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ABSTRACT

Hydrolysis of metal borohydrides in the presence of CO, has not been studied so far,
although carbon dioxide contained in air is known to accelerate hydrogen generation. KBH,
hydrolysis promoted by CO, gas put through an aqueous solution was studied by time-
resolved ATR-FTIR spectroscopy, showing a transformation of BH; into B,Os(OH)3 ", and
a drastically accelerated hydrogen production which can be completed within minutes.
This process can be used to produce hydrogen on-board from exhaust gases (CO, and H,0).
We found a new intermediate, Kg[B4Os(OH)4]3(COs)(BH,)- 7H,0, forming upon hydrolysis on
air via a slow adsorption of the atmospheric CO,. The same intermediate can be crystal-
lized from partly hydrolyzed solutions of KBH, + CO,, but not from the fully reacted sample
saturated with CO,. This phase was studied by single-crystal and powder X-ray diffraction,
DSC, TGA, Raman, IR and elemental analysis, all data are fully consistent with the presence
of the three different anions and of the crystallized water molecules. Its crystal structure is
hexagonal, space group P-62c, with lattice parameters a = 11.2551(4), ¢ = 17.1508(8) A.
Formation of the intermediate produces 16 mol of H, per mole of adsorbed CO, and thus is
very efficient both gravimetrically and volumetrically. It allows also for an elimination of
carbon dioxide from exhaust gases.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

respectively [2]. That is why during recent years the attention
was paid to the solid state hydrogen storage in the form of
complex metal hydrides [3—5]. Hydrogen can be released from

Running out of fossil fuels, humankind is facing the problem
of new sustainable energy carriers. Hydrogen can be the
cleanest energy carrier, currently used in mobile applications
via proton-exchange membrane fuel cells (PEMFCs) [1]. How-
ever, there are challenges regarding its storage [2]. In partic-
ular, the efficient storage of pressurized and liquefied
hydrogen has technical problems of high pressures
(350—700 bar) and cryogenic temperatures (—253 °C),

* Corresponding author.

them either by thermolysis or via hydrolysis. Mobile applica-
tions require low decomposition temperatures, suitable for
PEMFC (60—120 °C) [6], and high hydrogen content. For the year
2017 the system targets set by the U.S. Department of energy
are 5.5 wt. % of hydrogen and gravimetric density of 40 g/1 [7].
These and other limitations (hydrogen purity, reversibility
etc.) decrease the number of potentially applicable systems
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giving the priority to light complex hydrides, like borohydrides
[8,9]. Several metal borohydrides M(BH,),, (n = 1, M = Li*, Na*
[10,11];n =2, M = Be**, Mg*", Ca®" [12—14] and n = 3, M = AI*",
Ti®* [15,16]) have been studied as potential hydrogen storage
media. Their high desorption temperatures of about 470 °C for
LiBH,4, and 290—500 °C for Mg(BH,), and toxicity of Al(BH.)s
with Be(BH,), make them unpractical for thermal hydrogen
desorption. Alkali metal borohydrides, MBH,, were also
intensively studied with respect to hydrogen release by hy-
drolysis, where hydrogen can be generated in accordance with
the following simplified reaction [17]:

MBH, + (2 + n)H20—>MB02 -nH,O0 + 4H, (1)

Depending on hydrolysis conditions, such as temperature,
LiBH, gives different products [18,19]: LiBO,, LiBO,-H,0,
LiBO,-2H,0, the latter also known as Li[B(OH)4] [20]. NaBH,
attracted the biggest attention due to its higher stability and
ease to handle as compared with LiBH, (the latter reacts
vigorously with water at room temperature), and high
hydrogen content of 10.6 wt. %, contrary to 7.4 wt. % in KBH,
[21]. Aqueous solutions of NaBH, are usually chemically sta-
bilized by rendering solutions basic and do not generate sig-
nificant amounts of H, under ambient conditions [22].
However, NaBH, hydrolysis rate can be dramatically acceler-
ated upon the addition of certain heterogeneous catalysts
[23,24]. Among the conventional catalysts studied for the re-
action, ruthenium-based catalysts were proposed to be most
effective for promoting H, generation [25,26]. The hydrolysis
of KBH, was also reported [27], showing the lowest hydrolysis
rate without the use of catalysts.

