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Abstract

The invention relates to a method of making alkali metal silicide compositions, and the
compositions resulting from the method, comprising miring an alkali metal with silicon and
heating the resulting mixture to a temperature below about 475°C. The resulting compositions do
not react with dry O,. Also, the invention relates to sodium silicide compositions having a
powder X-ray ditfraction pattern comprising at least three peaks with 2Theta angles selected
from about 18.2, 28.5, 29.5, 33.7, 41.2, 47.4, and 56.2 and a solid state “*Na MAS NMR spectra
peak at about 18 ppm. Moreover, the invention relates to methods of removing a volatile or

flammable substance in a controlled manner. Furthermore, the alkali metal silicide compositions

of the invention react with water to produce hydrogen gas.
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SILICIDE COMPOSITIONS CONTAINING ALKALI METALS AND
METHODS OF MAKING THE SAME

Field of the Invention
[0002]) The mvention relates to alkali metal silicide compositions made by the
interaction of alkali metals with silicon at temperatures below about 475 °C. The
- compositions prévide a stable source to reduce water, producing a source of pure hydrogen

gas.

Background of the Invention
- [0003] - Alkali metals are very reactive in their metallic or neutral 'stat'e. Alkal1 metals
- are very reactive toward air and moisture and may catch fire spontaneously when exposed to
these agents. To avoid the inherent hazards associated with their activity, the neutral metal
n':mst_. often be stored in vacuo or under an inert liquid such as oil 1n order to protect it from
contact with the atmcsphere, which may result in oxidation or other reactions. For example,
sodium metal is often stored in Nujol o1l which must, to avoid unwanted impurit'i‘es, be
removed prior to use in chemical reactions. This places severe restrictions on its shipment
and use.
[0004] A number of compounds between alkali metals and silicon compounds have
been prepared. For example, known compounds between sodium (Na) and silicon (S1) exist
with stoichiometries that range from NaSi to Na(Si)g (which is beh'eired to be NagSiss) to
NaySij36, with 1.5 <x <24, (See Witte, J.; Schnering, H. G., "The Crystal Structure of NaSi

and NaGe (in Gemman)” Zeit Anorgan Allege Chemie 1964, 327, 260-273., Cros, C.; -

Pouchard, M.; Hagenmueller, P., "Two new Phases of the Silicon-Sodium System. (in
French)" C. R. Acad. Se. Paris 1965, 260, 4764-4767., and He, J.; Klug, D. D.; Uebara, K.;
Preston, K. F.; Ratcliffe, C. L.; Tse, J. S., "NMR and X-ray Spectroscopy of Sodium-Silicon
- Clathrates" J. Phys. Chem. B 2001, 105.). The known compounds are formed by heating Na
with S1 to high temperatures, always at or above 500 °C, and in some cases with removal of

Na vapor by condensation on a cold surface. (See He, J.; Klug, D. D.; Uehara, K.: Preston,

|
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K. F, Ratcliffe, C. 1.; Tse, J. S.,, "NMR and X-ray SpectroScopy of SodiUm-Silicon-
Clathrates” J. Phys. Chem. B 200'1, 105, and Mayed, D.: Phillips, B. L.; Augustine, M. P.;
Kauzlarich, S. M., "NMR Study of the Synthesis of Alkyl-Terminated Silicon Nanoparticles
from the Reaction of SiCly with the Zintl Salt, NaSi" Chem. Mater. 2001, I3, 765-770.).
Mayeri et al. react silicon in the presence of sodium to a tempera'mre of about 650 °C to form
a sodium silicide. There bave also been reports that a silicide of BOminal,composiﬁon NaSi,
can be prepared by heating Na with quartz (510,), althoughthe evidence for this composition
is shm. (See Novotny, H.; Scheil, E., "A Termary Compound n the System Aluminum-
Silicon-Sodium (in German)" Metallforsch. 1947, 2, 76-80.).
[06005] It has often been assumed that NaSi1 1s s0 reactlve that it must be considered to
be pyrophonc or able to spontaneously ignite in the presence of air. It has also been recently
characterized as “air and moisture sensitive.” (See He, J.; Klug, D. D.; Uehara, K.; Preston,
K. F.; Ratcliffe, C. 1.; Tse, J. S., "NMR and X-ray Spectroscopy of Sodium-Silicon
Clathrates” J. Phys. Chem. B 2001, 705.). This study showed, however, that the clethrate,
structure of Na38145 1S non-reactive toward air and moisture. /d. However, it is generally _
agreed that the reaction of NaSi with water is rapld and "violent", such that the heat of
reaction can ignite the hydrogen formed, just as occurs in the reaction of alkali metals with
water. This places severe restrictions on storing and handling NaSi with;)ut keeping it in
vacuo or under an inert atmosphere to avoid its inherent hazards. . -
[0006] A major prob]em with the synthesis of NaSi materials has been the need to :
heat Na and Si in a closed system to prevent the condensation of Na at cold sites.
Conventionally, for example; to prepare polycrystalline NaSi powder, excess Na was heated
with Siin a molybdenum (Mo) tube that was welded shut and heated for three days at 500 °C.
(See Mayeri, D.; Phillips, B. L.; Augustine, M. P.; Kauzlarich, S. M, "NMR Study of the
Synthesis of Alkyl-Terminated Silicon Nanoparticles from the Reaction of SiCly with the
Zintl Salt, NaSi" Chem. Mater. 2001, 13, 765-770.). In another study, a stainless steel
container was used. (See Hle, J.; Klug, D. D.; Uehara, K.; Preston, K. F.; Ratcliffe, C. I.; Tse,
J. S., "NMR and X-ray Spectroscopy of Sodium-Silicon Clathrates" J, Phys. Chem. B 2001,
105.). '
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[0007] A need cxists, therefore, to prepare an alkali metal silicide composition
conveniently and inexpensively, so that it may be easily handled in air without a significant

