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SUMMARY

The increasing concern over greenhouse gas
emissions (GGE) has led to a search for cleaner energy
sources, with hydrogen fuel cells being a promising
alternative to fossil fuels. This study focused on the
reaction between excess silicon (Si) and limiting
alkaline solutions to produce hydrogen (H,) gas,
which can be consumed in an electrochemical cell
to generate renewable energy. We investigated the
effects of reaction temperature, concentration, and
alkaline solution type on H, production rate because
these variables are known to influence reaction
kinetics and yield. By analyzing the correlation
between H, production and reaction time and deriving
the average H, production rate, we aimed to identify
the most efficient conditions for H, generation. From
the best-fit line of the volume-time profile, we deduced
the average H, production rate. The results showed
that higher temperatures, higher concentrations, and
solutions with higher base dissociation constants
(k,) lead to a higher H, production rate. Along with
this finding, the stable and consistent production
of H, gas throughout all the trials demonstrated the
viability of using Si waste as a source of renewable
energy through hydrogen fuel cells.

INTRODUCTION

Greenhouse gas emissions (GGE) resulting from the
combustion of fossil fuels are associated with significant
environmental threats such as energy crises, pollution, and
climate deterioration (1). As a result, the need for clean energy
derived from renewable sources with minimal environmental
impact has become widely recognized (2). In particular, the
pursuit of energy sources with minimal GGE has gained
importance in the search for renewable energy solutions
in order to mitigate environmental impacts (1). Among the
various options explored by past studies, hydrogen (H,) fuel
cells have shown particular promise in providing a sustainable
pathway for development (3-6).

However, the widespread adoption of hydrogen fuel
cells faces several challenges. Currently, the predominant
method of hydrogen production is through steam methane
reforming: a process that relies on natural gas, releases
significant amounts of carbon dioxide, and undermines the
environmental benefits of hydrogen use (7). Additionally, the
catalysts used in fuel cells often contain rare and expensive
materials like platinum, thus contributing to the high cost of
fuel cell systems (8-9). Therefore, there is a pressing need to

explore alternative methods of hydrogen production and fuel
cell design that are both cost-effective and environmentally
friendly.

Constituting 27.7% of the Earth’s crust, silicon (Si) is the
second most abundant element on our planet (10). Its natural
abundance and prevalence as a waste product in various
industries have made it an attractive candidate for renewable
energy generation (11). In the semiconductor industry, an
estimated 35—40% of silicon is lost as waste during the wafer
production process, a procedure that slices pure silicon
ingots into thin discs, generating substantial sawing waste
(12). Through an etching reaction involving Si and an alkaline
solution, which contains a higher concentration of hydroxide
ions (OH") than hydrogen ions (H*), silicon waste (SiW) can
be selectively dissolved and removed (Eqn. 1). The reaction
produces a Si compound and H, gas, the latter of which can
be consumed in an electrochemical cell to generate electricity
(13).

Si(s) + 2H20(l) + 20H-(aq) - Si0O2(OH)*(aq) + 2Hz(g) (Eqn. 1)

The etching process involves several key stages: the
reactant molecules diffusing through the boundary layer to
Si’s surface; the surface absorbing the reactant molecules;
the surface reaction and product desorption; and the by-
products diffusing back across the boundary layer into the
solution (14).

By using the etching reaction (Eqn. 1), it is possible to
convert SiW into a source of H, production and contribute to
the renewable energy cycle of hydrogen fuel cells (15). This
conversion holds the potential to offer a cleaner and more
efficient alternative to fossil fuels. This study aims to determine
the optimal conditions for generating energy through
reactions between Si and alkaline solutions by evaluating the
effects of temperature, concentration, and alkaline solution
type on H, production rate. We selected potassium hydroxide
(KOH), sodium hydroxide (NaOH), and ammonium hydroxide
(NH,OH) solutions to evaluate the effects of solution on H,
production rate due to their low costs and prominent roles in
industrial production (16).

