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Abstract

In the past decades, layered double hydroxides (LDHSs) attracted increasing interest for their abilities
of ion entrapment, containment and controlled release, with the potential to generate promising
applications like energy storage, drug delivery and water treatment. For a conceivable employment of
LDH, the understanding of ion transfers mechanisms between the material and the electrolyte is
essential however poorly studied, and was further investigated in this PhD thesis. Also, the
regeneration property of the material was prospected to test its sustainability.

The properties of the LDH derive from its specific bidimensional structure. It consists in a stacking of
positively charged brucite-type layers due to the substitution of some divalent cations by trivalent
cations. For electroneutrality reasons, the excess of positive charges is compensated in the interlayer
space by the presence of hydrated anions weakly bound to the structure. This particularity confers a
high potential for anionic exchange between the LDH and environment and for porosity. Another
feature of the material concerns its specific pH value of the point of zero net charge (pHpznc), i1.€. the
pH value that depends on the chemical composition of the material and that corresponds to the
equilibrium of charges resulting from protonation/deprotonation of —OH groups onto the external
surface. A high pH value of the electrolyte compared to pHpznc provokes cation adsorption onto the
surface.

It is suspected that both ionic transfers phenomena described above can be simultaneously
controlled by electrochemistry in a reversible manner. A reversible anion transfer has already
been evidenced for the LDHs composed of redox-active transition metals (ex: Co**/Co?,
Ni**/Ni**, Fe*"/Fe*" etc...) by tuning the oxidation state of the metallic sites to reversibly modify
the positive charge excess within the layers, however with no evaluation on kinetics and
concentration of exchanged species. Also, a simultaneous modification of interfacial pH by
electrogenerated H* or OH™ could modify the adsorption properties of cations onto the surface.

This Ph.D. thesis aims at deepening the understanding of the mechanisms and Kinetics related to
the reversible ion/solvent transfer between the electrolyte and the LDH under cyclic polarization
by means of operando coupled electrogravimetric and crystallographic techniques. The Ni/Fe-
LDH 6/2 was chosen for its specific properties of electronic conductivity and faradaic behavior
that enhance ion transfer. Investigations were conducted on both the chemically synthesized and
assisted electrosynthesized Ni/Fe-LDHs to compare the impact of their specific properties of
crystallinity, porosity and charge transfer on the mechanism of species transfer.

A conventional technique coupling electrochemical and gravimetric measurements (EQCM) as
well as a non-conventional technique, specifically the electrochemical impedance spectroscopy
(EIS) coupled to fast quartz crystal microbalance (QCM) also called ac-electrogravimetry,
enable to study the ion transfer phenomena located at the electrode/electrolyte. From ac-
electrogravimetry, many information can be obtained: (i) separation of the different
contributions related to the charged and non-charged species involved in the electrochemical
processes, (ii) nature and kinetics of species transferred between the electrode and the
electrolyte, and (iii) variation of the relative concentrations of the species inside the examined



material. It led to demonstrate the Ni/Fe-LDH pseudo-capacitance properties of mix cation (K")
and anion (OH") exchanger and the H,O molecule transfer during the reversible redox reaction.
The specific sites of transfer of each of these species were also identified by EDX/XPS analyses
and an in situ XRD technigue coupled with electrochemistry under constant potential that was
developed at the laboratory during this thesis. For the first time, developing and coupling
operando XRD to gravimetric and current measurements under cycling potential at synchrotron
(Saclay, France) underlined non reversible catalyzed oxygen evolution reaction (OER) that play
arole in the interlayer spacing. Cation electroadsorption/desorption onto the external surface
was further evidenced by electrochemical control of the pH at the coated interface, via OER
above the pHpzne.

Keywords: Layered Double Hydroxides (LDHSs), Electrogravimetry, Ac-electrogravimetry, Grazing-
Incidence Wide-Angle X-Ray Scattering (GIWAXS), cationic transfer, anionic transfer, dehydration
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General introduction

Layered double hydroxide (LDH) materials consist of a stacking of positively charged brucite-like layers,>* due
to the substitution of some divalent cations M(Il) by trivalent cations N(II1). For electroneutrality reasons, the
excess of positive charges is compensated by the presence of exchangeable hydrated anions in the interlayer
space. Their general formula is [M";,N"(OH),” T[A™ym]*, zH,O. The interest of the layered double hydroxide
material principally lies in its bidimensional structure conferring a high capacity for cation and anion adsorption,
anionic exchange and porosity. It offers the possibility to access a high diversity of particles with various
morphologies by varying the modification of the synthesis route, the chemical composition of the layers, the

chemical or structural modification of the interlayered space.

The easiness of the chemical LDH synthesis as well as an easy control of the composition and physico-chemical
properties is also of particular interest for varied industrial applications. For the last decades, the number of
publications related to layered double hydroxides and its related electrochemical properties has dramatically
increased for wide applications. Notably, it is a promising catalyst in electrochemical water oxidation as an
alternative to some costly and scarce noble-metal oxides such as RuO, and IrO,, for an essential role in various
energy conversion and storage systems* (water splitting,” fuel cell and metal-air batteries®). LDH is also studied
as a promising supercapacitor electrode”® for high energy density storage systems. On one hand, the morphology,
the chemical composition and the large specific area of the LDH favor the property of electrical double layer
capacitance. On the other hand, a degree of redox reaction at the surface also provides a Faraday
pseudocapacitance. Finally, another application is water treatment by intercalation of toxic, strategic or

expendable anions like arsenates, vanadates, nitrates or sulfates.

It is highly significant to meticulously study, understand and control the electrochemical mechanism related to the
ionic transfer between the material and the electrolyte which constitutes an important part of the operating
principle of these applications. One of the LDH properties that limits the applications mentioned above is the low
electronic conductivity of the LDHSs. It can be promoted by preparing thin films of LDHs coated on a working
electrode surface. Particularly, the presence of redox-active transition metals® (ex: Co*/Co*, Ni*'/Ni*,
Fe*'/Fe?, etc...) within the brucitic structure of the LDHs enables both the amelioration of the conductivity and
the reversible tuning of the oxidation state by cyclic polarization through an electron hopping mechanism. This
action permits a reversible modification of the positive charge excess within the layers. The ionic and free water
molecule transfers related to the tuning of the redox-active transition metals are known to occur,'® however their

identification (in terms of molar mass), kinetics and transferred concentrations were poorly investigated.



General introduction

This Ph.D. thesis aims at refining the understanding of the different ions and solvent transfer mechanisms and
kinetics between the electrolyte and the LDHs, related to the reversible redox reactions of the electroactive sites
of the LDHs. Under cyclic polarization, the reversible tuning of the oxidation state is possible and observable
through electrochemical measurements. With in situ polarization of an electrode coated with LDH, a non-
conventional coupled electrochemical and gravimetric method, specifically the electrochemical impedance
spectroscopy (EIS) coupled to a fast quartz crystal microbalance (QCM) also called ac-electrogravimetry

methodology™** 114

appears to be an attractive tool to study the nature and the concentration of the ionic species
and solvent molecules transferred at the electrode/electrolyte interface. This methodology was successfully used
for in depth characterization of reversible redox reactions involved in Prussian Blue or lamellar structures such as

birnessite as well as the associated mass transfer.

In this work, ac-electrogravimetry allowed the determination of the electrochemical mechanisms and kinetics
associated to the redox active transition elements within the layers of Layered Double Hydroxides. A special
attention was paid on Ni/Fe-LDH 6/2 that is known to be one of the most conductive LDH and whose
electroactive Ni can be reversibly switched to the (+I1) and (+1I1) oxidation states under polarization. Nano-
Ni/Fe-LDH 6/2 were investigated to enhance the number of the transfer sites (i.e intercalation sites and adsorption
sites onto both edge and basal surfaces). Nano-Ni/Fe-LDH were either obtained by chemical and
electrochemically assisted syntheses. For a better insight in the associated transferred species (anions, cations and
water molecules), experiments were conducted in different supporting electrolytes (LiOH, KOH and CsOH)
whose pH value was higher than Ni/Fe-LDH 6/2 pH of zero point of net charge (Ni/Fe-LDH 6/2 pHpznc equal to
8).

Highly relevant information was obtained: (i) kinetics and identification of species transferred between the
electrode and the electrolyte, (ii) separation of the different contributions related to the charged and non-charged
species involved in the electrochemical processes, and (iii) variation of the relative concentrations of the species
inside the examined material. To corroborate the results and to localize the sites of interests where the different
species transfers take place, XRD measurements were coupled to electrochemical and electrogravimetrical
measurements under operando polarization at synchrotron SOLEIL (France). It also enabled to determine non
reversible oxygen evolution reaction (OER) catalysis reactions that play a role in the interlayer spacing and in the

species transfer at the interface of the investigated LDH.

The manuscript is divided into five chapters (chapters 3 to 5 are issued from submitted or future papers). The first
chapter reports on the state of the art of the current knowledge in the electrochemical and electrogravimetrical

studies of LDH materials.

The second chapter aims to describe the experiments that were conducted to synthesize the LDH by chemical and

electrochemically assisted routes, as well as the characterization techniques of the synthesized material, the

2



General introduction

electrochemical and electrogravimetrical techniques, and the operando coupling of the electrochemical,

electrogravimetrical and XRD measurements under polarization at synchrotron Soleil.

The third chapter investigates the synthesis of the electrochemically assisted route of the Ni/Fe-LDH 6/2 in KOH
1 mol/L that is known to have an enhanced conductivity compared to the chemically synthesized LDH. The
reversible ionic and water transfer between the LDH and the electrolyte are studied by EQCM and ac-
electrogravimetry. The nature and kinetics of each transferred species are determined. The low crystallinity of the

material prevents the continuation with further advanced analyses.

The fourth chapter aims to describe the electrochemical properties of the chemically synthesized Ni/Fe-LDH 6/2
in KOH 1 mol/L that is known to have a much higher crystallinity compared to the electrochemically assisted
route. By tuning the oxidation state of redox-active Ni(ll) and by varying the pH at the interface of the coated
electrode, the mechanisms and kinetics of the reversible ionic transfers between the LDH and the electrolyte are
studied by EQCM and ac-electrogravimetry. The results are corroborated with in situ XRD and EDX/XPS

analyses. The effect of the oxygen evolution reaction onto the ionic transfer is highlighted.

The fifth chapter describes further the mechanisms and kinetics of the chemically synthesized Ni/Fe-LDH by
varying the cation of the supporting aqueous electrolyte (Cs*, K, Li*). By operando XRD, electrochemical and
electrogravimetrical under potential cycling conducted, for the first time, at synchrotron, new indications bring

out the catalysis of interlayered water molecules by interfacial pH control.






Chapter I

Ionic transfers into LDH with
electrochemistry: a bibliographical study

Chapter 1 starts with a comprehensive literature review of the electrochemical properties of LDHs. More details
are given on the advances in the knowledge of mass transfer between the electrolyte and the material in basic
solutions, in which the structure of the LDH is stable. Finally, the scope and objectives, starting from the state of
the art of the present Ph.D. thesis are introduced

1.1 Chemical and structural composition of the LDHSs

1.1.1 Chemical composition of the layers

Layered Double Hydroxides (LDHSs) are solids constituted of brucite-like layers®® in which some divalent
cations, M", are isomorphically substituted by trivalent cations, N"'. Such substitution induces an excess of
positive charges within the layers, M and N being the species that may have the same atomic number or may be
different.

To respect electroneutrality, the excess in net positive charge is compensated by the charge of weakly bound
intercalated anions, A™, in the interlayer space, usually surrounded by water molecules. Depending on the
interaction with the layer, anions can be more or less easily exchanged by other anions, thus LDH are also
referred as anionic clays, for their high anionic exchange properties. The substitution ratio, y, between M" and
N"' can be controlled during the synthesis. It has an effect on the number of anions intercalated within the

interlayer space. The general formula of LDH can be written as follows:

[MIll»yNIIIy(OH)2y+][Am_y/m]y_i ZHZO (1-1)
From now, the composition of the LDH is noted with the abbreviation M"/N"'-(A™)-LDH (1-y)/y or M"/N"'-

LDH (1-y)/y for convenience. A scheme of this material is represented in figure 1.1.
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Figure 1.1: Structure of the LDHs™

A few LDHs exist in limited amounts in the environment as minerals like hydrotalcite MgsAl,(OH)6(CO5),4H,0,
pyroaurite MgsFe,(OH):5(CO3), zH,0,™ or Iron(I1)-iron(111) hydroxy-salts (also called green rusts) as byproducts
of metabolism of certain bacteria, and also unintentionally in man-made contexts such as the products of
corrosion of metal objects. Moreover, intentional synthesis can be performed to obtain LDH of varied
compositions within the layers and the interlayer spacing to modulate the intrinsic ionic capture properties of
those materials. Performing synthesis, a great number of cations can be introduced in the lamellar structure: the
more common divalent cations are Ca", Mn", Mg", zn", cu", Co", Ni", and the more common trivalent cations
are AI"', Fe"', cr''.**'” some publications report the synthesis of LDHs with monovalent and trivalent metals like
Li'/Al"'-LDH"® and LDH with divalent and quadrivalent metals like Zn"/Ti"V-LDH" and Ni"/Ti'"V-LDH.? Also, it
is possible to synthesize LDH whose cationic composition is made of many divalent or trivalent cations like
Mg"/AI"'/Fe""-LDH.* They are called mixed LDH.

1.1.2 Chemical composition of the interlayer space

The interlayer space is composed of water molecules and anions. Various anionic species can participate in the

charge compensation inside the interlayer space.?? They can be monovalent or have several charges, be organic

(CsHsSO3, CH,COO), inorganic (NOz, COs*, SO,*, CI), charged polymers (polyacrylate, polystyréne
6
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sulfonate), or electro-active molecules (redox mediator). In the case of organic species, the obtained materials are
inorganic/organic hybrid materials in which the intercalated species may be strongly bounded to the layers (ionic,
physical or covalent interaction). The variety of combinations (cations/anions) confers a diversity of physico-

chemical properties that can be modulated for various targeted application of anionic capture like water

23,24,25 26,27,28

treatment support for catalyzer, reactive charges inside the polymers or for anionic release like energy

storage devices,”® or drug release,?30%323

1.1.3 Structure of the LDH phase

The crystallites of the LDH are constituted of a stacking of M"(OH)s and N"'(OH)s edge-sharing octahedra layers
similar to the Mg(OH), brucite structure. Each octahedron contains a metallic cation at its center surrounded by 6
hydroxyl groups at its summits. The stacking can be a 3R stacking (i.e. rhomboedric ABCABC) or a 2H stacking
(ABABAB hexagonal)."” Thus, the space group is classically R-3m. The a parameter is directly related to the
distance between two metallic cations within the layer which is the double of the distance between two (110)
planes according to a = 2.d;30. The ¢ parameter is related to the basal distance d of the material according to ¢ =
3.d(003). This distance is a marker of the nature of the intercalated anion as each intercalated anion has a specific

33 It is also a marker of

diameter and induces a particular strength of attraction with regard to the cationic layer.
the hydration and M(I1)/N(I11) ratio. These crystallographic parameters are determined by X-ray diffraction. The

XRD pattern of such materials can be separated into three regions:

1. The region below 30° (20) contains the diffraction peaks following the (001) planes
2. The region above 55° (20) contains the (hk0) and (hkl) planes related to the metal hydroxide
planes,
3. The intermediary region between 30° and 55° (20) contains the (hOI) and (Okl) planes whose
positions depend on the polytype (3R or 2H).
In a larger scale, crystallites are aggregated and form interstices, which causes textural porosity. Even though the
pore size distribution obtained thereby is broad and the pores are not well-organized, textural pores can increase
surface area and enhance the accessibility to crystal surface.*® The level of textural porosity depends on the

different synthesis routes,* that are described below.

1.2 Species exchange between the LDH and aqueous media (without
electrochemical polarization)

Once the LDH is immersed in solution, different mechanisms of transfer of anions, cations and water have been
evidenced between the electrolyte and the material. Three mechanisms of anionic capture are known:*® surface
adsorption, anionic exchange and LDH reconstruction after thermal treatment at moderate temperature (memory

effect). Capture after thermal treatment is not discussed in this thesis as the structure of the material is affected.
7
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Different mechanisms of cationic capture are also known® although they are less explored than anionic capture,
and the selected cations are mainly heavy metal ions such as Pb**, Cd**, Hg?* and Cu®, Zn** and radiochemistry
metal ions such as Co*, Ni** and Sr*". The affinity for cations ranges between 0.01 mmol.g™ and 4mmol.g™.
Their capture mechanisms are divided into four categories: precipitation of metal hydroxides onto the LDH
surface, adsorption through the bonding with surface hydroxyl groups of LDHSs, isomorphic substitution (more

40,41

likely at the layers edge)™ ™ and chelation with the interlayer anionic functional ligand in the interlayer. Solvent
transfer mechanisms are also reported into the interlayer space. The number of water molecules depends on the

available space and anion species.*

1.2.1 Anionic intercalation/adsorption by switching the transition metal oxidation

State

Anionic intercalation is another reversible mechanism of anionic capture and is defined as the transfer of anions
from the aqueous medium to the interlayer space. The intercalation is principally influenced by the charge
balancing of the anions into the interlayer space for the compensation of the positive net charge density within the
layers by coulombian interaction. The anion intercalation reaches an optimal capacity for a M"/N"' ratio of 3.%
Furthermore, the intercalation increases with crystallinity: a best crystalline LDH material is obtained generally
with a M"/M" ratio of 3/1.

1.2.1.1 Competition between anions - anionic exchange

LDH has a better affinity towards anions that have more than one charge. For example, Miyata* observed that for
hydrotalcite (Mg/Al-LDH), the affinity scale of the LDH towards the anions is the following: CO5* > SO,* >
OH > F > CI'> Br > NOz > I'. For Costa,* the order of exchange selectivity based on computational simulation
with Zn/Al-LDH is: COs> > OH > F > CI" > Br > NOs . In general, LDH with different cationic compositions
have a great affinity for carbonate ions (CO5”) that are present in alkaline solutions. These anions are also present
in high quantity during the chemical synthesis of LDH (co-precipitation method) in the alkaline solution during
the co-precipitation of cations. For this reason, LDH often contains carbonate ions in their interlayer space. This

intercalation can be prevented in controlled atmosphere (deaeration of the solution or glove box).

The intercalation capacity for a specific anionic species can be modified and is maximal when the interlayer
spacing has the same dimension as the diameter of anionic species of interest®. This interlayer spacing may be
adjusted by varying the composition of the cationic layers as this distance decreases with the increase in the
radius of the cations within the layers. Tuning the cationic composition ratio M"/M"" also plays a role on the
affinity of LDH towards specific anions.”® Some studies have been made on the release of nitrates for
environmental purposes. In mixed Mg"/Fe"/AI"-LDH, the authors®® have demonstrated that the nitrate

adsorption increases as the aluminium content decreases in favor of the Fe content. After exchange, the Mg/Al-
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LDH 4/2 structure is composed of 90 % carbonates and 10 % sulfates, whereas the Mg/Fe-LDH 4/2 structure is
composed of 89 % carbonates, 7 % sulfates, and 4 % nitrates. These results are consistent with those of Delorme

|46

et al.” who showed that carbonate ions fully displace nitrate anions from the LDH structure in Mg/Al-LDH 4/2,

and Tezuka et al.*"*

who showed a stronger affinity for nitrates and a lower affinity for sulfates in Mg/Fe-LDH
compared with Mg/AI-LDH. In Mg/Al-LDH,* it was noticed that when the Mg/Al ratio increases, the selectivity
for sulfate and fluoride decreases, while that for nitrate increases (despite the fact that the diameter of the F~ ion is
slightly smaller than the thickness of a flat-oriented NO; anion). It was proved that the ion sieve effect is not the
only factor that affects selectivity. There may be also involvement of other factors, such as the interaction with

the interlayer surface of host layers and interlayered water in the case of nitrate selectivity.

The competition between anions may also vary according to the already intercalated ions.* For anionic species
from As(11), As(V), B, Cr(VI) and Se(1V), the order of removal performance is as follow: Mg/Al-NO;-LDH >
Mg/Al-CI-LDH >> Mg/AI-SO,-LDH > Mg/AI-CO;-LDH, suggesting the stability of the divalent anions like
SO,” and COs™ in the LDH structure and thus their poor exchange properties. The Mg-Al-NOs-LDH
demonstrated an excellent ability to remove dilute concentrations of anionic species from As(V), Se(IV) and
Cr(V1) with the following order; As(V) > Se(1V) > Cr(VI) > As(lll) > B.

1.2.1.2 lonic exchange method — Choice for the anionic species within the
interlayer spacing

As previously mentioned, during the chemical synthesis/precipitation of the material in basic solutions, the anions
initially present in the solution are intercalated into the interlayer spacing of the LDH. The synthesis in ambient
air provokes the CO, dissolution and the elaboration of a high amount of carbonates in the basic solution.
Carbonates having a high affinity compared to monovalent anions are consequently prevalent in the interlayer
spacing. To prepare LDH composed of other anions (more commonly CI', NOs, SO,), it is necessary to avoid
the contamination of carbonates by controlling the atmosphere (glove box) during the synthesis and by preparing
a solution with the specific anions. In the interlayer spacing, a complete anion exchange is possible if the anion to
incorporate has a higher affinity than the anions still present into the LDH. The direct exchange method stands for
the anionic exchange mechanism to exchange the anions of the interlayer spacing of a LDH that contains initially
anions with a low affinity (nitrates, chlorides....) with another anionic species in excess in a solution and which
has a higher affinity. The LDH slurry is immersed into a solution containing an excess of anions that are to be
intercalated. The time needed for the anionic exchange depends on temperature, pH, nature of the species in

excess and the composition of the LDH.*®

1.2.2 Adsorption of anions and cations by external surface modification

In aqueous media, the anion adsorption onto the surface of the LDH is an adhesion process of ions attracted by

the external charged surface of the particles. The efficiency of this capture mechanism can be enhanced by
9



Chapter 1. lonic transfers into LDH with electrochemistry: a bibliographical study

increasing the specific area of the material using the appropriate synthesis route. Many kinetic models analyze the
adsorption of oxyanions by LDH (first order and pseudo first order kinetics, controlled diffusion, homogeneous
diffusion and shrinking core models...).* Initially, adsorption is a fast mechanism (from one hour to one day).
However, the final equilibrium state is slow to obtain (from some hours to several days). Different factors modify
the adsorption of oxyanions onto the LDHs: pH, competition between anions, adsorbents concentration,
temperature and morphology of the LDH.*

The cationic sorption (by precipitation or surface complexation) also depends on pH, temperature and ionic
strength. Second and first order kinetics are the most widely used to model cation sorption process.’” ** Heavy
metal precipitation can be produced either as part of LDH structure or in a separate phase. For example, the LDH
interfacial pH allow cation chemical precipitation (as hydroxide phase) onto the external surfaces.>®

In these conditions and in the absence of carbonate and sulfate ions (which are known to precipitate Pb(ll) from
near to neutral pH> in the investigated electrolyte, the spontaneous precipitation of Pb(OH), (and adsorption of
Pb(OH)*) takes place in the pH range from 7 to 10.> Isomorphic substitution is another way to contain (replace)
cations with conservation of the LDH structure. The atoms must have the same size and total ionic charge as
those replaced.”® Mg®* was substituted by Co*, Ni** or Zn®* in freshly prepared Mg/Al-CI-LDH 2/1 when

immersed in aqueous solution.

Heavy metals can also react with the anionic functional ligand in the interlayer space.”” For example, in Zn/Al-
EDTA-LDH, Zn* reacts with EDTA to form [Zn(EDTA)]* complex which causes the intercalation of zinc

cations in LDH.

In this thesis, the aim is to tune the oxidation state of the metallic cations within the brucitic layers and to
understand the related direct consequences on adsorption. Thus, the precipitation, chelation and isomorphic
substitution are not experimented; that is why the involved processes are not detailed. In solutions, the used
cations (K*) cannot be precipitated in the experimental conditions or isomorphically substituted. The chelation
with anions is also not possible in the LDH as the anions are chosen to be COs* and OH™ 0.5M and 1M

respectively.

The transfer of cations and anions between the electrolyte and the LHD depends on the morphology, pH of the

electrolyte and temperature. Their effects are detailed in the following.
1.2.2.1 LDH morphology

LDH morphology is one of the key parameters in this study; it is responsible for the kinetics of both faradaic
redox reactions and ion transfer rate. The formation of nanometric structures significantly increases the surface-
to-volume ratio, thus the specific area is enhanced. Several synthesis routes design specific forms, i.e. sand rose

composed of many thin wires, nanoplatelets, 3D hierarchical structures... some of them improve the porosity of

10
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the material, which aims to obtain increased exchanges with the solution and a small aggregation state for
electrochemical exposition reasons.®” Several synthesis routes will be detailed in chapter 1.3 and the respective
porosity will be detailed.

1.2.22 pH

The pH value is also one of the key parameters in this study because both cation and anion adsorptions are
sensitive to the pH value. First of all, pH (and complexing agents) is/are responsible for ion speciation in
solution.®®*® In agreement with Miyata* affinity scale, the ion speciation should be responsible for the anionic
exchange properties. In addition, the pH of the zero point of net charge,®® pHpzne (PH resulting from the
cancellation of the positive charge originating from the chemical composition of the LDH and the variable charge
resulting from the protonation/deprotonation of the LDH layers) should play a key role on the adsorption

processes. The pHpznc IS an intrinsic property of the LDH and it depends on its composition.

The reactivity of the external surfaces should strongly be influenced by the net proton surface charge, which

depends on pH and ionic strength, with respect to Bransted—Lowry acid-base theory, through the following

reactions:
=M-OH + H" + A" < =M-OH,"(A) (1.2)
=M-OH + C" < =M-O(C") + H" (1.3)

where M is a metal cation constituting the layered sheets and consequently the external surfaces of LDH and A-
or C+ are anions or cations. It implies the sorption of both cations and anions onto edge surfaces depending on

the pH at the clay interface.

For example, pHezne equals 8.16% for Ni/Fe-LDH 6/2 and equals 10.6%° for Mg/Fe-LDH 4/2. If the pH of a
suspension of LDH is more than pHpznc, it enhances the deprotonation of the Metal-OH function of the external
layers of the LDH particles. The resulting charge of the external layer is negative, which provokes the adsorption
of cations from the aqueous solution and the desorption of anions. If the pH of the solution is less than pHpznc, it
enhances the protonation of the Metal-OH function of the external layer of the LDH. Thus the resulting charge is
positive, which provokes the desorption of cations and the adsorption of anions. In the case of pH <<pHpznc, the

structure of the LDH is deteriorated, also inducing a drop in the adsorption of the anions.

The dependence of the adsorption of anions onto LDH is thus sensitive to changes in pH.**® For example, in
Li/Al-CI-LDH, As(V) adsorption is sensitive to changes in pH between 4 and 7.%? Sorption of arsenate on Li/Al
LDH-CI displayed a pH-sensitive behavior from pH 4.0 to 7.0, but it was insensitive to pH above pH 7.0 (up to

11
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9), approaching to the pHpzne Of Li/Al LDH-CI (7.22). Two types of reaction sites within Li/Al LDH-CI were
envisaged to participate in LDH arsenate sorption process. This result is in agreement with:

- the anionic exchange properties according to the permanent positive basal surfaces arising from
isomorphic cationic substitutions,
- the variable proton surface charge arising from hydroxyl functional groups coming from the external
layers, leading to the enhancement of anion sorption with the pH decrease.
It is worth highlighting that above pHpzne, the insensitivity to anionic exchange properties can be explained by
arsenate speciation in solution. Indeed, in the absence of any complexing agents, the only one bivalent form
(predominant) existing in the pH range 7-9 is HAsO,>. This bivalent form exists up to 11.8. Above 11.8, the
predominant specie (AsO,%) is trivalent. The anionic exchange process should thus be influenced by the pH value
in the range 9-14. Indeed, experiments conducted with calcinated Mg/Al-LDH, in the pH range 2-12, in the
absence of any complexing agents, showed the adsorption sensitivity of As(V) and Se(IV) versus pH®. For
Se(IV), data acquired are clearly influenced by both the Mg/Al-LDH pHenc Value (6.8-8.9)%% and the As(V)
speciation versus pH. Indeed, H,SeO; predominates in the pH range 0-2.5; HSeO5” in the pH range 2.5-8.5 and
SeOs” in the pH range 8.5-14. The large increase of the As(V) sorbed amount in the pH range 2-4 can be
explained by sorption and anion capture of HSeO3". The sorbed amount remained then relatively constant versus
pH. The “slight” increase in the pH range 8.5-11 can be explained by SeO,” anion capture. For uncalcinated
Mg/Al-LDH, the As(V) sorbed amount is rather influenced by the pHpznc Value; probably due to the harder

competition for anion exchange between As(V) and carbonate anion initially present in the interlayered sheets.®
1.2.2.3 Temperature

Usually, the sorption amounts of metal cations increases with increasing temperature due to the endothermic
nature of the adsorption reaction.®’ For anions, usually the adsorption decreases with increasing temperature due
to the exothermic nature of the simple adsorption reaction. For example, the As(V) and Se(lV) adsorption onto

LDHs was reported as an exothermic process.®*®® However, a number of studies have reported that the adsorption

69,70 66,63

of oxyanions by LDHs is an endothermic process™ " and others reported no dependence on temperature.

1.2.3 Exchange of water

In interlamellar space, LDHSs include water molecules distributed around the hydration layer of the metal
hydroxide layer and the hydration spheres of the intercalated anion. As shown by TG analysis,* in hydrotalcite
Mg/Al-LDH, water molecules are weakly bound to the metal hydroxide layer and are lost below 100°C. The
degree of hydration of the metal hydroxide layer ranges between 2 and 5.84. Intercalated water molecules are
more strongly bound when located into the hydration sphere of the anion and are lost at higher temperatures
(100°C < T < 250°C). They are estimated to lie between 0.8 and 6 molecules.*” The number of intercalated water

molecules depends on the intercalated anion species: in carbonate-LDHs the greater proportion of water
12
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molecules is associated with the anion, whereas in the nitrate and chloride containing LDHSs, the greater
proportion of the intercalated water is bound to the metal hydroxide layer. This trend is in keeping with the higher
hydration enthalpy of the divalent anions compared to the monovalent anions.

Water diffusion has been studied within the interlayer domain. Molecular dynamics simulation’ shows that

in Mg/AI-CI-LDH, a water molecule is mostly fixed in a hydroxyl group site, as an acceptor of two hydrogen
bonds from the upper and lower hydroxyl groups of the layers. Water diffusion is largely contributed by a series
of jump events: water molecules can jump to two hydroxyl groups in an adjacent site in 10* ps on average. Thus,

the diffusion coefficient of water is calculated to be of the order of 10°cm?/s.

Except reference 36, a very few articles relate the mechanisms of water intercalation and water exchange of a
LDH immersed in aqueous solution. However, a dense literature concerns the water intercalation into the better
known clay minerals (i.e. cationic clays). The nature and strength of forces between water molecules and the clay
mineral depend on the position of water molecules within the pore space of the clays.”” In clay minerals,

374 and is more

crystalline swelling is controlled by a balance between strong forces of attraction and repulsion
easily modeled by considering potential energies of attraction and repulsion between charges.” The attraction
potential energy is electrostatic and dominantly arises from the coulombian attraction between the negative
surface of the layers and the positive charge of the interlayer cations. Van der Waals interactions between
adjacent layers may also contribute to the total potential energy of attraction. The potential energy of repulsion
comes from the partial hydration potential energy of the interlayer cations. All the intercalated water is generally
found to be in the hydration sphere of the cations. The water molecules bond to each other, leading to the
incorporation of water in excess. To a lesser extent, the potential energy of repulsion comes from the partial
hydration potential energy of the negative surface charge sites. According to Lal and Shukla, ®swelling due to
diffused double-layer repulsion can be curtailed by strong adsorptive forces of polyvalent cations, e.g., the

Coulombic attraction forces hold the two clay particles together against the double-layer repulsion.

For less known LDHs, by analogy, a similar however less important water swelling should be also observed in
LDH with the increase of M"'/M" ratio and water swelling will be discussed in chapter 5. Different hydration
levels were already evidenced with XRD characterization®**®
NO;-LDH, Ni/Al-NO;-LDH and Co/Al-NOs-LDH, the same anion NOj’ is intercalated into the interlayer space.

A slight modification of the interlayer distance is observed with dzya > dyiar > deoal Which seems to be due to

on various compositions of the layers. On Zn/Al-

different hydration levels.
1.2.4 Conclusion

Depending on their ionic or solvent nature, species transfer between the LDH and the electrolyte were not
homogeneously studied. Anion transfer was largely investigated, however to our knowledge, there are a few

articles on cationic adsorption, and even less publications in water transfer or hydration. For the enhancement of
13
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all the species transfer, the increase in porosity of the material is of prime importance. Section 1.3 will detail the
related synthesis routes and related porosity. Moreover, for studying of reversible modification of the oxidation
state and following the transferred species, electrogravimetrical and electrochemical measurements have to be
performed. The detail of the deposition of the LDH material onto an electrode is thus also explained in section
1.3.

1.3 Synthesis methods for the elaboration of modified electrode with LDH

This section emphasizes on the different methods of synthesis of the LDH. For each one the specific interests are
developed and the choice of the optimal one for our investigations is of prime interest. For the study of
simultaneous electrochemical and nanogravimetric measurements related to the mass transfer between the LDH
and the electrolyte, an electrode that also plays the role of quartz crystal microbalance is needed. For this reason,
a LDH thin film is deposited onto a quartz plate coated with gold at a resonant frequency of 9MHz. For the
fabrication of such a coated electrode, the optimal criteria are:

- the synthesis of a pure and highly crystallized LDH,

- a high specific surface area,

- a facilitated charge transfer between the material and the electrode,
- a uniform coating onto the electrode,

- a fast fabrication,

- a conductive material.

All the known synthesis routes do not fulfill all these conditions. They are divided into two categories: the

chemical synthesis and the electrochemically assisted synthesis.
1.3.1 Chemical syntheses of the LDH

1.3.1.1 Co-precipitation method with constant pH - separated nucleation and aging
steps,’ or with variable pH?"’

The pre-synthesized step of the chemical synthesis is generally the co-precipitation at constant pH (described by
S. Miyata in 1975).” It is a chemical synthesis of LDH by precipitation of divalent and trivalent metal cations in a

basic solution.

