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Abstract: The processes of underpotential (UPD) and overpotential (OPD) deposition of
Al onto Cu(111), from the room temperature molten salt AICI;—EtMeImCl of different
compositions, has been investigated by the cyclic volatmmetry (CV) and potentiostatic
pulse techniques. It was shown that the CVs of the UPD are characterized by two sharp
peaks, while the potentiostatic cathodic and anodic j—#-transients of this process are
characterized by two waves, indicating that the UPD of Al results in the formation of
two structures. The first, less dense one, most probably the (+/3 x+/3)R30° ordered struc-
ture of Al, is formed at a more positive potential of about 200 mV vs. Al, while the sec-
ond one, a complete momolayer of Al, is formed at about 20 mV vs. Al, just before the
reversible potential of Al in these melts (—20 mV vs. Al). The OPD of Al was detected at
potentials more negative than —30 mV vs. Al, occurring through the progressive 3D nu-
cleation and growth mechanism. Slow surface alloying of Al with Cu was found to oc-
cur at a potential close to the reversible potential of Al

Keywords: AlCl;—EtMeImCl, room temperature molten salt, UPD and OPD, Cu(111),
(/3 x+/3)R30°, progressive 3D nucleation and growth, Al-Cu surface alloying.

INTRODUCTION

It has been shown that Ag—Cd alloys are thermodynamically stable in the UPD re-
gion (0 <AE =E — E, <70 mV) at elevated temperatures in molten salts! and in aque-
ous soltuins.2-3 This statement was proved by the results of Schmidt ef al.,* obtained
on a polycrystalline silver electrode, and the results of Bort e al.5 and Jovi¢ et al.,° ob-
tained on single crystal silver electrodes. For the systems Al-Au and Al-Pt, this phe-
nomenon has been demonstrated in inorganic chloroaluminate molten salts.” It was
shown that the UPD of Al onto an Au electrode starts at potentials about 0.4 V more
positive than the reversible potential of Al in an equimolar AICI;—NaCl molten salt at
the temperature of 250 °C. Several intermetallic compounds, such as Al,Au, AlAu,
and Al,Aus, obtained by holding the potential of the Au electrode in the UPD region
of Al deposition, were detected by an X-ray investigation of the deposited samples.8 A
similar phenomenon, occurring in the potential region between 0.6 V and 0.0 V vs. Al,
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has been demonstrated for the system Ni—Al in a 2AICl3—NaCl molten salt and Ni—Al
alloys of different compositions were successfully deposited from this molten salt con-
taining 0.17 M Ni(II) ions.? The disadvantage of the use of alkali-chloride based
chloroaluminates is the substantial vapor pressure of Al,Clg associated with the acidic
composition region of these molten salts.

By introducing organic chloroaluminates,!? such as 1-(1-butyl)pyridinium
chloride (BupyCl), or 1-methyl-3-ethylimidazolium chloride (EtMeImCl), mix-
tures with AICl3, known as room temperature molten salts, it was possible to de-
posit different Al alloys by dissolution of small amounts of metal ions (Ni2*, Co2*,
Cu*) in the AICl3-BupyCI1!1:12 or AIC1;-EtMeIlmCl1!3-15 molten salts at the room
temperature. In all cases, alloy formation was observed at potentials more positive
than the reversible potential of Al in these molten salts, which was ascribed to UPD
of Al onto the deposited metal (Ni, Co, Cu).

In the case of Cu—Al alloys, it was found that Al UPD commences at about 0.3 V
vs. Al and that the maximum content of Al deposited in the potential region between
0.3 Vand 0.0 V can reach 43 at. %. X-Ray diffraction studies indicated that the deposit
containing 12.8 at. % of Al represents a two phase region, being characterized by the
presence of a fcc copper structure and a martensitic 3’-CuzAl bec structure. !

