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ABSTRACT 

Layered Double Hydroxides (LDH) and related nanocomposites have attracted 

much attention for biomedical applications and the development of LDH drug carriers 

composed by endogenous metals, such as iron, is of obvious interest.  However, most of 

the studies reported so far on iron-containing LDH, mainly focusing on the applications, 

suffer from insufficient data about the synthesis and the characterization of these 

materials. In this study, it is addressed compositional and structural properties of two 

series of LDH materials, Mg2FeyAl(1-y)-Cl and Zn2FeyAl(1-y)-Cl with a M2+/M3+ molar 

ratio equal to 2 and 0 ≤ y ≤ 1. By combining crystal-chemical reasoning, Rietveld 

refinements and pair distribution function analysis (PDF), it was possible to differentiate 

between contributions from crystalline and amorphous components. Concerning Mg-

series, for y > 0.5, the compositions were found to slightly deviate from those expected 

with an increase in the value of R tending to 3. For Zn-series, more heterogeneous 

samples were obtained with the presence of amorphous 2-line ferrihydrite clearly 

demonstrated by PDF analysis. As well as providing a reliable approach to the 

characterization of Fe-LDH, this study gives useful elements for better understanding 

and interpreting the results reported in the literature regarding these phases.  

KEYWORDS: Layered Double Hydroxides, iron incorporation, proper composition 

determination, biomaterials, solid-solution, Rietveld refinements, hydrotalcite 

supergroup 
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1. INTRODUCTION 

Layered Double Hydroxides (LDH) represented by the general formula [M3+
(1-

x)M2+
x(OH)2](An-)x/n.zH2O and often abbreviated as M2+

RM3+-An- (where R is the molar 

ratio between the di and trivalent cations) have been considered as technologically 

promising materials for diverse and essential applications, particularly in health [1], 

catalysis [2], energy generation and storage [3], photodetection [4], and environment 

related fields [5]. The constantly increasing interest in these materials first stems from 

their low cost and easy preparation, and the considerable number of distinct chemical 

compositions that can be achieved. LDH applicability in biological, medicinal, and 

pharmaceutical topics is based on their flexible two-dimensional (2D) structure and 

their tunable exchange properties allowing storage and delivery of different types of An- 

bioactive anionic species. Thereby, drugs such as non-steroidal anti-inflammatories [6] 

or anticarcinogenics [7], and biomolecules like aminoacids [8] and even 

deoxyribonucleic acid segments [9] have been intercalated into LDH.  Moreover, LDH 

hydroxide layers can be composed or doped with different M2+ and M3+ cations giving 

rise the possibility of choosing the most suitable chemical composition for the desired 

purpose [10].  

For biological applications, LDH composed of Mg2+ or Zn2+ and Al3+ cations are 

frequently employed. Aluminum ion contact with human body widely occurs orally, 

such as with the consume of antiacids, which exposure to the gastrointestinal is mild 

[11]. In fact, the antiacid Talcid® [12] patented by Bayer AG, composed of  LDH 

containing Mg2+ and Al3+ cations and intercalated with CO3
2- anions, not only 

chemically neutralizes gastric acids but also has shown to induce the expression of 

epithelial growth factor and its receptor in normal gastric mucosa  and also in ulcer scar 
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promoting mucosa restauration [13,14]. Besides, it has been shown that cations from 

Talcid® are not absorbed by the intestine [15]. However, the contact with the systemic 

route when used in the form of aluminum oxyhydroxide, for example as adjuvant of 

vaccines intravenously administered to promote the immune response, clearly shows 

toxicity [16]. Although in vitro and in vivo studies have not indicated possible toxicity 

of Al-LDH, there is a lack of studies about aluminum effect considering long-term 

treatments and dose-dependency [17,18]. Moreover, Al3+ absorption has been associated 

to neurotoxicity and general tissues accumulation [16,19].  

For all these reasons, the partial or complete substitution of aluminum by endogenous 

metals, such as iron, is desirable to improve the biocompatibility of LDH materials. 

Recently, some of us have reported biocompatibility studies conducted on iron 

containing LDH [24,25]. Two LDH materials composed of magnesium or zinc as 

divalent cations and a mixture of Fe3+ and Al3+ in the same proportion as trivalent 

cations, i.e. Mg2Fe0.5Al0.5 and Zn2Fe0.5Al0.5, and intercalated with chloride anions were 

examined through intramuscular implants in rats. The modulation of collagen 

production was observed during tissue regeneration process depending on the nature of 

the cations combined in LDH layers. Type-I collagen was predominant in the presence 

of iron for both Mg2Fe0.5Al0.5-Cl and Zn2Fe0.5Al0.5-Cl compositions. Comparatively, for 

Mg2Al-Cl and Zn2Al-Cl compositions, collagen formation was guided by the divalent 

cation nature and a predominance of type-III collagen was observed for the Zn2Al 

matrix [20]. Other studies have also evaluated the performance of MgRFe-LDH as 

phosphate binding agent for oral administration [22], for enzyme adsorption [23], and 

also as osteogenesis enhancers by covering Ti plates [24], bone [25], and orthopaedic 

implants [26] with LDH.  Balcomb et al. [27] reported the use of MgRAl, MgRFe and 

ZnRFe LDH as nonviral gene delivery vehicles; all samples showed low cytotoxicity 
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against HEK293 cells with viability over 100 % and the highest values were observed 

for Fe-containing LDH.  Interestingly, a device for the co-delivery of adenosine as 

ligand and magnesium cation as ligation activator based on Mg2Fe LDH composition 

showed osteogenic differentiation of stem cells as well as healing abilities when injected 

in tibial bone of rats [28]. 

