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a b s t r a c t

The efficient and cost-effective implementation of ammonia borane (AB) hydrolysis dehydrogenation for
hydrogen storage is crucial. This study investigated the role of solid acid Amberlyst-15 (A-15) for
hydrogen evolution from AB hydrolysis. Notably, AB hydrogen evolution rate can reach
194.15 ml$min�1 at 30 �C, with a low apparent activation energy of 8.20 kJ$mol�1. After five cycles of
reuse, the reaction involving A-15 could keep a conversion rate of about 93%. The AB hydrolysis follows
quasi first-order kinetics with respect to the AB concentration and quasi zero-order kinetics with respect
to the A-15 mass. According to the characterization results of XRD, ATR-FTIR, and in-situ MS, the boric
acid was the dominant hydrolyzate, while water as a hydrogen donor in this reaction. Furthermore, based
on the reasoning that hydrogen bonds between A-15 and AB (aq) promotes the diffusion of AB, release of
H2 and the cleavage of OdH bond of H2O, a possible mechanism was proposed.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Currently, hydrogen storage remains one of the key issues
limiting the widespread application of the hydrogen energy [1e4].
Among chemical hydrogen storage methods, ammonia borane
(NH3BH3, AB), which has the advantages of high stability and easy
transportation [4,5], owns a mass hydrogen storage density of up to
19.6% that far exceeds the mass hydrogen storage density target of
4.5% proposed by the US Department of Energy for in vehicle
hydrogen storage systems [6]. Meanwhile, AB has the characteris-
tics of being stable at room temperature and non-toxic. The main
ways for releasing hydrogen from AB include thermolysis, alco-
holysis, and hydrolysis (Eq. (1), typical reaction equation of AB
hydrolysis) [7]. Solid AB thermolysis is not suitable for hydrogen
evolution due to the generation of many by-products and high
reaction temperature [8]. The latter two methods can both achieve

hydrogen evolution under mild conditions, especially for the hy-
drolysis of AB to produce hydrogen, water as a solvent is cheaper
than alcohol solvents [9,10]. For the hydrolysis reaction of AB is
relatively slow, metal catalysts are generally used to accelerate this
process. Researchers have successively developed a series of cata-
lysts, including metal catalysts, metal compound catalysts, and
photo assisted hydrolysis catalyst [11e14], among which noble
metal catalysts have better catalytic effects [5,15]. Chandra and Xu
[13] tested the dehydrogenation of AB by noble metal catalysts and
found that the activation energy of Ru/g-Al2O3, Rh/g-Al2O3 and Pt/
g-Al2O3 are 23, 21, and 21 kJ$mol�1, and the reactions were
completed within 3, 1.3, and 0.75 min, but the high price of these
noble metal limited their further application. For non-noble metal
catalysts, transition metals Co, Ni, Cu and their alloys [16e18] have
received more attention, but their reaction rates and turnover fre-
quency (TOF) are still not comparable to noble metal catalysts.

NH3BH3 þ3H2O/NH4
þ þBðOHÞ4� þ 3H2 (1)

Recently, liquid acids have been shown to participate in the
hydrolysis of AB to produce hydrogen [19,20], which greatly
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increased the rate of hydrogen release and even directly reacted
with AB to release hydrogen. And someweak acids [19,21], also can
react with AB, but they cannot completely release H2 in equal
amounts of AB. Moreover, it has been confirmed that solid acids
such as H-type molecular sieves, Dowex, and Amberlyst can hy-
drolyze AB to produce hydrogen, and Amberlyst-15 can achieve
dehydrogenation reaction rates comparable to noble metal cata-
lysts [22]. In addition, Li et al. [19] suggest that the AB hydrolysis
process involving acids is essentially similar to the process of strong
acids generating weak acids (Eq. (2)), in that the acids introduce
hydrogen protons, which promotes the dissociation of BdN bonds,
ultimately releasing H2 and producing boric acid.

HðACSÞþNH3BH3 þ3H2O/H3BO3 þNH4ðACSÞ þ 3H2 (2)

Furthermore, considering that solid acids can efficiently achieve
kinds of reactions, as well as the advantages of avoiding container
corrosion compared to liquid acids and being able to separate from
the system after reaction [23e25], solid acids are selected as tem-
plates to explore the performance of acid in hydrogen evolution
from AB hydrolysis and its reaction mechanism. Among solid acids,
a strong acidic ion-exchange resin composed of divinylbenzene
(DVB) and styrene, with sulfonic acid groups as active sites after
polymerization and sulfonation, is inexpensive, highly reactive and
easy to regenerate and reuse after reaction. Among this type of
resin, A-15 is widely used in acid catalytic processes due to its su-
perior physical properties [26,27]. In addition, A-15 has been shown
to participate in the hydrolysis hydrogen evolution reaction of AB
[22], and own fast reaction rate. Though Derya Oncel et al. [28] had
used A-15 as a Ru catalyst support and applied it to the hydrolysis
reaction of AB, the direct reaction of A-15 as a solid acid with AB has
not been investigated, so this process needs to be further s explored
in more detail.

