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Abstract: The perpetually fluctuating economic and environmental climate significantly increases the
demand for alternative fuel sources. The utilization of hydrogen gas is a viable option for such a fuel
source. Hydrogen is one of the most energy-dense known substances; however, it is unfortunately also
highly volatile, especially in the diatomic gaseous state most commonly used to store it. The utilization
of a hydrogen feedstock material such as sodium borohydride (NaBH,) may prove to mitigate this
danger. When NaBHj reacts with water, hydrogen stored within its chemical structure is released.
However, the rate of hydrogen release is slow and thus necessitates a catalyst. Platinum nanoparticles
were chosen to act as a catalyst for the reaction, and to prevent them from conglomerating, they were
embedded in a backbone of mesoporous carbon material (MCM) derived from a sustainable corn
starch source. The nanocomposite (Pt-MCM) was characterized via transmission electron microscopy
(TEM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray
diffraction (XRD). Pt-MCM underwent catalytic testing, revealing that the catalytic activity of the
Pt-MCM composite catalysts increased with increasing quantities of sodium borohydride, lower
pH levels, and higher temperatures. The activation energy of the catalyzed reaction was found to
be 37.7 k] mol~!. Reusability experiments showed an initial drop off in hydrogen production after
the first trial but subsequent stability. This Pt-MCM catalyst’s competitive activation energy and
sustainable MCM backbone derived from readily available corn starch make it a promising option for
optimizing the hydrogen generation reaction of NaBHyj.

Keywords: hydrogen evolution; mesoporous carbon; platinum nanoparticles; sustainable source;
hydrogen production; nanocomposite

1. Introduction

Overdependence on non-renewable energy sources is a growing problem world-
wide. The global supply of non-renewables will inevitably diminish, which may lead to
a global energy crisis. Furthermore, the continued use of fossil fuels, such as oil, coal,
and natural gas, causes significant environmental damage through the release of CO, and
other greenhouse gases. Reports in 2019 showed that atmospheric CO, levels were at
415 parts per million, higher than they had ever been in the last 800,000 years [1]. Thus,
research into new renewable and clean energy sources is needed. One viable method of
clean energy production is through the use of hydrogen as a fuel. Hydrogen is one of
the most abundant substances on earth and releases nearly three times the amount of
energy per kilogram compared with gasoline when used in fuel cells [2]. However, one of
the main storage methods of hydrogen is a compressed gas that is dangerous due to the
possibility of combustion [3]. This danger can be mitigated through the hydrogen evolution
reaction (HER). This reaction is known for producing high-quality hydrogen gas from
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water; however, a catalyst is typically required for optimization [4]. A number of different
materials have been explored for HERs, including platinum and ruthenium [5-8]. This
reaction, involving the hydrolysis of a hydrogen feedstock material, produces hydrogen gas
as seen in the following Equation (1). This hydrogen gas can then be applied in hydrogen
fuel cells to generate energy.

NaBH, + 2H,0 — NaBO; + 4H, (AH < 0) 1)

When it comes to hydrogen feedstock materials, boron hydrides are highly sought
after for their hydrogen storage ability. Two materials, sodium borohydride (NaBHy)
and ammonia borane (NH3BHj3), have garnered a lot of attention due to their weight
percentages of hydrogen being 10.8% and 19.5%, respectively. Sodium borohydride was
chosen as a hydrogen feedstock material for this study as it is more commonly produced
and cheaper to obtain [9].

As mentioned before, the HER proceeds slowly without a catalyst. Rapid develop-
ment in the field of nanotechnology has yielded effective catalysts that may be used to
speed up this reaction. One specific subset of nanomaterials, mesoporous carbon materials
(MCMs), is a promising option. MCMs fall under the larger umbrella of porous carbons
and are defined as having pore size of 2-50 nm [10,11]. The pores in an MCM create
a high surface area, allowing many catalytic reactions to occur simultaneously. Along
with having high surface areas, MCMs have shown good electrical, mechanical, and ther-
mal properties [12,13]. MCMs have a variety of applications including use in electrodes,
absorbent materials, and, more importantly, catalysis [12-14]. Although MCM:s can sin-
glehandedly function as effective catalysis, there is room for improvement. Through the
application of metal nanoparticles, an MCM catalyst can be enhanced.

