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Abstract

Deep eutectic solvents (DES) have been suggested as alternatives to classical room temperature
ionic liquids (RTILs) and been used for the electrodeposition of metals. We have investigated the
electrodeposition of zinc from a Lewis-basic choline chloride (ChCl)/ethylene glycol (EG) DES containing
ZnCl,. Raman spectroscopy confirmed the presence of the [ZnCl,]?" ion in the electrolyte. Infrared
spectroscopy revealed strong hydrogen-bond interactions between the hydrogen-bond donor (EG) and
the acceptor (ChCl).

The system was examined by cyclic voltammetry and potential step techniques at static and rotating
disc electrodes. Glassy carbon (GC), platinum, gold, copper and stainless steel (SS) were used as
working electrodes. The influence of the substrate material on Zn deposition and dissolution from this
deep eutectic system is discussed.

On GC and SS an unusual voltammetric behavior was observed. On the forward cathodic sweep,
very little current is observed. However, a cathodic peak attributed to the electrodeposition of zinc
was observed on the anodic backward scan within —0.4 and —0.2V vs.Zn/Zn**. Formation of a
dissolved, reducible intermediate species Z on the cathodic sweep was proposed to account for the
observed deposition behavior in the DES. Furthermore, the electrochemical behavior upon addition of
sodium ethoxide to the deep eutectic mixture supports the suggestion that Z is a complex of Zn?* and
deprotonated components of the solvent with formula [Zn(RO),Cl, . ]* .

On gold, platinum and copper electrodes, which all can form extensive intermetallic phases with
zinc, a distinctly different behavior was found. For these substrates, voltammetry showed a pronounced
cathodic peak during the cathodic as well as the subsequent anodic sweep. The effect of scan rate on
the peak currents together with the electrode material-dependent behavior can be explained by the
different hydrogen overpotentials for each substrate and adsorption phenomena of components present
in the DES. Besides the reflexes for the elemental metals, XRD of zinc deposits on Pt and Cu reveals
the typical pattern for the Pt.Zn,, and Cu,Zn phases, respectively. SEM and FIB of both coatings
show a nanostructured surface morphology with nanoplatelets.

The DES/electrode interface was investigated by polarization-modulation infrared reflection-absorption
spectroscopy (PM-IRRAS). This technique allows distinguishing between chemical information from the
solution and the species adsorbed on the electrode surface. The first in situ PM-IRRAS study of an
electrode reaction in an RTIL shows the kinetically extremely slow formation of an adsorbed solvent
layer at open circuit potential (OCP). In situ PM-IRRAS on an electrified GC electrode reveals that
adsorbed hydrogen probably blocks the electrodeposition of zinc. A re-orientation of the interfacial
species takes place when the electrode is polarized at potentials more positive or negative than the OCP.

The species adsorbed on GC and their effect on zinc electrodeposition is discussed.
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Kurzfassung

Stark eutektische Losungsmittel (DES) wurden als Alternative zu klassischen ionischen Fliissigkeiten
(room temperature ionic liquids, RTILs) vorgeschlagen und zur elektrochemischen Abscheidung von
Metallen herangezogen. In dieser Arbeit wurde die elektrochemische Abscheidung von Zink aus einer
Lewis-basischen Mischung von ZnCl, mit Cholinchlorid (ChCl)/Ethylenglykol (EG) als stark eutekti-
sches Lésungsmittel untersucht. Mittels Raman Spektroskopie konnte das [ZnCl,]*" Ion im Elektrolyt
nachgewiesen werden. Infrarot Spektroskopie zeigte eine starke Wasserstoffbindungswechselwirkung
zwischen dem Wasserstoftbindungs-Donor (EG) und —Akzeptor (ChCl).

Das System wurde mittels zyklischer Voltammetrie und Potentialsprungmethoden an statischen und
rotierenden Scheibenelektroden untersucht. Die Arbeitselektrodenmaterialien waren Glaskohlenstoff
(glassy carbon, GC), Platin, Gold, Kupfer und Edelstahl (stainless steel, SS). Die Abhingigkeit der
Zinkabscheidung und -auflésung vom Substratmaterial im vorliegenden DES wurde diskutiert.

An GC- und SS-Elektroden wurde ein ungewohnliches voltammetrisches Verhalten beobachtet. Im
kathodischen Hinscan findet man nur sehr geringe Strome. Ein kathodischer Peak, der der Zinkabschei-
dung zugeordnet wird, tritt im anodischen Riickscan zwischen —0.4 und —0.2'V vs. Zn/ Zn*T auf. Es wird
die Bildung einer 16slichen, reduzierbaren intermediéren Spezies Z im kathodischen Scan vorgeschlagen,
welche verantwortlich ist fiir das gefundene Abscheidungsverhalten im DES. Die Hypothese, dass Z
ein Komplex aus Zn** und deprotonierten Losungsmittelbestandteilen der Form [Zn(RO),Cl, ] sei,
wird durch das gefundene elektrochemische Verhalten bei Zugabe von Natrium Ethanolat zum DES
bekraftigt.

An Au-, Pt- und Cu-Elektroden, welche alle intermetallische Phasen mit Zink bilden, wurde ein
anderes Verhalten beobachtet. Mit diesen Elektrodenmaterialien wurde in cyclischen Voltammogrammen
sowohl im kathodischen Scan als auch im darauffolgenden anodischen Scan ein kathodischer Peak
gefunden. Der Einfluss der Spannungsvorschubgeschwindigkeit auf den Peakstrom und das elektroden-
materialabhéingigen Verhalten kann man durch die unterschiedlichen Uberspannungen der Substrate fiir
die Wasserstoffentwicklung und Adsorptionsphdnomene von Bestandteilen der DES erkldren. Rontgen-
diffraktogramme der Zinkschichtten auf Pt und Cu zeigen neben den Reflexen der Elemente jeweils auch
die charakteristischen Reflexe von Pt,Zn;, and Cu,Zn. Die REM- und FIB-Aufnahmen der Schichten
zeigen eine nanostrukturierte Oberflichenmorphologie in Form von Nanopléttchen.

Die Grenzfliche GC-Elektrode/DES wurde mittels Polarisationsmodulations Infrarot-Reflexions-
Absorptions-Spektroskopie (PM-IRRAS) untersucht. Diese Technik erlaubt es, chemische Informationen
der Losung von jenen adsorbierter Spezies zu unterscheiden. Die ersten in situ PM-IRRAS Untersu-
chungen einer Elektrodenreaktion in einer ionischen Flussigkeit zeigten die kinetisch extrem langsame
Bildung einer adsorbierten Schicht am Ruhepotential (open circuit potential, OCP). In situ PM-IRRAS
Ergebnisse einer polarisierten GC-Elektrode lassen vermuten, dass adsorbierter Wasserstoff die elek-
trochemische Abscheidung von Zink blockiert. Eine Re-orientierung der Grenzflachenspezies findet
statt, wenn ein hoheres oder niedrigeres Potential als das OCP angelegt wird. Es werden die an der
GC-Elektrode adsorbierten Spezies und deren Effekt auf die elektrochemische Abscheidung von Zn
diskutiert.
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Abbreviations

2D-N two-dimensional nucleation

3D-N three-dimensional nucleation

AFM atomic force microscopy

ATR attenuated total reflection

CE counter electrode

CE coulombic efficiency

CV cyclic voltammetry

DES deep eutectic solvent

DL double layer

ECE electron transfer, chemical and electron-transfer mechanism
steps

EDL electrical double layer

EDX energy dispersive X-ray spectroscopy

EIS electrochemical impedance spectroscopy

EXAFS extended X-ray absorption fine structure

FIB focused ion beam

FTIR fourier transform infra-red

GC glassy carbon

GIXD grazing incidence X-ray diffraction

HBD hydrogen bond donor

HREELS high resolution electron energy loss spectroscopy

IN instantaneous nucleation

IR infra-red

OM optical microscopy

PM-IRRAS polarization modulation infrared reflection-absorption spec-
troscopy

PN progressive nucleation

RDE rotating disk electrode

RE reference electrode
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RTIL room temperature ionic liquid

SCE saturated calomel electrode

SEC spectroelectrochemistry

SECC spectroelectrochemical cell

SEIRAS surface-enhanced infrared absorption spectroscopy
SEM scanning electron microscopy

SFG sum frequency generation spectroscopy
SH Sharifker and Hills

STM scanning tunneling microscopy

5SS stainless steel

XRF X-ray fluorescence

XRD X-ray diffraction

WE working electrode

Chemicals and Ionic Liquids

12CE 1:2 molar ratio choline chloride : ethylene glycol

12CU 1:2 molar ratio choline chloride : urea

AC acetate

BMIMC 1-n-butyl-3-methylimidazolium chloride

[BMIM][TFSA] 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
amide

[BMIM][BF,] 1-butyl-3-methylimidazolium tetrafluoroborate

BMP 1-butyl-1-methylpyrrolidinium

[BMP][DCA] 1-butyl-1-methylpyrrolidinium dicyanamide

[BMP][T1,N] 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide

[CsMIM]CI 1-octyl-3-methylimidazolium chloride

Ch(Cl choline chloride

DCA dicyanamide

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

EG ethylene glycol

EMIM 1-ethyl-3-methylimidazolium

EMIB 1-ethyl-3-methylimidazolium bromide

EMIMCI 1-ethyl-3-methylimidazolium chloride

[EMIM]|[BF,] 1-ethyl-3-methylimidazolium tetrafluoroborate
[EMIM]|[FAP] 1-ethyl-3-methylimidazolium tris(pentafluoroethyl)trifluoro-
phosphate
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[EMIM][Tf,N]  1-ethyl-3-methylimidazolium [bis(trifluoromethyl)sulfonyljamide
[EMIM][TfO] 1-ethyl-3-methylimidazolium trifluoromethylsulfonate

FAP tris(pentafluoroethyl)trifluorophosphate

Fe ferrocene

FeMeOH ferrocene methanol

MBIC 1-methyl-3-butylimidazolium chloride

MEIC 1-methyl-3-ethylimidazolium chloride

OEt ethoxide (C,HqO")

[Py, 4][FAP] 1-butyl-1-methyl-pyrrolidinium tris(pentafluoroethyl)trifluoro-

phosphate

[Py, 4 TtO 1-butyl-1-methylpyrrolidinium trifluoromethylsulfonate

Symbols

A area (cm?)

C concentration (mol-L 1)

D diffusion coefficient (cm? s!)

) diffusion layer thickness

E potential (V)

E, activation energy (kJ-mol™)

E, activation energy for the viscosity (kJ-mol™)
Ex

activation energy for conduction (kJ-molt)

AE, E% — ™ in CV (V)

E5x oxidation peak potential (V)

E;ed reduction peak potential (V)

F the Faraday constant (96485.3 C mol™!)

i current (A)

I current density (mA-cm™2)

o double layer current (A)

I oxidation peak current density (mA-cm™?)
[Ir,ed reduction peak current density (mA-cm—?2)
I,(v) p-polarized IR spectrum

I(v) s-polarized IR spectrum

n total number of electrons passed per molecule
n viscosity (mPa-s)

n overpotential (V or mV)
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scan rate (mV-s™!)

o conductivity (mS-cm™1)

S(v) PM-IRRAS surface spectrum

AS(v) subtractively normalized PM-IRRAS surface spectrum
To electrode radius (cm)

R the gas constant (8.31447 J K™* mol )

t time

T temperature
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1 Introduction

1.1 Electrodeposition of zinc from ionic liquids

Zinc electrodeposition is one of the most common industrial electrochemical processes,
e.g. for the anti corrosion coating of steel. Due to its lower equilibrium potential, a zinc
coating can provide cathodic protection by sacrificially corroding before the steel does
[1]. However, electroplating of zinc from aqueous solution involves massive hydrogen
evolution at the cathode, hence decreasing the current efficiency and causing hydrogen
embrittlement, which can be a significant problem for some substrates, especially for
high strength steels [2]. Alternative hydrogen-free techniques include hot dip galvanizing,
thermal spraying and mechanical plating. These techniques have several drawbacks.
Mechanical plating requires impact resistant samples, while hot dip and thermal-spraying
techniques, which are carried out at the melting point of zinc (450 °C), are only suitable
for thermally insensitive substrates [3]. It is therefore desirable to investigate a low

temperature and hydrogen-free electrochemical process for the electrodeposition of zinc.

Room temperature ionic liquids (RTILs) are ionic substances that are liquid under
ambient conditions. These compounds have many attractive applications, including
electroplating [4-8]. Among their features, RTILs have a negligible vapor pressure,
good ionic conductivity, show good solvation of many metal salts and good thermal
stability. One of the most attractive characteristics of RTILs is their wide potential
window (even higher than 4 volts), which allows the electrodeposition of metals that
cannot be electroplated from aqueous solutions due to the cathodic decomposition of
water generating hydrogen [9]. Furthermore, with the exclusion of water, hydrogen

embrittlement could be avoided.

Deep eutectic solvents (DES) are an alternative class of RTILs which are easy to prepare
and low in cost. One type of DES that has been successfully used as electrolyte to deposit
metals is a combination of choline chloride (2-hydroxy-N, N, N-trimethylethanaminium
chloride, ChCl) with hydrogen bond donor compounds, such as urea or ethylene glycol
(EG) in a molar ratio of 1:2 [10, 11]. The molecular structure of ethylene glycol and

PhD Thesis by Luciana Vieira, 2014 1



1 Introduction

choline chloride are shown in Figure 1.1. These types of mixtures are liquid at room
temperature, relatively insensitive to water, its constituents have a low toxicity and cost,
and are also biodegradable [12-17]. Besides, they have many of the same properties of
RTILs, including a wide electrochemical window, low vapor pressure and high solubility
of many metal salts [18, 19]. Moreover, DES are considered less expensive than true ionic
liquids, which makes them attractive for use in green deposition processes on industrial
scale [20, 21].

CH;s

/\/NJF%CH3
HO \ - HO\/\
CHj; OH

(a) (b)

Figure 1.1. The molecular structure of a) choline chloride and b) ethylene glycol.

Electrodeposition of zinc has been reported in a range of ionic liquids [22-33] and choline
chloride based deep eutectic solvents [34-44]. With the exclusion of water, hydrogen
evolution would not be anticipated. Yet, the nature of the ionic liquid [33, 45, 46] and the
speciation of zinc [24, 30, 44, 47-49] play a significant role in the electrochemical behavior
of Zn** ions. The organization of the double layer and strongly adhering solvation layers
of ionic liquids on the metal surface also seem to affect drastically the zinc nucleation
and consequently the morphology of the deposit as reported for zinc deposition from
DES [45] and pyrrolidinium-based RTILs [33].

Abbott et al. [45] investigated the electrodeposition of zinc from two different deep
eutectic solvents comprising 1:2 molar ChCL:EG and 1:2 molar ChCl:Urea. EXAFS
measurements showed that the main zinc species in both DES is [ZnCl,]*". Nevertheless,
significant differences were found in the chronoamperometric and gravimetric data, as
well as in the morphology of the zinc deposit for both deep eutectics. The differing
electrodeposition rates are attributed to the different chloride activity in the solvents,
changing the zinc concentration in the electrochemical double layer and consequently the
mechanism of zinc electrodeposition. Thus, the different morphology of the zinc deposits
from these two deep eutectics were attributed to specific chloride adsorption.

The effect of additives on the electrodeposition of zinc from 1:2 molar ratio of choline
chloride:ethylene glycol (12CE) DESs has also been investigated. Abbott’s group [37]
has shown that additives such as ammonia and ethylene diamine had a pronounced
effect on the cyclic voltammetric and gravimetric behavior of zinc chloride in 12CE,

as well as on the resultant morphology of the deposit, acting as effective brighteners,
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1.1 Electrodeposition of zinc from ionic liquids

whereas acetonitrile does not significantly change the behavior of this electrolyte on a
platinum substrate. EXAFS measurements of the electrolyte containing additives showed
that all solutions contained the same zinc species [ZnCl,]*", excluding the possibility of
complexation of the additives with zinc. Rather, changes in the electrochemical behavior
of the zinc electrolyte in the presence of additives were explained in terms of differing
hydrogen bond strengths of the additives and adsorption of chloride.

Pereira et al. [39] investigated the effect of chelating agents such as ethylenedini-
trilotetraacetic acid (EDTA), N-(2-hydroxyethyl)ethylenediamine-N,N’ N’-triacetic acid
(HEDTA) and N-(2-hydroxyethyl)ethylenediamine-N,N’ N’ triacetic acid trisodium salt
(EDTA-Nag) have on zinc deposition from 12CE on a platinum electrode. Compared to
the other compounds, HEDTA had the most remarkable effect by decreasing the current
density of zinc deposition and also changing the morphology of the deposit. Another
study with tartrate ions (potassium hydrogen tartrate and tartaric acid) in the same
deep eutectic system [40], showed that, like the deep eutectic without additive, the
deposition of zinc on a steel electrode in the presence of potassium hydrogen tartrate
proceeds via a 3D progressive nucleation and growth mechanism. With tartaric acid,
2D progressive nucleation has been observed, which changes to 3D progressive growth
during the electrodeposition process.

Whitehead et al. [41, 42] have previously investigated the zinc electrodeposition from
a deep eutectic solvent comprising a 1:2 molar ratio of choline chloride:ethylene glycol
on a glassy carbon (GC) substrate and discussed the role of choline chloride on the
voltammetric response of zinc compared with a choline-free electrolyte. Unusual cyclic
voltammetric zinc electrodeposition was observed, in which a cathodic peak appeared
in the anodic sweep after the cathodic potential switch. It was suggested that choline
ions block the surface of the electrode during the forward cathodic potential sweep and
that zinc is deposited during the backward scan from intermediate zinc species formed
at potentials more negative than —0.6 V vs. Zn/Zn**. More recently, the same unusual
voltammetric behavior for zinc deposition has been reported for 12CE electrolyte on steel
substrates [40] and for imidazolium-based ionic liquids on GC [30]. We have investigated
this interesting voltammetric behavior in more detail [43, 44] and the range of substrates
to include gold, platinum, copper and steel. The system was examined by classical
electrochemical methods such as cyclic voltammetry and potential step techniques at
static and rotating disc electrodes [50-55]. The mechanistic aspects of the reaction and
the influence of the substrate material on Zn deposition and dissolution from this deep
eutectic system have been studied thoroughly.

Spectroscopic methods such as Raman [56] and Infrared (IR) [57, 58] were used to

characterize the electrolyte and the speciation of zincate ions in the deep eutectic elec-
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1 Introduction

trolyte. In situ electrochemical polarization modulation infrared reflection absorption
spectroscopy (PM-IRRAS) [59-62] was used to investigate the properties of the interface
between 12CE electrolyte and a glassy carbon electrode. Therefore, a spectroelectro-
chemical cell was constructed. The effect of the electrode potential on the structure of
the 12CE/GC interface has been explored. This is the first spectroelectrochemical study
of ionic liquids using the PM-IRRAS technique.

1.2 The ionic liquid/electrode interface

The mechanism of zinc electrodeposition from deep eutectic solvents is closely related
to the processes and reactions that take place at the interface electrolyte/electrode
[44, 45]. However, very little is known about the structure and dynamics of RTILs at
the interface. The Gouy-Chapman-Stern model of the electric double layer (EDL) for
aqueous electrolyte solutions/metal interfaces [52] can not be directly transferred to ionic
liquids, because the former has been formulated to explain diluted electrolytes, in which
the ions are treated as point charges, whereas ionic liquids are highly concentrated ionic
fluids [63, 64].

The fact that IL are composed of only cations and anions implies that the solvation of
an ionic solute might be entirely different [65, 66] as well as the electrostatic interactions
near charged surfaces. Consequently, mass transfer and kinetics of electrode reactions
can be significantly affected leading to unexpected electrochemical outcomes [67], as it is
presented for zinc electrodeposition from 12CE [44].

X-ray reflectometry [68] and atomic force microscopy [69] have been used to investigate
the near-surface structure of metal/ionic liquids. Multi-layers of alternating ions with
well ordered nanostructures of IL have been proposed to explain such interfaces [70].
Such multi-layered ionic liquid structures have also been modeled by molecular dynamic
simulations [71-75].

Surface sensitive in situ spectroscopic techniques, such as sum frequency generation
(SFG) [76-79], surface-enhanced Raman spectroscopy (SERS) [80, 81] and surface-
enhanced infrared absorption spectroscopy (SEIRAS) [82, 83] have been successfully

used to study the structures of 1L /metal interfaces.

Infrared reflection absorption spectroscopy (IRRAS or RAIRS) is a powerful technique
to interrogate metal-liquid interfaces at a molecular level [59, 84]. However, difficulties
may arise from the strong IR absorption of the background, which usually suppresses
the IR signals of the surface species. Due to the difficulty of acquiring a background

spectrum of the solution (for a solid-liquid interface) under exactly the same conditions,
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1.2 The ionic liquid/electrode interface

the background correction can be made by either potential or polarization modulation
[60].

In potential modulation, the background is an IRRAS spectrum recorded at a given
reference potential. The difference between the reference and a second spectrum at a
sample potential, divided by the sum of the two, yields a surface spectrum, in which the
creation or destruction of surface species generates positive or negative bands, respectively.
This technique is called subtractively normalized interfacial Fourier transform infrared
spectroscopy (SNIFTIRS) [60].

Polarization modulation is carried out based on the surface selection rules [85], which
state that the p-polarized radiation is absorbed by surface and liquid phase species,
while the s-polarized is only absorbed by the species in the liquid phase. By using
a photoelastic modulator and simultaneously measuring the two IR radiations, the s-
spectrum can be used as a background, hence the liquid phase contribution can be
subtracted from the IR spectrum [86]. The difference between the p- and s- polarized
spectra divided by the sum of the two yields an IR spectrum of the surface species.
Therefore, this technique is called polarization modulation infrared reflection absorption
spectroscopy (PM-IRRAS).

IRRAS has already been used to study ionic liquids/metal interfaces, namely [EMIM]
[Tf,N] (1-ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)imide) on Ag. The
temperature effect was investigated and the thin-film IRRAS spectra were compared to
spectra of the bulk liquids [87]. Some differences of the IR bands for bulk and thin film
spectra arising from the substrate-IL interactions at open circuit potential were reported
[88]. Apparently, preferential adsorption would affect the crystalline growth of the thin
IL film by changing the temperature.

A spectroelectrochemical investigation of [EMIM|[BF,| (1-ethyl-3-methylimidazolium
tetrafluoroborate) ionic liquid at charged gold electrodes by SNIFTIRS has been reported
[89]. Varying the electrode potential changed the intensity of the bands from anions and
cations in the IR spectra, which indicated an overall change of the charged species at the
interface. Changes in orientation of the EMIM™ cations to a more vertical position were
suggested to explain the variation of IR absorption within —1.3 and +0.6 V vs. Ag/Ag™.

PM-IRRAS has been successfully employed to study the molecular structure of self-
assembled monolayers, biomimetic membranes and Langmuir Blodgett films at charged
electrodes by Lipkowski’s group [60, 90-99]. Yet, to the best of our knowledge, no
PM-IRRAS study of ionic liquids/electrode interfaces have been reported. We have
extensively investigated the electrochemistry of zinc in 12CE electrolytes, mainly at
glassy carbon electrodes [41-44]. Herein, we present the first in situ PM-IRRA spectro-

electrochemical study on the interface of this deep eutectic solvent with a glassy carbon

PhD Thesis by Luciana Vieira, 2014 )



1 Introduction

electrode. The results obtained in this thesis not only help understanding the zincate
reduction mechanism but it also provides an insight of the structure and dynamics of

the electrolyte/electrode interface for ionic liquids.

1.3 Objectives

The aim of this thesis is to investigate the mechanism of zinc electrodeposition from deep
eutectic solvents. Therefore, electrochemical and spectroscopic methods have been used.
The two methods are complementary, as the spectroscopy provides chemical information
about the species involved in the electrochemical reactions.

In order to perform in situ PM-IRRAS, a spectroelectrochemical cell for analysing the

DES/electrode interface was developed.

1.4 Scope of the thesis

This thesis is organized in three parts: Part I presents the investigation on zinc elec-
trodeposition on glassy carbon electrodes and focuses on the speciation of zinc and the
electrochemical aspects of the reaction. Part II shows the deposition of zinc on different
substrates materials. This part is divided into two chapters: platinum and gold; copper
and stainless steel. The characterization of the morphology and phases of the deposited
zinc is explored in more detail. Finally, Part III presents the spectroscopic investigation
of deep eutectic solvents in two chapters. Firstly, the spectroscopic characterization of the
electrolyte is presented. Thereafter, the in situ electrochemical PM-IRRAS experiments

on a glassy carbon electrode are presented and discussed.
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2 Experimental

2.1 Electrolyte

2.1.1 Preparation of the electrolyte

Solutions of 1:2 molar ratio choline chloride: ethylene glycol (12CE) were prepared
by firstly drying the choline chloride (99 % Fluka) at 100°C under reduced pressure
8 -107% mbar) in a schlenk flask for > 48 h. When the flask had cooled down close to
room temperature the flask was isolated from the vacuum pump and transferred to an
argon filled glove box, where anhydrous ethylene glycol (99.8 %, Aldrich) was added
as supplied, without further drying. The mixture was stirred using a PTFE-coated
magnetic stir bar until a single, colorless liquid phase resulted.

Electrolytes containing ZnCl, were prepared similarly by adding pre-dried powdered
ZnCl, (99.999 %, Aldrich, dried at room temperature at 8 -107% mbar for > 48h) to the
12CE electrolyte. The solution was stirred until all of the salt was dissolved. Higher
temperatures were avoided to limit reactions between the ZnCl, and the hydroxyl group
of the choline.

ZnCl, solutions of 12CE containing sodium ethoxide (NaOC,Hj;, Sigma-Aldrich, 95 %)
were prepared by adding a pre-weighed amount of NaOC,H; to the 0.3 mol-L~! ZnCl,
12CE and stirred for ca. 30 min. The NaOC,H; was used as supplied and not heated
with the ZnCl, to avoid reaction with water, which would produce ethanol and NaOH,

and cause a large uncertainty in the concentration.
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2.1.2 Physical chemical characterization
Karl-Fischer Titration

Karl-Fischer analysis was performed to determine the initial water content of the
electrolytes using an automatic titrator (CA-100/VA-100, Mitsubishi Chemicals Corp.).
Ethylene glycol contained 40 ppm water and the freshly prepared and dried 12CE

electrolyte had about 92 ppm water content.

Conductivity measurements

Conductivity measurement of the deep eutectic electrolyte was performed in the tempera-
ture range of 0 to 100 °C. A 4 electrode platinum sensor with a glass body (Knick-4-pol-cell
ZU6985) was assembled with the DES in the glove box. The measurement was run by
dipping the cell containing 12CE into a thermostated bath (Huber, CC156w, Polystat
CC2) and measuring the conductivity of the electrolyte at a certain stabilized temper-
ature using an AC conductivity meter (Konduktometer 703, Knick Konduktometer,

Germany).

Viscosity measurements

Viscosities were measured with a Anton Paar Stabinger Viscosimeter SVM 3000/G2. The
reported values are averages of at least 5 measurements, respectively, having standard

deviations within £0.5 mPa-s.

Raman

Raman spectra were recorded using a Horiba Jobin Yvon LabRAM ARAMIS Raman
spectrometer with a 532 nm focused laser beam. Quartz cuvettes with a path length of
5mm were filled with 1 mL of electrolyte in the glove box, closed with a Teflon cap and

sealed with parafilm. Three 60s scans were recorded for each sample.

Infrared

Infrared spectra of the bulk electrolyte were measured using a Bruker Alpha FTIR
spectrometer equipped with ALPHA’s Platinum ATR single reflection diamond. The
spectra were recorded in an ATR module with a spectral range between 4000 and

400 cm~! and a resolution of 2cm™!.
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2.2 Electrochemical apparatus

The electrochemical measurements were carried out in a three-electrode electrochemical
cell set up in a dry, argon-filled glove box. The cell body, including a thermostated
jacket, was made of glass to enable visual inspection of the electrodes for positioning and
during the experiments. All experiments, unless specified, were carried out at 30 °C. The
temperature was kept constant by a circulating thermostated oil bath (Huber, CC156w,
Polystat CC2). A sketch of the electrochemical cell is shown in Figure 2.1.

Rotating shaft c

CE

Ar
/S
WE
gy = o
\ ~ Luggin
oil = [
Electrolyte

Figure 2.1. Sketch of the electrochemical cell. The cell was kept in the glove box under Argon
atmosphere (Ar). WE, CE, RE indicate working, counter and reference electrode, respectively.

A round zinc wire (99.99 % purity, Advent Research Materials, 1 mm diameter and
150 mm long counter electrode (CE) was used directly in the bulk electrolyte in order to
try and maintain a constant zinc concentration in the electrolyte during deposition and
dissolution.

Zinc wire was reported to be suitable as reference electrode (RE) in the DES 12CE
[42]. The zinc wire RE was placed in a compartment with an open Luggin capillary
placed approximately 3mm from the working electrode, as indicated in Figure 2.1 [41].
For experiments with Zn-containing electrolytes the reference compartment contained
electrolyte with the same composition as the bulk solution. For examination of Zn-free
electrolytes the reference solution was saturated with ZnCl, (solubility limit of ZnCl, in
12CE: 0.52mol-L~! at 23°C) and separated from the bulk electrolyte by a microporous
glass frit in addition to the Luggin capillary. All potentials are quoted with respect to

the respective Zn/Zn*" couple.
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The working electrodes (WE) were made of nonporous glassy carbon, platinum, copper,
gold and stainless steel (1.4404) set up as stationary or a rotating disc assembly. The
area of all electrodes used are summarized in Table 2.1.

The working electrodes of glassy carbon, platinum and gold were polished to a mirror
finish with alumina powder. They were rinsed with deionised water and acetone and
dried in air prior to use. Stainless steel and copper disks were degreased in Uniclean
155 (Atotech Deutschland GmbH) for 10 min at 60 °C, rinsed, pickled in 10 % H,SO,
(technical grade, Carl Roth GmbH & Co.) for 1min, rinsed again, dried and quickly

transferred to the glove box to avoid passivation.

Table 2.1. Working electrodes used and their respective area. RDE indicates Rotating
Disk Electrode and PM-IRRAS is Polarization Modulation Infrared Reflection Absorption
Spectroscopy.

Electrode Material Electrode area (cm?)
Name Abreviation/Symbol|Stationary WE RDE PMIRRAS-WE
Glassy Carbon GC 0.071 0.126 1.54
Platinum Pt 0.071 0.126
Gold Au 0.071
Copper Cu 0.950 0.950
Stainless Steel SS 0.950 0.950

A Metrohm Echo Chemie Autolab PGSTAT100 potentiostat/galvanostat controlled
by NOVA 1.6 software and hooked up to a glove box (MBraun, MB G-120) was used to

perform cyclic voltammetry and potential step techniques under computer control.
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2.3 Spectroelectrochemical measurements

2.3.1 Spectroelectrochemical cell

For in situ experiments, a special spectroelectrochemical cell was designed and constructed
in house. An illustration of the spectroelectrochemical cell is shown in Figure 2.2 and a
picture of it in Figure 2.3. The cell was custom-made of steel and can be sealed with
o-rings. Ports with Teflon tubes connected to 3-port valves, permit gas purging, filling
with electrolyte or total sealing of the cell. The working electrode consists of a 14 mm
diameter glassy carbon disk inserted into an insulating threaded holder, which is used
to control the distance between the electrode and the optical window by a micrometre
screw. The electrode is carefully pressed against the ZnSe window until it is separated
by only a few micrometers thick electrolyte layer. A piece of copper wire attached to
the glassy carbon disk by conductive silver epoxy is used as connection between the
working electrode and the electric cable that is wired to the potentiostat. Zinc wires are
used as reference and counter electrodes connected to insulated wires and an external
pin connector wired to the potentiostat. The temperature of the cell can be controlled

internally by a ceramic heating element (Figure 2.2 b).
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Figure 2.2. Drawings of the spectroelectrochemical cell designed for PM-TRRAS experiments.
WE - working electrode, RE - reference electrode, CE - counter electrode.
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2 Experimental

Figure 2.3. Picture of the lower end of the spectroelectrochemical cell showing the in- and
out-let tubes, the glassy carbon working electrode and zinc wires as counter (around the WE)
and reference electrodes.

2.3.2 In-situ PM-IRRAS measurements

The electrolyte 1:2 molar ratio of choline chloride to ethylene glycol (12CE) was dried
and prepared as described in Section 2.1. Ethylene glycol (99.8 %, anhydrous, Sigma
Aldrich) was used as received. All the electrolytes were added to the cell via syringes
through T-3-port inlet and outlet Hamilton valves.

PM-IRRAS measurements were carried out using a Bruker IFS66 vacuum Fourier
transform infrared spectrometer. The reflection unit is mounted with a variable angle
and a polarizer from Brucker Optics. The light beam was incident at 70° with respect
to the surface normal onto the sample (grazing angle) and the light was detected using
a liquid nitrogen-cooled mercury cadmium telluride detector. Two wire-grid polarizers
were placed in the incident beam light path, one mounted onto a rotatable mount and
the other on a motor mount controlled by the spectrometer software. A script was
written to rotate the polarizer through 65° and to collect the spectrum sequentially with
s- and p-polarized radiation. Final adjustments were made by manually aligning the
fixed mirrors to produce the best background. These alignments were carried out with
the cell mounted, so the best angle of incidence from the incoming radiation could be
achieved and the same setup can be reproduced after addition of the electrolyte. All
spectra were collected at 4 cm™! spectral resolution using 200 scans and are presented
without smoothing correction. A more detailed description of this quasi PM-IRRAS
method was described by Schennach et al. [86].

Electrochemical in-situ experiments were carried out by hooking up the spectroelectro-
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2.8 Spectroelectrochemical measurements

chemical cell to the potentiostat (Figure 2.4). The cell was fitted with a glassy carbon
disc electrode aligned against the ZnSe window leaving a small volume of electrolyte in
the optical path and Zn wires as reference and counter electrodes.

