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Abstract (English) 

 

Layered double hydroxides (LDHs) are a class of layered materials consisting of positive charged 

brucite-like layers spaced by water molecules and counterbalancing anions. In this thesis I will 

present how LDHs interact with carboxylates anions by studying the influence of such anions on 

the physical and electrochemical properties of LDHs. In addition, I will also discuss how transition 

metal elements behave when confined in the two-dimensional environment of LDH layers. 

In Chapter 1, I will introduce the reader to layered materials with particular focus on transition 

metal dichalcogenides, transition metal oxide/hydroxides and clay minerals, since these classes 

of materials share similar properties with LDHs. I will also describe the exfoliation process of 

layered materials in terms of surface energy and solubility parameters. In Chapter 2, I will mention 

the history of LDHs, from their discovery to their current applications. Then I will describe the 

LDHs crystal structure, structural defects, and the relative X-ray diffraction patterns. In chapter 3, 

I will first describe the history and current developments in the liquid phase exfoliation of LDHs. 

Then I will provide the physical explanation of the zeta potential (휁) and I will explain how it can 

be exploited to achieve the exfoliation of LDHs. Lastly, I will discuss the liquid phase exfoliation 

process of carbonate- and citrate-intercalated NiFe-LDH nanosheets, dispersed in ethanol and 

water, in terms of surface energy (introduced in Chapter 2) and 휁. A brief description of the LDH 

nanosheets morphology and size is also included. In Chapter 4, I will introduce the reader to the 

electrochemical water splitting, and the potential future overcome that LDH could have as 

electrocatalysts for the anodic reaction (i.e., the oxygen evolution). Hence, I will also provide a 

detailed description of the oxygen evolution reaction (OER) kinetics in terms of overpotential 

applied and Tafel slope. Lastly, I will describe the OER electrocatalytic properties of NiFe-LDH 

and how the presence of acetate or citrate anions affects the OER rate determining step. In 

Chapter 5, I will describe the synthetic route, which I developed and optimized, to directly produce 

the single layer LDH nanosheets by exploiting the coordination chemistry of citric acid. Then, by 

means of pH-potentiometric titrations and electronic (optical) spectroscopy, I will perform an in-

situ analysis of the reaction mechanism of NiFe-LDH nanosheets formation. Eventually, in 

Chapter 6 I introduce the reader to the ligand filed theory (LFT). Through the lens of LFT, I will 

perform an in-depth analysis on the electronic spectra of NiFe-LDHs. The nature of observed 

ligand field transitions will be described in detail. Then, I will provide for the first time the ligand 

filed parameters and the ionic degree of nickel and iron in LDH crystal lattices. 
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Abstract (Italian) 

 

Le idrotalciti, conosciute anche come “Layered Double Hydroxides” (LDH), sono materiali costituiti 

da idrossidi lamellari, nei quali è presente una carica elettrica netta positiva sulla superficie delle 

lamelle. La struttura cristallina degli LDH è analoga al minerale brucite; tuttavia, la carica positiva 

sulle lamelle è controbilanciata da anioni intercalati tra le lamelle. In questa tesi presenterò come 

gli LDH interagiscono con anioni carbossilato tramite lo studio dell’effetto che tali anioni hanno 

sulle proprietà fisiche ed elettrochimiche degli LDH. Inoltre, discuterò il comportamento di 

elementi di transizione confinati all’interno dell’ambiente bidimensionale fornito dagli LDH. 

Nel capitolo 1 introdurrò il lettore ai materiali lamellari ponendo particolare attenzione su 

calcogenuri, ossi e idrossidi di metalli di transizione, e infine le argille; in quanto tali materiali 

condividono simili proprietà con gli LDH. Nel medesimo capitolo descriverò il processo di 

esfoliazione dei materiali lamellari, attraverso una trattazione sull’energia di superficie ed i 

parametri di solubilità. Nel capitolo 2 tratterò gli aspetti storici degli LDH, dalla loro scoperta ai 

loro attuali utilizzi e, successivamente, descriverò la struttura cristallina degli LDH, compresi i loro 

difetti strutturali e le rispettive figure di diffrazione di raggi X. Nel capitolo 3 riporterò gli sviluppi 

nell’esfoliazione in fase liquida degli LDH, fornendo al lettore l’interpretazione fisica del potenziale 

zeta (휁) e spiegherò come esso possa essere sfruttato al fine di esfoliare gli LDH. Infine, discuterò, 

in termini di energia di superficie e 휁, il processo di esfoliazione degli LDH, intercalati con anioni 

carbonato e citrato, dispesi in acqua ed etanolo. Nel capitolo 3 è inoltre inclusa una breve 

descrizione della morfologia e dimensioni delle particelle di LDH disperse. Nel capitolo 4 

introdurrò il lettore al processo di elettrolisi dell’acqua, ed i potenziali sviluppi futuri degli LDH 

come elettro-catalizzatori per la reazione anodica nell’elettrolisi (la reazione di sviluppo di 

ossigeno). Fornirò una descrizione dettagliata della reazione di sviluppo di ossigeno (OER) nei 

termini della sovratensione necessaria per far avvenire tale reazione, e sua pendenza di Tafel. 

Infine, descriverò le proprietà elettro-catalitiche di NiFe-LDH verso l’OER, e come la presenza di 

anioni acetato o citrato influenza lo stadio determinante nella cinetica di reazione. Nel capitolo 5 

descriverò il processo di sintesi, da me sviluppato e ottimizzato, in grado di produrre direttamente 

nano-fogli di LDH spessi una singola lamella. Tale processo sfrutta la chimica di coordinazione 

dell’acido citrico. Successivamente, combinando titolazioni potenziometriche del pH con la 

spettroscopia ottica, fornirò un’analisi in situ del meccanismo di formazione di nano-fogli di NiFe-

LDH. Infine, nel capitolo 6 introdurrò il lettore alla teoria del campo dei leganti. Tramite tale teoria, 

effettuerò un’analisi dettagliata delle transizioni elettroniche osservate negli spettri ottici degli 

LDH. In seguito, fornirò i parametri del campo dei leganti ottenuti dalla suddetta analisi, assieme 

al grado del carattere ionico del ferro e del nichel collocati nel reticolo cristallino degli LDH.  



IV 
 

Table of contents 

 
1. Layered materials .................................................................................................................................. 1 

1.1. An overview on layered materials ................................................................................................. 1 

1.2. Liquid phase exfoliation and dispersions of layered materials ...................................................... 5 

2. Layered double hydroxides: an overview .............................................................................................. 8 

2.1. History of layered double hydroxides ............................................................................................ 8 

2.2. The structure of layered double hydroxides .................................................................................. 9 

3. Liquid phase exfoliation and dispersions of layered double hydroxides ............................................. 12 

3.1. History and current developments in the liquid phase exfoliation of layered double hydroxides 12 

3.2. Interactions between charged surfaces: the physical meaning of zeta potential ........................ 13 

3.3. Dispersion of layered double hydroxides in ethanol ................................................................... 19 

4. Electrocatalytic properties of LDHs ..................................................................................................... 22 

4.1. The physical meaning of the overpotential and Tafel slope ........................................................ 22 

4.2. The oxygen evolution reaction in alkaline electrolytes ................................................................ 24 

4.3. Overpotential, Tafel analysis and turnover frequency ................................................................. 25 

5. Formation mechanism of citrate intercalated LDHs: the hydrolytic polymerization ............................ 28 

5.1. Titration of metal-citrate solutions ............................................................................................... 29 

5.2. Titration of bimetallic-citrate solutions ......................................................................................... 30 

5.3. Optical investigation on the LDH formation mechanism ............................................................. 31 

6. Electronic spectroscopy: absorbance and reflectance of ultraviolet, visible and near infrared light ... 35 

6.1. The ligand field theory ................................................................................................................. 36 

6.2. Ligand field analysis .................................................................................................................... 38 

6.2.1. Nickel ................................................................................................................................... 41 

6.2.2. Iron ...................................................................................................................................... 44 

7. Conclusions and future perspectives .................................................................................................. 47 

8. Acknowledgements ............................................................................................................................. 48 

9. Appendices.......................................................................................................................................... 49 

9.1. Comparison Tables ..................................................................................................................... 49 

9.2. Materials end methods ................................................................................................................ 53 

9.2.1. Chemicals ............................................................................................................................ 53 

9.2.2. Characterizations ................................................................................................................ 54 

9.2.3. Synthesis procedures .......................................................................................................... 56 

References .................................................................................................................................................. 59 

 

 



V 
 

List of figures 

Chapter 1 
Figure 1.1. Top view and side view of graphite, black phosphorous, MoS2 and birnessite. ........................ 2 

Figure 1.2. Top view and side view of brucite, kaolin, montmorillonite and Egyptian blue. ......................... 4 

Chapter 2 
Figure 2.1. Graphical representation of layered double hydroxides crystal structure. ................................. 9 

Figure 2.2. X-ray diffraction pattern of carbonate intercalated Ni0.75Fe0.25-LDH. ....................................... 10 

Figure 2.3. X-ray diffraction pattern of turbostratic citrate intercalated Ni0.75Fe0.25-LDH. ........................... 11 

Chapter 3 
Figure 3.1. Graphical representation of the Debye-Hükel model. .............................................................. 14 

Figure 3.2. Graphical representation of the DLVO theory. ......................................................................... 17 

Figure 3.3. a) Electronic spectra of NiFe-LDH nanosheets dispersed in ethanol compared with an ethanol 

sodium acetate solution. b) Second derivative electronic spectrum of NiFe-LDH nanosheets dispersed in 

ethanol, c) Absorbance measured @ 350 nm of supernatants collected during washing cycles............... 19 
Figure 3.4. Bright field transmission electron microscopy images of a) NiFe-CO3–1 nanosheets, b) NiFe-

CO3–2 nanosheets and c) NiFe-Cit nanosheets. d) Size histograms of NiFe–LDH particles fitted by a 

lognormal distribution (red line). e) Atomic force microscopy image, and f) the corresponding height profiles 

of NiFe-Cit nanosheets. .............................................................................................................................. 21 

Chapter 4 
Figure 4.1. Polarization curves and Tafel slopes, measured in 0.1 M KOH, of NiFe-LDH electrodes with 0.1 

mg/cm2 mass loading. ................................................................................................................................. 26 

Chapter 5 
Figure 5.1. Potentiometric titrations curves of Fe3+, Ni2+, Al3+, and Zn2+ monometallic solutions with and 

without sodium citrate. ................................................................................................................................ 28 

Figure 5.2. a), b), c) Comparison between titrations of bimetallic citrate solutions and the corresponding 

monometallic-citrate solutions. d) pH mesurements of the NiFe-citrate solution left ageing at ambient 

temperature for three weeks after the addition of NaOH. ........................................................................... 30 

Figure 5.3. Schematic representation of the spin exchange interactions in an Fe3+-Ni2+ ion pair. ............ 32 

Figure 5.4. a) Electronic spectrum of carbonate intercalated NiFe-LDH suspended in water, b) second 

derivative of a). c) Electronic spectra of aliquots collected during the synthesis of citrate intercalated NiFe-

LDH via hydrolytic polymerization, d) second derivative of c). ................................................................... 34 

Chapter 6 
Figure 6.1. Absorbance spectra computed from reflectance data of citrate intercalated NiAl- and NiFe-

LDHs powders. ............................................................................................................................................ 35 

Figure 6.2. GUI of the MATLAB app I built to compute the eigenvalues of Tanabe-Sugano matrices and 

the respective diagrams. ............................................................................................................................. 38 

Figure 6.3. Tanabe-Sugano diagrams of a) d5 octahedral and tetrahedral configurations and b) d8 

octahedral or d2 tetrahedral configuration. .................................................................................................. 40 

Figure 6.4. a) Electronic spectra of layered Ni(II) hydroxides with variable content of Fe(III). b) Ligand field 

parameters of Ni(II) in layered hydroxides with variable content of Fe(III). .................................................... 42 

Figure 6.5. Scatter plot of the energies of the second spin flip transition in ferric compounds vs. their 

respective nephelauxetic ratios. .................................................................................................................. 46 

 

 

 

file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181375
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181376
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181395
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181396
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181397
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181414
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181415
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181416
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181416
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181416
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181417
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181417
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181417
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181417
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181434
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181434
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181460
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181460
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181461
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181461
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181461
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181462
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181463
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181463
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181463
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181511
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181511
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181512
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181512
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181513
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181513
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181514
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181514
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181515
file:///C:/Users/mpiccinni/Desktop/Tesi%20Dottorato/Bozza%20Tesi_aggiornato_2023.02.27.docx%23_Toc129181515


VI 
 

List of tables 

Chapter 3 
Table 3.1. LDH and solvent surface energies, Hansen parameters and boiling points. ............................ 13 

Chapter 6 

Table 6.1. Electronic transitions observed in the UV-Vis-NIR light absorbance spectra of Ni0.75Fe0.25-LDH.

 .................................................................................................................................................................... 36 

Table 6.2. Ligand field analysis results on NiAl- and NiFe-LDHs spectra. ................................................. 40 

Table 6.3. Ligand field parameters and nephelauxetic ratios of layered Ni(II) hydroxides with variable content 

of Fe(III). ........................................................................................................................................................ 43 

Chapter 9 
Table 9.1. Recent electrochemical data of the electrocatalytic activities of NiFe-LDH electrodes. ........... 49 

Table 9.2. Crystallographic parameters of synthetic LDHs and related minerals. ..................................... 50 

Table 9.3. Absorbance bands in electronic spectra of natural and synthetic oxide and hydroxides of Ni(II) 

and Fe(III). ..................................................................................................................................................... 52 

Table 9.4. Chemicals used. ........................................................................................................................ 53 

Table 9.5. Characterization techniques, sample preparation, instrumentation used, and suppliers. ......... 54 

Table 9.6. Synthesis procedure, via the “urea hydrolysis” method, for carbonate-intercalated NiFe-LDHs.

 .................................................................................................................................................................... 56 

Table 9.7. Optimized synthesis procedure, via the “hydrolytic polymerization”, for citrate-intercalated LDHs.

 .................................................................................................................................................................... 57 

Table 9.8. Production of LDH nanosheets ethanol dispersions. ................................................................ 58 

 

 

  



1 
 

1. Layered materials 
 

Layered materials are a class of natural and synthetic solids resulting from the stacking, on top of 

each other, of lamellar units (i.e., layers) that are one or few atoms thick. The nature of cohesive 

forces between layers does not involve chemical bonds, but it is limited to van der Waals forces, 

hydrogen bonds and electrostatic attraction. For this reason, crystals of layered materials can be 

easily split along planes parallel to layers, exposing flat surfaces. In mineralogy and material 

science this property is referred to as “perfect basal cleavage”. 

“A material is defined as layered if it possesses a perfect basal cleavage”. 

By iteratively repeating the cleavage process, a layered material can be reduced to atomically 

thin sheets (usually less than 10 layers). In this case, the entire process is named “delamination” 

or “exfoliation”, while the atomically thin sheets are referred to as “nanosheets”. 

“A material composed solely by nanosheets is referred to as 2D-material”. 

In the following first section of this chapter, I will briefly introduce the reader to layered materials 

and their exfoliated counterparts. I will provide a more detailed description of the structure and 

the electronic properties of transition metal dichalcogenides, transition metal oxides and 

hydroxides, and eventually clays minerals. In fact, these three classes of materials share similar 

properties with layered double hydroxides, i.e., the topic of this thesis. Next, in the second section 

of this chapter I will describe the exfoliation process from a thermodynamic viewpoint. 

 

1.1. An overview on layered materials 
 

The idea that 2D-materials can be fabricated by cleaving layered materials down to mono-/few-

layers nanosheets was present since the ‘60s of the 20th century1–5. In 2004, K.S. Novoselow and 

A.K. Geim showed that graphite (Figure 1.1) can be exfoliated into atomically thin films of carbon 

atoms (i.e., graphene) and demonstrated the possibility to fabricate evenly thin electronic 

devices6. Since then, layered materials have drawn an ever-increasing interest from the scientific 

community, regarding the production, characterization, and future applications of 2D-materials7. 

Undoubtedly, graphene is the most studied 2D-material due to its remarkable mechanical 

properties, chemical stability, and its electrical and thermal conductivity, making graphene the 

backbone material for future electronics and energy storage/conversion devices8–11. However, the 

lack of semiconducting and catalytic properties in graphene requires it to be coupled with different 

2D-materials for devices fabrication7–9,12–14. Despite single-element 2D-materials based on 𝑆𝑖, 𝐺𝑒, 

𝑆𝑛 and 𝑃 have been synthetized (i.e., silicene, germanene, stannene and phosphorene), the 

former three are stable only as free-standing monolayer, while their production is limited to 

deposition techniques15. This is related to the 𝑠-𝑝 hybridization in 𝑆𝑖, 𝐺𝑒 and 𝑆𝑛. In fact, these 

group IV elements have a preferential 𝑠𝑝3 hybridization, which promotes the formation of 

covenants bonds between layers yielding to the corresponding bulk (non-layered) crystal15. On 

the contrary, phosphorene is stable as both single- and few-layers 2D-material, and it is produced 

from the exfoliation of black phosphorous (cf. Figure 1.1)15. Phosphorene is a semiconducting 

material having a tuneable bandgap, from 1.0 to 0.3 eV, that depends on the number of layers 
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making up its nanosheets15–17. This property makes phosphorene suitable for the fabrication of 

atomically thin field effect transistors and photoluminescent devices16,17. 

Figure 1.1. Top view (left) and side view (right) of graphite, black phosphorous, 𝑀𝑜𝑆2 and birnessite.  
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A popular alternative to phosphorene is represented by single-layer 𝑀𝑜𝑆2,
11 which is a transition 

metal dichalcogenide (TMD). TMDs are materials in which transition metal atoms, usually from 

the 5th or 6th period, are sandwiched between group VI elements (i.e., 𝑆, 𝑆𝑒, 𝑇𝑒), as illustrated in 

Figure 1.1. For the sake of clarity, despite oxygen belongs to the group VI, transition metal oxides, 

hydroxides and oxyhydroxides represent a separate class of materials. TMDs possess different 

electronic properties depending on the number of electrons occupying the transition metal 𝑑 

orbitals18,19. Bulk TMDs present several different polymorphs, which are defined by the stacking 

of layers inside the resulting crystallographic cell (i.e., hexagonal, or rhombohedral stacking). 

However, single layer TMDs are restricted to two main phases, 1H and 1T, in which each 

transition metal atom is coordinated by six chalcogen atoms in 𝐷3ℎ (body centred prism) or 𝐷3𝑑 

(body centred antiprism) point group geometries, respectively. The geometry adopted by TMDs 

strongly depends on the filling of transition metal 𝑑 orbitals18,19. If the transition metal has a 𝑑0 

(e.g., 𝐻𝑓(𝐼𝑉)) or a 𝑑3 (e.g., 𝑅𝑒(𝐼𝑉)) electronic configuration, a 𝐷3𝑑 geometry is adopted. In the 

former case, the resulting TMD behaves as a semiconductor, because the bandgap is defined by 

the filled chalcogen 𝑝-band and the empty transition metal 𝑑 orbitals. On the contrary, TMDs 

having a 𝑑3 configuration behave as conductors, because of the half-filled 𝑡2𝑔 orbitals originating 

from the ligand field splitting of the transition metal 𝑑 orbitalsi. The 𝐷3ℎ geometry is adopted if the 

transition metal in TMDs has a 𝑑1 (e.g., 𝑁𝑏(𝐼𝑉)) or 𝑑2 (e.g., 𝑀𝑜(𝐼𝑉)) configuration. In the 𝐷3ℎ 

symmetry, the ligand field splits the transition metal 𝑑 orbitals into the 𝑎1
′ , 𝑒′ and 𝑒′′ orbitals. 

Hence, in TMDs with a 𝑑2 configuration the 𝑎1
′  orbitals are full, giving the TMD a semiconductor 

behaviour with a bandgap that corresponds to the separation between the 𝑎1
′  and 𝑒′ orbitals. On 

the contrary the half filled 𝑎1
′  orbitals in 𝑑1 TMDs, yields a conductor behaviour. In addition, the 

bandgap of 𝑑2 TMDs is tuneable (similarly to phosphorene) while also shifting its nature from 

indirect to direct in monolayer nanosheets20. E.g., bulk 𝑀𝑜𝑆2 possesses an indirect bandgap of 

1.29 eV, while monolayer 𝑀𝑜𝑆2 has a direct bandgap of 1.8 eV. The change in the bandgap nature 

is ascribed to the broken symmetry that is achieved by exfoliating 𝑀𝑜𝑆2 down to single layer20,21. 

Because of the variety of electronic properties of TMDs, they are promising candidates as active 

component in the fabrication of 2D electronic devices and energy conversion applications in the 

future14,22–25. 

Layered transition metal oxides (TMOs) and their hydroxide counterparts (TMHs) represent a vast 

class of materials, of which each subclass deserves its own review26–28. Hence, for the sake of 

conciseness, I confine the description of TMOs and TMHs within birnessite- and brucite-like 

structures, respectively (cf. Figures 1.1 and 1.2). Analogously to TMDs, both birnessite-like TMOs 

and brucite-like TMHs structures are made of layers in which transition metal atoms, from the 4th 

period, are sandwiched between oxygen atoms. However, in contrast to TMDs, TMOs and TMHs 

are limited to the 𝐷3𝑑 point group symmetry, while covering all possible electronic configurations 

of 𝑑 orbitals (i.e., from 𝑑0 to 𝑑10).  Moreover, because of the high electron paring energyii displayed 

by transition metal elements from the 4th period (up to 3.7 eV for 𝐹𝑒(𝐼𝐼𝐼)), the filling of the 𝑡2𝑔 and 

 
i The orbital wavefunctions resulting from the ligand filed splitting are labelled according to the Mülliken 
notation. 𝑎, 𝑒 and 𝑡 letters indicate singly, doubly, and triply degenerate orbitals, respectively. 1 and 2 

subscripts indicate symmetry and anti-symmetry respect to the non-principal rotation axis. 𝑔 and 𝑢 
subscripts indicate symmetry and anti-symmetry respect to an inversion centre. ′ and ′′ superscripts indicate 
symmetry and anti-symmetry respect to the mirror plane perpendicular to the principal rotation axis. 
ii The electron paring energy is the energy difference between the high-spin and low-spin electronic 
configurations in 𝑑 orbitals. 
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𝑒𝑔 orbitals favours half-filled configurations, maximizing the overall electronic spin29. Hence, 

TMOs and TMHs display unique magnetic properties. E.g., single-layer 𝑁𝑖(𝑂𝐻)2 possesses a 

ferromagnetic ordering, while bulk 𝑁𝑖(𝑂𝐻)2 possesses an antiferromagnetic ordering between 

Figure 1.2. Top view (left) and side view (right) of brucite, kaolin, montmorillonite and Egyptian blue. 
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layers30–33. Moreover, by heavy doping 𝑁𝑖(𝑂𝐻)2 with paramagnetic ions (e.g., 𝐶𝑟3+ or 𝐹𝑒3+), a 

spin frustrated system is obtained, yielding a 2D spin-glassi material31,34. Recently, has also been 

proposed that spin-glass materials possess enhanced electrocatalytic properties respect to their 

antiferromagnetic counterparts35. Because TMOs and TMHs are limited to the 𝐷3𝑑 point group 

symmetry, the oxidation state of the transition metal can be reversibly changed with minimal 

distortion of its coordination environment. This makes TMOs and TMHs pivotal materials for 

energy storage applications. In fact, 𝑁𝑖(𝑂𝐻)2 can be reversibly oxidated to 𝑁𝑖𝑂𝑂𝐻, with the 

concomitant release of 𝐻+, while retaining the brucite-like layered structure30. For this reason, 

𝑁𝑖(𝑂𝐻)2 is widely used as cathode for nickel-cadmium and nickel-metal-hydride batteries30. 

