Codeposition of zirconium with aluminium from
AlBr,-dimethylethylphenylammonium bromide

solutions in toluene

Algimantas Stakénas,
Leonas Simanavicius,
Albertas Sarkis and
Eimutis Matulionis
Institute of Chemistry,

A. Gostauto 9,
LT-2600 Vilnius, Lithuania

Zirconium and aluminium codeposition has been investigated in the AlBr,-dime-
thylethylphenylammonium bromide melt solutions in toluene with addition of zir-
conium salts. The electrodeposits were found to contain from several hundredth
up to 15 wt. % of zirconium. The extremely close deposition potentials of both
metals were noticed. The diffusion coefficient for zirconium ions were determined
to be about one order of magnitude less than of aluminium.
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INTRODUCTION

The developing micro- and nanotechnology requires
various thin metallic layers with particular, peculiar
properties which can be achieved electrodepositing
alloys of less common metals [1].

There have been reports on electrodeposition of
a number of transition metals — aluminium binary
alloys, e.g. Co-Al [2-6], Cr-Al [7-9], Mn-Al [10],
Ni-Al [2, 11], Ti-Al [12] and some others.

As has been indicated recently [8], zirconium al-
loys with aluminium form metallic glasses, i.e. valu-
able metastable alloys of a single phase.

Codeposition of zirconium with aluminium is al-
so of considerable theoretical interest. As is known,
the redox potential of zirconium in aqueous solu-
tions is one of those closest to that of aluminium
(-1.529 and -1.676 V, respectively [13]). Redox po-
tentials of metals in organic systems are generally
brought still closer; furthermore, for instance, the
redox potential of manganese is even more negative
as compared to aluminium [8]. Electrochemical pro-
perties of zirconium in organic solutions are poorly
known, and any studies on codeposition of zirco-
nium with aluminium are lacking at all.

In this article, we describe the results of an in-
vestigation of the codeposition of zirconium with alu-
minium from the AlBr,-dimethylethylphenylammo-
nium bromide (DMEPAB) melt solutions in toluene
with the addition of zirconium salts.
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EXPERIMENTAL

Preparation of DMEPAB and aluminium electroly-
te, electrochemical measurements and analysis of
electrodeposits obtained are described elsewhere [9].

Zirconium (IV) acetylacetonate [Zr(Acac),] for
synthesis (Merck-Schuchardt) and acetylacetone (2,4
pentadione) of reagent grade (Reakhim) were used.
ZrF,, ZxCl,, ZrCr, and Zr]J, were synthesized and
purified as described in [14].

RESULTS AND DISCUSSION

As illustrated in Fig. 1, voltammetric measurements
in AIBr,-DMEPAB melt solutions in toluene with the
addition of Zr(Acac), show that only a single reduc-
tion wave appears in the potential range of about
minus 0.10-0.20 V vs Al(II1)/Al. However, microa-
nalysis data showed that the electrodeposits obtai-
ned in AlIBr,-DMEPAB solutions containing various
zirconium salts consisted of aluminium and zirco-
nium. As may be seen from Table, zirconium con-
tent in deposits increases clearly with increasing the
zirconium salt concentration in the electrolyte. The
deposit composition seems to depend also on the
constitution of zirconium salt, that is, on the nature
of the anion.

At the same time zirconium content in deposits
decreases with increasing the current density, what
would be expected when the zirconium standard re-
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Fig. 2. Cyclic voltammograms in the aluminium electroly-
te with 12.3 mM Zr(Acac),. The potential scan to -300
mV; scan rate: 20 (a), 50 (b) and 100 (¢) mV s

] ImAcm”
: J
- —
] dmAem
b
0.8 0,4 0 -0.4
E/V vs Al

Fig. 1. Cyclic voltammograms in the aluminium electroly-
te (0.935 M Al Br, -DMEPAB solution in toluene) with
4.1 mM Zr(Acac),. Scan rate 20 mV s7'; the potential
scan to —200 (a) and -300 (b) mV

dox potential is considered to be more electroposi-
tive compared with that of aluminium -calculated
thermodynamically in aqueous solutions.

Which process, the electrodeposition of zirconium
or that of aluminium, is the first cathodic process
and which one is the second, may be elucidated

with the aid of an analysis of the oxidation wave on
a cyclic voltammogram.

