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ABSTRACT

We report the synthesis of Ce supported-Co-La-B (Co-La-Ce-B) catalyst and its catalytic activity.
The synthesized Co-La-Ce-B catalyst for the first time is used to obtain the maximum hydrogen pro-
duction rate from hydrolysis of sodium borohydride (NaBH,). The synthesized Co-La-Ce-B catalyst
indicates an effective performance in the hydrogen production from the hydrolysis of NaBH,.
It is found that synthesized Co-La-Ce-B catalyst has a hydrogen production rate of 9,764.00 mL/
min g and 19.63 k] mol™. Moreover, hydrogen produced from NaBH, hydrolysis in the presence
of a Co-La-Ce-B catalyst was used in polymer electrolyte membrane (PEM) fuel cell application.
The open-circuit voltage of the single PEM fuel cell was measured at 0.87 V, which is higher than that
of typical fuel cells. The efficiency value according to the power is 54%, while the efficiency value

according to the ideal voltage is 71%.
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1. Introduction

In order to alleviate the growing demand for high power
density portable electronic devices, great attention is paid
to fuel cells as a power source to replace lithium-ion bat-
teries [1]. A fundamental challenge for these portable elec-
tronic devices right now is generating and storing controlled
amounts of hydrogen without using high-temperature
reformers with large heat signatures [2-5]. High-pressure
tanks, adsorbents, and hydrogen storage materials are fre-
quently used to store hydrogen. Chemical hydrogen storage
is chosen over the other ways because the purity of created
hydrogen, the speed with which hydrogen is produced, and

* Corresponding author.

the portability of hydrogen storage materials are all supe-
rior. When sodium borohydride (NaBH,) with a high hydro-
gen content is hydrolyzed, a high hydrogen conversion
rate is produced. 1 g NaBH, can theoretically create 0.213 g
hydrogen. Eq. (1) depicts the hydrolysis reaction [6-8].

NaBH, +2H,0 — NaBO, +4H, 1)

Noble metal catalysts and non-noble metal catalysts are
both viable catalysts for the hydrolysis process of NaBH,.
Ruthenium (Ru) has been revealed to have a noticeable
positive influence on the generation of hydrogen in the
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hydrolysis of NaBH, [9-12]. Pt@TiO, and Pt@CoO catalysts
were created using the supercritical technique and showed
good catalytic activity [13,14]. Non-noble metal catalysts,
such as Co-B and Ni-B, are favored over noble metal cata-
lysts because of their lower cost and better catalytic activity
[13,15]. The chemical reduction was used to synthesize Ru,
Co, Ni, Fe, Mn, and Cu catalysts. Ru has greater catalytic
activity than Co and Ni, but Mn, Fe, and Cu have very low
or non-existent catalytic activity [16-20]. Patel et al. [5] com-
pared the catalytic activity of Co-based catalysts containing
various transition metals as co-catalysts, including Ni, Fe,
Cu, Cr, Mo, and W, and discovered that all of the Cr, W, Mo,
and Cu can help Co-B catalyst increase its catalytic ability,
whereas Ni and Fe have a relatively minor effect [21-25].

In the present report, the catalytic activity of the amor-
phous nanostructured Co-La-Ce-B catalyst synthesized
by the chemical precipitation and reduction method was
investigated. It was observed that the surface area of the
Co-La-Ce-B catalyst increased due to the presence of lantha-
num (La) and cerium (Ce) dopant metals, and therefore it
showed higher catalytic activity. Factors affecting catalytic
activity such as NaBH, and NaOH concentrations, reac-
tion temperature and amount of catalyst were examined
in the presence of Co-La-Ce-B catalyst and the maximum
hydrogen production rate was determined for each factor.
The activation energy was estimated by the Arrhenius equa-
tion by performing at different temperatures, and the best
quaternary catalyst was tested in a single polymer elec-
trolyte membrane (PEM) fuel cell application with Pt/C
catalyst support for long-term use.

