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Abstract
Layered double hydroxides (LDHs) with high and tailorable UV-Vis-NIR absorption were prepared through transition

metal (TM) modification. The synthesis method used and amount of TM present were found to influence the UV-Vis-

NIR absorption intensity, -range, and the optical bandgap.

1 Introduction
LDHs are a class of anionic clays with the general formula [M II

1-x M III
x (OH)2][X q –

x/q ·nH2O]. Here [M II
1-x M III

x (OH)2]

describes the composition of the LDH layers consisting of trivalent (MIII) and divalent (MII) metal cations, [X q –
x/q ·nH2O]

describes the composition of the anionic interlayer, X represents the interlayer anion with charge q, and x is the molar

fraction of trivalent cations to total metal cations in the layer structure.1

While LDHs find many applications, some of the most interesting properties of these materials include their capa-

bility to interact with light, leading to applications as UV-stabilisers in polymers2, as photocatalysts3 for applications

in water-splitting (hydrogen generation and oxygen evolution)4–6, CO2 reduction5 and pollutant degradation6, as

photoelectrochemical electrodes4, and in photovoltaics7. Because of their structure and composition, these materials

are often referred to as semi-conducting materials and have been tested as electrocatalysts4,8,9, supercapacitors4,7,9

and sensors10,11. Within these fields, LDHs have achieved activity comparable to or better than that achieved by other

materials. A large fraction of this success has been attributed to the octahedral coordination of the MO6 clusters in

the layer that allow LDHs to act similarly to doped semiconductors12, the linking of metal ions and oxygen leading to

the formation of oxo-bridges that block electron-hole transfer recombination through a metal-to-metal charge transfer

mechanism13,14, and charge, structural and surface defects that can inhibit charge recombination by serving as trap-

ping sites for electrons, consequently improving electron an hole separation efficiency, reducing recombination rates

and allowing for increased transport efficiency of separated electrons and holes through the material5. However, there

remain shortcomings in the understanding of the material properties on their performance, specifically with respect to

composition, surface area, crystal structure and morphology.3,6

To make the application of photo-active materials viable for renewable energy applications, interaction with the

full (or at least a large part of the) solar spectrum is vital. Design of LDHs capable of absorbing in the ultraviolet (UV)

and visible (Vis) range has, thus, been a focus in the field for a long time. Multiple materials have been presented

in literature with UV-Vis spectra showing effective optical absorption in this range5,6. Interestingly, however, most

materials found in literature focus largely on the presence of three specific metals, Zn, Ti and Cr, which, being UV-
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absorptive and unless combined with other metals in the layer structure, will lead to the formation of a predominantly

UV-absorbing material. But other LDHs have shown potential for photo-active applications. For example, MgAl-based

LDHs have been classified as wide-band semiconductors15, exhibiting UV-absorptivity16,17. They have found applica-

tion in unmodified- and modified form as photocatalysts in dye-degradation, where these properties are of benefit.18

Other applications have been attempted, such as photocatalytic water-splitting. Here, Xu et al. (2015), found that

the oxidation and reduction potential of MgAl-LDH is incorrectly positioned for water-splitting.17 However, through

incorporation of Fe, Parida et al. (2012) could achieve hydrogen production.19 Unfortunately, besides promising re-

sults in the modification of one of the most basic LDHs (MgAl-LDH), no investigation of the effects of a variety TMs

on the bandgap and UV-Vis absorption exists. The understanding of this influence is vital, however, considering the

wide-spread use of TMs in the modification of LDHs for photo-applications.

Here, the use of divalent TMs (Co, Ni, Cu and Zn) and trivalent TMs (Fe) to modify the metallic layer composi-

tion of quintinite-type (2:1 ratio Mg:Al) LDH to achieve effective UV-Vis-NIR (near infrared) absorption is presented.

For this, five molar Mg/Al substitution percentages were investigated, these being 0.5%, 1%, 5%, 10% and 25% to

elucidate the effects of TM-doping (0.5% and 1%) and metal replacement (5%-25%) in MgAl-LDH on the UV-Vis-NIR

absorption and bandgap. The materials were prepared using the most frequently used LDH synthesis method, co-

precipitation (CP)1, specifically with the aim of producing nano-structured LDHs for high light-absorption-capacity.

Because LDHs can be prepared using a variety of synthesis methods that can have a significant effect on their material

properties20,21, the effects of synthesis method and morphology, were also considered. Three MgAl-LDHs (TM-free),

one unaged and one aged for direct particle size effect comparisons and one using urea hydrolysis (UH) – a commonly

used method1 – were prepared for this purpose. Further, the synthesis of the 5% and 10% substituted MgAl-LDHs was

repeated using UH to compare the effect of the synthesis method on UV-Vis-NIR absorption.

2 Results and Discussion
In this study, we found unaged MgAl-LDH prepared using CP to be UV-absorptive with a peak absorption at 350 nm

(Figure 1) corresponding to a bandgap of approx. 3.1 eV (Vis light absorption). The nanostructures had a globular

platelet structure and comparable morphology.20 The same material, but aged for 18 h at 65 ◦C, consisted of partially

intertwined platelets and produced a very similar absorption spectrum but with a broadened UV-band (Figure 1)

corresponding to a bandgap of 2.6 eV. In contrast, the MgAl-LDH prepared using UH (MgAl-LDHu) did not exhibit

any significant UV-absorption (Figure 1). This material consisted of well-defined, large and somewhat intertwined

platelets.21 All three MgAl-LDHs also showed an absorption band in the NIR range starting at 1400 nm. The intensity

of this absorption band was significantly reduced comparing CP and UH materials. The absorption spectra obtained
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Figure 1 UV-Vis-NIR absorption spectra of MgAl-LDHs prepared using CP, CP with ageing and UH. The spectra show a
reduction in the UV and NIR band intensity with an increase in sample crystallinity and platelet size.

for the MgAl-LDHs of this study stand in stark contrast to the those obtained, for example, by Xu et al. (2015), Parida

et al. (2012), Carja et al. (2011) and Valente et al. (2009), which showed no absorption or absorption in the UVC,

UVB and UVA region.16,17,19,22 Xu et al. (2015) prepared a MgAl-LDH using a separate nucleation and ageing method

leading to the formation of nano-sized, well defined platelets. This MgAl-LDH had a bandgap of 4.18 eV (UVB) and

gradually declining UV-absorption from 200 nm – 400 nm with a peak around 225 nm.17 Parida et al. (2012) prepared
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a MgAl-LDH using CP, which lead to the formation of well separated nano-sized platelets, showing a similar absorption

spectrum to the MgAl-LDH prepared by Xu et al. (2015) but with a bandgap of 3.5 eV (UVA) and max. absorption at

around 210 nm.19 Carja et al. (2011) prepared a MgAl-LDH using CP that consisted of 100 nm, well separated flakes.

