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Abstract: Organic UV filters have been known to generate harmful by-products and undergo pho-
toreactive degradation, which ultimately poses a great threat to consumers using sunscreen products.
Inorganic UV filters such as TiO2 and ZnO, although considered safer options, are not without threat
considering their photocatalytic nature and ability to generate reactive oxygen species. A study was
conducted to identify the influence of different metal ions on the photochemical properties of layered
double hydroxides (LDH), Zinc-Titanium LDH (Zn-Ti LDH), Zinc-Aluminium LDH (Zn-Al LDH),
and Magnesium- Aluminium LDH (Mg-Al LDH) and their prospects in photoprotection. The photo-
catalytic properties of the LDH were analyzed and compared to TiO2 and ZnO. The intermediate
band gaps of Zn-Ti (3.72 eV) and Zn-Al LDH (3.3 eV) proved favorable and safer for the use of these
LDH in cosmetic formulations as they offer lower photo-reactivity when compared to cosmetic grade
ZnO and TiO2. The in vitro SPF values obtained for formulations containing 2 wt% Zn-Ti and 2 wt%
Zn-Al LDH showed promise, with both samples claiming “broad spectrum” protection and valid
claims of UVA protection.

Keywords: layered double hydroxides; bandgap; diffuse reflectance; methylene blue degradation;
photo-reactivity

1. Introduction

There are ongoing discussions worldwide on the adverse side effects of current sun-
screen ingredients (both organic and inorganic), and the sun protection product market is
showing a paradigm shift towards more environmentally/skin-friendly and sustainable in-
gredients as a possible replacement. Commercial sunscreen products widely use inorganic
sunscreen ingredients with relatively more structural stability, namely micro and nanopar-
ticles of TiO2 and ZnO. However, these are known photocatalysts and their photocatalytic
activity under sunlight could present serious human and environmental toxicity. Hence, it
is essential to develop efficient inorganic nanostructures as UV-protective materials with
lower photoreactivity, good physical stability, and superior UV reflection/scattering char-
acteristics. Nanostructured clay minerals represent emerging inorganic nanoparticles with
photoprotection capacity, which was explored in different applications, such as in cosmetic
formulations [1,2].

Layered double hydroxides (LDH) are two-dimensional clay minerals that are either
naturally occurring or synthetically produced and are comprised of inorganic elements. LDHs
are materials which have the basic structure based on brucite-like layers with the formula
(MII(OH)2). The general formula for LDH is [MII

1-xMIII
x (OH)2]x+. [(An−

x/n). mH2O]x−,
where MII and MIII represent the divalent and trivalent cations and An− represents the

Cosmetics 2023, 10, 100. https://doi.org/10.3390/cosmetics10040100 https://www.mdpi.com/journal/cosmetics

https://doi.org/10.3390/cosmetics10040100
https://doi.org/10.3390/cosmetics10040100
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cosmetics
https://www.mdpi.com
https://orcid.org/0000-0002-9456-5605
https://orcid.org/0000-0001-8015-2941
https://orcid.org/0000-0002-0007-2595
https://doi.org/10.3390/cosmetics10040100
https://www.mdpi.com/journal/cosmetics
https://www.mdpi.com/article/10.3390/cosmetics10040100?type=check_update&version=2


Cosmetics 2023, 10, 100 2 of 16

interlayer anion. The coefficient x is the molar fraction, [MIII/(MII + MIII)] [3]. The sto-
ichiometric ratio of 0.20 < x < 0.33 was perceived as ideal for LDH formation; however,
it has been found that LDH can be formed outside this range, and these have multiple
crystalline phases [4]. LDH surface is positively charged owing to the presence of different
metal cations, and the overall electroneutrality of the LDH is due to anions present in the
interlayer that counterbalance the positive charge of the structure [5].

Given that the structure of LDH is closely related to that of Mg(OH)2, the replacement
of Mg2+ requires a cation with an ionic radius close to that of Mg2+. However, several
pieces of the literature prove this to be contrary; most importantly, these include the
incorporation of Cu2+, which was thought to have undergone Jahn–Teller distortions when
incorporated in the LDH structure [6]. LDH can be synthesized using Mg2+, Zn2+, Ni2+,
Cu2+, Al3+, Fe3+, Ti4+, and Sn4+. Ternary or quaternary LDH may be formed with different
cations, and these LDH have varying stability due to the cations present where the most
stable divalent cation is Zn2+ [4]. The incorporation of different cations also influences the
electrostatic forces within the LDH, which may have further effects on its crystallinity and
anion exchange capacity. Increasing the number of cations creates stronger electrostatic
interactions between cations and the coordinated OH− anions [4].

