TITLE OF THE | NVENTI ON: El ectrodes for Electrolytic Germane Process
BACKGROUND OF THE | NVENTI ON [ 0001] The present invention relates to

el ectrode materials for the el ectrochem cal synthesis of germane (CGeH4).
Several electrode materials have been previously reported 5in literature,
which include Ni, Cu, Pb, Sn, Cd, Zn, Pt, A, G, Gaphite, Fe and Hg.

[ 0002] SU1732697A1, RU2071993 and RU2230830 taught the use of a N

el ectrode to el ectrochenmi cally generate gernane with current efficiencies
estimated at 15-20% when operating at optimal conditions in a flowthrough

cell wth cross m xing of anol The patents focused on the
process of cross-mxing the arl ﬁ]‘&éﬁdﬁi@[ r\g%g{'@@'el ectrolytes and not on the
el ectrode material itsel Electro@és3br BechollhBGomtarsl Proged t he use of a

germani um el ectrode to generate germane at current efficiencies of 30%
However, this result is in contrast to that reported in a journal
publication (Geen et.al., BACKEGROUNOCOEMHEINVENTVQR6, n3, p253) which

showed t hat germani um el ectrodes do not generate germane efficiently.
15[ 0004] Dyurkovic et.al. (danik Hem Drustva, Beograd, v25/26(8-10),

1961, p46fjoos] uqth@ﬁre%@mahaénndniélﬁesm elﬁat@imé’oéhaisEﬂthé’bleci@l;hemaand Hg) as

p1061) e AiTeOLasTaRas (Gee el Hebl & RelorBeBrb el P RUp bl oss

el ect r®l yaeReratdrd, wiieh inaiibe Ny tG, bl Su) @d,eth, By, A, G rGirapfiteg &k apdigy. and
concl uded that copper and cadm um were optimal electrode 20 materials with

current efdooe) e3@!1eszwmzmao%gg@mdmmao tlught the pee beal Ni Jaiat:trmdeeto_ _
of " Gor manF BRI DEGere i aarT il cBrBHORITemrlrs TorfaRy f 4520 ARG cea”
in the arbpérating Qtvamimaeécﬁrﬁmtdnu n aﬁam’.hrbogh télewieh eross muédgeg%mfublyieymdw_(la_sH iEs of
PRVENTT OnCRBo0 Tt Batipjsdefisha oGihs Rsohre s R AT 015 o ipege

ef f ec10 ve eferoigtel @hd nbeoretheadigatotie materal #yeit hesi s of ger mane( GeH4),
especially, with stable performance. 5[0008] In one enbodi nent, a nethod
for gener {0003y U SEbEEGalegel thalesk ofizbgarananivoudectgdelte generatecgarvahe ekl | ;

conprises the.s s of di n cat h I

1oy ca: Ade SR oL SR HEn gt ant S v RS o Res i 8 A

chanber ceouoplicagom{Graan abaidd. Eketrochenp&ot., 9106, mﬁepzamwmobfshmved that
germanium electrodes do not generate germane efficiently.

15 [0004] Dijurkovic et.al. (Glanik Hem. Drustva, Beograd, v25/26 (8-10), 1961, p469)
studied several different metals (Al, Fe, Pb, Cu, Zn and Hg) as electrodes.

[0005] Tomilov et. al. (Inorganic Materials, 2008, v44, n10, p1081) evaluated several
different metals as electrodes in a filter-press electrolyzer with the catholyte circulated by
a centrifugal pump and concluded that copper and cadmium were optimal electrode

20 materials with current efficiencies of 32-34 %. The authors’ also reported that the current
efficiencies decreased over a period of time due to the deposition of Germanium on the

electrode surface.

[0006] Thus, there is still a need in the art to provide effective means for the
electrochemical synthesis of germane, especially, with stable performance .
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10t ubul ar housi ng conprising nmetal ML, and an anode gas outlet; providing
an aqueous el ectrolyte solution conprising Germani um di oxi de (Ge02), a
hydr oxi de M2CH and an el ectrol yte solvent in the cathode chanber and the
anode chanber; wherein the netal alloy cathode and the anode are at |east
partially imersed in the aqueous el ectrolyte solution; 15providing a

di vi der separating the ca chanber; wherein the
divider is electrically i II?EIEIIQIEIS@W?%éﬁlﬁIg%HIQﬁEQEmOde circuits;
supplying an electric power to the divided electrochem cal cell; releasing
gas gener in the cathode chanber thraugh the c ode ga et as the
hydri de g@bﬁ%nﬁh%&la&gﬁﬁ?ﬂﬁ SECH 81‘{8?%%89‘? Rrov 'ﬁg eﬁ%%&'g r%%é%ﬁ@r I'? hr ough t he
anode gaselectidobemidaddpfiesisofapirane(Gebigd icspatiallyawithestabld pedornggeter at i ng

germane in a divided tubul ar housing el ectrochem cal cell; conprises the
st eps ®f : [0008)i i ong emisalirhedte achethbe for gengratisg germanatt aldivideddybutart hode

I d fror , I St f |1 hode, ti |
Cat hode 2P AARERCoRT apBRs<S e SBRE oLt note gas out et provi di ng
d hanber IS hat | ' I h
bl ar hous ng XBRgE s RnBerClintridle & okl ol o ¥R bnd Bl sollock .,

aqueous el ect r ghgy/dtlegol uti on conpri sing Ger mani um di oxi de (Ge02), KOH and
DI water in the cathode chanber and the anode chanber; wherein the 30netal
al | oy cat hode pmulidingeancarade chamber cdneaistngpar aricak Itlyatiiswast efdohdrwalllod ttequeous
el ectyolyte solutiop: .providin i i der ratl e cat hode chanber
from I(IIe anodeIUg’I‘IIgﬁﬁ%lﬂs,"pQ/\Ifgoé?ngsII%[rﬁ%tghwvga@gra%?dg‘%gﬁéégrg%% ly insulated from

q 4 cat hode. ci S . I~ _ Ui ded
anod. and. ot A s Rl BRgBAOF AR fy BRI SRR BAERES,
chanber t hr ouga hyytirexidatvikGitbanrhan electralyte Salventie theychthaetie drambenantd thel easi ng

gas generated | h I [0010] In
yet ant hor errb%'E?&r?e&&aﬂgq%ﬁ%mrpaég%@&t#@gegd@rag@engﬁq%ﬁoégé8IEI\?|HS ed tubul ar
housi ng el ect r patially ivenersed in;the aagrous electraytessaliionpf provi di ng
a cat hode chanber conprising a copper alloy cathode, and the cathode 10gas
out | et§ provi dpreyiding axdivider sdrardiieg thoagthodd ehanzher fmodbe ehede ¢hamiar: of

i nner vl of Ivnsrewg'oﬁﬁdép%@F@g?aﬁ@{mguiaﬁwﬁomia%sé an@Bstndik SRRAS gas

outlet; providing an aqueous te solution conprising germani um

di oxi de (0e02) sﬁ%@%@ﬁ%gfgeﬁﬂﬁ@ %Ir:’tojtﬁgd%ded ob h@g:efl;r om 60-150 g/1 and

DI water in the and the anode chanber; wherein the copper
al l oy cathode ffdising gas generated in the cathode chamber through the cathode gas outlet

as the hydride gas; and
20 releasing gas generated in the anode chamber through the anode gas outlet.

[0009] in anthor embodiment, a method for generating germane in a divided tubular
housing electrochemical cell; comprises the steps of:

providing a cathode chamber comprising a metal alloy cathode selected from the
group consisting of copper alloy cathode, tin alloy cathode and combinations
25 thereof, and the cathode gas outlet;

providing an anode chamber comprising an anode that is part of inner wall of the
tubular housing comprising nickel, and an anode gas outlet;

providing an aqueous electrolyte solution comprising Germanium dioxide (GeQ,),
KOH and DI water in the cathode chamber and the anode chamber; wherein the

30 metal alloy cathode and the anode are at least partially immersed in the aqueous
electrolyte solution;



the anode are at least partially imersed in the aqueous el ectrolyte

sol ution; providing a divider separating the cathode chanber fromthe anode
chanber; wherein the divider is electrically insulated fromanode and
cathode circuits; supplying an electric power to the divided

el ectrochem cal cell; 20rel easing gas generated in the cathode chanber

t hrough the cat hode ga utl et e dride

generated in tW@V'gWS%e&E'ﬁﬁrnﬁ?@Frat HP&JIF@F?%%{@ %ﬁﬂﬂ) grgq@%?ﬁ%qeea&fi%fg] The

met hods f ur t hewh&elthe sividet epsledticallyirisntagadirony ahbde arel tatipadef dncoitice or
restoring the cell performance after a reduction in current efficiency over
time, by 25renmyplyng drecleattrib pdeef todne tikidedgleetoshentiealcelgl yt e sol ution and
polishing the cathode, or suspending the cathode in gas phase over the
aqueous el ect r gigdsimgpisufehoratedin dhe eathsir ¢dhampet Hreought the dathbde gas outtche

aqueo el ectrol t ol ution [0012] The nethods further conprise steps
for t anal ys?% ?H%e S‘T‘%@P‘Fm yte, such as, obtaining the concentration

el
oref er  eattill: Pl paE AR otbelsH g Relbl g SRR aRTE Cr

ef fi ci enciubufar D&Iskid ElEctRiEBERIdAT N cOMPTIBES thENMENSICBN [ 0014] A new el ectrode
material for the electrochem cal synthesis of germane is disclosed in
present invent bmvidirtgoa[ &iigie dambes peroprigingb Coppar oy easkens, ant ihermaittimge

di scl ﬁges t he é%%v\ﬁ -an all oy electrode for the manufacture of gernmane.