Nanomaterials such as nanofilms and nanoparticles can function as excellent cata-
lysts due to their high surface-area-to-volume ratio [15-19]. Metals that are known to be
inert at the bulk state exhibit increased catalytic activity in the nanoparticle size range
(1-100 nm) [15]. However, the highly varying properties of nanoparticles, including size,
shape, and texture, make it difficult to control nanoparticle stability. In application, nanopar-
ticles tend to agglomerate, creating larger particles, thus resulting in a decrease in catalytic
activity [20-22]. In order to resolve this issue, nanoparticles can be embedded in a frame-
work to prevent them from interacting [13]. Due to their high porosity and surface area,
MCMs can function as an effective framework. Through the combination of nanoparticles
and MCMs, a nanocomposite material is formed. The catalytic nature of both materials can
be utilized to their full extent, creating a stronger and more stable catalyst.

Platinum nanoparticles were chosen as the metal portion of the nanocomposite ma-
terial in this study due to their superior catalytic properties. Platinum is renowned
for its high catalytic activity, making it an essential component in various industrial
applications [23-25]. One significant application of platinum is as a catalyst for the ox-
idation of methane. In this process, platinum facilitates the conversion of methane (CHy)
into carbon dioxide (CO;) and water (H,O). This reaction is particularly important in
natural gas processing and in efforts to mitigate methane, a potent greenhouse gas, from
entering the atmosphere. The high efficiency of platinum in promoting this reaction makes
it invaluable in environmental protection and energy industries. Platinum is also exten-
sively used in the hydrosilylation reaction, a chemical process that involves the addition
of silicon-hydrogen bonds to unsaturated organic compounds. This reaction is crucial in
the production of silicones and other organosilicon materials, which are widely used in
industries ranging from electronics to medical devices due to their stability and versatility.
In the automotive industry, platinum’s role as a catalyst in catalytic converters is well estab-
lished. Catalytic converters are critical components in vehicle exhaust systems designed to
reduce harmful emissions. Platinum, along with other precious metals like palladium and
rhodium, helps convert toxic gases such as carbon monoxide (CO), hydrocarbons (HC),
and nitrogen oxides (NOy) into less harmful substances like carbon dioxide (CO;,), water
(H,0), and nitrogen (N). This conversion is vital for meeting stringent emission standards
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and reducing the environmental impact of vehicles. The choice of platinum nanoparticles
enhances these catalytic processes due to their increased surface area, which provides more
active sites for reactions. This increased surface area significantly boosts the efficiency and
effectiveness of platinum as a catalyst. Thus, incorporating platinum nanoparticles into a
nanocomposite material leverages these benefits, making the material highly efficient for
catalytic applications. This choice underscores the importance of platinum in advancing
both traditional industrial processes and cutting-edge technologies, ensuring better perfor-
mance, sustainability, and environmental protection. In the form of nanoparticles, platinum
exhibits enhanced catalytic properties due to its increased surface area, which provides
more active sites for reactions. This makes platinum nanoparticles particularly effective in
several advanced catalytic applications. For instance, they are employed as catalysts for the
hydrogenation of alkynes, a crucial reaction in the synthesis of various fine chemicals and
pharmaceuticals. Furthermore, platinum nanoparticles are integral to the functioning of
proton exchange membrane (PEM) fuel cells, where they catalyze the hydrogen oxidation
reaction at the anode and the oxygen reduction reaction at the cathode, thus enabling
efficient energy conversion in hydrogen fuel cells. Additionally, platinum nanoparticles are
utilized in the oxygen evolution reaction (OER), a key reaction in electrochemical water
splitting and renewable energy storage systems. The versatility and efficiency of platinum
nanoparticles in these catalytic processes underscore their importance in both traditional
and emerging technologies [23-25].