Acid is known to accelerate hydrolysis of borohydrides [28].
However, the hydrolysis of metal borohydrides in the presence
of CO, has notbeen studied so far, even though its influence on
the hydrogen release rate from aqueous solution of NaBH, has
been noticed already in 1962 [23]: the influence of CO, on
NaBH, hydrolysis in open air was assigned to the lowering of
the pH of the solution. Our work is dedicated to the hydrolysis
of KBH, in open air, attempting to clarify the role of CO,, as well
as to the hydrolysis reaction promoted by CO, gas put through
the reaction mixture. Such process is interesting due to its
potential of producing hydrogen on-board, making use of the
exhaust gases (CO, and H,0) from hydrocarbon fuels. The co-
generation of hydrogen may thus improve the energy density
of the system, as well as allow for CO, sequestration.

We found that CO, boosts up the hydrolysis reaction rates,
transforming in solution the borohydride ions, BHz, into tet-
raborates, B405(OH)3{. Analysis of solid residues reveals a new
complex intermediate, Ko[B4Os(OH)4]3(CO3)(BH,)-7H,0. This
substance was studied by single-crystal and powder X-ray
diffraction, DSC, TGA, Raman, IR spectroscopy and elemental
analysis, all the results are consistent with the presence of
three different anions and of the crystallized water molecules.

Experimental part

Hydrolysis reaction on open air. A ~190 g/l water solution of
potassium borohydride (95% purity, Sigma Aldrich) was left at
4°Cin an open flask for approximately one year. The solution

was found completely dried and transparent needle-like
hexagonal crystals were observed, see Fig. 1. Microscopy
analysis revealed that the sample was almost single-phase,
with only a small fraction of cubic crystals corresponding to
the original KBH,. The needle-like crystals, which formed the
largest part of the solid phase, were hand-picked from the
mixture for further characterization. They were found to be
well soluble in water.

Single-crystal synchrotron X-ray diffraction. Synchrotron
radiation with 2 = 0.69790 A and a MAR345 detector were used
for the data collection (SNBL/ESRF) at room temperature. The
structure was solved by direct methods and refined by a full
matrix least-squares technique on F? using SHELXL97 program
[29]. The experimental details for the two alternative compo-
sitions from structure analysis are presented in a Table 1. The
further characterization by other methods (see below) sug-
gested a Ko[B4Os(OH)4]3(CO3)(BH4)-7H,O composition of the
complex with disordered BHz, which gives slightly better R
values compared to the initially assumed Ko[B4Os(OH)4]s-
BO3-8.2H,0 composition (left column in the Table 1).

Hydrolysis reaction promoted by CO,. As both elementary
and IR analyses indicate the crystals to contain the carbonate
anion (see below), we attempted to repeat this synthesis
under a CO, atmosphere. The same phase was obtained albeit
by a much faster hydrolysis of KBH, under partial CO, pres-
sure. 5 ml portions of 190 g/l aqueous solution of KBH, were
exposed to CO, gas at room temperature. Hydrogen was
readily desorbed from the solution on contact with CO,, and
the reaction was completed within minutes. Different por-
tions of incompletely and completely hydrolyzed (saturated
with CO,) solutions were dried and the resulting powder was
analyzed by X-ray powder diffraction. The completely hy-
drolyzed sample did not contain the Kg[B4Os(OH)4]5(CO5)
(BH,4)-7H,0 phase, while it was the major crystalline phase in
the incompletely hydrolyzed samples.

