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f the nanosize effect of carbon
nanomaterials on the dehydrogenation
temperature of ammonia borane†

Soon Hyeong So, a Jun Ho Jang,b Sae Jin Sung,a Seung Jae Yang,c Ki Tae Nam b

and Chong Rae Park *a

Ammonia borane (AB, NH3BH3) is a highly promising hydrogen storage material, but its high

dehydrogenation temperature hinders its wide use in practice. The infiltration of AB into the pores of

porous materials can lower the dehydrogenation temperature by what is known as the nanoconfinement

effect. Nonetheless, it is unclear as to whether this phenomenon stems from a catalytic effect or the

nanosize effect. In this work, carbon nanomaterials with a uniform pore size and with inertness to AB

were chosen as nanoscaffolds without catalytic sites to control the particle size of AB. It is proved

experimentally that the dehydrogenation temperature of AB is inversely proportional to the reciprocal of

the particle size, which means that the nanoconfinement effect can be caused solely by the nanosize

effect without a catalytic effect.
Introduction

Hydrogen is expected to emerge as a next generation green
energy source due to its high gravimetric energy density (120 MJ
kg�1) and environmental friendliness.1,2 It is necessary to
investigate hydrogen storage to apply hydrogen energy to on-
board systems, considering the ultimate Department of
Energy (D.O.E.) target (6.5 wt%).3,4 Ammonia borane (AB) is
considered to be a strong hydrogen storage material candidate
due to its good stability under ambient conditions and theo-
retically high gravimetric (19.6 wt%) and volumetric energy
density (152 g l�1).5,6 Three steps of the H2 release of AB have
been thermally analyzed.7

nNH3BH3 (s) / [NH2BH2]n (s) + nH2 (g) at T > 100 �C (1)

[NH2BH2]n (s) / [NHBH]n + nH2 (g) at T > 120 �C (2)

[NHBH]n (s) / [NB]n (s) + nH2 (g) at T > 500 �C (3)
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However, there are barriers that may hinder the use of AB as
a hydrogen storage material, such as its high dehydrogenation
temperature and the generation of byproducts including
ammonia (NH3), diborane (B2H6), and borazine (B3H6N3).8 To
overcome high dehydrogenation temperature, numerous
studies have been conducted. Strategies have included adding
catalysts,9,10 dispersion in ionic liquids,11,12 or exploiting the
nanoconnement effect.13–16

The nanoconnement effect on AB in mesoporous silica led
to a lower dehydrogenation temperature, with a variety of
porous materials subsequently developed, such as metal–
organic frameworks (MOFs), carbon nanotubes (CNT), activated
carbon, mesoporous silica, and mesoporous carbon, all of
which have been studied in relation to nanoconnement.13–16

This phenomenon is understood that thermodynamic
property of AB, or H2 release temperature is changed by tuning
AB particle size.17 It is similar to the particles size effect on
melting and freezing of metals, which is described by the
Gibbs–Thomson equation.

DTm ¼ Tm � TmðdÞ ¼ 4sslTm

dDHfrs

DHf ¼ 6

d
DHsurf þ DHbulk

(DTm: melting point difference, s: surface tension, r: solid
density, d: particle size, and DHf: fusion enthalpy change).

Other researchers insist that active or catalytic sites in
materials can lower the dehydrogenation temperature as
opposed to the nanosize effect. They attribute this phenomenon
Nanoscale Adv., 2019, 1, 4697–4703 | 4697
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Fig. 1 Analysis of chemical bonding of carbon nanomaterials.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
1:

00
:5

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to unsaturated coordinated metal sites in the MOF,18 metal ions
dispersed on the surface of ZIF-8,13 the synergetic catalysis of
CNTs and Pt nanoparticles,19 small molecules,20 and an acid–
base reaction between functional groups on activated carbon.21

In other words, some researchers reported that the catalytic
properties of the support material contribute to lowering of the
dehydrogenation temperature of AB. The debate over the
mechanism by which AB dehydrogenation temperature is low-
ered has not been settled. Therefore, verication of the nanosize
effect of nanoscaffolds is essential.

To this end, this study aims to clarify the correlation between
the particle size of AB and the H2 desorption temperature.
Among porous materials, carbon nanomaterials have the
advantages of lightness, high porosity, a high specic surface
area, and inertness toward AB, implying the absence of catalytic
sites. Herein, various carbon nanomaterials with different main
pore sizes are used as nanoscaffolds of AB and it is experi-
mentally observed that the maximum peak dehydrogenation
temperature of AB into porous carbon is inversely proportional
to the AB particle size. Bearing in mind the relationship
between the particle size and the dehydrogenation temperature,
it is considered that MOF derived carbon (MDC) can be an
excellent candidate as a nanoscaffold due to its narrow pore size
distribution (0.40 nm) with the lowest maximum H2 desorption
peak temperature. The H2 release performance of AB inltrated
into MDC is measured.

