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Abstract: The growing population and increasingly competitive economic climate have increased the
demand for alternative fuel sources, with hydrogen being one of the more viable options. Many metal
hydrides, including sodium borohydride, are capable of releasing hydrogen stored within chemical
bonds when reacted with water, but the rate of generation is slow and therefore necessitates a catalyst.
Silver nanoparticles, which were chosen due to their known catalytic activity, were synthesized
from sodium citrate and were embedded in mesoporous carbon to form a nano-composite catalyst
(Ag-MCM). This composite was characterized via Transmission Electron Microscopy (TEM), X-
ray Diffraction (XRD), and Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy
(SEM/EDS). Catalytic testing showed that the catalytic activity for the Ag-MCM catalyst increased
with increasing NaBH4 concentration, low pH, and high temperatures. The Ag-MCM catalyst resulted
in the activation energy at 15.6 kJ mol−1, making it one of the lowest seen activation energies for
inorganic catalysts. Lastly, the Ag-MCM catalysts showed stability, producing, on average, 20.0 mL
per trial for five consecutive trials. This catalytic ability along with the cheap, carbon-based backbone
that is made from readily available corn starch, makes it a promising catalyst for the hydrolysis
of NaBH4.

Keywords: silver nanoparticles; mesoporous carbon; sustainable source; hydrogen production

1. Introduction

The world is going through a major energy crisis that is led by the overreliance on
nonrenewable fuels, such as coal, natural gas, and oil. These fossil fuels are formed from the
remains of previously living organisms, with 33%, 29%, and 24% of the world’s fuel sources
being from oil, coal, and natural gas, respectively [1]. It is also predicted that within 25, 97,
and 27 years, all oil, coal, and natural gas, respectively, will run out if current consumption
rates continue [2]. Along with these fuels being nonrenewable, they also negatively impact
the environment. The combustion of fossil fuels releases UV-radiation-absorbing gases,
known as Greenhouse Gases (with CO2 being the most common), which release excess heat
that causes the surface to warm. A concerning trend in CO2 emissions is being monitored
with an accelerating emission rate from 1.1% from 1990 to 1999 to 3% from 2000 to 2004 [3].
Fortunately, there are several types of renewable energy sources and alternative fuels that
could remedy these issues, with hydrogen fuel being a viable option.

Hydrogen fuel is an alternative type of fuel that has shown great potential in solv-
ing the world’s energy crisis. Hydrogen is not only one of the most abundant known
substances, but when combusted in a fuel cell, it is one of the most energy-dense fuels.
When compared to the energy generation of gasoline (47.4 J/kg), the energy released from
hydrogen combustion is nearly three times as much (141.9 J/kg), making it a significantly
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better option [4]. Furthermore, hydrogen is fairly simple to generate, with a common
generation method being from the reaction of metal borides and water, with the reaction
involving sodium borohydride (NaBH4), as seen in Equation (1).

NaBH4 + 2H2O → 4H2 + NaBO2 + 300 kJ (1)

When hydrogen is used for fuel purposes, the only byproduct in terms of its reaction
for energy is water, so its environmental impact is minimal, and the recycled water could
be used for more reactions. The reaction that occurs within hydrogen fuel cells can be seen
in Equation (2).

H2 + ½H2 → H2O (2)

One of the biggest downsides for this hydrogen generation reaction is the slow rate
of reaction between metal hydrides and water. This makes it so a catalyst is necessary in
order to make the fuel source more viable. There are a variety of different types of catalysts,
but one class of materials that shows potential lies in that of nanomaterials.

