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Abstract: The current climate crisis warrants investigation into alternative fuel sources. The hy-
drolysis reaction of an aqueous hydride precursor, and the subsequent production of hydrogen gas,
prove to be a viable option. A network of beta-cyclodextrin capped gold nanoparticles (BCD-AuNP)
was synthesized and subsequently characterized by Powder X-Ray Diffraction (P-XRD), Fourier
Transform Infrared (FTIR), Transmission Electron Microscopy (TEM), and Ultraviolet-Visible Spec-
troscopy (UV-VIS) to confirm the presence of gold nanoparticles as well as their size of approximately
8 nm. The catalytic activity of the nanoparticles was tested in the hydrolysis reaction of sodium
borohydride. The gold catalyst performed best at 303 K producing 1.377 mL min~—! mLca ! of
hydrogen. The activation energy of the catalyst was calculated to be 54.7 k] /mol. The catalyst resisted
degradation in reusability trials, continuing to produce hydrogen gas in up to five trials.

Keywords: gold nanoparticles network; catalysts; hydrogen evolution; hydride precursors

1. Introduction

Since the industrial revolution, the advancement of technology has resulted in the
need for a stable and eco-friendly energy source [1,2]. The Earth’s fossil fuel supplies
will be depleted in the near future, and have caused detrimental effects our environment,
causing many scientists to seek clean and reliable fuel sources [3-5]. Hydrogen energy
has been identified as a potential green alternative fuel source due to its abundance and
environmentally friendly emission of water vapor upon combustion [6,7]. The production
and application of hydrogen fuel technology has faced various challenges; from lacking
clean sources to the dangers of current storage methods. Currently, the production of
hydrogen fuel is expensive and requires the use of fossil fuels [8,9]. Additionally, hydrogen
liquid needs to be stored under high pressure and at extremely low temperatures [7,10].
Hydrogen feedstock materials are an emerging class of chemicals that have the potential to
replace the liquid and compressed gas methods of hydrogen storage. Sodium borohydride
(NaBHy4) has already been identified as a possible candidate due to its low weight and
impressive hydrogen content of 10.8% wt. Additionally, this material readily releases
hydrogen gas when it reacts with water [11]. However, this reaction proceeds very slowly
and would require the addition of a catalyst to bring the hydrogen production to a rate
efficient enough to be widely utilized [12-14].

Many previous metals and their composites have been applied in improving the hydro-
gen generation rate of NaBHy due to their stability and high surface area [13-15]. Among
those metals, gold nanoparticles (AuNPs) display interesting optical, electrical, and cat-
alytic properties, and are considered one of the more active nanoparticle catalysts due to
their lack of a stable oxide [16]. Additionally, previous studies have shown impressive
catalytic activity of AuNPs in both reduction and also hydrogenation reactions [15,17,18].
However, the application of nanoparticles often faces problems with agglomeration that
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can change the size and distribution of the nanoparticles [19]. Since precious metals are
expensive, it is necessary to improve their stability and recyclability. In our work, beta-
cyclodextrin was used as a capping agent during AuNP synthesis since previous research
has shown that beta-cyclodextrin is capable of enhancing the shape, performance and
stability of nanoparticles [13,14,20,21]. Additionally, the research of Osborn et.al., showed
that the gold nanoparticles with a citrate capping agent had a significantly higher activa-
tion energy compared to gold nanoparticles supported over activated carbon [15]. In this
research, we want to determine whether or not the use of beta-cyclodextrin as a capping
agent can improve the activation energy of gold nanoparticles.

In our study, beta-cyclodextrin capped AuNPs networks (BCD-AuNPs) were synthe-
sized and characterized by ultraviolet-visible spectroscopy (UV-VIS), powder x-ray diffrac-
tion (P-XRD), Fourier transform infrared (FI-IR), and transmission electron microscopy
(TEM). The catalytic ability of obtained AuNPs was evaluated through the NaBH,4 hy-
drolysis at various pH, concentration, and temperature conditions. The reusability of our
BCD-AuNPs was examined to prove for its catalytic efficiency and durability.

2. Results and Discussion

Beta-cyclodextrin (BCD) is a highly efficient capping agent due to its unique shape [21]
which is graphically shown in Figure 1. Consisting mainly of a deep interior hydropho-
bic chamber capped with a large secondary ring and a smaller primary hydroxyl ring,
the molecule exhibits an almost conical shape which aids in restricting particle size [21].
Nanoparticles enter the interior cavity sometime during their formation, then as they
continue towards their final morphology, the narrowing walls of the internal cavity can
help to restrict the final particle size [21].