LDH have a hexagonal close-packed structure. Metal cations are found in octahedral
holes between alternating OH planes. The local geometry of the metal cation is D3d. The
literature states that in pure LDH, the unit cell parameter a might be an indication of
non-stoichiometry. In an ideal octahedron, a = 21/2 × r(M-O). A constant distortion exists
for the unit cell parameters and the M-O distances [6]. Furthermore, as the metal ionic
radius increases, the thickness of the interlayer space h decreases, which also decreases
the parameter a [7]. For LDH that contains Mg and Al, it has been reported that the unit
cell parameter a decreases as the value of x increases due to the smaller size of Al3+, in
comparison to Mg2+. This is in correlation with Vegard’s Law [3].

LDH can be prepared using various methods; co-precipitation at constant pH, urea
hydrolysis, sol-gel method, hydrothermal synthesis, ion exchange, reconstruction, or me-
chanical milling [4,8]. All preparation methods are essentially based on using a base to
displace the anions from a precursor, leading to the incorporation of these anions within
the LDH structure [4,9]. Synthetic methods influence the particle size and crystallinity, and
hence, the properties of LDH [5,10]. The formation of LDH, in turn, is influenced by pH,
concentration, nature of the base, ageing time, temperature, total cation concentration, and
the ratio between MII and MIII ions [10].

LDH have a wide array of uses across several fields that include use as catalysts,
ion exchangers, or absorbents. The diversity of their usage is based on unique properties
of LDH such as memory effect, anionic exchange, tuneable porosity, easily manipulated
structure, basic character due to the hydroxylated surfaces, and cations dispersed within
the layered sheets [4,10]. LDHs have often been used as photocatalysts due to their high
anion retention capacity, making them efficient for the removal of organic matter from
wastewater [10,11]. The octahedral organization of the MO6 groups in the layer allows LDH
to act like doped semiconductors [12]. At the same time, the tuneable chemical composition
presents the opportunity to manipulate the bandgap of these materials and hence the light
absorption properties. The photocatalytic properties of the Zn-Al LDH are described to be
directly proportional to the amount of Zn present within the LDH, which may be varied by
changing the Zn/Al ratio or the reaction temperature [10,11,13,14].

Due to the negative side effects of the current sunscreen ingredients (carcinogenicity,
endocrine disrupting nature, bioaccumulation, marine and coral reef pollution and damage,
photoreactivity, and toxicity), the sun protection product market is showing a paradigm
shift towards more environmentally friendly and sustainable ingredients as a solution, with
an interest to attract emerging consumer markets that prefer natural products [15]. Primary
prevention is considered the most cost-effective route to minimize the skin cancer burden
in countries that experience extreme levels of UV radiation, such as South Africa, Australia,
New Zealand, etc. [16]. Sunscreens are an effective primary prevention measure; however,
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there is a huge demand for new environmentally and skin-friendly, non-photocatalytic
UV filters that can offer effective sun protection. Reports have highlighted the use of
LDH in photoprotection as a matrix to intercalate organic UV filter ingredients to improve
photostability and slow-release properties [17–19]. The biocompatibility of LDH is well
documented [20–22], and Mitter et al. [23] concluded that LDH degradation occurs gradu-
ally under atmospheric CO2 and moisture, which makes them environmentally friendly
materials. The applicability of LDH as UV-blocking materials in various polymer matrices
also has been investigated [24–26], where incorporation of various cations showed changes
in the UV filtering characteristics of the composite structures. However, studies on the
applicability of pristine LDH in photoprotective topical formulations are scarce. Our group
recently reported the prospects of Zn-Ti LDH in o/w sunscreen formulations [9].

This article seeks to characterize the UV protective properties of a number of layered
double hydroxides (LDH). In this study, we investigated the effect of incorporating dif-
ferent cations on their physical, optical, and photochemical properties of LDH and sun
protection characteristics of formulations prepared using these materials. The optical and
photochemical properties of LDH prepared were compared to that of cosmetic grade TiO2
and ZnO, which are inorganic UV filters widely used in sun protective formulations cur-
rently. The observations from the study are envisaged to add value to the development of
new-generation UV-shielding materials with lower environmental impact while ensuring
consumer skin health and safety.

2. Experimental Section
2.1. Materials

Unless otherwise stated, all chemicals and reagents were used as received. Zinc
Nitrate Hexahydrate (98%), Titanium Isopropoxide (99.9%), Urea (99.8%), Aluminium
Nitrate Nonahydrate (98%) were obtained from Sigma Aldrich, South Africa. Sodium
Hydroxide (98%) was purchased from Merck, Johannesburg, South Africa. Cosmetic grade
nano-ZnO and nano-TiO2 were kindly provided by AMKA Pty Ltd., Pretoria, South Africa.
Commercial Mg-Al LDH was obtained from Sasol, Sasolburg, South Africa.