Metal salts are added into an aqueous basic solution with carbonate and hydroxyl ions with optimal pH value at
which the precipitation occurs at relatively low temperature, below 100°C.”” # Thermodynamic studies

evidenced that LDH precipitation is favored due to their greater stability compared to the corresponding simple
14
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hydroxides.®* Another alkalization agent like urea can also be used for the coprecipitation reaction. The
hydrolysis reaction of urea slowly liberates CO3* anions which gives particles with higher dimensions, of the
order of the micrometer.?*®® The final slurry is centrifuged three times with deionized water to separate the LDH
from the salt residues in the solution.

For the co-precipitation method with variable pH, an aqueous solution of metal salts is prepared, in which
carbonate and hydroxyl ions are added dropwisely with a peristaltic pump, to reach an optimal pH value at which

the precipitation occurs at relatively low temperature, below 100°C.

Synthesis by topochemical route proceeds to the oxydation of a part of the cations originally presents using solids
like oxides or hydroxides. It enables the formation of monometallic LDHSs. The oxidation may be possible thanks

to oxygen from gaseous phase® or to oxidizing agent from liquids (H,O,, Br,).*
1.3.1.2 Post-synthetic treatments

Several post-synthetic treatments can be applied to pre-synthesized LDHs to control the particle size, aggregation,
and morphologies. The main mentioned treatments are hydrothermal treatment, solvothermal treatment, spray

drying and soft templating.

Hydrothermal treatment enables the maturation of the pre-synthesized LDH at a temperature up to 140°C. It
involves the re-activation of nucleation, crystal growth and aggregation. The high temperature increases the
Brownian motion of LDH particles which prevents their aggregation for the fabrication of nanoparticles. The
metal cations are also better distributed in the solution, thus forming a highly crystallized particle. However
prolonged hydrothermal treatment or too high temperature causes re-aggregation due to the formation of large

particles overcoming the electrostatic repulsion between particles.®

Solvothermal treatment proceeds to the use of chelating agents (organic additives) that also play an important role
to improve the structural ordering, size and stability of each crystal as well as the stability of crystals. For
example, some articles report on the preparation of LDH hollow microspheres by optimizing crystallization,
dissolution and recrystallization of constituent crystals®” using sonication and/or adding ethylene glycol and

glycine as a chelating agent.®®

For spray drying method, a few publications appear in the literature about this technique. A LDH colloidal
suspension obtained by separated nucleation and aging steps’ is sprayed to form an aerosol which leads upon
solvent evaporation and the consolidation of LDH nanoparticles to spherical microspheres.’® * There is no

extensive study on the effect of process parameters on the properties of spray-dried agglomerates.

Soft-templating is also performed with LDH. Cooperative self-assembly between organic templates (micelles of

amphiphilic organic molecules like surfactants and water soluble polymers) and inorganic precursors yield
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organized architecture and subsequent removal of organic templates by extraction or calcination. Created
structures have a well-defined porosity and are tuned by varying the surfactant and the composition of the starting
mixture.”* Micelles are colloidal dispersions with a particle size within 5-100 nm range.** Thus, building blocks
of LDH must be small enough in nm range. For successful fabrication, nanobuilding blocks is indeed less than 4-
6 nm.” For example, Gunawan et al. reported the fabrication of coral-like porous Mg/Al-LDH microspheres in
ethylene glycol/ methanol/sodium dodecyl sulfate system (SDS)®. Zhang et al. and Sun et al.>® synthesized
flower-like Mg/Al-LDH porous microstructures with SDS. Shao et al. prepared Mg/Fe-LDH microspheres with
the morphologies of hollow, yolk—shell and solid interior structure by a hydrothermal reaction in NaOH aqueous
system with SDS additive.”’

The chosen synthesis is the co-precipitation method of divalent and trivalent metal cations as the LDH is
bimetallic. To obtain nanoparticles, the varying pH value method is used as well as hydrothermal treatment with a
temperature of 80°C. The other post-synthetic treatments are excluded as other molecules are needed during the
solvothermal treatment and soft-templating methods. Also, spray drying method is lowly studied.

1.3.1.3 Formation of thin films of LDH onto an electrode

Many different technigques of coating are found in literature like dropcasting, spin-coating, insertion of a support,

layer-by-layer method.

For the coating of an electrode by dropcasting, the surface of the electrode is firstly polished and rinsed or
sonificated with ethanol.® Then, a drop of LDH slurry is dropcasted onto the electrode and dried in air® or in a
dessicator over silica gel® during 12 hours. The interactions between the film of LDH and the electrode are weak,

which does not facilitate the electron transfer between the film of LDH and the electrode.*

100

The coating can be prepared by spin-coating™" that allows a compact structure formed of oriented platelets,

parallel to the surface of the substrate.'®*

LDH can be also inserted onto a support, like porous anodic alumina aluminum, MXene substrates and graphene
oxide nanosheets supports for an in situ LDH growth'* 1% % by simple immersion into a metal salt solution in

the presence of precipitating agent (NaOH, NH,OH, hexamethylenetetramine (HMT), urea...).

Assembling exfoliated LDH nanosheets is also a promising way to form textural porosity with a higher specific
surface area. After co-precipitation, exfoliation can be for example achieved by vigorous shacking of Zn/Cr-LDH
sample in formamide. Sandwiched multilayers and alternately deposited negative polyanions are deposited onto
gold surface.'® Platelets are observed to adopt a preferred orientation with their ¢ axis perpendicular to the

substrate surface.'®
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Dropcasting method is used in this thesis as an optimum technique for the study. For spin-coating method and
assembling exfoliated LDH, due to the orientation of the platelets, the interlayer domain is not “evidenced” at the
interface. The direct coating onto a support during coprecipitation, although of interest, is excluded as used
electrodes are gold patterned quartz crystals.

1.3.2 LDH synthesis by assisted electrochemical synthesis onto an electrode

Some investigations have concerned the formation mechanism of the LDHs onto an electrode. Indira and Kamath
in 1994 were the first authors who reported and described the synthesis of Co/Al and Ni/Al-LDHs 3/1 by the
electrochemically assisted route. In an aqueous solution of nitrates as well as divalent and trivalent metals, the
cathodic reduction of both nitrates and water produces hydroxide ions at the vicinity of the working electrode
leading to the LDH precipitation. According to Scavetta et al.,* the following reactions (1)—(7) produce OH" or

consume H':
H* +& > Hag (1.4)
2H" +2e > H, E° = 0.000V/SHE (1.5)
NO; + 2H" + 2¢ > NO, + H,O E° = (1.6)
0.934V/SHE
NO; + 10H" + 8¢ > NH," + 3H,0 (1.7)

The electrolysis of water is:

2H,0+2e > H,+20H  E°=-0.828V/SHE (1.8)

Anion reduction reactions are listed according to:

NO; + H,O + 2 > NO, + 20H , E° = (1.9
0.010V/SHE

NOs; + 7H,0 + 8e” = NH," + 100H" (1.10)
Reaction 1.7 can be decomposed in different steps in acidic media on copper disks Cu (111) and Cu(100) as
follows:*”’

HNO; + 2H" + 2" = HNO; + H,0 (1.11)

at 0.150V in Cu(100) and 0.100V in Cu(111) (versus reversible hydrogen electrode (RHE)'*®

HNO, + 1H" + 1e"= NO + H,0 (1.12)
NO = NO,g (1.13)
NO,as + 56" + 6H* = NH,* + H,0, (1.14)

at 0.100V in Cu(100) and 0.100V in Cu(111) with diameter 6mm.
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However, because of slow kinetics of heterogeneous electron transfer, the direct reduction of nitrates on bare
metallic electrodes is difficult.®***** Some authors use the deposition of nanomaterials on electrode surface, i.e.
copper nanoparticles modified gold electrodes, Cu/Pd bimetallic properties modified BDD (boron doped
diamond), Cs (solid carbon) nanoparticles and PP (polypyrrole) nanowires modified gold electrodes which
increases the sensitivity of the electrode response by maintaining a large and highly active surface area.'*

According to Indira and Kamath in 1994,'® the relative importance of the three classes of reactions for the
electrogeneration of base is not known. In a study about the assisted electrodeposition of simple hydroxides
Mg(OH), and Ni(OH),, the yield of Mg(OH), is much higher from a chloride bath when compared to a nitrate
bath under all deposition conditions, and the yield of Ni(OH), is equivalent in nitrate bath and chloride bath. It
seems that the HER is the only reaction responsible for electrogeneration of base in a chloride bath and is
therefore of importance.

On purely thermodynamic considerations, the reduction reaction with the most positive E° value is preferred over
the others. Reactions (1.6) and (1.7) have a more positive E° value compared to most metal ion reduction
reactions14 (except for those of Cu®*, Ag®, and Bi*") which provokes the precipitation of the metal instead of
metal deposition. For the electrodeposition of copper or bismuth hydroxides, the cathodic reduction technique
was extended to perchlorate baths as perchlorate reduction reactions have much higher E° values than the nitrate
reduction reactions. However these experiments failed to yield hydroxide deposits. The authors believe that
thermodynamic consideration is not the sole determining criterion for the success of this class of electrosynthetic
reactions. Also unknown kinetic factor may play a crucial role. Complexation with the conterion in the electrolyte

will be also investigated in chapter 3.

For the assisted electrodeposition of the LDH, it is assumed from literature that different routes are possible
depending on the concentration in OH" at the vicinity of the electrode.® If the production of OH" is slow, the LDH
should be synthesized onto the electrode in two steps: the first one is the precipitation of the cation, N™", in
N(OH); and the second is the formation of the LDH from the reaction between N(OH); and M™. If the
production of OH" is fast, the LDH is formed in one step, with the concomitant precipitation of M and NV
metals in the stoechiometric proportions of the synthesis solution, like when the solution containing N and M

is titrated with NaOH at constant pH value, which enables to obtain uniform films of LDH.

The assisted electrodeposition method fulfill most of the criteria listed for the LDH coated electrode. It enables a
fast fabrication of electrode as the formation of a thin film of LDH onto an electrode is done in only one step and
in a few seconds. The electrodeposition has been performed on different conductive materials, for example:
ITO," glassy carbon,** gold,"®> FeCrAlloy,*® and Ni.'*” The coating onto the electrode also is claimed to be
uniform. It is also claimed to the control both film thickness and morphology by tuning the potential and

deposition time, as notified by Tonelli’s group.® In 60 seconds, the electrode is fully covered with a thickness of

18



Chapter 1. lonic transfers into LDH with electrochemistry: a bibliographical study

150 nm, and the film is homogeneous and dense with a nanoparticle size lower than 50 nm, connected in a gel-
like manner in a sand rose morphology. If the electrodeposition time lasts more than 60 seconds, the particles
have a larger size and a higher thickness. Another advantage compared to the chemical synthesis is that the
assisted electrogenerated LDH film has a better adherence onto the electrode and consequently a better electron
transfer between the electrodes and the LDH than the chemically synthesized LDH.* According to Tonelli’s
group,® the mechanical adhesion of the coating to a Pt electrode can be further enhanced with an electrochemical
pretreatment of the surface in sulfuric acid which decreases the required surpotential for the nitrate reduction and
enhances the production of OH".

Another advantages compared to the chemical synthesis is the intercalation of nitrates into the interlayer spacing
without any controlled atmosphere. The reduction of nitrates in an acidic solution that contains metallic cations
enables to exclusively intercalate nitrates into the interlayer spacing, because the carbonates are not present in
acidic media. For Zn/Al-LDH, Ni/Al-LDH, Co/Al-LDH, XRD characterization evaluates the interlayer distance d

that corresponds to the intercalation of nitrate anions between the layers.**®

The main disadvantages of this technique are the low crystallinity of LDH and the presence of impurities. In the
literature, the XRD pattern of the assisted electrodeposited material is characteristic of the LDH. The FWHM of
the diffraction lines are larger than that observed for the chemical synthesis. That means a lower degree of
crystallinity of the electrodeposited LDH.** The low intensity of the peaks is due to the small thickness of the thin
film which also makes it difficult to characterize by XRD. A hint is to scratch the film of many samples to reap a
higher quantity of powder for XRD characterization. According to Yarger et al.,'** the deposition of pure and
well-ordered Zn/AI-LDH requires an optimum potential, ratio of divalent/trivalent metals and initial pH.
Increasing or decreasing the aluminum concentration in the plating solution resulted in the formation of
aluminum or zinc containing impurities, respectively, instead of varying aluminum content incorporated into the
LDH phase. A more negative potential provokes the deposition of zinc metal or zinc hydroxide, and a less
negative potential provokes the deposition of zinc oxide. Increasing the pH destabilizes the formation of the LDH

phase while decreasing pH promotes the deposition of other impurities.

The investigation of the electrogenerated coating is thus of prime interest to understand the occurrence of
impurities and low crystallinity of the film. Also, it is important to understand the reduction reaction for the

production of base that play a role in the synthesis of the LDH.
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1.4 Electrochemical properties of LDHs

1.4.1 Electron transfer in electrochemistry

Within the material, the transport of electronic charge occurs through the LDH layers via an electron hopping
mechanism between localized redox centers and ion motion across the pores and channels of the material to
preserve the electroneutrality of the LDH structure® *® %% The electronic transfer within the LDH depends on the
diffusion of the anions between the conducting elements. Two strategies promote the electron transfer within the
LDHs and render the structure of the LDH electroactive: (1) the intercalation of redox active anions from the
electrolyte into the interlayer spacing, and (2) the presence of transition metal cations with redox activity in
aqueous solution within the layers of the LDH. Many articles from the literature describe the strategy (1) of
intercalation of different redox active species of different sizes into the LDH interlayer, especially redox
mediators that can relay electron within the structure for diverse applications like electrocatalytic detection
process or the regeneration of the enzyme active sites in biosensors or biofuel cells.”®®*?! For instance, some

molecules like electroactive anions and metal complexes bearing anionic groups such as anthraquinone mono-

123 124

and disulfonate (AQS),** 2,2'-azino-bis-3-ethylbenzothiazoline-6-sulfonate, nitroxide, and ferrocene
derivatives'** or porphyrins.*® A limiting process is that only less than 10 percent (in mole) of these intercalated
anions participate in the electrochemical reactions. EQCM measurements unveil a loss/gain of ions from the
electrolyte as a charge balancing mechanism occuring during the electron transfer.'® Those can be a sorption of
cations onto external sheets during the reduction to compensate the negative charge within the interlayer spacing,
or the deintercalation of anions during the reduction depending on the conditions. Another limiting process is the

diffusion of other anion species whose LDHs affinity is more significant.****?

This strategy is not developed in this thesis as we aim at reversibly intercalate/deintercalate anions that are not
necessarily redox active. The strategy (2), discussed in the next section, is the synthesis of a LDH composed of

transition metal cations within the layers of the LDH.

1.4.2 Use of transition metals with redox activity in aqueous solution

Generally, LDH has poor conductive properties and can even be insulating like in the case of Mg/Al-LDH* or
Zn/Al-LDH® when the intercalated anions are not electroactive. For a reversible anionic capture, it is necessary
to work with conducting materials and to reversibly modify the ratio of metals with +I11 oxidation state versus
metals of +II oxidation state. Thus, the use of transition metals of d group with two different oxidation states +II

and +111 in aqueous solution that enhance the conductivity of the material is of prime interest.

With electrochemistry, the cyclic oxidation/reduction of the divalent/trivalent transition metal of d groups within

the cationic layers of the LDH reversibly tunes the excess of positive charges within the layers. It has a
20



Chapter 1. lonic transfers into LDH with electrochemistry: a bibliographical study

consequence on the mechanisms of intercalation/deintercalation of the charged and uncharged species and
possibly on the structure of the LDH. Thus, this mechanism is investigated in the literature to pave the way

towards enhanced and reversible capture/liberation of anions.

In the literature, the redox active Co, Ni, Mn and Fe are good candidates as they satisfy the conditions cited
above i.e. they are transition metal of d group that have the +II and +I11 oxidation state and their standard redox
potentials occur in the potential window between the water oxidation potential and the water reduction

potential in aqueous media.

Table 1.1: Table of standard redox couples values

Redox couple | Redox couple E° (V/SHE)
0,/H,0 1.23 [Pourbaix]

NiIII/NiII 0.48129 130

Co"/Co" 1.01%°

Mn""/Mn" 0.59"°

Fe''/Fe" 0.77%%°

H,O/H, 0 [Pourbaix]

The most commonly synthesized LDHs are composed of Ni'/AI", Ni'/Fe"', Co'/Fe"!, co'/AI", Mg"/Fe"" in
different ratios as well as monometallic LDH like Co'"/Co"-LDH and green rusts Fe"!/Fe"-LDH. The

conductivity and transfer mechanism of each of them are investigated in the literature.

In general, the conductivity of the LDH material is studied in strongly basic media like KOH and NaOH by cyclic
voltammetry and electrochemical impedance spectroscopy. The study of the charge transfer within the Ni/Al-
LDH by electrochemical impedance spectroscopy shows semicircles whose shape is characteristic of a
pseudocapacitive material. The redox mechanism is quite complex as it implies both an electron transfer for the
oxidation/reduction of the metal within the layer, and the charge neutralization of the material by the
insertion/deinsertion of ions, as confirmed by Vialat et al.™®! The electrochemical behavior results in both
electronic and ionic contributions.** For an active M" cation in strong alkaline solutions like Ni" in Ni'"/Fe'"'-

LDH, the change in the M"/N"" ratio starts with the oxidation reaction following the equation:

[Mlll»yN”Iy(OH)Z] a [Am_y/m]y_a ZHZO +nOH & [Mlll—y—nMIIInNIIIy(OH)Z(y+n)+] [Am_ylm]y_[OH]n_v ZHZO (1-15)

A two kinetic-limiting step may take place at the surface of the material: the kinetic-limiting step of the ions
(due to the intercalation of anions) and the kinetic-limiting step of the electrons (due to the electron-hopping).

From EIS data analyses of Ni/Al-LDH and from the calculation of the activation energy for the two processes,
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the kinetic-limiting step of the overall electrochemical process is related to the electron hopping.**® This fact
explains the decrease of R from 7000 Q for Ni/Al-NO; to 2000 Q for GnS@Ni/Al-NO; composite, confirming

the role of exfoliated graphene (GnS) as electron percolant.™***®

1.4.2.1 Electric charge transfer by hopping mechanism

The charge transfer occurs via a hopping mechanism and can be compared to an internal redox reaction between
the reduced and oxidized forms of the M"'/N" couple. Finding the equivalent circuit enables to deconvolute the

contribution of the electrons and the OH™ ions to the overall conduction. In reference™®

, the model is the
following: an electron is released to oxidize Ni centers and the OH™ anions enters into the structure for
electroneutrality. It was also proved that the electronic conductivity depends on the potential while the resistance
related to the ionic charge transfer is almost potential independent. The ionic charge transfer depends on the
desolvation and adsorption processes of OH™ anions. Increasing the pH increased the OH™ concentration which

increased the overall conductivity of the material.

Two regions are distinguished at the interface between the LDH and the electrolyte:** the external LDH
surface/electrolyte solution interface and the internal LDH layers/electrolyte interface located inside the pores,
channels, and interlayer domains. The internal interface is more involved in the electrochemical process and it
was demonstrated by extrapolation of the electrical charge Q at v—0 and v—oo. The extrapolation of Q at v—0
estimates Q, i.€. the charge related to the internal and external interfaces. The extrapolation of Q at v—oo is
the estimation of the external charge Qou.** For Ni/Al-LDH in 0.1M KOH, the electrochemical response is
activated upon potential cycling. Q. and Qo are respectively 7 and 0.1 C g * *** leading to a contribution of
the external surface of only 1.4 %. For Co/Al-LDH, no activation of the electrochemical response is observed
upon potential cycling.**® Qy and Qo Of 172 and 18 C.g " respectively are higher than the values found for
Ni/Al-LDH. Thus, the overall electrochemical process in Co/Al-LDH is more efficient and faster than in Ni/Al-
LDH and the percentage of external surface involved in the electrochemical process is significantly enhanced and

equals 10%.

1.4.2.2 Capacitive behavior of the LDH: accumulation of anions at the interface

The concomitant migration of the anions inside the interlayer spacing compensates accumulated positive charges.

It is found in literature that the electrochemical reaction is run by a diffusional regime of ions.™’
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Figure 1.2: Nyquist plots of the impedance spectra of a Ni/Al-Cl film in pH 10 phosphate buffer (A)
Frequency range 5 kHz to 10 mHz, (B) enlarged view of the high frequency from 5kHz to 5Hz. At open
circuit, after 300s of oxidation at (a) 0.90 V, (b) 0.95 V, (c) 1.05V . Symbols are the experimental points and
the solid lines are NLLS fit of the data to the equivalent circuit. (C) Equivalent electrical circuit used to fit
the impedance data obtained for the Ni/Al-Cl films. R is the ohmic resistance, Rct the charge transfer

resistance, R, the resistive component of the mass transport impedance and Q; and Q, are constant phase

23



Chapter 1. lonic transfers into LDH with electrochemistry: a bibliographical study

elements used to model the double layer capacitance and the capacitive component of the mass transport

impedance, respectively.*’

As a matter of fact, EIS data of partially oxidized Ni/Al-Cl films show a small depressed semicircle at high
frequency corresponding to the charge transfer (Fig. 1.2B), followed by a second larger capacitive loop at lower
frequency (Fig. 1.2A). The equivalent Randles type circuit is schemed in Figure 1.2C. At the rising portion of the
second loop, the line makes an angle of nearly 45° with the real axis, as expected for a Warburg impedance.*®
The second loop corresponds to the mass transport of the charge balancing ions. Its radius decreases with the
increase in the oxidation state of Ni. As a comparison, for unoxidized films, the Nyquist plot is a straight line

characteristic of a passive layer with a high charge transfer resistance.*®
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Figure 1.3 : (A) Cyclic voltammogramms (v=5mV s ') and (B) Nyquist representation of
electrochemical impedance spectroscopy data at open circuit potential after ten CV cycles (25 mHz—
100 kHz, 10 mV) of Co,Al-NO; (a) and Co,Al-CO; (b). (Adapted from*®®, copyright 2013, with

permission from Elsevier Ltd.) '
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For partially oxidized films, the curving of the plots back toward the real axis at very low frequency indicates that
the impedance is limited by convective steady state diffusion.*® The diffusional regime of anions is related to a
faster kinetics of the electron compared to the diffusion of anions. According to diffusion models proposed by

618119 there is an accumulation of ions at the

Scholz et al. for redox reaction through microcrystals,
solid/electrolyte interface. Thus the faradic process is defined more like a pseudo-capacitive behavior. In the
Randles type circuit, Warburg element is a subcircuit of a resistance (R,) in parallel with a constant phase element
(Q2). The first constant phase element Q; models the double layer capacitance. From impedance analyses for Ni
oxidation to 2.5+, the diffusion coefficient of ions, D = 2nf.| /[2 cos(nm/4)]*" where | is the thickness of the film
and f, is the characteristic frequency of the low frequency capacitive loops,**" varies between 1 and 5.10°° cm?s™.
The authors find similarities to values reported for proton diffusion in nickel hydroxide films."******? The same

13 with an apparent diffusion coefficient of 2.10 ®%cm?®s *. EIS

diffusional regime is observed for Co/Al-LDH 2/
data (Fig. 1.3B) show a quasi-straight line at each potential. Consequently, only two constant phase components
(CPE) are used in the equivalent circuit, suggesting that the two resistant components (R¢ and Ry) vanished

within the investigated frequency range.

The structural difference between Co/Al-LDH and Ni/Al-LDH explains the variation in the capacitive properties.
From XRD, the a parameter (proportional to the interatomic distance between two metals) of the two materials™**
reveals a smaller interatomic distance for Co/Al-LDH than for Ni/Al-LDH. Consequently, the electronic transfer
should be facilitated in cobalt-based LDH. This is confirmed with the charge transfer resistance (determined by
EIS) that is lower for Co/Al-LDH 4/1 than for Ni/Al-LDH 4/1 with 0.4 Ohm.cm® and 14.10hm.cm?
respectively.'”® Consequently, Co/Al-LDH is more capacitive than Ni/Al-LDH.*** The oxidation of Ni/Al-LDH is
governed by a faradaic process with low redox current density while the oxidation of Co/Al-LDH is governed by
a multi-site pseudo-capacitive behavior. Thus, cobalt containing LDH have been investigated as electrode

materials for supercapacitors,”® and Ni containing LDH for batteries.®

Mixed LDH Ni"/Co"/AI"'-LDH composed of both Ni" and Co" as divalent cations with different ratios as well as
Al"" were co-precipitated in the chemical route to mix the properties of both Ni-based LDH and Co-based LDH.
Two different routes were used: the two mixed phases synthesized separately with (Co/Al-NO;-LDH 2/1),_, and
(Ni/AI-NO3-LDH 2/1), with r < 1, and a single phase synthesized with Ni**, Co®* and AI** altogether by
coprecipitation method as (CoxNi,—,)/Al-NO;-LDH 2/1 phase with x < 1 where divalent metals are substituted at
a local intralayer scale. For x > 0.4, the peak potential (E,,) decreases and the a parameter decreases with a quasi-
linear behavior versus x. For x > 0.5, R progressively decreases reaching a minimum value. Q as function of
the sample composition (x) evidences a cooperative effect of cobalt with a rapid increase of Qi when x > 0.4.
The presence of amorphous phases in the samples (x < 0.4) has no effect on Q. Of the coprecipitated phases. For
the physical mixtures (Co/Al-NOs-LDH 2/1),-, and (Ni/Al-NOs-LDH 2/1),, the potential is very close to that

corresponding to the pure cobalt phase for r > 0.2 (most of the shift occurred for the first mixture r = 0.1).
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Physical mixture presents more a percolation threshold behavior due to microscopic interface between both
phases. This is even more pronounced when the charge variations are examined. Qq as function of r evidences a
cooperative effect of cobalt only for r > 0.8. EIS spectra are very similar to that obtained for pure Co/Al-LDH
with R, close to 0 for all values of r.

For practical reasons and because we want to essentially study the Faradaic process, we focused on the

preparation and study of the Ni-based LDH during the PhD work.
1.4.2.3 Tuning the electric charge transfer resistance

The electric charge transfer resistance can vary according to the cation element, M"/M" ratio, electrolyte, the

synthesis route and electric percolants.

- The electric charge transfer resistance depends on the M''/N'"' ratio

The conductivity of the material varies with the stoichiometric composition in divalent and trivalent cations. For
example, the increase in Ni/Al ratio from 1/1 to 2.4/1 provokes the increase in the peak currents and a shift of the
peak potentials towards more cathodic values with the cyclic voltammetry technique (Figure 1.3a).** From EIS
data, Re; decreases as the Ni/Al ratio increases (Figure 1.3b). It is probable that more Ni centers get closer to each
other, which induces an easier electron hopping. For Ni/Al ratios comprised from 2.4/1 to 3.5/1, this effect is

constant, perhaps because the electron-hopping rate cannot further increase.

- The transfer resistance depends on the electrolyte

The transfer resistance depends on the nature of the electrolyte as attested in the EIS spectrum. For Ni/Al-NOs-
LDH 2/1 after many cycles in KOH, LiOH and NaOH,"* the EIS spectra simulations reveal a charge transfer
resistance (R that decreases from 7000 to 2600 and 32 Ohm in KOH, LiOH and NaOH, respectively. The
electrolytic cation may have an effect on the electrochemical process and the electric charge transfer resistance.
Upon cycling, the current signal increases in NaOH and LiOH solution until a maximum during the 10" cycle. In
KOH, the current remains constant. The reversibility is better for NaOH (peak separation 160 mV), followed by
LiOH (180 mV) and KOH (230 mV). The electrochemical efficiency is higher in LiOH or NaOH than in KOH. In
Ni/Al-NQOg, the electron transfer is governed by a diffusional process. It is confirmed by a peak current depending
on the square root of the scan rate, and depends on the nature of the electrolyte cation. The slope is higher for Na*
> Li* >K". This electrochemical behavior is still under investigation. A priori, these results tend to demonstrate

that the cation coming from the supporting electrolyte should be responsible for this electrochemical behavior.
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Figure 1.4: (a) Cyclic voltammogramms recorded in 0.1M NaOH at a Pt electrode modified with the films
containing different Ni/Al ratios (b) Nyquist plots obtained for Pt electrodes modified with the films
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containing different Ni/Al ratios.*

From bibliography, the order of magnitude of the diffusion coefficients are established such as Li*<Na'<<K
(DpuiLi* 10£1%10™"° m?/s <DyyNa*™ 1442 x10™° m?/s <<DpuK*™ 22 + 1 x10™° m?/s)***'*. From the literature

related to cationic clay minerals, it is known that cations such as K* preferably form internal sphere

complexes

cations such as Li* generally form outer sphere complexes whose water molecules in the coordination sphere
attach to the surface of the clay. But those behaviors are in agreement with cationic exchange properties

according to the permanent negative basal surfaces of cationic clay minerals arising from isomorphic anionic

146,147

they are themselves directly retained in the adsorption sites on the surface. On the contrary,
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substitutions. In that case, absorption phenomena should be related to the variable proton surface charge of the

LDH, arising from hydroxyl functional groups coming from the external layers.

Let us have in mind that for each investigated electrolyte, the activity coefficient is related to the electrolytic
cation.*® The pH value differs slightly from one electrolyte to another following pHkon 1) > PHion 1m)
(calculated by the pHreeqC software using Thermoddem® database). Moreover, thin films of Ni/Fe-LDH
probably underwent dozen of cycles of polarization in the aqueous electrolytes such as to enhance conductivity*®
150151152 hefore current reached steady. Concomitantly, the increase in conductivity was assumably responsible
for the increase in OER, and pH is not easily recorded at the LDH interface. This electrochemical behavior could
be explained by the available OH" concentration at the interface under the investigated experimental conditions
(interfacial [OHInaon under the investigated conditions < interfacial [OH] oy under the investigated conditions

< interfacial [OH]xon under the investigated conditions).

This postulate is in agreement with the fact that the electric charge transfer resistance also depends on the

135 143,153,154
th

concentration of ions in electrolyte. For Ni/Al-NO; ™ as previously reported by different authors e
increase in OH™ concentration induces a peak potential decrease and a current peak increase, which shows that
OH" anions are directly involved in the electro-oxidation process, and that their presence favors the oxidation.

This electrochemical behavior was deeply investigated in this PhD work and reported in chapter 5.

- Charge transfer improvement with Fe-based L DH
o Maqg/Fe-CO5-LDH
Until recently, Mg/Fe-COs 2/1 in KOH 0.1M was considered as a non-electroactive material.*® The CV of Mg/Fe-
LDH modified Pt electrode in 0.1M NaOH overlaps that recorded at the bare Pt. It does not display a Fe

electrochemical signal in aqueous media, however the material catalyzes the oxygen evolution reaction (OER),
actually iron oxyhydroxide is known to be an efficient electrocatalyst for OER in alkaline medium."® By
enhancing the surface of the Mg/Fe-LDH with 3D hierarchical microspheres and a suitable mesopore distribution
(-0.1t0 0.5 V vs. SCE) in 1M NaOH, Shao et al. have improved the mass transport of the electrolyte as well as

the faradic redox global reaction, and could observe a reversible Fe redox current®” (Fig. 1.5).
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Figure 1.5: CV of the Mg/Fe-LDH microspheres (solid, yolk-shell and hollow) and LDH nanoparticles
modified electrodes in 1 M NaOH solution at 50mV/s®’

This result suggests interesting perspectives for the development of green electrolysis processes for the capture
and release of ions (energy storage, water treatment, industrial effluent treatment...). The electrogravimetric
behavior of nano-Mg/Fe layered double hydroxide particles were investigated using an Electrochemical Quartz

Crystal Microbalance. Preliminary results are presented in Annex A.

o Ni/Fe-CO; 2/1, compared with Ni(OH), and Ni/Al-LDH

Iron is a candidate to improve electrochemical properties of LDH. From EIS data,*® Ni/Fe-LDH 2/1possesses a

smaller charge-transfer resistance than beta-Ni(OH),, i.e. a faster electron transfer process indicating that the
transfer is easier between Fe and Ni. Ni/Fe-LDH is highly active for OER in alkaline medium (KOH 1M). From
Raman spectroscopy, Ni/Fe-LDH is known to possess a more disordered structure and more structural defects
than beta-Ni(OH),, suggesting that this could be the reason for its better performance in the OER reaction than in
beta-Ni(OH),. Qui and Villemure have shown that the position of the peak potential depends on the upper limit in
potential used to record the voltammograms in phosphate buffer solution (pH 7.9).* Nevertheless, in agreement
with the OER, an increase in the upper limit of the potential should be responsible for the pH decrease at the
interface which could be responsible for the shift of the potential to more positive values. For Ni/Fe-LDH, an
increase in the Ni oxidation current is observed while the Ni reduction current remains similar to that observed
with the Ni/Al-LDH 2/1.% Oliver-Tolentino et al. compared the performances of Ni/Fe-LDHs and Ni/Al-LDH
with different ratios.’*® The material with the highest percentage of Fe is the best OER catalyzer. Trotochaud et
al.”" explain this phenomenon as a partial-charge-transfer mechanism that activates Ni centers is induced by the
presence of iron. This could be explained by the electron delocalization on the layer surface, due to the
arrangement of Fe atoms in the lattice, which spins from a specific magnetic structure that favors the super-
exchange interaction. This permits the improvement of electron hopping through the layers.
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o Co,/Fe-CO3-LDH, compared with Co/Al-CO,-L.DH
For Co/Fe-LDH, the substitution of Al"' by Fe"' causes a negative shift of both anodic and cathodic peak

potentials (Ey, = 0.145 V/SCE) but the current peak remains similar and from EIS, the resistance is less important
for Co/Fe (than that of Co/Al-LDH). It confirms that Fe is responsible for the increase in the LDH apparent
electronic conductivity even if it does not participate directly to the redox process. This is consistent with the
values of the percentages of the electroactive Ni sites as the material is more conductive when more Ni centers
are involved in the electron hopping process. The data confirm that Fe does not undergo a redox reaction in the
range of applied potential, as proven by Friebel et al.,> but leads to a decrease of the resistance to the electronic
transport, as hypothesized by Trotochaud et al.*’ Moreover, the results obtained in the latter work demonstrate
also that the order degree of the LDH structure affects the conductivity of the material significantly, with the R,
values of the electrochemically synthesized LDHs being much lower than those displayed by the chemically

prepared LDHs, especially when Fe is present as the trivalent metal in the brucite-like layers.

