alloy nanoparticles, a predetermined quantity of 5 wt.%
NaBH, was dropped into the catalyst precursor after dry-
ing. The sample was then filtered, washed multiple times
with distilled water, and dried for 10 h at 373 K. Finally,

the catalyst was calcined for 2 h at 673 K in a nitrogen
environment.

2.3. Characterization

X-ray diffraction (XRD, Rigaku X-ray diffractometer),
scanning electron microscopy (SEM, JEOL JSM 5800), and
energy-dispersive X-ray spectroscopy (EDS, JEOL JSM 5800)
measurements were performed to investigate the character-
istics of the produced CNT@Ru(0) catalyst.

2.4. Catalyst testing

The catalyst testing was carried out using KBH,.
The kinetic experiments with catalysts were carried out
in batches, with the reactor being a 50 mL three-necked
round-bottom flask. A thermometer was placed into the
fluid via the left-neck port to monitor the temperature. In a
typical hydrogen production experiment, 10 mL of 2 wt.%
KBH, + 0 wt.% KOH was placed in the flask first.

3. Results and discussion
3.1. Results of characterization

The XRD patterns of the CNT@Ru(0) catalyst are given
in Fig. 1. The peaks that appeared at 26.2°, 43.3°, and 54.5°
may be classified as (002), (100), and (004) carbon structure
reflections, respectively [35]. In Fig. 1, there is no visible
peak attributed to Ru-metal, owing to the low Ru loading of
CNT@Ru(0) catalyst.

Fig. 2a and b show the SEM image and SEM-EDS spec-
trum of the CNT@Ru(0) catalyst, indicating that the low
ruthenium loading posed no threat to the carbon nanotube
wall, which is consistent with XRD data, and Ru seems
to be the only component identified in the sample.

3.2. Results of catalyst testing
3.2.1. Effect of different Ru(0) concentration

The graphs of hydrogen volume vs. time and hydrogen
production rate vs. Ru(0) concentration in the presence of
different Ru(0) concentrations (2.5%, 5%, 7.5%, 10%, and
20%) are exhibited in Fig. 3. Experimental conditions were

— CNT@Ru catalysL

Intensity (a.u.)

40 50 60
2 theta (degree)

Fig. 1. XRD patterns of CNT@Ru(0) catalyst.
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Fig. 2. (a) SEM image of CNT@Ru(0) catalyst and (b) SEM-EDS spectrum of CNT@Ru(0) catalyst.
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Fig. 3. Effect of Ru(0) concentration on the hydrogen production in the presence of different Ru(0) concentrations:
(a) hydrogen volume vs. time and (b) hydrogen production rate vs. Ru(0) concentration (%).
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set at 30°C + 2 wt.% KBH, + 0 wt.% KOH + 0.02 g catalyst
amount.

The completion times of KBH, hydrolysis in the pres-
ence of 2.5%, 5%, 7.5%, 10%, and 20% of Ru(0) concentration
were determined as 21.01, 8.03, 8.98, 6.29, and 11.54 min,
respectively. In the presence of 2.5%, 5%, 7.5%, 10%, and
20% of Ru(0) concentration, hydrogen production rates were
51,553.26, 86,264.85, 53,743.63, 43,327.67, and 12,716.46 mL/
min g_, respectively. It should be noted that the increase in
Ru(0) concentration causes a decrease in the hydrogen pro-
duction rate. The catalytic activity of the CNT@Ru(0) cata-
lyst diminishes as the Ru loading rises, most likely owing
to the clumping of nanostructures, leading to a reduction in
surface area and availability of catalyst surface.

3.2.2. Effect of catalyst amount

The graphs of hydrogen volume vs. time and hydrogen
production rate vs. catalyst amount in the presence of dif-
ferent amounts (0.01, 0.02, 0.04, and 0.06 g) of CNT@Ru(0)
catalysts are exhibited in Fig. 4. Experimental conditions
were set at 30°C + 2 wt.% KBH, + 0 wt.% KOH.

The completion times of KBH, hydrolysis in the pres-
ence of 0.01, 0.02, 0.04, and 0.06 g of CNT@Ru(0) catalyst
were determined as 22.98, 8.03, 4.01, and 2.19 min, respec-
tively. In the presence of 0.01, 0.02, 0.04, and 0.06 g of CNT@
Ru(0) catalyst catalysts, hydrogen production rates were
59,875.49, 86,264.85, 83,701.18 and 141,595.92 mL/min g_,
respectively. The impact of catalyst amount on catalytic
activity is so strong that even a little amount of catalyst may
double the activity of the CNT@Ru(0) catalyst. The rate of
hydrogen production rises as the catalyst amount rises.
These findings indicate that the catalyst amount may be
used to influence the rate of hydrogen production.

3.2.3. Effect of KOH concentration

KOH plays an important role in the hydrolysis of chem-
ical hydrides, such as providing stabilization. Fig. 5 reveals
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the graphs of hydrogen volume vs. time and hydrogen
production rate vs. KOH concentration (%) in the pres-
ence of different KOH concentrations (0%, 0.1%, 0.3%, and
0.5%). Experimental conditions were set at 30°C + 2 wt.%
KBH, + 0.02 g catalyst amount.