The development of LDH drug carriers composed of endogenous metals such as iron is 

therefore of obvious interest. Iron containing LDH are also noteworthy for applications 

in environmental remediation [29] and energy conversion/storage [30]. All these studies 

have reported difficulties in the characterization of iron-based LDH due to their quite 

low crystallinity compared to the aluminum parent compounds and the frequent 

presence of impurities [31,32]. Phase segregation also tends to occur when increasing 

iron content resulting in the formation of hematite [33], for instance. The presence of 

iron may also mitigate the intercalation properties of LDH as reported for L-ascorbate 

into the Mg3Fe LDH [34] and for ibuprofenate drug anions into Zn3Al, Mg3Al and 

Mg3Fe LDH materials [35].  

Phase purity is an essential feature for systems which activity will take place at 

molecular level, since even low amount side phases may present a biological reactivity. 

To the best of our knowledge, so far, only one study has addressed specifically the 

preparation, the thermal evolution, and the structural properties of iron containing LDH 

materials (Rozov et al. [36,37], for Mg3FeyAl(1-y)-CO3 series). In the present work, both 

Mg2FeyAl(1-y)-Cl and Zn2FeyAl(1-y)-Cl LDH series were investigated. The M2+/M3+ molar 

ratio of 2 allows a high drug loading capacity while chloride anions were chosen for 

their efficiency on ion exchange process and intrinsic biocompatibility [38]. Synthetic 

parameters were adjusted aiming to achieve both optimal purity and crystallinity. In the 

first part of this work, a classical approach for the characterization of the samples was 
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performed using X-ray diffraction (XRD), vibrational FT-IR and Raman spectroscopies, 

thermal and chemical elemental analysis, showing progressive changes along both 

series, consistent with a continuous solid solution formation in the case of Mg series and 

with the development of heterogeneous samples for the Zn series. In the second part, a 

more comprehensive analysis is proposed by combining crystal-chemical and 

geometrical reasoning, Rietveld refinements and pair distribution function (PDF) 

analysis. These approaches allowed the clear differentiation between contributions from 

crystalline and amorphous components, leading to a reliable determination of 

compositional and structural properties of both series. The use of PDF technique was 

decisive for the identification of 2-line ferrihydrite as an amorphous second phase in Zn 

series.  

2. METHODS 

Magnesium chloride hexahydrate (MgCl2·6H2O) (99 %), zinc chloride (ZnCl2) (≥ 99 

%), aluminum chloride hexahydrate (AlCl3·6H2O) (99 %), ferric chloride hexahydrate 

(FeCl3·6H2O) (98 %), sodium hydroxide (NaOH) (≥ 98 %), D-sorbitol (> 98 %) and 

absolute ethanol were acquired from Sigma-Aldrich. Deionized water was obtained 

from a Millipore water purification system. 

2.1. Synthesis of the Mg2FeyAl(1-y)-Cl and Zn2FeyAl(y-1)-Cl series. 

Samples were prepared by the coprecipitation method and labelled according to the 

starting molar ratios used for the synthesis i.e. M2FeyAl(1-y)-Cl in which M is either 

Mg2+ or Zn2+ with a M/(Al + Fe) molar ratio that is equal to 2 and y corresponds to the 

substitution molar ratio of Al3+ for Fe3+. Preliminary tests were performed on 

Mg2Fe0.5Al0.5-Cl nominal composition to adjust the following synthesis parameters 

based on the work of Sun et al [39] : salts solution concentration (0.05 and 0.1 mol L-1), 
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temperature (room temperature or 50 °C) and stirring method (magnetic at 400 rpm or 

mechanical stirring at 900 rpm).  A Fisatom plate model 752A was employed for the 

magnetic stirring and a Fisatom homogenizer model 713D for the mechanical stirring. 

The pH value was set to 10.5 by the addition of 0.2 mol L-1 NaOH solution. The 

analyses carried out for these tests are presented and discussed in supplementary 

information (synthesis parameters in Table S1, XRD data in Figure S1 and 

hydrodynamic particle size distribution in Figure S2). The optimized conditions for the 

synthesis of the Mg2Fe0.5Al0.5-Cl LDH in terms of crystallinity and apparent 

homogeneity were obtained for a salt solution concentration of 0.05 mol L-1, a 

mechanical stirring at 900 rpm, and a temperature of 50°C. These conditions were then 

applied to all members of Mg series. They were also applied for Zn series except for the 

temperature, since heating may lead to the formation of ZnO/Zn(OH)2 as often reported 

in the literature [25,40], and the pH was set to 7.5.  

2.2. Characterization 

X-ray diffraction (XRD) analysis for the synthesis conditions optimization tests were 

performed using a D8 Discover Bruker with a LYNXEYE XE-T detector, using CuKα1/ 

Kα2 radiation (1.5406/1.5444 Å) source in Bragg Brentano θ-θ geometry, in a range 

between 1.5 - 70° (2θ) with scanning parameters of 0.05° steps and an 8 s count time 

per step. XRD data used for profile matching and structure refinement of Mg2FeyAl(1-y)-

Cl and Zn2FeyAl(1-y)-Cl series were collected on a Philips X’Pert pro diffractometer 

equipped with a X’celerator 1D detector (2.122° active length), using CuKα1/ Kα2 

source in Bragg Brentano θ-θ geometry from 5 to 90°(2θ) with a scan step of 0.016°.  