Electrochemical measurements were performed with a Metrohm Echo Chemie Autolab
PGSTAT100 potentiostat/galvanostat controlled by NOVA 1.6 software.

Figure 2.4. Experimental setup for spectroelectrochemistry experiments. a) Overview of the
potentiostat and IR spectrometer and b) top view of the IR spectrometer showing the mounted
spectroelectrochemical cell and the valves to add and remove the electrolyte.
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3 Zinc electrodeposition on glassy

carbon

3.1 Voltammetric studies

Figure 3.1 shows the cyclic voltammogram of 12CE without and with ZnCl, at 30°C.
The scan in the Zn-free electrolyte was started at 0V vs. Zn/ Zn*", swept to —0.8 V and
back to +2.4V at 10mV-s~! scan rate (Figure 3.1a). The cathodic reaction at —0.8 V
may be assigned to the reduction of ethylene glycol (EG), choline (Ch) or trace water
with formation of hydrogen gas, observed as small bubbles on the electrode surface. The
anodic reaction at ca. +2.4V is likely due to the oxidation of CI” and the formation of
Cl; according to Equation 3.1 [13], followed by a cathodic peak after reversal of the
sweep direction, which might be due to the reduction of Cl; to chloride. Although there
is a significant increase of the current at +2.4V vs. Zn/Zn**, no evolution of chlorine gas

was observed at this potential.

3CI" =Cly” +2e” (3.1)

When 0.3mol-L~! zinc chloride is dissolved in the eutectic mixture, two additional
peaks are observed in Figure 3.1b. The CV started at 0V vs. Zn/Zn*" going cathodically
and until —0.6 V there was little cathodic current. From —0.6 to —0.8V there is an
increase of current due to cathodic decomposition of the electrolyte along with the
deposition of zinc. During the subsequent anodic sweep, the cathodic current decreased
initially and then increased again to a cathodic peak at ca. —0.2 V. The anodic charge
from 0 to +2.4V was 63 % of that passed cathodically, which indicates that a significant
fraction of the current was used for side-reactions.

It is important to note that the reduction peak appears on the anodic scan after
the sweep direction has been reversed. This is a very unusual electrochemical behavior
and it has been observed for the electrodeposition of zinc from 12CE on glassy carbon
[41-44] and steel substrates [40] and from ionic liquids on glassy carbon electrodes [30,

31]. Two complementary explanations for this unusual electrochemical behavior of zinc
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Figure 3.1. Cyclic voltammogram (CV) of 12CE electrolyte without a) and with b) 0.3 mol-L !
ZnCl,; The CVs were recorded at a glassy carbon disk electrode (A = 0.07 cm?, v = 10mV-s™1,
T = 30°C) starting from 0V vs.Zn/Zn*" with a negative sweep direction. The CV a) is
displaced on the current axis by +0.2mA-cm™2.

compounds in ionic liquids, have been proposed by Whitehead [42] and Simons [30],
which involve adsorption and blocking of the electrode surface by multilayers of ionic
liquids on the forward scan and complexation of zinc by the ionic liquid. However, the
mechanism including the speciation of zinc and the reduction on the reverse anodic scan

is not understood.

The deep eutectic 12CE is a strong Lewis basic solution with a large excess of Cl
ions. Raman studies on the speciation of chlorozincate(II) in ionic liquids showed the
presence of [ZnCl,]* in Lewis basic media [49, 100], which is similar to the coordination
chemistry of chlorozincate(II) species in aqueous [101] and in high temperature chloride
melts [102, 103]. Based on that, Whitehead [42] suggested that the main Zn-containing
species in 12CE electrolytes was [ZnCl,]*". Later on, EXAFS measurements of zinc
solutions in 12CE have confirmed that the dominant Zn-species in 12CE electrolyte are

tetrachlorozincate ions stabilized by choline cations [37].

Figure 3.2 shows Raman spectra of the deep eutectic solvent without and with zinc

chloride. In the spectral region corresponding to Zn—Cl stretching (170 to 400 cm™1)
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3.1 Voltammetric studies

1

a Raman signal at 275cm™ is observed for the DES containing zinc, which can be

attributed to the v (a;) vibration of tetrahedral [ZnCl,]* [49, 100, 103-105].
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Figure 3.2. Raman spectra of 12CE electrolyte a) without and b) with 0.3 mol-L~! ZnCl,.

Estager et al. [49] has studied the speciation of zinc(II) chloride at several molar
ratios in 1-octyl-3-methylimidazolium chloride [C{MIM]CI by Raman spectroscopy and
differential scanning calorimetry. In Lewis basic solutions, the main species characterized
was [ZnCl,]? with a peak at 275 cm™!. Similar Raman signals also attributed to [ZnCl,]*
have been observed by Alves et al. [100] in Lewis basic solutions of zinc chloride in 1-n-
butyl-3-methylimidazolium chloride (BMIMCI). Raman spectra of tetrachlorozincates in
aqueous solutions [104, 105] and ZnCl,—Li,K/Cl melts [103] also show the same feature
for the Ty structure of [ZnCl,]*.

Thus, based on our Raman measurements and supported by literature data [37, 49,
100, 103-105] we can conclude that the main zinc species in the deep eutectic 12CE is
[ZnC1,)*".

In chloroaluminate ionic liquid systems based on 1-ethyl-3-methylimidazolium chloride
(EMIMCI), Al can not be plated from Lewis neutral or basic melts due to prior reduction of
the EMIM™ cation in favour of AICl,, although it can be plated in Lewis acidic solutions
from Al,Cl,” [106, 107]. Similarly, it is suggested that in Lewis basic chlorozincate
EMIMCT ionic liquids, the [ZnCl,]*>" anions can not be reduced to the metal form within
the cathodic limit of the EMIMCI [23, 24, 47, 108].

By analogy with Lewis basic imidazolium systems [23, 24, 27, 108, 109] it is unlikely
that the reverse cathodic peak presented in Figure 3.1b would originate from the reduction

of [ZnCl,]* to Zn, due to its very negative reduction potential. The tetrachlorozincate
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3 Zinc electrodeposition on glassy carbon

would be reduced only very slowly on glassy carbon in the potential region of 0.0 to
—0.8V. In order to explain this, we suggest that an intermediate species Z is formed
during the cathodic polarization of the electrode and that zinc is deposited from this
species on the reverse scan at a much higher rate than from [ZnCl,|* [42-44]. However, it
is still unclear why Z is not reduced at more negative potentials but gives rise to a cathodic
peak during the positive sweep. Whitehead et al. [42] have proposed that the electrode
surface is blocked at potentials more negative than —0.4V vs. Zn/Zn*" by adsorbed
choline (Ch"), hydrogen (H,qs) or ethylene glycol. Therefore, the electrodeposition of
zinc from 7 does not take place in this potential region but only on the reverse anodic
scan at potentials more positive than —0.4V with a peak potential, E;ed, of —0.2'V.
Deng et al. [108] reported the electrodeposition of zinc from 1-ethyl-3-methylimidazolium
dicyanamide [EMIm|[DCA], which is a Lewis basic liquid. On a later study they inves-
tigated the electrodeposition of zinc from 1-butyl-1-methylpyrrolidinium dicyanamide
[BMP][DCA] on GC and Mg alloy electrodes [27]. From amperometric titration exper-
iments they suggested that the electrodeposition of zinc from Lewis basic media was
possible due to the formation of a reducible intermediate complex Zn(DCA); with an

electrochemical reduction potential more positive than that of [ZnCl,|* .

Simons et al. [30] investigated the effect of different Zn®' salts in the ionic lig-
uid [EMIm][DCA]. Cyclic voltammograms of ZnCl,, Zn(dca),, Zn(SO,), and Zn(ac),
(ac = acetate) in [EMIM]|[DCA] showed in all cases a similar cathodic peak during the
anodic reverse sweep. The authors have attributed these unusual cathodic peaks on
the anodic scan to the formation of a potential-dependent compact layer of the ionic
liquid ions at the electrode surface, described by Endres [110] and Atkin [111], which
may block the surface at certain potentials. This would affect the mass transport rates
of the electroactive species and their access to the electrode surface [112]. When the
ionic liquid layer relaxes during the anodic return sweep, deposition of zinc takes place
and a cathodic peak is observed. In a more recent study [31], spectroscopic investigation
of [EMIM][DCA] containing ZnCl, and Zn(dca),, pointed to the formation of Zn/dca
complex anions in the IL solution, which may be related to the appearance of the ca-
thodic deposition peak on the anodic scan. The explanation proposed by Simons differs
from that of Whitehead, however, as the first considers that the complexation of zinc
takes place in the bulk of the electrolyte whereas the latter proposes the formation of a
reducible intermediate zinc species Z only in the diffusion layer and at certain potentials.
Nevertheless, this study opens the question of whether this unusual electrochemical

behavior can be generalized to different ionic liquid systems containing zinc ions.

Pereira et al. [40] have recently shown the same electrochemical behavior for Zn

electrodeposition from 12CE on a stainless steel substrate. The reduction peak after
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3.1 Voltammetric studies

reversing the scan direction was explained in terms of the overpotential for nucleation
and growth of the deposit, however, they also consider the possibility suggested by
Whitehead [42] of electrode passivation by adsorption of choline or ethylene glycol during
the forward scan.

Figure 3.3 shows a set of experiments in which the cathodic limit of the cyclic

voltammograms was gradually increased from —0.8 to —0.3V.
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Figure 3.3. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte (v = 10mV-s~!,
T = 30°C) at a stationary glassy carbon disk electrode starting from 0V vs. Zn/Zn*" with
a negative sweep direction. The cathodic potential limits of each scan were: (i) —0.8V, (ii)
—0.7V, (iii) —=0.6'V, (iv) —=0.5V, (v) —=0.4V and (vi) —0.3V with an anodic potential limit
fixed at +0.5 V. The part of the curve below —0.65V in (i) is omitted to better scale the CVs.
The CVs are offset on the current density scale for clarity.

From the stripping peak, it can be seen that the amount of deposited zinc decreases
significantly as the cathodic switching potential becomes less negative, showing that a
negative overpotential of at least —0.5V is required to form the species Z. Additionally,
the coulombic efficiency (the ratio between the total anodic charge from 0 to 0.5V and
the cathodic charge from the respective switching potential until 0 V) of the cycles (i)
to (vi) were 10, 23, 41, 53, 57 and 81 %, respectively, which indicates that the cathodic
charge is related not only to the deposition of zinc, but also to reduction of other species
on the electrode surface.

Rotating disc electrode voltammetry (RDE) at glassy carbon shows that the current
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3 Zinc electrodeposition on glassy carbon

density of the reverse cathodic and anodic peak also decreases with increasing rotation
rate (Figure 3.4). This implies that the intermediate species Z forms in the diffusion
layer, consequently they are transported away from the electrode into the bulk of the
electrolyte, when hydrodynamic force is applied. One can also observe that on the
static electrode, the current density increases from the first to the third cycle, indicating
a gradual increase of the concentration of Z in the diffusion layer during the anodic

redissolution of Zn.
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Figure 3.4. The first three voltammetric cycles of 0.3 mol-L~! of ZnCl, in 12CE electrolyte
at a rotating glassy carbon disk electrode (v = 10mV-s~!, T = 30°C, rotation rate indicated)
starting from 0V vs. Zn/Zn*" with a negative sweep direction. The numbers 1, 2 and 3 indicate
cycle number. Arrows indicate sweep direction. The voltammograms are offset on the current
density axis for clarity.

Figure 3.5 shows the effect of the scan rate on the electrodeposition of zinc from
12CE. By increasing the scan rate from 10 to 50mV-s~! the deposition time decreases,
therefore the peak current density decreases, indicating that the formation of Z in the
diffusion layer proceeds at a very low rate. Decreasing the sweep rate to 5 and 1mV-s~!
results in an increase of the the peak current (Figure 3.6) and a second anodic peak, at
ca. +0.3V vs. Zn/Zn*" becomes more pronounced at scan rates as low as 2 and 1 mV-s~!.

This second peak might be due to local saturation of the DES with Zn*", caused by low
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solubility of the zinc ions.

Adsorption and desorption of quaternary ammonium ions are usually slow and may
interfere with the voltammetric response of the electrolyte by blocking of the electrode
surface. Abbott et al. [113-115] investigated the adsorption and desorption of tetraalky-
lammonium ions in cyclohexane on a platinum microelectrode. It was reported that
quaternary ammonium cations adsorb strongly on the electrode surface and that the
desorption is very slow. Consequently, the voltammetric response will be dependent
upon the scan rate, i.e. the experimental time scale. Additionally, artefacts can be
observed when measuring at faster sweep rates, because the cations will remain strongly
adsorbed on the substrate and only for scan rates less than ca. 10mV-s~! the potential
at the outer Helmholtz plane will be in phase with the applied electrode potential. This
explanation is consistent with our results, indicating that besides the slow formation of
Z, the decrease in peak currents by increasing scan rate can also be a consequence of the

slow desorption of choline ions.
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Figure 3.5. Cyclic voltammograms at different scan rates of 0.3 mol-L~! of ZnCl, in 12CE
electrolyte (T = 30 °C) at a stationary glassy carbon disk electrode starting from 0V vs. Zn/ Zn*t
with a negative sweep direction. The part of the CV at 10mV-s~! below —0.75V is not shown
to better scale the CVs. The voltammograms are offset for clarity.
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Figure 3.6. Cyclic voltammograms at different scan rates of 0.3 mol-L =1 of ZnCl, in 12CE elec-
trolyte (T = 30°C) at a stationary glassy carbon disk electrode starting from +1.0 V vs. Zn/Zn**
with a negative sweep direction. The voltammograms are displaced on the current density axis
by —0.2mA-cm~? for clarity.

The coulombic efficiency of the cyclic voltammograms as a function of scan rate is
presented in Figure 3.7. The current efficiencies of the CVs were 17, 23, 25, 43, 50, 59,
69 and 75 % for scan rates of 1, 2, 5, 10, 20, 30, 40 and 50mV-s~!, respectively. The
current efficiencies at slow scan rates are remarkably lower than those at faster sweep
rates, which indicates that at slow scan rates, more current is used for side-reactions and
the formation of intermediate species. Furthermore, at low scan rates, Z may diffuse
into the bulk of the electrolyte, which lowers the current efficiency, whereas at faster
scan rates, the species formed at the surface of the electrode are quickly reduced to zinc
before they can escape into the bulk electrolyte. For cyclic voltammetry carried out at
scan rates as low as 1 mV-s™!, no current plateau was observed at potentials < —0.6V,
where the reducible species Z could be reduced. Additionally, the peak potential of the
backward cathodic peak and its charge varied little when the CV was performed over a
range of scan rates from 1 to 5mV-s™!, which implies that potential is more significant

than time in determining the local concentration of Z.
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Figure 3.7. Coulombic efficiencies of zinc electrodeposition from 0.3 mol-L~! ZnCl, 12CE on
glassy carbon as a function of scan rate.

3.1.1 The effect of temperature

The effect of the temperature on the cyclic voltammetric behavior of the Zn ions at
a glassy carbon electrode was investigated between 30 and 60 °C and is illustrated in
Figure 3.8.

The peak current considerably increases with increasing temperature. This behavior
can be correlated to the decreasing viscosity of the deep eutectic solvent with increasing
temperature (Figure 3.9), also observed in other ionic liquids [33, 116]. It is reflected
in the increase of conductivity of the 12CE deep eutectic solvent with temperature
(Figure 3.8). From 30 to 60°C the conductivity of the electrolyte increases from 9 to

21 mS-cm™!

. Although the conductivity measurement shown in Figure 3.10 is of the
pure deep eutectic 12CE without ZnCl,, the conductivity of the 12CE deep eutectic
does not change significantly with the addition of ZnCl, even at high concentrations of
the zinc salt [37]. Similarly to the conductivity, the viscosity is also not significantly
affected by the addition of zinc salt (Figure 3.9). It is noteworthy that for temperatures
up to 60°C, the blocking layer is not desorbed from the electrode surface and that the
overpotential for the nucleation of zinc does not change significantly with increasing
temperature. The coulombic efficiencies in the cyclic voltammograms (calculated from
the ratio between the total anodic over the cathodic charge) were 28, 40, 48 and 58 % for
temperatures of 30, 40, 50 and 60 °C, respectively. The increase in coulombic efficiency

with increasing temperature can be related to two factors: firstly, the kinetics of the
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chemical formation of 7 is faster at higher temperatures, hence increasing the deposition
rate of zinc. Secondly, the kinetics of the adsorption/desorption equilibrium of the
blocking layer can also be affected, thus resulting in a faster deblocking of the active
sites on the glassy carbon surface at temperatures of 60 °C. Furthermore, the current
density at —0.8V, related to the formation of RO™, does not increase as much as the
corresponding peak current densities for zinc deposition at —0.15V and dissolution
at +0.05V vs. Zn/Zn*", which indicates that by raising the temperature the chemical
kinetics of the formation of Z becomes faster, resulting in an increasing peak current
density for zinc deposition from Z.

Table 3.1 shows all the voltammetric data from the CVs presented in Figure 3.8. In
this table all the cathodic data is reported with respect to the cathodic peak at the
backward scan (not considering that at —0.8 V), including the calculation of current
efficiency, therefore the values are different from those mentioned before.

It is observed that increasing the temperature from 30 to 50 °C causes no significant
shift of the peak potential for the reversal cathodic peak (AEY). However, at 60°C
unblocking of the surface takes place at more negative potentials. The peak current I}
and the charge consumed Q)¢ show a more than 2-fold increase. The total anodic charge
related to that consumed cathodically in the backward peak of zinc deposition for 50
and 60°C was 85 and 70 %, respectively. This low current efficiency can be related to
incomplete dissolution of zinc, as no side-reactions are expected in this potential range
(between —0.4 and 0V). At lower temperatures, a CE of over 100 % indicates that some
of the zinc was deposited at more negative potentials, not only at the reversal cathodic

peak.

Table 3.1. Voltammetric data for zinc deposition from 12CE at different temperatures
presented in Figure 3.8. CE = Coulombic efficiency.

Temperature ES AEY I Q° E% AER 5 Q* CE! CE?
°C (mV) (mA-cem™2) (mC) (mV) (mA-em™2) (mC) (%)
30 —168 - —0.184 0.174 112 - 0.117 0.233 126 28
40 —161 +7.33 —0.231 0.234 83 —29.3 0.154 0.264 113 40
50 —164 +4.89 —0.812 0.881 59 —53.7  0.488 0.745 85 48
60 —186 —17.09 —2.328 2.600 59 —53.7 1.405 1.820 70 58

LCE calculated from the ratio of the anodic charge over the charge consumed on the reversal
cathodic peak.
2CE based on the ratio of the anodic charge over the total cathodic charge.
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Figure 3.8. Cyclic voltammograms at different temperature of 0.3 mol-L~! of ZnCl, in 12CE
electrolyte at a static glassy carbon disk electrode (v = 10 mV-s~!) starting from 0V vs. Zn/Zn?**
with a negative sweep. Arrows indicate sweep direction.
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Figure 3.9. Viscosity of 12CE electrolyte with and without 0.3 mol-L~! ZnCl, as function of
temperature.
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Figure 3.10. Conductivity of 12CE electrolyte as function of temperature.

Most of the reaction rates (k) vary with the Arrhenius exponential function of the

temperature T (Equation 3.2):

k= Ae~Fe/RT (3.2)

where A is a constant, E, is the activation energy (kJ-mol') and R the gas constant
(8.31J - K - mol™') [52]. The dynamic viscosities and conductivities of the deep eutectic
12CE at different temperatures have been depicted as Arrhenius plots in Figure 3.11.
Both conductivity and viscosity have a high degree of linearity (least square, correlation
coefficient > 0.995).

The calculation of the activation energy for the viscosity (£,) and conductivity (Ey)
can be obtained from the slope of the Arrhenius plot from Figure 3.11, according to the

following equation for the viscosity (7):

Ly
Inn = Inny — BT (3.3)
and for the conductivity:
TN
Ino =Inog — — 4
no = inoy — »r (3.4)

where 19 and g would be the hypothetical viscosity and conductivity at infinite temper-
ature.
The values of E, and E obtained from the Arrhenius equation for viscosity and conduc-

tivity were respectively 26.6 and —22.9kJ-mol*. Whereas 7y and oy were 9.5 - 10~* mPa-s
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and 8.2-10*mS-cm™1.
agreement with the literature for other DES [11, 117-119] and ionic liquids [120]. E,
calculated from the dynamic viscosity of 12CE have been reported to be 25.4 kJ-mol™*
[121], 26.3kJ-mol™! [122] and 28.4 kJ-mol™? [123], which is in good accordance with our

result. As for Ey, no values have been reported in the literature for 12CE.

These values for £, and Ej, as well as the 7y and oy, are in

The F, and E, are inversely proportional and therefore have opposite signs and similar
magnitude. This indicates that the Walden rule (Equation 3.5) is also valid for the
12CE system. The Walden rule states that the logarithmic viscosity and conductivity
are proportional over a range of temperatures [124] and has been used to explain the
rheological behavior of ionic liquids [124-126].

(3.5)

Inn ~ —Ino

The linear behavior of the viscosity and conductivity with temperature is in good
agreement the Stokes-Einstein and Nerst-Einstein equations, which connects the viscosity
and conductivity with the diffusion of the ionic species (7) [124, 127], as well as the hole
theory interpretation for the charge mobility in ionic liquids [128-130].
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Figure 3.11. Arrhrenius plot of conductivity and dynamic viscosity of 12CE electrolyte as a
function of temperature.
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3 Zinc electrodeposition on glassy carbon

3.1.2 Proposed mechanism

The deposition of zinc on the reverse scan is clearly dependent on the overpotential
applied and is not affected by increasing the temperature. As it has been proposed
[42-44], zinc deposition occurs from an intermediate species Z. The formation of Z is
potential-dependent and it proceeds with very slow kinetics. This kind of mechanism
involving coupled chemical reactions has also been observed in the electrodeposition
of zinc from other ionic liquids [27, 30, 31, 46] and can be classified as a multiple
electron transfer with intervening chemical reaction or ECE mechanism (E and C are
electron transfer and chemical steps, respectively) [131]. In such a mechanism, a chemical
step is interposed between electron transfer steps. The generalized ECE mechanism is

represented as follows:

A+ne — B (3.6)
B+C=7 (3.7)
7+ nye” — D (3.8)

Z is only formed at potentials below —0.4V, however, it is still intriguing why a
cathodic peak arises on the reverse scan. It would rather be expected that the Z species
get reduced as soon they are formed between —0.6 and —0.8 V. Instead, the current
quickly decreases initially on the anodic return sweep and then increases again, giving rise
to a cathodic peak at —0.2'V, before the deposited zinc layer is stripped again at positive
potentials. In order to explain this, it is assumed that during the cathodic polarization
of the electrode the surface is blocked by adsorbed choline ions (Ch™) or ethylene glycol
(EG) or by adsorbed hydrogen (H,qs), which is formed during the reduction of residual
water or ROH (EG, Ch") at potentials below —0.5V producing deprotonated species
(RO"=0H", HOCH,CH,O™ or (CH;);NTCH,CH,0O"), according to Equation 3.9, 3.10
and 3.11. These deprotonated RO™ species from the electrolyte could replace one or more
CI” ligands in [ZnCl,])* to form an intermediate complex Z, according to Equation 3.12.
7 would be formed in the diffusion layer and could be reduced to zinc as shown in
Equation 3.13. If the applied overpotential is not high enough to form Z (E > —0.4V),
very little intermediate is formed, thus little deposition of zinc occurs and the stripping
peak gradually decreases until it becomes negligible above a cathodic switching potential
of —=0.3V (Figure 3.3). Blocking of the surface hindering zinc deposition is also effective

at elevated temperature. The mechanism assumed for ECE reduction of [ZnCl,]? is
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represented as follows:

ROH + e~ — RO~ +H, . (3.9)
Hogs + Hoge — Hy (3.10)

ROH +H,,, +e~ — H, + RO~ (3.11)

xRO™ + [ZnCl,J*” = [ZnCl,_, (RO),]*” 4+ xCI~ (3.12)
[ZnCl,_»(RO),J*" +2e¢” — Zn +x(RO)™ + (4 —x)CI~ (3.13)

Very little is known about the interface of an electrode with ionic liquids. Endres’s
and Atkin’s groups [69, 110-112, 132, 133] have studied how the nature of the ionic
liquid affects the interfacial structure on metal electrodes by in situ scanning tunneling
microscopy (STM) and atomic force microscopy (AFM). They have described a potential-
dependent multilayer architecture, which may affect electrochemical reactions in ionic
liquids. Such a layer architecture might be present also in the 12CE system, hindering
the deposition of zinc during the forward and the backward scan below —0.4V. This
topic will be discussed in further detail in Chapter 8.
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3 Zinc electrodeposition on glassy carbon

3.2 Chronoamperometric studies

3.2.1 Investigations of the formation of Z

In order to systematically investigate the kinetics of potential-dependent effects taking
place on the electrode surface, such as adsorption processes, blocking effects and the
electrodeposition of zinc, multi-step potential experiments were carried out on a glassy
carbon electrode in 0.3mol-L~! ZnCl, 12CE electrolyte. Under such conditions it is
possible to analyse the electrode reactions under constant overpotential.

The electrode was stepped from open circuit potential at 4+0.5V vs. Zn/Zn** (E1)
to a potential sufficiently negative so the intermediate species Z could be formed (E2).
This second step was varied between —0.2 and —0.8 V vs. Zn/ Zn*" for the purpose of
examining the correlation of the formation of Z species with different overpotentials.
Subsequently, a third step was applied at —0.2V (E3) to simulate the reversal cathodic
peak, related to the electrodeposition of zinc and finally, a last step at a potential where
redissolution of the deposited metal occurs was applied at +1.0V vs. Zn/Zn*" (E4). A

scheme of the 4-step chronoamperometric experiment is shown in Figure 3.12.
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Figure 3.12. Schematic representation of the 4 step chronoamperometric experiments in
0.3mol-L~! ZnCl, 12CE on GC.

Representative current vs. time responses at constant potentials are shown in Fig-
ure 3.13 for F1, E2 and E3. The step at F4 is not shown.

The initial potential E1, was chosen to be the same as at open circuit potential, where

no faradaic processes occur. The step from rest-potential E1 (+0.5V) to a more negative
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Figure 3.13. Current response for 0.3mol-L~! ZnCl, 12CE on GC for different potential
steps. Applied potentials at F2 are indicated.

potential (£2) caused a sharp spike in current density, due to the capacitive charging,
followed by a current decay. An expanded graphic of the current and charge profile for
the step E£2 is shown in Figure 3.14.

The magnitude of the current density is remarkably high for potentials below —0.6 V.
For these potentials (—0.6, —0.7 and —0.8 V vs. Zn/Zn*") there is a slow decay in current
up to 5s. At the potential —0.8 V there is a peak at ca. 1s and a second one at 10s.
At potentials of —0.7 and —0.6V, there is a broader peak with maximum at 8s and
6's, respectively, followed by a continuous increase in current density. Apparently, two
processes are taking place at the electrode surface. Firstly, adsorption of species, probably
Ch™, onto the electrode surface, followed by reduction of the electrolyte, after the current
decay, that takes place with a continuous current rising within the time of measurement,
60s. This continuous increase in current is in agreement with cyclic voltammetric results
showed previously for this system. From cyclic voltammetry, we have proposed that below
—0.6'V there is reduction of the electrolyte with formation of hydrogen gas. Therefore,

the current density does not decrease to a limiting current plateau but it continuously
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increases, as there is no significant change in local concentration of the species, but a
continuous process, represented by Equation 3.9 followed by Equation 3.12.

At E2 for the potentials —0.5, —0.4, —0.3 and —0.2 V vs. Zn/Zn2+, the current decayed
faster and stayed almost constant at —0.03, —0.015, —0.004 and —0.002mA-cm~2,
respectively. Following the initial capacitive decay for all of the 4 curves, there was no
peak within the 60 s measuring period at each respective potential that would typically

be associated with the nucleation in an electrocrystallization process.

Current density (mA/cm?)

_07 | | | | | | _18 | | | | | |

0 10 20 30 40 50 60
Time (s)

0 10 20 30 40 50 60
Time (s)

Figure 3.14. Current and charge versus time of 0.3 mol-L~! ZnCl, 12CE on GC at the step
E2 for the indicated potential.

Figure 3.15 shows the current and charge profile versus time for the step potential E3.
At this third step, the potential was kept constant at —0.2'V vs. Zn/Zn*" to simulate
the cathodic peak of zinc deposition and to check its dependency on the overpotential
necessary for the formation of Z. It is observed that the current density at this step is
clearly dependent on the potential of the previous one, confirming our suggestion that
reducible species are formed at potentials < —0.6 V. When the previous potential E2
is kept at —0.2 or —0.3V, the charge consumed at E3 is negligible, because there is
no formation of Z but only very slow deposition of zinc from [ZnCl,|*". However, it is
noteworthy that in none of the current transients a nucleation peak is present, hence the
reaction occurring at this potential can be associated with a continuous process taking

place at the electrode surface, albeit at a lower rate than during the firsts 60s at E2.
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Figure 3.15. Current and charge versus time of 0.3 mol-L~! ZnCl, 12CE on GC at the step
E3=-0.2V.
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Figure 3.16. Current and charge versus time of 0.3 mol-L~! ZnCl, 12CE on GC at the step
E4=+10V.
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The current transients for £4, at the oxidation potential +1.0V vs.Zn/Zn*" are
presented in Figure 3.16. The charge consumed at this potential is also dependent on
the second step E2, indicating the potential-dependent formation of an intermediate
species. However, the dissolution charge is significantly lower than the deposition charge

at —0.2V, indicating incomplete dissolution during the period of measurement (60s).

From this series of charge transients it was possible to construct sampled charge
voltammograms for a constant sampling time. A typical sampled charge voltammogram
is shown in Figure 3.17. The shape of this curve is consistent with the series of cyclic
voltammograms shown in Figure 3.3, where the cathodic limit was decreased and there
was an equivalent decay of the charge consumed at the reverse cathodic peak. Moreover,
the electrochemical behavior of the zincate ions is still reproducible even for longer time,
as the cumulative charge sample was collected at 60s. The reproducibility found in the
present system indicates very slow kinetics for this reaction.

A sampled voltammogram constructed from a series of transients acquired at different
potentials from the deep eutectic 12CE with and without zinc chloride is shown in
Figure 3.18. The voltammetric behavior of the two solutions shows that for the solution
without zinc chloride the cumulative charge at potentials lower than —0.5V vs. Zn/ Zn*"
is much higher compared to the electrolyte containing 0.3mol-L ™! of ZnCl,. This
can be explained in terms of the overpotential required for hydrogen evolution at
different electrode materials. To a small extent, there is already electrodeposition of
zinc from [ZnCl,])* in the electrolyte containing ZnCl,, changing the electrode surface.
Consequently, compared to the electrolyte without zinc chloride, there is less charge
consumed, because the overpotential for hydrogen evolution is higher on zinc than on
glassy carbon. This result is in agreement with the cyclic voltammograms presented in
Figure 3.1, where the current density shows the same behavior, for electrolytes with and
without zinc, nevertheless, the difference is much smaller because of the shorter time

1

scale of this measurement (v = 10mV-s~', which is equivalent to 1s at each potential).

The current efficiencies (CEs) of the chronoamperograms are presented in Figure 3.19.
The CEs were calculated from the ratio of the anodic charge at E4 over the cathodic
charge at F2, at E3 or over the sum of the total cathodic charge F2 + E3.

From the CE related to the step E2 (i), which was varied between —0.2 and —0.8V,
the CE is over 100 % for —0.4, —0.5, —0.6 and —0.7V, which shows that zinc is not
deposited at these potential steps but at the next step at —0.2 V, therefore the magnitude
of the charge is much larger at the oxidation potential F4 compared with E2. At —0.8V
there is massive reduction of the electrolyte, so the CE decreases to 61 %. At —0.6V the
CE related to E2 is 190 %, which clearly shows that some reaction takes place at this
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Figure 3.17. Sampled voltammogram constructed from charge-time transients for £F2 and
E3 at 60s shown in Figure 3.14 and Figure 3.15. Corresponding previous potentials were (i)
—0.8V, (ii) —0.7V, (iii) —0.6 V and (iv) —0.5 to —0.2'V.
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Figure 3.18. Sampled voltammogram constructed from cumulative charge vs. time transients
from 12CE electrolyte with and without 0.3 mol-L~! ZnCl,. Samples collected at 60s.

potential, but zinc deposition can not occur, due to blocking of the surface.

The CEs calculated from the charge at F3, constant at —0.2'V, are between 32 and
58 %, indicating incomplete dissolution of zinc within the time scale of the measurement.
At —0.6'V there is a maximum in CE of 58 %, which might be due to formation of Z
without blocking the surface with hydrogen at —0.7 and —0.8 V, decreasing the CE to
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Figure 3.19. Coulombic efficiency of 4-step chronoamperometric experiments for 0.3 mol-L !
ZnCl, 12CE on GC.

49 and 32 %, respectively.

The ratio of the oxidation charge over the total cathodic charge (E2 + E3) shows the
same tendency as the previous calculation. There are clearly two tendencies. Decreasing
E2 from —0.6 to —0.8 V increases hydrogen evolution, i.e. the total charge consumed,
therefore CE drops off. Increasing E2 from —0.6 to —0.2V diminishes the formation of
7, thus the total CE decreases. Hence, we can conclude that the optimal potential for

the formation of Z without blocking the surface with hydrogen is —0.6 V.

Diffusion controlled current transients recorded by potential step chronoamperometry
in unstirred solutions under semi-infinite diffusion conditions to a planar macro-electrode
are described by the Cottrell equation (Equation 3.14), where the current ¢ is inversely

proportional to the square root of time t [52].

i =nFAC(D/n)Y?~1/? (3.14)

In this equation, F is the Faraday constant (96485C mol™'), n is the number of
electrons transferred, A is the electrode area (0.71cm?), C' is the bulk concentration of
the parent species (0.3mol-L ') and D is the diffusion coefficient in cm?s™!.