Therefore, in order to obtain an efficient and inexpensive AB
hydrolysis hydrogen production system, the performance superi-
ority of AB hydrolysis dehydrogenationwith A-15 participationwas
proved (the hydrogen evolution rate of 194.59 ml$min�1 at 30 �C,
the Ea of 8.20 kJ$mol�1). Meanwhile, its well reusability has also
been experimentally proven. Furthermore, a kinetic study of the AB
hydrolysis dehydrogenation process with A-15 was completed to
clarify the reaction order. The hydrogen donor (water), main hy-
drolysate (boric acid) and reaction formula were determined using
isotope substitution experiments, XRD, ATR-FTIR, and in-situ MS.
The presence of hydrogen bonds between O in the sulfonic acid
group of A-15 and AB (aq) were confirmed through ATR-FTIR, and a
possible hydrolysis mechanism based on the promotion of AB
diffusion and OdH bond cleavage of H2O was proposed. The
research results are believed to support an economical technical
approach of hydrogen evolution form AB hydrolysis and provide
fundamental insights into the mechanism study of the acid-
involved AB hydrolysis reaction.

2. Experimental

2.1. Materials

Ammonium borane complex (NH3BH3, 97%), cation exchange
resin Amberlyst-15 (H) (particle size 0.045 mm), sodium hydroxide
(NaOH, AR), potassium chloride (KCl, AR), methyl orange (96%),
boric acid (H3BO3, AR), metaboric acid (HBO2, AR) and deuterium
chloride (DCl, D% ¼ 99.999%) were purchased from Shanghai
Meryer Chemical Technology Co., Ltd. Deionized water was self-
made in the laboratory (conductivity>18.25 MU$cm�1). Deuter-
ated water (D2O, D% ¼ 99.999%) was purchased from Cambridge
Isotope Laboratories, Inc. Hydrochloric acid (HCl, AR) and sulfuric

acid (H2SO4, AR) were purchased from Fengchuan Chemical Re-
agent Technology Co. Sodium citrate (C6H5Na3O7, 98%) was pur-
chased from Aladdin Reagent Co., Ltd. Sodium hypochlorite (NaClO,
[Cl] ¼ 5.0% (mass)) was purchased from Macklin Biochemical
Technology Co. Sodium nitroferricyanide dihydrate (C5H4FeN6-
Na2O3, 99%) and salicylic acid (C7H6O3, 99.5%) was provided by
Tianjin Heowns Biochemical Technology Co., Ltd.

2.2. Characterization techniques

X-ray powder diffraction (XRD) was performed using a D/Max-
2500 (RIKEN) with a graphite monochrome filter and a Cu Target
Ka (l ¼ 154 nm), the working voltage was 40 kV, and the scanning
speed was 10 (�)$min�1. Fourier transform infrared spectroscopy
(FT-IR) were acquired with a Bruker INVENIO S spectrometer using
a diamond single reflection attenuated total reflectance (ATR) de-
vice. Sample spectra was obtained at 15 kHz scanner velocity with
RT-DlaTGS as detector in the wavenumber range from 4000 to
400 cm�1. SHIMADZU UV-2600 was used for UV-vis. Mass spec-
trometry (MS, Linglu Instruments, QAS 100, ion source: EI, 70 eV,
detector: SEM)was used as in-situ technique for qualitative analysis
to determine the deuterium labeled gas products. Reactants were
added into the open reaction tank, where produced gas molecules
diffused onto the waterproof breathable membrane, then drawn
into the mass spectrometry detector by a vacuum pump for in-situ
product analysis. Since the reaction tank was open, only qualitative
data could be provided. Asap2460 automatic adsorption instru-
ment of micromeritics was used for N2 adsorption/desorption.
When in use, the sample to be tested was degassed by vacuum
pretreatment at 120 �C, and then transferred to the adsorption
instrument. The test was carried out in liquid nitrogen (�196 �C).
The pore volume of the sample can be calculated from the amount
of N2 adsorption/desorption under different pressures. The
Brunauer-Emmett-Teller (BET) method was used to calculate the
specific surface area of the sample. The adsorption branch data and
Barrett-Joyner-Halenda (BJH) method were used to calculate the
mesopore distribution of the sample.

2.3. Experimental procedure

2.3.1. Hydrogen evolution device
The schematic diagram of hydrolysis activity testing system for

AB is shown in Fig. 1, which consists of a hydrogen production unit
and a gas collection unit. The hydrogen production unit is a three-
neck reactor with a jacket, with the one outlet sealed with rubber
plugs serving as the injection ports. Another outlet is connected to
the gas collection device through a rubber tube. And the upper
opening of the reactor is sealed with a flange. The gas collection
unit reflects the volume of gas by the mass of discharged water.
The mass variation of discharged water with time was automati-
cally recorded by an electronic balance (TD 50001A, Tianjin
Tianmahengji Instrument Co., Ltd.) connected to a computer.
Finally, the gas product volume is calculated by dividing the
recorded mass of discharged water by the water density at the
ambient temperature.