Results and discussion
Experimental section

Reagents and chemicals. Zinc nitrate hexahydrate (Aldrich),
terephthalic acid (Aldrich), N-methyl-2-pyrrolidone (NMP; Dae-
jung, Korea), borane–ammonia complex (Aldrich), tetrahydro-
furan (THF; Daejung, Korea), activated charcoal (AC; Aldrich),
porous carbon (PC; ACS material), and carbon black (CB;
Aldrich).

Synthesis of MOF-5. Zinc nitrate hexahydrate (0.892 g, 3
mmol) and terephthalic acid (0.166 g, 1 mmol) were dissolved in
NMP (30 ml) in a vial. The mixture was heated in a furnace at
105 �C for 24 h to yield MOF-5. The reaction vessel was cooled to
room temperature naturally and taken out from the furnace.
The sample was washed with NMP twice and soaked in anhy-
drous chloroform overnight. Then the cubic sample was ltered
and vacuum dried at pressures less than 10�3 mbar at 150 �C for
10 h.

Synthesis of MDC. Cubic crystals of MOF-5 were transferred
to a tube furnace and heated at 1000 �C under a nitrogen
atmosphere with a heating rate of 5 �C min�1 to pyrolyze the
organic species. Aer reaching 1000 �C, the temperature was
maintained for 3 h and then cooled to room temperature.

Synthesis of AB#MDC. The borane–ammonia complex (100
mg) was dissolved in THF (3 ml) to yield 1 M solution. MDC (50
mg) of an equivalent volume of AB to its pore volume was
soaked into 3.1 ml of 1 M AB solution for 2 h in a refrigerator at
near 0 �C and dried in a vacuum oven at room temperature.

Synthesis of AB#AC, AB#PC, and AB#CB. The synthesis
procedure was the same as that of AB#MDC. Considering the
4698 | Nanoscale Adv., 2019, 1, 4697–4703
density of AB and the pore volume of each sample, 50 mg of AC,
PC, and CB were soaked into 1.0ml, 1.2 ml, and 0.3ml of 1M AB
solution for 2 h in a refrigerator at near 0 �C and dried in
a vacuum oven at room temperature.

Sample characterization

Temperature-programmed desorption (TPD; ASAP2920; Micro-
meritics) mass spectroscopy (MS; HPR220; Hiden Analytical)
was used to measure the dehydrogenation temperature. The
temperature was raised from room temperature to 200 �C with
a ramp rate of 2 �C min�1 under a He ow at 30 ml min�1.
Powder X-ray diffraction (XRD) was conducted using a D8
Advance (Bruker) with Ni-ltered CuKa radiation (l ¼ 0.154184
nm). Nitrogen adsorption isotherms at 77 K up to 1 bar were
recorded using a Micromeritics ASAP2020 to calculate the
specic surface area based on the Brunauer–Emmett–Teller
(BET) method and pore size distribution based on the Horvath–
Kawazoe (H–K) method for slit pores and the Barrett, Joyner,
and Halenda (BJH) method using the desorption curve. The
gaseous products were quantitatively analyzed by gas chroma-
tography (PerkinElmer, NARL8502 Model 4003) equipped with
an active-carbon-packed column (60 HayeSep N60/80 SF) and
molecular sieve (90 Mol Sieve 13X 45/60 SF) at 120 �C. 0.1 ml of
the gas was injected into the gas chromatograph by using
a syringe at the designated time manually. The molar propor-
tion of the products was measured by using a thermal
conductivity detector (TCD) and ame ionized detector (FID)
equipped with a methanizer. The amount of gas was calculated
by multiplying the numerical value measured previously and
the quantity of the volume of the reactor (100 ml). A differential
Scanning Calorimeter (DSC; Discovery DSC; TA instrument) was
utilized to calculate the activation energy of the dehydrogena-
tion reaction. The temperature was raised from room temper-
ature to 200 �C with a ramp rate 2 �C min�1 under an Ar ow at
30 ml min�1.

Characterization of carbon nanomaterials and composites

In order to exclude the possibility of a catalytic effect, inert
carbon nanomaterials are utilized here as scaffolds. The
reectance values of MDC, AC, PC, and CB are measured by FT-
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Structural analysis of materials: the change of crystallinity.
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IR. The spectra in Fig. 1 show no certain functional groups in
the carbon nanomaterials.