loss in its ability to reduce water. This reduction reaction would be able to produce large

amounts of hydrogen per unit mass of the solid.

Summary of the Invention

[0008] The invention relates generally to alkali metal silicide compositions, methods
of making the alkali metal silicide compositions, and methods of using the alkali metal
silicide compositions. Any alkali metal may be used in the practiCe of this invention,
including Sodium (Na), Potassium (K), Rubidium (Rb), and Cesium (Cs).

[0009] Specifically, the invention relates to an alkali metal silicide composition
comprnsing the product of mixing an alkali metal with powdered silicon in an 1nert
atmos;ﬁhere and heating the resulting mixture to a temperature below about 475 °C, wherein
the alkali metal silicide composition does not react with dry O,. In this embodiment, the
‘alkahi metal silicide composition may be sodium silicade, such asNa48i4, potassium silicide,
such as K4Si4, and the like. ‘ ‘ ' ‘
0010] In addition,. the inventibn relates to a sodium silicide'composi'ﬁon having a
powder X—-ray diffraction pattern comprising at least three peaks with 2Theta angles selected
from about 18.2, 28.5, 29.5, 33.7, 41.2, 47.4, and 56.2. Furthermore, the invention relates to
‘a sodmum silicide coinpoSition baving a solid state **Na Magic Angle Spinning (MAS)
Nuclear Magnetic Resonance (NMR) spectra peak at about 18 ppm. In these embodiments,
the sodium silicide may be NasSi4, for example. | . N
[0011] Moreover, the invention relates to a method of removing a volatile or
flammable substance in a controlled manner, the volatile or flammable substance being in the
presence of water, the method comprising the step of exposing the volatile or flammable
substance to an alkali metal silicide composition, wherein the alkali metal silicide
composition reacts exothermically with the water caUéing a controlled burn, thereby
removing the volatile or flammable substance.

[(0012] In addition, the invention relates to a method of removing a volatile or
flammable substance in a controlled manner, the method comprising the steps of exposing the
volatile or flammable substance to an alkali metal silicide composition, and exposing the
alkali metal silicide composition to water, wherein the alkali metal silicide composition reacts

exothermically with the water causing a controlled burn, theréby removing the volatile or

flammable substance.
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[0013] Furthermore, the invention relates to a method of making an alkali metal
sithcide composition éomprising the steps of mixing an alkali metal with powdered silicon in
an inert atmosphere and heating the resulting mixture up to a temperature below about 475
°C, wherein the alkali metal silicide composition does not react wath dry O, ‘

[0014]) In these embodiments, the alkali metal silicide composition may be sodium
sibicide, such as NaySiy, potassium silicide, such as K4Sis, and the like. Also, .the exothermic
reaction between the alkali metal silicide composition and the water may consume or clean
the volatile or flammable substance. '

[0015] Moreover, the invention relates to a method for producing hydrogen £as

comprsing the step of contacting any of the alkali metal silicide compositions described

herein with water.

| Brief Description of fhe Drawings
10016] Figure 1 shows a Differential Scanning Calorimetry (DSC) pattern iﬂustraﬁng.
exothermic reactions between a mixture of Na and Si.
[0017]  Figure 2 shows a powder X-ray diffraction (XRD) pattern of a sqdium silicide
composition of the invention and Na,Sis prepared by conventional methods..
[0018] Figure 3 shows a powder X-ray diffraction (XRD) patiem of a sodium silicide

composition of the invention. .
[0019] Figure 4 shows a powder X-ray diffraction (XRD) pattern of NaSi prepared by
conventional methods. _ .
[0020] Figure 5 shows a solid state “Na MAS NMR spectra for a sodium silicide
composition of the invenﬁon and a sodium silicide composition prepared by conventional

methods. |
{0021] Figure 6 shows a Diflerential Scanning Calorimetry (DSC) pattern illustrating

exothermic reactions of the NaSi product of the invention.

