THE FORMATION OF DENDRITES IN THE ELECTROLYSIS OF GLASSES

B. 1. Maskin -

The fommtion of dendrites’ fs'of great pxactical and Lheoxetical interest, both in the electrolysis of aqueous .
and nonaqueous solutions of certain salts and in the electmlysis of solid ga,m and glasses. Lo

The pxesent paper constitutes'an andcavox to asc@rr,a,m the m@cmnism kwalved and the nauue of d endxit o
fos:mamon during the. electmlysis of solid glasses.

1 The electrolytic nature of the conductivity of glasses was es&ablislwl a long timz: ago [1 2, 381, Thase
glasses that contain oxides of the alkall elements exhibit the highest conductance. When an.electric field is im~
pressed upon a glass, 4 current passes through it, due to the motion of the ions of the alkall metals, It was shown
that when a glass containing sodium oxide is electrolyzed, sodium is deposited at the cathode, its quantitv rigidly
complying with Faraday's law. Normal electrolysis of glasses is effected, however, only when am.algams of the .
alkall metals or electrodes made of thelr molten salts, containing the same cations as are present in the glass, are
- utilized as electrodes Under these conditions a glass can be electrolyzed as long as we wish, pmvided its chemi~ =

cal and physical properties remain unchanged.

When elecaodes of platinum, mercwry,' or other metals, whose oxides are not present in the glass under test,

* are employed, the current drops off greatly as the electricity passes through the glass. This fs due to the fact that
the field causes the mobile ions of the alkali meaals 10 leave the region around the anode, thus establtshing a pom‘ly :

_conducting layer of glass. ’

“When a metal or a metal amalgam whose oxtde is not paxi of the glass composition is emploved as me anode .

a large percentage of the foreign metal may be introduced into the volume of the glass. . This produces a change in
the chemical composition of the glass besides causing significant changes in i1s physical properties. When a sub-
stantial percentage of lithium is introduced into sodium glass, for example, the laster turns milky-white and brittle
and is easily broken. When potassium is introduced into’sodium glass, the glass decrepitates, This phenomenon s
due to the diffexent volumes of the alkali metal fons. The alkali meals in glass are replaced by silver fairly read-~
ily, the glass turning yellow or brown and becoming brittle. The ability of silver to.replace the alkali metals when
glasses are electxolyzed enabled. researchers to make direct medsurements of the cation transference number in '
fused borax [4. 6] The ransference number wmed out to be one with an accuracy of 1 to. 2"/% which indicates the -

unipolar nature of copductance in glasses.

It is essential that the chemical composition and the physical properties of glasses be conserved during any
inyestigation. of their conductance. That is why the conductance of glasses must be measured by the use of active
electrodes, such as amalgams of the metals whose oxides are constituents of the glasses tested. We used this method _‘

in inyestigating the conductance of varfous binary and temary systems of borax glasses [6].

The electrolysis process praceeded normally during the prolenged electrolysls of all glasses belonging to the
fozregoing systems, no changes in chemical or physical propesties being observed after elecirolysis was over, A
somewhat different state of affairs was found to prevail when we explored the conductance of borax glasses that
contained silver [7]., When we measured the conductance of these latter glasses with electiodes of silver amalgam,
we noticed that tleir conductance was highly unstable after even comparatively brief electrolysis. The electro~ -
meter thread fluctuated over a wide range, sometimes moving out of the field of visionentirely, The storage-battery
voltage was also unstable during this perlod, fluctuating wildly. After the test was over, the sample of glass was
dark and opague. Dissemination of metal throughout the volume of the glass is visible with the naked eye. We -
found that metallic fibers —dendrites —grow from the cathode to the anode during electrolysis, short-circuiting -

the anode and the cathocle The instability of the. electxomewx mhxead and of the battery voltage is due to the .

