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Reversible hydrogen sorption in NaBH, at lower
temperatures

Lina Chong,? Jianxin Zou,*®® Xiaoqin Zeng® and Wenjiang Ding?”

In the present study, a new hydrogen storage system, being able to reversibly absorb/desorb hydrogen at
fairly low temperatures, was developed based on a 3NaBH4—PrF; composite. It is shown that 3 wt% of
reversible hydrogen sorption can be achieved in the 3NaBH4—PrF3; composite at 400 °C with fast kinetics.
After the addition of 5 mol% VFs, the dehydrogenation kinetics of the 3NaBH,—PrF; composite can be
significantly improved. The onset dehydriding temperature is lowered down to 46 °C in vacuum, and the
dehydrogenation finishes in 2 min at 400 °C. Both the dehydrogenation enthalpy and activation energy
of 3NaBH4—PrF3 can be lowered down through the addition of VFs. In particular, the dehydrogenation
products of the 3NaBH4—PrF3-5 mol% VF; composite can be rehydrogenated at a temperature as low as
48 °C with the regeneration of NaBH,4. At 84 °C, a reversible hydrogen sorption of about 1.2 wt% can be
achieved in the 3NaBH;—PrFs—5 mol% VFs; composite. The improvement in hydrogen sorption properties
can be mainly attributed to the formation of the VB, phase during dehydrogenation as an efficient
catalyst, which maintains well its catalytic effect in the re-/dehydrogenation cycles. Based on a series of
controlled experiments and phase analyses, the de-/rehydrogenation mechanisms of the 3NaBH,—PrFs
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1. Introduction

Hydrogen energy has long been considered as the most
promising energy source for future human society due to its
advantages, such as cleanness, inexhaustible resources, high
efficiency and environmental friendliness. However, hydrogen
storage is now becoming the bottleneck towards the future
“hydrogen economy”. Among different hydrogen carriers,
solid-state hydrogen storage materials hold remarkable
potential for on-board and stationary applications. In partic-
ular, metal hydrides have been widely accepted as highly
desirable hydrogen carriers due to their high safety and high
gravimetric/volumetric hydrogen content."* Recently, metal
borohydrides M(BH,), have been extensively investigated as
potential on-board hydrogen storage carriers owing to their
high gravimetric hydrogen contents and good stability at room
temperature.*” However, the unfavorable thermodynamic and
kinetic properties of this class of materials have limited their
practical applications.*® Much research has focused on
improving the hydrogen storage properties of the widely
known borohydrides such as LiBH,, NaBH,, Ca(BH,), and
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composite without and with VFs addition are proposed and discussed in detail.

Mg(BH,),." Different systems containing these borohydrides
and catalysts/reagents have been developed in the past decade.
However, none could meet the targets set by the U. S.
Department of Energy (DOE) for on-board hydrogen carriers.'®
The high operating temperature and poor reversibility are the
major problems faced by borohydride containing hydrogen
storage materials.

NaBH,, the first known borohydride, is fairly stable in air
and has gravimetric and volumetric hydrogen contents of 10.8
wt% and 115 kg of H, m ™, respectively. Most studies on NaBH,
focused on catalyzed hydrolysis which was so far one of the
possible approaches to utilize its high hydrogen capacity for
onboard applications.** Alternatively, NaBH, can yield hydrogen
through thermal decomposition by the following reaction:

NaBH; — Na + B + 2H,. (1)

However, the standard formation enthalpy of NaBH, is
—191.836 kJ mol™',*> which means that NaBH, is thermody-
namically very stable. Consequently, its decomposition starts at
about 565 °C,***' which is apparently too high to be used as an
on-board hydrogen carrier.

Many approaches, such as reactant destabilization,
nanoconfinement® in nanoporous scaffolds and catalyst addi-
tion,*® have been employed to ameliorate the thermodynamics
and kinetics of NaBH,. One promising approach is to add metal
hydrides into NaBH, to form yNaBH,/MH, type composites. In
these composites, corresponding metal-borides would be
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formed after dehydrogenation. The formation of metal-borides,
such as MgB,, CaBe, etc., not only stabilizes the dehydrogenated
products, but also allows the rehydrogenation to take place
under moderate conditions due to the fact that the activation
energy needed to break the B-M bond is remarkably lower than
that needed for the B-B bond.** Thus, it is essential to employ a
material which will react with NaBH, to produce metal-borides
during dehydrogenation. Reducing the enthalpy gap between
desorption products and NaBH, as mentioned above is impor-
tant for making NaBH, reversible under moderate conditions
for practical applications. It has been established recently that
metal fluorides have similar effects as metal hydrides. Indeed,
F~ and H™ have quite similar ionic radii and chemical proper-
ties. The rare-earth borides constitute a class of materials which
possess interesting and unique physical and chemical proper-
ties, such as superconductivity and ferromagnetism.**** The
boron atoms may form two-dimensional networks and three-
dimensional frameworks in rare-earth borides.?® Moreover, the
standard enthalpies of formation of some lanthanide borides
are lower than other metal-borides when they are formed in
borohydride containing hydrogen storage systems. For
instance, standard formation enthalpies of PrB, and PrB, are
—265.5 &+ 8 and —359.1 + 39.9 kJ mol ' ,*® respectively, which
are much lower than those of MgB, (—93.221 k] mol " (ref. 26))
and CaBg (—123.591 k] mol " (ref. 27)). Therefore, it is easier to
form B-Pr phases than to form MgB, or CaBs. Recently, rare
earth containing additives have been investigated to destabilize
borohydrides in different hydrogen storage systems, such as
RCl; (R =Y, Dy, Gd),*® and CeH,* in LiBH, based systems and
NdF;* and YF;* in NaBH, based systems. In our recent study
on the 3NaBH,-NdF; system, we have demonstrated that NdF;
could significantly improve the hydrogen storage performance
of NaBH, by the formation of NdB4 during the dehydrogenation
process, which is the key factor for reversibility. Theoretical
calculations indicated that F~ anions may participate in the
dehydrogenation reaction by lattice substitution for the H™
anions,* which could result in favorable thermodynamic
modifications. Such an effect was named as “functionality” of
F~ anions. It was demonstrated that the addition of transition
metal (TM) compounds to borohydrides as catalysts could
significantly enhance the hydrogen de/absorption kinetics of
borohydrides owing to the catalytic role of the transition metals
or their cations. Bosenberg et al.** reported that V-based addi-
tives significantly enhanced the reaction kinetics in hydride
containing composites. Moreover, Zaluska and Zaluski**
claimed that anions (N*~, 0°7, etc.) could be incorporated into a
catalyst complex to play a critical role in tuning the activity of
the catalyst for hydrogen dissociation/recombination. On the
other hand, Barkhordarian®* et al. proposed that F~ anions
could provide electron-rich centers to trap transition metal
cations, and thereby tailor the electronic structure of the tran-
sition metal cations to influence its activity for hydrogen
dissociation/recombination.