2.2. Methods
2.2.1. Synthesis of LDH

For preparing Zn-Al LDH, Zinc Nitrate Hexahydrate (0.2 mol) and Aluminum nitrate
nonahydrate (0.1 mol) were dissolved in 200 mL of deionized water. Once completely
dissolved, sodium hydroxide (2M) was added dropwise to keep the pH at 10 under stirring
at room temperature (25 ◦C) for 24 h. Thereafter, the mixture was aged for 24 h and
then centrifuged. The precipitate obtained was washed and dried at 60 ◦C for 24 h in
the air oven. The synthesis method of Zn-Ti LDH is as per the method described in
our previous work [9]. In a typical experiment, the metal salt precursors—zinc nitrate
hexahydrate (0.004 mol), titanium isopropoxide (0.001 mol), and urea (0.05 mol)—were
dissolved in 100 mL deionized water and stirred vigorously at 120 ◦C for 24 h. The
solution thereafter was aged at room temperature (25 ◦C) for 24 h. The mixture was
centrifuged at 4000 rpm for 6 min and washed with distilled water many times. The
solid residue was at last rinsed with acetone and dried in a vacuum oven at 120 ◦C. The
LDH precipitate was then ground, sieved to 75 µm, and kept in an airtight container for
further analyses and experiments. Commercial grade Mg-Al LDH used in this study was
synthesized by hydrolysis of heterometallic alcoholates with a Mg:Al ratio of 3:1 as per the
specification sheet.

2.2.2. Characterisation

Powder XRD was carried out on a PANalytical X’Pert PRO instrument, using a Cu
Kα (1.5406 Å) radiation at 45 kV and 40 mA to obtain crystallographic information. The
scan range was between a two-theta of 0◦ and 75◦, with a step size of either 0.02◦ or 0.01◦.
The morphology of the LDH materials was studied using SEM on a JEOL–JSM 7500F (Jeol,
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Tokyo, Japan) with an accelerating voltage of 3.0 kV and an emission current of 10 µA.
FTIR spectra were acquired using a Perkin Elmer Spectrum 100 FTIR spectrometer (Perkin
Elmer, Waltham, MA, USA) with the MIRacle ATR attachment and a Zn/Se crystal at a
spectral resolution of 4 cm−1. The FTIR measurements were performed with a scan range
of 4000–600 cm−1. TGA (TGA Q500 (TA instruments, New Castle, DE, USA) was used to
determine the thermal stability of the various LDH with a temperature ramp from room
temperature to 900 ◦C with a ramp of 10 ◦C/min in an air atmosphere with a flow rate of
60 mL/min. BET surface analysis was conducted using a TRISTAR 3000 (Micrometrics,
Norcross, GA, USA) surface area analyzer. The samples were degassed for 2 h prior to
the analysis. XPS Analysis was conducted to determine the oxidation state of the metals
present on the surface. Analysis was conducted at the National Metrology Institute of
South Africa (NMISA) on a Thermo ESCAlab 250Xi instrument (Thermo Fisher Scientific
Corporation, Waltham, MA, USA) using 300 W monochromatic Al kα (1486.7 eV) X-rays.
The X-ray spot size was 900 µm.

2.2.3. Optical Properties

The optical properties of the synthesized materials were analyzed using DRUV-Vis
Spectroscopy. This was conducted using a Perkin Elmer Lambda 950 UV-Vis spectrometer
(Perkin Elmer, Waltham, MA, USA) with a 150 mm integration sphere, between 200 and
1000 nm wavelength range with a resolution of 1 nm. Cosmetic-grade nano-TiO2 and
nano-ZnO were used as reference samples. The data collected from the DR UV-Vis spectra
were used to obtain Kubelka–Munk (K–M) plots which provided information about the
material’s absorbance in the UV region. This was performed using the equation given
below, where R is the value of the absolute reflectance of the samples.

F(R) =

(
(1 − R)2

2R

)
(1)

Tauc plots were obtained from K–M plots to determine the band gap of different
LDH prepared.

2.2.4. Measurement of Photochemical Activity

The photocatalytic activity of the synthesized materials was analyzed by employing
Methylene Blue (MB) photodegradation under ultraviolet light (λ = 254 nm and 365 nm)
irradiation. Cosmetic grade ZnO and TiO2 were used as reference samples. The UV light
source was a 6 W UV GL-58 handheld UV lamp with a 254 or 365 nm wavelength pass
filter. The extent of degradation of MB at 365 nm and 254 nm was used to gauge the
photoreactivity of LDH adequately.

