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a  b  s  t  r  a  c  t

The  electrochemical  quartz  crystal  microbalance  (EQCM)  and  probe  beam  deflection  (PBD)  have  been
widely  used  to study  interfacial  processes  in  molecular  solvent-based  electrolytes.  However,  there  has
been limited  use  of the  EQCM  and  none  of  PBD  in room  temperature  ionic  liquids,  including  deep  eutec-
tic  solvents  (DES).  Here  we  explore  the  use  of  the  combined  EQCM/PBD  technique  to  the  study  of  Ag
and  Sn electrodeposition  from  a DES  comprising  a 1:2 mixture  of choline  chloride  and  ethylene  gly-
col.  While  overcoming  the effect  of viscous  loss  in  the  acoustic  wave  (EQCM)  part  of the  experiment  is
understood,  the  optical  (PBD) technique  fails  to provide  a  meaningful  response  in  slow  scan  rate  voltam-
metric  experiments;  this  contrasts  sharply  with  the straightforward  behaviour  seen  in  aqueous  media.
eep eutectic solvent
lectrocrystallization
ilver
in

Solution  transport  considerations  reveal  this  to  be  a consequence  of  long  surface-to-beam  transit  times
in  the  viscous  DES.  The  problem  can  be overcome  by operating  at scan  rates  1-2  orders  of  magnitude
slower,  permitting  application  of  this  powerful  technique  to novel  media  of  technological  interest.  The
PBD responses  reveal  unanticipated  chemical  effects:  multiple  complexes  in  the  Ag system  and  solubility
limitations  in  the  Sn  system,  neither  of  which  is evident  from  the electrochemical  or QCM  responses.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The electrochemical quartz crystal microbalance (EQCM) [1–3]
nd probe beam deflection (PBD) [4–6] techniques have individu-
lly proved to be extremely useful probes of interfacial processes
hat involve exchange of chemical species between an electrode
urface and its ambient electrolyte solution. These encompass such
iverse processes as electropolymerization [7–11], electrocrystal-

ization [12], adsorption [13,14], absorption [15], underpotential
eposition (UPD) [16,17] and electroactive film redox switching
8,18–25]. Since the EQCM, in the simplest and most commonly
sed mode, is a gravimetric probe, it is sensitive to the transfer
f neutral species (notably solvent) and has high sensitivity to the

eposition and dissolution of heavy species, notably metals. How-
ver, it is predictably less sensitive to light species: the extreme
ase is the transfer of protons to/from an electroactive film in order

∗ Corresponding author.
E-mail address: arh7@le.ac.uk (A.R. Hillman).

ttp://dx.doi.org/10.1016/j.electacta.2014.04.062
013-4686/© 2014 Elsevier Ltd. All rights reserved.
to maintain electroneutrality [26]. The physical basis of the PBD
technique is associated with a gradient of refractive index, so its
sensitivities to various species are quite different to that of the
EQCM; for example, interfacial proton transfers may be detected
readily [27] but solvent transfer much less so.

It is quite clear from the above considerations that a combina-
tion of the EQCM and PBD techniques promises considerable power
and sensitivity. Strictly, since the electrochemical and acoustic (“E”
and “QCM”) measurements are separate, there are three measur-
ands in a typical EQCM/PBD experiment: current (or charge), mass
and optical deflection. Consequently, by combining the outputs
of the three simultaneous experiments, this holds the promise of
resolving the transfers of up to three species, for example the anion
and cation of the electrolyte and solvent [28,29]. That this is the
case has been demonstrated for metal electrodeposition under UPD
[30] or bulk [31] conditions and electroactive polymer film redox

switching [32].

Interestingly, all the above studies used conventional elec-
trolytes, based on molecular solvents typified by water or
acetonitrile. Recently, there has been considerable interest in the

dx.doi.org/10.1016/j.electacta.2014.04.062
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.04.062&domain=pdf
mailto:arh7@le.ac.uk
dx.doi.org/10.1016/j.electacta.2014.04.062
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se of a range of room temperature ionic liquids (RTIL) [33] and
eep eutectic solvents (DES), for example based on quaternary
mmonium salts (QAS) and hydrogen bond donors (HBD) [34,35].
nterest in the use of these novel media is provoked by both prac-
ical and fundamental aspects. In the former instance, they offer
ery high ionic concentrations (e.g. high ion availability for charge
torage applications), wide potential windows, excellent solvating
ower for a wide range of electroactive species and low envi-
onmental impact. These attributes have generated considerable
ttention in the literature for applications involving metal plating
nd related electrodeposition processes, where they provide prac-
ical alternatives for aqueous-based formulations that involve toxic
r otherwise environmentally unacceptable components [36].