Motivated by the above theoretical and experimental find-
ings, we further extended our study to investigate the effect of
lanthanide fluoride-PrF;- on hydrogen sorption in NaBHy, as
well as the effect of the addition of VF; as a catalyst on the
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binary system-3NaBH,-PrF;. Our study reveals that the addition
of PrF; into NaBH, could result in a notable decrease of the
dehydrogenation temperature and an increase in hydrogen
sorption kinetics of NaBH,. In addition, the minor addition of
VF; as a catalyst leads to further improvement in dehydroge-
nation kinetics and allows the rehydrogenation of NaBH, to
occur at lower temperatures (i.e. 48 °C). Based on the experi-
mental investigations, the mechanisms of de-/rehydrogenation
in binary 3NaBH,-PrF; and ternary 3NaBH,-PrF;-5 mol% VF;
composites are proposed and discussed in detail. The results
gathered in this study will show the potential to achieve
reversible hydrogen sorption in NaBH, at lower temperatures
through the co-addition of 4f rear earth fluorides as reagents
and 3d transition metal fluorides as catalysts.

2. Experimental

Commercially available NaBH, (~95%) was purchased from
Aladdin Reagent Database, Inc. PrF; (99.9%) and VF; (98%)
powders were obtained from Alfa Aesar. All of the chemicals
were used as received without further purification. The sample
storage and handling were performed in a Lab 2000 glove box
(Etelux Intertgas system Co., Ltd.) filled with purified argon. The
3NaBH,-PrF; mixture was prepared by mechanical ball milling
under an Ar atmosphere for 16 h using a QM-1SP2 planetary ball
mill at 456 rpm in a stainless steel vessel. For the ternary
composite, two grams of NaBH,, PrF; and VF; in a 3:1:0.2
molar ratio were milled under the same conditions for the sake
of comparison. The stainless steel vessel for ball milling was
100 ml, and the weight ratio of the sample to the ball was 1 : 30.

Hydriding/dehydriding properties of the samples were
measured by using a Sievert type apparatus manufactured by
the Shanghai Institute of Microsystem and Information Tech-
nology. The pressure-concentration-temperature (PCT) mea-
surements were performed at different temperatures in the
hydrogen pressure range of 0.001-4.6 MPa. Before each dehy-
drogenation kinetic measurement, the sample chamber was
first filled with 5 MPa hydrogen, then after the temperature was
quickly raised to and kept at the desired ones, the sample
chamber was quickly evacuated. All the samples were thor-
oughly dehydrogenated at 415 °C for 2 h under dynamic vacuum
before each rehydrogenation kinetic measurement. For the
ternary system, some samples were rehydrogenated at relatively
low temperatures (i.e. 48 °C, 84 °C, 102 °C and 150 °C) under an
initial hydrogen pressure of 3.2 MPa. The subsequent hydrogen
desorption measurements were carried out at 84 °C and 100 °C
under an initial hydrogen pressure of 0 and 0.9 MPa. Temper-
ature-programmed-dehydrogenation (TPD) measurements were
performed for both the binary and ternary composite samples
starting from vacuum at a heating rate of 3 °C min~. The
absorbed/desorbed hydrogen was determined by volumetric
methods. For comparison, the weights of VF; were taken into
account in the determination of the H-capacity of the ternary
composite.

Dehydriding behaviors of samples were examined by
synchronous thermal analyses using a thermogravimeter/
differential scanning calorimeter (TG/DSC, Netzsch, STA 449 F3
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Jupiter) equipped with a mass spectrometer (MS, HIDEN, HPR-
20 QIC, Gas Analysis System). The heating rate was set at 3, 5
and 10 K min—", with the temperature rising from 26 to 500 °C
under a 1 bar flowing argon atmosphere.

The samples at different states were characterized by X-ray
diffraction (XRD Rigaku D/MAX-2500, VL/PCX, Cu Ko radia-
tion), X-ray photoelectron spectroscopy (XPS, A AXIS
ULTRADLD, Al Ku radiation), Fourier transform infrared spec-
trometry (FTIR Spectrum 100 facility, Perkin Elmer, Inc., USA),
and Scanning Electron Microscopy (SEM, Hitachi S-4800), as
well as Energy Dispersive X-ray Spectroscopy (EDS) attached to
SEM. In order to minimize the H,0/O, contamination during
the XRD measurements, samples were flattened into the spec-
imen holders covered by arch glass on each side in the Ar filled
glove box and sealed with airtight amorphous tape which shows
a broad peak around 26 = 15° in XRD patterns. For the XPS
measurements, binding energy calibration of all samples was
done using the C 1s peak (284.5 eV), and an Ar + ion gun was
used for etching. Vibration spectra of the species in absorbance
mode were obtained using a KBr tablet method with the mass
ratio of the sample to KBr being 1 : 60 in FITR measurements.

3. Results and discussion

3.1 Thermal de-/rehydrogenation behaviors of the 3NaBH,-
PrF; and 3NaBH,-PrF;-5 mol% VF; composites

The dehydrogenation behaviors of the ball-milled 3NaBH,-PrF;
composite without and with VF; addition were first evaluated by
TG-DSC-MS measurements under a 1 bar argon atmosphere
with the heating rate being 10 K min~". For dehydrogenation of
the 3NaBH,-PrF; composite, Fig. 1(a) shows an endothermic
peak together with a mass loss at 439 °C when the heating rate is
10 K min~", which is about 78 °C lower than that of pure NaBH,
under the same condition.*® The hydrogen released from the
3NaBH,-PrF; composite can reach 3.46 wt%, which is fairly
close to the theoretical hydrogen content of the composite (3.53
wt%). Fig. 1(b) shows that only H, (with a mass of 2) is detected
during the dehydrogenation of the 3NaBH,-PrF; composite. For
the thermal decomposition of 3NaBH,-PrF;-5 mol% VF;, as
seen in Fig. 1(a), the endothermic peak is located at 417 °C when
the heating rate is 10 K min "', showing that VF; can further
lower down the decomposition temperature of 3NaBH,-PrF;. In
addition, the TG curve shows that the mass loss starts from
70 °C, and the total mass loss is 3.53 wt%, which is fairly close to
the theoretical hydrogen content of the 3NaBH,-PrF;-5 mol%
VF; composite (3.60 wt%). That is to say, the decomposition of
this composite is nearly complete.

To further investigate the desorption behaviors of 3NaBH,—
PrF; without and with 5 mol% VF; doping, as well as the effects
of VF; on the dehydrogenation kinetics, the activation energies
of dehydrogenation for the two samples were determined from
DSC data using the Kissinger equation:*®

d (ln i,)
T, E,

)"
Tp
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Fig. 1 (a) DSC/TG curves (with the heating rate being 10 K min~") and DSC
curves (with the heating rate being 5 and 3 K min~") of the 3NaBH4—PrF; and
5 mol% VF;-doped 3NaBH,—PrF3 composites under a 1 atm argon atmosphere;
(b) MS curve of the 3NaBH4—PrF3 composite in the range of m/z from 0 to 50; (c)
Kissinger plots of the dehydrogenation of 3NaBH4—Prf; and 3NaBH;—Prf3-5
mol% VF3 composites.

where T, is the peak temperature corresponding to the heating
rate 3, E, the activation energy and R the gas constant. DSC
curves for the 3NaBH,-PrF; and the 3NaBH,—PrF;-5 mol% VF;
composites with heating rates being 3 and 5 K min~" are also
shown in Fig. 1(a). As expected, the endothermic peak corre-
sponding to the maximum rate of dehydrogenation shifted to
higher temperatures as the heating rate increased. Table 1
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Table 1 The peak desorption temperatures corresponding to the two
composites measured by DSC at different heating rates under a 1 bar argon
pressure

Heating Peak
Sample rates/K min ™" temperature/°C
3NaBH,-PrF, 3 419
5 428
10 439
3NaBH,-PrF,;-5 mol% VF, 3 390
5 401
10 417

presents the temperatures corresponding to each peak at
different heating rates from the DSC curves in Fig. 1(a). The
plots based on the Kissinger equation are drawn in Fig. 1(c). It
can be seen that the favorable intrinsic linearity of all the curves
is well presented by the Kissinger equation. From the obtained
results, the activation energy (E,) for the 3NaBH,-PrF;
composite was 235.3 k] mol ', while E, decreased to 156.1 k]
mol! when 5 mol% VF; was added to the 3NaBH,-PrF;
composite. This result clearly showed that the addition of
5 mol% VF; could reduce the dehydrogenation energy barriers
for the 3NaBH,-PrF; composite.

