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ABSTRACT: The generation of hydrogen, free of poisonous gas,
combined with a lightweight proton-exchange membrane fuel cell
can expand the use of hydrogen energy from conventional ground
transportation vehicles and power stations to a variety of flying
vehicles and wearable devices for civilian and military purposes.
Herein, a hydrogen fuel composite composed of sodium
borohydride (SB) and oxalic acid dihydrate (OA·2H2O) is
introduced. The SB/OA·2H2O composite was easily decomposed
to generate pure hydrogen at a trigger temperature of 50 °C, at
which the water molecules of the OA·2H2O component were
effectively liberated, inducing hydrolysis of the SB component to produce hydrogen gas. This dry hydrolysis-based hydrogen
generation using the SB/OA·2H2O composite has the merits of rapidly generating hydrogen (i.e., 0.4 g of the composite can be fully
decomposed within a minute at low temperatures), free of poisonous gas, in approximately 5 wt % yield (the theoretical maximum
value).

■ INTRODUCTION
Recent climate change, mostly due to the widespread use of
fossil fuels that inevitably generate enormous amounts of
greenhouse gases each year, has shifted the focus of researchers
and engineers to constructing new power supplies that utilize
zero-carbon energy sources such as geothermal, solar power,
and wind power.1−7 Hydrogen, a zero-carbon fuel, has been
investigated for decades because the specific energy density of
hydrogen is roughly 3 times that of gasoline, that is, 120 MJ
kg−1 for hydrogen and 44 MJ kg−1 for gasoline.8,9 As a clean
energy source, hydrogen can liberate huge amounts of energy
via the oxidative reaction with pure oxygen, while negligible
amounts of unwanted byproducts are produced by the
reaction.10−14

However, the mass production of hydrogen via traditional
steam reforming of hydrocarbons or water electrolysis is
commercially unfavorable and is not environmentally
friendly.15−19 Most importantly, safe storage and transport of
the highly explosive hydrogen gas must be ensured for
commercial use of hydrogen sources.10,20−22 More impor-
tantly, the operation of proton exchange membrane fuel cell
(PEMFC)-driven flying vehicles or portable appliances
requires a much lighter hydrogen container with a higher
hydrogen volume density than the traditional gas container,
which is designed to store extremely compressed or even
liquefied hydrogen.23−26 In contrast, chemical storage as an
alternative to the old-fashioned physical storage method is
lightweight and has excellent stability under normal con-
ditions.27,28 Sodium borohydride (SB) is an example of a
material for the chemical storage of hydrogen energy and

contains 10.6 wt % hydrogen.29 SB can be cleaved by both
hydrolysis and thermolysis to produce pure hydrogen gas.25

Practically, carbon- and nitrogen-free SB is chemically stable,
of low cost, and does not generate gas-phase contaminants
such as CO and NH3 during decomposition, which are
recognized as being poisonous to fuel cells.30,31

The thermal decomposition32−35 and the hydrolytic
decomposition36−38 reactions of SB can be described by eqs
1 and 2, respectively.

Thermolysis: NaBH Na B 2H4 2→ + + ↑ (1)

Hydrolysis: NaBH 2H O NaBO 4H4 2 2 2+ → + ↑ (2)

SB undergoes thermal decomposition at ∼500 °C, where
this temperature is incompatible with the normal operating
conditions of the PEMFC,39 while the hydrolytic decom-
position of SB suffers from poor control of the reaction speed
and safety problems even though it occurs at a reasonable
temperature. Frankly, the US Department of Energy declared
the hydrolysis of SB to be unsafe for commercial hydrogen
generation in 2007.40
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In this study, a new approach for the dehydrogenation of SB
is presented, that is, a solid-phase composite of SB and a
hydrate compound are prepared. Dehydration of the
composite by heating liberates water, which hydrolytically
decomposes SB to produce hydrogen (patent pending in
KIPRIS, application number 10-2020-0110842). The prepared
SB/oxalic acid dihydrate (OA·2H2O) is stored in the solid
state and is stable under normal conditions. The composite can
generate hydrogen on demand with only a small amount of
heat to trigger the exothermic dehydrogenation reaction. A
previous study verified that OA·2H2O is the best counter
compound for SB with an adequate dehydration temperature
and molecular mass.41 Even though studies on the hydrolysis
of the SB/OA·2H2O composite have been introduced,41,42