In the latter instance, the notion of a medium that is exclusively
onic (at ambient conditions) is extremely interesting. In the con-
ext of electroactive polymer films, molecular solvents have been
hown to play a major role in controlling viscoelastic properties and
hence film mechanical behaviour and ion transport rates. Conse-
uently, the removal of such species from the system suggests that

nteresting and novel effects might be observed.
These ideas motivate the use of the EQCM/PBD technique to

tudy electrochemical processes involving RTIL and DES media.
ased on the phenomena underlying the QCM and PBD techniques,
ccomplishing this will require consideration of the physical (cf.
hemical, above) characteristics of these media. Specifically, the
ery high viscosities of some RTIL/DES systems (1-3 orders of mag-
itude greater than water or typical organic solvents) may  be
xpected to increase damping (energy dissipation) of the QCM crys-
al resonance and to diminish the fluxes of species to/from the
nterface. From the perspective of PBD, the notion of local changes
n “electrolyte concentration” ceases to have the same physical

eaning and some simple considerations of molar refractivity of
he components suggests that the refractive index gradients (and
hence optical deflections) may  be smaller.

There are clearly significant opportunities but also substantive
hallenges in the application of the EQCM/PBD methodology to
nterfacial processes involving RTIL and DES media. The generic
oals of the present study are to identify which of the challenges
dentified above is predominant and, via appropriate instrumen-
al and analytical interventions, to resolve them in order that the
ombined EQCM/PBD technique can be implemented in these fun-
amentally and technologically interesting media. While there are

 few reports of the EQCM being used to study electrochemical
rocesses in RTILs, these are predominantly the less practicable

midazolium-based [37,38] or pyrrolidinium-based [37,39,40] sys-
ems and there are few studies in DES media [41,42]. To the best
f our knowledge, neither the PBD technique nor the combined
QCM/PBD technique has been used to study interfacial processes
n RTILs or DESs. The generic aim of this work is to overcome the
ractical measurement challenges presented by these systems. As
e shall show, this creates the opportunity for novel fundamen-

al studies of practical significance in electrochemically controlled
spects of energy storage, materials science, corrosion protection
nd metal finishing.

. Experimental

.1. Materials

AgNO3, AgCl, SnCl2, choline chloride and ethylene glycol (Sigma
ldrich) were used as received. The DES was formed by mixing the

AS (choline chloride, which we represent as Ch+Cl−) with the HBD

ethylene glycol, which we represent as EG) in a 1:2 molar ratio. We
ill use the shorthand notation Ch+Cl-(EG)2 for this formulation.

Note: it is sometimes referred to as Ethaline 200 [41]; the number
ca Acta 135 (2014) 42–51 43

denotes the stoichiometry which, in this instance, results in com-
plexation of the anion by the ethylene glycol such that there are no
free neutral molecules.)

2.2. Instrumentation

The electrochemical cell comprised a standard three-electrode
configuration mounted inside an optical glass cuvette (Hellma,
42 × 42 × 30 mm).  A 10 MHz  AT–cut Au plated quartz crystal work-
ing electrode (ICM Manufacturing, Oklahoma City, USA, piezoactive
area 0.21 cm2), was  mounted on the end of a glass tube. The
counter electrode was an Ir-coated Ti mesh (area 5.50 cm2). An
Ag/AgCl wire exposed to the chloride-containing DES medium was
used as a reference electrode; this has previously been shown
to provide a stable reference potential in choline chloride-based
eutectics [43].

The electrochemical, gravimetric and optical signals were
recorded simultaneously using a Gamry Reference 600 potentiostat
integrated with Gamry eQCM 10 M micro-gravimeter. The poten-
tiostat was  coupled to a home-built optical deflection system based
on that described previously [31]. The optical deflection measure-
ments were conducted using a dual photodiode which was  set
18.5 cm from the electrochemical cell, resulting in a position sen-
sitivity of 0.44 �rad/mV.

2.3. Procedures

Silver was  deposited/dissolved potentiodynamically by cycling
the applied potential between 0.2 and -0.3 V at potential scan
rates in the range 2.5 - 10 mV  s −1 in aqueous electrolyte (0.001 M
AgNO3/0.2 M HClO4) and 0.0625–0.5 mV  s −1 in Ch+Cl-(EG)2 (con-
taining 0.01 M AgCl). A similar procedure was used for the tin
system (0.01 M SnCl2 in Ch+Cl-(EG)2), but with potential limits of
-0.34 and -0.68 V and scan rates in the range 0.03125–0.25 mV s−1.
All measurements were made at room temperature (20 ± 2 ◦C).

2.4. Data analysis

Interpretation of the QCM frequency response took into account
two factors. First, the solution is purely viscous; there is no stor-
age component to the complex modulus. Second, the similar values
of the resonant admittance for bare and for polymer-coated elec-
trodes immersed in the DES demonstrate that there is no significant
viscous loss associated with the film, i.e. the loss modulus is much
less than the storage modulus. Thus, the films of the thickness used
here are acoustically thin (in common parlance “rigid”, although
this is not accurate use of the terminology [1],[3]). Consequently,
the frequency response can be interpreted in gravimetric terms
using the Sauerbrey equation [44]. This is the case for both the
Ag and Sn systems. Additionally “calibration” data for Ag deposi-
tion are provided via the mass-charge relationship in both integral
(�m-Q) and differential (�(�m)/�t-i) variants.

