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Abstract
In this study, activated carbon-supported Co-Cr-B catalyst was synthesized by chemical impregnation and precipitation 
method for use in the catalytic hydrolysis of sodium borohydride (NaBH4). The activity of Co-Cr-B / activated carbon 
(5–20%) obtained by using different ratios was investigated while synthesizing activated carbon-supported Co-Cr-B 
catalyst. The effects of some parameters such as NaOH Concentration (0–5%), NaBH4 concentration (2.5–10%), amount 
of catalyst (25–100 mg) and solution ambient temperature were investigated in the catalytic hydrolysis of NaBH4. The 
hydrogen production rate of Co-Cr-B catalyst without support in hydrolysis of NaBH4 was found as 6.5 Lg–1 min–1

catalyst 
while the hydrogen production rate of activated carbon supported Co-Cr-B catalyst was found as 30.2 Lg–1 min–1

catalyst. 
In presence of activated carbon-supported Co-Cr-B catalyst, the hdyrolysis kinetic order and activation energy of NaBH4 
were found as 0.126 and 16.27 kJ/mol, respectively. The results suggest that activated carbon-supported Co-Cr-B cata-
lysts can be used for mobile applications of Proton exchange membrane fuel cell (PEMFCs) systems.
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1. Introduction
Depletion of existing fossil fuels, global warming 

and environmental pollution are increasing demands for 
a clean and sustainable energy system.1 Hydrogen can be 
considered as energy for the future due to clean and zero 
emission.2 Therefore, a safe and practical hydrogen pro-
duction system is required. Production, storage and con-
sumption of hydrogen are very difficult due to its flam-
mability and storage problem. Therefore, an aqueous 
solution of metal hydride stabilized can be considered as 
a suitable material for hydrogen storage.3 Metal hydrides 
are compounds such as NaBH4, NaH, CaH2, MgH2, Li-
AlH2. Among these metal hydrides, NaBH4 has some ad-
vantages such as high hydrogen storage capacity (10.8%), 
high stability and non-flammability at high pH, optimum 
control over the rate of hydrogen production with sup-
ported catalysts, acceptable hydrogen production rate 
even at low temperatures, ease of use and availability.4–5 
The hydrolysis of NaBH4 with water is indicated the fol-
lowing reaction.6

NaBH4(aq) + 2 H2O(l) → NaBO2 + 4 H2(g)

Self-hydrolysis of NaBH4 does not occur at high pH 
values. Therefore, hydrolysis of NaBH4 takes place in the 
presence of suitable catalyst. In other words, to be able to 
perform the hydrolysis of sodium borohydride in a suita-
ble catalyst surface. Many catalysts such as Co-B-P6, Co-
W-B7, Co-Cu-B8, Ce0.05-Ni-W9, carbon nanotube sup-
ported Co-B10 and carbon supported Ru3 are used for 
hydrolysis of NaBH4.

The activity of the catalyst is directly related to the 
particle size and surface area, since the catalyst having 
small particle size and high surface area is in more contact 
with the reactant. Therefore, higher amounts of catalyst are 
required to significantly increase the reaction rate. Hence, 
some materials with high surface area are used as support 
material.11 Activated carbon,11 carbon,3 Al2O3

12 and Pd-
TiO2

4 can be used as suppport materials. Activated carbon 
is more advantageous than other support materials due to 
its porous, high surface area and functional groups in its 
structure.13 The activated carbon is synthesized by physi-
cal or chemical activation method. Physical activation is 
the process of activation of the raw material at high tem-
perature with a gas such as water vapor or CO2. Chemical 
activation is the synthesis process using activators such as 
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KOH, ZnCl2, H3PO4.14 The activated carbon is synthesized 
from raw materials such as pistachio shell,14 acorn shell,15 
eleagnus angistofolia,16 carob bean seed husk.17

In our previous study, activated carbon was synthe-
sized from the elaeagnus seed by physical activation method 
using a mixture of CO2 and water vapor. In this current 
study, the synthesized activated carbon was used as support 
material for the Co-Cr-B catalyst to be used for the hydroly-
sis of sodium borohydride.18 The experimental conditions 
for the NaBH4 hydrolysis of the synthesized activated car-
bon supported Co-Cr-B catalyst were optimized. It was 
found that the activated carbon-supported Co-Cr-B catalyst 
has high activity in the hydrolysis of NaBH4.