In the nanoparticle range, platinum has been extensively applied as a catalyst in
several advanced and critical chemical processes due to its exceptional catalytic properties.
One such application is in the hydrogenation of alkynes [26-28]. This reaction involves
the addition of hydrogen to alkyne compounds to produce alkanes or alkenes. Platinum
nanoparticles, with their high surface area and enhanced reactivity, serve as highly efficient
catalysts for this process. The hydrogenation of alkynes is a crucial step in the synthesis of a
wide range of fine chemicals, pharmaceuticals, and specialty materials where the selective
conversion of triple bonds to single or double bonds is often required. Moreover, platinum
nanoparticles are integral components of proton exchange membrane (PEM) fuel cells,
a promising technology for clean energy. In PEM fuel cells, platinum nanoparticles are
used as catalysts on both the anode and cathode sides. At the anode, they facilitate the
hydrogen oxidation reaction (HOR), where hydrogen molecules are split into protons and
electrons. At the cathode, they catalyze the oxygen reduction reaction (ORR), where oxygen
molecules combine with protons and electrons to form water. The high catalytic activity
of platinum nanoparticles significantly enhances the efficiency of these reactions, thereby
improving the overall performance and energy output of PEM fuel cells. This application
is particularly important in the development of sustainable and efficient power sources
for vehicles, portable electronics, and stationary power generation systems. Additionally,
platinum nanoparticles are used as catalysts for the oxygen evolution reaction (OER).
The OER is a key half-reaction in electrochemical water splitting, which is a process that
generates hydrogen and oxygen from water using an electric current. This reaction is
also critical in rechargeable metal-air batteries and other energy storage technologies.
Platinum nanoparticles, with their high catalytic activity and stability, play a vital role in
enhancing the efficiency of the OER, thereby improving the performance of water splitting
systems and energy storage devices. The ability of platinum nanoparticles to effectively
catalyze the OER is crucial for advancing renewable energy technologies and achieving a
sustainable energy future. The use of platinum nanoparticles in these catalytic processes
highlights their versatility and indispensability in both existing and emerging technologies.
Their use in the hydrogenation of alkynes, PEM fuel cells, and OERs exemplifies their
significant contribution to the fields of chemical synthesis, clean energy production, and
renewable energy storage, making them essential materials in the quest for technological
and environmental advancements [26-28].

In this work, the synthesis of a nanocomposite material containing platinum nanopar-
ticles embedded in MCMs was performed. The catalytic activity of both substituents of the
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nanocomposite material is high, so the combination of both materials may result in a stable
and highly effective catalyst. In order to test for catalytic activity, the nanocomposite was
applied in the HER using NaBH} as a feedstock material. To test for optimum conditions,
the pH, temperature, and quantity of NaBH, were varied. Furthermore, the nanocom-
posite material was characterized using X-ray diffraction, scanning electron microscopy,
transmission electron microscopy, and energy-dispersive X-ray spectroscopy.

2. Experimental Section
2.1. Synthesis of Materials

To synthesize the platinum nanoparticles, 100 mL of a 1 mM solution of chloroplatinic
acid hydrate (Sigma Aldrich, St. Louis, MO, USA) was brought to a boil, and 5 mL of
1% w/w aqueous sodium citrate (Sigma Aldrich) was added dropwise with stirring for
5 min until a color change was observed. MCMs can be synthesized from corn starch,
as the environmentally friendly corn starch is heated to form a gel, treated with ethanol
and organic acid, and then cooked, resulting in the desired MCM material [29]. The final
nanocomposite material was formed by combining 40 mL of the platinum nanoparticle
solution with 1 g of MCM nanopowder. Incipient wetness impregnation was used to allow
the catalyst to attach to the mesoporous carbon structure [16]. After the filtration of the
product, the precipitate was dried for 24 h at 100 °C.