To characterize the de-/rehydrogenation behaviors and
investigate their thermodynamic properties, PCT absorption
and desorption isothermal curves for the 3NaBH,-PrF;
composite at 380 °C, 400 °C, 415 °C and for the 3NaBH,-PrF;-
5 mol% VF; composite at 325 °C, 390 °C, 400 °C, 410 °C were
collected, as shown in Fig. 2(a). It can be seen that the 3NaBH,-
PrF; composite exhibits stable and long absorption-desorption
plateaus, e.g., at 415 °C, the stable absorption plateau starts
from about 0.2 to 2.6 wt% and the stable desorption plateau
starts from about 2.6 to 0.15 wt%, indicating that the 3NaBH,—
PrF; composite has a good hydrogen storage reversibility. In
addition, the reversible hydrogen absorption capacity increases
with the increasing temperature, and the dehydrogenation is
nearly complete at each testing temperature, as shown in
Fig. 2(a)-up. For example, at 380 °C, 400 °C and 415 °C, the
reversible hydrogen absorption capacity of the 3NaBH,-PrF;
composite is 2.61, 2.71 and 2.90 wt%, which corresponds to
73.9%, 76.9% and 82.1% of its theoretical value (3.53 wt%),
respectively. Furthermore, there is a hysteresis between
absorption and desorption isotherms. A similar phenomenon
has been observed in the 3NaBH,-NdF; and 3NaBH,-YF;
systems.>**" Fig. 2(a)-down shows the PC isotherms of the
3NaBH,-PrF;-5 mol% VF; composite. It reveals the following
aspects. Firstly, the 3NaBH,-PrF;-5 mol% VF; composite is also
a reversible hydrogen storage system with a reversible hydrogen
capacity of 2.95 wt% which is 82.0% of its theoretical value (3.60
wt%) at 400 °C. Secondly, no distinct absorption plateaus can be
observed in those curves, which is different from the absorption
behaviors of the 3NaBH,-PrF; composite. This means that the
hydrogenation equilibrium is not achievable under present
conditions. Thirdly, there still exists the phenomenon of
hysteresis between absorption and desorption curves. However,
the hysteresis was postponed, indicating a better desorption
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Fig.2 (a) PCT curves of the 3NaBH;—PrFs composites measured at 380, 400 and
415 °C, as well as 5 mol% VFs-doped 3NaBH4—PrFs composites measured at 325,
390, 400 and 410 °C. (b) van't Hoff diagrams showing de-/rehydrogenation
equilibrium pressures over temperatures for the 3NaBH;—PrFs composites as well
as dehydrogenation equilibrium pressure over temperatures for 3NaBH,—PrFs—
5 mol% VF5 composites.

kinetics than that of the 3NaBH,-PrF; composite. From the
comparison of hydrogen sorption behaviors shown in Fig. 2(a),
it seems that the addition of VF; to 3NaBH,-PrF; favors the
desorption rate but lowers down the absorption rate. The fact
that the catalysts have more positive effects in enhancing the
dehydrogenation kinetics than hydrogenation kinetics has also
been reported in LiBH, containing systems.*”*

Since PrF; and VF; have positive effects in enhancing the re-/
dehydrogenation performance of NaBH,, the thermodynamic
parameters, enthalpy and entropy changes, of the 3NaBH,-PrF;
as well as the 5 mol% VF;-doped 3NaBH,-PrF; composite
during re-/dehydrogenation were calculated by using van't Hoff
equation: In(Peq) = —AH/RT + AS/R, where P is the reaction
pressure, T is the absolute temperature, and R is the gas
constant. Table 2 summarizes the data corresponding to
Fig. 2(a). Fig. 2(b) shows the van't Hoff plots for the 3NaBH,-
PrF; composite both for absorption and desorption, and for
desorption in the 5 mol% VFz-doped 3NaBH,-PrF; composite.
For the 3NaBH,-PrF; composite, van't Hoff equations are
expressed as In(P.q/MPa) = —8.12/T + 11.67 for desorption and
In(P.q/MPa) = —2.21/T + 4.02 for absorption. For the 5 mol%
VF;-doped 3NaBH,-PrF; composite, van't Hoff equation is
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Table 2 PCT data corresponding to Fig. 2(a)
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3NaBH,-PrF,

3NaBH,-PrF;-5 mol% VF;

Absorption Desorption Reversible hydrogen Desorption Reversible hydrogen
Temperature/°C plateaus/MPa plateaus/MPa sorption/wt% Temperature/°C plateaus /MPa sorption/wt%
380 1.923 0.509 2.61 390 0.555 2.87
400 2.063 0.631 2.71 400 0.646 2.95
415 2.299 0.954 2.90 410 0.764 2.53

determined to be In(P.q/MPa) = —7.24/T + 10.33 for dehydro-
genation. The dehydrogenation enthalpy of the 3NaBH,-PrF;
and the 5 mol% VF;-doped 3NaBH,-PrF; composites is 67.5 kJ
mol ' H, and 60.2 k] mol~* H,, respectively. These values are
much smaller than that of NaBH, alone (200 k] mol™" H,).*
Additionally, the rehydrogenation enthalpy and entropy of the
3NaBH,-PrF; composite are —18.4 k] mol * H, and 33.4 J K *
mol ', respectively. Compared with pure NaBH,, the addition
of PrF; decreases the dehydrogenation enthalpy by 132.5 kJ
mol™ ' H,, which is further decreased by 7.3 k] mol ' H,
through the addition of 5 mol% VF;, indicating that the ther-
modynamics of NaBH, in those two systems are remarkably
improved. It is worth noting that the asymmetric desorption
and absorption may result from the difference between dehy-
drogenation and rehydrogenation enthalpies as shown in the
3NaBH,-NdF; composite, which arises from different reaction
pathways during de/rehydrogenation.*® The mechanisms about
re-/dehydrogenation behaviors in 3NaBH,-PrF; and 5 mol%
VF;-doped 3NaBH,-PrF; composites will be proposed in the
following sections.

3.2 Phase characterizations

To gain insights into the effects of PrF; and VF; on hydrogen
sorption in NaBH,, a series of controlled experiments and a
combination of XRD, FTIR and XPS analyses were conducted to
determine the chemical reactions after milling as well as
different heating processes. Fig. 3 shows the results of XRD and
FTIR analyses on pure NaBH,, the 3NaBH,-PrF; and 3NaBH,—
PrF;-5 mol% VF; composites under different conditions.