Thi s S been o result in an increase in the current efficiency for
the formation %Jde%‘a%e%&&érr | felo 43 Moﬁhﬁ@rﬁr& dj?cﬁth@w'th
m ni mal or no ccu ation of gernmani'um deposits on t e el ectrode surface.
15[ 0016] A ti tmlaohom@mmmmmkeﬂ andeanzandg gies ooiett he el ectrol yte is

al so disclosed in the present invention. [0017] The el ectrochem cal germane
cel | used in ppeyiing amaguecus alecirpigteseluign apmplisieg gemaniim dioxide K6ee:)f or
generating Ce t

el ectrochem c;‘f‘ﬁ.@ﬁ\&%ﬁgg%ﬂ)@%&ﬁ k%ﬁ%n Iﬁ%%mdoa:(sga% %@%%3153454A1

20( Mathado et . caihoge crmﬁent@ﬂrgoﬂdmmmd@fcha@bpame@m qapact ey zethoda 8od 54A1
| S hereby | nCoRRUAEdrdY: L&, PRARGFiIndERel M e HREEAS déitioRRe shiithB]  The

el ectrochem ca I VI 8

an anode chanber and a cat hode chanber

by a solid parididHy 4 8 P‘é’é%ﬁéﬂ Qhé!"cétho@e DU 1S PBLAGER Siarita! the 02
gas generated Eév an’(\)’gje ng as generated at the cathode do
not m x. The wherein the divider is e!ectncal!y msulated rom anode and cathode circuits;

supplying an electric power to the divided electrochemical cell;

20 releasing gas generated in the cathode chamber through the cathode gas outlet
as the hydride gas; and

releasing gas generated in the anode chamber through the anode gas outlet.

[0011] The methods further comprise steps for maintaining the cell performance or
restoring the cell performance after a reduction in current efficiency over time, by

25  removing the cathode from the agueous electrolyte solution and polishing the cathode, or
suspending the cathode in gas phase over the aqueous electrolyte solution; and
reinserting the cathode back to the agueous electrolyte solution.

[0012] The methods further comprise steps for the analysis of the electrolyte, such as,
obtaining the concentration of GeO.and the concentration of hydroxide by a titration-
30 based method.



25gases exit via independent outlets in the gas phase of their respective
chanbers. [0019] The nethod of operation involves controlling the
differential pressure and differential |evel between the two chanbers using
a control value on the cathode gas outlet and / or anode gas outlet. [0020]
The el ectrochem cal cell can be operated with the el ectrolyte continuously

Chanber or vi ce VEVER DRe ETERY FRCHR IR RA AR AP OE AR NER. 12, 20w th

the anol yte and/or the catholyte fed to their respective chanbers, either

conti nuou r _periodically as ne o 21] (ar:Te H4) i

synt hesi zg‘hﬁﬁ@ {: greef{gl%oﬁ%ilt%gwge6QFQ€§S%I§IL18%U§I%@8§EF@%!@ rsesgiqn\%)é in
M2OH cont pietérrgl eegtebts comlentradons forsétiginiag highec Geblgeyrrant effieieM®OH 1 s
selected fromthe group consisting of KOH, NaOH, LiOH CsOH, and

conbi nmtions thereof. 5[0022] In one enbodi nent, the electrolyte consists

Che conducti vity of thETMEEPaReREIONS THF VNI G Csol Ut on of

Ge02in water. A person skilled in the art would know t hat other types of

wat er, su eut er.at.ed wat.er. .

concent r affgaT | ATEERBrdieyRingio 6 Pe AsiRofRalief G ol

10pr ef er ahlsglobed nheesemhgwemfonr80 to 170 g/ 1. The Ge02 concentration is in
the range of 30-150 g/l and nore preferably in the range of 60-150 g/1. In

sol ut 1@ns [@S] aMuora gpduifghtly, tiep2sedrinentioradisdosss tkOdse oharealtayaidadndeny have

to be higher, be i S | uhi | i , ; . 024] As
an oxanpl & (U GORRE b OISBT o Lot Bl b tesBh niBtRereape in 88°C 60
159/ |, or cuhentkéBidienoy &ethe formation of gbabang frommad eBed@cloamicalrted by iabnodts 100
g/l. [0023}, Fi.aure . l ubj |i EF%ZZ KOH
sol ution. Ebl )(j:ﬂ'ﬁﬁ qnlﬁhﬁg{}%ﬁ%éscnﬁwza%gﬁ%k ééﬁa&ﬁ@rﬁ é%%érsg%f/) e c%%@é@?‘%ﬁ ?g%s for
obt ai ni ng hi gher GeH4current efficiency. [0026] It is preferable to have a
m ni mab |y [@oISHi A tiirak@Hbesettmathod fordhe analydieotthe electiblyteds aBbaliscipsed it ai n

Ge02 concegnt I.Qr .achi eve higher current efficiency. However, the
opti mal el ecérgé(%n%}g%g%ﬁl(ientrati on for germane manufacture by el ectrolysis

I d YA : : : ji tribut
16" the entiE7T, THRRRekfst S Eiie deitliocliiPpRs B RNIOE Mt af O U1 0 P°
per f or manekectiolitep acathode jorgjederating G, amhan anodicelgeitasie; igisimifarth the

el ect rochegi cal . | L s Plati num
Copper or%@@eﬁl&?{owﬁ%&gﬁhgﬁ%@tﬂ ?n ? Eéﬁ E\%ﬁ?b@pat rgzoe eé?%ﬁgm cal cell
i s made ugMethatiocitall.) Wiiectischdssire alc US redentiagplinatior 200901AP4H X jsgeaiehys

evol ved fﬁmﬁé{?&ggkﬁg&g@n@ﬁomi%%ﬁircaﬁ({nqow] The cathode in the

el ectrochem I'S responsi of generating a gas m xture of GeRt

and H2. Sexeral SO0 G @l 30 have
been pr evﬁq)@s y%%ﬁc%@gﬁﬁgﬁ?tegﬁ?ﬁ% m\il%ﬁ“ncﬁ I ncl ug@@ ergﬁd gCu%@Eg Sn, Cd,
Zn, Th, Prchamber lea aelid pagtitiontie corskingoravifph Ppwus MispwgeUsGhabbieddsdes has
al so been ¢ T, I f ; GLek | own to
Sierd d N JefiBidddl indl AR Mo the e YR Yehbrifod & .tﬁé bé\h@@@é/ﬁmhﬁ&ﬁﬁéﬁ

25 gases exit via independent outlets in the gas phase of their respective chambers.

[0019] The method of operation involves controliing the differential pressure and
differential level between the two chambers using a control value on the cathode gas
outlet and / or anode gas outlet.

[0020] The electrochemical cell can be operated with the electrolyte continuously or
30 periodically fed to the cathode chamber and drained from the anode chamber or vice

versa. The electrochemical cell can also be operated with the anoiyte and/or the

catholyte fed to their respective chambers, either continuously or periodically as needed.



in the product gas depending on the operating conditions as well as the
relative activity of the electrode materials towards the formation of H2
and the deposition and accunul ati on of Germani um [0029] In present
invention, the cathode is a Curich or a Tin rich, Pb containing alloy
5el ectrode, preferably consisting of netals such as Sn, Zn, Cu etc. as

al | oyi ng n t,~are nr ] ri ; i e al | oyi ng

ol enent o OB ER R BLGRHRLE SRR =ty Bhi s e o Ry R LY o,

whi ch is {Getiy) dissotvied ireMOHEoetainingaguenus balutiorisaseny acelectrddg, wbevar ds t he
formationgof, H2_framith | ectrol vsi.s O ! e are

pr ef er abl M?E)Hf's 3?'?%39/? har%etﬁ%ﬁéo scoiq%%@ngcggr@%&an@?’a ‘?5’ g%@ﬁb e are used, it
i s preferadrhisindtiong®maresft i ct its concentration below a certain |evel, which
is also known in the art. For exanple, if Zn is used as an alloying

el energ, [M02RF |or@fecaraiiddimend, thaetedtrolyteamsists offid@randefOm dissolweddrt de-pr event

Clement s ol fed RRbEpleBphf i e FUEEIg oY b mdklionfe ah e
i ncr easi nfaciitade fherdigsoiution of Ggep imwedera AdvedenT skilled irgthieaet Wauldrindvothabf H2.