Since the discovery of nanomaterials, strides have been taken to discover their many
unique properties, with one such being their catalytic properties. One family of nano-
material is a type of porous carbon known as Mesoporous Carbon Materials (MCMs) [5].
In general, the different types of porous carbons are characterized by their differences
in pore sizes, with Mesoporous Carbon Materials having a pore size of between 2 and
50 nm, while Microporous and Macroporous carbon have smaller and larger pore sizes,
respectively [6,7]. Mesoporous Carbon Materials can further be classified into two smaller
categories—ordered mesoporous carbon (OMC) and non-ordered mesoporous carbon [8].
OMCs exhibit uniform pore distribution and size and are therefore generally more applica-
ble than non-ordered mesoporous carbon, which lacks both characteristics [8]. Regardless
of the specific type of MCM synthesized, the narrow range of pore sizes allows for a great
amount of control of various characteristics during synthesis, as the limited range will only
allow very specialized characteristics to emerge. Other unique properties of mesoporous
carbon include thermal, mechanical, and electrical stability; chemical inertness; ordered
pore structure; and large surface area and pore volume, all of which can be influenced by
the specific pore size [5–10].

The unique properties of MCMs allow for a variety of uses for both everyday and
scientific purposes. These materials are capable of being used as electrode materials for
fuel cells and batteries, absorbents for biomolecules and dyes, framework templates for
other nanostructures, and even reaction catalysts [8–11]. Furthermore, factors like cost,
complexity of synthesis, and potential wasted materials can be reduced by using MCMs as
opposed to traditional catalysts, as MCMs are only made of ordered carbon atoms that are
synthesized via well-established procedures [8].

One such method of synthesizing MCMs involves filling mesoporous silica with a
carbon precursor, commonly sucrose, which then undergoes several high-temperature
processes. The silica backbone is then removed with hydrofluoric acid, with the resulting
carbon being highly ordered with specific pore volumes and sizes [12]. Unfortunately, this
process involves highly aggressive chemicals that, along with intermediary products, end
up becoming potentially dangerous waste. However, one novel method of forming MCM’s
has recently been developed that significantly decreases the environmental impact of
production. This method involves using starches, corn starches in this case, and expanding
the present pores to increase the catalytic potential [13]. Starches are typically rather
high-density substances, which makes them ideal for chromatography, but catalytically,
they are rather inert. By expanding the pores, not only was the catalytic activity of the
starch significantly increased, but the properties of the starch were also maintained [13].
Furthermore, the pore sizes and properties can be manipulated simply by altering the
temperature used for pore expansion, allowing in precise pore volume control [14]. A
similar process has also been conducted on other plant fibers, with similar results [12]. The



Energies 2024, 17, 3327 3 of 14

benefits of this new method include the starting material being renewable, the lack of toxic
materials needed for the reaction, and the ease of synthesis [12,13,15].

In terms of the properties of MCMs, which allow them to excel as catalysts, all the
properties previously stated help to give mesoporous carbon the benefit over traditional
catalysts. Despite the unsuccessful attempts to finely control the porosity of mesoporous
carbon, which has either resulted in larger-than-desired pores or a lack of diameters, it
is known that the pores are a major factor in dictating what reactions the MCMs can
catalyze [5,16]. It is also known that volume and surface area are directly related to pore
size, as mathematically, larger pores give less volume and, depending on other factors,
more surface area. The general morphology of the catalyst mainly dictates the orientation
necessary for the most efficient catalytic route. The selection of the catalyst shape, with
a common shape being a “sieve”, allows the catalyst to align itself to fit more possible
catalytic sites than a traditional catalyst; this could be due to the flexibility of the material [6].
Finally, the stability of the catalyst dictates how reusable a catalyst is, how reproducible
the results of the catalysis are, and how well it can handle certain substances like oxygen
or methanol [17,18]. However, despite these benefits of MCMs, there are still means to
improve them, with one such way being the implementation of metal nanoparticles.