In a typical experiment, 6 mg of LDH sample was dispersed in 75 mL of 5 ppm MB
solution (0.08 mg/mL). The adsorption/desorption equilibrium was allowed to reach by
stirring the mixture in the dark for 30 min. UV-Vis analysis prior to UVR exposure was
conducted on each sample to determine the initial concentration(C0). The solutions were
then stirred vigorously under UVR (either 365 nm or 254 nm). At definite time intervals, a
3 mL aliquot of mixture was taken from each beaker while replacing it with 3 mL distilled
water. The filtrate was analyzed using UV-Vis spectrometry at 25 ◦C using a Perkin-Elmer
750 s UV-Vis spectrometer (Perkin Elmer, Waltham, MA, USA) with a wavelength scan
ranging from 700 to 200 nm. The maximum absorption band for MB was measured at
664 nm.

2.2.5. In-Vitro SPF Measurement

Zn-Al and Zn-Ti LDH were incorporated into o/w sunscreen emulsion with 2 wt%
loading and the samples were stored in the dark after preparation (Table S1 in the Supple-
mentary Materials). A specified amount of sample is spread onto a polymethylmethacrylate
(PMMA) plate, and an in vitro transmission measurement was taken in replicates before



Cosmetics 2023, 10, 100 5 of 16

irradiation. The PMMA plates were then irradiated using a Labsphere UV Transmittance
Analyser 2000S (Labsphere, North Sutton, NH, USA), and SPF characteristics were mea-
sured as per the testing procedure outlined by ISO 24443.

3. Results and Discussion
3.1. Characterization of LDH

The XRD patterns for the different LDHs (Figure 1) indicate that all three LDHs
are crystalline materials and exhibit the characteristic reflections of LDH with planes
(003), (006), and (009) [4,27]. As seen in Figure 1, the (003) basal reflection, the most
intense reflection, is indicative of the LDH structure. This reflection typically occurs at
approximately 2θ = 11.7◦ corresponding to a d-spacing of 7.6 Å for natural and synthetic
LDH with carbonate anion in the interlayer space, and this was consistent with findings for
Zn-Al and Mg-Al LDH (Figure 1) [5,14,28]. However, the (003) basal reflection was moved
to 2θ = 12.88◦ (d003 = 6.85 Å) for Zn-Ti LDH. As explained in our previous work [9], this
shift was due to the incorporation of Ti4+ into the LDH structure. The shift in 2θ angle was
complemented by an overall decrease in the basal spacing, which may be associated with
the strong electrostatic interactions existing between the carbonate interlayer anion and
the host layer [5]. The presence of Ti4+ in Zn-Ti LDH results in less repulsion between the
layers in comparison to the LDH containing Al3+, allowing stronger electrostatic attraction
between the anion and cation which draws the layers closer [14]. Peaks observed at
2θ ≈ 32◦ and 35.7◦ (peaks marked with “+” sign) correlate to Zn(OH)2 as substantiated by
PDF card 00-020-1437 [5].
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Figure 1. Powder XRD patterns of LDH with different cations. +: corresponds to Zn(OH)2 peaks
confirmed by PDF card 00-020-1437. *: Corresponds to (009) basal reflection of Zn-Al LDH.

The structures of Zn-Al and Mg-Al were expected to have a high degree of similarity
due to their similar cationic radii and the electrostatic repulsion exhibited by these cations.
Zn2+ has an ionic radius of 0.074 nm, compared to 0.065 nm of the ionic radius of Mg2+ [6].
A slight shift in (003) reflection to the right observed for Zn-Ti LDH herein is reportedly
due to the isomorphic substitution of Zn2+ ions by tetravalent Ti4+ ions. The ionic radius
of Al3+ is smaller than that of Ti4+ (0.064 nm), which could not explain the shift of (003)
reflection to a higher 2θ angle [5,14,29]. A less intense (006) reflection is observed for Zn-Ti
LDH in comparison to Zn-Al and Mg-Al LDH, and similar observations were reported by
Seftel et al. [30]. Despite the shift in the (003) reflection for Zn-Ti LDH, (006) reflections
which were observed at 2θ = 23◦did not experience any shifts [5]. Zn-Al LDH showed a



Cosmetics 2023, 10, 100 6 of 16

minor trace of the ZnO phase at 2θ = 34.7◦ [30]. The experimental XRD pattern of reference
TiO2 agrees well with the JCPDS card no. 21-1272 of the anatase phase of TiO2 (Figure S1
in Supplementary Materials). The spectrum with peaks at 2θ = 25.4◦, 38.1◦, 48.1◦, 54.3◦,
55.4◦,62.8◦, 68.9◦, 70.4◦ correspond to the pure anatase phase of TiO2. The XRD spectrum
of the ZnO reference sample (Figure S1) exhibited a wurtzite (hexagonal phase) structure.
The entire XRD peaks are in excellent conformity with the (JCPDS) card No. 36-1451.

