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ammonia borane has been studied in a diamond anvil cell (DAC) using in situ Raman
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spectroscopy. At near ambient pressure in DAC, ammonia borane started decomposing as
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low as w88  C, but at higher pressure, ammonia borane is stable up to 100  C above 0.5 GPa.
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In the pressureetemperature phase diagram, the boundary between tetragonal (I4mm) and
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orthorhombic (Cmc21) phase was determined by the characteristic change in Raman
spectra during compression and decompression at 3 constant temperatures: 20, 60 and
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100  C, respectively. The result shows that the phase transition is reversible with a small
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hysteresis, while the phase boundary shifts towards higher pressure with increasing
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temperature and a positive Clapeyron-slope. The positive Clapeyron-slope indicates that
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the phase transition is exothermic and it is predicted that the rehydrogenation of the high

Clapeyron-slope

pressure orthorhombic phase would be easier due to its lower enthalpy.
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Introduction

n NH3 BH3 ðsolidÞ/½NH2 BH2 n ðsolidÞ þ nH2 ðgasÞ at 100 C

Ammonia borane [1,2] is one of the most promising materials
for on-board hydrogen storage due to its high energy storage
efficiency (19.6 wt% of hydrogen). Dehydrogenation of
ammonia borane below 200  C proceeds in two steps [2,3]:

½NH2 BH2 n ðsolidÞ/½N3 B3 H6 n=3 ðliquidÞ þ nH2 ðgasÞ

(1)

at 160 C
(2)

These two decomposition steps, which take place at mild
conditions, are favorable for on-board applications. Total of
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Table 1 e Selected Raman modes of ammonia borane (compared with previous studies).
Yu et al. [23]

Xie et al. [26]

This work
22  C

60  C

100  C

Peak
Pressure
Peak
Pressure
Peak
Pressure Peak position Pressure
Pressure
Peak
(GPa)
position
(GPa)
position
(GPa)
position
(GPa)
(cm1)
(GPa)
position
(cm1)
(cm1)
(cm1)
(cm1)
NeH stretching sym
NeH stretching asym.
11
BeN stretching
10
BeN stretching
BeH stretching sym
BeH stretching asym.
overtone
BeH stretching asym.

3247
3308
795
815
2293
2322

0.7
0.7
0.7
0.7
0.7
0.7

3253
3319
783
798
2280

0
0
0
0
0

3245
3308
793
810
2289
2335

0.7
0.7
0.7
0.7
0.7
1.05

3248
3311
798
813
2290
2333

0.7
0.7
0.7
0.7
0.7
0.7

3246
3311
792
806
2287
2334

0.77
0.77
0.77
0.77
0.77
0.77

2397

0.7

2376

0

2379

0.7

2374

0.7

2388

0.77

13 wt% hydrogen is released in these two steps exceeding DOE
ultimate target of hydrogen storage capacity (7.5 wt% H) [4].
However, low decomposition rate, undesired volatile
products as well as low or non-rechargeability hinder
ammonia borane from on-board application. Many approaches, such as hydrolysis [5e8], nano confinement [9e17],
acid initiation [18], and ionic liquids [7] were able to increase

the decomposition rate or decrease the decomposition temperature. Alkali metal substitution of one hydrogen atom in
ammonia borane generates alkali metal amidoboranes,
MNH2BH3, which also have improved hydrogen desorption
performance [5].
Ammonia borane has been intensively studied by IR and
Raman spectroscopy [19e28], X-Ray diffraction [29e32], NMR