1187



-

~ fact that the ariode and tte cathade are shorzed by dendrites, which are then burned out as the result of the passage
-of a",compaxar.twly?'hzgh eleciic current thraugh them, Samples of these glasses had so many matguic threads running

. through them that we were able 10 pass currents of 0.5 to 0.7 amps through such glass, We also observed dendrites
forming when we utjlized ejectrodes made of silver or platinum plates. :

* The glass sample employed for the test using platinum. electrodes exhibited the polarization that is customary
for glasses, but after some time had elapsed metallic threads were seen to form within the glass, The thread of the
electrometey quivered, and. the resistance of the glass was unstable. It should be noted that the swongest and most.
rapid formation of dendrites occumed in bayostivex glasses when they comained more than 40% of silver oxide, When
. barosilver-alkalt glasses weve elecitolyzed, dendsites began to form when theix percentage of silver oxide was lower,
~ which is apparently due 10 a cerialn increase in the conductance of these glasses. ‘

We observed an analogous formation of dendrites when we investigated the conductance of glasses that con~
tained monovalent thalliwm. As the pescentage of the metallic oxide In the glass was increased, the passage of the |
-lectric cuxpent again led to the formation.of dendrises. It should be noted that dendrites are produced not only near
- the electrodes, but also at thelr periphery. In the laiter instance they sun mostly In the plane of the glass, The

 Teason for this phenomenon is appasently the nonhomogenelty of the eleciric fleld at the edges of the electrpdes.

Figute 1 (See plate page 1141) i 4 microphotograph of a thallium dendsite formed in the plane of the glass,
- Silver dendrites ase of the same shape, The photegraph clearly shows that the dendrites® suuctures differ greatly,
‘In addition 1o the fine theeads, there are areas where a sybstantial quantity of metal has been deposited. It is char~
. acteristic that on the side facing the cathode the base of the dendrite 1s a thin thread, starting from 2 point on the
- surface of the glass. As we.tzavel to the anode, this thread branches out inte & widely branched dendrite. -

2. The fermation of dendsives in glasses containing silver or thallium oxide that we have discovered is
.- Wplcal of salt cyystals, Imvestigations have shown that the electrolysis of solid salts inyolves an jon transfer that
rigidly obeys Faraday’s law [1, 4, 8). It was also noted that in the electrolysis of mosi salts the metal separating
- UL at the cathode is.not deposised uniformly upon the latter, in most instances penetrating into the salt as den~
dsltes, which grow from the cathode to the anode as the cument passes. When electrolysls is prolonged, the den-
drites grow all the way to the anode, shorv-circuiting the anode and cathode. At the instance of short circuit a high

cumrent passes through the dendsizes, burning them gut and spraying them throughout the salt. It was noted. that the
salt was colased brown, zed, of hlue at these poins. ‘ ‘ C

.- The formarion of dendsizes duping the electiolysis of solid salts constituted one of the most serious obstacles
in derermining the ion transference numbers in saits, sinee it is {mpossible to determine the percentage of the metal

in asomized form'ar in dendrives. It was detsrmined experimentally that dendrites grow exremely slowly during

 the electrolysis of crystals of silver fodide, . This salt was thesefore suggested. for use as an intermediate salt between .

the cathode and. the sdlt under test in.axdes to prevent the formation of dendrites in the course of electrolysis [4]. At

- about the same time §. A, Shehukarev poinjed out that silicate caver glasses could be wiilized for this purpose [9).

b should be noted at.this poiz: that the formatton of dendrites 1ikewise. intesfeses with the measyament of the

conductance of silvér glasses whn they contain 2 high pescentage of silver oxide. We used an.intermediate sheet of

. fused borax in measuring conductance in this case to eliminate the formation of dendsites; insesting if betwegn the

| mwmm sample being tested. No dendrites were formed even when electrolysis was carried out for.a

. Inthelr study of a sample of rock salt in a constant. field, Walther and Inge Iikewise observed. dendrites form=
ing[10). The authos comment that the growth maces of the dendrites can be readily observed. in crystals of sodium,
chiloride at temperatuges aboye 850°; i being. {mpertant to bear in mind that this involyes the creation of nonuni~
formity of the fleld at the cathode at the start of electolysis. - ‘ e
o ﬂw? needle, sexving a5 4 cathode, was impressed 1nto 2ok salt crystal in ovder to produce such a nomuiiformity