The lattice parameters (Table S6) for both series were refined using the Le Bail [41] 

whole powder XRD pattern decomposition method with FullProf suite package [42] and 

assuming R-3m space group as usually reported for LDH [43]. To properly reproduce 
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XRD peak profile and reach good fits, it was necessary to consider microstructural 

effects in particular anisotropic size effects related to the platelet morphology of LDH 

particles. Peak broadening coming from anisotropic size effect was modelled with linear 

combinations of spherical harmonics as implemented in FullProf which then allowed 

the calculation of the volume-averaged apparent size of the coherent domains along 

each reciprocal lattice vector. Dimensions according to the 110 (L110 ) and 00l (L00l ) 

directions are of particular interest being related to the coherence lengths within LDH 

hydroxide layers and along the stacking direction, respectively. LaB6 NIST standard 

was used to correct for instrumental broadening.Long-range structures of Zn2FeyAl(1-y)-

Cl (y = 0, 0.25, 0.5, 0.75) samples were determined via Rietveld refinement method 

using FullProf and details are given in the SI.  

The atomic PDF were obtained from X-ray total scattering data collected on a 

PANalytical Empyrean diffractometer equipped with a solid state GaliPIX3D detector, a 

focusing X-ray multilayer mirror, and an Ag anticathode (Kα1 = 0.5594214 Å, Kα2 = 

0.5638120 Å). Powder samples were placed in glass capillaries of 0.7 mm diameter. An 

empty capillary of the same type was measured in the same way for background 

subtraction. Data were recorded over the 1-145° 2θ range, which corresponds to an 

accessible maximum value for the scattering vector Q max of 21.4 Å−1. Data merging, 

background subtraction, and Kα2 stripping were done using HighScore Plus software 

provided by PANalytical Corporation. It was also used to generate a corrected and 

normalized total scattering structure functions S(Q) and considering the bulk chemical 

compositions given in Table S2.  Finally, the PDF or G(r) were calculated from the 

Fourier transforms of S(Q) truncated at 21 Å−1. The simulated PDF for 3R and 1M 

model structures for Zn2Al-Cl LDH composition were calculated using PDFgui 

software [44]. 
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Thermogravimetric analysis coupled to mass spectrometry (TGA-MS) was performed 

on a Netzsch thermoanalyser model TGA/DSC 490 PC Luxx coupled to an Aëolos 403 

C mass spectrometer, using alumina crucibles with a heating rate of 10 °C min-1 from 

room temperature until 1000 °C and under a synthetic air flow of 50 mL min-1. 

A Jeol JSM 6610LV equipment was used for imaging Mg2FeyAl(1-y)-Cl and Zn2FeyAl(1-

y)-Cl sample series (Figure S7) after gold sputter coating. 

Quantitative analysis of Mg, Zn, Al, and Fe elements was performed by inductively 

coupled plasma optical emission spectroscopy (ICP-OES) with Arcos model Spectro 

Analytical equipment at the Central Analítica of Instituto de Química (Universidade de 

São Paulo - USP). Sampling was executed in duplicate and the analytical error is 

assumed to be ± 2 %. Approximately 10 mg of solid sample was dissolved with 2 mL of 

boiling concentrated HNO3 until complete dissolution.  Translucent solutions then were 

transferred to 100 mL volumetric flasks and the volume was adjusted with deionized 

water.  

Fourier transform infrared (FT-IR) spectra of powdered samples were recorded on a 

Bruker spectrophotometer, model Alpha, in attenuated total reflectance (ATR) mode 

with a resolution of 4 cm−1 and 512 scans in the 4000–400 cm-1 range. Raman spectra 

were recorded at –100 ° C on a Renishaw inVia spectrometer coupled with a Leica 

optical microscope (RE04) with a CCD detector, using a diode laser at 785 nm 

(Renishaw HPNIR785), a laser potency of 5 mW (1% of the maximum beam potency) 

and quintuple accumulation. Low temperature was applied to limit materials 

luminescence and samples decomposition. Component analysis of vibrational spectra 

was performed using OriginPro® 9 software by applying the Voigt function [45]. 

3. RESULTS  
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3.1. Initial inspection of Mg2FeyAl(1-y)-Cl and Zn2FeyAl(1-y)-Cl compositional 

series 

XRD patterns of Mg2FeyAl(1-y)-Cl and Zn2FeyAl(1-y)-Cl samples are showed in Figures 1 

and 2 respectively, and they are typical of LDH materials [46]. Bragg peaks were 

indexed considering a hexagonal cell with R-3m space group, usually reported for 

powdered LDH by reference to Quintinite and Hydrotalcite crystal minerals [47].  

Actually, the relatively low crystallinity of the samples does not allow to consider 

another crystal system such as a monoclinic cell, as reported elsewhere [48]. It may be 

recalled that in R-3m space group, the position of the (003) reflection is related to the 

interlamellar distance while the (110) reflection is related to the distance between 

adjacent metal cations within the hydroxide layers, and it follows that a = 2xd110 and c = 

3xd003. 

 
Figure 1. (A) XRD patterns of Mg2FeyAl(1-y)-Cl samples. (B) Magnification in the 58 – 
64° (2θ) range (B); the dotted line shows the shift of the (110) reflection to the left as y 

increases. 
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Figure 2. (A) XRD patterns of the Zn2FeyAl(1-y)-Cl samples; (*) indicates the presence 
of Zn(OH)2 and ZnO phases. (B) Magnification in the 58 – 64 (2θ) range; the dotted 

line shows the shift of the (110) reflection to the left as y increases.  
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ratio is constant and close to 2, the charge density of the layers does not change and 

therefore the interlayer content is not expected to vary, neither is the (003) reflection 

position. 