Analogously, 𝐿𝑖𝐶𝑜𝑂2 is the first TMO used in Li-ion batteries, since 𝐶𝑜(𝐼𝐼𝐼) can be partially oxidized 

into 𝐶𝑜(𝐼𝑉) with a concomitant release of 𝐿𝑖+ cations36,37. However, nowadays 𝐿𝑖𝐶𝑜𝑂2 has been 

substituted by cheaper mixed metal oxide layered materials known as NMC (i.e., 

𝐿𝑖𝑁𝑖1−𝑥−𝑦𝑀𝑛𝑥𝐶𝑜𝑦𝑂2)
36,37. 

Clay minerals are the first class of layered materials used by mankind. Clay minerals originate 

from hydrogeological processes which grind aluminium-silicates rocks into thin sheets containing 

silica (i.e., 𝑆𝑖𝑂2) and gibbsite (i.e., 𝐴𝑙(𝑂𝐻)3) linked together by oxygen atoms. The approximate 

ratio between 𝑆𝑖(𝐼𝑉) and 𝐴𝑙(𝐼𝐼𝐼) in clay sheets is 1:1 or 2:1, providing the name for their respective 

clay family, i.e., 1:1 and 2:1 phyllosilicatesii (Figure 1.2). Furthermore, a deficiency of 𝑆𝑖(𝐼𝑉) or 

𝐴𝑙(𝐼𝐼𝐼) caused the inclusion of 𝑀𝑔(𝐼𝐼) or 𝐹𝑒(𝐼𝐼) species into the phyllosilicate layers, creates a 

negative surface charge which is compensated by the intercalation of alkali or alkali-earth cations 

and water molecules between layers. The nature of intercalated cation and the amount of water 

determinate different rheological and plastic properties of the clays38–40. Hence, clay materials can 

be engineered to fit in a multitude of applications, like catalysis38, lubricants41, polymeric 

composites42,43, pharmaceutics and cosmetics44. This first completely synthetic clay consists into 

the Egyptian Blue (i.e., 𝐶𝑎𝐶𝑢𝑆𝑖4𝑂10) dating to the third millennium B.C.45 Originally conceived as 

pigment, the Egyptian Blue is now widely investigated because of its intense infrared light 

emission caused by the ligand field transitions of 𝐶𝑢(𝐼𝐼) in square planar coordination46,47. In fact, 

not only the Egyptian Blue infrared light emission is pivotal in the characterization of art crafts46, 

but also the research about Egyptian Blue exfoliation could lead to the fabrication of atomically 

thin infrared light emitting devices47. 

 

1.2. Liquid phase exfoliation and dispersions of layered materials 
 

By considering a closed thermodynamic systemiii in which an interface between an 𝛼 phase and 

a 𝛽 phase is present, the excess free energy due to the presence of the interface is defined as48: 

𝛾 = (
𝜕𝑈′

𝜕𝐴
)
𝑆′,𝑉′𝛼,𝑉′𝛽,𝑛𝑖

. (𝟏. 𝟏) 

Where 𝑈′ is the molar internal energy of the system, 𝐴 the interface area, 𝑆′ the molar entropy of 

the system, 𝑉′𝛼 and 𝑉′𝛽 are the molar volumes of the 𝛼 and 𝛽 phases, respectively. Lastly, 𝑛𝑖 is 

 
i A spin-glass is a magnetic state in which spins are randomly oriented. 
ii From Greek phýllon, “leaf”. 
iii A closed thermodynamic system can exchange energy, but not matter, with the environment. 
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the number of the 𝑖𝑡ℎ chemical species48. Expressing 𝛾 as a function of the interface properties 

yields48: 

𝛾 ≡ 𝑈𝑠 − 𝑇𝑆𝑠 −∑�̃�𝑖𝑛𝑖
𝑠

𝑖

. (𝟏. 𝟐) 

Where 𝑈𝑠 and 𝑆𝑠 are the excess of energy and entropy at the interface, respectively. 𝑇 is the 

absolute temperature, 𝑛𝑖
𝑠 is the excess in the number of the 𝑖𝑡ℎ chemical species at the interface, 

and �̃�𝑖 is the electrochemical potential of the 𝑖𝑡ℎ chemical speciesi. If there is no excess of the 𝑖𝑡ℎ 

chemical specie at the interface, and no electrostatic potential difference is present at the 

interface, the summatory term in (𝟏. 𝟐) is zero. Hence 𝛾 corresponds to both the Gibbs (𝐺𝑠) and 

Helmholtz (𝐹𝑠) free energy of the interface as follows: 

𝛾 ≡ 𝑈𝑠 − 𝑇𝑆𝑠 = 𝐺𝑠 = 𝐹𝑠 (𝟏. 𝟑) 

Furthermore, 𝛾 can be expressed as49: 

𝛾 = 𝛾𝛼 + 𝛾𝛽 − 2√𝛾𝑑
𝛼𝛾𝑑
𝛽
− 2√𝛾𝑝

𝛼𝛾𝑝
𝛽
 , (𝟏. 𝟒) 

where 𝛾𝛼 and 𝛾𝛽 are contributions to excess free energy at the interface carried by the 𝛼 and 𝛽 

phases, respectively. While 𝛾𝑑
𝛼 and 𝛾𝑝

𝛼 are the dispersive and polar component to 𝛾𝛼 as follows: 

𝛾𝛼 = 𝛾𝑑
𝛼 + 𝛾𝑝

𝛼 (𝟏. 𝟓) 

An analogous statement is also valid for the 𝛽 phase. In the case of a solid-liquid interface, 𝛾 can 

be estimated by the contact angle method through Young’s equation, i.e., 

𝛾 = 𝛾𝑠𝑜𝑙𝑖𝑑 − 𝛾𝑙𝑖𝑞𝑢𝑖𝑑 ⋅ cos(휃) , (𝟏. 𝟔) 

where 휃 is the contact angle between the solid-liquid interface and liquid surface. Moreover, 

𝛾𝑙𝑖𝑞𝑢𝑖𝑑 is equal to its mechanical analogue: the surface tension (𝜎) of the liquid48. 

In the liquid phase exfoliation, bulk layered solid crystals are suspended into a liquid medium and 

exfoliated by means of shear forces or cavitation50. This process can be seen as an increase in 

the interface area between the solid phase (i.e., the layered material) and the liquid medium. 

According to (𝟏. 𝟏), an increase in the interface area yields an increase in the internal molar 

energy of the system. Therefore, the system tends to release the excess energy to the 

environment reverting the exfoliation process, i.e., the dispersed material coagulates. Hence, to 

obtain a stable dispersion of nanosheets, 𝛾 must be minimized. According to (𝟏. 𝟒), a close 

matching between 𝛾𝑠𝑜𝑙𝑖𝑑 and 𝛾𝑙𝑖𝑞𝑢𝑖𝑑 (and their respective dispersive and polar components) must 

be achieved. However, the surface excess entropy of liquids (𝑆𝑠,𝑙𝑖𝑞𝑢𝑖𝑑) can be considered constant 

with a value ~0.1 mJ·m-2·K-1. Hence, it is more convenient to define the stability of nanosheets 

dispersed in a solvent as a function of 𝑈𝑠,𝑙𝑖𝑞𝑢𝑖𝑑, instead of 𝛾𝑙𝑖𝑞𝑢𝑖𝑑, since the former is independent 

by 𝑇. Moreover, the matching between the Hildebrand or Hansen solubility parameters of the 

solvent and the layered material facilitates the exfoliation processes. The Hildebrand parameter 

is defined as the square root of the cohesive energy density of a solvent, or a material as follows51: 

 
i The electrochemical potential of the 𝑖𝑡ℎ chemical species is defined as  �̃�𝑖 = 𝜇𝑖 + 𝑍𝑖𝐹𝜑, where 𝜇𝑖 is the 

chemical potential of the 𝑖𝑡ℎ chemical species with 𝑍𝑖 the charge. 𝐹 is the Faraday constant, and 𝜑 the 
Galvani potential85, cf. also Chapter 3.1. The direct dependence of 𝛾 from the Galvani potential, for a planar 
plate capacitor, proceeds according to the Lippmann equation (cf. ref. 85). 
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𝛿𝐻𝑖𝑙 = √
Δ𝐻𝑣𝑎𝑝 − 𝑅𝑇

𝑉′
 , (𝟏. 𝟕) 

in which Δ𝐻𝑣𝑎𝑝 is the enthalpy of vaporization, 𝑅 the gas constant and 𝑉′ the molar volume. In 

contrast, the Hansen model51 defines the squared Hildebrand parameter as the sum of the 

squared contributions from dispersive (𝛿𝑑), polar (𝛿𝑝) and hydrogen bond components (𝛿𝐻), i.e., 

𝛿𝐻𝑖𝑙
2 = 𝛿𝑑

2 + 𝛿𝑝
2 + 𝛿𝐻

2  . (𝟏. 𝟖) 

Experimentally, suitable solvents for a proper dispersion are those which fall within a “small” 

sphere (e.g., a sphere with radius ≤8 MPa1/2) centred at a point corresponding to the material 

parameters. As an alternative to the close matching between 𝛾𝑠𝑜𝑙𝑖𝑑 and 𝛾𝑙𝑖𝑞𝑢𝑖𝑑, a dispersion can 

be also stabilized by the addition of a surfactant. From a thermodynamic viewpoint, a surfactant 

acts on the summatory term in (𝟏. 𝟐). Then, form (𝟏. 𝟐) follow that an excess of surfactant 

molecules at the interface lowers 𝛾. E.g., the dispersion of 𝑁𝑖(𝑂𝐻)2 nanosheets is possible in 

water by adding sodium cholate as surfactant52, despite water has a 𝑈𝑠 of 102.7 mJ·m-2, while 

𝑁𝑖(𝑂𝐻)2 has a 𝑈𝑠 of ~65-70 mJ·m-2. 
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2. Layered double hydroxides: an overview 
 

In this chapter I briefly describe the history of layered double hydroxides from their discovery, the 

determination of their layered structure, their current applications in industry and research 

developments. Then I will provide a detailed description of layered double hydroxides crystal 

structures, structural defects, and their characteristics X-ray diffraction patterns. 

 

2.1. History of layered double hydroxides 
 

Layered double hydroxides (LDHs) are a family of naturali and synthetic layered materials 

constituted by the stacking of positively charged hydroxide layers spaced by charge 

counterbalancing anions and water molecules53,54. The first record about LDHs goes back to 1841 

when a mineral was discovered in Sweden, later named as hydrotalcite, presenting itself as brittle 

plates or fibrous formations54,55. In 1915 E. Manasse determined the chemical composition of 

hydrotalcite to be a hydroxycarbonate of magnesium and aluminiumii. Fifty years later, the layered 

structure of hydrotalcite and the isomorphous mineral pyroauriteiii was determined by means of 

X-ray diffraction by R. Allmann in 1968 and H.F.W. Taylor in 1969. The nomenclature of LDH 

minerals was officially formalized in 201253. In fact, during the 20th century, LDHs were also 

referred to as “hydrotalcite-like compounds” (shortened as HTlc)53,54, while finding application in 

industry. For example, hydrotalcite provides alkaline surfaces able to catalyse epoxide 

polymerizations and aldolic condensations54, whereas takoviteiv is an effective redox catalyst for 

steam reforming54. Hydrotalcite is also used for antacid treatment against ulcers since it inhibits 

the activity of pepsin (a digestive enzyme) by buffering the stomach juice at pH ~4 56. Calcium-

based LDHs are common concrete additives since they provide an enhancement of compressive 

and flexural strengths of the concrete by acting as fillers in its porous structure57. In addition, the 

presence of LDHs in reinforced concrete also provides protection from the corrosion of steel bars 

by capturing chloride anions and, at the same time, releasing anti-corrosion agents57. With the 

progressive transition to renewable, intermittent energy sources, the current research on LDH is 

focused on the production of LDH nanosheets based on iron-group elements (𝐹𝑒, 𝐶𝑜, and 𝑁𝑖) to 

be used for energy storage and conversion applications58–60. In the battery field of applications, 

LDHs based on iron group elements are either investigated as electrode materials for 

supercapacitors, Li-ion, Na-ion and Cl-ion batteries, or as precursors for mixed metal oxides to 

be used for the same purpose, as well as catalysts for water electrolysers and fuel cells58–62. LDH 

nanosheets are also currently investigated for other applications such as environmental 

remediation applications and cancer therapy. Noteworthy, the recent “alkaline vents hypothesis” 

correlate the presence of fougèritev on the Hadean Ocean floor to the very origin of life on 

Earth63,64. 

 

 
i I refer to natural LDHs with their mineralogical name. 
ii Hydrotalcite: 𝑀𝑔6𝐴𝑙2(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂. 
iii Pyroaurite: 𝑀𝑔6𝐹𝑒2(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂. 
iv Takovite: 𝑁𝑖6𝐴𝑙2(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂. 
v Fougèrite: 𝐹𝑒6

(𝐼𝐼)
𝐹𝑒2

(𝐼𝐼𝐼)(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂. 
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2.2. The structure of layered double hydroxides 
 

The crystal structure of LDHs derives from brucite-like hydroxidesi that represent a wide family of 

layered divalent-metal hydroxides belonging to the 𝑃3̅𝑚1 space group (e.g., 𝑀𝑔(𝑂𝐻)2, 𝐶𝑎(𝑂𝐻)2, 

𝛽-𝑁𝑖(𝑂𝐻)2). Their crystal structure is made by the stacking of hydroxide layers in which metal 

atoms, coordinated by six hydroxide groups, form layers of edge-sharing octahedral units with 

hydrogen atoms protruding on both sides of the layer. The transition from a brucite-like structure 

to an LDH results from the isomorphous substitution of a fraction of the divalent-metal species by 

trivalent ones. This process builds up a net positive charge on the hydroxide layers forcing the 

whole structure to swell, thus allowing the intercalation of charge counterbalancing anions and 

water molecules in the interlayer space. The resulting structure is represented in Figure 2.1, while 

the chemical composition of LDH materials can be summarized as follows: 

[𝑀1−𝑥
(𝐼𝐼)
𝑀𝑥
(𝐼𝐼𝐼)(𝑂𝐻)2]

𝑥+
 𝐴(𝑥 𝑛⁄ )
𝑛− ⋅ 𝑦𝐻2𝑂 (𝟐. 𝟏) 

Here 𝑀(𝐼𝐼) refers to the divalent-metal species of the host brucite-like hydroxide, while 𝑀(𝐼𝐼𝐼) refers 

to the guest trivalent-metal species. 𝐴𝑛− refers to inorganic or organic anions located in the 

interlayer spaceii. The stoichiometric coefficient 𝑥 usually assumes values between 0.2 and 0.33. 

Stoichiometric coefficients greater than 0.33 imply the presence of adjacent 𝑀(𝐼𝐼𝐼) octahedral 

units, reducing the LDH crystallinity. Theoretically, LDHs crystallize in two different polymorphs 

belonging to the 𝑅3̅𝑚 space group (3𝑅 polymorph) and the 𝑃63/𝑚𝑚𝑐 space group (2𝐻 

 
i Brucite is the mineralogical name of natural 𝑀𝑔(𝑂𝐻)2. 
ii I refer to the charge of an ion with Arabic numbers on the top right of the chemical symbol, while I refer to 
the valence with Roman numbers placed in brackets. This choice is driven by the fact that, as I will discuss 
in Chapter 6, the metal-oxygen bond in LDHs retains a partial degree of covalence. 

Figure 2.1. Graphical representation of layered double hydroxides crystal structure. 

            

              

               

   , 2 

   ,    
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polymorph)65. However, the presence of stacking faults often leads to mixed interdigitated phases 

or turbostratic phases65. A typical LDH diffraction pattern is shown in Figure 2.2. An LDH 

diffraction patter can be considered divided into three main regions. The first region is located at 

scattering angles (2θ) below 30°, here the “basal reflections” appear. Basal reflections are related 

to (00𝑙) crystallographic planes that are parallel to the hydroxide layers, hence perpendicular to 

the unit cell 𝑐 axis66. The second region, in the 2θ range from 30° to 55°, contains reflections 

related to (0𝑘𝑙) and (ℎ0𝑙) crystallographic planes. The shape of these reflections is indicative of 

faults in the layers stacking65. More in detail, sharp and well resolved reflections in this region, as 

shown in Figure 2.2, are typical for highly crystalline LDHs65. On the contrary, an asymmetric 

broad reflection covering the whole 30-55° 2θ region is indicative of a turbostratic disorder (cf. 

Figure 2.3). A layered material is defined as turbostratic when layers are randomly slid and 

twisted on top of each other. Being turbostratic is an intrinsic property of 𝛼-𝑁𝑖(𝑂𝐻)2
30 and LDHs 

intercalated with bulky anions65,67–70. Nevertheless, other two-dimensional materials can also be 

made turbostratic by restacking previously dispersed nanosheets71,72. The third region in the 

LDHs’ diffraction pattern is located at 2θ angles above 55°. This region contains the (110) 

reflection, from which the unit cell 𝑎 axis is obtained54. The unit cell 𝑎 and 𝑐 axes for a lattice of 

the hexagonal crystal family (𝑎 = 𝑏 ≠ 𝑐, 𝛼 = 𝛽 = 90°, 𝛾 = 120°) is related to the crystallographic 

distances 𝑑ℎ𝑘𝑙 as follows: 

𝑑ℎ𝑘𝑙 =
1

(ℎ2 + 𝑘2 + ℎ𝑘)𝑎∗2 + 𝑙2𝑐∗2
 . (𝟐. 𝟐) 

Figure 2.2. X-ray diffraction pattern of carbonate intercalated Ni0.75Fe0.25-LDH. X-ray source: Cu Kα. Refined with Le 
Baile method. 
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Where 𝑎∗ and 𝑐∗ are the reciprocal lattice dimensions, defined as: 

𝑎∗ =
2

𝑎√3
 , 𝑐∗ =

1

𝑐
 . (𝟐. 𝟑) 

While 𝑑ℎ𝑘𝑙 are the lattice parameters calculated according to Bragg’s law, as follows: 

2𝑑ℎ𝑘𝑙 sin(휃) = 𝑛𝜆𝑋-𝑟𝑎𝑦𝑠  . (𝟐. 𝟒) 

Then, unit cell axes are calculated by the following relationships: 

𝑎 = 2 ⋅ 𝑑110 (𝟐. 𝟓) 

and 

𝑐 =
1

𝑛
∑𝑙𝑖 ⋅ (𝑑00𝑙)𝑖

𝑛

𝑖=1

 . (𝟐. 𝟔) 

Thus, the 2θ position of (110) provides the length of the 𝑎 axis according to (𝟐. 𝟓), whereas, 

according to (𝟐. 𝟔), the 2θ position basal reflections yield the LDHs’ unit cell 𝑐 axis by the weighted 

mean of 𝑑00𝑙 lattice parameters. For the sake of clarity, one third of the 𝑐 axis and one half of the 

𝑐 axis are defined as the “basal spacing” in 𝑅3̅𝑚 and 𝑃63/𝑚𝑚𝑐 polymorphs, respectively. 

Additional data on LDH crystallographic parameters are available in Appendix 8.1, Table 8.2. 

  

Figure 2.3. X-ray diffraction pattern of turbostratic citrate intercalated Ni0.75Fe0.25-LDH. X-ray source: Cu Kα. 



12 
 

3. Liquid phase exfoliation and dispersions of layered double 

hydroxides 
 

In this chapter I provide a general overview on the current state of the liquid exfoliation of layered 

double hydroxides. Then I introduce the reader to the Debye-Hükel model which describes the 

interaction between charged surfaces and electrolytes, alongside with the physical meaning of 

the zeta potential. Lastly, I discuss the stability of LDH nanosheets dispersions in ethanol and 

suspension in water by means of the zeta potential. I will also describe the different morphologies 

of dispersed nanosheets. 

 

3.1. History and current developments in the liquid phase exfoliation of 

layered double hydroxides 
 

Contrary to van der Waals materials (e.g., graphite, ℎ-𝐵𝑁, 𝑀𝑜𝑆2, etc.), the cohesive force between 

the layers in LDH materials results from the electrostatic attraction between the layers and the 

charge counterbalancing anions amid them, as well as a dense network on hydrogen bonds. The 

thermodynamic conclusions from Section 1.2 only partially hold in the LDH case73, because the 

summatory term in (𝟏. 𝟑) cannot be assumed always zero due to the surface charge of LDHs. 

The first exfoliation of LDHs has been reported in 1999 by M. Adachi-Pagano, C. Forano and J.P. 

Besse who exfoliated ZnAl-LDHs in butanol by using sodium dodecyl sulphate as surfactant4. 

Two years later, T. Hibino and W. Jones reported the first surfactant-free exfoliation of LDHs, 

which was carried in formamide74 that later became the most popular solvent for LDH exfoliation75. 

In the same period, E. Gardner, K.M. Huntoon and T.J. Pinnavaia delaminated alkoxide 

intercalated MgAl-LDHs in water76. Despite the authors never claimed the effective exfoliation of 

LDHs in water, it has been confirmed in 2004 in the study carried by T. Hibino and M. Kobayashi77. 

Nowadays, the exfoliation of LDH is possible in a multitude of solvent and mixture either with or 

without surfactants75. However, the dispersibility and exfoliation of LDHs in different solvents has 

been deeply characterized only recently by W. Yu et al. from a thermodynamic viewpoint73. In 

their article they reported the dispersion of few layers MgAl-LDHs with carbonate, nitrate, and 

chloride as intercalated anions in 40 different solvents and mixtures. Then, they also reported the 

efficiency of solvents and mixtures thereof at exfoliating LDHs down to single layers. 

Summarizing, the average surface energy (𝑈𝑠) of LDHs is ~86 mJ·m-2, with variations of ±2 mJ·m-

2 depending on the metal composition and the intercalated anions73. Similarly, W. Yu et al. also 

reported the solubility Hansen parameters 𝛿𝑑, 𝛿𝑝 and 𝛿𝐻 of LDHs to be 17.2±0.2, 10±1 and 

26.0±2.5 MPa1/2, respectively73. Hence, the most suitable solvents for LDH dispersions and 

exfoliation are: formamide, dimethyl sulfoxide, diethylene glycol and glycerol (cf. Table 3.1). 

Despite the safety concerns regarding the toxicity of formamide and diethylene glycoli, all the 

aforementioned solvents have a boiling point higher than 150°C, at which temperature LDHs lose 

their structural water, altering the LDH properties54. Moreover, none of aforementioned solvents 

is effective at exfoliating carbonate based LDHs73. The impossibility to exfoliate resides into the 

high affinity of carbonate for LDH surfaces78 and its negative charge, which is twice the charge of 

 
i For toxicity and physical properties of solvents I refer to the safety data sheets from the supplier (Sigma-
Aldrich). 
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chloride and nitrate anions. Nevertheless, the electrostatic nature of cohesive forces in LDHs can 

be exploited for different advantageous exfoliation strategies. For instance, LDHs intercalated 

with zwitterions can be exfoliated in water by finely tuning the pH79. Alternatively, LDHs 

intercalated with hydroxy-carboxylate anions (e.g., D,L-lactate) spontaneously exfoliate in distilled 

water due to the osmotic swelling80,81. Lastly, the LDH exfoliation can also be achieved by charge 

reversal82–84. In the latter technique, multicharged anions are adsorbed onto the surface of LDH 

layers until their charge is reversed from positive to negative. Hence, to accurately describe the 

stability of LDH dispersions, understanding the interactions between charged surfaces and ions 

dissolved into an electrolyte is first required, i.e., the Debye-Hükel model. Then, the approach 

must be extended to two charged surfaces that interact by electrostatic and van der Waals forces, 

i.e., the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory. Both the aforementioned topics 

are introduced in the next section. 