As seen in Fig. 3(a)(A) and (B), there is no new phase present
in the ball milled sample except NaBH, (JCPDS no.09-0386)
and PrF;, which indicates that a simple physical mixing of
NaBH, and PrF; occurred after ball milling for 16 h under an
argon atmosphere. As shown in Fig. 3(a)(C), after dehydroge-
nation at 400 °C for 1.5 h in vacuum, new compounds, NaF
(JCPDS no.70-2508), PrH, and PrB,, are formed accompanied
with the disappearance of NaBH, and PrF;. In contrast, a new
peak appeared at a 26 of 46°, corresponding to NaBF,, but
showed a smaller lattice parameter, which hinted the forma-
tion of NaBF, ,H,. A similar phenomenon has been observed
in the 3NaBH,-NdF; composite,** which is associated with F~
substitution for H™ in the NaBH, lattice and has been theo-
retically elucidated to be an energetically favorable process.*
After rehydrogenation at half maximum capacity, NaBH, and
PrF; were regenerated as shown in Fig. 3(a)(D). Meanwhile,
XRD patterns also revealed that NaPrF,, Na,Pr¢F;; and PrF,
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were generated accompanied with PrH,, PrBs and NaF fading
away after half-rehydrogenation. In addition, the new peak at
37.6° corresponds to (200) of NaF (JCPDS no.75-0448), but
shows a larger lattice parameter, indicating the formation of
NaF,_,H,. This is resulted from the substitution of H™ for F~
in NaF."* After full-rehydrogenation, as shown in Fig. 3(a)(E),
the diffraction intensities of NaBH, and NaPrF, are stronger,
with the disappearance of PrH,, PrB; and NaF. The presence of
NaPrF, and Na,Pr¢F3; as byproducts could result in the
incomplete rehydrogenation of NaBH,. New phase-PrB, was
present in the 2"%-half-dehydrogenation products as seen in
Fig. 3(a)(F), which is different from the XRD pattern of
Fig. 3(a)(D). However, it disappeared after 2"%-full-dehydroge-
nation (Fig. 3(a)(G)). The possible reactions during ball
milling, dehydrogenation and rehydrogenation were further

—~
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Fig.3 XRD patterns (a) and FTIR patterns (b) of the samples: (A) pure NaBHy; (B)
as-milled 3NaBH4—PrF3; (C) sample (B) 1°-dehydrogenated after 1.5 h at 400 °C;
(D) half rehydrogenated sample (C); (E) full-rehydrogenated; (F) Z”d—half—dehy—
drogenated; (G) 2"%-dehydrogenated.
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investigated by FTIR measurements, as shown in Fig. 3(b). In
Fig. 3(b)(A) and (B), both pure NaBH, and the ball milled
3NaBH,-PrF; composite showed peaks at 2225 2292, 2355
cm* for the stretching band of B-H and a peak at 1126 cm™*
for the bending band located in the B-H vibration range for
borohydrides. These peaks come from NaBH,. In contrast, in
Fig. 3(b)(C) and (G), the disappearance of the vibration of the
B-H bands after 1°- and 2"%-dehydrogenation indicates the
complete decomposition of NaBH,. The signatures of [BH,]
bending at 1124 cm™" and [BH,] ™ stretching at 2223, 2291 and
2356 cm ' are clearly observed in Fig. 3(b)(D) and their
vibration intensity became stronger as shown in Fig. 3(b)(E),
which further confirmed the regeneration of NaBH, after
rehydrogenation, agreeing well with the XRD results (Fig. 3(a)).
In addition, new weak peaks around 522 and 1052 cm ™ * were
present in the 1%-dehydrogenation and 2"%-full-dehydrogena-
tion states, as can be seen in Fig. 3(b)(C) and (G). These two
peaks have also been observed in 3NaBH,-NdF;* and the
crystal NaBF,-doped r-histidine.”” They were marked as
bending deformations of [BF,]” and [BF,]” asymmetric
stretching, respectively. The formation of B-F bonds was
observed by Gosalawit-Utke et al.** in the study of LiF-MgB,
composites, which resulted from the substitution of F~ for H™
during the dehydrogenation process. Therefore, the formation
of Na-B-F-H phases resulting from the substitution of ¥~ for
H™ may also occur in the 3NaBH,-PrF; composite during the
dehydrogenation process, which also agrees with the XRD
result shown in Fig. 3(a). Additionally, the signature of B-B
bending at 844 cm™* (ref. 44) is present in the half 2"%-dehy-
drogenation products as shown in Fig. 3(b)(F). Moreover, a new
weak peak at 2500 cm ™" was observed in Fig. 3(b)(C-G), which
may be due to the presence of trace amounts of Nay[B;,H;,].*
Both B and Na,[B;,H;,] were not detected in the XRD pattern
due to their low volume content and/or their amorphous form.
Na,[B1,Hy,] is a very stable compound according to the first
principles calculation,** which does not change during de-/
rehydrogenation processes.

Among the desorption products, PrBs shows weak crystalli-
zation and its diffraction peaks overlapped with peaks from PrB,
at the low diffraction angles, which makes it hard to distinguish
the two phases by XRD analyses. X-ray photoelectron spectros-
copy is thus applied to characterize the dehydrogenation prod-
ucts. The parallel XPS analyses of the dehydrogenated products
of 3NaBH,-PrF; further evidenced the formation of PrBg, as
shown in Fig. 4. It is seen that the Pr 3d spectrum can be
resolved into two sets of 3ds/,,—3d;/, spin-orbit doublets at 932.2
and 952.7 eV, respectively. In B1s, two different chemical states
are identified at 187.6 and 192.2 eV. The lower binding energy is
the characteristic peak of PrBs according to the literature
whereas the higher one can be attributed to B,0;.*® The slight
oxidation of the sample is unavoidable when the sample is taken
out and loaded during the XPS measurement.

Fig. 5 shows the results of XRD and FTIR analyses on the
3NaBH,-PrF;-5 mol% VF; composite, the products of the
composite after dehydrogenation and rehydrogenation, as well
as the ones after half-rehydrogenation and half-dehydrogena-
tion. Similar to what was observed in the milled 3NaBH,-PrF;
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Fig. 5 XRD patterns (a) and FTIR patterns (b) of the samples: (A) as-milled
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time; (C) half rehydrogenated sample (B); (D) full rehydrogenated; (E) half
dehydrogenated sample (D); (F) completely dehydrogenated.