Detailed Description of the Invention
[0022] As 1s shown in the attached Figures 1-6 and described herein, the mvention
relates to alkali metal silicide compositions comprising the product of mixing an alkali metal
~with silicon in an inert atmosphere and heating the resulting mixture to a temperature below
about 475 °C, wherein the alkali metal silicide composition does not react with dry Oa.
According to the proccsses described herein, the resulting composition can be used as a
source of hydrogen by contacting the composition with water. While any alkali metal,
4
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including sodium (Na), potassium (K), cesium (Cs), or rubidium (Rb) may be used, it 1s
preferred that the alkali metal used in the alkali metal silicide composition be either sodium
or potassium., .In addition, any type of silicon, powdered silicon, or crystalline powdered
silicon may be used, for example, powdered crystalline silicon (Alfa Aesar, 325 mesh). The
theoretical H; yield from a sodium silicide composition of the invention 1s approximately

~ 0.098 kg Hy/kg NaSi, more than double the Department of Energy (DOE) 2005 target for
_hydrogen fuel soﬁrces and larger than the 2015 target ot 0.081 kg. H,/ kg fuel. Accordingly,-
sodium is the most preferred alkali metal, and sodium silicide is the most preferred alkali
me'tal-s.ilicide composition. '
[0023] ' Figure 1 illustrates a pair of exothermic reactions that occur between Na and
S1in two temperamre‘ regions using a Differential Scanning Calorimetry (DSC) display. The
DSC results were obtained using a Shimadzu DSC-50 instrument, and the experiment was
_coﬁ;:lucted in a sealed copper vessel. During the experiment, a mixture of stoichiometric
amounts of sodium metal and silicon were combined and heated to about 550 °C. .In general,
it is preférred that sodium metal and the silicon be mixed at a 1:1 stoichiometric ratio, or in a

- mixture having a slight excess of silicon. At the conclusion of the experiment, there was a '
slight Na coating on the glass of the flask in which the reactions occurred. In addition, it 1s
believed that about 80 % of the Na reacted with the silicon durmg the eXperiment.
[0024] First run 101 shows the presence of a first exotherm extending from
approximately 300 - 450 °C resulting in the release of about 1.0 kilojoule of heat per gram
(k1/g) of Na used. The exbtherm comes to a peak at about 420 °C and returns to the b‘aseline
at about 472 °C, at which point an endotherm begins to occur. The endotherm, which extends
from about 472 ~ 505 °C has a trough at about 500 °C, is believed to be indicative of a
leeching of alkali metal from the material. A second exotherm extends from ab.out_ 505 - 560
°C, and results in the dissociation of NaSi to yield sodium metal in thc amount of about 0.25

- kJ/g of Na used. The dissociation of Na is believed to be the product being pyrophoric in
nature because of the presence of Na metal on the surface of ihe NaSi material.
[0025] Thus, the DSC results of Fig. 1 clearly show that one or two reactions occur to
form one or more of the silicides of sodium. After first run 101 was completed, the resulting
material was re-heated a second time under the same conditions, with the results shown as
second run 102. Second run 102 does pot show a melﬁﬁg endotherm of Na at 98 °C as
expected if sodium were released at approximately 550 °C in the first reaction, but does show

a complex series of further reactions. The lack of a significant melting endotherm is

attributed to the reaction being slow in the DSC cup, so that the decomposition reaction does -