To better understand the underlying mechanisms that
govern the rate of H, production, it is crucial to delve into the
kinetic behavior of the gas itself. Based on the collision theory,
the kinetic energy (K.E.) of a diatomic gas (such as H,) can
be expressed both in terms of mass, m, and the root-mean-
square (RMS) speed, v, and in terms of the total number of
molecules in the gas, N, the Boltzmann constant, k,, and the
absolute gas temperature, T, as shown in Eqn. 2 (17-18).

K.E.=3NkgT = 2mv? (Eqn. 2)
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Since a higher temperature leads to a greater RMS speed,
we expected that increasing the temperature would increase
the particle collision frequency and thus the kinetic reaction
rate. Hence, we hypothesized that there would be a positive
correlation between H, production rate and temperature.

The effects of the concentration of KOH on reaction rate
can be predicted using Seidel ef al.’s proposed mechanism,
where the etch rate is proportional to the concentrations of H,O
and KOH to the fourth and one-fourth powers, respectively
(19). While there are currently no proposed equations for
the reaction mechanisms of NaOH and NH,OH, it can be
reasoned that since one mole of both NaOH and NH,OH
yields four moles of water, their etching rate mechanisms may
be generalized as in Eqn. 3, given in terms of a reaction rate
constant k, an unknown exponent n, and an unknown cation
X that can represent [NH*] or [Na']. This indicates that H,
production rate and concentration may be directly correlated.

Etchrate = k[H,0]*[XOH]" (Egn. 3)

The reaction rate may also be subject to the base
dissociation constant, k,, of the alkaline solution, as it provides
information about the extent of each molecule’s dissociation
into the OH-ion. Since the k, value of NH,OH is 1.8 x 105, and
those of KOH and NaOH are greater than 10, which indicate
a complete dissociation in H,0, it can be hypothesized that
using the strong bases such as KOH and NaOH will yield a
greater H, production rate than using a weak base like NH,OH
(20-21). Furthermore, KOH is a stronger base than NaOH due
to the weaker bond of K-O than that of Na-O, which suggests
KOH may generate H, gas at a higher rate than NaOH (17-18).

In summary, we hypothesized that the reaction rate would
be positively correlated with temperature, concentration,
and the base dissociation constant of the solution. To test
these hypotheses, we recorded the time it took for specific
volumes of H, gas to be produced in three experiments, in
order to measure the approximate reaction rate at different
temperatures, concentrations, and solution types. Our results
suggest that reaction rate is indeed positively correlated with
these variables, supporting our initial hypotheses.

RESULTS

We tested the effects of temperature (30°C, 40°C, 50°C,
60°C, and 70°C), concentration (1.0 M, 1.5 M, and 2.0 M), and
solution type (KOH, NaOH, and NH,OH) on the production
of hydrogen gas through the reaction of silicon waste with
alkaline solutions (Figure 1). For every experimental
condition, we recorded the time it took to generate a specific
volume of hydrogen gas. We then estimated the average
reaction rate by deriving the slope of the best-fit line on a
volume-time plot.

The Effects of Temperature on Reaction Rate

To explore the impact of temperature on the hydrogen
production rate, we compared the reaction rates under
varying temperatures (30°C, 40°C, 50°C, 60°C, and 70°C)
at which the experiments were conducted. The solution type
(KOH, NaOH, and NH,OH) was used as a blocking variable.
The KOH, NaOH, and NH,OH solutions all exhibited a
negative correlation between temperature and reaction time,
with r? (coefficient of determination) values greater than 0.85
(Figure 2). We estimated the average rate of reaction, r, for

https://doi.org/10.59720/23-036

Figure 1. The setup of the experiment. (a) An Erlenmeyer flask
on a stirrer with a hot plate, with the flask’s opening connected to a
plastic tube, leads the produced H, gas to a graduated cylinder under
water. H, gas is collected through water displacement. (b-c) Sireacts
with the alkaline solution, producing H, bubbles. (d) The H2 bubbles
are observed in the graduated cylinder.

each experimental group by taking the slopes of the best-fit
lines on the reaction rate versus H, gas volume graph and
converting to mol s™.