some challenging issues such as the weight gain caused by the
use of the solvent and the poor solubility of NaBO2 in water
still remain unresolved.42 The heat-induced dry hydrolysis of
the SB/OA·2H2O composite demonstrated herein does not
use any solvent but does use thermally dehydrated water
molecules to hydrolyze the composite and eventually produces
pure hydrogen from the composite. The composition and
reaction conditions of the composite are carefully optimized by
characterizing the physicochemical properties of the composite
before and after thermo-hydrolytic decomposition.

■ EXPERIMENTAL METHODS
Reagents and Materials. The substances used to prepare

the composite were SB (NaBH4, Sigma-Aldrich, ≥98%, USA)
and OA dihydrate [(COOH)2·2H2O, Kanto Chemical, 99.5−
102%, Japan], which were sufficiently ground before use. The
representative weight ratios of SB in the SB/OA·2H2O
composite were 50, 33.3, and 25 wt %. Each mixture was
placed in a vial and stirred well using a mechanical mixer
(Voltex Genie2 Mixer, Scientific Industries, Inc.).
Laboratory-Designed Reactor for Dry Hydrolysis. The

hydrogen generation reactor used in this study is schematically
illustrated in Figure S1. The hydrogen generator consists of a
digital pressure gauge (0−700 kPa), a heating jacket, and a
control box containing a personal computer (PC) and three
thermocouples. The actual volume of the inner space of the
reactor was 44.6 mL. Two thermocouples were used for
feedback control of the reactor temperature, and the third
thermocouple was placed inside the vial containing the SB/
OA·2H2O composite to determine the temperature inside the
vial. After placing the vial in the reactor, the reactor was purged
with Ar gas. The inner temperature of the reactor was then
raised to the desired temperature at a fixed heating rate and
maintained for 30 min at the set temperature. Changes in
temperature and pressure inside the reactor were recorded in
real time by the reactor control box that was interfaced with a
PC.
Equipment. The composition of the gaseous products

generated by the reaction was analyzed using gas chromatog-
raphy and mass spectrometry (GC/MS) (5977E Agilent) with
a thermal conductivity detector (TCD) (6890N, Agilent). An
Agilent HP-5MS column with a diameter of 250 μm was used
for the analyses, along with a 0.25 μm thick film.
Thermogravimetric analysis (TGA) (SDT Q600, TA Instru-
ments) was performed to determine the reaction temperature
of the SB/OA·2H2O composite. Scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDS) (JSM-
7610F, JEOL), and Fourier transform infrared spectroscopy
(FTIR) (ALPHA, Bruker) were performed to determine the

physicochemical properties of the mixture before and after the
decomposition reaction.

Mechanism of Dry-Hydrolytic Decomposition of the
SB/OA·2H2O Composite. Figure 1 illustrates the suggested

mechanism of decomposition of the SB/OA·2H2O composite
by dry hydrolysis. According to eq 2, the composite containing
equal amounts of SB and OA·2H2O can generate pure
hydrogen with a theoretical maximum H2 yield of 4.92 wt %,
where an important assumption is that the SB/OA·2H2O
composite undergoes dry-hydrolytic decomposition without
producing any harmful gases (such as carbon oxides) that are
incompatible with typical PEMFCs under the given pressure
and temperature conditions. OA and NaBO2 are chemically
and physically stable at temperatures lower than 100 °C.