comor of o ey RPr s el AT As frageted BRekERn kb Blel. "cuch as. a bronze

936 allo ai-ni . 0 0 9 ; ze 544
ooy corl @2} 2R ROHERBREnEoNISHorctadh FHine Hnd¥ 8h S Y65 afa HogEZC BIYC
cont alti npreédrably irBBeordhge FBOA,177 ¥ Pihe GeOSennceniatoniis oribhe rarde®f 361160

containin 9 0% t C e 0 [0031]
It is preg/éggcﬁﬁﬁgn?géréﬁeg\a/bely E‘o %Q@%ﬁﬁodﬁﬁg@eﬁﬂhﬁﬁ ? %@Eﬁﬁggﬁ ' er\g}ceﬁ Fode to
achi eve hcgiveotratiomas K@Hfdooteni@ties may@ase jo Mhbigbert esduseci@Hecraashs the om a
solid pie e L hol | ow pi ece of the alloys of the present invention.
The el ectgac;gﬁe%gtyggﬁ%so have a plurality of perforations, such as 25 a

por ous st r 1 e } ] : on the
Sur face. 12 B hictadfles InKOH ERCLARAI . 309 8l BB, B Pa IR B avi ng
a heatb t r ghgfrethe QH corfoeotrationgs dé5 g end Gelawoncaniyatien igi1@0tadbes. [0033] At
tenperatures below 25 C, the current efficiency of GeH4 decreases. The

el ect r ochE1926hI Figetd 1 slagved iheisalybility aunee for GeO: duraueaue KOK saptionh&Figiredent

i nventiongi ' : s ferable to
oper at e tl%"é*&ée ltﬂ%é{e@%@% %ﬁbt%e %@rﬁ%ﬁﬁé‘?d&%g%]r@dlﬂgﬁig #g% Ern%ggi%r%%ng it is
nmor e pr ef effigiehey.t o operate the cell between 25 and 45 Cto prevent the
formati on of gerryani um deposits at tenperatures above 45 C while in other
enbodi menf@P26he Ités petarainenhave a misimalyspessbledf@d cancetrationin the gleckplyte

for magg ongpty &g&@g@@gﬁ%&gm&m 1o LANSR] nidhé R Bici@RG! AbWarRBdi ti ons

ici .
that correspon current efficiency and mnimal to no formation

of ger manPRMAGRAPYE Ganceniriioarier aRsBAne Mandfackye By Bleptreuws BIRYAS?, t he
el ectrol yhﬁ?&faﬁb%ﬂtﬂ?@&érﬁigcm o‘f’g%rééétﬂﬂjt& Wﬁiﬁ'ﬂéorﬂ%ﬁéé t%-thé g@&@} rdfifted

el ectrochenm cal 'cell 1s operated at current densities in the range of 50 to
500 mA cnioprogees garaNg). the suskainabiigiecighe gelbperiprmgucaaNdprroessatields-gher
current densities, 10the current efficiency for germane was found to
decr ease. [9027] ohk¢ aoede Baterigbndhe elestroghgmical germane cell is made up of materials

25  such as Platinum, Copper or Nickel. In one embodiment, the wall of the electrochemical

cell is made up of nickel which also acts as the anode at which oxygen is evolved from
the electrolysis of water.

[0028] The cathode in the electrochemical cell is responsible for generating a gas
mixture of GeH, and H.. Several metal cathodes used for the generation of germane

30 have been previously reported in literature, which include Ni, Cu, Pb, Sn, Cd, Zn, Th, Pt,
Al, Fe and Hg. The use of Graphite and doped Ge as cathodes has also been reported.
These different electrode materials have been shown to yield different amounts of GeH,

-5-



production rate is lowered due to |lower applied current and a | arger

surface area will be required to achieve the target production. [ 0037]
The el ectrochem cal cell is operated in a batch node for several hours. The
raw materials, Ge02 and water, can be added periodically to the cell. The

anount of water 15required can be based on a | evel indicator. [0038]

F i on, i d i is d i | f "
Cor et o S SRR TGEAR) b oSN Bl v BB B
current epfftheickrirgde Ratealy towbeisitisd foymhaticsof\d,ldnditiee Hepusition@nd The ger mani um

deposits coul dl%eel ff fromthe electrode surface and form sludge in the
el ectrol y?‘éCUBB{ W(‘i°£ e{/"@%fﬂ@'r ng 20operational problens. [0039] The alloying

nmet al s wh ed individually.were fou o.fo r. iU i but

T ot st nbatT 2 ArBfans avE Bl o eeind RO A e, R BR e aBAg b

‘deposig s electrdue, gepaably conssitngwd metals suchads SHODM @u dt¢. asesloyibg eleveahts n t he
resent inventio the curren ficCi f.or GeH4

AP he o it fls Rrerart it BRls bREERiS e oy Bt e BBSH bRAMINE o1 o
or | ong t ectivitg fowzdgsungiradeenevelution nehigh sknoantimtheet. rElemests tiyathass idwee KOH

o | nor cade R oBiEouiigN of HEHEANEHEP PG of ByerBimbTbR R o ot

ef fi ci encyrefeabist ihblleyirduglémgnia ticaticbin pateaallyworrodé aeassedoivisrpréfeldotamiong a

reri B ol elonfie@nggrabelton iR peberdP Al OB eldhe BEP 1 1S Tt

have beenexatapit) if Ze i usedmsasaibying elentantrit is pteférablelie bavd itsicahcehizdtionenmovi ng

L L

it hashal slienimamlnftmsmndbmlecttdmatn;]wpd eideliarsgnedg_istiebemf'rt bxzi_inc'rqastrigdhﬁas phase

( t . t { . t t t t

SYZth ol y Rl otdsimat b o8 Bathe P oA BE 0 provent the drop in d
e oCug) I ERaibeR i cokberiEPusitiine Bl iRs {ohBdadriktntafade T 008

t he per f ocompec alloysdpnt bicMastengasr, sachsdsa atbraf2edd36aalloh aordaming[®OUPLd1 ¥an or der

d i o i . b
{Ftrat§ on Cha iRt bou 62850 blbur 86T PR Sl sBol R B 338 207 0. e
by pH (anmdunPb afid K@-§n;iarbrohize 932sajloy icootainirigeaboaeh 83%dCu, 386 P 756 Pbhé%si;ut i on

to betwee i addi ti n i

el ectroly 88@%2‘%0 "%%F'? E&ﬁ%‘ﬁﬁg arorqﬂl{%éeaj’ ;():'r% e%?"ﬁ%"% |%rtbegq%r%e%§e%¢€%sol ution
can t2@n b#%filtered, the weight of Ge02 obtained and concentration of Ge02
(g/l) can be cal cul ated. The concentration of KOH can al so be obtai ned by
the titraf0081] mitihpeferablado have koth Curand Rinpresed dnlthecllon alepodsstedichisve
determ nehgﬂgcufrgﬁ iciQﬁci 02 in 15the electrolyte without the need for nore
expensi ve an edi ouS anal yti cal techniques. Wrking Exanples [0044] A
cylindric e ] N " 20
el ectroch ngla‘c?ll ﬁbéggﬁg%g %JI %gﬁi#dg?% ﬂﬁg@élgﬂ%éﬁ#r f&@gﬁ’&’@ ggefgpml%%lgggvas
used to difihgpresest siventionothe eicctaddesaian alse avara plwelly of perfaraionsnaucd asat hode
chanb t r bk [ WO
chanbays. SRRk PE Wi Raks ?P"&a{*ﬁ@éh%@%’%ﬁ?ﬁ’ﬁ%%?@%“ﬁ?%@% LR bl end
of HDPE ante EpiPRdé @rmpalcet_)l?d by makingsheesibede h@lowmfﬂ&ylﬂgmétt@lﬂé.ﬁeﬂ'he Ni

i nner wal I"“Bff'oy‘ﬁsr‘géﬂ”teﬂg‘“'gﬁ%%}hﬁg{eI‘"a%f’@éj as the anode at which 25 oxygen

gas was evolve ysis. A control valve on the anode gas

oul et was éétgjgﬁ’ taQ+ réiﬂl'eséﬂeé‘?oavggé ﬁ@,rtﬁgggﬁ%ntgérnﬁ?éﬂ{(%f &8, bhGch4eThe

di fferenc ween the anode cat hambers”to further to prevent the
cross mi xielegtroghaieal gak eensigting vhthecleatrodn Mateinl ehtripessent invention is

30 operated in the temperature range of 25-90° C, preferable to operate the cell between 25
and 65 °C.



[ 0045] A diethylene glycol coolant jacket on the outside of the

el ectrochem cal cell was 30used to maintain the tenperature of the cell.

