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The use of layered double hydroxides (LDHSs) in advanced photoactive applications requires tailoring their
light absorption, the stabilisation of separated charges and the manipulation of charge recombination
behaviour. However, understanding of these processes in LDHs is mostly lacking. Here, we dissect the UV-
to-mid-infrared absorption and UV-visible luminescence (at 83 K to 298 K) of MgAl-LDH and discuss
plausible charge recombination pathways with the aid of Mg(OH),, A(OH)z and calcined MgAl-LDH (373 K
to 673 K). Excitation of electrons into the conduction band (CB) is accompanied by prominent intragap
absorption: excitation of fundamental vibrations and their overtones to 1.7 eV, and a long band tail to the CB
edge, from which a bandgap of 3.12 eV was determined. Luminescence spectra reveal strong, broad,
overlapping, multi-band emission between 2 eV and 4.5 eV dependent on temperature. Removal of
adsorbed water increases luminescence. At 83 K, nearly 50% is emitted above the CB edge—contradicting
common behaviour. Luminescence occurs mainly from the band edge at 298 K, or with the removal of
hydroxyl- and carbonate groups by calcination. The temperature dependence reveals competition between
radiative and non-radiative deactivation pathways, indicating meta-stable CB states and possible polaron
formation. Below-band-edge luminescence is believed to be dominated by the effects of vibrational
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broadening, coordination defects, access to band-tail states, and exciton formation and its binding to
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1 Introduction

As complex structures that house a variety of bond- and
interaction types (ionic, dipolar/ionic, dipolar, hydrogen bonds
and van der Waals forces) and consist of cationic layers held
together by anions, LDHs have, over the past decade, estab-
lished themselves as promising materials in advanced applica-
tions for use in photocatalysis," solar cells,” supercapacitors® >
and sensors®’ due to their high modification potential. This
structure—consisting of octahedrally hydroxyl-coordinated
metals (M(OH),) summarised by the formula [M}" M} (OH),]-
[X{),nH,0], where M" and M™ are di- and trivalent cations and
X1, the interlayer anion with charge g balanced with x, the
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defects/Al** islands in addition to the interlayer carbonate facilitating charge separation.

molar fraction of trivalent to total cations in the layer®—allows
them to act as semiconductors housing metal ions of different
valency with an array of modification options.

One LDH, MgAl-LDH—commonly known in two forms as
hydrotalcite (3Mg:1Al) and quintinite (2Mg: 1Al)—is particu-
larly well-known and forms the basis of many modifications of
its structure and composition for advanced applications. While
there are many interesting applications of LDHs, current inter-
est in renewable energy alternatives involving sunlight makes
specifically the interaction of these materials with light impor-
tant to study and understand. MgAI-LDH is known to be a
semiconductor with a wide bandgap quoted to range between
5.45 eV and 3.5 eV experimentally (somewhat dependent on the
synthesis method used®*?) and is often seen as a material with
little advanced functionality in photo-applications without
further modification. However, being the parent structure
for many transition-metal-modified LDHs, it is interesting to
study the fundamentals of charge excitation and recom-
bination, which would be very difficult to study in the more
complex transition-metal-modified forms due to luminescence
quenching.

MgAI-LDH is an even more interesting material when con-
sidering the theoretically possible bandgaps between 1.6 eV
and 5.6 eV, dependent on the crystal structure.™ This consider-
able span of bandgap values could provide an interesting

© 2022 The Author(s). Published by the Royal Society of Chemistry
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starting point to modify this inexpensive material for applica-
tions in water-splitting or solar cells, absorbing in the visible
light region. However, at present there is a strong limitation in
doing so, since fundamental knowledge on the interaction of
LDHs with light is lacking; two of the most important questions
being what the frequently observed broad, undefined absorp-
tion below the band edge®™® (resulting in materials with a
range of bandgap values determined although prepared com-
positionally identical and with the same reported crystal struc-
ture) and complex overlapping spectra in absorption'® and
luminescence’ result from.