The SEM micrographs in Figure 2 show the morphology of different LDH indicating
the apparent effect of different metal cations in the LDH matrix. As seen in Figure 2a, the
Zn-Ti LDH showed the highest prevalence of flake-like structures among all three samples,
and the structure of these flakes was more defined in comparison to the other LDH. These
flakes were stacked in an orderly manner, with an average length of 200–300 nm. They
clearly exhibited the hierarchical structure of the LDH containing interlayer pores of varied
sizes. The presence of these flakes to form a porous structure correlated well with the work
described by Shao et al. [5].
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The morphology of the Zn-Al LDH (Figure 2b) was not as rigid and flakey as Zn-Ti
LDH. These particles appeared to be more aggregated and smaller in comparison to the
Zn-Ti LDH, with few particles bearing any resemblance to a nano-flake. This indicated that
the substitution of Ti4+ with Al3+ in the LDH structure affected the overall morphology of
the particles [5,31]. The incorporation of Al3+ caused more aggregation of particles, which
may be due to the difference in electrostatic attraction within the LDH. SEM micrograph
of Mg-Al LDH (Figure 2c) showed characteristic flake-like morphology, with flakes larger
than those of Zn-Ti LDH and Zn-Al LDH but aggregated like Zn-Al LDH [31]. The average
size of these flakes was between 900 nm and 2 µm. The difference in morphology and lack
of “dessert rose” appearance could be due to the differences in synthesis conditions [10,31],
as well as in the nature of the cations present. Naseem et al. [32] observed large and thin
platelets for Mg-Al LDH, and this correlates with what was seen in this current study. It
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was also reported that the platelet size was influenced by the amount and nature of the
transition metal within the LDH.

The surface morphology of TiO2 was analyzed by SEM analysis (Figure S2 in the
Supplementary Materials) where the particles showed a spherical shape with some level
of aggregation. The particle size was in the range of 90–110 nm. ZnO samples consisted
of wurtzite ZnO nanoparticles with sizes of 100 to 500 nm and irregular morphologies
(Figure S2).

FTIR provided information about the interlayer anions present in each of the LDH.
Figure 3 shows the FTIR spectra for Zn-Ti LDH, Zn-Al LDH, and Mg-Al LDH. As seen
in Figure 3a, the broad peak occurred at approximately 3295 cm−1, a slight shift from the
expected values in the literature; however, this still corresponded to the OH stretching
mode due to intercalated water in the LDH layers [33,34]. In Figure 3b,c, the OH stretching
mode was at 3407 cm−1 and 3448 cm−1, respectively. The shift observed for the Zn-Ti
LDH could be ascribed to the integration of a tetravalent ion into the structure [9]. The
electronegativity value of Ti4+ is 1.59, in comparison to the electronegativity of Al3+, which
is 1.50. This difference in electronegativity affects the electron density on the O-H band (M-
OH), thereby causing a shift to lower wavenumbers [14,35]. Furthermore, Zn-Ti (Figure 3a)
LDH exhibited peak broadening of the OH stretching band, which may be due to the
coordination of the OH groups to Ti4+ [14,34].
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The O-H bending vibrational mode of water at approximately 1600 cm−1 was only
observed for Zn-Al and Mg-Al, Figure 3b,c, respectively. This proves that the quantity of
water present within the Zn-Ti LDH is far less in comparison to Mg-Al and Zn-Al. This
could be attributed to the differences in drying conditions: Zn-Ti was dried in a vacuum
oven at 120 ◦C, while Zn-Al was dried in a conventional air oven at 60 ◦C. The internal
bonding between Zn2+ and Ti4+ could also contribute to a lower amount of interlayer
water [28,33,34].

Figure 3 shows a strong band at approximately 1360 cm−1 for both LDH containing
Al3+, which is coherent with the conclusions of Gevers et al. [33] and Kloprogge and
Frost [36] on the existence of carbonate anion in the interlayer. This was further confirmed
by a study by Sakr et al. [37]. In comparison, the band for Zn-Ti LDH (Figure 3a) is shifted
to 1388 cm−1, which might be attributed to the v3 of the interlayer monodentate carbonate
species [36]. The presence of a double band for this sample was indicative of a lowering of
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symmetry of the carbonate anions from D3d to C2v symmetry [4,14,27]. For Zn-Al LDH,
a strong band with a shoulder at 776 cm−1 and 927 cm−1 corresponded to the v2 mode
of the carbonate. The Mg-Al LDH had a sharp band at 632 cm−1, due to the v4 mode
of carbonate. Zn-Ti LDH had a weak band at 837 cm−1, indicating the v2 mode of the
carbonate anion [38]. This shift was attributed to the incorporation of Ti4+ [14]. Given that
Zn-Ti LDH was synthesized in the absence of an inert atmosphere, these bands can be due
to the carbonate anions rather than nitrate anions [39]. However, because the precursor
salts contained nitrate salts, the presence of nitrate anion should not be ruled out.