2.3.2. Pretreatment of A-15
Activation of A-15: To maintain consistent activity, the ion-

exchange resin A-15 needs to be activated before test. The A-15
was placed into a beaker, soaked and washed with deionized water,
and then the A-15 particles were immersed in a 2 mol$L�1 HCl (aq)
for 24 h. The acid solutionwas then poured out and A-15 was rinsed
with deionized water until the washing solution pH was 7. Finally,
the activated A-15 particles were dried in an oven at 60 �C for 24 h.
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Deuteration of A-15: A certain amount of A-15was immersed in a
prepared excess of 1 mol$L�1 NaOH deuteroxide solution for 24 h,
then the solution was poured out, and A-15 was rinsed with deu-
teroxide (D2O). Then, an excess of 1 mol$L�1 DCl deuteroxide solu-
tion was add to soak A-15 for 24 h. Subsequently, A-15 was rinsed
with D2O until the pH of the washing solution was 7. Finally, the
deuterated A-15 particles were dried in an oven at 60 �C for 24 h.

2.3.3. Acid content determination
The acid content of A-15 is determined by titration. 0.60 g A-15

was added into a conical flask and then 30ml 0.1mol$L�1 NaOH (aq)
was added and immersed for 24 h under sealed conditions. After
that, two drops of 1% (mass)methyl orange solutionwere added as a
chromogenic reagent. Subsequently, NaOH (aq) containingA-15was
titrated with 0.1 mol$L�1 of HCl (aq) using a 50 ml acidic burette,
until the solution turned light orange red and did not fade for 30 s.
The total amount of acid onA-15, representing the amount of proton
hydrogen on the A-15 sulfonic acid group, was obtained by sub-
tracting the HCl (aq) amount reflected by titration terminal volume
from the NaOH mole of 30 ml 0.1 mol$L�1 NaOH (aq).

2.3.4. Activity testing
When conducting activity testing, 0.60 g A-15 and 10 ml

deionized water were added to the reactor and stirred at the re-
action temperature for 10 min. The reaction was triggered by
rapidly injecting 5 ml AB solution (0.3 mol$L�1, if concentration is
not specified) into reactor through a syringe. At the same time, the
reaction time and hydrogen production were synchronously
recorded by an electronic balance. The reaction temperature was
controlled by a jacket (30 �C, if not specified). The reaction stirring
rate was controlled at 1200 r$min�1 through magnetic stirring. The
overall hydrogen evolution rate (k) was calculated based on Eq. (3).

k ¼ DV=Dt (3)

where DV is the straight part of the hydrogen evolution curve (the
part of conversion 0% to 80%), Dt is corresponding reaction time.

2.3.5. Ammonia content detection
The ammonia was quantitatively determined by the indophenol

blue method [29]. When testing, taked 2 ml of the test solution,
added 2 ml of chromogenic reagent, 1 ml NaClO (aq), and 0.2 ml
reducing agent (specific components is in SupplementaryMaterial),
and stored in the dark for 2 h. Afterwards, the absorbance in the
range of 550�750 nm was measured by UV-vis to obtain the char-
acteristic peak absorbance around 655 nm, and the ammonia con-
tent value was calculated based on the external standard curve
(Fig. S1, Supplementary Material).

3. Results and Discussion

3.1. Hydrogen evolution reaction

Firstly, the effect of stirring speed on the hydrolysis reactionwas
investigated to eliminate the influence of external mass transfer
resistance on the reaction as much as possible. The gas production
of the reaction was measured sequentially at 400, 800, 1000, 1200,
and 1400 r$min�1. As shown in Fig. S2, with the increase of stirring
speed, the reaction rate increases from 149.53 ml$min�1 at 400
r$min�1 to 194.15 ml$min�1 at 1200 r$min�1. This can be attributed
to the enhanced stirring process accelerating the external diffusion
process and improving the reaction rate. And in the reaction,
because of the little solution, using a stirring speed of 1400 r$min�1

would splash the solution and decrease the reaction rate. Therefore,
to prevent the reaction solution splashing into the exhaust port and
better control the experimental variables,1200 r$min�1 was chosen
as the stirring speed for subsequent experiments. Supplementary
reactions have also been conducted to ensure consistency in per-
formance testing (Fig. S3).

Subsequently, the effect of A-15 on the reaction was tested at
30 �C and 1200 r$min�1. The test results are shown in Fig. 2(a), the
reaction rate of A-15 reached 194.15 ml$min�1 with only 0.60 g A-
15. However, for having poor mechanical strength, A-15 appeared
as powders after the reaction. Considering that the active site of A-
15 is the proton acid on the sulfonic acid group, to further inves-
tigate the hydrolysis process of AB facilitated by A-15, the acid
content of A-15 (the proton hydrogen content on the sulfonic acid
group) was quantified. As shown in Table S1, the average proton
acid content of approximately 2.8 mmol of Hþ per 0.60 g A-15
(4.67 mmol$g�1) was determined through three titrations. There-
fore, the reactivity of A-15 was compared with that of liquid acid in
the same acid content. As illustrated in Fig. 2(a), the reactions using
2.8 mmol HCl (aq) and 1.4 mmol H2SO4 (aq), matching the acid
content of 0.60 g of A-15, could totally complete, with hydrogen
evolution rates of 178.80 and 196.46 ml$min�1. The difference in
diffusion rates between liquid acids and solid acids is particularly
intriguing. In theory, the mass transfer resistance in liquids is
significantly lower than in solids. However, in practice, for resins
like A-15, they do not behave purely as solids inwater; instead, they
exist in a gel network and the mass transfer capability of swollen
resins is quite respectable [25,30]. Meanwhile, the lower mechan-
ical strength of A-15 allows it to be gradually stirred into powders
during the reaction, which could also reduce external diffusion
resistance. So, the rate difference between H2SO4 (aq) and A-15 is
not significant. It is noteworthy that the hydrogen evolution rate of
AB with HCl (aq) is slightly lower than that of A-15 and H2SO4 (aq)
at the same acid content suggesting that there are other