At present, very little is known about the pathways to charge
separation and -recombination in LDHs. The most valuable
study of their separation has arguably been achieved through
density-functional-theory (DFT) approaches,'* but recombina-
tion mechanisms are not yet properly understood. This has
been claimed to the contrary,">'® but the studies were based on
materials not directly related to the LDH structure and can thus
only be an extrapolation. Most understanding has been gained
through application of these materials as photocatalysts and
luminescent materials. Here, beneficial charge-stabilisation
has been attributed to the use of a charge stabilising-anions
(such as CO;>7),"” orderedness in the structure,'® and surface
and oxygen defects."®'? It has also been discovered that the
bulk-material properties can be very different to those of
exfoliated nano-sheets,”*® in addition to the ratio of di- and
trivalent metals being able to influence the luminescence
intensity.”® But recent work’ shows that this knowledge is not
yet sufficient to properly identify recombination mechanisms,
yielding the hypothesis of very interesting effects (such as the
coupling of excitons and phonons, excitonic rather than defect-
related transitions, possible similarities to processes in polar
semiconductors and the interaction of optical and acoustic
phonons) that deem LDHs worthy of more thorough study.

With this work we aim to narrow this gap in understanding
by analysing in depth the UV-Vis-NIR-MIR (ultraviolet-visible-
near-infrared-mid-infrared) absorption and UV-Vis lumines-
cence of MgAI-CO;*> -LDH (in quintinite form (2:1), the most
commonly used elemental ratio in materials modified for
advanced applications) in bulk form with the aid of the two
structurally related materials Mg(OH), and Al(OH);. These
three materials are different in the types of bonding pre-
sent—the LDH being an anionic clay with carbonate anions
balancing the charge difference of the cationic layers and
hydrogen bonds linking interlayer water molecules to layer
hydroxyl groups and the carbonate, while the hydroxides are
held together only through hydrogen bonds—but retain great
similarity as a result of octahedrally hydroxyl-coordinated Mg
and Al ions present in all three materials. Their comparison
thus allows insight into the role of each of the metals as
well as that of the anion in absorption and luminescence.
To gain insight specifically into the lesser-studied recom-
bination mechanisms, this study was focused heavily on
luminescence, with the advantage that this also aided in
describing the very complex absorption results. Luminescence
spectra were obtained as a function of temperature to reveal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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radiative-recombination-pathway selectivity, the MgAl-LDH
was calcined at temperatures between 373 K and 673 K to study
dependence on each of the lattice constituents, and excitation
spectra were used to determine luminescence dependence on the
excitation energy—comprehensively describing the luminescence
of MgAI-LDH. Together, it was possible to gain appreciation of the
importance of the bandgap region (making available a multitude
of sub-band-edge states that contribute to absorption and lumi-
nescence spectra), discover a significant contribution to absorption
bands through vibrational overtones, and question the meaning of
traditional bandgap measurements.

2 Experimental
2.1 Synthesis

The MgAI-LDH, Mg(OH), and Al(OH); were prepared using co-
precipitation synthesis at identical conditions, allowing for the
preparation of materials with close compositional control and
the necessary comparability. For this, chemically pure (CP, 99%
purity) or analytical grade (AR, 99.5% purity) reactants were
used for all experiments. AlCl;-6H,0 (CP), MgCl,-6H,0 (CP),
NaOH (AR) and Na,CO; (AR) were sourced from ACE Chemi-
cals. Deionised water was used for all experiments. The LDH
was synthesised according to our previous method>" by creating
a 2.5 M salt solution of MgCl,-6H,0 and AlCl;-6H,0 (stoichio-
metric to a Mg: Al ratio of 2:1) and adding this dropwise to a
solution of 0.4 M Na,CO; while maintaining a pH of 11.0 + 0.3
through the addition of 10 M NaOH solution as required. The
hydroxides were prepared in the same manner (leaving out the
relevant cation), but with dropwise addition of the salt solution
to de-ionised water instead of a Na,CO; solution. The resulting
slurry was stirred vigorously throughout the reaction and the
precipitated structures were recovered through vacuum filtra-
tion. The materials were subsequently washed with ample
deionised water, and dried at 60 °C overnight (18 h).