Table 3.1. LDH and solvent surface energies, Hansen parameters and boiling points. Cf. ref. 73. 

Material / Solvent 𝑼𝒔 (mJ·m-2) 𝜹𝒅 (MPa1/2) 𝜹𝒑 (MPa1/2) 𝜹𝑯 (MPa1/2) 
Boiling 

point (°C) 

LDHs ~86 ~17.2 ~10 ~26.0 - 

Formamide 88.0 17.2 19.0 19.0 210 

Dimethyl sulfoxide 74.0 18.4 16.4 10.2 189 

Diethylene glycol 77.7 17.0 12.0 20.7 245 

Glycerol 93.4 17.4 12.1 29.3 182 

Ethanol 53 15.8 8.8 19.4 78 

Water 102.7 15.5 16.0 42.3 100 

 

3.2. Interactions between charged surfaces: the physical meaning of zeta 

potential 
 

According to the Debye-Hükel model (Figure 3.1), an electrically charged surface immersed into 

an electrolyte produces an electrostatic double layer due to the approaching of ions with opposite 

charge to the surface85. Hence, by the electroneutrality principle, the total charge balance is 

defined as 

𝜎0 + 𝜎𝑂𝐻𝑃 + 𝜎𝑑 = 0 . (𝟑. 𝟏) 

Here 𝜎0 is the surface charge density, 𝜎𝑂𝐻𝑃 is the charge density at the outer Helmholtz plane 

(OHP, i.e., the pane of nearest approach for ions without losing their solvation shell) and 𝜎𝑑 is the 

charge density of the diffuse layer of ions approaching the surface. In case of LDHs 𝜎0 results 

from three different contributions: the structural charge density (𝜎𝑠𝑡𝑟) arising from 𝑀(𝐼𝐼𝐼) (cf. (𝟐. 𝟏)), 
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the proton charge density (𝜎𝐻+) that results from the protonation or deprotonation of hydroxyl 

surface groups, and the charge density carried by anions and solvent molecules chemisorbed on 

the surface, i.e., located at the inner Helmholtz plane (𝜎𝐼𝐻𝑃), hence 

𝜎0 = 𝜎𝑠𝑡 + 𝜎𝐻+ + 𝜎𝐼𝐻𝑃  . (𝟑. 𝟐) 

Since the OHP is located at a distance from the charged surface equal to half of the radius of 

solvated ions, all ions at the OHP can be assumed electrostatically bound to the surface and 

move with it85. Hence, the sum of the first two elements of (𝟑. 𝟏) can be considered as the effective 

charge density, 𝜎𝑒𝑓𝑓, that a solvated surface experiences into an electrolyte, thus 

𝜎𝑒𝑓𝑓 = −𝜎𝑑  . (𝟑. 𝟑) 

The equation relating the charge density to the electric field (𝑬) is: 

𝑑𝑖𝑣 𝑬 =
𝜎

휀0휀𝑟
 . (𝟑. 𝟒) 

In which 휀0 is the absolute permittivity of vacuum and 휀𝑟 is the relative permittivity of the medium. 

The Galvani potential (𝜑) in an electrolyte is defined as the negative gradient of 𝑬. Hence, 

𝑬 = −𝒈𝒓𝒂𝒅 𝜑 ≡ −𝒊
𝜕𝜑

𝜕𝑥
− 𝒋
𝜕𝜑

𝜕𝑦
− 𝒌

𝜕𝜑

𝜕𝑧
 , (𝟑. 𝟓) 

where 𝒊, 𝒋 and 𝒌 are unitary vectors along 𝑥, 𝑦 and 𝑧, respectively. By combining (𝟑. 𝟒) with (𝟑. 𝟓), 

it follows that 

𝜎

휀0휀𝑟
= 𝑑𝑖𝑣 𝒈𝒓𝒂𝒅 𝜑 ≡

𝜕2𝜑

𝜕𝑥2
+
𝜕2𝜑

𝜕𝑦2
+
𝜕2𝜑

𝜕𝑧2
(𝟑. 𝟔) 

Figure 3.1. Graphical representation of the Debye-Hükel model (not to scale). 
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However, in the case of planar surfaces, the number of coordinates in (𝟑. 𝟔) is reduced to one, 

i.e., the distance from the surface, resulting into: 

𝜕2𝜑

𝜕𝑥2
= −

𝜎(𝑥)

휀0휀𝑟
 . (𝟑. 𝟕) 

Since ions within the OHP are located from the surface at a distance that is half of their solvation 

shell (𝑎 2⁄ ), the double layer formed by 𝜎0 and 𝜎𝑂𝐻𝑃 can be considered as a planar plate capacitor, 

implying that: 

𝜕2𝜑

𝜕𝑥2
= 0 (𝟑. 𝟖) 

↓ 

𝜕𝜑

𝜕𝑥
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝟑. 𝟗) 

↓ 

𝜑(𝑥) = 𝜑0 − 2
𝜑0 − 𝜑𝑂𝐻𝑃

𝑎
𝑥 . (𝟑. 𝟏𝟎) 

In which 𝜑0 and 𝜑𝑂𝐻𝑃 are the Galvani potential generated by 𝜎0 and 𝜎𝑂𝐻𝑃, whereas 𝑎 is the 

diameter of the solvation shell of ions. On the contrary, the potential in the diffuse double layer 

(Goüy-Chapman model)85 depends on the Boltzmann distributioni as follows: 

𝑛𝑖 = 𝑛𝑖,0 exp [−
𝑍𝑖𝑒 ⋅ 𝜑(𝑥)

𝑘𝐵𝑇
] . (𝟑. 𝟏𝟏) 

In which 𝑛𝑖 is the local number per unit volume of 𝑖 ions with 𝑍𝑖𝑒 charge, 𝑛𝑖,0 is the number of 𝑖 

ions per unit volume in the bulk electrolyte, 𝑇 the absolute temperature and 𝑘𝐵 the Boltzmann 

constant. By rewriting (𝟑. 𝟏𝟏) with respect to the distance (𝜉) from the OHP, it follows that 

𝑛𝑖 = 𝑛𝑖,0 exp [−
𝑍𝑖𝑒 ⋅ (𝜑(𝜉) − 𝜑𝑠)

𝑘𝐵𝑇
] , (𝟑. 𝟏𝟐) 

in which 𝜉 = 𝑥 − 𝑎 2⁄  and 𝜑𝑠 the Galvani potential in the bulk electrolyte. By considering an 

imaginary plane at a distance 𝜉, its charge density depends on the summatory of the local number 

of all ionic species multiplied by their charge, hence: 

𝜎(𝜉) =∑[𝑍𝑖𝑒 ⋅ 𝑛𝑖(𝜉)]

𝑖

=∑{𝑍𝑖𝑒 ⋅ 𝑛𝑖,0 exp [−
𝑍𝑖𝑒 ⋅ (𝜑(𝜉) − 𝜑𝑠)

𝑘𝐵𝑇
]}

𝑖

 . (𝟑. 𝟏𝟑) 

By combining (𝟑. 𝟕) with (𝟑. 𝟏𝟑) it follows that: 

𝜕2𝜑

𝜕𝑥2
= −∑{

𝑍𝑖𝑒 ⋅ 𝑛𝑖,0
휀0휀𝑟

exp [−
𝑍𝑖𝑒 ⋅ (𝜑(𝜉) − 𝜑𝑠)

𝑘𝐵𝑇
]}

𝑖

 . (𝟑. 𝟏𝟒) 

In dilute electrolytes, the solution to (𝟑. 𝟏𝟒) can be approximated with its Taylor series up to the 

second term (i.e., exp(𝑥) ≈ 1 − 𝑥 for 𝑥 ≪ 1)ii, leading to: 

 
i Notice than the 𝑧𝑖𝑒 ⋅ 𝜑(𝑥) in (𝟑. 𝟏𝟏) is the electrostatic potential energy. 
ii Notice that, by approximating (𝟑. 𝟏𝟒) with its Taylor series, the first term ∑

𝑍𝑖𝑒⋅𝑛𝑖,0

𝜀0𝜀𝑟
= 0𝑖 . 
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𝜕2𝜑

𝜕𝜉2
= 𝜅2(𝜑(𝜉) − 𝜑𝑠) . (𝟑. 𝟏𝟓) 

Here 𝜅−1 is the Debye length, defined as: 

𝜅2 =
2𝑒2𝑁𝐴𝜌𝑠𝑚0
휀0휀𝑟𝑘𝐵𝑇

𝑰 . (𝟑. 𝟏𝟔) 

In which 𝑁𝐴 is the Avogadro’s number, 𝜌𝑠 the density of the solvent and 𝑚0 the standard molality 

(expressed in mol·kg-1). 𝑰 is the ionic strength, and it is defined as: 

𝑰 =
1

2
∑(𝑍𝑖

2 𝑚𝑖
𝑚0
)

𝑖

 , (𝟑. 𝟏𝟕) 

in which 𝑚𝑖 is the molality of the 𝑖𝑡ℎ ion in the bulk electrolyte. The physical meaning of 𝜅−1 

represents the distance at which 𝜑𝑂𝐻𝑃 is reduced by a factor of 𝑒−1 (Neper’s number, not to be 

confused with electric charge). E.g., in dilute aqueous electrolytes at 25°C (𝟑. 𝟏𝟔) yields: 

𝜅−1 =
3.046 ⋅ 10−10

√𝐼
 . (𝟑. 𝟏𝟖) 

Therefore, 𝜅−1 measures tens of nanometres at 10-4 M 𝑁𝑎𝐶𝑙 concentration but it drops below 1 

nm at 0.1 M 𝑁𝑎𝐶𝑙 concentration. 

By solving (𝟑. 𝟏𝟓) it follows that 

𝜑(𝜉) − 𝜑𝑠 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ⋅ exp(−𝜅𝜉) , (𝟑. 𝟏𝟗) 

then, by integrating (𝟑. 𝟏𝟗) from 𝜉 = 0 to 𝜉 = ∞ yields: 

𝜑(𝜉) − 𝜑𝑠 = (𝜑𝑂𝐻𝑃 − 𝜑𝑠) ⋅ exp(−𝜅𝜉) . (𝟑. 𝟐𝟎) 

By placing 𝜉 = 0, (𝟑. 𝟐𝟎) yields the Galvani potential difference between the OHP and the bulk 

electrolyte. This Galvani potential difference is commonly referred to as zeta potential (휁)i, i.e., 

휁 = 𝜑𝑂𝐻𝑃 − 𝜑𝑠 . (𝟑. 𝟐𝟏) 

Hence, 휁 is the coefficient before the exponential decay of the Galvani potential due to the diffuse 

double layer, i.e., 

𝜑(𝜉) − 𝜑𝑠 = 휁 ⋅ exp(−𝜅𝜉) . (𝟑. 𝟐𝟐) 

To this point, the nature of the repulsive force between two planar, equally charged surfaces 

immersed in an electrolyte, at a distance of 2𝑙, derives from the overlapping of two diffuse double 

layers generated by the 𝜎𝑂𝐻𝑃 of both surfaces according to (𝟑. 𝟏𝟐). The local number of ions at a 

distance 𝑙, i.e., half the gap, is defined asii: 

∑𝑛𝑖
𝑖

=∑𝑛𝑖,0
𝑖

⋅ exp [−
𝑍𝑖𝑒 ⋅ 2(𝜑(𝜉) − 𝜑𝑠)

𝑘𝐵𝑇
] . (𝟑. 𝟐𝟑) 

 
i Experimentally 휁 is measured at a distance of 𝑎 2⁄  outside the OHP, i.e., at a distance equal to half the 
radius of solvated ions. However, for dilute solutions the potential drop across that distance is negligible. 
ii Note that the exponential term of (𝟑. 𝟐𝟑) is twice that of (𝟑. 𝟏𝟐), due to the overlapping of two diffuse 
double layers. 
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According to the van’t Hoff equation, the difference in ions concentration (Δ𝑐𝑖), in the 2𝑙 gap with 

respect to the bulk electrolyte produces an osmotic pressure (Π) as follows: 

Π = 𝑅𝑇∑ Δ𝑐𝑖𝑖 = 𝑘𝐵𝑇∑ Δ𝑛𝑖𝑖 , (𝟑. 𝟐𝟒) 

in which Δ𝑛𝑖 = 𝑛𝑖 − 𝑛𝑖,0, and 𝑅 is the gas constant (𝑅 = 𝑁𝐴𝑘𝐵). It follows from (𝟑. 𝟐𝟑) that the 

difference in the local number of ions at a distance 𝑙 with respect to the bulk electrolyte is defined 

as: 

∑Δ𝑛𝑖
𝑖

=∑𝑛𝑖
𝑖

−∑𝑛𝑖,0
𝑖

=∑𝑛𝑖,0 ⋅ {exp [−
𝑍𝑖𝑒 ⋅ 2(𝜑(𝜉) − 𝜑𝑠)

𝑘𝐵𝑇
] − 1}

𝑖

. (𝟑. 𝟐𝟓) 

At this point, by following an analogous procedure to (𝟑. 𝟏𝟒), (𝟑. 𝟐𝟓) can be approximated with its 

Taylor series up to the third term, yieldingi:  

∑Δ𝑛𝑖
𝑖

= −
1

2
∑𝑛𝑖,0 ⋅ [

𝑍𝑖𝑒 ⋅ 2(𝜑(𝜉) − 𝜑𝑠)

𝑘𝐵𝑇
]

2

𝑖

= −(
2𝑒2

𝑘𝐵
2𝑇2

∑𝑍𝑖
2𝑛𝑖,0

𝑖

) ⋅ (𝜑(𝜉) − 𝜑𝑠)
2 . (𝟑. 𝟐𝟔) 

By combining (𝟑. 𝟐𝟒) with (𝟑. 𝟐𝟔), it results that: 

Π = −(
2𝑒2

𝑘𝐵𝑇
∑𝑍𝑖

2𝑛𝑖,0
𝑖

) ⋅ (𝜑(𝜉) − 𝜑𝑠)
2 , (𝟑. 𝟐𝟕) 

then, the rearrangement of (𝟑. 𝟐𝟕) according to (𝟑. 𝟏𝟔), (𝟑. 𝟏𝟕) and (𝟑. 𝟐𝟐) yields: 

 
i Note that the second term in the Taylor series of (𝟑. 𝟐𝟓) is 

2(𝜑(𝜉)−𝜑𝑠)

𝑘𝐵𝑇
⋅ ∑ 𝑛𝑖,0𝑍𝑖𝑒𝑖 = 0, since the overall charge 

of ions cancel out, i.e., ∑ 𝑛𝑖,0𝑍𝑖𝑖 = 0. 

Figure 3.2. Graphical representation of the DLVO theory (𝟑. 𝟑𝟐) at fixed 휁 of ±50 mV and 𝐴𝐻 fixed at 1·10-20 J. 



18 
 

Π = −
1

2
휀0휀𝑟𝜅

2휁2 ⋅ exp(−2𝜅𝜉) . (𝟑. 𝟐𝟖) 

Hence, the energy per unit areai due to the osmotic pressure results from two times the integration 

of (𝟑. 𝟐𝟖) from 𝜉 = ∞ to 𝜉 = 𝑙 as follows: 

𝐸Π = −휀0휀𝑟𝜅
2휁2∫ exp(−2𝜅𝜉)

𝑙

∞

𝑑𝑙 (𝟑. 𝟐𝟗) 

↓ 

𝐸Π =
1

2
휀0휀𝑟𝜅휁

2 exp(−2𝜅𝑙) . (𝟑. 𝟑𝟎) 

On the contrary, the energy per unit area resulting from the attraction of two parallel surfaces, 

placed at a distance of 2𝑙, due to van der Waals forces is expressed as: 

𝐸𝑉𝑑𝑊 = −
𝐴𝐻
12𝜋

1

(2𝑙)2
(𝟑. 𝟑𝟏) 

in which 𝐴𝐻 is the Hamaker constant that assumes values between 7·10-22 and 3·10-19 J, with 

1·10-20 J as average value86. The DLVO theory describes the interaction between electrically 

charged solid particles dispersed into a liquid medium. In the case of charged planar plate-like 

particles, the total energy per unit area (𝐸𝑇) as a function of the distance (2𝑙) can be merely 

described as the sum of (𝟑. 𝟑𝟎) and (𝟑. 𝟑𝟏), i.e., 

𝐸𝑇 =
1

2
휀0휀𝑟𝜅휁

2 exp(−2𝜅𝑙) −
𝐴𝐻
12𝜋

1

(2𝑙)2
 . (𝟑. 𝟑𝟐) 

The magnitude of 𝐸𝑇(2𝑙) is illustrated at fixed 휁 of ±50 mV and variable 𝑰 in Figure 3.2ii. At 𝑰 

approaching to zeroiii, 𝐸𝑇(2𝑙) presents a positive global maximum at 2𝑙 values of approximately 3 

nm. The global maximum represents the energy barrier that charged nanosheets, dispersed into 

an electrolyte, must overcome in order to coagulate (i.e., the global minimum at 2𝑙 approaching 

to zero). At 𝑰 values of 0.01 (e.g., 10 mM 𝑁𝑎𝐶𝑙), 𝐸𝑇(2𝑙) still presents a positive global maximum, 

however at 2𝑙 about 5 nm, a local minimum does occur. The local minimum represents the 

phenomenon of flocculation. In a flocculated precipitate, the particles (or nanosheets) are trapped 

into the local minimum, hence they stay at a fixed distance from each other without coagulating. 

Flocculation is a reversible phenomenon since the precipitate can be suspended again for a brief 

period of time (hours or days). By increasing further 𝑰, the magnitude of the global maximum 

decreases until it reaches negative values, at this point the irreversible coagulation of the particles 

is favoured. For the sake of completeness, 𝐸𝑇(휁) and 𝐸𝑇(𝐴𝐻) are not graphically represented 

since they are quadratic and linear, respectively. 

 

 

 

 
i The units of 𝐸Π in (𝟑. 𝟑𝟎), but also of 𝐸𝑉𝑑𝑊 in (𝟑. 𝟑𝟏) are J/m2. 
ii 𝑰 ∝ 𝜅2 according to (𝟑. 𝟏𝟔). 
iii The minimum 𝑰 for aqueous electrolytes is 1.004·10-7 at 25°C due water self-dissociation85. In a general 

case, the minimum 𝑰 in a protonic solvent is equal to the square root of its self-dissociation constant. 
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3.3. Dispersion of layered double hydroxides in ethanol 
 

I decided to develop a way to exfoliate LDHs in 

ethanol, since it constitutes an unharmful solvent 

with a low boiling point, i.e., 78°Ci. My idea is 

covering LDH layers with a surfactant, similarly to 

how amphiphilic surfactants are used to exfoliate 

LDHs into nonpolar or weakly polar solvents59. 

The surfactant I have chosen is sodium acetate, 

for its similarity with ethanol, and its capability to 

form hydrogen bonds through its carboxylic 

group78. As a starting point, I have used sodium 

acetate to stabilize few-layer nanosheets of 

carbonate-intercalated NiFe-LDH dispersed in 

ethanol. From now I will refer to the 

aforementioned dispersion as NiFe-CO3-1. To 

achieve this, I have first synthetized the 

carbonate intercalated NiFe-LDH with the “urea 

hydrolysis” method87, and then I exposed the 

synthetized product to a sodium acetate aqueous 

solution. Then, by performing subsequential 

washings with ethanol, the excess of sodium 

acetate and water is removed, and the NiFe-LDH 

starts to disperse, yielding NiFe-CO3-1. The 

dispersion process can be easily monitored, since 

the ethanol turns yellow due to the dispersed 

NiFe-LDH nanosheets. A more accurate 

monitoring of the dispersion process is achieved 

by electronic spectroscopy (UV-Vis-NIR) as 

shown in Figure 3.3. In fact, as the washing 

procedure with ethanol goes on, the absorbance 

at 350 nm of the dispersion increases up to 

saturationii. The concentration of NiFe-CO3-1 at 

saturation is 0.16 g·L-1, while the dispersed 

particles are hexagonal nanosheets with an 

expected lateral size, 〈𝐿〉, of 242 nm, as 

illustrated in Figure 3.4a. The stability of NiFe-

CO3-1 lasted for more than six months, and this 

stability cannot be explained neither by the close 

matching between the surface energies of LDH and ethanol, nor by the close matching between 

Hansen parameters (cf. Table 3.1). Hence, the value of |휁| provides insights on the mechanism 

exploited by acetate anions into stabilizing NiFe-CO3-1. More in detail, a 휁 of tens of mV indicates 

that acetate anions dissolve into the ethanol leaving behind a charged LDH surface. In this case, 

 
i Refer to data sheets from the supplier (Sigma-Aldrich).  
ii The absorbance spectrum of transition metal based LDHs is described in Chapter 6. 

Figure 3.3. a) Electronic spectra of NiFe-LDH 
nanosheets dispersed in ethanol compared with an 
ethanol sodium acetate solution. b) Second derivative 
electronic spectrum of NiFe-LDH nanosheets dispersed 
in ethanol, c) Absorbance measured @ 350 nm of 
supernatants collected during washing cycles. 
Reprinted with permission from Piccinni, M.; Bellani, S.; 
Bianca, G.; Bonaccorso, F. Nickel-Iron Layered Double 
Hydroxide Dispersions in Ethanol Stabilized by Acetate 
Anions. Inorg Chem 2022, 61 (11), 4598–4608. 
Copyright 2022 American Chemical Society. 
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the dispersion would be stabilized by osmotic swelling according to (𝟑. 𝟑𝟐). On the contrary, a 휁 

close to zero indicates that acetate anions are bound to the LDH surface at the IHP, acting as a 

surfactant. The measured 휁 for NiFe-CO3-1 is +1.68 mV, while the same carbonate intercalated 

NiFe-LDH yielded a 휁 of +43.2 mV when suspended in water. However, the water suspension of 

carbonate-intercalated NiFe-LDH flocculated completely in one day. Despite multiple, 

subsequential washings during the dispersion process, the reduction of 휁 in ethanol, compared to 

water, suggests that acetate anions are bound to the LDH surface at the Helmholtz planes, 

effectively neutralizing the 𝜎0 and acting as a surfactant. Furthermore, I have decided to 

investigate the effect of acetate anions when introduced during the LDH synthesis. To achieve 

this, I used nickel acetate as the source of nickel in the synthesis of carbonate-intercalated NiFe-

LDH. Then, I have dispersed the obtained product in ethanol by following the same procedure 

adopted for NiFe-CO3-1. The obtained ethanol dispersion, namely NiFe-CO3-2, saturated at a 

concentration of 0.22 g·L-1 with a 휁 value of +1.59 mV. Moreover, the effect of acetate in the 

synthesis environment led to a larger 〈𝐿〉 of 416 for nanosheets in NiFe-CO3-2, as illustrated in 

Figure 3.4b. I ascribe this increased 〈𝐿〉 to the absorption of acetate anions on the surface of LDH 

nanosheets while they are still forming during the synthesis, thus favouring the lateral growth of 

nanosheets. Eventually, the presence of acetate does not significantly influence the iron content 

in NiFe-LDHs, since NiFe-CO3-1 and NiFe-CO3-2 showed a 19.20% and 20.29% of iron content, 

respectively. 

