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Abstract: The need for an alternative energy source that is both clean and abundant has led to research
into a hydrogen economy. Hydrogen gas can be produced slowly via the hydrolysis of sodium
borohydride (NaBHy). A catalyst can be used to speed up the rate at which hydrogen is produced,
however many catalysts involve relatively expensive materials like precious metals. This study
explores a novel copper nanoparticle supported on a graphene-like material composite as a catalyst
for the hydrolysis of NaBH4. The material was characterized via powdered X-ray diffraction (P-
XRD), Fourier transform infrared spectroscopy (FTIR), transmission electron microscope (TEM), and
Energy Dispersive spectroscopy (EDS). The P-XRD confirmed the crystallinity structures of graphene-
like material (GLM) and copper nanoparticles supported over graphene-like material (CuGLM).
The P-XRD spectra indicated the (110), (111), and (200) lattice planes of copper nanoparticles. In
FTIR analysis, the shifted and sharpening functional group peaks were observed when copper
nanoparticles were supported by the GLM template. The TEM result indicated that the copper
nanoparticle had a size of approximately 10 nm. The catalyst (CuGLM) was tested under different
doses of NaBHy, solution pH, and reaction temperatures. Temperature data were used to determine
the activation energy of the reaction to be 46.8 k] mol~!, which is competitive when compared to
similar catalysts. The catalyzed reaction generated the highest volume of hydrogen at pH 8 (51 mL),
303 K (32 mL), and 1225 umol of NaBHy (37 mL). The catalyst was found to be able to be used
multiple times in succession without any significant loss in hydrogen generated. This catalyst is an
exciting option for the sustainable generation of hydrogen gas as a fuel source.
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1. Introduction

The combustion of fossil fuel resources to power the world is currently one of the
largest contributors to anthropogenic greenhouse gas emissions [1]. It had been observed
that the pollution emission of fine particles with diameter of 2.2 pm (PM 5) can be linked
to the premature mortality of people on a global scale [2]. A study by Lelieveld et al.
estimated that the removal of fossil fuels is not only beneficial to human health but would
also solve the increasing global temperature and issues with the hydrologic cycle [3]. Thus,
many studies have been conducted to search for environmentally friendly energy sources
which are capable of replacing fossil fuels [4-6]. Among the potential energy sources,
hydrogen appears as an ideal candidate due to its abundance, high specific energy, and
clean byproduct when combusted as fuel [7,8]. There are some barriers which prevent
the widespread application of hydrogen in the energy system. Even though the hydrogen
fuel cell is believed to be an effective technology for promoting hydrogen-based energy,
there are still some challenges that lie in hydrogen production and storage [9,10]. Currently,
hydrogen is primarily produced from fossil fuel resources such as natural gas, methane,

J. Compos. Sci. 2023, 7,279. https:/ /doi.org/10.3390 /jcs7070279

https://www.mdpi.com/journal/jcs


https://doi.org/10.3390/jcs7070279
https://doi.org/10.3390/jcs7070279
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcs
https://www.mdpi.com
https://orcid.org/0000-0003-2173-3628
https://orcid.org/0000-0003-1454-7421
https://doi.org/10.3390/jcs7070279
https://www.mdpi.com/journal/jcs
https://www.mdpi.com/article/10.3390/jcs7070279?type=check_update&version=1