Inside Hydrophobic

Hydroxyl rings

————— -

———— -

S —— -

Figure 1. An illustration of the beta-cyclodextrin functionality and dimensions.

2.1. Characterization

The UV-VIS spectrum (Figure 2) shows the absorbance range between 509 and 520 nm,
which indicates the presence of gold nanoparticles [15,22]. The inset shown in Figure 2 is
of a cuvette filled with the AuNPs solution.
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Figure 2. UV-Vis spectrum of the BCD-AuNPs. The inset shows the BCD—AuNPs solutions.

Figure 3 displays the crystallinity pattern of AuNPs. Characteristic peaks can be
found at 38.1°, 44.3°, 64.6°, and 77.5°. These peaks correspond with the (111), (200),
(220), and (311) lattice planes of AuNPs. The result is consistent with previously reported
studies [23,24]. The other peaks at 31°, 56°, and 82° were corresponding with the crystal
structure of the capping agent, beta-cyclodextrin [25,26].
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Figure 3. P-XRD pattern of gold nanoparticles. The characterized peaks appeared from 30° to 90°. The * marked the
characteristic peaks of gold nanoparticles.

The FTIR spectra pattern of gold nanoparticles solution is shown in Figure 4. The O-H
stretch at 3325 cm ™! indicates the presence of hydroxyl group of beta-cyclodextrin [27].
The peaks at 2900 cm~! and 1033 cm™! correspond to the CH group and C-O stretch-
ing [27,28]. These results confirmed the presence of beta-cyclodextrin within our samples.
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Figure 4. FTIR spectra of BCD—AuNPs.

Figure 5 depicts the TEM micrographs of a network of BCD-AuNPs, with the average
size of 7.7 £ 3.6 nm. There was a small agglomeration with a size of approximately 20 nm.
The TEM imaging indicated that the beta-cyclodextrin capping matrix which helped to
evenly separate and distribute each ~7.7 Au nanoparticles in large network of ~163 nm by
~163 nm as shown in Figure 5 as double headed arrows.

Figure 5. TEM micrograph of the BCD-AuNPs network and an inset showed that the histogram indicated the average

diameter of gold nanoparticle is 7.7 nm.

2.2. Catalytic Activity with Varied Concentrations of Reactant

Under varied concentrations of reactants, the BCD-AuNPs catalyst evolved hydrogen
gas at the fastest rate with 1225 umoles of NaBH,4. The rate of the hydrogen evolution
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was 1.140 mL min ~! mL, ! (Figure 6). The next best concentration for the nanoparticle
catalyst was 925 umoles, showing a hydrogen evolution rate of 0.642 mL min~! mLcy !
Lastly, 625 pmoles was the concentration with the lowest hydrogen generation rate of
0.486 mL min~! mLc,~!. Based on Figure 6, there is a clear trend seen that by increasing the
concentration of sodium borohydride, the hydrogen produced also increases. This agrees
with Equation (1) and the law of chemical equilibrium where an increase in the reactants
causes a shift to increase the products.
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Figure 6. Comparison of the volume of hydrogen gas generated versus time by the hydrolysis reaction of three different
concentrations of sodium borohydride (625 pmoles, 925 umoles, 1225 umoles) as catalyzed by BCD—AuNPs. The reactions
were run at 295 K and at pH 7 for roughly 120 min.

2.3. Catalytic Activity under Varied pH Conditions

When the catalytic activity was tested under varied pH conditions, our BCD-AuNPs
catalyst caused the reaction to produce hydrogen gas at the highest rate at a pH of 6,
with a rate of 0.854 mL min ! mLcy ! (Figure 7). The next best pH condition was pH
7 producing hydrogen at a rate of 0.642 mL min~! mLe; !, and then pH 8 at a rate of
0.336 mL min~! mLcy 1. This trend in the rates indicates that the catalyst is pH sensitive,
as the reaction is known to proceed faster in lower pH’s, due to the production of borate
ions during hydrolysis (Equation (1)) [11].

BH;  +2H,O — BO,™ +4H; (1)
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Figure 7. Volume of hydrogen gas generated versus time as catalyzed by the BCD—AuNPs under varied pH conditions
(pH 6, 7, 8). The reactions were run at 295 K with 925 pmoles of NaBHj for approximately 120 min.