Nanomaterials are materials with at least one dimension measuring between 1 nm and
100 nm. Nanoparticles and nanofilms are examples of 1D and 2D nanomaterials, respectively,
and have been the focus of scientific study due to their unique properties [19,20]. However,
it is difficult to control the performance of nanoparticles in reactions, as the performance
depends greatly on their characteristics, such as shape, size, crystal structure, and tex-
ture [21–24]. Even nanoparticles of noble metals, which are metals that resist chemical
reactions and are relatively inert at the bulk level, still possess these inherent downsides to
some degree. Nanoparticles have much potential as inorganic catalysts, but due to these
difficulties in controlling their performance, their stability is debatable. Specifically, in
regard to catalysis, metal nanoparticles show great promise due to their large surface area
and overall catalytic capabilities, but they easily agglomerate when catalyzing a reaction.
When nanoparticles agglomerate, they stick together to form significantly larger metal
chunks. During this process, these larger pieces of metal lose their increased surface area
and thus their catalytic capabilities [25]. In order to remedy this issue, the nanoparticles
will be imbedded within mesoporous carbon to both prevent the agglomeration of the
nanoparticles, but also to take advantage of the catalytic activity of both materials.

By implementing nanoparticles into mesoporous carbon (NP-MCM), forming a nanocom-
posite, the mesoporous carbon can act as a framework for the nanoparticles to settle in,
allowing for the nanoparticles to take the shape of the pores and thus gain control of the
properties that alter their performance [21,26]. Other attempts have been made to finely
control the size and shape of nanoparticles, such as hydrogen reduction, self-assembly, and
a porous support matrix, but none have shown consistent results [21]. By taking control of
the exact size, shape, structure, and texture of the nanoparticles, and preventing them from
changing by forming a nanocomposite, the issue of the stability of the nanoparticles could
be mitigated. Another potential strategy for implementing nanoparticles into mesoporous
carbon involves making a mesoporous carbon capsule, in which the nanoparticles are free
to move within, coined “Nanorattle”, but this is a somewhat outdated strategy that does
not allow for as much fine control [27].

Precious metal nanoparticles such as gold and silver (AuNP and AgNP, respectively)
are known for their catalytic capabilities and their selective nature [7,21–23,26]. These
two metals are part of a larger group of metals known as “Noble Metals”, which, on the
bulk scale, are generally unreactive. However, when made into nanoparticles, these met-
als become highly catalytically active and require a low energy cost, with the unreactive
nature translating into a form of selectivity that allows for the catalysis of specific reac-
tions [21–23,26–30]. Silver in particular is size- and shape-dependent, capable of forming
smaller particles with a large surface area that allows for a facilitated electron flow [21,28].
Furthermore, silver is known for having antibacterial effects and insignificant cytotoxic-



Energies 2024, 17, 3327 4 of 14

ity, so the silver nanoparticles would be capable of preventing contamination during the
catalysis [22,31]. Silver nanoparticles have also been utilized in a number of reactions as
catalysts [32–35]

This study was designed to synthesize a nanocomposite catalyst that is highly active,
stable, and easily recyclable by embedding silver nanoparticles in mesoporous carbon. Since
both mesoporous carbon and metal nanoparticles possess catalytic properties, synthesizing
a nanocomposite of the two could result in a stable catalyst that has far greater catalytic
abilities than either one alone. This Ag-MCM nanocomposite was tested for catalytic
activity in hydrogen evolution reduction reactions from NaBH4, where the concentration of
NaBH4, pH, and temperature were varied in order to determine the optimum parameters.
The Ag-MCM nanocomposite was also characterized via TEM, XRD, and SEM-EDS.

2. Experimental
2.1. Synthesis

The mesoporous carbon was synthesized from corn starch. In summary, cornstarch
is heated in water until gelatinized, which occurs in the temperature range of 350–600 ◦C,
and is then cooled, forming a porous gel. This gel is then treated with ethanol and acetone,
and is then dried for up to 2 days, yielding a mesoporous starch. The starch is then treated
with 1 mmol of organic acid per gram of starch and is heated, resulting in the final MCM
product [12–14]. Silver nanoparticles were synthesized by preparing 100 mL of a 1 mM
precursor solution of silver nitrate and heating it to a boil. A 1% w/w sodium citrate
solution was made, with 5 mL being added to the silver nitrate solution. The solution
continued to boil until a color change was observed, and it was cooled [36]. The Ag-MCM
nanocomposite was synthesized by adding 40 mL of the precursor solution to one gram
of mesoporous carbon in order to functionalize the mesoporous carbon via the incipient
wetness impregnation method [26]. The resulting mixture was then dried in an oven at
50 ◦C until no liquid remained.

