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ROTATING DISK SYSTEM FOR THE STUDY OF
METAL DEPOSITION FROM NONAQUEOUS SOLVENTS

Friedrich G. K. Baucke, Dieter Landolt, and Charles W. Tobias

Inorganic Materials Research Division, ILawrence Radiation Laboratory, and
Department of Chemical Engineering, University of California,
Berkeley, California

ABSTRACT

" A rotating disk electrode system was designed to be used in metal
deposition studies from nonaqueous solvents under inert atmosphere,
The apparatus consists of a rigidly mounted drive uni£ and a detachable
cell unit which allows filling of the cell in a dry box while electro-
chemical méésﬁrements are made outside the box. Purification procedures
for propylene carbonate and experiments on the deposition of potassium

and calcium from propylene carbonate solutions are reported.
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INTRODUCTION

The use ofbnonéqueous solvénts is of interest in electrochemical
deposition of metals which cannot be deposited from agqueous solutions,
such as alkali or alkaline earth metais or the grouﬁ IVb Vb and VIb metals.
Among organic solventslpropylene carbonate (PC) originally proposed by
Harris and Tobiasl has recently found mﬁch aftention, especially in con-
vnechion with the use of lithium as anode maiefial in high energy density
batteries. The efficiency of a metal deposition process from PC solutions
depehds not only on the purity of the solvent2 but also on the prevailing
mass transfer conditions. Decomposition of the éolvent sets in when the
limiting current for metal depositioh is exceeded, and the structure of the
deposits changes when the limiting current is approached. A thorough litera-
ture review of the influence of mass transfer én the structure of metal
deposits obtained from»aqueous solutidns has been given by Ibl3.

Prior to a detailed study of thé-depOSition process of various metals
from PC it was considered neéessary to establish defined experimental con-
aitions with respect to sblvent purity and hydrodynamics. A rotating disk

system seemed best suited for the latter purpose.'

A. The Rotating Disk System

" Hydrodynamics and mass transfer characteristics of the rotating disk

system are well Understoodu’S. The limiting current density which is
consfanf b?er the electrode surface_may'be calculéted for. a meﬁal depo-
sition process in the presence of excess supporting electrolyte by using
the relation;

1, = zFB(Sc)Df/3v'1/Q£}/Qc+ , @
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. where z = charge of cation; D+ = cation diffusion coefficient (cmg/sec),
. s . 2 : o ) . _
v = kinematic viscosity (cm /sec), W = angular velocity (rad/sec), C+ =
, »
concentration of reacting cation (M/cms) . B(Sc) is a constant depending
on the ratio Sc = V/D-5’6. For aqueous solutions (Sc > 1000) its value
is usually taken as O.62«h.
In the absence of excess supporting electrolyte migration‘ has to be

)4'"5’7,

‘taken into account. For the caSe:offaibinaiyuélectrolyte . the limitiﬁgu

current density may be expressed as

_zF g D2/3v-l/§i}/20 , (2)

T84Tt T(8e)s + 7
where t_ is the transference number of the anion, and'Ds'the_diffusion
coefficient of the salt.

B{ Experimental Apparatus

" The fbllowing requiremehts Wéfé set'iﬁ designing the fotating disk
system: 'Eleétrochémicél‘heaéuréméhts'ﬂad td'be pérférmed under careful ex-
clusiéﬁ;offoxygén and moisfuré.:Méderaté bﬁt'accufatél& kﬁoﬁn'rotational |
fSpeeds ﬁere desired. 'Workiné electfodes had to‘be‘éasily interchangeable.

' The electrolyte volume vas to be kept_small.becéuse'of the lengthy puri-
ficatiqn.proceduié of the solvent. 'in view of thesunknown nature of

later ekperiments the system ﬁad to provide for ﬁhevuse of varioﬁs types
énd:sigeé.of giassﬂcells. The potential of_theIWOrking eléctrode was

. to be méasﬁfgd aécurately-égainéf'a référence'eiectfbde of the second kind.