Given the Arrhenius equation (Eqn. 4), an exponential
relationship between k and the reciprocal of T can be
reasonably expected (20):

—Ea
k = AeTT

(Egn. 4)
where A is a pre-exponential factor, E_ is the activation energy,
and R is the universal gas constant. To simplify analyses,
Eqn. 4 can be linearized to give Eqn. 5:

in(k) = — 2@ +1n(4) (Eqn. 5)

With the assumption that k is proportional to the reaction
rate, r, if the concentration remains unchanged throughout the
reaction (the reaction has not yet reached saturation), Eqn. 6
can be derived, in which C = [H,O]*[XOH]" is a constant.

n(r) = - 2@ +ind) (Eqn. 6)

By modeling the temperature with this equation and
plotting In(r) against 1/T, we found that the KOH, NaOH, and
NH,OH best-fit lines consisted of negative slopes, which
aligned with the expected model, indicating that reaction
rate increases as a function of temperature (Figure 3). The
negative correlation between reaction temperature and
reaction rate was significant for reactions in all three alkaline
solutions (r, > 0.98, p < 0.002). The negative correlation
supports the collision theory and kinetic energy hypothesis,
as when T increases, 1/T would decrease, causing In(r) to
increase and thus r to increase.

The Effects of Concentration on Reaction Rate

In order to determine the relationship between the
concentration of various alkaline solutions and the rate of
hydrogen gas production, we compared the reaction rates

Journal of Emerging Investigators - www.emerginginvestigators.org

15 AUGUST 2024 | VOL 7 | 2



EMERGING INVESTIGATORS

i
1
i + 30 ,

) V=006t-1266 1 =0.997
13 ¥ ¥ 4 d0C )
i V=011t-2.03 r°=0999
50C )
13 V=051t-21.11 r =0.916
1% 4 60C )
V=136t-20.33 r°=0.924
70°C

Volume of H, Produced (mL)

V=6.16t-396 r =0.991

T T T T
0 500 1000 1500 2000 2500  Reaction Time (s)

(b) NaOH

¥
¥
80 i 1 i i + ¢ 2
V=0.06t-16.26 r =0.996
i ¥ 3 + 40C )
¥ V=0.1t-3.84 r =0.999
! 50C

V= 040t-22.19 1 =0.917
60 C

. +
0 i ; b V=0.04t-2355 r'=0.889
¥ 1 70°¢C )
!! F V=286t-32 r =0.995
{l
i

Volume of H, Produced (mL)

0 T T T T
0 250 500 750 1000 1250 1500 1750

() NH,OH

Reaction Time (s)

¥ 50'C )
V=007t-3.41 r'=0.999

¥ V=016t-38 ' =0.998
70c

¥ V=035t+339 r=0.998

Volume of H, Produced (mL)

0 T T T T T T

T
0 250 500 750 1000 1250 1500 1750 Reaction Time (s)

Figure 2. H, gas production over time at different temperatures.
(a) KOH, (b) NaOH, and (c) NH,OH. Each marker denotes the
average measured time across three experimental trials at the given
volume. Horizontal error bars reflect the combined uncertainty from
a 2-second timing error and the standard deviation across multiple
trials. Vertical error bars correspond to a fixed measurement
uncertainty of 2.5 mL for gas volume. No data were recorded for
NH,OH at 30°C and 40°C due to no signs of reaction after 5 minutes.