Fig. 1. Hydrolytic hydrogen evolution device.
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interactions between A-15 and AB participating in the reaction to
accelerate the reaction, which made A-15 faster than HCl (aq). As
shown in Table 1, the performance of several reported acids that can
achieve AB hydrolysis are compared. A-15 has a faster reaction rate
and can also achieve complete reaction. Especially, as a solid acid,
A-15 could convert more AB per unit mass. Anyway, combining the
advantages of avoiding container corrosion and being able to
separate from the system after reaction compared to liquid acids, A-
15 has greater application potential of AB hydrolysis.

As a cation exchange resin, A-15 can be reused through reac-
tivation, and tests were conducted to evaluate its reusability at
30 �C and 1200 r$min�1. After reaction, A-15 was collected by
centrifugation, washed with water, and then reactivated for sub-
sequent reactions. As shown in Fig. 2(b), the first two batches of
recovered A-15 could fully react, whose reaction rates are 219.07
and 208.97 ml$min�1. Being stirred and crushed into powders after
the first reaction resulted in lowermass transfer resistance of the A-
15. Therefore, the recovered reaction rate is faster than the initial
reaction using the 0.45 mm particles of A-15. After five cycles of
reuse, the reaction involving A-15 can still release approximately
105.46 ml of H2, achieving a conversion rate of about 93% and a
reaction rate of 178.71 ml$min�1. Furthermore, the normalized
hydrogen evolution rate (the ratio of hydrogen evolution rate to A-
15 mass) of reused A-15 was evaluated (Table S2). In the five re-
covery reactions, the normalized hydrogen evolution rate does not
change significantly, indicating that the mass of A-15 could not
extremely affect the reaction rate and the hydrolysis of AB is of the
quasi zero-order reaction in A-15. The decrease in reaction rate and
conversion could be attributed to the inevitable mass loss and
structure destruction of A-15 during the recovery, washing, and

reactivation processes, as well as the precipitation of boric acid and
subsequent partial overlay of active sites on the A-15 surface after
multiple reactions [31,32]. Although the activity of A-15 decreased
after multiple uses, it could still maintain a conversion of 93%. If the
mass loss during the regeneration process could be reduced, the
decrease of conversion rate and reaction rate is expected to be
further minimized.

As shown in Table 2, the pore diameter and pore volume of
activated A-15 are slightly decreased, due to the structural damage
caused by acid treatment and drying, which indicated that the
activation process caused damage to the pore structure of A-15.
After the reaction, regardless of stirring, the specific surface area
and pore volume of A-15 decreased, which is related to some
products (boric acid or ammonia salts) may adhere to the pores
after the reaction [31,32], reducing the surface area. Meanwhile, the
specific surface area and pore volume decrease from 25.963 m2$g�1

and 0.2464 cm3$g�1 to 21.168 m2$g�1 and 0.2119 cm3$g�1 after the
reaction with stirring as compared to without stirring. This is
mainly due to the poor mechanical strength of A-15, most of which
was stirred by magnetic particles during the reaction, thus causing
further damage to the A-15 structure. But the pore diameter of A-15
does not change significantly before and after the reaction, which
most remain around 39 nm. The SEM, TEM and actual images are
also taken (Figs. S11 and S12). The morphology of A-15 changes
from spherical particles to powder during the activation and re-
action processes. However, the microscopic pore size of A-15 does
not change much, and the difference before reaction and after re-
action without stirring is not obvious, which is consistent with the
BET results.

Subsequently, to analyze the main liquid phase product of the
reaction, ATR-FTIR was used to characterize the solid powders
obtained by drying the supernatant of the hydrolysis reaction res-
idues. As shown in Fig. 3(a), the peaks at approximately 3139 cm�1

and 1409 cm�1 respectively correspond to the stretching and
bending vibration of OdH, and 1192 cm�1 corresponds to the

Fig. 2. (a) Hydrogen evolution performance of A-15, HCl (aq) and H2SO4 (aq) for AB hydrolysis at the same acid content. (b) The recycling test of A-15 for AB hydrolysis.

Table 1
Typical acid involved AB hydrolysis performance.

Acid Complete reaction
time/min

Reaction
ability①/mol$g�1

Mole ratio
(H2/AB)

Reference

A-15 0.83 4.67 3.00 This work
HCl (aq) 1.49 0.0328 3.00 This work
H2SO4(aq) 0.88 0.0220 3.00 This work
Pure acetic acid 5.5 / 1.22 [19]
Acetic acid (aq) 10 / 2.55 [19]
Citric acid (aq) <30 0.0052 3.00 [20]

① Reaction ability represents the mole of AB that can be completely reacted by 1 g
acid (without considering the solvent mass).

Table 2
Textural parameters of A-15.