2. Experimental Part
2. 1. Materials

All the chemical substances used in the experiments 
are in analytical grade purity and have not been subjected to 
any purification process. In our previous work,18 the pro-
duction and properties of activated carbon were given and 
the BET surface area was determined as 1084 m2/g. NaBH4 
from Merk, CoCl2 · 6H2O and CrCl3 · 6H2O from Alpha Ae-
sar and ethanol (C2H5OH, > 99.9%) from Sigma-Aldrich, 
were purchased. Pure water was used in our experiments.

2. 2. Synthesis of Activated Carbon 
The procedure followed for the synthesis of activated 

carbon is given below. Approximately 10 g of milled spin-
dle core was subjected to physical activation for 60 min-
utes at 900 °C in the presence of a mixture of CO2 and 
water vapor. The activated material cooled to room tem-
perature was first washed with 500 mL of 0.5 M HCl, then 

with hot deionized water until the pH of the solution 
reached 6-6.5. The obtained activated carbon was used as 
support material for the Co-Cr-B catalyst.

2. 3. Preparation of Catalyst
Activated carbon supported Co-Cr-B catalyst was 

prepared by chemical impregnation and reduction meth-
od. The production scheme of the catalyst is given in Fig-
ure 1. Catalyst preparation procedure; A certain amount of 
CoCI2 · 6H2O and CrCI3 · 6H2O were dissolved in 50 ml of 
ethanol, then the required amount of activated carbon was 
added and the metals were adsorbed to activated carbon at 
room temperature for 24 hours. The ethanol in the medi-
um was then removed at 50 °C and 50 ml of distilled water 
was added to the metal-impregnated activated carbon, 
then left in the ice bath. The 50 ml of The NaBH4 solution, 
prepared to be 5 times the total metal moles, was added 
dropwise to the metal impregnated activated carbon in the 
presence of N2 gas. The resulting catalyst was filtered and 
washed several times with distilled water and anhydrous 
ethanol. The synthesized catalyst was dried in a nitrogen 
atmosphere at 80 °C for 6 hours. The obtained catalyst was 
maintained in a closed vessel in a nitrogen atmosphere to 
use in the hydrolysis of NaBH4.

2. 4. Characterization of Catalyst
Characterization of synthesized activated car-

bon-supported Co-Cr-B catalyst, Co-Cr-B catalyst and 
activated carbon was performed with BET surface area, 
XRD, FTIR and SEM-EDX measurements. Nitrogen ad-
sorption-desorption of BET surface area at 77 K was deter-
mined by Quantachrome Nova 1200 series instrument. 
The structural properties was studied by x-ray diffraction 

Figure 1: Application steps for production of activated carbon supported Co-Cr-B catalyst and for hydrolysis of NaBH4.
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were carried out in 10 ml of solution containing 2.5–10% 
NaBH4, 0–5% NaOH and 25–100 mg of activated carbon 
supported Co-Cr-B (5–20% Co-Cr-B catalyst loaded). The 
temperature was changed between 20 and 60 °C. The re-
leased hydrogen was noted cumulatively by time.

3. Results and Discussions
3. 1. SEM and EDX Analysis

The SEM and EDX results of activated carbon, acti-
vated carbon supported Co-Cr-B catalyst (15% Co-Cr-B 
loaded) and Co-Cr-B catalyst used as support materials 
are shown in Figure 2. 

a1 b1 c1

a2 b2

c2

Figure 2: SEM and EDX results; a1 and a2) activated carbon, b1 
and b2) activated carbon-supported Co-Cr-B catalyst, c1 and c2) 
Co-Cr-B catalyst.

(XRD) on a Rigaku x-ray diffractometer with Cu Kα (λ = 
154.059 pm) radiation. The functional groups of the syn-
thesized materials were determined with a Bruker Vertex 
70 FT-IR instrument in the range of 4000–400 cm–1 wave 
number. The surface morphology of the synthesized mate-
rials was determined by scanning electron microscopy 
(SEM) and the percentages were determined by EDX.