across the 1.0 M, 1.5 M, and 2.0 M solutions for each solution
type (KOH, NaOH, and NH,OH), using the solution type as
a blocking variable. We found that reaction rates increase
as a function of concentration, regardless of solution type
(Figure 4). Assuming that the initial conditions (the reaction
temperature and the concentration of H,0) remained
unchanged, combining [H,0]* into the constant C and then
taking the natural logarithm on both sides of Eqn. 3 yield
Eqgn. 7, the linearized form. In Eqn. 7, [XOH] represents
the concentration of the alkaline solution, n, the unknown
exponent previously discussed, and C, a [H,O]*-dependent
constant.
In(r) =n-n([XOH]) + In(C) (Egn. 7)
By adopting this model, we found that the experimental
values of n for KOH, NaOH, and NH,OH were 0.35, 0.26, and
1.11, respectively (Figure 5). These derived exponent values
quantitatively support that the hydrogen production rate is
positively correlated with alkaline solutions’ concentration.

The Effects of Solution Type on Reaction Rate

We investigated the reaction rates of 1.0 M solutions
of KOH, NaOH, and NH,OH at a controlled temperature
of 50°C, whose means were determined to be 9.46 x
10-° mol s, 8.91 x 10" mol s, and 1.18 x 10-'°© mol s™,

https://doi.org/10.59720/23-036
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Figure 3. Natural logarithm of reaction rate as a function of
the reciprocal of absolute temperature following the linearized
Arrhenius equation. Error bars represent the propagated
uncertainty from the one standard deviation errors associated with
the best-fit slopes in Figure 1.

respectively (Figure 6). A Kruskal-Wallis test indicated a
statistically significant variance among the three groups (p =
0.027), whose mean reaction rate ranks are 8, 5, and 2 for
KOH, NaOH, and NH,OH, respectively (where KOH has the
greatest reaction rate and NH,OH has the smallest reaction
rate). Post hoc analysis with Dunn’s test showed a significant
difference between the KOH and NH,OH groups (adjusted
p = 0.022). On the other hand, we failed to find significant
differences between the other solution pairs (KOH vs. NaOH:
adjusted p = 0.36; NaOH vs. NH4OH: adjusted p = 0.36). The
observed higher reaction rate for the KOH compared to the
NH,OH supports our hypothesis that solutions with higher
dissociation constants correlate with faster reaction rates.

DISCUSSION

Our experiments have provided evidence supporting that
higher temperatures, concentrations, and base dissociation
constants can optimize hydrogen generation methods that
utilize silicon waste. Based on our findings, we recommend
the usage of 1.0 M KOH solutions at 70°C for optimizing
H, production, which had the highest hydrogen production
rate of 6.16 mL s'. Furthermore, our results demonstrated
a stable trajectory for the cumulated H, gas volumes that
may be linearly fitted, suggesting that if the reactions are
implemented as sources of hydrogen fuel in an energy cell,
the energy output would be stable and consistent.

We recognize a few potential sources of error in the
experiments. For instance, small amounts of variance in
temperature may account for slight deviations in RMS
speed and thus H, production rate. While the sealing was
considered sufficient by visual inspection, it is possible that
any inadequacies in sealing could lead to gas leakage,
possibly decreasing the total number of gas particles in a
fixed volume and affecting the reaction rate. To address these
potential sources of error, we suggest that future studies
increase the number of trials conducted and the range of
independent variables. For example, while our study examined
temperatures at 30°C, 40°C, 50°C, 60°C, and 70°C, future
experiments could investigate a more extensive temperature
range, such as including lower temperatures like 10°C and
20°C, and higher temperatures beyond 70°C. Further, we
noted an acceleration in hydrogen gas production towards the
end of some trials. A possible explanation is a delayed onset
of reaction due to kinetic barriers that were overcome as the
reaction progressed. This may have affected certain trials,
where at higher hydrogen volumes, the reaction progression
is no longer strictly linear (Figure 4a-b). Consequently, the
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Figure 4.H,gas production over time at different concentrations.
(@) KOH, (b) NaOH, and (c) NH,OH. Each marker denotes the
average measured time across three experimental trials at the given
volume. Horizontal error bars reflect the combined uncertainty from
a 2-second timing error and the standard deviation across multiple
trials. Vertical error bars correspond to a fixed measurement
uncertainty of +2.5 mL for gas volume.

behavior may have resulted in lower-than-expected average
reaction rates derived from the best-fit lines if we extrapolate
over the entire course of the reaction.