composite, Fig. 5(a)(A) revealed that the milled 3NaBH,-PrF;-
5 mol% VF; composite was also a simple physical mixture.
However, the XRD analysis did not detect the diffraction peaks
of VF; due to its low content or nanocrystalline form. In addi-
tion, the lattice parameters of NaBH, (JCPDS no.09-0386) in the
3NaBH,-PrF; composite were calculated by XRD refinements
as:a=h=c=6.162(2) A, « = § = y = 90° and the unit-cell
volume is 234.02 A®. Whereas, the lattice parameters of NaBH,
in the 3NaBH,-PrF;-5 mol% VF; composite were calculated as:
a=b=c=6.189 (1) A, « = § = y = 90° and the unit-cell volume
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is 237.06 A®. The larger lattice parameters of NaBH, in the 5
mol% VF; doped 3NaBH,-PrF; composite than those of NaBH,
in the 3NaBH,-PrF; composite indicate that VF; might be dis-
solved into NaBH, and form a kind of solid state solution. To
eliminate the possibility that the amount of VF; added was too
low to generate any detectable diffraction intensity, a 3NaBH,-
VF; composite was also prepared through ball milling and it
showed only the NaBH, phase, which confirmed the formation
of a solid solution. This might be the reason why VF; cannot be
detected by XRD measurements. After dehydrogenation at 400
°C, NaBH, and PrF; disappeared, while Pr, NaF, PrB,, Na,Pr¢F3,
and PrF, were observed, as shown in Fig. 5(a)(B). The remaining
PrF; indicates an incomplete reaction during the dehydroge-
nation process. By comparing Fig. 5(a)(C) with (D), it can be
observed that, as the hydrogenation time prolonged, the peak
intensities of NaBH,, NaPrF, and PrF; gradually increased. By
comparing Fig. 5(a)(E) with (F), it can be observed that, as the
dehydrogenation time prolonged, the peak intensities of
NaBH,, NaPrF, and PrF; diminished gradually accompanied
with the formation of Pr, NaF and PrB,. In addition, Fig. 5(a)(C)
and (E) show two identical XRD patterns. The results demon-
strate the opposite reaction pathway of dehydrogenation
compared to the hydrogenation one in the 3NaBH,-PrF;-5
mol% VF; composite. As byproducts, Na,Pr¢F;; and PrF, are
still present in the 3NaBH,~PrF;-5 mol% VF; composite during
the subsequent re-/dehydrogenation processes. It is worth
noting that no Pr-H phase is detected by XRD in the 3NaBH,-
PrF;-5 mol% VF; composite during the dehydrogenation
process, which is different from the dehydrogenation of the
3NaBH,-PrF; composite. Also, no V-relevant products were
identified in any of the samples shown in Fig. 5(a).

The possible chemical changes during ball milling and de-/
rehydrogenation were further investigated by FTIR measure-
ments, as shown in Fig. 5(b). The signatures of [BH,] bending
at 1126 cm™ ', and stretching at 2225, 2292 and 2357 cm™ " were
clearly observed in ball milled and rehydrogenated samples, as
shown in Fig. 5(b)(A) and (D). This confirmed the formation of
NaBH, after rehydrogenation. In Fig. 5(b)(B) and (F), no vibra-
tion bands of B-H coming from the [BH,]~ ligand were detected
after dehydrogenation at 400 °C for 1.5 h, indicating a complete
decomposition of NaBH, in 3NaBH,-PrF;-5 mol% VF;. And the
peaks corresponding to B-B bending at 847, 2950 and 706 cm ™
according to the literature** were present in both first dehy-
drogenated and second dehydrogenated products.

The peaks located at around 1630 and 3445 cm™ ' belong to
H-O-H for bending bands and O-H for stretching bands,
respectively, as shown in Fig. 3(b) and 5(b). This results from the
unavoidable moisture absorption of the sample during the FTIR
measurements.

XPS analyses were used to further distinguish the Pr-B pha-
ses in dehydrogenated products, as well as to identify the V-
containing phase in the de-/rehydrogenated 3NaBH,-PrF;-
5 mol% VF; composite. The results are shown in Fig. 6. It is seen
that the Pr 3d spectrum shows two sets of 3ds5,,-3d3,, spin-orbit
doublets at 931.2 and 952.7 eV, which is different from the
spectrum of PrBs shown in Fig. 4. The peak fitting reveals that
the B 1s peak in dehydrogenated products of the 3NaBH,-PrF;-
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5 mol% VF; composite has three different contributions: PrBy,
VB, and B,0; which appear in B 1s at 188.0, 186.9 and 191.3 eV
according to the literature,*®*® respectively. For the dehydro-
genated sample of the 3NaBH,-PrF;-5 mol% VF; composite,
the V 2p spectrum can be resolved into two spin-orbit-split
doublets at 512.6 (V 2ps;) and 515.8 eV. The higher binding
energy contribution is the characteristic of oxidized vanadium,
whereas the second one (512.6 eV) can be attributed to VB,
according to the literature.”® For the rehydrogenated sample of
the 3NaBH,-PrF;-5 mol% VF; composite, V 2p binding energies
are 512. 5 and 515.9 eV, which are all in the range of the binding
energy of VB, and oxidized vanadium, respectively. According to
the XPS analyses, VF; has completely reacted with NaBH, upon
heating at 400 °C, resulting in the formation of VB,. The formed
VB, maintains its phase stability in the subsequent de-/rehy-
drogenation processes. Fig. 6(b) shows that the atomic
concentration of V is only 0.4 at.%, which is 1/35 of Na at.%.
Compared with the initial atomic concentration of V (1/15 of Na
at.%), the decreased atomic concentration of V on the surface
upon de-/rehydrogenation indicates the migration of part of
V atoms/ions towards bulk, where they favor heterogeneous
reactions at the interface of reactants according to the
literature.* The higher atomic concentration of Pr in the
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Fig. 7 Typical SEM images, the corresponding EDS spectra and elemental
distribution maps of the 3NaBH,~PrFs-5 mol% VF3; composite after 1°* dehy-
drogenation (a) and 1° rehydrogenation (b).

dehydrogenated 3NaBH,-PrF;-5 mol% VF; composite than the
dehydrogenated 3NaBH,-PrF; composite indicates again the
favorable effect of VB, in improving the heterogeneous nucle-
ation of PrB,. A similar phenomenon has been observed in the
study of Ti-based compound doped LiBH,-MgH,.*

The SEM micrographs, EDS spectra, and elemental distri-
bution maps recorded from the de-/rehydrogenated samples of
3NaBH,-PrF;-5 mol% VF; are given in Fig. 7. SEM images in
Fig. 7(a) and (b) reveal that the de-/rehydrogenated composites
are composed of irregular shaped particles having sizes ranging
from tens of nm to several pm. The corresponding EDS spectra
show peaks mainly belonging to Na, B, Pr, Vand F. C and O can
be also detected. They may come from contaminations or
conductive tape below the composite powders. The elemental
distribution maps of B, Pr and V show that these 3 elements are
distributed fairly homogenous in both dehydrogenated and
rehydrogenated composite samples.

3.3 De-/rehydriding kinetics for 3NaBH,-PrF; without and
with VF;-doping

The effects of PrF; and VF; on the hydrogen sorption revers-
ibility in NaBH, were further investigated. The rehydrogenation
behaviors of the 3NaBH,-PrF; composite were examined under
3.2 MPa of hydrogen at 385 °C, 400 °C and 415 °C, as shown in
Fig. 8(a)-up. All the measurements were carried out after the
initial dehydrogenation at 420 °C for 2 h under vacuum. The
dehydrogenated samples showed good absorption kinetics:
the hydrogen uptake reached up to 3.48 wt% in 2 h at 415 °C,
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Fig. 8 (a) Isothermal profiles of rehydrogenation of: 3NaBH4—PrF3 samples at
385,400 and 415 °Cunder 3.2 MPa; 3NaBH4—PrFs—5 mol% VFs samples at 48, 84,
102 and 150 °C under 3.2 MPa; (b): (up): FTIR spectra of 3NaBH4—PrF3-5 mol%
VF3 samples: (A) dehydrogenated completely for the first time at 430 °C under
vacuum; after rehydrogenation under 3.2 MPa of hydrogen at: (B) 48 °C for 6 h;
(c) 84 °C for 4 h; (D) 102 °C for 2.6 h; (E) 150 °C for 2.6 h; (bottom): the
enlargement of (up) from the wavenumber of 2100 to 2350 cm~".