'Temperatufe was to be controlled to *0.2°C

C4 is related to the concentration of the salt by C; = Cev, , v, being
‘the stoichiometric coefficient of the cation. '
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A system seemed best suited, which allows all handling of solutions
and chemicals to be performed in a glove box, whereas the electrochemical
measurements are made outside the box. The experimental apparatus de-
signed for this purpose is shown in Figs. 1 to 6. Tt consists of a rigidly
mounted drive unit, containing motor drive and mercury contact, and a
detachableAcell unit, containing the electrolytic cell and an argon bypass.

A commercially available torque unit (s)* containing a DC motor with
closed locp tachometer feedback allows continuous variation of the rota-
tion speed between 20 and 3600 rpm. Regulation is better than 1/2%.
Calibration of the system was done stroboscopically against 60 cps line
frequency harmonics or, at the 1owes£ rotation speeds, by means of a stop-

~watch,

The shaft of the drive unit is rigidlyifixed to the vupper part of
the hollow axle (n). Electrical contact to the axle is made by means of
a stainless steel cylinder (c) rotating in a mercury pool. A mechanical
-couplinngith rubber insert (q) containing plugs for electrical contact
(v) connects the drive unit to the removable cell unit. A small spring
in the female plug provides for slight flexibility of the contact. The
cell unit is positioned With respect to the aluminum support (e) by
means of three set screws, attached to the stainless steel cell cover (x).
The lower part of the axle can be raised or lowered slightly wifh re-
spect.to the cell cover (k) by turning a brass bearing unit (j) threaded
onto the argon bypass. Figure 2 shows the detailed arrangement: A "teflon"
O-ring (f) is pressed against a protruding metél ring when the axle is
in the upper position, thus sealing the cell.. In this arrangement the
cell unit can be transported from the glove box to the drive unit.

¥ SERVO-TEK Model ST-5T3-1.
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¢ ..'\
Before an electrochemical experiment 1is started the argon bypass

(1,m) is flushed with argon. The shaft is then lowered in order to

allow free rotation during the measurenent. Argon '{s flowing through the

“ante chamber throughout the measurements. Working electrodes (g) are

made of stainless steel or nickel, press fitted into a teflon insulation
(Figure.6). The electrode diameter is l/8dinch,:the total diskrdiameter
1/2 inch;» Tne electrodes are - screwed onto the axle and,nositioned as
indicated in Figure 2. Eccentricity of thelelectfodes was less than
0.2 mil horizontally and less than 0.1 mil vertically.

vAlglass_cell made from industrial Pyrex glaSS'pipe is attached to
the stainless steel cell caver (k) by means of a conventional cast aluminum
flange (i) and sealed with a teflon O-rlng (n). The celldusually contains
ca. 250 ml - electnﬂww A platlnum w1re t) melted into the glass wall

provides electrical contact for the counter electrode,»either an amalgam

" electrode or & platinum sheet. Rigidly attached to the glass cell is
the compartment for the reference electrode (u). A capillary (o) in the

.\Qsll wall provides eleCtrOlytic connection between cell and'reference

electrode. The caplllary is p051t10ned in a horlzontal plane with the

i dlsn\electrode at virtually 1nf1n1te distance. This arrangement provides
1for easy correction of IR drop 1ncluded in the measured electrode.poten—

: 8
tial . The partlcular constructlon of the electrolytic cell u51ng

standard glass plpes and flttlngs allOWS the glass cell typeéused to be

eventually 1nterchanged by an U-cell or: a cell of larger volume.
The argon supply is connected to the argon inlet (l) and the—

reference compartment by means of a three way stopcock (Figure 5). Thus

pressure differences between cell and reference electrode compartment
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are avoided. Constént temperature 1is maintained during the experiments by
inserting the cell into a regulated temperature bath (£0.1°C) which rests
on a platform that can be raised and lowered.