This MgAl-LDH showed a similar absorption spectrum to MgAl-LDHu, showing no significant absorption edge in the

UV-Vis spectrum.22 Finally, Valente et al. (2009) prepared a MgAl-LDH using CP. No morphological information was

available for this material. This LDH showed absorption at around 200 nm with a bandgap of 5.45 eV (UVC).16

Between the materials discussed here, there only exist differences in the synthesis method used – the Mg:Al ratio

(2:1) was the same for all. The CP materials prepared in this contribution are unique in having an intertwined

nanostructured globular platelet structure with platelet sizes of approx. 170 nm.20 Upon ageing, this structure was

mostly lost, leading to the formation of better crystallised, distinct platelets approx. 230 nm in size, similar to those

prepared by other authors. With UH, large, microstructured, somewhat intertwined 2-3 µm diameter platelets were

obtained.21 The effects of platelet size and morphology (typically derived from the synthesis method used) on the

interaction of LDHs with light is not yet fully understood, nor is their influence on the materials’ electronic structure.

To our knowledge, there exists no study constructed specifically for this purpose. Some authors have, however, found

a red-shift in the absorption spectra comparing nano-sized and bulk material23 and that an increase in the surface area

of an LDH does not cause a significant change in its absorption spectrum13. It has also been found that the bandgap

of MgAl-Cl-LDHs is dependent on the cation disordering and layer stacking sequence15. In this study we found that

variations in crystallinity could also play a role. Because of the three different synthesis methods used (CP, CP (aged)

and UH, of which the latter two use heat to induce Ostwald ripening), changes in the MgAl-LDH crystallinity are

eminent and were confirmed. The crystallinity followed the order UH > CP (aged) > CP, inversely related to the

UV-NIR absorbance (see: Section 5.2).

Upon incorporation of TMs into plain CP MgAl-LDH, we found that doping of the LDH layers with 0.5 mol% and

1 mol% TM led to the loss of the UV-absorption band using Zn, Cu or Co. However, even these small amounts of

Fe, Co, Ni or Cu led to the formation of small absorption bands in the UV/UV-Vis range (see Figure 24 in Section 6).

Further, the low substitutions seemingly mimicked the UV response of MgAl-LDHu in the reduced presence of the

UV absorption band with a peak intensity at 353 nm. However, when, instead of using very small amounts of TM to

modify the LDH layers, large amounts of either the divalent or trivalent cation were used, significant changes could be

observed in the UV-Vis response for all materials but those modified with Zn (Figure 2). Regardless of the amount of

TM-modification, each material exhibited a characteristic absorption band in the NIR spectrum starting at 1400 nm.

Apart from MgNiAl-25, the intensity of this absorption band was reduced upon TM-modification. TM-modification of

MgAl-LDHu led to the formation of more defined absorption bands in the UV-region and higher absorption intensities

in the Vis range, while it led to a reduction in absorbance in the NIR-range (Figure 2). These structures were of

much higher crystallinity than those prepared by CP, and it is thus possible that – analogous to the findings by Yan et

al. (2010)15 – the increased absorption could have resulted from an increased cation ordering and more consistent

stacking sequence24,25 – contrasting observations for plain MgAl-LDH. It follows a summary of observations for the

modification with each of the TMs. All calculations and relevant figures are given in Section 5.3.

• Fe modification led to increased broad-band absorption of light in the 200 nm to 800 nm range, cov-

ering the full UV-Vis spectrum. The bandgap energies could be red-shifted from 3.1 eV for MgAl-LDH

to 1.9 eV for MgFeAl-25. A significant band tail was visible for each of the modifications. Upon an

increase in Fe-substitution, the fine structure of the absorption spectrum between 300 nm and 600 nm

became less evident, albeit with remnants still visible. The materials prepared using UH showed sig-

nificant increases in light absorption for TM-substitutions of 5 % and 10 %, red-shifting the bandgap to

1.9 eV. Similar reductions of the NIR absorption band intensity were observed for all CP materials. The

absorption results obtained significantly out-perform those obtained by Parida et al. (2012) in terms

of absorption strength and red-shift for both, the CP and UH materials with much less Fe-substitution

than used in their study.19

• Co modification also led to increased broad-band absorption of light in the 200 nm to 800 nm range,
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Figure 2 UV-Vis-NIR absorption spectra of 0 %, 0.5 %, 1 %, 5 %, 10 % and 25 % substituted MgAl-LDHs prepared using
CP and a comparison of the UV-Vis-NIR spectra for 5 % and 10 % substituted LDHs prepared using UH. a) Fe-substituted
b) Co-substituted c) Ni-substituted d) Cu-substituted and e) Zn-substituted MgAl-LDH, (1) prepared using CP and (2)
prepared using UH.
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covering the full UV-Vis spectrum. The bandgap energies could be red-shifted from 3.1 eV for MgAl-

LDH to 2.2 eV, 2.1 eV and 1.7 eV for MgCoAl-25. Again, band tails were visible – but now more so. The

Co-modified samples were by far the most complex in terms of their absorption spectra. A significant

UV-absorption could only be re-obtained for MgCoAl-25. The materials prepared using UH showed a

similar absorption strength and bandgaps for the same TM modifications. However, the UH prepared

samples showed a UV-absorption band in the UV B/C region. The NIR absorption band intensity was

observed to decrease for 25 % Co modification with respect to MgAl-LDH.