[ 0046] A bronze 936 alloy containing about 81 % Cu, 12% Pb and about 7% Sn;
and a bronze 544 all oy containing about 89% Cu, 3 % Zn, 4% Pb and 4% Sn;
and a bronze 932 all oy containing about 83% Cu, 3% Zn, 7% Pb, 7% Sn; and a

bronze al 1 cont aj ni..n bout 94% % Sn. h v be ur c ed from

Vovaetor. 8T srin e BhOUER R B Rl lothel B¢ Ra S bR 2R 5%

Exanpl es 45 %b@b@mﬁﬁﬁ@ftﬁmamued gdnaamumrdﬂpeeifmat temparatdres atmveel&ﬁi“ vainile

5el ect rochenj cal lgoecﬁrrarge cel A n el Ectlrodes ge tt% 0§ entt ventJ on have
been used EREHPIPYME FHC%@?CW efCALRdF YPRrated At 90k TS ET 3y °R&4°Hnd 100
g/l Ge02 di geahivectdpositke- i oni zed water. [0049] A bronze 936 aI I oy was used
as the cathode to generate GeH4. The 936 all oy el ectrode was a 0. 25"

di anet®r (0035 The aptimaitdpeeatmgrcbadzﬂor&rtbat afrredporentd.high GelOO&EBTent current of

5 A correspondin 0: & curren m S lied 15to the

el | Theegrnonand SilnatisorEoR ol dufantid aPeosiRum SPEatBRuL fRBkch day
for sever alecttayschds@nahé elBarogicaincaitydtion badppeating euves demsitgt ai ned at 30 C
using a diethylene glycol coolant jacket on the outside of the

el ect rochgoo3ep Taé Ielectrocr[dhﬂéé]]celaNsRipezaieubai(cu)regademmsémmeaamgﬂmisﬁértsor from

72 in oD BUEED" (BB YRR hERd . A 2B A6 A S A HObH B RBE A GRS was
16. 2% ?or ﬂmso,‘lmmdth ggci\?mm?ﬁfo::ﬁemmme vmfsffomcbhoodpcm‘asé%tﬂo@@(tﬁl&f]enﬂ'dimnseﬂeedhe gl yte
00547 e BRRRY Bt lipirpd fud FYoWBh ot ot ek Bitoct Hs LWL, e
out, howevaruirad by acti@veathé targéidtocmsionsed as t he cat hode. [ 0055] The

Gel- 14 concentration in the product gas on was 14.7 % corresponding to a
30cur r ent {637} ciTeaelecobchtini8al¥ell is operated in a batch mode for several hours. The raw

materials, GeQ. and water, can be added periodically to the cell. The amount of water
15  required can be based on a level indicator.

[0038] Formation of germanium deposits is detrimental for three reasons: 1)
Germanium deposits can act as an electrode poison, reducing the GeH, current
efficiency; 2) Raw material yields will be lower; 3) The germanium deposits could peel off
from the electrode surface and form sludge in the electrolyte potentially causing

20 operational problems.

[0038] The alloying metals when used individually were found to form Germanium
deposits, but surprisingly, Cu alloys containing the metals did not form germanium
deposits or the deposits were very minimal.

[0040] it was observed in the experiments of the present invention that the current

25 efficiency for GeH, in the electrolytic process was not affected after re-start following
brief or long term shutdowns when electrolytes contained minimally possible KOH
concentrations. However, when higher KOH concentrations were used in order to
increase the conductivity of the electrolyte, even though the current efficiency was stable
during a continuous run, it was lower following a re-start after a brief or long shutdown.

30 [0041] Some solutions that help retrieve the performance or prevent the performance
drop in the first place have been identified in present invention. It has been found that
removing the electrode from the electrolytic cell and polishing it before reinserting it into
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Conparative Exanple 3 [0056] Experiment simlar to the one described in
exanple 1 was carried out, however copper was used as the cathode. 5[ 0057]
The GeH4 concentration in the product gas was 12.6% corresponding to a
current efficiency of 36.6 /0. Table 1. % GeH4 in the cathode gas and the
current efficiency for GeH4 formation in an aqueous el ectrol yte contai ni ng

corw el - T B PebAtedpr REIS G, Sebhdy s odealt i s8R "3 0,
12. 6 36. 6suspending the electrode in the gas phase over the electrolyte during a shutdown and
reinserting it into the electrolyte when the cell is ready to be run would prevent the drop
in performance. In addition, it has been found that using a hollow electrode with holes
5  drilled through instead of a solid electrode would also prevent the performance drop
following a re-start after a shutdown

[0042] In order to determine the amount of GeQ in the electrolyte, a method based on
titration can be used.

[0043] The solubility of GeQ; in water is affected by pH (amount of KOH) in the
10  solution. Decreasing the pH of the solution io between 9 and 10 with the addition of an
acid such as HCI to the electrolyte solution will result in the precipitation of GeQ.. The
solution can then be filtered, the weight of GeQ, obtained and conceniration of GeO, (g/l)
can be calculated. The conceniration of KOH can also be obtained by the titration
method. Thus, this titration procedure can be used to determine the amount of GeOs in
15  the electrolyte without the need for more expensive and tedious analytical techniques.

Working Examples

[0044] A cylindrical electrochemical cell made of Nickel (6.0” OD) was used for

20 electrochemically generate GeH, at the cathode. A separator (3” ID) was used to divide
the electrochemical cell into an anode chamber and a cathode chamber to prevent the
cross mixing of the gases generated in the two chambers. The separator consisted of a
100 pm pore size diaphragm (a blend of HDPE and HDPP (Genpore)) that was welded
to a solid HDPE tube. The Ni inner wall of the cylindrical cell acted as the anode at which

25  oxygen gas was evolved from the electrolysis. A control valve on the anode gas oulet
was used to control the differential pressure and the level difference between the anode
and cathode chambers to further to prevent the cross mixing of the gases generated in
the two chambers.

_ [0045] A diethylene glycol coolant jacket on the outside of the electrochemical cell was
30 used to maintain the temperature of the cell.

[0046] A bronze 936 alloy containing about 81 % Cu, 12% Pb and about 7 % Sn; and a
bronze 544 alloy containing about 89 % Cu, 3 % Zn, 4% Pb and 4% Sn; and a bronze
932 alloy containing about 83% Cu, 3% Zn, 7% Pb, 7% Sn; and a bronze alloy 510

-8-



[ 0058] Exanples 4-6 belowillustrated the effect of current density on GeH4
concentration in the product gas. Exanple 4 [0059] Experinent simlar to
that described in exanple 1 was carried out in electrolyte containing 95

g/ 1 KOH and 45 g/1 Ge02 dissolved in de-ionized water at 330 mA cm 2. Bronze
all oy 936 was used as the electrode. [0060] The GeH4 concentration in the
product g 7.3 app! ] ' to 2 Sia g, L B

descri bedg$nﬁ¥@§g#%P%t QA{A?O%EQ g?{’r% @%Ieg[%t%% HF&%E é%ﬂ?@v{%@w%gﬁér?%%# R)dﬁéé]nlggletdy of
250 mA cnefthe2B}ee2d geéimraeetEHconcentration in the product gas was 10. 7%
Exanpl e 6 [0063] Experinent simlar to that described in exanple 4 was
carried out but at a higher current density of 500 mA cm 2. 5[0064] The
GeH4 concentration in the product gas was 9.5 A). Table 2. GeH4

concent r afa0d] i Axamples dthhriew gamodsirdted) thel impravemest i terfoumanegwéens

bet voch SEpoEdtefe Beithedid Kt BErda bunc i MineliofRy i ' ool 14

Current Ef$édiency %4 3.75 10.7

Example 1

10 [0048] The electrolyte contained 145 g/ KOH and 100 g/l GeQ- dissolved in de-ionized
water.

[0049] A bronze 936 alloy was used as the cathode to generate GeH,. The 936 alloy
electrode was a 0.25" diameter rod with an active surface area of 15 cm?.

[0050] A current of 5 A corresponding to a current density of 330 mA cm? was applied
15  to the cell. The cell was operated for at least 4 hours and up to 9 hours each day for
several days.

[0051] The electrolyte temperature was maintained at 30 °C using a diethylene glycol
coolant jacket on the outside of the electrochemica cell.

[0052] A Piezocon® gas concentration sensor from Lorex Industries, Inc. was used to

20 obtain the concentrations of GeH, and H; in the product gas. The molar GeH,
concentration in the product gas was 16.2% corresponding to a current efficiency of 43.6
%.

[0053] The electrolyte was not replenished with the raw material during the runs.

25 Example 2

[0054] Experiments similar to the one described in example 1 was carried out, however
a bronze alloy 544 was used as the cathode.

[0055] The GeH, concentration in the product gas on was 14.7 % corresponding to a
30 current efficiency of 40.8 %.