The performance of the rotating disk system was tested by measuring
limiting currents of the reduction of ferricyanide at a mechanically
pdlished nickel electrode of 0.082 cm? area. The solution used contained
0.05 M potassium ferricyanide, 0;05 M potassium ferrocyanide and 2.0 M
sodium hydroxide, concentrations being determined by weight. Typical
current voltage cﬁrves, obtained potentiostatically are shown in Fig. Te.
The dependence of limiting currents (values at 1000 mV vs nickel reference
electrode in the same solution) on the square root of rotational speed is
given in Fig. 8. It shows a straight line as required by theory. The
least sqﬁare fit of the data intersects the ordinate af 0.028 ma instead
of zero. The small deviation was not investigated further (see discussion

in ref. 5).

C. Purification of Solvent and Salis
5 :

Recent chrbnopotentiometric and potential sweep2 studies have shown

 the strong influence of water present in propylene carbonate solutions on
the cathodic deposition of lithium. According to these investigationsv
cations in PC undefgo preferred hydratidn. Even low watér contents are of
appreciable magnitude on the molar scale (e.g., 5 ppm Water correspond to
2.8 % 10-)+ moles per 1000 g solvent), and hence are very often of the
samé order of magnitude as fhe coﬁcentration of the dissolved salt. In
addition, the active character of the metéls to be deposited necessitated

 that solvent and atmosphere, inwhich the materials were handled, must be

free of oxygen.
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Based on these considerations special attention was paild to caréful
purification and handling of solvent and salts. Propylene carbonate* was
distilled at 0.5 mm Hg by ﬁeans of a commercially available colﬁmn** packed
with stainless steel.helices. .The head temperéture was 65°C, the reflux
ratio was 60. A slight flow of argon, dried over4magnesium perchlorate,
was introduced in order to prevent irregular boiling of the solvent. The
first 10% and the last 20% of the solvent Were‘discarded. Because of the
strong tendency of propylene carbonate_to diséolve'stopcock greaée a
speciai receiver system of the column was designed. Any contact of
grease and liquid solvent was excluded by the use of glass drip tips and

.'.

. teflon needle valve stopcocks' equipped with teflon O-rings.

Gas chromatographic’analysisﬁ%of the purified solvent showed the pre-
sence of tWo-impUrities:at very low conéentfation,'oné of Which.was identi-
fied\as'é.trace of_ﬁatér._ Thg'water.cdntent of the purified solvent was
below 5 ppm, which,wés the limit of sensitivity'of_the K. Fischer titra-
tion employed for its quantitative'determinaﬁion;

Salts used in this study were dried over phdsphorous’péntoxide for at
least ohe week. Specially constructed vacuum drying vessels allowed heating
the'salts»while the’drying agent was kept at room.tempefature (Fig. 9).
Eaéily hydrblyzed salts, ng., CaBr2, were predried EE'YEEEQ at room.tempera_
ture, and only the.last.tréCes of water were removed at higher temperatures.

All matéfials were eXclusively handled-ih dry argon atmosphere
: ¥_35ffg;§3h Chemical Compan&, Houston, Texas.

**Semi-CAL Series 3650, Podbielniak, Franklin Park, Illinois.
+ Delmar Scientific ILaboratories, Inc., Maywood, Tllinois,
Conditions of these runs were: Ucon HB 2000 (polar) on graphite in glass

columns; 152°C; carrier gas: helium; 5 pl samples. Propylene carbonate
did not decompose in these columns. '
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inside a dry box, which was evacuated to below lp Hg prior to filling
with the inert gas. The argon passed a U-tube with.dry magnesium per-
chlorate for removal of water and a U-tube with BTS catalyst,* which is
capable of removing oxygen to below 0.1 ppm by volume.lO The water
content of the purified argon was 1 ppm determined by means of a moilsture

. *¥
monitor.

D. Preliminary Experiments of Metal Deposition from PC Solutions .

Attempts to deposit potassium from PC hitherto described in the

15’16 have been unsuccessful, for reasons as yet unexplained.

literature
Tt was therefore considered to be of interest to Investigate the deposi-
tion of potassium from PC under well defined conditions with respect to
hydrodynamics and purity of the.solvent.