• Ni modification led to increased absorption of light in the 200 nm-500 nm, the 600 nm-800 nm and

the 900 nm-1400 nm range, producing three distinct absorption bands with bandgaps of 2.6 eV, 1.5 eV

and 0.9 eV. With increasing Ni substitution, the absorption intensity was increased, but the bandgaps

remained similar between the 5 %, 10 % and 25 % modifications. The materials prepared using UH

showed a similar absorption strength and the same bandgaps for the same TM substitutions. The NIR

absorption band intensity increased for 25 % Ni substitution with respect to MgAl-LDH.

• Cu modification led to increased absorption of light in the 200 nm-400 nm and the 600 nm-1100 nm

range, producing two distinct absorption bands. Upon Cu-substitution, the bandgaps could be red-

shifted from 3.1 eV for MgAl-LDH to 1.0 eV (Vis-NIR band). The materials prepared using UH showed

a lower absorption strength for the 5 % modified material and a higher absorption strength for the

10 % modified material. The UH synthesised samples had a broader absorption band in the UV region.

The NIR absorption band intensity was decreased for the 5 % Cu-modified UH sample with respect to

the other substitution percentages.

• Contrary to the popular usage of Zn-based or Zn-containing LDHs for photo-applications3–5, the UV

absorption band of the MgAl-LDH was severely reduced upon Zn modification for all substitution

amounts in the CP samples. In contrast, the samples prepared using UH showed increased UV absorp-

tion, albeit small. Zn substitution led to an almost complete removal of the NIR absorption band for

low substitution amounts.

The UV-Vis region of an absorption spectrum can indicate potential electronic transitions. Here, however, the substi-

tution of TMs in MgAl-LDH did not produce clean absorption bands with well defined edges required for this. The

spectra obtained showed slowly diverging continuous bands (partially overlapping with others) following the peak

absorption wavelengths without well-defined coarse and/or fine-structures allowing for indexing of the electronic

transition types. This might result from a variety of causes, including defects in the LDH lattice causing electronic

structure changes5, lattice strain presenting as band broadening on the UV-Vis spectrum as a related Urbach en-

ergy26, vibrational-translational effects, intragap levels5 or the overlapping of multiple absorption bands with differ-

ent bandgaps. While the study of the impact of defects on LDHs is frequent5, to our knowledge, no studies exist that

target the understanding of UV-Vis-NIR band-broadening for LDHs.

The TMs used in this study form part of the 3d group and differ in the fullness of their d-orbitals. Fe3+ has the

least filled orbital (d6), followed by Co2+ (d7), Ni2+ (d8), Cu2+ (d9) and finally Zn2+ (d10) which has a fully occupied

d-orbital. d − d transitions, therefore, become less likely between the Fe-substituted and Zn-substituted MgAl-LDHs.

Typically, d−d transitions are considered forbidden transitions and thus should not contribute to the absorption spectra

as significantly as observed here. However, considering the minor absorption capacity of the MgAl-LDHs, we could

only link our observations to the inclusion of the TMs into the matrix. Hereby, the ineffectiveness of the Zn-substitution

to cause an increase in absorption seems to be consistent with the filled d-orbital not allowing d −d transitions.17

As previously mentioned, the LDH matrix consists of octahedrally coordinated MO6 complexes.12 These complexes

are coordinated through hydrogen bonding to the water and through ionic bonds to the anion in the interlayer. A

different charge transfer mechanism could thus be at play – showing its fingerprint in the UV-Vis region. Considering
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for this cause ligand field theory and viewing the metal ions as octahedrally coordinated ligand complexes27,28, it

could be possible that the transitions visible are linked to d-orbital splitting in presence of a ligand field and that

the ionic linkage of the layer to a π orbital rich (carbonate) interlayer region contributes further to this by making

available more possibilities for spin distribution across the complicated linkage of d−, p− and s−orbitals of the atoms

present in the structure. Hereby, an increase in the amount of TMs in the layers could lead to a larger overlap area

of d-orbitals in the lattice, increasing the options available for electronic transitions and broadening the absorption

bands in turn.

Multiple studies have been performed for dimetal LDHs to probe the electronic structure of the material with the

aid of density functional theory calculations.15,17,29 It was found that, in the case of MgAl-LDHs, the conduction band

(CB) is populated by unoccupied Mg- and Al-3s and -3p states while the valence band (VB) is populated with O-2p,

Mg- and Al-2p states, and anion (in this case Cl)-2p states.15 Further, the VBs of LDHs were found to be populated by

the O-2p orbitals and the TM-3d orbitals incorporated into the LDH layers. The TM-3d orbitals, however, did not only

contribute to the VB, but also to the CB, as did the Mg-2p orbital, H-1s orbital and, in some cases, the O-2p orbital

(for Ni-containing LDH).17 While d-orbital splitting might not be the cause of some of the absorption bands observed,

considering the "interesting" contribution of the O-2p orbital for Ni-containing LDH as described by Xu et al. (2015)17,

it could, at least in part, be responsible for the vastly-from-literature-differing UV-Vis absorption results observed in

this study.

In conclusion, we presented here, to our knowledge, the first findings and comparison of the effects of the kind of

TMs and amount of TM substituted in MgAl-LDH on the UV-Vis-NIR absorbance and bandgap of the material as well

as results concerning the effects of the synthesis method used. TM-modification could be used to achieve significantly

different light absorption behaviour. Clear differences were observed between the absorption spectra obtained for

the nanostructured globular platelet-like structures and aged CP materials, and the large platelets prepared using

UH. TM-modification for enhanced UV-Vis absorption was successful for Fe-, Co- and Ni-modification, changing the

wide-bandgap MgAl-LDH into a narrow bandgap Vis light absorptive material. Cu-modification led to an increased

UV-absorption and high-wavelength Vis and NIR absorption. Zn-modification was mostly unsuccessful, contrary to

the popular use of these materials in photo-active applications. Finally, comparing UH and CP materials, it could be

shown that similar light-interaction behaviours could be recorded regardless of the morphological incongruity of the

samples produced with respect to platelet size and dimensions – contrasting the findings for MgAl-LDH. At present,

we are in the process of completing deeper investigations into the electronic structure of the materials to fully explain

the results.