Addition of aqueous solutions of sodium hydrogen car-
bonate (NaHCOs) to potassium borohydride leads to a vigorous
hydrogen evolution, indicating that the hydrogen carbonate is

Fig. 1 — The optical microscopy image of a hexagonal
crystal of Kg[B4°5(0H)4]3(C°3) (BH4)'7H20.
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Table 1 — Experimental details of crystal structure analysis.

Formula

Hypothetical composition
Ko[B4Os(OH)4]3BO3-8.2H,0

True composition
Ko[B4Os(OH)4]3(CO3)(BH,) - 7H,0

Formula mass 1122.62 1124.26
T [K] 296 (2)
A[A] 0.69790 (synchrotron)
Space group P-62c
zZ 2
Cell parameters [A] a =7.8585 (2)
¢ =15.7136 (8)
v [A?] 1881.54 (13)
Peale [g-em 2] 1.982 1.984
u [mm™Y 1.146 1.144
F(000) 1126 1132
6 range max [°] 29.87
Reflections collected 11,935
Independent reflections 1949 [Rin: = 0.0982]
Data/restraints/parameters 1949/0/106 1949/0/107
Goodness-of-fit 1.131 1.134

R indices [I > 24(I)]
R indices (all data)

Ry = 0.0411, R, = 0.1165
Ry = 0.0419, wR, = 0.1169

Ry = 0.0381, WR, = 0.1084
Ry = 0.0390, WR, = 0.1088

the strong enough acid to promote the acid-catalyzed BHz
hydrolysis, yielding the carbonate anion and hydroxyborates.

X-ray powder diffraction. In line with the crystal structure
model, the X-ray powder diffraction analysis of the separated
and ground hexagonal crystals and of the mixture with cubic
KBH, were made. The diffraction experiments were done with
0.5 mm glass capillaries, MAR345 image plate diffractometer
with Mo Ka radiation. The received data images were
azimuthally integrated by the program Fit2D [30], using LaBg
calibrant, followed by a calculation intensity uncertainties.
Phase analysis was done using Rietveld method with Fullprof
Suite software [31].

Infrared and Raman spectroscopy was performed to verify
the crystal structure model. The infrared spectra were recor-
ded on Shimadzu Benelux FTIR-84005 spectrometer between
400 and 4000 cm ' using pressed pellets of the sample powder
with dried KBr. Raman spectroscopy analysis was done using
a Raman Thermo Scientific with a 532 nm DXR laser between
200 and 3500 cm ™"

Time-resolved online ATR—FTIR spectra were recorded on
a ReactIR 15 spectrometer (Mettler-Toledo) equipped with a
diamond probe with a resolution of 4 cm™'. Spectra were
collected continuously at 1 min intervals. CO, gas was put
through a 190 g/l water solution of KBH, during the 4 h of the
measurements. Changes of the spectra were recorded during
the first 90 min.

Thermal analyses were done using TGA/SDTA 851 Mettler
and DSC 821 Mettler in the temperature range 25—500 °C with
a heating rate of 10 °C/min and under a 0.5 ml/min nitrogen
flow to avoid oxidizing reactions.

Elemental analysis. The determination of carbon,
hydrogen and nitrogen quantity was made using microanal-
ysis at MEDAC Ltd (England).

Results and discussion

Crystal structure and phase analysis. The X-ray single crystal
analysis of the hexagonal crystals allowed to establish a new

crystal structure with a P-62c space group shown on Fig. 2a.
Although structure solution first suggested a composition of
Ko[B4Os(OH)4]3BO3-8.2H,0, containing two types of anions:
tetraborate and orthoborate, with four independent co-
crystallized water molecules, a slightly different picture was
obtained by a combination of techniques. In particular,
Raman analysis suggested the presence of carbonate anion,
and IR as well as Raman analysis clearly revealed the pres-
ence of a borohydride group. This forced us to revise the
structural assignment of the molecular entities, changing the
orthoborate to a carbonate, and one of the poorly resolved
water molecules to a borohydride group orientationally
disordered around the —6 axis. The resulting formula is
charge neutral, Ko[B4Os(OH)4]3(CO3)(BH4)-7H,0, and the
calculated content of carbon is 1.08 weight %, close to the
measured value of 1.11%. The fit to the single-crystal
diffraction data is furthermore slightly better than for the
original model (compare the two columns in Table 1). The
compound is thus stabilized by a very small amount of the
atmospheric CO, that slowly reacted with the borohydride
solution yielding CO3~ anions.