J. Compos. Sci. 2023, 7, 279

20f13

and coal [11,12]. In order for hydrogen to contribute a significant role in low-carbon future
and a secure energy system, it would be essential to reduce the fossil dependence [13,14].
Since hydrogen has a low density, a specific type of storage tank is required for transporting
the fuel. Compared to gasoline, hydrogen requires a higher volume to store; however,
hydrogen possesses a higher energy yield than gasoline [15,16]. The storage of hydrogen
has met various challenges. The most common methods for storing hydrogen are through
high-pressure gas cylinders or in cryogenic tanks; however, these methods require a delicate
control of pressure and temperature [17]. A liquid nitrogen tank is required to have a double
wall structure as a thermal insulation to keep a low temperature condition [18]. Regarding
the high-pressure tanks of a natural gas vehicle, it is estimated to require 20-25 MPa to
compress the gas [18]. Additionally, when the pressure is doubled, the amount of hydrogen
stored is only increased up to 40-50% [18]. In order to tolerate the high pressure, the tank
must be made from carbon composite V3 and V4 [18].
An alternative method of hydrogen storage avoids the problems associated with pres-
sure and temperature by storing it within the structure of borohydride compounds [19].
Metal borohydrides are found to be thermostable hydrogen storage materials which can re-
versibly store hydrogen at high density, with only moderate temperature and pressure [20].
For example, LiBH, in solid form only releases a small amount of hydrogen when the
temperature increases between 100 °C and 200 °C [19]. The solid form of sodium boro-
hydride starts to release hydrogen when heated up to 470 °C [19]. Among the metal
borohydrides, sodium borohydride (NaBH,) appears to be the optimal compound for a
hydrogen evolution reaction as it contains roughly 10.8% hydrogen by weight [21]. Addi-
tionally, this compound is able to release hydrogen gas in the presence of water as displayed
in Equation (1):
NaBH4 + 2H,0 — NaBO, + 4H; 1)

The application of NaBHjy in generating hydrogen still faces challenges in optimizing
the reaction rate. Many studies on catalysts have been conducted to enhance the hydrogen
evolution of this reaction [22-26]. Among the catalysts, nanoparticles have shown their
potential in enhancing the hydrogen generation reaction rates, and different factors like
nanoparticle size and use of a support template contribute to the catalytic capability of
nanoparticles [23-30]. Well-dispersed nanoparticles improve their surface area and catalytic
ability; however, nanoparticles have a tendency to agglomerate [28-30]. The agglomeration
of nanoparticles may also lead to strain effects and lattice defects which impact the catalytic
property of nanoparticles [29]. It has been shown that the use of a support template can
increase the available surface area of nanomaterials [30,31] and assists in preventing the
agglomeration while also improving the catalytic performance of nanoparticles [32,33].

Previous studies have shown that precious metal nanoparticles such as gold, silver, and
platinum are effective in tuning optoelectronic properties [34], antibacterial uses [35], and
enhancing the rate of hydrogen generation reactions [36,37]. While these precious metals
are good choices as catalysts, they are often expensive. Many cheaper metals such as nickel
and copper have been studied and shown to be as catalytically effective as the precious
metals [38,39]. Copper-based catalysts have been extensively researched and found to be
efficient in supporting the hydrogen fuel cell [40,41]. In the study of Wu et al. (2004), when
copper nanoparticles are incorporated into TiO; system, the hydrogen evolution reaction
(HER) catalytic activity was increased by 10 times [42].

Graphene-like materials (GLMs) were chosen as a carbon support template for en-
hancing the dispersing of copper nanoparticles. After the invention of graphene, scientists
have been focusing on investigating 2D materials with similar structure and properties to
that of graphene [43,44]. Although graphene appears to be an excellent support framework
for different nanoparticles, the production of graphene often requires toxic chemicals and
has an elevated risk of combustion [45,46]. There are many GLMs that can be synthesized
from cheap biomass such as glucose and plant-based materials and can be as effective as
graphene in dispersing the nanoparticles [47,48]. Previous studies have shown that copper
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nanoparticles are highly compatible with 2D graphene structures and have been used to
support the growth of graphene [49,50].

In our study, copper nanoparticles embedded on graphene-like materials (CuGLM)
was synthesized and structurally characterized by Powder X-ray Diffraction (P-XRD), Scan-
ning Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-EDS),
Fourier transform infrared spectroscopy (FTIR), and Transmission Electron Microscopy
(TEM). Various conditions such as pH, temperature, NaBH, dosage, and reusability were
considered in examining the catalyzed effect of CuGLM on hydrogen evolution reaction.

