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Abstract

Activated carbon based Cobalt nanoparticles (Co@AC NPs), considered ifi v 5.6 w7 of hydrogen energy, which is a
renewable and sustainable energy, were synthesized by the hydrothermal method,“ hdstheir catalytic activities were tested.
For this, hydrogen production tests were carried out with the help of soqicighorokydride (NaBH,) methanolysis of Co@
AC NPs synthesized by the thermal method. Ultraviolet—visible spectroscépy (Uiv—Vis), Fourier transmission spectroscopy
(FTIR), transmission electron microscopy (TEM), and X-ray diffraction {¥RD) characterization tests were performed.
According to the TEM characterization result, it has been obg€rvea™ Jat the NPs have a spherical shape and an average size
of 2.52+0.92 nm. Then, using the catalytic studies, it was o« erved) hat hydrogen production’s reusability is found to be
86% . The activation energy (Ea), enthalpy (AH), and exf{ropy (Allvélues were found to be 20.28 kJ-mol~!, 17.74 kJ-mol !,
and —125.97 I'mol~! K~!, respectively. The obtained \Blués hdye’yielded excellent results and guide future sustainable and
renewable hydrogen energy studies by reducing£osts, e juifig environmental sustainability by avoiding the formation of
undesirable by-products, and producing hydrgel lsom NasH, through its high catalytic properties.
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1 Introduction

The energy utilized daily to meet humanity’s needs is of
paramount importance [1]. Fossil fuels used in line with
these needs are on the verge of extinction today and at the
same time harm the environment to a large extent [2]. Given
this impending scarcity, the imperative now is to transition
to sustainable energy sources [3]. Hydrogen energy, which
is a positive option in terms of both power density and ease
of transportation, has been found among alternative energy
sources, which can be a solution for this purpose [4, 5].
Hydrogen is very interesting because it is a non-toxic,
environmentally friendly, emission-free, sustainable, and
renewable energy type [6]. There are various reports on
hydrogen energy in the literature [3, 6-9]. Hydrogen energy
is an emission-free, environmentally friendly, and efficient
alternative energy type compared to fossil fuels [4, 10-12].
There are many hydrogen sources such as amine boranes,
phosphoric acid, and borohydrides from which hydrogen
energy is obtained [6, 13, 14]. Among these sources, there
are derivatives of borohydrides (BH,) such as sodium boro-
hydride (NaBH,) [15], potassium borohydride (KBH,) [16]
calcium borohydride (Ca(BH,), [17] and magnesium béroz
hydride (Mg(BH,),) [17] etc. Among these sources, §G st
borohydride is a more applicable source in termgfot hydr
gen content, ease of use, and cost compared tethi hsources
[18]. It is also crucial for sustainable and zeilgwable  yorgy
as it is a substrate that can be recycled tlfrough the by=prod-
ucts obtained from the methanolysis or hy %olysis/of NaBH,,.
The methanolysis reaction of NaB@fuis as iti'cg. 1 [6, 9, 18].

NaBH, +4 CH;0H — NaR[(OCH\J, +~H, (1

Nano-sized catalystS ti ) 438 prate the methanolysis of
sodium borohydrid€are very ¥fective and there are various
studies reported¢n tiz jliterature on this subject [19-21]. In
addition, it ig/indught the Yefficiency is directly proportional
to increas# jths susface areas of nano-structured materials
with suaport< atesials (Activated carbon, Vulcan carbon,
Politviny ' propy.ene, etc.) [22-24]. While many nontoxic
orgai: yniawe-ials can be used in the production of activated
carbon," »€re is also information on the use of chitosan.
In a reported study, activated carbon synthesized through
chitosan has been shown to have very positive effects in
terms of both efficiency and cost, as well as sustainability
[25]. In a study reported on Co;0, microplates, it was stated
that electron-rich and electron-deficient areas facilitate the
adsorption of BH,— and H,O and are vital in the hydrolysis
of NaBH, for rapid hydrogen production [26]. Despite these
studies, there are still deficiencies in efficiency and speed
studies, as well as deficiencies in the use of high-function
support materials such as activated carbon, which is a very

effective method for increasing the surface areas of nanoma-
terials. It is thought that these deficiencies can be eliminated
by developing the synthesis methods of catalysts or by test-
ing various metals.