S
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not have time to occur. Evidently though, the imitial formation of NaSi is followed by other-
reactions of various complexities. . ' - o
[0026] ‘ Figs. 2 and 3 show powder XQray diffraction (XRD) patterns of an alkali metal
silicide composition material of the iﬁvenﬁbn. The powder X-ray diffraction patterns were
obtained using a Rigaku 200B X-ray diffractometer using a copper source. In parﬁéular, Fig.
2 shows the powder X-ray diffraction pattern of Sample Ni-51-4 (annea]ed at about 400 °C)
in a 0.7 mm diameter capillary tube. Fig. 3 shows a powder X-ray diffraction pattern for an
additional sample. ! . , |
. [0027] All of the peaks of Na,Sis as 'calcu]ated from the known crystal structure are
present in the experimental pattern. (See Witte, J.; Schnering, H. G., “The Crystal Structure
of NaSi and NaGe (in German)” Zeit Anorgan Allege Chemie .1964, 327, 260-273.). The top
pattern in F ig. 2, experimental pattern 201, and the pattern in Fig. 3 indicate the presence of
Na,Si4 or a closely related allotrope, in addition to the formation of a different maten'al, a
mixture of Na,Siy, unreacted silicon, and other unknown products that yield at leas.t‘seven -
extra powder diffraction lines when compared to the bottom pattern m Fig. 2, literature
pattern 202, and the pattem of Fig. 4, which are powder XRD patterns for coniiei;ﬁonal NaSi.
Four of the new peaks at 2Theta angles of about 18.2, 28.5, 29.5 and 33.7-are shown m
- experimental pattern 201 Fig. 2, and six of the new peaks at 2Theta angles of about 28.5,
29.5,_ 33.7, 41.2, 47.4, and 56.2 are shown in Fig. 3. The presence of these additional peaks
‘indicates that the sodium silicide of the invention 1s different from known sodium silicides |
found in the literature. | : |
[0028] Figure 5 shows a comparison of the soli& state Na MAS NMR spectrum of
NaSi prepared by the methods of the invention and sodium silicide prepared by the methods
given in the literature. (See He, J.; Klug, D. D, Uehara, K.; Preston, K. F .- Ratcliﬁ'é, C.L;
Tse, J. S., “NMR and X-ray Spectroscopy of Sodium-Silicon Clathrates” J. Phys. Chem. B
2001, 105.). The solid state **Na MAS NMR spectrum was obtained using a Varian VXR-
400S Spectrometer. As is evident in the figure, the shape and chemical shift behavior are
very different from those reported by the literature. Jd In particular, the NMR spectra
shown 1 Fig. 5 show that a peak 501 for the composition of the invention ocours at
approximately 18 ppm, while the peak 502 for the sodium silicide material taught by the
literature has a peak at approximately 52 ppm. Clearly, the environment of most of the Na" is
different in the two preparations. The normal chemical shift and s)ahineUy of the spectrum in

the composition of the invention suggests a more symmetric environment for Na* than in the

NaySig samples prepared elsewhere by a different method. This difference in chemical shift

6
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definitively established the existence of a different éomposiﬁon than that taught by the -
literature. Furthermore, it should be noted that an earlier solid state *Na MAS NMR study
observed a very broad peak near the chemical shift reported in He and very different from
that observed with the composition of the invention. (See Gryko, J.; McMillan, P. F.;
~ Sankey, O. F. “NMR Studies of Na Atoms in Silicon Clathrate Compounds” Phys. Rev. B,
- 1996, 54, 3037-3039, and He, J.; Klug; D. D.; Uehara, K.; Preston, K. F.; Ratcliffe, C. 1.; Tse,
- J. S, "NMR and X-ray Spectroscopy of Sodium-Silicon Clathrates™ J. Phys. Chem. B 2001,
105.). The single rather narrow NMR peak observed during expeﬁmentation of the
' ~ composition of the invention at the normal position of Na+ suggests that in the samples of the
composition of the invention, the sodium ions are in a rather symmetrical environment.
[0029] | Figurc 6 shows two DSC traces starting with the material of the invention
comprising the product of the reaction of Na with an equimolar amount of powderéd Si,
heated to 400 °C overnight. The first im 601 shows no mélﬁhg .endqtherm of sodiﬁm and no
significant exotherms up to 500 °C, above which there is a si gnificant exothermic reéct’ion, |
probably the release of Na from Na,Si, at about 550 °C. This is conﬁiméd by the second run
602, which shows an endotherm due to the melting of Na (about' half of that iﬁitial]y used)
and a substantial exotherm starting at 300 °C as a result of reaction between the released Na
and the product formed by its release in the previous run. ‘ |
[0030] To prevent the formation of the other materials at higher temperatures, the
composition of the invenﬁ.on is created by heating an alkali metal and silicon mixture to &
temperature below about 475 ° C, and most preferably, to a temperature of about 400 °C,
which appears to be the optimal temperature for ’rhe_ formation of the Na,Sis composition of

the invention. Compositions made at higher temperahues‘ gave lower yields of hydrogen
when reacted with water. In addition, the stability of the composition of the invention in dry
air suggests that the procedures describe berein result in a “protected” product. This

protection is likely due to the formation of a SiO;-like coating on the material.
[0031] Accordingly, the invention relates to a method of making an alkali metal

silicide composition comprising the steps of mixing an alkali metal with powdered silicon in
an inert atmosphere and heating the resulting mixture up to a temperature below about 475
°C, wherein the alkali metal silicide composition does not react with dry O,. In this
embodiment, the step of heating may be staged heating occurring over an extended period of
time period of hours comprising the steps of heating the resulting mixture up to about 150 °C,
heating the reaﬂth]g mixture from about 150 °C up to about 200 °C, heating the resulting
muixture from about 200 °C up to about 250 °C, heating the resulting mixture from about 250