As is evident from Fig. 1, when the potential
scanning is reversed at early stages of the deposi-
tion process, the anodic wave at 0.1-0.3 V is reve-
aled. It is located in the region of more positive
potentials in comparison to the oxidation potential
of aluminium in AIBr,-DMEPAB melts solutions in
toluene. So, this anodic wave may be attributed to
the reoxidation of zirconium, considering that the
stripping electrodeposits consist only of aluminium
and zirconium.

When the forward potential

scanning is extended to more

Table. Microanalysis data on electrodeposits obtained in AlBr,-DMEPAB melt negative values, the height of
solutions in toluene with the addition of zirconium salts this wave rises and at the same
g fos time the second anodic wave at

Zirconium | Concentration, | Current | Deposition Deposit composition, .
) . ) wt. % 0-0.2 V appears, often merging

salt mM density, time, min . . .
%, with the first one. This second
mA cm Zr Al c .
reoxidation wave corresponds to
Zr(Acac), 4.1 2.5 192 0.11 99.89 the oxidation potential of alu-
4.1 5.0 96 0.02 99.98 minium, defined repeatedly in
4.1 10.0 48 0.02 99.98 aluminium electrolytes of vario-
8.2 2.5 192 6.11 93.89 us composition [15].

8.2 5.0 96 4.64 95.36 As may be inferred from a
8.2 10.0 48 4.58 95.42 comparison of data in Fig. 1
ZIF, 36 25 192 14.79 85.21 with those in Fig. 2, the reoxi-
=0 2l o -l 7l dation maximum on the rever-
g &0 10‘0 28 8‘(1)3 91‘9‘71 se potntial scan voltammogram
rcl, ES UL . L) R in the region of 0.3 V increa-
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ses as the concentration of zirconium ions increases.
This fact substantiates the above-mentioned suppo-
sition that this first anodic wave is attributed to the
zirconium reoxidation.

It may be conceived alternatively that this ano-
dic wave is due to the oxidation of acetylacetonate
ions. However, this wave is absent, and solely the
second one attributed to the aluminium reoxidation
is found in the AlBr,-DMEPAB melt solutions in
toluene with the addition of acetylacetone up to
160 mM as well as with the addition of aluminium
acetylacetonate up to 60 mM. This fact is an added
reason for attributing the anodic wave in the region
of 0.2-0.3 V to the reoxidation of zirconium.

A comparison of electric charges involved in the
cathodic and anodic processes lends credence to the
view that the anodic process results from the elec-
trolytic reoxidation of electrodeposits and not from
the oxidation of any component of the solution.
When the concentration of Zr(Acac), is less than
10 mM, the ratio of the anodic charge to the cat-
hodic charge received by integrating the areas be-
tween the curves of the voltammogram and the or-
dinate is close to 1 (approximately 0.9-0.95). This
ratio tends to diminish with the concentration of
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Fig. 3. Cyclic voltammograms in the aluminium electroly-
te with 16.4 mM Zr(Acac),. Scan rate 20 mV s the
potential scan to minus 200 (Z), 300 (2), 320 (3), 340
(4), 360 (5) and 380 (6) mV

Zr(Acac), in solution and becomes equal to about
0.7 when the zirconium concenration reaches 40 mM.
It seems that the electrolytic dissolving of zirconium—
aluminium electrodeposits during reverse (ano-
dic) scan is accompanied by partially mechanical
crumbling of metallic particles from the electrode.

Such a situation when the reoxidation of zirco-
nium takes place at a more positive potential in
comparison with that of aluminium suggests that zir-
conium deposits at a less negative potential than
does aluminium. In other words, the electrodeposi-
tion of zirconium is the first cathodic process, whe-
reas the electrodeposition of aluminium is the se-
cond one.

As is obvious from Fig. 3, when the potential
sweep is extended sequentially to more negative
values, the reoxidation wave of zirconium rises
progressively and at the same time the reoxida-
tion wave of aluminium appears (in the region of
0-0.2 V), increases and finally becomes predomi-
nant. A phenomenon of this kind is in excellent
agreement with the mentioned proposition about
the sequence of cathodic processes as well as with
the data of Table about the composition of the
electrodeposits.
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Fig. 4. Cyclic voltammograms in the aluminium electroly-
te with 24 mM ZrF,. The potential scan to -360 mV;
scan rate: 20 (a), 50 (b) and 100 (¢) mV s
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Fig. 5. Cyclic voltammograms in the aluminium electroly-
te with 9.8 mM ZrBr,. The potential scan to -350 mV;
scan rate: 20 (a), 50 (b) and 100 (¢) mV s