32.4 55 101 32.4 6 7.5 9.1 28.6 [0065] Exanples 7-10 below illustrated
the effect of KOH and Ge02 concentrations on % GeH4 produced using bronze
all oy 936 as the cathode. Exanple 7 [ 0066] Experinent simlar to that
described in exanple 1 was carried out in electrolyte containing 95 g/l KOH
and 60 g/1 Ge02 dissolved in de-ionized water at 330 mMA cm 2. 20 The GeH4
concentration in the product g 9 le 8 [ 0067] Experi nment
simlar to that described in eé%ﬁ%?%aﬁaﬁg%agéﬁg$ed out in electrolyte 25
containing 263 g/I KOH and 60 g/1 Ge02 dissolved in de-ionized water at 330

mMA cm 2. 09861 BApariomane nimilat toothe ione Whscriped dluexangyas 1was drfedout, Hovavpt e 9

[ 0068] Exper.i imlar ta that described in exanple 1 was carried out in
el ectrol y?%gp@gﬁ@glu%%é% 387‘%"%Kc14 and 42 g/l Ge02 dissolved in de-ionized
wat er at i i N was 7.5
v il DO T s PSR TRE PR eI oA oG hat6R, o ¢ 1
was carri eatrantiefiicieney ec36.6P4t e 10containing 196 g/1 KOH and 56 g/l Ge02

di ssolved in de-ionized water at 330 mA cm'2. The GeH4 concentration in the
product gadEablad. % GelsinTabtathGle gasHhdctba cenmentaffictamcy fortGrad Jatnredide igars

concont r atrbRe S e g e A EBEES SN Rt hE A o3 M e Efig o ¢

Example

Cathode

% GeH4

GeH, current Efficiency (%)

1

936

16.2

43.6

2

544

14.7

40.8

3

Cu

12.6

36.6

10

[0058] Examples 4-6 below illustrated the effect of current density on GeH,
concentration in the product gas.

Example 4
15
[0059] Experiment similar to that described in example 1 was carried out in electroiyte
containing 95 g/IKOH and 45 g/l GeO, dissolved in de-ionized water at 330 mA cm™
Bronze alloy 936 was used as the electrode.

[0060] The GeH, concentration in the product gas was 10.7 %.

20
Example 5

[0061] Experiment similar to that described in example 4 was carried out but at a lower
current density of 2560 mA cm,

25 [0062] The GeH,4 concentration in the product gas was 10.7 %.

-10-



Exampl e KOH, g/l Ge02, g/l % Gel 14 GeH4 Current Efficiency, %7 95 60
35.3 8 263 60 5.5 18.9 5 95 45 10.7 32.4 10 196

Example 6

[0063] Experiment similar to that described in example 4 was carried out but at a
higher current density of 500 mA cm™.

5 [0064] The GeH,4 concentration in the product gas was 9.5 %.

Table 2. GeH, concentration in the cathode gas during elecirolysis in an aqueous
electrolyte containing 95 g/l KOH and 45 g/l GeO, at current densities between 250-500

mA cm™.
10
Current Density, GeH, Current
Example 2 % GeH, .
mA cm Efficiency %
4 3.75 10.7 32.4
5 10.7 32.4
7.5 9.1 28.6
[0065] Examples 7-10 below illusirated the effect of KOH and GeO; concentrations on
% GeH4 produced using bronze alloy 936 as the cathode.
15

Example 7
[0066] Experiment similar to that described in example 1 was carried out in electrolyte

containing 95 g/l KOH and 60 g/l GeO, dissolved in de-ionized water at 330 mA cm™®,
20 The GeH, concentration in the product gas was 12 %.

Example 8
[0067] Experiment similar to that described in example 1 was carried out in electrolyte

25  containing 263 g/l KOH and 60 g/l GeO; dissolved in de-ionized water at 330 mA cm,
The GeH, concentration in the product gas was 5.5 %.

-11 -
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45 7.5 24.5 10 196 56 8.1 26.1 [0070] Exanples 11-12 below illustrated the
effect of tenperature on the generation of GeH4 using the bronze alloy 936
as the cathode Exanple 11 [0071] Experinment simlar to that described in
exanple 4 was carried out but at a |lower tenperature of 20 C. The GeH4
concentration in the product gas was 6 % Exanple 12 [0072] Experi nent
simlar to that described in exanpl%ygnﬁﬁégcarried out but at a higher
tenperature of 45 C. The GeH4 concentration in the product gas was 12. 3%
Table 4. GeH4 concentration in the cathode gas during electrolysis in an

aqueous e o] : L.l ] . ' 30 mMA
o2 and_ D88 £ EXIRc A R Ui RCaRsB TR SkBp R, {Hag BB, plecfbed
containing 196 g/l KOH and 42 g/l GeO, dissolved in de-ionized water at 330 mA cm™.
5 The GeH, concentration in the product gas was 7.5 %.

Example 10

[0069] Experiment similar to that described in example 1 was carried out in electrolyte
10  containing 196 g/l KOH and 56 g/l GeO, dissolved in de-ionized water at 330 mA cm™2
The GeHM, conceniration in the product gas was 8.1 %.

Table 3. GeH, concentration in the cathode gas during electrolysis in an aqueous
electrolyte containing different concentrations of KOH and GeQ, at a current density of

330 mA cm™.
15
GeH, Current
Example | KOH, g/l | GeO,, g/l | % GeH, o
Efficiency, %
7 95 60 12 35.3
263 60 5.5 18.9
95 45 10.7 32.4
10 196 45 7.5 24.5
10 196 56 8.1 26.1
[0070] Examples 11-12 below illustrated the effect of temperature on the generation of
GeH, using the bronze alloy 936 as the cathode
20
Example 11
[0071] Experiment similar to that described in example 4 was carried out but at a lower
temperature of 20 C. The GeH, concentration in the product gas was 6 %.
25
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Tenper at ur e,

C ok GeH4 GeHo Current Efficiency,

95 45 20 6 20.3 7 95 60 30 12 35.3 12

10

15

20

25

Example 12

[0072] Experiment similar to that described in example 7 was carried out but at a
higher temperature of 45 C. The GeH, concentration in the product gas was 12.3 %.

Table 4. GeH, concentration in the cathode gas during electrolysis in an aqueous
electrolyte containing KOH and GeO» at a current density of 330 mA cm™ and at different

%4 95 45 30 10.7 32.4

temperatures.
GeOQ,, % GeH, Current
Example KOH, g/l Temperature, C .

g/l GeH, Efficiency, %

4 95 45 30 10.7 32.4

11 95 45 20 6 20.3

7 95 60 30 12 35.3

12 95 60 45 12.3 35.9

[0073] Examples below 13-20 illustrated the performance of different metals and
altoys as electrodes to generate GeH,.

Example 13

[0074] Experiment similar to that described in example 1 was carried out in electrolyte
containing 196 g/l KOH and 45 g/i GeO, dissolved in de-ionized water. Alloy 936 was
used as the cathode. A current of 5 A was applied to the cell and the GeH, concentration
in the product gas was 7.2 % at 30 C. There was no formation of germanium deposits on
the electrode surface.

Example 14

[0075] Experiment similar to that described in example 13 was carried out with bronze
alloy 932 as the cathode. The GeH, concentration was 4.1% at 30 C and 7 % at 60 C.
There was no formation of germanium deposits on the electrode surface.

-13 -
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95 60 45 12.3 35.9 [0073] Exanples below 13-20 illustrated the performance
of different netals and alloys as el ectrodes to generate GeH4. Exanple 13
[0074] Experinent simlar to that described in exanple 1 was carried out in
el ectrolyte containing 196 g/1 KOH and 45 g/1 0e02 di ssolved in de-ionized
water. Alloy 936 was 20 used as the cat hode A current of 5 A was applied
to the cell and the GeH4 conce roduct gas was 7.2 %at 30
C. There was no formation of ggtrohﬂindl %é tg‘son the el ectrode surface.
Exanpl e 14 25[0075] Experinment simlar to that described in exanple 13 was
carried o 4t tion
was. 4 106 Ho78Y" ExBREE sRloB eranb el SRRBEC e o SR 46
deposits twe datieodel Bt Gellecenoehtiation w@)&ﬁ%a‘ﬂwmeEﬁemgmf@aMBamomav}‘

Experigren [ 3 was carried out with Sn
as éTehé odéeé%;gk]%e?-&’?@%é@g%% ?tgar@mr%bggel 8 % However, a
significant am)unt of 5germani um deposits were forned on the eI ectrode
surface. Conparative Exanple 16 [0077] Experinent simlar to that

descri bed in exanple 13 was cafomyirative Bxarhpleli6as 10 t he cat hode. The GeH4
concentration in the product gas was 1.9 %at 30 C and 60 C. A significant
anount of germani um deposits were formed on the el ectrode surface.

Conpar at i {097k abpharimient $Bji00 kBhatugseribatbintexginpiel i wasocartied odogttrFibasl i n
exarrp red u ] - Te nation
in the pr ogﬁ%%g'sﬁ\lﬁgge@f‘ éo&egpa%x @fhérﬁggg&%?,%g 1féc])?‘’rregtatﬁtealﬁg%gI (?88‘(@? ﬁ‘anl um
deposi t s sgnificent @reent fdermanifisoieposits were formed on the electrode surface.

Comparative Example 17
15 [0078] Experiment similar to that described in example 13 was carried out with Cu as

the cathode. The GeH, concentration in the product gas was 8.5 % at 30 C. There was
no formation of germanium deposits on the electrode surface.