Since acetate anions have been proven to be effective stabilizers for ethanol dispersion of 

carbonate intercalated NiFe-LDHs, I have decided to replace carbonate with citrate as the 

interlayer anion in NiFe-LDH. The choice of citrate has been driven by three main factors. Firstly, 

citrate is a tricarboxylic anion, hence it can bind on the surface in a similar fashion as acetate 

does78. However, citrate possesses three negative charges instead of one; hence, I expect it is 

able to perform a charge reversal of the LDH surface. For the sake of clarity, a charge reversal 

happens when |±(𝜎𝑠𝑡 + 𝜎𝐻+)| < |∓(𝜎𝐼𝐻𝑃 + 𝜎𝑂𝐻𝑃)|. Secondly, citrate-intercalated MgAl-, NiAl- and 

ZnAl-LDHs have been reported in literature69,88, and they are prone to osmotic swelling in distilled 

water77,80,81, meaning that an exfoliation down to single layer is feasible according to (𝟑. 𝟑𝟐). 

Thirdly, citrate forms coordination compounds with iron89,90, preventing the formation of unwanted 

ferric oxide phases that may occur during the iron-based LDH synthesis91. Unfortunately, I could 

not rely on the ammonia produced during urea hydrolysis for the precipitation of NiFe-LDH, 

because the hydrolysis of urea also produces carbonates as follows: 

𝑂𝐶(𝑁𝐻2)2 + 2𝐻2𝑂
𝑇>60°𝐶
→     𝐶𝑂3

2− + 2𝑁𝐻4
+ (𝟑. 𝟑𝟑𝒂) 

𝐶𝑂3
2− + 2𝑁𝐻4

+ → 𝐶𝑂2 ↑ + 2𝑁𝐻3 (𝟑. 𝟑𝟑𝒃) 

 

Hence, I had to use 𝑁𝑎𝑂𝐻 to provide the alkaline environment for the LDH formation. The 

investigation on the formation mechanism of citrate intercalated LDHs is discussed in Chapter 4. 

The freshly formed citrate-intercalated NiFe-LDH spontaneously disperse in water forming gels 

with a LDH concentration up to 6.7 g·L-1 and a pH near to 8 due to the partial protonation of citrate 

anions as follows: 

𝐻𝐶𝑖𝑡3− +𝐻2𝑂 ⇌ 𝐻2𝐶𝑖𝑡
2− + 𝑂𝐻− (𝟑. 𝟑𝟒) 



21 
 

where 𝐶𝑖𝑡4− is 𝐶6𝐻4𝑂7
4−. For the sake of clarity, in this thesis I will always consider citric acid as 

tetraprotic, since its hydroxylic proton is exchanged in strong alkali or as a result of coordination 

compounds92. When dispersed in water, citrate-intercalated NiFe-LDH showed a 휁 of -45.3 mV, 

indicating chat citrate anions are able to perform a charge reversal of the LDH surface. By 

performing the acetate treatment and subsequent dispersion of the citrate-intercalated NiFe-LDH 

in ethanol, the obtained dispersion, namely NiFe-Cit, reached saturation at 0.16 g·L-1, yielding a 

휁 of -3.94 mV. This time, the reduction in |휁| is also indicative that acetate anions not only bind on 

the LDH surface, but also compete with citrate for the same binding sites. The dispersed NiFe-

Cit nanosheets are shown in Figure 3.4c. The nanosheets are round shaped with 〈𝐿〉 of 208 nm, 

while their thickness measured with atomic force microscopy (AFM) is 1.2 nm. This value matches 

the basal spacing of 1.23 nm in citrate-intercalated LDHsi. Thus, I can state that citrate-

intercalated NiFe-LDH can be exfoliated down to single layer in ethanol, by pre-treating them with 

acetate anions as a surfactant.  

 
i The basal spacing is the thickness of one layer plus the thickness of one interlayer space. The basal 
spacing is obtained in a straightforward manner from the X-ray diffraction patterns and is described in detail 
in Chapter 2. Check Table 9.2 in Appendix 9.1 for LDHs crystallographic data. 

Figure 3.4. Bright field transmission electron microscopy images of a) NiFe-CO3–1 nanosheets, b) NiFe-CO3–2 
nanosheets and c) NiFe-Cit nanosheets. d) Size histograms of NiFe–LDH particles fitted by a lognormal distribution 
(red line). e) Atomic force microscopy image, and f) the corresponding height profiles of NiFe-Cit nanosheets. 
Reprinted with permission from Piccinni, M.; Bellani, S.; Bianca, G.; Bonaccorso, F. Nickel-Iron Layered Double 
Hydroxide Dispersions in Ethanol Stabilized by Acetate Anions. Inorg Chem 2022, 61 (11), 4598–4608. Copyright 
2022 American Chemical Society. 
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4. Electrocatalytic properties of LDHs 
 

The transition to a carbon neutral energy infostructure, in the next decades, requires the 

development of energy storage technologies able to make up for the intermittence of renewable 

energy sources like wind and solar. To this point the production of molecular hydrogen from water 

electrolysis (or water splitting) is an appealing energy storage solution, provided that the electricity 

from the process originate from renewable energy sources. Moreover, molecular hydrogen can 

be recombined with atmospheric oxygen in fuel cells yielding electricity, or directly burned as fuel. 

However, the main obstacle to the development of an efficient electrolysis process is the oxygen 

evolution reaction (OER) happening at the anode during the water electrolysis process. In fact, 

the OER is a complex reaction involving four electron transfers coupled with four proton releases 

also including the formation of the double bond in the dioxygen molecule. For this reason, are 

required overpotentials of hundreds of millivolts to perform the water electrolysis at feasible 

reaction rate. To this point, the choice of a performant catalyst toward the OER is pivotal for the 

development of a carbon neutral society. Recently, oxides and hydroxides based on the iron 

group elements (𝐹𝑒, 𝐶𝑜 and 𝑁𝑖) are being widely studied as catalyst for the OER, since the 

aforenamed materials are earth abundant, cheap, easy to prepare and stable under the OER 

conditions58–62. For this reason, I decided to investigate how the dispersion process in ethanol 

influences the electrocatalytic properties of NiFe-LDH nanosheets described in Chapter 3. Hence, 

I fabricated the NiFe-LDH electrodes by spraying the LDH ethanol dispersions onto graphite paper 

heated at 100°C. Here, the low boing point of ethanol is pivotal to ensure a straightforward 

spraying process. In fact, the ethanol immediately evaporates in contact with the hot graphite 

paper, allowing a fine control of the mass loading to 0.1 mg/cm2. Then, I performed the evaluation 

of the electrocatalytic properties of NiFe-LDHs for the OER by polarization measurements in 0.1 

M KOH electrolyte. For the sake of clarity, the solubility of LDHs in alkaline pH is negligible93 and, 

as described in the previous chapter (cf. Figure 3.2), the dispersion of charged particles is 

unfavoured at 0.1 M KOH. Therefore, I assumed that NiFe-LDH electrodes are stable in the 0.1 

M KOH electrolyte. To acquire reliable polarization curves of LDH electrodes, I decided to use the 

staircase voltammetry (SV), which is a derivative technique of the more popular cyclic 

voltammetry (CV). In fact, whereas in CV the potential-time waveform is continuous, the SV 

involves successive, equally spaced potential steps with a duration adequate to achieve a steady-

state current. Then, the current is sampled at the end of each step. In this way, any capacitive 

contribution to the measured current, due to diffuse double layers, has decayed to a negligible 

value. Then, the analysis of polarization measurements provides insights on the performance and 

mechanism of the catalyst towards the OER. Thus, I also provide the physical meaning of the 

overpotential, the Tafel slope and the turnover frequency, which are used as benchmarks for the 

OER. 

 

4.1. The physical meaning of the overpotential and Tafel slope 
 

By considering a generic redox equilibrium 

𝑂𝑥 + 𝑛𝑒− ⇌ 𝑅𝑒𝑑 , (𝟒. 𝟏) 

in which 𝑛 electrons are exchanged, its kinetic constant rate (𝑘) is defined as  
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𝑘 = 𝑘0 exp (−
Δ𝐺‡

𝑘𝐵𝑇
) . (𝟒. 𝟐) 

Here Δ𝐺‡ is the free energy difference between the activated complex and the reactants, and 𝑘0 

describes the motion of nuclei in the activated complex, which is characteristic of the reaction 

considered94. Since the free energy of redox species in electrochemical processes depends on 

the potential applied to the electrode, i.e., 𝐸 = 𝜑𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 − 𝜑𝑠, it follows that the current density 

due to the cathodic (forward) reaction in (𝟒. 𝟏) is defined as  

𝑗−(𝐸) = −𝑛𝐹𝑐𝑂𝑥𝑘0
− exp (−

𝛽𝑛𝐹𝐸

𝑅𝑇
) , (𝟒. 𝟑𝒂) 

whereas the current due to the anodic (backward) reaction is defined as 

𝑗+(𝐸) = 𝑛𝐹𝑐𝑅𝑒𝑑𝑘0
+ exp [

(1 − 𝛽)𝑛𝐹𝐸

𝑅𝑇
] . (𝟒. 𝟑𝒃) 

Here 𝑗±(𝐸) is the current density measured at the electrode. The minus sign indicates the cathodic 

reaction in (𝟒. 𝟏), while the plus sign indicates the anodic reaction. 𝑘0
− and 𝑘0

+ are the analogous 

to 𝑘0 from (𝟒. 𝟐) for the cathodic and anodic reactions, respectively. 𝐹 is the Faraday constant, 

while 𝑐𝑂𝑥 and 𝑐𝑅𝑒𝑑 are the concentration of 𝑂𝑥 and 𝑅𝑒𝑑 in the bulk electrolyte, respectively. 𝛽 is 

the asymmetry parameter and reflects the degree of symmetry of the reaction path between 𝑂𝑥 

and 𝑅𝑒𝑑. Usually, a 𝛽 value of 0.5 is assumed85. Since (𝟒. 𝟑) equations describe two opposite 

reactions occurring at the same electrode, there is a rest potential, 𝐸𝑟, at which the current density 

at the electrode is equal to zero, i.e., 

𝑗−(𝐸𝑟) + 𝑗
+(𝐸𝑟) = 0 . (𝟒. 𝟒) 

Hence, the 𝐸𝑟 is straightforward from (𝟒. 𝟑) and (𝟒. 𝟒), yielding: 

𝐸𝑟 =
𝑅𝑇

𝑛𝐹
ln
𝑘0
+

𝑘0
− +

𝑅𝑇

𝑛𝐹
ln
𝑐𝑂𝑥
𝑐𝑅𝑒𝑑

, (𝟒. 𝟓) 

which leads to the Nerst equation by defining the first addend of (𝟒. 𝟓) as the standard reduction 

potential (𝐸0), as follows 

𝐸𝑟 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln
𝑐𝑂𝑥
𝑐𝑅𝑒𝑑

(𝟒. 𝟔) 

Moreover, according to (𝟒. 𝟒) the exchange current, 𝑗0, is defined as follows:  

𝑗0 = |𝑗
−(𝐸𝑟)| = |𝑗

+(𝐸𝑟)| . (𝟒. 𝟕) 

More in detail: 

−𝑗0 = 𝑗
−(𝐸𝑟) = −𝑛𝐹𝑐𝑂𝑥𝑘0

− exp (−
𝛽𝑛𝐹𝐸𝑟
𝑅𝑇

) (𝟒. 𝟖𝒂) 

and 

+𝑗0 = 𝑗
+(𝐸𝑟) = 𝑛𝐹𝑐𝑂𝑥𝑘0

+ exp [
(1 − 𝛽)𝑛𝐹𝐸𝑟

𝑅𝑇
] . (𝟒. 𝟖𝒃) 

Now, given a redox reaction, the overpotential 휂 can be defined as the difference between the 

potential applied at the electrode and the rest potential as follows: 
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휂 = 𝐸 − 𝐸𝑟  . (𝟒. 𝟗) 

Hence, by combining (𝟒. 𝟑), (𝟒. 𝟖) and (𝟒. 𝟗), the Butler-Volmer equation follows, i.e., 

𝑗(휂) = 𝑗0 {exp [
(1 − 𝛽)𝑛𝐹휂

𝑅𝑇
] − exp (−

𝛽𝑛𝐹휂

𝑅𝑇
)} . (𝟒. 𝟏𝟎) 

Here, the first exponential term refers to the anodic reaction in (𝟒. 𝟏), whereas the second 

exponential term refers to the cathodic reaction. Hence, the Butler-Volmer equation (𝟒. 𝟏𝟎), 

provides the physical meaning of 휂. In fact, 휂 represents the amount of potential “wasted” that 

must be provided to achieve the desired current density. If |휂| ≫ 𝑅𝑇 𝑛𝐹⁄  (i.e., 25.7/𝑛 mV at 25°C), 

depending on the sign of 휂, one out of the two exponential terms in (𝟒. 𝟏𝟎) can be neglected, 

leading to the Tafel equation, i.e., 

휂 = |
𝑅𝑇

𝛽𝑛𝐹
ln (

𝑗

𝑗0
)| , (𝟒. 𝟏𝟏) 

or, by changing the base of the logarithm: 

휂 = |ln(10) ⋅
𝑅𝑇

𝛽𝑛𝐹
log10 (

𝑗

𝑗0
)| . (𝟒. 𝟏𝟐) 

For the sake of simplicity, (𝟒. 𝟏𝟐) is usually linearized as follows 

휂 = 𝑞 +𝑚 ⋅ log10|𝑗| (𝟒. 𝟏𝟑) 

where 𝑞 is the intercept on the ordinate axis and the angular coefficient 𝑚 is referred to as Tafel 

slope. At 25°C the |𝑚| value is 118/𝑛 mV/dec, whereas the sign of 𝑚 is negative for cathodic 

reactions and positive for anodic ones. 

 

4.2. The oxygen evolution reaction in alkaline electrolytes 
 

The oxygen evolution reaction (OER) is a complex reaction involving four electron transfers 

coupled with the release of four protons. Moreover, in alkaline environments, three different 

mechanisms are possible, depending on the catalyst surface chemistry. The first possible 

mechanism involves four identical electron transfers on different catalyst active sites (𝑀∗) as 

follows: 

𝑀∗ + 𝑂𝐻− ⇌ 𝑀𝑂𝐻 + 𝑒− . (𝟒. 𝟏𝟒) 

Then, the four 𝑀𝑂𝐻 intermediate species recombine by following three different paths: the oxide 

path 

2𝑀𝑂𝐻 ⇌ 𝑀𝑂 +𝑀∗ + 𝐻2𝑂 (𝟒. 𝟏𝟓𝒂) 

2𝑀𝑂 ⇌ 2𝑀∗ + 𝑂2 , (𝟒. 𝟏𝟓𝒃) 

the hydrogen peroxide path 

2𝑀𝑂𝐻 ⇌ 𝑀𝐻2𝑂2 +𝑀
∗ (𝟒. 𝟏𝟔𝒂) 

𝑀𝑂𝐻 +𝑀𝐻2𝑂2 ⇌ 𝑀𝐻𝑂2 +𝐻2𝑂 +𝑀
∗ (𝟒. 𝟏𝟔𝒃) 

𝑀𝐻𝑂2 +𝑀𝑂𝐻 ⇌ 𝑂2 + 𝐻2𝑂 + 2𝑀
∗ (𝟒. 𝟏𝟔𝒄) 
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or the electrochemical metal peroxide path 

2𝑀𝑂𝐻 ⇌ 𝑀𝑂 + 𝐻2𝑂 +𝑀
∗ (𝟒. 𝟏𝟕𝒂) 

𝑀𝑂 +𝑀𝑂𝐻 ⇌ 𝑀𝐻𝑂2 +𝑀
∗ (𝟒. 𝟏𝟕𝒃) 

2𝑀𝐻𝑂2 ⇌ 𝑀𝑂 + 𝑂2 + 𝐻2𝑂 +𝑀
∗ . (𝟒. 𝟏𝟕𝒄) 

The second possible mechanism involves two sequential electron transfers at different catalyst 

active site, i.e., 

𝑀∗ + 𝑂𝐻− ⇌ 𝑀𝑂𝐻 + 𝑒− (𝟒. 𝟏𝟒) 

𝑀𝑂𝐻 + 𝑂𝐻− ⇌ 𝑀𝑂 + 𝐻2𝑂 + 𝑒
− (𝟒. 𝟏𝟖) 

and then the recombination of products follows as 

2𝑀𝑂 ⇌ 2𝑀∗ + 𝑂2 (𝟒. 𝟏𝟓𝒃) 

The third possible mechanism involves all four sequential electron transfers happening on the 

same catalyst active site, as follows 

𝑀∗ + 𝑂𝐻− ⇌ 𝑀𝑂𝐻 + 𝑒− (𝟒. 𝟏𝟒) 

𝑀𝑂𝐻 + 𝑂𝐻− ⇌ 𝑀𝑂 + 𝐻2𝑂 + 𝑒
− (𝟒. 𝟏𝟖) 

𝑀𝑂 + 𝑂𝐻− ⇌ 𝑀𝑂𝑂𝐻 + 𝑒− (𝟒. 𝟏𝟗𝒂) 

𝑀𝑂𝑂𝐻 + 𝑂𝐻− ⇌ 𝑀𝑂𝑂− +𝐻2𝑂 (𝟒. 𝟏𝟗𝒃) 

𝑀𝑂𝑂− ⇌ 𝑀∗ + 𝑂2 + 𝑒
− . (𝟒. 𝟏𝟗𝒄) 

For the sake of clarity, the Tafel equation is strictly valid for single step reactions in which 𝑛 

electrons are simultaneously transferred85,95. For multistep reaction, like OER, the Tafel slope 

should be evaluated by a microkinetic analysis to also consider the role of intermediate 

species85,95. However, in multi-step reactions, it tuns out that the Tafel slope at steady-state 

conditions (i.e., SV) reflects the number of electron transfers prior to the rate determining step 

(included)85,95. Hence, for the OER, ~120 mV/dec of Tafel slope is expected if (𝟒. 𝟏𝟒) is the rate 

determining step, ~60 mV/dec if (𝟒. 𝟏𝟖) is the rate determining step, ~40 mV/dec if (𝟒. 𝟏𝟗𝒂) or 

(𝟒. 𝟏𝟗𝒃) is the rate determining step, and ~30 mV/dec if (𝟒. 𝟏𝟗𝒄) is the rate determining step. 

 

4.3. Overpotential, Tafel analysis and turnover frequency 
 

The overpotential at current densities of 10 mA·cm-2 (휂10), is considered the simplest benchmark 

of an electrocatalyst96. The 휂10 evaluation is straightforward from (𝟒. 𝟗) as follows 

휂10 = 𝐸(|𝑗|=10 𝑚𝐴⋅𝑐𝑚−2) − 𝐸𝑟  . (𝟒. 𝟐𝟎) 

Since for OER the standard reduction potential (𝐸0) is 1.229 V29, by combining (𝟒. 𝟐𝟎) with the 

Nerst equation (𝟒. 𝟓), yields 

휂10 = 𝐸(|𝑗|=10 𝑚𝐴⋅𝑐𝑚−2) − (1.229 − 0.0592 ⋅ 𝑝𝐻) (𝟒. 𝟐𝟏) 

at 25°C. The SV measurements indicate that the electrode fabricated from NiFe-CO3-1 shows the 

highest electrocatalytic activity among the samples, yielding a 휂10 value of 0.38 V. The electrode 
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fabricated from NiFe-Cit yielded a 휂10 value of 0.43 V, whereas the electrode fabricated from 

NiFe-CO3-2 yielded a 휂10 value of 0.54 V. The trend in 휂10 observed is consistent with the basicity 

of anions present in the LDH interlayer space97. In fact, the lower the LDH 휂10 toward OER (i.e., 

higher performance), the lower the Lewis acidity (i.e., higher 𝑝𝐾𝑎) of conjugated acids of interlayer 

anions97. In this case, the following acid-base equilibria must be considered92,94: 

𝐻𝐶𝑂3
− +𝐻2𝑂 ⇌ 𝐶𝑂3

2− + 𝐻3𝑂
+ 𝑝𝐾𝑎 = 10.33 ,                                                 (𝟒. 𝟐𝟐𝒂) 

𝐻2𝐶𝑖𝑡
2− +𝐻2𝑂 ⇌ 𝐻𝐶𝑖𝑡

3− +𝐻3𝑂
+ 𝑝𝐾𝑎 = 6.40                                                     (𝟒. 𝟐𝟐𝒃) 

and 

𝐶𝐻3𝐶𝑂𝑂𝐻 + 𝐻2𝑂 ⇌ 𝐶𝐻3𝐶𝑂𝑂
− +𝐻3𝑂

+ 𝑝𝐾𝑎 = 4.76 .                                                   (𝟒. 𝟐𝟐𝒄) 

Hence, the reverse trend of measured 휂10 is reflected into the trend of 𝑝𝐾𝑎 values, i.e., 𝐻𝐶𝑂3
− >

𝐻2𝐶𝑖𝑡
2− > 𝐶𝐻3𝐶𝑂𝑂𝐻. The explanation to this behaviour resides into the magnitude of Tafel 

slopes, which are displayed in Figure 4.1, indicating that a base-assisted deprotonation of OER 

intermediates is facilitated by Lewis bases97. More in detail, the electrode fabricated from NiFe-

CO3-1 showed a Tafel slope of 30 mV/dec suggesting that the rate determining step is the last 

electron transfer described in (𝟒. 𝟏𝟗𝒄). On the 

contrary, the electrode fabricated from NiFe-Cit 

yielded a Tafel slope of 38 mV/dec. This value 

close to 40 mV/dec suggests that the rate 

determining step almost completely shifted from 

the last electron transfer to the deprotonation of 

the “𝑀𝑂𝑂𝐻” intermediate in (𝟒. 𝟏𝟗𝒃). In fact, I 

argue that the lower 𝑝𝐾𝑎 of 𝐻2𝐶𝑖𝑡
2−, compared to 

the 𝑝𝐾𝑎 of 𝐻𝐶𝑂3
−, implies that citrate is less 

effective than carbonate at deprotonating the 

“𝑀𝑂𝑂𝐻” intermediate, therefore making (𝟒. 𝟏𝟗𝒃) 

the rate determining step. Furthermore, the 

electrode fabricated from NiFe-CO3-2 yielded a 

Tafel slope of 47 mV/dec, placing it as 

intermediate between 40 mV/dec, which is 

expected if (𝟒. 𝟏𝟗𝒂) or (𝟒. 𝟏𝟗𝒃) is the rate 

determining step, and 60 mV/dec which is 

expected if (𝟒. 𝟏𝟖) is the rate determining step. 

The reason for the NiFe-CO3-2 behaviour is that 

its nanosheets have been in contact with acetate 

anions since their formation in the reaction 

mixture, and it is reasonable to assume that 

acetates are incorporated into the LDH structure. 

Hence, the even lower 𝑝𝐾𝑎 of 𝐶𝐻3𝐶𝑂𝑂𝐻, with 

respect to the previous two cases, suggests that 

an excessive quantity of acetate anions can also 

partially hinder the deprotonation of the “𝑀𝑂𝐻” 

intermediate of the second electron transfer, i.e., 

(𝟒. 𝟏𝟖). Lastly, I calculated the turnover frequency 

(TOF) of NiFe-LDHs toward the OER, i.e., the 

Figure 4.1. Polarization curves and Tafel slopes, 
measured in 0.1 M KOH, of NiFe-LDH electrodes with 
0.1 mg/cm2 mass loading. Reprinted with permission 
from Piccinni, M.; Bellani, S.; Bianca, G.; Bonaccorso, 
F. Nickel-Iron Layered Double Hydroxide Dispersions in 
Ethanol Stabilized by Acetate Anions. Inorg Chem 2022, 
61 (11), 4598–4608. Copyright 2022 American 
Chemical Society. 
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average number of reaction cycles performed per second by the active sites of the catalyst. 