The process of Al UPD onto a Au electrode from a 60 mol. % AICl3 —40 mol. %
EtMeImCl room temperature molten salt has recently been investigated by cyclic
voltammetry. 16 It was shown that this process is characterized by two well defined
and separate peaks, with the total amount of deposited Al being consistent with the
value for a monolayer of Al. A phase transformation of a less stable into a more sta-
ble Au—Al alloy has been detected by holding a Au electrode at a potential slightly
negative (—10 mV) with respect to the reversible potential of Al in this molten salt. In
a very recent work in this field,!7 it was shown that for metals less sensitive to the
presence of oxygen, such as Au, experiments performed under ultrahigh vacuum
(UHV) were identical to those recorded in a glove box, while for the far more reac-
tive W surface, it was necessary to perform the experiments in an UHV environment.

In this paper the results of an investigation of the UPD and the OPD of Al onto
Cu(111) from AlICl3—EtMeImCl molten salts of different compositions are pre-
sented and discussed.

EXPERIMENTAL
Preparation and purification of the AICI;—EtMeImCI molten salt

EtMeImCl was synthesized from ethyl chloride and 1-methylimidazole (Aldrich 99 %) and
recrystallized from acetonitrile—ethyl acetate mixtures as described in the literature.'8 AICl, (Fluka,
puriss) was sublimed a minimum of three times under vacuum before use. In order to avoid the
codeposition of hydrogen with aluminum, all traces of protonic impurities were removed from the
molten salt by pre-electrolyzing the molten salt between two aluminum electrodes (Alfa Aesar,
puratronic 99.999 %) for several days under stirring. The molten salt was filtered through a me-
dium-porosity glass frit to remove any aluminum debris that may have been detached from the cath-
ode during the electrolysis step, and then evacuated to 1.3 x 1073 Pa for 24 h.
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Fig. 1. Schematic representation of the experimental cell.
Instrumentation and the cell

All experiments were performed in an argon-filled glove box in which the content of oxygen
was lower than 0.3 ppm. A small Pyrex glass electrochemical cell with an electrolyte volume of
about 10 ml was used for all experiments at room temperature. The schematic representation of the
cell indicating position of the single crystal electrode, reference electorde and counter electrode is
shown in Fig. 1. High purity (Alfa Aesar, puratronic 99.999 %) aluminum wire (4 = 1 mm) was used
as the reference electrode, while an Al plate of the same quality, positioned parallel to the working
electrode, was used as the counter electrode. Cyclic voltammetry experiments were performed us-
ing a universal programmer PAR M-175, potentiostat PAR M-173 and an X-Y recorder (Houston
Instrument 2000R). Potentiosatic j—¢ transients were recorded on a digital oscilloscope (Nicolet
4094A) and transferred to the X—Y recorder.

Preparation of the counter and working electrodes

The aluminum electrodes were etched for 1 min in a solution consisting of a 1:1 mixture (HF:alco-
hol) containing 15 vol.% H,0,, washed with alcohol and dried under vacuum before being transferred to
the glove box. The copper single crystal, orientation (111), (Monocrystals Comp.) was mechanically pol-
ished on fine grade emery papers (1200, 2400 and 4000) with subsequent polishing with polishing clothes
impregnated with a suspension of polishing alumina with particles dimension of 1 pum, 0.3 pm and 0.05
pm. After mechanical polishing, the copper single cyrstal was electrochemically polished in a solution of
85 % phosphoric acid at a constant voltage of 1.7 V (vs. Pt counter electrode) until the current density
dropped to a value of about 18 mA cm2. The electrode was then thoroughly washed with pure water
(Barnstead — EASY pure UV). The water was removed from the electrode surface by a stream of nitrogen.
The electrode was mounted on the cell (schematically presented in Fig. 1) under a stream of nitrogen and
transferred into the glove box. The diameter of the working area of the single crystal was determined by a
19 mm diameter viton o-ring, i.e., the surface area was 2.835 cm?2.

RESULTS

UPD and OPD of Al onto Cu(111) have been investigated in a room-temperature
molten salt AICl3—EtMeImCl of three different compositions: 55 mol.% AICl; — 45
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mol.% EtMeImCl, 60 mol.% AICl3 — 40 mol.% EtMeImClI and 66.7 mol.% AICl; —
33.3 mol% EtMeImCl. Negligible differences of the CVs and potentiostatic j— tran-
sients recorded in these molten salts were detected and, accordingly, the results presented
for one melt composition are almost identical to those of the other two compositions.