2. Materials and method
2.1. Materials

Cobalt(Il) chloride hexahydrate (CoCL-6H,O, 99.9%)
was purchased from Alfa Aesar while cerium(Ill) nitrate
hexahydrate (Ce(NO,),"6H,0, 99.9%), lanthanum(III) nitrate
hexahydrate (La(NO,),6H,O, 99.9%), sodium hydroxide
(NaOH), sodium borohydride (NaBH,, min 98%) and ethanol
(C,H,O, technical grade) were purchased from Merck.

2.2. Synthesis of Co-La-Ce-B catalyst

In the study, the quaternary Co-La-Ce-B catalyst, which
has not been applied before in hydrolysis of NaBH,, was
synthesized by the chemical precipitation and reduction
method [26]. The full production of the catalyst is presented
below.

1.30 g of La(NO,),6H,0, 1.66 g of CoCl,-6H,O and
various concentrations (1%, 3%, 5%, 7%, and 10%) of
Ce(NO,),-6H,O were mixed in 800 mL of distilled water. The
solution was left in an ice bath to maintain the temperature
in the range of 0°C-5°C. Then, a certain amount of NaBH,
was prepared in 50 mL of distilled water, and a black res-
idue was obtained by adding dropwise to the metal mix-
ture. It was washed several times with distilled water and
ethanol to remove unwanted impurities from the solution.
The synthesized Co-La-Ce-B catalyst was dried at 100°C
in the presence of nitrogen gas. The obtained catalyst was
stored in a closed box for use in hydrolysis experiments.

2.3. Hydrolysis of NaBH,

NaBH, hydrolysis experiments were carried out under
10 mL solution volume, 25 mg catalyst amount and 2.5%
NaBH, conditions. The volume of hydrogen obtained in
NaBH, hydrolysis was determined by applying the cumu-
lative method. The effects of metal ratio (for Ce), NaOH
concentration, NaBH4 concentration, catalyst amount
and temperature parameters were investigated in NaBH,
hydrolysis experiments. Moreover, the activation energy
was estimated by the Arrhenius equation by performing at
different temperatures.

2.4. PEM fuel cell application

Pt/C catalyst was used in the anode and cathode parts of
the designed single-cell PEM fuel cell. Hydrogen produced
from NaBH, hydrolysis in the presence of a Co-La-Ce-B
catalyst was tested in the designed single-cell PEM fuel
cell. Current-voltage-power generation values obtained
from constant load were observed with measurements per-
formed at regular time intervals.

2.5. Characterization

The X-ray diffraction (XRD) measurements were carried
out on a Bruker D5005 powder diffractometer scanning
from 15° to 85° (20) at a rate of 0.02°s using a Cu Ka radi-
ation (A = 0.15418 nm) source. The applied voltage and
current were 50 kV and 35 mA, respectively. Scanning
electron microscopy (SEM) was performed using a JEOL
JSM 5800LV SEM electron microscope linked to an energy-
dispersive X-ray spectrometer (EDX) equipped with a Si-
Li diode (PGT). The samples were deposited onto scotch
carbon and metalized by sputtering. A gold film ensures a
good conductivity for the observation.

3. Results and discussion
3.1. Characterization

Fig. 1 indicates a SEM image of the Co-La-Ce-B catalyst
prepared in this study. A plate-like structure was observed.
The particle size was several tens to hundreds of nanometers
and the specific surface area was measured to be 71 m?g™.
EDX analysis shown in Fig. 2 revealed that the prepared
catalyst consisted of Co, La, Ce and B. Ce in the prepared
catalyst could be combined with Co during the reduction
reaction of CoCl, with NaBH, used as a reducing agent.