2.4. Catalytic Activity at Varied Temperatures and Activation Energies

Under varied temperatures, BCD-AuNPs produced hydrogen the fastest at 303 K at
a rate of 1.377 mL min—! mLgy? (Figure 8). Performance followed 303 K with 295 K,
288 K, and 283 K, producing rates of 0.642 mL min~! mLcat !, 0.413 mL min~! mLcat !,
and 0.291 mL min~! mLc, !, respectively (Figure 8). A clear trend was seen where the rate
of hydrogen generation increased with increasing temperatures. According to le Chatelier’s
principle, this indicates the reaction is endothermic. From the temperature varied trials,
activation energy of the gold catalyst was calculated using an Arrhenius plot, and the
corresponding equation (Equation (2)). The activation energy of the BCD-AuNPs was
determined to be 54.7 k] /mol (Table 1). The nanoparticles network displayed a competitive
activation energy when compared to other reported catalysts (Table 1).

InK = InA — E,/RT @)

where InK is the natural logarithm of rate constant, InA is the natural logarithm of pre-
exponential factor, E, is the activation energy, R is the universal gas constant, and T is the
absolute temperature.

Through the temperature trials (Figure 8), Arrhenius plot (Figure 9), and Equation (2),
the activation energy was calculated to be 54.7 K] mol~! and was compared with the
activation energy of other catalysts in Table 1. The activation energy of BCD-AuNPs was
observed to be lower than unsupported AuNPs [15]. It highly suggested that the disper-
sion of BCD-AuNPs in the network helped to improve the catalytic ability. Other precious
nanoparticles and their composites except PAMWCNT appears to have lower activation en-
ergy in comparison to BCD-AuNPs. The BCD-AuNPs had either higher or lower activation
energy in comparison to the remaining composites on the table.
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Figure 8. Volume of hydrogen gas generated by the hydrolysis of NaBH, versus time as catalyzed by
the BCD—AuNPs at 283 K, 288 K, 295 K, and 303 K. The reactions were run at pH 7 with 925 pmoles

of NaBHy for 120 min.

Table 1. Reported activation energies for NaBH, hydrolysis by catalyst.

Catalyst E, (kJ/mol) Temperature (K) Time (min) Reference
Co@NMGC. 352 288-318 2-8 [29]
Co/Fe304@C 49.2 288-328 30 [30]
Co-Mo-P/CNTs-Ni 47.27 298-313 30 [31]
Co-Cu-B catalyst 52.0 298-318 22 [32]
Co/Ni/MWAC 40.7 30-60 N/A [33]
CuNW 42.48 298-333 9-250 [34]
Ru/G 61.1 298-318 30 [35]
Cu based catalyst 61.16 293-313 40-130 [36]
SiO2@H*PE 32.01 293-323 30-80 [37]
Ag/MWCNTs 44.5 273-303 120 [38]
Au/MWCNTs 211 273-303 120 [39]
U“Z‘fﬁ;‘:ed 231.7 273-303 120 [15]
AuNPs/AC 21.6 273-308 120 [15]
PAMWCNT 62.6 273-303 120 [40]
PIMWCNT 46.2 283-303 120 [13]
AgNPs 50.3 273-303 120 [41]
PtNPs 39.2 283-303 120 [14]

BCD-AuNPs 54.7 283-303 120 This Work
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Figure 9. Arrhenius Plot used in association with Equation (2) to determine the activation energy of the NaBH, reaction
catalyzed by the BCD—AuNPs.

Figure 10 displayed the catalytic reusability of our BCD-AuNDPs. The average volume
of hydrogen generated across the five trials was 22.3 mL. It was observed that the catalyzed
ability of BCD-AuNPs was not diminished with additional uses. The increasing trend of
the hydrogen generation could be due to the effect of BHs and H™ formed strong bonds on
the surface of gold nanoparticles, and then over a long period time, these bonds become
hydrolyzed and improve the electrostatic stabilization of the AuNPs surface making them
more active [42]. These results indicated that BCD-AuNPs are durable and have a potential
recyclability for application in hydrogen economy.

M + BH,~ <> MH + MBH;~ (3)
MH + MBH; ™~ + 4H,0 — M + 4H, + [B(OH)4]~ 4)

35
= 30 28.9
€
= 245
T 25 226
- 20.0
@ 20
S 15.4
O 15
c
8
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|
4
T 5

0
1 2 3 4 5
Trial

Figure 10. Catalytic reusability of BCD—AuNPs in the hydrolysis of sodium borohydride. Each trial ran for approximately
2 h under ambient conditions.
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The proposed mechanism in Scheme 1 is based on the Michaelis-Menten model for the
catalytic hydrolysis of sodium borohydride (Equations (3) and (4)). This mechanism occurs
on the nanoparticle surface due to the reaction requiring two metal sites per molecule of
borohydride. The borohydride ions anchor on the nanoparticle surface and attracted the
hydroxyl group of water molecules. The hydrogen ion is released and combines with free
ions. The role of both the occupied and unoccupied catalytic sites is depicted in Scheme 1,
and it highly suggested that the dispersion of nanoparticles helps to increase the active
surface area. This may offer an explanation to the trends seen in Figure 6, where the gold
performed best at the higher concentration due to the increased number of BH; ™~ attached
on the surface of nanoparticles. It should be noted that the mechanism is a multi-electron
process between two potential active sites, and thus the catalytic ability of the material to
move electrons between adjacent sites is believed to be another important characteristic of
a successful catalyst.