The X-ray powder diffraction pattern of the separated and
ground crystals is shown in the bottom of Fig. 2b. It fits very
well with that of the crystal structure model described above.
According to the Rietveld refinement, the sample hydrolyzed
on open air contains a Ko[B4Os(OH)4]3(COs) (BHs)-7H,0 inter-
mediate as a major phase (bottom Fig. 2b) and traces of po-
tassium tetraborate dihydrate K,[B4Os(OH)4]-2H,0 [32]. The
same intermediate was also observed after incomplete hy-
drolysis of KBH, under CO, (middle pattern in the Fig. 2b).
Structure determination is difficult to perform due to the low
resolution; however K,CO3;, KHCO;, as well as other known
K—B—O—H compounds listed in the Pearson's crystal database
crystal are not present in the mixture. It likely involves tet-
raborate and (hydrogeno)carbonate anions, since all the
borohydride is hydrolyzed.

The new compound Kg[B4O5(OH)4]5(CO3) (BHa)-7H,0 is a
complex salt, containing isolated tetraborate [B4Os(OH)4]*",
tetrahydroborate BH; and carbonate CO3~ anions, Fig. 2a. The
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Fig. 2 — a) The crystal structure of Ko[B;05(0OH),]5(CO3) (BH4)-7H,0, space group P-62c, cell parameters: a = 11.2551(4),

¢ = 17.1508(8) A; b) Powder diffraction patterns from the samples in KBH,~H,0—CO, system. The bottom pattern shows the
Rietveld fit for the sample hydrolyzed on open air, the peaks of Ko[B405(OH)4]3(COs) (BH,4)-7H,0 are highlighted by the blue
triangles. The peak positions of the minor phase, K,[B;05(0H)4]-2H,0, are marked by the second raw of green bars. The
middle pattern from a partly reacted KBH;—H,0—CO, contains Kg[B405(0OH)4]3(CO3) (BH4)-7H,0 as the major phase, and the
top pattern shows no title phase in the fully hydrolyzed product. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

tetraborate ion is common in alkali metal-B-O-H chemistry,
present in borax [33] and in its potassium-based analogue
K,[B4Os(OH)4]-2H,0 [34]. The geometry of the tetraborate
anion is not affected by the presence of carbonate and boro-
hydride, as it is practically identical to the one in
K2[B4Os(OH)4] - 2H,0. More complex polymeric anions contain
fragments identical to tetraborate, as in the infinite 1D anion
found in K4[B10015(OH)4] [35].

In the title structure, the CO3~ anion has a trigonal pris-
matic coordination by K atoms, capped on the square sides,
increasing the coordination number to 9. These three extra
contacts correspond to the shortestK ... O distances of 2.725(3)
A and to the linear B—O ... K arrangement. The structure
contains two independent K cations, coordinated to 9 and 10
oxygen atoms from both anions and from four independent
water molecules, designated Ow1-Ow3. The K ... Ow distances
range from 2.706(4) to 3.468(1) A; the latter contact corre-
sponds to the weakly bound Ow3 site, populated by 49(1)%.
The hydrogen atoms of the hydroxyl groups and the localized
H-atoms of water molecules Ow1l and Ow2 form short and
well directed hydrogen bonds. Unlike in the hydrated NaBH,
[36,37], there are no dihydrogen bonds formed between O-H**
and H*-B.