Deviation from linearity in a Cottrell plot (i vs.#~1/2) usually indicates that the current
is not diffusion-limited but other processes may limit the electrode reaction.

Cottrell plots of the current-time transients at potential £2 are presented in Figure 3.20.

Only for potentials within —0.2 and —0.3 V there is a linear correlation between current

1/2

density and ¢~1/2. At these potentials there is only reduction of zinc from [ZnCl,|*", at
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Figure 3.20. Cottrell plots of current-time transients for 0.3 mol-L~! ZnCl,/12CE at E2 at
different potential steps on GC.

a very slow rate and a diffusion coefficient of 5.17 - 107, 2.85- 10713, 3.94 - 1072,
and 1.11-107'%2 cm?s~?! for —0.2, —0.3, —0.4, and —0.5V, respectively. Below —0.5V
adsorption processes occur, and the transients are no longer linear. The non-linear
behavior is accentuated below —0.6 V, due to an increase on the rate of reduction of the
electrolyte, which are not diffusion controlled processes.

Studies of adsorption from quaternary ammonium ions gave similar results for chronoam-
perograms of ferrocene solutions in acetone, acetonitrile and dichloroethane contain-
ing tetrabutylammonium tetrafluoroborate (TBABF,) [115]. The ammonium cations
strongly adsorb on the surface of the electrode and desorb very slowly (between 2 and

1/2 was not linear. Moreover, it has also been shown that

205s), hence a plot of I vs t~
chronoamperometric measurements in ionic liquids behave differently when compared
to other non-aqueous electrolytes, as for example acetonitrile [134]. Although most
electrocrystallization processes take place very quickly, the time scale in ionic liquids
is apparently much longer due to the slow kinetics of the assembly of the ionic liquid
molecules at the interface. Hence adsorption, self-diffusion and potential-dependent
blocking might influence significantly the voltammetric behavior of redox species observed

in these measurements [110, 135, 136].
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3.2.2 Investigations on the electrodeposition of zinc from Z

In the chronoamperometric studies described in the previous Subsection 3.2.1, the
maximum current density at the step potential E2, for the formation of Z species,
was obtained at —0.8 V. Although this potential is very negative leading to hydrogen
evolution, and a decrease of the current efficiency of the reaction, it is also negative
enough to form Z species. Therefore, similar 4-step chronoamperometric investigations
were carried out by jumping from the rest-potential F'1 to a constant step potential
E2 at —0.8V vs. Zn/Zn*" and varying the third step E3 between —0.1 and —0.5V and
then back to the oxidation potential £4 at +1.0 V. This experiment was performed for
investigating the potential-dependence of zinc electrodeposition from the intermediate
7, or to mimic the reverse scan, as it was done in previous sections. A schematic

representation of the 4-step potential experiment is shown in Figure 3.21.
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Figure 3.21. Schematic representation of 4 step chronoamperometric experiments with
0.3mol-L. ™! ZnCl, 12CE on GC.

Representative current vs. time transients at constant potentials are shown in Fig-
ure 3.22 for F1, E2 and E3. The step to F4 is not shown.

The current-time profile at the step E2 is not always constant as it involves reduction
of the electrolyte, adsorption of hydrogen and/or gas evolution, which can block the
surface and cause a breakdown in current. This step was kept at such a negative potential
in order to ensure the formation of Z. The current profile at E3 (Figure 3.22) is clearly
dependent on the potential applied and not on the total charge consumed in the previous
step E2.

Chronamperometric and chronocoulometric plots of zinc deposition at different po-
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Figure 3.22. Current response of 0.3 mol-L ™! ZnCl, 12CE on GC for different potential steps.
Applied potentials at E2 are indicated.

tentials £'3 are shown in Figure 3.23. The magnitude of the current density and the
cumulative charge are evidently dependent on the potential applied. At small overpoten-
tials of —0.1 and —0.13V zinc electrodeposition occurs at a very low rate, evident from
the low current density up to 180s. Decreasing the potential to —0.15V and further
down to —0.25V vs. Zn/Zn*" leads to an increase of the current density, due to a higher
rate of zinc electrodeposition. Interestingly, although there are Z species in the diffusion
layer, decreasing the potential further to —0.3 and —0.5V causes a decay in current
density, in agreement with our hypothesis of blocking of the electrode surface at these

potentials. Therefore the consumed charge is also very low at these potentials.

The anodic charge consumed during step E4 correlates with that consumed at E3,

as presented in Figure 3.24, and confirms that most of zinc electrodeposition occurs
between —0.15 and —0.25V.
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Figure 3.23. Current and charge versus time of 0.3 mol-L~! ZnCl, 12CE on GC at the step
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Figure 3.24. Current and charge versus time of 0.3 mol-L~! ZnCl, 12CE on GC at the step
E4=+1.0V.
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The analysis of coulombic efficiencies derived from the ratio of the anodic charge from
Figure 3.24 over the cathodic charge either at the potential £2 at —0.8 V or E3 from
Figure 3.23, or over the sum of them (total cathodic charge) is presented in Figure 3.25.

The CE related to the step E3 shows that the ratio of Q%,/Q%; does not vary
significantly, as the zinc deposited on E3 is proportional to that reoxidized at F4, with
a very low efficiency, which might be due to the slow re-dissolution of zinc. Nevertheless,
the ratio related to the second potential step Q%,/Q%, shows a tendency, indicating
the reduction of Z to Zn. Starting from —0.1 to —0.13V, the efficiency is low, with
maximum of 15 % due to the low overpotential for the electrodeposition of zinc. From
—0.15 to —0.25V, CE increases to 60 %, which indicates that a significant part of Z is
reduced to zinc. Reducing the potential to —0.3 V results in a decrease of the CE to
ca. 20 %, which decays further as the potential is decreased to —0.4V. At —0.5V the
CE reaches a minimum of 7 %, which is in agreement with the explanation of electrode
blocking at such potentials. This blocking could be caused by multilayers of the ionic
liquid hindering Z to reach the electrode surface. Interestingly, this blocking is effective
for long periods of time, as the potential £3 was held for 180s.

The coulombic efficiency calculated from the sum of £2 and E3 followed the same
pattern as of Q%,/Q%, , because the magnitude of the current density is much higher in

the latter, so the contribution to CE is bigger.
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Figure 3.25. Coulombic efficiency of 4-step chronoamperometric experiments for 0.3 mol-L~!
ZnCl, 12CE on GC.
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Figure 3.26 shows a sampled voltammogram constructed from the cumulative charge at
60 s plotted together with that of previous experiments of varying E2 (Figure 3.17). The
sampled voltammograms reveal a very reproducible behavior for zinc electrodeposition on
glassy carbon. The plot is totally consistent with cyclic voltammograms already shown
for this system (Figure 3.1) and corroborates the suggested theory of potential-dependent

blocking/unblocking of the electrode surface.
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Figure 3.26. Sampled voltammogram constructed from 60s charge-time transients for
chronoamperometric experiments varying E2 (Chronoamperometry 1) and E3 (Chronoamper-
ometry 2).
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3.3 The effect of sodium ethoxide

In order to investigate the hypothesis that RO~ species are involved in the formation
of the intermediate Z, an alkoxide was added to the solution at high concentration
(0.9mol-L=* NaOC,H;). Thereby, dissociation of NaOC,H; and/or proton exchange
with the other hydroxyl-containing species, would lead to the formation of RO~ anions

in the bulk electrolyte, according to Equation 3.12.

The pKa values of ethanol, ethylene glycol and choline in dilute aqueous solution are
15.5, 15.1 and 13.9, respectively [137]. If this order of acidity holds also for ethoxide in
the DES, mainly deprotonated choline would be produced according to the following

equilibrium:

RO~ + R’OH = ROH + R'O~ (3.15)

where R = —CH,CH; and R’ = —CH,CH,N(CH,);*. This zwitterion would certainly
be a stronger ligand than the undissociated choline cation. Since ethanol is the least
acidic, ethoxide would be protonated and ethanol would be formed, which should result
in a viscosity decrease of the mixture. Experimentally, however, we find the opposite
(Figure 3.27). While the addition of 0.3 mol-L~! ZnCl, in agreement with previous reports
[45, 123] results in a negligible change in the viscosity of 12CE, the addition of sodium
ethoxide substantially increases the viscosity of 12CE without and even more drastically
of 12CE with 0.3mol-L~! ZnCl,. If the order of pKa values and the resulting proton
exchange equilibria are correct, the formation of ethanol and the expected decrease in
viscosity is obviously overcompensated for by another effect. An appreciable amount
of sodium ions is generated by the dissociation of sodium ethoxide. Ethylene glycol is
known to be a relatively weak hydrogen bond donor [45] and the partial replacement of
protons with sodium ions in the 12CE obviously leads to a much stronger interaction
between its two components choline chloride and ethylene glycol thereby increasing
the viscosity. Chloride ions released upon replacement of one or more chloride ligands
with choline in the tetrachlorozincate complex increase the concentration of anionic
hydrogen bond donor complexes, while the zwitterionic choline ligands in the resulting
zinc complexes have an alkylammonium group that bears a positive charge. This might
lead to a much stronger interaction of the zinc complex with the DES and could explain
the substantial viscosity increase of the ZnCl, containing 12CE with increasing amounts

of sodium ethoxide.

The cyclic voltammetric behavior in this electrolyte was significantly different from

that observed without NaOC,H; (Figure 3.28). In contrast to the voltammograms
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Figure 3.27. Viscosity at 30 °C of 12CE and 0.3 mol-L~! of ZnCl, /12CE electrolytes containing
various amounts of sodium ethoxide.

without the ethoxide (Figure 3.1), a cathodic peak was observed on the initial forward
scan at ca. —0.2V, and a second one with almost the same peak current density and
at the same potential on the reverse anodic sweep. The peak potentials are similar to
those observed previously for the solution without the additive, which were assigned
to the reduction of Z to zinc. We therefore conclude that the presence of the strong
base NaOC,H; caused the formation of reducible species in the bulk electrolyte with a
reduction potential similar to that observed in electrolytes without the ethoxide, which
had been assigned to Z. The ratio of the anodic charge (from 0 to 1.0 V) over the cathodic
(from 0 to —0.6 V) was 32 %, showing that there is still a significant contribution of
side-reactions, such as decomposition of the electrolyte, although the cathodic switching
potential was increased to —0.6 V. Additionally, low solubility and incomplete dissolution

of zinc in the electrolyte can account for the low coulombic efficiency.

Rotating the electrode in the solution containing NaOC,H; resulted in an increase of
the peak currents at —0.2'V as presented in Figure 3.29. The ratio of the anodic charge
passed from 0 to 1.0V over the cathodic charge from 0 to —0.6 V were around 25-30 %
for the static and rotating electrodes, which can be the result of side reactions such as
the reduction of EG or Ch™ or possibly dendritic zinc deposition with detachment of the
dendrites. The increase in current density with rotation rate is in marked contrast to the
behavior found for the electrolyte without NaOEt and indicates that species present in

the bulk of the electrolyte are reduced rather than intermediates formed in the diffusion
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Figure 3.28. Cyclic voltammogram of 0.3 mol-L ! of ZnCl, and 0.9 mol-L =1 of NaOC,H; in
12CE on a glassy carbon disk electrode (v = 10mV-s~!, T = 30 °C) starting from 0V vs. Zn/Zn>**
with a negative sweep direction. Arrows indicate sweep direction.

layer as would be expected if NaOEt was not involved in the formation of Z. It is also
interesting to note that no plateau for a diffusion limited reduction current was observed
even at rotation rates as high as 5000 rpm. Again this can be explained by potential

dependent blocking of the electrode.

Rotating disc voltammograms of ZnCl, in 12CE containing an excess of NaOC,H;
are presented in Figure 3.30 as a function of scan rate. Decreasing the potential scan
rate increases the magnitude of the cathodic peak at —0.2'V and decreases the anodic
stripping current, consequently decreasing the coulombic efficiency. The ratio of the
anodic over the cathodic charge passed are: 26 % at 10mV-s~!, 20% at 5mV-s~!, 14 %
at 2mV-s~! and 8 % at 1mV-s~!. Inefficiency could be related to parasitic reactions and
a low re-dissolution rate of zinc. The peak current density increasing with lower scan
rates can be explained by slow adsorption/desorption kinetics of the blocking layer.

At sufficiently high overpotentials, RDE voltammograms are usually characterized by
a mass-transport-limited current plateau rather than a peak [52]. However, in our RDE
voltammograms even at scan rates as low as 1 mV-s~!, no limiting current is observed.
This again shows that a slow step with kinetics on the timescale of several seconds is
likely to limit the rate of the electrode reaction below —0.2 V. Moreover, it is alleged that
not merely speciation of zinc plays a role in this reaction, but that also the structure of

the electrode/electrolyte interface in the DES affects the unusual reduction behavior of

PhD Thesis by Luciana Vieira, 2014 47



3 Zinc electrodeposition on glassy carbon

0.02 mA/cmZI (vi)

— (i)
— (i)

\\\ N *\ \\ \\\
|

Current density (mA/cmz)

L L L L | L | L L
-08 -06 -04 -02 00 02 04 06 08 10 1.2
Potential (V vs. Zn/Zn*")

Figure 3.29. Cyclic voltammogram of 0.3 mol-L~! of ZnCl, and 0.9 mol-L~! of NaOC,H; in
12CE on a glassy carbon disk electrode (v = 10mV-s~!, T = 30°C) starting from 0V vs. Zn/Zn>**
with a negative sweep direction. The rotation rate of each scan was: (i) 0, (ii) 1000, (iii) 2000,
(iv) 3000, (v) 4000 and (vi) 5000 rpm. Arrows indicate sweep direction. The voltammograms
are offset for clarity.

the zinc species.

Peak-shaped responses instead of a steady-state limiting current have been observed for
RTILs, even in cyclic voltammetry using microdisk electrodes and RDEs under high rates
of rotation, which is commonly not the case [136, 138]. This difference arises from the
high viscosity of the ionic liquids and consequently the much smaller diffusion coefficients
of the electroactive species. On the voltammetric timescale this gives rise to peaks
similar to planar diffusion conditions. Consequently, the classical Levich description for
hydrodynamic voltammetry [52] breaks down, because the contribution of convection is
minimized and no limiting current is observed in the range of rotation speed employed.
Furthermore, a near steady-state response could in principle be achieved by increasing
the rotating rate until the Levich limiting current value is achieved. However, at rotation
rates as high as the maximum used for 12CE (5000 rpm), air bubbles become trapped in
the ionic liquid-electrode interface, giving rise to a noisy current response. Moreover,
due to the potential-dependent blocking of the electrode, the current density decreases

after the forward peak, thus no steady state can be achieved.
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Figure 3.30. Cyclic voltammogram of 0.3 mol-L ™! of ZnCl, and 0.9 mol-L ™! of NaOC,H,
in 12CE on a rotating glassy carbon disk electrode at a rotation speed of 4000 rpm and the
indicated scan rates, T = 30 °C; starting from 0V vs. Zn/Zn*" with a negative sweep direction.
The voltammograms are offset for clarity.

3.4 Electrodeposition of zinc from ethylene glycol

Since the electrodeposition of zinc from 12CE electrolyte has a mechanism involving not
only the formation of intermediate species but also blocking of the electrode surface,
probably by choline ions, cyclic voltammetry in a solution of 0.3mol-L=! ZnCl, in
ethylene glycol (EG) without choline chloride was carried out in order to make a direct
voltammetric comparison to a more conventional system. The cyclic voltammetric
response of zinc ions in ethylene glycol should provide some hints on the mechanism and
on the adsorption effects taking place in the deep eutectic solvent.

A typical cyclic voltammogram of a 0.3 mol-L~! solution of ZnCl, in ethylene glycol is
shown in Figure 3.31. A cathodic wave started at roughly —0.2V and it was attributed
to the electrodeposition of zinc with an associated anodic peak at ca. +0.5V assigned to
the stripping of the zinc deposit. The current density of the anodic peak decreased from
the first to the second cycle. The coulombic efficiency was 86 % in the first cycle and
71 % in the second and third cycle, which is much higher than in the solution of 12CE
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(usually between 20 and 60 %).
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Figure 3.31. Cyclic voltammograms of 0.3mol-L ™! of ZnCl, in ethylene glycol at a static
glassy carbon disk electrode (v = 10mV-s~!) starting from 1.0V vs. Zn/Zn** with a negative
sweep direction. Arrows indicate sweep direction.

A characteristic nucleation loop, often found for metal electrodeposition on dissimilar
substrates, was also observed. Such current loops occur because metal deposition on some
foreign substrates require a considerable overpotential to initiate nucleation, but less for
the growth of the nuclei from a certain critical size on. Nucleation loops have often been
observed for zinc plating on glassy carbon, for example, in 1-ethyl 3-methylimidazolium
chloride (EMIC) [22, 23] aqueous KCI [139], or NH,ClI [140] solutions, and apparently
on Pt from 12CE with 0.5 mol-L~! ZnCl, [34].

Decreasing the cathodic limit from —0.8V to —1.0, —1.2 and —1.5V vs. Zn/Zn*"
results in an increase of the anodic peak currents, as shown in Figure 3.32. It is also
noteworthy that the magnitude of the current density is slightly higher for the zinc
electrodeposition in ethylene glycol compared to that seen for the deep eutectic. The
coulombic efficiency of the CVs were 85, 81 and 87 % for cathodic limits of —1.0, —1.2 and
—1.5V vs. Zn/Zn**, respectively, indicating that there is not a significant contribution
of side reactions with an increase of the cathodic potential limit, although it would be
expected that there would be a higher contribution from the reduction of EG.

Figure 3.33 shows a set of CVs at different potential scan rates. Varying the scan rate

of the CV results in a slight increase in current density, which could be due to a small
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Figure 3.32. Cyclic voltammograms of 0.3 mol-L~! of ZnCl, in ethylene glycol with differ-
ent cathodic limits at a static glassy carbon disk electrode (v = 10mV-s™!) starting from
1.0V vs. Zn/ Zn?* with a negative sweep direction. Arrows indicate sweep direction.

increase of the capacitive charge. Additionally, for faster scan rates the cathodic current
is peak shaped whereas at slower rates there is a continuous increase in current density.

The coulombic efficiency of the CVs performed at different scan rates is presented in
Figure 3.34. The faster the potential is swept, the lower the efficiency of the reaction,
which might be due to the temporary exceedance of the solubility limit of zinc ions in

the diffusion layer.

The cyclic voltammetric behavior of zinc in ethylene glycol is significantly different
from that observed in 12CE electrolyte, since a cathodic peak is observed already in the
forward scan, which is consistent with the suggestion that the choline ions block the
surface of the glassy carbon electrode in the cathodic range of the cyclic voltammogram.
However, it is important to note that the conditions are different due to the lower
viscosity of ethylene glycol compared to 12CE and the different Lewis character of the
solution, which may result in a different speciation of zinc. Moreover, the conductivity
of ethylene glycol alone is low, thus the Ohmic drop in the solution is higher.

In order to overcome this divergence and make the Zn:Cl ratio equal in both electrolytes,
KCl was added to the solution. The addition of an ionic salt would also have the advantage
of enhancing the ionic conductivity of the electrolyte. A cyclic voltammogram of the
solution containing 1mol-L~! of KCI is shown in Figure 3.35.

Electrodeposition of zinc from ZnCl,:KCl:EG system is remarkably different from that

in the absence of KCI. The cathodic current density increases sharply when the nucleation
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Figure 3.33. Cyclic voltammograms at different scan rates of 0.3 mol-L~! of ZnCl, in ethylene
glycol at 30 °C and at a stationary glassy carbon disk electrode starting from 41.0 V vs. Zn/Zn**
with a negative sweep direction. The voltammograms are displaced on the current density axis
by +10mA-cm~2 for clarity.
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Figure 3.34. Coulombic efficiencies as a function of scan rate for the cyclic voltammograms
of 0.3mol-L ! of ZnCl, in ethylene glycol at 30 °C shown in Figure 3.33.
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Figure 3.35. Cyclic voltammograms of 0.3mol-L ™! of ZnCl, in ethylene glycol with and
without 1mol-L~! of KCI at a static glassy carbon disk electrode (v = 10mV-s~!) starting
from 1.0V vs.Zn/ Zn*t with a negative sweep direction. Arrows indicate sweep direction.

has begun, giving rise to a peak shaped deposition with maximum current desity at
ca. —0.3V, differently from the CV recorded previously. A second cathodic peak is also
observed at ca. —0.7 V. Multiple cathodic peaks indicate that zinc is deposited from
more than one zinc species, probably ZnCl;™ at —0.3V and ZnCl,*> at more negative

potentials (—0.7 V). A nucleation loop with an overpotential of ca. 150 mV is observed.

During the reverse sweep, two anodic waves are observed at 4+0.1 and +1.6 V, which
can be associated with the two cathodic peaks, or firstly to zinc dissolution and at —1.5V
to the oxidation of Cl" to Cl; . The coulombic efficiency was 87 %, which is higher
compared to 63 % in the 12CE electrolyte over the same potential range (cathodic range:
0 to —0.8V and anodic 0 to —2.4V). In both cases, inefficiency could arise through
parasitic reactions such as hydrogen evolution and disconnection of dendritic zinc deposits,
although the formation of dendrites was not seen during both experiments. The obvious
difference in the potential region from —0.8 to 0V between the two electrolytes may
be due to the lack of choline to block the surface or the different mole fractions of
zinc chloride species, especially as choline would be expected to stabilize [ZnCl,]*" [42].
Nevertheless, stabilization of zinc ions by coordination with ether chains has already been
suggested for quarternary alkoxy alkyl ammonium ionic liquids with various oligo-ether
side chains [46].

A series of voltammetric measurements was carried out varying the cathodic switching
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3 Zinc electrodeposition on glassy carbon

potential. Figure 3.36 shows the cyclic voltammograms with different cathodic limits.
Changing the cathodic limit from —0.8 V to —1.2V increases the magnitude of the peak
current of the first anodic peak at +0.1V and also shows that the reduction of ethylene
glycol occurs at ca. —1.1 V. The coulombic efficiency was 86, 76 and 52 % for cathodic
limits of —0.8, —1.0 and —1.2V, indicating that as the reverse potential goes negative,
more charge is consumed for the reduction of ethylene glycol to form hydrogen as shown

in Equation 3.16.

HOCH,CH,OH + ¢~ — HOCH,CH,O™ + 1 H, (3.16)
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Figure 3.36. Cyclic voltammograms of 0.3 mol-L ™! of ZnCl, in 1 mol-L~! KCI ethylene glycol
with different cathodic limits at a static glassy carbon disk electrode (v = 10mV-s~!) starting
from 1.0V vs. Zn/Zn*" with a negative sweep direction. Arrows indicate sweep direction.

Ethylene glycol has a number of advantages in comparison with aqueous baths, for
example a larger electrochemical window, higher boiling temperature (197 °C) and lower
vapor pressure (8 Pa), which allows the deposition of metals that can not be reduced in
aqueous solution. Solutions of EG are also known to form stable complexes with some
metals as divalent metal halides with general formula M(EG), X,, where M = Mn, Co,
Ni, Cu, Mg, Ca, Sr; n = 1 — 4 and X = Cl, Br [141]. Nevertheless, many electrolytes
based on organic solvents have insufficient solution conductivity and higher viscosity
than aqueous solutions, although still fairly low compared to ionic liquids.

EG has been used as solvent for the electrodeposition of zinc and thermoelectric
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semiconductor films of Zn—Sb alloys, from a zinc chloride and antimony potassium
tartrate solution at 120°C [142]. Other compounds such as CdS,Se, , for solar cell
applications [143], AuSn [144], Bi,Te; [145] and Co—Sb alloys [146] have also been
successfully deposited from this electrolyte. Moreover it has also been used as additive
for 1-ethyl-3-methylimidazolium bromide (EMIB) ionic liquids and has shown to improve
the quality of zinc deposits obtained from ZnBr, in EMIB. By adding EG to the ionic
liquid the authors reported that the dissociation of EMIB to EMIT and Br™ is promoted.
Consequently, Br ions are coordinated with ZnBr,, increasing the activity of the effective
species for zinc deposition, such as ZnBr,* [147-149].

The solution without KCI, is Lewis neutral, so it is likely that the zinc ions are
stabilized by coordination with EG. The EG mixture turns Lewis basic by adding
1mol-L™! of KCI due to the excess of CI", and the equilibrium is shifted as shown in
Equation 3.17 and 3.18.

ZnCl, + CI” = ZnCl;~ (3.17)

ZnCl,” + ClI~ 2 ZnCl,>~ (3.18)

Due to the large excess of Cl ions in the solution of 0.3mol-L~! ZnCl, 1mol-L~!
KCl in EG, it is likely that the main active species is [ZnCl,]?". However, as already
discussed previously for the 12CE system, it is unlikely that zinc would be deposited
from [ZnCl,]*", although deposition of zinc from [ZnBr,|* solutions of EMIB containing
EG [147-149] and from ZnCl, in ethylene glycol [142] has been described in the literature.
Nevertheless, the formation of complexes such as [Zn(EG),Cl 4_X)](2’X)’ is possible and
it is likely that the electrodeposition of zinc occurs through the formation of such
compounds. Furthermore, the lower viscosity of EG compared with 12CE allows a faster
mass transport of the electroactive species, therefore a higher current density in the
ZnCl,:EG system is observed. Additionally, no blocking effects are observed, in contrast
to the 12CE system containing choline [42, 43]. Obviously, the physical effects at the
interface of glassy carbon and EG are conspicuously different from those of glassy carbon
and 12CE, as the ionic liquid plays a dual role of solvent and electrolyte, which and it

may interfere with the voltammetric response of the system [120, 134].
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3 Zinc electrodeposition on glassy carbon

3.5 Partial conclusions

Cyclic voltammetry on glassy carbon electrodes of ZnCl, in a strongly Lewis-basic deep
eutectic solvent comprising choline chloride and ethylene glycol has revealed an unusual
cathodic peak on sweeping the potential positive from —0.8 V vs.Zn/ Zn*T. A possible
explanation for the cause of this feature has been given, namely, that active sites on
the glassy carbon are blocked by adsorbed species such as choline or hydrogen at low
potentials, which gradually desorb at potentials > —0.5V. This hypothesis was supported
by cyclic voltammetry in an ethylene glycol solution without choline chloride, which
shows conventional zinc electrodeposition. This indicates that choline ions are blocking
the surface during the negative sweep in the deep eutectic solvent. Zinc is deposited from
a reducible Zn species Z formed as intermediate during the cathodic sweep. Z is formed
in the diffusion layer by replacement of one or more chloride ligands in the [ZnCl,]*
ion, which Raman spectroscopy confirmed to be the dominating zinc species in the
Lewis-basic DES. Furthermore, Z can be transported into the bulk of the electrolyte by
rotating the electrode. The formation of Z has slow chemical kinetics and increasing the
potential scan rate decreases the zinc deposition rate. The formation of an intermediate
and the blocking of the surface is not affected by increasing the temperature.

The addition of sodium ethoxide to the solution facilitated the deposition of zinc.
A cathodic peak for Zn deposition was observed at the same potential as without the
ethoxide, on the forward cathodic, as well as on the backward anodic sweep. RDE
experiments with the ethoxide containing electrolyte caused the current to increase
with rotation rate, which supports the hypothesis that the intermediate Z contains RO~
anions and that in presence of an alkoxy base they are already formed in the bulk of
the electrolyte. This observation is consistent with the hypothesis that Z is a complex
having the formula [ZnCl, ,(RO),J*".

The unusual electrochemical behavior of zinc in choline-based deep eutectic electrolytes
opens many questions not only on the mechanism of zinc reduction from ionic liquids but
also on the structure of the electrode/electrolyte interface in such deep eutectic solvents
and how this affects electrochemical reactions. Further investigations are required on the
complexation of the Zn*" ions and on the potential dependent blocking of the electrode to
corroborate this hypothesis. Therefore, PM-IRRAS spectroelectrochemistry was carried
out and will be discussed in Chapter 8.
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4 Zinc electrodeposition on

platinum and gold

The electrodeposition of zinc from 12CE on glassy carbon shows a very interesting
mechanism involving formation of intermediate species and blocking of the substrate by
adsorbed species. Since glassy carbon is a non-metallic electrode and electrodeposition
as well as adsorption processes are often strongly affected by the electrode material,
it is of interest whether the phenomena observed on glassy carbon would occur also
on metal substrates. Therefore, in order to better understand the mechanism of zinc
electrodeposition from 12CE electrolytes, investigations on platinum, copper, gold and

stainless steel electrodes were carried out and are presented in this and the next chapter.

4.1 Zinc deposition on platinum

4.1.1 Voltammetric studies

The 12CE electrolyte without ZnCl, was examined by cyclic voltammetry within —0.3
and +2.4V using a platinum working electrode (Figure 4.1). The CV started from open
circuit potential at +0.9V vs. Zn/Zn®t with a negative sweep direction. From +0.2V
there is an increase of current, which can be attributed to reduction of ethylene glycol,
choline or traces of water. From —0.2V, massive gas bubbling was observed at the
electrode surface due to formation of hydrogen, because the overpotential for hydrogen
evolution is much lower on platinum compared to glassy carbon.

In the anodic range, there is a remarkable increase of current at £ > +2.3V vs. Zn/Zn*",
followed by a cathodic peak on the return sweep at +2.2V. This is attributed to the
oxidation of chloride ions to chlorine and its respective reduction to chloride, according

to Equation 3.1 [13]. No evolution of chlorine gas was visually observed at F = 4+2.4V.

Figure 4.2 shows a cyclic voltammogram for 0.3 mol-L~! ZnCl, 12CE on a stationary
platinum electrode at 10mV-s™! scan rate. The voltammogram started cathodically from
+0.4V vs. Zn/Zn*" swept to —0.8 V and then cycled to +1.2'V and back to zero. In the
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Figure 4.1. Background cyclic voltammogram of 12CE at 10 mV-s~! using a platinum working
electrode at 30°C.

CV containing ZnCl,, two cathodic peaks and two anodic waves are observed in the
region of —0.6 to +1.2V, which were not present in the CV of the DES without zinc.
The two extra cathodic peaks are observed at —0.3V on the forward scan and on the

backward sweep at ca. —0.35 V.

Hydrogen evolution takes place on the electrode surface whose kinetics strongly depend
on the electrode material. Platinum is regarded as excellent electrocatalyst for hydrogen
evolution, as the formation of adsorbed hydrogen lowers the energy of activation at such
materials [53, 131, 150-153]. Consequently, platinum metals favours the reaction to occur
more readily, hence the proton-transfer step (Volmer Reaction, shown in Equation 4.1)
takes place close to the equilibrium potential, whereas for glassy carbon hydrogen
evolution occurs at more negative potentials, changing the voltammetric response for

these two electrode materials in 12CE electrolytes.

H" +M+e” — M-H (4.1)

According to the mechanism proposed for zinc electrodeposition from 12CE on glassy
carbon electrodes, the electrodeposition of zinc takes place from an intermediate species
formed on the cathodic sweep by a ligand exchange reaction of [ZnCl,]*” with RO™, which
is generated by electrolyte reduction (Equations 3.9 to 3.12). Because the formation

and adsorption of hydrogen takes place on transition metals at a more positive potential
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4.1 Zinc deposition on platinum

than on sp metals, the reduction of the deep eutectic solvent (ROH) to form adsorbed
hydrogen and RO™ species occurs at £ < +0.2V on platinum electrodes. Consequently,
the zinc deposition from Z occurs during the forward cathodic scan, simultaneously with
hydrogen evolution, differently from glassy carbon. Since the reduction of the electrolyte
is continuous and the electrodeposition of zinc is not only mass-transport controlled but
also depends on the formation of Z, the current would rather be expected to continuously
increase till the switching potential is reached at —0.6 V. Instead, the cathodic wave
with its maximum at —0.3V is peak-shaped on the forward and on the backward sweep
at —0.35V. Thus, it is likely that on platinum substrates there is also blocking of the
surface by choline ions, although to a smaller extent compared to glassy carbon, for this

reason the current decreases between —0.35 and —0.4V on the forward scan.

4
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Figure 4.2. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte on a stationary
platinum disc electrode (10mV-s~!, 30°C) starting from +0.8 V vs. Zn/Zn?" with a negative
sweep direction. Arrows indicate sweep direction.

The voltammetric response for 0.3mol-L~! ZnCl, in 12CE on platinum and glassy
carbon electrodes are plot together and presented in Figure 4.3. The current density for
zincate reduction on platinum is significantly higher compared to that on GC. Moreover,
the CV recorded on platinum differs essentially from that on GC by the presence of a
cathodic peak on the forward scan, which can be explained in terms of the overpotential
for hydrogen evolution.

In the anodic range of the CV on Pt two distinct stripping peaks were recorded. A
small anodic peak at +0.12V vs. Zn/Zn*" (A1), which is barely seen in Figure 4.2, and
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Figure 4.3. Cyclic voltammogram of stationary glassy carbon and platinum electrodes (as
for cycle 2 from Figure 4.2) in 12CE electrolyte with 0.3 mol-L~! ZnCl, at 10mV-s~!, 30°C)
starting from +0.8V vs. Zn/ Zn** with a negative sweep direction. Arrows indicate sweep
direction.

a dominating wave at +0.37V vs. Zn/Zn*" (A2). Apparently, zinc deposited on the
platinum electrode consists of two different energy states. The first anodic peak (A1)
coincides with the peak attributed to dissolution of zinc on glassy carbon, as better
visualised in the expanded graphic from Figure 4.3, and it is likely to be on the same
energy state (elemental zinc), whereas the second dominating wave might be related to

zinc, which is alloyed with the platinum substrate.