Comparative Example 18

20
[0079] Experiment similar to that described in example 13 was carried cut with Ni as
the cathode. The GeH, concentration on was 6.0 % at 30 C without the formation of
significant amounts of germanium deposits.

25 Comparative Example 19

[0080] Experiment similar to that described in example 13 was carried out with Monel,

(~70% Ni, ~30% Cu) as the cathode. The GeH, concentration was 3.5% at 30° C and 7

% at 60° C respectively. A significant amount of germanium deposits was observed on
30 the elecirode surface.
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Conpar ative Exanple 18 20 [0079] Experinent simlar to that described in
exanple 13 was carried out with Ni as the cathode. The GeH4 concentration
on was 6.0 %at 30 Cw thout the formation of significant amounts of
germani um deposits. 25Conparati ve Exanple 19 [0080] Experinent simlar to

t hat described in exanple 13 was carried out with Monel, (-70% N, -30% Cu)
as the cathode. The GeH4 conce I OF %xat 30 Cand 7 %at 60 C
respectively. A significant an%éﬁ% 'ge\éﬁnaa'ﬁwggogeposi ts was observed on
30t he el ectrode surface. Conparative Exanple 20 [0081] Experinent simlar

a5 the caltisab. Bt Ped AR el BRciRd hEafih, B ek Mt G 557G

A si gni f i aloyt5namedtasdiie gthodmiTaenGithesntentradicn ohs 8:18%edl INCtahd 6el%at r ode

2t 200 mOfL Gy 3 Al e FEPE SRl LeddF wBS BRETePB pRhRB TE POY ! ©

El ect r odestfdsetid GeH4 Current Efficiency Deposits of Germanium 13 936 7 (30
© 23.1

Table 5. GeH, concentration in the cathode gas during electrolysis at 330 mA cm™® with
different metals and alloys as electrodes.

, GeH, Current Deposits of
Example | Electrode % GeH4 .
Efficiency Germanium
13 936 7(300) 23.1 no
14 932 4.1(30C)/7 (60 C) 14.6/23.1 no
15 Sn 9.8 (30 C) 30.3 yes
16 Pb 1.9 (30 & 60 C) 7.2 yes
17 Cu 8.5 (30 C) 27.1 no
18 Ni 6 {30 C) 20.3 no
19 Monel 3.5(30C)/7(60C) 12.7/23.1 yes
20 510 3.8(30C)/6(60C) 13.6/20.3 yes
10
[0082] Examples 21-26 below illustrated the different methods to restore the
performance of the GeH, electrochemical cell.
15 Comparative Example 21

[0083] Experiment similar to that described in example 1 was carried out in electrolyte
containing 196 g/l KOH and 56 g/l GeO, dissolved in de-ionized water. Bronze alloy 936
was used as the cathode. A current of 5 A was applied to the cell. The GeH,

20  concentration on day 1 was 8 %. The cell was shutdown overnight and re-started the
following day. The GeH, concentration on day 2 was 6 %, on day 3 was 4 % and day 4
was 3%.
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no 14 932 4.1 (30 C) / 7 (60 C) 14.6/23.1 no 15 Sn 9.8(30 C) 30.3 yes 16 Pb
1.9 (30 & 60 C) 7.2 yes 17 Cu 8.5(30 C) 27.1 no 18 Ni 6 (30 O

Example 22

[0084] Experiment similar to that described in comparative example 21 was carried out
in electrolyte containing 196 g/l KOH and 56 g/l GeO. dissolved in de-ionized water.

5 Bronze alloy 936 was the cathode. Aiter the end of day 4 of experiments, the electrode
was taken out of the cell and polished with polishing cloth, rinsed and re-inserted into the
cell. The GeH, concentration in the product gas increased o 8% following polishing.

Example 23
10
[0085] Experiment similar to that described in example 21 was carried out in electrolyte
containing fower concentration of KOH (95 g/l) and 60 g/l GeO; dissolved in de-ionized
water. The GeH, concentration on day 1 was 8 %. The cell was shutdown overnight and
re-started the following day. The GeH, concentration on day 2 was 12 % and day 3 was
15  11% and on day 4 was 11.4 %.

Comparative Example 24

[0086] Experiment similar to that described in comparative example 21 was carried out
20 in electrolyte containing 185 g/l KOH and 37 ¢/l GeO. dissolved in de-ionized water.
There was almost a 50% decrease in GeH, concentration in the product gas on day 2.

Exampie 25

256 [0087] Experiment similar to that described in comparative example 24 was carried out
in electrolyte containing 185 g/l KOH and 37 g/l GeQ- dissolved in de-ionized water.
Following operation of the cell on day 1, the cell was shutdown and the celi head space
was briefly purged with Helium. The electrode was then lifted out of the electrolyte and
kept above the electrolyte in the cell until the cell was run the following day. There was

30 only a 4% decrease in GeH, concentration in the product gas on day 2.
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20.3 no 19 Mnel 3.5 (30 C /7 (60 © 12.7/23.1 yes 20 510 3.8 (30 C) / 6
(60 © 13.6/20.3 yes 10 [0082] Exanmples 21-26 below illustrated the
different nethods to restore the performance of the GeH4 el ectrochem cal
cell. 15Conparative Exanple 21 [0083] Experinent simlar to that described
in exanple 1 was carried out in electrolyte containing 196 g/1 KOH and 56
g/l 0e02 dissolved in de-ionized vvaé)gg Bdgnze all oy 936 was used as the
cathode. A current of 5 A was applié€ T8 Te cell. The GeH4 20
concentration on day 1 was 8 % The cell was shutdown overni ght and

- | oW na. , i 0
Gy 5 w0988 . FEP S SaliBY 1o AR ORRGRBh RS Sl STt clftfodbth DO
that descinidiedroyte canigiaing t236 ¢/|ésQitrphe 7 2 3/ e cligsoived irode-ionized Matarr &l yt e

t c - )
SBronss apesiRuid QR TpMIon Ryt AGY a8 A Ak F ol WS LSQRAL B i,
t he el ect A(mlﬁfel_ﬂm mapkwan-; aptliedfto télecareisporading jod ¢usremtl dewdity op3BA I cmg"*.cl ot h,
rinsed an‘flhé BieH! %gﬁée‘ﬁg’aﬂi&t 8d thFdecrease after 3 days of operation.

Table 6. Comparison of different methods to restore or maintain the performance of the
10 germane electrolytic cell. The table shows GeH, current efficiencies on different days
following overnight shutdowns.

Example Process Day {Day2 |Day 3 | Day4 | Day 5
1
21 & 22 | Effect of polishing (after day 4) 8 6 4 3 8
23 l.ower KOH conceniration 8 12 11 - -
25 Electrode above the electrolyte 8 7.7 7.7 - -
26 Electrode with holes 6 6 6 - -

15 [0089] Example 27 below illustrates the titration method to obtain GeO, concentration.

Example 27

[0090] 34 cc of 1.2 N HCI solution was added to 10 cc of aqueous electrolyte solution

20 containing GeQ, and KOH. The pH of the resulting solution after the addition of the acid
was 9.5. The GeO; in the solution precipitated out and it was filtered and weighed.
Based on the weight of the GeQ,, it was determined that the electrolyte consisted of
103.6 g/l of GeQ,. It was also determined that the electrolyte solution contained 168 g/i
KOH after titrating the electrolyte solution to a pH of 7. The concentrations that were

256 determined by titration were almost identical to that obtained using inductively coupled
plasma mass spectrometry which showed that the electrolyte contained 103.1 g/l of
Ge0; and 168 g/l KOH.
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cell. The GeH4 concentration in the product gas increased to 8% foll ow ng
polishing. Exanple 23 10 [0085] Experinment simlar to that described in
exanple 21 was carried out in electrolyte containing | ower concentration of
KOH (95 g/1) and 60 g/l Ge02 dissolved in de-ionized water. The GeH4
concentration on day 1 was 8 A, The cell was shutdown overni ght and

2 St A% A oS GPREER AR BBl 12, 30

Exper i mengersiamelhas been tisalbsetbsaeinbed i n conparati ve exanple 21 was carried
out 20in electrolyte containing 185 g/1 KOH and 37 g/1 Ge02 dissolved in
de- i oni zeph08a} eCoppdreick ailas @intairing athBOaoymgretasents audea$iPle,BrcEntat@t i on i n

h d d . I ' .S I . h
hoccrt bedipre Bl Siertr bk Sohtefed Q1idhisioRft Bithral gl e, e ¢ "ot
colnlt aifni ngte&wystjg of al(ﬁ]elof ﬁsblﬂ(z)nlg/cggmm Gé@gﬁmd/K@H. Wiebe-thass copgeviaher . ]
F OW n eration . J e
ool 1 *henga@RS it HRecfih abitfertytic Bl conahP Bl e AER R B S0 B el
i fted outo ef withstablegetriooharice fansbviesgd hoarsoveze aibleeadect rol yte in the cell

until the cell was run the follow ng day. There was 30 only a 4% decrease
in GeH4 c[009a8ht Tht highestrrutrbet efficehoytof g44 Yowaslalyse@ved Exam@dtealdg (+0DES]

oub 1 "o Gt Bl i RIS B S AHRAE bh Wiy EiR e dopte 100 O7 o
de- i ot zedomainizgy.148 g KD andD0and CGeC48thehDphutédal 301Cata culianbgersdg ol t h

| mm hol es %5& used as the cathode. A current of 10 A was applied to cell
correspona é]At a current density of 330 mA cm 2. The Gel-14 concentration

did t d | ; CQIRAL |
d: ffgsent %tﬁﬂzigg%ét%%@%ﬁéa%r%%@?n@gﬂsdy @ﬁgﬁggﬁ@ﬁ%‘%ce o¥ é?ﬁé“@%sg%l#trmne
el ect r ol ysiso resililminified faresatien si@ewsnaBair depasitenthegiew alloyreddarodels) dithe er ent

days fol | g iQVhtiBh AEL bSIH LR hald AIGR! GirrBh OSSR &BY, BrmiRionth

15  an electrolytic GeH, cell with minimal or no formation of germanium deposits on the
electrode surface when operated under the preferred conditions.