By EIS, the electrochemical behavior of iron-containing LDH is compared for Mg/Fe-LDH 2/1, Ni/Fe-LDH 2/1,
and Co/Fe-LDH 2/1. The electron transfer resistance is the highest for Mg/Fe, followed by Ni/Fe-LDH and
finally Co/Fe-LDH, underlining a better electron transfer between cobalt and iron (Fig. 1.6).
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Figure 1.6: Nyquist representation of EIS data of (a) Mg/Fe-COs-LDH 2/1, (b) Ni/Fe-COs-LDH 2/1, and (c)
Co/Fe-CO5-LDH 2/1 at OCP after ten CV cycles in 0.1M KOH, 25 mHz-100kHZ, 10mV/s **
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- Future interests of manganese containing LDH

Manganese is another interesting element as it has a large number of oxidation states ranging from -3 to +7.
However the control of its oxidation state during the synthesis is the main problem and can cause the formation of
impurity. Qiu and Villemure found an average oxidation state of +3.52 in Mg/Mn-CO3-LDH sample, suggesting
the presence Mn'" in the LDH structure.” The voltammetric peaks observed between 0 and 0.4 V/SCE in
0.1KCI were attributed to Mn""'/Mn" redox couples. Reduction below 3+ did not occur even after several hours

of electrolysis at negative potentials.

- Monometallic LDHs
Different monometallic LDHs are investigated in literature, mainly green rusts (Fe'/Fe''-LDH) and Co"/Co"'-

LDH. They present a higher redox flexibility compared to the LDH composed of different metal cations.

- Redox properties of monometallic LDHSs green rust (GR)

Fe"/"' oxyhydroxycarbonate (Fe'q_yFe"'sxO12Ha7-39C03) or GR-CO; with in situ redox flexibility
(1/3<x<2/3)"® and GR-SO,™ have also been studied. Fe acts as both electron donor and acceptor with the

possibility for a global one electron per Fe atom exchange.

Two redox transformations routes are determined. The first route is a dissolution/precipitation that may occur in

three steps, during the oxidation. GR is (a) dissoluted to Fe",Fe"'; complex, (b) followed by the oxidation of

Fe",Fe'"'; complex to Fe"' and (c) the -FeO(OH) precipitation. The reduction is done via the release of Fe" ions

into solution by soluble Fe'"-Fe"" complexes acting as intermediate species. The second route is a solid-state

reaction: the oxidation involves conversion of Fe("" lattice into Fe!"" and deprotonation of OH groups in octahedra
sheets. The reduction provokes the conversion of lattice into Fe™ and protonation of OH groups. It implies the
complete transformation of GR(CO3) or GR(SO,) to ferric exGRec-Fe(l1l) or exGRs-Fe(lll), with the following
formulas Fe"'s(OH),5-5,(0)24y(H20),COs or Fe"'s(OH)12-2,(0)2+2(H20)6+,S04 with 0 <y or z < 2. The solid-state
reduction gives ferrous exGRc-Fe(ll) or exGRs-Fe(11), with chemical formulas [Fe'"s(OH).0(H,0),]-[COs, 2H,0]
or [Fe"s(OH)10(H,0),]:[SO., 8H,0]. Lattice Fe™ are completely conversed into lattice Fe. Simultaneously,

maintaining electrical neutrality implies the protonation of a part of OH ions in the octahedra layers in agreement
with LDH dihydroxylation and the resulting transformation to water molecules. The corresponding global solid-
state reduction reaction should be written as GR + 2H* + 2e” = ExGR-Fe"". The solid-state route is favoured for
(i) pH is quite alkaline (the pH must not be too high in order to avoid the formation of magnetite) and (ii)

intercalated anion concentration increases.

The authors highlight the electrochemical restoration of green rust as the anodic charge of Fe!" oxidation is equal

to the cathodic charge of reduction. For GR(COs), decreasing the scan rate or increasing the temperature leads to
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the appearance of two cathodic peaks because of the occurrence of an intermediate oxidized product, exGRc-
Fe(llN* (Fig. 1.7).

The intermediate product undergoes a structural conversion into the more stable ferric compound, exGRc-Fe(ll1).
For GR(SQOy), the voltammetric curve exhibits only one anodic peak and one cathodic peak, whatever the
temperature or potential scan rate. However, the broadness of the cathodic peak may indicate a sum of several
reduction processes. The initial mass is quasi-restored after the cathodic peak indicating the recovery of the green
rust film at the end of the cyclic voltammogram and validates the oxidation of green rusts at pH 9.5 via a solid-
state transformation (and not dissolution). The mass loss is related to the beginning of GR(CO3) reduction (less
than 1% of the initial mass of film).
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Figure 1.7: Cyclic voltammogramm (-), mass variation Am (o) and coulombic charge Q (- - -) recorded
with GR(CO;) and GR(SO,) **

Co"/Co"'-CO;-LDH
These LDH have been studied by CV in 0.1M KOH.* The current peak at E1,=0.160 V vs. SCE is reversible
with higher current than those observed for Co/Al-LDH 2/1 or Co/Fe-LDH 2/1. Before electrochemical oxidation,
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the percentage of electroactive Co" is estimated at 28 % mole for Co"/Co"'-CO5 and only 10 % mole for Co/Al-
COs-LDH 2/1 or Co/Fe-CO4-LDH 2/1. After the electrochemical oxidation, the mean amount of Co"" present in
the LDH layer increased from 13 to 60 %. The net balance between half cycles, characteristic of the
electrochemical efficiency results in an average value stabilized at 30 % of Co" after reduction. This results in

the usual ratio of 2 to 1 between divalent and trivalent cations in the LDH composition. The existence of a mixed

oxidation state of Co"/ Co" is also found in these compounds with a ratio Co"/Co"" close to 1.

1.4.2.4 Increased charge transfer in electrochemically synthesized LDH compared
to chemically synthesized Ni-based LDH

For Ni-based LDH, the CV of electrochemically synthesized LDHs in 0.1M NaOH has more cathodic Ni peaks
than for chemically synthesized LDH, since the shift of the peak potentials is enhanced in presence of Fe'"'.%
Impedance spectroscopy confirmed that the chemically synthesized LDHs possess a higher electronic transfer
resistance than the analogous electrosynthesized materials. The electrochemical efficiency is higher for the

electrosynthesized material and even more when Fe is present (increase of the peak current).
1.4.3 Conclusion

In section 1.4, the importance of electroactive metal cations in aqueous solution is explained for an active
material. Co based LDH and Ni based LDH are of interest for a better conductivity. First approximations in
terms of mass transfers by electrochemical analysis (EIS and CV) enable to estimate the contribution of the
fastest process (i.e. transfer of electrons) and the lowest process(es) (one or several ion transfers). The
interatomic distance in Co/Al-LDH is lower than in Ni/Al-LDH. Consequently, the electronic transfer via
hopping mechanism is facilitated in cobalt based LDH. Co/Al-LDH is more capacitive than Ni/Al-LDH.*** The
oxidation of Ni/Al-LDH is governed by a faradic process with low redox current density while the oxidation of
Co/Al-LDH is governed by a multi-site pseudo-capacitive behavior. Thus, cobalt containing LDH have been
investigated as electrode materials for supercapacitors and Ni containing LDH for batteries. For a better
understanding of the transfer of species during the redox reaction of the LDH, Ni-containing LDH is developed in
this thesis as it is governed by one faradaic process with low redox current density, contrary to Co-containing
LDH. Especially Ni/Fe-LDH is retained as the presence of Fe improves the charge transfer within the layer. The
redox reaction was studied on Ni/Fe-LDH synthesized by the chemical route and by the electrochemically
synthesized route. The former route has the particularity to be highly crystallized, while, for the latter route, the
electronic transfer is enhanced between the LDH and the electrode. Also, the Mg/Fe-LDH was studied in this
thesis as it is considered as an inactive film, although Fe should be oxidized and reduced. In the next section 1.5,
the literature on the assumption about the transfer of ions, its nature and kinetics are reported during the

electrochemical process.
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1.5 lonic transfers related to electrochemistry with electrogravimetric

measurements

Section 1.4 shows that the understanding of the involved charge transfer mechanism and the corresponding mass
transfer between the LDH and the electrolyte is not well understood. The conventional electrochemical methods,
i.e. CV and EIS, provided information on the oxidation/reduction state of the active site and on the kinetics of
electrons and ions. The electron transfer is more rapid than the ion transfer. However, CV and EIS alone do not
provide information on the nature and kinetics of each involved species accompanying the electron transfer. In
addition, no information is provided on the localization of the insertion in the material. It is therefore challenging
to find eligible techniques for the in situ study of the mechanisms of transfer of the species and the specific sites
of transfer. EQCM is a technique that monitors simultaneously changes in the current and in the mass of the
deposited thin film while the latter is polarized, giving new information on the transferred species. With EQCM
analysis, the calculus of the molar mass of the exchanged species versus potential may give information on the
nature of a part or all of the transferred species. The state of the art of former studies of LDH with EQCM

measurements is described in this section.

In the literature, a few articles reported the mass variation of LDH under a cyclic polarization with EQCM
technique for LDH material. The reported literature in this section intends to detail the present knowledge on this
phenomenon. Until now, for a better understanding on the ionic transfer mechanisms, only a few LDH were

investigated with EQCM. In particular, green rusts and Co/Al-LDH.

M(gmol™) _ dm

The calculus of the mass per electron (MPE) is possible via F'E with F is the Faraday constant. It

gives the molar mass of transferred ion per transferred electron.
1.5.1 Cations play a role in the transfer

Two categories of ionic transfer between the electrolyte and the LDH are reported: ionic transfer in the case of
anion electroactivity in the interlayer space of an inactive LDH when tuning the oxidation state, and the case of
cationic electroactivity into the layers of the LDH and the related ion transfer. A study of interlayered
electroactive anions in an inactive LDH revealed that different species play a role in the charge transfer
depending on the film history. From QCM and electronic absorption spectroscopy measurements in hydrotalcite
Mg/AI-X-LDH 3/1,"® [Fe(CN)e]> in solution was incorporated as an ion-paired species as Na[Fe(CN)g]*~ for
X=CI” and Nay[Fe(CN)¢] for X=SO,” and COs*, respectively. During the film polarization, the
[Fe(CN)s]* /[Fe(CN)s]*~ couple underwent a reversible electron transfer in the interlayer space. EQCM
measurements revealed a charge variation generated in a film and compensated by the leaching or incorporation

of an ion-paired species. However, after ageing for 2 weeks in a 0.1 M Na,SO,4 suspension, some fraction of
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[Fe(CN)]* interacted more strongly with the hydrotalcite surface. [Fe(CN)e]’™ ions did not leach during

electrochemical reduction. Instead Na* ions were transferred for charge compensation.

In the case of tuning the oxidation state of electroactive cations within the layers by polarization, several models
of ionic transfers are presented in the litterature. Reference *** reports EQCM results of Ni/Al-NOz-LDH in
different electrolytes (KOH, LiOH and NaOH) at scan rates 5 and 50 mV/s (Fig. 1.8 and 1.9 respectively). The
electrochemical efficiency depends on the electrolyte. It is low in KOH and NaOH (3 or 19%) and higher in
LiOH (= 30%), suggesting again a strong dependence on the nature of the electrolytic cations of the redox
reactions. The respective mass variations of each electrolyte (KOH, LiOH and NaOH) present different complex
shapes during polarization, which highlights the transfer of more than one species. The mass variation also
depends on the composition of the layers as the shape is different in Ni/AI-NOs-LDH 2/1 and in Co/Al-NOs-LDH
2/1 in the same electrolyte. For example, the current response of Co/Al-NOs-LDH in KOH at 5 mV/s is similar in
terms of shape while the mass response is magnified 20 times compared to Ni/Al-NOs-LDH films. For each
cycle, the Ni/AI-NOs-LDH undergoes a mass depletion during anodic sweep (Ni oxidation) and a mass gain
during cathodic sweep (Ni reduction). The assumption is that hydrated cations are expelled with a negligible
counter flux of anions during Ni oxidation. The opposite is expected during the Ni reduction. The mass variation
is the most important in KOH compared to NaOH and LiOH electrolytes. Another study demonstrates the
competition between different cations involved in the transfer during polarization."* EQCM measurements during
oxidation of Ni/Al-CI-LDH in borate buffer pH 8 (Fig. 1.10) reveal that the presence of both sodium and
potassium (0.004 M Na" + 0.05 M K*, MPE = 19g/mol/e) decreases more the mass of the film than in the
presence of only one cationic species (0.054 M K" MPE = 6 g/mol/e or 0.054 M Na*, MPE = 11g/mol/e).
According to the authors, the positively charged LDH are not expected to adsorb large amounts of cations.
However, the incorporation of cation during the negative scan would have to be selective for sodium ions over
potassium ions, since expulsion of cation was apparently not observed in buffers containing only potassium. This
was confirmed with SEM/EDX analysis of a film immersed in a pH 8 borate buffer containing 4 mM Na* and 50
mM K that showed a significant sodium content, over 4% (w/w) compared to less than 1% (w/w) for potassium.
The small values of MPE should be explained by the fact that the molar mass of cations is probably balanced with

a counterflux of anions or water.

For the tuning of the oxidation state of electroactive cations within the layers by polarization, other models of
ionic transfers are presented in the literature. Zhang’s group'® suggests the possible insertion of lithium cations
and hydroxyls as ion pairs into the lattice of Co/Al-LDH during electrochemical cycling in alkaline solutions.**®
Su et al.'®® suggest that small cations (Li* and Na*) can be intercalated in the remaining interlayer octahedral
(OH)s environments of the Co/Al-LDH structure for charge compensation following the electron transfer, with a
probable competition with proton loss. During oxidation of Ni/Al-LDH*® between 0.2V and 0.5V/AgAgCl NaCl

3M in potassium acetate, sodium acetate, and magnesium acetate, the MPE gives -23g/mol, -41 g/mol and -
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14g/mol respectively (Mg?* is doubly charged). The authors propose a model of a loss of cations from the LDH

film for charge compensation, following the reaction:

[Ni/AIJ[C*, Fe"(CN)g](s) 2 [Ni/AI][Fe" (CN)s](s) + & + C*(aq). (1.16)

Results were similar with Ni/Al-Cl LDH films after the exchange with [Mo(CN)g]*". Yao et al.**® also attributed
the decrease in mass during oxidation of the [Fe(CN)s]*" in Mg/Al LDH films that had been aged for 2 weeks in
sodium sulphate and sodium chloride solutions to the expulsion of Na* from the films.
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1.5.2 Different transfer kinetics
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Figure 1.8: CV of Ni/Al-NOjs films deposited on the gold electrode of the quartz resonator (black curve a)
and the simultaneous mass changes (blue curve b) in 0.1M aqueous solution KOH (A, A’), NaOH (B, B’)
and LiOH (C, C’) at v=>5 (A, B, C) and 50mV/s (A’, B’, C’)."*

With CV, the estimated efficiency of the electroactive metals within LDH shows that electroactive sites are more
accessible in Co/Al-LDH (= 29% in all electrolytes KOH, LiOH and NaOH) than in Ni/Al-LDH (3% and 19% in
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KOH and NaOH, and 30% in LiOH), suggesting a faster kinetics of the transfer (electronic and ionic) in Co/Al-
LDH."*
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Figure 1.9: Cyclic voltammograms of Co/Al-NO; films deposited on the gold electrode of the quartz
resonator (black curve a) and the simultaneous mass changes (blue curve b) in 0.1M aqueous solution
KOH (A, A’), NaOH (B, B’) and LiOH (C, C’) at v=5 (A, B, C) and 50mV/s (A’, B’, C*).*
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With EQCM, the transfer kinetics of different ions could be evidenced qualitatively when modifying the scan
rate. For example, for Co/Al-NO;-LDH in KOH™ at low scan rate (5 mV/s), the fastest and lowest species “have
time” to be transferred. The calculus of MPE corresponds to a pure potassium (+39 g-mol™) insertion around the
Co reduction peak potential. At more anodic potentials, lower and negative MPE values reveal charge
compensation due to the association of a flux of potassium and a counterflux of solvent or anions. At higher scan
rate (50mV/s), only the fastest species “have time” to be transferred. The MPE indicates an anion contribution
associated with a counterflux of free solvent. Thus, it indicates a low kinetic transfer associated with cations and a
fast kinetic transfer correlated to anions. Cation transfer is predominant in the three electrolytes except in KOH
where, at high scan rate values, anion contribution emerges as the main input. The same trend is evidenced in
LiOH and NaOH at low and higher scan rates. Cation transfer is predominant in the three electrolytes. The main
major difference concerns the anion contribution that emerges as the main input in KOH at high scan rate
values.®™ In NaOH 0.1mol/L, a cation contribution and a counterflux of anions are suspected. For the highest
potentials, MPE present positive values indicating a partial contribution of the OH™ anions that decreases when

the scan rate decreases. (Fast kinetics for anion)

The same statement was reported by Villemure et al. for Ni/Al-CI-LDH thin films in potassium acetate and
sodium acetate solutions.™ The transfer was attributed to a simultaneous participation of at least two ions in the
charge neutralization process, for instance insertion of Na* (23 g-mol™) and expulsion of OH™ (17 g-mol ™).
Finally, for 0.1 M LiOH at almost all scan rates, the MPE is close to Li. For the highest scan rate value (100 mV-s

1), MPE decreases but remains positive, showing a small anion contribution.
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The transfer kinetics of ions also depends on pH. For Ni/Al-LDH in phosphate buffer solutions', the MPE
increases with the increase in pH from 11g/mol in pH 8 to 35g/mol in pH 10 (figure 1.11). During the
positive/negative sweep, the mass loss/gain is more cathodic which shows that the pH has an effect on the
kinetics of the reaction. In addition, the mass variation decreases/increases in several steps, which also show that
different species may play a role. In pH 8 potassium buffers, MPE is only equal to 4 g/mol. According to the
authors, the simplest explanation is that charge compensation involves the loss of protons from the LDH lattice
accompanied by some water from the LDH interlayer spaces according to:

[NigAl, (OH)16][(C1_)2.nH20](S) + OH () = [NigAl,O(OH)15][(ClI7),. (n — x)H,0]s) + (1 + x)H;0¢
(1.17)

At this stage, EQCM only provides an overview of the global transferred mass. It is nevertheless to be highlighted

that the investigations were conducted using two different anions (OH" versus HPO, /PO, which mass molar

differs significantly). In agreement with the charge compensation via OH™ and PO,* intercalation/deintercalation

(according to Miyata affinity scale **), the difference in the results can be explained by the low molar mass of

OH’ in comparison with PO, balanced by both H,O deintercalation/intercalation and cation transfer.

The authors make an analogy with the mass behavior of B-Ni(OH), and a-Ni(OH), in the same experimental
conditions (polarization in alkaline solutions). In B-Ni(OH), the mass variation follows the same trend and is
assumed to result from the expulsion and insertion of protons and water molecules.’®**% The dependence of the
mass loss on the cation species cannot be explained with this equation and should be involved in the charge
neutralization process. Intercalation and de-intercalation of cation is proposed to explain the mass changes
observed in films of a-Ni(OH),."®® Structurally, a-Ni(OH), films are closely related to LDHs. Hydrated a-Ni(ll)
hydroxide films consist of parallel randomly oriented brucite-like Ni(OH), layers separated by intercalated water
molecules.* However, EQCM studies have shown that a-Ni(OH), films usually gain mass on oxidation and lose
165,166

mass on reduction
authors, the dependence of the MPE on the pH of the electrolyte is attributed to the instability of the Ni/Al-Cl-

the opposite of what was observed here for Ni/Al-CI-LDH films. According to the

LDH when subjected to potential scans in basic solutions. However, the oxidation of water starts at the potential
of oxidation of Ni and is more cathodic for higher pH. It could increase the expulsion of the produced H* and O,.
In the same way, the authors could have claimed the instability of the Ni/Al-LDH when subjected to potential
scans in near to neutral solution in agreement with the progressive decrease in pH at the interface due OER even
in a buffer solution and even if OERpH 8 < OERpH 10, depending in the cyclic scanning range and the number

of investigated cycles.
1.5.3 Limits of the EQCM technique

The main limit of EQCM technique and the calculus of MPE is that the deconvolution between different species

cannot be performed if transferred at the same potential. In the case when water contributes to the transfer, no
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distinction is possible between the case of a simultaneous ion transfer with a flux of free water in the same

direction. It is the same case for hydrated ions.

For example, for Ni/AlI-NO3z-LDH 2/1 in KOH 0.1mol/L, the calculus of MPE reveals a hydrated K™ contribution
around the cathodic peak and the contribution of pure K* (39 g-mol ™) below and above this potential*®*. The
solvation effect increases with the scan rate (increase in MPE). It is nevertheless possible to envisage free water

transfer in agreement with owing to conformational movements of electroactive film."*

1.5.4 Conclusion

The EQCM technique gives a global response on the transferred mass that is the consequence of a flux of
different species and a counter flux of other species. All the previously cited articles on LDH based on EQCM
experiments present hypotheses of the identity of the transferred species by means of the calculus of MPE, with
some assumptions on their kinetics. Changing the scan potential rates allows to determine the faster species.

However, the transfer of water molecules is unclear.

As mentioned, calculating MPE from EQCM data does not enable to separate the contribution of different species
that play a role at the same potential range. To solve this problem, ac-electrogravimetry technique has been
developed at LISE laboratory UMR8235.*"% 31 |t enables to separate the contribution of the different
uncharged and charged species by measuring the transfer function AQ/AE and Af/AE. It may bring new
indications on the nature as well as the kinetics of the species transferred between the LDH and the electrolyte

during the electrochemical process.

Before this thesis, this technique has not been applied to LDH films, however it has been helpful in polymer
studies as an easy and fast identification methodology for cation and anion transfers involved in the charge
compensation process as well as a noticeable informative method for kinetic study. In the next section, are

presented some literature about ac-electrogravimetry.
1.6 Ac-electrogravimetry

The dynamic aspects of ions and solvent at the interface between electroactive films and an electrolyte remains a
partially unsolved issue. Ac-electrogravimetry provides gravimetric and dynamic deconvolution of a global
EQCM response by coupling fast quartz crystal microbalance and electrochemical impedance spectroscopy.*?
This technique measures the electrochemical impedance AE/4l(w) and the mass variations of the film under a
sinusoidal potential perturbation Am/AE(w) simultaneously. Ac-electrogravimetry was employed for

13167 as well as faradaic mechanisms, and detects the

characterizing supercapacitive charge storage mechanisms
contribution of the charged or uncharged species for the separation of anionic, cationic and free solvent

contributions during the various electrochemical processes.
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Ac-electrogravimetry was recently employed on the lamellar Li-birnessite type MnQ, thin films in LiCIO4 and
NaClO,. This solid is known to intercalate ions in a wide range of sites with both faradaic and non-faradaic
mechanisms for charge storage applications™:

i) Non faradaic reaction can take place with an electrochemical adsorption of cations onto the surface
according to:
(Mnoz)surface + C+ +e = (Mnoz_c+)surface (118)

i) Faradaic reaction can take place with the intercalation of cations into the interlayer gap (intercalation
pseudocapacitance) or onto the surface (redox pseudocapacitance):
(MnOy)pk + C* + & = (MnOOC) (1.19)

The faradaic contribution is associated with the reduction of metal atoms located either on the surface or in the

interlayer lattice planes.'®®

Intercalation of alkali metals was studies by CV and chemical composition analyses.*® The conclusion was that
protons, but not alkali metal cations, are intercalated. With EQCM experiments and MPE calculations, in
different alkali cations electrolytes, no calculation matches the equivalent weight considering either H" or alkali
ions.'’® The authors suggest that both H* and alkali cation intercalations play a role in the charge balance.
Although this first attempt is “an evolution”, the limitations of the technique appear clearly: the global mass
response of EQCM could correspond to many hypotheses like ions, ions with solvation shells, free solvent

molecules.

Ac-electrogravimetry is an alternative characterization tool that overcomes the limitations of the classical EQCM,

and was studied*™

in the case of Li-birnessite type MnO, thin films in LiClO, and NaClO, aqueous solutions.
Pseudocapacitive behavior was detected as it involves Li* and Na ions and their respective hydrated ionic
species. Both identifications indicate that a part of the hydrated alkali cations lose their hydration shell before the
transfer. The counterflux of water molecules was also evidenced. It was possible to estimate the number of water

molecules in the hydration shell of cations, the kinetics, resistance value of charged
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functions (c) Am/AE““(®) and (d) Am/AE“*() involving three species, specifically Na*, Na*.H,0 and H,O

(both experimental and theoretical curves are given)
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and uncharged species transferred at the electrode/electrolyte interfaces. There are two proposed models: (i) the

partial desolvation of hydrated cations are expelled from the film so that partially hydrated cations can access to

less attainable sites, (ii) water molecules liberate space for cations.
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Figure 1.13: Schematic representation of sodium ion species transferred at the electrode/electrolyte

interface.’

Hydrated Na* has faster kinetics than Na* probably because it does not completely lose its hydration shell. It is
the first study that determines the effect of desolvation in porous and/or layered materials, which is not possible in

EQCM measurements.

1.7 XRD coupled to electrochemistry

A few articles evidenced the change in the occupation of the interlayer spacing by combining EQCM and XRD
analyses. In addition, the structural modification of LDH was investigated before and after cyclic polarization by
EQCM and XRD analyses (ex situ characterization with XRD) and during polarization in solution (in situ or
operando characterization with XRD coupled to EQCM).

1.7.1 Exsitu measurements with XRD

XRD enables to follow the interlayer spacing whose distance is a marker of a change in the intercalated species.

Coupling EQCM and XRD analyses enables to confirm the nature of the inserted species.
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Figure 1.14: XRD pattern of Ni/Al-CI-LDH film deposited on a glass slide, (a) before and (b) after the film
had been soaked overnight in 0.1mM [Fe(CN)s]* solution.*®*

For freshly synthesized Ni/Al-CI-LDH, XRD evidences an interlayer distance of 7.94 Angstoms that is
characteristic of CI" (Fig. 1.14a). In Ni/Al-CI-LDH immersed in 0.1 M potassium acetate, the addition of 0.1mM
[Fe(CN)s]* causes a sharp mass increase attributed to the exchange of CI" from the LDH interlayer space by
[Fe(CN)g]* following the equation:'**

2[NigAl,(OH)35]Clys) + [FE(CN)6]* aqy — 2[NisAly(OH)16]o[Fe(CN)e]is) + 4Cl (ag). (1.20)

with an ion exchange performance of 85% suggesting that the quadrivalent anion has more affinity than CI". After
exchange,’® XRD confirms this hypothesis with the characteristic two peaks due to the intercalation of Cl” and
[Fe(CN)g]* (Fig. 1.14b). After the exchange, EQCM study at 0.1mV/s in 0.1 M sodium,*** potassium acetate and
magnesium acetate containing 0.1 mM [Fe(CN)e]* shows the oxidation and reduction of the intercalated
[Fe(CN)s]* ", centered at 460mV vs. Ag/AgCl. The film undergoes a mass depletion during
[Fe(CN)g]* "~ oxidation and a mass increase to the initial value during reduction, which confirms the intercalation

of this species.

At synchrotron (beamline CRISTAL at Synchrotron Soleil, France), Taviot-Gueho et al."®* could evidence the
structural modification of three Co/Al-NO3 samples recorded by ex situ X-ray diffraction signal (i.e. dried, in the

absence of polarization):

- without immersion in KOH and without polarization,
- exsitu sample, i.e. Co/Al-NO;(0x)-LDH recovered after oxidation in KOH at a potential of 0.8 VV/SCE
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- Ex situ sample, i.e. Co/AlI-NO(ox/red)-LDH submitted to the oxidation in KOH at a potential of 0.8
V/SCE followed by a reduction at a potential of 0V/SCE.

The position of the (00I) diffraction peaks is shifted toward higher 26 values for treated phases demonstrating a
decrease of the interlayer distance from ~9.04 A for Co/AI-NO; to 7.67 A for Co/Al-NOs(0x) and
Co/Al-NOs(ox/red). The authors attributed the change to the replacement of nitrate anions by OH™ anions in the
interlayer space, which occurs quickly after immersion in KOH electrolyte solution or most likely because CO5*
anions replace the OH" after the solids have been separated from the liquid phase, washed with water, and air-
dried. Indeed, the interlayer distance of 7.67 A is very close to that expected for carbonate-containing LDH. The
exchange with CO-? is further confirmed by FTIR. After the electrochemical treatments, the NOj3 vibration band

disappears and is replaced by a broad absorption band at 1360 cm ™ corresponding to the vs vibration of COz*".

XRD, FTIR and EDX analyses were also realized on powder Ni/Al-NO3.*® After one night exchange in 0.1M
NaOH, KOH and LiOH, ex situ analysis by XRD shows only a shift of the (0 0 1) diffraction peaks to lower 26,
demonstrating a decrease of the interlamellar distance (d spacing) from 0.86 to 0.77nm, consistent with an
exchange reaction of nitrate by carbonate anions in the interlamellar space, which is further confirmed by the
carbonate band at 1400 cm™ observed on FTIR spectra. The authors suggest that such exchange may have
occurred after removing the solid from the solution in contact with atmospheric CO,. Similarly, before and after
the electrolysis of Ni/AI-NO; suspension at 1V vs. SCE for 1 h in highly basic conditions, an exchange reaction
takes place. In all cases, the (110) diffraction line reflecting the intralayer organization remains unchanged
indicating that the LDH layer structure was not modified upon neither the exchange process nor the oxidation of
some of the LDH Ni** sites.

The same conclusion is reported for another Ni/Al-COs-LDH phase confirming the good stability of Ni/Al-LDH
structure upon oxidative cycling in basic medium. EDX analyses were realized on thin films of Ni/Al-NO;-LDH
deposited on platinum electrodes before and after electrochemical oxidation in different C*OH" electrolyte
solutions. EDX analyses conducted in two regions of each sample, one near the edge and one near the center of

the coating, evaluate the Ni/Al ratio to be around 2. After the electrochemical treatment:
-The Ni and Al contents of the LDH layer were not affected.

- No nitrogen element is detected in any of the samples after oxidation. (The authors assume that the intercalated

NOs  is exchanged by CO5>~ anions ex situ when in contact with air as indicated by the XRD measurements).

- The incorporation of alkali ions after oxidation is observed with C*/Ni molar ratio of 0.04 for K* and 0.20 with
Na® (Li* cannot be measured by this method) only at the edge of the film. The authors suggest that the oxidation

phenomenon starts from the edge of the sample coating and propagates to the center of the Ni/Al-LDH thin films.
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1.7.2 Operando XRD measurements

Operando XRD measurements were carried out using a laboratory-made electrochemical flow cell especially
developed for synchrotron measurements with a 0.1M KOH electrolyte solution introduced at a flow rate of 1.25

mL/min.!

Upon contact with the KOH electrolyte, the interlayer distance of the Co/Al-NOj thin film electrode
quickly decreased from ~9.03 to ~7.58A, in agreement with ex situ measurements. The authors assign this to the
exchange of NO; by OH". From the beginning of the polarization, a net increase of the intensity of (00I)
diffraction peaks (003), ~7.58 A and (006) ~3.73 A is a marker of the improvement of the cristallinity. Taviot-
Gueho et al. relate this to a migration of OH™ species enhanced by an increase of the positive charge of the
hydroxide layers resulting from the oxidation of Co®*. Then, the crystallinity decreases continuously and the (00I)
peaks gradually split into two peaks leading to two interlayer distances at 3.72 x 2 = 7.44 A attributed to a OH -
containing LDH phase and at 3.87 x 2 = 7.74 A. The origin of the latter distance is uncertain and it was not
observed in ex situ experiments. Many hypotheses are excluded by the authors: the formation of carbonate-
containing LDH is excluded as the measurements were carried out in an airtight cell. Nor is it the p-Co(OH), or y-
Co,_Al,OOH, displaying characteristic interlayer distances of 4.6 and 6.89 A, respectively. The formation of o-
Co(OH), phase incorporating NO5; /OH™ interlayer anions as a side product of the oxidation process cannot be

ruled out.

XRD coupled to electrochemistry highlight more particularly the transfer phenomena that take place in the
interlayer domain. The disadvantage of ex situ XRD is that the LDH has to be removed from the solution and
dried in air, which may modify the nature of the intercalated. Operando measurements necessitate a synchrotron
X-ray beam to get a signal in the agueous media. The position of the (00I) peaks that are a marker of the basal
distance of the LDH should be further investigated and coupled to the quartz crystal microbalance to record
simultaneously the mass of the film and the basal distance of the LDH. This will be explained in the chapter 3 in

order to understand which species play a role in the redox process.
1.8 Conclusion

In this chapter, during the reversible oxidation of the electroactive sites within the LDH, some assume the entry
of OH-, other groups assume the expulsion of H+. Another hypothesis is that this transfer is influenced by the
nature of the cations that compose the electrolyte. Some also hypothesize a transfer of cations. In this Ph.D
thesis, we aim at establishing the mechanisms of transfer of the cationic and anionic species between the
electrolyte and the LDH i.e. the nature of the involved charged and uncharged species and the specific sites of
interaction onto/into the material (adsorption or intercalation). This study will enable to resolve this issue. We
also aim to establish the kinetics running the redox process and the motion of the species transferred between the
electrolyte and the LDH with the electrochemical measurements coupled with electrogravimetric measurements

and operando XRD at synchrotron.
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In this Ph.D. thesis we knock down the technological barriers for the development of an innovating process of

capture/liberation of ions assisted by electrolysis.

Firstly, we have to synthesize and characterize the LDH whose chemical structure, crystallinity and morphology
make them good candidates for electrochemical measurements, capture and liberation of species with the
electrolyte for charge compensation. The deposition has to be optimized onto the surface of the electrode to

enhance the electrical charge transfer between the film and the electrode.

Many different LDHs were studied in the literature. Ni-based LDH and Co-based LDH, the most conductive
ones, are of interest for a better response, electronic kinetics, and reversibility. Their conductivity is even
enhanced for both when combined with Fe. For practical reasons and because we want to essentially study the

Faradaic process, we focused on the preparation and study of the Ni/Fe-LDH.
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Chapter 2
Materials and methods

Chapter 2 begins with the description of the two LDH sample preparations; one concerning the chemical
synthesis and the other concerning electrochemically assisted synthesis. Then, the techniques and methods of
morphological and structural characterization of the material are described. Finally, the electrochemical

characterization techniques and the coupling to the XRD characterization are presented.