The total anodic charge was between 19 and 21 % of the cathodic charge for the three
cycles shown in Figure 4.2. Low coulombic efficiency can be attributed to parasitic
reactions from —0.4 to —0.6 V vs. Zn/Zn*", where formation of bubbles on the electrode
surface — hydrogen gas due to reduction of ethylene glycol, choline or trace water in the
electrolyte — was observed, and/or to incomplete dissolution of zinc. Furthermore, from
the CVs of Figure 4.2 it can be seen that the current response decreased considerably
from the first to the third cycle. Apparently, as the platinum electrode is subjected
to zinc deposition/stripping cycles, this leads to a change in surface structure, due
to incomplete dissolution of zinc. Since the overpotential for hydrogen evolution on
zinc-platinum intermetallics is probably higher than on pure platinum, the reduction of
the electrolyte is slower and a lower current density is recorded in the second and third

cycle.
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Abbott et al. [36] investigated the deposition of zinc on a platinum substrate from
12CE electrolytes. Two different anodic peaks for zinc dissolution were observed and
attributed to the dissolution of nano- and bulk phase zinc. The authors discarded the
possibility of Pt—Zn alloy formation by comparing with the behavior of zinc deposition
on a glassy carbon substrates, where they also observed two anodic peaks. However,
based on the phase diagram of platinum and zinc (Figure 4.4) and comparing with
our results of zinc deposition on a glassy carbon substrate, in which only one main
anodic peak is observed and no alloy formation takes place, as GC is an inert non-metal
electrode, we suggest that the multiple dissolution peaks are not due to the formation of
nano and bulk crystalline phases but due to the formation of intermetallic compounds
between the platinum substrate and zinc plus the dissolution of unreacted zinc. Thus
the first peak Al on 4+0.12V vs. Zn/Zn*" (Figure 4.3) is assigned to oxidation of Zn,
whereas the second more positive peak on +0.37 V vs. Zn/Zn** (A2) is assigned to the

dissolution of zinc from Pt—Zn intermetallics.
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Figure 4.4. Pt—Zn binary phase diagram [154].

The formation of Pt—Zn alloys from ionic liquids has been reported in the literature,

either from co-deposition of Zn and Pt onto GC and W electrodes from Lewis acidic
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ionic liquids based on ZnCl,-EMIMCI (1-ethyl-3-methylimidazolium chloride) containing
Pt [155], or similarly to the procedure presented above, from electrodeposition of zinc on
Pt electrodes in pure ZnCl,-EMIMCI melts [155-157].

Electrodeposition of zinc on platinum electrodes with formation of Pt—Z7n alloys has
also been described from ZnCl,—NaCl melts at 450 °C [158] and from alkaline aqueous
[159-161] as well as acidic sulphate solutions [162-164].

Further CV was performed by fixing the anodic switching potential at +1.2V and
decreasing the cathodic limit from —0.8 to —0.7, —0.6, —0.5 and —0.4V (Figure 4.5).
It can be seen that for platinum electrodes the cathodic limit does not play such a
significant role as for glassy carbon electrodes, because the Z species can be formed at
less negative potentials. For the CV with a cathodic switching potential of —0.8 V, apart
from the first anodic peak at +0.14V related to oxidation of bulk Zn and the second
anodic wave at +0.4V, another anodic peak is observed at +0.5V, indicating that for
such a cathodic polarization of the platinum substrate, multiple Pt—Z7n phases may be
formed. Increasing the cathodic limit from —0.7 to —0.5V does not affect significantly
the cathodic peaks and the alloying, as the anodic peak current A2 does not decrease in
magnitude.

The total anodic charge related to the total cathodic one are: 12, 19, 32, 43 and 19 %
for switching potentials of —0.8, —0.7, —0.6, —0.5 and —0.4 V, respectively, indicating
that from —0.6 to —0.8V, most of the cathodic current is consumed for hydrogen
evolution. The low efficiency for the cathodic limit at —0.4V indicates that besides
hydrogen evolution, no significant amount of zinc was deposited within this potential
limit. Nevertheless, the decreasing wave at A2 (4+0.4V) by increasing the cathodic
limit from —0.5 to —0.4V clearly indicates that the electrodeposited zinc reacts with
the Pt substrate to form Pt—Zn alloy in this potential range (E < —0.4) and it is
also consistent with the fact that the peak current at +0.14V becomes smaller as the
switching potential goes more negative, as by decreasing the cathodic limit, the driving
force for Pt—Zn alloying increases, therefore more of the electrodeposited zinc is alloyed

with the platinum substrate.
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Figure 4.5. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte on a stationary
platinum disc electrode (10mV-s~!, 30°C) starting from 0.4V vs. Zn/Zn?" with a negative
sweep direction. Arrows indicate sweep direction.

Figure 4.6 shows a set of experiments with potential limits between —0.7 and +1.2'V
and varying scan rate. Increasing the scan rate shifts the forward reduction peak to
more negative potentials indicating slow kinetics. Additionally, three anodic peaks are
observed (signed as Al, A2 and A3 in Figure 4.7). The first peak (A1) is hardly visible
and can be assigned to the oxidation of Zn. The stripping charge from A1, corresponds to
3.5 monolayer of zinc at 5mV-s7!, 2.5 at 10mV-s~! and 0.2, 0.4, 0.3 and 0.3 monolayers
of zinc at 20, 30, 40 and 50mV-s~}, respectively (calculated from the atomic volume of

zinc onto the geometric area of the platinum electrode).

The second stripping peak assigned to dissolution of alloyed zinc (A2) shifts positively
and decreases in magnitude by increasing the scan rate. This behavior supports our
suggestion of alloy formation between zinc and platinum with slow kinetics. A third
peak is also observed at around +1.1V (labelled as A3), suggesting that the deposit
may contain multiple Pt—Zn phases. The peak A3 is more pronounced for higher sweep
rates, which is consistent with the slow kinetics of the system also for stripping of the

Pt—Zn alloy, shifting the oxidation potential to more positive values by scanning faster.

The ratio of the total anodic charge from 0 to +1.2V related to that consumed from
0 to —0.7V vs. Zn/Zn*" was 33, 19, 10, 13, 10 and 7.5% for the scan rates of 5, 10,
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20, 30, 40 and 50 mV-s~1, respectively, which confirms that the zinc-platinum alloying
has very slow kinetics. Moreover, the very low coulombic efficiency for scan rates of
50mV-s~!, indicates that for such a high scan rate, only fast reactions take place in the
cathodic range, e.g. adsorption of hydrogen and hydrogen evolution, which may happen

remarkably fast on platinum electrodes in protic ionic liquids [151-153].
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Figure 4.6. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte on a stationary
platinum disc electrode 30 °C starting from 0.4V vs. Zn/ Zn** with a negative sweep direction.
Arrows indicate sweep direction.

Zinc deposition from 12CE on a platinum rotating disc electrode (RDE) has been
performed at 30°C and rotation rates ranging from 100 to 3000 rpm (Figure 4.8). The
sweep was started at +0.4V with a negative direction and 10 mV-s~! scan rate. Upon
rotation of 100 rpm, the peak currents on the cathodic forward and backward scan, as
well as the anodic stripping peak, increase significantly, whereas the current attributed
to hydrogen evolution does not change to the same extent. This indicates that the

convection increases the transport of electroactive species to the electrode surface.
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Figure 4.7. Anodic range of the CV from Figure 4.6 on an expanded scale.

Increasing the rotation rate further causes a decrease of the cathodic peak current
compared to the CV recorded at 100 rpm, although still with higher peak currents than
at the static electrode. The potentials for the forward cathodic peak shift negatively,
whereas in the backward scan peak potentials shift positively, as better visualised in
Figure 4.9. At —0.7V, the current is not significantly affected by the rotation rate.
Moreover, the cathodic peak on the backward scan approaches a constant peak current
and peak potential (at ca. —0.1V) at rotation rates higher than 600 rpm and it does
not change significantly with an increase of the hydrodynamic force. It is noteworthy
that the current density of the forward peak is much higher than that of the peak on
the reverse scan. This is probably due to the increased transport rate of the reducible
species into the bulk of the electrolyte by rotating the electrode.

In the anodic range, the increase in rotation rates higher than 300rpm causes a
decrease in current density and a shift on the stripping peak potentials, initially at +0.4
to +0.26 V vs. Zn/ ZnT, pointing out that by rotating the electrode, the reducible species

7, are transported into the electrolyte, causing a decrease of the zinc deposition rate.

The coulombic efficiency of the CVs as a function of rotation rate is presented in
Figure 4.10. The ratio of the anodic over the cathodic charge substantially decreases
from 29 % on the static electrode to 17 % with a rotation rate of 100 rpm and to 11 %
for 300rpm. Increasing the rotation rate further does not affect much the current
efficiency. This implies that much of the cathodic current is consumed in side reactions
e.g. decomposition of the electrolyte with formation of hydrogen. With convection, more

of the hydrogen gas formed can be transported away from the electrode surface avoiding
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a decrease in current, simultaneously with a higher transport rate of electrolyte species to

the electrode surface, favouring their reduction and consequently decreasing the current

efficiency.
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Figure 4.8. RDE cyclic voltammogram of a platinum electrode at different rotation speeds
in 0.3mol-L~! of ZnCl, in 12CE, 10 mV-s~t, 30°C, starting from +0.4V vs. Zn/Zn*" with a
negative sweep direction. Arrows indicate sweep direction.
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Figure 4.9. Forward and backward peaks assigned for deposition of Zn from the CVs shown
in Figure 4.8 (0.3 mol-L~! of ZnCl, in 12CE, 10mV-s~!, 30°C on a Pt-RDE with different
rotation rates). Arrows indicate sweep direction.
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Figure 4.10. Coulombic efficiency versus rotation rate for RDE experiments of 0.3 mol-L~!
of ZnCl, in 12CE on a Pt substrate shown in Figure 4.8.

The voltammetric studies varying the scan rate and the cathodic potential limit
revealed that multiple Pt—Zn phases might form during cathodic polarization. For
the purpose of investigating the alloying kinetics and the subsequent anodic stripping
of Pt—Z7n phases, a series of experiments was carried out, in which the potential was
held constant at —0.3 V vs. Zn/Zn*" for a certain period of time followed by a linear
voltammetric scan from —0.3 to +1.8 V. The time at —0.3 V vs. Zn/Zn*" was varied from
0 to 200s, as indicated in Figure 4.11.

A dwell time of 10 to 20s causes no significant increase in anodic current. Increasing
the time to 50s two anodic peaks appear, indicating alloy formation. For 100 and 200s,
several stripping peaks are observed, which is consistent with the formation of multiple
Pt—Zn phases.

Similar experiments for zinc electrodeposition on platinum microelectrodes from 12CE
was carried out by Abbott et al. [36], in which it was suggested that the multiple stripping
peaks observed were due to bulk and nano-scale growth. However, our results are similar
to those obtained by Huang et al. [155], in which linear scan stripping voltammograms
from zinc deposited with similar holding times from ZnCl,-EMIMCI on platinum disks
also presented multiple anodic waves, which were attributed to bulk-Zn and Zn-alloy
stripping. Multiple Pt—Zn phases formation was also observed by Okano and Katagiri
[158] for zinc electrodeposition on platinum electrodes from 60 — 40 mol % ZnCl,—NaCl
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melts at 450 °C. In this study, different alloy phases were obtained depending on the
overpotential applied: y—PtZn, v, —PtZn and ~,-PtZn, from the less to the more negative
potential applied.
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Figure 4.11. Linear sweep voltammetry of 0.3 mol-L~! of ZnCl, in 12CE on a Pt substrate
at 10mV-s~! starting from —0.3 V vs. Zn/Zn*" with a positive sweep direction. The LSV were
recorded after several deposition times for a constant-potential step. Al to A4 indicate anodic
peaks.

Raising the temperature from 30 to 60 °C results in an increase in the overall current
density of the CV, as shown in Figure 4.12. Such an increase is consistent with the rise
in conductivity, as also observed in the previous section for glassy carbon electrodes.
Nevertheless, it is remarkable that the forward cathodic peak (marked as C1) increases
considerably by increasing the temperature, although the backward peak does not expand
so significantly. Moreover, for 50 and 60 °C a third anodic peak (A3) becomes more
pronounced. In total, four oxidation peaks are observed. The first anodic peak Al,
is attributed to the oxidation of Zn(II) whereas the anodic waves A2, A3 and A4 are
ascribed to the oxidation of zinc in different Pt—Z7n phases.

The coulombic efficiencies for the CVs recorded at 30, 40, 50 and 60 °C were 33, 62, 75
and 76 %, indicating zinc electrodeposition is favoured by raising the temperature. This
result is consistent with the literature, as it has been reported that zinc electrodeposition

and effective formation of M—Zn alloys from EMIMCI based ionic liquids are favoured by
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higher deposition temperatures. This also increases the thickness of the alloy layer, since
higher temperatures enhance the surface and bulk diffusion of the metals [6, 155, 156, 165,
166]. Furthermore, studies of anodic dissolution of platinum in a Lewis basic 25:75 mol %
ZnCl,/EMIC IL at different temperatures suggested that new anodic reactions can be

induced by an increase in temperature when dealloying Pt—Zn compounds [157].
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Figure 4.12. Cyclic voltammograms at different temperatures of 0.3 mol-L~* ZnCl, in 12CE
electrolyte at a static platinum electrode at 10mV-s~! starting from +0.5V vs. Zn/Zn*" with a
negative sweep direction. C and A indicate cathodic and anodic peaks. Arrows indicate sweep
directions.
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4.1.2 Chronoamperometric studies

Chronoamperometry experiments were performed for the purpose of investigating the
nucleation and growth processes of zinc on a platinum substrate in more detail. These
experiments were carried out by stepping the potential of the working electrode from an
initial value (E£1) , where no faradaic reaction takes place (E2 = 4+0.5V vs. Zn/Zn*"), to
potentials sufficiently negative to initiate zinc nucleation/growth process (E2). After
each set of data was collected the resulting electrodeposit was anodically stripped from
the electrode surface by holding the potential at a value positive enough for the zinc
electrodissolution (E3 = +0.3V vs. Zn/Zn*"). The complete sequence was then repeated
at another deposition potential (£2). Typical current-time transients resulting from

such experiments on platinum electrodes are shown in Figure 4.13.
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Figure 4.13. Chronoamperometric experiments for 0.3 mol-L~! ZnCl, 12CE on Pt at different
potential steps. Applied potentials at F2 are indicated.

Stepping from the equilibrium potential F1 to a more negative potential £2 causes
a spike in current due to the capacitive charge, followed by a relatively slow decay in
current (from 2 to 15s). All current transients exhibit limiting currents after about
20s, as better visualized in Figure 4.14, indicating that at this point the diffusion of
species from the bulk of the electrolyte to the electrode surface followed by formation of

7 and electrodeposition of zinc from Z occurs at a constant rate. Moreover, the more
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negative the applied potential, the more the total charge consumed, with exception of the
step at —0.4V vs. Zn/ Zn*", which had a lower cumulative charge after 60s than that at
E2 = —0.35V. It is also noticeable that the limiting current plateau does not correspond
linearly to the applied potential, as the current plateau for the steps at £2 = —0.35 and
—0.4V vs.Zn/Zn*" are higher than the plateau reached for E2 = —0.5V. Either the
nucleation and growth of zinc is fast at —0.5V and the current decays rapidly, or at
—0.4V there might be blocking of the surface by the electrolyte molecules and therefore

the electrodeposition of zinc is slower.
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Figure 4.14. Current and charge versus time for 0.3 mol-L~! ZnCl, 12CE on Pt at the step
E2 with the indicated applied potential.

It is noteworthy that in the current-time transients for zinc deposition on platinum
at £2, no peak which could be correlated to electrocrystallization was observed. The
transients do not display Cottrell behavior, due to the intermediate step involved in
this reaction, making it not diffusion-controlled only, but dependent on a chemical step
before the electron transfer (ECE mechanism). The Cottrell plots for the step E2 are
presented in Figure 4.15.

The Cottrell plot for the zinc electrodeposition on platinum shows no linearity. The
curve shape is significantly different from Cottrell plots obtained from glassy carbon

electrodes. This suggests that on this kind of substrate the mechanism is somewhat differ-
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ent, because hydrogen evolution occurs at less negative potentials (near the equilibrium

potential) on platinum electrodes.
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Figure 4.15. Cottrell plot from current-time transients from Figure 4.14 obtained at E2 at
different potentials on a Pt electrode.

The anodic charge consumed during the oxidation step at £3 = +0.3V (Figure 4.16)
does not correlate directly to the charge consumed at E2, with exception of the step
E2 = —0.1V. This had a low cathodic charge and a low anodic charge at £3, indicating
that this potential was too low to promote the deposition of zinc from the reducible
zinc species. On the other hand, by a applying potentials of £2 = —0.5 and —0.6 'V,
from the anodic charge it is possible to deduce that most of the charge was consumed in
side-reactions, i.e. hydrogen evolution. It is also important to mention that the potential
applied at F3 is positive enough to oxidise the zinc species, however, it might not be
enough to oxidise all alloyed zinc. There is a possibility that the PtZn phases formed
at £2 = —0.5 and —0.6 V are not oxidized at £3 = +0.3 V, but would require a higher
anodic polarization. For EF2 = —0.2V the highest anodic charge was recorded. It is
likely that for this potential, mostly zinc is deposited, which can easily be redissolved in
the deep eutectic. The ratio of anodic over cathodic charge can be better visualized in
the plot of coulombic efficiency versus E2 presented in Figure 4.17. It can be seen that
there is a slow decay in coulombic efficiency when decreasing the potential from —0.2 to
—0.3V. Nevertheless, the step at —0.35V vs. Zn/Zn2+ was associated with a CE of 7%,
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which increased to 11 % for £F2 = —0.4V.
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Figure 4.16. Current and charge versus time from 0.3 mol-L~! ZnCl, 12CE on Pt at the step
E3 = +0.3V. The anodic current and charge are related to the indicated previous step E2.
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Figure 4.17. Coulombic efficiency of 3-step chronoamperometric experiments with 0.3 mol-L~!
ZnCl, in 12CE on a platinum disk working electrode at 30 °C.
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Figure 4.18 displays a sampled voltammogram constructed from a series of transients
acquired at different potentials from the deep eutectic electrolyte 12CE with and without
zinc chloride. The resulting sampled voltammograms exhibit an increase of the charge
by decreasing the applied potential for both electrolytes. Nevertheless, for potentials
< —0.2V ws. Zn/Zn** the cumulative charge is substantially higher for the solution with-
out zinc compared to that containing 0.3 mol-L~! of ZnCl,, due to the lower overpotential
for hydrogen evolution on platinum compared to that on the zinc-plated substrate. Since
zinc is electrodeposited on platinum in the electrolyte containing ZnCl,, the overpotential
for hydrogen evolution increases at the same time decreasing the charge consumed for

that reaction.
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Figure 4.18. Sampled voltammogram contructed from cumulative charge vs. time transients
from 12CE electrolytes with and without 0.3 mol-L~! of ZnCl, on a platinum electrode at
30°C.
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4.1.3 Characterization of zinc deposits on platinum

Bulk electrodeposits of zinc were prepared on (1cm x 1cm) platinum foils by potentio-
static electrolysis at —0.3 V vs.Zn/ Zn*" for 2800 s, which would lead to a zinc deposit
of 2 ym thick (each side), based on Faraday’s law and assuming 100 % coulombic effi-
ciency [167]. In the chronoamperometric experiments, the current first increased to a
peak and after 400s it reached a steady-state with a constant current of 3.10mA. The
electrodeposited samples were taken off the glovebox, washed with water and acetone,
dried in air and examined by optical microscopy (OM), scanning electron microscopy
(SEM), focused ion beam (FIB) and X-ray diffraction (XRD).

Morphology and composition characterization

The deposited zinc had a dark gray colour and poor adhesion on the platinum substrate,
as it could be easily removed by scratching. A picture of a coated together with a non-
coated platinum foil and optical microscopy of the deposit is presented in Figure 4.19.
Optical microscopy shown in Figure 4.19, reveals the presence of surface defects, in the
form of white pores, probably caused by the concurrent hydrogen evolution during zinc

electrodeposition.

(a) Zinc coated and non-coated Pt foils (b) 50x  magnification
oM

Figure 4.19. a) Photography and b) optical microscopy (OM) with a magnification of 50x of
a zinc-coated Pt foil.

SEM micrographs of the zinc deposit presented in Figure 4.20 reveal a nanostructured
surface, which is consistent with the dark color of the deposit [156]. The surface
morphology in Figure 4.20 a shows that the zinc deposited on platinum has a nano-
platelet morphology, which is remarkably homogeneous throughout the analysed region
(100 x 120 pm?). Scanning electron microscopy of other regions of this sample and of a
second sample (not shown) showed precisely the same surface morphology. Increasing the

magnification as shown in Figure 4.20 b and c reveals that the platelets have ca. 10 nm
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thickness. EDX composition analysis of the Figure 4.20 d reveal the presence of both Pt
and Zn in the sample, besides oxygen, which is probably due to the formation of zinc

oxide or to residual electrolyte in the pores.
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Figure 4.20. a)-c) SEM micrographs of zinc deposits on platinum foil substrates with different
magnifications and d) EDX plots for surface composition analysis. The deposits were produced
in 0.3mol-L~! ZnCl, 12CE at 30°C at —0.3V vs. Zn/Zn*".

Micrographs of a cross section of the deposit milled by a gallium ion source in a
focused ion beam (FIB) microscope is presented in Figure 4.21. Differently from the
secondary electrons (SE) imaging in SEM, the contrast in ion imaging in FIB reveals
chemical differences of the sample [168]. FIB-cuts shown in Figure 4.21 a and b reveal
the presence of two different phases, from the bottom to the top of the foil there is
firstly pure platinum, followed by a brighter layer, which is likely to consist of Pt—Zn
intermetallics. The third and slightly darker phase on the top corresponds to a sputtered
Pt film for FIB machining. The middle Pt—Zn layer has a thickness of ca. 1.3 ym.
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Figure 4.21. FIB micrographs of a cross-section of a zinc deposit on platinum foil with
different magnifications. The deposits were produced in 0.3 mol-L~! ZnCl, 12CE at 30°C at
0.3V vs.Zn/Zn*".

EDX composition analysis of the three different phases in the cross section of the
sample (Figure 4.22) reveal the composition of the phases. The upper layer is composed
of 72 wt % Zn and 19 wt % Pt (wt = weight %), confirming that also the surface of the
coating is composed mainly of Pt—Zn alloy and not pure metallic zinc, although it is
present in a higher proportion. The composition of the intermediate layer (indicated as
spot Y901 in Figure 4.22a) calculated from EDX measurements indicated 32 % of zinc
and 67 % of platinum. The EDX analysis in spot Y902 on the foil confirmed 100 % of Pt
composition. Besides, it is also possible to observe the grain boundary contrast of the
platinum foil in the backscattered electrons image of Figure 4.22 a. It is noteworthy that
the intermediate alloy layer is more compact, whereas the upper layer is quite porous.

The EDX composition analysis of the zinc coating on a platinum substrate is in
agreement with the results obtained by cyclic voltammetry, which indicated the formation
of multiple Pt—Zn phases. Moreover, it is also in agreement with the literature description
for zinc deposition on platinum from ionic liquids [155, 156].

Porous platinum and its alloys are of interest due to their potential application in
catalysis [156, 169-171], fuel cells [172] and chemical sensors [157, 173, 174]. Nanoporous
platinum electrodes fabricated in by electrochemical dealloying of PtZn in ionic liquids
have already been tested for electro-oxidation of methanol and showed a much higher

current density than on polished platinum electrodes [156, 172].
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Figure 4.22. a) Scanning electron micrograph of a zinc deposit cross section on platinum foil.
b), ¢) and d) EDX plots obtained from the spots indicated in image a).

Phase characterization

The X-ray diffractogram of the electrodeposited zinc on platinum foil measured in GIXD
geometry with an incidence angle of 2° is presented in Figure 4.23. Qualitative XRD
analysis revealed the presence of three crystalline phases: Pt, Zn and Pt,Zn,,. These
results are consistent with the cyclic voltammetric and EDX measurements, which
indicated that the deposit consists of a mixture Pt—Z7n intermetallics and zinc.

The Pt reflexes are slightly shifted to lower angles in comparison with the theoretical
positions obtained from platinum powder samples. This could indicate a distortion of
the Pt crystal lattice due to the incorporation of the Zn atoms to form a solid solution.

Quantitative Rietveld refinement analysis revealed that the Pt.Zn,, phase had a
relative weight fraction of 29 + 1 wt % and a crystallite size of 9+ 1 nm. Pure platinum

and zinc phases presented a weight fraction of 4 + 1 wt % and 67 4+ 1 wt % with a crystallite
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size of 74+ 1nm and 8 & 1 nm, respectively.
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Figure 4.23. X-ray diffraction patterns of electrodeposited zinc at platinum substrates from
0.3mol-L~! ZnCl, 12CE at 30°C.

4.1.4 Partial conclusions

The electrodeposition of Zn on Pt electrodes from a choline-based deep eutectic solvent
led to the formation of PtZn alloys. The mechanism of zinc electrodeposition on platinum
is similar to that on glassy carbon, as zinc is reduced from intermediate species Z with the
formula [ZnCl(4_x)(RO)X}2’. However, as hydrogen evolution takes place at exceptionally
low overpotentials on Pt, Z is formed already during the forward scan and deposition of
zinc occurs at potentials of ca. —0.2'V vs. Zn/ Zn*" on the forward and backward sweep.
Zinc is incorporated into the platinum surface on the time-scale of a cyclic voltammetric
scan at 10mV-s~! sweep rate.

Multiple stripping peaks observed by cyclic voltammetry indicated the formation of
multiphasic Pt—Zn compounds. EDX of a cross-section of the coating on a platinum
foil confirmed the formation of two different phases, Pt—Zn alloy. XRD of the deposit
revealed the typical pattern for the Pt.Zn,, phase. SEM and FIB micrographs showed
that the zinc deposits have a nanostructured surface morphology with the shape of
nanoplatelets.

The results presented in this section indicate that Pt electrodes can be modified by

direct electrochemical surface alloying with zinc using a deep eutectic electrolyte. Such
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materials may have several applications in electrocatalysis and for sensors. Therefore,

the results of this study may provide a simple way to prepare a Pt—Zn catalyst.
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4.2 Zinc deposition on gold

4.2.1 Voltammetric studies

The voltammetric behavior of the deep eutectic solvent 12CE containing ZnCl, on gold
electrodes was investigated. A representative cyclic voltammogram at a scan rate of
10mV-s~! is shown in Figure 4.24. The cyclic voltammogram started from open circuit
potential at +-0.9V vs. Zn/Zn*" with a negative direction.

Compared to platinum electrodes, gold ones have higher overpotential for hydrogen
evolution. Nevertheless, the reduction of ROH (ROH = EG and ChCl, Equation 3.9)
to form hydrogen starts at a quite low overpotential (—0.3V) also with formation of
bubbles at the electrode surface, similarly to platinum. It can be seen that the 12CE
electrolyte exhibits an electrochemical stability window ranging from —0.4V to at least
+1.2V vs.Zn/Zn** at a gold substrate. Since gold electrodes can easily be dissolved
in highly concentrated chloride solutions [175], the potential range was not extended

further into the anodic region.
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Figure 4.24. Background cyclic voltammogram of 12CE at 10mV-s~! using a gold working
electrode at 30°C.

Figure 4.25 shows the cyclic voltammogram of 12CE containing 0.3 mol-L~* ZnCl,
at a gold substrate. Differently from glassy carbon and similarly to platinum, a clear
cathodic peak is observed at —0.25V ws. Zn/Zn*" (C1) already on the forward cathodic
scan. During the subsequent anodic return sweep, another cathodic peak is observed at
—0.24V vs. Zn/Zn*" (C2) with a larger peak current. At positive potentials of the anodic
scan, three different anodic peaks were observed at +0.15, +0.40 and +0.72V vs. Zn/ Zn**
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(A1, A2 and A3). From the phase diagram of gold and zinc, presented in Figure 4.26, it
can be seen that zinc forms many intermetallic phases with gold, which is likely to be

the reason for the presence of multiple anodic peaks in the CV.
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Figure 4.25. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte on a stationary
gold disc electrode (10mV-s~!, 30°C) starting from +0.9V vs. Zn/Zn*" with a negative sweep
direction. Arrows indicate sweep direction.

Comparing the CVs for 0.3 mol-L~! ZnCl, 12CE on gold with that on glassy carbon
(Chapter 3), which exhibits only one main stripping peak at the anodic side (no alloy
formation), it is suggested that the first anodic peak at +0.15V (A1) is due to the oxida-
tion of zinc, whereas the second and third peaks on +0.40 (A2) and +0.72V vs. Zn/Zn*"
(A3) are related to the dissolution of zinc from Au—Zn intermetallics.

Multiple anodic peaks due to the formation of Au—Zn alloys by the incorporation
of zinc atoms onto gold electrodes during cyclic voltammetry has been described for
ZnCly in AICl;-EMIC ionic liquids [22, 25, 177], lewis acidic ZnCl,-EMIMCI [165]
and ZnCl,-BIMIC [26]; zinc triftalate (Zn(TfO),) in 1-butyl-1-methylpyrrolidinium
trifluoromethylsulfonate ([Py, 4JTfO) and [EMIM]TfO [33], as well as from organic
solutions of ZnCl, in benzyl alcohol [178]. Additionally, Au—Zn alloy formation has been
reported for aqueous zinc sulphate [162] and alkaline zincate solutions [179]. Nevertheless,
in none of the studies a cathodic peak on the anodic scan has been reported.

Borisenko et al. [112] have carried out in situ STM studies of gold interfaces with
the RTIL 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMP]Tf;N)

containing 0.1 mol-L~" of SiCl,. In the presence of the chloride silicon salt a cathodic
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Figure 4.26. Au—Zn binary phase diagram [176].

peak was observed during the reverse scan, indicating passivation of the Au surface.
However, no correspondent oxidation peak was attributed to the backward cathodic peak.
Infrared spectroscopy investigations indicates that apparently, different silicon complexes
are formed [180]. STM, AFM and EIS also reveals that the assembly of the ionic liquid
at the interface may interfere with the electrochemical behavior of the species in solution
[70, 110].

The mechanism of zinc deposition from 12CE on glassy carbon electrodes involves
the formation of intermediate species Z by replacement of chloride ions in [ZnCl,]*
by RO™. On such non-metallic electrodes, this reaction only happens at potentials
< —0.6Vws.Zn/ 7Zn**. However, the electrode surface is blocked by strongly adsorbed
Ch™ ions and electrodeposition of zinc occurs on the backward sweep at —0.15V, when
the adsorbate layer desorbs. At platinum electrodes, the reduction of the electrolyte
is observed at relatively low overpotentials (< —0.2V ws.Zn/Zn*"), giving rise to a
cathodic peak on the forward scan at —0.3 V. On gold electrodes, two effects play a
role: firstly, the reduction of the electrolyte at a relatively low overpotential leads to

the formation of Z and a cathodic peak on the forward scan, similarly to platinum.
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Secondly, quaternary ammonium electrolytes may adsorb strongly at gold substrates,
forming a close-packed monolayer [113]. Thus, due to the adsorption of Ch™ ions on
gold, the current density decreases at £ < —0.3V, followed by a reduction of ROH at
E < —0.6Vws.Zn/Zn*". At this point, the concentration of the Z on the diffusion layer
increases, but the electrodeposition is hindered by the blocking layer. When depletion of
choline cations occurs, at the backward scan, another cathodic peak with a higher peak
current arises at £ = —0.24V.

The current efficiency calculated from the total anodic charge over the total cathodic
charge of the CV in Figure 4.25 is 15 %, which is rather low, indicating parasitic reactions
in the cathodic range. Nonetheless, the current efficiency calculated from the ratio of
the total anodic charge over the integration of the peaks C1 plus C2 is 78 %, confirming
that most of the zinc was deposited between 0 and —0.4V and that in this region there

is also reduction of the electrolyte, decreasing the efficiency.

The effect of the cathodic switching potential on the forward and backward reduction
peaks was investigated. The cathodic potential limit was increased from —0.8V to
—0.7, —0.6 and —0.4V vs. Zn/Zn*" (Figure 4.27). The forward peak C1 did not change
significantly, whereas the peak current of the backward peak C2 decreased remarkably
with less negative cathodic switching potentials. A similar decay in current density
is observed for the anodic peaks. This voltammetric behavior is consistent with the
suggestion that C2 originates from the reduction of Z and the concentration of Z in the
diffusion layer increases when sweeping to more negative potentials.

The current efficiency for the three scans calculated from the total anodic charge
over the sum of the area from C1 and C2 were 78, 89 and 93 % for —0.4, —0.6 and
—0.7V vs. Zn/Zn**, respectively.

The scan rate effect on the Zn deposition at a gold substrate is shown in Figure 4.28.
Differently from platinum electrodes, in which the kinetics of surface alloying is relatively
slow, Zn deposition on gold shows a considerably faster kinetics, as the peak currents
increase with increasing scan rate. Even for scan rates as fast as 100mV-s~!, Au—Zn
surface alloying can be detected by the presence of multiple anodic peaks. Moreover,
when scanning at faster sweep rates, the forward peak C1 is shifted to more negative
potentials, whereas the C2 peak potential is not much affected by the scan rate.

The current efficiency calculated from the total anodic charge over the charge of C14-C2
for the CVs with 10, 50 and 100 mV-s~! scans rates were 75, 87 and 82 %, respectively.
Efficiencies below 100 % indicate parasitic reactions in these cathodic potential regions,

e.g. reduction of the electrolyte to form hydrogen.
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Figure 4.27. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte on a stationary
gold disc electrode (10mV-s~', 30°C) starting from 0.9V vs. Zn/Zn** with a negative sweep
direction, with different cathodic limits. Arrows indicate sweep direction.
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Figure 4.28. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte at a stationary
gold disc electrode at 30 °C starting from 0V vs. Zn/Zn*" with a negative sweep direction and
different scan rates. Arrows indicate sweep direction.