7
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°C up to about 300 °C, and heating the resulting mixture from about 300 °C up to a
temperature below about 475 °C. The step of heating the resulting mixture from about 300 °C
up to a temperature below about 475 °C more- preferably comprises heéﬁng the resu]ting
mixture from about 300 °C up to a temp erﬁtufe of about 390 - 425 °C, and most preferably
comprises heating the resulting mixture from about 300 °C to a temperature of about 400 °C.
[0032] The invention also relates to a method of removing a volatile or flammable
substance in a controlled maﬁner, the volatile or flammable substance being 1n the .presence

of water, the méth_cid comprising exposing the volatile or flammable substance to an alkali
metal silicide composition. In this embodiment, the alkali metal silicide composition reacts
exothefmically with the water causing a controlled burn, thereby remoﬁng the volatile or
flammable subsfance. In addition, the mvention relates to a method of volaﬁzihg, driving off,
consumin g, converting to a water-miscible species, or otherwise cleaning a volatile or
flammable substance in a controlled manner, the method comprising the steps of exposing the
volatile or flammable substance to an alkali metal silicide composition, and exposing the
alkali metal silicide cdmposition to water. In one embodiment, the alkali metal silicide

. composition reacts exotbexmica]]y with the water causing a controlled burn, thereby éleaning
thé Volatilc or flammable substance. Moreover, the invention relates to & method of
consuming a volatile or flammable substance in a controlled manner, the mefhod comprising
the steps of exposing thé volatile or flammable substance to an alkali metal silicide
composition, and exposing the alkali metal silicide composition to water. In another
embodiment, the alkali metal silicide composition reacts exothermically with the water
causing-a controlled burn, thereby consuming the volatile or flammable substance. In each of
the above exemplary embodiments, it is preferred that the alkali metal silicide compoéiﬁon be
sodium silicide. In addition, the applicability of the above-described methods 1s most
apparent with respect to the cleaning of volatile and flammable substance which cannot be
easily cleaned by conventional means, but instead require alternative means for clea:ﬁng, for
example, chemical cleaning. ' . '
[0033] The mateﬁal of the invention may be used to clean any non-miscible volatile
or flammable materials, including oils, fuels, etc. For example,. the material of the invention
may be applied to an oil spill in a body of water. When the material of the invenﬁon, such as
sodium silicide, contacts the surface of the water upon whic::h the spill is located, the material
reacts exothermically with the water causing a confrolled bum. The ignition may cause the
spill to ignite, thﬁs combusting the spilled oil and cleaning the spill. This use is particularly

advantageous because the amount of the material of the invention used is not critical. After

8
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an initial amount of the material is appﬁed to start the combustion, additional amounts may
be applied as needed‘ to further combust the spilled substance until the desired amount is
removed. The material may be applieﬁ to such as spill in many ways, for example, by
spraying or dropping out of an airplane in a manner similar to crop-dusting, or from a
helicopter. ‘ - ' '
- [0034] In addition, the material of the invention may be placed within a water soluble
| storage container, for eXamplé a water-soluble pouch, or be imbedded or encapsulated in any'
~ sort of contamment material, for example foams, polymers, porous materials, and the like,
which can provide a time-released reaction with the water by delaying exposure of the
material to the water. In this manner, the material may be dehvergd to a spill in a body of _
water, for example, an oil spill, by a boat, which could then leave the area prior to the start of
combustion. ' B
[0035] In addition, the material of the iﬁ\?ention may be used to clean volatile or
ﬂm@able substances in a d:y environment. In this case, the material of the invenﬁon may
- be added to the volatile or flammable substance, for example, applied to the surface of the
- substance. Then, water may be introduced, for example, by spraying, to start the reaction of
the material with the water and initiate combustion of the substance. Sirhilarly, the water |
may be added to the volatile or flammable substance ﬁISt,‘. and then the addition of the
material of the in\}enﬁon will initiate the combusﬁoh |
[0036] The alkali metal silicide compositions of the invention vary from ﬁee-ﬂowmg,
amorphous gray-black powders, in which the particles have a dull surface, to hard partlcles
baving a diameter of about 1-5 mm. The end product varies depending on the method of

preparatlon The ease of handling of the product, its low moisture absorption from the air,

and its rapid reaction with water to produce hydrogen combine to make this matenal a