CV Results

The CVsrecorded in the molten salt 55 mol.% AICI3 — 45 mol.% EtMeImCl at
asweep rate of 20 mV s~ onto Cu(111) at two cathodic limit potentials (200 mV —
dotted line and —20 mV vs. Al —solid line) are shown in Fig. 2. As can be seen, the
UPD process is characterized by two sharp and separate peaks. When the cathodic
limit was set at 200 mV vs. Al, a very sharp anodic peak (1,) was obtained and the
shape of the cathodic and anodic part of the CV were identical, characterized by
one very sharp pair of peaks (1, and 1.). At a potential of about 20 mV vs. Al, an-
other sharp cathodic peak (2.) with its counter part in the anodic branch (2,) ap-
peared on the CV. It is interesting to note that after cycling the electrode in the po-
tential region of peaks 2. and 2,, the anodic peak 1, became less sharp, while the
shoulder 1,” transformed into a broad peak.
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1 Fig. 2. CVs Recorded in the molten salt 55
mol.% AICIl; — 45 mol.% EtMelmCl at a
sweep rate of 20 mV s onto Cu(111), re-

—t ! : : '— corded at two cathodic limit potentials (200
0 100 200 300 400 500 mV vs. Al — dotted line and —20 mV vs. Al —

E/mV vs. Al solid line).

The peak of the OPD of Al (3..) appeared at about —50 mV vs. Al at a sweep
rate of 50 mV s, as can be seen in Fig. 3. This process is characterized by the pres-
ence of a typical “nucleation loope”. The shape of the anodic part of the CV
changed significantly after OPD of Al (dotted line). The peak of bulk dissolution of
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Fig. 3. CVs Recorded in the molten salt 55
', mol.% AICI; — 45 mol.% EtMeImCl at a
-1.0+~ 4 sweep rate of 50 mV s’! onto Cu(111), re-
! ! ! ! corded at two cathodic limit potentials (—70

-100 O 100 200 300 400 500 6OOmV vs. Al — dotted line and —20 mV vs. Al —

E/mV vs. Al solid line).
Al (3,) became well defined, peaks 2, and 1, transformed into shoulders, while the
shoulder 1,” became a well-defined peak.

A common feature of the CVs is the fact that the charge under the cathodic
peaks is higher than that under the anodic ones. This could be the consequence of
either simultaneous proton reduction or fast surface alloying of Cu with Al in the
UPD region. Alloying of Cu with Al was detected in the potential region of a sec-
ond UPD peak (2.). The Cu(111) electrode was held at a potential of 20 mV vs. Al
(potential of the peak 2.) for different time intervals (0 — 20 min) and the corre-
sponding anodic CVs were recorded. As can be seen in Fig. 4a, the shape of the an-
odic CV changes with the holding of the electrode at a given potential, with the
shoulder 1,” becoming a more ponounced and well defined peak at longer holding
times, with increasing the total charge under the CVs. The dependence of the
charge excess, Ay defined as the difference between the anodic charge recorded af-
ter holding the electrode (¢;) and the one corresponding to the CV obtained without
holding the electrode at a given potential (gg), vs. t/2 is shown in Fig. 4b, indicat-
ing slow alloying of Cu(111) with Al.

Of course, the possibility of a proton reduction reaction onto Cu(111) in the
UPD region cannot be neglected. The appearance of a small gas bubble (1 mm in
diameter) in the vicinity of the working electrode surface at the upper part of the
cell, which was detected during experimental investigations lasting more than 5 h,
might be the consequence of a simultaneous proton reduction and hydrogen evolu-
tion. As a consequence of such a reaction, it could be expected that the charge un-
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Fig. 4. (a) Anodic CVs recorded in the molten salt 55 mol.% AICl; — 45 mol.% EtMeImCl at a
sweep rate of 20 mV s! onto Cu(111), recorded after holding the electrode at the potential of the
peak 2. (20 mV vs. Al) for different times (solid line — 2 min, dash-dotted line — 8 min, dashed