Experiments were carried oﬁt with stainléss steel rotating disk
cathodes of 0,082 cmg.surface area. The anode was potassium amalgam of
about 0.2% covering the bottom of the cell and exposing about 45 cm2
active Surfaqe area to the solution, Cénstant current was applied to the
cell. Cathode potentials. against a thallium amalgam (6.3 atomic % T1)-
17

thallous iodide electrode in O.l}yM KI solution™ were measured with an
electrometer.T Ali experiments were carried out well below the limiting
current, which was estimated as described in'Appendix 1. Aftér each of

the experiment; the electrodes were transfefred under inert atmdsphere to.
“small gas.tight cuvettes with thin.optical glass windows for microscopic ob-
servation of the electrode surfaces, In the cuvette the electrode was

kept in position by‘means of a metal spring, which pressed the edge of

¥ BASF, Ludwigshafen, Germany.

**'"Moisture Monitor", Consolidated Electrodynamics Corp., Pasadena, Calif.
1 Keithley, Potentiometrié . Electrometer Model 630.
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the teflon disk against a thin teflon washer serving_as spacer between
the electrode Surface and the glass window, thus avoiding contact and
destruction of the deposit.

In the first experiment an affempt Was_made to measure the current
voltage curve of the deposition of potassium from potaseium iodide selu-
tionh(O.IB mole/iOOO g ‘solvent). Prior to the measurement, a cathodic
current of 0.6 ma ﬁas'passedvfor L.5 mihutes at 3600 rpﬁ. Afterwards various
constant currents were apblied, and the voltaées between working and refer-
ence electrode were measured. The resUlte are giren in Fig. 10. Three
regiohs can be'distinguished.{ Up to'aboﬁt 0.05 ma (eleetrode area =0,0082 ¢ﬁ2)
' the potential increased rapidly to about 10 volts (region A).. Inérease of
the applied current up to about 1.0 ma resulted in much smaller change of
potential(region B). With.fﬁrfher increasexof'cﬁrrent to 2;2'ma, the
potential jumped up to epprOXimately 6OFVO1ts (region C). The’vaiues
given in.Fig.rlO.ere-a?proximaré steadyﬂstafe.valees; fhe pOtenﬁial became

cohstent only after se&erel ﬁinutes. Based on the findings given in Fig.‘
10, eonstant cdrrent experiments rere carried out in region A and region
B;"Curve I of Fig. 11 gives the time dependénée ef the potential at 6u
amp and 3600 rpm. A sharp increase of the potential was_noticed after
passage of about 60 m coulomb. At the end of the éxperiment the Cathede
had a dull abpearance and shc&ed‘alkaline reaction on wet pH paper.

Curve IT in Fig. 11 was obﬁained at 0.4 ma and 3600 rﬁm under other-
wise identical cohditions. The,measured potentials showed a slight in-
_crease.with time; they were well reproducible ih a second run under the

same conditions.
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Figures 12 and 13 show deposits obtained in these experiments after
passage of 0.96 coulomb and 0.24 coulomb, respectively. The deposit had
a dark gray irregular appearance indicating codeposition of’decomposition
products. Upon exposure fo the atmosphere the deposits liquified and
showed gas evolution. A strongly alkaline reaction of the deposit on
dissolution in water was observed.

In addition to deposition from potassium iodide solution an experiment
was carried out using a solution of potassium hexafluorophosphate (about
0.05 moles/1000 g PC). Thallium amalgam (6.28 atomic % Th)- thallous bromide
with 0.096 M lithium bromide in PC served as reference electrode. Results
of the constant current eiperiments at 0.1 ma and 3600 rpm are given in
Fig. 14. The appearance of the deposit was similar to those obtained from
potassium iodide solution, with the éxception of some visible spiral flow
patterns.

The experiments discussé@ difected toward the deposition of potassium
from PC solutions yielded metallic deposits, but only in very impure form.
The possibility cannot be excluded that traces of oxygen or water in
aﬁounts below the given detection limits faﬁored the observéd solvent
decomposition., Considering the careful purification procedures employed
it seems much more likely, however, that decomposition of PC was due to
the appliéd high cathode potentials. It is concluded that PC is not a
suitable solvent for cathodic deposition of potassiuﬁ.