2. 5. Determination of Catalyst Activity
The activity of synthesized activated carbon-sup-

ported Co-Cr-B catalysts for the hydrolysis of NaBH4 was 
determined using the system given in Figure 1. Experi-
mental studies in which catalyst activity was determined, 

Figure 2 (a1) shows that the surface of activated carbon 
is porous and the pore distribution is heterogeneous. It is ap-
parent that there are more microspores on the surface of acti-
vated carbon and this increases BET surface area of the acti-
vated carbon. Figure 2 (c1) reveals that the surface of the 
Co-Cr-B catalyst is not porous and uneven. This causes the 
activity of the Co-Cr-B catalyst to be lowered in the hydrolysis 
of NaBH4. Figure 2 (b1) demonstrates that the Co-Cr-B cata-
lyst in the activated carbon supported Co-Cr-B catalyst is re-
tained on the surface of the activated carbon and inside the 
pores. This leads to a greater amount of hydrogen produced 
in the hydrolysis of NaBH4 with a small amount of Co-Cr-B 
catalyst, thereby increasing the activity of the catalyst. Look-
ing at the EDX results, it appears that the Co-Cr-B catalyst is 
present on the surface of the activated carbon.
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3. 2. XRD Analysis
The structure properties of activated carbon, activat-

ed carbon supported Co-Cr-B catalyst (15% Co-Cr-B 
loaded) and Co-Cr-B catalyst were determined by XRD 
and the obtained results are displayed in Figure 3a, Figure 
3b and Figure 3c, respectively.

As can be seen from Figure 3 (a), the characteristic peak 
of the carbon was observed between 2θ = 20–250. Zhu et al.1 
found the same results in their study of the synthesis of car-

bon-supported CoB catalysts. Fernandes et al.23 reported that 
the Co-Cr-B catalyst gives a peak at 2θ = 450. A peak at 2θ = 
450, is shown in Figure 3 (b-c), also was observed. It is seen 
that the XRD results are in agreement with the EDX results.

3. 3. FTIR Analysis
The FT-IR spectra of the activated carbon, activated 

carbon supported Co-Cr-B catalyst (15% Co-Cr-B loaded) 

Figure 3: XRD results of a) activated carbon, b) activated carbon 
supported Co-Cr-B catalyst (15% Co-Cr-B loaded), c) Co-Cr-B cat-
alyst.

a)

b)

c)

Figure 4: FTIR Results; a) activated carbon b) activated carbon-sup-
ported Co-Cr-B catalyst c) Co-Cr-B catalyst.

a)

b)

c)
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and Co-Cr-B catalyst are shown in Figure 4a, Figure 4b 
and Figure 4c, respectively. 

As can be seen from Figure 4 (a), the activated car-
bon structure used as support material has; a peak at 3700 
cm–1 due to hydroxyl (OH-) functional groups bound by 
hydrogen bonds, a peak at 2900 cm–1 is related to the func-
tional groups of CH originating from methyl or methylene 
groups, a peak at 2380 cm–1 is associated with the -C = C 
functional groups, a peak at 2100 cm–1 is related to the 
-COOH functional groups and a peak at 1400 cm–1 gives 
the _C-CH3 functional groups. Figure 4 (b) reveals that 
after the Co-Cr-B catalyst is adsorbed on the activated car-
bon surface, some functional groups are weakened and 
others are becoming more visible. It is seen that the peak of 
OH- at 3700 cm–1 and the peak of -C-H at 2900 cm–1 in 
activated carbon structure shown in Figure (3b) are weak-
ened. A large peak at 700 cm–1 was observed. The probable 
cause of this peak formation is due to the newly formed 
bond between the Co-Cr-B catalyst and activated carbon.
BET surface areas of activated carbon, activated carbon 
supported Co-Cr-B catalyst (loaded with 15% Co-Cr-B) 
and Co-Cr-B catalyst used as support materials are given 
in Table 1.