3 Material synthesis
Six types of MgAl-LDHs were prepared for this study, being unmodified MgAl-LDH and MgAl-LDH modified with

Fe, Co, Ni, Cu and Zn LDHs. The materials were prepared using constant co-precipitation (CP) synthesis and urea

hydrolysis (UH) according to the method presented by Gevers et al. (2019) and as discussed by Naseem et al. (2019),

respectively.20,21 The samples prepared using constant CP were prepared with molar MII+/MIII+ ratio of 2:1 and molar

substitution percentages (s) of 0.5 %, 1 %, 5 %, 10 % and 25 %. The samples prepared using UH were prepared with

a molar MII+/MIII+ ratio of 2:1 and molar substitution percentages (s) of 5 % and 10 % for comparative study. Full

material characterisation results for the CP samples are presented in Gevers et al. (2019) (X-ray diffraction, scanning

electron microscopy, X-ray fluorescence spectroscopy, Fourier-transform infrared analysis, thermogravimetric analysis,

particle size analysis) and for the UH samples in Naseem et al. (2019) (X-ray diffraction, scanning electron microscopy

- energy-dispersive X-ray spectroscopy, thermogravimetric analysis). A short summary on the synthesis procedure of

the CP and UH materials is shown here for the readers convenience. Since the aged MgAl-LDH did not form part of

previous studies20,21, its full synthesis procedure and characterisation is described.

3.1 Co-precipitation

Salt solutions of MgCl2 ·6H2O and AlCl3 ·6H2O with the correct amounts of Fe, Co, Ni, Cu and Zn salts were prepared

by dissolving the metal salts in deionised water. The salt solution was added to a Na2CO3 salt solution in a drop-wise

fashion while maintaining a pH of 11 ± 0.3 in all experiments through the addition of NaOH solution as required. The
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resulting slurry was stirred vigorously throughout the reaction. The precipitated LDH was filtered off using vacuum

filtration, washed with 5 L of deionised water, and dried at 60 ◦C overnight (18 h). The samples were ground to a fine

powder after drying. The synthesised LDHs were designated the following naming convention: MgMAl-s with M = Fe,

Co, Ni, Cu, Zn and s = 0.5 %, 1 %, 5 %, 10 % and 25 %.

3.2 Aged MgAl-LDH synthesis prepared using CP

Chemically pure AlCl3 ·6H2O and MgCl2 ·6H2O and analytical grade NaOH and Na2CO3 were sourced from ACE

Chemicals. Deionised water was used for all experiments. The same method as described for the CP samples was used

for the aged MgAl-LDH. However, instead of filtering the sample after synthesis, this sample was stirred continuously

at 60 ◦C for 18 h. The remaining synthesis procedure was followed exactly as described above.

3.3 Urea hydrolysis

Salt solutions of Mg(NO3)2 ·6H2O and Al(NO3)3 ·9H2O with the required amounts of Fe, Co, Ni, Cu and Zn salts were

prepared in distilled water, mixed in a round bottom flask, and heated to 100 ◦C, at which temperature they were

maintained for 48 h. The resulting slurry was then cooled down, filtered and washed with distilled water. The filter

cake was dried in an oven at 70 ◦C for 24 h. The synthesized LDHs were designated the following naming convention:

MgMAl-su with M = Fe, Co, Ni, Cu, Zn and s = 5 % and 10 %.

4 Material characterisation

4.1 MgAl-LDH (aged)

The aged MgAl-LDH was characterised using X-ray diffraction (XRD), scanning electron microscopy (SEM) and atten-

uated total reflectance – Fourier-transform infrared (ATR-FTIR) analysis.

XRD measurements were performed on a Panalytical X’Pert PRO X-ray diffractometer in θ − θ configuration,

equipped with Fe-filtered Co-Kα radiation (1.789 Å) and an X’Celerator detector and variable-divergence- and fixed

receiving slits. Samples were prepared according the standardised Panalytical backloading system, which facilitates

the nearly random distribution of the particles. Data were collected in the angular range 5◦ ≤ 2θ ≤ 80◦, with a step

size of 0.008◦ 2θ and a 13 s scan step time. The phases were identified using X’Pert HighScore Plus software. The

spectra were converted from variable slit to fixed slit prior to phase identification.

SEM images were taken with a Zeiss Gemini 2 Crossbeam 540 FEG SEM (MgAl-LDH and MgAl-LDH (aged)) and

a Zeiss Ultra Plus (MgAl-LDHu). The samples were prepared by evenly distributing the samples on carbon tape on

an aluminium stub and coating it with two layers of carbon (angles: 0◦, -45◦ and +45◦) using a sputter coater. The

samples analysed using the Zeiss Ultra Plus were distributed on a stub and sputter coated with 3nm of platinum. The

micrographs were taken at 1 keV (4 keV, Zeiss Ultra Plus).

ATR-FTIR spectra were obtained using a Perkin Elmer 100 Spectrophotometer. Samples were pressed in place with

a force arm. Spectra were obtained in the range of 550 - 4000 cm−1 each with 32 scans at a resolution of 2 cm−1.

4.2 All materials

All materials were analysed using UV-Vis-NIR absorption spectroscopy to obtain the absorption spectra of the materials.