The bulk chemical compositions of the samples and proposed LDH formulae are given 

in Table S2. For Mg series, the M2+/M3+ molar ratios (R) measured experimentally from 

ICP-OES analysis are very close to the value of 2 applied during the synthesis. The 

presence of intercalated carbonate anions was detected by IR analysis and the quantity 

obtained from TGA, while remaining low (ranging from 0.05 to 0.13 per formula unit), 

tends to increases with y iron content. The amount of water molecules, also deduced 

from TGA, slightly increases along the series ranging from 1.5 to 2.0. On the other 

hand, for Zn series, except for Zn2Al-Cl and Zn2Fe0.25Al0.75-Cl samples, the chemical 

compositions of the bulk are quite different from those expected due to the value of R 

significantly lower than 2 and reaching a value 1.16 in the case of Zn2Fe-Cl sample 

which is not consistent with the formation of LDH hydroxide layers. 

The unit-cell parameters a and c for both sample series given in Tables S3-S4 were 

accurately determined by full profile refinement of the XRD patterns by the Le Bail 

method. A linear variation of a cell parameter as a function of the amount of iron (y) 

experimentally measured is observed for both series as shown in Figure 3, which 

validates the existence of a continuous solid solution in the whole domain for Mg series 

and up to y = 0.75 for Zn series. The slopes of the linear regression curves being quite 

similar, the incorporation of iron into Mg2Al and Zn2Al LDH layers is indicated to 

proceed in the same way. This result may seem surprising in the case of Zn series given 

the differences in chemical compositions observed between nominal and experimental 

values (Table S2), unless it is considered that the crystallised components have a 

chemical composition different from the bulk and close to that expected. 
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Figure 3. Variation of the lattice parameter a along Mg2FeyAl(1-y)-Cl and Zn2FeyAl(1-y)-
Cl compositional series as a function of the amount of iron (y) experimentally 
measured. 
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Figure 4. (A) and (B) FT-IR and (C) and (D) Raman spectra of the Mg2FeyAl(1-y)-Cl and 
Zn2FeyAl(1-y)-Cl samples, respectively. 
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Fe3+ ion within LDH hydroxide layers. The other bands at 506, 464, 390 and 318 cm-1 

are related to both Mg/Al-OH translations [55–57].  

Similarly, the band component analysis of the FT-IR spectrum of Zn2Al-Cl in Figure 

4B shows bands at 545 and 741 cm-1 assigned to hydroxide translation modes and 

mainly influenced by the trivalent cation, while the band at 593 cm-1 is attributed to Zn-

OH translation mode [59]. Due to the proximity of frequency values of these bands and 

also due to the appearance of impurities upon iron incorporation, the interpretation of 

changes along Zn series is not straightforward.  The FT-IR spectrum recorded for the 

sample with composition y = 1 can be interpreted by only considering the presence of 

ZnO/ Zn(OH)2 and FH phases. Indeed, the bands at 564 and 685 cm-1 are common to 

both Zn-based impurities and ferrihydrite, respectively, while the bands at 848 and 882 

cm-1 can be attribute solely to ZnO/ Zn(OH)2 phases [51,53,60,61]. The presence of 

ZnO/Zn(OH)2 impurities is further confirmed at higher frequencies (Figure S5). The 

interpretation of the Raman spectra for Zn-series is not simple either (Figure 4D). The 

shoulder observed at 557 cm-1 for Zn2Al-Cl sample can be tentatively attributed to Al-

OH translation mode, by similarity with Mg-series, since it is observed a redshift as the 

iron content increases. For the sample with composition y = 1, the band observed at 370 

cm-1 may be attributed to FH [62].  

The thermal analysis of the sample clearly shows a progressive decrease in the thermal 

stability upon iron incorporation similar to that reported for Mg3FeyAl(1-y)CO3 [36] 

samples and larger for Zn series than for Mg series. These data are not presented but 

will be reported in a forthcoming paper.    

3.2. Further insights into the structural incorporation of iron in LDH layers 
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For Mg series consisting of pure phases, the linear trend obtained for the variation of the 

cell parameter � as a function of � was further investigated based on geometrical 

reasoning. Indeed, it is possible to calculate the substitution ratio of divalent (�) and 

trivalent (�) cations in LDH from the � lattice parameter and vice versa, whichever is 

known with most confidence, and this can be used as a “sanity test” to validate the 

formation of solid solution in addition to the application of Vegard’s rule [63] (Figure 

3). The geometrical relationships in the octahedral layers of LDH were recently 

reviewed by Richardson [64,65] providing improved values for the effective radius of 

the O atom of the hydroxyl ion and a better understanding of the deformation of the 

metal–oxygen octahedra in the main layer. Thus, it was possible to calculate the 

theoretical variation of the a cell parameter for Mg series using the following equation: 

� =  2 sin
�



(�Mg
� + �OH�) − 2sin

�



 (�Mg
� − (1 − �)�Al�� − ��Fe��)�           (1)         

where � is the fraction of divalent cations, � is the fraction of Fe3+ cations varying from 

0 to 1, α is the O-M-O bond angle within octahedra set to 97.41° for Mg-based LDH 

and  �OH– is the effective radius of the O atom of the hydroxyl ions with a value of 

1.365 Å. The values used for the ionic radii of cations (�Mg
�, �Al�� and �Fe��) are 

those tabulated by Shannon [54]. The a cell parameters were determined from the full 

profile analysis of the XRD data and results of the refinements are given in SI (Table 

S3 and Figure S3)  

This theoretical variation is compared to experimental data in Figure 7. The solid lines 

represent the theoretical variation of the a parameter obtained from Equation 1 against 

x for the different values of y. The top line corresponds to � =1, the lines below are at y 

interval of 0.25 and the last one at the bottom corresponding to � = 0. Filled squares 

correspond to the experimental values of the � cell parameter obtained from XRD data 

refinement, each associated to the experimental values of  � and �  determined from 
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chemical analysis, and are compared to crossed circles giving the expected values of the 

� cell parameter obtained by application of Equation 1.  