Infrared and Raman spectroscopy. The infrared and
Raman spectra of the complex include typical anions' char-
acteristic peaks (Fig. 3). Most of the Raman and IR shifts
correspond to the tetraborate anion [B,O5(OH)4]*~ known from
borax Na,[B,Os(OH)4]-6H,0 and potassium tetraborate dyhy-
drate K,[B4O5(OH)4]-2H,0: (Bretr-O) 573, 826, 944, 1006; (Byyig-O)
1337 cm™! [38-40]. The characteristic shifts of tetrahy-
droborate BHz anion are close to those of KBH,: 1226, 2188,
2267, 2290 and 2346 cm™' [41,42]. The strong Raman

shift at 1050 cm™® is typical for the carbonate anion
(1040-1100 cm ™) [27].

The evolution of the time-resolved ATR-FTIR spectra are
shown on Fig. 4. During the bubbling of CO, through the water
solution of KBH, the intensity of the BH; band near 1100 cm™?!
is going down to practically zero in 30—40 min, while the in-
tensity of HCO3 (~1630 cm™ ') does not change significantly.
The new peaks appear at 930-1000 and 1320-1420 cm™?, and
are identified as [B,Os(OH),J>~ anion or similar derivatives
forming during the hydrolysis [28,43]. In contrast to CO,-pro-
moted hydrolysis, the KBH, solution kept at room

50 -

K,[B.O5(OH)J,(CO,)(BH,) 7H,0

Transmittance

Intensity (a.u.)

- T I} : T T : T T i
500 1000 1500 2000 2500 3000 3500

Wavenumber (cm’)

Fig. 3 — The infrared (top) and Raman (bottom) spectra of
Ko[B4Os(OH)4]5(CO3) (BH,)-7H,O at RT.
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Fig. 4 — The time-resolved online ATR-FTIR (adsorption)
plot.

temperature without access of CO, (closed even from air) re-
tains BH; bands after 24 and even 96 h, see Fig. S1.

Thermal analysis. The title compound steadily gives mass
loss starting from room temperature up to 350 °C. From TGA
and DSC curves in Fig. 5, we can discern only one big
decomposition step, of about 19.3 wt. % of mass loss. The
latter is higher than the expected loss of 7 water molecules
(11.2 wt. %) and rather corresponds to the loss of 12H,0
(19.2 wt. %). The phenomena of releasing water both from
crystalline and coordinated water (dehydration) as well as
from complex anions containing OH (dehydroxylation) was
known so far only for hydrated borates [44].

Conclusion

Hydrolysis of potassium borohydride in the presence of CO,
yields an intermediate, containing three anions: the
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Fig. 5 — Thermal analysis of Ko[B,05(OH)4]3(CO3) (BH4)-7H,O
crystals.

borohydride is almost fully hydrolyzed into tetraborate, with
1/13 of unreacted BHj co-crystallized in the solid, along with a
minor amount of the carbonate. The same Kg[B405(OH)4]5(CO5)
(BH,4)-7H,0 solid is obtained by a slow reaction of atmospheric
CO, with a water solution of KBH,, as well as upon bubbling
the gas through the solution. The latter drastically increases
the rate of hydrogen production, and thus enables to hydro-
lyze KBH, on demand, by controlling the CO, gas flow. This
prompts us to suggest borohydride hydrolysis promoted by
CO, as a convenient system for the co-generation of hydrogen
using spent fossil fuel gases (CO, + H,0). The structural data
and the studies in solution, in particular by time-resolved FTIR
measurements allow us to suggest the following reaction for
the formation of the intermediate:

13KBH, + 37H,0 + 3C0O, —» Ky [B405(OH)4]3 (CO3) (BH4) -7H,0
+ 2K,CO5 + 48H,
2

It produces 16 mol of H, per mole of the adsorbed CO, and
thus is gravimetrically very efficient. This reaction shows
gravimetric hydrogen release of 8.4 wt.%, higher than the total
hydrogen content in KBHy (7.5 wt%). Thus it allows converting
efficiently carbon dioxide into fuel, H,. Regarding the yield of
H, per KBHy,, it reaches 92.3% compared to the complete hy-
drolysis of all the BH,4 groups. Carbon dioxide in water solution
is a cheap and mild acid which drastically accelerates the
hydrolysis of borohydrides. In particular, the hybrid system
with CO,/H,0 exhaust gases used for hydrolysis of borohy-
drides can achieve two targets: the generation of hydrogen for
PEMFCs as an additional source of energy and the capture of
carbon dioxide.