UV-Vis-NIR spectroscopy was carried out using an Agilent Technologies Cary 6000i UV-Vis-NIR Spectrophotometer with

a DRA-1800 (diffuse reflectance) attachment. The scans were recorded using a 5 mm slit width and an integration time

of 0.2 s. The pellets for UV-Vis characterisation were prepared by mixing KBr with the LDHs (70 % KBr and 30 %LDHs)

and grinding the mixture for 60 s. The powder was then pressed into pellet form using a pellet press with a pressure

of 8 t that was applied for 2 min. The final pellet weighed 300 mg and was 1 mm thick.

5 Supporting Results

5.1 Differences in CP and UH materials

A series of comparable LDHs was prepared using CP. The samples were prepared with morphological similarity and

similar platelet sizes. The only differences in material properties of the materials synthesised could be related to the

7
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TMs substituted into the MgAl-LDH.20 For the UH materials, there were significant differences in the platelet size and

also agglomeration. However, they had similar intertwining.

5.2 Material characterisation results comparing MgAl-LDH, MgAl-LDH (aged) and MgAl-

LDHu

XRD, shown in Figure 3 a), revealed that the aged MgAl-LDH (like the un-aged MgAl-LDH and MgAl-LDHu) showed

clear peaks for the (003), (006), (009), (110) and (115) reflections, as expected for an LDH in the rhombohedral

R-3m̄ space group and for synthetic quintinite in the rhombohedral (3R) stacking sequence prepared at near-ambient

conditions.30 The ageing led to narrower reflections with higher intensity, linked to a higher sample crystallinity as

expected for aged LDHs. No impurity reflections were visible.

In Figure 3 b) the FTIR-ATR spectra for MgAl-LDH, MgAl-LDH (aged) and MgAl-LDHu are shown. Similar re-

sults were obtained. The band at 3388 cm−1 corresponds to the OH-stretching vibration, and those at 3029 cm−1 and

3148 cm−1 to the stretching vibrations of water units.31 The vibrational band at 1600 cm−1 corresponds to water-

bending32 of molecules associated to the interlayer anion and was observed between 1630 cm−1 and 1586 cm−1. Fi-

nally, the characteristic vibrational modes for interlayer CO 2 –
3 are visible around 1012, 870, 1365/1400 and 667 cm−1

corresponding to the v1, v2, v3 and v4 modes respectively.33 The remaining vibrations could be assigned to Al–OH trans-

lation (≈ 550 cm−1 and ≈ 759 cm−1), and Al–OH deformation (≈ 930 cm−1).33

The crystallite sizes of the MgAl-LDHs (for MgAl-LDH and MgAl-LDH (aged)) were calculated using the Scherrer

equation: τ =
Kλ

βcosθ
. This formula can be applied for crystallites between approximately 100 nm and 200 nm in size.34

In this equation τ is the crystallite size (units dependent of those of λ), K is a shape factor (here used as 0.8935), λ

is the X-ray wavelength used (here 1.78897 Å for Co-Kα radiation), β is the full width at half maximum (FWHM)

in radians and θ is the Bragg angle in radians. Using the Scherrer equation, the crystallite sizes of MgAl-LDH and

MgAl-LDH (aged) were determined to be 170 nm and 230 nm, respectively.

SEM was used to visually observe these grain sizes and estimate the crystallite size of MgAl-LDHu. The calculated

crystallite sizes matched for MgAl-LDH, but were difficult to identify for MgAl-LDH (aged). MgAl-LDHu had crystallites

2-3 µm in diameter. The morphology of the three samples was observed to be different. MgAl-LDH showed globular

intertwined platelet structures, while these were mostly removed in MgAl-LDH (aged), which showed smaller, more

separated platelets. MgAl-LDHu consisted of partially intertwined platelets that were much better defined and larger.
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Figure 3 a) XRD b) FTIR-ATR and c) SEM results comparing the results for MgAl-LDH, aged MgAl-LDH and MgAl-
LDHu. The orange bar indicates the scale.

5.3 Bandgap determination

The cut-off wavelength (CoW) method and Tauc plot method are the most frequently used in literature to estimate the

optical bandgaps of LDHs. Following these most widely used methods, the bandgaps of the materials were estimated

using the CoW from absorption spectra36 and the Tauc plot method37,38. For the CoW method, bandgaps were deter-

mined by fitting tangent lines to the absorption spectra and horizontal lines to the closest inflection point/minimum.

The x-coordinate of the intersection of these two lines, as described in ref [9], was taken as the bandgap of the mate-

rial. For the Tauc plot method, (αhν)1/r is plotted vs. hν , the light energy.37 As an approximation for α, the absorption

coefficient, the Kubelka-Munk function39–41, F(R∞) =
(1−R∞)

2

2R∞
, was used, where R∞ is the diffuse reflectance obtained

for each sample. r is the type of electronic transition in the material and can have the values 1/2, 3/2, 2 and 3 for

direct allowed, direct forbidden, indirect allowed and indirect forbidden transitions.42 A tangent line is then fitted to

the linear region of the resulting plot and the x-axis intercept taken as the bandgap. However, the Tauc plot method

only works for materials that are amorphous, nanostructured, and/or (mixed-phase) poly-crystalline materials.38 The

materials prepared here only fit this description for the nanostructured materials prepared using CP.

When Tauc plots are used in literature to estimate the bandgaps of semiconducting materials, the electronic

transition types are either known or the materials well studied so that they can be assumed. In addition, these

materials frequently show clean absorption edges, so that the Tauc plot method or even the CoW method are easily

applied. The absorption spectra obtained for the materials considered in this study mostly did not portray clean

absorption edges – in contrast, they portrayed multiple absorption peaks (both, well-defined and/or overlapping).