[0095] Comparing with electrodes containing copper and cadmium (Tomilov et. al.
Inorganic Materials, 2008, v44, n10, p1081), a 20 % improvement in current efficiency
for GeH, formation was observed with these new electrodes of alloys of copper.

20 [0096] It was determined that the performance of the electrochemical cell improved
significantly when operating at lower KOH concentrations and higher GeO;
concentrations. Preferred operating conditions for higher GeH, current efficiency
(temperature, KOH and GeO, concentrations, current density) have also been disclosed

in present invention.

25 [0097] Furthermore, several different methods to for maintaining the cell performance
or restoring the cell performance after a reduction in current efficiency over time, were
identified.

[0098] A titration-based method for the analysis of the electrolyte, such as, to obtain
the concentration of GeO, and KOH has also been disclosed.

30
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Day 4 Day 5 1 21 & 22 Effect of polishing (after day 4) 8 6 4 3 8 23
Lower KOH concentration 8 12 11 - _ 25

[0099] The foregoing examples and description of the embodiments should be taken
as illustrating, rather than as limiting the present invention as defined by the claims. As
will be readily appreciated, numerous variations and combinations of the features set
forth above can be utilized without departing from the present invention as set forth in the

5 claims. Such variations are intended to be included within the scope of the following
claims.
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El ectrode above the electrolyte 8 7.7 7.7 - - 26 Electrode with holes 6 6 6
- 15[0089] Exanple 27 belowillustrates the titration nethod to obtain
Ge02 concentration. Exanple 27 [0090] 34 cc of 1.2 N HCl solution was added
to 10 cc of aqueous electrolyte solution 20containing 0e02 and KOH. The pH
of the resulting solution after the addition of the acid was 9.5. The Ge02
in the SO{:E%W precipitated out and it was filtered and wei ghed. Based on
t he wei gh he Ge02, it was determned that the electrolyte consisted of
103. 6 g/ of1.GaG@sthdd fonasnerbtig grmanaime dividedttutiuiar helusiog etEciroenagitalt | on
contained 168 g/) KOH after titrating the electrolyte solution to a pH of
7. The concent ?%IL H%O"ng'?h%tpgs 5det er mi ned by ti%lration wer e al m)slto

peot romet 1y WA AR etk SHER W ER el BT e BT Gtro%s 00

and 168 g/| KOghs oft@®91] In summary, a new el ectrode material for the
el ectrochem cal synthesis of germane has been di sclosed herein. [0092]
Copper rich al payiirgoart aiaterchambbeconapristng argareldertraitis partichnae viRill, of 8mg  Zn

etc. were found,(p Be Bel LShofhfhbares, SRRl BRa s for the

generation of
providing an aqueous electrolyte solution comprising Germanium dioxide (GeO,),
a hydroxide M;OH and an electrolyte solvent in the cathode chamber and the
10 anode chamber; wherein the metal alloy cathode and the anode are at ieast
partially immersed in the aqueous electrolyte solution;

providing a divider separating the cathode chamber from the anode chamber;
wherein the divider is electrically insulated from anode and cathode circuits;

supplying an electric power to the divided electrochemical cell;

15 releasing gas generated in the cathode chamber through the cathode gas outlet
as the hydride gas; and

releasing gas generated in the anode chamber through the anode gas outlet.

2. The method of Claim1, wherein the metal alloy is selected from the group
20 consisting of copper alloy, tin alloy and combinations thereof; M, is a metal or a
metal alloy suitable for anodic oxygen generation selected from the group
consisting of nickel, platinum, copper, and combinations thereof, and the M,OH is
selected from the group consisting of KOH, NaOH, LiOH, CsOH, and

combinations thereof.

25
3. The method of claim 1, wherein the metal alloy is a copper alloy comprising
>60% copper (Cu), and lead(Pb).
4. The method of claim 3, wherein the copper alloy further comprising tin(Sn) and
30 zinc (Zn); and Zn is < 15%.
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5el ectrol ysis of aqueous solutions containing Ge02 and KOH. Wen those
copper rich alloys were used in an electrolytic germane cell, the gernmane
current efficiencies of over 40 % w th stable perfornmance for several hours
wer e achi eved. [0093] The highest current efficiency of -44 %was observed
when 936 alloy (-81 % Cu, 12% Pb and -7 Sn) was used as the electrode in an

aqueous el ecgtr i

oper at ed at %3 @%ﬁ‘%gh%guogggrﬁ 13%%2‘?[&%063(9@?%&2%3? Q‘Ti%%}ql?g%he%ﬁ B

el ect rode shoutahsisting ohdiequnlzed(m)evv{anegMe%kttedwnateasl(lbz@f ancmemwee thepedf. al so
result mnimal formation of Germani um deposits. The new all oy el ectrode(s)
of the present invention has been shown to have high current efficiency for
GeH4formation in 15an electrolytic GeH4 cell with mnimal or no formation
of ger mani urd. d‘érpe)sietmdcm Cldim e WbetainnGeOs irtha@guedusrelegiohda selutiondengashe

B catim um ( TRIARE0 10, OGP arfi IR el AELFAUFROBES AhRigidREED)

20 % i nprovenedd ta 360cgit.rent efficiency for GeH4f ormati on was observed with
t hese new el ectrodes of alloys of copper. 20[0096] It was determ ned that
t he performance of the el ectrochem cal cell inproved significantly when
operating at | ower KOH concentrations and higher Ge02 concentrations.
Preferred oper &n¢ rﬂ!@tf@dmﬂﬁiaimr& whereithieieentrdising of Gefeand MOHcarency
(tenperature, folplet= tions, current density) have al so been
di sclosed in presen %9% r|g(on %F 097] Furthernore, several different
methogs to for mai ntal ning the cell performance or restoring the cell

per f ormance

Pdent i 110d. 5 opBeeoB it WheRdl ethyded LBLEP it e dlobRepts &

el ectrol yte, sigsiwetpied ala ishneraiuterangiontremt 281G f@ﬁoo@ aBEIcH avEreReNsHEE al so
been di scl osedranﬁp] HAPS, mE.'?c‘?n"’f S40hAgexanmpl es and description of the
enbodi mrents shouFd™be taken as i ustratlng, rather than as limting the
present invention as defined by the clains. As will be readily appreciated,
numer s varg athORRrAth eM ﬂ%b@wtr@fmétaﬁaﬁo@%%eé .ssaeﬁoufo%aw&caf% can be
utilized without departing fromthe present Ihvention as set forth in the
5cl ai ms. Such Watala yd??éhféieé:omﬁ"é'ﬁﬂé'cp“#f@"tbﬁ@f PRRYTaERY- wi thin the scope of
the following claims. CLAIMS 1. A nmethod for generating gernane in a

di vi ded tubul ar housing el ectrochem cal cell; conprising the steps of:
provi ding a @a?%ﬂ‘@mﬂﬁ’aﬂfrﬁ%ﬂ'%bmeﬁpwgpﬁs"%ﬁtﬁps gi oy cathode, and the

cat hode 5gas outl et
removing the cathode from the aqueous electrolyte solution and polishing the

20 cathode; or suspending the cathode in gas phase over the agueous electrolyte
solution; and

reinserting the cathode back to the aqueous electrolyte solution.