The angular deflection (�) of the laser beam by the interfacial
concentration gradient perpendicular to the surface, ıc(x,t)/ıx, is
described by:

�(x, t) =
((

1
n

ın

ıc

)  (
ıc(x, t)

ıx

))
(1)

where l is the interaction length of the light beam with the surface
(here, the electrode diameter), x is the distance of the laser beam
from the electrode surface and (ın/ıc) represents the variation

of refractive index (n) with concentration (c). The laser beam
is deflected toward the region of higher refractive index. The
instrument was set up such that a positive (negative) deflection
represents decreasing (increasing) refractive index at the surface
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Fig. 1. Deposition of Ag from aqueous (dashed line) and E in Ch+Cl-(EG)2 (full line)
4 A.R. Hillman et al. / Electro

f the electrode. Under the conditions employed (notably low laser
ower), negligible thermal gradients are created in the solution.

Quantitative comparison between the parameters recorded at
he electrode surface (i, �m)  and the optical deflection (�) gener-
ted at some distance from the surface requires one to account for
he delay between these two sets of signals and their diffusional
roadening during transport of species between the surface and
he probe beam. This was accomplished using the temporal con-
olution technique which essentially “projects” the current (i) and
ass (�m)  signals to the location where the optical deflection (�)

s measured.
In the case of semi-infinite linear diffusion, the flux, J(x,t), at a

istance x from the surface of the electrode at a time t is related
o its magnitude J(t) at the electrode surface through a convolution
peration (*) with a transfer function F(x, t) [45]:

(x, t) = J(t) ∗ F(x, t) where F(x, t) = x

2(�Dt)1/2
exp

(
− x2

4Dt

)

(2)

n which D is the diffusion coefficient of the transported species.
his operation may  be applied to the current and mass signals. Data
nalysis involves the use of a scaling factor, x/

√
D, which represents

he distance of the light beam from the surface; the latter is gener-
lly 50-100 �m and is ultimately limited by the radius of the laser
ocal zone (typically 30-50 �m).  The parameter x/

√
D has to be fit-

ed since, although it is straightforward to control relative changes
n the position of the laser beam with respect to the surface, precise
etermination of absolute values is difficult; we introduce no new
spect to the procedure for effecting this fitting, which has been
escribed in detail elsewhere [6,31,45].

. Results

.1. Recognition of the challenge

The challenge of interpreting EQCM/PBD data acquired in DES
edia can be readily appreciated by comparing the current (i), mass

hange (�m)  and optical deflection (�) responses for nominally the
ame experiment in a typical molecular solvent-based electrolyte
nd a DES. Fig. 1 shows representative data for two such exper-
ments, involving the notionally straightforward process of silver
eposition and dissolution, in one case from aqueous solution and

n the other from Ch+Cl-(EG)2. Under the conditions employed, the
urrent responses (i-E curves in panel a) are very similar. Note that
his situation is to some extent engineered, in that the lower dif-
usion coefficient in Ch+Cl-(EG)2 (due to the increased viscosity) is
ompensated by using a higher Ag(I) species concentration. This
as deliberately done to explore the surface-to-probe-beam solu-

ion transport in the two media in the presence of broadly similar
nterfacial fluxes.

In contrast to the current responses, the optical deflection
esponses (�-E curves in panel b) are dramatically different. For this
pparently simple electrochemical process, resulting in local deple-
ion of silver ions from the solution in the vicinity of the electrode,
ne would expect the �-E and i-E responses in a given medium to
e qualitatively similar due to their dependence on the concentra-
ion gradient (see Eq. (1) and consider Fick’s laws). This situation
s realised in the case of deposition from aqueous medium (dashed
ines in Fig. 1), but not in the case of deposition from Ch+Cl-(EG)2
full lines in Fig. 1). In the latter case, the response is also an order
f magnitude smaller.
As will become clear with the presentation of other data (see
elow), this problem is quite general and presents an apparent bar-
ier to the application of the otherwise extremely powerful and
nformative PBD methodology [5,6]. We  now proceed to identify
media. Solution composition: aqueous medium: 0.001 M AgNO3/0.2 M HClO4; DES
medium: 0.01 M AgCl/Ch+Cl-(EG)2. Panel a: i-E curves; panel b: �-E curves. Potential
scan rate, v  = 5 mV s−1. Potential range 0.2 to -0.3 V; scan initiated from E = 0.20 V.

its origin and thereby devise a solution. The primary question is
whether the near-absence of response in DES is attributable to the
optical detection process per se or to other physical attributes of
the system.

In the former instance, one has to consider the “contrast” (dif-
ference in refractive index) between the components of the system,
i.e. the electroactive species and the medium. Some straightforward
considerations indicate that the magnitude of the response (essen-
tially, refractive index gradient) will be somewhat less in the case
of the DES system used. However, this is not beyond the capability
of typical instrumentation in this field and in any case this would
not change the qualitative shape of the response.