The surface characteristics, such as specific surface area, pore volume, and pore
diameter of the synthesized LDH, were performed by BET and BJH procedures (Table 1).
LDH-type materials are generally described by their external surface mesoporosity because
N2 has a diameter that is greater than the interlayer space present in the LDH. Therefore, the
value obtained for pore volume correlated with the interparticle pores. The porosity of the
material could be affected by the presence of different cations, which alter the microscopic
structure [14,40].

Table 1. Summary of BET surface area, pore volume, and pore diameter of LDH samples.

Sample BET Surface Area (m2/g) Pore Volume (cm3/g)
Pore Diameter

(nm)

Zn-Ti LDH 77.02 ± 1.58 0.13 ± 0.003 6.75 ± 0.29

Zn-Al LDH 36.61 ± 1.66 0.12 ± 0.01 23.49 ± 4.43

Mg-Al LDH 15.73 ± 1.30 0.08 ± 0.002 20.62 ± 0.59

As observed in Table 1, Zn-Ti LDH showed the highest BET surface area together with
the highest pore volume. By substituting a tetravalent ion into the matrix, the isotherm
changed from type IV to type II (Figure S3) due to the changes in the surface morphology
of the particles [14,40]. Hence, it may be concluded that the incorporation of a tetravalent
cation rather than a trivalent cation facilitated an increase in the overall surface area given
the differences in electrostatic attraction.

The thermal stability of the synthesized LDH was analysed using TGA as seen in
Figure 4, and all samples exhibited multi-step degradation events. The thermal stabil-
ity of LDH is strongly dependent on the nature of the cation, interlayer anion, and the
experimental parameters used for the synthesis [41,42].

Dependent on the nature of the cations incorporated, oxidation or reduction (redox)
processes may occur during heating. In the absence of redox processes, thermal decomposi-
tions are known to occur in four steps: (1) loss of surface adsorbed water, occurring below
80 ◦C; (2) removal of interlayer water; (3) dehydroxylation; and (4) removal of interlayer
anion [41,42].

The highest weight loss temperature typically represents the third and fourth degra-
dation step of dehydroxylation and loss of interlayer anion [35,36]. Reports in the literature
have shown that for a Zn-Al LDH, the loss of carbonates occurs between approximately
230 and 460 ◦C [4,34]. Figure 4 showed that this step occurred at approximately 230–457 ◦C
for Zn-Al LDH. In comparison, for Mg-Al LDH this was around 237–438 ◦C, and for Zn-Ti
LDH between 270 and 486 ◦C. The temperature range indicative of dehydroxylation and
the loss of carbonates varied among LDH materials due to the variations in the electrostatic
interactions between host layers and the carbonate groups. The higher temperature ob-
served for Zn-Ti LDH implied a stronger interaction between carbonate anions and the
brucite layer, which is consistent with a smaller interlayer spacing that was observed by
XRD analysis [28,34]. In the case of Zn-Al, additional decomposition events were observed
beyond 450 ◦C and may be due to the decomposition of mixed metal oxides [43]. The
existence of ZnO in the PXRD results affirmed the latter. Further deviations in temperature
ranges were subject to differences in the electronegativity of the cations, which affected
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the electrostatic interactions between the brucite layers, thereby either retaining or losing
cations more readily [34,44].
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The properties of these thermal transitions or degradation steps, namely, temperature
and mass loss, depend on the metal content in each LDH [41,42]. The results showed
that the incorporation of different cations within the LDH structure indeed affected the
overall properties—specifically, the thermal stability of the LDH. Zn-Ti LDH was the most
thermally stable LDH as it experienced a mass loss at a relatively higher temperature. The
increased thermal stability could be attributed to the differences in the drying conditions
and synthetic parameters, as well as the difference in electrostatic interactions between the
metal cation and the interlayer anion group [4,27,28,41,42].

3.2. Optical Properties of LDH

Figure 5 presents the DRUV-Vis spectra for Zn-Ti, Zn-Al, and Mg-Al LDH. The
reflectance capability of each of the LDH differed significantly owing to the incorporation
of different cations into the LDH structure. Zn-Al LDH exhibited the best reflectance
capabilities in the visible region, with maximum reflectance recorded at approximately
98%, in comparison to Zn-Ti LDH and Mg-Al LDH, which had maximum reflectance of
91% and 45%, respectively.
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As seen in Figure 5, it was apparent that, on average, Zn-Ti LDH exhibited higher
levels of UVA reflectance in comparison to Mg-Al and Zn-Al LDH. The average reflectance
values recorded within this range are 49%, 34.47%, and 18.36%, respectively, for Zn-Ti,
Zn-Al, and Mg-Al LDH.