2. Experimental
2.1. Synthesis of Graphene-like Material

The method of Adel et.al. was applied and slightly modified to synthesize graphene-
like material [47]. A volume of 20 mL of 0.5 M of dextrose solution was added to 50 mL
Teflon-lined autoclave tubes. The solution was autoclaved at 200 °C for 4 h, and then cooled
to room temperature. The product was collected by being centrifuged at 15,000 rpm for
30 min, and then washed with DI water several times. After that, the brown precipitates
were dried in the oven at 100 °C overnight.

2.2. Synthesis of Copper Nanoparticle and CuGLM

The method of Xiong et.al. was applied to synthesize copper nanoparticles [51]. A
volume of 50 mL of 0.2 M CuCl,-2H,0O aqueous solution was prepared in a flask and heated
to 80 °C while stirring. After that, 50 mL of 0.8 M L-ascorbic acid aqueous solution was
added dropwise to the flask. The mixture was stirred and kept at 80 °C until a dark red
solution was formed. The solution was cooled to room temperature and then centrifuged
at 8000 rpm for 15 min to remove unreacted reactants.

The incipient wetness method was applied to connect the nanoparticles to the GLM
structure. A few milliliters of nanoparticles solution were added to the GLM and then
dried in the oven at 50 °C. The process was repeated several times.

2.3. Characterization

The crystal structures of CuNPs and GLMs were identified through powder X-ray
diffraction (P-XRD, Rigaku Miniflex II, Cu Ko X-ray, nickel filters). Each sample was spread
flat on sample holding plate and scanned from 5° to 90°.

Fourier transform infrared spectroscopy (FTIR, Shimadzu IR-Tracer 100, Kyoto, Japan)
with an Attenuated Total Reflectance (ATR, Shimadzu QATR-S, Kyoto, Japan) attachment
was used to confirm the functional group of the nanocomposite. The presence of Cu
nanoparticles on GLM was confirmed by Scanning Electron Microscopy (SEM, JEOL JSM-
6060LV, Akishima, Tokyo) and energy dispersive X-ray spectroscopy (EDS, ThermoScientific
UltraDry, Waltham, MA, USA).

For transmission electron microscopy (TEM, JEM-2100F) characterization, a few drops
of copper nanoparticles were added to the carbon grid. Regarding the CuGLM, the
nanocomposite powder was mixed with 3 mL of DI water and sonicated for 10 min.
A few drops of the solution were added to the copper grid. Both grids were dried in
the oven.

2.4. Catalysis

The volume of generated hydrogen was measured by using the gravimetric water
displacement system [37,38]. The closed system contained two Buchner flasks. In one
flask, 100 mL of DI water was mixed with 0.1 g of CuGLM. NaBH, was then added, and
generated hydrogen flowed to the other flask that contained 100 mL DI water. Pressure
from the hydrogen forced water from the second flask through tubbing where it dripped
into a cup on a mass balance (Pioneer, OHAUS, Parsippany, NJ, USA). The water displaced
over the period of two hours was monitored via the data logging software (SPDC Data
Collector, OHAUS, Parsippany, NJ, USA). The pH of the solution was altered (pH 6, pH?7,
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and pH 8) by using nitric acid or sodium hydroxide. Temperature conditions (283 K, 288 K,
295 K, 303 K) of the reactions were controlled by using a water bath system. The reaction
was also examined under various doses of NaBH, (625 pumol, 925 umol, 1225 pumol). Lastly,
reusability trials occurred using conditions at pH 7 and at 295 K. A 925 pmol NaBH,4 dosage
was supplied for a two-hour trial. Immediately after two hours, a second 925 umol dose
was added, marking the start of a second trial. This was repeated for a total of five trials.

3. Results

Images of the novel CuGLM catalyst were taken using TEM. Figure 1A depicts
clumped masses of GLM support material. Figure 1B shows the multilayers of the graphene-
like material. Small nanoparticles can be seen in Figure 1B,C, allowing for an average
nanoparticle size of 13 nm to be determined.