0 tmwag When a consjant fleld wiih a yoltage of 8-10 kv was applied, a violet cloud begain 1o appear around. the -
athode after 10-15 mimues had elapsed, spreading out toward the anode, . while reddish sparks were seen.inside
the crystal, When we examined the crystal after this test, using moderate magnification, thin violet threads were
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8. In pxepaxing borax. glasses conmisﬂng sﬂwe& and rhanmm oxidesour attention was drawn to the fact that

these glases were colored yellow, in contrast.to all the other glasses ‘we had handled.’ The yellow color of silver . -
‘and thalllum glasses grows very mmuch stronger as the percentage. of mhe mewl nxide ls mczreased bwammg daxka S

hrown in glasses containing appzmximately 60% of the cydde

Glasses that contain silver oxide ase coated with an axuemaly tb.ixz film uf metal.lic &lvc:: a.ftex ml&difvmg
and cooling, ne matter what their composition. ¥n glasses with a high silver ox!de eonr;em this film covers the
samples with a dense, opaque metallic miror. As we kuow, the color of glasses, such as those.colored with -
gold'salts, is due to the presence of colloidal particles of gold within the solid glass [11, 12]. The color of the
glasses we tested was likewise due to their containing colloidal panticles of sliver and thallium, . With 8 micre="’
scope fitted with a cardioid condenser we succeeded in detecting colloidal particles of metal in the glass, To ~

Jdo this we carefully polished glass samples that contained 70% thallium. oxide. The glasses had.the shape of thin © - -

plates about 1 mm thick. Glycerol was used as the immersion lquid, The microscope field showed . the usmal
pictyre of colloidal particles, the sole difference being the absence of any Browmian movement., Figw;e 21isa
micmp!@,o{.ogr&ph of colloidal thalllum particles observed iv the glaw plate (see plage page 1141). In the figure
we clearly see the particles that lie at the microscope’s focus, together with several blusry spots, due to pasticles

above and below the layer in question. As we move the mictoscope’s tube up and down by means of the fauum‘ .. _

screw, we. can easily see that the colloidal particles are distibuted at vandom throughout the glass.

A much clearer picture is obtained if we use a thin film of glass instead of a plate. JFigum 3isa micwplmn
tograph of colloidal silver paz:ticles observed in a thin, fﬂ.m of borosilyer glass.

4. It was stated previously t.hat im prepa’sing glasses containing silver oxide we wrilized. silver nmm:ea whmh
decomposed. duying the melting of the glass, giving off nitrogen oxides and part of the metallic stlver, which
settied as drops on the bottom of the crucible. Part of this deposited silver dissolved.in the molgen glass, When

it dissolves, this silver appazentiy does not yield molecular disperse solutions Ln the glass, but dissolves s mmm ' .

whose dimensions range from amicrons to colloidal particles. We haye observed colloidal parricles of the metal, .
both.in hard glass and.in annealed glass. The minute particles of wetal may be aggregated to the dimensions af
colioidal particles dusing the annealing of the glasses, like the pacticles of gold in the production of ruby glasses,

We found that the solubility of silver rises as the pe_menmgg of silver oxide in the glass s increased. The solu~’ -
bility of metallic silver is-low in glasses contalning up 1 30% of silver oxide, and they contain few colloidal paz~ -

ticles, This s indicated by the absence of color in these glasses. As the percentage of silver oxide is incyeased,
the color tums from pale-*yellow o bxishmmnge and dark brown. in glasses that contain 60% of silver oxide.

- in peeparing glasses that coumin thalllum oxide, we uttlized yeagents prepated by oxldizing finely pulvemmed

metallic thallium in air at 80-90°. During melting we noticed an incresse im the intensity of the glasses® color

as the percentage of the metallic oxide was raised. Glasses that contafn 60+410% of thallium oxide were identical

. {n appearance , transparent, and dask- brown in color. It may be thought that not all the metal was oxidized during -
the process of preparing thallium oxide from the meral, but dissolved in the mels during the fusion of the glass,