Nanoparticles (NPs) are materials in the sige range of
1-100 nm [27-31]. NPs are studied in chemisti )62, 3],
catalytic studies [3, 6, 34, 35], sensor studies [36—35; hgptics
[39], and electronics [40]. Studies on the ¥ )drogertion and
photocatalytic decomposition of zfic exidc hagoparticles
made from coffee oil have been [ublished [0]. Hydrogen
catalytic studies and antibactfrial¥ heasusoments of silver-
platinum nanoparticles syphesi: i from propolis have taken
their place in the litera@ ye [41]. 7 Waptamer-based sensor
was developed using ipesG, hrous silica nanoparticles [33].

There are maxy" Wnthesisiderivatives of nanomaterials
in the literatufc 342/ gAmong these synthesis methods, the
hydrothermal synv »sis method is a very valid method for
the stabi.@gan of/particle sizes of nanomaterials [43].
Studies usiyng N¢3H, in the reduction of nanomaterials by
the hydrothirmal method are also available in the literature
445 However, the hydrothermal synthesis of Co and AC,
whicl] |s very cost-effective and can provide great function-
atwin terms of efficiency, and the study and sustainability
of'hydrogen production from NaBH,, have originality.

This study aims to synthesize Co nanoparticles by hydro-
thermal route to have well-crystallized nanoparticles with a
smaller size and to have a more efficient catalyst for kinetic
research. For the first time, cobalt nanoparticles were syn-
thesized by hydrothermal method and also combined with
activated carbon as a support, and the obtained nanoparticles
were used as a catalyst for hydrogen production by metha-
nolysis at different NaBH, concentrations in the Schlenk
system.

Herein, the methanolysis of NaBH, employing activated
carbon-supported cobalt nanoparticles (Co@AC NPs) as
catalysts and the hydrothermal synthesis of activated car-
bon from chitosan (CTS) are discussed. For this study, the
hydrogen production capacity of NPs at different concentra-
tions, substrates, and temperatures was analyzed. Activation
energy, enthalpy, entropy, and turnover frequency (TOF)
were obtained from the activation parameters of NPs in the
methanolysis reaction of NaBH,. To test the sustainability
of the nanomaterial obtained in the context of a catalyst in
hydrogen energy studies, reusability tests were carried out
in 4 cycles and the average reusability data of the nanoma-
terial was obtained. The synthesized samples were charac-
terized by X-ray diffraction characterization (XRD), trans-
mission electron microscopy (TEM), Fourier transmission
infrared spectrophotometer (FTIR), and ultra-violet visible
(UV-Vis) analysis. The results were compared with the
literature.
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Scheme 1 The synthesis of
nanoparticles and the genera-
tion of hydrogen using Schlenk
method

C‘“

AC + Cobalt

MWQW

2 Material & Methods

CTS (deacetylated-90%), cobalt (II) chloride (95%, CoCl,),
NaBH, and all chemicals were obtained from Sigma &
Aldrich.

A Perkin Elmer Spectrum Two brand equipme
used to perform FTIR characterization in the ba

of a Panalytical Empyrean XRD instru
nano-size of NPs was determined. The T
was also performed to determine
their morphological structure.

ceramic cuvette.
was burned at
eration proce,

under 25 d 25 mL of H,SO, for 10 min [45

46]. The pr s were made by transferring 4 mL of
0.3 n AC-containing teflon autoclave using
1 and then handling the mixture for 5 h at
250 ° The resulting black-colored Co@AC NPs were
stored foi the next step to be used in catalytic reactions [18]
(Scheme 1).

In catalytic studies for hydrogen production, a Schlenk
mechanism connected to a water circulation system that
kept the ambient temperature constant was used [3].
Kinetic studies were validated by performing methanolysis
reactions to obtain hydrogen from NaBH,. For this reason,
first of all, NaBH, methanolysis was investigated at
different concentrations (2.25 mM, 4.50 mM, 6.75 mM,
and 9.00 mM Co@ AC NPs) under fixed parameters (25 °C
and 125 mM NaBH,). NaBH, substrate activity was then

@ Springer

Co@AC NPs

Schlenk line system
A ; <

N, gas

mM Co@AC NPs and concentrations

t temperatures (25 °C, 30 °C, 35 °C and 40 °C) using
Co@AC NPs and 125 mM NaBH,. The activation

aBH, were calculated using the data obtained as a result of
kinetic studies. In kinetic calculations, enthalpy and entropy
were calculated using Arrhenius equations for activation
energy and Eyring equations to obtain information about
energy changes. To obtain information about the reuse of
Co@AC NPs, sustainability experiments were carried out
for 4 cycles at a concentration of 2.25 mM Co@AC NPs at
25 °C in the presence of 125 mM substrate, and the average
efficiency was obtained [3, 6].