(A) _ B)

(©)

Figure 1. TEM images of the CuGLM composite material at scales of 100 nm (A), 20 nm (B), and
10 nm (C).

CuGLM catalyst was characterized via the EDS analysis from SEM images (Figure 2).
The spectra shows that the elements in the sample in the order of most abundant to least
were carbon, oxygen, and then copper. Despite the small weight percentage of 0.56%, this
analysis confirmed the presence of copper within the sample which can be attributed to the
nanoparticles seen in Figure 1.
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Figure 2. EDS spectrum of the CuGLM catalyst and elements weight%.

XRD analysis was used to further characterize the CuGLM composite and was com-
pared to GLM with no nanoparticles (Figure 3). The GLM showed only one large broad
peak around 22° which can be attributed to the graphitic characteristics of the carbon-based
backbone material [52]. The CuGLM also experienced this peak as much of the material
was the GLM support. A very sharp peak was seen at both 28.7° and 33.2° which can
be associated with the (110) and (111) lattice plane of copper oxide, respectively (JCPDS
48-1548) [53,54]. Two peaks of copper nanoparticles can be seen at 47.6° and 56.4° which
are indicative of the (111) and (200) faces, respectively, despite being shifted up roughly
5° each [55]. This shifting has been reported before as nanoparticles can change the lattice
structure of carbon-based materials [56].

— CuGLM —;- N
227 (110) " 33.2 (110)

—GLM > glw "N"’*
- = W-’wﬂd
;- (=
8 g
= T 32 34 36
ﬁ Degree (20)
JE 332 760111

*56.4 (200)

M

5 15 25 35 as 55 &5 75
Degree (20)

Figure 3. XRD analysis of CuGLM and GLM. Rectangles represent peaks associated with copper
chloride, stars represent copper oxide peaks, and asterisks represent the peaks of copper nanoparticles.
The inset graph highlights the peak at 33.2°.
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FTIR analysis was performed on CuGLM to detect the presence of functional groups
(Figure 4). The unsupported GLM shows a broad peak ranging from roughly 3600 cm ™!
to 3000 cm ! and is indicative of an OH stretch. A short peak at 2900 cm ™! is indicative
of a C-C bond. A peak at 1700 cm ! indicates the presence of a C=0 bond. All three of
these peaks are commonly associated with graphitic characteristics and can be attributed to
the GLM backbone. The CuGLM composite showed the same set of peaks. When CuNPs
are incorporated into the GLM, the C=0 and C-C peaks were slightly shifted and had a
slightly higher intensity. This indicates that the addition of the copper nanoparticles did
not significantly alter the structure of the GLM.

Transmittance (%T)

o G L] s CuGLM

4000

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Figure 4. FTIR analysis of CuGLM and unsupported GLM.

With the characterization of the material completed, catalytic trials of CuGLM began,
first evaluating the catalyst at NaBH4 doses of 625 umol, 925 umol, and 1225 pmol (Figure 5).
At a dose of 625 umol, the reaction as catalyzed by CuGLM produced roughly 19.0 mL of
hydrogen at a rate of 0.0158 mL min~! mg;~!. At an increased NaBH, dose of 925 pumol,
the rate of hydrogen generation increased to 0.0236 mL min~! mgc; !, producing a
volume of 27.6 mL after two hours. When the dose of NaBH, was further increased to
1225 umol, the volume of hydrogen generated increased even more to 37.6 mL at a rate of
0.0313 mL min—! mgcat_l. Based on this data, it is evident that there is a positive linear
relationship between the NaBH,4 dosage, and the volume of hydrogen gas produced. This
follows Le Chatelier’s principle which states an increase in one of the reactants will result
in an increase in the products.