In terms of practical application, KOH and NaOH are
strong bases commonly used in the production line, which
allows companies to easily generate hydrogen gas for
renewable energy. Moreover, it was reported that GGE
rose 6% each year in the decade 2010-2020, which has
contributed significantly to global warming (22). Thus,
implementing hydrogen fuel cells powered by the reactions
tested in this study can potentially lessen the environmental
burden of energy production. However, such ideas should
also be implemented with caution due to the high flammability
of H, gas, which brings some safety concerns (23).

Ultimately, though, hydrogen fuel cell technology holds the
potential for significant environmental impact, mitigating the
acceleration of climate change by replacing less sustainable
forms of energy generation methods like the combustion of
fossil fuels (1, 7). The advantage in stability, coupled with
the high exergy efficiency of hydrogen cells, makes the
production method discussed in this study likely favorable
in the future (24). If the safety challenges associated with
hydrogen production are addressed, hydrogen production
from silicon waste could contribute to a future where energy
sources are both sustainable and economically practical.
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MATERIALS AND METHODS

To test the three hypotheses regarding temperature,
concentration, and type of solution, the following methodology
was derived for this study. In the first experiment, the reaction
was run at five temperatures (30°C, 40°C, 50°C, 60°C, and
70°C), controlled by a hot plate, using 1.0 M NH,OH, NaOH,
and KOH solutions to examine the effects of temperature on
H, production rate. In the second experiment, concentration
was represented by three experimental groups (1.0 M, 1.5 M,
and 2.0 M) under the same controlled temperature of 50°C. In
the final experiment, we compared the reaction rates across
different solutions, specifically examining how each solution
behaved at a concentration of 1.0 M and a temperature of
50°C. We derived the reaction rate for each treatment by
determining the slope of the volume-time graph’s best-fit line.
Our experiments used Si powder with an average particle
size of 0.125 + 0.025 ym. In crystallized Si, the (111) plane,
a specific arrangement of atoms in the Si crystal lattice,
results in a self-limiting step, which slows down the reaction

(a)

KOH )
V=051t-21.11 r' =0.916
NaOH

o
+

V=040t-2219 110917
NH,OH

V=007t-341 r'=0999

Volume of H, Produced (mL)

0 T T T T T T
0 200 400 600 800 1000 1200 1400

(b)

1600  Reaction Time (s)

-1
mols™)

10

Average Reaction Rate (x 10
IS
1

KOH NaOH
Solution

NH,OH

Figure 6. A comparison of H, production across the different
alkaline solutions used. (a) H, gas production over time for each
solution. Each marker denotes the average measured time across
three experimental trials at the given volume. Horizontal error bars
reflect the combined uncertainty from a 2-second timing error and
the standard deviation across multiple trials. Vertical error bars
correspond to a fixed measurement uncertainty of £2.5 mL for gas
volume. (b) Reaction rates (r) for 1.0 M KOH, NaOH, and NH40H
solutions under constant temperature (50°C).
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rate (14). To overcome complications, we used Si powder
so that the (111) plane was physically destroyed. Using
Si powder also increases the substance’s surface area,
providing a greater chance for particle collisions so that all
trials are conducted under the same optimal conditions for
an accurate comparison (17). For all the trials in this study,
the amount of Si added to the solution was controlled to 10 g,
which ensured that the frequency of effective collisions (and
thus the reaction time) was not affected by additional factors
(17). To measure the volume of H, gas produced in each
experiment, the water displacement method was employed.
This involved submerging the opening of a gas collection tube
attached to an Erlenmeyer flask; as H, gas was generated,
it was directed into the tube, displacing the water within a
water-filled container (Figure 1). The displaced water level
was measured with a graduated cylinder, which provided us
with a precise volume of the H, gas produced. This technique
capitalizes on water’s properties of conformity to the shape of
the container and incompressibility, ensuring more accurate
gas volume readings despite the irregular shapes of gases
(18).