It is noteworthy that the UVA reflectance of Zn-based LDH was higher than that of
Mg-Al LDH, which could be assigned to the presence of Zn2+ in the LDH structure [9,45].
The higher UVA reflectance exhibited by Zn-Ti LDH may be accounted for the synergistic
effect of both Ti4+ and Zn2+ within the LDH structure [46–49]. It is also noticeable from
Figure 5 that, in comparison to Zn-Al LDH (3.16%) and Mg-Al LDH (11.07%), Zn-Ti LDH
(16.6%) showed greater capability for UVB reflectance as well. It may thus be concluded
that the presence of Zn within the LDH structure improved the UV reflectance properties
of the LDH. However, when we compare Zn-Ti and Zn-Al LDH, the incorporation of Ti4+

improved the overall UV reflection capacity further, particularly in the UVA range.
Kubelka–Munk (K–M) analysis was conducted (Figure S4), to convert reflectance

values into equivalent absorption coefficients. Tauc plots were derived from K–M curves
and were used for band gap determination (Figure S5, Table 2). The band gaps obtained
for the references TiO2 and ZnO were 3.23 eV and 3.27 eV, respectively, which agreed well
with the reported values [9,50]. It is clear from Table 2 that the band gap of the Zn-Ti LDH
is higher than those of the reference samples. However, the band gap of 3.74 eV did not
correlate well with the previously reported value of 3.06 eV by Shao et al. [5].

Table 2. The band gap values obtained for LDH and reference samples.

Sample Band Gap (eV)

Mg-Al LDH 4.75

Zn-Al LDH 4.5

Zn-Ti LDH 3.72

TiO2 3.23

ZnO 3.27
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The band gap value of 4.5 and 4.75 eV obtained for Zn-Al and Mg-Al LDH correlated
well with the literature [28,49]. The Mg-Al LDH had the largest band gap among all three
LDHs. The difference in band gap values obtained between the LDH proved that the
incorporation of different metal cations influenced the overall optical properties. The
incorporation of Ti4+ within the LDH matrix led to a substantial reduction in the band gap
in comparison to Al3+. However, the coupling of Mg2+ with Al3+ resulted in a broader
band gap which may be attributed to the band edge placement and work function of this
LDH [49].

3.3. Photochemical Properties of LDH

The photocatalytic properties of the synthesized LDH were analyzed by observing the
photodegradation of MB over a period of 4 h. The inherent adsorption of MB on different
LDH was measured prior to photocatalytic testing [50–52]. Only minimal surface adsorp-
tion of MB on LDH was observed in the absence of UV, and the equilibrium concentration
were 0.013, 0.004, and 0.029 g/L, respectively, for Zn-Ti, Zn-Al, and Mg-Al LDH.

Figure 6 shows the extent of MB photodegradation for LDH materials and references
under UVR of wavelength 254 nm and 365 nm for 4 h. TiO2 was the most photoreactive
material under both wavelengths, while Mg-Al and Zn-Al LDH exhibited weaker photo-
catalytic properties. Both TiO2 and ZnO presented elevated levels of photocatalytic activity
with rapid rates of MB degradation over the 4 h UVR exposure period. After 4 h, the
solution containing the references had changed from blue to a murky white solution, while
the solution containing LDH remained colored. Given the lower band gaps of TiO2 and
ZnO, it was expected that these samples would exhibit higher photocatalytic activity under
these wavelengths [53].
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From Figure 6, it was evident that Mg-Al LDH exhibited the lowest photocatalytic
activity at each wavelength, which may be attributed to its wide band gap of 4.75 eV.
Owing to its lower band gap of 3.72 eV, it was expected that Zn-Ti LDH would exhibit
higher photocatalytic activity than Zn-Al LDH (4.5 eV), and our results concurred with
these assumptions. Despite the presence of ZnO in both LDH materials, the enhanced
photocatalytic activity of Zn-Ti LDH could be credited to the presence of Ti within the
structure [5,43,54]. However, in comparison to the metal oxide references, all three LDH
showed significantly lower photoreactivity under both high-energy and low-energy UV
radiations.

The presence of these recombination centers might justify the decreased photocatalytic
activity of Zn-Ti and Zn-Al LDH [9]. The existence of Ti4+ and Al3+ could allow for the
creation of localized energy levels, which acted as recombination centers. These recombi-
nation centers prevented the generation of holes in the valence band, and this ultimately
inhibited the formation of ROS [55], and hence, the photocatalytic activity. A study by
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Zhao et al. [56] further supports this observation as they indicated that the photocatalytic
activity of an LDH material may be increased by raising the molar ratio of Zn atoms, while
an increase in Al atoms decreased the photocatalytic activity. Figure 7 shows our proposed
degradation pathway for LDH where the absence of a hole (h+) prevents the formation of
radical species.
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3.4. In Vitro Sun Protection Factor (SPF) Testing

Following the favorable photocatalytic results obtained, SPF tests were conducted
to determine whether they were suitable for potential use in sunscreen formulations.
According to the diffuse reflectance data (Figure 5), Mg-Al LDH did not exhibit good UV
reflectance capabilities like Zn-Al and Zn-Ti LDH, and hencee was not suitable for use
as a physical inorganic UV filter. Therefore, in vitro SPF testing was carried out only for
formulations containing Zn-Ti and Zn-Al LDH.