3 Results & Discussion
3.1 Characterization

UV-Vis characterization performed to identify AC and
Co@AC NPs synthesized using the hydrothermal method
in terms of organic molecules, ions, or complexes is shown
in Fig. 1. According to Fig. 1a, it was observed that cobalt
nanoparticles supported activated carbon gave a broad peak
at 514 nm [48]. No clear observation of UV-Vis characteri-
zation for AC was observed. However, AC peaks at lower
wavelengths have been reported in the literature, but a clear
peak could not be obtained as shown in Fig. 1b [49]. Accord-
ing to the results of the UV—-Vis characterization of Co@
AC NPs, it was seen that there was no pollution from the
chemicals and the environment used and the synthesis was
successful. The results obtained are compatible with the lit-
erature [45, 47].
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Co@AC NPs
——AC
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Fig.1 UV-Vis spectra of (a) Co@AC NPs, (b) AC

Figure 2 shows the result of the FTIR characterization
of Co@AC NPs, which was performed for the purpose of
molecular bond characterization. According to the FTIR
results, the peaks at 3482 and 3412 cm™! belong to the
hydroxyl group of the phenyl groups [50]. The resulting
peaks in 2240 and 1592 cm™! can be attributed to carbonyvi
groups, amide alcohols, or phenols [50, 51]. The pesak of
the cobalt metal NPs is responsible for the peak, Sec it
626 cm™! [50]. According to the results of FTIRgharactei
zation of Co@AC NPs, it was concluded that €ae 1i_yomate*
rial obtained was reduced and there was pegfiiolecula: »Ond
contamination. FTIR characterization [zsults ase in good
agreement with the previous studies [48539].

The XRD characterization pefl lgned to understand the
crystal lattice structures of Co@ AC i Jand to calculate
the average particle sizes p@ig the Rlebye-Scherer function
is shown in Fig. 3. Thef£ nks/:t8 4%,718.4°, and 40.0° theta
degrees originatinggitem 7§, were observed and the cor-
responding latticgs< e (002)1002), and (100) planes [52,

r

[/=— Co@AC NPs
-

i
l 2240
626
3481

3412 1596

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

Fig.2 FTIR spectra of Co@AC NPs
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Fig.3 XRD analyds pa| ern of C6@AC NPs

53]. The Hee Mpariginating from Co NPs appear at 21.5°,
32.9°, 34787 36:9°, 40.1°, 48.31° and 59.1° theta degrees
and correspuptding lattice planes (111), (220), (311), (311),
(222,%(422), and (511) respectively [54—-56]. Some peaks
shat d) not belong to Co@AC NPs are predicted to occur
a. o external conditions in the environment. According to
she results of the XRD characterization of Co@AC NPs, it
is understood that the nanomaterial obtained is cobalt-doped
AC and its crystal lattice structures are face-centered cubic.
The average crystalline size of the NPs was determined to
be 1.77 nm based on the XRD characterization data. These
obtained data are in good agreement with the literature [57,
58].

The TEM characterization performed to understand the
morphological structure of Co@AC NPs and to calculate the
particle size obtained as a result of synthesis at the nanoscale
is included in Fig. 4. The average value was obtained by
counting 100 nanoparticles in the obtained TEM images
using the ImageJ application. It was observed that the syn-
thesis of Co@AC NPs synthesized with the TEM analysis
result was successful. According to Fig. 4a, Co@AC NPs are
narrow in size and have a spherical structure [59]. The aver-
age size of nanoparticles was computed to be 2.52 +0.92 nm
(Fig. 4b). It was concluded that the characterization results
obtained from XRD and TEM support each other. The size
of nanoparticles is similar to previous studies [60, 61].