Table 1: BET surface area results

Samples	 BET surface area (m2/g)

Activated carbon	 1084
Activated carbon supported Co-Cr-B catalyst	 666
Co-Cr-B catalyst	 219

As can be seen from Table 1, the surface area of the 
activated carbon is observed to decrease very seriously by 
the adsorption of the Co-Cr-B catalyst. The probable cause 
of this situation is the placement of the Co-Cr-B catalyst in 
the activated carbon pores, as seen in the SEM images. 
TheBET surface areafor Co-Cr-B catalyst was obtained as 
219 m2/g and this value is the same with result reported by 
Fernande et al.23.

3. 4. �Effect of the Ratio Between Metal and 
Activated Carbon
Effect of Co-Cr-B catalyst / activated carbon ratio 

(5–20% Co-Cr-B loaded) was investigated in the presence 
of 2.5% NaBH4 + 2% NaOH at 30 °C and 100 mg of catalyst 
in 10 ml of the solution. The change in the rate of hydrogen 
with % Co-Cr-B is given in Figure 5a.

Figure 5a displays that the hydrogen production rate 
of Co-Cr-B catalyst produced without support in NaBH4 
hydrolysis is 6.5 L g–1 min–1

catalyst
 while the hydrogen pro-

duction rate of 15% Co-Cr-B loaded on the activated car-
bon catalyst is 30.226 L g– 1 min–1

 catalyst. This is probably 
due to the increase in the surface area of the Co-Cr-B cat-

alyst with activated carbon and the increase in active sites 
on the surface of the activated carbon. Baydaroğlu et al.19 
found that hydrogen production rate is 21.540 L g–1 

min–1
catalyst using carbon black supported CoB catalysts 

while it is 5.670 L g–1 min–1
catalyst using an unsupported 

CoB catalysts. It can be seen from Figure 5 that the rate of 
hydrogen production increases as the Co-Cr-B / activated 
carbon percentage increases from 5% to 15% and the rate 
of hydrogen production decreases after the maximum val-
ue reaches 15%. The probable cause of this situation is that 
as the amount of Co-Cr-B increases, there are multilayers 
of catalyst layers on the surface of activated carbon and in 
the pores.

Figure 5: a) Change of hydrogen production rate by the amount of 
Co-Cr-B loaded on the activated carbon. b) Graph of the change in 
hydrogen content over time for different NaOH concentrations (V: 
10 mL, 2.5% NaBH4, 100 mg of catalyst, 30 °C).

a)

b)

3. 5. Effect of NaOH
Since aqueous solutions of NaBH4 are not hydrolyz-

ed at high pH values, NaOH is used to increase the pH 
value of the solution. In this part of the study, the effect of 
10 ml of solution of 2.5% NaBH4, 100 mg (loaded with 
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15% Co-Cr-B) activated carbon supported catalyst and 
different NaOH concentrations at 30 °C on the hydrolysis 
of NaBH4 was investigated. The volume of hydrogen pro-
duced over time at different NaOH concentrations is given 
in Figure 5b. 

As can be seen from Figure 5b, when the concentra-
tion of NaOH is increased from 1% to 2%, the rate of hy-
drogen production is increased whereas when the con-
centration of NaOH is more than 2%, the rate of hydrogen 
production is decreased. The probable cause of this be-
havior is that there are two different effects of OH ions in 
catalytic hydrolysis reactions. The first of these is the in-
crease in the contact between NaBH4 and the catalyst 
that results in increased electrostatic interaction between 
the activated carbon and the Co-Cr-B catalyst in the re-
action solution medium at low NaOH concentrations. 
Hence, when the NaOH concentration is increased from 
1% to 2%, the hydrogen production rate rises. The second 
is that OH – (more than 2%) ions present in the medium 
in excess have an inhibitory effect on NaBH4 hydrolysis. 
Another possible cause of this situation is that NaOH, 
which is present in excess in the solution medium, reduc-
es the aqueous solubility of NaBO2, a by-product of hy-
drolysis of NaBH4. Therefore, NaBO2 in solution will col-
lapse and block the active sites of the catalyst, thereby 
reducing the hydrogen production rate. Kaya et al.20 
found that the NaBO2 metastatic area narrows with in-
creasing solution pH in the study of NaBO2 metastatic 
region. That is, if the concentration of NaOH is high, it 
accelerates NaBO2 precipitation. Ye et al.12 used 
Al2O3-supported CoB catalysts for hydrolysis of NaBH4 
in the presence of different NaOH concentrations and 
found the same results. The optimum concentration of 
NaOH for hydrolysis of NaBH4 was determined as 2% 
and all subsequent runs were performed at a NaOH con-
centration of 2%.