Borissov et al. [26] investigated the electrodeposition of Zn on a gold substrate from
a ZnCl,-1-butyl-3-methylimidazolium chloride (BMIC) ionic liquid by in situ X-ray
diffraction. The authors observed the formation of several Au—Zn intermetallics, namely
AuZn, AuZn,; and Au, ,Zng ¢ along with the Zn phase. The cyclic voltammetric behavior

of zinc deposition on gold compared to a glassy carbon electrode also confirmed the alloy

PhD Thesis by Luciana Vieira, 2014 87



4 Zinc electrodeposition on platinum and gold

formation in the former.

Zn deposition on Au (111) from 1-methyl-3-butylimidazolium chloride (MBIC) was also
investigated by in situ electrochemical scanning tunneling microscopy (STM) by Dogel
et al. [25, 177]. The authors reported multiple stripping waves by cyclic voltammetry
and evidence for Au—Zn surface alloying has been found by STM after the dissolution
of Zn bulk deposits.

More recently, zinc electrodeposition from zinc triftalate (Zn(TfO),) solutions in 1-
butyl-1-methylpyrrolidinium trifluoromethylsulfonate ([Py, ,/TfO) and 1-ethyl-3-methyl-
imidazolium trifluoromethylsulfonate ([EMIM]|TfO) has been reported to form both Zn
and AuZn, phases [33]. SEM of the zinc coatings showed that the morphology of the
deposit changes by changing the ionic liquid cation. The authors suggested that strongly
adsorbed solvation layers, which depend on the applied potential, might influence the

reaction mechanism and thus the morphology of the final deposit.
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4.2 Zinc deposition on gold

4.2.2 Chronoamperometric studies

Four-step chronoamperometric measurements in 0.3 mol-L~! ZnCl, 12CE on Au were
carried out (Figure 4.29). The potential was stepped from open circuit potential at
+0.9V (E1) to more negative potentials (—0.6 < F2 < 0V vs. Zn/Zn*") to investigate
the formation of Z. A third step at £3 = —0.2V vs. Zn/Zn*" was carried out in order to
investigate the deposition of zinc from Z. Finally, a last step potential for the re-oxidation
of the deposited zinc was recorded at £4 = +1.0V vs. Zn/Zn?*.
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Figure 4.29. Chronoamperometric experiments for 0.3 mol-L~! ZnCl, 12CE on Au at different
potential steps. Applied potentials at E2 are indicated.

Figure 4.30 shows the current and charge profile of the potential step E2. Stepping
from open circuit to more negative potentials ranging from 0 to —0.6 V vs. Zn/Zn**
initially resulted in a current spike, attributable to double layer charging. For potential
steps to between —0.3 and —0.6' V a typical electrocrystallization peak was observed
during the first 20s of the amperometric experiment. This nucleation peak has not been

observed for glassy carbon or platinum electrodes, indicating that the mechanism of zinc
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4 Zinc electrodeposition on platinum and gold

deposition on gold is different from previously observed. The charge increases as the

applied potential becomes more negative.
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Figure 4.30. Current and charge versus time for 0.3 mol-L ! ZnCl, 12CE on Au at the step
E?2 with the indicated applied potential.

A third step at £3 = —0.2V vs. Zn/Zn*" for 30s was performed in order to study the
origin of the backward cathodic peak in the CV (Figure 4.31). It is noticeable that only
when the previous step £2 was more positive than E3 (E2 = 0 and —0.1V vs. Zn/Zn*")
a nucleation peak arises within 10s in £3. When FE2 was more negative than F3,
nucleation took place in E2. Therefore, the current density and the charge consumed
is considerably smaller in £3 compared to the previous step E2. For £3 < —0.2V the
current density can be attributed to the growth of the nuclei.

Previous chronoamperometric experiments of zinc on gold (not shown), stepping from
—0.6V to —0.3V caused a peak with a maximum of 7s after the change in potential. It
has been alleged in the literature that nucleation studies by potentiostatic polarization
are not always reproducible in ionic liquids [33, 134]. Apparently, nucleation can be
influenced by strongly adsorbed ionic liquid solvation layers, which themselves might be

influenced by nucleation [181].

Stepping the potential positively from —0.2 to +1.0V causes the anodic oxidation
of the deposited zinc (Figure 4.32). Nonetheless, the anodic charge is not directly
corresponding to the potential applied in £F2. The coulombic efficiency calculated from
the anodic charge in £4 over F2, E3 and E2+FE3 is presented in Figure 4.33. It can
be observed that when E2 = 0, —0.1 and —0.2V, most of the zinc is deposited in step
E3. The potential step at £2 = —0.3V had the highest current efficiency. When E?2

becomes more negative (< —0.4 V) most of the current is consumed by parasitic reactions,
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4.2 Zinc deposition on gold

therefore the overall efficiency decays. Moreover it is noteworthy that for £2 < —0.3V
30 to 50 % of the zinc is deposited in this step and not at £3.
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Figure 4.31. Current and charge versus time from 0.3 mol-L ™! ZnCl, 12CE on Au at the step
E3 = —0.2V. The anodic current and charge are related to the indicated previous step E2.
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Figure 4.32. Current and charge versus time from 0.3 mol-L~! ZnCl, 12CE on Pt at the step
E3 = +1.0V. The anodic current and charge are related to the indicated previous step E2.

Similarly to platinum and glassy carbon electrodes, the charge consumed at step
potentials < —0.4V are significantly higher for the 12CE electrolyte without zinc
compared to that containing 0.3 mol-L ™! of ZnCl, (Figure 4.34), which is due to the

overpotential needed for hydrogen evolution being higher on zinc than on gold.
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4.2 Zinc deposition on gold

Studies of the interface of glassy carbon, platinum and gold electrodes with a deep
eutectic electrolyte based on choline chloride and glycerol have shown that the double layer
differential capacitance is slightly dependent on the potential, however it is significantly
sensitive to the electrode material. Furthermore, the double layer differential capacitance
effect is larger for Au than for Pt or glassy carbon [182]. Further investigations of DESs
based on choline chloride mixtures with 1,2-ethanediol, 1,2-propanediol, 1,3-propanediol,
urea and thiourea on Hg electrodes [183], showed adsorption of choline cations at large
negative polarization while at less negative or positive polarization the adsorbed species

were predominantly chloride anions.

In our chronoamperometric experiments of zinc in 12CE on GC and Pt electrodes, no
peak that could be attributed to an electrocrystallization process was observed (Sections
3.1 and 4.1). Nonetheless, on a gold electrode, nucleation peaks are detected in most of
the potential steps at negative polarizations. This change may be due to adsorption of
chloride on the gold surface changing the mechanism from outer to inner-sphere electron
transfer reactions. In an outer-sphere electrode reaction, the reactant and product do
not interact strongly with the electrode surface, they are generally at a distance of at
least a solvent layer from the electrode. In an inner-sphere electrode reaction, there
is a strong interaction of the reactant, intermediates, or products with the electrode,
that is, such processes involve specific adsorption of species involved in the electrode
reaction [52]. Thus, it may be that at gold substrates, chloride ions from the reducible
species adsorb onto the gold surface and an inner-sphere reaction takes place, causing a
peak to rise on the first 10s of negative polarization. Nevertheless, in situ spectroscopic
measurements on gold would be necessary to study in further details the interface of the

deep eutectic solvent with Au.

Recently, in situ SEIRAS (surface-enhanced infrared absorption spectroscopy) stud-
ies on gold electrodes in contact with [BMIM][TFSA] (1-butyl-3-methylimidazolium
bis(trifluoromethane-sulfonyl)amide) showed potential-dependent restructuring of cations
and anions on Au surfaces [83] and reinforced the proposed structure for the interface of
ionic liquids with metal electrodes to be assembled multilayers of the liquid salt [63, 184].
The hypothesis of multilayers was also confirmed by STM, AFM and EIS experiments on
the interface of Au (111) with two different ionic liquids: [Py][FAP] and [EMIM][FAP]
(FAP = tris(pentafluoroethyl)trifluoro- phosphate) [70]. Assembled and ordered ionic
liquid nanostructures at the electrode interface was account for influence electrochemical
reactions. Moreover, experiments of in situ electrochemical surface plasmon resonance
(SPR) with 12CE have been carried out in order to study the interface of the deep
eutectic with a gold substrate. We expected to be able to study the potential-dependent

organization of the ionic liquid, as it has been shown in the literature for trioctylmethy-
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lammonium bis(ninafluorobutanesulfonyl)amide ([TOMA*][C,C,N]) [185]. However,

the angle of maximum absorption for 12CE was out of the detectable range.

4.2.3 Partial conclusions

Zinc was deposited on a gold substrate from 0.3 mol-L~! of ZnCl, in 12CE. Formation of
interfacial Au—Z7n alloys was indicated by multiple stripping peaks in cyclic voltammetry
and supported by the literature of zinc deposition on gold from other ionic liquids. A
forward and backward cathodic peak was observed by cyclic voltammetry. Potential-
dependent blocking effects and formation of zinc intermediate species appear to play a
role in this mechanism. Chronoamperometric measurements showed a typical nucleation
peak within 10s of electrode polarization. An inner and outer-sphere electron transfer

reaction was suggested to explain the distinct amperometric response.
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5 Zinc electrodeposition on copper

and steel

5.1 Zinc deposition on copper

5.1.1 Voltammetric studies

Typical cyclic voltammograms of 12CE on a copper electrode without and with 0.3 mol-L~*
of ZnCl, are shown in Figure 5.1. Both scans started cathodically from +0.6 V vs. Zn/Zn**

with a negative sweep direction.
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Figure 5.1. Cyclic voltammograms of 0.3 mol-L ™! ZnCl, in 12CE electrolyte on a stationary
copper disk electrode (10mV-s~!, 30°C) starting from +0.6 V vs. Zn/Zn>* with a negative

sweep direction. Arrows indicate sweep direction. The CV a) is offset in +2mA-cm~2 for
better visualization.

On the background scan, similarly to platinum and gold, reduction of the electrolyte

starts at relatively low overpotentials (E < —0.2V vs.Zn/Zn*"). In the presence of
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b Zinc electrodeposition on copper and steel

zinc chloride, a cathodic peak is clearly observed at —0.15V in the forward scan. After
the cathodic switching potential, another cathodic peak is observed at —0.23V in the
anodic backward scan. At positive potentials three anodic waves are observed, at +0.15,
+0.32 and +0.41V vs. Zn/Zn*". The total anodic charge (from 0 to +0.7V) was 34 %
of the total cathodic charge (from 0 to —0.8 V). However, when the anodic charge was
calculated over the cathodic charge of C14C2 (sum of the integration area of both
peaks), the current efficiency was 94 %, indicating that most of the zinc was deposited in
C1 and C2.

Zinc deposition on copper looks similar to that on gold (Section 4.2). Moreover, from
the binary phase diagram of the Cu—Zn system (Figure 5.2), it can be seen that zinc
can also form several alloy phases with copper. Hence, the dissolution peaks can be
assigned to dissolution of bulk zinc at +0.15V (which coincides with the peak potential
on glassy carbon) followed by oxidation of different phases of zinc-copper alloys at +0.32
and +0.41V. It was avoided to scan further positive in order to not dissolve the copper

substrate in the solution.
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Figure 5.2. Cu—Zn binary phase diagram [186].

96 Electrochemistry of Zinc from Deep Futectic Solvents



5.1 Zinc deposition on copper

Figure 5.3 shows a set of cyclic voltammograms data recorded with the same scan
rate at 10mV-s~! and progressively decreasing the cathodic limit of the scan, while the
anodic limit was fixed at +0.7 V. For all CVs a forward cathodic peak is observed at
about —0.15V vs. Zn/Zn*". However, decreasing the cathodic switching potential, the
backward peak on the anodic scan proportionally decreases in magnitude, as can be seen

in better detail in Figure 5.4.
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Figure 5.3. Cyclic voltammograms of a stationary copper electrode in 0.3 mol-L~! ZnCl,
12CE electrolyte at a scan rate of 10mV-s~!, 30 °C, starting from +0.6 V vs. Zn/Zn>*" with a
negative sweep direction. Arrows indicate sweep direction.

Similarly to gold electrodes, chloride ions may also adsorb at copper substrates, leading
to an inner-sphere electron transfer on the forward sweep, while the backward peak
is dependent on the formation of Z, which might lead to a deposition involving an
outer-sphere electron transfer mechanism. In the anodic range the first anodic peak (A1,
at —0.15V) related to the oxidation of bulk zinc has a higher peak current for cathodic
limits £ > —0.6 V vs. Zn/Zn*". Decreasing the switching potential to more negative
values, causes Al to decrease, while A2 and A3 (at 40.32 and +0.41V vs. Zn/Zn*")
increase in magnitude. Because A2 and A3 are related to the oxidation of alloyed zinc,
this may indicate that for cathodic limits more negative than —0.6 V vs. Zn/Zn** the
formation of alloys is favoured. Interestingly, the same voltammetric behavior is not

observed for the electrodeposition of zinc on copper electrodes from 1:2 ChCl:urea DES
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Figure 5.4. a) forward and b) backward peaks assigned to the deposition of Zn in the CVs
shown in Figure 5.3 (10mV-s~!, 30°C on Cu substrate). Arrows indicate sweep direction.

at 70°C [38], which is likely to be due to the fact that urea is much less acidic than
ethylene glycol, changing the mechanism of the zinc deposition reaction, as well as the
speciation of zinc.

The coulombic efficiencies for the CVs with cathodic limits of —0.4, —0.5, —0.6, —0.7
and —0.8 V vs. Zn/Zn*" were: 96, 99, 100, 96 and 94 %, respectively, calculated from the
total anodic charge (A1+A2+4A3) over the cathodic charge of the forward and backward
cathodic peaks (C14-C2).

Increasing the scan rate of the cyclic voltammograms caused a potential shift of the
forward reduction peak C1 to more negative values (Figures 5.5, 5.6 and 5.7) indicating
relatively slow kinetics for the electron-transfer [136, 187]. The current density for both
C1 and C2, increase linearly with the scan rate (forward i, R* = 0.996, backward i,
R? = 0.981, from Figure 5.7 c-d). This dependence of peak current with the scan rate is
indicative of electrode reaction controlled by mass transport of Z [52, 131], which itself
is limited by a slow chemical step. In the anodic range, the peak currents also increase,
although in a somewhat irregular fashion.

The integration of the anodic peaks from Figure 5.5 are 95, 103, 115 and 109 % of the
area from the sum of C1+C2 for scan rates of 10, 20, 50 and 100 mV-s~!, respectively.
Coulombic efficiencies above 100 % indicate that for faster scan rates, zinc is also deposited

at potentials below —0.4V vs. Zn/Zn*", which is outside of the integration range.
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Figure 5.5. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte on a stationary
copper disc electrode at 30 °C, starting from 0.6 V vs. Zn/Zn*" with a negative sweep direction.

Arrows indicate sweep direction.
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Figure 5.6. a) forward and b) backward peaks assigned to the deposition of Zn in the CVs at
different scan rates shown in Figure 5.5. Arrows indicate sweep direction.
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Figure 5.7. Forward and backward peak potentials (E,) versus scan rate (a and b), peak
current (i) versus scan rate (c and d) and versus square root of the scan rate (e and f). E,, and
ip are assigned to the deposition of Zn in the CVs at different scan rates shown in Figure 5.6.
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5.1 Zinc deposition on copper

Studies of the deposition of zinc on a copper substrate from 12CE using a rotating disc
electrode (RDE) have been performed at rotation rates ranging from 500 to 5000 rpm
(Figure 5.8). The cyclic voltammograms reveal that both forward and backward peaks
for Zn deposition decrease in magnitude with increasing rotation rate, as it can be
better seen in Figure 5.9. The forward peak at —0.15V on the static electrode is
also slightly shifted positively to —0.13 V when the copper electrode is rotated. This
decrease in current density by rotation of the electrode indicates that the reducible
species are transported into the bulk of the electrolyte when hydrodynamic force is
applied. Moreover, the forward peak splits in two, which to date has not yet a plausible
explanation. Nonetheless, the peak current of the backward peak C2 decreases drastically
compared with the forward peak C1, which is consistent with the interpretation of C1
to be an inner and C2 an outer-sphere electron transfer. The magnitude of the current
density in C2 is dependent on the formation of Z species, and convection affects the
outer sphere mechanism to a higher extent compared to the inner-sphere, as it leads to
the transport of Z into the bulk of the electrolyte.

In the positive potential range of the CV, the three stripping peaks show different
behavior with rotation rate. The dissolution peak Al slightly shifts from +0.15 to
+0.08 V vs. Zn/ Zn’" and increases in magnitude when the copper disk is rotated. The
second and third anodic peaks A2 and A3 shift positively to +0.34 and +0.41V and
decrease in magnitude. This indicates that the deposition of bulk zinc, instead of Cu—Z7n
alloys, is favoured in hydrodynamic experiments.

The current efficiencies of the CVs calculated from the total anodic charge over the
charge corresponding to C14+C2 increases from 95 % at the static electrode to 194, 184,
186 and 184 % for rotation rates of 500, 1000, 2000 and 5000 rpm, respectively. This
indicates that the deposition of zinc is shifted to more negative potentials when the
electrode is rotated. The ratio of the total anodic charge over the total cathodic charge
(from 0 to —0.8 V vs. Zn/Zn*") is 34, 33, 29, 26 and 23 % for rotation speeds of 0, 500,
1000, 2000 and 5000 rpm, respectively, indicating that Z is transported into the bulk of
the electrolyte and thus not reduced to zinc. Consequently, a decrease in the coulombic

efficiency is observed, although the value for the static electrode is also rather low.
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Figure 5.8. RDE cyclic voltammogram of a copper electrode at different rotation rates
in 12CE containing 0.3 mol-L~! of ZnCl, at a scan rate of 10mV-s!, 30°C, starting from
+0.6 V vs. Zn/Zn*" with a negative sweep direction. Al, A2 and A3 indicate different anodic
peaks. Arrows indicate sweep direction.

0.2 0.2

L a) . b) /
0.0 — /' -O:O —

€ 02 02}
= C2
£ 04 0.4 |
2
= A
T 06 \/ -0.6 |
©
= L I
[0)
E-08F C1 0.8
o | — 0 rpm
—— 500 rpm
1.0 ——1000 rpm 1.0
L —— 2000 rpm 3
12L —5000 rpm 1oL

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 -05 04 -0.3 -0.2 -0.1 0.0
E(V vs. ZniZn®) E(V vs. ZniZn®)

Figure 5.9. a) Forward and b) backward peaks from the CVs of Figure 5.8 (0.3 mol-L~! ZnCl,
12CE, 10mV-s~!, 30°C on Cu substrate with different rotation rates). Arrows indicate sweep
direction.
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5.1 Zinc deposition on copper

5.1.2 Chronoamperometic studies

Multi-step potential experiments were performed on a copper disk electrode. The
electrode potential was varied from open circuit potential at +0.5V (E1) to more
negative potentials ranging from —0.1 to —0.8 V vs. Zn/ Zn*T. The current and charge-

time transients for this second step potential (E2) are presented in Figure 5.10.
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Figure 5.10. Current and charge versus time for 0.3 mol-L~! ZnCl, 12CE on Cu at the step
E?2 with the indicated applied potential.

From the current-time profile it can be seen that for E2 = —0.2V vs. Zn/Zn*" a
nucleation peak was observed after 5s. The peak shape is typical for nucleation-growth
processes. At more negative potentials, very broad peaks were observed. Moreover,
the current density and its respective cumulative charge, increased proportionally as
the applied potential becomes more negative, indicating no blocking effects on copper

electrodes.

For potentials of £2 = —0.4to —0.8 V vs. Zn/Zn**, a third potential step at £3 = —0.2'V
was applied for the purpose of investigating the influence of the previous cathodic potential
limit on the backward cathodic peak. The current response to this step E3 is presented
in Figure 5.11. Higher peak currents were recorded when the previous step E2 was
—0.5 and —0.6 V ws. Zn/Zn** while for higher overpotentials (F < —0.7V vs. Zn/Zn*")
the peak current decreased, which can be due convection caused by vast formation of
hydrogen.

From the charge-time profile at £3, it can be seen that the cumulative charge is

dependent on the formation of Z in the previous step £2. Obviously, the amount of
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Z produced at E2 decreases in the following order: —0.5 > —0.6 > —0.8 > —0.7 >
—0.4V vs. Zn/Zn**, resulting in the respective current maximum and cumulative charge
at E3. It is also noteworthy that after the potential E2 is applied there is a typical spike
due to the double layer (DL) charging, however, from this point the current does not
decay exponentially to a minimum, as it would be expected after the capacitive charging.
Instead, after the maximum 2q;, the current decays continuously from this point. It is
likely that, as nucleation of zinc has already taken place at E2, the current observed at
E3 is related to the growth of the nuclei, with a cottrellian decay.

The charge consumed at the last step at +0.5V vs. Zn/Zn*" (E4), which is directly
corresponding to the amount of zinc reoxidized, decrease in the following order: K2 =
—0.5 > —04 > —0.6 > —0.8 > —0.7V vs.Zn/Zn*", indicating that the polarization
of copper electrodes at very negative potentials (£2 < —0.7V vs. Zn/Zn*") is not so

efficient for the formation of Z and its subsequent reduction to zinc.
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Figure 5.11. Current and charge versus time for 0.3 mol-L~! ZnCl, 12CE on Cu at the step
E3 = —0.2V with the indicated applied potential.

Sample voltammograms constructed from the charge consumed at the step E2 for 30s
in the 12CE electrolyte with and without zinc chloride is presented in Figure 5.12. At
potential steps ranging from —0.1 to —0.3V vs. Zn/Zn*" the charge consumed is higher
for the electrolyte containing ZnCl, because deposition of zinc occurs simultaneously
with hydrogen evolution, increasing the charge. For £ < —0.3V vs. Zn/Zn*" the charge
is larger for the electrolyte without zinc, because the overpotential for hydrogen evolution

is higher on zinc than on copper electrodes.
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Figure 5.12. Sampled voltammogram contructed from cumulative charge vs. time transients
from 12CE electrolytes with and without 0.3 mol-L~! of ZnCl, on a copper disk electrode at
30°C.

5.1.3 Morphology and composition characterization

Zinc was potentiostatically deposited on a copper disk (0.95cm?) at —0.25V for 5340s
until a charge of 4.0 C had been consumed. This would lead to a 2 um thick zinc layer for
the normal bulk zinc density (7.4 g-cm™3), based on Faraday’s law and assuming 100 %
coulombic efficiency.

The zinc layer deposited on the copper had a dark-pale optical appearance and was
characterized by SEM and EDX (Figure 5.13). From the SEM images, it can be seen
that the morphology of the zinc deposited on Cu is very similar to that observed for
zinc on platinum electrodes (Subsection 4.1.3). However, the platelets on Cu are thicker.
This kind of morphology for zinc deposits from 12CE electrolytes has been reported in
the literature [45] and correlated to the assembly of the molecules in the electrochemical
double layer of the deep eutectic. EDX of the surface revealed a composition of 96 % Zn
and 4 % oxygen, the latter being due to the formation of zinc oxide. No Zn—Cu alloy
could be detected at the surface of the disk.

A cross section of the deposit is shown in Figure 5.14. From the contrast in the FIB
images of Figure 5.14 a and b, 3 different phases can be observed: the Cu substrate (at
the bottom), Cu—Zn intermetallics (in the interface). The darker phase at the top is

from a Pt protection coating.

X-ray fluorescence (XRF) of the coating revealed a zinc thickness of 1.4 um, measured

with an aperture of 2mm from at least 5 different spots of the sample. As the consumed
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Figure 5.13. a)-b) SEM micrographs of zinc deposits at copper disc substrates with different
magnifications and ¢) EDX spectrum for surface composition analysis from image a). The
deposits were produced in 0.3mol-L ! ZnCl, 12CE at 30°C at —0.3V vs. Zn/Zn2+.

charge during the electrodeposition of zinc was enough for a 2 um layer thickness, lower
thickness indicates low coulombic efficiency due to parasitic reactions, e.g. hydrogen
evolution. Cross-sectional FIB images reveal a thickness higher than 2 um for the coating

(Figure 5.14), nevertheless, the layer is porous and therefore not uniform.

A layer thicker than 2 ym, indicates interdiffusion between copper and zinc, resulting
in a continuous growth of the alloy phase. Hence, the thickness of the intermetallic layer
increases by diffusion of zinc into the copper substrate. Such interdiffusion happens in
order to achieve an equilibrium through the elimination of the concentration gradient.
This is also confirmed by the presence of voids in the interface (Figure 5.14 ¢). Vacancies in
the interface of the electrodeposited metal and the substrate is usually a result of uneven
interdiffusion or unequal mobilities between the metal couple, and they are commonly

referred to as Kirkendall voids or Kirkendall porosity [55, 188]. These voids occur
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Figure 5.14. a)-b) FIB and ¢) SEM micrographs of zinc deposits at copper disc substrates
with different magnifications.

individually near the common interface. The Kirkendall effect is time and temperature
dependent, nevertheless, it can also occur at room temperature, as it showed to be the

case in the Cu—Zn system.

Lin et al. [189] characterized zinc deposited from Lewis acidic ZnCl,-EMIMCI ionic
liquids on copper discs at 120 °C. The authors observed that although the initial deposited
Zn layer was 1 um thick, cross-sectional SEM images showed that the Cu—Zn alloy layer
had thickened to about 3 um because of intediffusion of Zn and Cu atoms. This effect
was more pronounced when the copper electrode was left in the ionic liquid at 120°C for
12 h after zinc deposition. When the deposit was immediately taken off of the bath and
left at room temperature, the interdiffusion of Zn and Cu was substantially retarded.
Similar temperature-dependent interdiffusion and alloying has also been reported for

Ag—7n systems [166]. Nevertheless, it is important to note that the interdiffusion of Zn

PhD Thesis by Luciana Vieira, 201/ 107



5 Zinc electrodeposition on copper and steel

and Cu and the continuous alloying occurs at room temperature [190].

EDX composition analysis of the cross-section shows different concentrations of zinc
and copper along the deposit (Figure 5.15). While the surface has a composition of
97 % Zn (Figure 5.15 b, sptY871), the intermediate layers (Figure 5.15 ¢) and d) have
a composition of 30 % Cu / 70 % Zn and 65 % Cu / 35% Zn, respectively, followed by
e) 100 % Cu. The concentration gradient confirms interdiffusion of Zn into Cu and Cu
into Zn. Such interdiffusion between zinc deposits on copper electrodes has also been

observed in electrodeposition of zinc on copper from basic aqueous solutions [191].
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Figure 5.15. a) SEM micrographs of a cross section from a zinc deposit onto a copper disc
substrate. b) EDX spectra of composition analysis at the different spots indicated in a).

In order to characterize the phase of the coating, XRD data was collected from the
zinc coating on a copper electrode (Figure 5.16). XRD analysis revealed the presence
of three crystalline phases: 33 + 1 wt % Cu (from the substrate), 56 + 1 wt % Zn and
11+ 1 wt% Cu,Zn. Further quantitative analysis by Rietveld refinement revealed a
crystallite size of 17 & 1nm Cu, 20 £ 1nm Zn and 49 £+ 5nm Cu,Zn.

Cu—Z7n alloys are widely used for decorative purposes and engineering applications
[192], as for promoting rubber adhesion into steel [193]. However, commercial Cu—Zn
plating solutions are cyanide-based, what can lead to environmental and safety problems.
Non-cyanide solutions usually suffer from a lack of stability, as it is noteworthy that the

reversible standard potentials of Zn and Cu differ by more than 1V [54]. Alternative

108 Electrochemistry of Zinc from Deep Futectic Solvents



5.1 Zinc deposition on copper

¢ Zn
¢ Cu 4Zn

*Cu

[10000 a.u.

Cu (111)

Intensity (a.u.)

¢ *

10 20 30 40 50 60 70 80 90 100 110 120 130 140
20 (deg.)

Figure 5.16. X-ray diffraction patterns of electrodeposited zinc at a copper disk from
0.3 mol-L =t ZnCl, 12CE at 30°C.

approaches involve depositing alternating layers of Zn and Cu with subsequent heating in
order to promote alloying of the layers [55]. This procedure would obviate the undesired
method of deposition via cyanide. Nonetheless, a single-step cyanide-free deposition
method would be advantageous for such systems.

The electrodeposition of such materials from ionic liquids have been reported for
Lewis acidic ZnCl,-EMIMCI electrolytes by two routes: firstly co-deposition of zinc
and copper [194] at Ni and W substrates at 80 °C; and secondly, by depositing zinc at
copper electrodes at 120°C [189], which is similar to our route but it requires a higher
temperature.

Recently, electroless deposition of copper onto glass-fibre reinforced epoxy substrates
followed by electro-deposition of Zn from [EMIM]|[Tf,N] (1-ethyl-3-methylimidazolium
[bis(trifluoromethyl)-sulfonyljamide) at 150°C was reported to lead to Cu—Zn alloy
coatings [195].

Deep eutectic solvents comprising 1:2 choline chloride:urea have also been used as
electrolyte for deposition of zinc and Ni—Zn alloys on copper electrodes at 70°C [38].

The electrodeposition of zinc from a 12CE deep eutectic on Cu electrodes at 30°C
was studied. The voltammetric behavior of zinc deposition on copper is similar to that
described for gold electrodes (Section 4.2). The morphology and phase of the deposit
was characterized by SEM, EDX and XRD. XRD and EDX measurements suggested the

formation of Cu—Zn alloys at room temperature.
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5.2 Zinc deposition on steel

5.2.1 Voltammetric studies

Electrochemical investigations on a stainless steel disk electrode (1.4404) have been
carried out. The cyclic voltammograms of the deep eutectic 12CE without and with

0.3mol-L~! of ZnCl, on a stainless steel disk at 30°C are presented in Figure 5.17.
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Figure 5.17. Cyclic voltammograms at a stationary steel electrode in: a) 12CE and b)
0.3mol-L~! ZnCl, 12CE at 10mV-s~! and 30°C. The CV started at +0.5V vs. Zn/Zn?" with
a negative sweep direction. Arrows indicate sweep direction.

Differently from platinum, gold and copper substrates, the electrochemical potential
window of 12CE on stainless steel (SS) electrodes is much larger and the reduction of the
electrolyte with formation of hydrogen becomes significant only at £ < —0.7 V. Similarly
to glassy carbon electrodes, electrodeposition of zinc only occurs during the reverse
anodic sweep, at —0.24 V vs. Zn/Zn*". In the positive potential range, two anodic peaks
were observed, at +0.15 and +0.26 V. The anodic charge (from 0 to +1.2V vs. Zn/Zn?*")
was 49 % of that consumed in the cathodic potential range (from 0 to —0.8 V vs. Zn/Zn*"),
indicating that half of the charge was used for hydrogen evolution. However, the ratio
of the total anodic charge over the charge consumed for the backward cathodic peak
(integration range between 0 and —0.4 V) was 95 %, confirming that most of the zinc
was deposited within this potential range, while at £ < —0.6 V mainly reduction of
ROH occurs. The cyclic voltammetric response of Zn:12CE on stainless steel electrodes

is similar to that on glassy carbon (Chapter 3). Hence, the same mechanism already
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suggested for glassy carbon electrodes seems to apply to stainless steel surfaces, with
formation of intermediate species Z and potential dependent blocking of the electrode

surface by adsorbed species.

The effect of the cathodic potential limit on the zinc deposition was investigated by
varying the switching potential while keeping the anodic limit and the scan rate constant
(Figure 5.18). In the same way as for glassy carbon, the cathodic peak current on the
reverse sweep varies with the cathodic potential limit, which is closely related to the
formation of Z species at more negative potentials. The reduction of the electrolyte and
the formation of Z, only occur at £ < —0.7 V vs. Zn/Zn**, which is more negative than
for GC. This fact becomes evident from the peak current at —0.24 V, which decreases as
the cathodic limit becomes more positive (from —0.8 to —0.7V) and almost disappears
for a potential limit of > —0.6 V. The ratio between the anodic charge from —0.1 to
+1.2V and the cathodic charge from the respective cathodic limit until —0.1V for the
cycles at +0.4, +0.5, +0.6, +0.7 and +0.8 V vs. Zn/Zn2+ were 49, 39, 59, 67 and 87 %),
respectively, indicating that the more negative the electrode is polarized, more parasitic

reactions occur, hence decreasing the current efficiency.
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Figure 5.18. Cyclic voltammograms of 0.3 mol-L~! ZnCl, in 12CE electrolyte (v = 10mV-s™!,
T = 30°C) at a stationary stainless steel disk electrode starting from +0.5V vs. Zn/Zn*" with
a negative sweep direction and the indicated cathodic limit. The CVs are offset on the current
density scale for clarity. Arrows indicate sweep direction.
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Further experiments have been performed varying the scan rate between 5 and
100 mV-s~* while keeping the switching potentials fixed at —0.8 and +1.2'V vs. Zn/Zn*"
(Figure 5.19). The CVs clearly show that in the case of stainless steel, the kinetics of
the zinc electrodeposition reaction during the reverse anodic scan is slow, therefore by
increasing the scan rate the peak currents at —0.3 V decrease. Additionally, the second
anodic peak at +0.29 V gets more pronounced at low scan rates. This second anodic
peak was also observed on glassy carbon substrates, however not so prominent. This
can be caused by the size of the two electrodes, which differs significantly. The stainless
steel electrodes used have a surface area of 0.95cm?, while glassy carbon are 0.7 cm?
big. The bigger dimension of the SS electrode may cause a stronger saturation of the
diffusion layer with zinc ions. Hence, a second anodic peak is observed in the CVs with

lower scan rates.
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Figure 5.19. Cyclic voltammograms at different scan rates of 0.3 mol-L~! of ZnCl, in 12CE
electrolyte (T = 30°C) at a stationary steel disk electrode starting from +0.6 V vs. Zn/Zn>*
with a negative sweep direction. The voltammograms at 10 to 100mV-s~! are offset by
+1mA-cm™2 on the current density axis for clarity.