3.2 Catalytic Studies

The catalytic effect of the synthesized Co@AC NPs on the
NaBH, substrate methanolysis reaction is as in Fig. 5.
According to Fig. 5a, the effect of hydrogen production
was examined under fixed parameters (125 mM NaBH, and
25 °C) with NPs concentrations of 2.25, 4.50, 6.75, and
9.00 mM (Fig. 5a). According to Fig. 5a, the concentration
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of 2.25 mM of Co@AC NPs catalyst generates 40 mL of
H, volume in the time of 60 second, and the concentration
of 9.00 mM of catalyst generates 116 mL of H, volume
in 60 second which mean when the amount of hydrogen
generated increase with the increase of the catalyst’s
concentration. Increasing the catalyst concentration
can promote greater hydrogen production by increasing
the number of active sites, improving reaction kinetics,
promoting interaction between reactants, and reducing

Fig.4 TEM analysis of a Co@
AC NPs image b Co@AC NPs
size histogram

diffusion effects [26]. A 2.9-fold difference in hydrogen
volume was reported between the experiments with the
lowest and highest catalyst concentrations.
sections of the graphs presented in Fig. 5b

the NaBH, methanolysis reaction is
on the catalyst concentration (R 0

The effect of NaBH, substrate
in catalytic activity experiment

Particle size:
2.52£0.92 nm

Particle size (nm)

Fig.5 a Methanolysis of (b)
NaBH, at various catalyst é @ In Rate:1.097 [In Co@AC NPs|-1.928
concentrations (NaBH, con- Q R%: 0.995
centration= 125 mM, 25 °C); b, § & 3
Relationship between logari & a i ¥ e
mic rate of hydrogen release 604 R S %
and logarithmic Co@A ) ? ‘¥ x
concentration. (Expg E 404 ® " o PR = 2
repeated at least 2 : : L] @ 225mM
S 201 K & 450 mM
o] & 6.75 mM
@ 9.00 mM
0 20 40 60 80 100 120 140 0.8 12 1.6 2.0 2.4
Time (sec) In [Co@AC NPs|
Fig.6 Plots of a hydrogen (a) (b)
volume in various NaBH, con- 140+ @ o
centrations (2.25 mM Co@AC — 120 ? ?
NPs, 25 °C), and b In the base n —E] 100 Q $ S
of the logarithm, the hydrogen =7 o . ' ¥ © °
release rate is correlated with E 801 ® : ¥ ¥ -
the NaBH,, concentration. S 60 ;X i
(Experiment repeated at least £ X -
3 times) B2 40 1 ® 400 mM
o 350 mM
P 2 300 mM o In Rate: 0.984 In [NaBH,] - 6.371
0 1ﬁ @ 125mM R2: 0.968
0 80 160 240 320 400 480 48 52 5.6 6.0
Time (sec) In [NaBH,]
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catalytic results at different 125, 300, 350, and 400 mM
NaBH, constant parameters (25 °C and 2.25 mM Co@
AC NPs) are as shown in Fig. 6a. These findings show that
hydrogen generation increases as substrate concentration
rises and that the difference in hydrogen volume between
the lowest and highest substrates is 3.9 times. The hydrogen
release rate was calculated using the related linear areas. The
logarithmic linear graph has a slope of 0.984 (R?: 0.968)
(Fig. 6b). Finally, the reaction was seen as first-order sub-
strate dependent.

The rate law equation (Eq. 2) for the computation of
activation parameters as a result of NaBH, methanolysis is
demonstrated in the order that follows [43]:

0.984

Rate =k - [NaBH4] . [CO@ACNPS]LO97 2

After the substrate and catalyst hydrogen production
experiments, the effect of hydrogen production at different

temperatures was examined (Fig. 7). Hydrogen production
efficiency was tested under 2.25 mM Co@AC NPs and
125 mM substrate under 25, 30, 35, and 40 °C tempera-
tures (Fig. 7a). In order to create the activation parameters,

of catalytic studies, was determin \
hydrogen is generated by NaBH, is, the resulting
typical catalysts
production of hydro-
gen from NaBH, me

in considerable ca

(125 mM NaB Co@AC NPs, 25 °C) (Fig. 8).
The H ount Iculated based on the volumetric