line — 16 min and dotted line — 20 min). (b) Ag vs. /2 dependence obtained by analysis of the
charge under the CVs shown in Fig. 4a.
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der the cathodic part of the CV would be higher than that under the anodic one,
which is the case for all the shown CVs. Since it is not possible to determine the
value of this current, the cathodic current recorded in the potential region between
550 mV and 400 mV vs. Al of Fig. 2 was used (assuming its linear dependence on
potential, Fig. 5 curve 1) and its value was subtracted from the experimentally re-
corded curve (curve 2 in Fig. 5) in order to obtain the “real” response for the UPD
of Al onto Cu(111), presented by curve 3 in Fig. 5. It is interesting to note that the
total charge under curve 3 amounts to about 720 nC cm2 (a slightly higher value
than the one needed for a completely discharged monolayer of Al, O, = 677 nC
cm2), while the cathodic and anodic charges for the pair of peaks 1 (1, and 1,)
amount to the same value of about 217 uC cm2.

Potentiostatic pulse results

Potentiostatic j—¢ transients of Al UPD onto Cu(111) recorded in 60 mol.%
AlCI;3 —40 mol.% EtMelmCl are shown in Fig. 6. The cathodic j—f transients were
obtained by stepping the potential in steps of 20 mV from 500 mV vs. Al (E;,) to
the desired potential value, although only some of them are shown in the Figure,
while the anodic j—f transients represent the response of the system when the poten-
tial was stepped back to Ej,. If the applied potential is positive with respect to the
potential of peak 2. (Fgi. 2), the j—¢ transients are characterized by one wave, while
at potentials negative with respect to the potential of peak 2., two waves are pres-
ent on both, the cathodic and anodic j—¢ transients, indicating deposition and disso-
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Fig. 6. Potentiostatic j— transients of Al UPD onto Cu(111) recorded in 60 mol.% AICl; — 40
mol.% EtMelmCl: (a) cathodic transients; (b) the corresponding anodic transients (pulse poten-
tials are marked in the Figure in mV vs. Al).
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Fig. 7. (a) Potentiostatic j— transient of A1 UPD onto Cu(111) recorded in 60 mol.% AICl; — 40
mol.% EtMelImCl at a potential of 0 mV vs. Al. (b) Potentiostatic j— transients of Al OPD onto
Cu(111) recorded in 60 mol.% AICl; — 40 mol.% EtMelmCl at different potentials (marked in the
Figure in mV vs. Al).
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Fig. 8. j vs. 12 Dependences obtained by analysis of the rising portion of the corresponding j—¢
transients shown in Fig. 7b.
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lution of two different structures. It should be mentioned here that all anodic re-
sponses were recorded after application of a 1.5 s cathodic pulse, the current den-
sity on the cathodic j— transients dropped to zero after 1.5 s, indicating that the
UPD of Al was finished (see Fig. 7a).

A complete j— transient recorded onto the Cu(111) face at £, =0 mV vs. Al in 60
mol % AICl; — 40 mol.% EtMeImClI molten salt is shown in Fig. 7a. As can be seen, the
duration of the cathodic pulse must be 1.5 s for completion of a monolayer of Al. The
potentiostatic j— transients for OPD of Al onto Cu(111) in the same molten salt are
shown in Fig. 7b. As can be seen, a rising current on these transients can only be detected
if the applied potential is more negative than —30 mV vs. Al, indicating that the cathodic
peak 3, in Fig. 3 corresponds to the beginning of the OPD of Al

By analysis of the rising portion of the j— transients of OPD of Al recorded at
—34mV and-36 mV vs. Al (shown in Fig. 7b), linear j vs. £2 dependences, shown in
Fig. 8, were obtained, indicating the occurrence of a progressive 3D nucleation and
growth mechanism of Al OPD onto Cu(111).19

The dependence of the charge recorded under the anodic j—f transients as a function
of the pulse potential is shown in Fig. 9, where Q,,, representes the measured charge. As
can be seen, in the potential region between 500 mV and 300 mV vs. Al, this dependence
is linear and most likely represents double layer charging since there are no peaks on the
CV. In this case, the contribution of the proton reduction current can be neglected, since
only anodic responses were recorded. Hence, the values of Oy, represented by the linear
dependence in Fig. 8 should be subtracted from the measured ones (Q,;,) in order to ob-



382 JOVIC

tain “real” values for the charge corresponding to the process of UPD (Qypp) of Al onto
Cu(111). As can be seen, a sharp increase in Qypp was recorded in the potential region
between 300 mV and 350 mV vs. Al and between 50 mV and 0 mV vs. Al, which is in
good accordance with the CV shown in Fig. 2.