Experiments using a rotating disk electrode (RDE) have been performed (Figure 5.20).
Rotating the electrode caused the cathodic peak at —0.24V and the anodic peak at
+0.18 V vs. Zn/Zn*" to decrease in magnitude, whereas the current at the switching

potential of —0.8V was more or less constant. The second anodic peak at +0.27V
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practically disappeared with increasing rotation rate, confirming that this peak is due to
the saturation of the diffusion layer with Zn?" ions, because when the electrode is rotated
the dissolved metal ions are transported into the bulk of the electrolyte, consequently
no saturation of the diffusion layer occurs. The ratio of the total anodic over the total
cathodic charge was 49, 35, 19, 19, 20 and 19 % for static and 100, 500, 1000, 2000 and
5000 rpm, respectively. Low peak current densities and coulombic efficiencies by applying
hydrodynamic force indicate that much of the reducible species Z are transported into
the bulk of the electrolyte.
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Figure 5.20. Cyclic voltammogams of a stainless steel electrode in 0.3 mol-L~! of ZnCl,
in 12CE at 10mV-s~! sweep rate, 30°C and indicated rotation rate. Arrows indicate sweep
direction. The voltammograms from 100 to 5000 rpm are offset on the current density axis for
clarity.

The electrodeposition of zinc from 0.3 mol-L~! of ZnCl, 12CE on steel electrodes has
revealed to be analogous to that recorded on glassy carbon electrodes. On glassy carbon
it was suggested that the active sites on the electrode surface are blocked by adsorbed
species (hydrogen, ethylene glycol or choline) at low negative potentials, which gradually
desorb at potentials > —0.5V vs. Zn/Zn*". Zinc was then deposited from a dissolved
species 7, formed during the reduction of the electrolyte, giving rise to a cathodic peak at
—0.24 V vs. Zn/Zn*" on sweeping the potential positive from —0.8 V vs. Zn/Zn** [42-44].
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This unusual voltammetric behavior has also been reported for zinc electrodeposition
fom 12CE at steel substrates (AISI 304) in a study of the effect of tartrate ions as
additive [40]. A cathodic peak on the backward sweep was observed, besides multiple
anodic peaks, indicating alloy formation such as Zn—Ni, Zn—Fe and/or Zn—Cr. The
authors consider the mechanism of electrode blocking [42], although the formation of Z
is not taken into account for the electrodeposition of zinc.

Investigations into the effect of polyethylene glycol 2000 (PEG) on the zinc electrode-
position at ASI 1018 steel substrates from highly concentrated chloride aqueous solutions
[196], showed that PEG have a significant influence by producing a cathodic polarization
effect associated with its partial adsorption onto the steel surface. Consequently, the
mechanism of zinc electrodeposition (from [ZnCl,]* species) on steel is modified by the

presence of PEG and its interaction with the electrode surface.
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5.2.2 Chronoamperometric studies

Chronoamperometry was used to investigate the formation of Z species and the deposition
of zinc at different potentials. Similarly to the chronoamperometric studies performed
on glassy carbon electrodes (Section 3.2), four step chronoamperometry was carried out
(Figure 5.21). In order to investigate the formation of Z, the potential was leapt from
open circuit at F1 = +0.8 V vs. Zn/Zn*" to more negative potentials £2, ranging from
—0.2 to —0.8 V. From E2 the electrode was stepped to —0.2V vs. Zn/Zn** (E3), where
electrodeposition of zinc takes place according to the CV of the Zn:12CE system on
steel (Figure 5.17). Finally, the deposits were reoxidised at 1.0V vs. Zn/Zn*" (E4). Tt
is important to note that the surface of the steel electrode was renewed by mechanical

polishing after each experiment.
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Figure 5.21. Current response for 0.3mol-L ™! ZnCl, 12CE on stainless steel at different
potentials steps. Applied potentials at £2 are indicated.

Figure 5.22 shows a family of transients F2 at different step potentials. At this
potential, the formation of Z on the stainless steel electrode was investigated in the

potential range between—0.2 and —0.8 V vs. Zn/Zn**. No nucleation peak is observed in
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the transients. Instead, the charge continuously increases within the time recorded (60s).
At potentials < —0.7V vs. Zn/Zn*", the current and charge was significantly higher than
at more positive potentials. At £F2 = —0.8 V the charge consumed was 5 times larger
than at —0.7V, indicating that at this potential more electrolyte was reduced. As a

result, a higher concentration of Z should be present at such negative potentials.
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Figure 5.22. Current and charge versus time on stainless steel for the indicated potential 2
in 0.3mol-L~! ZnCl, 12CE on steel at the step E2 at the indicated potential.

Figure 5.23 shows the current transients at the step £3 (—0.2V vs.Zn/Zn*"), where
electrodeposition of zinc from Z is expected to occur. The current density profile and
the cumulative charge at this potential was directly dependent on the previous applied
potential £2.

The presence of a nucleation peak was observed exclusively when the previous step
potential was held at —0.8 V vs. Zn/Zn**. This observation is consistent with the higher
current observed previously at E2 for this potential step and also with cyclic voltammetric
results, which show the formation of Z only at £ < —0.7V.

Analysing closely only this transient (E2 = —0.8 to £3 = —0.2'V vs. Zn/Zn*"), there is
firstly a spike with positive current at very short times (¢ < 0.5s), due to the double-layer
charging. Subsequently, the current density increases exponentially up to a maximum
L.y reached at a time t,,,,, which is typical of crystal nucleation and growth processes.
Finally, the current density declines, because the concentration of Z in the double

layer diminishes. Nevertheless, the resulting decrease in current has a different nature
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Figure 5.23. Current and charge versus time from 0.3 mol-L~! ZnCl, 12CE on steel at the
step £3 = —0.2V. The correspondent previous potential step E2 is indicated.

compared to that exhibited under diffusion limitations [50]. In the case of a Cottrell
behavior, the diffusion limited current decays as a result of the increasing diffusion layer
thickness (0). In the present case, the current shows a minimum and then continuously
increases again for the last 20s of measurement, which is likely due to an increase of
the electrode area. This behavior is similar to that reported by Smith et al. for the

electrodeposition of zinc on Au-coated quartz crystals from 12CE electrolytes [197].

The nucleation and growth of metals on a foreign inert substrate, like stainless steel, can
be predicted by several theoretical models [50, 167]. The early stages of an electrochemical
reaction involving phase formation are usually associated with two-dimensional (2D) or
three-dimensional (3D) nucleation processes [198-202]. The particular shape of the I —¢
transient in Figure 5.23 [E2(—0.8V) — E3(—0.2 V)] shows that nucleation and growth
processes are involved for Zn deposition. The transient is qualitatively consistent with
the models for nucleation of 3D clusters and growth, with a maximum of current density
Lax = —0.15mA-cm™2 at tyax = 3.

Among the theoretical models describing the nucleation processes, that of Sharifker
and Hills (SH) considers two limiting cases for a 3D nucleation: instantaneous (IN) or
progressive (PN) nucleation [203-205]. The instantaneous model represents a situation in
which all nucleation sites are activated at the beginning of the potential step experiment,

whereas the progressive model refers to a situation in which the nucleation sites become
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b Zinc electrodeposition on copper and steel

activated gradually as the experiment proceeds.

To distinguish whether IN or PN apply to the electrodeposition of zinc in this case,
the experimental data of the I — t transient was normalized to a non-dimensional plot
((I/Imax)? vs. (t/tmax)?) and analysed together with the theoretical transients given by
Eq 5.1 for instantaneous and Equation 5.2 for progressive nucleation. The theoretical

and experimental non-dimensional plots are presented in Figure 5.24.

I 2 t -1 r t 2
( ) = 1.9542 ( ) -1 —exp (—1.2564 )] (5.1)
[max IN tmax L tmax

] 2 t -1 i t2 2
— 1.9954 - 92,3367 —— 2
(]maX)PN 5 (tm) | exp( 3367 ﬂ (5.2)
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Instantaneous
------ Progressive
—E3-0.2V

t/t
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Figure 5.24. Comparison of the dimensionless experimental current-time transient derived on
steel electrodes from the data in Figure 5.23 with the theoretical curves for the 3D instantaneous
and progressive nucleation.

The result suggests that for ¢/tn.. < 1 the experimental data follows the 3D in-
stantaneous process, i.e. the nuclei are formed immediately after the potential is set.
At t/tmax ~ 1 coalescence of the growing nuclei occur, followed by the hemispherical
growth of the metal nuclei at t/t,,.x > 1. Nevertheless, the experimental non-dimensional
plot deviates from the limiting cases of instantaneous and progressive nucleation for
t/tmax > 4, as the theoretical plots follow the Cottrell behavior for diffusion controlled
growth. This may indicate that the mechanism of nucleation is instantaneous with
kinetic controlled growth, also reported for zinc [24] and silver [206] electrodeposition
from imidazolium-based

Since the growth of a new phase occurs at the interface of the electrode and the
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5.2 Zinc deposition on steel

solution, the nucleation mechanism should vary with the metal being deposited, the
properties of the electrode, the electrolyte, the applied potential and the temperature
[207]. Table 5.1 summarizes the nucleation mechanisms described in the literature for
zinc electrodeposition from deep eutectic solvents, ionic liquids and aqueous solutions at
several substrates.

The SH-theoretical comparison for the nucleation of zinc from 12CE at gold-coated
quartz [197] and steel substrates [40] resembled the progressive model, whereas at
platinum substrates [45] it did not fit to any of the theoretical models. Moreover, at
gold substrates the chronoamperometric behavior revealed a very slow process for zinc
deposition, also diverging from the diffusion-limited current for ¢/t;,.x > 3. Time-resolved
AFM analysis showed a gradual emergence and growth of separate crystallites, which
the authors related to the progressive nucleation mechanism [197].

Electrocrystallization of zinc from the deep eutectic choline chloride:urea (12CU)
follows the mechanism of instantaneous nucleation for Zn and Ni—Zn alloys [38, 45].

The electrodeposition of zinc from imidazolium-based ionic liquids reported in the
literature present many different variables, which makes it difficult to generalize. Although
these ionic liquids have the same cation, even comparing similar electrodes, the mechanism
may not be the same [23, 24], which indicates that there might be other parameters,
as the potential-dependent solvation layer for ionic liquids [6], which may affect the
nucleation mechanism.

Electrodeposition of zinc from aqueous solution with a high concentration of chloride,
i.e. for [ZnCl,)* species, leads to PN on GC electrodes [139, 140] and IN on steel [196],
indicating that, as the GC is more inert than steel electrodes, it causes a change in the

mechanism from PN to IN.
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Table 5.1. Summary of nucleation mechanisms reported in the literature for zinc and zinc
alloys deposition from DESs, ILs and aqueous solutions.

Deposit Substrate E (V) Electrolyte T (°C) Mechanism Ref.
Zn Steel stepping from 12CE 30 IN this
(1.4404) —0.8 to —0.2, vs.
Zn
Zn Steel —1.5 vs. 12CE 40 PN [40]
(AISI304)  Calomel-ChCl
Zn Au —1.1 vs. Ag 12CE 23 PN [197]
Zn Pt —1.25 vs. Ag 12CE 40 none [45]
Zn Pt —1.25 vs. Ag 12CU 40 IN [45]
Ni—Zn Cu —0.75 vs. Ag 12CU 70 IN [38]
Zn GC 0.2 vs. Al 60-40 mol % 40 PN [22]
AlCl;-EMIMCI
Zn GC,Ni, W —0.95 vs. Al 25-25-50 mol% 30 PN 23]
ZnCl,-AlCl;-
MEIC
Zn GC,Ni  —0.09wvs. Zn  50-50 mol% 50 IN [24]
ZnCl,-EMIMCI
Cu—Zn  W,Ni  +0.08 to —0.02  50-50 mol % 80 PN [208]
vs. Zm ZnCl,-EMIMC1
Zn Fe +0.14 vs. Zn 40-60 mol % 90 2D-IN  [209]
ZnClL-EMIMCI
Z/n—Co  GC, W, Ni —0.1 vs. Zn 40-60 mol % 80 IN [194]
ZnCl,-EMIMCI
Ni—Zn W —0.026 vs. Zn 34-64 mol % 150 IN [210]
ZnCl,-EMIMC1
Zn GC —1.3 vs. SCE  aq. 2.8 M KCl 25 PN [139]
0.01 M ZnCl,
Zn GC —1.3 vs. SCE 0.2 M ZnCl, 25 IN/PN  [139]
Zn GC —1.3 vs. SCE 0.6 M ZnCl, 25 IN [139]
Zn GC —1.2 vs. SCE aq. 1072 M RT PN [140]
ZnCl,, 1 M
NH,Cl
Zn Steel —1.185 vs. SCE aq. 0.1 M ZnCl,, 25 IN [196]
(AISI1018) 2.8 M KCl, 0.32
M H;BO4
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5.2 Zinc deposition on steel

The oxidation of the zinc deposited on stainless steel is presented in Figure 5.25.
Because the oxidation charge is only related to the dissolution of the metal, i.e. there is
no contribution of parasitic reactions at £ = +1.0V, one can correlate this charge to the
amount of zinc deposited and consequently to the efficiency of the reaction. From the
charge profile, it can be seen that the amount of deposited zinc decreases in the order
E2=-0.8> —0.7 > —0.6 V, which is consistent with the mechanism of formation of Z
at such potentials and subsequent reduction of Z to Zn at £3 = —0.2'V.
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Figure 5.25. Current and charge versus time from 0.3 mol-L~! ZnCl, 12CE on steel at the
step £F4 =+1.0V.

The coulombic efficiency (CE) has been calculated from the ratio of the charge
consumed in 4 over F2 or E3 or the sum of the charge for the two steps E2 + E3
(Figure 5.26). The efficiency calculated from E4/E2 or E4/(E2+ E3) resemble each other
due to the higher contribution of the current from E2. The CEs decrease as the potential
becomes more negative, due to parasitic reactions as hydrogen evolution, in particular at
potentials more negative than —0.6 V. In contrast, the efficiency calculated from E4 over
E3 (plot II in Figure 5.26), shows another trend. The CE is above 100 % for E3 = —0.2V
and continuously increase from F2 = —0.2 to —0.6 V, indicating that most of the zinc
was deposited during the previous step E2. However, for £2 < —0.7V vs. Zn/ Zn*", when
there is a higher concentration of Z species, the CE decreases to 115% for £2 = —0.7V
and to 40 % for E2 = —0.8V, indicating that most of the zinc was deposited during the
third step. Alternatively, the low E4/FE3 efficiency at —0.8 V, might also be due to poor

solubility of zincate and insufficient time for oxidation of all zinc deposited (30s).
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Figure 5.26. Coulombic efficiencies of 4-steps chronoamperometric experiments for 0.3 mol-L~!
ZnCl, 12CE on a steel working disk electrode at 30 °C.

Sampled voltammograms plotted from the charge consumed on steel electrodes in
12CE electrolyte with and without zinc are shown in Figure 5.27. The voltammograms
were constructed from the charge consumed up to 30s at the indicated step potential.
Additionally, the charge corresponding to the step E3 = —0.2V is shown. Differently
from the other substrates (GC, Pt, Au and Cu), at stainless steel electrodes the charge
consumed at more negative potentials is larger for the electrolyte containing zinc than
without it, indicating that the overpotential for hydrogen evolution is lower on zinc
than on stainless steel. Even compared to glassy carbon, SS is more inert. The charge
consumed for the electrodeposition of zinc at E3 is also notably higher for £2 = —0.8V
compared to all other potentials, which is consistent with the CV presented in Figure 5.17

and all the chronoamperometric data presented.
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Figure 5.27. Sampled voltammogram constructed from cumulative charge vs. time transients
from 12CE electrolyte with and without 0.3 mol-L ™! ZnCl,. Sample charge collected at 30s.
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6 The substrate effect on zinc

electrodeposition

6.1 General mechanism

Figure 6.1 shows the cyclic voltammograms of the 12CE electrolyte without zinc (back-

ground CVs) for all working electrodes used: GC, stainless steel, Pt, Au and Cu.

2 mA/cmz[

—

i —GC
Steel

Current density (mA/cm?)

-0.8 -04 0.0 04 0.8 1.2 1.6 2.0 24
Potential (V vs. Zn/Zn*")

Figure 6.1. Cyclic voltammogram of 12CE electrolyte on GC, stainless steel, platinum, gold
and copper disk electrodes at v = 10mV-s~*, T = 30°C.
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6 The substrate effect on zinc electrodeposition

As explained in Subsection 3.1.2, the mechanism of the zinc electrodeposition is
closely related to the reduction of electrolyte components ROH to form RO™ (RO =
OH ", HOCH,CH,O  or (CH;);NTCH,CH,O ) and H,. This reaction occurs at negative
potentials, i.e. at the cathodic limit of the potential window, leading to the formation of
7, and subsequently to the reduction of Z to Zn. The cathodic stability of the electrolyte
depends strongly on the electrode material and its overpotential for hydrogen evolution.
Therefore, the electrodeposition of zinc from this electrolyte depends on the electrode
material. In Figure 6.1, it can be seen that the reduction of the electrolyte starts more
readily for platinum (40.1V), followed by gold (—0.2V), copper (—0.3V), glassy carbon
(—0.6 V) and steel (—0.7V). Figure 6.2 shows the CVs of 0.3 mol-L. ™! ZnCl, in 12CE at
the different electrodes.
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Figure 6.2. Cyclic voltammograms 0.3 mol-L ! ZnCl, in 12CE at a GC, steel, platinum, gold
and copper disk electrodes at v = 10mV-s~!, T = 30°C.

From Figure 6.2, it can be seen that deposition of zinc occurs more readily for platinum,

followed by copper and gold. Therefore, in the presence of ZnCl,, a peak related to
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6.1 General mechanism

reduction of Z to zinc is observed on the forward scan. Moreover, at these metal
electrodes, a second cathodic peak is also observed on the backward scan. For glassy
carbon and steel, which have a higher overpotential for hydrogen evolution, a cathodic
peak is only observed on the backward scan.

Blocking effects — probably by Ch™ species or adsorbed hydrogen — are observed at
potentials < —0.4V for all substrates, resulting in a decrease of current density for all
electrode materials. Desorption of the adsorbed layer on the reverse scan gives rise to a
cathodic peak on the anodic return sweep. For Au and Cu, it can also be observed that,
as the concentration of Z increases, the backward peak has a higher peak current.

At Pt electrodes, hydrogen evolution occurs to a significantly greater extent than on
other electrodes. Therefore, the peaks have much higher current density compared to
the CVs of the other electrodes. Moreover, on Pt, Au and Cu, the formation of Zn alloys
along with zinc was evidenced by multiple anodic peaks. As GC and stainless steel are
inert electrodes, no alloy formation was detected, but only zinc phase.

The results of zinc deposition onto different electrode materials was consistent with
the mechanism proposed for GC with the formation of an intermediate species Z with
formula [ZnCl(4_X)(RO)X]2’, the reduction of Z to Zn and potential-dependent blocking
of the electrode surface [42—44]. More on this subject, specially investigations on the

blocking effect by in situ spectroelectrochemistry is presented and discussed in Chapter 8.
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6.2 Conclusions

The electrochemical behavior of the ZnCl,/ChCl/EG electrolyte has been studied at a
range of substrates comprising glassy carbon, platinum, gold, copper and stainless steel.
The electrodeposition is somewhat complex and results support the hypothesis for the
formation of an intermediate compound Z containing deprotonated solvent molecules
in the inner coordination sphere of Zn**, with the formula [ZnCl ) (RO),J*". The zinc
deposition mechanism is very sensitive to the nature of the substrate. Stainless steel
electrodes are similar to glassy carbon, however, platinum, gold and copper, which have a
relatively low overpotential for hydrogen evolution, exhibited distinctly different behavior.
The mechanism of zinc deposition at all substrates is associated with the formation of Z,
which is dependent on the reduction of the electrolyte to form RO . Since the reduction
of ROH depends on the overpotential for hydrogen evolution of the electrode material,
formation of Z happens at different potentials depending on the substrate. Therefore,
electrodeposition of zinc also happens at different potentials.

Potential-dependent blocking of the electrode surface was observed for all substrates.
This blocking effect resulted in a cathodic peak on the backward scan in all CVs.

Zinc deposits on platinum and copper have been characterized by electron microscopy,
EDX and XRD. The morphology is similar for both substrates, with a nanostructured
surface of nanoplatelets. Cross sectional characterization showed formation of alloys at
the substrate/zinc interface in both samples. XRD analysis revealed the phases Pt,Zn,
and Cu,Zn for deposits of zinc on platinum and copper, respectively.

Analysis of the zinc nucleation mechanism on steel electrodes suggests that zinc
deposits are formed by progressive three-dimensional nucleation and the growth of the
nuclei deviates from the diffusion-controlled models. It is likely that kinetic effects are

also influencing the mechanism of the zinc electrodeposition reaction.
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7 Vibrational spectroscopic
characterization of the DES

Zinc electrodeposition from the deep eutectic solvent comprising choline chloride and
ethylene glycol has revealed a complex mechanism with formation of an intermediate
reducible species Z containing deprotonated solvent molecules in the inner coordination
sphere of the Zn*" [41-44]. Experiments with NaOC,H; added to the electrolyte support
the hypothesis that Z contains RO~ anions. Moreover, blocking of the electrode surface
by adsorbed species such as Ch™, H, 4, or EG is also suggested to explain the unusual
cathodic behavior observed. In order to elucidate the mechanism of the reaction, chemical
information on the involved species is required. Thus, spectroscopic investigations of the

deep eutectic solvent 12CE will be presented in this chapter.

7.1 Introduction to PM-IRRAS

Polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS) is a
surface sensitive infrared method. This technique has been extensively used to investigate
chemical processes on metal interfaces [60, 84, 86, 211-213], as unlike other spectroscopic
methods, PM-IRRAS allows to distinguish between adsorbates on the electrode surface

and species in the solution.

This external reflectance technique allows simultaneous detection of two mutually
perpendicular polarized IR beams (p and s) by using a photoelastic modulator [86]. The
s polarized radiation has its electric vector perpendicular to the surface of incidence,
while the p-polarized is parallel [214, 215]. According to the surface selection rules, the
incident p-polarized radiation can be absorbed by adsorbed and solution species whereas
the s-polarized is only active for species in solution [85, 216]. Therefore, the s component
can be used as a background leading to a surface spectrum by simply subtracting the s
from p collected spectra. The resultant is normalized to the intensity of the total incident

radiation (s + p) so that a surface signal S(v) is obtained, according to the following

PhD Thesis by Luciana Vieira, 2014 131



7 Vibrational spectroscopic characterization of the DES

equation:

Ry(v) — Bs(v)
Ry(v) + Rs(v)

where R, (v) and Rs(v) are the reflectance in p and s, respectively.

S(v) = (7.1)

By this mathematical treatment, Equation 7.1 yields an IR spectrum exclusively of
adsorbed species [86].

This unique feature of PM-IRRAS was applied to study the interface of a glassy
carbon electrode with ethylene glycol, 12CE and [ZnCl,)* in 12CE at equilibrium and
under potential variation. Although Au or Pt are known for high IR reflectivity, glassy
carbon has also shown a high reflectance for the IR beam [84]. Furthermore, GC has the
advantage of a higher hydrogen overpotential compared to Au and Pt, besides a well
investigated electrochemistry for the DES 12CE. The unconventional electrochemical
behavior can be well reproduced in this system. Therefore, this substrate was found to
be ideal for the investigation of adsorption effects.

In order to perform in situ PM-IRRAS measurements, a spectroelectrochemical cell
was designed to perform simultaneous electrochemical and spectroscopic measurements
with ionic liquids in a water-free atmosphere. In this chapter, the performance of the
cell for electrochemical measurements will be explored, as well as the applications of
the cell for in situ PM-IRRAS measurements and the spectroscopic investigation of the

electrolytes.
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7.2 Performance of a PM-IRRA

spectro-electrochemical cell

A spectroelectrochemical cell was designed to study the electrode/ionic liquid interface
by PM-IRRAS. The design and construction of the cell is presented in Section 2.3. In the
current section, the performance of the cell for electrochemical measurements is explored.

The spectroelectrochemical cell (SEC cell) was first evaluated using a standard redox
couple. Ferrocene methanol was used as it is soluble, stable and it shows a simple,
well-defined one-electron electrochemically reversible redox process in the DES and IL
[217-221]. Furthermore, it is commonly used as a redox probe in aqueous electrolyte
[222]. The experiments were carried out using the SEC cell in a Faraday cage. A glassy
carbon disk (1.54 cm?) was used as working electrode at a distance of 5mm from the
optical window. The electrode was polished and rinsed with deionised water and acetone
and dried in air prior to use. A platinum wire was used as counter electrode and a Ag
wire as quasi-reference.

The cyclic voltammograms of a 1 mmol-L~! of ferrocene methanol (FceMeOH) and
0.1mol-L~! KNO; aqueous solution with different scan rates are shown in Figure 7.1.
As the reduction and oxidation of FeMeOH is an electrochemically reversible process,

the peak current can be analysed according to the Randles-Sevcik Equation (at 25°C):

I, = (2.69-10°) n*2ACD"/?)'/ (7.2)

where [, is the (anodic or cathodic) peak current (A), n is the number of electrons
transferred, A is the electrode area (cm?), C' is the concentration of the electroactive
species (mol-cm™3) and v the potential scan rate (V-s71) [51, 131].

From the Randles-Sevcik plot (I, vs. v'/2) shown in the inset, it can be seen that I
correlates linearly with the square root of the sweep rate, with a correlation coefficient
of 0.996. This confirms that the reaction is electrochemically reversible i.e. diffusion
controlled, which allows determining the diffusion coefficient from the measured currents.
The diffusion coefficient calculated from the Randles-Sevcik equation for all scan rates
has a mean value of 5.5-107% cm?s!.

The voltammetric behavior of 1 mmol-L~! FceMeOH and 0.1 mol-L~! KNO, in ethylene
glycol was also monitored for sweep rates from 10 to 1000 mV-s~!. As shown in Figure 7.2
insets, the plot of anodic peak current vs. the square root of sweep rate yields a straight
line. This suggests that the charge transport occurs under diffusion control with a
diffusion coefficient of 2.87 - 10~7 cm? s7!, calculated from the measured peak currents

ISX. The diffusion coefficient and the correlation coefficient calculated from the linear
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regression of I, vs. v/ for FeMeOH in EG are much smaller in EG than in water. This
is because EG is more viscous than water, which causes a decrease in the mass transport
rate of the electroactive species. It could be shown that the SEC cell has a good response

for electrochemical measurements.
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Figure 7.1. Cyclic voltammogram of 1 mmol-L~! ferrocene methanol in 0.1 mol-L~!
KNO; aqueous solution starting from 0V with a positive sweep direction. The scan rate
of the CV was increased from 10 to 25, 50, 100, 200, 300, 400, 500, 750 and 1000 mV-s~!.
Arrows indicate sweep direction. The inset shows the plot of the cathodic peak current as
a function of the square root of the voltammetric scan rate.

PM-IRRAS is suitable for the study of solid-liquid interfaces, however the thickness
of the electrolyte film between the optical window and the electrode surface has to be
sufficiently thin to allow transmission of the incident and reflected IR beam, specially
because liquid electrolytes are usually good absorbers of infrared radiation [62]. Thus,
the solution layer between the optical window and the metallic surface must be within
1 to 100 um. However, it is well known that thin layer electrochemical measurements
may lead to an increase in uncompensated resistance [52]. Therefore, the GC working
electrode was aligned against the ZnSe window leaving a small volume of electrolyte in
the optical path and the electrochemical response was investigated by cyclic voltammetry.
Cyclic voltammetry of FcMeOH in EG as a function of the thickness of the electrolyte is
shown in Figure 7.3. In these measurements the distance between the working electrode
and the optical window was decreased stepwise by adjusting the micrometerscrew of the

cell.

For an electrochemically reversible one-electron transfer, the separation between the

anodic and the cathodic peak potential (AE,) should be approximately 59 mV, according
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Figure 7.2. Cyclic voltammogram of 1 mmol-L~! ferrocene methanol in 0.1 mol-L~!
KNOj; in ethylene glycol starting from 0V with a positive sweep direction. The scan rate
of the CV was increased from 10 to 25, 50, 100, 200, 300, 400, 500, 750 and 1000 mV-s~*.
Arrows indicate sweep direction. The inset shows the plot of the cathodic peak current as
a function of the square root of the voltammetric scan rate.
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Figure 7.3. Cyclic voltammogram of 1 mmol-L~! ferrocene methanol and 0.1 mol-L~1 KNO,
in ethylene glycol starting from 0.05V with a positive sweep direction with a scan rate of
50mV-s~!. The distance between the working electrode surface and the optical window was
decreased from 4mm to 3, 2, 0.9, 0.2, 0.13, 0.08 mm and
0 (in contact with the window).

to Equation 7.3 [52, 131]. From Figure 7.3 it can be seen that the peak potential
difference increases from an initial value of 94 mV for a 4 mm thick layer to 101, 122,
217, 293, 304 and 367mV to a thickness of 3, 2, 0.9, 0.2, 0.13 and 0.08 mm, respectively.
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7 Vibrational spectroscopic characterization of the DES

When the electrode was in contact with the window, no peak was observed, indicating

that the ‘R drop increases by decreasing the thickness of the electrolyte film.

0.059

AB, = B — Byt = —

(7.3)

For thin layer electrochemistry measurements, as long as the cell thickness [ is smaller
than the diffusion layer thickness for a given experimental time, that is, [ << (2Dt)"/2,
mass transfer within the cell can be neglected. With the potential stepped from a value
E4, where no current flows, to Fy, where a reaction takes place, the concentration of
reactant at the electrode surface is essentially zero, and a typical voltammogram in
a thin-layer cell would have a symmetrical shape [52]. However, a difficulty in these
methods arises, especially when nonaqueous solutions are employed, due to the high
resistance of the thin layer of solution. Since the reference and auxiliary electrodes are
placed outside the thin layer of electrolyte, one can have seriously non-uniform current
distribution and high uncompensated ¢R drop, and therefore the AE,, increases for this

setup.

The same voltammetric behavior was observed for the eutectic mixture 12CE. Fig-
ure 7.4a shows cyclic voltammograms with an electrolyte layer of 5 mm thickness, while
in the CVs in Figure 7.4b the thickness was increased from zero (touching the window)
up to 0.14mm. For the first measurement, with a 5mm thick electrolyte layer, AL, is
66 mV. Thin layer measurements cause this value to increase from 174mV for a 140 um

thick electrolyte layer up to 337mV for a 20 um thick layer.

These measurements indicate that the electrochemical performance of the SEC cell
is compromised by the uncompensated resistance (iR drop) that has to be minimized
in order to control the electrode potential during in situ experiments. Although the iR
drop cannot be avoided, it can be minimized by using a supporting electrolyte, reducing
the size of the working electrode or reducing the distance between the working and the
reference electrode [223-225]. Since none of these options are possible in our thin layer
cell, the alternative strategy is to use the electronic feedback circuit for iR compensation
available in the Autolab potentiostat, which automatically compensates the indicated
resistance. Also, in the electrolyte containing zinc, a CV was recorded and the respective

potentials of interest in this CV were used for potential steps measurements.
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Figure 7.4. CVs of 1 mmol-L~! ferrocene methanol in 12CE at room temperature and with a
scan rate of 50mV-s~! in the SEC cell: a) starting from —0.03 V with a positive sweep direction
in a 5mm thick electrolyte layer. b) starting from 0.05V with a positive sweep direction and

an electrolyte thickness of: 0 (touching the window), 0.02, 0.04, 0.06,
0.08, 0.10, 0.12 mm and 0.14 mm.
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7 Vibrational spectroscopic characterization of the DES

7.3 FTIR characterization of the bulk electrolyte

Fourier transform infrared spectroscopy (FTIR) is used to analyse and identify structures
as well as to study interactions between different groups [57]. The vibrational spectra of
the compounds of interest were first investigated and characterized using a spectrometer
with attenuated total reflection (ATR) configuration. The spectrum of the bulk electrolyte
is important for comparison with the PM-IRRAS surface spectra. Particularly, because
interactions of the electrolyte with an electrode surface may result in frequency shifts,
different band widths and absorbance values of the same bond [62]. Thereby, hints on
the main functional groups interacting with the metal surface could be obtained. In this
section ATR-FTIR spectra of ethylene glycol (EG), choline chloride (ChCl), 12CE and
0.3mol-L ™! ZnCl, in 12CE (Zn-12CE) are presented and analysed.

The ATR-FTIR spectra of ethylene glycol, choline chloride and the deep eutectic

mixture of these two compounds (12CE) are shown in Figure 7.5.

The vibrational spectrum of ethylene glycol [226, 227] as well as that of choline chloride
[228, 229] are well described in the literature. However, there are only few investigations
on the interaction of ethylene glycol with choline chloride [230, 231] and none on FTIR
characterization of the eutectic mixture 12CE. It has been reported that significant band
shifts are observed on the FTIR spectrum of choline-based deep eutectics compared
with the bands of the neat components [230-237], specially for those bands related to
hydrogen bonds. From the IR spectra of the EG and ChCl, it can be observed that there

are several band shifts upon formation of a deep eutectic solution.

In the O—H region (from 3800 to 3000 cm™!) in Figure 7.5 it can be noted that the
strong v(O—H) band shifts significantly from 3286 cm™! in pure EG and 3214cm™! in
ChCl to 3300 cm™! when mixing these two components in a 1:2 molar ratio. This shift
to higher wavenumbers indicates that the O—H bond becomes weaker. Such a change in
EG is presumably due to the presence of Cl” ions and formation of H---Cl™ hydrogen
bonds, which has also been observed in other deep eutectic systems based on 12CE with
MgCl, [231, 232]. Additionally, in the case of ChCl, the relatively sharp O—H band
becomes broader due a higher concentration of hydrogen bonds — which is consistent
with the fact that EG is a hydrogen-bond donor (HBD) — and due to a decrease of the
lattice energy of ChCl and formation of a liquid phase in the deep eutectic solvent [6, 11].
A similar broadening of the O—H band of ChCl has been reported after mixing ChCl in a
proportion 1:2 molar with urea [237] and with lactic acid [238] as HBDs. The interaction
between the components upon formation of the deep eutectic solvent is represented in

Equation 7.4, where R,NTCl represents the quaternary ammonium salt and H—O—R.
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7.8 FTIR characterization of the bulk electrolyte

the HBD, which are respectively choline chloride and ethylene glycol in the present work.