Fig. 3 demonstrates the XRD patterns of the Co-La-
Ce-B catalysts heated at different temperatures. It can be
seen that one relatively broad dispersing peak appears
near 20 = 45° for the Co-La-Ce-B catalyst heated at 300°K,
indicating an amorphous structure. When the heating
temperature gradually increases from 300°K to 548°K, the
diffraction peaks emerge around 20 = 41.42°, 50.64° and
55.71° are very clear. According to the JCPDS database,
the (111), (200), (2 20) diffractions of cubic Co [27] are
located at 20 = 42.216°, 51.522° and 55.853° respectively.
The diffractions of metal La and Co are so closer, that they
overlap with each other and cannot be distinctly identified
in this case. At the same time, this phenomenon implies the



A. Ekinci et al. / Desalination and Water Treatment 237 (2021) 137-145 139

q——

Mag= S00K X
Signal A= SE1

EHT = 20.00 kv
WD =120 mm

EP Target = 1.00e-001 mBar

Vacuum Mode = High Yacuum

Fig. 1. SEM image of Co-La-Ce-B catalyst.

Fig. 2. EDX spectrum of Co-La-Ce-B catalyst.

formation of metal crystal states, especially a combination
of metal La and Co, upon heat treating.

3.2. Catalytic activity of Co-La-Ce-B catalyst
3.2.1. Effect of Ce concentration
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Fig. 4 reveals the graphs of hydrogen volume vs. time
and hydrogen production rate vs. Ce concentration (%) in
the presence of different Ce concentrations (1%, 3%, 5%, 7%
and 10%). Experimental conditions were set at 30°C, 25 mg
of Co-La-Ce-B catalyst, 2.5 wt.% NaOH and 2.5 wt.% NaBH,.

It can be observed from Fig. 4 that the addition of Ce into
the Co-La-Ce-B catalyst significantly promoted the hydrogen
production rate. The hydrogen generation rate was appre-
ciably enhanced by an increase of Ce concentration from 1%

35 40 45 50 55 60
20 (degree)

Fig. 3. XRD patterns of the Co-La-Ce-B catalysts heated at differ-
ent temperatures: 300°K (black line) and 548°K (red line).
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Fig. 4. Effect of Ce concentration on the hydrogen production in the presence of different Ce concentrations: (a) hydrogen volume vs.

time and (b) hydrogen production rate vs. Ce concentration (%).

to 3%. However, when the ratio increased to 10%, the rate
gradually decreased. The reason could be explained. On one
hand, a slight Ce addition improved the dispersion of Co
substance on the surface of the carriers. On the other hand,
the excess of Ce addition may cause the growth of Co grains,
which undermine the catalytic activity of Co-based active
phases. As a result, the catalyst provided the best catalytic
activity when the Ce concentration remained at 10%.

3.2.2. Effect of NaOH concentration

NaOH plays an important role in the hydrolysis of
chemical hydrides, such as providing stabilization. Fig. 5
reveals the graphs of hydrogen volume vs. time and hydro-
gen production rate vs. NaOH concentration (%) in the
presence of different NaOH concentrations (0%, 2.5%,
5%, and 7.5%). Experimental conditions were set at 30°C,
25 mg of Co-La-Ce-B catalyst and 2.5 wt% NaBH,. The com-
pletion times of NaBH, hydrolysis in the presence of 0%,

—a—0.0% NaOH
—e— 2 5% NaOH
—&—5.0% NaOH
—v— 7.5% NaOH
i T

30 40 50 80 70 80
Time (min)

Hydrogen Volume (mL)

a

2.5%, 5%, and 7.5% of NaOH concentration were determined
as 70.09, 15.02, 30.11 and 39.98 min, respectively. In the
presence of 0%, 2.5%, 5%, and 7.5% of NaOH of NaOH con-
centration, hydrogen production rates were 638.80; 3,880.00;
2,855.60 and 2,092.00 mL/min g, respectively. It should be
noted that the increase in NaOH concentration causes a
decrease in the hydrogen production rate. It is thought that
hydroxyl ions caused by the increase in NaOH concen-
tration form a bifunctional surface reaction during direct
adsorption to the surface of the catalyst. Thus, excessive
OH concentration adversely affects the hydrolysis reaction
and hydrogen production rate [28].