convenient source of high yields of pure hydrogen.
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[0037] Examples: |
[0038] In each of the following examples, evacﬁab]e Erlenmeyer flasks were used to
prepare the samples of the alkali metal silicide material. The silicon was inserted into the
flask, which was then attached to a Vacmim line with an UltraTorr fitting and a Kontes
vacuum valve. The flask was then heated with a flame under vacuum and inserted into a
- helum-flled glove box, where sodium pieces were added. After removal from the box, the
flask was again evacuated and the sodium pieces were melted. When the pressure stabilized
&t about 3x10° {orr; the tubing was sealed off above the flask and the flask and its contents
were .heated in a furnace overnight or longer at the desired feaction temperefure Upon
completion of the reacnon, the ﬂask was again inserted into the glove box, the tubu]atlon was
broken open and the contents removed for storage and further study. |
[0039] - Example 1 — Initial Expenmentahon
[0040] Although Na is known to react with borosﬂlcaie glass at temperatures above
300 °C, thereby causmg darkening, powdered or solid products were prepared by heatmg ~
~equimolar mixtures of Na and crystallme powdered Si in evacuated 50 and 125 mL
Erlenmeyer flasks. Overnight heating at 500 °C yielded gray-black powdere w1th some
crushable Jumps. Three separate preparations made at this temperature ylelded products that
were found to release H, in amounts eqmvalent to 0.042, 0. 054 and 0.058 kg H, per kg of
sample. Accordingly, it was determined that the conditions of temperature and composition
may not be optimal. The literature and the DSC results in Figs. 1 and 6 suggest that 500 °C
“might be too high a temperature Accordmgly, a sample was prepared by heating the mixture

of sodium and silicon up to about 400 °C. The resulting product gave a hydrogen yi eld -

equivalent to 0.072 kg H; per kg of sample This yield exceeds the target yields of hydrogen

proposed by the DOE for both 2005 and 2010 and is nearly equal to the year 2015 target.

These results are very advantageous, especially in light of the sunphcxty of the preparahon
- and the air stability of the product. ‘ .

[0041} The material obtained by heating to about 400 °C produces both a solution and

- a black insoluble material, suggesting that the reaction of Na with Si is not complete under - .
the stated conditions, as pure NaSi would be expected to produce products that are
completely soluble in water aceording to a reaction such as: .

2NaSi(s) + SH0(f) — NaySi;,05(aqueous) + 5H;?
[0042] Accordingly, it was determined that it might be possible to recover the
unreacted S1 and react it with more Na, thus increasing the ultimate yield to nearly 100%
based on the Si used. To test this possibility, the residue was recovered, approximately 0.5 g,

10
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from the reaction of 1.0 grams of the secbnd type of preparation described above with water,
dried it, and reacted it with an equimolar amount of sodium at about 400 °C. The resulting
material yielded a quantity of hydrogen equivalent to 0.023 kg H; per kg of sample. Thus,
the total yield from the original preparation was about 0.10 kg Hy per kg of sample.

Recovery of the unreacted material from the initial preparation of Na -+ Si 1s clearly poSsible
[0043] ° The product of the reaction between Na and Si m borosilicate glass at 400 °C
' is free of sodium. This is further evidenced by the lack of a peak due to the presence of
metallic sodium shown in the solid state “*Na MAS NMR spectrum of Fig. 5. The DSC of
the pfoduct of reaction of Na with Si at ﬂﬁs temperature shown m Figure 6 shows no melting

endothérm of Na. Instead, it only shows an exothermic peak at about 500 °C. The repeat run
clearly shows tbat this high temperature reaction produces sodium metal, in agreement with |
literature results. (Cros, C.; Pouchard, M, Hagenmueller, P., “Two new Phases of the
Sﬂicon-Sodium System. (in French)” C. R. Acad. Sc. Paris 1965, 260, 4764-4767., and He,
' J.; Klug, D. D.; Uechara, K.; Preston, K. F.; Ratcliffe, C. L; Tse,-J.' S., “NMR.and X-ray

~ Spectroscopy of Sodium-Silicon Clathrates™ J. Phys. Chem. B 2001, 105.).
- [0044]  Example 2 - Stability in Air _

[0045] The Na-Si material of the invention reacts immediately with water to produce
hydrogen and release heat in the process. However, the matenal is comp]étely unreactive
toward dry oxygen over a period of at least one day. Unless the relative humidity is high, the
powder can be weighed in air or transferred from one container to another. A sample was
exposed to laboratory air in an aluminum wei ghing dish and only slowly reacted with
moisture. After two hours, a small amount of liquid water was added, and the black piece:s' -
immediately evolved hydrogen. It .is likély that the methods described herein for preparation
of the composition of the invention result in an alkali metal silicide that 1s protected by a
surface layer of silicon dioxide or some other composition. In any event, the resulting