■ RESULTS AND DISCUSSION
Characterization of Dry Hydrolysis of the SB/OA·

2H2O Composite. The reaction conditions (weight ratio of
SB in the composite and heating rate) for the dry hydrolysis
were characterized and optimized. The final temperature of the
reactor was set to maximize the hydrogen production. Figure
2a shows the real-time change in the inner pressure of the
reactor during dry hydrolysis of the composites. Figure 2b
shows the variation of the working temperature of the system
when the reactor was heated at a rate of 2 °C min−1. After
preheating the reactor to the initial set point of 30 °C for 5
min, the reactor temperature was increased to 50 °C at a rate
of 2 °C min−1 and was maintained until the end of the
reaction. An abrupt increase in the reactor temperature owing
to the highly exothermic hydrogen evolution reaction was
observed at 48−50 °C, and the dry hydrolysis of each
composite was completed within 1 min. These results show
that the SB/OA·2H2O composite, which is stable under
normal atmospheric conditions, can be effectively decomposed
to produce pure hydrogen on demand with only a small
triggering temperature. The hydrogen yield determined from
eq 3 increased slightly from 4.85 to 5.00 wt % as the OA
component in the composite increased from 50 to 75 wt %.
The hydrogen yield of 5.00 wt % at a temperature of 50 °C is a
better result than a previous result which was obtained by the
use of SB and boric acid.43 The detailed calculation for
determining the hydrogen yield is as follows

Figure 1. Illustration of the mechanism of decomposition of the SB/
OA·2H2O composite by dry hydrolysis. It is assumed that the
composite is fully decomposed by the dry hydrolysis without notable
production of poisonous contaminants under the given experimental
conditions.
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H yield (wt %)
weight of the produced H (g)

total weight of reactants (g)
1002

2= ×

(3)

where the exact volume of the produced hydrogen gas (mL) is
equal to the final pressure of the reactor (in absolute pressure)
multiplied by the reactor volume (44.6 mL) divided by
101.325 kPa, which is further converted into the weight of
hydrogen by multiplying by the hydrogen density at the final
temperature of the reactor, for example, 75.1 μg mL−1 at 50
°C, 65.3 μg mL−1 at 100 °C, and 57.8 μg mL−1 at 150 °C.
Neither SB nor OA can generate hydrogen gas individually,

even though they both contain hydrogen. This result was
verified by the lack of a pressure increase or an abrupt
temperature increase with the individual components.
Figure 3 shows the dependence of the hydrogen yield on the

heating rate of the SB/OA·2H2O composite containing 75 wt
% OA·2H2O (SB/OA·2H2O = 1:3). The total weight of the
composite was 0.4 g, and the heating rate was varied as 1, 2, 5,
and 10 °C min−1. The pressure curve shown in Figure 3a
shows a decline in the total volume of the produced hydrogen
gas to 4.78 wt % when the heating rate was reduced to 1 °C
min−1. The hydrogen yield increased from 4.78 to 5.10 wt % as
the heating rate increased from 1 to 5 °C min−1, and the yield
was essentially saturated at 5.10 wt % until the heating rate
reached 10 °C min−1. The onset temperature of the
dehydrogenation reaction increased to 57.9 °C when the
reactor was heated at a rate of 1 °C min−1 and decreased to
50.6 °C at 2 °C min−1 and to 48.7 °C at 5 °C min−1, as shown
in Figure 3b. At a heating rate of 10 °C min−1, the onset
temperature increased to 51.8 °C. Note that the onset time
decreased as the heating rate increased. This result indicates
that the faster the heating rate of the reactor, the faster the
hydrogen generation. However, it is difficult to control the
feedback of the reactor temperature and suppress unwanted
gas evolution because of the temperature overshoot in the
reactor at a high heating speed.
Figure 4a,b shows the pressure and temperature changes of

the reactor during dry hydrolysis of the SB/OA·2H2O
composite depending on the final set temperature of the