 

Figure 7. Crossed-analysis of XRD and chemical analysis data for the Mg1-xFeyAl(1-y)-
Cl series:  theoretical variation of the a lattice parameter as a function of the 
composition of LDH layers in terms of x and y (solid lines); experimental (filled 
squares) and expected (crossed circles) values of the a cell parameters for each 
experimental composition.  

This crossed analysis of data can reveal composition and/or cell parameter deviations 

from expected values for an ideal solid solution. As can be seen, the experimental values 

for both � and (�,�) gradually deviate from the expected positions for y > 0.5. It is 

interesting to note that a similar deviation was observed for Mg3FeyAl(1-y)-CO3 solid-

solution series [36]. Since the cell parameters were obtained from refined Bragg peak 

positions, the present deviation can only be attributed to compositional errors i.e. a 

composition of LDH crystals slightly different from the bulk powder for iron rich 

samples. Furthermore, as XRD data for Mg1-xFeyAl(1-y)-Cl series do not show the 

presence of crystallized impurity, amorphous secondary phases must be responsible for 

this deviation. These compositional inconsistencies can be on the value of � or �, 

therefore related to Mg2+/M3+ or Fe3+/Al3+ molar ratios. Thus, in the case of the 

Mg2Fe0.75Al0.25-Cl sample, the compositional difference between the LDH phase and the 

bulk would be either on x with a value of 0.30 instead of 0.33 as indicated by the arrow, 

0.05 0.10 0.15 0.20 0.25 0.30 0.35

3.04

3.06

3.08

3.10

3.12

3.14

y = 1

y = 0.75

y = 0.5

y = 0.25

y = 0

a
 / 

Å
 

x

y = 0.83



18 
 

or on y with a value of 0.83 instead of 0.75 as shown by the dotted line. For Mg2Fe-Cl 

sample, the difference can only be related to the value of � with a value of 0.25 instead 

of 0.34 leading to a Mg2+/M3+ ratio of 3 instead of 2, in which the missing quantity of 

iron would still be present but in an amorphous form. 

For Zn2FeyAl(1-y)-Cl series, the relative sharpness of Bragg reflections allowed a 

Rietveld refinement of the powder XRD data. Details are given in SI with refinement 

results in Table S4 and Figure S4 and refined atomic parameters in Table S5. As an 

example, the graphical output of the Rietveld refinement for the composition sample y = 

0.5 is displayed in Figure 8. The main distances within the hydroxide layers and in the 

interlayer space are reported in Table S6. 

 

Figure 8. Graphical results of the Rietveld refinement for Zn2Fe0.5Al0.5-Cl sample. 
Experimental X-ray diffraction pattern (red cross), calculated pattern (solid black line), 
Bragg reflections (green ticks), and difference profile (solid blue line). The inset shows 
the fitting of the (110) reflection from which the value of the cell parameter a was 
determined. 

Correlated with the increase of the average cationic radius, it is observed a gradual 

increase of the a cell parameter as a function y due to the increase of the average M-OH 

distances across the series: 2.0232 Å for y = 0 vs  2.1148 Å for y = 0.75 (Table S6). As 

commonly observed in LDH structures, the M(OH)6 octahedra within the hydroxide 

layers are distorted being flattened along the c-axis as indicated by OH-M-OH bond 
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angles significantly different from 90° and leading to two OH-OH distances, in-plane 

and out-of-plane distances, measured perpendicular and parallel to the c-axis 

respectively. These two distances increase with iron content and the increase is larger 

for the out of plane distance: 2.635 Å out of plane / 3.071 Å in plane for y = 0 vs 2.861 Å / 

3.115 Å for y = 1. The OH-OH out-of-plane distance also corresponds to the thickness 

of the hydroxide layers; its increase results in an increase of the interlayer distance and 

by consequence of the c cell parameter. It is interesting to note that as Al3+ is replaced 

for Fe3+, which ionic radius is closer to that of Zn2+, the differences between the two 

OH-M-OH angles and also those between the two OH-OH distances are reduced so that 

the octahedra are less distorted: 81.26°out of plane / 98.74 °in plane for y = 0 vs 85.5°/94.50° 

for y = 1. The OH---H2O and M---Cl/ OH---Cl distances can be used to discuss 

respectively the hydrogen bonding and the coulombic interactions in the interlayer 

space. The slight changes observed here can be attributed to the variation of the number 

of water molecules from one compound to another along the series and also probably to 

a slight variation of the charge of the layers related to M2+ / (Fe3+ + Al3+) ratio. 

Therefore, it can be concluded that the replacement of Al or Fe into Zn2Al LDH layers 

does not modify the interactions in the interlayer space and that the major effect is on 

the layers themselves, less distorted with more regular octahedra.  