DISCUSSION

The results presented in Fig. 4 clearly indicate slow surface alloying of Cu
with Al in the UPD region.5:18:20 The appearance of a new anodic peak on the CV
(peak 1,’), as well as a linear dependence of Ag vs. t1/2 can only be ascribed to a
slow alloying of Cu(111) with Al.

The third cathodic peak, recorded just before a “nucleation loop” (Fig. 3), cor-
responds to the commencement of OPD of Al. A common way of determining the
reversible potential of the OPD in the case of a “nucleation loop” is the point at
which the back-going sweep crosses the zero current line. By careful consideration
of Fig. 3, it can be seen that this point amounts to about —20 mV vs. Al. This is also
confirmed by the results presented in Figs. 7b and 8. Three dimensional growth of
Al onto Cu(111), characterized by a rising portion on the j— transients, starts at
pulse potentials more negative than —30 mV vs. Al, indicating that the nucleation
overpotential for 3D nucleation and growth of Al is about —10 mV. By analysis of
the rising portion of the j—¢ transients (the part of the j— transients where individual
nuclei can still grow without overlapping with their neighbors) recorded at —34 mV
and —36 mV vs. Al, linear j vs. £2 dependences, shown in Fig. 8, where obtained, in-
dicating the occurrence of a progressive 3D nucleation and growth mechanism!®
of ALOPD onto Cu(111). It should be mentioned here that these results are in good
accordance with the results presented for 3D nucleation and growth of Al onto a
glassy carbon electrode from AICl3-NaCl molten salt.”

Considering the CV obtained by setting the potential limit at 200 mV vs. Al,
Fig. 2, it can be seen that the anodic and cathodic peaks are identical, indicating a
rversible adsorption/desorption process. The fact that both peaks are composed of
a sharp peak (1) with a shoulder (1) indicates that the nature of this process is com-
plex. According to the charge under the cathodic peaks 1.’ and 1. obtained after
subtraction of the proton reduction current and the double layer charging current
(curve 3 in Fig. 6), which amounts to 217 uC cm2, as well as according to the
Oupp — E dependence shown in Fig. 9, it is most likely that in the case of complete
charge transfer, an ordered (/3 x /3)R30° structure of Al onto Cu(111) is formed.
It should be emphasized here that the behavior of the AI3*/Cu(111) system in a
room temperature AICl3—EtMeImCl molten salt is almost identical to the behavior
of Cd2*/Ag(111)29 and Cd2*/Cu(111)2! systems in aqueous electrolytes, where
slow alloying and (+/3 x +/3)R30° structures were defined. However, one signifi-
cant difference appears to exist in the shape of the j—¢ responses of these systems.
Thus, in the case of the Cd2*/Ag(111)¢ and Cd2*/Cu(111)20 systems in aqueous
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electrolytes both the cathodic and anodic j—¢ responses are composed of only one
wave, although two different structures are formed, the (/3 x v/3)R30° structure
and a full monolayer, while in the system AI3*/Cu(111) both j—¢ responses are com-
posed of two waves when the pulse potential is more negative than the peak poten-
tial of the formation of the (v/3 x +/3)R30° structure (about 230 mV vs. Al). This
could be due to the fact that Al UPD from the acidic AICl;—EtMeImCI molten salt
can occur by the following electrochemical reaction!2-16

Al Cly~ + 3e = Al + 7AICI4~ (1)

During this reaction CI~ ions are liberated and they react with Al,Cl7~ ions to
form AICl4~