Acknowledgments

This work was supported by the Académie Universitaire
Louvain (AUL), Belgium, under Grant ADi/DB/1058.2011, by
FNRS (CC 1.5169.12, PDR T.0169.13, EQP U.N038.13) and by the
Swiss National Science Foundation. We thank SNBL for the
beamtime allocation.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ijhydene.2014.09.068.

REFERENCES

[1] Peighambardoust SJ, Rowshanzamir S, Amjadi M. Review of
the proton exchange membranes for fuel cell applications.
Int J Hydrogen Energy 2010;35:9349—84.

[2] Eberle U, Felderhoff M, Schiith F. Chemical and physical
solutions for hydrogen storage. Angew Chem Int Ed
2009;48:6608—30.

[3] Orimo S, Nakamori Y, Eliseo JR, Ziittel A, Jensen CM. Complex
hydrides for hydrogen storage. Chem Rev 2007;107:4111—32.


http://dx.doi.org/10.1016/j.ijhydene.2014.09.068
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref1
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref1
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref1
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref1
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref2
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref2
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref2
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref2
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref3
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref3
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref3
http://dx.doi.org/10.1016/j.ijhydene.2014.09.068
http://dx.doi.org/10.1016/j.ijhydene.2014.09.068

19608

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 19603—19608

4]

[5

6

[7

8

[9

(10]
(11]

(12]
(23]

(14]

(23]

[16]

(27]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

Ley MB, Jepsen LH, Su-Lee Y, Cho YW, Bellosta von Colbe JM,
Dornheim M, et al. Complex hydrides for hydrogen storage —
new perspectives. Mater Today 2014;17:122—8.

Jepsen LH, Ley MB, Su-Lee Y, Cho YW, Dornheim M,

Jensen JO, et al. Boron-nitrogen based hydrides and reactive
composites for hydrogen storage. Mater Today
2014;17:129-35.

Grochala W, Edwards PP. Thermal decomposition of the non-
interstitial hydrides for the storage and production of
hydrogen. Chem Rev 2004;104:1283—315.

Klebanoff LE, Keller JO. 5 Years of hydrogen storage research
in the U.S. DOE metal hydride center of excellence. Int ]
Hydrogen Energy 2013;38:4533—76.

Ravnsbazk DB, Cerny R, Filinchuk Y, Jensen TR. Powder
diffraction methods for studies of borohydride-based energy
storage materials. Z. Kristallogr 2010;225:557—69.

Rude LH, Nielsen TK, Ravnsbak DB, Ley MB, Richter B,
Arnbjerg LM, et al. Tailoring properties of borohydrides for
hydrogen storage: a review. Phys Status Solidi A
2011;208(8):1754—73.

Li H-W, Yan Y, Orimo S-I, Zittel A, Jensen CM. Energies
2011;4(1):185-214.

Mao J, Guo Z, Nevikovets IP, Liu HK, Dou SH. ] Phys Chem C
2012;116:1596—604.

Burg AB, Schlesinger HI. ] Am Chem Soc 1940;62:3425—9.
Chtopek K, Frommen C, Leon A, Zabara O, Fichtner M. ] Mater
Chem 2007;17:3496—503.

Kim Y, Hwang S-J, Shim J-H, Lee YS, Han HN, Cho WY. ] Phys
Chem C 2012;116:4330—4.

Schlesinger HI, Sanderson RT, Burg AB. ] Am Chem Soc
1940;62:3421-5.

Volkov VV, Myakishev KG. Izv Sib Otd Akad Nauk SSSR. Ser
Khim Nauk 1977;1:77—82.