3.2.3. Effect of NaBH, concentration

The graphs of hydrogen volume vs. time and hydro-
gen production rate vs. NaBH, concentration in the pres-
ence of different NaBH, concentrations (1%, 2.5%, 5%,
and 7.5%) are exhibited in Fig. 6. Experimental conditions
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Fig. 5. Effect of NaOH concentration on the hydrogen production in the presence of different NaOH concentrations: (a) hydrogen
volume vs. time and (b) hydrogen production rate vs. NaOH concentration (%).
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Fig. 6. Effect of NaBH, concentration on the hydrogen production in the presence of different NaBH, concentrations: (a) hydrogen
volume vs. time and (b) hydrogen production rate vs. NaBH, concentration (%).

were set at 30°C, 2.5% NaOH and 25 mg of Co-La-Ce-B
catalyst. The completion times of NaBH, hydrolysis in the
presence of 1%, 2.5%, 5%, and 7.5% of NaBH, concentra-
tion were determined as 9.97, 15.02, 30.01 and 40.03 min,
respectively. In the presence of 1%, 2.5%, 5%, and 7.5%
of NaBH, concentration, hydrogen production rates
were 3,393.20; 3,880.00; 4,226.80 and 4,519.20 mL/min g,
respectively. As the concentration of NaBH, increases,
the hydrolysis reaction of NaBH, is completed in a lon-
ger time but the hydrogen production rate increases.
It must be noted that many researchers [6,29] had reported
a low hydrogen production rate at both low and high
NaBH, concentration, which was ascribed to the increase
of solution viscosity. Clearly, the solution became more
viscous with an increase in NaBH, concentration.

3.2.4. Effect of catalyst amount

The graphs of hydrogen volume vs. time and hydro-
gen production rate vs. catalyst amount in the presence

0 10 20 30 40 50 60
Time (min}
a

of different amounts (10, 25, 50 and 70 mg) of Co-La-Ce-B
catalysts are exhibited in Fig. 7. Experimental conditions
were set at 30°C, 2.5% NaOH and 2.5 wt% NaBH,. It is
clear that the hydrolysis of NaBH, is significantly affected
depending on the amount of catalyst. The completion
times of NaBH, hydrolysis in the presence of 10, 25, 50 and
70 mg of Co-La-Ce-B catalyst were determined as 60.11,
15.02, 7.93 and 4.01 min, respectively. In the presence of
10, 25, 50 and 70 mg of Co-La-Ce-B catalysts, hydrogen
production rates were 2,375.00; 3,880.00; 4,160.00 and
4,471.40 mL/min g, respectively. These results can be con-
sidered as an indication of how important the amount of
catalyst is in the hydrogen production rate. When exam-
ining the effect of the catalyst amount on the hydrogen
production rate, the point to be noted is the increase in
the hydrogen production rate while the catalyst amount
is increased from 10 mg to 70 mg. As expected, as the
amount of catalyst increases, the reaction takes much
less time to reach the estimated hydrogen production
yield.
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Fig. 7. Effect of catalyst amount on the hydrogen production in the presence of different Co-La-Ce-B catalyst amounts: (a) hydrogen
volume vs. time and (b) hydrogen production rate vs. catalyst amount (mg).
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3.2.5. Effect of temperature

Fig. 7 demonstrates the graphs of hydrogen volume vs.
time and hydrogen production rate vs. temperature at differ-
ent temperatures (30°C, 40°C, 50°C and 60°C). Experimental
conditions were set at 25 mg of Co-La-Ce-B catalyst, 2.5%
NaOH and 2.5 wt% NaBH,. The completion times of NaBH,
hydrolysis at 30°C, 40°C, 50°C and 60°C were determined
as 15.02, 9.96, 7.98 and 4.94 min, respectively. At 30°C, 40°C,
50°C and 60°C, hydrogen production rates were 3,880.00;
5173.18; 8,136.66 and 9,764.00 mL/min g, respectively.
As can be clearly seen from Fig. 8, one of the most effective
methods to complete the hydrolysis reaction in a shorter
time and to have a higher hydrogen production rate is to
increase the solution temperature. It is well known that an
increase in solution temperature will accelerate the hydrogen
production process.