In our experimental setup, at least 500 mL of each alkaline
solution was poured into a volumetric flask and diluted with
water to the appropriate concentration. 200 mL of the desired
alkaline solution was added to the Erlenmeyer flask and stirred
at 500 rpm on a hot plate. A thermometer was placed in the
Erlenmeyer flask to ensure thermal equilibrium before adding
10 g of Si powder. A stopwatch was started when the cap was
placed on the Erlenmeyer. As the reaction proceeded (Figure
1), the amount of time for each corresponding volume of H,
gas to be generated in the graduated cylinder was measured
by the stopwatch and recorded. The above procedure was
repeated for three trials to increase reliability; for each trial,
the interior of the Erlenmeyer flasks was rinsed carefully to
prevent contamination from previous trials.

To assess the statistical significance of the effect of
solution type on reaction rate, we employed the non-
parametric Kruskal-Wallis test, in case the obtained data do
not follow normal distribution and equal variance. This test
compared the reaction rates of three different 1.0 M solutions
(KOH, NaOH, and NH,OH) at 50°C. For each solution, linear
regression was applied to volume-time plots, obtained from
three experimental trials, to determine the slope. These
slopes were treated as three independent observations of
the reaction rate for each group. The null hypothesis tested
was that the mean reaction rate ranks across the groups were
equal, against the alternative hypothesis that at least one
group’s mean rank was different. The analysis was conducted
at a significance level of a = 0.05. Upon rejecting the null
hypothesis, we carried out Dunn’s post hoc test to identify
the pairs of groups that differed significantly. P-values from
these pairwise comparisons were adjusted using the Holm-
Bonferroni method.

ACKNOWLEDGEMENTS

We would like to thank Ms. Yen-Ting Lin and Mr. Chun-Li
Chou for their comments on the manuscript and for supporting
this study. We would also like to thank Dr. Melton Morrison for
his advice and guidance on statistical testing.

https://doi.org/10.59720/23-036

Received: February 24, 2023
Accepted: July 10, 2023
Published: August 15, 2024

REFERENCES

1. Li, Xiufeng, et al. “Review of Resource and Recycling
of Silicon Powder from Diamond-Wire Sawing Silicon
Waste.” Journal of Hazardous Materials, vol. 424, Feb.
2022, https://doi.orgi:10.1016/j.jhazmat.2021.127389

2. Lee, Jaeseung Jason, and Trudy Ann Cameron. “Popular
Support for Climate Change Mitigation: Evidence from
a General Population Mail Survey.” Environmental and
Resource Economics, vol. 41, no. 2, Feb. 2008, pp. 223-
48, https://doi.org/10.1007/s10640-007-9189-1

3. Hassan, Hamdy, et al. “An Experimental Investigation
of the Performance of New Design of Solar Air Heater
(Tubular).” Renewable Energy, vol. 151, May 2020, pp.
1055-66, https://doi.org:10.1016/j.renene.2019.11.112

4. Saeed, Muhammad Abid, et al. “Wind Energy Potential
and Economic Analysis with a Comparison of Different
Methods for Determining the Optimal Distribution
Parameters.” Renewable Energy, vol. 161, Dec. 2020, pp.
1092-109, https://doi.org/10.1016/j.renene.2020.07.064

5. Zhang, Ziyu, et al. “A Review of Technologies and
Applications on Versatile Energy Storage Systems.”
Renewable and Sustainable Energy Reviews, vol. 148,
Sept. 2021, https://doi.org/10.1016/j.rser.2021.111263