2.2. Characterization

The catalyst was characterized using transmission electron microscopy (TEM, JEM-
2100F) and scanning electron microscopy (SEM, JEOL JSM-6060LV, JEOL, Akishima, Tokyo,
Japan) to visualize nanoparticle and MCM surface interactions. Energy-dispersive X-ray
spectroscopy (EDS, ThermoScientific UltraDry, Thermo Fischer Scientific, Waltham, MA,
USA) images were taken at different magnifications and at an accelerating voltage of 15 kV.
X-ray diffraction (XRD, Rigaku Miniflex II, Cu Ko X-ray, nickel filters, Rigaku, Tokyo,
Japan) was utilized to confirm the elemental composition and crystallinity structure of the
MCM and Pt-MCM. The acquisition rate for the XRD measurements was 5° min~! with a
step size of 0.02°.

3. Catalytic Tests

In order to test the nanocomposite material for its catalytic activity, it was tested under
a variety of reaction conditions. First, 0.01 g of a 0.6% Pt loading of each catalyst was
combined with 100 mL of deionized (DI) water in a flask with a magnetic stir rod. The
gravimetric water displacement system described by Hulff et al. (2017) [16] was used to
allow for the measurement and recording of the produced hydrogen. An Ohaus Pioneer
Balance (Pa124, OHAUS, Parsippany, NJ, USA) and logging software (SPDC Data Collector,
OHAUS, Parsippany, NJ, USA, V2.04) were used to record data under differing quantity;,
temperature and pH conditions. In this system, a series of Buchner flasks were connected
with plastic tubing. Both the reactant and catalyst were added to one flask, sealed with a
stopper, and stirred via magnetic stirring. As hydrogen filled the first flask, it travelled
through plastic tubing into the second flask. The second flask was also filled with 100 mL
of DI water and sealed with a rubber stopper. Through this stopper was additional plastic
tubing that led to a plastic cub on the mass balance. As the second flask filled with hydrogen
gas, the DI water was forced up the tubing and drip into the cup, where the mass of the
water could be displaced. The mass of the displaced water was then used to determine the
volume of hydrogen produced per trial. The quantities of NaBH4 used were 0.00079 mol,
0.00095 mol and 0.0011 mol; pH trials were conducted at solution pH levels of 6, 7, and
8; and, finally, reaction temperatures of 273 K, 283 K, 288 K, 295 K, and 303 K were tested.
Trials were repeated in doublets, with additional trials performed as necessary in order to
ensure consistency. The reusability/stability of the Pt-MCM catalyst was tested by using
the same amount of catalyst in five subsequent hydrolysis reactions. At the beginning of
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each new trial, 0.00095 mol of NaBH, reactant was added. The reaction conditions were
kept constant at ambient conditions (pH 7 and 295 K).

3.1. Catalyst Characterization

Figure 1 depicts TEM images of the Pt-MCM composite. Figure 1a,b clearly show the
presence of nanoparticles dispersed across the MCM support. Figure 1c allows the size of a
few nanoparticles to be determined to be 1-7 nm in diameter, with an average particle size
of 3.51 nm in diameter. In comparison with Figure 1a, some variety in NP size can be seen,
allowing the size of the NPs to be considered from 2 to 10 nm in general.

d
1.414 7.458
P N: 50 Min: 1.414
N Mean: 3.518 Max: 7.458
;\ﬁ StadDev: 1.291 Mode: 2.623 (18)

Figure 1. TEM images of the Pt-MCM catalyst at magnifications of (a) 200 nm, (b) 20 nm, and (c) 5 nm.
(d) is a particle size distribution histogram for 50 measured particles.

Through the use of SEM (Figure 2a), it was determined that the synthesized PtNPs
were even smaller than initially thought, with some appearing to be 1 nm or less. EDS scans
of the nanoparticles confirmed their identity to be platinum with 0.6% loading (Figure 2b).