3. 6. Effect of Concentration of NaBH4

Hydrolysis of NaBH4 is not only dependent on cata-
lyst activity but also on factors such as NaBH4 concentra-
tion, NaOH concentration and temperature. NaBH4 hy-
drolysis was investigated at different concentrations in a 10 
ml solution medium with 2% NaOH concentration, 100 
mg activated carbon supported Co-Cr-B catalyst (loaded 
with 15% Co-Cr-B) and 30 °C temperature. The time-elut-
ed hydrogen volume at different NaBH4 concentrations is 
given in Figure 6a. Hydrogen initial production rates ver-
sus different concentrations of NaBH4 is also given on the 
same figure. 

As can be seen from Figure 6a, as the NaBH4 concen-
tration increases, the initail rate of hydrogen decreases. 
Especially, when the NaBH4 concentration is 10%, there is 
a very serious decrease in the hydrogen production rate.
The likely reason for this is that the solubility in water of 
the NaBO2 which is by-product in the hydrolysis of NaBH4, 

is limited. Another reason for this is; The high concentra-
tions of NaBH4 and NaBO2 presented in the medium in-
crease the viscosity of the final solution, which slows the 
mass transfer to the catalyst surface from the NaBH4 pres-
ent in the solution medium. Xu et al.21. found the same 
conclusion in their work. 

3. 7. Effect of Amount of Catalyst
 The hydrolysis of NaBH4 was studied in 10 ml of 

solution at a concentration of 2.5% NaBH4 + 2% NaOH, at 
30 °C and in different amounts of catalyst. The volume of 
hydrogen produced with time for different amounts of cat-
alyst is given in Figure 6b. 

As shown in the Figure 6b, as the amount of catalyst 
increases, the hydrogen rate also increases. This suggests 
that the hydrolysis of NaBH4 is catalyst-controlled. 

Figure 6: a)The graph of change in hydrogen content over time for 
different NaBH4 concentrations (V: 10 mL, 2% NaOH, 100 mg of 
catalyst, 30 °C). b) The graph of change in hydrogen content with 
time for different amounts of catalyst (V: 10 ml; 2.5% NaBH4; 2% 
NaOH; 30 °C).

a)

b)
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Figure 7: a) The graph of change in hydrogen content with time for different temperatures (V: 10 ml; 2.5% NaBH4; 2% NaOH; 100 mg of catalyst). 
b) The graph of 1/C versus t for different temperatures.

a) b)

3. 8. Effect of Solution Temperature
The effect of the temperature on the hydrolysis of 

NaBH4 was investigated. The change in hydrogen volume 
of produced hydrogen at different temperatures is given in 
Figure 7a.

As can be seen from Figure 7a, there is a significant 
increase in the volume of hydrogen obtained in the hydrol-
ysis of NaBH4 as the temperature increases. 2.5% NaBH4 
hydrolysis takes place in 13 minutes at 20 °C, 1.75 minutes 
at 30 °C and 1 minute at 60 °C.

One of the most fundamental reasons for measuring 
the reaction time of any reaction at different temperatures 
is determining the reaction rate constant and determining 
the activation energy required for the reaction to take 
place accordingly. For this reason, first of all, a n-th reac-
tion was used to determine the rate constants at different 
temperatures and the reaction rate constant for this reac-
tion was determined by the equation given below.

         						       (1)

Equation 2 was obtained if Equation 1 was set.

   						       (2)

According to Equation 2, the slope of  versus t 
gives the reaction rate constant (k) for different tempera-
tures. 

However, when this equation was applied, the n val-
ues were selected in that form, until the regression coeffi-
cient was close to 1. After the most suitable n value was 
determined, k was obtained from the slope of the obtained 
curve. In this procedure, the graph of  versus t is 
given in Figure 7b.

As you can see in Figure 7b, the selected n values in 
all temperatures are consistent and linear. Within the 

above procedure, the optimum order of rate was found as 
0.126. The rate constants at different temperatures are giv-
en in Table 2. Activation energy was determined by arhe-
nius equation using these rate constants at different tem-
peratures. 