* ylelding colloidal particles that are responsible for the color of the glasses. . To eliminate any inwodwct&ou of un~ -

oxidized thallium into the composition of the glass, we prepared the oxide chemically, by xe&cn:mg a solution of
thallium sulfate with barium hydroxide. The precipitated harium sulfate was filtered out, and the solution of
thallium hydroxidé was evaporated. The deposit of thallium hydroxide was converted into the oxide by h eating '
it in air to 100° in a thermostat. In contrast to the initial glasses, the glasses prepared with this reagent, which
contained 60-70% of thallium oxide, were pale-yellow vather than dask-brown, which indicates that in thefomex
case the reagent contained an appreclable percentage of metallic thallium. The pale-yellow color of the glasses. '
prepazed from puve thallium oxide is apparently due o the fact that & small portion.of the thal.mm oxide is re~
duced at high tempezatyze to the metal, which is dissolved in the melt.

If we introduce pleces of metallic thallium {nto a molen mass of boxotha.mam gla.ss bubbles of gas appeax
in the molten mass, which rise to the swiace and moduce green, flashes. After the thalliwm dissolves in the
miolten mass, the latter turns dark-brown and much wore viscous than before the metal had dissolved in it.

when we examine these glasses under a micwscope with a caxd,aid condenser, w@ e a la.sge n.umbgg og colln!d“ .

al parricles tmoughout the glass (Fig. 2).

5. It was painted out somewhat earlier that we ubswwed. no fosmustion of dendrites during elmtsolm whzn o
‘we explored the conductance of glasses of widely varying composition. Only in the electrolysis of glasses that
contain silver and, thallfum oxj,de& 15 the fonnationof dendﬁres observed. As has been shown, mere are colioidal
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B particles of silver and‘thalliu'nia; ihmughout these glasses, which are responsible‘_for their qglo;.

It fs natural to suppésevthat the presence of these colloidal metal'par'ﬁc;es in é solid glass is ;equnsi?lg
for the formation of metallic threads and occlusions of dendrites wi;hin the glass. - S

6. Somewhat earlier we pointed oit that no dendrites are formed in binary systems of alkali borax glassesno
matter how 1ong elégtrolysis is continued. ; o : :

We were interested in checking the hypotheses we have just advanced by electrolyzing a borax.alkalf °
glass after having dissolved an alkali metal within it. The preparation.of such glasses constituted a complicated
job. We know that alkali metals react. vigorously at high temperatures with boron oxide, displacing the boron,
and with silica, displacing the siiicon. Moreovey, at high temperatures it-Is extremely hard to introduce an alkali
metal into molten glass, as much of it burns up, '

The experir’neﬁts were begun wlt,:h our preparing a borax sodium glass, This was done by melting borax

~-and electrolyzing it in the molten state, graphite rods being used as electrodes. Electrolysis lasted 15-20 minutes.
* B a current of some 2 amps. ' / ‘

- Some of the metallic sodfum deposited at the cathode burned, rising to the surface of the molten mass,
“though part of it dissolved in the glass. There were minute bubbles throughout all the molten mass, The viscosity
of the mass increased substantially, as was the case when silyer and thallium were dissolyed {n glasses that con-
tained oxides of these metals, We endeavored to introduce pieces of metallic sodium into the melt without el-
. ectrolysis. The resulting picture was the same as when the sodium was inroduced by electrolysis.

‘The melt was kept in the furnace until the glass was formed into sheets, in order to.let some of the bubbles
. escape fram the moltgn mass. Flashes were observed at the surface of the molten mass, due to the burning par~
ticles of sodium. Still, the formed and annealed glass contained some bubbles and was pale-yéllow in color. The
Hate of glass was polished and then examined in a microscope equipped with a cardioid condenser, . Calloidal

Particles were visible within the glass, but they were few in number and were hard 1o observe due to scattering
- - light by the bubbles left after the molten mass had solidified. o ‘

To secure a clearer picture, we prepared thin films of glass, in which the colloidal particles of metal

Wlir: clearly visible. The overall picture was the same as in the photographs reporduced in Figs. 2 and 3. Our
electrolysis

' of such a hard glass at a temperature of some 300°, using electrodes of sodium amalgam, showed that
’ d:ﬁrim grow throughout the glass fiom the cathode to the anode. The behavior of the electrometer thread and
of the ban

ery voltage was the same as that described above. Metallic occlusions were visible within the glass
With the naked eye. It should be noted that in this case the gro

wth of dendrites required electrolysis for a much
longer time than was needed for the production of silver and thallium dendrites.