A-15 Sample SBET/m2$g�1 Vtotal/cm3$g�1 Dpore/nm

Before activated 27.75 0.3292 48.47
Before reaction 27.83 0.2636 39.86
After reaction (without stirring) 25.96 0.2464 39.81
After reaction (with stirring) 21.16 0.2199 39.83
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stretching vibration of BdO, while 709 cm�1 for the bending vi-
bration of BdO [33]. The difference between sample and boric acid
or metaboric acid around 2300 cm�1 may be caused by themasking
of signals by residual A-15 in the sample. However, ATR-FTIR cannot
determine whether the product is boric acid or metaboric acid.

In order to exactly verify the main liquid phase products, XRD
was applied. Though the sample inevitably contained a small
amount of A-15, considering that the polymer synthesized from
divinylbenzene (DVB) and styrene has no typical crystal struc-
ture (Fig. S4), it would not affect the characterization results.
Through XRD characterization of the solid powder, as shown in
Fig. 3(b), it's clear that there is a very strong peak at 2q ¼ 27.96�,
which is the characteristic peak of boric acid [12]. And the
characteristic peak position is basically consistent with the boric
acid standard sample. In addition, according to the XRD results of
the AB raw material powders used, all AB was completely
consumed and there was no residue after reaction. Meanwhile,
by correlating the ATR-FTIR results with the XRD results, it can
be concluded that the dominate hydrolyzate of hydrolysis is
boric acid. Besides, the 11B-NMR results (Fig. S5) also prove that
the liquid products have a same peak as boric acid [20], which
proves this conclusion.

3.2. Kinetics of AB hydrolysis reaction

To further evaluate the performance of A-15, the kinetics of
AB hydrolysis dehydrogenation were tested. Firstly, the effect of
different reaction temperatures on the hydrolysis rate of AB was
investigated (0.60 g A-15 and 15 ml 0.1 mol$L�1 AB (aq)), as
shown in Fig. 4(a). As the reaction temperature increased from
30 to 60 �C, the time for complete release of 113.4 ml of H2
continues to decrease, and the hydrogen evolution rate (k) in-
creases from 194.15 to 261.72 ml$min�1. The Arrhenius plot can
be obtained by correlating the logarithmic reaction rate (ln(k))
with 1/T and the slope of the plot show that the apparent acti-
vation energy (Ea) of the hydrolysis of AB with A-15 participation
is 8.20 kJ$mol�1. Compared to some typical metal catalysts
[13,34e43], the Ea of this reaction is lower. This lower Ea means
that the reaction rate of the AB hydrolysis involving A-15 is less
affected by the reaction temperature and more likely to occur, so
this system can respond quickly to produce H2 at room tem-
perature, which proved the superior performance of A-15. And
considering that the price of A-15 is much lower than that of Pt

catalyst [44], A-15 owns more advantages in the application of
AB hydrolysis dehydrogenation.

Subsequently, the effects of the usage of A-15 and the concen-
tration of AB solution on the hydrogen evolution from AB hydro-
lysis were tested. Fig. 4(c) illustrates experiments conducted with
varying masses of A-15 from 0.10 g to 1.20 g reacted with 15 ml
0.1 mol$L�1 AB (aq), it is found that when themass of A-15 is higher
than 0.30 g, AB (aq) is able to react completely, and the reaction rate
does not be significantly accelerated with the increase of usage. In
Fig. 4(d), the ln(k) and ln(A-15) (the logarithmic A-15 masses
ranging from 0.40 g to 1.2 g) are correlated to estimate the reaction
order, which is 0.07504, indicating that the hydrolysis of AB is of the
quasi zero-order reaction in A-15. This also indicates that the re-
action rate is limited by the proton hydrogen on the sulfonic acid
groups on the surface of A-15, rather than the quantity of A-15 it-
self. Besides, the normalized hydrogen evolution rate of different
mass A-15 has the same changing trend as reusability tests
(Table S3).

Next, the influence of varying concentrations of AB on the re-
action rate was tested. Fig. 4(e) shows the reaction rates using
0.60 g A-15 in the hydrolysis reaction of 15 ml of AB (aq) with
different concentrations, the reaction rate continues to increase
with the increase of AB (aq) concentration. Up to 0.20 mol$L�1, the
addition of A-15 cannot completely release H2, thus the reaction
rate maintaining at 284.46 ml$min�1 without greater increase. The
lnk is plotted and fitted against ln(AB) (logarithmic concentrations
of AB ranging from 0.10 to 0.18 mol$L�1), yielding a slope of 0.750.
This indicates that the hydrolysis of AB follows quasi first-order
kinetics with respect to the concentration of AB (Fig. 4(f)). The re-
actions in higher AB (aq) concentrations (0.33 and 1 mol$L�1 with
0.60 g A-15) have also been tested (Fig. S6), and the results show
that A-15 can react with higher concentrations of AB (aq), but
cannot completely release hydrogen. Besides, based on the
maximum release H2 of 212.11 ml, it is estimated that 0.60 g A-15
will fully react 2.81 mmol AB.

Overall, A-15 enhances the AB hydrolysis hydrogen evolution
reaction with low activation energy and a fast reaction rate.
Moreover, A-15 is cost-effective and minimizes container
corrosion compared to liquid acids, and it can be easily separated
and reused [26,27]. Therefore, compared with commonly used
noble metal catalysts, A-15 has an exciting potential for appli-
cation in the dehydrogenation process of AB hydrolysis as a solid
acid.