Fig. S1† presents the N2 isotherm at 77 K, used here to
investigate the pore characteristics of each pristine sample.
With a dramatic increase in the pore volume at low pressure
and medium pressure levels respectively, MDC, AC, and PC are
regarded as microporous materials and CB is considered to be
a mesoporous material.22,23 The BET surface areas of the MDC,
AC, PC, and CBmaterials are 2222m2 g�1, 1093m2 g�1, 2014m2

g�1, and 73 m2 g�1, respectively, and the corresponding pore
volumes are 2.49 cm3 g�1, 0.91 cm3 g�1, 0.96 cm3 g�1, and 0.23
cm3 g�1. The pore size distributions of MDC, AC, and PC are
determined by applying the H–K method for a carbon-
adsorbent surface and the slit pore geometry. And that of CB
is calculated with the BJHmethod using desorption data, as this
method is more suitable for a mesoporous structure. In Fig. 2(a)
and (b), the pore volumes of MDC, AC, and PC below 2 nm
increase considerably, while the pore volumes above 2 nm
increase in CB, as surmised earlier. It is shown that the main
pore sizes of MDC, AC, and PC are 0.40 nm, 0.44 nm, and
0.45 nm, which are in the micropore range, i.e., below 2 nm,
whereas CB has a pore size of 2.17 nm, in the mesopore range
(above 2 nm). For the accuracy conrmation of the value of pore
size distribution, the measurements were repeated and the data
are presented in Fig. S2,† which shows that the data presented
here are reliable.

The structures of IRMOF-1, MDC, AB#MDC, AB, AC, AB#AC,
PC, AB#PC, CB and AB#CB were investigated by XRD, with these
data shown in Fig. 3. The change of the highly crystalline
IRMOF-1 to amorphous carbon aer a heat treatment was
conrmed. The patterns of AB show sharp diffraction peaks at
23.6 (110) and 24.2 (101), as reported in earlier work,24 indi-
cating that pristine AB exhibits a highly crystalline structure. In
addition, no changes were noted in the XRD patterns of
AB#MDC, AB#PC, and AB#AC in spite of the inltration of AB,
compared to the XRD patterns of the pristine samples. This
indicates that AB impregnation does not affect the structures of
innate carbon nanomaterials and that very ne AB amorphous
powder is conned. Some may argue that no AB inltrates into
Fig. 2 Analysis of pore size distribution (a & b) by cumulative pore
volume and (c & d) by differential pore volume.

This journal is © The Royal Society of Chemistry 2019
the carbon nanomaterials, as the XRD pattern of the carbon
nanomaterials remains and AB diffraction is missed. However
theoretically the inltration of AB into the pores is possible due
to the smaller size of AB (0.33 � 0.15 nm2)25 than the pores and
due to the dramatic decrease in the N2 uptake quantity, which
implies the blockage of the pores by the AB powder, as shown in
Fig. S3 and Table S1.† Moreover, hydrogen desorption from
AB#MDC, AB#AC, and AB#PC was detected as described later.
On the other hand, the XRD pattern of AB#CB displays a sharp
peak at a position identical to that in the pristine AB sample,
which implies that the substantially large AB crystals are
embedded in the CB. And it is notable that clear splitting of
Fig. 4 H2 desorption profile of AB#MDC (red), AB#AC (blue), AB#PC
(black), AB#CB (pink), and pristine AB (orange).

Nanoscale Adv., 2019, 1, 4697–4703 | 4699
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Fig. 5 H2 desorption peak temperature vs. the reciprocal of the
particle size of AB.

Fig. 6 Gas chromatographic separation of H2 from pristine AB for
30 min at 60 �C (a), 70 �C (b), and 80 �C and (c) & AB#MDC for 30 min
at 60 �C (d), 70 �C (e), and 80 �C (f).
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(110) and (101) peaks was observed in AB#CB in comparison
with that in the pristine AB. This may be due to the smaller
crystalline size relative to the bulk size and possible strain from
the composites as reported by others.26,27

The maxima H2 desorption temperatures from AB#MDC,
AB#AC, AB#PC, AB#CB and pristine AB are obtained with TPD-
MS and these data are plotted in Fig. 4.

Maximum H2 desorption from AB#MDC, AB#AC, AB#PC,
AB#CB, and pristine AB occurred at 72 �C, 75 �C, 73 �C, 96 �C
and 104 �C, respectively. The lowering of the dehydrogenation
temperature was claried aer the inltration of AB into the
carbon nanomaterials. Moreover, the lack of overlap between
the H2 desorption temperature of the pristine AB and those of
the composites signies the absence of bulk pristine AB on the
surface of the carbon nanomaterials.