In order to determine the activation energy (E),
The Arrhenius plot given in Fig. 9 derived from the linear
part of the plot for each temperature was used. The E, of
Co-La-Ce-B catalyst was derived as 19.63 k] mol™, which
is comparable to previously reported values for NaBH,
hydrolysis. For comparison, the E, values of the previously
studied catalysts employed for the hydrolysis of NaBH, at
room temperature are listed in Table 1. Obviously, the Co-La-
Ce-B catalyst provides notable E_ value for the hydrolysis of
NaBH, when compared with the other catalysts. The high
catalytic activity of the Co-La-Ce-B catalyst may be attributed
to the decrease in the mass transfer limitation in the liquid
phase because of using Ce as doping material.

3.3. Performance of the single PEM fuel cell

Hydrogen produced from NaBH, hydrolysis in the pres-
ence of a Co-La-Ce-B catalyst was used in PEM fuel cell
application. For the Co-La-Ce-B catalyst, the current-volt-
age-power curves showing the performance values of the
PEM fuel cells are indicated in Fig. 10. The parameters used
for the measurement were temperature: 50°C, solution
volume: 10 mL, catalyst amount: 25 mg, resistance: 10 Q.
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The open-circuit voltage of the single-cell PEM fuel cell was
measured at 0.87 V, which is higher than that of typical fuel
cells. The efficiency value according to the power is 54%,
while the efficiency value according to the ideal voltage
is 71%. The higher performance using the NaBH, hydro-
gen may be due to the fuel stream that carries saturated
water vapor after the generator. In this case, the hydrogen
gas does not additional humidification, which is clearly an
advantage over dry hydrogen from a gas cylinder, which
requires humidification before entering the fuel cell.

Table 1
The E, values of some catalysts employed for the hydrolysis
of NaBH, at the room temperature

References

[30]
[31]
[32]
Current study
[33]

Catalyst

Co-La-B
Co-B/MWCNT
Co-Ce-B/Chi-C
Co-La-Ce-B
Ru/graphene

E, (k] mol™)

42.33
41.18
33.10
19.63
11.7

-0.5 =
_0.6 - Equation
-0.7 4
-0.8 4 Adj. R-Square
0.9 -
1.0 4
-1.1 4
1.2 4
1.3
1.4 4
1.5+
-1.6
1.7 4
1.8

y=a+ b*x

0.98601

In(k)

3.0x10° 3.1x10° 3.1x10* 3.2x10° 3.2x1072 3.3x107° 3.3x10®

1t (k1)

Fig. 9. The graph of Ink against 1/T.
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3.4. Kinetic study

According to Eq. (2), the borohydride anion (BH}) and
up to four water molecules are involved in the hydrolysis
of aqueous alkaline NaBH, solution [34].

BH, (aq)+4H,0 — B(OH), (aq)+4H, )

The rate of reaction (r) is proportional to the concen-

trations of BH; and H,0 and may be expressed as a power
law [34] is given in Eq. (3).

ro (BH, ) x(H,0) ®)

The second term, (H,0)°, might be regarded as con-
stant when there is an excess of water. Following the
evolution of the reaction rate as a function of the concen-
tration of the hydroxide ions can also reveal the influence
of solution alkalinity. The impact of the catalyst quantity
can also be investigated. This is demonstrated by Eq. (4),
which shows the reaction ordering (a, 3, Y and d) vs each of
the aforementioned variables:

7 oec (BH; )a ><(HZO)l3 X (OH’ )y ><(catalyst)5 (4)

The effect of increasing the catalyst amount on the r will
not be explored in depth here because it is widely assumed
that more active sites equal better kinetics. The reaction
sequence of the catalyst amount should be in a positive
order. Eq. (5) is obtained by taking the logarithm of both
sides of Eq. (3).

In(r)= ln(hydrogen production rate) <o XIn (BH;) )

According to Eq. (5), the In(hydrogen production rate)
vs. In(NaBH,) graph obtained in the presence of different
NaBH, concentrations is shown in Fig. 11 (Catalyst amount
(25 mg) and NaOH concentration (2.5%) were kept constant).