Fig. 3. (a) ATR-FTIR spectra of dried liquid products. (b) XRD patterns of dried liquid products.
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3.3. AB hydrolysis mechanism

To explore the effect of acid content, the HCl (aq) was chosen for
offering the more accurate acid content. As depicted in Fig. 5(a),
different concentrations of HCl (aq) reacted with 15 ml 0.1 mol$L�1

AB (aq). When the amount of HCl reaches 1.5 mmol, AB (aq) can be
fully reacted. The amount of HCl is correlated with the actual
hydrogen evolution (V0), showing a strong linear relationship as
illustrated in Fig. 5(b). This indicates that acid content impacts on
hydrogen evolution. In theory, the hydrolysis of AB to produce

Fig. 4. (a) Hydrogen evolution of AB hydrolysis at different temperatures. (b) lnk versus 1/T for AB hydrolysis. (c) Hydrogen evolution of AB hydrolysis with different masses of lnA-
15. (d) Logarithmic plot of H2 evolution rate versus ln [A-15] and corresponding fitting line. (e) Hydrogen evolution of AB hydrolysis with different concentrations of AB. (f)
Logarithmic plot of H2 evolution rate versus ln[AB] and corresponding fitting line.
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hydrogen is essentially a process of proton hydrogen and the
hydrogen charged negatively on BdH binding to release H2. The H2
generated by this process is called the direct hydrogen evolution
(V1). It is found that the values of V0: V1 from 0.40mmol to 1.4mmol
are basically 3:1 (Table S4), which indicates that proton hydrogen
can react with equimolar amounts of AB in aqueous solution and
release three times hydrogen. So, in this process, water shall pro-
vide H twice as much as acid. Otherwise, only 4.5 mmol HCl could
fully react with 1.5 mmol AB. In addition, based on the inference
that proton hydrogen can react equimolar amounts of AB, and
considering the acid amount of A-15, each gram of A-15 can react
with 4.67 mmol AB and release 354.4 ml H2, which similar to the
results calculated through kinetics studies (0.60 g A-15 could fully
react 2.81 mmol AB). However, in order to further confirm the role
of water and proton hydrogen from A-15 in this reaction, further
experiments are necessary.

To further verify the hydrogen donor in the reaction, isotope
substitution experiments was performed to detect the gases
generated during the reaction by in-situ MS (Fig. S7). Firstly, 10 mg
of A-15 was added to 1 ml of D2O, and then 10 ml 0.1 mol$L�1 AB
(dissolved in D2O) was added dropwise. As shown in Fig. 6(a), after
adding AB solution, signals with similar molecular weights of 2 and

3 (2_amu and 3_amu) are detected, which indicates the generation
of H2 and deuterated hydrogen (DH) during the reaction. Since only
D2O can provide deuterium (D) in this reaction, the emergence of
DH proved that in the AB hydrolysis reaction with A-15, H2O
participated in the reaction and provided H. Meanwhile, a low in-
tensity signal with 4_amu (D2) is also detected, which may be due
to ion exchange of AB during the reaction in D2O, resulting in
possible partial substitution of H on BdH by D. Additionally, there
is no significant signals of 17_amu (NH3). This can be attributed to
the low concentration of AB solution in the reaction and the tem-
perature being controlled by the water-cooled jacket at 30 �C, so no
NH3 was released [33].

Afterwards, to further verify, 10 mg of deuterated A-15 was
added to 1 ml of H2O, and then 10 ml 0.1 mol$L�1 AB (aq) was added
dropwise (Fig. 6(b)). After adding deuterated A-15, significant H2
and DH signal are observed, this proves that the proton hydrogen in
A-15 take part in this reaction. The signal intensity of H2 is much
greater than that of the DH, which once again prove that water is an
important hydrogen donor in the hydrolysis of AB with acids
participation. Meanwhile, there are no significant signals of NH3 or
D2, which also indicate that the appearance of D2 is not related to
the proton hydrogen on A-15. Besides, the difference in signal

Fig. 5. (a) Hydrogen evolution of AB hydrolysis with different moles of HCl. (b) Corresponding fitting line of hydrogen evolution and mole of HCl.

Fig. 6. In-situ MS patterns of (a) dropping 10 ml 0.1 mol$L�1 AB (in D2O) to 1 ml D2O with 10 mg A-15 and (b) dropping 10 ml 0.1 mol$L�1 AB (aq) to 1 ml H2O with 10 mg deuterated
A-15.
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intensity of 3_amu between these two figures can be attributed to
the primary hydrogen donor is not A-15 and the incomplete deu-
teriation of A-15.