A12C177 +ClI" < 2A1C147 2)

Hence, first the AICl;~ complex is reduced and then AlCl4~ complex is formed
in the vicinity of the electrode surface. It is most likely that these two reactions in-
fluence the rate of the Al UPD process in both directions, cathodic and anodic, and,
accordingly, cause two waves on the j—¢ transients to appear, which is not the case
for aqueous electrolytes in the systems Cd2*/Ag(111)¢ and Cd2*/Cu(111).20

CONCLUSIONS

From the results presented in this paper, it can be concluded that the UPD of Al
onto Cu(111), from the room temperature molten salt AICl;—EtMelmCl of differ-
ent compositions, takes place through two structures. The first, less dense one is
most likely the (+/3 x +/3)R30° ordered structure of Al, formed at more positive po-
tentials of about 200 mV vs. Al and the second one is a complete monolayer of Al,
formed at about 20 mV vs. Al, just before the reversible potential of Al in these
melts (20 mV vs. Al). OPD of Al was detected at potentials more negative than
—30 mV vs. Al, which occurs through the progressive 3D nucleation and growth
mechanism. Slow surface alloying of Al with Cu was found to occur at potentials
close to the reversible potential of Al
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U3BO

EJTEKTPOXEMMICKO TAJIOXKEWBE ATYMUHNJYMA HA MOHOKPUCTATY

BAKPA OPMJEHTALMIJE (111) TPY ITIOTEHILINJAIINMA ITO3UTUBHNIVM 1

HETATUBHMNIUM O] PABHOTEXKHOI' U3 PACTOITA COJIN AICl; — EtMeImCl
HA COBHOJ TEMITEPATYPU

B.[.JOBUR

Lenitiap 3a myaitiuoucyuiiaurnapHe cittyouje Ynuesep3auitieiia y beozpady, i.i. 33, 11030 Beozpao

IIporec eneKTpOXeMUjCKOT Tal0XKeha aTyMHHIjyMa Ha MOHOKPHCTATy 6akpa OpHjeHTaI1-
je (111) u3 pacromna comu AlICl; — EtMeImCl Ha cOGHO]j TeMIIepaType NCIATUBAH je MeTOfjaMa K-
JIYHE BOJTaMETpHje 1 IOTEHIOCTATCKOT Tysica. [TokasaHo je a ce npy NOTEHIHjaInMa TO03H-
TUBHUJUM Of] PAaBHOTEKHOT OJIUrpaBa MpOLEC TAIOXKEHa MOHOCIIOja ATyMUHHjyMa, KOJH je OKa-
pakTepHcaH ca iBa OIITpa CTPyjHa BpXa Ha IMKJINIHAM BOJITAMOIpPaMIMa, OffH. /IBa jacHO aedu-
HHCaHA KaTOJ{HA ¥ aHOJHA CTPYjHA Tajlaca Ha HOTEHIMOCTAaTCKIM CTPYja—BpeMe OArOBOPHUMA, yKa-
3yjyhu Ha hopMEpam-e IBe pa3iIuuuTe CTPYKType: Ha oTeHnujaty of oko 200 mV vs. Al Hajsepo-
BatHmje ce hopmupa ypehena crpykrypa anymmrmjyma (V'3 x+/3)R30°, 10K ce Ha OTEHIIjamy O
oKko0 20 mV vs. Al popmupa MoHOCIO] anymuHHAjyMa. [1pn noTeHnujanmma HeraTUBHU]AM Off PaB-
HOTeKHOT (E <30 mV vs. Al) 1oma3u 1o TpO-TUMEH3NOHATHOT TAIOKEHha aTlyMHHH]yMa Koje ce
oUrpasa IyTeM MOCTelleHe HyKJeanyje u pacta tanora. Takobe je mokaszaHo fia ce y obactiama
HOTeHIyjaia GJIICKUM PaBHOTEXKHOM OIPaBa MPOLEC CIOPOT OBPIIMHCKOT JIETHPamkha allyMHU-
HHUjyMa ca 6aKpoM.

(IMpumibeno 20. maja, peBupupano 22. jyna 2005)
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