Fig. 1 e Raman spectra of ammonia borane at different pressures with pressure medium. Gray lines refer to I4mm phase,
black lines refer to Cmc21 phase; a1ea2, b1eb2 and c1ec2 are at 20  C, 60  C and 100  C, respectively (a1 and a2 represents
first and second ranges of Raman spectra, similar with b1, b2, c1 and c2). In each figure, the pressure of the Raman spectrum
was increased stepwise from bottom to top.
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Fig. 1 e (continued).
[15,33e35], theoretical computation [31,36e39], neutron scattering or diffraction [37,40e42], and anelastic spectroscopy
[43], etc. High pressure study has also drawn great attention
recently [23,24,26e28,44]. Pressure dependence of the first and
second decomposition temperature was studied by Nylen
et al. [45] using Raman spectroscopy, showing that decomposition temperatures of the first two steps increase with
pressure. Interactions between decomposed ammonia borane
and hydrogen at high pressure [25,27,28] have been studied,
but directly reversed reaction of the thermolysis has not been
observed. Pressure and temperature induced phase transitions of ammonia borane were also studied extensively to
investigate its stability with pressure and temperature. At
ambient pressure, low temperature studies show that
ammonia borane transforms from orthorhombic to tetragonal
structure at w225 K [22,32,34,40,43,46e49]. At room temperature, there are several phase transitions of ammonia borane at
w0.8, 2, 5, 8, 10 and 12 GPa, which were observed by Raman
spectroscopy studies [20,21,23,26]. X-ray diffraction studies
[29e31,44] confirmed a first-order phase transitions (I4mm to
Cmc21) at w1 GPa, a second-order phase transition at 5 GPa,
and another first-order phase transition (Cmc21 to P21) at
w12.9 GPa. A new phase at 4 GPa and 450 K was also observed
using the X-ray study by Chen et al [30]. A later synchrotron Xray diffraction (XRD) study observed a similar new phase at
140  C and w6 GPa [50]. Based on their reported XRD patterns,
those two observations are likely to be the same phase.

The first-order phase transition (I4mm to Cmc21) is very
interesting since it occurs at relatively low pressure (w1 GPa at
room temperature). And it is expected to influence the
hydrogen storage properties when we apply high pressure
over the phase boundary. Ammonia borane’s thermodynamic
properties of this transition are also very important for
hydrogen storage study. In this paper, this phase transition
(I4mm to Cmc21) was studied at high pressure and elevated
temperature up to 100  C using Raman spectroscopy and
synchrotron X-ray diffraction, and the thermodynamic properties of this transition are also evaluated.

Experiment
The ammonia borane sample, NH3BH3 (99% pure), was purchased from SigmaeAldrich Co. and used without any additional purification. The sample was loaded into a Mao-Bell
type diamond anvil cell (DAC) with 400 mm culet anvils.
Sample chamber was a hole in the 302 stainless steel gasket
100e150 mm in diameter and 60e80 mm thick foil. Ruby fluorescence method with temperature correction [51,52] was
used to determine the pressure inside the DAC. In one group of
in situ Raman measurements, a mixture of ethanol and
methanol (1:4 volume ratio) was used to compare the influence of stress and interaction between sample and pressure
medium. In another group of in situ Raman measurement, no
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Fig. 1 e (continued).

pressure medium was used. In the following XRD experiments, no pressure medium was used.
High temperature in the DAC was achieved using an
external band heater surrounding the cells and the temperature was controlled using a thermal controller. Two K-type
thermocouples were used for temperature measurements: the
first one was positioned near the sample chamber in contact
with one of the diamond anvils to measure the sample temperature, and the second one was positioned near the heater
to receive quick feedback for controlling the temperature
within small fluctuations (2  C). As well, the cell was isolated
by several layers of asbestos paper to improve heating efficiency. The 541.5 nm line of Spectra-Physics Air-Cooled
Argon-Ion Laser was used to excite the sample. The scattering
signals were collected with an exposure time of 2 min using a
high throughput holographic imaging spectrometer consisting of volume transmission grating, holographic notch filter
and thermoelectrically cooled CCD detector (Andor). Raman
spectra were recorded by back-scattering configuration.
Three separate high pressure experiments were conducted
at 20  C, 60  C and 100  C. In each experiment, the cell was first
closed with minimal pressure (near ambient pressure) and
externally heated to the desired temperature. After the
desired temperature was stabilized, the pressure was
increased from minimal pressure to maximum pressure
stepwise with an interval of w0.35 GPa and then decreased
back to near ambient pressure. At each step, pressure was

carefully adjusted to a certain value with w0.35 GPa interval
and held for a few minutes before Raman measurement.