In the latter instance, the most obvious difference between most
DES media and typical molecular solvents is their substantially
higher viscosity [46]: for the situation shown in Fig. 1, the viscos-
ity of Ch+Cl-(EG)2 is ca. 40 times that of water. The significance of
this is that the PBD is essentially a “downstream” detector and the
species generated/consumed at the electrode surface must diffuse
to/from the bulk solution. Thus, the time taken for establishment
of the concentration gradient (see Eq. (1)) distant from the surface
(where the optical beam passes) increases with solvent viscosity.
We now explore this in more detail.

Consider diffusional transport of species from the electrode
surface to a “downstream” detector positioned a distance h from
the electrode/solution interface. In the case of a PBD experiment,
this corresponds to the focal zone of the laser beam, with h ∼

100 �m.  The time (t) taken for this can be approximated using
h ∼ √

(�Dt), where D is the diffusion coefficient of the trans-
ported species. In aqueous solution, where viscosity � ∼ 1 cP and
(for small molecules/ions) D ∼ 5 × 10−6 cm2 s−1, this yields t ∼
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rrows indicate scan direction.

 s. Viewing the potential axis in the context of a voltammetric
xperiment (with scan rate v/mV  s−1) as a time axis, this indicates
hat the optical signal should be “delayed” (i.e. shifted) by an inter-
al vt on the potential axis. In the case of the data in Fig. 1, where

 = 5 mV  s−1, this corresponds to a shift of 25 mV.  While measure-
ble, this is not dramatic. Turning to the DES, where � ∼ 40 cP, the
iffusion coefficient will be proportionately smaller and the dif-
usion time proportionately longer. For the circumstances of the
xperiment in Fig. 1, this yields t ∼ 200 s corresponding to a shift
n the potential axis of ca. 1 V. This has three consequences: (i)
he half cycle is completed before any product is detected, (ii) by
he time the detector “sees” the product, the electrode reaction
s proceeding in the opposite direction and (iii) the convolution
nalysis cannot address the situation of the potential sweep and
he detected reaction occurring in opposite senses. In short, the
BD experiment is practically and interpretationally compromised.
esolving this problem is the primary generic goal of the present
tudy.

The foregoing analysis shows that the failure to detect signifi-
ant reaction in the Ch+Cl-(EG)2 experiment of Fig. 1 is attributable
o the distant nature of the optical probe. In principle, there are two
olutions to the problem: diminution of the distant nature of the
ptical beam in either space or time. The first of these - transla-
ion of the optical beam closer to the surface - is the more obvious
hoice. However, this is not practical to any useful extent, since
he diameter of the focal zone of the laser is on the order of 60 �m
nd encroachment into this zone would result in scattering of the
ight beam. The second of these offers greater opportunity by the
imple expedient of decreasing the potential scan rate, so the con-
entration gradients have time to spread out to the laser focal zone
ithin the longer duration of a half cycle. The required decrease in

can rate is on the order of two orders of magnitude, to v ∼ 0.05 mV
−1, commensurate with the increase in viscosity. We  now explore
he efficacy of this strategy: there is cause for optimism, since we
ave previously noted that observation at longer times following a
otential step yields interpretable data [47].

.2. Deposition of Ag from aqueous medium

Interpretation of the Ag and Sn data in Ch+Cl-(EG)2 (below) will
equire correlation of the responses from the “E”, “QCM” and “PBD”
omponents of the experiment. We  therefore need to establish
ome methodological and calibration capabilities in the simpler

g/aqueous system. The first issue relates to quantitation of the
CM frequency response.

Fig. 2 shows a plot of the mass change as a function of charge
assed during a cyclic voltammetric experiment commencing with
ferential form: ı(�m)/ıt vs i. Potential scan rate, v = 5 mV s−1. Potential range 0.2 to
-0.3 V; scan initiated from E = 0.20 V. Arrows indicate scan direction.

a bare Au electrode onto which Ag is deposited, then stripped. The
relationship is linear and shows very little hysteresis, as antici-
pated. The data are shown in differential form, i.e. instantaneous
mass flux (ı(�m)/ıt) vs i, in Fig. 3. This presentation is intrinsically
more sensitive to data quality; there is a little hysteresis, but the
linearity is excellent in the deposition step (a feature that is impor-
tant subsequently). A characteristic of these plots–also seen in the
Ch+Cl-(EG)2 data shown in subsequent sections - is “closure”, i.e. a
return to the initial state at the end of the cycle. This indicates both
restoration of a clean surface at the end of the experiment and the
absence of drift (whether for thermal or other reasons). Whether
considered in integral or differential form, the slope of the mass
vs charge response is within 5% of that expected on the basis of
Faraday’s law. These attributes collectively give confidence in the
quality of the data and the facility to interpret it quantitatively in
the following sections.

3.3. Deposition of Ag from Ch+Cl-(EG)2

Having identified the origin of the experimental problem and
proposed a solution, we now implement the latter. Fig. 4 shows cur-
rent and optical responses during the deposition and dissolution of
elemental silver from Ch+Cl-(EG)2 at slow scan rate (v = 0.0625 mV
s−1; panel a) and moderate scan rate (v = 5 mV  s−1; panel b). We
overlay the current and optical responses (at a given scan rate) in
order to compare the fluxes at the interface and in the zone of the
probe beam. At this point we  focus on the two differential (flux)
signals, i and �, for which the presentational format of Fig. 4 shows
that the main distinction between the data sets at different scan
rates is that the optical response bears far greater similarity to the
current response at slow scan rate. This is a consequence of the
lesser impact of detection “at a distance” on longer timescales.