" material is easy to handle in air, which results in the ability to produce hydrogen on demand.
~ [0046] These results demonstrate that it is straightforward to produce a stable
powdered or granular material that iike,ly contains a silicide with the stoichiometry NaS;,

together with an unknown amount of other substances (possibly glassy SiO, and unreacted
silicon). The product, while stable in dry air and only slowly reactive in moist air, produces
large yields of hydrogen when introduced into liquid water. The gaseous product is pure
hydrogen, uncontaminated with anything except water vapor and small amounts of Silanes

such as SiHy. Thus, the material is an excellent source of hydrogen for use in fuel cells.
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[0047] Example 3 — Reaction between sodium and silicon powder at 500 °C.
[0048] Sample Na-Si-1 was prepared by introduction of 0.56 g of powdered
crystalline silicon (Alfa Aesar, 325 mesh) mto an evacuable Er]enmer' Flask. After
outgassing under vacuum with a gas-oxygen torch (~ 300 °C). the flask was put ito a
helium-filled glove box and 0.46 g. of sodium metal was added. After evacuation and melting
of the sodium, the stem of the flask was sealed off under vacuum and the flask and contents
were heated in a furnace for 2 hrs at 300 °C, 22 hrs at 400 °C and 48 hrs at 500 °C. The Pyrex
flask became dark brown-red in the process and the product consisted of both powder and
- small hard lumps. In the glove box, 0.66 g of product was recovered. A 24.5 mg sample
produced 0.517 millimoles (mmol) of hydrogen upon addition of wate_r; This corresponds to
0.0423 kg of H; per kg of sample. If the hydrogen is produced only from sodiim silicide, the
amount corresponds to 43% Na,Siy. ' | )
[0049] Example 4 — Recovery of residue from the product of the invention _
[0050] ~ The second preparation of Na + Si (Sample Na-Si-2) corresponded to 55%
Na,Siy according to the yield of hydrogen. A 1.0 g sample of the prbdﬁct was reacted with
water in a nitrogen-filled glove bag, with copious amounts of ‘hyd:rogen p"ro'duced. The
reaction left a black residue that could not be recovered by centrifugation because slow
evolution of gas continued to cause mixing. The continued evolution of hydrogen would be
expected in this basic solution if the residue contained elemental silicon. The product was
neuﬁalized with HCI, waéhed by repeatéd centrifugation and dried. The resulting black
powder (0.49 g) was again reacted with Na at 500 °C and produced 0.021 kg of H; per kg of

- sample.
[0051] Example 5 - Preparation of the highest — yielding sample (Sample Na-Si-4)
[0052] As shown 1n Fig. 1, it became apparent from the Differential Sf:anning

Calorimetry (DSC) experiments on the heat evolved in the reaction of Na with Si that there
were two exothermic processes occurring. It is believed that, after formation of Na,Sis at
around 400 °C, further heating caused dissociation of the produbt with the fbrmaﬁon of Na
metal and other silicides. This result was somewhat surprising since pin'e NaySiy is generally
prepared at or above 500 °C. To test whether preparation at 400 °C instead of 500 °C
increases the yield of the product of the inventioﬁ, a sample was prepared as described in
Example 3, except that the flask and its contents were heated to 400 °C overnight. The
resulting product had fewer lumps and gave a hydrogen yield that corresponded to 73%
Na,Sis. The DSC of this sample shown in Fig. 6 confirmed the formation of sodium upon
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- ——— . .

heating to 560 °C and.showed that an exothermic reaction resulted upon re-heating, which is -

behieved to be the result of re-formation of sodium silicide. -
[0053] ' In particular, Fig. 6 shows Differential Scanning Calorimetry (DSC) traces of
the reaction of 4.9 mg of Na with 5.0 mg of 51. The mass of Na was determined from the
measured heat of melting. It is likely that the exotherm with- a peak at 400 °C is due to the
~ formation of Na4$i; and that further heating causes a secondafy reaction. As a result, second
run 602 shows furthex reactions of the various products formed in first run 601. Second run
602 shows no melting endotherm of free sodium, This contrasts with the'behavior of a pre-
formed sample, annealed at 400 °C which releases Na when heated to 550 °C in the DSC cup.
It is likely that the reaction to form NaySis in the DSC cup is slow, so that the second reaction

to release sodium does not have a chance to occur during the short time of the DSC

expermment.
[0054] Example 6 — Preparation of Potassium Silicide (KSi) Material |
[0055] * The KSi material was produced by first mixing stoichiometric amounts of

powdered (350 mesh) Si from Sigma-Aldrich with K metal chunks in an Erlenmeyer flask,
equipped with a stem to attach to the vacuum line. This was done in a He-filled glove box.
The He was pumped off and the I:m'xfurc heated with a flame until the K melted and the
system was outgassed to ~ 10-5 Torr, at which point thePyr'ex stem was sealed-off with a
flame. The Erlenmeyer was then put into a muffle furnace and heated for about two hours
each at 150 °C, 200 °C, 250 °C, 300 °C, aﬁd 350 °C and then overnight at 400 °C. Thp tube
was broken open in the glove box and the product was scraped off the walls. The material
consisted of powder and chunks and the latter were groimd up into a fine powder. A sample

removed from the glove box was poured into an aluminum weighing dish and exposed to

laboratory air. It reacted slowly, if at all, with no heating or flame. But when a bit of powdcr_

was dr0pped into a beaker of water it ignited immediately. .