R,~N*...CI" + H-O-R’ — R,~N*...ClI"---H.--O—F/ (7.4)

The IR spectrum of the eutectic mixture 12CE contains several bands corresponding
to choline chloride. Two absorptions originating from the N—CH, group of ChCl are
observed at 3033 cm ™! and 1477 cm™! [239]. The bands at 955 and 923 cm™! (too small
to be visible in Figure 7.5) are attributed to the asymmetric and symmetric stretching

modes of C—N, respectively [56].
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Figure 7.5. FTIR spectra of ethylene glycol (EG), choline chloride (ChCl) and of the eutectic
mixture 12CE.

The FTIR spectra of the deep eutectic 12CE, plotted together with the 12CE containing
0.3mol-L=! of ZnCl,, are shown in Figure 7.6. Since the vibrational bands of zinc
halides have wavenumbers below 400 cm™! [240], the modes of zinc chloride can not be

characterized by mid-infrared spectroscopy and therefore it will not be addressed in
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7 Vibrational spectroscopic characterization of the DES

this section. Alternatively, the vibration modes of [ZnCl,]*> have been characterized by
Raman spectroscopy [44], as shown in Chapter 3. From the comparison of these two IR
spectra, it can be observed that they are quite similar and only very slight absorbance
differences are observed in the fingerprint region (within 1500 and 500 cm™!), however
this region is quite difficult to analyse due to the superposition of bands. Moreover, it is
noteworthy that the OH stretching mode shifts from 3292 cm~! in 12CE to 3310 cm™!
when ZnCl, is added. The higher frequency of the OH mode in 12CE-Zn, indicates that
due to the formation of [ZnCl,]?", fewer Cl ions are available to form hydrogen bonds,
therefore the O—H bonds become stronger (higher wavenumber). Furthermore, no bands
that could be attributed to dH—O—H, usually at 1650 cm™* [239], are observed, pointing
out that both DES are quite dry. The detailed band assignments of ChCl, EG, 12CE
and 0.3mol-L~! ZnCl, 12CE are shown in Table 7.1.
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Figure 7.6. FTIR spectra of the eutectic mixture 12CE (black) and 12CE containing
0.3 mol-L ™1 of ZnCl, (red).
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7.8 FTIR characterization of the bulk electrolyte

Table 7.1. Band assignments for FTIR spectra of ChCl, EG, 12CE and 0.3mol-L~!
ZnCl, 12CE.

ChCI! EG! 12CE! 0.3mol-L=!  Assignment?
ZnCl, 12CE!

3217 3286 3300 3312 v(OH)
3025 3032 3035 N—CH,
3014 2935 2936 2940 Vas(C—H)
3004 2874 2872 2877 vs(C—H)
1728 v[CH,CH,OH]
1639 §(H—O—H)
1480 1477 1477 Sas[NT—(CH,),]
1459 1454 1459 1459 §(CH,)
1413 1408 1413 1416 §(C—O—H)
1376 1368 1369 1372 v(CH,)
1348 1334 1325 1337 v(CH,)
1274 1280 vC—N
1242 1256 1253 1267 7(CH,)
1219 1238

1204 1202 1204 7(CH,)
1141 1134 1133 CN
1083 1083 1083 1083 v(C—C-0)
1056 1032 1032 1036 Vas(C—0)
951 955 953 VasC—N

925 923 v,C—N

892 881 881 882 p(CH,)
864 859 861 862 v(C—C)
630 7(C—0—H)
528 512 512 514 5(C—CO)
450 §(CO—H)

IFrequencies in cm™!

2y = stretching, § = bending; v = wagging; 7 = twisting; p = rocking, as = asymmetric;
§ = symmetric.
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7 Vibrational spectroscopic characterization of the DES

7.4 PM-IRRAS spectra of the electrolyte on glassy

carbon

PM-IRRAS measurements of a glassy carbon surface immersed into electrolyte were
carried out at open circuit potential.

The main feature of this technique is the possibility to measure an IR spectrum of the
species adsorbed on an electrode surface by modulating the beam polarization between
two orthogonal directions, namely perpendicular (s) and parallel (p) to the plane of
incidence [86]. The electric field of the s-polarized light interacts destructively with
the metal yielding no surface information, but only from the species in solution. On
the other hand, the p-polarized light interacts constructively, resulting in an enhanced
electric field, which can be used to obtain the spectrum of surface species, whereas the
s-spectrum can be used as background [60].

For each measurement a p- and s-polarized spectrum have been obtained. The sum
reflectivity itself can be considered as a single-beam spectrum of the liquid phase, due to
the dominant light absorption by the liquid phase on the two spectra. The ratio of the
difference over the sum of the two spectra, calculated according to Equation 7.1, results
in the PM-IRRAS spectrum, which yields information about the species on the surface
[86, 214, 215].

The surface spectra of ethylene glycol and 12CE on glassy carbon are shown in
Figure 7.7.

From the spectrum of ethylene glycol, it can be observed that the O—H stretching
mode of at 3600-3200 cm~! seems to be of two different bands overlapping. In the FTIR
of the bulk electrolyte (Figure 7.5), only one band is observed, at 3286 cm™!, whereas in
the PM-IRRAS spectrum, the same band has two maxima at 3430 and 3260 cm~!. In
this kind of measurement, the absorption by species with the dipole perpendicular to the
surface is intensified and thus the presence of two bands may be due to the vibrational
modes of two different OH groups, one adsorbed on the glassy carbon surface and a
second at the end of the EG chain. Furthermore, the bending mode of C—O—H shifts
from 1408 cm™*! in the IR spectrum of the bulk liquid to 1421 cm™! on the GC surface.

Similar changes in the vibrational spectrum of ethylene glycol caused by adsorption at
a metal surface have been reported for EG on platinum [241], palladium [242], rhodium
[243] and silver [244, 245] surfaces using high resolution electron energy loss spectroscopy
(HREELS). It was alleged that ethylene glycol interacts with Pt, Pd and Rh through
both oxygen atoms (Figure 7.8 b) and decomposes through O—H activation forming

ethylenedioxy (—OCH,CH,0O—) surface intermediate species, which were further oxidized
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7.4 PM-IRRAS spectra of the electrolyte on glassy carbon

to form glyoxal (O=CH—HC=0) by increasing the temperature [241-243]. Monodentate
—OCH,CH,OH species have been observed by in situ IRRAS studies of EG on Mo(110)
[246] and Rh(100) [247] surfaces. Monodentate species would allow adjacent O—H groups
to interact with each other giving rise to a second vO—H band at lower frequency [246].
According to the literature, our results indicate that EG presumably has its C—C bond

axis tilted to the glassy carbon surface instead of parallel, as shown in Figure 7.8a.
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Figure 7.7. PM-IRRAS surface spectrum of the deep eutectic 12CE and ethylene glycol on
glassy carbon.
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OH
H,C
CH, H,C——CH,
HO HO OH
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(a) (b)

Figure 7.8. Possible conformations for ethylene glycol on glassy carbon: a) monodentate and
b) bidentate conformation.

The spectrum of 12CE shows a very intense absorption for OH at 3295 cm ™. It also
seems to be composed of two overlapping bands, similarly to the spectrum of pure EG.
The vibrational modes associated with the amine function become stronger and sharper
compared to the spectrum of the bulk 12CE. For instance, the asymmetrical bending
of (CH;)3sN™ at 1479 cm ™!, which shows a significantly stronger absorption on GC and
overlaps with the §CH, band at 1459 cm™!. Moreover, the twisting mode of C—O at
638 cm~! shifts by 4cm~! and is not so well resolved compared to that of pure EG.
In none of these electrolytes the band associated with water at around 1650 cm™! was

observed, which confirms the water content to be very low.

A comparison of the vibrational modes in the bulk electrolyte and on a GC surface is
shown in Table 7.2. It can be noted that most of the C—O vibrations as well as the C—N
modes of ChCl show a significant shift or/and increase in intensity when measured on the
GC substrate. These data indicate that ethylene glycol is adsorbed at the glassy carbon
surface by one O—H functional group. The addition of choline chloride, upon formation
of the DES, results in competition for active sites and the choline group [(CH;);N*] is
also preferentially in contact with the surface, which is evident by the increase of the

absorption bands related to this group.
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Table 7.2. Vibrational modes of EG and 12CE in the bulk liquid phase and on a glassy
carbon (GC) surface.

EG! EG on GC' 12CE! 12CE on GC! Assignment?
3286 3430 3290 3295 v(OH)
3260
3032 3027 [N—(CH,),]
2935 2940 2936 2937 Vas(C—H)
2874 2876 2872 2874 v (C—H)
2725 1647 S(H—O—H)
1477 1479 3, [N —(CH,)5]
1451 1459 1459 - 5(CH,)
1408 1421 1413 1415 (C—0O—-H)
1363 1370 1369 1367 ~(CH,)
1334 1334 1325 1323 +(CH,)
1256 1257 1253 - 7(CH,)
1204 1206 1202 1203 7(CH,)
1134 1133 C—N
1083 1078 1083 1083 vs(C—=0)
1032 1033 1032 1036 Vas(C—=0)
055 953 VN7 —(CH, )5
925 923 rO—CCN
831 830 831 832 »(CH,)
859 861 361 862 L(C—C)
641 638 7(C—CO)
512 512 514 ~(C—CO0)

IFrequencies in cm™!

2y = stretching, § = bending; v = wagging; T = twisting; p = rocking, as = asymmetric;
§ = symmetric.

PM-IRRAS measurements of 12CE solutions with different concentrations of zinc
chloride are illustrated in Figure 7.9. The addition of zinc chloride to the deep eu-
tectic does not change significantly the IR spectrum of the 12CE solution, because
the vibrational modes of [ZnCl,]?" have wavenumbers lower than 400 cm™!. Moreover,
the complexes and intermediates that may be formed with zinc are only present upon
applying a sufficiently negative electrode potential, therefore different species are unlikely
to be detected at open circuit potential. Nevertheless, it can be noted that the v(O—H)
band slightly shifts to higher wavenumbers, indicating that the hydrogen bonds become
stronger by increasing the concentration of ZnCl,. This is likely so, because much of
the CI” ions are complexed with zinc to form [ZnCl,]?", strengthening the O—H bonds
in the R—O—H--- Cl" network. Yet, this shift in the O—H band is difficult to evaluate

because there is no band maximum.
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A slight shift is also observed for the bending mode of the C—O—H at 1415cm ™! and

twisting of the C—CO chain at 638 cm™!.

These shifts indicate changes of the local

environment of the C—O—H bonds by addition of ZnCl,.
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Figure 7.9. PM-IRRAS surface spectra of 12CE on glassy carbon with different concentrations

of ZnCl,.
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8 Kinetic PM-IRRAS studies of the
glassy carbon/deep eutectic

electrolyte interface

8.1 PM-IRRAS at open circuit potential

Ethylene glycol and 12CE showed to adsorb strongly on glassy carbon, yielding well-
resolved surface spectra. During our measurements it was observed that the absolute IR
signal of EG and 12CE increased significantly when the spectrum of the electrolyte was
recorded firstly on a clean glassy carbon surface and after some resting time. The open
circuit potential (electrochemical equilibrium) can be significantly different from the
potential of zero charge (PZC). Therefore, electrostatic interaction of the electrode with
the ionic liquid cannot be disregarded. Hence, it is likely that the molecules of the ionic
liquid assemble themselves in order to decrease the interface energy between the liquid
phase and the glassy carbon surface at open circuit potential [248]. This self-assembly of
the molecules of the deep eutectic solvent presumably alter the transition dipole of the
molecules in the vicinity of the surface, causing an increasing PM-IRRAS signal — if
the resulting conformation has a transition dipole perpendicular to the metal surface [61,
249]. Therefore, the change in PM-IRRAS absorbance spectrum may be associated with
an increase in population and molecular orientation on the electrode.

In this section we present an investigation on the adsorption and self-assembly of
ethylene glycol, 12CE and 0.03 mol-L~! ZnCl, 12CE on a glassy carbon surface at open

circuit potential as a function of time.

8.1.1 Ethylene glycol

The experiments of time-dependent adsorption of ethylene glycol were carried out starting
from a cleaned and dry glassy carbon surface. The electrolyte was added to the cell
under nitrogen flow. Since the absorption of surface species changes with time, the

spectra are presented as a ratio of spectral intensity at a sample time (t,) over that at
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8 Kinetic PM-IRRAS studies of the glassy carbon/deep eutectic electrolyte interface

the starting time (¢;), which is the first spectrum measured (AS(v);). The initial time
that the adsorption process starts would be time zero (ty), which is the first contact of
the electrolyte with the electrode. This is about 5 min before the first measurement t;.
Figure 8.1 shows surface spectra of ethylene glycol as a function of time. The evolution
of the bands of ethylene glycol on a GC surface was monitored from ¢; = 5min up to

1440 min (24 h) at open circuit potential.
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Figure 8.1. PM-IRRAS surface spectra of ethylene glycol on glassy carbon recorded at
various time intervals after introduction of the solvent. The reference spectrum was recorded
immediately after the glassy carbon had been immersed in the electrolyte (approximately
5min). All measurements were made at open circuit potential.

The absorption bands, specially those related to O—H and C—O groups increase
considerably within 24 h. In the R—H stretching region, the v(O—H) at 3700-3100 cm~*
and v(C—H) at 3100-2850 cm ™! increase substantially. In the fingerprint region (1600
800 cm™!) there is a considerable increase in the absorption of the bands for v(C—0)
vibrations at 1130-950 cm™! as well as for p(CH,) and v(C—C) skeleton vibrations of
ethylene glycol at 930-820 cm™!. At lower wavenumbers, the out-of-plane bending of the
O—H group at 650 cm™! also increases with time, which is consistent with the increase
of the O—H stretching absorbance [56, 58, 174, 239]. The temporal evolution of the

band areas are shown in Figure 8.2 together with the corresponding bands after baseline
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Figure 8.2. Temporal evolution of some bands of ethylene glycol on glassy carbon and its
respective band area versus time (for clarity, b) and d) graphics have a gap between 400 and
1200 min).

The integration of the bands shows that the area corresponding to O—H, C—0O and
C—H modes increase with time. While the »(C—0) and v(O—H) increase constantly
over 24 h, the C—H bands show more of a saturation profile. Additionally, the O—H
stretching at 3528 cm ™! turns much more intense related to that at 3260 cm=!. It is likely
that these two peaks are related to two different modes of the O—H bond. Presumably,
one group is adsorbed at the surface of GC, and therefore the O—H bond becomes weaker
(with a lower wavenumber) and a second group, with lower intensity, would correspond
to the functional group at the end of the molecule. The two possible conformations for

the ethylene glycol on a glassy carbon surface are represented in Figure 8.3a.

As discussed in the previous subsection, the two possible conformations of EG would

influence the wavenumber and intensity of the O—H stretching in the PM-IRRAS surface
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Figure 8.3. Possible conformations for EG on GC with representation of multi-layers of EG
after some equilibration time.

spectrum in different ways. The conformation A (C—C axis of the EG molecule parallel
to the surface) would have an equal contribution from each OH group, whereas the
conformation B (molecule axis perpendicular to the surface, or inclined with a resulting
component with a perpendicular dipole moment) would generate two different bands, one
for the OH adsorbed on the surface (which gets weaker, consequently it shifts to lower
wavenumbers) and another band for the OH that is not in contact with the surface and
interacts through hydrogen bonds with neighbours molecules. Indeed, two overlapping
bands are observed for the v(O—H) mode of EG in the PM-IRRAS spectrum, which
indicates that the molecules are arranged in conformation B on the surface.

Although there might be condensation of water on the detector, because it is cooled
with liquid nitrogen, the O—H absorption from these molecules are annulled through the
subtraction of s- from p- polarized spectrum, since the absorption will be the same in
both polarized components. Thus, the fact that the v(O—H) band continuously increases
with time in the PM-IRRAS spectra may be a consequence of the organization of ethylene
glycol on the surface in a mono- or multilayer structure as sketched in Figure 8.3 b. This
auto-assembly of the molecules at open circuit potential proceeds very slowly, as the
band area does not reach a plateau even for measurement times as long as 24 h. Moreover,
it is important to mention that PM-IRRAS is sensitive not only to surface species but
also to the molecules that are in the proximity of the electrode surface (ca. 1 um, or 1/4
of the wavelength of the incident radiation) [60], hence the increase in absorption may
be correlated to the intensification of the transition dipole of the molecules caused by an

increase in population and molecular orientation in the vicinity of the electrode surface.
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8.1.2 12CE

After the time-dependent experiments with ethylene glycol, the liquid was removed from
the cell and 12CE was added under nitrogen flow without additional cleaning. The
PM-IRRAS spectra of 12CE on a glassy carbon surface as function of time are shown in
Figure 8.4.
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Figure 8.4. PM-IRRAS surface spectra of 12CE on glassy carbon recorded at various intervals
of time after introduction of the electrolyte. All spectra are normalized to the spectrum
recorded immediately after immersion of the electrolyte 12CE.

A significant increase in absorbance is observed after 15 min. However, differently from
EG, the bands of the spectra do not show a significant increase of absorption with time.
Obviously, this can be due to the glassy carbon surface already bearing an adsorbed

layer of ethylene glycol prior to filling in the 12CE.

The baseline-corrected peaks and the areas of some bands on temporal scale are shown
in Figure 8.5. Most of the analysed bands showed a rather constant intensity. The band
areas showed a considerable increase after 15 min, thereafter it remained almost constant
up to 24h (1440 min). An increase in band area with time is noteworthy for the OH
stretching at 3295 cm™!. Moreover, the enhancement of the asymmetric bending mode of
(CH;)sNT at 1479 cm ™! points out that the choline group might be competing with the

OH for active sites on the electrode surface, although a similar increase is not observed
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for the asymmetric stretching of (CH;);N* at 961 cm ™ or the vC—N at 1133 cm ™.
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Figure 8.5. Temporal evolution of bands of 12CE on GC with their respective band area
versus time.
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8.1.3 0.03 mol-L~! ZnCl, in 12CE

0.03mol-L =t of ZnCl, 12CE was added to a clean glassy carbon surface and PM-IRRAS
spectra were frequently measured during a period of 24 h at open circuit potential. All
sample spectra (ty) were normalized to the first measurement (¢1), so that only the
relative increase in absorption can be observed. The surface spectra of the electrolyte

recorded at various time intervals are shown in Figure 8.6.
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Figure 8.6. PM-IRRAS surface spectra of 0.03 mol-L ! ZnCl, 12CE on glassy carbon recorded
at various time intervals after introduction of the electrolyte. All spectra are normalized to
a reference spectrum measured at the start of the experiment. The spectra presented in this
Figure have not been smoothed or baseline corrected.

In this experiment, the adsorption of 0.3 mol-L~! ZnCl, in 12CE on glassy carbon was
different from the previous one in 12CE. As it starts from a clean surface, many of the
bands show an increase in intensity and shift in wavenumber with time. The absorption
bands and their respective temporal changes will be discussed consecutively, according

to the IR spectral region.

Figure 8.7 shows the O—H and C—H stretching region (3600-2800 cm™!) after baseline
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correction (with spline interpolation, according to the procedure described by Zamlynny

et al. [60]) and the respective integrated band intensities.
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Figure 8.7. Temporal evolution of a) PM-IRRAS spectra with a corrected baseline of the
O—H and C—H stretching region of 0.03 mol-L ™! ZnCl, in 12CE onto GC at room temperature
and open circuit potential. b) The respective integrated band intensities versus time.

It can be noticed that the intensity of all bands in the R—H region increase considerably
with time. The O—H band becomes broader and asymmetric, indicating that one of the
overlapping bands contributes more to the overall absorption. The contribution from the
O—H band at 3427 cm™! becomes higher with time compared to that at 3246 cm™!. It is
likely that the first band at at 3427 cm™! originates from the O—H bond which is not in
contact with the GC surface, i.e. at the end of the chain of EG and ChCl — supposing
these two molecules assemble with the C—C axis inclined to the surface and also that
ChCl adsorbs through the amine group. Because both ChCl and EG molecules bear
O—H functional groups, the contribution of this band becomes higher as the surface
coverage and molecular ordering, i.e. dipole alignment, increase.

The v(C—H) band located at 3027 cm™! corresponds to the terminal methyl CH,
stretching mode of the (CH;)sNT group [250]. The intensity of this band starts from
a very weak absorption at 15min to a significantly high IR absorption after 120 min,
which is consistent with the supposition that the Ch™ group of ChCl is preferentially in
contact with the surface and the surface population of this species increases with time.

The bands centered at 2938 and 2872 cm ™! are attributed respectively to the v,s(C—H)
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and v5(C—H) of the methylene groups from ChCl and EG. The C—H stretching modes
are usually conformation sensitive and may respond to changes of the trans/gauche
ratio in the alkyl chains [239]. The increase in intensity of these stretching bands may
be indicative of orientational changes of the sample relative to the substrate normal
[251-253].

The relative intensity of the v,,(C—H) at 2955 cm™! is initially higher than that of
vs(C—H) at 2881 ¢cm™!. This may be caused by absorption contributions from the CH,
bending modes and Fermi resonance overtone from the methylene scissoring vibrations,
which may overlap the v,s(C—H) band [60, 96, 253]. On the other hand, the vs(C—H)
arises purely from the symmetric stretching vibration of methylene groups [90]. After
some resting time, the absorption intensity of the two stretching modes seem to equalize.
The band intensity vs. time plot shows a saturation plateau after 120 min (Figure 8.7 b)
for the v, and 15 of CH,, indicating that the degree of ordering of the adsorbed DES
molecules increases until the system reaches a saturation point.

The formation of such packed-adlayer of the ionic liquid on the GC surface is also
consistent with the wavenumber shift observed for the C—H stretching, from 2955
and 2881 cm ™! initially, to 2941 and 2871 cm~! after 240 min and 2938 and 2872 cm ™!
after 24h. Changes in band positions and bandwidths of the CH, stretching bands
have been used to investigate forms conversion in phosphocholine lipids, namely gel to
liquid-crystalline phase-transitions [90, 251, 252]. It was alleged that the shift to lower
wavenumbers of the (C—H) stretching modes are related to a higher degree of ordering
of the acyl chains in lipid molecules [99, 253]. Similarly, the red-shift of the methylene
stretching modes in DES may indicate a higher degree of ordering of the molecules on
the GC surface.

Figure 8.8 shows the 1550-1300 cm™! spectral region, which provides information
about the C—H bending modes. The two overlapping bands at 1489 and 1479 cm™! are
attributed to the C—H bending of the [N*(CH;)3] group of choline chloride [239, 254]
with a small contribution of the §(CH,) at 1450 cm™! [255]. They overlap in the 12CE
surface spectra due to the higher intensity of the d,s[N"(CH;);] band on glassy carbon.
The band at 1417 cm™? is attributed to the §(C—O—H) and the two other bands of lower
frequency are ascribed to the methylene wagging.

The intensity of the d,[N"(CH;)5] band increases substantially with time. The plot of
integrated intensity of the bands vs. time shown in Figure 8.8b correlates quite well with
the plot of the v,[N"(CH,),] band intensity (Figure 8.7b). The band area increased
by almost three-fold during 120 min, approaching a plateau at 120 min. This plateau

indicates saturation after 240 min. The increase in intensity with time is most likely
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caused by an increasing adsorbate coverage of the glassy carbon surface, resulting in a
higher degree of orientational ordering of the molecular dipoles, thereby enhancing the

p-polarized signal correlated to these vibrations.
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Figure 8.8. a) PM-IRRAS spectra showing the temporal evolution of the C—H bending
region of 0.03mol-L~! ZnCl, in 12CE on GC at room temperature and open circuit potential.
b) Integrated band intensity of 5,sN1(CHjy), as a function of time.

Figure 8.9 shows the 1300-1000 cm™! region of the DES, which consists of bands
from C—O and C—N stretching in combination with CH, wagging and twisting. These
spectra are not normalized to the spectrum at ¢;, but shown as the S(v). As can be
seen, there is a gradual decrease of the symmetrical and asymmetrical vC—0O modes at
1096 and 1054 cm~t. Moreover, the shape of the v,C—O changes considerably with time,

indicating a change on the orientation of the adsorbed molecules.

The 1000-600 cm™! region, where the C—N stretching bands of the choline can be
found (1000-900 cm™'), shows an inversion of the direction of the v,;C—N band at
957 cm ™!, which may be facing up or down, as presented in Figure 8.10. This inversion
of direction is more likely to be due to a change in reflectivity of the electrode upon
formation of such multilayer assembly. Such inversions of bands have also been observed
in PM-IRRAS studies of celullose films on Si/SiO, substrates [214] and were attributed

to effects caused by the polarization of the beam and the angle of incidence on the film.

The increase in the bands corresponding to the choline function (v,sN*(CH;); and
6asNT(CH,)3) indicate that this group is preferentially in contact with the glassy carbon

surface. This observation is consistent with the PM-IRRAS structural analysis of
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Figure 8.9. PM-IRRAS spectra showing the temporal evolution of the C—O stretching region
of 0.03mol-L~! ZnCl, in 12CE on GC at room temperature and open circuit potential.

0.25

" 02
957
. t A 0.1
3 020 4 I 956 923
= . 00
o’ S
+ 05 S o4l
= =
= Z
o’ o0} a 02
o ——210 =
o 240 t %5 03
Z oosp —— 1440
@ 923 7 o4r
¥ 886 865 240
0.00 . . | 2R = . L 05 - . : . - L 140
1000 950 90 80 800 750 700 650 600 1000 950 900 850 80 750 700 650 600
Wavenumber (cm™) Wavenumber (cm™)
(a) (b)

Figure 8.10. Temporal evolution of the vC—N bands (957 cm™1) of 0.03 mol-L~! ZnCl, in
12CE on GC.

biomembranes with a choline head group [93, 94, 96, 98, 253, 256]. These studies have
shown that bilayers of dimyristoryl-phosphatidyl-choline (DMPC) on SiO,/Au [253, 256]
and Au(111) substrates [93, 94, 96, 98] are directly adsorbed on the metal surface by the
choline moiety [60, 90]. Therefore, the most likely structure of the DES on the glassy

carbon surface at OCP might be as represented in Figure 8.11.
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Figure 8.11. Possible conformations for 12CE on glassy carbon with representation of
multi-layers of 12CE after some equilibration time.
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8.2 Potential-dependent PM-IRRAS

Potential-dependent measurements were carried out by in situ controlling the electrode
potential and simultaneously recording PM-IRRAS spectra. Each spectrum took 7 min
to record, therefore 7 min potential-steps were programmed using the NOVA software.
Most of the spectra are shown already normalized to a reference spectrum, which is
calculated by: AS = S(v)ga/S(v)g1, where S(v) is given by Equation 7.1 and FE1 is the

indicated reference potential.

8.2.1 12CE

The electrolyte 12CE (3mL) was added to the cell with a clean glassy carbon electrode
under nitrogen flow. The potential of the glassy carbon working electrode was controlled
versus a zinc wire as reference electrode. The uncompensated resistance (iR drop) was
found to be about 190€2 by using the ¢-interrupt and positive feedback tools of the
NOVA software of the potentiostat. Thereby, the potential measurements were made
with an automatic compensation of the 7R drop.

The open circuit potential (OCP) of the cell filled with 12CE was +0.25V vs. Zn/Zn**.
Although it was seen from last sections that even at OCP self-assembly of the molecules
occur, we assume that the kinetics of these changes should be much slower than the
kinetics of potential-induced changes. Moreover, the system will be affected significantly
as soon as faradaic reactions are initiated. Because no faradaic reactions should happen
at OCP, the PM-IRRAS spectrum recorded at +0.25V vs. Zn/Zn** (E,,) was chosen
as reference for normalization of the PM-IRRAS surface spectra at different applied
potentials (E,).

From OCP at +0.25V vs. Zn/Zn**, the potential was stepped in the negative direction
until —0.8 V in intervals of —0.2'V and then back positively till +0.6 V. The sequence of

potential steps together with the current responses are presented in Figure 8.12.

The electrochemical data reveal that at —0.4 V| there is an increase of the cathodic
current, which is likely to be due to adsorption of the cations (Ch*). At —0.6V the
cathodic current increases significantly, which might be due to the reduction of the
electrolyte (ChCl, EG, or traces of water) and adsorption of hydrogen on the GC surface,
as it was seen in the previous section that the reduction of 12CE takes place already
at —0.6'V in the electrolyte without zinc. At —0.8V, the cathodic current increases
to —0.3mA-cm~2, due to the reduction of the electrolyte over the whole GC surface.
Up to 0V some cathodic current is still observed, due to the capacitive charging of the

electrochemical double layer (EDL). Stepping positively results in an anodic current,
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which is remarkably high at +0.6 V (+0.22mA-cm~2). The anodic charge consumed in
these last steps presumably originates from the desorption of the Ch+ with replacement
of these interfacial species by CI" or RO . The reduction of Cl ions to form Cl;  would
take place at much more positive potentials (E > 2V vs. Zn/Zn*") [13, 44] and is not
expected at +0.6 V vs. Zn/Zn*" though. Thus, it is likely that the anodic charge is due
to the reoxidation of RO~ species to ROH. The electrochemical behavior of the DES
could be monitored chronoamperometrically during the spectroscopic measurements and

therefore the PM-IRRAS spectra corresponding to each potential step can be interpreted

accordingly.
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Figure 8.12. Working electrode potential and current density versus time of 12CE in

the spectroelectrochemical cell during in situ PM-IRRAS experiments. The potential and

corresponding current spikes are caused by external disturbance of the cell and are therefore
artefacts.

The surface PM-IRRAS spectra corresponding to the different applied potentials are
shown in Figure 8.13. It is important to mention that these spectra are not baseline
corrected, but presented as measured: AS = S(v)g,/S(V)E,.,. From this normalization,
bands pointing up indicate an increase in absorption, whereas those pointing down have

a lower IR absorption compared to the reference spectrum at OCP.

160 Electrochemistry of Zinc from Deep Futectic Solvents



8.2 Potential-dependent PM-IRRAS

/

3400 3200 12CE
1479 cm”™ 958

N

S R

+0.6V

+0.4V

+0.2V
M\/\—F/W\/\/\
40V

f
&

-0.2V

-04V
-0.8V

S(v)z /S(V)e,

e — W_0_6 v
W |

E,=OCP =+0.250 V

] ] 1 Y/ ] ] 1 ]

4000 3600 3200 2800 1500 1200 900 600

-1
Wavenumber / cm
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It is likely that during the first measurement, at OCP (about 10 min after filling the
SEC cell with 12CE), the molecules do not have a high degree of order on the GC
surface. This implies that initially there might be amine as well as hydroxyl groups in
contact with the electrode surface. Hence, by switching the potential from +0.25 to
0V ws.Zn/ Zn’", some preferential orientation might already take place at the interface,
which is evident by an increase in the intensity of the bands at the fingerprint region
(1500-800 cm 1), specially those related to the vibrations of the quaternary amine at
1479 and 959 cm~!. This increase in absorption intensity is accentuated as the potential
is stepped more negative to —0.2 and —0.4V vs. Zn/Zn**. A corresponding increase in
the cathodic current can be followed in the electrochemical output of the measurement
in Figure 8.12.

Stepping the potential to —0.6 and —0.8 V causes a decrease of the IR signal, compared
to that at —0.4 V. From the electrochemical data shown in Figure 8.12, a significant
increase in current density at —0.6 and —0.8V is also noted, indicating reduction of
the Ch* and/or EG to form hydrogen at these potentials. At —0.6 V reduction of the
electrolyte might already occur only on some active sites. Subsequently, at —0.8V,
adsorption of hydrogen with gas evolution takes place on the whole surface of the
electrode. Consequently, the adsorbed layer is desorbed and a decrease of the band
intensities is observed in the whole PM-IRRAS spectrum. Massive gas formation is
not expected though. In this case, the IR absorbance would be much lower than at
the initial state of the experiment and the differential spectra (E,/FE,,) would have
all bands pointing down. Instead, it turns more similar to the initial state, where the
molecules are randomly oriented and distributed. Presumably, the surface is covered by
adsorbed hydrogen, which does not absorb in the IR. The second layer after the adsorbed
hydrogen is likely to be composed of Cht and EG molecules, similarly to the initial
state, therefore a decrease in signal in the differential spectrum at —0.8 V. Moreover, the

formation of gas also contributes to the lower degree of order of this system.

The evolution of the bands with the applied potential can be better visualized in the
spectra with a corrected baseline, as presented in Figure 8.14. The baseline was corrected
using the spline interpolation as described by Zamlynny et al. [60]. The spectra were
divided in three regions: the v(O—H) region from 3600 to 2700 cm ™!, the 6[N*(CH,),]
region from 1500 to 1300 cm™! and the v(C—N) region from 1000 to 800 cm™".

In the v(O—H) region (3600-3000 cm™"), the O—H stretching bands increase in the
negative direction upon decreasing the potential from 0 to —0.4 V. This indicates that
the O—H groups of Ch™ and EG gradually desorb, compared to the OCP. At —0.6 and

—0.8V a further decrease in absorbance is observed for these bands. However, stepping
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Figure 8.14. Baseline corrected PM-IRRAS surface spectra [AS*(v)] of 12CE at different
applied potentials. Arrows indicate the start of the experiment. All spectra are normalized
to the PM-IRRAS spectrum at open circuit potential (4+0.25V).The spectral regions are
corresponding to: a) O—H and C—H stretching, b) C—H bending and ¢) C—N stretching.

the potential positively does not invert the absorption intensity upwards.