2.1 Preparation procedure of LDH thin films

2.1.1 Preparation procedure of chemically synthesized LDH and thin film formation

2.1.1.1 1% step: Co-precipitation with variable pH

The Ni"/Fe"'-CO5-LDH 3/1 (in chapter 4 and 5) and the Mg"/Fe"'-CO3-LDH 2/1 (Annex A) were chemically
synthesized with the varying pH method in air at 35°C.”" For the synthesis of Ni'"/Fe"'-CO5-LDH 3/1,
Ni(NO3),.6H,0 and Fe(NOs);.9H,0 salts were dissolved in deionized water to obtain a molar ratio Ni"/Fe"' equal
to 3. For the synthesis of Mg'/Fe"'-CO5-LDH 2/1 LDH, Mg(NO3),.6H,0 and Fe(NO3);.9H,0 salts were

{1

dissolved in deionized water to obtain a molar ratio Ni'/Fe
aqueous solution containing 1 M Na,CO3 (99.8% purity) and 2.6 M NaOH (98% purity) and introduced

equal to 2. The metals were precipitated by a basic

dropwisely at a constant rate by means of a peristaltic pump until it reached a pH of 10. The slurry was then
stirred during 24 h at 60°C for maturation. To eliminate impurities, the slurry was then centrifuged at 4000 rpm
during 5 minutes. The supernatant was eliminated, and finally the material underwent a dialysis in deionized

water for 5 days to remove impurities from the solution.

2.1.1.2 2" step: Dropcasting of the chemically synthesized LDH

After the dialysis, the slurry was put in suspension in ethanol and deposited on gold-patterned quartz substrates (9
MHz-AWS, Valencia, Spain), for the preparation of working electrodes. The deposition of LDH films was carried

out according to the dropcasting method described in the literature® °

onto the gold surface (surface area: 0.20
cm?) of the gold-patterned quartz substrates. Around 10 pL of the LDH suspension was deposited and dried in air

for a few hours. The film thickness was estimated to be around 500 nm (based on FEG-SEM measurements).
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The reason for using the gold-patterned quartz substrates of 9 MHz as working electrodes (WE) is twofold: (i) it
allows the measurement of the frequency variation of the quartz resonator before and after the deposition of the
LDH thin film, which is related to the deposited film mass using Sauerbrey equation (equation 2.2) and (ii) it
enables both the measurement of the current and the electrogravimetric measurements by EQCM and ac-

electrogravimetry, 112 1314

Thereafter, EQCM and ac-electrogravimetric measurements were realized in aqueous 0.1 M or 1M solutions of
LiOH, KOH, CsOH and Na,COs/NaHCO..

2.1.2 Procedure of electrochemically assisted synthesis of LDH thin films onto the

electrode

For the electrochemically assisted synthesis of Ni"/Fe"'-NO5-LDH 3/1, the elec-Ni/Fe-LDH was deposited by
means of a 3-electrode electrochemical cell. The counter-electrode was a platinum grid, the reference electrode
was an Ag/AgCl electrode and the LDH was deposited onto the working electrode that is a 9MHz-gold patterned
quartz substrate. (Fig. 2.1) The electrolyte was an aqueous solution of Ni(NOs),.6H,0 0.004 M, Fe(NOs)3.9H,0
0.012 M and KNO5 0.464M. The molar ratio Ni"/Fe"' equals 3 and the molar concentration in NO3™ equals 0.5 M.
The pH of the solution was 2.5 according to the presence of Fe*" that is a Lewis acid. The LDH deposition was
realized in a few seconds via a potentiostatic method with the application of a potential of -0.7V/SHE in

deaerated solution with Argon while stirring.

After the deposition, the patterned quartz substrate coated with the LDH was removed from the solution and
rinsed with a KOH solution pH 10, otherwise the acidity of the solution would dissolute the LDH film.
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Figure 2.1: Scheme of the electrochemical cell for assisted electrodeposition
2.2 Structural and morphological investigation methods

This section is dedicated to the structural and morphological methods that were used for the characterization of
LDH in this thesis. Particularly, the type of instruments and the preparation of the samples for the experiments are
described.

2.2.1 Scanning electron microscopy (SEM)

Figure 2.2 shows a schematic description of a SEM set-up. It is composed of the main elements: electron gun,
electromagnetic lenses, scanning foils and detectors. The electron gun generates a primary electron beam with
energy ranging from 0.2 to 40 keV. The electrons are thermionically emitted from a tungsten filament cathode in
vacuum. The beam is then collimated by electromagnetic condenser lenses and focused by an objective lens.

172

With pairs of scanning electromagnetic deflection coils,”“ the electron beam can interact with the sample onto a

rectangular surface. Secondary electrons are emitted from the sample'”

with lower energy and are selectively
attracted towards the secondary electron detector. The latter is a grid held at a low positive potential with
respect to the sample.*™ Secondary electrons are counted per unit time and translated into an electrical signal
used for the visualization of the number of collected electron par surface unit. This is in general related to the
topology of the surface: from shallow surfaces, few electrons can escape the surface to reach the detector
resulting in darker areas, while at the edges or convex surfaces, more electrons can escape and reach the detector

resulting in brighter areas.

However, for non-conductive samples, the charge built up on the surface by the primary source of electron cannot
be dissipated, resulting in bright images. To prevent this problem, samples can be sputtered with a very thin layer

of metals (such as gold, gold/palladium, carbon) as a part of the sample preparation.*’
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There are various types of electron guns. In comparison to thermiooonic electron guns, field emission guns
(FEGs) provide enhanced electron brightness (approximately x 100) and longer lifetime. Furthermore, because of
the lower electron energy spread (0.3 eV), the chromatic aberration is significantly reduced and probes smaller

than 2 nm can be formed, thus, providing much higher resolution for SEM images.

Electron
gun

Electron
beam

Anode —r:

Backscattered N
electron detector

Sample N

Secondary
electron detector

Stage ——| |

Figure 2.2: Schematic description of a SEM setup*”
In this Ph.D. thesis, the morphology and thickness of the LDH thin films were investigated by FEG-SEM (Zeiss,
Supra 55). Before the analysis, the samples were fixed onto an aluminum stub with a conductive carbon tape and

sputter-coated with carbon.
2.2.2 Energy dispersive X-rays (EDX)

EDX is usually associated to SEM. When the primary electron beam reaches the sample (in the top few microns
of the surface), it causes the excitation of the electrons of the atoms and the related production of X-ray photons
whose energy is characteristic of the atoms. X-ray photons are collected, sorted by energy, counted and translated
into electrical signal for display and processing. This technique enables the determination of the different atoms

in the sample.

In this Ph.D. thesis, the elemental analysis was performed with an energy dispersive X-ray (EDX) detector
associated to the FEG-SEM.
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2.2.3 X-Ray diffraction (XRD) coupled to electrochemical techniques

X-ray diffraction is a technique used to characterize crystal structures that consist, ideally, of the infinite
repetition of identical structural units in space, which can be either a single atom (such as in copper, silver or

gold) or various atoms or molecules.

X-rays are short-wavelength electromagnetic radiations produced either by deceleration of high-energy electrons
or by electronic transitions involving electrons in the inner orbitals of atoms. They are produced in a vacuum tube
containing both anode and cathode (usually a tungsten filament) electrodes. The cathode is heated to provoke an
electron emission and a high voltage is applied between both electrodes for the acceleration of electrons from the
cathode to the anode and induce the emission of X-ray radiation from the anode (whose energy depends on the
composition of the cathode; copper gives energy of 8 keV).

/ \\ // ‘\\/
P\/\ \/ 74ﬁ_
L 0'6 P d

Figure 2.3: Schematic diagram for determining Bragg’s law *"°

During the interaction between the X-rays and the surface (Fig. 2.3), positive interference only occurs if the phase
shift between two X-rays is a multiple of the wavelength of the X-rays (X). Since the phase shift is 2dsin0, with d

is the period distance and 0 is the incidence angle of X-rays.*’"*"2178179

The detector counts photons versus angle. The Bragg equation gives the relationship between the angle and the

interatomic distance:

2dsin(6) = nA (2.2)

In this Ph.D. thesis, the crystal structure of the LDH samples was analyzed by using an Empyrean Panalytical X-
ray diffractometer (Cu Ka radiation, A = 1.541 A). In situ XRD measurements under polarization were

performed with a home-made setup (Fig. 2.4).

55



Chapter 3. Insight into electrodeposition mechanisms and electrochemical behavior of LDH
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Figure 2.4: Scheme of the setup of in situ XRD with electrode (WE) polarization in KOH of a LDH thin
film. CE: counter electrode (platinum grid), RE: reference mercury-mercurous sulfate electrode.

The reversible variation of the period of the interlayer distance during the redox reaction of Ni was evaluated by
recording in situ the XRD characteristic 003-peak of the LDH. A WE made of a mylar film (4.5 um thickness)
coated with a gold layer (100 nm thickness) and a thin film of LDH was immerged in agueous KOH 1 mol/L
solution. This particular WE enables the XRD beam to reach the LDH thin film that is in contact with the
electrolyte. In this condition, XRD measurements were recorded with a Panalytical Empyrean diffractometer
operating at 45 kV and 40 mA at room temperature, with a Cu Ka radiation (A = 1.541 A) passing through a 15
mm mask with 2° slit. The LDH underwent 40 cycles of polarization to be set in the same condition as the
experiments conducted with ac-electrogravimetry. Scans have been recorded at 0.450 V/SHE (reduced state of
LDH) and at 0.710 V/SHE (oxidized state of LDH) from 5° to 31° (26) with a step of 0.026° and a counting time
of 600 s per step to follow the 003-peak of the LDH and a characteristic peak of mylar taken as reference.

At synchrotron SOLEIL (SIXS line, Saclay, France), a home-made electrochemical cell (Fig. 2.5) was developed
to simultaneously record EQCM measurements and the XRD pattern of the material). It consists in a 3-electrode
cell (a counter-electrode made of a platinum grid, a sulfate calomel reference electrode, and a 9MHz-gold
patterned quartz substrate coated with a film of LDH as working electrode) connected to an Autolab potentiostat-
galvanostat electrochemical workstation coupled with a FRA, Solartron 1254 QCM device. The electrochemical
cell was filled with three different electrolytes: CsOH 0.1 M (CsOH 1M needed to be diluted 10 times because of
the absorbance properties of Cs), KOH 1M, LiOH 1M. Two kapton windows enabled the synchrotron X-ray
monochromatic beam to pass through 2 cm of electrolyte to reach the LDH coated sample. The energy required

for the photons was 20 keV; only 20 percent of the beam was then transferred. The spot size was 1000x50 pm?
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(horizontally x vertically) reached the quartz at the grazing incidence 0.05 radian and the diffracted beam was
recorded in Q-range between 0.5 and 1.1 (A°™).

Many parameters were simultaneously recorded under the X-ray beam and under cyclic polarization (between -
0.2 V vs. SCE and +0.06 V salts were dissolved in deionized water to obtain a molar ratio V' vs. SCE at 10mV/s
and 1mV/s) at room temperature: the current, the frequency shift of the quartz related to the mass variation of the
LDH film and the characteristic/details of the (003) Bragg diffraction peak of the LDH pattern. Concerning the
latter parameter, scans of the 003-peak were recorded each second. Each peak was fitted with a Lorentzian curve

to plot the width, amplitude and position of the peak versus polarization time.
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WE
LDH film Gold Quartz
layers

Figure 2.5: Experimental setup of the home-made electrochemical cell used at synchrotron SOLEIL
(Saclay, France)

2.2.4 Thermogravimetric analysis (TGA)

Thermogravimetric measurement (TGA) is the measure of the mass variation of a sample over time for a given
profile of temperature. This technique enlightens information about physical phenomena (phase transitions,
absorption adsorption and desorption of water molecules within the sample) and chemical phenomena

(chemisorption, thermal decomposition, solid-gas reactions).
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For the determination of the chemical formula of the LDH, TGA enables the quantification of the number of

water molecules. By using the scheme of decomposition for chemically synthesized LDH (Fig. 2.6), there are five
steps depending on the increase in temperature.
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Figure 2.6: TG analysis of chemically synthesized Ni/Fe-LDH

1* step: Release of physisorbed water (H2Opnys)
2" step: Release of interlayered water ((H2Oiner)

3" step: Dehydroxylation of layers and formation of H,O between 180°C and 300°C
4" step: Decomposition of interlayered anions between 300°C and 600°C

5" step: Formation of oxides and mixed oxides at temperatures above 600°C (M"0, M"M",0,, M",05).

2.3 Electrochemical and (electro)gravimetric techniques
2.3.1 Quartz crystal microbalance (QCM)

2.3.1.1 Piezoelectricity

The quartz crystal can convert a mechanical stress into an electrical signal, which can be used to make a

transducer or a sensor.’® The piezoelectric transducer is a device that transforms an interaction at the modified
electrode/liquid interface into a measurable electrical signal.'*"
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Figure 2.7: Schematic representation of the deformation of a polarized quartz material %%

Microbalance operation is based on the piezoelectric properties of quartz. Piezoelectricity is a property of some
materials with no center of symmetry that are electrically charged when a mechanical stress is applied (direct
effect). Conversely, the application of a potential creates a reorientation of the dipoles in the acentric material

(Fig. 2.7) causing its shear deformation (converse effect).*8183.182

Of all the piezoelectric materials existing in nature or made industrially, quartz is one of the most commonly
used. It is insoluble in water and resists to temperatures up to 573°C without losing its piezoelectric properties.'®

From its hexagonal prism structure (Fig. 2.8a) with six cap faces at each end, *®

it has trigonal trapezohedral
crystal symmetry. Its three axes of symmetries compose an orthogonal coordinate system with Z axis called optic
axis, X axis called electrical axis and Y axis called mechanical axis (Fig. 2.8¢)."®® ** The cutting of the quartz
crystal in different plane orientation can tune the mode of vibration and its frequency domain. In Figure 2.8b are
shown different cuttings BT, CT and DT corresponding to a shear face mode having a resonant frequency around
1 MHz."® The main vibration modes include flexion, longitudinal, face shear and thickness shear vibrations. **°
The thickness shear vibration is associated with the AT-cut orientation of 35° 12’ with respect to the Z axis and is
commonly used for quartz microbalance sensors. The latter is used in this PhD thesis in the form of a thin disk

with a diameter of 14mm for quartz crystal microbalance sensing.
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Figure 2.8: Representation of the different sections of a quartz crystal with respect to the principal values

The electrode is composed of a quartz disk on which a gold coating (5mm in diameter) is deposited on each side
of the disk by vacuum evaporation and extended by a “leg” for the electrical connection. The thickness of the
guartz determines its resonant frequency. For better adhesion between the quartz crystal and the gold electrode
(100 nm to 200 nm thickness), a sub-layer of chromium (10 nm thickness) is sandwiched in-between (Fig. 2.9).

Figure 2.9: Quartz disk face (A) and cross-sectional (X) carrying the two gold electrodes*®

The piezoelectric effect within the quartz crystal takes place in the active area that is defined by the zone where
the two gold electrodes are placed opposite to each other. Under alternating polarization at the pair of gold
electrodes, the upper and lower faces of the active zone resonate parallel to each other and a stationary acoustic
wave is generated throughout the quartz crystal (Fig. 2.10). The frequency of this wave is called the resonant

frequency of the quartz resonator.****
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Figure 2.10: Schematic illustration of a thickness shear mode quartz resonator

2.3.1.2 'Working principle of QCM

The quartz crystal microbalance, or piezoelectric transducer *® is an attractive tool for gravimetric measurements.

188,189

Applications are found in many research fields such as chemical sensors and biosensors.® The mass sample

that is deposited onto the surface of this electrode can be measured through the change of the resonant frequency

191,182

of the quartz resonator. The relationship between mass and frequency changes was established by

Sauerbrey*®* for a rigid, purely elastic and electroacoustically thin layer according to:

213 :
Afm = —kSAm = —(m)Am (2 2)

where Afy, is the frequency change of the quartz resonator, Am is the mass change of the microbalance active
surface (g), pq is the quartz density (2.648 g.cm™), y, is the shear modulus of a shear AT quartz crystal (2.947 x
10* g.cm™.s), f, is the fundamental resonant frequency of the quartz (Hz), S is the active surface on the quartz
corresponding to the metal electrode deposited on it (cm?) and k; is the theoretical sensitivity factor (Hz.g™.cm?).
With a QCM operating at 9 MHz, the theoretical sensitivity factor calculated from the Sauerbrey equation is
equal to 18.3x10" Hz.g™.cm® The applied potential is strong enough to create a vibrational motion of the crystal

at its resonant frequency.

The sensitivity factors of quartz crystal operating at 6, 9 and 27 MHz was determined by Bizet et al."*® by
electrodeposition of copper at different electrical current values. For the determination of the experimental kZ*P,
a cathodic current is applied to the gold electrode deposited on the quartz crystal in a Cu®* containing solution for
the deposition of Cu*" ions to Cu° and causing a decrease in resonant frequency. The applied current is controlled
through a galvanostat and the mass change, Am, is calculated by assuming that the efficiency of the reduction

reaction of copper is equal to 100%.
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Aq =i At (2.3)

The number of moles of Cu° is:

i.ALM (2.4)
Am = M =
m = Ngy o F
Dividing by At:
Am _ M (2.5)
At Ne_F

where j corresponds to the current density (A.cm?), M is the molar mass of copper (63 g.mol™), F is the
Faraday’s constant (96500 C.mol™), n.. is the electron number. By inserting AA—T and the experimental i—i into the

following equation, k5™ is determined:

exp _ Am o _ Af At 2.6
ks _AmS_AtAm (26)
At 9 MHz, the experimental mass sensitivity factor is equal to 16.31 (+ 0.32)10” Hz g cm? at an imposed current
of 0.5 mA, a value which is in fairly good agreement with the theory. This experimental mass sensitivity factor is

used throughout the present Ph.D. thesis.

2.3.1.3 Experimental set-up
In this Ph.D. thesis, the set-up used for measuring mass/frequency change of the film onto the electrode is a lab
made microbalance developed at the LISE laboratory. A gold-patterned 9 MHz quartz crystal resonator (AWS,
Spain) is inserted in an electrochemical cell and connected to a specific electronic circuit, the whole system being
called an oscillator. Thus, it is possible to monitor the evolution of microbalance frequency f., in real time
through the GPES software.

2.3.2 Cyclic electrogravimetry (EQCM)

As mentioned in chapter 1, EQCM, also called cyclic electrogravimetry, is a method based on the coupling
between cyclic voltammetry (CV) and gravimetric measurements through a QCM device. Using this method, the
mass variations of the thin film coated the Au electrode (calculated from Sauerbrey’s equation) is recorded during

an electrochemical process.
2.3.2.1 Principle

Electrochemical measurements are carried out in a classical three electrode electrogravimetric cell. A potential is

applied between the working (i.e. gold electrode of the QCM) and the reference electrode and varies at a constant
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rate cyclically between two potentials. The resulting current variation is recorded by means of the counter
electrode. Simultaneously, the frequency variation of the quartz changes of the film is measured versus potential.

192

With the Sauerbrey equation,™ the resonant frequency change is converted into the mass change of the film onto

the electrode.
2.3.2.2 Experimental set-up

The experimental set-up (Fig. 2.11) is a 3-electrode electrogravimetric cell (AWS, Spain) composed of a
working electrode (a gold electrode deposited on a quartz resonator, 0.5 cm in diameter and an effective surface
area of 0.2 cm?), a reference electrode and a counter electrode, a platinum grid immersed in an electrolyte. The
cell is connected to a potentiostatic system (Autolab PG stat 100), a frequency-meter (Yokogawa), the QCM and
a computer. These measurements are registered in a central computer. In this Ph.D. thesis, EQCM is utilized to
analyze (i) the assisted electrodeposition process of LDH, and (ii) the electroadsorption or intercalation processes
of pseudocapacitive electrode materials.

Power Frequency meter
Source » Computer
v T
Oscillator
Circuit RE
/ \ CE Potentiostat
II
Quartz WE
Crystal Electro-Chemical
Sensor Cell
V4

Figure 2.11: Experimental setup of an EQCM™

2.3.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical reactions can be composed of several steps, each having different kinetics. EQCM gives a global
response of all the steps and does not allow the distinction between the elementary steps. To better understand

and study the different steps, electrochemical impedance spectroscopy (EIS) is the appropriate method. It has
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been used to study the reaction mechanisms occurring at the electrode/electrolyte interface and has been

195,196

employed in various domains such as: corrosion,"** energy and biosensors.'®

The principle of EIS is to apply a sinusoidal potential perturbation AV of low amplitude around a stationary
potential Vs, at a certain frequency. With low amplitude, the electrochemical system is under stable condition
with a low level of disturbance associated with frequency modulation. This helps the separation of the different
reactions with different kinetics: fast phenomena occur at high frequencies while the slower phenomena are
visible at lower frequencies.”” *** The studied response is the variation of current AL In general, electrochemical
systems have a nonlinear current voltage 1=f(\/) characteristic curve. However, working only on a small portion
of the so-called Lissajous curve, the relationship between AV and Al may be considered as linear. Thus, the
response of the system Al is also probed as a sinusoidal current with low amplitude around a stationary value I

(Fig. 2.12).

Figure 2.12: Linear current response to a low amplitude sinusoidal perturbation potential around a
stationary value

Impedance is a generalization of the concept of resistance and is applicable to the Fourier transform of the
sinusoidal functions. The transfer function AV/Al(w), called the electrochemical impedance Z(w) is defined with

o = 2xf corresponding to the pulsation. As a complex number, Z(®) can be written as:

Z(o) = |Zlexp(jo) = Re(Z) + jIm(Z) 2.7)

represented in polar coordinates (|Z],p), or Cartesian coordinates (Re Z, Im Z). The relationships between these

guantities are:

121" = (Re(2))" + (Im(2))* (2.8)
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Q= arctan% (29)
Re(Z) = |Z|coso, Im(Z) = |Z|sing (2.10)

where |Z| is the impedance modulus, ratio of amplitudes between AV and Al; Re(Z) and Im(Z) are the real and

imaginary parts of Z(w), @ is the phase angle between AV and Al and j is the complex number (j2 =-1).

Two diagrams illustrate the set of points: Nyquist (Fig. 2.13b) and Bode (Fig. 2.13c) diagrams. In the Nyquist
diagram, each point corresponds to a certain frequency: the high frequency limit (HF) corresponds to the high-
frequency resistance, often equal to the resistance of the electrolyte. The low frequency limit (BF), if obtained,
corresponds to the polarization resistance. The Bode plot illustrates separately the module |Z| and ¢ the phase as a

function of the logarithm of the frequency, log f, (where f= w/2m).

The response current is the sum of Faraday’s current, ir, and capacitive current i.. The faradic process
characterizes the transfer of electrons at the electrode/electrolyte interface. The capacitive processes characterize
the electrical charge at the interface that creates a double layer defined of a certain capacitance C4. Therefore, the
electrochemical cell can be modeled by an equivalent circuit (Fig. 2.13a) comprising a double layer capacitance
in parallel with a transfer resistance R; and introducing in series an electrolyte with resistance Re.'™

Consequently, the electrochemical impedance of the equivalent circuit is as follows:

I -ImZa
—
R k
g e
— f
. 4
e+ R. \V 74 ®
. f Y o\ =0
$ o ImZ] \- =
'/'Re R +R, ReZ
a
b
A Olrud’

VAl f
\ [\

log(f)

Figure 2.13: (a) Example of an equivalent electrical circuit. Plots of impedance of an electrochemical cell in

(b) Nyquist diagram and in (c) Bode diagram
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In this Ph.D. thesis, the experimental set-up (Fig. 2.14) consists of:

- APGSTAT100 (Autolab) potentiostat that works under potentiostatic mode, and imposes a given stationary
potential Vs,

- A frequency generator, included in the Frequency Response Analyzer (FRA 1254, Solartron), that delivers the

low amplitude sinusoidal perturbation AV,

- A three-electrode cell.

0,45V Potentiostat-PGSTAT100
RE CE WE
00G2 Q OO
DV | DI

Générateur Analyseur

Figure 2.14: Experimental setup for electrochemical impedance measurements

2.3.4 Ac-electrogravimetry - A fast electrogravimetric method

Ac-electrogravimetry technique couples EIS measurements with a QCM in dynamic mode. It was first proposed
by Gabrielli et al.'® at the LISE laboratory (UMR 8235, Paris, France) to discriminate the activity of the different
species involved in the charge transfer during an electrochemical process as well as the transfer of solvent
molecules. For each of the charged and uncharged species transferred at the interface between the electrode and
the electrolyte, it provides access to the nature (in terms of molar mass), kinetics as well as their relative

concentration.

Consequently, more than EIS, ac-electrogravimetry appears to be an attractive tool to deconvolute all the charged

and uncharged fluxes at the electrode/electrolyte interface.
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2.3.4.1 Principle
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Figure 2.15: Principle of measuring the electrogravimetric transfer function AV/AV

The principle of ac-electrogravimetry is employed in electrochemical systems and is analogous to the principle of
electrochemical impedance. A low amplitude sinusoidal perturbation AV can lead to changes in the mass of the
film coated onto the microbalance surface Am and in current variations Al. Simultaneously, two transfer functions

199, 171, 200

are obtained: the classical electrochemical impedance and an electrogravimetric transfer function also

called mass/potential transfer function (Fig. 2.16).

The principle of electrogravimetric transfer function measurements is gathered in Figure 2.15. Measurements are
conducted with a three-electrode cell, the working electrode being also a QCM. When the low amplitude
sinusoidal perturbation AV is applied at a certain frequency to the film deposited onto the gold electrode of the
QCM, some of the charged species participate in the charge compensation process within the electroactive
material. Their insertion/removal is detected through the microbalance frequency change Afn, and the
corresponding mass change of the film is calculated using the Sauerbrey equation. Transfer function
measurements are controlled by a computer using FRACOM software, a software developed at the LISE
laboratory. A multi-channel FRA-Solartron 1254 permits the simultaneous determination of two main transfer

functions: the electrochemical impedance AE/Al(w) and the frequency/potential function Af,/AE(®) is obtained.
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Figure 2.16: Scheme of the principle of electrogravimetric transfer function measurements

In fact, Af,/AE(w) is not directly measurable but needs the measurement step of a third impedance AV /AE(w). A

frequency/voltage converter is in fact used to convert the microbalance frequency signal Af., into a measurable

voltage signal AV, for the multi-channel FRA-Solartron 1254. However, in order to perform effectively the

demodulation frequency of a few Hz on a carrier signal of 9 MHz, the carrier is reduced to a few hundred Hertz to

increase accuracy. The differentiation to decrease the carrier to a few hundred Hertz is done with a frequency

synthesizer (Marconi-2023) and an electronic module. Then, it is possible to extrapolate Am from the AV signal

for a given configuration and type of measurement. This is achieved by calibrating the system before the

measurement.
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2.3.4.2 Experimental method: AV/AV
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Figure 2.17: ac-electrogravimetric setup®®

The experimental method (Fig. 2.17) consists of:

- An electrochemical cell with three electrodes and the working electrode acting also as a QCM,

- APG-STAT 100 potentiostat,

- A FRA Solartron 1254, comprising a voltage generator (AV’),

- A Marconi 2023 reference frequency synthesizer,

- A frequency/voltage converter developed at the LISE laboratory (UMR 8235, Paris, France).

The working electrode is polarized by the potentiostat at a chosen potential V’s. Then, the Solartron 1254

generator delivers a low amplitude sinusoidal perturbation AV’ (superimposed to V’) with modulation frequency
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f. The signal from the microbalance f, is detected by means of a lab-made frequency/voltage converter®® 2%

which subtracts a reference signal f,, close to the frequency of the microbalance issued by the Marconi 2023
frequency synthesizer. Then, the f-f; signal is converted into voltage V,. If f, varies, the converter delivers a
voltage variation AV,. The resulting signal AV, and the current response Al of the working electrode are
simultaneously sent to the FRA Solartron 1254, for the calculus of two transfer functions AV ,/AV(w) and
AVIRAI(o).

AV is the raw potential response which takes into account the electrolyte resistance, and R; is the resistance in the
counter electrode circuit, which allows the current, Al to be measured. Usually, a 10 Hz to 60 kHz frequency

range is used to measure these transfer functions.
2.3.4.3 Calibration and corrections of ac-electrogravimetry technique

Calibration is schemed in Fig. 2.18. Firstly, the experimental electrochemical impedance is estimated from the

AV
raw transfer function = (w) as:
t

E( )_[(AIR) ] Re @1D)

where Ry is the resistance used in the counter-electrode circuit, incorporated in the potentiostat for measuring the

current, and R, is the electrolyte resistance taken from the high frequency value of %(m). As mentioned
previously, the raw transfer function %(w) given by the 1254 FRA must be corrected to obtain the final

mass/potential transfer function AA—Z’ (w) as:

Am _ Am Af,, AV AV (2.12)
AE (w) = m (w) A_Vf (w) W (w) AE (w)

Four different transfer functions are distinguished:

exp -

. AATm (w) related to the Sauerbrey equation, equals — % or — kexp where k¢ is the experimental

mass/microbalance frequency factor. At 9 MHz, k® is equal to 16.3*107 Hz g™* cm®.*®

o 27’" (w) is the inverse of the f/v converter sensitivity and is estimated using:
7

me (w) = Afim ( )— (w), Where fim ( ) = afs ((o) is the sensitivity of the reference synthesizer by

assuming Afy, = Af; and (oo) is the inverse of the global calibration transferfunctlon f (w). It has been

observed that the voltage perturbatlon during a calibration is Ae = |Ae|.sin(ot).
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. % (w) is the raw experimental transfer function obtained from the 1254 FRA.

. 2_‘1;(“’) allows the Ohmic drop correction by taking into account the electrolyte resistance R.. The

following relation is used by incorporating the experimental electrochemical impedance

% (w)determined in the equation:

AV R
AV = R g (2.13)
a5 (@) D)
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Figure 2.18: Scheme of the calibration of the frequency/voltage converter for determining the transfer
function -
Ae
The Frequency/Voltage transfer function % (w) is determined by the frequency synthesizer (Agilent 33205A):

the signal Ae coming from the generator FRA 1254 permits the modulation of the frequency of the synthesizer
Agilent 33205A and, also, the simulation of the frequency response from the microbalance. The global calibration

. AV . - b
transfer function A—ef(oo) has been determined by Gabrielli et al. ® to evaluate the sensitivity of the
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frequency/voltage converter, to determine the linear frequency range and also, to measure the calibration file.

Figure 2.18 shows the modulus and the phase of the global calibration transfer function %(m). At low

A

frequencies, the phase shift of % (w)is close to 0 and the modulus, [AV/Ae|, is equal to 0.57. This result means

that the dynamic sensitivity (AV /Afs) dynamic of the system is 29 mV.Hz™.

The useable frequencies, that is, where the system can be used without any correction, ranges from low
frequencies to 1 Hz for this particular configuration. If measurements are expected above 1 Hz, a modulus and

phase shift correction is necessary by using calibration curves such as those given in Figure 2.19.
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Figure 2.19: Modulus and phase of the global calibration of the frequency/voltage converter®*
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2.3.4.4 Calibration of Synthesizer: % (w)
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Figure 2.20: Measurements of the transfer function AA—f: from the Agilent 33250A-synthesizer for three

settings depth modulation (FM): 10 Hz, 100 Hz, 300 Hz

To Thi Kim™ proposed a method to determine the transfer function AA—f; (w) of the Agilent 33250A synthesizer
used to simulate the QCM during the calibration procedure. To determine the transfer function of the synthesizer,
the FRA 1254 generator must impose a fixed sinusoidal perturbation frequency f, in order to vary the amplitude
Ae. The Agilent 33250A synthesizer was adjusted to a 9MHz carrier frequency equivalent to the frequency of the
QCM wused. Then, different tests were performed for three levels of modulation depth around the carrier
frequency (FM mode) available on the Agilent 33250A: 10 Hz, 100 Hz and 300 Hz. A plot in Origin® allows the

determination of Ae and Afs in a precise way at a given frequency modulation and, by selecting the three settings

of modulation depth available on the synthesizer, three values for the transfer function AA—E‘ can be obtained.

In this Ph.D thesis, the value Afy/Ae = 19.93 Hz. V™' is used and the dynamic sensitivity (AV /Afs)aynamic 1S

calculated as:
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L/ 0.57 » - — 28.6 mV. Hz? (.14
— =0.57 * = 28. .
Ay o 19.9 mene

2.3.5 Data treatment of ac-electrogravimetry

2.3.5.1 Experimental data
From the experimental data, the transfer functions are calculated and taken into account in the fittings. Using the
electrochemical impedance, the charge/potential TF is estimated with the function:

Aq 1 Al (2.15)

(W) =——
AElexp jw AE exp

The potential disturbance causes charge compensation within the film: species are transferred back and forth at

the discretion of the sign (+ or -) of the disturbance signal.

Simultaneously, the reversible transfer of different species at the interface by potential disturbance provokes a
sinusoidal variation of resonance frequency (i.e. mass variation of the deposited LDH) and enables the calculus of
experimental electrogravimetric transfer function. The experimental partial transfer functions are calculated by
eliminating the contribution of each of the charged species (an anion or a cation). For example, in a configuration
where four species are taken into account: cation 1 (c,), cation 2 (c,), anion (a) and solvent (s), the contribution of
each of the charged species are successively extracted from the global mass variation and compared with

theoretical partial transfer functions. The extraction of the contribution of cation 1 is written as:

Am)|°tes @) Am me, Aq (2.16)
—_— w [ — JR—
AE exp AE exp F AE exp

The extraction of the contribution of cation 2 is:
Am|°%%$ Am me, AQ (2.17)
| @W=| v
AE exp AE exp F AE exp

For the extraction of the anion, it comes:
Am Clczs( ) Am . Ma Aq (2.18)
JES— w [ — —_—
AE | oxp AEley,  F AElyy,

2.3.5.2 Fitting from Mathcad® simulation data

The fitting of the experimental TFs with the theoretical TFs (which will be described in the following) by using
Mathcad® software (PTC Mathcad 15.0) allows the determination of pertinent information on the charge

compensation process. The fitting procedure respects the strict criteria that a good agreement between the
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experimental and the theoretical function in terms of shape and frequencies was achieved. Specifically, the fitting
of the data (at each applied potential perturbation) is performed by calculating the electrochemical impedance,
charge/potential transfer function, global and partial mass/potential transfer functions at different modulation
frequencies with different parameter values. The parameter values, that are to be determined by fitting, provide
relevant information on the ion transfer characterized by the K; and G; parameters and identify the nature of the
involved species involved in terms of their molar mass m; Let us consider the following

electroadsorption/desorption mechanism which can intervene in the electrochemical system:

<P>+4+e +Ctoe<PCt> (2.19)
<P>+A" ©<P, A >+e” (2.20)
where <P> represents a free site within or at the surface of the electroactive film, <P,C*> is the site occupied
with a monovalent cation and <P,A™> is the site occupied with a monovalent anion. The k; are related to the
transfer kinetic rates. Then, the instantaneous flux of each species J; can be written as follows:

For a cation:

]c = df(kcl (Cc+,max - Cc+)[C+]sol - kCZ(CC+ - Cc+,min)) (2'21)
For an anion:

Ja = —dr(ka1(Cacmax — Ca=)[A7 1501 — ka2(Caz — Caemin)) (2.22)
where C;is the concentration in the film of cations or anions associated to the P sites, Cimax iS the maximum
concentration of P sites occupied in the film by cations or anions, and C; i, is the minimum concentration of P
sites occupied by cations or anions. Under the effect of a sinusoidal potential perturbation, AE, imposed at the
film/electrolyte interface, sinusoidal concentration fluctuations, AC; and flux J; are observed (with i = ¢4, C,, a Or

s) in the following form:

AJ; = —d, 28D (2.23)

where d; is the film thickness, AJ; is the variation of the flux related to the species i crossing the film/electrolyte
interface (mol.m?.s™") and AC; is the variation of the concentration in the film (mol.m™). In dynamic regime, the

flux change AJ; is function of the potential E and the concentration of the species AC; can also be written as:

B = 2L AC + 2L AE = KAC + GAE (2.24)
Then, the % . transfer function can be calculated using the equations (23) and (24):

t
AC; —G; 2.2
— (w) =—"— (2.25)
AE th (](,L)d) + Ki
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with K; = 32 and G; = 2 (2.26)

where ® = 2nf is the pulsation, f is the frequency of potential modulation and K; and G; are the partial derivatives
of the flux with respect to concentration and potential, respectively.