To verify the nanosize effect, studying the effect of the AB
particle size on the H2 desorption temperature is essential. The
correlation between the particle size and the decomposition
temperature agrees with the correlation between the pore sizes
of carbon nanomaterials and the dehydrogenation temperature,
H2 ðwt%Þ ¼ detected mol�molecular weight of H2 � volume of sample cell

weight of corresponding material
� 100
as AB particles are conned in the pores of carbon nano-
materials at a certain size. With the pore size data of carbon
nanomaterials, a good linear correlation between the reciprocal
of particle size and dehydrogenation temperature at R2: 0.950 is
conrmed, as shown in Fig. 5. This plot is more meaningful
given the characteristics of microporous carbon (1.08 nm)14 and
Cryogel with a controllable pore size (7 nm and 16 nm)26 studied
by other researchers (violet) as considered here.
Decomposition of the AB#MDC composite

MDC exhibits the lowest H2 desorption temperature, motivating
us to obtain the exact quantity of released hydrogen.
4700 | Nanoscale Adv., 2019, 1, 4697–4703
Considering that the temperature is 72 �C and the D.O.E. target
temperature range is below 85 �C, heat treatments were con-
ducted at 60 �C, 70 �C, and 80 �C. It is thought that a thermog-
ravimetric analysis (TGA), used by other researchers, would not
be adequate for obtaining the emitted H2 quantity here, as
several types of unknown gases may evolve during the reaction.
In fact, Moussa et al.21 conducted an additional experiment with
a portable micro-chromatograph when obtaining the amount of
H2 gas, demonstrating that TGA data included not only H2 but
also NH3. Moreover Zhao et al.28 noted that the weight loss
percent obtained by TGA exceeded the theoretical value of
useable H2 and it was mentioned that unknown impurities
other than H2 and NH3 were included in the data. Therefore, it
is better to utilize gas chromatography to measure the separate
quantity of evolved H2 precisely.

Evolved gases from samples are detected aer heat treat-
ments at 60 �C, 70 �C, and 80 �C for 30 min. These values are
calculated using the equation shown below.
At 60 �C, pristine AB exhibited no hydrogen evolution, as
reported previously.29 Minimal increases in the quantity of the
evolved H2, 2.8 � 10�2 wt% at 70 �C and 3.3 � 10�2 wt% at
80 �C, are shown in Table S2.† AB#MDC releases 3.6 wt% (0.6
equivalent H2), 5.7 wt% (0.9 equivalent H2), and 7.1 wt% (1.1
equivalent H2) from AB within 30 min at 60 �C, 70 �C, and 80 �C
respectively. When the weight of both MDC and AB is consid-
ered, it can be said that amounts of 2.4 wt%, 3.8 wt%, and
4.7 wt% H2 are released within 30 min at 60 �C, 70 �C, and 80 �C
respectively. The raw gas chromatography data for each sample
are shown in Fig. 6, and the data needed to calculate the weight
percent of the released H2 are also given in Table S2.† And the
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Hydrogen release performance of pristine AB and AB#MDC for
30 min at 60 �C, 70 �C, and 80 �C.
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performances of the samples mentioned are visualized in Fig. 7.
The performances of AB#MDC, contingent upon inclusion of
the weight of MDC, are shown here.

In fact, when measuring the quantity of released H2, the
samples cannot be dried at a high temperature under extreme
vacuum conditions perfectly due to the loss of hydrogen gas.
With regard to the likelihood of residual THF solvent, an
additional experiment to test its effect on the H2 release
outcome was done. The samples were prepared using the
synthesis method of AB#MDC without MDC. They were heated
to 60 �C, 70 �C, and 80 �C for 30 min and the evolved H2

quantities were measured with gas chromatography. The effect
of the existence of THF on the performance was determined by
measuring the increase in the amount of released H2 compared
to that of pristine AB. Zimmerman et al.30 showed the deviation
of the dehydrogenation of AB in THF from the dehydrogenation
pathway in the gas phase via a computational study and
demonstrated that the formation of the diammoniate of
diborane contributes to the lower barrier of dehydrogenation.
However, the degree of the increase of the amount is not much
as presented in Table S3.†

To prove further that ammonia borane is inltrated into
carbon materials well, the analysis of the pore size of AB#MDC
was conducted. Aer inltration of AB into MDC, sharply
decreasing pore volume of each pore size is conrmed in
Fig. S4† and this fact supports the fact that the pore size can be
regarded as the particle size of AB.