6. Brouwer, Jacob. “On the Role of Fuel Cells and Hydrogen
in a More Sustainable and Renewable Energy Future.”
Current Applied Physics, vol. 10, no. 2, Mar. 2010, pp.
S9-17, https://doi.org/10.1016/j.cap.2009.11.002

7. Hannah Hyunah Cho, et al. “Environmental Impact
Assessment of Hydrogen Production via Steam Methane
Reforming Based on Emissions Data.” Energy Reports,
vol. 8, Nov. 2022, pp. 13585-95, https://doi.org/10.1016/j.
eqyr.2022.10.053

8. Spiegel,Ronald. “Platinumand Fuel Cells.” Transportation
Research Part D: Transport and Environment, vol. 9,
no. 5, Sept. 2004, pp. 357-71, https://doi.org/10.1016/j.
trd.2004.07.001

9. Hertz, Jake. “Unlocking the Potential of Platinum-Free
Catalysts in Hydrogen Fuel Cells.” EEPower, 31 Aug.
2023, eepower.com/market-insights/unlocking-the-
potential-of-platinum-free-catalysts-in-hydrogen-fuel-
cells/.

10. “Silicon — Element Information, Properties and Uses.”
Royal Society of Chemistry, 2017, www.rsc.org/periodic-
table/element/14/silicon.

11. Wu, Hao, et al. “Recycling Silicon-Based Industrial Waste
as Sustainable Sources of Si/SiO2 Composites for High-
Performance Li-lon Battery Anodes.” Journal of Power
Sources, vol. 449, Feb. 2020, https://doi.org/10.1016/j.
jpowsour.2019.227513

12. Jiang, Shengnan, et al. “Study on the Synthesis of
B-SiC Nanoparticles from Diamond-Wire Silicon Cutting
Waste.” Royal Society of Chemistry Advances, vol. 9,
no. 41, 2019, pp. 23785-90, https://doi.org/10.1039/
CORA03383A

13. Logan, Bruce. “Peer Reviewed: Extracting Hydrogen and
Electricity from Renewable Resources.” Environmental
Science & Technology, 2004, https://doi.org/10.1021/
€s040468s

Journal of Emerging Investigators « www.emerginginvestigators.org

15 AUGUST 2024 | VOL7 | 5


https://doi.org/10.1016/j.jhazmat.2021.127389
https://doi.org/10.1007/s10640-007-9189-1
about:blank
https://doi.org/10.1016/j.renene.2020.07.064
https://doi.org/10.1016/j.rser.2021.111263
https://doi.org/10.1016/j.cap.2009.11.002
https://doi.org/10.1016/j.egyr.2022.10.053
https://doi.org/10.1016/j.egyr.2022.10.053
https://doi.org/10.1016/j.trd.2004.07.001
https://doi.org/10.1016/j.trd.2004.07.001
https://doi.org/10.1016/j.jpowsour.2019.227513
https://doi.org/10.1016/j.jpowsour.2019.227513
https://doi.org/10.1039/C9RA03383A
https://doi.org/10.1039/C9RA03383A
https://doi.org/10.1021/es040468s
https://doi.org/10.1021/es040468s

EMERGING INVESTIGATORS https://doi.org/10.59720/23-036

14. Moldovan, Carmen, et al. “Anisotropic Etching of Silicon
in a Complexant Redox Alkaline System.” Sensors and
Actuators B: Chemical, vol. 58, no. 1-3, Sept. 1999, pp.
438-49, https://doi.org/10.1016/S0925-4005(99)00124-0

15. Tashie-Lewis, Bernard Chukwudi, and Somtochukwu
Godfrey Nnabuife. “Hydrogen Production, Distribution,
Storage and Power Conversion in a Hydrogen
Economy—a Technology Review.” Chemical
Engineering Journal Advances, vol. 8, Nov. 2021, https://
doi.org/10.1016/j.ceja.2021.100172