This complicates the application of the Tauc plot and CoW method. Further, we found that typical assumptions of

LDHs acting as direct bandgap (allowed transitions)17,43–45 materials failed to corroborate the bandgaps obtained

using Tauc plots and the CoW method for most of the samples. The bandgaps estimated using the Tauc plot method in

some cases significantly deviated from those obtained through the CoW method. Methods to determine the electronic

transition type as suggested by Sangiorgi et al. (2017) for use in the Tauc plot method failed.46

While complex absorption spectra for LDHs have been observed in the past19,22,43,45, few have made attempts at

explaining deviations from clean absorption edges. Any attempts we could find, were explanations based on citations

related to other materials rather than characterisation. Currently, we believe that the complex absorption spectra could

have resulted from defects in the LDH lattice causing electronic structure changes5, lattice strain presenting as band

9
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broadening on the UV-Vis spectrum as a related Urbach energy26, vibrational-translational effects, intragap levels5 and

different types of intra- and interband transitions as observed in other materials47,48, or the overlapping of multiple

absorption bands with different bandgaps. Maybe even phenomena such as (surface) plasmon resonance could be at

play as entertained by Carja et al. (2011)22. Unfortunately, for LDHs, no systematic studies exist that investigate the

effect of these phenomena on their band structure. While analogies to other materials can offer potential explanations,

these could also be falsely made. This makes identification of the primary transitions and other effects difficult, if not

impossible, at present.

In order to gain some clarity at least on the confidence of the estimated bandgaps using either method, two related

methods were used: the absorption spectrum fitting (ASF)49 procedure (for comparison to the CoW results) and the

method used in Zanatta (2019) (use of the complete absorption coefficient (CAC), typically used for thin films and

solids)38 (for comparison to the Tauc plot results). The ASF method makes use only of the absorption data, while the

CAC makes use of reflectance and transmission data and requires an electronic transition type. For the ASF method,

the Abs/λ is plotted against 1/λ . A tangent line is fitted to the linear region of the spectrum and the intersection

with the x-axis taken as the bandgap value.49 In the CAC method, the complete absorption coefficient is calculated

according to α = + 1
d ln
[
(1−R)2

2T +
√

(1−R)4

4T 2 +R2
]
, where d is the thickness of the sample, R the reflectance and T the

transmittance.38 α1/r is then plotted against hν and similar to the Tauc plot and ASF method, a tangent line fitted to

the linear region of the plot and the x-axis intercept taken as the bandgap.

Using these two methods, similar bandgaps to those obtained through the CoW method were obtained using the

ASF method. However, completely different bandgaps were obtained using the CAC (some being negative, which is an

impossible bandgap value). It is currently being investigated what transition type and potentially multiple transition

types the materials have, since none of the methods requiring transition types could produce bandgap values that

compared to each other and to the bandgaps determined using the absorbance data. Studies also need to be done

on the origin of the band-broadening observed in the absorption spectra to determine its effects and determine the

bandgaps more accurately.

Figure 4, Figure 5 and Figure 6 show the bandgaps estimated for MgAl-LDH, MgAl-LDH (aged) and MgAl-LDHu,

respectively using the four methods mentioned. Comparing Figure 4, Figure 5 and Figure 6, similar bandgaps were

estimated using the CoW, ASF and Tauc plot method, while the CAC yielded impossible results. The CAC was thus

not used in any further comparisons. In Figure 7, the bandgaps estimated for MgNiAl-25 using the CoW, ASF and

Tauc plot method are shown. Using this more complex spectrum, it was observed that the values for the CoW method

and the ASF method were identical, but that the bandgaps determined using the Tauc plot method were significantly

higher in this case.
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Figure 4 Comparison of the bandgaps obtained for MgAl-LDH using the CoW36, ASF49, Tauc plot37 and CAC38

method.
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Figure 5 Comparison of the bandgaps obtained for MgAl-LDH (aged) using the CoW36, ASF49, Tauc plot37 and CAC38

method.
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Figure 6 Comparison of the bandgaps obtained for MgAl-LDHu using the CoW36, ASF49, Tauc plot37 and CAC38

method.
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Figure 7 Comparison of the bandgaps obtained for MgAl-LDHu using the CoW36, ASF49, Tauc plot37 method.

It was observed that the ASF method provides higher resolution with respect to the smaller absorption bumps than

the CoW method, and because, at this stage, the types of transitions observed in the synthesized LDH materials of this

study are unknown, the ASF method was used for further bandgap determinations in this contribution. Results for

all three methods are, however, still shown below. The bandgap results for the Fe-, Co-, Ni-, Cu- and Zn-substituted

LDHs respectively using the ASF method are shown in Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12. The

bandgap results for the Fe-, Co-, Ni-, Cu- and Zn-substituted LDHs respectively using the CoW method are shown in

Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17. The results for the Fe-, Co-, Ni-, Cu- and Zn-substituted

LDHs respectively using the Tauc plot method are shown in Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22.

Finally, the bandgaps determined using the ASF method for the Fe-, Co-, Ni-, Cu- and Zn-substituted LDHs respectively

prepared using UH are shown in Figure 23. The figures are shown in the following sections, subdivided into the

respective methods used. Table 1 on the following page summarises the bandgaps and band edges observed using the

ASF method for all materials in the UVA, Vis and NIR range. No bandgaps in the UVB and UVC region were observed

for any of the materials synthesised. The bandgaps were rounded to 2 significant digits to account for inaccuracies

in the tangent line fitting process. As visible in Table 1, even small amounts of TM were sufficient to significantly

influence the presence of additional absorption bands. However, as will be evident from the figures following, small

amounts of TM-modification were not enough to obtain significant enhancement in light absorption.
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Table 1 Bandgaps of all materials (MgAl-LDH, MgAl-LDH (aged), MgAl-LDHu and the TM-modified MgAl-LDHs pre-
pared using CP and UH with Fe, Co, Ni, Cu and Zn modification (0.5%, 1%, 5%, 10% and 25% (CP) and 5% and 10%
(UH))).