When referring to the lowering of the dehydrogenation
temperature and faster kinetics, it is natural to evaluate the
activation energy of the dehydrogenation reaction for AB#MDC
and pristine AB. The activation energy was calculated by non-
isothermal DSC measurement at different heating rates, based
on the Kissinger equation used to analyze the reaction
kinetics.31

ln

�
b

T 02

�
¼ �Ea

R

�
1

T 0

�
þ ln

 
nARð1� amÞn�1

Ea

!

This journal is © The Royal Society of Chemistry 2019
where b is the heating rate, T0 is the maximum dehydrogenation
temperature at different heating rates, Ea is the apparent
dehydrogenation activation energy value, R is the universal gas
constant, and A is a pre-exponential factor. In Fig. S5,† the DSC
runs for pristine AB and AB#MDC are shown at heating rates of
2, 5, and 10 �C min�1, respectively, and Kissinger plots are
shown in Fig. 8. The calculated activation energies of the pris-
tine AB and AB#MDC samples from the slope of the Kissinger
plots are correspondingly 138 kJ mol�1 and 61 kJ mol�1, sug-
gesting a 56% decrease in the activation energy and additionally
proving the nanosize effect.

The analysis of evolution of other gases, ammonia, diborane,
and borazine, from AB#MDC is conducted with TPD-MS. The
data are shown in Fig. S6.† Both diborane and borazine are not
detected and ammonia is not suppressed as previous studies.

To analyze the difference in the composition of AB#MDC
aer thermolysis at 80 �C, the chemical bonding characteristics
are investigated by FT-IR. NH stretching vibrations (3313 cm�1),
BH stretching vibrations (2326 cm�1), NH3 asymmetric defor-
mation (1599 cm�1), NH3 symmetric deformation (1376 cm�1),
BH3 deformation (1158 cm�1), and NBH rocking
(1059 cm�1)24,32 are detected in AB#MDC before thermolysis as
shown in Fig. 9. NH stretching vibrations (3313 cm�1), BH
stretching vibrations (2324 cm�1), NH3 asymmetric deforma-
tion (1601 cm�1), NH3 symmetric deformation (1375 cm�1), BH3

deformation (1157 cm�1), and NBH rocking (1061 cm�1) in the
FT-IR data of pristine AB are also conrmed. Considering that
the wavenumbers of each maximum peak are nearly identical, it
can be concluded that the AB bonding characteristics remain
aer inltration. The FT-IR data of AB#MDC aer thermolysis at
80 �C indicate that the peaks substantially disappear. It is
understood that the release of H2 from N and B causes the NH
and BH bonds to break.

The results of earlier work which attempted to lower the
temperature during AB dehydrogenation by means of a nano-
connement effect are examined. The data from these experi-
ments are presented in Table S4† under the same experimental
conditions as ours. It should be noted that the released H2 wt%
Fig. 8 Kissinger plot of AB#MDC and pristine AB for calculating the
activation energy of the H2 evolution reaction.

Nanoscale Adv., 2019, 1, 4697–4703 | 4701
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Fig. 9 Chemical analysis of AB#MDC before thermolysis (black) and
after thermolysis (red), and pristine AB (blue).

Fig. 10 Comparison of the performances of AB infiltrated porous
materials below 80 �C, which were obtained in this work and prece-
dent research.
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based on the weight of whole materials is the practical value as
used here, while other researchers include the weight of only
pristine AB when calculating the weight percent of released H2.
Diverse materials were assessed as nanoscaffolds for the
nanoconnement effect as shown Fig. 10. It is found that our
sample shows high performance compared to the others.
Conclusions

This work proves the nanosize effect given the result of a linear
correlation between the reciprocal of the particle size of AB and
the maximum H2 desorption temperature. The AB particle size
is controlled by connement into the pores of diverse carbon
nanomaterials. Well conned AB in carbon nanomaterials is
identied by an analysis of the crystallinity and the desorption
prole. MDC has the smallest pore size (0.40 nm) and the lowest
decomposition peak (72 �C) without catalysts, as displayed in
the AB#MDC sample here. In view of the results of our work,
MDC can be considered as an excellent nanoscaffold capable of
4702 | Nanoscale Adv., 2019, 1, 4697–4703
high H2 emission performance (4.7 wt%) in AB#MDC. This
report is expected to help clarify the mechanism of dehydro-
genation of ammonia borane and further work is required to
reach much higher H2 release performance under mild condi-
tions by considering other variables that affect the performance
other than the nanosize effect.
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