Table 2: The rate constants for different temperatures.

Temperatures	 Rate constants, k	 Order
(°C)	 (ml g–1 min–1

catalyst)

20	 0.0518	 0.126
25	 0.1157	 0.126
30	 0.4217	 0.126
40	 0.4919	 0.126
50	 0.6038	 0.126
60	 0.7619	 0.126

					                  	  (3) 

When Equation 3 was linearized, Equation 4 was obtained.

				                      	  (4)

According to Equation 4, when the slope of the 
graph of lnk versus 1/T (is shown in Figure 8) was used, 
the activation energy required for the hydrolysis of 
NaBH4 in the presence of activated carbon-supported 
Co-Cr-B catalyst was found as 16.27 kJ /mol. This value is 
very low and indicates that the activity of the catalyst is 
very high. The hydrogen production rate of activated car-
bon-supported Co-Cr-B catalyst in 2.5 ml of NaBH4 hy-
drolysis in 10 ml of solution at 30 °C was determined as 
30.266 L g–1 min–1

catalyst and the comparison with litera-
ture is given in Table 3.
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Figurce 8: The graph of ln (k) versus 1/T.

4. Conclusions
In this study, activated carbon supported Co-Cr-B 

catalyst was prepared to use in the hydrolysis of NaBH4. 
The hydrogen production rate of synthesized activated 
carbon-supported Co-Cr-B catalyst was found as 30.226 L 
g–1 min–1

catalyst while the hydrogen production rate unsup-
ported Co-Cr-B catalyst was found as 6.490 L g–1 min–1

cat-

alyst. It was determined that the activity of the Co-Cr-B 
catalyst on the activated carbon surface increases approxi-
mately 5-fold. The effect of activated carbon ratio, NaOH 
concentration, NaBH4 concentration, catalyst amount and 
temperature on the activated carbon-supported Co-Cr-B 
catalyst for the hydrolysis of NaBH4 was investigated. It 
was determined that the hydrogen production rate of the 
15% Co-Cr-B loaded catalyst was the best when the NaOH 
concentration was 2%. The increase in the concentration 
of NaBH4 reduced the production rate of hydrogen while 
the increase in the amount of catalyst increased the hydro-
gen production rate. It was determined that the produc-
tion rate of hydrogen significantly increased with increas-
ing temperature. The inhibition of hydrolysis kinetic of 
NaBH4 and the activation energy in the presence of acti-
vated carbon-supported Co-Cr-B catalyst were found to as 
0.126 and 16.27 kJ/mol, repectively. According to the re-

sults obtained, activated carbon-supported Co-Cr-B cata-
lyst NaBH4 can be used in PEMFC mobile systems.
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Povzetek
V tem prispevku smo raziskovali katalizator Co-Cr-B na aktiviranem ogljiku, ki smo ga sintetizirali z metodo kemične 
impregnacije in precipitacije in njegovo uporabo pri katalitski hidrolizi natrijevega borhidrida (NaBH4). Material smo 
pripravili z različnimi razmerji Co-Cr-B / aktivnega oglja (5–20%). V procesu katalitske hidrolize NaBH4 smo preučevali 
učinke nekaterih parametrov, kot so koncentracija NaOH (0–5%), koncentracija NaBH4 (2,5–10%), količina katalizatorja 
(25–100 mg) in temperatura raztopine. Stopnja sproščenega vodika pri hidrolizi NaBH4 z uporabo katalizatorja Co-Cr-B 
brez nosilca je bila 6,5 Lg–1 min–1, medtem ko je bila stopnja nastajanja vodika na katalizatorju Co-Cr-B na aktiviranem 
ogljiku 30,2 Lg–1 min–1. V prisotnosti katalizatorja Co-Cr-B na aktiviranem ogljiku, sta bili stopnja katalize in aktivaci-
jska energija hidrolize NaBH4 0,126 in 16,27 kJ/mol. Rezultati kažejo, da bi lahko katalizator Co-Cr-B na aktiviranem 
ogljiku uporabili za gorivne celice z membrano za izmenjavo protonov (PEMFC).
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