H _OH +H, QH OH o +H,
H—g s H— H—g”
J_i]-_ J_HL_
Nano-ﬁé?'t'icle Nanoparticle Nanor-;é'r:{icle Nanoparticle
surface surface surface surface

H H H @ «—
OH | |
Nanoparticle Nanoparticle Nanoparticle Nanopirticle
SUrfaCE Surface surface surface

Scheme 1. Proposed mechanism of the hydrolysis of sodium borohydride as catalyzed by the BCD—AuNPs.

3. Materials and Methods
3.1. Synthesis of AuNPs

Chloroauric acid (99.9%, Sigma Aldrich, Saint Louis, MO, USA) was used to create
a 1 mM precursor metal solution. The solution was then added to 10 mM aqueous beta-
cyclodextrin (99%, Sigma Aldrich, Saint Louis, MO, USA) solution and stirred for ten
minutes. A fresh solution of 180 mM NaBH4 was then prepared and 0.25 mL of this solution
was added to the mixture, and the resulting 134.5 uM metal solution is stirred for 2 h to
facilitate nanoparticle formation. Then, the gold nanoparticle solution was centrifuged for
15 min at 14,000 rpm to remove excess reactants, including NaBHy. Therefore, there will be
no generation of hydrogen gas in any of the catalytic experiments due to the NaBH,4 used
in the preparation of the catalyst.

3.2. Characterization

Ultraviolet-visible spectroscopy was used to further characterize the samples and
verify the presence of nanoparticles. Nanoparticle solutions were characterized in quartz
cuvettes using a Shimadzu UV-2600 UV-VIS Spectrophotometer. Deionized Water, 18 M(),
(DI) was used as solvent for the reference cell.

The crystal structure of AuNPs was identified by powder X-ray diffraction (P-XRD
Rigaku Miniflex II). The presence of capping agent was confirmed through Fourier trans-
form infrared spectroscopy (FTIR, Shimadzu IR-Tracer 100).
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The size of gold nanoparticles was determined by transmission electron microscopy
(TEM JEM-2100F). As discussed in the synthesis method, DI water is the main solvent for
the gold nanoparticles. Then, 1-2 microliters of concentrated gold nanoparticle solution
were added onto a TEM sample grid and dried in an oven at a 90 °C overnight.

3.3. Catalysis

Catalytic activity of the metal nanoparticles in the evolution of hydrogen from aque-
ous sodium borohydride was characterized using a gravimetric water displacement sys-
tem [14,15]. The reaction of 100 mL of deionized water containing 625, 925, and 1125 pmol
of NaBHy (J.T. Baker 98%) was catalyzed by using 200 uL of the gold nanoparticle solutions.
The catalytic activity was compared in varied pH conditions (pH 6, pH 7, pH 8) and the
pH of the solution was adjusted by HNO3; and NaOH. Activity was also tested at varied
temperature conditions (283 K, 288 K, 295 K, and 303 K) which was controlled by a water
bath system. The reaction chamber of the system was stirred throughout the reaction to
maintain equal distribution of the catalyst and reactant in the solution. The water displaced
by the reaction was measured by an Ohaus Pioneer Balance (Pa124) with proprietary mass
logging software (SPDC Data logger 2.0, OHAUS 2020). The reaction rate was determined
as a product of the overall hydrogen gas produced, the inverse of the duration of the trials
(120 min), and the volume of catalyst used. The reusability trials of gold nanoparticles were
carried at room temperature and pH 7 for an extended time of 10 h. The authors agree with
the journal ethical standards.

4. Conclusions

In conclusion a network of BCD-AuNPs was successfully synthesized, and the struc-
ture was confirmed by UV-VIS spectroscopy, P-XRD, FTIR, and TEM before it was applied
as a catalyst to the hydrogen generation reaction of sodium borohydride. The nanoparticles
network performed well as a catalyst for the reaction, performing best at 303 K, producing
1.377 mL min~! mLe, ! of hydrogen. It was determined that the activation energy of the
reaction, as catalyzed by the produced nanoparticles network, was 54.7 k] /mol. This acti-
vation energy and the reusability results show promise for this material as a stable catalyst
for the hydrogen evolution reaction of aqueous sodium borohydride.
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