10056] The yield of hydrogen upon reaction with water indicated only about a 50
~ percent (50%) conversion .to KSi, which indicates that a longer reaction time or better

agitation during preparation 1s nece$sary. Accordingly, 1t 15 expected that optimization of the

conditions of synthesis will lead to yields comparable to those achieved with the sodium

silicide compositions of the invention.
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CLAIMS:
[ A composition comprising a containment material and an alkali metal silicide
composition, wherein the alkali metal silicide composition is a sodium silicide composition or a potassium

stlicide composition.

2. The composition of claim 1, wherein the molar ratio between the alkali metal and the

sitlicon 1s about 1:1.

3. The composition of claim 1, wherein the sodium silicide composition or the potassium

silicide composition is imbedded or encapsulated in the containment material.

4, The composition of claim 3, wherein the containment material is a foam, a polymer or

a porous material.

. A method of removing a volatile or flammable substance in a controlled manner, the
volatile or flammable substance being in the presence of water, the method comprising the step of:
exposing the volatile or flammable substance to the composition as defined in claim 1,
- wherein the alkali metal silicide composition reacts exothermically with the water causing a

controlled burn, thereby removing the volatile or flammable substance.

6. The method of claim 5, wherein the alkali metal silicide composition is sodium silicide

or potassium silicide.

7. The method of claim 6, wherein the alkali metal silicide composition 1s NasSi4 or K4Si14,

8. The method of claim 5, wherein the molar ratio between the alkali metal and the silicon 1n

the alkali metal silicide composition i1s about 1:1.

9. The method of claim 5, wherein an exothermic reaction between the alkali metal stlicide

composition and the water consumes the volatile or flammable substance.

10. The method of claim 1, wherein an exothermic reaction between the alkali metal silicide

composttion and the water cleans the volatile or flammable substance.

14
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1. A method of removing a volatile or flammable substance in a controlled manner, the

method comprising the steps of:
exposing the volatile or flammable substance to an alkali metal silicide composition,
wherein the alkali metal silicide composition is a sodium silicide composition selected from:
an air stable sodium silicide composition having a powder X-ray diffraction pattern

comprising peaks at 2Theta angles of about 18.2 and about 41.2 and at least one peak with a 2Theta
angle selected from about 28.5, 29.5, 33.7, 47.4, and 56.2;

an air stable sodium silicide composition having a single peak in the solid state ~*Na
MAS NMR spectra at about 18 ppm; and
an air stable sodium silicide composition that does not react with dry O»; and
exposing the alkali metal silicide composition to water,
wherein the alkali metal silicide composition reacts exothermically with the water

causing a controlled burn, thereby removing the volatile or flammable substance.

12. The method of claim 11, wherein the alkali metal silicide composition 1s NasSi4.

13. The method of claim 11, wherein the molar ratio between the alkali metal and the

powdered stlicon 1n the alkali metal silicide composition is about 1:1.

14. The method of claim 11, wherein an exothermic reaction between the alkali metal silicide

composition and the water consumes the volatile or flammable substance.

15. The method of claim 11, wherein an exothermic reaction between the alkali metal stlicide

composition and the water cleans the volatile or flammable substance.

16. A method for producing hydrogen gas comprising the step of contacting the composition

of claim 1 or 3 with water.

17. The method of claim 16, wherein the containment material delays the release of at least

some of the alkalt metal silicide composition from the composition upon contact with the water.

8. A storage container comprising a water soluble pouch and an alkali metal composition
contained within the pouch, wherein the alkali metal silicide composition 1s a sodium silicide

composition or a potassium silicide composition.
15
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19. A method for producing hydrogen gas comprising the step of contacting the storage

container of claim 18 with water.

20. The method of claim 19, wherein the water soluble pouch delays the release of at least

some of the alkali metal silicide composition from the container upon contact with the water.

21. A composition of claim 1 comprising a containment material and an alkali metal silicide
composition, wherein the alkali metal silicide composition is a sodium stlicide composition selected
from:

an air stable sodium silicide having a powder X-ray diffraction pattern comprising
peaks at 2Theta angles of about 18.2 and about 41.2 and at least one peak with a 2Theta angle
selected from about 28.5, 29.5, 33.7, 47.4, and 56.2;

23
an air stable sodium silicide having a single peak in the solid state Na MAS NMR

spectra at about 18 ppm; and

an air stable sodium silicide that does not react with dry Oo.

22. A composition comprising a containment material and an alkali metal silicide

composition wherein the alkali metal composition is imbedded or encapsulated in the containment

material.

23. The composition of claim 22, wherein the containment material 1s a foam, a polymer or

a porous material.
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FIG. 4
r
I

=

155
78

4/6

CA 2974826 2017-07-28

40

10



FIG. 5

2*Na MAS NMR Spectra
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