The results in Table 3 show the average SPF and UVA-PF values measured for formu-
lations containing 2 wt% Zn-Ti and Zn-Al LDH. The average SPF value obtained Zn-Ti
LDH was 6.11, whereas the UVA-PF was 2.65 with a UVA balance of 41%. The correspond-
ing values obtained for Zn-Al LDH were 4.29, 3.82, and 70%, respectively. The average
critical wavelength measured was 384 nm and 387 nm for Zn-Ti and Zn-Al LDH. Given
that the mean critical wavelength exceeded 370 nm, the claim of “Broad Spectrum” was
valid. Furthermore, given that the UVA Balance was greater than 33% and the mean criti-
cal wavelength exceeded 370 nm, the claim of “UVA Protection” was also valid for both
LDH [57–59].

Nur et al. [60] prepared 4-aminobenzioc acid intercalated Zn-Al LDH for sunscreen
application. Although no SPF evaluation was conducted in this study, they concluded that
the material prevented harmful and carcinogenic effects on the skin [60]. Several articles
have highlighted the benefit of incorporating various organic UV filters into the Zn-Ti LDH
interlayer to obtain slow-release characteristics. Also, in these instances, the SPF values of
the formulations were never reported [61,62].

Madikizela et al. [63] suggested an SPF of 1.18 for natural clay mineral-containing
formulations employing Mansur’s method. The group found that the natural clay could be
used for beautification and detoxification while providing low UV coverage. The study
concluded that the low UV coverage warranted further addition of additives such as
TiO2 [63]. A study by Abbas et al. [64] investigated the UV capabilities of calcium silicate, a
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naturally occurring material in the soil of South Asian regions. This work reported an SPF
of 37.94, using Mansur’s method, for the 5 wt% calcium silicate in a formulation [64].

Table 3. In vitro SPF for synthesized Zn-Ti LDH (2 wt%) and Zn-Al LDH (2 wt%).

Zn-Ti LDH (2 wt%) Zn-Al LDH (2 wt%)

SPF (Mean)
UVA-PF

UVA-PF SPF (Mean)
UVA-PF

UVA-PF(Pre-Irradiation) (Pre-Irradiation)

Plate 1 6.31 2.84 2.59 4.35 3.85 3.74

Plate 2 6.23 2.84 2.60 4.37 3.86 3.76

Plate 3 5.96 2.85 2.72 4.24 3.87 3.87

Plate 4 6.11 2.84 2.67 4.18 3.89 3.90

Average 6.15 ± 0.132 2.84 ± 0.004 2.65 ± 0.053 4.29 ± 0.078 3.87 ± 0.015 3.82 ± 0.069

As per a recent critical review, LDH materials are cost-effective and ever-evolving
materials that offer a great alternative to current commercially available sunscreen for-
mulations. The review highlighted the need for further research into the varying metal
combinations to improve greater loading while inhibiting the leaching of active mate-
rials [17]. Our study clearly demonstrates lower photoreactivity along with good UV
reflection capacity of Zn-based LDH in comparison to the commercial metal oxide counter-
parts. The formulations containing Zn-Ti and Zn-Al LDH were aesthetically pleasing and
showed higher SPF values in comparison to other reported natural clay mineral sunscreens.

4. Concluding Remarks

The study demonstrated a strong impact of the nature of precursor cations on the
structural, optical, and photochemical characteristics of LDH. The significantly lower photo-
chemical activity was observed for the LDH in comparison to the currently used inorganic
UV filters such as TiO2 and ZnO, which is favorable for their use in safer photoprotec-
tive formulations. The incorporation of tetravalent titanium within an LDH structure
altered the band gap, which ultimately translated to a favorable SPF. From this study, it
was observed that Zn-Ti and Zn-Al LDH may be considered for further use in sunscreen
formulations due to their demonstrated UV-shielding properties. As no organic additives
were incorporated into the LDH in this study, there was no risk of additive leaching, which
was previously encountered in other studies and resulted in delayed exposure of these
photocatalytic materials to photodegradation conditions. There is an inordinate demand
for innovative inorganic UV filters from the personal care sector that better talk to UVR
shielding, photo-stability, “broad” or “full” spectrum protection, and safety, with fewer
side effects and no skin penetrability. Furthermore, this study revealed the prospects of
LDH for such applications.
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