The possibility of depositing calcium from PC solutions was exploredv
by electrolyzingva 0.105 M.CaBrQ solution at constant current and 3600 rpm.
Figurevl5 represents the potential-time behavior obtained at 0.1 ma (curve
IT and 0.5 ma (curve I), respectively. No deposits could be observed on

the stainless steel base. A deep blue color appeared at the cathode
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surface , however, it disappeared immediately after exposure to the argon

*¥
atmosphere inside the glove box .

The same behavior was observed when a calcium metal block was sub-
stituted for the stainless steel cathode.

Deep blue solutions of alkali and alkaline earth metals are known
in several solvents, such as liquid ammonia or several amines, the
blue color resulting from solvated electrons.
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APPENDIX T.

Estimation of the Limiting Current

The estimation of the limiting current density for potassium deposi-
" tion from potassium iodide solution in PC (Equation I-2) requires the
value of the diffusion coefficient of potassium iodide and the ionic
concentrations. Since these data have not been reported for propylene
carbonate, the diffusion coefficient was estimated in two independent
ways, which at the same time gave some knowledge of the degree of disso-
ciation of potassium iodide at the concentrations used.

1) Diffusion coefficients of KI in PC were estimated using Walden's

rule:
g
D, =D, — . (1-1)
R
nPC and ns are the viscosities of propylene carbonate and the reference

solvent, respectively. DS is the diffusion coefficient of the salt in

the reference solvent. Except for the case of water, where a measured

value was used, DS was derived from the limiting molar conductivity'Ag

of KI in the respective solvent by applying Einstein's formula:
D RT A°

S F2 3]

(I-2)

Al values are summarized in Table I. Tt is to be noticed that the
basis of these wvalues is compiete dissociation of KI in the reference

solvent. Agreement of D

O calculated from different types of solvents

is within 21% indicating the applicability of Walden's rule for the
estimate of DPC .

2) The specific conductivity # of potassium iodide at the saturation

concentration ¢ = 0.186 moles/1t (0.223 moles/1000 g solvent) was
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‘measured by Harrisl to be ¢ = L4.h1 x lO_3 Q-l cm-l. This corresponds
to a molar conductivity of A;C ='23.6-cm2_9'l mole'l_if complete disso-
ciation is assumed.

Applying Eiﬁstein's formulaya diffusion coefficient DPC = 6.2 x 10—6
ch/Sec is obtained. This value agrees within 10% with the average value
of DPC giveh in Table I. ©Since the iatter Yalues were based on déta
(AE) obtained under conditions of complete dissociation, the agreement
between the two estimates gives ngdvévidence that potassium iodide in
PC at about 0.1 M is laréelj dissociated;

It may be of interest to compare similar estimations of diffusion
coefficients of other potassium»salts, e.g., KBr and KC1. The results
are given in Table II. They demonstrate a similarly good agreement between
the two methods of estimation outlined above.

With the esti@ated values of the diffusion coefficient and of the
degrée of dissociation the iimiting curfent for the potassium deposifion
from potassium iodide solutiéns in PC'can‘bé estimated. The experimenfal

conditions are given in section D. Inserting the values

D

1l

6 x 10_6 cme/sec

PC |

v = 2,53 x 1072 cmg/sec

W = 3600 rpm = 377 rad/sec
¢, =0.13 x 10”3 mole/em3

B(SC)'z 0.62 »

A = 0.082 c¢n® (surface area of the electrode)

into Equation 2:

.. _zF. 2/3 -1/6 1/2
I£.~ A lE = t B(SC)DS v @ C+ A

and assumihg the transference number O.S for the anion one obtains the
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limiting current

Iy

~ 15 mA.
This value is one order of magnitude higher than the highest current
applied. The magnitude of the estimated limiting current demonstrates

further that the observed potential increase with current (Figure 10,

region C) at about 1.5 mA is not due to rate limitation by mass transfer.