2.2. Characterization

Transmission Electron Microscopy (TEM, JEM-2100F, JEOL, Akishima, Tokyo, Japan)
was used to visualize the size of the nanoparticles in the composite and to characterize the
binding between the nanoparticles and the mesoporous carbon. X-ray Diffraction (XRD,
Rigaku Miniflex II, Cu Kα X-ray, nickel filters, Rigaku, Tokyo, Japan) was used to determine
the crystallinity structure of mesoporous carbon and its composite. An acquisition rate of
5◦ min−1 with a step size of 0.02◦ was chosen.

Scanning Electron Microscopy/Energy-Dispersive Spectroscopy (SEM, JEOL JSM-
6060LV/EDS, JEOL, Akishima, Tokyo, Japan; ThermoScientific UltraDry , Thermo Fischer
Scientific, Waltham, Massachusetts, USA) was used to determine the elemental compo-
sition of the nanocomposite and to further confirm the presence of nanoparticles on the
mesoporous carbon. The sample, in a powder form, was mounted on a sample holder with
carbon tape and analyzed under FE-SEM with an EDAX attachment. Images were taken at
different magnifications and at an accelerating voltage of 15 kV.

2.3. Catalytic Tests

The catalytic properties of the nanocomposite were tested using a hydrogen evolution
reduction reaction, with sodium borohydride (NaBH4) as the reducing agent, and deter-
mining the peak hydrogen generated using a gravimetric water displacement system [37].
This displacement system involves a series of Buchner flasks connected via plastic tubing.
Both flasks were filled with 100 mL of deionized water, with one flask being designated
as the reaction vessel. The second flask was sealed with a rubber stopper, through which
more tubing led to a plastic cup resting on an electronic balance (Ohaus Pioneer Balance
(Pa124, OHAUS, Parsippany, NJ, USA) with proprietary mass logging software, OHAUS,
Parsippany, NJ, USA, V2.04). A catalytic trial began by adding both NaBH4 and the cata-
lyst to the reaction vessel, which was then sealed with a rubber stopper. As the reaction
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produced hydrogen gas, the reaction vessel would fill with hydrogen gas. The gas then
flowed through the tubing connecting the two flasks and filled the second flask, at which
point it would pour water out of the flask and into the cup on the balance. The volume
of hydrogen generated from the reaction could be determined according to the volume
of water displaced into the cup. To determine the optimal condition for the reaction to
occur, the concentration of NaBH4 (0.00079 mol, 0.00095 mol, and 0.00106 mol) was varied,
the pH (6, 7, and 8) was varied, and the temperature (273 K, 288 K, 295 K, and 303 K) was
varied [37]. In all trials, 0.01 g of the Ag-MCM nanocomposite catalyst was used and 100 mL
of deionized water was used in all NaBH4 solutions. During the reaction, the solution
was stirred with a magnetic stir bar to maintain the suspension of the Ag-MCM [37]. Each
variation was repeated twice, with third trials performed as necessary.

2.4. Catalyst Reusability

In order to test the reusability of the Ag-MCM nanocomposites, a 0.00095 mol solution
of NaBH4 and 100 mL of deionized water at pH 7 and 295 K was made, and 0.01 g of the
nanocomposite was added [37]. The same solution containing the deionized water and the
catalyst was used in four additional reactions, adding 0.01 g more of NaBH4 for each trial,
for a total of 5 trials.

3. Results/Discussions
3.1. Catalyst Characterization

The TEM micrographs seen in Figure 1 shows silver nanoparticles embedded within
the mesoporous carbon material. The silver nanoparticles vary in diameter, possessing
diameters of 50 nm and larger. The SEM/EDS analysis in Figure 2 helped to confirm that
the nanoparticles seen were in fact made of silver.