Hence, for a redox reaction involving 𝑛 electrons, by definitioni, the TOF is: 

𝑇𝑂𝐹 =
𝑖

𝑛 ⋅ 𝑒
⋅
1

𝑁𝑠𝑖𝑡𝑒𝑠
, (𝟒. 𝟐𝟑) 

in which 𝑖 is the measured current (𝑖 = 𝑗 ⋅ 𝐴𝑟𝑒𝑎) and 𝑁𝑠𝑖𝑡𝑒𝑠 is the number of active sites on the 

electrode. In case of 𝐶𝑜- or 𝑁𝑖-based electrocatalysts, it is commonly accepted that 𝑁𝑠𝑖𝑡𝑒𝑠 can be 

estimated by the charge underlying the characteristic redox peaks of 𝐶𝑜 or 𝑁𝑖 that precede the 

OER onset in CV measurements96,98. More in detail, in 𝑁𝑖-based electrocatalysts the oxidation 

from 𝑁𝑖(𝐼𝐼) to 𝑁𝑖(𝐼𝐼𝐼,𝐼𝑉) precedes the OER onset in CVs99, i.e., 

𝑁𝑖(𝐼𝐼) ⇌ 𝑁𝑖(𝐼𝐼𝐼,𝐼𝑉) + 𝑥𝑒− (𝟒. 𝟐𝟒) 

with a rest potential of ~0.49 V94,100, and 𝑥 that ranges from 1 to 1.7100. However, in the worst-

case scenario, setting the 𝑥 value to 1 means to overestimate the number of active sites, which 

implies an underestimation of the TOF with respect to its real value. Hence, (𝟒. 𝟐𝟑) can be 

rewritten as: 

𝑇𝑂𝐹 =
𝑖

𝑛 ⋅ 𝛥𝑞𝑁𝑖(𝐼𝐼)⇌𝑁𝑖(𝐼𝐼𝐼,𝐼𝑉)
 , (𝟒. 𝟐𝟓) 

in which 𝛥𝑞𝑁𝑖(𝐼𝐼)⇌𝑁𝑖(𝐼𝐼𝐼,𝐼𝑉) is the charge underling the redox wave related to (𝟒. 𝟐𝟒). According to 

the Tafel equation, 𝑗, and therefore 𝑖, depends on the applied 휂. Consequently, also the TOF is 휂 

dependent. Hence, I report the TOF at a 휂 of 300 mV extrapolated from the linear region of Tafel 

plots showed in Figure 4.1. Again, the electrocatalytic performance trend of NiFe-LDH based 

electrode is confirmed by the TOF, with NiFe-CO3-1 yielding a TOF of 61.7 mHz, NiFe-Cit yielding 

a TOF of 13.8 mHz, and finally NiFe-CO3-1 yielding a TOF of 3.53 mHz. Overall, the analysis on 

휂10, Tafel slopes and TOF indicate that the quantity of carboxylates contained in NiFe−LDHs must 

be minimized to avoid hindering the NiFe-LDHs electrocatalytic activity towards the OER. 

  

 
i The first fraction in (𝟒. 𝟐𝟑) corresponds to the number of molecules produced per second. 
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5. Formation mechanism of citrate intercalated LDHs: the 

hydrolytic polymerization 
 

In this chapter I discuss the formation mechanism of citrate intercalated LDH by the lens of 

potentiometric pH titrations and electronic spectroscopy investigations. As first, I decided to 

characterize the response to titration of each metal cation considered in the chapter (i.e., 𝐴𝑙3+, 

𝐹𝑒3+, 𝑁𝑖2+, and 𝑍𝑛2+) and the effect of citrate on titration profiles. All titration profiles are reported 

as functions of 𝑁𝑎𝑂𝐻 equivalents (𝐸𝑞𝑁𝑎𝑂𝐻). The effect of citrate on the titration profiles of 𝐴𝑙3+, 

𝐹𝑒3+, 𝑁𝑖2+, and 𝑍𝑛2+ solutions are presented in Figure 5.1. As expected, in the absence of 
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Figure 5.1. Potentiometric titrations curves of Fe3+, Ni2+, Al3+, and Zn2+ monometallic solutions with (orange curves) 
and without sodium citrate (cyan curves). 
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citrate, the titration profiles (blue lines in Figure 5.1) only present a single wide buffer region. This 

buffer region ends at the equivalent point corresponding to the respective stoichiometric 𝐸𝑞𝑁𝑎𝑂𝐻, 

indicating the precipitation of the related metal hydroxide. For the sake of completeness, the 

titration responses of several bimetallic solutions (in the absence of complexing agents) have 

been widely studied by J. Boclair et al.93,101. Summarizing, they reported that the titration of 

bimetallic solutions corresponds to consecutive titrations of monometallic solutions, with an 

intermediate region that varies depending on the affinity between the metals considered. Refer to 

Ref. 93,101 for details.  

 

5.1. Titration of metal-citrate solutions 
 

The presence of citrate in aqueous solutions leads to the formation of metal-citrate coordination 

compounds102, whose nature depends on both the solution pH and the metal/citrate ratio90,103. I 

decided to set the initial conditions of titration as same as the synthesis conditions of the related 

LDHs. The titration profile of the iron-citrate solution (orange line in Figure 5.1a) is consistent with 

that obtained by T. G. Spiro et al. in 196790. Here, the titration profile presents two equivalent 

points at 1.25 𝐸𝑞𝑁𝑎𝑂𝐻 and 2.75 𝐸𝑞𝑁𝑎𝑂𝐻, respectively. The buffer region preceding the first 

equivalent point is related to the formation of mono-, bi- and tri-nuclear iron-citrate coordination 

compounds103, whereas the second buffer region, located between 1.25 and 2.75 𝐸𝑞𝑁𝑎𝑂𝐻, is 

related to the hydrolytic polymerization of iron-citrate coordination compounds89,90. Then, the 

𝑁𝑎𝑂𝐻 saturation plateau follows the second equivalent point. During the whole titration, the colour 

of the 𝐹𝑒3+ solution shifted from light orange to dark orange/brown. This colour change is 

indicative of spin exchange interactions between neighbouring iron atoms, which will be described 

in detail in Section 5.3. Moreover, the solution remained clear of any precipitate for the duration 

of the whole titration, indicating the stability (at ambient temperature) of iron-citrate compounds. 

The titration of the nickel-citrate solution (orange line in Figure 5.1b) presents a single equivalent 

point at 1.25 𝐸𝑞𝑁𝑎𝑂𝐻. The equivalent point is preceded by a sloped region and followed by the 

𝑁𝑎𝑂𝐻 saturation plateau. To the best of my knowledge, no report has been published about the 

polymerization of nickel-citrate coordination compounds. On the contrary, several reports 

regarding the formation of polynuclear nickel-citrate compounds are available102,104–106. More in 

detail, binuclear ([𝑁𝑖2(𝐻𝐶𝑖𝑡)2(𝐻2𝑂)4]
2−) and tetranuclear ([𝑁𝑖4(𝐶𝑖𝑡)3(𝑂𝐻)(𝐻2𝑂)]

5−) nickel-citrate 

compounds have been isolated, in the past, from acidic and alkaline solutions, respectively102,104. 

Moreover, it turns out to be an equilibrium, related to the environment pH, between the 

aforementioned nickel complexes105. More recently, M. Murrie et al. crystallized from alkaline 

solutions the tetramethylammonium salts of nickel-citrate complexes containing seven and 

twenty-one nickel atoms106: namely [𝑁𝑖7(𝐶𝑖𝑡)6(𝐻2𝑂)2]
10− and [𝑁𝑖21(𝐶𝑖𝑡)12(𝑂𝐻)10(𝐻2𝑂)10]

16−. 

Therefore, I interpret the sloped region from 0 to 1.25 𝐸𝑞𝑁𝑎𝑂𝐻 in the titration profile of the nickel-

citrate solution as the progressive increase in the number of nickel atoms in continuously growing 

nickel-citrate complexes. Interestingly, the 𝑁𝑖21 complex contains a cluster made of seven nickel 

atoms, in octahedral coordination with hydroxyl groups, arranged in a hexagonal close packed 

structure that resembles 𝑁𝑖(𝑂𝐻)2
106. It seems likely to me that coordination compounds such as 

the 𝑁𝑖21 or even larger ones can act as seeds for the formation of nickel-based hydroxides (LDHs 

included) in alkaline conditions. The titration curves of 𝐴𝑙3+ and 𝑍𝑛2+ (Figures 5.1c and 5.1d) are 

respective analogous to the one of 𝐹𝑒3+ or 𝑁𝑖2+, with the main difference of the amphoteric nature 

of 𝐴𝑙3+ and 𝑍𝑛2+, which shifts the 𝑁𝑎𝑂𝐻 saturation plateau to higher 𝐸𝑞𝑁𝑎𝑂𝐻 values107. 
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5.2. Titration of bimetallic-citrate solutions 
 

The titration profiles of bimetallic-citrate solutions have a shape resembling a convolution of the 

corresponding monometallic-citrate titration curves, as illustrated in Figures 5.2a, 5.2b and 5.2c. 

More in detail, the titration profiles of NiFe-, NiAl- and ZnAl-citrate solutions present a well-defined 

equivalent point around 0.4 𝐸𝑞𝑁𝑎𝑂𝐻 followed by a sloped region. The titration profiles of NiAl- and 

ZnAl-citrate solutions also present a second equivalent point near 1.1 𝐸𝑞𝑁𝑎𝑂𝐻,  whereas the 

Figure 5.2. a), b), c) Comparison between titrations of bimetallic citrate solutions and the corresponding monometallic-
citrate solutions. Here the 𝐸𝑞𝑁𝑎𝑂𝐻 of monometallic-citrate titration curves have been normalized by the stoichiometric 

ratios of the corresponding metal. The dotted gray line indicates the value of 𝐸𝑞𝑁𝑎𝑂𝐻 that corresponds to twice the 
trivalent metal cation concentration in the bimetallic-citrate solutions. d) pH mesurements of the NiFe-citrate solution 
left ageing at ambient temperature for three weeks after the addition of 1.88 𝐸𝑞𝑁𝑎𝑂𝐻. 
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titration profile of NiFe-citrate solution does not. I suspect that this anomalous behaviour of the 

NiFe-citrate solution is related to a cooperative tendency of nickel and iron forming mixed 

coordination compounds. In the case of NiAl- and ZnAl-citrate solutions, the formation of 

aluminate anions in alkaline environments108 represents a competitive reaction to the formation 

of mixed aluminium coordination compounds with nickel or zinc. This statement is consistent with 

the 14.22% and 15.14% aluminium atomic ratio found in the NiAl-LDH and ZnAl-LDH, 

respectively. Those values are significantly lower than the 25% and 30% in moles of aluminium 

used in the corresponding reaction environment. Otherwise, the iron atomic ratio in the NiFe-LDH 

is 26.50%, whereas the molar iron content is 25% in its reaction environment. Nevertheless, I 

hypothesize that the formation mechanisms of NiFe-, NiAl- and ZnAl-LDHs, starting from metal-

citrate solutions, follow analogous chemical pathways (i.e., the hydrolysis of coordination 

compounds). Then, to confirm the slow LDH formation, I have monitored the pH evolution over 

21 days in a nickel-iron-citrate solution left sealed at ambient temperature after adding 1.88 

𝐸𝑞𝑁𝑎𝑂𝐻 (i.e., the 𝐸𝑞𝑁𝑎𝑂𝐻 amount used in the NiFe-LDH synthesis procedure). As shown in Figure 

5.2d, the solution pH slowly decreases over time, which is consistent with the slow LDH formation. 

However, after three weeks at ambient temperature, the formation of the NiFe-LDH is far from 

being complete, since the solution pH is still ~10, whereas the same synthesis carried out at 90°C 

yields a pH of ~8 within three days. 

 

5.3. Optical investigation on the LDH formation mechanism 
 

The absorbance bands observed in LDH electronic spectra are related to two types of transitions. 

The first type of transitions is Ligand-to-Metal Charge Transfer (LMCT), which can be roughly 

described as the excitation of one electron from 2𝑝 orbitals of an oxygen atom to 3𝑑 orbitals of a 

neighbouring transition metal atom. The second type of transition is ascribable to the ligand field, 

and they are usually referred to as 𝑑-𝑑 transitions. The absorbance bands related to LMCT 

transitions are usually observed in the UV region of the electronic spectra (at wavelengths < 400 

nm). The 𝑑-𝑑 transitions are described by the ligand field theory29,109, whereas their absorbance 

bands can be observed in the whole spectral range (from UV to NIR). In overall, I have detected 

six and ten different absorbance bands in NiAl- and NiFe-LDH electronic spectra, respectively; 

their nature is discussed in detail in Chapter 6. For the sake of clarity, 𝑑-𝑑 transitions in LDHs are 

parity-forbidden by symmetry29, whereas some of them involve states with different spin 

multiplicity, being also spin-forbbidden29. Therefore, 𝑑-𝑑 transitions are expected to be orders of 

magnitude less intense in comparison to the completely allowed LMCT transitions29. However, 

exchange interactions between neighbouring paramagnetic cations (e.g., 𝐶𝑟3+, 𝑀𝑛2+, 𝐹𝑒3+ or 

𝑁𝑖2+) can not only lift the aforementioned restrictions, but also dramatically increase the 

absorbance related to spin-forbidden 𝑑-𝑑 transitions110–118. The magnetic exchange interactions 

between multiple paramagnetic ions are described by the Heisenberg Hamiltonian (𝓗𝑒𝑥) as 

follows: 

𝓗𝑒𝑥 = −2∑𝐽𝑖𝑗𝑺𝑖 ⋅ 𝑺𝑗
𝑖<𝑗

. (𝟓. 𝟏) 
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In which 𝑺𝑖 and 𝑺𝑗 are the overall electronic spin vector of the 𝑖𝑡ℎ and 𝑗𝑡ℎ ion, respectively, whereas 

the exchange integral 𝐽𝑖𝑗 represents magnitude and type of interaction between each possible 𝑖-𝑗 

ion pair. Conventionally, 𝐽𝑖𝑗 is assumed to be positive for ferromagnetic interactions and negative 

for anti-ferromagnetic interactions. Given any possible 𝑖-𝑗 ion pair, the total spin vector, 𝑺𝑖𝑗, can 

be expressed as: 

𝑺𝑖𝑗
2 = (𝑺𝑖 + 𝑺𝑗)

2
= 𝑺𝑖

2 + 𝑺𝑗
2 + 2𝑺𝑖 ⋅ 𝑺𝑗  . (𝟓. 𝟐) 

whereas the modulus of the total spin vector (𝑆𝑖𝑗) can assume multiple values as follows: 

𝑆𝑖𝑗 = (𝑆𝑖 + 𝑆𝑗), (𝑆𝑖 + 𝑆𝑗 − 1),… , |𝑆𝑖 − 𝑆𝑗| . (𝟓. 𝟑) 

By combining (𝟓. 𝟏) with (𝟓. 𝟐), it follows that 

𝓗𝑒𝑥 = −∑𝐽𝑖𝑗[𝑺𝑖𝑗
2 − (𝑺𝑖

2 + 𝑺𝑗
2)]

𝑖<𝑗

. (𝟓. 𝟒) 

Hence, the energy eigenstates obtained from (𝟓. 𝟒) are defined as 

𝐸(𝑆) = −∑ 𝐽𝑖𝑗(〈𝑺𝑖𝑗
2 〉 − 〈𝑺𝑖

2〉 − 〈𝑺𝑗
2〉)𝑖<𝑗 =

= −∑ 𝐽𝑖𝑗[𝑆𝑖𝑗(𝑆𝑖𝑗 + 1) − 𝑆𝑖(𝑆𝑖 + 1) − 𝑆𝑗(𝑆𝑗 + 1)] .𝑖<𝑗

(𝟓. 𝟓)

However, since for each 𝑖-𝑗 ion pair, 𝑆𝑖𝑗 can assume different values from (𝑆𝑖 + 𝑆𝑗) to |𝑆𝑖 − 𝑆𝑗|, 

Figure 5.3. Schematic representation of the spin exchange interaction in an 𝐹𝑒3+-𝑁𝑖2+ ion pair. 𝐸0 represents the 

energy gap between the ground state and an exited state without accounting for the exchange interactions. 𝐽1 and 𝐽2 
represent the exchange integrals of the 𝐹𝑒3+-𝑁𝑖2+ ion pair in its ground state and exited state, respectively. The energy 

levels splitting, and position are calculated according to (𝟓. 𝟓). The electronic transitions between states with the same 

𝑆 are represented by red arrows. 
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electronic transitions between states with the same 𝑆 are possible because they are lifted from 

restrictions mentioned before (cf. Figure 5.3). 

In Figure 5.4 the electronic spectrum of carbonate-intercalated NiFe-LDH dispersed in water 

(Figures 5.4a and 5.4b) is compared with the electronic spectra of subsequent aliquots of the 

reaction mixture taken at different steps during the synthesis of citrate-intercalated NiFe-LDH 

(Figure 5.4c and 5.4d). Prior to the addition of any 𝐸𝑞𝑁𝑎𝑂𝐻, the solution appears green due to 

three absorbance bands located at 740 and 660 and ~450 nm (black line in Figure 5.4c). The 

two bands at 740 and 660 nm are related to 𝑑-𝑑 transitions of 𝑁𝑖(𝐼𝐼), while the absorbance band 

at ~450 nm is mainly 𝑑-𝑑 transitions in 𝐹𝑒(𝐼𝐼𝐼), although I cannot exclude a partial contribution of 

two other 𝑑-𝑑 transitions in 𝑁𝑖(𝐼𝐼) (see Table 6.1 in Chapter 6 for details about 𝑑-𝑑 transitions). 

Then, the LMCT absorbance edge begins at 400 nm saturating the spectrophotometer’s detector 

at 290 nm. The addition of 𝐸𝑞𝑁𝑎𝑂𝐻, makes the solution colour starts turning from green to yellow 

beyond the equivalent point at 0.4 𝐸𝑞𝑁𝑎𝑂𝐻 (cf. Figure 5.4c). Thereafter, I observed a progressive 

increase in the absorbance intensity in the 350-500 nm region. This observation is consistent with 

the interpretation of the titration profiles. In fact, the polymerization of metal-citrate compounds 

implies an increasing number of possible exchange interactions between neighbouring 𝐹𝑒(𝐼𝐼𝐼) and 

𝑁𝑖(𝐼𝐼) atoms, and therefore an increasing intensity of related spin-forbidden transitions. At the 

same time, as more 𝐸𝑞𝑁𝑎𝑂𝐻 are added, the LMCT absorbance edge shifts by ~100 nm to lower 

wavelengths. This shift can be explained by the chemical bonds’ hydrolysis between transition 

metals and citrate carboxylic groups forming complexes. In fact, the increase of the photon energy 

required for a LMCT fits well with the alteration of the 𝐹𝑒(𝐼𝐼𝐼) or 𝑁𝑖(𝐼𝐼) coordination environment. 

More in detail, it is consistent with a shift from a ligand electron-rich environment constituted by 

carboxylic groups to a ligand electron-poor environment constituted by hydroxide ions. When the 

addition 𝐸𝑞𝑁𝑎𝑂𝐻 has been completed, the reaction mixture still appears clear of any precipitate, 

whereas its absorbance spectrum (red line in Figure 5.4c and 5.4d) resembles that of carbonate-

intercalated NiFe-LDH (Figure 5.4a and 5.4b). Nevertheless, after performing the ageing 

treatment at 90°C, the reaction mixture became opaque due to suspended LDH particles, 

whereas its absorbance spectrum (blue line in Figure 5.4c and 5.4d) shows a further increase of 

absorbance related to 𝑑-𝑑 transitions. 

Overall, the shape of electronic spectra of carbonate- and citrate-intercalated NiFe-LDHs 

presented in Figure 5.4 is similar, showing analogous absorbance features. Moreover, I have 

shown how the progressive increase in the intensity of absorbance contributions related to spin-

forbidden 𝑑-𝑑 transitions indicates the progressive polymerization of metal-citrate complexes 

during the NiFe-LDH synthesis. 
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Figure 5.4. a) Electronic spectrum of carbonate intercalated NiFe-LDH suspended in water, b) second derivative of a). 
c) Electronic spectra of aliquots collected during the synthesis of citrate intercalated NiFe-LDH via hydrolytic 
polymerization, d) second derivative of c). 
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6. Electronic spectroscopy: absorbance and reflectance of 

ultraviolet, visible and near infrared light 
 

Despite LDHs are suitable materials to probe the behaviour of transition metal atoms in two-

dimensional environments, the electronic spectroscopy of transition-metal-based LDHs is a topic 

often disregarded in current literature. In fact, only a few studies analysed LDHs’ electronic 

spectra merely assigning the ligand field transitions35,119,120. Moreover, these assignments are 

often carried out by a “citation cascade” leading to incomplete or incorrect absorbance band 

assignments. Therefore, here I provide first an introduction to the ligand field theory, and then, I 

describe in detail the absorbance features observed in NiAl- and NiFe-LDHs. For the sake of 

clarity, I consider transition metals in LDH crystal lattice as if they were coordinated in a perfect 

octahedral (𝑂ℎ) symmetry, despite LDHs possess a dihedral (𝐷3𝑑) coordination symmetry with an 

angle of ~97°. The reduction of symmetry from the 𝑂ℎ to the 𝐷3𝑑 symmetry involves a splitting of 

transitions originating from and directed to triply degenerate states (i.e., 𝑇1 and 𝑇2 Mülliken 

symmetry terms). However, in experimental electronic spectra the splitting of triply degenerate 

states happens to be less than the resolution of second derivative spectroscopy. Hence, the 𝑂ℎ 

symmetry is a fair approximation. Eventually, I report for the 𝐹𝑒(𝐼𝐼𝐼) and 𝑁𝑖(𝐼𝐼), in LDH crystal 

lattices, their respective ligand field strengths (10𝐷𝑞), and their respective Racah parameters (𝐵 

and 𝐶) of Coulomb and exchange interactions. 

 

Figure 6.1. Absorbance spectra computed from reflectance data of citrate intercalated NiAl- and NiFe-LDHs powders. 

The ligand field transitions are labelled from 𝜈1 to 𝜈8. Cf. also Figure 5.4a and 5.4b for the absorbance spectra of 
carbonate-intercalated NiFe-LDH suspended in water. The dashed lines at 300 and 800 indicate the UV lamp and IR 
detector switches, respectively. 𝜈∗ is caused by the overtone of bending vibration modes of residual water. 
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Table 6.1. Electronic transitions observed in the UV-Vis-NIR light absorbance spectra of 𝑁𝑖0.75𝐹𝑒0.25-𝐿𝐷𝐻. The 
assignment of absorbance bands has been performed according to the ligand field analysis results exposed in Section 
6.2. 