Table I. Estimation of Diffusion Coefficient of
KI in PC according to Walden's Rule.

Solvent A§(25°C)_ nS(cP) 1o5xDs(25°c) .106XDPC

(cm?Q-1mole™1) (cmPsec™1) | (cmPsec-1)
H,0 - 1.0 (25°C) 1.875 (12) 7.3
CH3CN 18.7 (11) 0.3k (25°c) (12) 4.88 6.7
HCN 310.5 (13) 0.201 (20.1°C) (14)f 8.1 6.1
CH5OH 115.2 (13) | 0.547 (25°C) (12) | 3.0 6.5
C HgOH 50.8 (13) | {%.200 (eo:cg (x2) 1.31 6.0

: 1.003 (30°c) (12)

CH3COCHff 196.6 (13) 0.316 (25°C) (12) $5.13 6.3
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Table II. Estimation of Diffusion Coefficients' of
KBr and KCl in Propylene Carbonate.

Salt 106xDPC Derived from
~h-1 -1
KBr 7.8 J@BC= 1.48 x 10 Q0 "em
at 6 x 107M KBr in PC (1)
7.4 DHeo = 1.87h x 1072 cm?/sec
at 0.1 M KBr in Hy0 (12) |
7.5 Ay = 362.2 enf tmore™ (18°¢)
at infinite dilution in HCN_(13)
KC1 8.7 Mo = 1.06 x 1077 O tem™t
' st box 107% M K1 4n PC (1)
7.3 Dy o = 1.844 x 1072 cm?/sec
at 0.1 M KC1 in H0 (12)
T.5 AI?[CN.= 363.4 en?-Imole™t (18°C)

at infinite dilution in HEN (13)

- UCRL-17957
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Figure Captions R

Cross section of rotating disk electrode system.

a Dbearings n hollow stainless steel axle
b lucite o -:capillary
¢ stainless steel cylinders p isolation glued to metal parts
d mercury g flexible coupling with rubber insert
e aluminum support r rubber gasket :
f seal ‘ s constant. speed drive
g rotating disk electrode t platinum contact for counter electrode
h teflon O-ring - u platinum contact for reference electrode
i cast aluminum flange v slightly flexible contact
J bearing unit for posi- x teflon washer
tioning of axle y teflon isolation
k stainless steel cell cover z bakelite
1 argon inlet

m argon outlet

Cross section of'argon_bypass and seal. For captions see
Figure 1. .

Cross section of mercury contact and flexible coupling. For
captions see Figure 1.

Overall view of experimental setup.
Detachable cell unit.
Rotating disk eleétrodes.embedded in teflon.

Current voltage curves of reductlon of 0.05 M potassiun
ferricyanidé in 2 N NaOH. Potentlal in'mV vs Ni electrode
in same solution. (electrode area = O, 082 cm ).

Dependence of llmltlng currents of potass1um ferricyanide reduction
on rotation speed. :

.Arrangement for drying salts under vacuum.

Current-potential curve of K deposition from 0.13 M KT in
PC at 3600 rpm: O - increasing current; X - decreasing current.



Figure

Figure

Figure

Figure

Figure

11.

12.

13.

1k

15.

17 - UCRL-17957

Potential vs time of K deposition from 0.13 M KiI in PC at '
constant current and at 3600 rpm: I - 6 pA; IT - O.h mA.
Electrode area = 0.082 cm?.

Deposit obtained from O0.13 M K1 in PC after passage of
0.9 coulomb at 0.4 mA, 3600 rpm. Electrode area = 0,082 e’

Deposit obtained from 0.13 M Kl in PC after passage. of o
0.24 coulomb at O.’-!-' mA, 3600 rpm. Electrode area = 0.082 cm”.

Potential vs time of K deposition from 0.05 M KFFg in PC
at 0.1 mA and 3600 rpm. Electrode area = 0.082 cm?,

Potential vs time of Ca deposition from 0.105 M CaBrp in PC
at constant current and 3600 rpm. Electrode area = 0.082 cmg.

I-0.5ma IT-0.1 ma
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, This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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