The next catalytic study performed for the CuGLM catalyst was at conditions of pH 6,
pH 7, and pH 8 (Figure 6). The pH of the reaction was lowered to pH 6 which resulted
in a hydrogen generation rate of 0.0430 mL min~! mge: ! and a volume of 51.6 mL.
At pH 7, the reaction generated 0.0236 mL min~! mgcat’l, which produced a volume
of 27.6 mL. Lastly, when the pH of the solution was raised to 8, the reaction produced
14.7 mL with a generation rate of 0.0125 mL min ! mgcat_l. From the above data, it is clear
that the reaction proceeds better in acidic conditions. This was explained by the team of
Schlesinger et al. who theorized that the extra hydrogen ions in acidic solutions cause the
reaction to proceed faster [57]. The observed decrease in hydrogen produced in alkaline
conditions is possibly due to an increase in the concentration of metaborate ions in the
solution, as noted by Kaufman et al. [58].
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Figure 5. Effect of NaBH, dosage on the catalytic ability of CuGLM in 100 mL of DI water.
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Figure 6. Effect of pH on the catalytic ability of CuGLM.

CuGLM was then evaluated as a catalyst at temperatures of 283 K, 288 K, 295 K,
and 303 K (Figure 7). The temperature of the solution was first lowered to 288 K and
produced 14.3 mL of hydrogen at a rate of 0.0119 mL min~! mgct . The temperature
was then lowered even more to 283 K, which resulted in a decrease in the generation rate
t0 0.0089 mL min ! mgcat_1 and a volume of 10.6 mL. At room temperature (295 K), the
reaction produced 27.6 mL of hydrogen at a rate of 0.0236 mL min~! mgc, ~!. Finally, when
the temperature of the reaction was raised to 303 K, the volume of hydrogen produced was
32.5 mL at a rate of 0.0271 mL min ! mgcat_l. Figure 7 shows a clear trend that increasing
the temperature of the reaction increases the rate at which hydrogen is produced. As with
the dosage study, this is in agreement with Le Chatelier’s principle.
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Figure 7. Effect of temperature on the catalytic ability of CuGLM.

From the temperature study, the activation energy of the reaction was able to be found
via the Arrhenius Equation (2), where k is the reaction’s rate constant, Ea is the activation
energy of the reaction, R is the universal gas constant, T is the temperature of the reaction
in kelvin, and A is the preexponential factor.

k = Ae & ?)

By plugging each temperature tested into Equation (2), the rate constants of the
reaction could be determined. The natural log of each rate constant was then plotted against
one thousand divided by the coinciding temperature in kelvin to create an Arrhenius plot
(Figure 8). The absolute value of the slope of the equation of the line from Figure 8
multiplied by the gas constant allowed the activation energy of the reaction as catalyzed by
CuGLM to be determined to be 46.8 k] mol~!. This activation energy was then compared
to similar catalysts for this reaction in Table 1.

4

3.5
3
LS *

2

In(k)

1.5

1 y=-5.0851x + 20.176

R? = 0.9406
0.5

0
3.25 3.3 3.35 3.4 3.45 3.5 3.55

1000/T (K)

Figure 8. Arrhenius plot created for CuGLM.
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Table 1. Table of Reported Activation Energies (Ea k] mol ™).

Catalyst E, (k] mol—1) Temperature (K) Reference
Ni 71 273-308 [58]
Raney-Nickel 63 273-308 [58]
Co 75 273-308 [58]
Cu based Catalyst 61.2 303 [59]
Co-Cu-B 49.6 293-343 [60]
Pt/MWCNTs 46.2 283-303 [23]
Ag/MWCNTs 44.5 273-303 [61]
Pd/MWCNTs 62.7 273-303 [62]
Au/MWCNTs 21.1 273-303 [63]
BCD-AuNP 54.7 283-303 [36]
Pd Nanocup 58.9 283-303 [64]
PtNPs 39.2 283-303 [65]
CuGLM 46.8 283-303 This Work

Table 1 compares CuGLM to other catalysts for the hydrolysis of NaBHy. This novel
material with its activation energy of 46.8 k] mol~! outperforms bulk materials, as well
as two other catalysts that contain copper. Most of the other composite catalyst materials
explored by this team have an activation energy that is lower than the CuGLM catalyst;
however these composites contain precious metals, which are more expensive than copper.
The relative inexpensiveness of copper, combined with the simple, sugar-based support
and competitive activation energy makes this catalyst a promising choice for this reaction.