Bandgap in eV

UVA Vis NIR

315-380 nm (3.94-3.26 eV) 380-740nm (3.26-1.68 eV) 740-1800 nm (1.68-0.69 eV)

MgAl-LDH 3.1 0.7

MgAl-LDH (aged) 2.6 0.7

MgAl-LDHu 3.8 2.3 0.6

MgFeAl-0.5 2.9 0.9, 0.7

MgFeAl-1 3 0.9, 0.7

MgFeAl-5 2.6, 2.5, 2.2 0.7

MgFeAl-5u 1.9

MgFeAl-10 2.3, 2.2 0.7

MgFeAl-10u 1.9

MgFeAl-25 1.9 0.7

MgCoAl-0.5 3.9 1.6, 0.8, 0.7

MgCoAl-1 3.8 1.8, 1.0 0.7

MgCoAl-5 3.5 2 1.5, 0.7

MgCoAl-5u 3.9 2.1, 1.7 0.7

MgCoAl-10 3.7 2.1, 1.7 0.7

MgCoAl-10u 3.8 2.2, 1.8 0.8, 0.7

MgCoAl-25 2.2, 2.1, 1.7 0.8, 0.7

MgNiAl-0.5 3.9 2.6, 1.9 1.1, 0.7

MgNiAl-1 3.6 2.7, 2.3 1.1, 0.7

MgNiAl-5 3.9 2.9, 2.6, 1.3, 0.8, 0.7

MgNiAl-5u 3.6 2.8, 2.6 1.4, 0.8, 0.7

MgNiAl-10 3.9 2.8, 2.6 1.4, 0.8, 0.7

MgNiAl-10u 3.8 2.9, 2.7 1.5, 0.9, 0.7

MgNiAl-25 2.6 1.5, 0.9, 0.7

MgCuAl-0.5 2.5 0.8, 0.7

MgCuAl-1 2.4 1.1, 0.9, 0.7

MgCuAl-5 3 1.1, 1.0, 0.7

MgCuAl-5u 3.3 2.9 1.2, 0.6

MgCuAl-10 3 1.0, 0.7

MgCuAl-10u 3.2 1.1, 0.6

MgCuAl-25 3 1.0, 0.7

MgZnAl-0.5 3.7 1.9 1.0, 0.7

MgZnAl-1 3.7 1.1, 0.7

MgZnAl-5 3.7 1.1, 0.8, 0.7

MgZnAl-5u 3.9 2.3 0.6

MgZnAl-10 3.8 1.0, 0.7

MgZnAl-10u 3.9 2.3 0.6

MgZnAl-25 3.9 1.0, 0.7
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5.3.1 ASF Method
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Figure 8 ASF method fitted bandgaps of MgAl-LDH (top left) and the Fe-substituted (0.5, 1, 5, 10, 25% middle left to
bottom right) LDHs prepared using CP.

For Fe-substitution, an increase in Fe-content led to a decrease in the bandgap from 3.1 eV to 1.9 eV for 25% substi-

tution. In between, multiple band-edges were also visible. The typical NIR absorption band with a bandgap of 0.7 eV

was retained throughout.
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Figure 9 ASF method fitted bandgaps of MgAl-LDH (top left) and the Co-substituted (0.5, 1, 5, 10, 25% middle left to
bottom right) LDHs prepared using CP.

For Co-substitution, doping the MgAl-LDH with 0.5% and 1% of Co led to multiple band edges appearing indi-

cating very low bandgaps. These were not taken into account when reporting bandgaps for the materials, as the

light absorbency was very low. Bandgaps (for these and all other materials) were also not taken into account when

the tangent lines crossed other, lower bandgap tangent lines. Substitution with Co, changed the MgAl-LDH from a

3.1 eV bandgap material to a 2.2, 2.1 and 1.7 eV bandgap material upon modification with 25% Co. The typical NIR

absorption band with a bandgap of 0.7 eV was retained throughout.
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Figure 10 ASF method fitted bandgaps of MgAl-LDH (top left) and the Ni-substituted (0.5, 1, 5, 10, 25% middle left
to bottom right) LDHs prepared using CP.

Ni-substitution led to the formation of very distinct absorption bands rather than multiple strongly overlapping

ones. Hereby, substitution of 25% Ni led to the formation of three bands with a bandgap of 2.6 eV, 1.5 eV and 0.9 eV

in addition to the typical 0.7 eV bandgap that every LDH exhibited. Well defined bands were only visible from 5%

Ni-substitution.
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Figure 11 ASF method fitted bandgaps of MgAl-LDH (top left) and the Cu-substituted (0.5, 1, 5, 10, 25% middle left
to bottom right) LDHs prepared using CP.

Cu-modification led to the formation of two absorption bands, showing a bandgap of 3.0 eV and 1.0 eV in addition

to the typical 0.7 eV near infrared bandgap at 25% Cu-substitution. Doping with 0.5% and 1% yielded lower bandgaps,

which increased to their final values from 5% Cu-substitution.
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Figure 12 ASF method fitted bandgaps of MgAl-LDH (top left) and the Zn-substituted (0.5, 1, 5, 10, 25% middle left
to bottom right) LDHs prepared using CP.

The Zn-modified materials did not show any significant ultra violet or visible light absorbency, but exhibited the

typical near infrared absorption band. They all showed a bandgap of around 3.7 eV to 3.9 eV. Lower absorption edges

(apart from the 0.7 eV bandgap) were again disregarded because of the low light absorbency.

5.3.2 CoW method

200 400 600 800 1000 1200 1400 1600 1800
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce
 [a

.u
.]

 3
.0

 e
V 

MgAl-LDH
Tangent set no. 1

200 400 600 800 1000 1200 1400 1600 1800
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce
 [a

.u
.]

 3
.3

 e
V 

MgFeAl-0.5
Tangent set no. 1

200 400 600 800 1000 1200 1400 1600 1800
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce
 [a

.u
.]

 3
.3

 e
V 

MgFeAl-1
Tangent set no. 1

200 400 600 800 1000 1200 1400 1600 1800
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce
 [a

.u
.]

 2
.6

 e
V 

 2
.4

 e
V 

MgFeAl-5
Tangent set no. 1
Tangent set no. 2

200 400 600 800 1000 1200 1400 1600 1800
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce
 [a

.u
.]

 2
.1

 e
V 

 2
.2

 e
V 

 1
.9

 e
V 

MgFeAl-10
Tangent set no. 1
Tangent set no. 2
Tangent set no. 3

200 400 600 800 1000 1200 1400 1600 1800
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce
 [a

.u
.]