Band Wavelength (nm) Energy (cm-1) Type Transition 

𝜈1 1,120 8,929 𝑑-𝑑 (𝑁𝑖(𝐼𝐼)) 𝐴2𝑔 
3 ( 𝐹 

3 ) → 𝑇2𝑔( 𝐹 
3 ) 

3  

𝜈2 750 13,330 𝑑-𝑑 (𝑁𝑖(𝐼𝐼)) ‡ 𝐴2𝑔 
3 ( 𝐹 

3 ) → 𝐸𝑔( 𝐷 
1 ) 

1  

𝜈3 665 15,040 𝑑-𝑑 (𝑁𝑖(𝐼𝐼)) 𝐴2𝑔 
3 ( 𝐹 

3 ) → 𝑇1𝑔( 𝐹 
3 ) 

3  

𝜈4 448 22,320 𝑑-𝑑 (𝐹𝑒(𝐼𝐼𝐼)) ‡ 𝐴1𝑔 
6 ( 𝑆 

6 ) → 𝐸𝑔 
4 , 𝐴1𝑔( 𝐺 

4 ) 
4  

𝜈5 420 23,810 𝑑-𝑑 (𝑁𝑖(𝐼𝐼𝐼)) ‡ 𝐴2𝑔 
3 ( 𝐹 

3 ) → 𝑇2𝑔( 𝐷 
1 ) 

1 , 𝐴1𝑔( 𝐺 
1 ) 

1  

𝜈6 386 25,910 
𝑑-𝑑 (𝑁𝑖(𝐼𝐼)) 𝐴2𝑔 

3 ( 𝐹 
3 ) → 𝑇1𝑔( 𝑃 

3 ) 
3  

𝑑-𝑑 (𝐹𝑒(𝐼𝐼𝐼)) ‡ 𝐴1𝑔 
6 ( 𝑆 

6 ) → 𝑇2𝑔( 𝐷 
4 ) 

4  

𝜈7 348 28,740 𝑑-𝑑 (𝐹𝑒(𝐼𝐼𝐼)) ‡ 𝐴1𝑔 
6 ( 𝑆 

6 ) → 𝐸𝑔( 𝐷 
4 ) 

4  

𝜈8 338 29,590 𝑑-𝑑 (𝐹𝑒(𝐼𝐼𝐼)) ‡ 𝐴1𝑔 
6 ( 𝑆 

6 ) → 𝑇1𝑔( 𝑃 
4 ) 

4  

𝜈9 250 40,000 LMCT 𝑡1𝑢
𝛽
→ 𝑡2𝑔

𝛽
 (𝐹𝑒(𝐼𝐼𝐼)) 

𝜈10 210 47,620 

LMCTs 𝑡1𝑢
𝛽
→ 𝑒𝑔

𝛽
 (𝐹𝑒(𝐼𝐼𝐼), 𝑁𝑖(𝐼𝐼)) 

MOs of 
𝑅-𝐶𝑂𝑂− 𝑛 → 𝜋∗ (HOMO → LUMO) 

‡ Spin-forbidden transitions. 

𝑑-𝑑 = Ligand Field Transitions (parity-forbidden). 

LMCT = Ligand-to-Metal Charge Transfer. 

MO = Molecular Orbital. 

HOMO and LUMO = Highest Occupied MO and Lowest Unoccupied MO. 

 

6.1. The ligand field theory 
 

By considering the hydrogenic atom approximation, if a transition-metal atom is surrounded by 

six 𝑍𝑒 point-charges (where 𝑒 is the elementary charge), arranged in an 𝑂ℎ symmetry, at a 

distance of 𝑎 from the central atom, the five 𝑑 orbital wavefunctions undergo a loss of degeneracy. 

It follows that two new sets of orbitals are formed, constituted respectively by three and two of the 

five formers 𝑑 orbitals. The three orbitals at lower energy are referred to as 𝑡2, while the remaining 

two, at higher energy, are referred to as 𝑒 (not to be confused with the elementary charge)i. The 

energy gap between 𝑡2 and 𝑒 is known as “ligand field splitting parameter” or “ligand field 

strength”, and is defined as 10𝐷𝑞 (or Δ0 = 10𝐷𝑞), in which 

𝐷𝑞 = −
𝑍𝑒2

6𝑎5
⋅ 〈𝑟4〉𝑛𝑙  , (𝟔. 𝟏𝒂) 

 
i The 𝑡2 and 𝑒 nomenclature originates from Mülliken symmetry terms 𝑇2 and 𝐸. Lower-case letters are used 
to indicate hydrogenic orbital wavefunctions instead of symmetries. In octahedral symmetry, the orbitals 
formed by the ligand field are often referred to as 𝑡2𝑔 and 𝑒𝑔, where the 𝑔 letter stands for “gerade” (even 

in German), indicating the presence of a centre of inversion. The same model can also be applied for 
tetrahedral symmetry which lacks a centre of inversion; hence, in this section I omit the 𝑔 subscript. 
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with 

〈𝑟2+𝑚〉𝑛𝑙 = ∫|𝑅𝑛𝑙(𝑟)|
2 ⋅ 𝑟2+𝑚𝑑𝑟 . (𝟔. 𝟏𝒃) 

Here 𝑅𝑛𝑙(𝑟) represents the radial component of the hydrogenic 𝑑 orbitals wavefunction, 𝑟 is the 

modulus of the coordinate vector, whereas 𝑛, 𝑙 and 𝑚 are the three quantum numbers. Moving 

away from the hydrogenic atom approximation implies increasing complexity, because the 

presence of more than one electron in the 𝑑 shell requires linear combinations of multiple Slater 

determinants to describe the electronic state wavefunctions. The number of Slater determinants 

is given by the binomial coefficient 

(
𝑚

𝑛
) =

𝑚!

𝑛! (𝑚 − 𝑛)!
 (𝟔. 𝟐) 

in which 𝑚 is the maximum number of electrons that can be accommodated into 𝑑 orbitals (i.e., 

10) and 𝑛 is the number of electrons located into 𝑑 orbitals (e.g., 45 determinants for the 𝑑2 

configuration). In 1954, and the following years, Y. Tanabe and S. Sugano published a series of 

papers in which they describe the energy of ligand field states in the form of matrices121–123. Given 

a generic 𝑑𝑛 configuration, its energy matrices (𝓣𝑆Γ) group together states having wavefunctions 

with the same spin-symmetry term (i.e., 𝑆Γ). Here, Γ is a Mülliken symmetry term and 𝑆 its total 

spin (not to be confused with the 𝑆 symbol for the orbital momentum). Each 𝓣𝑆Γ results by the 

sum of the matrix of configurations (𝓔𝑆Γ) and the matrix of Coulomb interactions (𝓒𝑆Γ) as follows: 

𝓣𝑆Γ = 𝓔𝑆Γ + 𝓒𝑆Γ . (𝟔. 𝟑) 

𝓔𝑆Γ is a diagonal matrix whose elements are the integrals of unperturbed 𝑆Γ states (non-

interacting electrons), i.e., 

𝓔𝑆Γ = 𝑑𝑖𝑎𝑔 (⟨𝑡2
ℎ𝑒𝑘|𝓗0|𝑡2

ℎ𝑒𝑘⟩
𝑆Γ(𝑆𝐿1)

, … , ⟨𝑡2
ℎ𝑒𝑘|𝓗0|𝑡2

ℎ𝑒𝑘⟩
𝑆Γ(𝑆𝐿𝑖)

) , (𝟔. 𝟒) 

where 𝓗0 is the unperturbed ligand field Hamiltonian, ℎ and 𝑘 are the number of electrons 

occupying 𝑡2 and 𝑒 orbitals, respectively (ℎ + 𝑘 = 𝑛 for 𝑑𝑛). 𝑆𝐿𝑖 is the spin-orbit term of the 𝑖𝑡ℎ 

state, in which 𝐿 is the orbital momentum term (i.e., 𝑆, 𝑃, 𝐷, 𝐹, …). As a result, the elements of 

𝓔𝑆Γ are multiple of 𝐷𝑞 as follows: 

⟨𝑡2
ℎ𝑒𝑘|𝓗0|𝑡2

ℎ𝑒𝑘⟩
𝑆Γ(𝑆𝐿𝑖)

= (6𝑘 − 4ℎ) ⋅ 10𝐷𝑞 , (𝟔. 𝟓𝒂) 

or 

⟨𝑡2
6−ℎ𝑒4−𝑘|𝓗0|𝑡2

6−ℎ𝑒4−𝑘⟩
𝑆Γ(𝑆𝐿𝑖)

= (4ℎ − 6𝑘) ⋅ 10𝐷𝑞 (𝟔. 𝟓𝒃) 

for complementary configurations (i.e., 𝑑10−𝑛). The 𝓒𝑆Γ matrix is symmetric, having as diagonal 

elements the integrals arising from the 𝓗1 perturbation term of the ligand field Hamiltonian, i.e., 

⟨𝑡2
ℎ𝑒𝑘|𝓗1|𝑡2

ℎ𝑒𝑘⟩
𝑆Γ(𝑆𝐿𝑖)

, while the off-diagonal elements of 𝓒𝑆Γ are superposition integrals between 

the 𝑖𝑡ℎ and 𝑗𝑡ℎ state belonging to the same 𝑆Γ term, i.e., ⟨𝑡2
𝑢𝑒𝑤| |𝑡2

ℎ𝑒𝑘⟩
𝑆Γ(𝑆𝐿𝑖,𝑗)

. All elements of 

Coulomb interactions matrices across 𝑑𝑛 systems have been expressed as linear combinations 

of Racah parameters, namely 𝐵 and 𝐶i, by Y. Tanabe and S. Sugano109,121. Hence, the 

 
i Racah parameters are defined as linear combinations of Slater-Condon integrals 𝐹(𝑘), where 𝑘 = 2𝑙. 

𝐵 =
1

49
𝐹(2) −

5

441
𝐹(4) and 𝐶 =

5

63
𝐹(4). 
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expressions describing the energy of ligand field states (𝜈𝑆Γ(𝑆𝐿𝑖)) as functions of 𝐷𝑞, 𝐵 and 𝐶, are 

the eigenvalues of 𝓣𝑆Γ as follows: 

𝑒𝑖𝑔(𝓣𝑆Γ) = (

𝜈𝑆Γ(𝑆𝐿1)
⋮

𝜈𝑆Γ(𝑆𝐿𝑖)

) , (𝟔. 𝟔) 

Therefore, energies of electronic transitions are computed by subtracting the energy of the ground 

state (𝜈[𝑆Γ(𝑆𝐿)]𝑔𝑠) from the diagonal elements of 𝓣𝑆Γ, as followsi: 

𝑒𝑖𝑔 (𝓣[𝑆Γ(𝑆𝐿)]𝑔𝑠→𝑆Γ) = 𝑒𝑖𝑔(𝓣𝑆Γ) − 𝜈[𝑆Γ(𝑆𝐿)]𝑔𝑠  ⋅ 𝑰 . (𝟔. 𝟕) 

 

6.2. Ligand field analysis 
 

In the past, the eigenvalues of 2 × 2 matrices were manually computed, whereas the eigenvalues 

of larger matrices were computed by approximating off-diagonal elements as multiples of 

𝐵2 (10𝐷𝑞)⁄ 124. Nowadays, to the best of my knowledge, only two pieces of open-access software, 

designed to run on modern computers (i.e., 64-bit systems), can compute the eigenvalues of 𝓣𝑆Γ 

 
i Given the 𝑛 × 𝑛 matrix 𝓐 with eigenvalues {𝜆1, … , 𝜆𝑛}, the eigenvalues of 𝛼𝑰 +𝓐 are {𝜆1 + 𝛼,… , 𝜆𝑛 + 𝛼} 
with 𝛼 ∈ ℂ and 𝑰 is the identity matrix. 

Figure 6.2. GUI of the MATLAB app I built to compute the eigenvalues of Tanabe-Sugano matrices and the respective 
diagrams (version 1.1). Computation options are in the left tab. The diagram is displayed in the central panel, from 
which it can be exported as a separate figure. The right panel contains the table containing the diagram’s numerical 
data that can be exported as a Microsoft Excel file or onto the MATLAB workspace. The right tab also displays a 
selection menu to export symbolic equations to the MATLAB workspace to perform the ligand field analysis. 
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matrices and plot the respective Tanabe-Sugano diagrams (e.g., see Figure 6.3)125,126. However, 

these two pieces of software present themselves multiple scripts and require the user to run 

preliminary tasks, by command line, to correctly execute the program. Hence, I have decided to 

code my own program with MATLAB to compute the eigenvalues of Tanabe-Sugano matrices. 

The main advantage of MATLAB programming language is that it assumes all variables to be 

matrices, thus symbolic operations on matrices are easy to code. Moreover, by writing the code, 

I have followed a procedure in-line with how Tanabe and Sugano approached to the ligand field 

theory (the approach in Section 6.1). In fact, instead of writing multiple scripts, I have stored only 

the 𝓒𝑆Γ matrices of 𝑑2, 𝑑3, 𝑑4 and 𝑑5 configurations as local functions written inside the main code 

of the program. Then, the program calls the appropriate function according to the 𝑑𝑛 configuration 

requested by the user. Subsequently, the elements of 𝓔𝑆Γ are computed according to (𝟔. 𝟓𝒂) for 

𝑑2 to 𝑑5 configurations, or according to (𝟔. 𝟓𝒃) for complementary configurations (i.e., 𝑑10−𝑛). 

Eventually, the expressions for the energy of ligand field transitions are symbolically computed 

according to (𝟔. 𝟔) and (𝟔. 𝟕), and stored into a cell array to be used for the ligand field analysis. 

The advantage of symbolic computations is that algebraic expressions are returnedi and then 

used for subsequent computations. If requested by the user, Tanabe-Sugano diagrams are also 

computed at a fixed 𝐶 𝐵⁄  ratio over an array of 𝐷𝑞 𝐵⁄  values. The number of elements and the 

upper limits of the 𝐷𝑞 𝐵⁄  arrays are also defined by the user. Lastly, I have provided a graphical 

user interface (GUI) via the MATLAB app designer (cf. Figure 6.2). The software is available for 

download at the MATLAB Central File Exchange127. 

Given three non-degenerate electronic transitions, at least one out of which is spin-forbidden, the 

ligand field analysis consists into solving a system of the three equations describing the energy 

of the selected transitions, from the ground state [𝑆Γ(𝑆𝐿)]𝑔𝑠, to three non-degenerate exited states 

[𝑆Γ(𝑆𝐿)]𝑛, placing as known terms the energy experimentally observed (𝜈𝑛,𝑜𝑏𝑠), i.e., 

(

𝜈[𝑆Γ(𝑆𝐿)]𝑔𝑠→[𝑆Γ(𝑆𝐿)]1
𝜈[𝑆Γ(𝑆𝐿)]𝑔𝑠→[𝑆Γ(𝑆𝐿)]2
𝜈[𝑆Γ(𝑆𝐿)]𝑔𝑠→[𝑆Γ(𝑆𝐿)]3

) = (

𝜈1,𝑜𝑏𝑠
𝜈2,𝑜𝑏𝑠
𝜈3,𝑜𝑏𝑠

) (𝟔. 𝟖) 

The solutions to (𝟔. 𝟖) are not always trivial, hence for straightforward ligand field analysis is 

pivotal to reduce as much as possible the degree of (𝟔. 𝟖). For instance, by picking transitions to 

exited states belonging to the same 𝑆Γ in the 𝑑8 configuration (i.e., 𝑁𝑖(𝐼𝐼)), the quadratic terms 

cancel out lowering (𝟔. 𝟖) to the 1st degree. Analogously, in the 𝑑5 configuration (i.e., 𝐹𝑒(𝐼𝐼𝐼)) spin-

flip transitions are only linearly dependent on 𝐵 and 𝐶, hence by placing two spin-flip transitions 

into (𝟔. 𝟖), its degree with respect to 𝐷𝑞 is lowered to the 2nd. The next two sub-sections refer 

mainly to NiFe-LDHs electronic spectra; however, analogous considerations can also be applied 

to NiAl-LDHs. The ligand field analysis results are reported in Table 6.2 and used to plot the 

Tanabe-Sugano diagrams displayed in Figure 6.3. To avoid confusion in text, tables and 

diagrams, I use the standard spectroscopic notation from now on, in which 𝑆Γ(𝑆𝐿) states are 

labelled according to their spin multiplicity, instead of their total spin, resulting into the 

Γ( 𝐿 
2𝑆+1 ) 

2𝑆+1  notation (e.g., the 𝐴1( 𝑆 
6 ) 

6  state has 𝐿 = 0 and 𝑆 = 5 2⁄ ). 

 
i MATLAB algebraically computes eigenvalues up to 4 × 4 matrices by default. In case of larger matrices, 
MATLAB algebraically computes the eigenvalues whenever possible; when this is not possible, the 
eigenvalues are expressed via the root(_) function. 
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Table 6.2. Ligand field analysis results on NiAl- and NiFe-LDHs spectra displayed in Figure 6.1. 

  Ligand field parameters (cm-1)  Nephelauxetic ratios 

 Material 𝟏𝟎𝑫𝒒  𝑩  𝑪  𝑫𝒒 𝑩⁄  𝑪 𝑩⁄  𝜷 𝜷𝟏
[a] 

𝑵𝒊(𝑰𝑰) 

NiAl-LDH 9,009 892 4,054 1.01 4.54 0.857 1.200 

NiFe-LDH 8,929 887 4,075 1.01 4.59 0.852 1.199 

𝑁𝑖2+ - 1,04129 4,83129 - 4.64 1 √2 

𝑭𝒆(𝑰𝑰𝑰) 
NiFe-LDH 7,682[b] 916 2,632 0.84 2.87 0.903 1.056 

𝐹𝑒3+ - 1,015128 4,800128 - 4.73 1 √2 

[a] Defined as: 𝛽1 = √(
𝐵

𝐵0
)
2

+ (
𝐶

𝐶0
)
2

, cf. ref. 129 for details. 

[b] Computed from the contribution to the absorbance of 𝐴1𝑔 
6 ( 𝑆 

6 ) → 𝑇1𝑔( 𝑃 
4 ) 

4 . 
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a   

Figure 6.3. Tanabe-Sugano diagrams of a) 𝑑5 octahedral and tetrahedral configurations and b) 𝑑8 octahedral or 𝑑2 
tetrahedral configuration. The abscissae report the ligand field strength, normalized by 𝐵, while the ordinates report the 

energies, also normalized by 𝐵, of ligand field states. In each diagram the abscissae axis always corresponds to the 
ground state. Here, energy states are colour-coded according to their spin-orbit terms which are reported on the left 

(i.e., blue for 𝑆, violet for 𝑃, green for 𝐷, orange for 𝐹, purple for 𝐺 and pink for 𝐼). Moreover, energy states with the 
same spin multiplicity as the high-spin ground state are represented with a plain line, while energy states with a spin 
multiplicity different from the high-spin ground state are represented with a dashed line. The symmetry term of each 
energy state is reported on the top-right of the diagrams according to the Mulliken nomenclature (the spin multiplicity 

is omitted). The vertical black line in the 𝑑5 diagram represents the boundary between the high-spin region (left) and 

the low-spin region (right). The red vertical lines indicate the 10𝐷𝑞/𝐵 ratios I computed for NiFe-LDH. Racah parameters 

used in computations: a) 𝐵 = 916 cm-1, 𝐶 = 2,632 cm-1; b) 𝐵 = 887 cm-1, 𝐶 = 4,075 cm-1. 
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6.2.1. Nickel 
 

The 𝑁𝑖2+ ion has an [𝐴𝑟]4𝑠03𝑑8 electronic configuration, resulting into seven different symmetry 

terms (i.e., 𝐴2 
3 , 𝑇2 

3 , 𝑇1 
3 , 𝐴1 

1 , 𝐸 
1 , 𝑇2 

1  and 𝑇1 
1 ), spread across five spin-orbit terms (i.e., 𝑃 

3 , 𝐹 
3 , 

𝑆 
1 , 𝐷 

1  and 𝐺 
1 ), cf. Figure 6.3b. In the 𝑑8 configuration, the ground state is 𝐴2 

3 ( 𝐹 
3 ), whose energy 

is expressed as follows: 

𝑒𝑖𝑔(𝓣 𝐴2 
3 ) = 𝜈 𝐴2 3 ( 𝐹 

3 ) = −8𝐵 − 12𝐷𝑞 . (𝟔. 𝟗) 

Transitions from the 𝐴2 
3 ( 𝐹 

3 ) ground state to 𝑇2( 𝐹 
3 ) 

3 , 𝑇1( 𝐹 
3 ) 

3  and 𝑇1( 𝑃 
3 ) 

3  exited states produce 

the characteristic absorbance features present in electronic spectra of nickel-based 

compounds30,35,52,115,130–136. For the sake of conciseness, I refer to these transitions as 𝜈1, 𝜈3 and 

𝜈6, respectivelyi (cf. Table 6.1). I have detected all out of these transitions in NiFe-LDH (and NiAl-

LDH) electronic spectra, although I resorted to second-derivative spectroscopy to resolve 𝜈6
119. 