which was fairly close to the theoretical hydrogen content of the
composite. While at 385 and 400 °C, the sample can absorb 2.53
wt% and 2.81 wt% of hydrogen in 2 h, respectively. The effect of
VB, on reversible hydrogenation of the 3NaBH,-PrF;-5 mol%
VF; composite was subsequently investigated by several
designed experiments conducted at relatively low temperatures.
Fig. 8(a)-down shows the isothermal rehydrogenation behaviors
of dehydrogenated 3NaBH,-PrF;-5 mol% VF; samples exam-
ined under 3.2 MPa of hydrogen pressure at 48 °C, 84 °C, 102 °C
and 150 °C, respectively. As indicated in Fig. 8(a)-down, the
sample of dehydrogenated 3NaBH,-PrF;-5 mol% VF; can
absorb 2.23 wt% of hydrogen in 2.4 h at 150 °C. The hydrogen
absorption capacity varies with the temperature, reaching 1.36
wt% in 2.4 h at 102 °C, and 1.19 wt% in 4 h at 84 °C. Even at 48
°C, the sample can still absorb 0.43 wt% in 4 h, which means
that 12.3 wt% of NaBH, in the composite can be regenerated
under this condition. The rehydrogenated samples obtained at
low temperatures (48, 84, 102, 150 °C) as well as the dehydro-
genated sample were further subjected to FTIR examinations, as
shown in Fig. 8(b). Fig. 8(b)-down shows the enlargement of (b)-
up from the wavenumber of 2100 to 2350 cm ™. The signatures
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of [BH4]” bending at 1126 cm ™" and stretching at 2225 and 2292
ecm~' were obtained in all the rehydrogenated samples
(Fig. 8(b)), indicating the regeneration of NaBH,. The peak
intensities of [BH,]” stretching increase with increasing
temperature (Fig. 8(b)-down), showing the increasing amount of
regenerated NaBH, with increasing temperature. In addition, a
new transmittance emerges at around 2470 cm™ ', which agrees
well with the B-H vibration of [B;,H;,]*". The presence of
[B1Hi,]>~ containing compounds may be one of the reasons
resulting in the incomplete reversibility in the 3NaBH,-PrF;-
5 mol% VF; composite.

To gain more insights into the dehydrogenation behaviors,
the temperature-programmed-desorption (TPD) data of the two
composites were collected at a constant heating rate (3 °C
min~ "), as shown in Fig. 9(a). The onset dehydrogenation
temperature of pure NaBH, is around 473 °C in vacuum,* while
after PrF; addition, the onset dehydrogenation temperature is
lowered down to around 110 °C and the peak dehydrogenation
temperature is 415 °C. On further doping with 5 mol% of VF;,
interestingly, a two-step dehydrogenation was observed. The
first dehydrogenation step starts at around 46 °C, which is 64 °C
lower than that for the 3NaBH,-PrF; composite. The fastest
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Fig. 9 (a) Temperature-programmed-desorption (TPD) profiles of 3NaBH;—PrFs
without and with 5 mol% VFs-doping. The heating rate is 3 °C min~"; (b)
isothermal profiles of: first dehydrogenation of: 3NaBH4—PrF3 samples at 360,
385 and 400 °C; 3NaBH4—PrF3—5 mol% VFs samples at 300, 380 and 400 °C; as
well as second dehydrogenation of 3NaBH,;—PrFs—-5 mol% VF3 samples at 84 (A)
and 100 °C (B) under 0 and 0.9 MPa, respectively.
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kinetics of the first dehydriding step in the ternary composite is
achieved at around 210 °C, and is completed at 290 °C, which
may result from the reaction between NaBH, and the VF;
additive. Meanwhile, the onset temperature for the second
dehydrogenation step of the ternary composite is around
300 °C, the fastest desorption rate is achieved at around 390 °C
and is completed at around 405 °C, which may be due to the
reaction between NaBH, and PrF;. However, in the range from
300 °C to 390 °C, the slope of the dehydrogenation curve for
3NaBH,-PrF;-5 mol% VF; is obviously sharper than the slope of
the dehydrogenation curve for the 3NaBH,-PrF; composite,
indicating a higher dehydrogenation rate in the ternary
composite than that in the binary composite. After heating, a
total hydrogen release of 3.52 wt% and 3.59 wt% was achieved
(both are 99.7% of their theoretical hydrogen capacity) in the
3NaBH,-PrF; composite and in the 3NaBH,-PrF;-5 mol% VF;
composite, respectively.

The isothermal dehydrogenation behaviors of the 3NaBH,-
PrF; composite were further examined at 360 °C, 385 °C and
400 °C, and those of the 3NaBH,-PrF;-5 mol% VF; composite
samples were also examined at 300 °C, 380 °C and 400 °C for
comparison, as shown in Fig. 9(b). Fig. 9(b)-up shows that the
3NaBH,-PrF; composite can rapidly release 3 wt% of hydrogen
within 7 minutes at 400 °C, which is much faster than pure
NaBH, under the same condition.** Though the hydrogen
desorption rate of the 3NaBH,-PrF; composite lowers down
when the temperature reduces to 360 °C, there is still 0.73 wt%
of hydrogen released after 1.6 h. Fig. 9(b)-middle shows that the
hydrogen released from the 3NaBH,-PrF;-5 mol% VF;
composite reaches up to 3 wt% within 2 minutes at 400 °C and
17 minutes at 380 °C. This clearly shows the effect of VF;
addition on the improvement of dehydrogenation kinetics in
the 3NaBH,-PrF; system. The dehydrogenation kinetics shown
in Fig. 9(b)-up and middle displayed a good agreement with that
in Fig. 9(a). However, there exists an incubation period in both
the 3NaBH,-PrF; and 3NaBH,-PrF;-5 mol% VF; composites
when dehydrogenated at 385 and 380 °C, which might be
caused by a necessary nucleation and growth process of an
intermediate, or some other factors, such as phase distribution,
particle and crystallite size, etc. A similar phenomenon has been
observed in other borohydride containing systems.*>*"** Under
identical measurement conditions, the duration of incubation
becomes shorter upon adding VF;, indicating its effect on
further promoting the dehydrogenation of NaBH,.

The isothermal desorption profiles for the second desorp-
tion cycle at 84 and 100 °C (against back pressures of 0 MPa and
0.9 MPa) were collected to further study the cyclic properties of
the 3NaBH,-PrF;-5 mol% VF; composite at low temperatures,
as shown in Fig. 9(b)-down. Before each desorption test,
samples were first completely dehydrogenated at 420 °C and
then rehydrogenated under 3.2 MPa for 10 h at desired
temperatures. Fig. 9(b)-down shows that after rehydrogenation
at 84 and 100 °C for 10 h, the samples can release 0.54 wt% and
0.59 wt% of hydrogen after heating for 5 h, and 0.61 wt% and
0.67 wt% of hydrogen in total in 8.6 h without back pressure.
However, the 100 °C-rehydrogenated sample is capable of
desorbing more than 1.67 wt% hydrogen after heating for 5 h,
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and 1.87 wt% hydrogen in the total measurement time at 100 °C
against a back pressure of 0.9 MPa, indicating a dramatically
accelerated desorption kinetics under back pressures. Even at
84 °C against a back pressure of 0.9 MPa, the hydrogen
desorption can reach up to 1.17 wt% after heating for 5 h, and
1.26 wt% in the total measurement duration. The above results
clearly revealed the enhancement in hydrogen sorption arising
upon adding VF; in de-/rehydrogenation cycles. In particular,
the 3NaBH,-PrF;-5 mol% VF; composite can reversibly absorb
and desorb around 1.2 wt% of hydrogen at 84 °C, which is fairly
close to the storage capacity of the industrialized LaNis; inter-
metallic compound (1.37 wt%). To the best of our knowledge,
such a pronounced property improvement in both dehydroge-
nation and rehydrogenation under moderate conditions has
never been achieved in metal borohydride containing
systems.'9>*35358 Table 3 summarizes re-/dehydrogenation
temperatures and hydrogen pressures needed for rehydroge-
nation in some metal borohydride containing reversible
systems. The lowest onset dehydriding and rehydriding
temperatures are achieved in the 3NaBH,-PrF;-5 mol% VF;
composite in the present study.