25um

Figure 2. (a): SEM micrograph of the Pt-MCM composite with a scale of 2.5 nm. (b): EDS spectrum of
the Pt-MCM composite in (a) and the yellow marks 1, 2 and 3 are the locations used to generate the
EDS measurements in (a).
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Intensity (Arbitrary Units)

The XRD spectra of the catalyst are shown in Figure 3. A large peak indicative of
the MCM backbone is seen in both the pure MCM and the Pt-MCM composite. The
peaks between 20 °C and 30 °C are often seen in carbon-based materials due to graphitic
characteristics. There is a shift in this peak after the incorporation of nanoparticles that
has been previously reported in similar materials and can be attributed to a change in the
lattice structure of the MCM material due to nanoparticles adhering to it [30]. Two peaks
indicative of PtNPs can be seen at 39.9° and 42.8°, representing the (11 1) and (2 0 0) faces of
the face-centered cubic (FCC) structured nanoparticles (ICDD PDF 70-2431) [31]. There are
three other peaks associated with FCC structures that were not seen; however, this is most
likely due to the limitations of the instrument that struggled to detect the small particles.

e VICM

10

30 40 50 60 70
2Theta (deg.)

Figure 3. XRD spectra for the Pt-MCM catalyst.

3.2. Catalytic Trials

The results of the catalytic ability of Pt-MCM under different quantities of NaBHy
are shown in Figure 4. For consistency, the temperature of all trials was kept at ambi-
ent conditions (295 K and pH 7). The catalyst was first tested against an NaBH, quan-
tity of 0.00079 mol. This reaction was run for two hours, producing 23.9 mL of hydro-
gen on average. When tested at 0.00095 mol, the produced hydrogen was determined
to be 35.6 mL. The final quantity was tested was 0.0011 mol, which produced roughly
48.4 mL. These volumes can be divided by the reaction time and the amount of cata-
lyst used to calculate both the rate of hydrogen generation and the turnover number
(TON). For the given experiments, the rates of hydrogen generation and the correspond-
ing TONSs are as follows: for 0.00079 mol of NaBHj, the hydrogen generation rate was
0.0199 mL min~! mg~! with a TON of 33.4; for 0.00095 mol of NaBHy, the hydrogen gener-
ation rate was 0.0298 mL min ! mg_1 with a TON of 49.7; and for 0.0011 mol of NaBHy, the
hydrogen generation rate was 0.04036 mL min~! mg~! with a TON of 49.67. The hydrogen
generation rate represents the volume of hydrogen gas produced per minute per milligram
of catalyst, reflecting the catalyst’s efficiency in facilitating the hydrolysis reaction. The
TON quantifies the catalytic activity in terms of the number of moles of hydrogen produced
per mole of catalyst over the course of the reaction, indicating the efficiency of the catalyst
in generating hydrogen per active site.
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Figure 4. Volume of hydrogen generated versus time in minutes with the Pt-MCM catalyst when
varying NaBH, quantity.

The pH of the reaction was adjusted to see how it would affect the catalyst, as seen
in Figure 5. For comparison purposes, the quantity of NaBH4 was kept consistent at
0.00095 mol and temperature was kept at 295 K. Since the previous study already included
trials tested at pH 7 and 0.00095 mol, this became the baseline for comparison. First, the
pH of the reaction was lowered to pH 6, resulting in an increased hydrogen production
over pH 7 and an average amount of generated hydrogen of 54.7 mL. When the pH of the
reaction was raised to pH 8, the volume of produced hydrogen was reduced to 25.7 mL.
As before, these volumes allowed for the hydrogen generation rates to be calculated at
0.0456 mL min~! mg~! and 0.0214 mL min~! mg~! for pH 6 and 7, respectively. These
results are supported by previously reported studies. It has been observed that at higher pH
levels, the increased concentration of OH™ ions may compete for released hydrogen [32,33].
Conversely, the increased concentration of H* ions in acidic solutions may facilitate the
splitting of a hydrogen off water molecules [34].

20 40 60 80 100 120
Time (min)

Figure 5. Volume of hydrogen generated versus time in minutes with the Pt-MCM catalyst when
varying pH conditions.
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Figure 6 shows the results of the Pt-MCM catalyst when tested at varying temper-
atures. To maintain consistency, all trials were run using 0.00095 mol of NaBH,4 and a
pH of 7. As in the case of the pH study, since 0.00095 mol, pH 7, and 295 K had al-
ready been tested, these conditions became the point for comparison. Temperature trials
began with the lowering the temperature of the reaction to 275 K. At this temperature,
the produced hydrogen was observed to be 8.9 mL. When the reaction was lowered to
283 K, roughly 18.6 mL of hydrogen was produced. Next, a volume of 23.5 mL was pro-
duced when the reaction temperature was lowered to 288 K. Finally, the catalytic ability
of the Pt-MCM catalyst was tested under increased temperature conditions. At 303 K, the
amount of generated hydrogen was discovered to be 44.9 mL. The rates of the reaction at
each of these temperatures was then calculated for 273 K, 283 K, 288 K, and 303 K to be
0.0074 mL min~! mg~!, 0.0155 mL min~!, mg~! 0.0196 mL min~! mg~!, and
0.0374 mL min~! mg~!, respectively.