When Zr(Acac), in solution is replaced by zirco-
nium halides, the cyclic voltammograms have in prin-
ciple the same shape (Figs. 4-6), i.e., when the po-
tential sweep is extended sequentially to more nega-
tive values, it appears on the reverse scan at first as
the reoxidation wave of zirconium in the region of
0.2-0.4 V, and only thereafter the reoxidation wave
of aluminium appears in the region of 0-0.2 V. In
the meantime, a sole reduction wave of both metals
is observed on the cathodic part of the voltam-
mogram.

Summarizing all the foregoing data, the follo-
wing conclusions can be done with a fair degree of
assurance. Although no distinct reduction waves are
observed for the electrodeposition processes of zir-
conium and aluminium, and thus both these metals
deposit in the same very close potential range, an
analysis of changes in the deposits composition and
features of sequence of anodic processes suggests
that zirconium deposition is the first cathodic pro-
cess starting at a less negative, even if extremely
insignificantly, potential in comparison to aluminium
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Fig. 6. Cyclic voltammograms in the aluminium electroly-
te with 20 mM ZrJ,. The potential scan to —400 mV;
scan rate: 20 (a), 50 (b) and 100 (c¢) mV s

whose deposition is the second cathodic process star-
ting at a more negative potential. Contrastingly, zir-
conium and aluminium electrochemical oxidation ta-
kes place at rather different potentials, and distinct
oxidation waves can be observed for each metal.

As is seen in all the foregoing figures, the cyclic
voltammograms display a “nucleation loop” after a
scan reserval in the cathodic region. It is common
knowledge that this indicates that the metal deposi-
tion requires an overpotential in order to initiate
the nucleation and growth of deposit. This assump-
tion is supported by a typical shape of current-time
transients in the potential region of zirconium code-
position with aluminium: a current spike and subse-
quent broad current maximum (Fig. 7).

As may be inferred from measurements at less
negative potentials where most likely zirconium solely
reduces on the cathode, the current—time transients
have a shape characteristic of diffusion-controlled
processes. The diffusion coefficient of zirconium ions
calculated using Cottrell plots of i vs ' was found
to be D = 1.5 x 107 cm® s in 16.4 mM Zr(Acac),
solutions and D = 1.75 x 10”7 cm* s™! in 20 mM ZxJ,
solutions, whereas the diffusion coefficient for alumi-
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Fig. 7. Potentiostatic current-time transients for the code-

position of Zr with Al from aluminium electrolyte with
8.2 mM Zr(Acac), at potentials indicated (in mV)

nium ions was obtained earlier [16] as D = (1.1 =
+0.4) x 10° cm* s

Previously [16] we have demonstrated that the
electrodeposition process of pure aluminium from
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Fig. 9. Potentiostatic current-titié transients for the code-
position of Zr with Al from aluminium electrolyte with
8.6 mM ZrCl, at potentials indicated (in mV)

AlBr, -DMEPAB solutions in tolue-
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ne without any addition ions in-
volves progressive nucleation with a
diffusion-controlled growth of three-
dimensional nuclei. As will be appa-
. rent from Fig. 8, the results of vol-
N tammetric measurements in the alu-
minium electrolyte with the addition
of zirconium ions more adequately
depict the instantaneous nucleation
or at least suggest an intermediate
model between instantaneous and
progressive nucleation, as they are
defined theoretically in [17].

As is seen in Fig. 7, the current-
time transients received at more ne-
gative potentials disclose as though
a double current maximum. This

ttm

Fig. 8. Comparison of the dimentionless experimental data for the code-
position of Zr with Al from aluminium electrolyte with 8.2 mM Zr(Acac),
derived from current-time transients at —260 (0), —280 (A) and -300 (O)
mV and with 24 mM ZrF, at -320 (e), -330 (A) and -350 (H)mV

phenomenon is more obvious in
ZrCl, solutions (Fig. 9). Similar cur-
rent-time transients were considered
also in the case of codeposition of
aluminium with zinc [16]. One may
suggest that the first vague maximum
is due to zirconium nucleation and
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the second one to aluminium nucleation and growth.
However, the regularities of the concurrent deposi-
tion process of two metals remain to be studied.