The asymmetrical C—H bending modes of [N*(CH;),] at 1489 and 1479 cm ™! increase
upwards by decreasing the potential to —0.4V, indicating adsorption of this group on
the electrode surface. At —0.6 and —0.8 V the absorption decreases due to coverage of
the surface with adsorbed hydrogen. Interestingly, stepping the potential to the positive
direction causes the d,[N"(CH;)3] band intensity to increase. The same behavior of
band intensity with potential can be observed for the asymmetric C—N stretching at
959 cm ™! (Figure 8.14 ¢).

The band intensities corresponding to the vO—H, §,4[N*(CH;);] and v,s[C—N*(CH;)5]
modes were integrated with respect to the local baseline and are presented in Figure 8.15.

For the OH band, the increase in absolute value of area indicate desorption. It
can be observed that from 0 to —0.4V the area increases, so the OH groups are
detached (probably replaced by Ch™). Decreasing the potential further to —0.6 and
—0.8V ws.Zn/ Zn*T decreased the area. This can be correlated with the approach and
further reduction of the OH groups to generate adsorbed hydrogen. Stepping positively
from —0.8 to 0V caused an increase in area of the vO—H, thus an increase in desorption.

It is likely that in this potential range, there are mostly N*(CH,), groups in contact with
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Figure 8.15. PM-IRRAS band intensities of a) (O—H), b) 6,sNT(CH;)3 and v,sC—NT(CHj),
of 12CE on GC as a function of electrode potential. The bands were integrated from the
corrected baseline spectra in Figure 8.14 with respect to zero. Arrows indicate potential
direction from the start of the experiment.

to electrode surface. From 0 to +0.6 V, the OH band area decreased slightly. Presumably,
some EG molecules have replaced Cht at positive potentials as it is unlikely that the

surface is completely covered by Ch™ molecules.

The effect of the applied potential on the band intensities from the JN*(CH,), at
1479 cm~t and v, N*(CH,); at 959 cm™!, is shown in Figure 8.15 b and c¢. From 0 to
—0.4V, the increase in band intensity indicate adsorption of the choline groups on the GC
electrode. From —0.6 to —0.8 V Ch™ ions are replaced by adsorbed hydrogen. Stepping
to —0.4V causes readsorption of the Ch™, which is evident by the strong increase of
band intensities for these two vibrational modes. From —0.4 to 0V the Ch™ remains

adsorbed on the surface.

Stepping positively from 0V up to +0.6 V vs. Zn/ Zn’" caused the peak area of 8,5 and
vas C—N*1(CHj,); to decrease slightly, however the band intensities are still considerably
high. Re-adsorption of the ammonium group at a positively charged electrode would not
be expected though. The anions in the deep eutectic would rather replace the cations

at positive potentials. In the deep eutectic 12CE, these anions would be either ClI” or
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RO species, where the latter are generated through the reduction of the electrolyte
(ChCl or EG) at E < —0.6 V. In Figure 8.12, an anodic current of 0.22mA-cm™2 is
observed at +0.6 V and simultaneously, from Figure 8.13, there is a significant increase
in absorption of the bands at the 1200-1000 cm ™! region, where the v, and v of the
C—O0O are situated. However, integration of these bands is difficult due to the influence
of v,C—N at 1133 cm ™!, which overlaps with the vC—O modes.

Notwithstanding, the binding strength of the Ch™ to the GC electrode can be evaluated
by the position of the d,s and v,; N*(CH;); band centers as a function of the applied
potential, as presented in Figure 8.16. Variations on the vibration frequency of a band
may indicate changes in adsorption geometry, surface coverage of the molecules or on the
electrostatic properties at the electrode interface [257]. Band-shifts to lower wavenumber
(red-shift) indicate that the bond became weaker, therefore it absorbs at a lower frequency.
On the contrary, shifts to higher wavenumbers (blue-shifts) indicate a strengthening of
the chemical bond. If the Ch™ group is adsorbed to the electrode surface at negative
potentials, it is expected that the induction of charge from the electrode will make the
bond stronger, therefore a blue-shift is expected. Indeed, for the §,; N™(CH,);, from 0 to
—0.2V a blue-shift of 6cm™? is observed, from 1478 cm™! to 1484 cm™t. At —0.8V, the
frequency shifts to 1467 cm ™!, confirming the desorption of the Ch™. Similar behavior is
observed for the v, N*(CH,)s, firstly a red-shift on from 958 cm™! at 0V to 962 cm™!
at —0.6'V due to direct adsorption of Ch™ then a blue shift to 952cm™" at —0.8 V due
to its desorption. Switching the potential to positive values caused the peak centers to

return to 1479cm™! and 959 cm™!, probably due to the induction of charge from CI".

The PM-IRRAS spectroelectrochemical studies of the 12CE reveal some insights that
can help to explain the blocking effects during zinc electrodeposition on GC from 12CE.
It was previously suggested that at £ < —0.5V the GC surface could be blocked by
strongly adsorbed Ch™ species [42, 44]. However, the SEC-PM-IRRAS results show that
the blocking layer is probably composed of adsorbed hydrogen, which in the electrolyte
containing zincate would hinder zinc electrodeposition. However, it is still to explain
why the peak intensities of the N*(CH,); groups increase upon positive potential steps
and whether these groups are still in contact with the surface.

Spectroscopic and theoretical investigations on ionic liquid interfaces with electrified
electrodes suggest that the electrode surface acts as an electronic and structural template,
where cations adsorb at £ < PZC and that at positive potentials the cations are replaced
by anions [63, 65, 68, 70, 75, 78, 184, 258|. However this potential-dependent re-
structuring of cations and anions is not that simple and adsorption/desorption hysteresis

[77, 83] and ultra-slow restructuring [185] have also been reported.
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Figure 8.16. Frequency shift as a function of the electrode potential for the bands: a) Jas
N*(CH;);4 and v,s C—NT(CH;);. Empty squares indicate forward potential steps (from 0 to
—0.8 V vs. Zn/Zn*") while filled squares indicate the steps in a positive direction (from —0.4 to
+0.6 V vs. Zn/Zn?"). Arrows point in the direction of the potential steps.

Motobayashi et al. [83] investigated the potential-dependent structure of 1-butyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)amide ([BMIM|[TFSA]) by surface-
enhanced infrared absorption spectroscopy (SEIRAS). Scanning the potential in the
positive direction from —2.1 to +0.9V vs. Fc/Fct caused the bands corresponding to
the cations BMIM™, the v(C—H),;pg, to increase in intensity. The authors suggested
a potential-dependent reorientation of the imidazolium ring from a flat to a more
vertical position, which would change the oscillating dipole of the molecule. A similar
reorientation of the imidazolium ring at positive potentials, has also been observed
using SFG (sum frequency generation) spectroscopy to study ionic liquids based on
1-butyl-3-methylimidazolium [BMIM*] cations with [PF4 ] (hexafluorophosphate) [259]
and [BF, ] (tetrafluoroborate) anions [78, 259].

Electrochemical, PM-IRRAS and neutron reflectivity studies of biological membranes
based on DMPC (dimyristoylphosphatidylcholine) on gold surfaces by Lipkowski’s group
91, 95, 97] have shown that by progressively decreasing the electrode potentials, the
DMPC molecules adsorb on gold through the Ch™ moiety. By decreasing the potential
further to £ < PZC, the DMPC is separated from the gold surface by a thin layer of
D,O (~ Inm). Furthermore, IRRAS experiments also showed that when the membrane
is adsorbed directly at the metal surface all polar heads tend to interact with the metal,
consequently the chains assume a more tilted orientation with respect to the surface
normal, whereas at high negative charges, when the membrane is suspended on D,0, the
tilt angle decrease, hence the molecules orient more perpendicular to the surface [94, 96].

From the electrochemical and PM-IRRAS results obtained for 12CE at a GC surface
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and by comparison with the literature for interfaces of biological membranes and ionic
liquids with charged metal electrodes, we suggest the following potential effects on the
interfacial structure of 12CE and GC, presented in Figure 8.17. It is important to
mention that this Figure only shows qualitative sketches and does not represent the

precise location, distribution and tilt angle of the molecules in the 12CE/GC system.
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Figure 8.17. Schematic illustration of the potential-dependent changes in the structure of
12CE/GC a) at OCP, where ChCl and EG are at the surface; b) at —0.4 > E < 0V, where
the interface is dominated by the cations Ch™; ¢) at < —0.6 V, where the surface is covered by
adsorbed hydrogen and d) at sufficiently positive potentials, where the Ch™ layer is exchanged
by CI.

As suggested from in situ AFM [69, 70, 111] and X-ray scattering measurements
[68], the ionic liquid/electrode interface has probably a multilayer architecture with
alternating ions. At OCP, EG and ChCl molecules are in contact with the surface. At
potentials more negative than OCP, the first layer consist mostly of Ch™ ions, which are
strongly adsorbed in this potential range (—0.6 < E < +0.25V, Figure 8.17 b). The

second layer is likely to be Cl anions due to the interaction with the Ch™ cations in the
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first layer. Thereafter, the influence of the surface charge may decrease and the third
layer is presumably composed of Ch™ and EG.

At highly negative potentials (F < —0.6 V, Figure 8.17 ¢), the GC surface is covered
by adsorbed hydrogen generated by reduction of EG and/or ChCl. This rearrangement
of the interface causes the PM-IRRAS signal to become more similar to the initial state
at OCP, when EG and ChCl were in contact with the surface, therefore a decrease in
AS(v).

At potentials more positive than OCP, or positive enough to cause restructuring of
the interface, it is likely that the surface is covered by CI ions due to the electrostatic
attraction of the anions by the electrode surface. Consequently, the second layer would
be dominated by Ch™ cations. However at such potentials the PM-IRRAS bands
corresponding to the N*(CH;), group increase in intensity. Comparing the restructuring
of 12CE with those described for imidazolium-based ionic liquids at £ > OCP or PZTC
(potential of zero total charge) [78, 83] and the detachement of DMPC membranes from
Au surface by a 1nm D,O layer [91], one can assume that the increase in band intensity
of N*(CH,); is presumably due to a change in orientation of the Ch™ molecules. When
a negative potential is applied and the Ch* is directly adsorbed at the GC, the first
layer of Ch™ molecules might be forced to assume a more tilted orientation due to the
coulombic interaction with the two terminal polar groups (N*(CH,); and O—H). When
the Ch™ layer is separated from the surface by a Cl™ layer, the Ch™ cations might be
packed in a way to maximize the interaction with the anions, assuming a more vertical
orientation with respect to the normal of the GC surface. From the surface selection
rules [85, 86, 249| the vibrations that yield a resultant dipole moment perpendicular
to the surface are selectively observable by PM-IRRAS. The reorientation of the Ch*
from a tilted position at £ < OCP to a more vertical one at £ > OCP would explain
the higher 0,5 and v N+(CH3)3 band intensities at positive potentials. Furthermore,
although ionic liquids may show a very slow response upon change in potential [134,
185, 260, 261], hysteretic desorption of the Ch™ layer due to a slow restructuring of the
interface is unlikely, because the measurement time for each spectrum is about 7min. A
considerable increase in anodic current is also observed at these potentials, indicating an
anodic reaction with consumption of charge, possibly reoxidation of the glassy carbon
surface and the molecular hydrogen adsorbed, as the oxidation of chloride would only be
expected at E > 2.0V vs. Zn/Zn*" [44].
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8.2.2 0.3mol-L~! ZnCl, in 12CE

It has been discussed in the previous chapters that zinc electrodeposition from the deep
eutectic solvent 12CE involves several unusual features such as potential-dependent
adsorption, resulting in potential-dependent blocking-unblocking of the electrode surface,
in addition to the formation of intermediate reducible zinc species (Z). It is therefore of
interest to investigate the interface of a glassy carbon electrode with the deep eutectic
containing zinc. In situ spectroelectrochemical (SEC) PM-IRRAS experiments have been
carried out in the DES containing 0.3 mol-L ™! of ZnCl,. A thin-layer cyclic voltammogram
in the SEC cell of 0.3mol-L~! ZnCl, in 12CE solution is shown in Figure 8.18.
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Figure 8.18. Thin-layer cyclic voltammogram of 0.3 mol-L ™! ZnCl, in 12CE in the SEC cell
at room temperature, 10mV-s~! sweep rate, starting at +0.8 V with a negative direction, as
indicated by the arrows. Glassy carbon (1.54cm?) was used as the working electrode and
zinc wires (1mm ¢ ) as reference and counter electrodes. Letters A to E indicate the chosen
potentials for in-situ PM-IRRAS measurements.

Based on this CV, PM-IRRAS spectra were measured at the indicated potentials (A
to E). The potential steps and current transients are shown in Figure 8.19. The first
step (A) was measured at +0.4 V, where no faradaic reaction should occur. Secondly,
at —0.3V (B), where no deposition should occur during the forward step because the
reducible species have not yet formed. Although from the current profile at —0.3V, it
seems like some zinc was deposited from the Z species formed, as the current is of the
same magnitude as for this reverse step at this potential. Subsequently, a PM-IRRAS
spectrum at —0.8 V (C) was recorded. At this potential the Ch and EG molecules are

reduced, the reducible Z species are formed and the GC surface is somehow blocked,
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hindering the deposition of zinc. The reduction of the electrolyte molecules is evident
from the current profile at —0.8 V, which is noisy. In a thin layer cell configuration, the
diffusion of the reactants and products are hindered, thus the hydrogen formed may be
trapped in the thin-layer compartment (about 10 um) and disturb the measurement.
By changing the potential in the positive direction from —0.8V (C) back to—0.3V
(D), the surface is unblocked and zinc is deposited from Z. Stepping further positive to
+0.4V (E) causes the dissolution of zinc, which is also confirmed by the anodic current

at this potential.
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Figure 8.19. Working electrode potential (blue) and current response (black) versus time
of 0.3mol-L~! ZnCl, 12CE in the spectroelectrochemical cell during in situ PM-IRRAS
measurements.

The corresponding baseline corrected in situ PM-IRRAS spectra of 12CE-Zn in the
fingerprint region are shown in Figure 8.20. The species in solution in the 0.3 mol-L~*
ZnCl, 12CE are: Ch™, CI', EG and [ZnCl,]*>". Nevertheless, it is important to remember
that [ZnCl,]* does not absorb in the mid-infrared region, but only in the far-infared.
Therefore the adsorption of these species on GC can not be directly observed by this
method.

Decreasing the potential from +0.4 to —0.3'V causes a decrease in IR absorbance for
the §(C-H) and v(C-N) bands from (N*(CH,)3) at 1489 and 957 cm™!. This decrease
becomes more prominent at —0.8 V. However, it was expected that the PM-IRRAS
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vibrations attributed to the Ch™ would increase at a negatively charged electrode, because
the positively charged ammonium head group of the choline molecules would be more
strongly attracted at negative potentials. However, there are some effects that could
explain the unexpected result of this IR measurement in reflection configuration. The
absorbance signal depends not only on the surface concentration and dipole moment of
adsorbed molecules but also on the reflectivity of the surface [215, 262]. Hence, a change
of the glassy carbon reflectivity due to deposition of zinc is likely at negative potentials.
Yet, to which extent this change in reflectivity can affect the measurement of adsorbed
species is still unclear. For the interpretation of the surface spectra shown in this section,
only the population of adsorbate and dipole moment of the molecules at the interface

will thus be taken into account.
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Figure 8.20. PM-IRRAS surface spectra of 0.3mol-L ™! ZnCl, in 12CE recorded at the
indicated potential steps. The first spectrum was collected at +0.4V (spectrum in black)
followed by spectra at the potentials shown in Figure 8.19.

The PM-IRRAS spectra show potential-dependent changes in the absorption intensity
of the bands. Firstly, as mentioned above, a gradual decrease in intensity from +0.4
to —0.8V, specially on the bending mode of the methylene groups of N*(CH,), at
1489 cm™!. The asymmetric stretching of (C—N) at 957 cm™! also shows the same
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decrease in band intensity, whereas the symmetric mode at 923 cm™! did not change
with potential. The symmetric and asymmetric C—O stretching modes at 1088 and
1058 cm™! as well as the CH, rocking and C—C stretching mode at 881 and 863 cm™!
also change with potential.

Figure 8.21 shows the potential-dependent variation in band intensity for the .
(N*(CH,)s, vas(C—N*(CHj;)4 and vC—O. It can be observed that switching the electrode
potential in the positive direction from —0.8 V to —0.3V causes the PM-IRRAS bands
to increase in intensity. This is an important result, as it shows that the change in
surface species absorption is caused by the applied potential and not only by a change
in metal reflectivity or by time-dependent effects, as previously discussed in Section 8.1.
Otherwise, in the case of change in reflectivity by electrodepositing zinc, it is likely
that the IR signal would decrease continuously, whereas time-dependent adsorption
would cause the IR signal to continuously increase. Switching the potential positively
to +0.4V caused the d,(NT(CH,); band intensity to slightly increase, whereas the
Vas(C—NT(CH;)5 and vC—O decrease.

To better visualise the changes on the surface caused by the applied potential, the
spectra shown in Figure 8.20 were normalized with respect to a reference spectrum.
The first spectrum measured at +0.4 V vs. Zn/Zn*" was chosen as reference, because no
faradaic current is observed at this potential (Figure 8.19). The normalized spectra was
used for quantitative analysis of adsorption/desorption of the interfacial species. The
normalized spectra are shown in Figure 8.22.

The ratios are always below 1, because the PM-IRRAS band intensities were highest
in the reference spectrum. Thus, for the normalised spectra shown in Figure 8.22, the
higher the band, the bigger is the difference compared to the spectrum A. For these
normalized spectra, it can be observed that the ratio becomes bigger upon stepping
from +0.4 to —0.8 V. Desorption of Ch™ at —0.3 V is not expected. Moreover, stepping
back in the positive direction causes the ratio to decrease, which would imply that the

interface becomes more similar to the initial state at +0.4 V.

The corresponding p- and s- polarized IRRAS spectra of the deep eutectic solution are
shown in Figure 8.23 for the fingerprint region (1500-600 cm™!). In these two data sets,
one can observe the bands originating from the bulk electrolyte species (s-component)
and those from the surface together with the bulk electrolyte species (p-spectra). In
the p-spectra, there are some vibrational modes that are not present in s-spectra. Also
some low intensity bands in the s-spectra, such as the 5,;N*(CH;)4 at 1479 and v(C—N)
at 950 cm ™!, are much more intense in the p-spectra. Moreover, there is an evident
difference in the s- and p- spectra for the v5(C—0) and v,s(C—0O) modes at 1100 and

172 Electrochemistry of Zinc from Deep Futectic Solvents



8.2 Potential-dependent PM-IRRAS

-0.8 -04 0.0 04
T T T T T T
- 3.06 _7A76N+(CH3)3 1480%A T
> L
< A
8 288t .
® /A
o
S 270 | .
©
C
D 252F a ]
1 " 1 " 1 " 1
—~ 192 L—o— v (C-N) 950 cm” o
3 I / ]
\(3 O
o 180 .\ .
o r o
© 168 | .
©
c L
©
m 156 ® 4
F 1 " 1 " 1 " 1 3
— r—o— v (C-0) 1100 cm” o
5 975 / 4
U - O — 1
S 9.00 | .
5 -—
| |
T 825} 4
T L
m
7.50 |- . . . L

u
1 1 N
-0.8 -04 0.0 04
Potential (V vs. Zn/Zn*")

Figure 8.21. PM-IRRAS band intensities as function of electrode potential of 0.3 mol-L~!
ZnCl, in 12CE. Empty symbols indicate forward potential direction (from +0.4 to —0.3V, A
and B). Filled symbols indicate backward potential direction (—0.8 to +0.4V, C, D and E).
The band areas were obtained by the integration of the PM-IRRAS bands shown in Figure 8.20.

1060 cm ™!, respectively.

As it has been previously discussed for the PM-IRRAS measurements of 12CE without
zing, it is likely that at +0.4V, the GC surface is covered by Cl ions. The second
layer would consist of Ch™, which would assume a more vertical orientation in order to
maximize the electrostatic interaction of the ammonium group of the choline with the
negative Cl™ layer. Charging the working electrode negatively would cause the N*(CHs;)4
group to adsorb directly at the electrode surface. Consequently, due to the electrostatic
attraction on the two polar groups (ammonium and hydroxyl), the Ch™ molecules would
assume a more tilted orientation (with respect to the surface normal), causing a decrease
in absorption intensity at —0.3 V.

The further decrease in the absorption ratio intensity upon stepping the potential from

—0.3 to —0.8 V can be explained either by desorption of the molecules — yet without
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Figure 8.23. a) p- and b) s-polarized IR reflectance spectra for 0.3 mol-L~! ZnCl, in 12CE
on GC at different potentials. The reference spectrum was collected at +0.4 V.

replacement by other species, as no bands appear in the opposite direction — or by an
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additional decrease in the inclination angle of the molecules adsorbed with respect to
the surface normal. The very negative potential of —0.8 V would cause the adsorbed
molecules to assume a more parallel orientation, consequently bringing the O—H group
of the choline closer to the electrode surface, thereby facilitating its reduction with
formation of hydrogen. On the basis of the surface selection rules of IRRAS [85], the
resultant dipole will be cancelled by the 'reflecting mirror’ created by the metal surface
if it is oriented parallel to the surface. The adsorbed hydrogen and choline on the GC
are likely to comprise the blocking layer that hinders the deposition of zinc.

A schematic representation of the GC/12CE-[ZnCl,|* interface is shown in Figure 8.24.
From Figure a) to b), the replacement of C1~ by Ch™ cations for the potential step from
+0.4 to —0.3V is represented. A more inclined orientation of the Ch™ would explain
the decrease in the § and v N*(CH,); band. Step c) and d) represent the stronger
inclination of Ch* with reduction of the O—H groups and blocking of the surface by
adsorbed hydrogen at —0.8 V. The resulting alkoxy anions RO™ of EG and Ch form
complexes with the zinc ions (Z species). At —0.3V (Figure 8.24 e) the hydrogen diffuses
away and zinc deposition takes place. The re-adsorption of Ch™ on the GC/Zn surface
causes the PM-IRRAS bands for § and v N*(CH,), to increase again. Finally, at +0.4V

the surface is covered by chloride and dissolution of zinc occurs.

The band intensities and peak positions of the baseline-corrected AS* spectra are
presented in Figure 8.25. The potential causes significant changes of the intensity of the
vibrational modes and slight shifts on the position of the bands centroid. The band areas
of 6,s(NT(CH;); and v,s(C—NT(CH,); decrease with potential by a factor of 3. This is
probably caused by a closer approach of the molecule axis to the GC surface.

The frequency of the d,s(N"(CH;); and v,(C—NT(CH,); bands shift in different
directions. For the 6,s(N"(CH,); mode, the change of electrode potential from —0.3 to
—0.8V causes a blue-shift of 3cm™!, indicating that the C—H bond become stronger at
—0.8V vs. Zn/Zn**. This can be caused by the induction of charge from the electrode to
the Ch™ group, causing a strengthening of the methylene bonds. Stepping back to +0.4V
causes a shift from 1481 to 1477 cm™!. On the other hand, the potential changes for the
v,sC—N causes the opposite frequency shift. Stepping to negative potentials, from —0.3
to —0.8V, caused a 1cm™? shift (from 960.3cm™" at —0.3V to 959.7cm™! at —0.8V
and back to —0.3V with a frequency of 961.3cm™!). However, the spectral resolution of
the IR spectrometer is only 2cm™! and such small frequency shifts (v < 4cm™') do not
leave room for interpretation. At 4+0.4V, the v,sC—N shifts to 964 cm™!, indicating that

the C—N bond became stronger, which can be caused by a surface excess of CI .
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Figure 8.24. Schematic illustration of the potential-dependent changes in the structure of
GC/12CE-[ZnCl1,)*: a) at the first step potential at +0.4V; b) at —0.3 V, where the interface
is dominated by the cations Ch*; ¢) and d) at —0.8 V, where Ch and EG are reduced and the
surface becomes covered by adsorbed hydrogen; e) at —0.3 V, where deposition of zinc from
Z occurs; f) at 0.4V, where the surface is covered by Cl™ ions and dissolution of zinc takes
place; g) legend of the involved species.
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Figure 8.25. a) Baseline-corrected PM-IRRAS surface spectra for 0.3 mol-L~! ZnCl, in 12CE
on GC at different potentials. The reference spectrum was collected at +0.4V. b) and c)
band area; d) and e) peak position (centroid) of the bands corresponding to d,sN*(CH;); and
vC—N™(CH,)s, respectively.
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The in situ PM-IRRAS results during multi-step-potential chronoamperomentric
experiments for the deep eutectic 12CE with and without zinc chloride differ considerably.
The overpotential for hydrogen evolution at zinc and glassy carbon differs significantly.
Hydrogen evolution has a considerable influence on the zinc deposition, because the
products of electrolyte reduction lead to the formation of the reducible zinc species Z.

Not much is known about the double layer in ionic liquids. In such room temperature
molten salts, the structure of the double layer is quite different from those of traditional
electrolytes and the Gouy-Chapman-Stern (GCS) model for diluted electrolyte solutions
[52] does not apply. A proper understanding of the solvent solute interactions is not
easy, because the IL is composed entirely of ions [66, 263, 264]. The structure of the
electrical double-layer in ionic liquids and the ionic solvation of the solute may influence
nucleation [65, 110], however the theory of the electrical double layer (EDL) for ionic
liquids is still in its infancy.

AFM and STM 1in situ electrochemical measurements carried out in the groups of
Endres and Atkins [70, 181, 258] have recently shown that the addition of small amounts
of LiCl to a pyrrolidinium-based ionic liquid ([Py, 4|[FAP]) strongly alters the near
surface structure of IL-gold interfaces. Also, the EDL of an [EMIM][FSI] (1-ethyl-3-
methylimidazolium bis(fluorosulfonyl)imide) on graphite electrodes has been investigated
for its charge-discharge behavior [265]. The authors described a change of the interfacial
structure of the negatively charged electrode caused by the addition of Li[TFSI] (lithium
bis(trifluoromethylsulfonyl)imide) to the IL.

PM-IRRAS measurements of the 12CE and 12CE/Zn*" on GC provided some insight
into the interfacial behavior of this system and reveal the nature of the blocking layer,
which hinders zinc deposition. This technique is promising for the investigation of
the electrical double layer of ionic liquids, because it allows the in situ study of the
electrode/IL interface. Still, theoretical simulations including calculations of the molecular
orientation on the electrode surface, which can be obtained from simulations, are needed

to better understand such systems.
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Cyclic voltammetry on glassy carbon electrodes of ZnCl, in a strongly Lewis-basic
deep eutectic solvent comprising choline chloride and ethylene glycol at room tem-
perature has revealed an unusual cathodic peak on sweeping the potential positive
from —0.8V vs.Zn/Zn*". The same voltammetric behavior is observed at elevated
temperature.

Based on rotating disc electrode voltammetry under variation of the cathodic switching
potential, the scan rate and the electrode rotation rate, a possible explanation for this
feature has been given. It is suggested that active sites on the glassy carbon are blocked
by adsorbed species such as choline, ethylene glycol or hydrogen at low potentials,
which gradually desorb at potentials above —0.4V vs. Zn/Zn**. Zinc is deposited from a
reducible Zn species Z formed as intermediate during the cathodic sweep. Z is formed
in the diffusion layer by replacement of one or more chloride ligands in the [ZnCl,]*
ion, which Raman spectroscopy confirmed to be the dominating zinc species in the
Lewis-basic DES. Furthermore, Z is transported into the bulk of the electrolyte by
rotating the electrode. The formation of Z has slow chemical kinetics and increasing the
potential scan rate decreases the zinc deposition rate. Hence, an ECE mechanism (E
and C are electron transfer and chemical steps, respectively) was suggested to explain

the zinc electrodeposition from 12CE.

The addition of sodium ethoxide to the DES increased the viscosity of the solution but
facilitated the deposition of zinc. A cathodic peak for Zn deposition was observed at the
same potential as without the ethoxide, in the cathodic, as well as in the anodic sweep.
RDE experiments with the ethoxide containing electrolyte caused the current to increase
with rotation rate, which supports the hypothesis that the intermediate Z contains RO~
anions as ligands and that in presence of an alkoxy base Z is already formed in the bulk
of the electrolyte. This observation is consistent with the hypothesis that Z is a complex
having the formula [ZnCl, (RO),]*. Thus, hydrogen-free zinc electrodeposition could
be achieved through addition of NaOEt to the deep eutectic solvent.

The zinc deposition mechanism is very sensitive to the nature of the substrate. Steel

electrodes appeared similar to glassy carbon, however, gold, platinum and copper, which
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all can form extensive intermetallic phases with zinc exhibited distinctly different behavior.
The overpotential for the hydrogen evolution on the different electrode materials was
found to be very important for the formation of Z and consequently the electrodeposition
of zinc. Platinum, gold and copper, which have a low hydrogen overpotential compared
to GC, show reduction peaks on the forward cathodic as well as on the return anodic
scan, whereas glassy carbon and stainless steel, which both have a high overpotential for
hydrogen evolution, only show a reduction peak on the backward anodic voltammetric
scan. This is again consistent with the mechanism proposed above.

Zinc deposits on platinum and copper electrodes have been characterized ex situ. SEM
and FIB micrographs showed that the zinc layers for both substrates have a similar
surface morphology with nanoplatelets. XRD of the deposit on platinum and copper
revealed the typical pattern for the Pt.Zn,, and Cu,Zn phase, respectively, in addition
to the reflexes of crystalline zinc.

The mechanism of zinc nucleation on stainless steel has been investigated. Comparison
of the dimensionless experimental current-time transients with theoretical Sharifker and
Hills curves indicated that the mechanism of zinc nucleation on stainless steel follows
a 3D instantaneous nucleation process. The mechanism of zinc nucleation on SS from
12CE was compared to those reported in the literature from ionic liquids and aqueous

electrolytes.

Spectroelectrochemical methods have been implemented for the system ZnCl, in 12CE
in order to identify intermediate species and thus clarify the mechanism of zinc deposition.
In situ polarization-modulation infrared reflection-absorption spectroscopy (PM-IRRAS)
measurements have been carried out on a glassy carbon electrode. This technique allows
to distinguish between chemical information from the solution and the species adsorbed
on the electrode surface. However, due to the external reflection configuration, the
electrochemical measurements have to be carried out in a thin electrolyte layer, which
brings drawbacks of increasing the uncompensated resistance (iR drop) and also it
prevents the diffusion of reactants and products from the electrode surface. In case
gases are formed, like hydrogen, they are trapped in the thin-layer and may disturb
both spectral and electrochemical measurements [61]. These disadvantages could be
overcome by changing from the external to an internal reflection configuration. However,
this configuration relays on the surface-enhanced infrared absorption (SEIRA) effect,
which would require metal electrodes such as Au, Ag or Cu. Thus, in such configuration,
it would not be possible to study the electrochemical mechanism on a glassy carbon
electrode.

The three investigated electrolytes comprising ethylene glycol, 12CE as well as ZnCl,
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in 12CE, gave a very good response to PM-IRRAS in the spectroelectrochemical cell
and most of the vibrations could be identified. This technique is a rather new approach
for spectroelectrochemical investigations and consequently, not much has been found in
the literature on PM-IRRAS for electrochemical in situ studies. To date PM-IRRAS
spectroelectrochemistry has not been reported for ionic liquids.

The electrolyte molecules showed time dependent adsorption with ultra-slow kinetics
(many hours) at open circuit potential.

The study of potential dependent adsorption for 12CE and 0.3 mol-L~! ZnCl, 12CE
on glassy carbon electrodes showed that upon decreasing the potential from open circuit
until —0.6 V, mostly Ch' ions are adsorbed on the surface. From 0 to —0.6V the
adsorbed Ch™ molecules become more tilted toward the electrode surface, consequently
decreasing the resultant dipole moment and the PM-IRRAS signal. At —0.8V, the EG
and Ch™' molecules are reduced and adsorbed hydrogen at the GC surface is accounted for
hindering the electrodeposition of zinc at this potential. Stepping the potential positively
caused the adsorbed hydrogen either to desorb as hydrogen gas or to be reoxidised.
Hence, the surface is unblocked and zinc electrodeposition from Z species takes place.

From —0.6 to +0.4 V vs. Zn/Zn*" the Ch™ molecules readsorb on the GC electrode, and
an increase of IR absorbance is observed for the ¢ and v vibrational modes of N (CHj,)s.
At E > 4+0.4V an overall change in the arrangement of the interfacial species takes
place and Ch™ ions are replaced by CI . In this potential range, the bands attributed to
the vibrational modes of Ch" increase due to a change in molecular orientation, which
turns more vertical with respect to the surface in order to maximize the electrostatic

interaction with the surface excess of Cl .

The unusual electrochemical behavior of zinc in choline-based deep eutectic electrolytes
opens many questions not only on the mechanism of zinc reduction from ionic liquids but
also on the structure of the electrode/electrolyte interface in such deep eutectic solvents
and how this affects electrochemical reactions.

The current theories of electrochemical double layers (e.g. Helmholz and Gouy-
Chapman-Stern models) only applies for diluted aqueous solutions, because it neglects
the interactions between ions. Because ionic liquids consist of highly concentrated ionic
solutions, the electrode/electrolyte interface presumably has a different configuration.
It has been proposed that the IL/electrode interface consists of alternating layers of
anions and cations [68] and our PM-IRRAS results are in agreement with such models
for ionic liquids. Nevertheless, additional investigations on the electrode/electrolyte
interface are required for a better understanding of these interactions. Therefore, other

surface-sensitive methods, e.g. in situ surface X-ray scattering, of a DES on GC
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should be performed to corroborate the PM-IRRAS results. Through X-ray scattering
measurements it is expected to obtain structural information about the IL/electrode
interface, such as surface coverage and layer spacings. It is also expected to see a
structural change in cations-anions ordering by charging the electrode more negative or

positively than OCP.
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