Turning to the gravimetric responses, the overall result is that on
the longer timescale of the slow scan rate experiment more Ag0 is
deposited. The total �m (not shown) is ca. 12.5 �g at v = 0.0625 mV
s−1 cf. 1.5 �g at v = 5 mV  s−1. The ratio of these two, a factor of 8.3, is
numerically similar to the square root of the ratio of the scan rates
(a factor of 8.9), consistent with a diffusion controlled process. Since
the coulometric and optical responses are obtained in differential
form, it is interesting to consider the gravimetric response in this
form also. As examples, Fig. 5 shows plots of the mass flux, ı(�m)/ıt,
vs charge flux, i, at the two scan rates. During deposition the plots
show excellent linearity, but there is some curvature during dis-

solution, most noticeably at the higher scan rate; they also show
“closure”, i.e. return to the initial state. The slopes of the deposition
half-cycle of these plots (see Table 1) are consistent with Faraday’s
law.
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Table 1
Summary of mass change-charge relationships for Ag deposition from aq. HClO4 and Ch+Cl-(EG)2 and Sn deposition from Ch+Cl-(EG)2.

System Medium �/mV s−1 Current efficiency S = 104 d{�(�m)/�t}/di]/g C−1 a S(nF/MW) b

Ag aq. HClO4 5 0.94 9.95 0.95
Ch+Cl-(EG)2 5 0.73 8.05 0.98

0.0625 0.79 9.35 1.06
Sn  Ch+Cl-(EG)2 0.25 ≈ 1 7.37 1.25

0.03125 0.96 8.22 1.40
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It is well known that silver forms anionic chloride complexes and
XAS studies [48] suggest a coordination number that is between 2
and 3, i.e. formation of [AgCl ]− and/or [AgCl ]2−. We  argue that
a Measured slope of mass flux vs current plot.
b Ratio (dimensionless) of moles of metal atoms deposited to moles of electrons 

Having demonstrated how to acquire meaningful data for each
omponent of the full EQCM/PBD experiment, we continue to focus
n more detail on the more challenging PBD aspect of the experi-

ent. Fig. 6 shows the optical response as a function of potential
can rate. While the peak current for Ag(I) reduction increases with
he square root of scan rate, as one would expect for a diffusionally
ontrolled interfacial process, the flux of species detected opti-
ally (see Eq. (1), relating � to concentration gradient) is not even
onotonic with potential scan rate. At low scan rates (v ≤ 0.25 mV

−1), the deflection increases with scan rate, analogous to the cur-
ent data. Within this timescale regime, the optically detected flux
of silver species) is a reasonable measure of the interfacial flux
of electrons). As the scan rate is increased beyond this point (v

 0.5 mV s−1), there is virtually no increase in optically detected
ux, since the consequences of the additional consumption of Ag(I)
pecies are not diffusionally transmitted to the laser detection zone.
urther increase in scan rate (v ≥ 5 mV s−1) accentuates this feature,
ince the experimental timescale is then shorter than the transit
ime from surface to detector and little or nothing is detected (as

iscussed above).

The data of Fig. 6 provide a rational means of selecting PBD
ata to which the convolution process may  be applied to obtain

-0.3 0. 0 0.3

0

10

20

E v s. (Ag/AgCl ) / V

I 
/ 

μA

0.0

0.5

1.0

θ
 / m

ra
d

a

-0.3 0. 0 0.3
-75

0

75

150

E vs. (Ag/AgCl) / V

I 
/ 

μA

0.0

0.3

0.6b

θ
 / m

ra
d

ig. 4. Deposition of Ag from 0.01 M AgCl/Ch+Cl-(EG)2. i-E (full lines) and �-E (dashed
ines) responses at scan rates v = 0.0625 mV  s−1 (panel a) and v = 5 mV s−1 (panel b).
otential range 0.2 to -0.3 V; scan initiated from E = 0.20 V.
.

quantifiable flux data. Representative data for a slow scan rate
experiment and one at the modest scan rate limit (see above)
are shown in Fig. 7. The relatively good agreement on the longer
timescale between the convolved interfacial responses (i and �m)
and the observed optical response (�) is satisfying; the relatively
poorer agreement on the shorter timescale is consistent with the
transport limitations discussed above.