Fig.7 a The effect of tempera- (a) 60 (b) 5
ture for the NaBH,, metha- | @ Ink:-2.439 (10°T) - 1.887)
nolysis to produce hydrogen 50 4 1 Ea: 20.28 kJ/mol
(125 mM NaBH,, 2.25 mM E 3 $
Co@AC NPs, 25 °C), and b the E 401 @ s < ii i
Arrhenius plot. (Experiment E @ ”
repeated at least 3 times) ° 304 ? - £
§ 01 % @
> ¥-30°C
10 35°C
@ 40°C
0 9
0 30 45 60 90 105 120 3.20 3.25 3.30 3.35
Time (sec) 10%T
Table 1 A comparisopfof the pe nce of catalysts in hydrogen production
Entry Cataly, TOF (Turnover frequency) Activation Enthalpy (AH) Entropy (AS) Ref
energy (kJ/mol)
1 3554.2 mL-min~!-g~! 52 - - [62]
2 409 mL-min~!-g~! 51.3 - - [63]
3 4028 mL-min~!-g™! - - - [64]
4 0,0, 2109 mL-min~"-g™! 65.82 - - [65]
5 —Co-Pt 107 min™" 16 - - [66]
6 PtCogy,,/Cu 18 L'min~!-g™! 62.6 - - [67]
7 CoPt-PEDOT:PSSMWCNT 6.9 L'min~'-g™" 473 - - [68]
8 Pt/LiCo, 3100 mL-min~!-g™! - - - [69]
9 Pt/Co,0, 4713 mL-min~'-g™! 43.52 - - [65]
10 Pd/C 2.8 mL-min~!-g~! - - - [70]
11 NiCoPd 680 mL-min~'-g™! 58.5 - - [71]
12 Au NPs/CTS/AC 202 h~! - - - [72]
13 ZnO@AC/CTS 1257.69 mL-min~!-g! 42.52 39.98 —181.42 [9]
14 Co@AC NPs 397.68 s~ 20.28 klJ/mol 17.74 kJ/mol —125.97J/mol. K  This study

546.17 mL/s g
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Fig.8 a Reusability test graph 45
and b related bar chart of (@) 404 (=2 1% evele . (b) 1002, 88,150
the Co@AC NPs (2.25 mM) e : N, — 10058
catalyst in the methanolysis = 2 rd ¥ : = 77.700 =
3™ cvele + - /0%,
of NaBH, (125 mM) at 25 °C. E 304 g o o ‘l‘ . A @ B °45.950,1 80 =
(Experiment repeated at least o 25 . ® = =
3 times) S 20- v + H 4 r““ =
1 \
g 154 s = S Y 4
= 101 é ﬁ =
S 3
> 54 <
04 £ Q
-5 T T T T r T T P
0 10 20 30 40 50 60 m ~ .
Time (sec) K T

hydrogen amounts obtained as a result of 4 cycles were
expressed as a percentage by proportion to the amount of
hydrogen obtained under optimum conditions, and it was
revealed to what extent the nanomaterial maintained its cata-
lytic activity through the average of 4 cycles. The HGRs
were obtained as 546.1 mL/s'g, 508.5 mL/s-g, 430.5 mL/s-g,
402.7 mL/s'g, respectively. These processes were repeated
4 times by washing after each use (Fig. 8a). In the fourth
investigation, it was discovered that the Co@AC NPs £ata

lyst maintained 86% of its initial efficiency and showea Jigi
reusability (Fig. 8b). As a result of the 4-cycle rabeatabili,

experiment carried out to understand the sugainhility of
NPs, it was concluded that NPs were susséfiable by« yain-
taining 89% efficiency.

4 Conclusion

In this work, the hydrotd ymal sunthesis of Co@ AC NP and
the NaBH, methangiydis picess were used to investigate
the catalytic act#vi y for hyirogen generation. Samples
characterizatigg analyi j psing FTIR, UV-Vis, XRD, and
TEM wergfoerfiarmed <0 be able to clarify the structure
and morphc ey o the prepared nanomaterials. XRD
and Zr1 ) analy. )8 of Co@AC of NPs were performed for
detc mismimwrof their crystal lattice and morphological
structus hand particle size. As a result of XRD, the average
crystallitie size of Co@AC NPs with a face-centered cubic
crystal lattice structure was 1.77 nm, while as a result of
TEM characterization, the average nano size of Co@AC
NPs was determined to be 2.52 nm =+ 0.92 nm. Considering
the characterization of Co@AC NPs, it was seen that
the results are in good agreement with each other. The
catalytic activity and kinetic study of Co@AC NPs were
determined, for methanolysis studies using NaBH,, it was
determined that the first-order reaction was dependent on
temperature, substrate, and catalyst amount. In terms of
the sustainability of Co@AC NPs, reusability experiments

@ Springer

were carried gdt 1) 4 cyclés by determining optimum
conditions, and\ )4 Y, it was shown that the hydrogen
productign efficienc_yyras 86%. As a result of kinetic studies
of the md{nic usis reaction of NaBH, in the presence of
Co@AC NVFs, Ea, AH, and AS values were measured as
2028 kI'm@¥', 17.74 kJ'mol™" and —125.97 J'mol™' K™,
respe ¥ively. According to these results, it has been observed
shat hydrogen production is achieved perfectly and has a
pe pitial important industrial application.
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