Then, the “virtual” transfer function given in equation (2.25) allows the calculation of all the other measured
transfer functions. Thus, the following theoretical expressions have been used to fit all the experimental transfer

functions. From the equation (2.25) and considering four species involved in the electrochemical process (i = cq,
C,, a and s), the following equations can be listed:

Aoy (= G (227)
AE l¢p (jods) + K1

ACol ()= —o G2 (2.28)
AE l¢p (jods) + Ke2

AC, @) = Gq (2.29)
AE len (jods) + K,

AC, @) = Gs (2.30)
AE lep (jwdr) + K

2.3.5.3 Charge/potential transfer function

The charge/potential transfer function i—g| . (w) calculated for the adsorption/desorption of two cations ¢, and c;
t

and an anion a, using the Faraday number F can be written as follows:

Aq = ACcr | ACe;  ACq 231
AEl¢p (W) = —deF (G + 735 —26) (2:31)
Replacing the equations (2.25) with the equation (2.31) gives:

Aq _ Gey Gz __ Gqg 2.32
2l () = UFGoa S Goay)ra ~ Goay)iie) (232)

2.3.5.4 Electrochemical impedance

The theoretical electrochemical impedance can be calculated as follows:
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Aq () = 1AL ACa AChp G (2.33)
AEl, joAE T AE AE ' AE

Replacing the equation (2.25) with the equation (2.33) gives:

BB () = 1 (2.34)
AR RGer ,_ AGg AGq
th LA A (P Pl (o P (P P

In theory, if faradic reactions are present, the theoretical Faradaic impedance Zg|:, (w) should be taken into

account.

2.3.5.,5 Electrogravimetric transfer function

The theoretical electrogravimetric transfer function, AA—E . can be calculated, taking into account the
t

charged/uncharged species contribution:

Am ACgy AC,, AC, AC, (2.35)

— d - tm, -2y m =S
AE th(w) r(Mer 3p~ = Me2 - T Ma g T Ms 1)

Then, replacing the equation (2.25) with the equation (2.35) results in:

Am ( ) d ( AGCl AGCZ
e w) = m —m
AE ¢y P Gwd) + Koy (jody) + Keg (2.36)
AG, AGy
+m
“(ods) +K, ° (jods) + KS)

where mg, My, m, and my are the atomic weight of involved species. From the theoretical overall

+m

electrogravimetric transfer function (2.36), it is possible to calculate the theoretical partial transfer functions by

A A A A A clas ) A A A c2as .
removing the c, contribution, calculating A—g| (w) or the ¢, contribution, calculating; ﬁ (w) or the anion
th th

A A A A clc2s ) A A
contribution, calculating ﬁ (w); as shown in the following equations:
th

Am|clas AC, ACa ACg 2.37
B @) = —dp[ner = me) 558+ (g — ) S8 o, 2] (2.37)
Am|c2as AC, ACa ACg 2.38
2" @) = dyl0mes = men) 552+ (mg = me) S, 5] (2.38)
Am|clc2s AC, ACC ACg 2.39
2 @) = dpl0men — me) 52+ (mgy = mey) 252 4, 2] (2.39)
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Chapter 3

Deepening the insight into the assisted
electrodeposition mechanisms of Layered
Double Hydroxides by EQCM technique for
assisted electrosynthesis and

electrochemical behavior investigation of
Ni/Fe-based LDH

3.1 Introduction

Layered Double Hydroxides (LDHSs) are a class of anionic clays whose structure is based on Brucite (Mg(OH),)-
like layers, in which some of the divalent cations (M"") were replaced by trivalent ones (M™"), resulting in
positively-charged octahedral layers.”***® The main properties of LDH compounds are thus directly linked to their
composition,? structure, and morphology. Indeed, the broad versatility of metallic cations (Fe, Mg, Al, Ni, Co...)
in the octahedral layers, combined with a charge density related to the M®/M™" ratio in the Brucite layers?®**2%
results in anionic clays. These have a large range of Anion Exchange Capacity (200 <AECeq100 g < 400) as well
as a wide variety of anions in their interlayers.'**%

The literature shows several methods for synthesizing a broad range of particle sizes (Llnm<d<10um) of LDH
with various morphologies'®’"*”" leading to a large spectrum of specific surface area values up to ~100 m¥/g. For

these reasons, LDHs have attracted significant interest for industrial and environmental

H H 208,120,209,210,211,212,213
applications.

Low electronic conductivity LDH is the pivotal obstacle for the development of breakthrough electrochemical

214

processes. The low electronic conductivity of LDHs™" is claimed to be supplied by preparing thin films of LDH

onto a working electrode surfaces (glassy carbon, platinum, gold, indium tin oxide (ITO)...) using different
methods like solvent casting, layer-by-layer assembly or electrochemically assisted deposition.**°+#>1° For an
enhanced adherence and electron transfer onto the electrode, LDH clays can be obtained in an ”indirect
electrochemical” manner in the presence of any compound whose electrochemical reduction provides hydroxyl
ions (OH).2"?8 Reduction of water (H/H), dissolved oxygen (O©/0"), or nitrate ions (NN e least V)y
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can supply the required hydroxyls to form these clays, but in practice LDH synthesis essentially takes place via

nitrate reduction.

Indira and Kamath in 1994 were the first authors to report that kind of electro-assisted deposition method for
the synthesis of Co/Al-LDH and Ni/Al-LDH 3:1. The electrochemical reduction of nitrate is nevertheless a
complex reaction that can involve different mechanism involving a large number of intermediates and nitrogen
compounds. The electrochemical transformation activity and selectivity to the desired products of nitrate are first
of all highly dependent on the cathode material. *®*°** In most of the publications, LDHs were synthesized
under potentiostatic conditions using Pt electrodes. In order to enhance nitrate sorption and limit hydrogen
adsorption onto the cathode electrode, the electro-assisted deposition was also performed onto 1TO,™ glassy
carbon,™* gold,™® FeCrAlloy*'® and Ni metal'’. Some authors use the deposition of nanomaterials on electrode
surface, i.e. copper nanoparticles modified gold electrodes, Cu/Pd bimetallic properties modified BDD (boron
doped diamond), Cs (solid carbon) nanoparticles and polypyrrole (PP) nanowires modified gold electrodes which
increases the sensitivity of the electrode response by maintaining a large and highly active surface area.™

Whatever the investigated cathode material and the electrochemical route, the OH" kinetic production at the
interface is a parameter of prime importance.** According to low production of OH", the LDH should be
synthesized onto the electrode in two steps: the first one is the precipitation of the cation having the highest
complexation coefficient for hydroxyl and the second is the formation of the LDH from the reaction between the
hydroxyde initially formed and this other cation present in the electrolyte. If the production of OH" is fast, the
LDH is formed in one step, with the concomitant precipitation of both metallic cations in the stoechiometric
proportions of the synthesis solution. The later conditions is claimed to anable the synthetisis of uniform films of
LDHs. For this purpose and for the deposition of pure and well-ordered LDH, the optimization of the applied
potentiel, the time deposition, the divalent/trivalent metallic cations ratio, the supporting electrolyte and initial pH
value is of a prime importance. For example, as notified by Tonelli’s group,® tuning the thickness and
morphology of the deposited film are controlled by monitoring of the potential and the polarization time. After 60
seconds at -0.66 V/SHE, in a solution with total concentration of Ni(NO3), and AI(NOs); of 0.03 mol/L with
different Ni/Al molar ratios and a KNO3 concentration of 0.3 mol/L, a Pt electrode is fully covered with an
homogeneous and dense Ni-Al-LDH film of thickness 150 nm. The sand rose morphology is composed of
nanoparticles whose size is lower than 50 nm, connected in a gel-like manner. For longer polarization time,
particles have larger size and higher thickness. Otherwise, according to Yarger et al."*® considering Zn/Al-LDH,
increasing or decreasing the aluminum concentration in the plating solution resulted in the formation of aluminum
or zinc containing impurities respectively, instead of varying aluminum content incorporated into the LDH phase.
A more negative potential provokes the deposition of zinc metal or zinc hydroxide, and a less negative potential
provokes the deposition of zinc oxide. Increasing the pH destabilizes the formation of the LDH phase, while

decreasing pH promotes the deposition of other impurities. It is therefore of prime interest to investigate the
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formation mechanism of the LDH during the assisted electrochemical method for further electrochemical

applications.

The aim of this chapter is to deepen the insight into the formation mechanism of a Ni/Fe-LDH on gold electrode
and to examine all the reactions that take place during imposition of a cathodic potential by cathodic sweep. For
this aim, we seek the different steps of reduction/precipitation of the species (nitrates, water and metal cations) by
coupling electrochemical and gravimetric techniques (EQCM, ac-electrogravimetry) in nitrate and chloride
supporting electrolytes. The oxidation state of the metal cations is evidenced. A special attention is paid on the
assisted electrodeposition of Ni/Fe-LDH 6/2 that is known to be one of the most conductive LDHs, which
enhances oxygen evolution reaction (OER) catalysis and applications in batteries.”

3.2 Insights into the understanding of the assisted electrochemical synthesis

3.2.1 Electrolyte preparation and EQCM measurements

To isolate the mechanism of each metallic cation in the presence of nitrates during the electro-assisted deposition,
three aqueous electrolytes were prepared:

- Blank solution of KNO; 5-10™ mol/L in which HNO; was added to reach pH 2.5

- Electrolyte composed of Fe(NOs); 4:10° mol/L and KNO; 4.88:10™ mol/L (pH 2.5), thus containing Fe**
4-10°mol/L, NO; 5-10™" mol/L, K* 4.88-10" mol/L and H* 3.16-10° mol/L

- Electrolyte composed of Ni(NOs), 1.2:10 mol/L and KNO3 4.76-10™* mol/L in which HNO; was added
to reach pH 2.5, thus containing Ni** 1.2:10?mol/L, NO5 5-:10" mol/L, K* 4.76-10™" mol/L and H*
3.16-10"° mol/L

To understand the formation mechanism of the Ni/Fe-LDH with ratio Ni(Il)/Fe(I111)=6/2, both metal cations were
added in the solution of nitrates with the accurate stoichiometry according to: Ni(NO3), 1.2-10° mol/L +
Fe(NO;); 4:10° mol/L + KNO3 4.64-10™ mol/L (pH 2.5), thus it contains Fe*" 4:10° mol/L, Ni** 1.2:102 mol/L,
NOz 5-10" mol/L, K* 4.64-10™ mol/L.

To understand the effect of nitrates, three other solutions were prepared replacing NO; by CI". HCI was added in
chloride-based electrolytes to reach a pH of 2.5 (pH value of solutions containing Fe**) for a better comparison of

data obtained in nitrate and chloride-based electrolytes.

EQCM measurements were conducted in a 3-electrode cell configuration, described in section 2.3.2.2. The
reference electrode was mercury-mercurous sulfate electrode, and the potential was compared to SHE electrode.
The quartz polarization was conducted from 0.8 V to -1.3 VV/SHE at 10 mV/s after electrolyte de-aeration with N,
gas. The electrochemical and gravimetrical responses were analyzed. The applied potential used to deposit the

LDH is lower than the potential of Fe(ll1) reduction into Fe(Il). Let us record that the only specie that reaches the
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diffusion layer from the solution is Fe(lll). Therefore, depending on the physico-electrochemical conditions at the
electrode interface, the Fe species present at the electrode are either Fe(ll) or/and Fe(lll) ions. That will be
discussed thereafter.

3.2.2 PhreeqC simulations

PhreeqC Interactive Version 3.5.0.14000 (released Febr. 14, 2019),%° a United States Geological Survey (USGS)
Computer Program for Speciation, Batch-Reaction, One-Dimensional Transport, and Inverse Geochemical
Calculations was used for calculating predominant species concentrations from theoretical speciation at several

pH values, as following:

e Predominant Fe(ll) speciation in the presence of nitrate versus pH values and, for comparison, in the
presence of chloride,

o Predominant Ni (1) speciation in the presence of nitrate versus pH values and, for comparison, in the
presence of chloride,

e Both Fe(ll) and Ni (1) speciations in the presence of nitrate versus pH values and, for comparison, in the

presence of chloride.

The thermodynamic data base used was lInl.dat.

3.2.3 Results and discussion
3.2.3.1 Blank solutions of KCl and KNO3;

Figure 3.1A shows the current-potential (I-V) curves of blank aqueous solutions KCI 5:10™ mol/L and KNO,
5-10™" mol/L (at pH 2.5) (black and blue curves, respectively). In both solutions a reduction current peak named 1

is noticed.
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Figure 3.1: (A) 1-V curve and m-V curve of Fe(l11) solutions with nitrates (red curve) or chlorides (green
curve) from 0.8 V/SHE and -1.3 V/SHE. PhreeqC simulations of the (B) speciation of Fe(ll) in nitrate

versus pH and the (C) speciation of Fe(ll) in chloride versus pH value.

Current peak observed at -0.6V is ascribed to H* reduction according to (eq. 3.1), which is asserted as this peak

gets more intense when the pH decreases (Fig 3.2).

2H" +2e > H, E°=0.000V/SHE (3.1)
It is also noticed that peak 1 is twice more intense in chloride solution than in nitrate solution. This phenomenon
should be caused by a more anodic consumption of H* in the slow kinetics of nitrate reduction at 0.01V/SHE (eq.

3.2) that decreases the interfacial H* concentration.'**
83



Chapter 3. Insight into electrodeposition mechanisms and electrochemical behavior of LDH

NO; + H,O +2e° > NO; + 20H’ (3.2

From the potential at peak 1 and for more negative potentials, the pH should increase dramatically in both
solutions. The hydrogen evolution reaction (HER) starts at around -1 V in KCI and is more cathodic in the KNO;
solution as the pH is more basic, due to the nitrate reduction (eq. 3.2).

—— KCl 0.5M, pH 3.10
KCl 0.5M, pH 2.39
KCl 0.5M, pH 2.04
—— KCl 0.5M, pH 1.50
—— KCI 0.5M, pH 1.10

Current density (mA.cm’®)

-10

B B s B m e e B e e LA ma e |
-13 -11 -09 -07 -05 -03 -01 01 03 05 0.7 0.5

Potential (V vs. SHE)

Figure 3.2: Increase of the current peak 1 with the decrease in pH in KCI 0.5 mol/L

3.2.3.2 Aqueous solutions of ferric ions in the presence of NO3 or CI’

In Fe** solutions (ferric iron nitrates or chlorides), pH value is 2.5 as Fe*" is a Lewis acid (pKa=9.3-9.5).?° Figure
3.1A shows the I-V curve in ferric solution 4-10mol/L in presence of K* 4.88-:10"mol/L and CI" (green curve) or
NO; 5-10™'mol/L (red curve). In both solutions, H" reduction characteristic peak numbered 1 (also visible in the
blank solutions) is still noticed. It is nevertheless more anodic in ferric solutions, than in blank solutions. That can
be attributed to the diffusion (and thus the reduction) at the interface of the H* related to the complexation of Fe®"

with H,O in agreement with the acidity properties of Fe** (eq. 3.3).

Fe** + H,0 > Fe(OH)*" + H* (3.3)

Compared to blank solutions, 4 additional cathodic current peaks 2, 3, 4 and 5 (figure 1A, red and green curves)

are iron species related. The less cathodic peak, peak 2, between 0.2V and 0.65V/SHE, is observed without any

deposition onto the electrode (no mass variation). A fast calculated redox potential E(Fe*/Fe?*) in the

experimental conditions using Nernst equation E = E°(Fe**/Fe?*) + 0.06-log(Fe*") is 0.626V/SHE, which is close
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to the potential value of peak 2. Thus, this peak is related to the Fe!"" ions at the interface. The presence of nitrate
ions in nitrate-based electrolytes shifts peak 3 versus more cathodic potentiels due to the complexation of part of
Fe®* in agreement with PhreeqC simulations (eq. 3.4):

Fe(OH)** + H* + NO3 > Fe(NO3)** + H,0 (3.4)
In agreement with PhreeqC simulations at pH 2.5, the two reduction plateaus observed after peak reduction 2 are

characteristics of the Fe?* diffusion plateaus.

Let us now investigate peaks 3, 4 and 5 which are localized more catholically than peak 1. In the electrolytic
solution of nitrates, depending on pH value, the produced ferrous ions, Fe?*, at the interface can be complexed
with H,0. PhreeqC simulations clearly show (Fig. 3.1B) that free cation Fe?* is predominant at pH 9 and below.

At pH 10, the soluble ferrous complex cationic form Fe(OH)" is predominant according to the reaction 3.5:

Fe®* + H,0 = Fe(OH)" + H' (3.5)

This reaction can be favored when the potential is more cathodic than the reduction potential of free H* (peak 1)
at around -0.55V. The generated H" (reaction (3.5)) are reduced (peak 3). At pH 11, the soluble ferrous complex
anionic form Fe(OH);™ becomes predominant according to the reaction with equation (3.6):

FeOH" + 2H,0 = Fe(OH)y + 2H" (3.6)

This reaction produces 2H" that are reduced (peak 4, more intense than peak 3). From pH 9, Fe(OH), (pPKsp =
14.095 at 273.15K) and FeO have reached their saturation level respectively according to reaction (3.7) and (3.8):

Fe’* + 20H = Fe(OH), (3.7)

Fe* + H,0 = FeOy+2H" ; logk=-13.531 (3.8)

According to pHreeqC simulations, Fe(OH), is also partly soluble at the interface from this pH (and is more than
10" mol/L from pH 10). Thus, both the Fe(ll) hydroxide and oxide can be deposited at the interface as interfacial
pH is increasing (as Fe(Il) oxy- hydroxide). This pH should be reached from peak 3. That is why the mass of the
film starts to increase dramatically at the same potential. It is noticed that the mass of the film becomes constant
at a potential close to that of peak 4. The reason is perhaps due to the predominant speciation of ferrous complex
anionic form Fe(OH);™ at high pH, which prevents the formation of Fe(ll) oxy- hydroxide. Moreover, both the
increase in cathodic potentials and the increase in pH in agreement with NO;™ (and H,O) reduction reaction(s) are

responsible for the decrease in the deposited mass in agreement with both Fe(ll) oxy- hydroxide redissolution (at
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the interface between the coating and the electrolyte) and dehydration (at the interface between the coating and
the gold surface, in agreement with bibliography.*®#** With regard to FeCly/HCl-based electrolyte, the pH value
increase is firstly only responsible for continuous free H* reduction that starts from peak 1 when cathodic
potential is applied. Thus, the pH value increases more slowly at the interface in the presence of chlorides than in
the presence of nitrates. That is the reason why peak 3 associated with H* reduction reaction in agreement with
eq. 3.5 (and in agreement with Fe"” speciation in the pH value ranging from 8 < pH<10) is shown at more
cathodic potential in chloride-based than in nitrate-based electrolyte. In agreement with PhreeqC simulations,

+lI

peak reduction 5 is responsible for the reduction of Fe*" to Fe® (zero-valent iron), according to reaction 3.9:

Fe'" +2e = Fe° (3.9)

where Fe(+I1) represents all soluble species of ferrous iron.

At this potential, the film mass increases and does not reach a plateau. In the same range of potential, but in the
presence of nitrates, the ferrous ion species reduction to Fe® should also occur but cannot be seen because of the
HER. However, the predominant speciation of ferrous complex anionic form Fe(OH)3’, in the pH range above 12,
could minimize/prevents the reduction of Fe(ll) to Fe®; i.e the Fe(OH);" complex should render Fe(ll) reduction
more cathodic (i.e Fe(ll) reduction should shift towards the more cathodic potentials).

3.2.3.3 Aqueous solutions of Ni** in the presence of NO; or CI

Ni*" is a Lewis acid (pKa=9.86)?*° (however weaker than Fe** ; pKa=9.30-9.50). That is why, in Ni** solutions in
the presence of nitrates or chlorides, pH was decreased down to 2.5 by adding HNO; or HCI, respectively. Figure
3.3A shows the 1-V curve in Ni** 1.2:10”mol/L solution in the presence of K* 4.76:10™mol/L and CI (green
curve) or NOs 5-10™"mol/L (red curve). In both solutions, peak 1 is characteristic of free H" reduction. It is less
cathodic in Ni** solutions than in blank solutions.-Compared to the blank solutions, 2 additional cathodic current
peaks 6 and 7 (figure 3.3A) are characteristic of the nickel related species.

Below -0.4V/SHE, the interfacial pH increases due to continuous free H" reduction (that starts from peak 2).
PhreeqC simulation (Fig. 3.3B and 3.3C) shows that free cation Ni** is predominant at pH 9 and below in the
presence of nitrates and chlorides. In nitrates, 23% of the Ni** is complexed by NO3". In chlorides, only 1.3% of
the Ni** is complexed by CI". From pH 9 to pH 11, the soluble complex cationic form Ni(OH)* is predominant

according to reaction 3.10:

Ni%* + H,0 = Ni(OH)" + H". (3.10)
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In chloride solution, peak 7 (at -0.6V/SHE) is characteristic of the reduction of the generated H*. This peak is
more cathodic in nitrate solution, probably because it takes more time to increase the interfacial pH due to the
speciation with nitrates. This reaction is noticed at -0.65V/SHE.

At pH 12, the soluble complex anionic form Ni(OH)3" is predominant according to reaction 3.11:

Ni?* + 3H,0 = Ni(OH); + 3H" (3.11)
The three generated H* are reduced (peak 7). This event occurs at the same potential for chloride as for nitrate

solutions, however with higher intensity in chloride. The production of Ni(OH)5" is thus intense.

According to PhreeqC, from pH 8, Ni(OH),s (pKg= 15.251 at 273.15K) and Bunsenite or NiOg) (log k = -
12.4719) have reached their saturation level according to reactions 3.12 and 3.13:

Ni%* + 20H = Ni(OH), (3.12)
Ni?* + H,0 = NiOg) +2H", with log k = -12.4719 (3.13)

The aqueous soluble form of Ni(OH), is also present from pH 11. Thus, both precipitates can be deposited at the
interface as interfacial pH is increasing. The large increase in mass from 0.6 to 0.9V/SHE is in agreement with
the attainment of the pH value of 11. The high intensity of peak 8 in the presence of chlorides may be the reason
why the deposited mass is lower compared to that in nitrate solution. There was probably not enough diffused

Ni"” species present at in the interface to precipitate.
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Figure 3.3: (A) I-V and m-V curve of Ni(ll) solutions with nitrates (red curve) or chloride (green curve)
from 0.8V/SHE and -1.3V/SHE. PhreeqC simulations of the (B) speciation of Ni(ll) in chloride versus pH

and the (C) speciation of Ni(ll) in nitrates versus pH value.

88



Chapter 3. Insight into electrodeposition mechanisms and electrochemical behavior of LDH

3.2.3.4 Aqueous solutions of Ni’* and Fe** in the presence of NO3 or CI

In mixed Ni?* and Fe®" solutions (composed of nitrates or chlorides), the pH reaches naturally 2.5 due to the
presence of the Lewis acid Fe*". Figure 3.4A shows the I-V curve in Ni?* 1.2-10mol/L and Fe*" 4-10°mol/L in
the presence of K 4.64-10"mol/L and CI" (green curve) or NOs 5.10" mol/L (red curve). Peaks 1 and 2
(accompanied by its diffusion reduction current) are still present, and are characteristic of the reactions that were
detected with/for monometallic solutions: Fe** reduction accompanied with the Fe** reduction plateau, and free
H* reduction. In chloride and nitrate solutions, we can also relate the presence of peak 6 to the H* reduction from
reaction 3.10. It is located at the same potential as in the monometallic Ni** solution with the same intensity.
PhreeqC simulation with both metals, pointed out that the presence of Ni(OH)" is predominant at pH 9. There are
certainly other reactions that may take place, however they are silent regarding the low concentration of other

species.

In nitrate solution, peak reduction current 8, at around -0.8 V/SHE, is close to the potential of peaks 4 and 6
related to the reactions 3.10 and 3.12, respectively. Thus, peak 8 should be related to both reactions that are
enhanced when pH value reaches 12. It is asserted that the precipitation/co-precipitation of the oxy-hydroxide
NiO and Ni(OH)2 takes place simultaneously at the electrode interface. The mass reaches a plateau and remains

+I1

constant, even at the potential of Fe*" reduction to Fe°, probably due to the presence of Ni in the film. In chloride
solution, peak 9 is located at -0.93 VV/SHE, near the potential of peak 5 and 7. In addition, the intensity is almost
the sum of the intensities of peaks 5 and 7, related to reactions 3.10 and 3.12 respectively. Peak 8 is more
cathodic than peak 9. The increase in pH value is slower in chloride. However, the pH should be also high enough

for the deposition or the co-deposition of Ni(OH), and Fe(OH)..

The co-deposition of Ni(OH), and Fe(OH), is a first step for the LDH formation process, it is necessary that Fe"'

belongs to the co-deposited/precipitated structure. For this purpose, two hypotheses can be envisaged:

- The progressive reoxydation of Fe(ll) within the coating (after the potential was stopped, the electrode
was rinsed with oxygenated saturated milliQ water and maintained in a saturated oxygen KOH
supporting electrolyte) for the obtainment of probably mixed Fe(ll)/Fe(lll), Ni(ll)-Fe(ll)/Fe(lll),
Ni(ll)/Fe(lll)-based LDHs.

- The co-precipitation of Ni(Il)-Fe(I1l) on the deposited coating when the coating covered the gold surface
and reached a certain thickness. Whatever the supporting electrolyte, the coating does not prevent H"
reduction at the interface, i.e. it thus does not it does not prevent pH for increasing. It can nevertheless
render the metallic elements less mobile at the interface. Moreover, the co-deposited Ni-Fe (oxy-
)hydroxide should be non-conductive. Let us record thatFe(lll) is still diffusing towards the electrode.

The increase in the coating could make some Fe(l11) to co-precipitate with Fe(ll) and Ni(ll) or Fe(lll) to

89



Chapter 3. Insight into electrodeposition mechanisms and electrochemical behavior of LDH

integrate the structure via substitution, more probably, in the presence of nitrate in which pH reaches
higher pH values than in the presence of chloride. This is what we investigate at constant pH in section
3.3.
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Figure 3.4: (A) I-V and m-V curve of Ni(l1) and Fe(l11) solutions with nitrates (red curve) or chloride
(green curve) from 0.8V/SHE and -1.3V/SHE. PhreeqC simulations of the (B) speciation of Ni(Il) and
Fe(I1) in chloride versus pH and the (C) speciation of Ni(ll) and Fe(ll) in nitrates versus pH value

3.3 Electrochemical behavior investigation of Ni/Fe-LDH

3.3.1 Assisted electrodeposition of the LDH and physico-chemical

characterization’

In agreement with the results provided by the 1-V curves, the elec-Ni/Fe-LDH was deposited by means of a 3-
electrode electrochemical cell onto a 9MHz-gold patterned quartz substrate as described in section 2.1.2 at -0.7
V/SHE in the nitrate-based electrolyte.
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Figure 3.5: PXRD pattern of the electrochemically synthesized LDH whose powder was scraped from 10
samples. Peaks denoted with (*) come from the demagnetized steel.

It was not possible to characterize the structure of the deposited material directly through XRD measurements
onto the 9MHz-gold patterned quartz substrate for several reasons: (i) the electrodeposited material is known to
have a low crystallinity and is deposited onto a highly crystallized gold and quartz material, (ii) the thickness of
the material is of a few hundred nanometers and (iii) the surface area is 0.2 cm? Instead, ten samples were

electrochemically synthesized and scraped to obtain enough powder.
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The XRD pattern (Fig. 3.5) powder evidences a high intensity value of the baseline that should be due to the
deposition of an amorphous material. It is also characteristic of the LDH structure. The diffraction peaks were
indexed to a hexagonal lattice with rhombohedral 3R symmetry™ with three reflection groups : (i) a series of
basal (00I) reflections that corresponds to the structural stacking along the c-axis and allows determination of
basal distance d (here 7.31 A), which depends on the size of the intercalated anion. > The paramater ¢ of the
lattice equals 3d(003) (here 21.93 A), (ii) the position of the (110) reflection that is correlated to the lattice
parameter a = 2d(110) (here 3.09 A), which coincides with the closest M—M distance in the hydrotalcite-like
layers, (iii) the positions of the (01l1)/(10l) reflections common to hydrotalcite-like compounds which depend on
the polytype. These lattice parameters agree well with those reported in the literature.??

Figure 3.6: SEM micrograph of elec-Ni/Fe-LDH whose morphology is composed of nanowires

SEM micrograph (Fig. 3.6) shows that the electrodeposited LDH is constituted of nanowires, which is in
agreement with the literature.”” By EDX analysis, electro-assisted synthetized LDH has a cationic Ni/Fe ratio

evaluated to 73%/27% as expected during the synthesis of LDH (averaged on 3 spots).
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3.3.2 Electrochemical and electrogravimetrical investigations of the thin film of
LDH by EQCM
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Figure 3.7: EQCM curve of electrochemically assisted route of Ni/Fe-LDH 6/2, during the 4 first cycles in
KOH 1 mol/L at 10 mV/s

Films of elec-Ni/Fe-LDH underwent several cycles of polarization in an aqueous solution of KOH 1 mol/L at 10
mV/s while the current and frequency response (I and f vs E curves) were simultaneously recorded. Figure 3.7
shows 4 cycles of elec-Ni/Fe-LDH from which the system already reached a steady state in terms of mass and
current. Broad cathodic and anodic peaks with respective potentials at 0.52 V/SHE and at 0.60 V/SHE indicate
the reduction and oxidation of Ni sites into the material.” The observed high peak separation denotes a charge
transfer resistance that can be related to the known electronic transport within the LDH structure due to an
electron hopping mechanism between adjacent nickel centers®®* although Fe also plays a role in this hopping
process.”® The OER starts at 0.65 V/SHE and the current is positive from 0.71 V/SHE to 0.65 VV/SHE during the

cathodic sweep.

The film undergoes a mass depletion followed by a mass increase during the anodic sweep, and a mass depletion
followed by a mass increase during the cathodic sweep. In agreement with the electroactivity of the Ni**/Ni**
redox couple in the LDH structure. During the anodic sweep, a mass increase should be due to both OH"
intercalation into the interlayer spacing and OH" sorption onto the basal surface of the LDH particles related to an
increase of the charges within the layers. In addition, the mass decrease during the anodic sweep should result in

the deintercalation of water or desorption of K, because of the presence of a positive capacitive current.
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However, EQCM only provides an overview of the global transferred mass and cannot give precise information
on the nature of the transferred species. It is challenging to deconvolute each species contribution into gravimetric
and dynamic components with EQCM results as the global cyclic electrogravimetry response is recorded at a
certain potential scan rate (i.e. at certain kinetics). Therefore, coupling EQCM and electrochemical impedance
spectroscopy techniques (ac-electrogravimetry) was performed.

3.3.3 Advanced electrochemical and electrogravimetrical investigation of the thin

film of LDH by ac-electrogravimetry

3.3.3.1 Elec-Ni/Fe-LDH in agueous KOH 1 mol/L at a given applied potential (0.66 V/SHE)

After 4 potential cycles from 0.4 V/SHE to 0.71 V/SHE, ac-electrogravimetry technique was performed at 0.66
V/SHE in elec-Ni/Fe-LDH to gain insights into the dynamic behavior of each charged/uncharged species transfer
at the interface i.e. identifying the nature of each transferred species and evaluating their respective
concentrations and kinetics as a function of the applied potential. The simulation and fitting of the experimental

charge/potential transfer function (TF) ﬁ—g (w) permit the separation of the ionic contributions, however, without

any possibility to identify the involved ionic species. Figure 3.9(a) shows two merged loops at intermediate and

low frequencies, attributed to any of the ionic species present in the electrolyte.

The kinetic parameter of interfacial transfer (K;) and the parameter related to the ease of interfacial transfer (G;)
were determined for the two ions by fitting the experimental data with equation equation (2.32) and were used in

the ensuing fittings of (2.36). The simulation and fitting of the experimental mass/potential transfer function
AA—Z’(w) confirm that three different species are involved. Figure 3.9(b) evidences two loops at high and

intermediate frequencies, and is characteristic of free solvent molecule contributions or anionic contribution in the
same flux direction.'”"* Finally a third contribution appears at low frequency which is characteristic of a cationic
contribution or free solvent molecules in the inverse direction. The fitting of the experimental data with the
Mathcad software, using equation (2.36) evidences the nature of the three species. H,O is transferred at high
frequencies, OH™ at intermediate frequencies and K* at low frequencies, which confirms the configuration of two

ions determined by equation (2.32).
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Figure 3.8: Simulation and fitting of the experimental data on a thin film of elec-Ni/Fe-LDH 6/2. (a) Aq/AE
TF, (b) Am/AE TF, (c) Am/AE partial TFs after removing the contribution of K+, (d) Am/AE partial TFs

after removing the contribution of OH

Several other configurations were tested using theoretical functions (eq. 2.32 and 2.36). The criteria for attaining
a conclusive match between experiment and simulation must be fulfilled for all the TFs and for the so-called
partial TFs obtained by removing the contribution of one of the species contribution from the electrogravimetric

function, and analyzing the residual response). In the presented model, two theoretical partial functions were
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compared to the experimental partial functions and calculated by removing the K* contribution (Figure 3.8c,

equation 3.14):

am| K+ [AC OH- AC HZO] (3.14)
=df ,

— — m Mon—) + Mpy20 —
N N (mgs + Moy-) + Myzo 1

And by removing the OH" contribution (Figure 3.8d, equation 3.15):

Am|OH= Ac|K+ Ac|H20 3.15
2E = ay [E| (Mg + moy-) + Myzo E| ] (3.15)

In this way, ambiguities concerning various different models of contribution could be excluded.