Laversenne L, Goutaudier C, Chiriac R, Sigala C, Bonnetot B.
Hydrogen storage in borohydrides comparison of hydrolysis
conditions of LiBH,, NaBH, and KBH,. ] Therm Anal Cal
2008;94:785-90.

Goudon JP, Bernard F, Renouard J, Yvart P. Experimental
investigation on lithium borohydride hydrolysis. Int J
Hydrogen Energy 2010;35:11071—6.

Kojima Y, Kawai Y, Kimbara M, Nakanishi H, Matsumoto S.
Hydrogen generation by hydrolysis reaction of lithium
borohydride. Int ] Hydrogen Energy 2004;29:1213—7.
Fronczek FR, Aubry DA, Stanley GG. Refinement of lithium
tetrahydroxoborate with low-temperature CCD data. Acta
Cryst E 2001;57:162—63.

Santos DMF, Sequeira CAC. Sodium borohydride as a fuel for
the future. Renew Sustain Energy Rev 2011;15:3980—4001.
Minkina VG, Shabunya SI, Kalinin VI, Martynenko VV,
Smirnova AL. Long-term stability of sodium borohydrides
for hydrogen generation. Int ] Hydrogen Energy 2008;33:
5629-35.

Andrieux J, Demirci UB, Hannauer J, Gervais C,

Goutaudier C, Miele P. Spontaneous hydrolysis of sodium
borohydride in harsh conditions. Int ] Hydrogen Energy
2011,36:224-33.

Demirci UB, Miele P. Cobalt in NaBH, hydrolysis. Phys Chem
Chem Phys 2010;44:14651—65.

[25] Wee JH. A comparison of sodium borohydride as a fuel for
proton exchange membrane fuel cells and for direct
borohydride fuel cells. ] Power Sources 2006;155:329—39.

[26] Demirci UB, Garin F. Ru-based bimetallic alloys for hydrogen
generation by hydrolysis of sodium tetrahydroborate. ]
Alloys Compd 2008;463:107—11.

[27] Sahin O, Ozdemir M. The effect of various factors on the
hydrogen generation by hydrolysis reaction of potassium
borohydride. Int ] Hydrogen Energy 2006;32:2330—6.

[28] Davis RE, Bromels E, Kibby CL. Boron hydrides. III. Hydrolysis
of sodium borohydride in aqueous solution. ] Am Chem Soc
1962;84:885—92.

[29] Sheldrick GM. A short histiry of SHELX. Acta Crystallogr
2008;A64:112—-22.

[30] Hammersley AP, Svensson SO, Hanfland M, Fitch AN,
Hausermann D. Two-dimensional detector software: from
real detector to idealized image or two-theta scan. High Press
Res 1996;14:235—48.

[31] Rodriguez-Carvajal J. Recent advances in magnetic structure
determination by neutron powder diffraction. J Phys B
1993;192:55—69.

[32] Marezio M, Plettinger HA, Zachariasen WH. The crystal
structure of potassium tetraborate tetrahydrate. Acta
Crystallogr 1963;16:975—80.

[33] Levy HA, Lisensky GC. Crystal structures of sodium sulfate
decahydrate (Glauber's salt) and sodium tetraborate
decahydrate (borax). Redetermination by neutron
diffraction. Acta Crystallogr B 1978;34:3502—10.

[34] Luo X, Pan S, Fan X, Wang J, Liu G. Crystal growth and
characterization of K,B404,Hg. J Cryst Growth
2009;311:3517-21.

[35] Zhang H-X, Zhang ], Zheng S-T, Yang G-Y. Two new
potassium borates, K4B10015(0OH), with stepped chain and
KBsO;(OH),-H,0 with double helical chain. Cryst Growth Des
2005;5:157—61.

[36] Custelcean R, Jackson JE. Dihydrogen bonding: structures,
energetics, and dynamics. Chem Rev 2001;101:1963—80.