Microstructural information can also be extracted from the full profile analysis of the 

XRD patterns. In the present case, although stacking faults may be present, the sample 

contribution to the peak widths was assumed to be fully described by size-broadening 

effects. Using the spherical harmonic model, the coherence lengths along the [00l] and 

[110] directions could be obtained (Table 4), reflecting the extent of the structural order 

along the stacking direction (Lz) and in the plane of the hydroxide layers (Lxy), 

respectively. The formation of nanocrystals is observed with dimensions ranging from 
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of 8 - 34 nm. The size and shape anisotropy vary with the amount of iron and the trends 

are different for the two series. Differences are visible from the first compositions (y = 

0).  Mg2Al-Cl nanocrystals are anisotropic in shape with Lxy/Lz around 1.4 consistent 

with a plate-like morphology typical of LDH crystals, whereas Zn2Al-Cl displays more 

isotropic coherent domains with Lxy/Lz around 1.0 and of smaller size. Then, for 

Mg2FeyAl(1-y)-Cl series, the introduction of iron leads immediately to a decrease of 

structural coherence lengths with a value of Lz halved and then no longer changes, while 

Lxy in-plane dimension slightly re- increases.  The occurrence of stacking faults, visible 

in the line shape of the 0kl reflections in the mid -2θ region of the XRD patterns 

(Figures 1 and 2), can explain the decrease of Lz dimension. On the other hand, for 

Zn2FeyAl(1-y)-Cl series, the structural coherence is somehow improved upon iron 

incorporation. The greater increase is observed for Lxy in-plane dimension leading to a 

shape anisotropy Lxy/Lz around 1.7 for y =0.75, and this can be explained by a reduction 

in the deformation of hydroxide layers built up from more regular octahedra as shown 

by Rietveld refinements (Table 1).  

Table 1. Coherence lengths (Å) of crystalline domains for Mg and Zn series as 
determined from the modelling of XRD peak broadening by spherical harmonic 
functions: Lz and Lxy are the coherence lengths in the [00l] and [110] directions, 
respectively, also assimilated to the out-of-plane and in-plane dimensions of LDH 
platelets 

Sample Coherence lengths (Å) y = 0 0.25 0.5 0.75 1 

Mg2FeyAl(1-y)-Cl Lz 198 81 80 115 96 
 Lxy 270 175 187 209 221 
Zn2FeyAl(1-y)-Cl Lz 119 115 150 198 - 
 Lxy 120 133 278 339 - 

 

SEM analyses of all samples are given in Figure S6 showing micrometric sized 

platelets entangled each other, typical of LDH morphology. It should be noted that LDH 

particles observed by SEM are often polycrystalline secondary particles [66], as is likely 

the case here, resulting from the aggregation/coalescence of the primary nanoparticles 

as measured from peak shape analysis of XRD data. Nevertheless, the effects described 
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above on the primary nanoparticles for increasing amounts of iron reproduce on these 

secondary assemblies with a net decrease of the particle size for Mg series while 

maintaining the plate-like morphology, whereas for Zn series it is the reverse (except for 

Zn2FeCl sample) i.e. a net increase of the crystallinity with platelets becoming better 

defined.  

To link the different results together, in particular XRD data results with the bulk 

analysis, and better explain the deviation observed for y compositions above 0.5 for 

both series, it was performed X-ray total scattering measurements to investigate the pair 

distribution function. As shown by Proffen et al. [67], the PDF analysis is an interesting 

method to investigate systems where crystalline and amorphous structural phases co-

exist. The pair distribution functions G(r) for both series for r values up to 200 Å are 

given in Figures S7 and S8. 

The position of the peaks on the PDF reflects the distribution of distances in the 

materials while the intensity is proportional to the product of the scattering powers of 

the atoms forming the pair. Since all the contributions of all pairs of atoms are 

considered in the PDF, to determine to which pairs these correlations belong, it can be 

useful to calculate theoretical PDF starting from structural models. The experimental 

PDF for Zn2Al-Cl in Figure 9A can be compared to the calculated PDF for 3R 

rhombohedral and 1M monoclinic structures in Figure 9B.  For the 3R structure, it was 

applied the atomic positions obtained by Rietveld refinement for Zn2Al-Cl sample 

(Table S5) and for the 1M structure it was considered the atomic positions reported for 

Quintine-1M monocristal [68]. An important aspect of PDF concerns the width of the 

peaks which depends on the distribution of distances for each atomic pair due to thermal 

displacements and static disorders [69]. In the present simulations, only individual 
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atomic displacement parameters as used in diffraction were considered.  Details on 

these simulations are provided in SI. 

 

Figure 9: (A) Experimental PDF of Zn2Al-Cl and Mg2Al-Cl. (B) Calculated PDF for 
Zn2Al-Cl composition considering either a disordered 3R rhombohedral or an ordered 
1M monoclinic structure. (C) Representation of the edge-sharing octahedral layer for 
1M monoclinic structure with an ordered distribution of Zn and Al cations; the 

contributions P1 to P5 are materialized (see text). (D) The distances pointed correspond 
to M---OH distances mainly contributing to P4 peak. 
 
From these simulations, the peaks for r values below the interlayer distance can be 

easily assigned to distances within the hydroxide layers; the contribution of the 

interlayer species of weaker scattering occurs only at the base of these peaks slightly 

modifying the intensity of the less intense peaks (Figure S9). Thus, the five main peaks 

labelled from P1 to P5 in Figure 9B are dominated by the contributions of M-OH and 

M-M pairs corresponding to the successive coordination shells around cations as 

illustrated in Figure 9C. The broadening of the peaks by increasing distances for the 

experimental data clearly indicates a statistical distribution of the distances due to 

structural disorder.  