11. A method for generating germane in a divided tubular housing electrochemical
25 cell; comprising the steps of:

providing a cathode chamber comprising a metal alloy cathode selected from the
group consisting of copper alloy cathode, tin alloy cathode and combinations
thereof, and the cathode gas outlet;

providing an anode chamber comprising an anode that is part of inner wall of the
30 tubular housing comprising nickel, and an anode gas outlet;

providing an agueous electrolyte solution comprising Germanium dioxide (GeO,),
KOH and D! water in the cathode chamber and the anode chamber; wherein the
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provi di ng an anode chanber conprising an anode that is part of inner wall
of the tubul ar housing conprising netal ML, and an anode gas outl et;

“provi ding an aqueous el ectrolyte solution conprising Gernmani um di oxi de
(Ge02), a hydroxide M2OH and an el ectrolyte solvent in the cathode chamnber
and the 10anode chanber; wherein the netal alloy cathode and the anode are

2 di vy der " sepl 58 AP ER kBl EndhR o paR R e S o BhE T

t he divider i selettextyte isclatibry i nsul ated from anode and cat hode circuits;
supplying an electric power to the divided electrochem cal cell;
15r el easi ng gagrogidimgraadigddern sepelading dtehcadisodetinatder fromdigy hnedeechaatileode gas

outlet as the hydri as. an ' ' h de chanber
t hrough t he an\gﬁ%reggﬁe gwﬂeé{%. gigtﬁéﬁﬁgﬂﬁg@ﬁ%g%or&g%%$ﬁ£0%%¢eeﬁﬁaﬁﬁe nmet al
alloy ds selec fro he . SISkl alloy, tin alloy
and coérrbi nat i O%Lgo%{yﬁr@r o%l?&ﬂ%gbg‘,s‘}g%t%gﬁ?g@dgé e%% Hg%hzﬁmgﬁl%éw sui table for

anodi ¢ oxygen t] . i.st. i |,

ol ati num coppiretigelaslFialet B S haR Gy ag e bR o,

t he group consastiengydade g@iantlaCH, Li OH, CsOH, and conbi nations thereof. 25
3. The nethod of claim1l, wherein the netal alloy is a copper alloy

conpri si ng >60feasingaas@Eoratahid theeantdeionamber through the anpde gastddlgt.of cl ai m
3, wherein the copper alloy further conprising tin(Sn) and 30zinc (Zn); and
Zn is < 15% 5. The nethod of claim1 wherein the electrolyte solvent is
sel ected fromthe group consisting of de-ionized(D) water, deuterated

wat er1q 020) ,12abe mejhodrat €laimellewherein the meatalellmg isecrper alley aamprisifer ei n
0e02 in the aq I tion ranges 5about 30 to 150 g/, and
M2OH in the aqﬁ%?o@eﬁ??&aﬁ?%a@@fﬁh on ranges about 50 to 350 g/l. 7. The
met hod of Claim6, wherein concentrations of Ge02 and M2CH are determ ned
by a titration nmethod. 10 8. The nethod of Claim1l, wherein the divided

t ubul ar housjizn hGal ' I aherd: Rhain 4n@ngi ng
From 25C 1o B0 B R A g e e o BB (0 8" 350
m\ cn? . zinc (Zn); and Zn is < 156%. ,

15

14. The method of Claim 11, wherein GeQ; in the aqueous electrolyte solution
ranges about 30 to 150 g/l, and KOH in the aqueous electrolyte solution ranges

about 50 to 350 g/l.
20
15. The method of Claim 14, wherein concentrations of GeO, and KOH are
determined by a titration method.
16. The method of Claim 11, wherein the divided tubular housing electrochemical cell
25 is operated at a temperature ranging from 25°C to 90°C, and at a current density

range of 250 mA/cm? to 350 mA/cm® .

17. The method of Claim11, further comprising steps of :
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159. The nethod of Caim1, wherein the netal alloy cathode is a holl ow

cat hode or a netal alloy cathode conprising a plurality of perforations.

10. The method of Caim1l, further conprising steps of : renovi ng the
cat hode fromthe aqueous el ectrolyte solution and polishing the 20cat hode;
or suspendi ng the cathode in gas phase over the aqueous el ectrol yte

solution; and reinserting,the, cathode back,t e ueaus, .el.ec lyte

sol uti on. remowrgltbe gWBiq%HamrtE? aalé%c&sﬂch@bgee@i&wg g pé)ll'%?"\glé @]gd t ubul ar
housi ng el ect r patheds, oakustizading theccathodesings bhasesdvep theodquepus eiedirvigiea

cat hode chanber cwri? ng a netal alloy cathode selected fromthe group

consi sting of E‘EJH | oy cathode, tin alloy cathode and conbi nati ons

t hereof, and the cat hqgde s.outlet; rovi di.ng an anode chanber
conprising an SAGH m[g&g? C&@O%%B?Ckgtf) tril%ﬂ%t}eo\wgﬂecg& hséjﬂg'gﬁ'ubul ar housing
corrpri%i ng nickel, and an anode gas outlet; providing an agueous

el ectrolyte solution conprising Germani um di oxi de (Ge02), KOH and DI water

cat hode  and. A AR o5 Batere i G8AHeRa Y R e R Gl BiecBlimBn ™

el ectrol yt e sokelt; i enmprising\thalstegs af:di vi der separating the cat hode chanber
fromthe anode chanber; wherein the divider is electrically insulated from
anode and cat hepdeiding & cathsde SsanpyEr gomgrising elceppariaioyp cateeda, and ftiee chtivgdded

el ectrochem cal %gld .. rel easing gas generated in the cathode chanber

t hrough t he caPfl lé%’as outl et as the hydride gas; and rel easi ng gas

generated in t : I . : e
met hoﬁ(5 of C ai Hfof%“%wc/j\%negel n i @%gé?%*ﬁ&éﬁqﬁ%/% t@%ﬁ)spgér{ﬁ gﬁm@rlvgalloﬁ%rtﬂé;i ng
>60% copper ( Ctibulaahdusiegogrmpisingl@ckerrandrest drode gias obBgtm 12, wherein the

copper alloy further conprising tin(Sn) and zinc (Zn); and Zn is < 15% ,
14. The net hod pofvidiigsdmaqueocusitectdlyteCrsiition gompesing gemaniwn dioxide| (GEE2)

luti i | yt
ol tt1 on r angerahtfoniflo g 1AeGhbH BBEnERbIn & |G FMEDLSateh D ¥ E
concent r at i ons cathodeClzanbet akOithenarod¢ethamierisdhelsin the ¢appat alloy catodeand  16.
Th hod of i i e TRV j >t..ochem cal
ol 1 381 s oper SIECATGE are HSRE Al irinkloclih 83l 86, eIl S0iBEI, oo o
current densit ¥4 s Blictr Sediutiiiint Cafiofe BRAABER from the anode chamber;

wherein the divider is electrically insulated from anode and cathode circuits;
supplying an electric power to the divided electrochemical cell;

releasing gas generated in the cathode chamber through the cathode gas outlet
20 as the hydride gas; and

releasing gas generated in the anode chamber through the anode gas outlet.

19. The method of Claim18, wherein
the copper ailoy cathode comprising 81 % Cu, 12% Pb and about 7 % Sn;

25 the aqueous electrolyte solution comprising 145 g/l KOH, 100g/l GeQ2 and DI
water; and the divided tubular housing electrochemical cell is operated at 30°C;
and at a current density of 330 mA/ cm?.

20. The method of Claim 18, further comprising steps of :

-93.



17. The method of Caim 11, further conprising steps of : renoving the

cat hode fromthe aqueous el ectrol yte solution and polishing the cathode, or
suspendi ng the cathode in gas phase over the aqueous el ectrolyte sol ution;
and reinserting the cathode back to the aqueous el ectrolyte solution. 5
18. A nethod for generating germane in a divided tubul ar housing

compr i 51 ng & clpRsaBFRELS RO el TR RepBL SR el MNT bR, oV

an anode chanbeathoderpr ssspegdag tlencatboddiatgas phpsa overthe aeouswalektrajtet he
t ubul ar housingICﬁgpriaing ni ckel , and an anode gas outlet; providing an
aqueous el ectr ?9 &fution conpri sing germani um di oxi de (Ge02) ranging

f T -~ ' - : i h hod
chanber and ¢ nEniRoirs Tk sAREN Beg BIE dedhala e OV ST i na 15tne

anode are at least partially imrersed in the aqueous el ectrolyte sol ution;
providing a divider separating the cathode chanber fromthe anode chanber;
wherein the divider is electrically insulated from anode and cat hode
circuits; supplying an electric power to the divided el ectrochem cal cell;
rel easi ng gas generated in the cathode chanber through the cathode gas
outl et 20as the hydride gas; and rel easing gas generated in the anode
chanber through the anode gas outlet. 19. The method of C ai nl8, wherein

t he copper alloy cathode conprising 81 % Cu, 12% Pb and about 7% Sn; 25t he
aqueous el ectrolyte solution conprising 145 g/1 KOH, 100g/1 0e02 and D

wat er; and the divided tubul ar housing electrochemcal cell is operated at
30C, and at a current density of 330 m¥ cnR. 20. The method of C aim 18,
further conprising steps of : renoving the cathode fromthe aqueous

el ectrolyte solution and polishing the cathode, or suspending the cathode
i n gas phase over the aqueous el ectrolyte solution; and reinserting the
cat hode back to the aqueous el ectrol yte sol ution. :
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