Based on Fig. 11, the r value was determined as 0.14 in the
presence of different NaBH, concentrations. It was observed
that the hydrogen production rate increased as the NaBH,
concentration in the solution increased. The reaction rate
and catalytic activity in zero-order kinetics are independent

Power (W)

" 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Current (A)

Fig. 10. Voltage—current and power—current curves.

of BH; concentration, implying that the quantity of BH -
adsorbed on the catalyst’s surface is constant and the surface
is saturated with adsorbed species [35].

It is possible to examine the OH- effect in Eq. (6), which
is obtained by keeping the BH; and BH; terms constant in
Eq. (4) and taking the logarithm of both sides in Eq. (4).

In(r) = In(hydrogen production rate) e y x In (OH’) (6)

According to Eq. (6), the In(hydrogen production rate)
vs. In(NaOH) graph obtained in the presence of different
NaOH concentrations is shown in Fig. 12 (Catalyst amount
(25 mg) and NaBH, concentration (2.5%) were kept con-
stant). While the r value was determined as -0.55 in the pres-
ence of different NaOH concentrations, it was observed that
the increase in the NaOH concentration negatively affected
the hydrogen production rate. The probable cause of this
situation can be attributed to the high OH™ anions prevent-
ing BH; from being transferred to the catalyst surface [11].

Eq. (7) was used to determine the r value in the pres-
ence of different catalyst amount.

In(r) = In(hydrogen production rate) =< § xIn(catalyst) (7)

According to Eq. (7), the In(hydrogen production rate)
vs. In(catalyst) graph obtained in the presence of different

Equation y=a+b*x

el
(4}

1 Adj. R-square 0,99738

o
IS
L

»
w
L

»
N
1

In(Hydrogen production rate, mLmin'1g'1)
o]

0,0 0,5 1,0 1,5 2,0
In(concentration of NaBHg4, %)

Fig. 11. The graph of In(hydrogen production rate) vs. In(NaBH,).
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Fig. 12. The graph of In(hydrogen production rate) vs. In(NaOH).
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NaOH concentrations is shown in Fig. 13 (NaOH concen-
tration (2.5%) and NaBH, concentration (2.5%) were kept
constant). While the r value was determined as 1.31 in the
presence of different catalyst amounts, it was observed
that the increase in the catalyst amount positively affected
the hydrogen production rate. The possible reason for
this situation is that the increase in the amount of catalyst
provides the presence of more active surfaces [36].

The hydrolysis kinetics of NaOH stabilized NaBH, solu-
tions were analyzed on the Co-La-Ce-B catalyst, and the
hydrogen production rate is presented in Eq. (8).

0.1 —0.5!

7 oc (BH;) fx (OH’) " (catalyst)l'31 (8)

This equation shows that hydrogen production rate
depends on catalyst amount, NaBH, and NaOH concentration.

4. Conclusions

Ce supported Co-La-B (Co-La-Ce-B) was synthesized
as a catalyst for hydrogen production from the hydroly-
sis of NaBH,. Co-La-Ce-B catalyst was found to be active
to produce hydrogen from aqueous NaBH,. The maximum
hydrogen production rate and activation energy of hydro-
gen production reaction in the presence of Co-La-Ce-B
catalyst was 9764.00 mL/min g and 19.63 k] mol™. It was
observed that the Co-La-Ce-B catalyst gave high hydro-
gen efficiency and significantly reduced the reaction time
of NaBH, hydrolysis. The high catalytic activity of the
Co-La-Ce-B catalyst is associated with the mesoporous
structure of catalyst. It can be concluded that high cat-
alytic activity and simple synthetization process enable
Co-La-Ce-B a very promising catalyst for on-board hydro-
gen production from the hydrolysis of NaBH,. Moreover,
hydrogen produced from NaBH, hydrolysis in the presence
of Co-La-Ce-B catalyst was used in PEM fuel cell applica-
tion. The open circuit voltage of the single PEM fuel cell
was measured at 0.87 V, which is higher than that of typ-
ical fuel cells. The efficiency value according to the power
is 54%, while the efficiency value according to the ideal
voltage is 71%.
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