3.3.3.2 Elec-Ni/Fe-LDH 6/2 in agueous KOH 1 mol/L as a function of the applied

potential

The same fitting procedure and validation control were operated for different applied potentials (0.61 V, 0.635 V

and 0.66 V/SHE) corresponding to the potential range where species are transferred from/to the film. The

parameters K;, G; and Rt; = % were estimated for all of them. Based on the K; values (Fig. 3.9a), the flux of OH

ion is faster than the counterflux of K* ion at each potential. The flux of free solvent is in the same direction as
the flux of OH". Water molecules are the slowest species at 0.61 V/SHE and becomes progressively faster to
become the fastest species at 0.66 V/SHE.

The calculated Rt; (Fig. 3.9b) classifies the transfer resistance of each species as follows: Rt; (K*) > Rt; (OH") >
Rt; (H,0). This transfer resistance is the highest for OH" and its kinetics is the lowest. This information is in good
agreement with the intercalation process of OH" into the interlayer space. K" cations are slower and more hardly
transferred than OH™ and water, in good agreement with the hypothesis of a less favorable transfer of cations than

intercalation/deintercalation of water molecules and free water molecules.
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3.3.3.3 Evolution of the relative concentration per volume unit, C; - C,, and the mass
per area unit, m; - m,.
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Figure 3.9: (a) Transfer kinetics and (b) transfer resistance of K*, H,O and OH™ as a function of the applied
potential (c) Relative concentration and (d) Mass variation of K*, H,O and OH" as a function of applied
potential at the thin film of elec-Ni/Fe-LDH in KOH 1mol/L aqueous solution.

The variation in concentration (Fig. 3.9¢) and variation in mass (Fig. 3.9d) of the transferred species are estimated
from the concentration potential transfer function (equation 3.16) at low frequencies:

AC; _ _Gi (3.16)
AE | @—0 Ki

and from the relative exchanged mass variation for each species (eg. 3.17):

m; = CiMidf (317)
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From 0.61 V to 0.66 V (i.e. from more cathodic to more anodic potentials), ac-electrogravimetry can deconvolute
the concentration and mass variation of all the transferred species. Water molecules are 8.5 times more
transferred than OH" from the electrolyte to the elec-Ni/Fe-LDH whereas K" is two times less transferred from the
LDH to the electrolyte compared to that of OH". However, ac-electrogravimetry technique could not be
performed for potentials lower than 0.61 V/SHE as the mass was not stable, and thus it was not possible to
explain what occurs during the mass depletion of the anodic sweep.

For the confirmation of each determined transferred species (K*, H,O and OH") and also for a better insight
regarding the specific sites of transfer, complementary techniques have to be performed onto the LDH; i.e. EDX
and XPS analyses and in situ XRD under polarization. The low crystallinity and specific morphology of the elec-
Ni/Fe-LDH could be responsible for the nature of such transfer of species. Although the ac-electrogravimetry
technique permits the deconvolution of the species transfer, it does not allow to understand the phenomena that
occur more cathodically (in the potential range 0.52 V/SHE to 0.61 V/SHE)

3.4 Conclusion

Free H* reduction is mainly responsible for the increase in pH in the considered solutions. The Fe"', Fe'" and Ni"
cation speciation, when complexed to H,O, also play a role in the progressive increase in pH value at the
interface. The anion has also a role in the pH variation. The speciation between CI” and Fe" is facilitated, as well

as the speciation between NOz and Ni", which can prevent the speciation with H,O and the production of H*.

Due to nitrate reduction reaction in agreement with eq. 3.2, the presence of nitrates enables the increase in pH at
less cathodic potential. This additional reaction enables the formation of LDH at the surface. In monometallic
Fe(111) solution containing chlorides, Fe° is deposited. The presence of Ni"" enables a higher variation in pH for
the LDH electro-assisted deposition. However, the deposited mass is lower; probably because the reached pH

value is quite smaller than in nitrate-based solutions.

Another remark is the deposition of iron-based LDH with oxidation state (+11) and (+111). Further XPS and XRD
analysis under preserved atmosphere just after the synthesis should explain the structural behavior. Experiments

via coupled XRD analysis operando should help us for further in depth investigation of the coating mechanism.

In depth investigation of the current and mass potential curves led to select the appropriate supporting electrolyte

as well as the applied potential for the obtainment of an Ni/Fe-based LDH 6/2 coating.

For the first time, this study investigated all the redox reactions as well as both the related ionic and water

transfers using nano-elec-Ni/Fe-LDH 6/2 via electrochemical and electro-gravimetrical characterization.

The reversible Ni(I1)/Ni(l11) redox reaction was evidenced through |-V response, and a related complex transfer

of species was evidenced with EQCM. For the deconvolution of all the transfer mechanisms, ac-
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electrogravimetry was performed and evidenced that the flux of 1 OH" is accompanied by a flux of 8.5 H,O in the
same direction and with a faster kinetics and a counterflux of 0.5 H,O with a slower kinetics. H,O and OH- are
probably intercalated/deintercalated into/from the interlayer spacing, while K* should be adsorbed due to a
capacitive phenomenon. The latter phenomenon is in agreement with the cationic adsorption that was already
observed for Mg/Fe-LDH 4/2 (appendix A), and evidences again the property of mix cation/anion exchanger of
the LDH.

Ac-electrogravimetry technique permits the deconvolution of the species transfer from 0.61 V/SHE to 0.66
V/SHE but does not allow to understand the phenomena that occur at lower potentials (in the potential range 0.52
V/SHE to 0.61 VV/SHE).

For the confirmation of the intervention of K", H,O and OH" in the transfer mechanism, and also for a better
insight regarding the specific sites of transfer, complementary analyses have to be performed onthe LDH, i.e.
EDX and XPS analyses and in situ/operando XRD under polarization. In situ/operando XRD under polarization
enables to observe the basal distance, however, this observation is complicated onto the elec-Ni/Fe-LDH thin film
as it is not well crystallized. Also, the EDX and XPS analyses permit the identification of the adsorbed cations
onto the surface, however, it is not possible to assert if cations would be adsorbed onto the LDH or onto
impurities within the thin film.

To elude this problem and deepen the characterizations, it is necessary to study the properties of the chemically
synthesized Ni/Fe-LDH 6/2 (chem-Ni/Fe-LDH 6/2). Despite the lower electronic charge transfer inherent to the
less adherent film onto the LDH, this material has the property to be highly pure and crystallized.
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Chapter 4

In situ study of redox reactions and 1onic
transfer 1n thin films of N1/Fe-based layered
double hydroxide under polarization in KOH 1
mol/L

4.1 Introduction

In this chapter, we want to solve the low crystallinity issue encountered for elec-Ni/Fe-LDH (chapter 3) that
prevents the confirmation of the transfer mechanisms by complementary experimental techniques. To deepen the
characterization. To deepen the characterizations, it is necessary to study the properties of the chemically
synthesized Ni/Fe-LDH 6/2 (chem-Ni/Fe-LDH 6/2). Despite the lower electronic charge transfer inherent to the
less adherent film onto the LDH, this material has the property to be highly pure and crystallized.

For wide applications in terms of energy storage or water treatment, the reversibility of the ion transfers between
the electrolyte and the basal spacing needs to be further investigated. A reversible ion transfer is actually
controlled by tuning the oxidation state of the metallic sites to reversibly modify the positive charge excess within
the layers. This phenomenon depends on the electrochemical accessibility of the redox-active transition cations
(ex : Co*ICo®, Ni*/Ni**, Fe*'/Fe*" etc...) that participates in an electron hopping mechanism.99 The low

214

electronic conductivity performance of the LDHs™" is promoted by preparing thin films of LDH coated on a

working electrode surface (glassy carbon, platinum, gold, indium tin oxide...) by solvent casting, layer-by-layer

assembly or electrochemically assisted deposition,*¢+21>218

A few studies explored the reversible ion transfer phenomenon related to the cyclic oxidation/reduction of
electroactive cations within the layers,'®11022>184226153 Each of them could evidence the reversible intercalation of

anions. Among them, some could also evidence the contribution of cations,'®! 1% 104 153

and propose some
hypotheses concerning the nature of the species. A publication suggests the transfer of electrolytic cations,'®
another one advances anion intercalation/sorption influenced by the electrolytic cations.'® There is also evidence
of a transfer of ion pair'>® as well as the loss of some water molecules from the LDH basal spacing accompanied
with a loss of protons from the LDH lattice.'® The redox reactivity of LDHs remains challenging to characterize

probably due to a duality of adsorption surfaces sites in agreement, by analogy, to cationic clay
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minerals,?"228:229.230231.232,233234 | ndaed, basal surfaces of cationic clay minerals have a permanent negative charge
arising from isomorphic cationic substitutions whereas edge surfaces have a variable proton surface charge
arising from hydroxyl functional groups. The redox reactions involving the redox-active transition cations lead to
the modulation of the electric charge of the layers. For nontronite 2/1, the negative charge increase due to Fe(lll)
to Fe(ll) reduction is balanced by adsorption of cations into the clay interlayers as well as a specific sorption of
H* from the solution. Prevalence of one compensating mechanism over the other is related to the growing lattice
distortion induced by structural Fe(lll) reduction. At low reduction levels, interlayered cation adsorption
dominates and some of the incorporated protons react with structural hydroxyl groups, leading to a
dehydroxylation of the structure.”®®

In addition, the reactivity of edge surfaces is strongly influenced by the net proton surface charge, which depends
on pH and ionic strength, with respect to Brgnsted—Lowry acid-base theory, through the following reactions:

=M-OH + H* & =M-OH," (4.1)
=M-OH < =M-O + H* (4.2)
where M is a metal cation constituting the layered sheets and consequently the clay edge surfaces. It implies the
sorption of both cations and anions onto edge surfaces depending on the pH at the clay interface. In agreement
with reaction 2, for pH >>> pHpzne (pH of zero point of net charge (ZPNC)), the species =M-O" predominates,

leading to the cation sorption on edge surfaces.

By analogy to cationic clay minerals, the redox reactions involving the structural transition cations of LDH
should lead to the modulation on the positive electric charge of the layers and thus induce the modulation of the
anionic transfer capacity and, to a lesser extent, a desorption of H* from structural OH groups to maintain electro-

neutrality. The reactivity of the edge surfaces should also be strongly influenced by the net proton surface charge.

To attribute the phenomena postulated by analogy with cationic clay minerals, the modification of the structural
charge of the LDH, via oxidation/reduction of a part of redox active cations constituting the layers makes it
possible to demonstrate the presence of the anionic exchange sites. The use of a solution having a pH largely
superior to pHpzne Should allow to differentiate the anionic transfer into the interlayer space from the external

basal sites and the edge surfaces where the cation sorption takes place.

For this purpose, electrochemical techniques appear well suited. Indeed, it allows redox transition of LDH active
cations as well as the modulation of the pH value at the solid-surface via electro-catalytic properties of LDHs

versus water oxidation/reduction, %2323

In addition, ac-electrogravimetry method which couples
electrochemical impedance (intensity/potential transfer function) and mass/potential transfer function

measurements allows the identification of exchanged species, in terms of anions, cations or neutral species as
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well as their molar mass, ease/difficulty of transfer, exchanged concentration and exchanged mass for each
species at different potentials. In such a way, this technique has already been validated in studying oxide

239

materials®*® and conductive polymers.”®® This study brings insights on the mechanisms of the interfacial redox

reactions by exploiting ac-electrogravimetric methodology.

A special attention is paid on Ni/Fe-LDH 6/2 that is known to be one of the most conductive LDH and whose
electroactive Ni can be reversibly switched to the (+11) and (+111) oxidation states under polarization.*® The use of
nano-Ni/Fe-LDH 6/2 tends to enhance the number of the transfer sites (i.e intercalation sites and adsorption sites
onto both edge and basal surfaces). Since Ni/Fe-LDH has a pHpznc €qual to 8, this work was conducted in KOH 1
mol/L solution whose pH value is higher than pHpznc to induce the cationic sorption onto the LDH border sites.
157,241,242,243

The catalyzed oxidation reaction of water
LDH/electrolyte interface.

enabled the modulation of the pH value at the

For the first time, the nature of each reversibly transferred species (anion, cation and water molecules) related to
the redox reactions was identified, and the species kinetics were determined. EDX and XPS analyses confirmed
the electrosorption of cations, corroborating the pseudo-capacitive properties of a mix cation and anion
exchanger. The electro-catalytic properties of the interlayered water molecules were pointed out. In addition, in
situ XRD under LDH polarization has especially contributed to our current-day understanding of LDH hydration

during cyclic oxidation/reduction (to investigate the transfer of water molecules from/to the interlayer space).

4.2 Physical and chemical characterization of chem-Ni/Fe-LDH 6/2 samples

4.2.1 XRD Analysis
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Figure 4.1: Powder XRD pattern of the Ni/Fe-LDH.
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The powder XRD pattern of Ni/Fe-LDH (Fig. 4.1) is characteristic of the LDH structure. The diffraction peaks
were indexed to a hexagonal lattice with rhombohedral 3R symmetry® with three reflection groups: (i) a series of
basal (00I) reflections that corresponds to the structural stacking along the c-axis and allows determination of
basal distance d (here 7.64 A) which depends on the size of the intercalated anion.?? The parameter ¢ of the
lattice equals 3d(003) (here 22.92 A), (ii) the position of the (110) reflection that is correlated to the lattice
parameter a = 2d(110) (here 3.08 A) which coincides with the closest M—M distance in the hydrotalcite-like
layers, (iii) the positions of the (01l1)/(10l) reflections common to hydrotalcite-like compounds which depend on
the polytype. These lattice parameters agree well with those reported in the literature.??

4.2.2 FEG-SEM, EDX and XPS analyses
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Figure 4.2: (a) FEG-SEM micrograph showing the cross-section of a gold-patterned quartz resonator
modified with a thin film of LDH, (b) FEG-SEM micrograph of a nanoplatelet of the Ni/Fe-LDH 6/2
isolated on a silicon wafer, (¢) EDX analysis of a thin film of Ni/Fe-LDH 6/2 deposited on the gold electrode
of a quartz resonator.
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FEG-SEM micrographs show that synthesized LDH is constituted of nanoplatelets with particle size close to 80
nm (Fig. 4.2b) which is in agreement with the literature.”” The thickness of the film was also measured with FEG-
SEM (Fig. 4.2a) and is estimated to be around 500 nm after a deposition of 24.51 ug on a 0.2 cm?gold electrode.

Calibrated EDX analysis (Fig. 4.2¢) was performed on a thin film of LDH dried on quartz coated with gold. The
Ni/Fe cationic ratio equals 76%/24% as expected during the synthesis of the LDH.

XPS survey spectrum (see Fig. 4.3) shows that no contribution around 400 eV is detected (N1s photopeak)

confirming that nitrate ions are no present in the LDH film.

Ni2p O1s
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Audd
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Figure 4.3: XPS spectrum of the gold electrode coated with chem-Ni/Fe-LDH

4.2.3 Thermogravimetric analysis

The number of water molecules present in the interlayer spacing was estimated by TG analysis (Fig. 4.4). It
enables the determination of the chemical formula of the LDH as [Ni'"q76Fe"24(OH)»(CO5%)q.12]. 0.5 H,O0.
Therefore, a deposition of a LDH thin film of 24.51 pg on the quartz coated with gold was made by drop casting.
This mass corresponds to 0.227 10° mol of LDH and therefore to 1.04 10" Ni sites and the anodic charge
necessary to oxidize all the Ni(ll) into Ni(lll) is 16.6 mC.
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Figure 4.4: TGA analysis of the chem-Ni/Fe-LDH sample
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4.3 EQCM investigations
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Figure 4.5: EQCM response during the 40™ potential scan for a Ni/Fe-LDH coated quartz resonator in
KOH 1 mol/L, at a scan rate of 10 mV/s.

Thin films of Ni/Fe-LDH underwent 50 cycles of polarization in an aqueous solution of KOH 1 mol/L at 10 mV/s
(Fig. 4.6), while the current response (I vs. E curves) and the mass response (m vs. E curves) were simultaneously
recorded. The oxidation and reduction current peaks increased with the number of cycles indicating a rise in the
number of redox active Ni sites, probably owing to a higher conductivity of some irreversibly oxidized Nit""

clusters that enhance the conductivity.*® 150151152
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Figure 4.6: By EQCM, chem-Ni/Fe-LDH underwent 50 cycles of polarization in an aqueous solution of
KOH 1 mol/L at 10 mV/s

Figure 4.5 shows the 40™ cycle from which the system reached a steady state regarding both current and mass
versus applied potential. A broad cathodic peak (at 0.575 V/SHE) and a broad anodic peak (at 0.681 V/SHE)

indicate the reduction and the oxidation of Ni sites into the material, respectively.**°

The peak separation is 106 mV comparable to the 98 mV value found in literature® on platinum electrode coated
with Ni/Fe-LDH 6/2 which denotes a slow charge transfer. This phenomenon can be related to the known
electronic transport within the LDH structure due to an electron hopping mechanism between adjacent nickel

224

centers®®* although Fe also plays a role in this hopping process®.

The low percentage of activated Ni sites is confirmed with the low charge transfer. From potential cycle number
40, the charge is estimated from the integration of the cathodic peak to be equal to 0.27 mC corresponding to
1.685 10™ electroactive Ni atoms, which corresponds to 1.62 % of the Ni sites. Regarding the anodic peak, the
concomitant Ni(ll) and H,O oxidation reactions do not allow an accurate determination of the percentage of
Ni(111) sites.
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The Ni/Fe-LDH 6/2 film undergoes a mass increase followed by a mass depletion during the anodic sweep, and a
mass increase followed by a mass depletion during the cathodic sweep (Fig. 4.5). In agreement with Ni(ll)
oxidation to Ni(Ill) within the LDH structure, the resulting modification in the redox state should induce OH"
intercalation into the interlayer spacing. In addition and in agreement with the electrocatalytic behavior of the
coated LDH for H,O oxidation, the resulting pH variations at the interface, from above pHzpne t0 pHzene (i-€.
from pH >> pHzene to pH=pHzpnc), should result in modification of the charge sign at edge surfaces (Reaction

(4.2)) and consequently in the electrodesorption/electrosorption of K™ at edge surfaces of the LDH nanosheets.

However, EQCM only provides an overview of the global transferred mass and cannot give precise information
on the nature of the transferred species. It is challenging to deconvolute each species contribution into gravimetric
and dynamic components with EQCM results as the global cyclic electrogravimetry response is recorded at a
certain scan rate (i.e. at certain kinetics of transfer).'> "> #** Therefore, ac-electrogravimetry study which couples
EQCM and electrochemical impedance spectroscopy was conducted.

4.4 Ac-electrogravimetric investigations

4.4.1 Ni/Fe-LDH 6/2 in aqueous KOH 1 mol/L at a given applied potential

After 50 potential cycles from +0.45 V to +0.71 V, ac-electrogravimetry was performed at different potentials to
gain insights into the (i) dynamic behavior of each charged and uncharged species transfer at the interface, (ii)
identifying the nature of each transferred species and (iii) evaluating their respective concentration variation and

kinetics as a function of the applied potential.

The fitting of the experimental charge/potential transfer function (Eg. 2.31) permits the separation of the ionic
contributions, however, without any possibility to identify the involved ionic species. Fig. 4.7a shows two loops,
one at high frequencies and the other at low frequencies. They are attributed to the interfacial transfer of two
different ionic species present in the electrolyte. Their kinetics of transfer is not sufficiently different from each

other to appear as completely separate loops.

However, the kinetic parameter of interfacial transfer (K;) and the parameter related to the ease/difficulty of

interfacial transfer (G;) were determined for the two ions by fitting the experimental data with (equ. 2.31) and
were used in the fittings of mass/potential transfer function AA—‘E(w) (eq. 2.36)). This fitting shows that three

different species are involved. This transfer function permits the identification of the ionic species and also
solvent molecule if there is any. Fig. 4.7b evidences a first loop appearing in the third quadrant at high frequency.
It is noted that the loops in the third quadrant are characteristic of cation contribution or free solvent molecules in

the same flux direction."®”** Another contribution also appears at intermediate frequencies in the third quadrant
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highlighting the challenge in the exact identification of species. Although small, a third contribution appears in
the fourth quadrant at low frequency. Contributions in the fourth quadrant are characteristic of an anion
contribution or free solvent molecules in the same direction than the anions. The fitting of the experimental data
in Fig. 4.7b with (eq. 2.36) evidences the nature of the three species. K* (lon 1 Fig. 4.7a) is transferred at high
frequencies and OH (lon 2 Fig. 4.7a) at low frequencies which confirms the configuration of two ions

determined by the%(w} TF (Fig. 4.7a, fitting of charge/potential transfer function using (eq. 2.31), water

molecules are transferred in the same direction than the cations.
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Figure 4.7: Fitting of the experimental data of a thin film of nano-Ni/Fe-LDH 6/2. (A) Aq/AE TF, (B)

Am/AE TF, (C) Am/AE cation + water partial TFs (after removing the contribution of OH), (D) Am/AE
anion + water partial TFs (after removing the contribution of K*).

Several other configurations were tested in the fitting of the experimental data using the theoretical functions in
Eq. (2.32) and (2.36). The criteria for attaining a conclusive match between experiment and fitting must be
fulfilled for all the TFs and for the so-called partial TFs obtained by removing the contribution of one of the

species contribution from the electrogravimetric function, and analyzing the residual response.

In the presented model, two theoretical partial functions (Eq. 4.3 and 4.4) were compared to the experimental

partial functions. One was calculated by removing the OH" contribution (Fig. 4.7¢):

2E =df [(mK+ + moy-) gl T Muz20 E| (4.3)
And the other by removing the K* contribution (Fig. 4.7d):
E =df [(mOH— + mgy) E + Myz0 E| ] (4.4)

In this way, ambiguities concerning various models of contribution could be excluded.
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4.4.2 Ni/Fe-LDH 6/2 in aqueous KOH 1 mol/L at different potentials

The same fitting procedure and validation control were operated for all the studied potentials from +0.575 V to
+0.675 V corresponding to the potential range where species are transferred from/to the LDH film. The

parameters K;, G;and Rt; = %Were estimated for all of them. Based on the K; values (Fig. 4.8a), the K™ ion is

the fastest of the three species exchanged at each potential, followed by H,O and OH". The calculated Rt; (Fig.
4.8b) classify the transfer resistance of each species as follows: Rt; (OH") > Rt; (H,0) > Rt; (K). This resistance
of transfer is the highest for OH™ and its kinetics is the lowest. This information is in good agreement with the
intercalation process of OH" into the interlayer space. K* cations are faster and more easily transferred especially
at more anodic potentials (more than 0.625 V/SHE), in good agreement with the hypothesis of electroadsorption
onto more accessible sites like LDH edge surfaces. Adsorbed K* desorb once the interfacial pH decreases and
tends to the pHpznc Value during the anodic sweep. That will be discussed thereafter.
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Figure 4.8: (a) Transfer kinetics and (b) transfer resistance of K*, H,O and OH" as a function of applied

potential at the interface between the thin film of Ni/Fe-LDH and KOH 1 mol/L solution.

The evolutions of the relative concentration per volume unit, C; — C,, and the mass per area unit, m; - m, are

determined. The variation in concentration of the transferred species (Fig. 6a) is estimated from the

. . . .12 AG _ (Ei G
concentration/potential transfer function at low frequencies E' 00 = on & dE.
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From 0.575 V to 0.675 V/SHE, K* and water molecules are transferred from the LDH to the electrolyte whereas
OH' is transferred from the electrolyte to the LDH when the material is oxidized.
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Figure 4.9: (a) Relative concentration and (b) mass variation of K*, H,O and OH" as a function of applied
potential at the interface between the thin film of Ni/Fe-LDH and KOH 1 mol/L, (c) comparison between
the mass variation estimated with the ac-electrogravimetry and that obtained from EQCM (10 mV/s).

The relative exchanged mass variation for each species is obtained with equation (4.5):
m; —m, = (G — Co)Midg (4.5)

and is represented in Fig. 4.9b. Both mass variations in the cathodic and anodic branches of EQCM were
averaged and compared to the total exchanged mass found with the ac-electrogravimetry technique (Fig. 4.9¢).
Both mass variations plotted in Fig. 4.9¢ present the same slope from 0.575 V to 0.650 V which evidences the

accuracy of the developed model, at least for the studied potential range.

However, the rising mass of the EQCM data from 0.650 V to 0.675 V does not perfectly fit with the ac-
electrogravimetry data, which could be attributed to the occurrence of possible non-reversible reactions. The most
probable one is the interlayered oxygen evolution reaction in the potential range [0.650; 0.675] V. The
assumption is that interlayered water molecules are oxidized leading to the generation of O, molecules and H*
that are released from the interlayer space. Once the oxygen evolution reaction is stopped, water molecules return

into the interlayer space by diffusion.

The two concomitant mechanisms of intercalation/deintercalation of water and probable oxidation catalysis of

water molecules into the interlayer spacing will be explained in the discussion section.

For a better insight regarding the specific sites of each determined transferred species (K*, H,O and OH),
complementary techniques were performed on the sample; i.e. EDX, XPS analyses and in situ XRD under LDH

film polarization.
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4.5 EDX and XPS analyses
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Figure 4.10: EDX measurements of the presence of potassium, nickel and Iron, (b) XPS measurement of

K2py, and K2ps, peaks of a thin film of dried LDH before immersion in KOH 1 mol/L, after immersion in

KOH 1 mol/L and after immersion and polarization in KOH 1 mol/L.

It is noted that both anions and cations are detected in the electrogravimetric study which were tentatively
attributed to the species contributing to charge compensate a redox process and a capacitive process. Therefore, to
confirm the electroadsorption of cations (capacitive process) onto the LDH nanosheets, EDX and XPS analyses
were performed on a thin film of LDH deposited on the gold electrode of a quartz resonator (i) before any

experiment, (ii) after the immersion in KOH 1 mol/L for 40 minutes and (iii) after 40 cycles of polarization from
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0.45 V/SHE to 0.72 V/SHE at 10 mV/s in KOH 1 mol/L. Before analyses, LDH films that were in contact with
KOH 1 mol/L were rinsed in NaOH 10 M to eliminate the excess of KOH. The EDX and XPS spectra shown in
Fig. 4.10 do not evidence the presence of potassium ions in LDH thin film neither before immersion nor after a
simple immersion (40 min) in KOH 1 mol/L. On the contrary, potassium was detected in the film having
undergone 40 cycles of Ni oxidation/reduction in KOH 1 mol/L by both EDX and XPS analyses; i.e. both (i)
down into the LDH bulk material and (ii) onto the surface (10 nm) of the LDH film. These findings evidence the

electro-adsorption of potassium cations onto the nano-porous material.

4.6 Insitu XRD analysis
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Figure 4.11: (a) XRD pattern of a mylar film coated with gold without and with a thin film of Ni/Fe-LDH.

(b) In situ XRD patterns of a mylar film coated with gold and LDH under two different polarizations:

0.450 V (red curve) and 0.640 V (black curve). The position of the (003) peak of LDH and mylar are

respectively located at 11° and 26°. (c) Magnification of the position of the (003) peak under two

polarizations. A shift can be observed.

For a better insight of the influence of the electrochemical treatment undergone by LDH particles in aqueous
KOH 1 mol/L (i.e. cyclic oxidation and reduction of Ni and induced intercalated species), XRD analyses were
performed on LDH particles deposited on a gold-based electrode (see section 2.2.3, Fig.2.4 and Fig. 4.11) which

consists in a gold-coated mylar film. Experiments were realized in the range from 9 to 29° in 26.

Analyses were first conducted on (i) gold-coated mylar film (Fig. 4.11a, black line) and (ii) dried LDH particles
deposited on gold-coated mylar film (Fig. 4.11a, red line). The faced-center cubic*®
small broad band at 26 = 23° and the diffraction peaks at 20 = 26°. The position of (003) and (006) peaks of the

LDH can be clearly evidenced around 11.5° and 23° (26), respectively.

gold is illustrated by the

Analyses were then conducted in KOH 1 mol/L solution after 40 cycles of polarization, successively (i) at 0.640
V (oxidation of some Ni(ll) sites, Fig. 4.11b, blue line) and (ii) 0.450 V (reduction of Ni(lll), Fig. 4.11b, red
line). Analyses were performed five times. In the range from 22° to 24° in 20, the (006) peaks present a rather
low signal to noise ratio due to the substrate (Fig. 4.11a). The gold characteristic diffraction peak at 26 = 26°
remained at the same position whatever the potential imposed. Thus, it was used as an internal reference to
investigate the (003) LDH diffraction peak behavior; i.e. to investigate the basal distance evolution versus the

applied potential.
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Fig. 4.11c shows a zoom view of the XRD range between 9° and 15° in 20. The evaluation of the 003-period
variation in solution is possible through the shift in position of (003) peak of LDH (Fig. 4.11c). Table 1 shows the
shift in position of the 003-period for 5 successive experiments.

; Period
Experime A&E:ﬁgl Period | Error
nt number | ° (A) (A) variation

V) (A)

1 0.450 7.4280 | 0.0239 | ---
2 0.640 7.3619 | 0.0444 | -0.0661
3 0.450 7.4426 | 0.0250 | 0.0807
4 0.640 7.3855 | 0.0449 | -0.0571
5 0.450 7.4532 | 0.0270 | 0.0677

Table 4.2: Period obtained during 5 successive polarizations at 0.450 V (Ni reduction) and at 0.640 V (Ni
oxidation in KOH 1 mol/L.

The Ni oxidation at 0.640 V (experiments 2 and 4 in Table 4.2) leads to the 003-period decrease, whereas the Ni
reduction at 0.450 V (experiments 3 and 5) lead to the 003-period increase. The redox reactions involve a local

withdrawal/expansion of d-spacing from the average value.

4.7 Discussion

The investigation of the ac-electrogravimetric behavior of nano-Ni/Fe-LDH 6/2 particles in KOH 1 mol/L
indicates LDH pseudocapacitive properties of a mix cation and anion exchanger. Indeed, two different ionic
species with different kinetics were detected, their contribution was attributed to two different processes (redox
and capacitive). The layer positive charge increases due to oxidation of Ni(ll) to Ni(lll), it is balanced by
intercalation of OH™ anions in the LDH interlayers. The intercalation of one OH" anion follows the expulsion of

two interlayered water molecules (Fig. 4.9a) according to the following equation (4.6):

[Ni"sFe"'3(OH)16((OK)]** [(OH)2]*,4H.0 + x OH &
[Ni"6.Ni"'\Fe",(OH) 16..(OK)c]* " [(OH) 4] ", (4-2X)H,0 + 2xH,0 + xe-

(4.6)
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This phenomenon can be related to the free water transfer owing to conformational movements of electroactive
film,"* leading to the LDH layer contraction. Indeed, EXAFS analysis of polarized Ni/Fe-LDH 6/2 electrodes
indicates that both Ni—O and Fe—O distances decrease to ~1.9 A (from d(Ni—0) = 2.06 A and d(Fe-0) = 2.01 A
in the unpolarized electrode).**® The Ni—O bond shortening is consistent with the increase in Ni oxidation state.”
Fe bond contraction is rather explained because of the lattice contraction that accompanies Ni oxidation imposes
a stronger ligand field on the Fe(ll1) centers, thereby inducing crossover from a high-spin electronic structure to a
low-spin state.”’ Fe-O distances of ~1.9 A are consistent with low-spin Fe(l11).**® Moreover, by analogy to
cationic clay minerals, the nature and the strength of forces that a water molecule experiences depend on its
position within the pore space, that is here the distance to the LDH surfaces.” In clay minerals, crystalline

swelling is controlled by a balance between strong forces of attraction and repulsion’™

and is more easily
modeled by considering potential energies of attraction and repulsion.” By analogy to cationic clay minerals, the
attraction potential energy should be electrostatic and dominantly arises from the Coulombic attraction between
the positive surface charge sites caused by isomorphous substitution and the negative charge of the interlayer
anions. Van der Waals interactions between adjacent layers may also contribute to the total potential energy of
attraction. The potential energy of repulsion comes from the partial hydration potential energy of the interlayer
anions and to a lesser extent the partial hydration potential energy of the positive surface charge sites. By analogy
to swelling stages investigated by Lal and Shukla,™® the charge increase due to Ni(ll) to Ni(lll) oxidation
generates reinforced Coulombian charges which leads to a stronger osmotic pressure between the layers owing to
expulsion of interlayered water molecules; i.e. the H,O deintercalation is opposed by the electrostatic attraction
between anions and positively charged layers of the LDH. During the cathodic sweep, the hydration of the anions
is more important than the electroactive attraction between the anion and the positively charge layer. In this way,
ac-electrogravimetric measurements are in good agreement with in situ XRD under polarization. The redox
reactions are responsible for local withdrawal/expansion phenomena in agreement with the successive exclusion
and insertion of interlayered water molecules in d-spacing. By analogy to cationic clay minerals, these results are

in good agreement with those provided by Stucki et al. 2 2%*

In situ XRD under polarization has especially contributed to our current-day understanding of LDH hydration
during cyclic oxidation/reduction. In addition, let us note that, EQCM revealed an irreversible redox reaction that

was attributed to the O, evolution reaction according to the following equation (4.7):

[Ni",Ni" Fe"'3(OH) 16.:(OK) *™ [(OH)2] #*,(4-2X)H,0 — (4.7)
[Ni"sxNi"" Fe"',(OH) 16..(OK)J#™ [(OH) 2] ™, (4-2x-2)H,0 + 2/2 O, + 22 H' + 2z €
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The produced oxygen can be whether totally expulsed or partly sorbed into the macroporosity of the

nanomaterial.