The energy of 𝑇2( 𝐹 
3 ) 

3 , which is the first exited state is defined as 

𝑒𝑖𝑔(𝓣 𝑇2 
3 ) = 𝜈 𝑇2 3 ( 𝐹 

3 ) = −8𝐵 − 2𝐷𝑞 , (𝟔. 𝟏𝟎) 

by subtracting (𝟔. 𝟗) from (𝟔. 𝟏𝟎), results that the value of 𝐷𝑞 is straightforward from the energy 

of the first observed transition (i.e., 𝜈1) as follows: 

𝑒𝑖𝑔 (𝓣 𝐴2( 𝐹 
3 ) 

3 → 𝑇2 
3 ( 𝐹 

3 )) = 𝜈 𝐴2( 𝐹 3 ) 
3 → 𝑇2 

3 ( 𝐹 
3 ) = 𝜈1 = 10𝐷𝑞 . (𝟔. 𝟏𝟏) 

In nickel-based hydroxides, 𝜈1 falls at ~9,000 cm-1 (~1,100 nm)35,52,132,137, with slightly variations 

depending on dopant 𝑀(𝐼𝐼𝐼) species, as illustrated in Figure 6.1 and in Table 6.2. The energies 

of transitions from 𝐴2 
3 ( 𝐹 

3 ) ground state to 𝑇2( 𝐹 
3 ) 

3  and 𝑇1( 𝑃 
3 ) 

3  exited states (i.e., 𝜈3 and 𝜈6) are 

eigenvalues of the 2 × 2 matrix 𝓣 𝐴2( 𝐹 
3 ) 

3 → 𝑇1( 𝐹 
3 , 𝑃 

3 ) 
3  as follows: 

𝑒𝑖𝑔 (𝓣 𝐴2( 𝐹 
3 ) 

3 → 𝑇1( 𝐹 
3 , 𝑃 

3 ) 
3 ) = (

𝜈 𝐴2( 𝐹 3 ) 
3 → 𝑇1( 𝐹 

3 ) 
3

𝜈 𝐴2( 𝐹 3 ) 
3 → 𝑇1( 𝑃 

3 ) 
3

) = (
𝜈3
𝜈6
) = (

7.5𝐵 + 15𝐷𝑞 − 𝜎1
7.5𝐵 + 15𝐷𝑞 + 𝜎1

)

𝜎1 = 0.5 ⋅ √(15𝐵)
2 + (10𝐷𝑞)2 − 180𝐷𝑞 ⋅ 𝐵

(𝟔. 𝟏𝟐) 

Hence, by rearranging (𝟔. 𝟏𝟐), the value of 𝐵 proceeds as follows: 

𝜈6 + 𝜈3 = 15(𝐵 + 2𝐷𝑞) . (𝟔. 𝟏𝟑) 

Unfortunately, at 10𝐷𝑞 of ~9,000 cm-1 the 𝑇1( 𝐹 
3 ) 

3  state is close in energy to the spin-flip 𝐸( 𝐷 
1 ) 

1  

state, resulting into a state mixing133–135. This state mixing enhances the absorbance related to the 

𝐴2 
3 ( 𝐹 

3 ) → 𝐸( 𝐷 
1 ) 

1  spin-forbidden transition133–135, namely 𝜈2. Hence, 𝜈2 and 𝜈3 appear as a two-

peaked absorbance band centred at ~700 nm (~14,300 cm-1) as illustrated in Figure 6.1, therefore 

several authors prefer to report it as a single 𝐴2 
3 ( 𝐹 

3 ) → 𝑇1( 𝐹 
3 ) 

3 , 𝐸( 𝐷 
1 ) 

1  transition52,132,136,138. Given 

this, I have decided to separately report 𝜈2 and 𝜈3 for an easy comparison with literature data, 

however I used the average 𝜈2 and 𝜈3 values in (𝟔. 𝟏𝟑). Thus, (𝟔. 𝟏𝟑) yielded similar values of 𝐵 

close to 890 cm-1 in both NiAl- and NiFe-LDHs, leading to a 𝐷𝑞/𝐵 ratio of 1.01 in both cases. In 

addition, I observed the contribution to the absorbance of two spin-forbidden transitions from the 

ground state 𝐴2 
3 ( 𝐹 

3 ) to the 𝐴1( 𝐺 
1 ) 

1  and 𝑇2( 𝐷 
1 ) 

1  exited states. I refer to their combined 

 
i I label the electronic transitions with 𝜈, whereas I refer to the energy (in cm-1) of electronic states and 

transitions between them as 𝜈. 
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contribution to the absorbance as 𝜈5. In a 𝑑8 electronic configuration, the expressions of spin-

forbidden transitions are defined as follows: 

𝑒𝑖𝑔 (𝓣 𝐴2( 𝐹 
3 ) 

3 → 𝐴1( 𝐺 
1 , 𝑆 

1 ) 
1 ) = (

10𝐷𝑞 + 17𝐵 + 4.5𝐶 − 𝜎2
10𝐷𝑞 + 17𝐵 + 4.5𝐶 + 𝜎2

)

𝜎2 = 0.5 ⋅ √(20𝐷𝑞)
2 + (10𝐵)2 + (5𝐶)2 + 80𝐷𝑞 ⋅ 𝐵 + 40𝐷𝑞 ⋅ 𝐶 + 100𝐵 ⋅ 𝐶

  , (𝟔. 𝟏𝟒) 

𝑒𝑖𝑔 (𝓣 𝐴2( 𝐹 
3 ) 

3 → 𝐸( 𝐷 
1 , 𝐺 

1 ) 
1 ) = (

10𝐷𝑞 + 8.5𝐵 + 2𝐶 − 𝜎3
10𝐷𝑞 + 8.5𝐵 + 2𝐶 + 𝜎3

)

𝜎3 = 0.5 ⋅ √(20𝐷𝑞)
2 + (7𝐵)2 + 40𝐷𝑞 ⋅ 𝐵

  , (𝟔. 𝟏𝟓) 

𝑒𝑖𝑔 (𝓣 𝐴2( 𝐹 
3 ) 

3 → 𝑇2( 𝐷 
1 , 𝐺 

1 ) 
1 ) = (

15𝐷𝑞 + 8.5𝐵 + 2𝐶 − 𝜎4
15𝐷𝑞 + 8.5𝐵 + 2𝐶 + 𝜎4

)

𝜎4 = 0.5 ⋅ √(10𝐷𝑞)
2 + (7𝐵)2 + 20𝐷𝑞 ⋅ 𝐵

(𝟔. 𝟏𝟔) 

and 

𝑒𝑖𝑔 (𝓣 𝐴2( 𝐹 
3 ) 

3 → 𝑇1( 𝐺 
1 ) 

1 ) = 10𝐷𝑞 + 12𝐵 + 2𝐶 . (𝟔. 𝟏𝟕) 

Hence, the 𝐶 parameter can be computed from the (𝟔. 𝟏𝟒) with the negative sign before the 

square root term as follows: 

(

10𝐷𝑞

15(𝐵 + 2𝐷𝑞)

10𝐷𝑞 + 17𝐵 + 4.5𝐶 − 𝜎2

) = (

𝜈1
𝜈6 + 𝜈3
𝜈5

) (𝟔. 𝟏𝟖) 

Eventually, the values of 𝐶 calculated according (𝟔. 𝟏𝟖) are 4,045 and 4,074 cm-1 for NiAl- and 

NiFe-LDH, respectively. Placing (𝟔. 𝟏𝟓) as third equation onto (𝟔. 𝟏𝟖) yielded 𝐶 values ~200 cm-

Figure 6.4. a) Electronic spectra of layered 𝑁𝑖(𝐼𝐼) hydroxides with variable content of 𝐹𝑒(𝐼𝐼𝐼). b) Ligand field parameters 

of 𝑁𝑖(𝐼𝐼) in layered hydroxides with variable content of 𝐹𝑒(𝐼𝐼𝐼). 
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1 lower, whereas 𝐶 calculated according (𝟔. 𝟏𝟔) were ~200 cm-1 higher in comparison with values 

reported above. Noteworthy, the ionic degree of ligand-metal bond is historically defined as 𝛽 =

𝐵 𝐵0⁄  and called nephelauxetic ratio29 (if 𝛽 is equal to 1 the ligand-metal bond is completely ionic). 

Where 𝐵0 corresponds to the Racah parameter 𝐵 of the corresponding isolated metal ion. 

However, M. Brik et al.129,139 recently proposed an alternative version of the nephelauxetic ratio in 

which 𝐶 and 𝐶0 (i.e., the 𝐵0 analogous) are also considered. This alternative nephelauxetic ratio, 

namely 𝛽1, is defined as √(𝐵 𝐵0⁄ )2 + (𝐶 𝐶0⁄ )2. I point out that a proper comparison between 𝛽 and 

𝛽1 should be made by normalizing the latter by √2. It follows that both NiAl- and NiFe-LDHs have 

a 𝛽1 √2⁄  value of 0.849 that is comparable to the analogous value of 𝛽 (cf. Table 6.2). By 

comparison, I performed the same ligand field analysis on the spectroscopic data provided by M. 

Oliver-Tolentino et al.35 yielding a 𝛽1 √2⁄  value of 0.862 for carbonate-intercalated nickel-based 

LDHs. Whereas the data provided by L. Poul et al.137 yielded a 𝛽1 √2⁄  value of 0.860 for nickel 

hydroxide-acetate (which is isomorphous to LDHs). On the contrary, from the data provided by A. 

Harvey et al.52, a 𝛽 value of 0.797 is yielded for ~10 layer thick 𝛽-𝑁𝑖(𝑂𝐻)2 nanosheets (the authors 

disregarded the 𝐶 Racah parameter, nor provided the wavelength of any spin-forbidden 

transitions). Hence, I conclude that the 𝑁𝑖(𝐼𝐼) nephelauxetic ratio in nickel based LDHs is not 

significantly influenced by the nature of the trivalent metal cation hosted in the hydroxide layers, 

nor by the nature of the anions amid them. 

Table 6.3. Ligand field parameters and nephelauxetic ratios of layered 𝑁𝑖(𝐼𝐼) hydroxides with variable content of 

𝐹𝑒(𝐼𝐼𝐼). 

𝑭𝒆(𝑰𝑰𝑰) (At. %) 𝟏𝟎𝑫𝒒 (cm-1) 𝑩 (cm-1) 𝑪 (cm-1) 𝜷𝟏/√𝟐  

0.02[a] 8,639 951.3 3,745 0.847 

14.97 8,981 863.4 4,255 0.855 

18.48 8,997 847.3 4,395 0.863 

28.65 9,083 843.3 4,400 0.862 

40.39 9,281 805.9 4,556 0.863 

51.97 9,328 829.3 4,334 0.848 

[a] Reagent impurities. 

 

I have decided to also investigate how the quantity in iron content alters the optical properties of 

NiFe-LDHs (Figure 6.4a) and consequently their 𝑁𝑖(𝐼𝐼) ligand field parameters (Table 6.3 and 

Figure 6.4b). As shown in Figure 6.4b, I have observed a progressive increase of the 10𝐷𝑞 value 

of 𝑁𝑖(𝐼𝐼), with increased 𝐹𝑒(𝐼𝐼𝐼) content. According to (𝟔. 𝟏𝒂), I associate this 10𝐷𝑞 increase to a 

progressive contraction of the LDH unit cell long the crystallographic 𝑎-axis. According to 

literature, the 𝑎-axis of bulk 𝛽-𝑁𝑖(𝑂𝐻)2 measures 3.126 Å30, the 𝑎-axis of turbostratic 𝛼-𝑁𝑖(𝑂𝐻)2 

measures ~3.08 Å30, whereas the 𝑎-axes of takovitei and reevesiteii minerals measure 3.0250 and 

3.082 Å, respectively53. Thus, by means of X-ray diffraction, I measured an 𝑎-axis length of 3.1057 

Å for mixed 𝛼, 𝛽-𝑁𝑖(𝑂𝐻)2, 3.0886 Å for 𝑁𝑖0.82𝐹𝑒0.18-𝐿𝐷𝐻, 3.0837 Å for 𝑁𝑖0.71𝐹𝑒0.29-𝐿𝐷𝐻, and 

 
i Natural 𝑁𝑖6𝐴𝑙2(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂. 
ii Natural 𝑁𝑖6𝐹𝑒2(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂. 
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3.0849 Å nm 𝑁𝑖0.48𝐹𝑒0.52-𝐿𝐷𝐻i. Moreover, the Racah parameters of 𝑁𝑖(𝐼𝐼) follow a diverging trend 

with the increase of 𝐹𝑒(𝐼𝐼𝐼) content. Nevertheless, across all materials, the overall 𝑁𝑖(𝐼𝐼) 

nephelauxetic ratio variation is only 0.016, indicating that the ratio of 𝐹𝑒(𝐼𝐼𝐼) does not significantly 

affect the ionic degree of 𝑁𝑖-𝑂 bond. 

 

6.2.2. Iron 
 

The 𝐹𝑒3+ ion has an [𝐴𝑟]4𝑠03𝑑5 electronic configuration, resulting into ten different symmetry 

terms (i.e., 𝐴1 
6 , 𝐴1 

4 , 𝐴2 
4 , 𝐸 

4 , 𝑇1 
4 , 𝑇2 

4 , 𝐴2 
2 , 𝐴1 

2 , 𝐸 
2 , 𝑇1 

2  and 𝑇2 
2 ) spread across 16 spin-orbit terms. 

Eleven out of the 16 spin-orbit terms are doublets, four are quartets and one is a sextet (i.e., 𝑆 
6 , 

𝑃 
4 , 𝐷 

4 , 𝐹 
4 , 𝐺 

4 , 𝑆 
2 , 𝑃 

2 , 𝑎 𝐷 
2 , 𝑏 𝐷 

2 , 𝑐 𝐷 
2 , 𝑎 𝐹 

2 , 𝑏 𝐹 
2 , 𝑎 𝐺 

2 , 𝑏 𝐺 
2 , 𝐻 

2  and 𝐼 
2 ). However, since ferric 

oxides and hydroxides are limited to high-spin 𝐹𝑒(𝐼𝐼𝐼), I can ignore all doublet terms and only 

consider the sextet 𝐴1 
6 ( 𝑆 

6 ) that is the ground state, and the quartet terms. The electronic states 

belonging to aforementioned terms are graphically represented in Figure 6.3a, with the addition 

of the 𝐼 
2  team that is needed to define the boundary between the high-spin regime and the low-

spin regime. Contrary to 𝑁𝑖(𝐼𝐼), the energy of the 𝐹𝑒(𝐼𝐼𝐼) ground state is independent by 𝐷𝑞, being 

dependent only on 𝐵 as follows: 

𝜈 𝐴1 6 ( 𝑆 
6 ) = 𝑒𝑖𝑔(𝓣 𝐴1 

6 ) = −35𝐵 . (𝟔. 𝟏𝟗) 

Transitions from the 𝐴1 
6 ( 𝑆 

6 ) ground state to the exited states 𝐸( 𝐺 
4 ) 

4  and 𝐸( 𝐷 
4 ) 

4  are “pure” spin-

flips, since the energy of these exited states is also independent from 𝐷𝑞, being dependent only 

on 𝐵 and 𝐶. More in detail, the 𝐴1 
6 ( 𝑆 

6 ) → 𝐸( 𝐺 
4 ) 

4  transition results from a spin-flip into 𝑡2 orbitals 

while the 𝐴1 
6 ( 𝑆 

6 ) → 𝐸( 𝐷 
4 ) 

4  results from a spin-flip into 𝑒 orbitals109,121. For the sake of simplicity, 

I refer to the aforementioned transitions as  𝜈4 and  𝜈7, respectively, while their energy is defined 

as follows: 

𝑒𝑖𝑔 (𝓣 𝐴1 
6 ( 𝑆 

6 )→ 𝐸( 𝐺 
4 , 𝐷 

4 ) 
4 ) = (

𝜈 𝐴1 6 ( 𝑆 
6 )→ 𝐸( 𝐺 

4 ) 
4

𝜈 𝐴1 6 ( 𝑆 
6 )→ 𝐸( 𝐷 

4 ) 
4

) = (
𝜈4
𝜈7
) = (

10𝐵 + 5𝐶
17𝐵 + 5𝐶

) . (𝟔. 𝟐𝟎) 

A third “pure” spin-flip transition is also expected110,111, namely 𝐴1 
6 ( 𝑆 

6 ) → 𝐴2( 𝐹 
4 ) 

4 , of which the 

energy is defined as follows: 

𝑒𝑖𝑔 (𝓣 𝐴1 
6 ( 𝑆 

6 )→ 𝐴2( 𝐹 
4 ) 

4 ) = 𝜈 𝐴1 6 ( 𝑆 
6 )→ 𝐴2( 𝐹 

4 ) 
4 = 22𝐵 + 7𝐶 . (𝟔. 𝟐𝟏) 

However, the energy of 𝐴1 
6 ( 𝑆 

6 ) → 𝐴2( 𝐹 
4 ) 

4  exceeds the one of the first LMCT transition, hence 

the former is not detectable110,111. For the sake of completeness, another 𝐷𝑞 independent 

transition is expected, namely 𝐴1 
6 ( 𝑆 

6 ) → 𝐴1( 𝐺 
4 ) 

4 , whose energy is provided as follows: 

𝑒𝑖𝑔 (𝓣 𝐴1 
6 ( 𝑆 

6 )→ 𝐴1( 𝐺 
4 ) 

4 ) = 𝜈 𝐴1 6 ( 𝑆 
6 )→ 𝐴1( 𝐺 

4 ) 
4 = 10𝐵 + 5𝐶 . (𝟔. 𝟐𝟐) 

 
i The 𝑁𝑖0.48𝐹𝑒0.52-𝐿𝐷𝐻 X-ray reflections were sitting on a background ascribable to an amorphous phase. 
The large excess of iron hinders the complete crystallization of the LDH phase. 
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I point out that 𝐴1 
6 ( 𝑆 

6 ) → 𝐸( 𝐺 
4 ) 

4  and 𝐴1 
6 ( 𝑆 

6 ) → 𝐴1( 𝐺 
4 ) 

4  transitions are degenerate by pure 

chance. In fact, whereas the former originates from a spin-flip, the latter originates from the spin-

spin interactions between 𝑡2 and 𝑒 subshells half-filled of electronsi. 

For the sake of conciseness, I report the equations describing electronic transitions to 𝐷𝑞-

dependent exited states, i.e., 𝑇1 
4 ( 𝐺 

4 , 𝑃 
4 , 𝐹 

4 ) and 𝑇2 
4 ( 𝐺 

4 , 𝐷 
4 , 𝐹 

4 ), in the form of determinants as 

follows: 

𝑒𝑖𝑔 (𝓣 𝐴1 
6 ( 𝑆 

6 )→ 𝑇1( 𝐺 
4 , 𝑃 

4 , 𝐹 
4 ) 

4 )

⇓

− |

10𝐵 + 6𝐶 − 10𝐷𝑞 − 𝜈 3√2𝐵 −𝐶

3√2𝐵 19𝐵 + 7𝐶 + 0𝐷𝑞 − 𝜈 −3√2𝐵

−𝐶 −3√2𝐵 10𝐵 + 6𝐶 + 10𝐷𝑞 − 𝜈

| = 0

(𝟔. 𝟐𝟑) 

and 

𝑒𝑖𝑔 (𝓣 𝐴1 
6 ( 𝑆 

6 )→ 𝑇2( 𝐺 
4 , 𝐷 

4 , 𝐹 
4 ) 

4 )

⇓

− |

18𝐵 + 6𝐶 − 10𝐷𝑞 − 𝜈 −√6𝐵 −4𝐵 − 𝐶

−√6𝐵 13𝐵 + 5𝐶 + 0𝐷𝑞 − 𝜈 −√6𝐵

−4𝐵 − 𝐶 −√6𝐵 18𝐵 + 6𝐶 + 10𝐷𝑞 − 𝜈

| = 0

 . (𝟔. 𝟐𝟒) 

By rearranging (𝟔. 𝟐𝟎) the 𝐹𝑒(𝐼𝐼𝐼) Racah parameters (i.e., 𝐵 and 𝐶) can be directly obtained 

from 𝜈4 and 𝜈7, whereas the magnitude of 𝐷𝑞 in ferric compounds is usually yielded by the energy 

of transitions from 𝐴1 
6 ( 𝑆 

6 ) ground state to 𝑇1( 𝐺 
4 ) 

4  or 𝑇2( 𝐺 
4 ) 

4  exited states110,111 according to 

(𝟔. 𝟐𝟑) or (𝟔. 𝟐𝟒). However, I have detected these transitions at 557 and 493 nmii, respectively, 

only in the electronic spectra of samples with an atomic iron percentage greater than 33%. This 

suggests that two adjacent iron atoms are required to enable transitions to 𝑇1𝑔( 𝐺 
4 ) 

4  and 𝑇2𝑔( 𝐺 
4 ) 

4  

states. Hence, I had to resort to the energy of the 𝐴1 
6 ( 𝑆 

6 ) → 𝑇1𝑔( 𝑃 
4 ) 

4 , which is present in the 

electronic spectra of all samples, for the determination of 𝐷𝑞. My calculations yielded a 10𝐷𝑞 

value of 7,682 cm-1 for 𝐹𝑒(𝐼𝐼𝐼) in NiFe-LDHs. This value is approximately half of the ~15,000 cm-1 

10𝐷𝑞 accepted from octahedral 𝐹𝑒(𝐼𝐼𝐼) in metal-oxide crystal lattices110–112, being consistent with 

(𝟔. 𝟏𝒂) that describes the linear relationship between 𝐷𝑞 and the effective charge of the ligands109. 

According to my ligand field analysis (cf. the red vertical line in Figure 6.3a), the aforementioned 

two transitions from the 𝐴1𝑔 
6 ( 𝑆 

6 ) ground state of 𝐹𝑒(𝐼𝐼𝐼) to the 𝑇1𝑔( 𝐺 
4 ) 

4  and 𝑇2𝑔( 𝐺 
4 ) 

4  exited states 

should fall at ~590 and ~480 nm, respectively (between 𝜈3 and 𝜈4 in Figure 6.4a). These values 

are close to the observed ones in spectra of samples with iron percentage greater than 33%. 

Meanwhile the values of 𝐹𝑒(𝐼𝐼𝐼) Racah parameters 𝐵 and 𝐶 are equal to 916 and 2,632 cm-1. This 

yielded the unusual 𝐶 𝐵⁄  ratio equal to 2.87 I have found for 𝐹𝑒(𝐼𝐼𝐼) in NiFe-LDH. In fact, in ferric 

oxide compounds a 𝐶 𝐵⁄  ratio ranging from 4 to 6 is usually expected110,111,128. I speculate that this 

 
i In the high-spin 𝑑5 configuration, the ground state of the 𝑡2 subshell is the quartet 𝐴2 

4  (𝑆 𝐴2 
4  =  3 2⁄ ), 

whereas the ground state of the 𝑒 subshell is the quartet 𝐴2 
3  (𝑆 𝐴2 

3  =  1)109. Hence the spin-spin interactions 

between 𝐴2 
4  and 𝐴2 

3  terms produces three states namely: 𝐴1( 𝑆 
6 ) 

6  with 𝑆 =  5 2⁄ , 𝐴1( 𝐺 
4 ) 

4  with 𝑆 =  3 2⁄  

and 𝐴1( 𝐺 
2 ) 

2  with 𝑆 =  1 2⁄ . 
ii Values obtained by means of second derivative spectroscopy. 
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unusual 𝐶 𝐵⁄  is the result of exchange interactions between 𝐹𝑒(𝐼𝐼𝐼) and 𝑁𝑖(𝐼𝐼), because a similar 

decrease in 𝐶 𝐵⁄  ratio has been reported for interactions between 𝐶𝑟(𝐼𝐼𝐼) pairs in metal-oxide 

crystal lattices118. The yielded 𝛽1 √2⁄  value for 𝐹𝑒(𝐼𝐼𝐼) in NiFe-LDH is 0.747 (the 𝐵0 and 𝐶0 values 

of 𝐹𝑒3+ are 1,015 and 4,800 cm-1, respectively)128. I also performed the same ligand field analysis 

on the spectroscopic data of ferric compounds provided by D. M. Sherman et al.110,111 to have a 

reliable comparison. As shown in Figure 6.5, the excepted 𝛽1 √2⁄  value of 𝐹𝑒(𝐼𝐼𝐼) in metal-oxide 

compounds ranges between 0.6 and 0.7; it follows that the 𝐹𝑒-𝑂 bond is more ionic in NiFe-LDH 

rather than in metal-oxide compounds. In my opinion, the evidence that 𝐹𝑒(𝐼𝐼𝐼) in NiFe-LDH 

exhibits superior nephelauxetic ratio, compared to the corresponding ferric oxides, is consistent 

to the benchmarking catalytic performance of the NiFe-LDH for oxygen evolution reaction140–142, 

which I also described in Chapter 4. 

 

 

  

Figure 6.5. Scatter plot of the energy of the 𝐴1𝑔 
6 ( 𝑆 

6 ) → 𝐸𝑔( 𝐷 
4 ) 

4  transitions in ferric compounds vs. their respective 

nephelauxetic ratios. Apart from NiFe-LDH, the nephelauxetic ratios were computed from the spectroscopic data 
provided in refs. 110,111. The dashed lines delimit the range of nephelauxetic ratios expected in ferric compounds. 
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7. Conclusions and future perspectives 
 

In this thesis, I analysed the stability of nickel-iron layered double hydroxides (NiFe-LDHs) 

dispersed in ethanol with acetate anions, through the lens of surface energy, Hansen parameters 

and zeta potential. It turns out that acetate anions bind to the surface of LDHs at the inner 

Helmholtz plane, effectively neutralizing the LDH native positive surface charge. Hence, acetate 

anions cover the surface of LDH nanosheets stabilizing the ethanol dispersion like a surfactant. 

However, the excessive presence of acetate on the surface limits the LDH performances toward 

electrocatalytic oxygen evolution reaction (OER). In fact, the lower Lewis basicity of acetate 

anions, compared to carbonate and citrate, hinders the base-assisted deprotonation steps 

required for OER, limiting the whole process. Interestingly, intercalating citrate anions in LDH lead 

to the direct formation of single-layer nanosheets. As revealed by pH-potentiometric titrations and 

electronic spectroscopy investigations, citrate intercalated LDH nanosheets form in two steps. 