reactor. The composite (0.4 g) contains 75 wt % OA·2H2O
(SB/OA·2H2O = 1:3); the final temperature of the reactor was
set to 40, 50, 100, and 150 °C and was achieved by a heating
rate of 2 °C min−1. Because a large heat fluctuation occurred at
this high rate owing to feedback control lag between the heater
and the thermocouple of the reactor, the heating rate was
intentionally slowed to 2 °C min−1 for better feedback control
of the reactor temperature and effective suppression of
unwanted gas evolution. Overall, the hydrogen yield increased
as the set temperature of the reactor increased, that is, 5.01 wt
% at 50 °C, 5.57 wt % at 100 °C, and 6.03 wt % at 150 °C. The
hydrogen yield was higher than the theoretical maximum of
4.92 wt %, plausibly due to gaseous contaminants, including
carbon monoxide and carbon dioxide, produced by the thermal
decomposition of OA at temperatures higher than 100 °C (see
Figure S3b). Note that dry hydrolysis of the SB/OA·2H2O

Figure 2. (a) Pressure and (b) temperature changes of the reactor
upon dry hydrolysis of SB/OA·2H2O composites at a heating rate of 2
°C min−1. Note that the green solid line represents the set
temperature profile.

Figure 3. (a) Pressure and (b) temperature changes of the reactor
upon dry hydrolysis of the SB/OA·2H2O composite containing 75 wt
% OA·2H2O (SB/OA·2H2O = 1:3) at various heating rates, i.e., 1, 2,
5, and 10 °C min−1.

Figure 4. (a) Pressure and (b) temperature changes of the reactor
upon dry hydrolysis of the SB/OA·2H2O composite containing 75 wt
% OA·2H2O (SB/OA·2H2O = 1:3) at various set temperatures of the
reactor, i.e., 40, 50, 100, and 150 °C. Note that no pressure or
temperature increase was observed at 40 °C.
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composite did not proceed at 40 °C, as verified by the lack of a
pressure or temperature increase at the final set temperature of
40 °C.
Characterization of Gaseous Products Generated by

Dry Hydrolysis. The gaseous products of the dry-hydrolyzed
SB/OA·2H2O composite, excluding hydrogen gas, were
identified by collecting the generated gases using a gas
sampling bag (Tedlar Bag, 1 L vol, Supelco) and subsequently
injecting 2 μL of this gas sample into the GC−MS instrument.
The resulting GC diagram in Figure 5a shows a sharp single
peak at a retention time (tR) of 1.545 min. The corresponding
MS spectrum shown in Figure 5b indicates the absence of the
molecular ion peaks at m/z = 37.8 SB and m/z = 90.0, assigned
to anhydrous OA, and at m/z = 126.1 for OA·2H2O. Instead,
Ar (m/z = 40) used as the purging gas gave rise to a base peak
with a small amount of air contaminants, that is, m/z = 28.1 for
N2 and m/z = 32.1 for O2, indicating that the dry hydrolysis of
the SB/OA·2H2O composite can generate pure hydrogen
without producing any harmful gases that are incompatible
with the conventional operation of PEMFCs. Note that the
GC diagram and the MS spectrum of the air are presented for
comparison in Figure S2a,b, respectively. The single peak
shown at tR = 1.545 min owing to the flow of the air is either
commonly observed in SB/OA·2H2O or the air undergoes dry
hydrolysis. The peaks assigned to the three most abundant

gases in the atmosphere, that is, N2 (m/z = 28.1), O2 (m/z =
32.1), and Ar (m/z = 40.1) peaks are clearly observed with
small percentages of N (m/z = 14), O (m/z = 16), and H2O
(m/z = 18).44