 1
.8

 e
V 

 1
.0

 e
V 

MgFeAl-25
Tangent set no. 1
Tangent set no. 2

Figure 13 CoW method fitted bandgaps of MgAl-LDH (top left) and the Fe-substituted (0.5, 1, 5, 10, 25% middle left
to bottom right) LDHs prepared using CP.
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Figure 14 CoW method fitted bandgaps of MgAl-LDH (top left) and the Co-substituted (0.5, 1, 5, 10, 25% middle left
to bottom right) LDHs prepared using CP.
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Figure 15 CoW method fitted bandgaps of MgAl-LDH (top left) and the Ni-substituted (0.5, 1, 5, 10, 25% middle left
to bottom right) LDHs prepared using CP.
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Figure 16 CoW method fitted bandgaps of MgAl-LDH (top left) and the Cu-substituted (0.5, 1, 5, 10, 25% middle left
to bottom right) LDHs prepared using CP.
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Figure 17 CoW method fitted bandgaps of MgAl-LDH (top left) and the Zn-substituted (0.5, 1, 5, 10, 25% middle left
to bottom right) LDHs prepared using CP.
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5.3.3 Tauc plot method
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Figure 18 Tauc plot method fitted bandgaps of MgAl-LDH (top left) and the Fe-substituted (0.5, 1, 5, 10, 25% middle
left to bottom right) LDHs prepared using CP.

1 2 3 4 5 6
Bandgap energy [eV]

0

20000

40000

60000

80000

100000

F(
R

)h
v2  [

cm
2 ]

 3
.2

 e
V 

 4
.0

 e
V 

MgAl-LDH
Tangent set no. 1
Tangent set no. 2

1 2 3 4 5 6
Bandgap energy [eV]

0

20000

40000

60000

80000

100000

F(
R

)h
v2  [

cm
2 ]

 2
.8

 e
V 

 3
.6

 e
V 

 2
.8

 e
V 

MgCoAl-0.5
Tangent set no. 1
Tangent set no. 2
Tangent set no. 3

1 2 3 4 5 6
Bandgap energy [eV]

0

20000

40000

60000

80000

100000
F(

R
)h

v2  [
cm

2 ]

 2
.0

 e
V 

 2
.8

 e
V 

 3
.6

 e
V 

 3
.3

 e
V 

MgCoAl-1
Tangent set no. 1
Tangent set no. 2
Tangent set no. 3
Tangent set no. 4

1 2 3 4 5 6
Bandgap energy [eV]

0

20000

40000

60000

80000

100000

F(
R

)h
v2  [

cm
2 ]

 2
.3

 e
V 

 2
.9

 e
V 

 3
.5

 e
V 

 3
.9

 e
V 

MgCoAl-5
Tangent set no. 1
Tangent set no. 2
Tangent set no. 3
Tangent set no. 4

1 2 3 4 5 6
Bandgap energy [eV]

0

20000

40000

60000

80000

100000

F(
R

)h
v2  [

cm
2 ]

 2
.6

 e
V 

 2
.9

 e
V 

 3
.2

 e
V 

 3
.9

 e
V 

MgCoAl-10
Tangent set no. 1
Tangent set no. 2
Tangent set no. 3
Tangent set no. 4

1 2 3 4 5 6
Bandgap energy [eV]

0

20000

40000

60000

80000

100000

F(
R

)h
v2  [

cm
2 ]

 2
.4

 e
V 

 3
.0

 e
V 

 4
.2

 e
V 

MgCoAl-25
Tangent set no. 1
Tangent set no. 2
Tangent set no. 3

Figure 19 Tauc plot method fitted bandgaps of MgAl-LDH (top left) and the Co-substituted (0.5, 1, 5, 10, 25% middle
left to bottom right) LDHs prepared using CP.
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Figure 20 Tauc plot method fitted bandgaps of MgAl-LDH (top left) and the Ni-substituted (0.5, 1, 5, 10, 25% middle
left to bottom right) LDHs prepared using CP.
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Figure 21 Tauc plot method fitted bandgaps of MgAl-LDH (top left) and the Cu-substituted (0.5, 1, 5, 10, 25% middle
left to bottom right) LDHs prepared using CP.
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Figure 22 Tauc plot method fitted bandgaps of MgAl-LDH (top left) and the Zn-substituted (0.5, 1, 5, 10, 25% middle
left to bottom right) LDHs prepared using CP.
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5.3.4 ASF method Urea hydrolysis
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Figure 23 ASF method fitted bandgaps of MgAl-LDH substituted with 5% and 10% of Fe, Co, Ni, Cu and Zn produced
using UH.
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The spectra obtained for the UH synthesised materials were very similar to those obtained through CP, apart from

the Fe-modified MgAl-LDHs, which showed highly increased absorbance. Further, the UH materials showed better

absorbance for the Zn-modified materials. For all other materials, the band edges matched those obtained through CP

almost perfectly.

6 Full-sized UV-Vis(-NIR) graphs
Figure 24 shows the 0.5% and 1% TM-doped CP LDHs in the UV-Vis range mentioned in the main text. It could clearly

be observed that doping the MgAl-LDH with 0.5% and 1% TM led to a reduction in the UV absorption band exhibited

by MgAl-LDH. The incorporation of TMs into the lattice, however, led to the formation of additional absorption bands

in the case of Fe-, Co-, Ni- and Cu-modification, even for these low TM quantities. All but MgAl-LDH and the Fe-doped

LDHs exhibited a small absorption peak at around 300 nm corresponding to around 3.8 eV. This absorption peak,

while well visible on this plot, was not easily observed when using the ASF method to determine the band edges of

Cu-modified LDH.
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Figure 24 UV-Vis-NIR absorption spectra of MgAl-LDHs prepared using CP with TM-doping of 0.5% and 1% showing
the loss of the UV absorbance band upon TM-modification.
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