The results obtained from Fig. 8(a)-down and Fig. 9(b)-down
agree well with the theory proposed by U. Bosenberg, in which
the effect of the improved kinetics by additives is sustainable
upon further cycling due to the formation of nanostructured
additives as well as their location at the interfaces during
cycling.’**?

3.4 Mechanisms of re-/dehydrogenation in 3NaBH,-PrF;
without and with VF;-doping

Fig. 10 shows the XRD patterns of 3NaBH,-PrF; after dehy-
drogenation under vacuum at 150, 350 and 410 °C. In Fig. 10,
besides the presence of NaBH, and PrF;, a weak peak of NaF
appeared upon heating at 150 °C, indicating that the reaction
has already occurred under this temperature.

In contrast, PrH, and PrBe were visible after the temperature
reached 350 °C, together with the disappearance of NaBH, and
PrF;. After heating at 410 °C, the diffraction analysis showed a
further increase in peak intensities of NaF, PrH, and PrBg. In
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addition, NaBF, ,H, was also observed after the sample was
heated to 350 and 410 °C, which agreed well with Fig. 3(a). The
formation of PrH, and NaBF,_,H, may result from the inter-
change of F~ for H™ since the ionic radii of F~ and H™ are fairly
close to each other.** According to the literature,* the following
reaction might take place at the early stage of first dehydroge-
nation in the 3NaBH,-PrF; composite:

3NaBH, + (4—x) PrF; = 3NaBH F4_,
+ (4—x) PrH, + (2—x/2)H.. (3)

Suppose x = 1, reaction (3) could give a hydrogen release of
about 0.42 wt% in the 3NaBH,-PrF; composite, which agrees
with the fact that a small amount of hydrogen is released at low
temperatures, as shown in Fig. 9(a), as well as the appearance of
B-F bonds shown in Fig. 3. PrH, formed and dispersed homo-
geneously in the system, which might act as a catalyst for the
dehydrogenation of the 3NaBH,-PrF; composite during the
subsequent dehydrogenation processes.?>*° The main reaction
pathway of the first dehydrogenation in 3NaBH,-PrF; can be
deduced based on the XRD analyses as follows:

Table 3 Some parameters for hydrogen sorption in borohydride containing hydrogen storage systems

Onset dehydrogenation Rehydrogenation Rehydrogenation

System temperature/°C temperature/°C pressure/MPa References
NaBH,-MgH,-TiF; 260 600 4 54
CaBH,-NbF; 225 350 14.5 57
LiAIH,~-MgH,-LiBH,-TiF; 60 400 4 56
CaBH,-MgF, 280 330 13 59
NaBH,-LiAlH,-TiF, 60 600 10 55
NaBH,-TiF; 300 500 5.5 20
LiBH,-TiF, 100 350 10 38

NaBH, confined in nanoporous 220 325 6 19

carbon

Li-Mg-B-H + TiF; 309 350 7.5 58
3NaBH,-YF; 423 350 3.5 31
3NaBH,-NdF; 80 300 3.16 30
3NaBH,-PrF;-5%VF, 46 48 3.2 This work
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6NaBH, + 2PrF; = 6NaF + PrH, + PrB¢ + 11H,. (4)

For the rehydrogenation processes of the decomposed
3NaBH,-PrF; system, as shown in Fig. 3(a), NaBH,, PrFs,
NaPrF, and Na,PrsF3; were clearly identified together with a
small amount of PrF, and residual NaF in the half-rehydro-
genated sample at 400 °C (Fig. 3 (a)(D)). After full- rehydroge-
nation at 400 °C (Fig. 3 (a)(E)), the diffraction analysis shows a
further increase in peak intensities of NaBH, and NaPrF, and a
decrease in the PrF; peak intensity, accompanied with the
disappearance of NaF. However, PrF, as a byproduct was
detected by the XRD pattern in both half and full-rehydro-
genated samples, and it could combine with NaF contributing
to the formation of Na,Pr¢F;; (space group R3) since the radius
ratio of Na*/Pr*" is 1.09.% R. E. Thoma reported that M,REF3;
with the space group R3 (7MF.6ReF,) (M = alkali metal, RE =
rare earth metal) might form when the M*/Re*" cation radius
ratio lies between 0.99 and 1.68.°° Compared with Fig. 3 (b)(D)
and (E), no other new peaks were detected but there was an
increase in the bending energy intensity of [BH,]™ coming from
NaBH,. According to XRD measurements shown in Fig. 3(a), the
dehydrogenated products of 3NaBH,-PrF;, namely, the combi-
nation of NaF, PrH, and PrB¢, form the reversible hydrogen
storage mixture.

Based on the XRD and FTIR data shown in Fig. 3, the major
rehydrogenation pathway could be proposed as follows:

8NaF + PrH, + PrB¢ + 11H, = 6NaBH, + 2NaPrF,. (5)

The rehydrogenation reaction in the 3NaBH,-PrF;
composite is very similar to what is observed in the 3NaBH,-
NdF; system.*

According to Fig. 3(a)(E)(F) and (b)(E)(F), the 1°% and 2"-
dehydrogenation processes may take different pathways. The
reactions taking place during the 2"*-dehydrogenation could be
described as follows:

NaPrF, = NaF + PrF;, (6)
6NaBH, + 2PrF; = 6NaF + PrBy +2B + PrH, + [1H,. (7)

As the reaction proceeded, PrB, and B eventually dis-
appeared accompanied with the formation of PrBs and PrH,.
Boron could promote the transformation of PrB, to PrBe.** The
formation of PrB, and B as intermediate products during the
dehydrogenation process is probably the major reason why the
dehydrogenation enthalpy value is higher than that of
rehydrogenation.

For the dehydrogenation of the 5 mol% VF;-doped 3NaBH,-
PrF; composite, though there is no V-containing phase detected
in the XRD pattern as shown in Fig. 5(a), VB, is revealed by the
XPS analysis shown in Fig. 6, indicating that a reaction has
taken place between NaBH, and VF;. Both DSC and TPD
analyses revealed a two-step hydrogen release during the first
dehydrogenation of the 3NaBH,~PrF;-5 mol% VF; composite. It
is seen that Pr, PrB, and NaF formed after dehydrogenation at
400 °C for 2 h under vacuum as seen in Fig. 5(a)(B). Therefore, it
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can be deduced that the first dehydrogenation step involves the
reaction between NaBH, and VF; which produces 20% of
hydrogen of the theoretical content according to the following
reaction:

3NaBH, + VF; = 3NaF + VB, + B + 6H.. (8)

This step could release about 0.7 wt% of hydrogen, which is
consistent with the TPD measurement shown in Fig. 9(a).