The completion times of KBH, hydrolysis in the pres-
ence of 0%, 0.1%, 0.3%, and 0.5% of KOH concentration
were determined as 8.03, 11.02, 12.01, and 16.07 min, respec-
tively. In the presence of 0%, 0.1%, 0.3%, and 0.5% of KOH
concentration, hydrogen production rates were 86,264.85,
65,042.44, 48,205.99 and 46,819.46 mL/min g_, respectively.
It should be noted that the increase in KOH concentration
causes a decrease in the hydrogen production rate. It is
thought that hydroxyl ions caused by the increase in KOH
concentration form a bi-functional surface reaction during
direct adsorption to the surface of the catalyst. Thus, exces-
sive OH concentration adversely affects the hydrolysis
reaction and hydrogen production rate.

3.2.4. Effect of KBH, concentration

The graphs of hydrogen volume vs. time and hydrogen
production rate vs. KBH, concentration in the presence of dif-
ferent KBH, concentrations (1%, 2%, 4%, and 7%) are exhib-
ited in Fig. 6. Experimental conditions were set at 30°C + 0.02 g
catalyst amount + 0 wt.% KOH.

The completion times of KBH, hydrolysis in the pres-
ence of 1%, 2%, 4%, and 7% of KBH, concentration were
determined as 6.89, 8.03, 26.86, and 75.13 min, respectively.
In the presence of 1%, 2%, 4%, and 7% of KBH, concentra-
tion, hydrogen production rates were 44,851.44, 86,264.85,
54,313.80 and 39,808.99 mL/min g_, respectively. This
is sensible because a greater KBH, concentration causes
the reaction to use more water and create more hydrated
by-products, which can considerably raise the viscosity
of the solution, obstructing mass transfer and slowing the
reaction rate. On the hydrolysis of NaBH,, a similar phe-
nomenon has been discovered [36]. In addition, several

140000
120000
100000

80000

60000

0.01 0.02 0.03 0.04 0.05 .08

Catalyst amount (g)

b

Fig. 4. Effect of catalyst amount on the hydrogen production in the presence of different CNT@Ru(0) catalyst amounts:
(a) hydrogen volume vs. time and (b) hydrogen production rate vs. catalyst amount (g).
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types of literature have documented a reduction in hydro-
gen production rate as a function of NaBH, content [37,38].

3.2.5. Effect of temperature

Fig. 7 demonstrates the graphs of hydrogen volume
vs. time and hydrogen production rate vs. temperature
at different temperatures (20°C, 30°C, 40°C, and 50°C).
Experimental conditions were set at 2 wt.% KBH, + 0 wt.%
KOH +0.02 g catalyst amount.

The completion times of KBH, hydrolysis at 20°C, 30°C,
40°C, and 50°C were determined as 23.01, 8.03, 3.97, and
2.16 min, respectively. At 30°C, 40°C, 50°C, and 60°C, hydro-
gen production rates were 35,865.87, 86,264.85, 136,566.21
and 332,449.06 mL/min g_, respectively. As can be seen

from Fig. 7, one of the most effective methods to com-
plete the hydrolysis reaction in a shorter time and to have
a higher hydrogen production rate is to increase the solu-
tion temperature. It is well known that an increase in solu-
tion temperature will accelerate the hydrogen production
process.

The activation energy (E) was calculated using the
Arrhenius plot shown in Fig. 8, which was generated from
the linear component of the curve for each temperature.
The E, of CNT@Ru(0) catalyst was derived as 30.18 k] mol™,
which is comparable to previously reported values for KBH,
hydrolysis. Table 1 lists the E, values of various previously
investigated catalysts used for the hydrolysis of KBH, for
comparison. It can be concluded that CNT@Ru(0) cata-
lyst provides a notable E, value. As CNTs are utilized as a
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support, the CNT@Ru(0) catalyst’s enhanced catalytic activ-
ity can be linked to a lower mass transfer limitation in the
liquid state.

4. Conclusion

As a catalyst for hydrogen generation from the hydro-
lysis of KBH, CNT@Ru(0) was produced. The CNT@
Ru(0) catalyst was discovered to be capable of generating
hydrogen from KBH,. In the presence of a CNT@Ru(0)
catalyst, the highest hydrogen production rate and acti-
vation energy of the hydrogen production process were
86264.85 mL/min g_ and 30.18 k] mol”, respectively. The
CNT@Ru(0) catalyst was found to have a high hydrogen
efficiency and a considerable reduction in the reaction time
of KBH, hydrolysis. The mesoporous structure of CNTs is
linked to the strong catalytic activity of the CNT@Ru(0)
catalyst. It can be claimed that CNT@Ru(0) is an extremely

M.S. Keskin et al. / Desalination and Water Treatment 250 (2022) 189-196
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Table 1
The E, values of some catalysts employed for the hydrolysis of
KBH, at room temperature

Catalyst E, (k] mol™) References
RuP,/1.03CDs-900 43.95 [39]

Cu,,Co, /HPC 41.7 [40]
Ru/carbon black 34.8 [41]
Ru/MIL-53(Al) 33.7 [42]
CNT@Ru(0) 30.18 Current study
Ru/graphene 11.7 [43]

impressive catalyst for on-board hydrogen generation from
the hydrolysis of KBH, due to its high catalytic activity and
easy synthesis procedure.
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