/

Analogous tests were made with bamlithium’and boropotassium glass. . The lithium glass contained 13%

- of lthtum oxide, the potassium glass containing 40% of potassium oxide. - The lithium was introduced into the

molten glass by elcctroly§1s 8s well as by adding it as pleces. The potassium was added only by electrolysis.
In both {nstances the molten mass exhibited higher viscosity and a larger number of bubbles. '

e 1Demdrites; were observed to form during electroiysis of these glasées. as in the case of the sodium glass,
The res

stance of the glasses and the battery voltage were highly unstable during the process of electrolysis, as
was the case in the DPrevious experiments. . | )

it £ A microphotograph of.a sodium dendrite is shown in Fi,
ts form differs greatly from that of thallium and silver de

ﬂ g::;wl;ﬁi tll:e dendrite, extending toward the anode, is very uneven, consistingof thin, narrow lamellae of true
hame thium dendrites, photographs of which'are shown in Figs. 5 and 6, are of approximately the same
shape, These photographs show the appearance of a fracture of a lithium glass sample after electrolysis.. The
difference between the forms of the dendrites of the alkall metals and those of the silver and thallium dendrites

ently due to the circumstance that the a | |

" om of the 1kal{ metals are deposited in the liquid state under the condi~
. vlons of the experiment (electrolysis of the glass being carried out at approximately 300°), whereas the dendrites
of silver and thallium were produced at tem ’ ‘

peratures below these metals* melting points, .
7. We are inclined to attribu

. : te the formation.of dendrites in the electrolysis of glasses that coniam ,
. colloidal metal particles within them to the nonuniformity of the glasses' surface in contact with the elec~
trodes, particularly with the cathode. Actually, if there are nonuniformities at the surface of the glass in

. y
e A -

g 4 (sée plate page 1141). It should be noted that
ndrites. The sodium dendrites are big, dense lamellae,

%

. A
. 3
:
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the shape of metallic particles that are in contact with the metallic cathode, the current density will rise in the
vicinity of these pacticles. Thus, some of the fons are not directly discharged at the cathode during the process
of electrolysis, but rather at thesé particles within the glass. This results in an increase in the number of particles

emerging, leading to a gromh of threads within the glass. This increase continues until the metallic thread
reaches the anode

' What we have set forth is illustrated by the photographs in Figs, 1, 5, and 6.

These photographs clearly show the spot at the surface of the glass in contact with the metallic cathode at which
© dendrites begin to build up within the glass.

From this pdnt of view we can understand the formation of dendrites during the electrolysis of rock salt’
in the experiments’ by Walther and Inge described above. The nonuniformlty of the cathode surface, produced
artificially by the metallic needle pressed into the salt, results in the formation of dendrites. The formation of
‘dendrites during the electrolysis of salt crystals is usually related to the uneven deposition of metal at the cathode.
The unevenness of the crystal surface in contact with the surface of the cathode evidently also is amajor.factor.
There are many fissures and recesses in the surfaces of salt crystals, as was pointed ‘out by Academician A, F.
Ioffe long ago. In the course of electrolysis of sheets of salts pressed between the electrodes the metal evolved
(sometimes an alkali, liquid metal) fills up the fissures and hollows at the cathode, which then constitute metallic
nonuniformities that penetrate into the interior of the salt, like the colloidal particles of metal in the glass dis~
cussed by us above. During electrolysis, the metal fons are discharged at these points, the nonuniformity progress-

ing from the surface into the interior of the crystal, producing a dendrite, which reaches the anode as its growth'
‘progresses. .

“In conclus{on I wish to express my. thanks to Prof, S. I,Sklyarenko for his interest in this research,

SUMMARY o
1. It has been shown that. the forrnation of dendrites during the electrolysis of glasses is related to the
presence of colloidal metal particles in the glasses.

©. 2. Considerations are set forth concerning

the mechanism involved in the formation of dendrites during
. the electrolysis of solid glasses : -
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