Results and discussion
To make comparisons, the first group of our experiments of
Raman spectroscopy were conducted with pressure medium (a
1:4 volume ratio mixture of ethanol and methanol) and the
second group were just repeated but without pressure medium. Each of the Raman spectra was collected by one measurement but divided into two parts by the Andor Raman
system: the first range from w600 cm1 to w1800 cm1 and the
second range from w2200 cm1 to w3700 cm1. The Raman
spectra were analyzed by 5 regions: NH stretching region (in
the second range: 3150 cm1e3350 cm1), BH stretching region
(in the second range: 2250 cm1e2550 cm1), BN stretching
region (in the first range: 700 cm1e1000 cm1), BH bending
region (in the first range: 1150 cm1e1300 cm1), NH bending
region (in the first range: 1450 cm1e1700 cm1). In Table 1, the
Raman spectra at (Fig. 1a1 and a2) are summarized and
compared with those from previous studies [20,21,23,26]. For
comparison, we put the Raman spectra measured at different
pressures but the same temperature in the same figure. For
example, Fig. 1a1 shows the first range Raman spectra of
ammonia borane with pressure medium at room temperatures
for each pressures during compression and decompression.
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Fig. 2 e Raman spectra of ammonia borane at different pressures without pressure medium. Gray lines refer to I4mm phase,
black lines refer to Cmc21 phase; a1ea2, b1eb2 and c1ec2 are at 20  C, 60  C and 100  C, respectively (a1 and a2 represents
first and second ranges of Raman spectra, similar with b1, b2, c1 and c2). In each figure, the pressure of the Raman spectrum
was increased stepwise from bottom to top.

Similarly, Fig. 1a2 shows that of the second range. As declared
before, the first range and the second range for each Raman
spectroscopy are from the same measurement.
Fig. 1 shows the Raman spectra of ammonia borane with
pressure medium at different pressures and temperatures.
Upon compression to w1.07 GPa, most peaks of ammonia
borane become higher and sharper. As well, there are two
peak splittings which are asymmetric NeH stretching mode
and asymmetric BeH stretching mode. These changes indicate a phase transition and the transition pressure is consistent with that of the first-order phase transition (I4mm to
Cmc21) which was detected by XRD studies [29e31,44]. Fig. 1b1,
b2, c1 and c2 shows the phase transition pressure increases to
w1.43 GPa and w1.87 GPa at 60  C and 100  C, respectively.
At each temperature, pressure raising makes most of the
peaks shift towards higher wavenumbers (the positive pressure dependence) except that of NeH stretching and NeH
bending modes (the negative pressure dependence). The
negative pressure dependences of the NeH stretching and
NeH bending modes are due to dihydrogen bonding
(BeH/HeN) effect [20]. In another comparative experiment
without pressure medium, although the phase transition

pressure shows small hysteresis (less than 0.3 GPa) compared
to that with pressure medium (see Fig. 2), we did not find any
obvious difference between the Raman spectra of the two
experiments. The spectroscopic consistency between the two
experiments indicates that there is no reaction between the
sample and the pressure medium. In the experiment without
pressure medium, Raman spectra were also recorded during a
slow pressure decompression. At each temperature, the phase
transitions are all reversible within small pressure hysteresises. The small pressure hysteresis also indicates that
ammonia borane is reasonably soft to produce a quasihydrostatic condition [23].
To make comparison with previously studied crystalline
phase transition, we also conducted synchrotron XRD experiment at room temperature. The lower pressure pattern of
synchrotron X-ray diffraction (Fig. 3) is identified to be the
I4mm phase, the first-order phase transition (I4mm to Cmc21) of
ammonia borane occurred after pressure rising to w0.7 GPa.
Due to the quasi-hydrostatic status and ruby system uncertainty, our transition pressure detected by XRD was lower
than that was detected by our Raman spectra (between 0.7 and
1.2 GPa) or previous studies [29e31,44] (1.1e1.3 GPa). Our XRD
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Fig. 2 e (continued).

pattern shows the high pressure phase Cmc21 is stable from
w0.7 GPa up to w10 GPa without further phase transition.
When the pressure increased to w13.7 GPa, ammonia borane
transformed to a new phase, which was identified to be P21 as
previous reported [44].
The stability fields of I4mm and Cmc21 phases are summarized in Fig. 4. The phase Cmc21 from the experiment
without pressure medium was transformed back to I4mm
phase at lower pressure during decompression compared to
that during pressure rising, indicating the phase transition is
sluggish at these temperatures. The difference in the transition pressure during compression and decompression becomes smaller at higher temperatures as the transition
kinetics getting faster at higher temperature. The phase
boundary that was identified from the experiment with
pressure medium is not marked in this figure, but it falls in
between the two boundaries defined above. All these data
consistently indicate that the equilibrium phase boundary
between the I4mm phase and Cmc21 phase has a positive slope
and locates within the area between compression boundary
and decompression boundary. This result disagrees with
previous multi-anvil X-ray diffraction study [30] which reported a negative slopped phase boundary. It is likely due to a