For a final test, CuGLM was assessed multiple times for its reusability (Figure 9). Five
consecutive trials were run, each lasting two hours and using a dose of 925 pmol of NaBHj.
The reactions were run at pH 7 and 295 K which were ambient lab conditions. Hydrogen
production was relatively consistent across the first four trials, despite trial two producing
slightly less. The fifth trial produced more than the others, possibly indicating that the
catalyst becomes activated with consecutive uses. Overall, the CuGLM catalyst produced
an average volume of 27.1 mL across the five trials. The catalyst efficiency increased after
consecutive uses could be from the effect of BHy and H™ formed strong bond on the
surface of nanoparticles [66]. Over time, these bonds become hydrolyzed and increase the
electrostatic stabilization of the nanoparticle surfaces, which made them more active [66].
This phenomenon had been explained in the study of Deraedt et al. (2014) [66].

40
P 34.0
=1 35
‘E' 28.8
- 30 26.7 i
% - 25.0
E, 21.0
o 20
O
c 15
Q
[oY.)
O 10
S
T 5

0

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5

Figure 9. Catalytic reusability of CuGLM. The number on top of each bar is the volume of hydrogen
produced by that trial in mL after two hours.
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A mechanism by which CuGLM catalyzes the hydrolysis reaction of NaBHy is depicted
in Scheme 1. In this mechanism, a single borohydride ion (BH, ™) binds to a single copper
nanoparticle. A nearby water molecule then attacks the boron from the BH,; and replaces
one of the hydrogen atoms. As the hydrogen leaves, it bonds to a hydrogen atom from
the water molecule, stripping it from the water and forming a gaseous Hy molecule. This
same process will happen for each of the hydrogen atoms on the BHy, resulting in four Hp
molecules being released. Once there are no more hydrogen atoms for water to attack, the
remaining tetrahydroxyborate [B(OH)4] can unbind from the copper nanoparticle and a
new BH, ™ can take its place, repeating the cycle.

BH,~

H,0

H,0
B{OH), y

H-H} H-H,

|

H ;0

B(OH), BH(OH), BH,(OH),

Scheme 1. Proposed mechanism by which CuGLM catalyzes the hydrolysis of NaBHj .

Finally, the graphene-like materials (GLMs) used in this study showed great promise
as catalyst support with agreement with other studies [67-69].

4. Conclusions

We report the successful synthesis of aDone novel composite catalyst made from
copper nanoparticles supported on graphene-like materials. The material was characterized
using TEM, EDS, XRD, and FTIR. Catalytic trials were performed under various reaction
conditions including dosage of NaBHy, pH of solution, and temperature. It was determined
that the optimal reaction conditions included larger doses of NaBHy, lower pH, and higher
temperatures, with the best condition tested being pH 6 which produced hydrogen at a
rate of 0.0430 mL min~—! mgcat’l. Temperature trials allowed us to determine the activation
energy of the catalyst to be 46.8 k] mol~!, which is competitively low compared to similar
catalysts. A reusability study revealed that the catalyst can be used multiple times in a
row with a slight decrease in hydrogen produced after the first trial, and then increased
amounts with each additional trial. This study indicates that CuGLM is a promising option
when choosing a catalyst for the hydrolysis of NaBHy4. By using a non-precious metal
as the catalyst, and sugar as a precursor to the support, this catalyst could be a cheaper
option compared to other catalysts. The reusability study indicates that the same amount
of material can be utilized multiple times, promoting sustainability.
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