The presence of silver within our composite was further confirmed using the XRD
spectra (Figure 3). The presence of sharp peaks in the 24◦ and 40◦ range seen in the MCM
material are correlating to the carbon. These peaks are shifted up in the Ag-MCM composite,
indicating a change in the lattice structure [38]; this is likely due to the addition of AgNPs.
Peaks were observed at 40, 44.7, and 66.6 degrees representing the (111), (200), and (220)
faces of the face centered cubic (FCC) silver nanoparticles (JCPDS 65-2871). The inset figure
in Figure three highlights the (220) peak at 66.6 degrees, which exhibits a lower intensity
compared to the highly intense carbon peak.
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3.2. Catalytic Tests

Our Ag-MCM catalyst was tested for its catalytic ability under various conditions. The
first condition tested was the concentration of NaBH4 used during the reaction (Figure 4). For
reactions tested at 0.00079 mol, an average hydrogen production rate of 0.011 mL min−1 mg−1

was observed, producing an average volume of 12.9 mL after 120 min. For 0.00095 mol,
the production rate was determined to be 0.015 mL min−1 mg−1, with an average volume
of 17.9 mL. Lastly, when 0.00106 mol was tested, the amount of hydrogen generated was
found to be 42.1 mL and the production rate was found to be 0.035 mL min−1 mg−1. Based
on these results, it is clear that an increase in the concentration of NaBH4 used during this
reaction results in an increase in the amount of hydrogen produced. This is in agreement
with Equation (2) and Le Chatlier’s principle.
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Next, the reaction was tested under acidic conditions (pH 6), basic conditions (pH 8),
and compared to ambient conditions (pH 7) (Figure 5). It was found that the reaction pro-
duces the most hydrogen when the pH is 6, with a production rate of 0.035 mL min−1 mg−1

and an average volume of hydrogen produced of 42.1 mL. This is in accordance with the
previous literature that states that acidic conditions increase the amount of hydrogen ions
that can react to product diatomic hydrogen [39]. It was observed that increasing the pH of
the reaction to 8 resulted in less hydrogen being produced with an average rate of 0.010 mL
min−1 mg−1 and a volume of 12.6 mL. This is in agreement with previous work within this
team and also with the work of Kaufman et al. [25,36,40–44].
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The catalytic ability of our Ag-MCM was then tested at multiple different temperatures,
as seen in Figure 6. First, the reaction was tested at 0 ◦C or 273 K, which produced an average
volume of 11.8 mL at a rate of 0.010 mL min−1 mg−1. Next, a hydrogen production rate
of 0.012 mL min−1 mg−1 and an average volume of 14.2 mL was seen at the temperature
of 15 ◦C (288 K). Room temperature trials (295 K) resulted in an average volume of
18.1 mL and a rate of 0.014 mL min−1 mg−1. Lastly, when tested at 30 ◦C (or 303 K),
the rate of production was observed to be 0.020 mL min−1 mg−1, producing an average
volume of 23.8 mL after 2 h. A direct correlation between temperature and the amount
of hydrogen produced was seen, with hotter temperatures producing more hydrogen.
Based on Le Chatelier’s principle and Equation (2), this tells us that the reaction is an
endothermic reaction.

After the temperature trials, the calculated rate constants were used with Equation (3)
to create an Arrhenius plot (Figure 7).

k = Ae−
Ea
RT (3)

In Equation (3), k is the rate constant at a tested temperature, A is the pre-exponential
factor, Ea is the activation energy of the reaction, R is the universal gas constant, and T is
the absolute temperature.

Figure 7 was used in order to determine that the activation energy of our catalyst was
15.6 kJ mol−1. When compared to other catalysts for this reaction (Table 1), Ag-MCM is
incredibly low. When compared to other precious metal composites, Ag-MCM greatly
outperforms Ru/Graphite, Pd/C, and Ru/C. The Ea of Ag-MCM is also much lower than
the other composites explored within this team, such as Au/MWCNTs, Pd/MWCNTs,
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BCD-AuNP, and PtNPs. Other catalysts that came close to ours include CoCl2, Silica
sulfuric acid, and Pt–Pd/CNTs. Even when compared to another composite that used silver
(Ag/MWCNTs), this Ag-MCM composite shows an improved catalytic ability.
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Table 1. Comparison of reported activation energies for catalyzed NaBH4 hydrolysis.