possible confusion between diffraction peaks from the high
pressure phase ammonia borane and its surrounding materials, since the sample position would be likely to shift at
higher pressure during the multi-anvil press.
The ClausiuseClapeyron relation gives the slope of the
tangent to the phase boundary. Thermodynamically,
dP=dT ¼ DS=DV
where, P is the pressure, T is the temperature, dP/dT is the
slope of tangent to the coexistence curve at any point, DS is the
specific entropy change during phase transition, and DV is the
specific volume change during phase transition. Therefore,
DS ¼ DV  ðdP=dTÞ
Our experiment indicates that dP/dT for the I4mm and
Cmc21 phase boundary is positive. As DV is always negative
upon compression (DV < 0), DS is therefore negative,
DS ¼ DV  ðdP=dTÞ < 0
During a phase transition, DG ¼ 0, therefore, the enthalpy
change for the transition,
DH ¼ DG þ TDS ¼ TDS < 0
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Fig. 3 e Synchrotron X-Ray diffraction patterns of ammonia
borane at room temperature (gray: I4mm, black: Cmc21)
during compression run.

Fig. 4 e Phase boundary between I4mm and Cmc21 phases
of ammonia borane by Raman spectroscopy. All the data
within a horizontal shaded area are taken at the same
temperature labeled on the left, but plotted separately for
easy recognition.
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Fig. 5 e Raman spectra of ammonia borane during decomposition at ambient pressure. a, first range of Raman spectra,
500 cmL1e2000 cmL1, as a function of temperature (the first six spectra from bottom) and a function of time at a constant
temperature of 88  C (rest of the spectra on the top); b, second range of Raman spectra, 2200 cmL1e4500 cmL1, as a function
of temperature (increasing from bottom to top); c, second range of Raman spectra (continue), 2200 cmL1e4500 cmL1, as a
function of time (from bottom to top) at a constant temperature of 88  C.
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where: DG is the specific Gibbs free energy change during the
phase transition.
The above analysis indicates that the Cmc21 phase has
lower enthalpy than that of I4mm phase. Therefore the pressure-induced phase transition from I4mm to Cmc21 is
exothermic. As previously reported [3], one of the barriers for
rehydrogenation of ammonia borane after the first two step
decompositions is the high exothermic enthalpies during the
decompositions. The current study indicates that the orthorhombic phase of ammonia borane has lower enthalpy than
that of tetragonal phase. If we assume decomposition from
the orthorhombic phase yields the same products as that from
the tetragonal phase, the decomposition of the orthorhombic
phase will be less exothermic. Therefore rehydrogenation from
the decomposed product into the orthorhombic phase at high
pressure may become easier. However, it is difficult to quantify
the enthalpy of the high pressure transition to give a quantitative estimation of how much easier such a rehydrogenation is.
The extrapolated I4mmeCmc21 phase boundary in low
temperature region crosses the temperature axis (at ambient
pressure) in a region between 30  C and 120  C, predicting a
low temperature phase transition at ambient pressure (as
shown in Fig. 4). This transition temperature matches well
with previous low temperature structural phase transition
studies (I4mm to Pnm21) at w48  C [22,34,40,43,46e49]. Fig. 4
also shows a phase boundary between the Cmc21 phase and
Pnm21 phase predicted by previous low temperature high
pressure Raman studies (the gray dashed line in Fig. 4) [53,54].
We didn’t find any features of decomposition from our high
pressure Raman spectra of ammonia borane at elevated
temperature up to 100  C and elevated pressures. However,
our additional experiment proved that the ammonia borane
could be decomposed below 100  C, even within 2 h at 88  C at
ambient pressure, as shown in Fig. 5. The DAC seals ammonia
borane in a limited space, which increased the decomposition
temperature. This result is consistent with previous reports
[45]. On the other hand, the difficulties in the decomposition
may also indicate an easier reversible rehydrogenation.

Conclusion
The Raman spectroscopy study shows that the first-order
phase transition from I4mm to Cmc21 in ammonia borane is
reversible with a small hysteresis, while the phase boundary
shifts towards higher pressure with a positive Clapeyronslope at higher temperature. The positive Clapeyron-slope
indicates that the phase transition is exothermic. This result
indicates that the rehydrogenation of the high pressure
orthorhombic phase would be easier due to its lower enthalpy
compared to that of ambient pressure tetragonal phase.
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