The main difference between rhombohedral and monoclinic structural models is the 

distribution of the cations within the hydroxide layer, disordered or ordered, 

respectively. However, this difference induces little changes on the PDF in the case of 

Zn2Al hydroxide layers as can be seen in Figure 9B and this is probably due to the 
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small difference in bond length between Zn-OH and Al-OH. Only a slight modification 

is observed for the peak labelled P4 at r around 4.8 Å dominated by M---OH 

contributions from the third coordination shell. As illustrated in Figure 9D, in case of an 

ordered distribution of M2+ and M3+ cations, two distinct M---OH distances (d1 and d3) 

are expected around M2+ and only one around M3+ cations (d2) thus leading to a double 

peak on the PDF. Due to the difference in scattering power between Zn and Al atoms, a 

shoulder peak is expected and this is exactly what is observed on the experimental PDF 

for Zn2Al sample, thus indicating an ordered distribution of the cations at least in local 

range. Indeed, the extent of this cation ordering across the layer cannot be determined 

owing to the greater number of contributions when increasing r range, within the layers 

and also from adjacent layers. As can be seen in Figure 9A, Mg2Al-Cl sample also 

displays a P4 double peak and one can also attribute it to a local order of the cations. The 

observation of a double instead of a shoulder peak in this latter case is certainly due to 

the fact that Mg2+ and Al3+ cations display similar X ray scattering powers. To the best 

of our knowledge, this is the first time that local cation ordering in LDH system is 

evidenced using PDF technique. 

For Mg series, a gradual evolution of P1 and P2 PDF peaks is observed in Figure 10A. 

P1 results from a single atomic pair (i.e. M-OH in the first nearest neighbor shell) while 

P2 results from the contribution of different atomic pairs although dominated by the M--

-M atomic pair between first nearest neighbor cations. For y = 0, P1 displays a shoulder 

attributed to Al-OH distances which disappears as Al3+ ions are replaced by Fe3+; Fe-OH 

distances being closer to Mg-OH distances, P1 peak width decreases. The increase of the 

number of Fe-OH pairs also leads to an increase of the intensity of P1. Concomitantly 

and as expected, the position of P2 which is related to the sum of the ionic radii of M 

cations is shifted to higher distances and can be compared to the a parameter of the 
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rhombohedral cell obtained from Bragg peak positions (Table S3). While similar values 

are obtained for y = 0 and 0.5, different values are observed for MgFe2-Cl sample with a 

maximum measured at 3.09 Å for P2 peak and a value of 3.11 Å for the a cell parameter. 

This indicates that the crystalline component as measured by XRD is not the only phase 

contributing to the signal measured by PDF. This result is actually consistent with 

chemical/XRD data crossed analysis by Richardson’s method given above and suggests 

the probable presence of an amorphous phase for y > 0.5. For Mg2Fe-Cl sample, it is 

also noted the presence of an additional peak on the PDF at 3.45 Å that could be 

attributed to the presence of iron hydroxide species as shown below. 

 
Figure 10. Expanded view of PDFs in the range 1-4 Å for (A) Mg2FeyAl(1-y)-Cl 

series and (B) Zn2FeyAl(1-y)-Cl series. The black dotted lines are anchored to the 
composition y = 0. The blue dotted lines indicate the PDF peaks of 2-line FH. On the 
left of each Figures is given the Gaussian fit of P1 peak for y = 0 composition samples.  

 
On the other hand, changes are more difficult to be observed for Zn series due to the 

presence of FH, which occurs probably from y = 0.5 and is the major phase for y =1 

(Figure 10B). FH is a nano Fe3+ oxide material widely present in nature which structure 

has not been clearly established yet [70]. PDF data profile measured for the Zn2Fe-Cl 

sample is very similar to the PDF data reported for 2-line FH by Tang et al. [71]. In FH, 

iron is both tetrahedrally and octahedrally coordinated; the first peak in the PDF at 
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around 2.0 Å is attributed to Fe-O pairs while the peaks at around 3.03 Å and 3.40 Å are 

mainly ascribed to Fe-Fe correlations between adjacent FeO6 octahedra linked in edge-

sharing and corner-sharing configurations, respectively. To the best of our knowledge, 

this is the first time that FH impurity is so clearly identified in iron containing LDH. 

 
4. DISCUSSION  

Iron-containing LDH phases have recently attracted much interests in several 

application fields, in particular in the medical field [1,10]. However, most of the studies 

reported so far suffers from insufficient data concerning the conditions of formation and 

the determination of the fine chemical composition of Fe-LDH which can hinder the 

development of applications. Mention should be made of the studies carried out by 

Rozov et al. [36,37] who examined in detail the composition, structure, solubility, and 

thermodynamic properties of [Mg3FeyAl(1-y)(OH)8](CO3)0.5·2.5H2O hydrotalcite -

pyroaurite solid solutions with  Mg2+ /(Al3+ + Fe3+) mole ratio (R) equal to 3. The other 

studies are mainly focused on applications and the chemical analysis of the materials is 

often not provided. In the case of ZnRFe phases, the results appear very disparate. The 

studies mostly concern compositions with Zn/Fe molar ratios close to 3 and show 

poorly crystalline materials [25,40] often containing impurities not always identified but 

recognized here as ZnO and/or ferrihydrite [72–74]. Furthermore, the lack of 

comparative analysis of the bulk and crystalline components clearly leads to 

inconsistencies in the chemical compositions provided [75].  