16. Jones, J., and W. H. Taylor. “Bond Lengths in Alkali
Felspars.” Acta Crystallographica Section B, vol. 24,
no. 10, Oct. 1968, pp. 1387-92, https://doi.org/10.1107/
s0567740868004334

17. Trautz, Max. “Das Gesetz Der Reaktionsgeschwindigkeit
Und Der Gleichgewichte in Gasen. Bestatigung
Der Additivitdt von cv-3/2R. Neue Bestimmung Der
Integrationskonstanten Und Der Molekuldurchmesser
[The law of reaction rate and equilibria in gases.
Confirmation of the additivity of cv-3/2R. New
determination of the integration constants and molecular
diameter].” Zeitschrift Fir Anorganische Und Allgemeine
Chemie, vol. 96, no. 1, June 1916, pp. 1-28, https://doi.
org/10.1002/zaac.19160960102

18. Halliday, David, Robert Resnick, and Jearl Walker.
Fundamentals of Physics. John Wiley & Sons, 2013.

19. Seidel, H., et al. “Anisotropic Etching of Crystalline
Silicon in Alkaline Solutions: | . Orientation Dependence
and Behavior of Passivation Layers.” Journal of the
Electrochemical Society, vol. 137, no. 11, Nov. 1990, pp.
3612-26, https://doi.org/10.1149/1.2086277

20. Arrhenius, Svante. “Uber Die Reaktionsgeschwindigkeit
Bei Der Inversion von Rohrzucker Durch Sauren [On the
reaction rate in the inversion of sugarcane by acids].”
Zeitschrift Fir Physikalische Chemie, vol. 4U, no. 1, July
1889, pp. 226-48, https://doi.org/10.1515/zpch-1889-
0416

21. “Ammonium Hydroxide.” PubChem, 2023, pubchem.
ncbi.nim.nih.gov/compound/Ammonium-Hydroxide

22. “Global Energy Review: CO2 Emissions in 2021
International Energy Agency, 2022, www.iea.org/reports/
global-energy-review-co2-emissions-in-2021-2

23. Najjar, Yousef S. H. “Hydrogen Safety: The Road toward
Green Technology.” International Journal of Hydrogen
Energy, vol. 38, no. 25, Aug. 2013, pp. 10716-28, https://
doi.org/10.1016/j.ijhydene.2013.05.126

24. Dincer, Ibrahim, and Canan Acar. “Review and
Evaluation of Hydrogen Production Methods for Better
Sustainability.” International Journal of Hydrogen Energy,
vol. 40, no. 34, Sept. 2015, pp. 11094-111, https://doi.
org/10.1016/j.ijhydene.2014.12.035

Copyright: © 2024 Chou, Ku, and Ponnampalam. All JEI
articles are distributed under the attribution non-commercial,
no derivative license (http:/creativecommons.org/licenses/
by-nc-nd/4.0/). This means that anyone is free to share,
copy and distribute an unaltered article for non-commercial
purposes provided the original author and source is credited.

Journal of Emerging Investigators - www.emerginginvestigators.org 15 AUGUST 2024 | VOL7 | 6


https://doi.org/10.1016/S0925-4005(99)00124-0
https://doi.org/10.1016/j.ceja.2021.100172
https://doi.org/10.1016/j.ceja.2021.100172
https://doi.org/10.1107/s0567740868004334
https://doi.org/10.1107/s0567740868004334
https://doi.org/10.1002/zaac.19160960102
https://doi.org/10.1002/zaac.19160960102
https://doi.org/10.1149/1.2086277
https://doi.org/10.1515/zpch-1889-0416
https://doi.org/10.1515/zpch-1889-0416
https://doi.org/10.1016/j.ijhydene.2013.05.126
https://doi.org/10.1016/j.ijhydene.2013.05.126
https://doi.org/10.1016/j.ijhydene.2014.12.035
https://doi.org/10.1016/j.ijhydene.2014.12.035