273K 283K 288K 295K 303K

20 40 60 80 100 120
Time (min)

Figure 6. Volume of hydrogen generated versus time in minutes with the PINP-MCM catalyst when
varying temperatures.

Several trends can be noticed by observing Figures 4-6 that give information on
optimal conditions for this hydrolysis reaction. It is clear that increasing the quantity of
NaBHy results in an increase in hydrogen generation rate (Figure 4). This was expected,
as Le Chatelier’s principle states that increasing the quantity of a reactant will result in an
increase in the quantity of the product (Equation (1)). As described above, when testing
the pH of the reaction (Figure 5), it was observed that lowering the pH of the solution
increased the reaction rate and the opposite was true for raising the pH. In one of the
earliest studies on this reaction, the team of Schlesinger et al. (1953) stated that lowering
the pH of this reaction results in an increase in the formation of the borate ions that then
release hydrogen [34]. Another early study by the team of Kaufman et al. (1985) found
that increasing the pH of this reaction has detrimental effects, possibly due to an increase
viscosity of the reaction solution [33]. This temperature study (Figure 6) shows that heating
the reaction is beneficial and cooling it is detrimental to the hydrogen generation rates.
Based on Equation (1), this reaction must be endothermic in this case. All these results were
consistent with the previous work of this team on this reaction [15-19].

The reaction rates used to create this Arrhenius plot (Figure 7) stemmed from the
Arrhenius Equation (2).

Ea
Ink = “RT +InA (2)
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where the variables in (2) represent the following: k is the reaction rate at each studied
temperature, Ea is the activation energy of the reaction measured in kJ per mol, R is the
universal gas constant, T is the absolute temperature measured in Kelvin, and, lastly, A
is the pre-exponential factor. This equation allowed for Figure 7 to be created, and from
this plot, the equation of the line could be determined. The inverse slope of this equation
multiplied by the gas constant allowed the activation energy of the reaction as catalyzed by
Pt-MCM to be determined as 37.7 k] mol 1.

3.5

2.5

In(r)

15

0.5

y =-4.5291x + 18.661
R?=0.9824

3.25

33 3.35 3.4

3.45 3.5
1000/T (K)

3.55 3.6 3.65 3.7

Figure 7. Arrhenius plot for calculating the activation energy of a hydrogen generation reaction for
the Pt-MCM catalyst.

When Pt-MCM was compared with similar catalysts for the hydrolysis of NaBHy,
(Table 1), it showed a competitive advantage. Compared with unsupported nanoparticles
like BCD-AuNP and PtNPs, this catalyst was superior to both, indicating that the addition
of the MCM support improved the catalytic ability. When compared with other composites
using carbon-based supports, this catalyst was superior to all but gold nanoparticles
on multiwalled carbon nanotubes (AuMWCNTs) and Pt-Pd/CNTs, both of which have
incredibly low Ea values of 21.1 k] mol~! and 19 k] mol~!, respectively. Pt-MCM still
holds an advantage over these catalysts as the MCM backbone is derived from corn starch,
whereas MWCNTs and CNTs require extreme temperatures and/or harsh chemicals. The
PtNPs supported over the MCM have a lower activation energy than other nanoparticles
supported over graphene-like materials (GLMs) and fused carbon spheres (FCS).

Table 1. Comparison of reported activation energies for catalyzed NaBH,4 hydrolysis.