Catalyst Ea (kJ mol−1) Temperature (K) Reference

MWCNT supported Co 40.4 298–333 [45]
Co-B 64.9 283–303 [46]
CoCl2 17.5 293–308 [47]
Silica sulfuric acid 17 298–343 [48]
Ru/Graphite 61.1 398–318 [49]
Ru/C 67 298–358 [50]
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Table 1. Cont.

Catalyst Ea (kJ mol−1) Temperature (K) Reference

Pd/C 28 298–328 [51]
Pt–Pd/CNTs 19 302–332 [52]
Au/MWCNTs 21.1 273–303 [26]
Ag/MWCNTs 44.5 273–303 [41]
Pd/MWCNTs 62.7 273–303 [42]
BCD-AuNP 54.7 283–303 [43]
PtNPs 39.2 283–303 [44]
PtFCS 53.0 283–303 [53]
AgNP-FCS 37.0 273–303 [54]
PdFGLM 45.1 283–303 [55]
AuFGLM 45.5 283–303 [56]
CuGLM 46.8 283–303 [57]
Ag-MCM 15.6 273–303 This Work

3.3. Catalytic Reusability Tests

The Ag-MCM catalyst underwent reusability trials to determine how reusable it was
after five consecutive trials, with conditions involving 952 µmol of NaBH4, a pH of 7, and
a temperature of 295 K (Figure 8). Hydrogen generation remained relatively consistent,
with the average hydrogen generated after two hours for the five trials being determined
to be 20.0 mL. Despite the consistency, there was a slight increase observed towards the
later trials, possibly indicating that the catalyst becomes more activated after several trials.
It has been previously reported that as the concentration of BH4

− ions increases in the
solution, bonds form between the ions and the surface of the nanoparticles. This increases
the electrostatic stability of the nanoparticles surface, increasing their catalytic ability [58].
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Figure 8. Testing reusability of the Ag-MCM catalyst after five consecutive hydrogen generation reactions.

Scheme 1 depicts a possible route of hydrogen generation via the water splitting
reaction of NaBH4 with the Ag-MCM catalyst. After NaBH4 dissociates in water, a free
borohydride ion [BH4

−] adheres itself to a AgNP on the MCM backbone. A water molecule
will then attack the borohydride, stripping a hydrogen and leaving a hydroxyl group in its
place. This can happen three additional times, resulting in a total of four diatomic hydrogen
molecules released [4H2]. After the fourth attack, the remaining tetrahydroxyborate ion
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[B(OH)4
−] detaches from the AgNP, allowing a new BH4

− to take its place and repeat the
cycle [59].
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4. Conclusions

The synthesized mesoporous carbon catalyst was characterized via Transmission Elec-
tron Microscopy (TEM), Scanning Electron Microscopy/Energy-Dispersive Spectroscopy
(SEM/EDS), and X-ray Diffraction (XRD). The catalytic activity of Ag-MCM was found to
be enhanced by increased temperatures, concentrations of NaBH4, and lower pHs, while
the opposites of those conditions impeded the catalytic ability. The activation energy of
this catalyst was found to be impressively low at 15.6 kJ mol−1, which, when compared
to activation energies of other similar catalysts, is one of the lowest reported for this re-
action. Catalytic reusability tests of these catalysts indicated that the Ag-MCM catalyst
was generally stable, as it was capable of producing consistent amounts of hydrogen gas
even after five consecutive trials, with even a possible increase in H2 with later uses. Not
only does this material prove to be an excellent catalyst, but it also utilizes a cheap and
readily available MCM support that is derived from sustainable cornstarch, relatively mild
synthesis conditions, and mild reaction conditions.
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