Figure 5c displays the TCD response to the gaseous
products generated by the dry hydrolysis of the SB/OA·2H2O
composite. The TCD response to hydrogen gas was calibrated
with 5, 10, and 30% hydrogen references, and the results
showed that the gas products obtained by the dry hydrolytic
dehydrogenation of the composite contained mostly pure
hydrogen and a small portion of Ar gas without harmful gases
that can potentially poison the PEMFC. The TGA profiles of
SB, OA·2H2O, and the SB/OA·2H2O composite shown in
Figure 5d indicate that SB is chemically stable at temperatures
up to 250 °C, and no weight loss was observed. Note that
conventionally, a temperature of 500 °C is required for thermal
decomposition of SB to produce hydrogen.32,39,45,46 The
weight of OA·2H2O starts to decrease at approximately 50 °C,
and eventually, the weight is saturated at a weight loss of 28%,
which corresponds exactly to the weight ratio of H2O in OA·
2H2O. The weight loss of the SB/OA·2H2O composite also
starts at 50 °C, meaning that the water molecules liberated
from the OA·2H2O component in the composite initiate
hydrolytic dehydrogenation of the composite, with simulta-
neous generation of hydrogen. The saturation of the weight

Figure 5. GC (a) and MS (b) spectra of gaseous products obtained from decomposition of the SB/OA·2H2O composite containing 75 wt % OA·
2H2O (SB/OA·2H2O = 1:3) via dry hydrolysis. Note that the heating rate and the set temperature of the reactor are 2 °C min−1 and 100 °C,
respectively. (c) Gas chromatogram of the TCD response to the pyrolytic hydrogen generation via dry hydrolysis of the SB/OA·2H2O composite.
The responses to 10% H2 (red line) and pure Ar gas (blue line) are also shown for comparison. (d) TGA diagrams of pure SB, pure OA·2H2O, and
the SB/OA·2H2O composite (SB/OA·2H2O = 1:3).
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loss of the composite at 40 wt % further verifies that the
remainder of the dry hydrolytically decomposed OA·2H2O is
sodium metaborate. Note that OA starts to decompose further
into water, carbon monoxide, and carbon dioxide around 110
°C, and no solid product remained above 190 °C. The
resulting GC profile of the gaseous product from OA·2H2O
decomposition at 150 °C shows a sharp single peak at tR =
1.539 min, and the corresponding MS spectrum clearly shows
a shift in the base peak from m/z = 40.1 (Ar purging gas) to
m/z = 44.1 (CO2 from the decomposition of OA) (Figure
S3a,b). In addition, a large increase in the intensity ratio of the
peak at m/z = 28.1 to the peak at m/z = 32 was observed,
presumably because CO gas generated from the decom-
position of OA strongly increases the intensity of the peak at
m/z = 28.1. Even though decomposition of the SB/OA·2H2O
composite at 150 °C resulted in a sharp single peak at tR =
1.489 min in the GC diagram, the Ar gas used for purging gives
rise to a base peak, with a small CO2 peak in the MS spectrum
(Figure S3c,d).
Microscopic Characterization of the SB/OA·2H2O

Composite before and after Dry Hydrolysis. SEM images
of the SB/OA·2H2O composite containing 75 wt % OA·2H2O
(SB/OA·2H2O = 1:3) before and after the dry hydrolytic
dehydrogenation reaction indicated that the particles of the
composite became rounded with numerous tiny holes and
cracks, whereas angular granules constituted the as-prepared
SB/OA·2H2O composite (Figure 6a,b). The holes and cracks

clearly observed in the magnified SEM images in Figure 6c,d
are probably due to the fast evolution of heat and H2 gas
generation during the exothermic dehydrogenation reaction.
The elemental mapping images obtained from the EDS profiles
of the composite before and after the reaction are presented in
Figure 6e,f, respectively. The atomic percentages obtained
from mapping each element, that is, green for sodium, cyan for
boron, pink for carbon, and red for oxygen, are summarized in
Table 1. The ratios of the atomic % of B, C, and O to that of
Na were 2.51, 1.20, and 3.16, respectively, after the dry
hydrolysis, while the corresponding ratios were 2.36, 0.84, and
2.36 before the reaction. As a result, the C/Na and O/Na
ratios increased significantly after the reaction, with a small
increase in B/Na. Accordingly, it is reasonable to say that a

Figure 6. SEM images of the SB/OA·2H2O composite before (a,c) and after (b,d) dry hydrolysis, at different magnifications. Corresponding EDS
mapping images before (e) and after (f) dry hydrolytic dehydrogenation of the composite.