In principle, silver deposition/dissolution was selected as a
mechanistically simple process to permit exploration of the chem-
ical features of the medium and the associated instrumental
capabilities. However, there is a more subtle feature of the response
to silver dissolution that is revealed by the optical response, namely
a double peak in the anodic �-E signatures (see Fig. 4a). This is not
seen in the i-E response or the intrinsically less sensitive integral
�m-E response. We  attribute this to aspects of silver coordination
chemistry in the high chloride concentration Ch+Cl-(EG)2 medium.
2 3
both species are involved at different points, as follows.
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As dissolution of the deposited silver commences (at E ∼ -0.05 V,
uring the anodic scan), Ag(I) species are released into a chloride-
ontaining local environment. At this point, we note that the Ag(I)
pecies must compete with the bidentate HBD ligands that form
(EG)2Cl]− so, while this is a chloride-rich environment in some
espects, there is not necessarily a high level of free chloride. How-
ver, as the dissolution process continues, silver ions are expelled

nto solution faster than the modest supply of (free) chloride is
eplenished by transport from the bulk of the solution. Conse-
uently, at the outset of silver dissolution, [AgCl3]2− is formed in
olution but, as the concentration of solution phase Ag(I) increases

-0.4 -0.2 0.0 0.2

-0.5

0.0

0.5

1.0

θ 
/ 
m

ra
d

E vs . (Ag/A gCl)  / V

a

-0.4 -0.2 0.0 0.2

-0.3

0.0

0.3

0.6
b

θ 
/ 
m

ra
d

E vs . (Ag/A gCl)  / V

ig. 7. Convolution of data (from Fig. 6) for deposition of Ag from 0.01 M
gCl/Ch+Cl-(EG)2. Potential scan rate: v = 0.5 mV  s −1 (panel a); v = 0.0625 mV  s −1

panel b). Full line: experimental �-E response; dashed line: convolved i-E response;
otted line: convolved �m-E response. Potential range 0.2 to -0.3 V; scan initiated
rom E = 0.20 V. Arrows indicate scan direction.

-150 -10 0 -5 0 0 50

-0.08
-0.26  V

(δ( Δm) /δt)  / ng  s
-1

Fig. 8. Deposition of Ag from 0.01 M AgCl/Ch+Cl-(EG)2 (the experiment of Fig. 4)
Correlation of optical and gravimetric responses in differential form: � vs ı(�m)/ıt.

Potential scan rate: v = 0.0625 mV s−1 (panel a) and v = 5 mV s−1 (panel b). Potential
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Annotations indicate potentials of significant features.

and the reservoir of chloride is depleted, there is a switch to the
formation of [AgCl2]−. A combination of differing redox potentials,
transport rates and molar refractivities results in these two  species
being detected serially by the probe laser beam.

Having considered pairwise relationships between the optical
and current responses and between the (differential) gravimetric
and current responses, it is logical to consider the relation-
ship between the optical and (differential) gravimetric responses.
Essentially, this corresponds to viewing each of the 2D projections
of the admittedly rather complicated [i, �, ı(�m)/ıt] signature.
These are shown in Fig. 8 for two scan rates; given the rather novel
nature of this type of plot, we attempt to make them more acces-
sible by indicating the potentials associated with key features, i.e.
turning points. We  draw attention to three aspects. First, there is
generally no simple relationship between the interfacial mass flux
and the distant solution-positioned flux detected optically. With
one exception (see below), the interfacial and solution-based gra-
dients represented by the two responses are temporally separated,
i.e. one traverses the plots in broadly horizontal or vertical stages.
Second, the one exception to this is during Ag deposition at the slow
scan rate, for which the timescale is such that the surface-generated
concentration gradients propagate out to the probe beam and there
are no complications associated with solution complexation chem-
istry. Third, we  compare the relative magnitudes of the mass flux
and optical signal excursions at the two scan rates. (Note that, in

making comparisons with the analogous aqueous experiments, the
silver ion concentration in the DES was deliberately chosen to be
higher, to “normalize out” the effect of viscosity on reaction flux.)
Inspection of the higher scan rate experiment (see Fig. 8b) shows
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hat under the conditions used the mass flux is broadly the same
s the analogous experiment in water, while the optical signal is
n order of magnitude smaller.  Conversely, for the slower scan rate
xperiment, the mass flux and optical signals are both similar to
heir counterparts in water. All these are manifestations of the
patial–and thence temporal–separation of the detection systems
nd the key role of solution transport time in viscous media.

.4. Deposition of Sn from Ch+Cl-(EG)2

The unexpected facility to observe manifestations of solution
hemistry of electroactive species using the PBD suggests that the
echnique might have wider applicability. We  therefore used it to
tudy the electrodeposition/dissolution of Sn, which is a common
omponent of alloy coatings for surface protection, in particular
s a replacement for environmentally unacceptable Cd-based sys-
ems hitherto used in physically demanding aerospace applications
49,50].