Concomitantly during the anodic sweep, the catalyzed oxygen evolution reaction leads to a decrease of the
interfacial pH and allowed cation desorption from the negatively charged external surfaces. During the backward
cathodic scan, when the current canceled, oxygen evolution reaction stopped. The interfacial pH became equal to
the one of the bulk solution and allowed cation sorption on the external negatively charged surfaces. This
phenomenon was evidenced by EDX and XPS analyses (K detection), in agreement with the following equation
(4.8):

INi"sNi"'Fe""2(OH) 16..(OK) ] #* [(OH)21] ™, (4-2x-2)H,0 + 22 H' 5
[Ni"sxNi"'\Fe"',(OH)16..(OH)J“* [(OH)2,] ™, (4-2x-2)H,0 + ¢ K* + (2z-¢) H' (4.8)

When the oxygen evolution reaction stops, water molecules should diffuse into the interlayer space again, in

agreement with the comparison between the EQCM and ac-electrogravimetry data.

Related to cation transfer, K* cations were demonstrated to be faster and more easily transferred especially at
more anodic potentials (more than 0.625 V), in good agreement with the hypothesis of electroadsorption onto
more accessible sites like edge surfaces once the pH decreases and tends to the pHpzne Value during the anodic
sweep. Compared to cationic clay minerals whose edge surface can be reversibly deprotonated®® #? the
positively charged LDH basal surface should render the H of the =M-OH group more labile. Its lability should be
amplified by the oxidation of the basal Ni(ll). Thus, in the case of LDH, both edge surfaces and external basal

surface sites are both cation sorption sites. The whole mechanism is summed up in Fig. 4.12.
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Figure 4.12: Scheme of the mechanism of the ionic and solvent transfers between the chem-Ni/Fe-LDH and

the KOH 1 mol/L electrolyte and during redox reaction of Ni.

4.8 Conclusion

For the first time, this study investigates electrochemical reactions as well as both the related ionic and water
transfers using of Ni/Fe-LDH 6/2 via electro-gravimetrical characterization. Experiments were specifically
conducted under polarization in KOH 1 mol/L to differentiate the associated specific transfer sites (i.e. adsorption
sites onto both edge and external basal surfaces, and intercalation sites). For a better insight, complementary
techniques were performed by EDX and XPS analyses and in situ XRD under polarization.

Reversible Ni oxidation and reduction was observed using EQCM with a slow charge transfer. After 40 cycles,

the film mass variation was reversible however complex.

Ac-electrogravimetry methodology allows identification of the nature of the charged and uncharged species as
well as the kinetics (K(K") > K(H,0) > K(OH)) and easiness of transfer, exchanged concentration and exchanged
mass for each species at different polarizations. It led to demonstrate the nano-Ni/Fe-LDH pseudocapacitive
properties of mix cation (K*) and anion (OH") exchanger. It also led to demonstrate the water molecule transfer
during the reversible redox reaction i.e. Ni oxidation generates reinforced Coulombian charges which leads to a
stronger osmotic pressure between the layers owing to the expulsion of interlayered water molecules. The
intercalation of one OH" anion results from the expulsion/intercalation of two interlayered water molecules. This
mechanism was further evidenced by in situ XRD analyses. The advanced electrogravimetric analysis led to
demonstrate the existence of an irreversible oxidation reaction that was attributed to the O, evolution reaction
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within the interlayer space. Concomitantly, the electrochemical control of pH variation at the coated interface,
using catalyzed oxygen evolution reaction, allowed cation electroadsorption/desorption onto the external surfaces
in agreement with the pH of zero point of net charge of the nano-Ni/Fe-LDHs. This phenomenon was further

evidenced by EDX and XPS analyses.

For a better insight, we have to further investigate the mechanisms of the electroadsorption of different cations as
well as the electrocatalytic properties of the interlayered water molecules and structural stability of the LDH
while cycling. To do so, chapter 5 presents operando technique was developed and applied for the first time, at
synchrotron SOLEIL (Saclay, France), by coupling EQCM measurements and structural characterization with a
synchrotron XRD beam (20KeV) under polarization, in real time.
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Chapter 5

Operando XRD coupled to
electrogravimetric  measurements  for

understanding the species transfer 1n
Ni1/Fe-LDH 1n basic electrolytes

5.1 Introduction

Layered double hydroxides (LDHs) are lamellar inorganic solids with a brucite-like structure
(Mg(OH),), in which the partial substitution of trivalent M"" for divalent M"” metallic cations results
in an excess of positive charges in the octahedral layers. This excess of positive charges is
compensated by the presence of exchangeable hydrated anions in the interlayer space of the solid.”*
This leads to the general formula: [M®,N"",(OH),]**(A™).mH.0, providing LDHs high capacity
for anion exchange (2-3 meg/g).”***** Moreover, the synthesis of LDHs bearing electroactive metal
cations within their structure enables reversible electrochemical oxidation and reduction® 24161215216
making it possible to control ions and water molecules exchanges capacity (annex A, chapter 4) and
thus to envisage breakthrough electrolysis processes for the capture and release of ions (energy
storage, water treatment, industrial effluent treatment...). Indeed, for the first time, the investigation of
the LDH electrochemical behavior confirmed the pseudo-capacitance properties of mix cation and
anion exchanger. It also led to demonstrate the water molecules transfer during the reversible redox
reaction involving the electroactive metal cations constituting the brucitic layers. This work was
conducted using Ni/Fe-LDH 6/2 coated electrode (pHpzne equal to 8) in KOH 1M. This electrolyte
(pH = 14 >>> pHpznc) Was selected to envisage cationic sorption on the LDHSs edge sites in agreement

with Eq (5.1):

=M-OH +C' ©=M-O'+H'+C"'<=M-OC+H" (5.1)

where M is a metal cation constituting the layered sheets and C* a cation adsorbed onto the surface.

Reversible oxidation/reduction reaction of the couple Ni(Il)/Ni(1ll) was observed using EQCM with a
slow charge transfer. The coupling of the electrochemical (EQCM and ac-electrogravimety) combined

to the results of complementary physical techniques (EDX and XPS and in situ XRD) determined and

125



Chapter 5. Operando XRD coupled to electrogravimetry for understanding species transfer

confirmed the nature of the transferred species. Ac-electrogravimetry identified the nature, in terms of
molar mass, and related kinetics and concentration variation of each of the reversibly transferred
species associated with the redox reactions involving Ni. These mechanisms are summed up in

equation (5.2):

[Ni"sFe"2(OH)16<(OK)J* [(OH)2]* 0.5H;0 + XOH & 6.2)
[Ni"g.Ni" Fe",(OH) 16.(OK)J ™ [(OH) 4] ™, (4-2X)H,0 + 2xH,0 + xe”

Ac-electrogravimety evidenced reversible anion intercalation/deintercalation into the interlayer
spacing in agreement with the redox reactions leading to modulate the electric charge of the layers.
Concomitantly, the electric charge modulation enabled the reversible transfer of water molecules by
tuning the Coulombian interactions within the layers. This phenomenon was confirmed by in situ
XRD under polarization. In addition, the induced electrochemical modification of the pH at the coated
interface via catalyzed oxygen evolution reaction (OER) allowed cation electro-desorption onto the
LDH external surfaces in agreement with the pH of zero point of net charge of the nano-Ni/Fe-LDHs
(Eq. 5.3):

[Ni"5.Ni"Fe""(OH)16..(OK)] ™" [(OH)2. “,(4-2X)H,0 + cH' & ®3)
[Ni",Ni"' e, (OH) 16..(OH)c]*™ [(OH)20] ™, (4-2x-2)H,0 + cK*
Then adsorption is reversibly obtained in agreement with the pH value increase when OER stopped

during the cathodic sweep.

This phenomenon was evidenced by combining EDX/XPS analyses. Finally, the comparison between
EQCM and ac-electrogravimetry postulated the electrocatalytic properties of interlayered water

molecules.

In this chapter, we investigated further the mechanisms of electroadsorption of cations as well as the
electrocatalytic properties of the interlayered water molecules. Concerning electroadsorption of
cations, electrochemical and electrogravimetrical techniques compared the influence of the cation
nature on current and mass. Three monovalent cations were investigated in the following electrolytes:
LiOH, KOH and CsOH. For a better insight, ac-electrogravimetry technique couples electrochemical
impedance and mass/potential transfer functions measurements at different polarizations. In agreement
with reversible redox reactions, it allowed identification of transferred species and determination of
associated transfer Kinetics. It also determines easiness of transfer and concentration variation of
transferred cations to investigate the influence of the nature of the electrolytic cation on the
intercalation/deintercalation of both anions and water, in agreement with the redox reactions involving
Ni(I1)/Ni(I1) within the Ni/Fe-LDH 6/2.

To investigate the electrocatalytic properties of the interlayered water molecules, an operando
technique was developed and applied for the first time, at synchrotron SOLEIL (Saclay, France), by
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coupling EQCM measurements and structural characterization with a synchrotron XRD beam
(20KeV) under polarization. In real time, under polarization of chem-Ni/Fe-LDH coated film, we
recorded current, frequency related to mass, and parameters of the 003-peak of the XRD pattern
simultaneously. Measurements enabled to differentiate water deintercalation, caused reinforced
Coulombian interactions in agreement with OH" intercalation, from the oxidation of water into the

interlayer spacing by OER.

5.2 Coupled electrochemical and gravimetric measurements

5.2.1 Global mass variation within one cyclic polarization

A series of polarization cycles was performed during 4900 s between 0.440 V/SHE and a potential
depending on the supporting electrolyte: 0.710 V/SHE for KOH and LiOH 1 mol/L, 0.730 V/SHE for
LiOH 1 mol/L, 0.840 V/SHE for CsOH 0.1 mol/L. The current and frequency variation related to the
mass of the film were recorded for each of the electrolytes KOH, CsOH, LiOH 1 mol/L and CsOH 0.1
mol/L. Table 5.1 (pp 145-146) summarizes the characteristics of the investigated electrolytes (activity
coefficient, calculated pH and measured pH). For each electrolyte, the activity coefficient is dependent
on the electrolytic cation.*”® The initial pH was measured and calculated by the pHreeqC software
using Thermoddem® database. The pH value differed slightly from one electrolyte to another (table 1)
following pH(CsOH 1 mol/L) > pH(KOH 1 mol/L) > pH(LiOH 1 mol/L) >> pH(CsOH 0.1 mol/L).
For each investigated electrolyte, Ni/Fe-LDH presents a characteristic electrogravimetric behavior.
Figure 5.1 illustrates the electro-gravimetrical characteristic response obtained during the last cycle at

4900 seconds for each of the electrolytes.
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Figure 5.1: Current and mass variation curves obtained from Ni/Fe-LDH for cycle number 60
under cyclic polarization between 0.440 V/SHE and a potential depending on the supporting
electrolyte (0.710 V/SHE for KOH and LiOH 1 mol/L, 0.730 V/SHE for LiOH 1 mol/L,
0.84V/SHE for CsOH 0.1 mol/L).

As previously studied for Ni/Fe-LDH in KOH 1mol/L, (chapter 4) during the anodic sweep (Fig.

%95 and oxygen evolution reaction (OER) was

5.1a), Ni(ll) redox active sites were oxidized to Ni(lll)
started in agreement with the electro-catalytic properties of Ni/Fe-LDHs.*****"?*2 During the cathodic
sweep, oxidized Ni(lll) sites were reduced to Ni(ll). The same behavior is observed for other
electrolytes (Fig. 5.1b, c, d). Ni(I11)/Ni(ll) redox peaks appear at different potentials depending on the
investigated electrolyte. For 1 mol/L electrolytes, it is situated in the same range of potentials,

however slightly shifted to the anodic potential according to: Enignynigiy (LIOH 1 mol/L) = 0.63 V/SHE
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> Enignynign (KOH 1 mol/L) = 0.60 V/SHE > Eniquyniary (CSOH 1 mol/L) = 0.58 V/SHE, following the
pH value of the supporting electrolytes according to: pH (CsOH 1 mol/L) > pH (KOH 1 mol/L) > pH
(LiOH 1 mol/L). For CsOH 0.1 mol/L, it is approximately 60 mV shifted to more anodic potential
(Enigimymian cson 0.am= 0.69 V/SHE) compared to that of CSOH 1 mol/L. This leads to Enignymigi-nirre 672
Lon (V/SHE) = -0.08xpH +1.8 in the investigated pH range.

The shape of the mass response also depends on the electrolyte. As previously studied for chem-Ni/Fe-
LDH in KOH 1 mol/L (chapter 4), different species are simultaneously involved. During the anodic
sweep, the global mass increase (slope 1) highlights the OH" intercalation, simultaneously with Ni(ll)
oxidation. The subsequent mass decrease (slope 2) is concomitant to the OER. From previous ac-
electrogravimetric study (chapter 4), it was modeled that the decrease in the interfacial pH value
enables the electrodesorption of K* onto the external basal surfaces. It was also concluded that H,O
molecules are driven out from the interlayer space as the OH™ species are intercalated when some
Ni(Il) are oxidized. During the cathodic sweep, the counterflux of these species was expected. The
mass increase (slope 3) is concomitant to the electroadsorption of K* as the interfacial pH increases as
well as the intercalation of the water molecules. Finally, the mass decrease (slope 4) is due to the

deintercalation of OH" during Ni(l1l) reduction.

In LiOH 1 mol/L, the anodic sweep shows a mass gain (slope 1) followed by a mass loss (slope 2).
The competition of the different phenomena seen above with KOH 1 mol/L solution could be
responsible for the inversion of slopes compared to that of KOH 1 mol/L. A possible explanation is
supported by the different kinetics transfer for OH™ and Li", due to the lower pH of the LiOH 1 mol/L

solution, or an easier desorption of Li* than that of Cs” and K",

In CsOH 1 mol/L and 0.1 mol/L, the global mass variation shape shows principally a mass loss during
the anodic sweep (slope 1), and a mass gain during the cathodic sweep (slope 2). We assume that the
entry of OH™ having a low molar mass is hidden by the loss of Cs* whose molar mass is about 8 times
higher. In CsOH 0.1 mol/L, except for Ni(lll) reduction peak, the current density is positive even
during the cathodic sweep. These phenomena could be attributed to the remarkable Cs* properties for
which, in the case of cationic clay minerals, the adsorption is assumed to clearly increase when the
ionic strength decreases.”® **#® Indeed, during the cathodic sweep, and below the Ni(Ill) reduction
peak, the positive current accompanied by the slow increase in mass is characteristic of a capacitive
current associated to the adsorption of Cs*. During the anodic sweep between 0.440 V and 0.740
V/SHE, the same phenomenon pursues with a capacitive current density of 20 to 40 pA/cm? (10
mV/s).

EQCM technique only provides an overview of the global transferred mass and cannot give precise

information on the nature and kinetics of the transferred species. It is challenging to deconvolute each
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species contribution into gravimetric and dynamic components with EQCM results as the global cyclic
electrogravimetry response is recorded at a certain scan rate (i.e. at certain Kinetics). Therefore,
coupling both QCM and electrochemical impedance spectroscopy techniques (ac-electrogravimetry)
was performed. It allowed comparing the kinetics and concentration variation of the species in the
different electrolytes.

The nature and kinetics of ions and water molecules transfers in each of the supporting electrolytes
cannot be concluded regarding EQCM, as the mass variation is a global mass transfer of potentially
several species, thus ac-electrogravimetry is needed and the results are discussed thereafter.

5.2.2 Ac-electrogravimetry

Ac-electrogravimetry was investigated for Ni/Fe-LDH in CsOH and LiOH 1 mol/L (Fig. 5.2) and in
KOH 1 mol/L (Fig. 4.7). (Ni/Fe-LDH ac-electrogravimetry behavior was not investigated in 0.1 M
supporting electrolyte; this concentration prevents the obtainment of a significant signal. Phenomena
recorded in KOH 1 mol/L have already been discussed in Chapter 4. Here, the ac-electrogravimetry
simulation (Fig. 5.2) at 0.650 V/SHE shows that whatever the investigated electrolyte, the same
species are reversibly transferred: a flux of anions (OH") and, a counterflux of dehydrated cations (Cs",
K, Li*) and free water molecules.

The simulation of the results obtained by ac-electrogravimetry at different potentials enabled to
determine the transferred concentrations (Fig. 5.3) of each of the species contributions in the different
electrolytes. This shows the transfer of cations to the LDH during oxidation, as well as the counterflux
of OH" and H,O. It has been proved in another study on Ni/Fe-LDH in KOH (chapter 4) that cations

are electrosorbed/desorbed onto the external surfaces following equation (5.4):

[Ni"sFe"',(OH)14(0C),], [OH],,(4-y) H,0 + 2yH" 5 [Ni"sFe"',(OH)14(OH),], [OH].,(4-y) (5.40)
H,0 + (2y-2)H" + 2C*

where C" is a cation (K", Cs", Li").

OH" anions are transferred from the electrolyte to the interlayer space during the anodic sweep. This is
in agreement with other studies demonstrating the intercalation of OH™ while Ni is oxidized to
preserve electroneutrality. For the three electrolytes used in this study, free water molecules are also

reversibly transferred from the interlayer space to the electrolyte during the anodic sweep (Eg. 5.5).

[Ni"gFe"',(OH)14(OH),], [OH]2,(4-y) H,0 + xOH™ S [Ni"gNi" Fe"',(OH).4(OH),], [OH]24x(4- (5.5)
y) H,0 + xe
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Figure 5.2: Fitting of the experimental data of a thin film of nano-Ni/Fe-LDH 6/2 in LiOH 1M (a)
Aq/AE TF, (b) Am/AE TF, (¢) Am/AE cation + water partial TFs (after removing the contribution
of OH), (d) Am/AE anion + water partial TFs (after removing the contribution of Li*). Fitting of
the experimental data of a thin film of nano-Ni/Fe-LDH 6/2 in CsOH 1M (a) Aq/AE TF, (b)
Am/AE TF, (¢) Am/AE cation + water partial TFs (after removing the contribution of OH), (d)

Am/AE anion + water partial TFs (after removing the contribution of Cs").
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Figure 5.3: ac-electrogravimetric results of Ni/Fe-LDH electrodes in three aqueous electrolytes
(LIOH, KOH and CsOH 1M). Evolution of the kinetic parameters, K; (cm.s™) is shown, for

intercalated water molecules and anions (a) and cations (b). Evolution of the transfer resistance
values, Rt; is shown, for intercalated water molecules and anions (c) and cations (d).

By comparing kinetics of OH" in different supporting electrolytes (Fig. 5.3a), it is observed that OH" is
slower than H,O in KOH 1 mol/L, but faster than H,O in LiOH and CsOH 1 mol/L. OH" has the
fastest transfer kinetics in LiOH 1 mol/L (10™cm/s), followed by KOH 1 mol/L (2 10” cm/s) and

CsOH 1 mol/L (from 4 10 to 5 10" cm/s), probably because of the intense charge for the oxidation of
Ni(ll) to Ni(ll) sites.
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Figure 5.4: Evolution of the relative concentration, C;— Co, of each species, over the potential
range [0.575 V; 0.675 V], considering three aqueous electrolytes (LiOH, KOH and CsOH 1M).

The highest transferred OH" concentration (Fig. 5.4) is calculated in CsOH 1 mol/L (300 umol/cm?®),
followed by KOH 1 mol/L (150 pmol/cm?) and LiOH 1 mol/L (140 pmol/cm?). In LiOH 1 mol/L, OH"
is only intercalated at the highest potentials (i.e. 0.65V and 0.675V vs. SHE), contrarily to KOH and
CsOH solution where OH' is intercalated from 0.575V to 0.675V. That can be explained due to the

anodic shift of the Ni oxidation peak in LiOH 1M (which also means that the concentration of OH" is
lower at the interface).

Regarding the behavior of reversibly transferred H,O, it has the lowest transfer kinetics (Fig. 5.3a) in
LiOH 1 mol/L (4 10°cm/s) followed by KOH 1 mol/L (7 10™cm/s) and CsOH 1 mol/L (2 10”°cm/s for

the most anodic potential).

Deintercalation of water molecules is the highest (Fig. 5.4) in CSOH 1 mol/L (2000 umol.cm™). This
can be explained because the highest concentration of intercalated OH" is also found in CsOH 1 mol/L.
There is around six times more reversibly deintercalated H,O than intercalated OH" in CsOH 1 mol/L.
In both electrolytes KOH 1 mol/L and LiOH 1 mol/L, both concentrations of intercalated OH" are
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similar. However, with regard to intercalated OH", there is three times more deintercalated H,O in
LiOH (with low kinetics) and two times more deintercalated H,O in KOH 1M (with high kinetics).

Comparing the cation behavior, K* is slightly faster than Cs* at 0.675 V/SHE (=4 10™cm/s) (Fig.
5.3b). In comparison, Li* is 2.5 faster (1 10 cm/s). This comparison can be related to the known
diffusion coefficient in bulk (table 5.1) whose values are comparable in terms of scale d(Cs*)< d(K") <
d(Li*). The lowest transfer kinetics was calculated for CsOH 1M, for the more cathodic potential
(2.375 107). This value is in good agreement with the capacitive phenomenon observed in CsOH
0.1M in which the transfer kinetics should be even lower.

These results enable to understand the global mass variation versus applied potential reported in Fig.
5.1. In CsOH and KOH 1 mol/L, the transfer kinetics of cations, anions and water molecules is
comparable. This is the reason why the shape of the mass vs. E curve is quite similar. The differences
are only localized in the highest concentration of reversibly transferred OH", H,O and cations in CsOH
1 mol/L. Compared to the gravimetric curve shape obtained in KOH 1 mol/L, the one obtained in
CsOH highlighted the contribution of the Cs" cations in agreement with their molar mass that is almost
8 times higher than that of OH" (Fig. 5.4).

The electrogravimetrical curve obtained in LiOH 1 mol/L (Fig. 5.1c) can be differentiated from the
others. During the anodic sweep, a huge decrease in mass is observed in the range [0.625; 0.700]
V/SHE followed by a huge increase in mass in the range [0.700; 0.740] V/SHE. In comparison with
data acquired in KOH (Fig. 5.1a) or CsOH 1 mol/L (Fig. 5.1b), the differences are localized in both
kinetics and concentration of reversibly transferred species. The phenomenon related to the mass
increase in range [0.700V; 0.740] V/SHE was not investigated by ac-electrogravimetry due to water
oxidation reaction. Nevertheless, the global gravimetric decrease during the anodic sweep can be
explained by the reversible intercalation of OH" while 3 times more H,O are deintercalated and Li" is
desorbed. In the range [0.700V; 0.740] V/SHE, the only way to explain this high increase is the
transfer of species towards whose global mass is positive i.e. the sum of masses from which OH"

intercalation dominates compared to the deintercalation of water molecules and desorption of cations.

5.2.3 Global mass variation versus incremented polarization cycle

In each investigated supporting electrolyte, the electrogravimetrical behavior of Ni/Fe-LDH during the

linear potential cycling is presented versus time in Fig. 5.5.
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Figure 5.5: Current and mass variation obtained from Ni/Fe-LDH versus time under cyclic
polarization between 0.44V/SHE and a potential depending on the supporting electrolyte (0.710
V/SHE for CsOH 1 mol/L (c) and KOH 1 mol/L (b), 0.73V/SHE for LiOH 1 mol/L (a), 0.840
V/SHE for CsOH 0.1 mol/L (d), the scan rate is 10 mV/s
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The maximum positive current density is related to the OER whereas the maximum negative current
density is related to redox active Ni(lll) reduction peak. Table 5.1 summarizes exhaustively the
electro-gravimetrical performances of Ni/Fe-LDH i.e. the potential of Ni(I11)/Ni(Il) peaks, OER was
determined from the maximum intensity at the most anodic potential, intensity of Ni(lll) reduction
peak and OER peak and mass variation until the last cycle.
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Table 5.1: Physical and chemical characteristics of CsOH, KOH and LiOH 1 mol/L and CsOH 0.1 mol/L.

Electrolyte | Activity Calculated | Measured | lon Potential | Intensity | Intensity | Variation | Mass lonic and
coefficient | pH pH diffusion of the Ni | of the Ni | of the | from variation | water
of the | (pHreeqC) coefficients | reduction | peak highest highest from transfer
electrolyte in bulk | and (red) OER OER initial to | kinetics at
solution oxidation | (mA/cm?) | peak peak final the LDH
Dpuk X 10" | peaks (mA/cm?) | intensity | 5000s interface
1o m?/s | (VISHE) to peak | (ng/cm?) | (cmis)
144 145 at (simulation)
4900sec
CsOH 1M | 0.966 13.87 14 22+1 0.55V 7"cycle |4.25 -56.7% 86299
(red) and 5" cycle
difficult to Maybe
say (0x) not the
same
limit
KOH 10.968 13.77 13.8 2114 0.54V 13M cycle | 8" cycle | -88.3% 104395 | K* 1.57E-4
mol/L (red) and 14.78 to 5.03E-4
0.65V (ox)
Difference: H,O 6.21E-
0.12v 5to 8.64E-5
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OH" 2.99E-5
to 3.30E-5
LiOH 110.973 13.61 13.62 10+1 0.57Vv 15" cycle | 9.098 -42.2% -83525 Li* 2.3419E-
mol/L (red) and | 1.47E-3 | 14" cycle 5t04.72-5
0.69V (ox)
Difference:
0.12v
CsOH 0.1 |0.997 12.89 12.70 22+1 0.63V The last | 14.63 -58% 3019 Cs" 2.38E-5
mol/L (red) and | peak s | 11™ cycle to 4.76E-4
difficult to | the most | Maybe H,O 9.43E-
say (0x) intense not the 7 to 3.96E-5
same OH" 5.09E-6
limit to 6.55E-5
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In 1 mol/L electrolytes (Fig. 5.5A, B, C), the electrogravimetrical behavior of Ni/Fe-LDH can be divided
into three distinct periods. During the first period slot (Fig. 5.5, period slot 1), the current density of the
Ni(lIl) reduction reaction increases versus incremented cycles and is shifted towards more cathodic
potentials with incremented cycles. The same phenomenon occurs with Ni(ll) oxidation reaction (however it
is not visible in Fig. 5.5). These enhanced reactions are in agreement with the increase in some irreversibly
oxidized Ni(lll) clusters that enhance the conductivity of the Ni/Fe-LDH™"!*10152259 (chapter 4). The
maximum current density of Ni(1I1)/Ni(ll) peaks is reached after 15 cycles in LiOH 1 mol/L, 13 cycles in
KOH 1 mol/L and 7 cycles in CsOH 1 mol/L (Fig. 5.6) and should be correlated to the highest conductivity
of the material. This hypothesis is corroborated as the increase in Ni(ll) oxidation current density during the
whole first period slot conducts to an enhanced catalysis of the OER i.e. the intensity of the OER increases
and is progressively shifted to lower potential. The maximum intensity of OER is reached after 14 cycles in
LiOH 1 mol/L, 8 cycles in KOH 1 mol/L and 5 cycles in CsOH 1 mol/L. Simultaneously to the increase in
conductivity and in the catalysis of OER, the mass of the film remains constant from one cycle to another
which highlights the stability of the film even under OER. It is to be noted that for KOH 1 mol/L, the
experimental optimization of the anodic scanning potential within this first period increased the OER which

enhances a premature mass decrease that is explained in the next paragraph.

During the second period slot, (Fig. 5.5, period slot 2) the current densities due to both H,O oxidation and
Ni(ID)/Ni(1l) system decrease versus incremented cycles and are slightly shifted towards more anodic
potentials. Those concomitant phenomena in agreement with those previously described during the first slot
period clearly highlight the duality between conductivity and interfacial pH. The increase in conductivity
drastically enhances OER which is responsible for the progressive and continuous decrease in the interfacial
pH value versus incremented cycles. This renders water oxidation potential, more anodic. Depending on the
supporting electrolyte, the OER current density decreases sharply (table 5.1) following the order: KOH 1
mol/L (-88%) > CsOH 1 mol/L (-58%) > LiOH 1 mol/L (-42%). The interfacial pH dramatic decrease is
responsible for the anodic shift and decrease in Ni(I11)/Ni(Il) redox peaks as OH™ anions are less available at
the interface. Thus, the kinetics of the reaction (equation (5.6), adapted from equation (5.1) (chapter 4) is

slower:

[Ni"eFe"",(OH)16<(OC)e] *[(OH)z] * 4H,0 + XOH 55 (5.6)
Ni"ls«Ni"'xFe'"',[(OH) 16..(OC) ] ™ [(OH) 2] ™, (4-2X)H,0 + 2xH,0 + xe’

where C" is the investigated cation. Once the Ni(I1)/Ni(lll) peaks and OER shift and become less intense, the
mass value decreases sharply compared to the initial value (table 5.1). The decrease in mass is aggravated for
CsOH 1M, followed by LiOH 1M and KOH 1M. This phenomenon will substantially be discussed

thereafter.

In the third period slot (Fig. 5.5, period slot 3), only the mass response reaches a plateau in both electrolytes,
indicating a stationary evolution of the mass transfer. In the meantime, the catalysis of OER is still becoming

more and more anodic, indicating progressive and continuous decrease of the interfacial pH value.
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Regarding CsOH 0.1 mol/L electrolyte, Fig. 5.5D shows the electrogravimetrical behavior of Ni/Fe-LDH. In
comparison with 1 mol/L supporting electrolytes, pH is largely inferior. The investigated potential range is
thus larger to observe the reactions of interest. Let us first note that, as in KOH 1M, the optimization of the
anodic scanning enhanced dehydration phenomenon. This phenomenon was intentionally caused between 0
and 1000 seconds such as to comfort premature dehydration in agreement with OER. A priori, the
electrogravimetrical curves do not present phenomenon as remarkable as those observed in the 1 M
supporting electrolytes. Ni oxidation-reduction current peaks increase slowly and do not reach any maximum
during the 4900 seconds of cycling. From 1000s, the current density of the OER decreases softly versus time
with the slight mass decrease. The mass variation reaches a first plateau during the range [1500-3000] s. Let
us remember that for CSOH 0.1M the variation of pH value is one unit lower than that in the 1M supporting
electrolytes, and the investigated potential range is quite larger in comparison with those carried out in the
other supporting electrolytes. Thus, the low decrease in mass and in OER intensity should be attributed to the
larger scanning range that leads to the reversible increase in pH value at the interface when the OER is
stopped.

Regarding this preview analysis, the aim is to understand further the mechanisms of transfer that are at the
origin of the difference in behavior for the investigated electrolytes. Ac-electrogravimetry enabled to
determine the nature (in terms of molar mass), kinetics and concentration of the reversible transfer of
charged and uncharged species. To investigate further the non-reversible reaction of water oxidation within
interlayer spacing, it was necessary to analyze the basal distance during the cyclic polarization.

Consequently, operando XRD coupled to EQCM measurements are developed in the next section.

5.3 Operando XRD coupled to EQCM measurements

5.3.1 Principle

A home-made electrochemical cell (Fig. 2.5) was developed to simultaneously record EQCM measurements
and the XRD pattern of the material at synchrotron SOLEIL (SIXS line). The whole setup is described in

section 2.2.3.

Several parameters were simultaneously recorded under XRD and cyclic polarization at room temperature:
current, frequency shift of the quartz related to the mass variation of the LDH film and characteristic/details
of the (003)-peaks of the LDH pattern. Concerning the latter parameter, one scan of the 003-peak was
recorded at each second. Each peak was then fitted with a Lorentzian curve to plot the width, intensity and

position of the peak versus time.

For a better insight into the structural stability of the Ni/Fe-LDH under potential cycling and for a further
investigation of the species transfer into the interlayer space, operando XRD coupled to electrogravimetric
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measurements were performed in KOH 1M, LiOH 1M and CsOH 0.1M solutions. The experiment could not
be conducted in CsOH 1M as the X-ray synchrotron beam was mainly adsorbed by the electrolyte leading to
too low signal that could not be interpreted. The 003-peak of the LDH diffractogram was recorded versus
time, successively, in the absence of any polarization (4900 seconds) and against under polarization
(potential cycling for 4900 seconds). The 003-peak was fitted with a Lorentzian curve to determine its Full
width at half the maximum intensity (FWHM) and its position versus time and applied potential. The
variation of the peak intensity can be related either to the change in electronic density or to the change in the
electronic density distribution in the c-axis. The analysis of only one (00l) peak does not allow determining
the relevant phenomenon, thus the peak intensity is not shown and discussed thereafter. The width of the
peak is an indicator of the de-organization level of the layers within a sheet. The position of the 003-peak (in

Q-range) was converted to obtain the LDH basal distance.

The monitoring of the position of the coated Ni/Fe-LDH 6/2 003-peak was conducted for 4900 seconds
without polarization in the investigated supporting electrolytes. It was then conducted under polarization.
Figure 5.6 illustrates the data acquired for Ni/Fe-LDH 6/2 in LiOH 1M.
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Figure 5.6: Evolution of the 003-peak of the Ni/Fe-LDH in LiOH 1 M (A) in the absence of any
polarization and (B) under cyclic polarization between 0.440 V/SHE and 0.710 V/SHE, at ImV/s

Without polarization, the 003-peak position, intensity and width remained constant versus time. This result
clearly demonstrated that the chemical anionic exchange between interlayered CO5* and OH™ anions coming

from the 1 and 0.1M bulk solutions was done.
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5.3.2 Versus incremented polarization cycle

Figure 5.7 shows operando XRD data acquired in KOH, LiOH 1 mol/L and CsOH 0.1 mol/L. It shows the
electrogravimetric behavior of Ni/Fe-LDH 6/2 under cyclic polarization in agreement with the evolution of

the LDH basal distance via the monitoring of the 003-peak.
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Figure 5.7: Operando XRD in LiOH 1 mol/L (a), KOH 1 mol/L (b) and CsOH 0.1 mol/L (c).

Whatever the investigated supporting electrolyte, the 003-peak is observed over the whole cycling
experiment which demonstrates that the LDH structure is conserved versus time and applied potential. Under
polarization cycle, both full width at half maximum (FWHM) and basal distance vary. Nevertheless, they
vary anticorelatively and with a similar percentage of variation which indicates, in agreement with the
Scherrer equation, that the number of stacked layers within a sheet remains globally constant (in the range 8-
10 layers). This result clearly highlights the conservation of crystallographic structure of the Ni/Fe-LDH and
specifically the number of stacked layers in each particle versus polarization and time. This result, associated
to the constant mass response in period slot 3 (see Fig. 5.7), is related to the absence of any dissolution,

dissolution/reprecipitation or crystallization of the LDH material.
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For LiOH 1mol/L solution, the basal distance decreases during period slot 1 (Fig 5.7), while the mass of the
film remains constant and the conductivity and OER are enhanced. In a first approach, this is consistent with
the increase of some irreversibly oxidized Ni(lll) clusters within the lattice. Indeed, this is responsible for the
increase in the distortion in the lattice due to the irreversible shortening of Ni—-O and Fe-O distances
decrease to ~1.9 A (from d(Ni-O) = 2.1 A and d(Fe-O) = 2.0 A*®). This distortion progressively and
irreversibly prevents deintercalated water to reversibly intercalate within the Ni/Fe-LDH layers. This
phenomenon aggravates the electrostatic attraction between anions and positively charged layers. Both
concomitant phenomena are responsible for progressively collapse the Ni/Fe-LDH particle layers. At the
same time, the mass oscillation around a stationary value is explained by a mass balance between
interlayered species intercalation/deintercalation and external species adsorption/desorption while Ni-Fe-
LDH dehydrates.