2.2 Characterisation

X-ray powder diffraction (XRD) measurements were performed
on a Panalytical X’Pert PRO X-ray diffractometer in 0-0 configu-
ration, equipped with Fe-filtered Co-Ka radiation (1.789 A) and
an X'Celerator detector and variable-divergence- and fixed
receiving slits. Samples were prepared according to the stan-
dardised Panalytical backloading system, which facilitates
nearly random distribution of the particles. Data were collected
in the angular range 5° < 20 < 80°, with a step size of 0.008° 20
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. The
detection limit for the crystalline phases was 2%.

Scanning electron microscopy (SEM) micrographs were
taken on a Zeiss Gemini 2 Crossbeam 540 FEG SEM and Zeiss
Ultra Plus. The samples were distributed on carbon tape and
coated with two layers of carbon using a sputter coater (Zeiss
Ultra Plus: sputter coated with 3 nm of platinum). The micro-
graphs were taken at 1 keV (Zeiss Ultra Plus: 4 keV, SE2 filter).
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Attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectra were obtained using a PerkinElmer 100
Spectrophotometer. Spectra of sample wafers were obtained
between 4000 cm ™' and 550 cm ' each with 32 scans at a
resolution of 2 ecm™'. Spectra were deconvoluted using Origin
Pro 2016 and Gaussian line profiles.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was used to verify the elemental ratio of Mg: Al and
identify impurities in MgAI-LDH.

Absorption spectroscopy in the UV-Vis-NIR range was car-
ried 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. Sample pellets were prepared
by mixing the LDHs with KBr (30% LDHs and 70% KBr)
and grinding the mixture for 60 s. The mixture was pressed
into 300 mg, 1 mm thick pellets using a weight of 8 t that was
applied for 2 min.

Photoluminescence spectra of MgAIl-LDH, Mg(OH), and
Al(OH); were recorded on a Deep UV miniPL 5.0 between
260 nm and 650 nm with a stepsize of 2 nm and using an
excitation wavelength of 248 nm (spot size 70 pum). Excitation
spectra were obtained using a Horiba QuantaMaster 8075-22
Spectrofluorometer with a 3 nm slit width, integration time
of 0.3 s and stepsize of 1 nm. Light from a Xe lamp was filtered
through a double excitation monochromator using 1200 lines
per mm gratings blazed at 300 nm (for UV excitation). The
emission was filtered through a double emission monochro-
mator with 1200 lines per mm gratings blazed at 500 nm and
the signal was detected with a Hamamatsu R2658 Photomulti-
plier Tube. Data resulting from both techniques were trans-
formed from wavelength- to energy-dependence using the
formula I(E) = I(1) x 2>.>* Spectra were deconvoluted using
Origin Pro 2016 and Gaussian line profiles.

—— MgAI-LDH
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(015) (018)  (110) (113)

Al(OH),

° Bayerite
* Gibbsite

Intensity [a.u.]
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Fig. 1
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The X-ray photoelectron spectrum of the O 1s binding
energy region was acquired in a ultra-high vacuum (UHV)
chamber with a base pressure of 2 x 10 '° mbar at room
temperature. The UHV chamber was equipped with a SPECS XR
50M monochromatised X-ray source with an Al anode (Al-Ko
excitation line, v = 1486.71 eV) and a SPECS PHOIBOS 150
hemispherical electron energy analyser. The overall energy
resolution of the combined analyser and photon source system
was set to 0.6 eV. Surface charging was compensated by
illuminating the samples with a low-energy electron beam
generated by a flood gun set to operate at: electron energy =
2.5 eV, electron flux = 20 pA.