Table 1. Elemental Coverage in Atomic % of the SB/OA·
2H2O Composite before and after Dry Hydrolytic
Dehydrogenation

element before reaction (atomic %) after reaction (atomic %)

B (cyan) 35.96 31.90
C (pink) 12.77 15.23
O (red) 36.02 40.16
Na (green) 15.25 12.71
total 100.00 100.00

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05571
ACS Omega 2022, 7, 979−986

983

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05571/suppl_file/ao1c05571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05571/suppl_file/ao1c05571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05571/suppl_file/ao1c05571_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05571?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05571?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05571?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05571?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


large amount of hydrogen gas was generated by the reaction
because there were no remaining elements except hydrogen.
Spectroscopic Characterization of the SB/OA·2H2O

Composite before and after Dry Hydrolysis. As shown in
Figure S4a, the FTIR spectra of SB before and after dry
hydrolysis both show multiple peaks around 2250 cm−1 and a
strong single peak at 1100 cm−1, assigned to B−H stretching
and bending vibrations, respectively. Other multiple peaks at
3000−3500 cm−1 were assigned to the O−H stretching
vibration, and those at 1250−1500 cm−1 were assigned to the
B−O stretching vibration which presumably originated from
nonspecifically adsorbed water molecules.47−49 Figure S4b
displays the FTIR spectra of OA·2H2O, showing a broad O−H
stretching vibration at 3250−3500 cm−1, carboxylic acid
conjugated CO stretching around 1700 cm−1, O−H bending
at 1250 cm−1, and C−O stretching vibration at 1100 cm−1.50

The SB-specific and OA-specific peaks did not change before
and after the dry hydrolytic dehydrogenation of each
compound, indicating that both SB and OA would be inactive
in the dry hydrolytic process when used individually. The
broad strong peak of the SB/OA·2H2O composite at 3500
cm−1, assigned to the O−H stretching vibration, was down-
shifted to 3200 cm−1 after dry hydrolysis; the peak was also
weakened owing to the loss of hydrogen bonds (Figure 7).

This means that the water molecules of the OA component in
the composite were fully lost by dehydration during the dry
hydrolytic dehydrogenation reaction. More importantly, the
peak intensities of the B−H stretching (dual peaks at 2250
cm−1) and bending (1120 cm−1) vibrations decreased
significantly after the reaction, indicating that large amounts
of hydrogen were generated by B−H bond cleavage during the
reaction. The asymmetric B−O stretching and bending
vibrations in the fingerprint region and the strong peak at
1325 cm−1, assigned to the symmetric B−O stretching
vibration, verify that NaBO2 is generated as a product of dry
hydrolysis of the composite.49

■ CONCLUSIONS
SB is one of the chemical hydrides most frequently used as a
hydrogen source to produce pure hydrogen via either
thermolytic or hydrolytic dehydrogenation reaction. However,
SB normally requires a temperature of at least 500 °C for
thermolysis, which, unfortunately, is incompatible with
portable or wearable gadgets, and the hydrolytic dehydrogen-
ation of SB is difficult to control at the resulting reaction speed.
The dry hydrolysis of the SB/OA·2H2O composite presented
herein requires only a small amount of heat energy equivalent
to 50 °C for dehydration of the OA·2H2O component, and the
liberated water molecules subsequently hydrolyze the SB
component rapidly to generate pure hydrogen, free of
poisonous gas, which can be used as a hydrogen source for
lightweight PEMFCs. This means that the dehydration
temperature is exactly the same as the hydrolysis temperature;
therefore, the onset of the dehydrogenation reaction can be
controlled and even tuned by exchanging one hydrate
compound with another. Further studies include minimization
of the volume expansion of the fuel composite after dry
hydrolysis and enabling the reversibility of SB/OA·2H2O, that
is, continuous hydrogenation and dehydrogenation of the fuel
composite.
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