In a study on the chemical state and distribution of Zr- and
V-based additives in reactive hydride composites, U. Bosenberg
et al.® reported that transition metal borides are formed from
the transition metal based additives, which were stable, and
present as fine distributed nanoparticles in the whole
composite. Similar to their observations, the stable VB, may
also be present as fine nanoparticles and distribute in the
mixture of NaBH, and PrF; during the dehydrogenation
process.

During the subsequent dehydrogenation process, VB, will
act as a catalyst to promote the dehydrogenation of the rest of
the composite. According to Fig. 5(a)(B) and (b)(B), the second
step of the first dehydrogenation can be therefore described as:

6NaBH, + 2PrF; — 2, 6NaF + PrBy + 2B + Pr+ 12H,. (9)

It has been established that the nucleation of MgB, plays a
key role in the onset of hydrogen desorption in LiBH,-MgH,
systems, while transition-metal borides may act as heteroge-
neous nucleation sites for MgB,. In the present case, VB, may
also provide heterogeneous nucleation sites for the formation of
PrB,, which favors hydrogen desorption, resulting in the
microstructure refinement with improved desorption and
absorption kinetics (Fig. 8(a)-down).

XPS analyses show that VB, well maintains its phase stability
in the subsequent de-/rehydrogenation processes, suggesting
that VB, is not any more a reagent involved in the re-/dehy-
drogenation cycles but acts as a catalyst. Therefore, based on
the results shown in Fig. 5 (a)(C), (a)(D) and (b)(D), the main
rehydrogenation pathway for the 3NaBH,-PrF;-5 mol% VF;
composite could be proposed as:

8NaF + PrB, + 2B + Pr + 12H, —2, 6NaBH, + 2NaPrF,,
(10)

which is slightly different from the rehydrogenation reaction in
the 3NaBH,-PrF; composite given in formula (5). XRD and FTIR
analyses confirm that the second dehydrogenation takes exactly
the reverse reaction pathway of the first rehydrogenation in the
3NaBH,-PrF;-5 mol% VF; composite without the formation of
intermediate products. This might be the main reason why the
hysteresis is postponed in the 3NaBH,-PrF;-5 mol% VF;
composite.

The efficiency of a catalyst depends not only on its intrinsic
activity, but also on its distribution states for heterogeneously
catalyzed reactions.®” In the present case, VB, has a favourable
dispersed state, a role played as the heterogeneous nucleation
sites for PrB,, as well as intrinsic activity, all of which improve

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ta12369c

Published on 05 September 2013. Downloaded by Pennsylvania State University on 06/03/2016 14:13:47.

significantly the hydrogen sorption kinetics in the 3NaBH,-PrF;
system, especially at lower temperatures.

It is worth noting that the dehydrogenation kinetics of the
3NaBH,-PrF;-5 mol% VF; composite at low temperatures is
favoured by the hydrogen back pressure, as shown in Fig. 9(b)-
down. Calculated using the HSC chemistry program,® the Gibbs
free energies of the reaction: Pr + H, = PrH, are —147.7 k] mol
at 80 °C, and —144.7 k] mol~' at 100 °C, respectively. This
implies that a spontaneous reaction should take place between
Pr (one of the dehydrogenation products) and H, to yield Pr-H
phases at these temperatures under hydrogen pressures.
Indeed, it has been reported by Shim et al.* that the hydrogen
back pressure can accelerate the dehydrogenation rate in
hydrogen storage composites containing both borohydrides
and metal hydrides by promoting the formation of metal
borides, such as in the 4LiBH,~YH; and 6LiBH,-CeH, systems.
Considering the above, it is possible that the transient presence
of Pr-H phases may occur during dehydrogenation under
hydrogen pressures, which promotes the formation of PrB, and
therefore improves dehydrogenation kinetics.

4. Conclusions

It is demonstrated in the present work that the 3NaBH,-PrF;
composite is a reversible hydrogen storage system. After doping
with VF;, the ternary system (3NaBH,-PrF;-5 mol% VF; com-
posite) shows much improved hydrogen sorption thermody-
namic and kinetic properties. The de-/rehydrogenation behaviors
and related phase transitions, as well as the mechanisms of
hydrogen desorption and absorption in the 3NaBH,-PrF;
composite without and with VF; addition have been investigated
in detail by means of TG/DSC/MS, XRD, PCT, TPD, XPS and FTIR
techniques. The main results are summarized as follows:

1. The 3NaBH,-PrF; composite is verified to be a reversible
hydrogen storage system. Its dehydrogenation and rehydroge-
nation enthalpies are determined to be 67.5 and —18.4 k] mol *
H,, respectively. The large difference in de-/rehydrogenation
enthalpies results from the different reaction pathways of de-/
rehydrogenation, which accounts for the hysteresis phenom-
enon observed in the 3NaBH,-PrF; composite.

2. The onset dehydriding temperature of the 3NaBH,-PrF;
composite is 110 °C in vacuum. The composite releases about
3.01 wt% hydrogen within 7 min at 400 °C and is able to absorb
about 3.48 wt% (98.58% of the theoretical value) hydrogen in
2 h at 415 °C under 3.2 MPa hydrogen pressure.

3. The addition of VF; changes the de-/rehydrogenation
reactions in the 3NaBH,-PrF; composite. A two-step reaction
takes place during the first dehydrogenation process of the
3NaBH,-PrF;-5 mol% VF; composite. That is, VF; first reacts
with NaBH, to produce VB,, then VB, serves as a catalyst for the
reaction between NaBH, and PrF; to produce NaF, Pr, PrB, and
B. These products are different from the dehydrogenation
products of undoped 3NaBH,-PrF; (e.g. NaF, PrH,, PrBg).
During subsequent re-/dehydrogenation cycles, VB, maintains
its phase stability and acts as heterogeneous nucleation sites for
PrB,, thereby improving the hydrogen sorption kinetics. As
the dehydrogenation reaction takes the reverse pathway of the
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rehydrogenation reaction after first dehydrogenation, the
hysteresis phenomenon is postponed in the 3NaBH,-PrF;-
5 mol% VF; composite.

4. In the 5 mol% VF; doped 3NaBH,-PrF; composite, the
onset dehydrogenation temperature is lowered down to 46 °C in
vacuum. The composite is able to release 3.01 wt% hydrogen in
2 min at 400 °C. In addition, the dehydrogenation enthalpy
decreases to 60.2 k] mol ! H,, 7.5 k] mol™* H, lower than that of
the undoped 3NaBH,-PrF;.

5. Through VF; addition, it is possible to regenerate NaBH,
in the dehydrogenated 3NaBH,-PrF;-5 mol% VF; composite at
fairly low temperatures. The onset rehydrogenation tempera-
ture for NaBH, in the composite can be as low as 48 °C. At 84 °C,
the reversible hydrogen sorption capacity of the 3NaBH,-PrF;-5
mol% VF; composite can reach up to ~1.2 wt%. In addition, the
hydrogen back pressure favors the dehydrogenation kinetics of
the composite at low temperatures. According to a series of
designed experiments and results of phase analyses, the
remarkably improved de-/rehydrogenation properties of the
3NaBH,-PrF;-5 mol% VF; composite can be mainly ascribed to
the combined effects from the formation of active Pr-B species,
the presence of VB, as the catalyst and the functional characters
of the F~ anion.
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