During period slot 2 in LiIOH 1mol/L (Fig. 5.7), the basal distance continues to decrease. This phenomenon
is observed while the LDH reached its highest conductivity as already discussed. At the same time, the
gravimetric curve shows a drastic decrease. Alone, the increase of Ni(lll) clusters within the lattice (leading
LDH layers to collapse) does not explain those concomitant evolutions. Together, they clearly highlight
another one concomitant phenomenon. The only way to explain both gravimetric and basal distance decrease
during period slot 2 is the catalysis of the interlayered H,0O, in agreement with the OER enhancement and the
demonstrated constant characteristic structure of the Ni/Fe-LDH versus polarization and time. Those
concomitant phenomena are then responsible for the progressive decrease in the intensity of OER and Ni(ll)

oxidation peak which potential shifts anodically in consequence of a decrease of the interfacial pH.

An OER may oxidize the interlayered H,O molecules, the resulting products are O, gas and H* that should
diffuse to the bulk of the solution according to reaction (5.7):

[Ni"sFe"',(OH)14(OLi);][OH],4H;0 — [Ni"Fe";(OH)1u(OLi);][OH]z,(4-y) H,O + 2y € + y/2 O, + 2y H'
(5.7)

H* is probably either expulsed to the solution bulk or is bonded to an interlayer OH" (and this event may be
followed by the intercalation of another OH"). During the cathodic sweep, when the current reaches zero,

H,O molecules should be reversibly reintercalated.

This reaction is not reversible, thus H" and O, transfers cannot be observed by the ac-electrogravimetry
technique. It is to be noted that for KOH 1 mol/L in the first period slot, the experimental optimization of the
anodic scanning potential increased the OER and enhanced a dehydration phenomenon which generated the

premature mass decrease.

During period slot 3, the basal spacing oscillated around a stationary value (Fig. 5.7a). In that case, the
constant oscillation is essentially attributed to the reversible intercalation/deintercalation of H,O in

agreement with equation 1. This steady state could be due to the competition between an equivalent mass
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gain and a mass loss. The mass gain is caused by a constant diffusion of water due to the slowdown of the

water oxidation at low pH. The mass loss is caused by OER still active although slowed down.

Like in LiOH 1 mol/L, in the presence of KOH 1 mol/L (Fig. 5.7b), the basal spacing behaves similarly
during period slots 1 and 2 to reach its minimum value at the end of period slot 2. However, during period
slot 3, the basal spacing oscillated with an increase of the mean value as the mass of the film reached a

plateau and OER intensity decreases sharply by 86%. This huge decrease in intensity is in agreement with:

- a much lower pH at the interface (and less available OH") as in LiOH 1 mol/L, that allows to rehydrate the
anions in the interlayer space

- the chemical reduction of Ni(lll) sites (in agreement with Eniquyniqn-nire 612 Lon > Eozmzo) that prevents the
conductivity to be enhanced and is responsible for the drastic decrease in the intensity of the oxidation-
reduction peaks. OH" is irreversibly deintercalated.

The mass oscillation around a stationary value is explained by a mass balance between interlayer species
intercalation/deintercalation and external surface species adsorption/desorption while globaly OH"
deintercalate, K* desorbs and Ni/Fe-LDH rehydrates. This is in agreement with the mass constancy, the
decrease in pH at the interface and the decrease in the distortion in the lattice, the bondings Ni-O and Fe-O
distances increase from ~1.9 A to d(Ni-O) = 2.1 A and d(Fe—O) = 2.0 A.*** By analogy, it is in agreement

with the data acquired on structural properties of smectites bearing Fe(ll)/Fe(I11) iron.?>!

In CsOH 0.1 mol/L, the basal spacing oscillated around a “stationary” value versus incremented polarization
cycles, which denotes a stability of the interlayer distance. By the end of the experiment, the intensity of the
OER only decreased by 58% (and the majority of the decrease occurs between the 11™ and 12" cycle during
the optimization of the potential range). Within the whole cycling, the intentional enhancement of the
dehydration phenomenon caused by OER did not sufficiently affect the basal spacing because ac-
electrogravimetry demonstrated that for the reversible redox reaction according to equation (5.1),
Ni(HT)/Ni(1l) redox active couple within the Ni/Fe-LDH lattice (in KOH 0.1 mol/L) is able to reversibly
deintercalate 6 H,O for each OH’ intercalated in agreement with equation (5.1). The operando XRD

conducted in CsOH 0.1 mol/L is in quite good agreement with such a water hydration.
5.3.3 Within one cycle in LIOH 1M

For a better illustration of the hydration phenomenon, Fig. 5.8 shows the electrogravimetrical curve and the
interlayered spacing variation versus the cyclic potential variation obtained by operando XRD in LiOH 1
mol/L.
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Figure 5.8: Electrogravimetrical curve (in blue) and interlayered spacing variation (in red) and
current (in black) versus the applied potential obtained operando XRD in LiOH 1 mol/L, scan rate at 1
mV/s.

In an |-V cycle in LiOH 1 mol/L, during the cathodic sweep (Fig. 5.8), as long as the current density is
positive, the basal spacing value is at its minimum. At the zero current and just below the zero current, there
is a slight increase in the period value. The slope of the basal spacing curve is sharper at the Ni(lll) reduction
peak. After the Ni(lll) reduction peak, the current density is still negative. During the anodic sweep, it is still
negative as the basal spacing continues to increase slightly. Once the current value becomes positive, the

period is constant and decreases sharply from the Ni(ll) oxidation peak to reach its minimum value.

The positive current (corresponding to both Ni and water oxidation reactions) is responsible for a first
decrease in mass, followed by an increase and finally a 2" decrease in mass in EQCM, owing to a loss of Li*
at the surface, a gain of OH" in the interlayer space, and finally a loss of H,O in the interlayer space. The
decrease of the basal spacing is related to water swelling which was demonstrated by EQCM measurement,

ac-electrogravimetry and operando XRD under cyclic polarization.

5.4 Conclusion

Previous investigation of the electrochemical behavior of nano-Ni/Fe-LDH in KOH 1 mol/L confirmed the
pseudo-capacitance properties of mix cation and anion exchanger. It led to demonstrate the water molecule
transfer during the reversible redox reaction involving the metal cation constituting the brucitic structure. It
also led to postulate the electrocatalytic properties of interlayered water molecules. In this study, we
investigated further the mechanisms of electroadsorption of three cations (Li*, K*, Cs") as well as the
electrocatalytic properties of the interlayered water molecules by operando XRD coupled to

electrogravimetric measurements.
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Electrochemical and electrogravimetrical techniques (EQCM) allowed us to compare the influence of the
cation nature on current density and mass variation. For a better insight, ac-electrogravimetry technique was
employed for the identification of transferred species and the determination of associated transfer Kinetics. It

also allowed to determine the easiness of transfer and the concentration variation of the transferred cations.

Under the investigated conditions, the current density of H,O oxidation and Ni(lI1)/Ni(ll) redox reactions are
intimately linked. Whatever the electrolyte, the same species are reversibly transferred: anions (OH),
dehydrated cations (Cs*, K*, Li*) and water molecules. Ni(Il) oxidation generates reinforced Coulombian
charges between the layers owing to the expulsion of interlayered water molecules. The intercalation of one
OH" anion is correlated/linked with the expulsion of water molecules. The H,O to OH" ratio depends on the
nature of the investigated electrolyte. Concomitantly, the electrochemical modification of the pH at the
coated interface correlated with catalyzed oxygen evolution reaction, allowed cations
electroadsorption/desorption onto the external surfaces in agreement with the pH of zero point of net charge
of the nano-Ni/Fe-LDH. Each of these species is transferred with its own kinetics and concentration
depending on the potential and the supporting electrolyte. Regarding interlayered water molecules,
electrochemical irreversible transfer occurs during the OER that depends on the interfacial pH and the
applied potential.

In CsOH and KOH 1 mol/L, the transfer kinetics of cations, anions and water molecules are comparable.
This is the reason why the shape of the electrogravimetrical curve is quite similar. The differences are only
localized in the highest concentration of reversibly transferred OH’, H,O and cations in CsOH 1 mol/L.
Compared to the gravimetric curve shape obtained in KOH 1 mol/L, the one obtained in CsOH highlighted
the contribution of the Cs” cations in agreement with its molar mass that is almost 8 times higher than that of
OH..

The electrogravimetrical response obtained in LiOH 1 mol/L is different from the others. In comparison with
data acquired in KOH and CsOH, the differences are localized in both kinetics and concentration of
reversibly transferred species. The consecutive huge catalysis of the interlayered H,0O, in agreement with the
OER enhancement and the slow downed but continuous OER (logrLiOH >> 1ogg KOH) let to appreciate the

OH' intercalation/deintercalation by gravimetry.

An operando technique was developed and applied at synchrotron SOLEIL (Saclay, France), by coupling
EQCM measurements and structural characterization under polarization to investigate the electrocatalytic
properties of the interlayered water molecules. In real time, under polarization, current, mass of Ni/Fe-LDH
coated film, LDH basal spacing, electronic density along the ¢ axis and organization level of the layers were
recorded simultaneously. Measurements enabled to differentiate water deintercalation caused reinforced
Coulombian interactions in agreement with OH" intercalation, from the oxidation of water into the interlayer

spacing by OER.

Whatever the investigated supporting electrolyte, the 003-peak is observed over the whole cycling
experiments during 4900s which demonstrates the LDH structure is conserved versus time and applied
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potential. Both FWHM and basal distance vary with time. Nevertheless, they vary anticorelatively and with a
similar percentage of variation which indicates that the number of stacked layers within a particle remains
globally constant in agreement with the Scherrer equation. This result clearly highlights the constant
characteristic structure of the Ni/Fe-LDH versus polarization and time. This finding, associated to the
constant mass response in period slot 3, is related to the absence of any dissolution,

dissolution/reprecipitation or crystallization of the LDH material.

The presence of some irreversibly oxidized Ni(lll) clusters within the lattice is responsible for the increase in
the distortion in the lattice which progressively and irreversibly prevent deintercalated water. This
phenomenon aggravates the electrostatic attraction between anions and positively charged layers, in
agreement with the progressively collapsing of the Ni/Fe-LDH particle layers. Concomitantly, the

interlayered oxygen evolution reaction occurs.

Reversible water “swelling” caused by the reversible redox reactions involving Ni(I11)/Ni(ll) within the
Ni/Fe-LDH and concomitantly by the electrocatalysis of the H,O interlayered water was demonstrated by
EQCM measurement, ac-electrogravimetry and operando XRD under cyclic polarization. This phenomenon
appeared reversible: the decrease in OER as well as the reversible chemical oxidation of the Ni(lll) clusters
within the lattice allowed Ni/Fe-LDH to rehydrate.

Under the investigation conditions, the monitoring of the 003-peak by operando XRD and electrochemical
measurement clearly highlighted H,O swelling behavior within the nano-Ni/Fe-LDH. For a better insight
into the change in electronic density and/or into the change in the electronic density distribution in the c-axis,
new operando measurements will be conducted on different (00l) peaks to determine more relevant

phenomena
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General conclusions and outlook

In this Ph.D thesis, thin films of nano-Ni/Fe-LDH 6/2 coated onto electrode were prepared by chemical or
assisted electrochemical routes to investigate the ions and water molecules transfers at the interface between

the LDH and the electrolyte under polarization.

Special attention was paid to the Ni/Fe-LDH 6/2 because it is known to be one of the most conductive LDH
and electroactive Ni can be reversibly switched between the (+I1) and (+I1l) oxidation states under
polarization. Nano-Ni/Fe-LDH 6/2 was investigated to enhance the number of transfer sites (i.e intercalation
sites and adsorption sites onto both edge and basal surfaces). For a better insight in the associated transferred
species (anions, cations and water molecules), experiments were conducted in different supporting
electrolytes (LiOH, KOH and CsOH) whose pH value was higher than Ni/Fe-LDH 6/2 pH of zero point of
net charge (for Ni/Fe-LDH 6/2, pHpznc equals 8).

Each LDH synthesis route has specific advantages and drawbacks in terms of crystallinity, morphology of
LDH and charge transfer level. The choice of synthesis route has also a consequence on the employed

investigation techniques and on the mechanism of charge transfer and side reactions.

Based on the state of the art of assisted electrochemical synthesis route of LDH, the insight into the different
reactions that play a role in the synthesis route of Ni/Fe-LDH 6/2 was deepened through EQCM
measurements. The cathodic potential for deposition was evaluated in order to deposit a thin film of LDH

onto the electrode by assisted electrochemistry.

Through EQCM measurements in KOH 1 mol/L, reversible Ni(Il)/Ni(lll) redox reaction was observed
correlated to a reversible complex mass variation of the LDH film. The transfer mechanisms and kinetics of
ions and water molecules were specifically studied by ac-electrogravimetry. For the first time, this study
investigated all the redox reactions as well as both the related ionic and water transfers using nano-elec-
Ni/Fe-LDH 6/2 via electrochemical and electro-gravimetrical characterizations. During Ni(ll) oxidation a
flux of K and a counterflux of OH™ and free water were evidenced. It led to demonstrate the nano-Ni/Fe-
LDH pseudocapacitance properties of mix cations (K*) and anions (OH") exchanger. However, the low
crystallinity of the material prevented XRD advanced analyses from being performed which further limits in
depth physico-electrochemical investigations for pointing out the specific sites where each reaction takes

place.

For the confirmation of the intervention of K*, H,O and OH" in the transfer mechanism, and also for a better
insight regarding the specific sites of transfer, complementary analyses have to be performed on the LDH,
i.e. EDX and XPS analyses and in situ/operando XRD under polarization. In situ/operando XRD under

polarization enables to observe the basal distance, however, this observation is complicated onto the elec-
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Ni/Fe-LDH thin film as it is not well crystallized. Also, the EDX and XPS analyses permit the identification
of the adsorbed cations onto the surface, however, it is not possible to assert if cations would be adsorbed

onto the LDH or onto impurities within the thin film.

To elude this problem and deepen the characterizations, it is necessary to study the properties of the
chemically synthesized Ni/Fe-LDH 6/2 (chem-Ni/Fe-LDH 6/2). Despite the lower electronic charge transfer
inherent to the less adherent film onto the LDH, this material has the property to be highly pure and

crystallized.

For a better insight, EQCM and ac-electrogravimetry methodology were thus performed on chemically
synthesized nano-Ni/Fe-LDH in KOH 1 mol/L. It allowed identification of the nature of the charged and
uncharged transferred species as well as the kinetics (K(K") > K(H,0) > K(OH)), easiness of transfer,
transferred concentration and mass for each species at different polarizations. As previously mentioned for
the electro-assisted deposited LDH, the nano-Ni/Fe-LDH pseudocapacitance properties of mix cations (K")
and anions (OH") exchanger was demonstrated.

The positive charge layer increase related to oxidation of Ni(ll) to Ni(lll) is balanced by intercalation of OH"
anions in the LDH interlayer space. The intercalation of one OH" anion follows the expulsion of two

intercalated water molecules in agreement with the following equation:

[Ni"sFe"',(OH)16..(OK)J**[(OH),]* ,4H,0 + x OH <

[Ni”6_XNi”'XFe”'z(OH)le_C(OK)C](2+X)+[(OH)2+X](2+X)',(4—ZX)HZO + 2xH,0 + xe-

This mechanism was further evidenced by in situ XRD analyses and it was demonstrated that it is an
intercalation/deintercalation process. The water molecule transfer during the reversible redox reaction i.e.
Ni(1l) oxidation generates reinforced Coulombian charges which leads to the expulsion of intercalated water

molecules.

Concomitantly, the electrochemical variation of the pH at the electrolyte/LDH interface, via catalyzed
oxygen evolution reaction, allowed cation electroadsorption/desorption onto the external surfaces of the
LDH particles in agreement with the pH of zero point of net charge of Ni/Fe-LDH. This phenomenon was

confirmed by EDX and XPS analyses, in agreement with the following equation:
[Ni"6.xNi"'sFe"'2(OH) 16..(OK) ] ™ [(OH)24x] ™", (4-2%-2)H,0 + 2z H* S

[NiIIG-xNi“IxFelIIZ(OH)ls—c(OH)c](2+X)+[(OH)2+x](2+X)_v(4'2X'Z)H20 +CcK'+ (ZZ'C) H*
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Experiments led to postulate the existence of an irreversible oxidation reaction attributed to water oxidation,

with O, evolution reaction at the interlayer space.

The study was deepened by investigating further the mechanisms of electroadsorption of cations in the
presence of different supporting electrolytes (LiOH, KOH and CsOH) as well as the electrocatalytic
properties of the intercalated water molecules by operando XRD coupled to electrogravimetric
measurements. Ac-electrogravimetry technique allowed identification of transferred species and
determination of associated transfer kinetics. It also determined easiness of transfer and concentration
variation of transferred cations. Whatever the electrolyte, the same species are reversibly transferred: anions
(OH"), dehydrated cations (Cs*, K*, Li") and free water molecules, however with own kinetics and
concentration depending on the applied potential and the nature of the cations present in the supporting
electrolyte. For a better insight into the electrochemical induced phenomena, operando technique was
developed and implemented at synchrotron SOLEIL (Saclay, France), by coupling EQCM measurements
and structural characterization under polarization to investigate the electrocatalytic properties of the
interlayered water molecules. Reversible water swelling caused by the reversible redox reactions involving
Ni(11)/Ni(I11) within the Ni/Fe-LDH and concomitantly by the electrocatalysis of the H,O intercalated water
was demonstrated by EQCM measurement, ac-electrogravimetry and operando XRD under cyclic
polarization. This phenomenon appeared reversible: the decrease in OER as well as the reversible chemical
oxidation of the Ni(lll) within the lattice allowed Ni/Fe-LDH to rehydrate. The (003)-peak is observed over
the whole cycling experiment during 4900 s demonstrating that the LDH structure is conserved versus time
and applied potential. Both full width at half maximum and basal distance varied versus time. Nevertheless,
they varied anticorelatively and with a similar percentage of variation which indicated that the quantity of
stacked layers within a sheet remained constant in agreement with the Scherrer equation. This result clearly
highlighted the maintained characteristic structure of the Ni/Fe LDH versus polarization and time and the

absence of any dissolution, dissolution/reprecipitation or crystallization of the material.

New operando measurements should be conducted on different (00I) peaks for a better insight into the

change in electronic density and/or into the change in the electronic density distribution in the c-axis.

These results pave the way to large perspectives for layered double hydroxides. LDHs could be used as
“universal material” and optimized for the development of toxic, strategic or expendable cations and anions

capture/release processes.

Contrary to Ni-based LDH with enhanced faradaic properties, Co-based LDH are known to have less
faradaic properties and enhanced capacitive properties. Thus, it could be particularly interesting to compare
and evaluate the difference in terms of electrochemical behavior: definition of a standards Co""/Co™-Co-
based-LDHs redox potential, nature, kinetics, and concentration of adsorbed, intercalated and transferred

species, OER and hydrogen evolution reaction (HER) performances. %°
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Another way could be the synthesis of Ni-Co-based LDH hybrid materials such as to define and compare the

electrochemical behavior.

For particular applications, i.e. “selective” anion capture/release processes, and for lower energy cost, a
solution could be the synthesis of an LDH with (a) redox-active element(s) whose potential is far from the

OER or HER. For this purpose, the investigation of Mn-based LDH could be of great interest.

Finally, the investigation of the transfers between LDHs and electrolytes containing other supporting anions
is also of great interest to determine and compare their specific kinetics and concentrations. It could be
valuable to build an electrochemical affinity scale for applications in terms of water treatment, as many

pollutants, strategic or expendable species are anionic (arsenates, vanadates, nitrates, sulfates...).
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Abstract

Studying the electrogravimetric behavior of nano-Mg/Fe layered double hydroxide particles with an
Electrochemical Quartz Crystal Microbalance demonstrates its pseudocapacitance properties of mix cation
and anion exchanger. The electrochemical control of the oxidation state of iron constituting the layered
sheets allowed anion intercalation/deintercalation into the layered double hydroxide interlayer space.
Concomitantly, in agreement with the pH of zero point of net charge of the nano-Mg/Fe-LDHs, the
electrochemical control of the pH at the coated interface, via catalyzed hydrogen evolution reaction,
allowed cation electroadsorption/desorption onto the external surfaces.

Keywords
Layered double hydroxide (LDH), Electrochemical Quartz Crystal Microbalance (EQCM), redox reactions,

ionic exchanges, Zero point of net charge (ZPNC).

1. Introduction

Layered double hydroxide (LDH) materials consist in a stacking of positively charged brucite-like layers, due
to the substitution of some divalent cations M(ll) by trivalent cations M(Ill). The charge compensation is
managed by anions A" intercalated into the interlayer space. This leads to the general formula: [M(ll),.
M(I11),(OH),]**(A™/n).mH,0, providing a high capacity for anion exchange.254

It is well established® that a reversible ion transfer between the interlayer spacing and the electrolyte is
induced by tuning the redox state of nano-LDH layered sheets according to:

n[LDH — M"] + A" & n[LDH — M [A" ] + e,
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with an electron displaced within the layer via a hopping mechanism. Thus, the ion uptake/release
occurring during redox processes can be monitored with suitable in-situ coupled methods, i.e. combining
structural, electrochemical and electrogravimetric methods.

For progress in broad applications where layered materials are employed, for instance in water treatment?*
or energy storagezel, the reversibility of the ion transfer between the electrolyte and the material merits
further investigation. Only a few studies’®**®*!" have explored the ion transfer phenomenon and its
reversibility related to the repetitive oxidation/reduction of electroactive cations within the layers for the
most conducting LDH (Co/Ni-LDH, Ni/Al-LDH, Mg/Al/Fe-LDH, Fe/Fe-LDH ...) by probing the mass variation
with electrochemical quartz crystal microbalance (EQCM). To the best of our knowledge, no study has been
conducted yet on Mg/Fe-LDH.

This letter reports on a study conducted for the first time to investigate the ion transfer phenomena of
nano-Mg/Fe-LDH 2:1. Through a fine EQCM analysis, it has been demonstrated that Fe sites are reversibly
switched, under polarization, to the (+lll) or (+Il) oxidation state inducing anion intercalation or
deintercalation. The variation of the pH of the zero point of net charge®, pHznc (pH resulting from the
cancellation of the positive charge originating from the chemical composition of the LDH and the variable
charge resulting from the protonation/deprotonation of the LDH layers) and the pH tuning at the interface
due to formation of hydroxyl ions by electrochemical water reduction play a key role on the
electroadsorption process of cations.

2. Experimental

2.1 Preparation of thin films of nano-Ma/Fe-L. DH onto a gold electrode

LDH particle synthesis consists in co-precipitation of Mg/Fe from nitrates solution by increasing pH,
thermal maturation and purification via centrifugation and carbonate exchange via dialysis in a carbonated
solution’’. The resulting suspension (15g/L) was dropcasted (10uL) onto the gold electrode of a quartz
resonator (operating at 9MHz, AWS Sensors, Spain) and dried at room temperature.

2.2 Electrogravimetric characterization with EQCM

EQCM measurements were conducted in a 3-electrodes cell configuration using an Autolab potentiostat
(PGSTAT302) coupled with a laboratory-made QCM device. A gold patterned quartz substrate coated with
the thin film of LDH was employed as working electrode, a Pt grid as a counter electrode and a silver
chloride electrode with KCl 3mol/L (Ag/Ag’) as a reference electrode. The aqueous electrolyte was
deaerated with nitrogen gas. Frequency change, Af, of the quartz crystal resonator was monitored during
cyclic voltammetry measurements. Then, Af is converted into mass change, Am, by using the Sauerbrey
equation:

Af = —ks Am
where k; is the sensitivity factor (experimental value'®*: 16.31-10” Hz.g™*.cm? for 9MHz).
The LDH was characterized by X-ray powder diffraction (Panalytical Empyrean), using a Cu Ka radiation

(A=1.541A) at room temperature after drying the slurry at 70°C for 48h. Scans were recorded from 4° to 84°
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(28) at a counting time of 1200s per step of 0.026°. The morphology of the film dried onto gold was
examined under a field emission gun scanning electron microscope (FEG-SEM) Ultra55 Zeiss.

3. Results and Discussion
3.1 Structural and morphological characterization of the LDH

(003) a

(006)

Intensity (a.u.)

20 (°)
Figure 1: (a) X-ray powder diffraction pattern of the nano-Mg/Fe-LDH, (b) FEG-SEM micrograph of the
nano-Mg/Fe-LDH thin film.

The powder X-ray diffraction pattern (Fig. 1a) shows a characteristic LDH structure®®. A series of basal (00I)
reflections corresponds to the basal distance d=7.74A which depends on the size of the intercalated anion
and its degree/level of hydration. The ¢ parameter equals 3d(003)=23.21A.

FEG-SEM micrographs (Fig. 1b) revealed that the LDH is made of nanoplatelets whose size is close to 80 nm
implying a high surface-to-volume ratio. The expected molar ratio Mg/Fe=2 was confirmed with atomic
absorption spectroscopy.

2.2. Polarization induced ionic transfers

EQCM was conducted on the gold electrode of quartz resonators uncoated and coated with a thin film of
nano-Mg/Fe-LDH. The measurements were recorded at 25 mV:s™ in an aqueous buffer solution of
Na,CO3/NaHCO; 0.1mol/L at pH=10.8 that is slightly superior to the pHzne Of the initial film that was
calculated to be 10.6.%

The behavior of the nano-Mg/Fe-CO,” thin film was successively investigated in three different potential
ranges, i.e. [-1.8; -0.3]V, [-1.2; -0.3]V and [-1.5; -0.3]V, to prove the H,0 reduction in the intercalated
spacing. The electrode was finally rinsed with distilled water, dried at room temperature, and investigated
again in the initial potential range [-1.8; -0.3]V. Results were compared to the behavior of a bare gold-
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Figure 2: Representative EQCM measurements of a gold electrode coated with LDH successively cycled in
different potential ranges: (a) [-1.8; -0.3]V, (b) [-1.2;-0.3]V, (c) [-1.5,-0.3]V, (d) [-1.8; -0.3]V after drying it in
air for 12 hours.

2.2.1. EQCM in the [-1.8; -0.3]V range

Fig. 2a shows the I-V curve (in red) of a bare gold-patterned resonator in the range [-1.8; -0.3]V where the
reduction of the H,O starts below -1.2V.

In comparison, below -1.2V on the LDH-coated electrode, the higher negative current reveals the catalysis
of the reduction of H,0 from the bulk of the solution. In addition, between -0.3V and -1V (Fig. 2a, inset), the
negative current both during the cathodic and anodic sweep and especially the pseudo-plateau below -0.6V
validates necessarily a diffusion-limited reaction that can only be water reduction, probably intercalated
water. The simultaneous mass loss (slope |) during the cathodic sweep (from -0.6V to -1V) confirms this
hypothesis and is attributed to the repulsion of the electrochemically generated OH™ from the interlayer
space due to negative charges in excess. Inversely, during the anodic sweep (slope IV, from -0.7V to -0.3V)
the mass gain should be due to the lower kinetics of the H,0 reduction compared to that of the water re-
intercalation by diffusion.

The electrochemical oxidation and reduction of the Fe"/Fe" redox couple are observed around -0.95V and -

" reduction

1.05V respectively, the latter being masked by the continuous water reduction. The Fe
decreases the charge of the layers and is responsible for anion deintercalation from the interlayer space.

This phenomenon is confirmed by the mass loss from -1.0V to -1.6V (slope IlI). Inversely, the mass gain
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between -1.0V and -0.7V (slope Il) is induced by the Fe" oxidation and is most likely due to the intercalation
of CO5> which has the strongest affinity for LDH*** following:

Mg",Fe";[(OH);c]?*[CO;] @, 4H,0 + (x+y)e: < Mg'"sFe'' Fe'[(OH)1g]2X*[(CO3);.0.5:]%*, (4-y)H,0 + 0.5xCO;*+ 0.5yH, + yOH

2.2.2. EQCM in the [-1.2; -0.3]V range

In order to eliminate the hydrogen evolution reaction of the bulk and investigate the water reduction
phenomenon from the interlayer space, the potential range of cycling was reduced to [-1.2;-0.3]V after the
7" cycle, during 16 cycles (Fig. 2b). As described previously between -0.3V and -0.60V, the cathodic mass
loss and anodic mass gain are in agreement with the dehydration/hydration of the LDH interlayer space.
Between -0.6V and -1.2V, the mass variations, increasing at each incremented cycle, are attributed to a
phenomenon that becomes preponderant. The continuous hydrogen evolution reaction, while cycling,
increases the OH amount at the vicinity of the coated electrode. This pH increase is responsible for the
deprotonation of the Metal-OH function of the external layers once the pHgzyc is reached. The H,0
reduction in the intercalated space is sufficient to drive the cation electroadsorption/desorption (probably
Na®) during the cathodic/anodic sweep.

2.2.3. EQCM in the [-1.5; -0.3]V range

Continuing the electrochemical cycling in the potential range [-1.5;-0.3]V during 9 cycles (Fig. 2c)
reactivates the hydrogen evolution reaction from the bulk. The interfacial pH increase leads to an enhanced
deprotonation and reversible cation electroadsoption onto the LDH surface in higher quantity than
previously observed in the range [-1.2; -0.3]V (Fig. 2b). Under these conditions, cation
electroadsorption/desorption dominates the LDH electrogravimetric response following:

Mg'sFe', ;Fe'[(OH) ] [(COB)5.0.5] %, (4-y)H,0 + yOH +zNa* & Mg'sFel; ,Fe',[(OH) s, [(ONa), JEM[(CO3);.0.5 (4-y)H;0 + (y-z)OH * zH,0

2.2.4. EQCM in the [-1.8; -0.3]V range — regeneration of the initial LDH

The electrode was then rinsed with bi-distilled water and dried at room temperature. The electrode was
reused in a fresh electrolyte under the same initial conditions, i.e., in the range [-1.8; -0.3]V (Fig. 2d). A
similar electrogravimetric response is observed (Fig. 2a) because of the restoration of the initial pH at the
interface, the decrease in mass variation is probably owing to ageing of the structure

4. Conclusion

The ionic exchanges occurring in response to the tuning of the redox state of a thin film of a nano-Mg/Fe-
LDH were investigated by EQCM and demonstrate pseudocapacitance properties of mix cation and anion
exchanger. The concomitant electrochemical control of (i) the physical and the chemical conditions at the
interface and (ii) the oxidation state of the cations constituting the layered sheets of nano-LDHs and (iii) the
zero point of net charge allowed anion intercalation/deintercalation into the interlayer space and cation
sorption/desorption onto the external sheets at the interface. For a better insight, further structural and
electrogravimetric investigations will be conducted by coupling EQCM and X-ray diffraction.
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@ Reuse ofthe LDH coated electrode after rinzing and drying at room temperature for 12 hours

Mg" Fe',[{OH),][CO,], 4H,0 + {x+y)e- <> Mg, Fell, Fel [(OH),JHCO,): 4 5., (4-y)H,0 + 0.5xC0, 2+ 0.5yH, + yOH-
Mg",Fe"y,Fe',[[OH}NCO3Nz0.5, (4-y]H0 + yOH- + zNa® <= Mg'Fe"z,Fe's[{OH) . [(ONa) JHCO3)20.0d(4-y)H0 + (y-z)OH* 2H,0

The ionic & ring in response to the tuning of the redox state of a thin film formed -LOH nanoplatelets -.'.'ern=| rectigated by
EQCH and d»;-mcnstratu peeudocapacitance properties of mix cation and anion exchanger. The concomitant ele hemic ol 0 he
al and the chemical conditions at the interface and (ii) the oxidation state of the cations constituting the layered sheets of the LDH and

point of net charge allowed anion intercalation/deintercalation into the interlayer 5 and cation sorption/desorption onto the external sheets
at the interface. For a better insight, electrogravimetric and structural investigations by coupling EQCM and in situ X-ray diffraction are in progress.
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Annex B

Exploration Into the lonic Exchanges in the Ni/Fe Lamellar Double Hydroxide

by in situ Techniques under Polarization
Elise Duguesne'?, Ozlem Sel’, Hubert Perrot', Alain Seron?, Stéphanie Betelu?, loannis Ignatiadis?, Catherine Debiemme-Chouvy'

! Sorbonne Université, CNRS, Laboratoire des Interf: et Systé El himiques, LISE, UMR 8235, 4. Place Jussieu, 75005 Paris, France
2 D3E, Bureau de Recherches Géologiques et Miniéres, 3 Avenue Claude Guillemin, 45100 Orléans, France.
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3 Brucitic layer charge compensation. an influence on the affinity for the anionic species.!
g ; Al Choice of the Ni/Fe 6/2 LDH
{ Interlayer spacing Study of the mecanisms and kinetics related to
Anio oxidation and reduction of the electroactive - Niis an electroactive element
Water molecule components of the LDHs - One of the most conductive LDHs

Comparison between two synthesis routes and characterization of LDHs

1) Electrochemical-assisted synthesis : 2) Characterization of the physico-chemical 3) Study of the electrogravimetrical properties
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S, S - References

Conclusion Using electrogravimetric studies brings to light different 1. Dclorme. F.: Scron, A Vergnaud, B.: Galle-Cavalloni, P.; Jean-Prost, V.:
species exchanges and competitions for two synthesis routes of the Ni/Fe LDH. This  Manguin, J., Journal of Materials Science 2013, 48 (15), 5273-5279,

study will be completed by other in situ techniques (ac-électrogravimétry, XRD) to 2. Agrisuelas, J.; Delgado, C.; Gabriclli, C.; Garcia-Jareno, J. J.; Perrot, 1L; Sel,
identify the nature of the exchanged species. O.; Vicente, F., Journal of Solid State Electrachemistry 2018, 19 (9), 2555-2564.

according to the synthesis route.
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