Considering that the process of AB producing H2 in the proton
solvent is similar to the elimination reaction between negatively
charged hydrogen and proton hydrogen, AB would provide nega-
tively charged hydrogen, the rest of positively charged hydrogen
needs to be provided by proton solvent (such as water, methanol)
[15]. However, with the participant of A-15, positively charged
hydrogen is not only provided by water, but also the proton acid
from A-15. Furthermore, based on the XRD, ATR-FTIR, 11B-NMR and
in-situ MS results, the reaction process of AB involving A-15 can be
represented by the following reaction formula (Eq. (4)):

NH3BH3 þHþ þ3H2O / NH4
þ þBðOHÞ3 þ 3H2 (4)

Furthermore, to clarify the destination of ammonia, UV-vis was
used to detect the content of NH4

þ in the solution. Reaction started
with 0.60 g A-15 at 30 �C and 1200 r$min�1. During the reaction,
connect the outlet rubber tube of the reactor to a beaker filled with
100 ml H2O to collect any possible ammonia gas. The test results
(Table S5, Fig. 7) show that the NH4

þ content in the solution after
the reaction was 4.67 � 10�3 mol$L�1, which was much lower than
the theoretical maximum concentration of 0.1 mol$L�1. Meanwhile,
consistent with the In-situ MS results, the NH4

þ content in the gas-
washing solution can be almost negligible. Considering that A-15 is
a cation exchange resin, a significant portion of the NH4

þ produced
by the reaction may be ion-exchanged onto A-15. So, rinsed the
reacted A-15 three times with 50 ml deionized water, collected and
detected the NH4

þ content in this 150 ml solution, whose result was
1.10� 10�4 mol$L�1, a very low content, indicating that the residual
solution on A-15 after the reaction has been washed away. Then
separated and added the washed A-15, to 30 ml of KCl (aq), soni-
cated for 5 min for cation exchange, and then measured the NH4

þ

content. After ion exchange, the NH4
þ in the solution increases

significantly, approaching half of the theoretical maximum NH4
þ

content (4.36� 10�2 mol$L�1), suggesting that a significant portion
of the ions are exchanged onto A-15. And part of the remaining NH4

þ

is dissolved in the solution, whose content is relatively small, so the
relevant ammonium salts are not detected in infrared and XRD. The
other NH4

þ may form salts with boric acid and attach to A-15, and
thus cannot be fully exchanged into solution [31,32].

Due to the limitations of the NdH$$$HdB network between AB
molecules and the hydrogen bonds network formed with water
[45], the AB hydrolysis rate in aqueous solution is generally slow. It
can be considered that the proton hydrogen plays a role similar to
activated reaction [19]. But for A-15, there should be additional
interactions between A-15 and AB participating in the reaction to
accelerate it. It was found that hydrogen bond (HB) and dihydrogen
bond (DHB) could reduce the reaction energy barrier of AB hy-
drolysis and accelerate the reaction [44,46,47]. Considering that O
in the sulfonic acid group of A-15 could form hydrogen bonds with
H, it is inferred that it can enhance the reaction.

For this purpose, ATR-FTIR was used to investigate the hydrogen
bonds in the reacted A-15 and AB (aq). The ATR-FTIR spectra were
shown in Fig. 8 and Fig. S8. As shown in Fig. 8(a)e(b), compared to
the A-15 sample, the symmetric vibrational peaks (about 1004 cm�1

and about 1028 cm�1) of S]O in the mixture shift towards higher
wave numberswith the addition of AB (aq). Andwith the increase of
A-15 content, the degree of shifting become slightly greater. It's
believed that this shift indicates the formation of hydrogen bonds
between O (in S]O) and H [48]. Additionally, the symmetric
vibrational peaks intensity also significantly decreases, which may
be attributed to the decrease in the relative content of A-15 after the
addition of AB (aq). The intensity of the asymmetric vibration peak
of S]O (about 1126 cm�1) also decreases, while the wider peak
become narrower due to the influence of the adjacent BdH defor-
mation bend peak of AB (about 1176 cm�1). Meanwhile, the signal
intensity of the hydroxyl stretching vibration peak (about
3600�3000 cm�1) decreases with increasing A-15 content, indi-
cating that the hydroxyl H in water may also form HB with the O in
S]O on A-15.

To investigate the influence of HB formed by water, hydrogen
bonds in mixtures of varying A-15 concentrations and water were
further investigated. As illustrated in Fig. 8(c)e(d), the symmetric
vibrational peak of S]O in the mixture of water and A-15 also shift
towards higher wave numbers, but the shifting is smaller than that
in the mixture with added AB (aq) (Fig. S9), indicating the presence
of HB between A-15 and AB. For asymmetric vibration peaks, they
are observed to split in water. This can be due to HB limiting the
symmetric stretching vibration of S]O, making it more asym-
metrical. This also suggests that the changes in symmetric vibration
peaks of S]O in A-15 and AB mixtures are not only caused by the
proximity of BdH deformation bend peaks of AB. Meanwhile, the
intensity of the S]O characteristic peak of A-15 in water is also
higher, which may be attributed to the less infrared signal masking
by pure water compared to AB (aq). In addition, at the hydroxyl
stretching vibration peak, the intensity decreases more in the
mixture with added AB (aq) than in the mixture with added water
at the same A-15 content (Fig. S9), indicating the presence of
hydrogen bonds between AB and water.

Further testing was conducted on the hydrogen bonds in a
mixture containing 5 ml each of 1, 2, and 4 mol$L�1 AB (aq) and
0.3 g of A-15 powders (Fig. 8(e)e(f)). It is found that as the AB
content increase, the S]O asymmetric vibration peak shift towards
higher wave numbers, confirming the formation of HB between A-
15 and AB.

In order to investigate the rate determining step of the reaction,
the kinetic isotope effect experiment of AB hydrolysis over A-15
was performed. Substituted H2O with D2O in AB hydrolysis, the
reaction rate slows down (Fig. S10). The kinetic isotope effect
constant (KIE, kH2O/kD2O) is about 2.19, which means that the
breaking of the OdH bond of H2O is the rate determining step
[49,50]. This also indicates that the limitation of mass transfer
resistance on the reaction is not decisive.