The first step involves a partial hydrolysis and polymerization of metal-citrate coordination 

compounds resulting from an increase in the reaction environment pH. The second step consists 

of the complete hydrolysis of the metal-citrate compounds following heating of the reaction 

environment, which leads to the direct formation of LDH nanosheets. Lastly, I performed an 

extensive study on the electronic spectra on NiFe-LDH, which led to an in-depth ligand field 

analysis on 𝑁𝑖(𝐼𝐼) and 𝐹𝑒(𝐼𝐼𝐼) located in the LDH crystal lattices. The analysis results indicate that 

the ligand field strength (10𝐷𝑞) of 𝑁𝑖(𝐼𝐼) in NiFe-LDH increases with the 𝐹𝑒(𝐼𝐼𝐼) content. On the 

contrary, the 𝑁𝑖(𝐼𝐼) nephelauxetic ratio, i.e., the ionic degree of the 𝑁𝑖-𝑂 bond, is not significantly 

affected by the 𝐹𝑒(𝐼𝐼𝐼) content. On the other hand, 𝐹𝑒(𝐼𝐼𝐼) in NiFe-LDH showed 10𝐷𝑞 of 7,682 cm-

1 that is approximately half of the ~15,000 cm-1 value expected in ferric oxides. Moreover, a 𝐹𝑒(𝐼𝐼𝐼) 

nephelauxetic ratio of 0.747 suggests that the 𝐹𝑒-𝑂 bond in NiFe-LDH is more ionic than oxide 

counterparts, whose nephelauxetic ratio ranges from 0.6 to 0.7.  

In conclusion, the stabilization LDH nanosheets in ethanol by acetate anions provides insights on 

greener methodologies to produce LDH dispersions, possibly using water as a solvent. These 

dispersions may find future applications in industry for the fabrication of electrodes to be used for 

water electrolysis, fuel cells or battery applications. Moreover, the effect of acetate anions on the 

electrocatalytic properties of NiFe-LDHs provides additional information about its electrocatalytic 

mechanism towards the OER, which is still under debate35,143–146. Hence, a full comprehension of 

the NiFe-LDH electrocatalytic mechanism towards the OER may lead in the future to the 

development of more efficient electrocatalysts improving the yield of molecular hydrogen and 

oxygen production through water electrolysis, opening new possibilities for a carbon free society 

and new developments in space exploration. In addition, the results about the formation 

mechanism of LDHs in the presence of citrate may be extended to other hydroxy-carboxylate 

anions (e.g., lactate, malate), providing important information about the behaviour of LDH 

materials in biological systems, which can lead to an improvement of LDHs as drug delivery 

systems. Lastly, the spectroscopic and ligand field analysis results on NiFe-LDHs constitute an 

important milestone in the comprehension of the behaviour of iron group elements into a two-

dimensional environment. Ultimately, these spectroscopic results may lead to more advanced 

ligand field engineering strategies aimed at mimicking metal-based enzymes, which, according to 

the alkaline vents hypothesis, originated from LDH deposits on the Hadean Ocean floor more 

than four billion years ago63,64.  
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9. Appendices 
 

9.1. Comparison Tables 
 

Table 9.1. Recent electrochemical data of the electrocatalytic activities of NiFe-LDH electrodes. I referred to studies in 
which are used substrate with area comparable to my case (i.e., graphite paper). Adapted with permission from Piccinni, 
M.; Bellani, S.; Bianca, G.; Bonaccorso, F. Nickel-Iron Layered Double Hydroxide Dispersions in Ethanol Stabilized by 
Acetate Anions. Inorg Chem 2022, 61 (11), 4598–4608. Copyright 2022 American Chemical Society. 

Catalyst 

@Support 

Substrate 
material 

Electrolyte 
Tafel 
slope 
(mV/dec) 

Overpotential (V) @ 
10 mA/cm2

geom 
Ref. 

NiFe-CO3-1 
Graphite 
paper 

0.1 M KOH 30 0.38 
This 
thesis, 119 

NiFe-CO3-2 
Graphite 
paper 

0.1 M KOH 47 0.54 
This 
thesis, 119 

NiFe-Cit 
Graphite 
paper 

0.1 M KOH 38 0.43 
This 
thesis, 119 

NiFe(DS-)LDH 

@graphitized 
carbon 

Glassy 
carbon RDE 

1 M KOH 36 0.30 147 

NiFe-LDH 
nanosheets 

Cu mesh 1 M KOH 78.19 0.292 148 

NiFe-LDH 
nanopsheets 

Glassy 
carbon 

0.1 M KOH 33.4 0.29 149 

NiFe-LDH spheres 

@activated carbon 

Glassy 
carbon 

1 M KOH 59 0.295 150 

Fe-doped Ni(OH)2 

@carbon black 

Glassy 
carbon 

1 M KOH 37 0.216 151 

NiFe-LDH 
nanosheets 

Graphite 
paper 

1M KOH 32 0.254 152 

NiFe-LDH 

@graphdiyne 
Cu foil 1M KOH 95 0.260 153 

NiFe-LDH 

@SWNT 

Glassy 
carbon 

1M KOH 35 0.250 154 
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Table 9.2. Crystallographic parameters of synthetic LDHs and related minerals. Table continues in the following 
page. 

Synthetic LDHs 

𝑴(𝑰𝑰) 𝑴(𝑰𝑰𝑰) 𝑨𝒏− 
Basal spacing 

(nm) 

a-axis 

(nm) 

c-axis 

(nm) 
Reference 

𝑁𝑖 𝐴𝑙 Citrate 1.223 0.3019 3.669 This thesis 

𝑁𝑖 𝐹𝑒 Citrate 1.227 0.3053 3.680 This thesis 

𝑍𝑛 𝐴𝑙 Citrate 1.222 0.3056 3.665 This thesis 

𝑁𝑖 𝐹𝑒 Carbonate 0.77561 0.30907 2.32684 This thesis 

𝑁𝑖 𝐹𝑒 Carbonate 0.770 n.a. n.a. 119 

𝑁𝑖 𝐹𝑒 Carbonate 0.784 n.a. n.a. 119 

𝑁𝑖 𝐹𝑒 Citrate 1.22 n.a. n.a. 119 

𝑀𝑔 𝐴𝑙 Citrate 1.20 n.a. n.a. 70 

𝑀𝑔 𝐴𝑙 Citrate 1.18 n.a. n.a. 69 

𝑁𝑖 𝐴𝑙 Citrate 1.17 n.a. n.a. 69 

𝑍𝑛 𝐴𝑙 Citrate 1.23 n.a. n.a. 69 

𝑍𝑛 𝐴𝑙 Citrate 1.22 n.a. n.a. 88 

𝑍𝑛 𝐴𝑙 Nitrate 0.89 0.308 n.a. 88 

𝑁𝑖 𝐴𝑙 Carbonate 0.7513 0.3023 2.2538 35 

𝑁𝑖 𝐹𝑒 Carbonate 0.7481 0.3070 2.2443 35 

𝑁𝑖 𝐹𝑒 Carbonate 0.7596 0.3080 2.2789 35 

𝑁𝑖 𝐴𝑙 Nitrate 0.860 0.300 2.58 31 

𝑁𝑖 𝐹𝑒 Nitrate 0.794 0.307 2.382 31 

𝑁𝑖 𝐹𝑒 Adipate 1.308 0.307 3.925 31 

𝑁𝑖 𝐹𝑒 Sebacate 1.539 0.307 4.617 31 

 

Table continues in the following page. 
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LDH minerals[a] 

Mineral name Composition  
Basal spacing 

(nm) 

a-axis 

(nm) 

c-axis 

(nm) 
Reference 

Hydrotalcite 𝑀𝑔6𝐴𝑙2(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂 n.a. 0.3065 2.307 53 

Takovite 𝑁𝑖6𝐴𝑙2(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂 n.a. 0.30250 2.2595 53 

Reevesite 𝑁𝑖6𝐹𝑒2(𝑂𝐻)16𝐶𝑂3 ⋅ 4𝐻2𝑂 n.a. 0.3082 2.2770 53 

Zaccagnaite 𝑍𝑛4𝐴𝑙2(𝑂𝐻)12𝐶𝑂3 ⋅ 4𝐻2𝑂 n.a. 0.30662 2.26164 53 

[a] All LDH minerals are referred to 3R polymorphs. Despite for 3R LDH polymorphs the unit cell c axis and the basal plane are in 

a 3:1 relationship, we decided to only include what is actually reported in referenced works. 

n.a. = not available. 
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Table 9.3. Absorbance bands in electronic spectra of natural and synthetic oxide and hydroxides of 𝑁𝑖(𝐼𝐼) and 𝐹𝑒(𝐼𝐼𝐼). 

 

Nickel based LDHs 

 Transition wavelength (nm)  

Sample 𝜈1 𝜈2 𝜈3 𝜈4 𝜈5 𝜈6 𝜈7 𝜈8 𝜈9 𝜈10 Ref. 

NiFe-LDH 1,120 750 665 448 420 386 348 338 250 210 - 

NiAl-LDH 1,110 740 655 - 420 383 - - - 210 - 

NiFe-LDH - 750 650 450 420 385 350 - 250 210 119 

NiFe-LDH 1,105 730 630 450 420 375 350 - 260 210 35 

NiAl-LDH 1,105 730 630 - 420 375 - - - 210 35 

NiAl-LDH - 730 630 - 420 375 - - - - 120 

 Nickel based compounds 

 Transitions wavelength (nm)  

Sample 𝜈1 𝜈2 𝜈3 𝜈4 𝜈5 𝜈6 𝜈7 𝜈8 𝜈9 𝜈10 Ref. 

𝑁𝑖(𝐼𝐼):Pyrophyllite 1,086 725 649 - 388[a] - - - - 132 

Exfoliated 𝑁𝑖(𝑂𝐻)2 1,100 700[a] - 400[a] - - - - 52 

𝑁𝑖(𝐼𝐼) hydroxy-
acetate 

1,240 761 671 - 440 387 - - - - 137 

𝑁𝑖𝑂 - 715[a] - 429 379 - - - 295 136 

𝛽-𝑁𝑖(𝑂𝐻)2 - 705[a] - 423 381 - - - 226 138 

 Iron based compounds 

 Transitions wavelength (nm)  

Sample 𝜈1 𝜈2 𝜈3 𝜈4 𝜈5 𝜈6 𝜈7 𝜈8 𝜈9 𝜈10 Ref. 

𝐹𝑒3+: 𝐴𝑙2𝑂3 - - - 449 - 392 373 308 259 194 111 

𝐹𝑒3+:𝑀𝑔𝑂 - - - 460 - 398 364 322 
279 
246[c] 

216 111 

Synthetic 𝛼-𝐹𝑒2𝑂3 - - - 420 - - 374 314 257  223 111 

Nontronite - - - 444 - 384 367 - 261 200 111 

Hematite - - - 444 - 405 380 319 270 - 110 

Goethite - - - 435 - - 365 285 250 225 110 

Maghemite - - - 435 - - 370 315 250 - 110 

Lepidocrocite - - - 435 - - 365 305 239 210 110 

[a] The authors reported the average value of 𝜈2 and 𝜈3. 
[b] The authors reported the average value of 𝜈5 and 𝜈6. 
[c] The contribution to the absorbance of 𝑡2𝑢

𝛽
→ 𝑡2𝑔

𝛽
 LMCT transition is also present. 
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9.2. Materials end methods 
 

9.2.1. Chemicals 
 

Table 9.4. Chemicals used. All chemicals were purchased from Sigma-Aldrich and used without purifications. 

Name Formula Notes 

Aluminium nitrate nonahydrate 𝐴𝑙(𝑁𝑂3)3 ⋅ 9𝐻2𝑂 ACS reagent, ≥ 8% 

Ethanol 𝐶𝐻3𝐶𝐻2𝑂𝐻 puriss. p.a., absolute, ≥  .8% (GC) 

Ferric nitrate nonahydrate 𝐹𝑒(𝑁𝑂3)3 ⋅ 9𝐻2𝑂 ACS reagent, ≥ 8% 

Nickel acetate tetrahydrate 𝑁𝑖(𝐶𝐻3𝑂2)2 ⋅ 4𝐻2𝑂 purum p.a., ≥  .0% (KT) 

Nickel nitrate hexahydrate 𝑁𝑖(𝑁𝑂3)2 ⋅ 6𝐻2𝑂 puriss. p.a., ≥ 8.5% (KT) 

Potassium hydroxide 𝐾𝑂𝐻 reagent grade, 90%, flakes 

Sodium hydroxide 𝑁𝑎𝑂𝐻 reagent grade, ≥ 8%, pellets (anhydrous) 

Triethanolamine 𝑁(𝐶𝐻2𝐶𝐻2𝑂𝐻)3 ≥  .0% (GC) 

Trisodium citrate dihydrate 𝑁𝑎3𝐻𝐶6𝐻4𝑂7 ⋅ 2𝐻2𝑂 meets USP testing specifications 

Urea 𝑂𝐶(𝑁𝐻2)2 ACS reagent, 99.0-100.5% 

Zinc nitrate hexahydrate 𝑍𝑛(𝑁𝑂3)2 ⋅ 6𝐻2𝑂 purum p.a., crystallized, ≥  .0% (KT) 

Unless otherwise specified, I used as solvent only Milli-Q water previously degassed by boiling it for 20 
min under 𝐴𝑟 bubbling, to avoid atmospheric 𝐶𝑂2 contamination. 
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9.2.2. Characterizations 
 

Table 9.5. Characterization techniques. Sample preparations are listed under the header lines indicating the 
characterization, instrumentation, and supplier. Table continues in the following page. 

Technique Instrumentation Supplier 

Atomic force microscopy 
(AFM) 

Innova AFM Bruker 

• Sample: 10 μL of LDH ethanol dispersion are drop casted on mica. 

• Tip diameter less than 10 nm. Tapping mode on an area of 20×20 μm2, resolution 1024×1024 
points. 

Electrochemistry Potentiostat/galvanostat 
station VMP3 

Biologic 

• Working electrode preparation: the electrodes were produced by manually spray-coating the 
LDH dispersions onto a graphite paper (PGS, Panasonic) placed on a hot plate at 100°C. The 
dispersion volume loaded in the air brusher was empirically adjusted to control the mass 
loading of the LDHs at a value of 0.1 mg/cm2. About 20% of the loaded material is lost during 
the spray coating process, the loss quantity may vary with different operators. 

• Counter electrode: platinum wire. 

• Reference electrode: Ag/AgCl in saturated KCl. 

• Electrolyte: KOH 0.1 M. 

• Cyclic voltammetry (CV): 10 activation cycles, from 0 to 1.5 V vs. reference electrode at 5 mV/s 
scan rate. 

• Electrochemical impedance spectroscopy (EIS): 200 kHz to 0.1 Hz range, with 10 mV wave 
amplitude at open circuit potential. 

• Staircase voltammetry (SV): sequential chronoamperometry scans at increasing potential. The 
current is sampled manually once steady state is reached. 

• Potential correction by the cell resistance: the cell resistance (𝑅) is obtained from the intercept 
of the EIS Nyquist plot with the real axis. Then all measured potentials in SV are corrected 
according to 𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑅 ⋅ 𝑖, where is the measured current 𝑖. 

Electronic spectroscopy (UV-
Vis-NIR) 

Varian Cary 5000 Agilent 

• Liquid samples: dispersions and solutions in ethanol or water. Operating transmission mode. 
Samples are placed into Suprasil® QS quartz cuvettes with 4 mm optical path (Hellma 
Analytics). 

• Solid samples: powders. Operating in reflection mode. Powders are placed on Suprasil® QX 
quarts slabs (Hellma Analytics). 1 mg of LDH material is suspended in 100 μL of water, drop 
casted onto the quartz slab and let dry at 100°C on a hot plate. 

 

Table continues in the following page. 
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Technique Instrumentation Supplier 

Potentiometric pH-titrations Sension+ PH3 HACH 

• Titrations performed manually 

• Electrode: CRISON 50 14T 

• Calibration buffer solutions from HACH: pH 4.01/7.00/10.01 

• Temperature 25°C 

Transmission electron 
microscopy (TEM) 

JEM 1400 Plus - 120 kV TEM 
(thermionic source LaB6 
crystal) 

JEM 1011 - 100 kV TEM (W 
filament thermionic source). 

JEOL 

• Sample: drop-casting the 1:100 diluted LDH dispersions (approx. 0.001 g/L) in ethanol onto 
ultrathin C-on-holey C-coated Cu grids by Ted Pella. 

X-ray diffraction (XRD) PANalytical EmpyreanX-ray 
diffractometer 

Malvern Panalytical 

• Sample: thin film drop casted from LDH dispersions in ethanol or water on Si(100) or LDH 
powder (pellet). 

X-ray fluorescence (XRF) M4 TORNADO micro-XRF Bruker 

• Sample: thin film drop casted on Si(100) or powder (pellet). 

Zeta potential (𝜻) Zetasizer Nano Malvern Panalytical 

• Samples are diluted by a factor of 10 to avoid particle aggregation (approx. 0.01 g/L). 
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9.2.3. Synthesis procedures 
 

Table 9.6. Synthesis procedure, via the “urea hydrolysis” method, for carbonate-intercalated NiFe-LDHs. Samples used 
in Figure 6.4 are synthetized by varying the ratio between nickel and iron precursors and then analysing the atomic 
composition of each product (powder) by X-ray fluorescence as described in Table 9.5. 

Step Procedure 

1) Degassing water is not necessary for this synthesis. 1.2 mmol of 𝑁𝑖(𝑁𝑂3)2 ⋅ 6𝐻2𝑂 (349 mg), 0.4 

mmol of 𝐹𝑒(𝑁𝑂3)3 ⋅ 9𝐻2𝑂 (161.6 mg) and 2.8 mmol of urea (168.2 mg) are dissolved in water up 
to a volume of 160 ml. 

1a) 1.2 mmol of 𝑁𝑖(𝐶𝐻3𝐶𝑂2)2 ⋅ 4𝐻2𝑂 (i.e., 298.6 mg) are used instead of 𝑁𝑖(𝑁𝑂3)2 ⋅ 6𝐻2𝑂 for 
synthesis that rely on acetate anions in the reaction mixture 

2) The solution from Step 1 (or 1a) is transferred in a glass bottle and 1.6 mmol of triethanolamine 
(212.4 µL) are added dropwise under vigorous stirring, then the bottle is sealed and left under 
stirring for 24h at ambient temperature. 

3) A ferrihydrite (iron oxyhydroxide) precipitate forms as suspension at the end of Step 2. This 
suspension is transferred in a 250 ml round flask and heated at 100°C under reflux for 48h. 

4) At the end of Step 3 a yellowish precipitate is formed at the bottom of the flask. The most 
supernatant is carefully removed with a pipette. Then the obtained product is then isolated by 
centrifugation at 3000 relative centrifugal force and washed three times by replacing the 
remaining supernatant with 10 mL of water. 

Carbonate-intercalated LDHs can be stored as dry powders obtained by freeze-drying the precipitates 
from step 4) at -50°C for two days. 

The freeze-dried LDH powders should be handled with care since the risk to inhale them is real. I always 
handled LDH powders under fume hood while wearing FFP2 face masks. Then, all surfaces that may be 
exposed to LDH powders are cleaned with water. 
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Table 9.7. Optimized synthesis procedure, via the “hydrolytic polymerization”, for citrate-intercalated LDHs. 

Step Procedure for NiAl- or NiFe-LDH Procedure for ZnAl-LDH 

1) 0.4 mmol of 𝐴𝑙(𝑁𝑂3)3 ⋅ 9𝐻2𝑂 (i.e., 150.0 mg) or 

𝐹𝑒(𝑁𝑂3)3 ⋅ 9𝐻2𝑂 (i.e., 161.6 mg) are dissolved 
into 160 mL of water alongside 1.2 mmol of 
𝑁𝑖(𝐶𝐻3𝐶𝑂2)2 ⋅ 4𝐻2𝑂 (i.e., 298.6 mg) in a 250 
mL glass bottle. 

6 mmol of 𝐴𝑙(𝑁𝑂3)3 ⋅ 9𝐻2𝑂 (i.e., 2.25 g) are 
dissolved into 160 mL of water alongside 12 
mmol of 𝑍𝑛(𝑁𝑂3)2 ⋅ 6𝐻2𝑂 (i.e., 3.57 g) in a 250 
mL glass bottle. 

2) 1.6 mmol of 𝑁𝑎3𝐻𝐶6𝐻4𝑂7 ⋅ 2𝐻2𝑂 (i.e., 470.6 
mg) are dissolved into 4 mL of water and then 
added to the solution prepared in step 1) under 
vigorous stirring. The bottle is sealed and 
heated on a hot plate set at 80°C under stirring. 
After one hour, the bottle is let to cool down to 
ambient temperature. 

18 mmol of 𝑁𝑎3𝐻𝐶6𝐻4𝑂7 ⋅ 2𝐻2𝑂 (i.e., 5.29 g) 
are dissolved into 10 mL of water and then 
added to the solution prepared in step 1) under 
vigorous stirring. The bottle is sealed and 
heated on a hot plate set at 80°C under stirring. 
After one hour, the bottle is let to cool down to 
ambient temperature. 

3) 30 mL of a 𝑁𝑎𝑂𝐻 0.1 M solution is added 
dropwise to the step 2) solution under vigorous 
stirring. 

34 mL of a 𝑁𝑎𝑂𝐻 1 M solution is added 
dropwise to the step 2) solution under vigorous 
stirring. 

4) The step 3) solution is transferred into a three-
neck 250 mL round flask and heated at 90°C 
by using a heating mantle. The temperature is 
measured by placing a thermometer in direct 
contact with the solution. The flask is 
connected to a bubble condenser to avoid 
water evaporation and the whole apparatus is 
kept filled with 𝐴𝑟 to avoid atmospheric 𝐶𝑂2 
contamination. 

The step 3) solution is transferred into a three-
neck 250 mL round flask and heated at 60°C 
by using a heating mantle. The temperature is 
measured by placing a thermometer in direct 
contact with the solution. The flask is 
connected to a bubble condenser to avoid 
water evaporation and the whole apparatus is 
kept filled with 𝐴𝑟 to avoid atmospheric 𝐶𝑂2 
contamination. 

5) After three days, the product of step 4) is 
collected by centrifugation at 3000 relative 
centrifugal force and washed three times with 
10 mL of water. 

After three days, the product of step 4) is 
collected by centrifugation at 3000 relative 
centrifugal force and washed three times with 
10 mL of water. 

Citrate-intercalated LDHs can be stored as dry powders obtained by freeze-drying the precipitates from 
step 5) at -50°C for two days. 

The freeze-dried LDH powders should be handled with care since the risk to inhale them is real. I always 
handled LDH powders under fume hood while wearing FFP2 face masks. Then, all surfaces that may be 
exposed to LDH powders are cleaned with water. 
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Table 9.8. Production of LDH nanosheets ethanol dispersions. 

Step Procedure 

1) Synthetize LDHs according to Table 9.6 or Table 9.7. Collect the LDH by centrifugation at 3000 
relative centrifugal force. Do not wash the LDH obtained from the synthesis. Do not dry the LDH. 

2) Suspend the wet LDH from Step 1 in a sodium acetate 0.1 M solution. Leave in contact the LDH 
with the solution for 20 min under stirring. 

3) Collect the LDH by centrifugation at 3000 relative centrifugal force. 

4) Repeat Step 2 and 3. 

5) Wash the LDH with 10 ml of ethanol. 

6) Separate the LDH by centrifugation at 3000 relative centrifugal force. Then collect an UV-Vis 
spectrum of the supernatant. 

If The supernatant is yellow and the absorbance at 350 nm has plateaued, proceed to Step 7. 

Else  Discard the supernatant and go back to Step 5. 

7) Suspend the LDH in 40 ml of ethanol and centrifugate at 3000 relative centrifugal force to 
separate undispersed particles. 
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