CONCLUSIONS

1. A decrease of the zirconium amount with decre-
asing the zirconium concentration and increasing the
current density was determined in electrodeposits ob-
tained from AIBr,-dimethylethylphenylammonium
bromide melt solutions in toluene with the addition
of zirconium salts.

2. The deposition processes of zirconium and alu-
minium proceeded at extremely close potentials, the
deposition of zirconium being the first electrode pro-
cess and that of aluminium the second one.

3. Although no distinct reduction waves for zir-
conium and aluminium became apparent on cyclic
volmammograms, there are well-defined separated
oxidation waves on a reverse scan of the potential.

4. Examination of the initial stages of the depo-
sition process suggests most likely an intermediate
model between instantaneous and progressive nucle-
ation.
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CIRKONIO SASEDIS SU ALIUMINIU IS AlBr,-
DIMETILETILFENILAMONIO BROMIDO TIRPALY
TOLUENE

Santrauka

Nustatyta, kad dangose, gautose i§ AlBr,-dimetiletilfenila-
monio bromido lydalo tirpaly toluene su cirkonio drusky
priedais, cirkonio kiekis mazéja mazéjant cirkonio kon-
centracijai tirpale ir didéjant srovés tankiui. Cirkonio ir
aliuminio skyrimosi potencialai yra be galo artimi, bet
galima padaryti iSvada, kad cirkonis pradeda skirtis tei-
giamesniy potencialy srityje negu aliuminis. Ciklinése vol-
tamperinése kreivése nematyti atskiry cirkonio ir aliumi-
nio redukcijos bangy, taciau skleidziant potencialg atgali-
ne kryptimi registruojamos aiskios atskiros Siy metaly ok-
sidacijos bangos. Pradiniy elektrolitinio nusodinimo stadi-
ju ant inertinio platinos katodo tyrimai rodo, kad geriau-
siai kristalizacijos procesa atspindi tarpinis modelis tarp
akimirksninés ir progresuojancios nukleacijos.

A. Crakenac, JI. CumanaBuuioc, A. Ilapkuc,
3. Maryaénuc

COOCAXJIEHME HUPKOHHUA C AJIIOMUHHUEM
N3 PACTBOPOB AIBr,-6POMUJIA
JUMETRIIDTUWICEHUJIAMMOHUSA B TOJTYOJIE

Peswowme

OrmpenienieHo, 9TO KONMYECTBO IMPKOHMS B IIIEKTPOIHTH-
YECKUX MOKPBITUAX, OCAXKICHHBIX U3 TOJNYOIbHBIX PacTBO-
poB pacmiasa AlBr,-OpomMus TMMETUIBTUII()EHUTAMMOHHS
¢ no0aBKaMu coOJIell LIUPKOHUS, YMEHBIIAETCS CO CHU-
JKEHHEM KOHLEHTpPAlUU LIUPKOHHS B PAacTBOPE U YBENU-
YEHUEM IUIOTHOCTH ToKa. [1oTeHIMab! BBIICICHUS LIUPKO-
HUS U QIIOMMHUS KpaiiHe OIM3KH, OJHAKO MOXHO CIEJaTh
BBIBOZI, YTO IMPKOHHUH BBIIEISIETCA TpH Ooiee IMONOXKH-
TEeIBbHBIX TOTEHIMANAX, YeM amfoMuHNA. Ha muxmmaeckmx
BOJIBTaMITEPHBIX KPHUBBIX OTCYTCTBYIOT OTICIBHBIC BOIHBI
BOCCTAHOBIICHHS IIMPKOHHSA W ANIOMUHHS, TeM BpPEMEHEM
npu 0oOpaTHO# pa3BepTKe MOTCHIMANAa OOHAPYKUBAIOTCS
SICHBIC OTIENBbHBIC BOJHBI OKHCICHUS JTHX METaJUIOB.
W3ydyeHue HadalbHBIX CTAaJUil 3IEKTPOOCAXKACHUS Ha
MHEPTHOM IIJTAaTMHOBOM KaTOZ€ IMOKAa3bIBAET, YTO IPOLECC
KPHUCTAJUIN3AllUU, BEPOSTHEE BCErO, COOTBETCTBYET IIPO-
MEXYTOUHOH MOJENM HyKJIealud MEeXIYy MOMEHTHOH H
IIPOrpeccupyromeil.