To facilitate comparisons, the presentational format of
he EQCM/PBD data for these voltammetric Sn electrodeposi-
ion/dissolution experiments in Ch+Cl-(EG)2 broadly follows that
stablished in the preceding section for the analogous Ag experi-
ents. Optical and current responses are superimposed in Fig. 9.

ased on the experience of the Ag experiments, we used scan rates
 = 0.03125 and 0.25 mV  s−1, which are expected to give inter-
retable PBD responses. The surprising outcome is that, while the

urrent and mass (not shown in integral form) responses are per-
ectly well-behaved in both the forward (cathodic) and reverse
anodic) half cycles, the optical responses are not so straightfor-
ard. Qualitatively, at the slower scan rate, there is essentially no
Potential range -0.34 to -0.68 V; scan initiated from E = -0.34 V. Arrows indicate scan
direction.

delay (as represented in terms of the potential axis) between the
i- and �- responses during the cathodic half cycle, but a notice-
able delay (as represented on the potential axis) during the anodic
half cycle. At the faster scan rate (see Fig. 9b), the potential shifts
are greater, i.e. the temporal delay is more obvious. This trend of
increasing divergence of optical and electrochemical responses as
one moves to faster scan rate and from metal deposition to stripping
is arguably more apparent in the overall shapes of the responses.
For example, the slow scan rate cathodic �-E and i-E responses look
qualitatively similar, but the faster scan rate anodic �-E and i-E
responses are unrecognizably different. Quantitatively,  attempts to
correlate the data using the convolution process were unsuccessful
in the latter instance.

In the case of the anodic responses, issues associated with DES
optical characteristics, solution transport processes and experi-
mental timescales cannot be the origin of the problem, since these
are essentially identical to those of the silver experiment (see
above). Instead, we are forced to consider local conditions at the
interface and their chemical impact. For the purpose of argument,
we consider the slower scan rate experiment of Fig. 9a, where there
is no issue of solution transport limitation. During the oxidation half
cycle, ca. 20 �g (ca. 0.17 �mol) of Sn is released into the solution
immediately adjacent to the electrode surface (see Fig. 9b). At the
slower scan rate, this takes place over an interval of ca. 3000 s, dur-
ing which the diffusion layer will extend ca. 100-200 �m from the
surface, i.e. well into the laser focal zone; this is consistent with the
observation of an optical response. Simplistically, we can visual-

ize the anodically stripped tin as being injected into a rather squat
cylinder of solution, whose volume is the product of the electrode
area (0.22 cm2) and the distance to the laser focal zone (the “first
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etection point”) from the electrode surface (ca. 50 �m),  i.e. ca.
 �l. This situation corresponds to an average Sn species concen-
ration of ca. 0.17 mol  dm−3, which is approaching the solubility
f SnCl2 (0.2 mol  dm−3) in Ch+Cl-(EG)2. Further, the nature of the
iffusional process means that the local concentration of SnCl2 will
e substantially higher nearer the surface.

The corresponding mass flux vs current plots are shown in
ig. 10. The deposition half cycle responses are linear, although
he slopes (see Table 1) suggest that there are issues associated
ith current efficiency under transient conditions. In contrast, the

esponses during the anodic (dissolution) half cycle are highly non-
inear and of a scan rate dependent shape. Given the complications
f solution chemistry deduced above, we speculate that a combi-
ation of density and viscosity gradients result in the liquid phase
ontribution to the QCM frequency response not being constant.
s a result, for this particular instance–even though the resid-
al film is rigid–the frequency change is not solely attributable
o the surface population and the Sauerbrey equation is not
pplicable.

In the light of the above complications, it is unsurprising that
he optical and piezoelectric responses (see Fig. 11) are not simply
elated. Qualitatively, their form is reminiscent of the analogous
lots for the Ag system (see Fig. 8), suggesting that the broad sepa-
ation of interfacial (notionally gravimetric) and solution (optical)
rocesses still pertains, but this separation is not as straightfor-
ard.
To summarize, during the dissolution half cycle, SnCl2 precip-
tates from the solution, resulting in a lack of soluble Sn species
eaching the PBD zone on the one hand and likely scattering of light
ca Acta 135 (2014) 42–51 49

by particulates on the other hand. The end result is a PBD response
that will not conform to the physical situation envisaged in the con-
volution process. While this might not be helpful in the sense that
the probe beam does not provide additional information in the con-
ventional sense, it has the more fundamental role of alerting us to
a process of practical significance that is not immediately apparent
from the i-E or �m-E responses. The diagnostic value of the novel
� vs [ı(�m)/ıt] plots as a function of timescale (potential scan rate)
then becomes apparent.

4. Discussion and significance

The power of the EQCM and PBD techniques to provide pop-
ulation changes of electroactive, exchanged or adsorbed species
at the electrode/solution interface is widely appreciated and has
been amply demonstrated for electrodes exposed to conventional
electrolytes based on molecular solvents. General extension of this
capability to other media is clearly desirable. In the case of deep
eutectic solvents, both techniques are challenged by the high vis-
cosities typical of such media. In the case of the QCM,  this results
in substantial energy dissipation (“damping”), in many cases to
the extent that the resonator does not oscillate freely but must
be driven. Fortunately, both the practicalities of this situation and
the interpretation of the resulting data (analysis of the acoustic
admittance curves) are well established through prior studies of
viscoelastic polymer films [1–3].

However, the consequences for the PBD technique have not
previously been addressed in detail. Here, the limiting factor is asso-
ciated with the transit time of interfacially generated/consumed
species between the electrode and the focal zone of the probe beam.
Under typical instrumental conditions, this transit time is a few
seconds through fluids with viscosities similar to water but may
be hundreds of seconds for ionic liquids (exemplified here by in
Ch+Cl-(EG)2. The result is that essentially no compositional change
is detected optically on the timescale of a typical voltammetric
experiment.