[37] Filinchuk Y, Hagemann H. Structure and properties of
NaBH,4-2H,0 and NaBH,. Eur ] Inorg Chem 2008:3127—-33.

[38] Devi SA, Philip D, Aruldhas G. Infrared, polarized Raman and
SERS spectra of borax. J Sol State Chem 1994;133:157—62.

[39] Kazuo Nakamoto. Infrared and Raman spectra of inorganic
and coordination compounds: Wiley - Intrescience
Publications p. 121—125 (485 p).

[40] Jun L, Shuping X, Shiyang G. FT-IR and Raman spectroscopic
study of hydrated borates. Spectrochim Acta
1995;51A:519-32.

[41] Renaudin G, Gomes S, Hagemann H, Keller L, Yvon K.
Structural and spectroscopic studies on the alkali
borohydrides MBH, (M = Na, K, Rb, Cs). J Alloys Compd
2004;375:98—106.

[42] Harvey' KB, Mcquak NR. Infrared and raman spectra of
potassium and sodium borohydride. Can J Chem
1971,;49:3272-81.

[43] Miller FA, Wilkins CH. Infrared spectra and characteristic

frequencies of inorganic ions. Anal Chem 1952;24:1253—-94.

Waslavska I. Controlled rate thermal analysis of hydrated

borates. ] Therm Anal 1998;94:519—32.

[44


http://refhub.elsevier.com/S0360-3199(14)02627-5/sref4
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref4
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref4
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref4
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref5
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref5
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref5
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref5
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref5
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref6
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref6
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref6
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref6
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref7
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref7
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref7
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref7
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref8
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref8
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref8
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref8
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref8
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref9
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref9
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref9
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref9
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref9
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref10
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref10
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref10
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref11
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref11
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref11
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref12
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref12
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref13
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref13
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref13
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref13
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref14
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref14
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref14
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref15
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref15
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref15
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref16
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref16
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref16
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref17
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref17
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref17
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref17
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref17
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref17
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref17
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref17
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref18
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref18
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref18
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref18
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref19
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref19
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref19
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref19
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref20
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref20
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref20
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref20
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref21
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref21
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref21
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref22
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref22
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref22
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref22
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref22
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref23
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref23
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref23
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref23
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref23
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref24
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref24
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref24
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref24
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref25
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref25
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref25
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref25
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref26
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref26
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref26
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref26
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref27
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref27
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref27
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref27
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref27
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref27
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref28
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref28
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref28
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref28
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref29
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref29
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref29
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref30
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref30
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref30
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref30
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref30
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref30
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref31
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref31
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref31
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref31
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref32
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref32
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref32
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref32
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref33
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref33
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref33
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref33
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref33
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref34
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref34
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref34
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref34
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref34
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref34
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref34
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref34
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref35
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref36
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref36
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref36
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref37
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref37
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref37
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref37
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref37
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref37
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref38
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref38
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref38
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref39
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref39
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref39
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref39
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref40
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref40
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref40
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref40
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref40
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref40
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref40
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref41
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref41
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref41
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref41
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref42
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref42
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref42
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref43
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref43
http://refhub.elsevier.com/S0360-3199(14)02627-5/sref43
http://dx.doi.org/10.1016/j.ijhydene.2014.09.068
http://dx.doi.org/10.1016/j.ijhydene.2014.09.068

	CO2-promoted hydrolysis of KBH4 for efficient hydrogen co-generation
	Introduction
	Experimental part
	Results and discussion
	Conclusion
	Acknowledgments
	Appendix A Supplementary data
	References