Reaction Conditions

Activation Energy

Catalyst (kJ mol 1) (K)

BCD-AuNP 54.7 283-303 [18]
PtNPs 39.2 283-303 [19]
Pd/C 28 298-328 [35]
Pt-Pd/CNTs 19 302-332 [36]
AuMWCNTs 21.1 273-303 [16]
Ag/MWCNTs 44.5 273-303 [37]
Pd/MWCNTs 62.7 273-303 [38]
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Table 1. Cont.

Catalyst Acti(x;(e;tigl;llil;;:rgy Reaction(ﬁ())nditions
PtMWCNTs 46.2 283-303 [39]
CuGLM 46.8 283-303 [40]
AuFGLM 45.5 283-303 [41]
PdFGLM 45.1 283-303 [42]
PtFCS 53.0 283-303 [43]
Pt-MCM 37.7 273-303 This Work

3.3. Reusability Tests

Five consecutive reusability trials were performed on the catalyst to evaluate its
performance over multiple uses. The reaction conditions for these trials were standardized
as follows: 0.00095 moles of sodium borohydride (NaBH,) were used, with the pH of the
solution maintained at 7 and the reaction temperature kept constant at 295 K. As evident in
Figure 8, there was a notable decline in the amount of hydrogen gas produced after the
first trial. This decrease can be attributed to the reduction in catalyst activity over time.
Several factors may have contributed to this decline, including surface changes due to the
formation of BO, ™ (as described in Equation (1)) and structural changes to the catalyst.
These changes reduced the number of active sites available for the hydrolysis reaction,
resulting in lower hydrogen production. Additionally, the deposition of BO, can alter
the optimal ratio between a catalyst and its support material, further decreasing catalyst
activity [44]. Following the initial drop in hydrogen production after the first trial, the
amount of generated hydrogen gas began to stabilize. This stabilization was likely due
to the aforementioned compensatory mechanisms coming into effect, maintaining a more
consistent level of catalyst activity despite the initial loss. Over the subsequent trials, the
catalyst produced an average volume of 20.3 mL of hydrogen gas, indicating that although
there was an initial decline, the catalyst maintained a relatively stable performance in the
later trials.

39.0
22.3
19.5 20.1 19.3
0
1 2 3 4 5

Trial

= N N W W b~ b
U O U1 O v O un

Hydrogen Generated (mL)
)

Figure 8. Testing reusability of the Pt-MCM catalyst.

The proposed method of hydrogen generation in the hydrolysis of NaBHy as catalyzed
by Pt-MCM is depicted in Scheme 1. The reaction begins with a single borohydride ion
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(BH, ™) attacking and fixing itself to a platinum nanoparticle on the MCM backbone. A
nearby water molecule is attracted to the borohydride, attacking it and attaching itself. This
causes a hydrogen from the borohydride to be forced off, which attacks a single hydrogen
from the water molecule, splitting it off. This process causes a single H, molecule to be
produced, and a hydroxyl group is left in the place of the hydrogen on the borohydride.
This process can happen three more times, after which the B(OH)4 molecule separates from
the PtNP, allowing a new borohydride to replace it and the process to repeat. Each time the
cycle completes, 4 Hy molecules are produced [45].

Scheme 1. Theorized method of hydrogen generation as catalyzed by Pt-MCM. The cycle begins at
the top of the scheme, marked by a star.

4. Conclusions

An MCM material derived from starch and a platinum nanoparticle nanocomposite
catalyst was synthesized and characterized. TEM results showed the presence of both the
MCM and platinum nanoparticles and their attachment. SEM/EDS and XRD showed the
presence of a platinum metal composite. As evident in the catalytic data, the nanocomposite
catalyst produced more hydrogen gas at increasing NaBH,4 quantities, acidic conditions,
and higher temperatures. The activation energy was determined to be 37.7 k] mol~!. The
results of the reusability trials showed that the catalyst became stable after the first trial and
could consistently produce hydrogen. These results indicate that platinum nanoparticles
supported on an MCM framework can serve as an effective catalyst for the production
of hydrogen gas. Their catalytic activity, along with their sustainability and low cost of
production, make this catalyst an important contribution to help curb the continued use of
non-renewable energy sources.
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