The most obvious strategy to overcome this problem is to
decrease the distance (and thence transit time) between the surface
and the laser focal zone. This is only practical to a limited extent,
since the distance is only about 2-3 times the diameter of the laser
focal zone. If the edge of the beam impinges on the electrode, then
light scattering will become a problem. Tightening the focus is not
an option, since this would only be in a limited part of the path
across the face of the electrode; the divergence of the beam in other
regions would be increased.

The successful strategy demonstrated here involves extension
of the experimental timescale to permit the interfacially gener-
ated/consumed species adequate time to diffuse to/from the laser
focal zone. In a voltammetric experiment, this is implemented by
decreasing the potential scan rate. Two  practical consequences
of increasing the timescale are the need for effective tempera-
ture control and consideration of possible convective enhancement
of solution mass transport. These two are to some extent linked,
since inadequate temperature control will not only generate refrac-
tive index gradients directly but will also create density gradients
that lead to convection. While the convection issue initially seems
problematical, the routine mounting of the instrumentation on an
optical table is designed to minimise vibration. Further, the vis-
cosity effects that necessitate the use of extended timescales also
extend the timescale associated with convection. Thus, in practice,
the problem is manageable.
electrogravimetric methodologies–with its origins in the classical
experiments of Faraday–but in the DES medium used here there
is the interesting addition of speciation effects due to chloride
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omplexation. These are manifested during the anodic (stripping)
alf of the cycle, when substantial amounts of Ag(I) are injected into
he solution and the Ag(I):Cl− ratio varies significantly. The Sn2+/0

edox system also involves chloride complex formation, but here
he complication arises as a consequence of locally exceeding the
olubility limit when tin ions are released into a relatively small
olume of solution between the electrode surface and the probe
eam.

Consideration of the correlations between the various flux
arameters (i, ı(�m)/ıt and �) turns out to be of general diagnostic
alue and, in simpler cases, amenable to quantitative interpreta-
ion via the convolution operation. The general feature here is that
he E and QCM components of the EQCM/PBD experiment provide
esponses (i and �m) during the dissolution process that are not
nfluenced by solution chemistry, while the PBD component of the
xperiment provides a response (�) that is sensitive to solution
hemistry. The former provide simplicity and the latter provides
nsight, albeit at the cost of some interpretational effort. This com-
ination suggests that the combined methodology will be useful for
tudying coupled electrochemical/chemical (so-called “EC”-type)
rocesses that may  be expected to be extremely common for metal
pecies in DES and similar media such as ionic liquids.

. Conclusions

We  have demonstrated that the combined EQCM/PBD technique
an be used to study (electro)chemical processes in ionic liquids,
uch as deep eutectic solvents (here, represented by in Ch+Cl-(EG)2.
rom the perspective of the PBD part of the measurement, which
as not been previously reported for such media, the critical issue

s the long transit time of species through the very viscous solu-
ion between the electrode surface and the probe beam. A simple
trategy for dealing with this in the context of a voltammetric
xperiment is to move to slower scan rates, typically by one or
wo orders of magnitude compared to the analogous experiment
n a simple molecular solvent.

The use of the Ag+/0 redox system as a validation or cali-
ration system, as commonly done for molecular solvent-based
lectrolytes, works perfectly well during elemental silver depo-
ition from in Ch+Cl-(EG)2. However, during the reverse (anodic
tripping) process, the complexation chemistry of silver becomes
pparent. As the local availability of free chloride ion is challenged
y increasing concentrations of silver ion, there is evidence for the

nterplay of [AgCl3]2− and [AgCl2]− species. The Sn2+/0 system also
nvolves chloride complex formation, but here the complication
rises as a consequence of locally exceeding the solubility limit
hen tin ions are released into a relatively small volume of solution

etween the electrode surface and the probe beam.
We conclude that the component responses of the EQCM/PBD

xperiment are in fact even more complementary than commonly
ecognized. In additional to their individual merits as measured,
onsideration of the time differential of the mass (the mass flux)
ot only provides a calibration (essentially, an instantaneous imple-
entation of Faraday’s law) but also makes the gravimetric signal

irectly comparable with the coulometric and optical signals. Cor-
elations between the various flux parameters (i, ı(�m)/ıt and �)
ave general diagnostic value and, in simpler cases, amenable to
uantitative interpretation via the convolution operation.

That the electrochemical, gravimetric and optical responses
re sensitive, respectively, to electroactive (only), heavy (pref-
rentially, but irrespective of charge) and electrolyte contrasted

optically distinct) species is generally appreciated. However,
he additional feature that emerges is the distinction between
esponses (i and �m) during the dissolution process that are not
nfluenced by solution chemistry and that (�) which is. We  suggest

[

[
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that this attribute might be more widely exploited in the study of
coupled electrochemical/chemical (“EC”-type) processes.
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