The present study aims to develop iron-rich LDH phases, i.e. with a R value equal to 2. 

The gradual incorporation of iron into Mg2Al-Cl and Zn2Al-Cl LDH in substitution of 

aluminum was examined in detail considering both compositional and structural 

aspects. First, preliminary characterization using conventional techniques including 
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powder X-ray diffraction, IR and Raman spectroscopies, ICP elemental analysis, and 

TGA analyses clearly shows two different behaviors. A complete series of Mg2FeyAl(1-

y)-Cl LDH compositions could be synthetized between the Al and Fe end members and 

such results suggested that this series may represent a continuous solid solution. On the 

other hand, for Zn2FeyAl(1-y)-Cl compounds, iron incorporation was observed only up to 

y = 0.75 (nominal value) with the presence of Zn(OH)2/ZnO impurities for y ≥ 0.5 and 

the bulk chemical compositions are different from those expected.  

From these preliminary results, it is clear that further thorough examination was 

required from both compositional and structural point of views to better understand 

differences between Mg2FeyAl(1-y)-Cl and Zn2FeyAl(1-y)-Cl series. For Mg series, the 

crystal-chemical plausibility of the solid solution was checked as proposed by 

Richardson [64,65]. By combining XRD and chemical analysis data sets, it was possible 

to show that for y ≥ 0.5 the composition of LDH crystalline phase actually deviates from 

that expected by only replacing Al by Fe and is different from that of the bulk. Chemical 

analysis of the bulk for Mg2Fe-Cl sample indicates a value of R equal to 2, nearly equal 

to the synthesis conditions, while geometrical reasoning applied on the crystalline 

component gives a value of 3, thus indicating the presence of an iron rich, amorphous 

and undetected second phase. Interestingly, the same data treatment performed for 

[Mg3FeyAl(1-y)(OH)8](CO3)0.5·2.5H2O hydrotalcite-pyroaurite data also reveal a 

deviation from ideality for y ≥ 0.6 due to an increase of the R value [36].  

In the case of Zn series, for y values higher than 0.5, the presence of 2-line ferrihydrite 

FH was clearly demonstrated by PDF analysis. Although it has never been indicated as a 

probable secondary phase in the synthesis of Fe-LDH so far, its occurrence is not 

surprising. Indeed, 2-line FH is reported to be instantaneously formed from the Fe3+ ion 

hydrolysis [76,77]. Considering the solubility product of the isolated metallic 



27 
 

hydroxides (Fe3+ < Al3+ < Zn2+ < Mg2+) [78], Fe3+-oxyhydroxide phases are easily 

precipitated. Furthermore, although thermodynamically unstable due to its low 

structural organization, 2-line FH transformation is inhibited in the presence of Zn 

cations [79]. FH can even act as a precursor for the formation of zinc hydroxides phases 

[80–82] and subsequent transformation into ZnO [83–85]. Finally, FH shows a 

solubility minimum at pH 7-8 which is consistent with the pH applied here for the 

synthesis of the Zn-series, i.e. 7.5. It has been established for LDH phases composed of 

only one type of divalent and trivalent cations that their stability are higher compared to 

single hydroxide phases, also that Al-containing LDH phase formation is more 

spontaneous than Fe- LDH [36,86]. However, these trends may not necessarily apply to 

the preparation of multi metallic LDH with more than one type of divalent/trivalent 

cations. As shown here for Zn2FeyAl(1-y) composition, at pH 7.5, when the iron content 

exceeds the aluminum content (y ≥ 0.5), the precipitation of iron in FH form is found to 

prevail preventing the formation of LDH layer. Comparatively, Mg series was prepared 

at pH 10.5 for which FH solubility is higher [77]. Therefore, it would be expected that 

the increase in synthetic pH could be an alternative for preparing the Zn2Fe-Cl 

composition. However, by slightly increasing the pH to 8.5, Zn(OH)2/ZnO phases are 

formed as shown by XRD (Figure S1B).  

The present study also attempted to gain insights into the structural and microstructural 

modifications accompanying iron incorporation. For the first time, using the PDF 

technique, it was possible to detect a local ordered distribution of the cations in the 

Mg2Al and Zn2Al LDH layers which disappears as soon as iron is present. The resulting 

loss of crystallinity was quantified from Bragg peaks broadening analysis and the 

determination of the size of the coherent domains. For y ≥ 0,5, both systems tend to 

regain crystallinity, probably because the ionic radius of Fe3+ is closer to the ionic radius 
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of Zn2+ or Mg2+ divalent cation than is Al3+. The Rietveld analysis of LDH crystalline 

component for Zn-series shows that Zn2FeyAl(1-y) hydroxide layers consist of more and 

more regular octahedra as Al3+ is replaced by Fe3+. 

 

CONCLUSIONS 

This study provides useful elements for better understanding and interpreting the results 

reported in the literature regarding iron-containing LDH phases. It is recalled that for a 

complete compositional and structural characterization of LDH, it is essential to 

differentiate the bulk to the crystalline component in order to identify possible 

contributions from amorphous components.  In this sense, as shown here, PDF 

technique can be useful to link these different contributions together. It is shown that 

Mg2FeyAl(1-y)-Cl solids with y ≤ 0.5 can be obtained as pure phases with a fine control 

of their compositions, as requested for pharmaceutical formulations. 
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