AB producing H2 in water is similar to the elimination reaction
between negatively charged hydrogen and proton hydrogen, but

Fig. 7. The UV-vis results of NH4
þ content in four different solutions (after reaction, A-

15 exchanging, A15 washing and gas washing). 1/150 and 1/1000 is volume dilution
ratio.
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the first step of releasing hydrogen is not the same in different
systems [15]. For example, the combinations of electronegativity
Hd� of dBH3 in AB with electropositivity Hdþ in acid is believed
to be the first step of the H2 release in the reaction of CH3COOH
and AB [19]. Meanwhile, researchers also report that H2 could be

released between negatively charged hydrogen and hydrogen
protons on AB through DHB [51,52]. Similarly, it has been
confirmed that HB could promote the reaction in the AB hydro-
lysis whose RDS is the dissociation of water [45e47]. Referring to
existing experimental and characterization results, DHB and DB

Fig. 8. ATR-FTIR spectra of (a, b) different mass A-15 with 2 mol$L�1 5 ml AB (aq), (c, d) different mass A-15 with 5 ml water and (e, f) 0.30 g A-15 with different concentrations of
5 ml AB (aq).
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are undoubtedly key factors in the AB hydrolysis process
involving A-15.

Based on the existence and function of hydrogen bonds, it is
speculated that the AB hydrolysis process with A-15 participation
can be divided into several stages as shown in Fig. 9. (1) The S]O of
the sulfonic acid group and the NdH in AB form hydrogen bond,
promoting the diffusion of AB towards A-15 and increasing the
concentration of AB near the surface of A-15 [46]. (2) The negatively
charged hydrogen ondBH3 combines with the proton hydrogen on
the sulfonic acid group of A-15 to form DHB and realizes hydrogen
elimination [19,51], which could effectively reduce the energy
barrier for H2 release [45,46]. The breaking of BdH bond also
further exposes B atom, increasing its positive charge and reducing
steric hindrance, which is conducive towater nucleophilic attack on
B atom. (3) Nucleophilic attack causes the cleavage of BdN, while H
of H2O transfers to form NH4

þ. Then, it is attracted by the negative
charge on the sulfonic acid group to exchange ions onto A-15,
which has been confirmed by the determination of ammonia. (4)
The HB between H2O and O of sulfonic acid groups would length
the HdO bond in water to reduce its strength [53,54], while the O
of water attacking on B atom, the cleavage of HdO bond of water
(the RDS of AB hydrolysis) [19,55] could be facilitated, which lowers
the activation barrier. After HdO bond cleavage, the H transfers to
the O of sulfonic acid group, subsequently eliminating the nega-
tively charged hydrogen from the BdH bond and releasing
hydrogen. Then BH(OH)2 would undergo a similar process, and
hydrolysis process completed. (5) The reaction concludes and ul-
timately forms boric acid, with ammonium ions bound to A-15.
Although a tentative dehydrogenation mechanism has been
assumed, further systematic research shall be needed for eluci-
dating the effects of spatial structure [56] of A-15.

4. Conclusions

In this work, A-15 was selected to participate in the hydrogen
evolution from AB hydrolysis. The hydrogen evolution rate of AB
hydrolysis involving A-15 can reach 194.15 ml$min�1 at 30 �C,
with a low Ea of 8.20 kJ$mol�1. After five cycles reuse, the reaction
could keep a conversion rate of about 93% and a reaction rate of
178.71 ml$min�1. According to the kinetic studies, the hydrolysis
of AB is of the quasi zero-order reaction for A-15 and the quasi

first-order reaction for concentration of AB. XRD, ATR-FTIR and in-
situ MS results confirmed that the dominant hydrolyzate is boric
acid and water participated in this reaction as a hydrogen donor.
The proton hydrogen in A-15 could induce equimolar AB hydro-
lysis in aqueous solution, which means each gram of A-15 can
fully react 4.67 mmol AB and release 354.4 ml H2. A-15 not only
provides protons for AB hydrolysis, but also promotes this reaction
through the hydrogen bonds interaction with AB (aq). The pres-
ence of hydrogen bonds between O in the sulfonic acid group of
A-15 and AB (aq) were confirmed through ATR-FTIR. The hydrogen
bond between A-15 and AB (aq) promotes the diffusion of AB
molecules on the surface of A-15 and reduces the activation bar-
rier of the hydrolysis process by facilitating the cleavage of O�H
bond of H2O, the RDS of AB hydrolysis. The lower activation en-
ergy is believed mainly due to the hydrogen release caused by
DHB and the RDS promoted by the HB make the overall energy
barrier of the reaction reduced. Overall, the performance of A-15 is
better than several metal catalysts and liquid acid reported for AB
hydrolysis. Meanwhile, as ion-exchange resin, the A-15 also owns
the potential to be used in continuous reaction units, and the
apparent kinetic data would be helpful for reactor design and
modelling. This work is expected to contribute to exploring the
mechanism of acid induced AB hydrolysis and developing cost-
effective technology routes of hydrogen evolution from AB
hydrolysis.
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