3 Results

3.1 Structure and morphology

The quintinite-type MgAI-LDH under consideration in this work
was shown to crystallise in the frequently-found rhombohedral
polytype (3R),**** which is the expected result considering the
ambient synthesis conditions used.>* This polytype shows char-
acteristic (003), (006), (009), (110) and (113) reflections indicative
of the R3m space group that are visible in Fig. 1(a).

A, for co-precipitation, well-crystallised LDH was obtai-
ned—a result of the elevated pH synthesis method.”"** The
pattern obtained for MgAI-LDH in this work is very similar to
that obtained experimentally and modelled with DIFFaX,”®
where the XRD pattern resulted from the intergrowth of two
polytypes of LDH, 3R, and 3R, (60% and 40%). In conjunction
with stacking faults, these led to broadened 01! reflections.?® In
contrast, MgAI-LDH does not show as well-defined (110) and
(113) reflections. This is expected to be a result of cation
vacancies and/or turbostraticity and interstratification that
are known to broaden reflection (110).>® The ratio of the (003)

d) MgAl-LDH

© o

(a) XRD results for the 3R MgAl-LDH polytype with an Mg : Al ratio of 2: 1, Mg(OH), and Al{OH)s. (b) Side view (left) of 2 layers and the carbonate-

containing interlayer and (c) top view (right) of a single LDH layer of MgAl-LDH with a Mg : Al ratio of 2: 1 (green = Mg, brown = Al, red = O and white = H).
(d) Morphology of MgAl-LDH showing intertwined, ball-like-shape-producing agglomerated platelets (1 keV). (e) Representative twinning of the LDH
structure, producing star-like shapes within the ball-like shapes (SE2, 4 keV). (f) Morphology of Mg(OH), showing agglomerated individual plate-like

structures. (g) A(OH)s, comprising of crystals of mixed morphologies.
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and (006) reflection intensities in MgAI-LDH is less than
expected for the 3R; polytype, which can (along with a slight
c-parameter increase) be explained by a higher amount of water
present in the interlayer region.*'>¢

The XRD results for Mg(OH), and Al(OH);—synthesised at
identical conditions to the MgAIl-LDH to better understand the
impact of each metal ion on absorption and luminescence
characteristics—are also shown in Fig. 1. At these conditions,
Al(OH); precipitated as a mixture of bayerite (77.4%, doo; =
4.719 A) and gibbsite (22.6%, doyo = 4.845 A) (determined
through Rietveld refinement, see Fig. S1, ESIt). Mg(OH), pre-
cipitated as brucite (dyo; = 4.775 A) with small impurities of an
unidentifiable phase and periclase (MgO). The formation of
MgAI-LDH stands in competition with the formation of
Mg(OH),, Al(OH); and other related species. At the chosen
synthesis conditions, MgAI-LDH formation was found to be
favourable with no crystalline impurities detectable. Any such
phases would have had to exceed the crystalline phase detec-
tion limit of 2%. Due to no amorphous halos being present on
the XRD scans and the SEM micrographs not indicating appre-
ciable amounts of amorphous phases either, this material is
expected to contain low amounts of amorphous and crystalline
impurities. ICP analysis verified that the desired Mg: Al ratio of
2:1 was achieved almost exactly (2.079) and that only minor
(Ca: 0.637 mass%) or trace (Ni: 0.006 mass%, Cu: 0.012 mass%,
Fe: 0.050 mass%, Co: 0.007 mass%, Zn: 0.013 mass%, and Na:
0.052 mass%) contaminants were present, stemming from the
chemicals used for the synthesis. Chlorine contamination
could not be detected (verified using X-ray fluorescence spectro-
scopy). The layered structure of the MgAI-LDH with carbonate

Materials Advances

in the interlayer is shown in Fig. 1(b) from the side and Fig. 1(c)
from the top (1 layer) based on the d-spacing calculated for this
material (doo; = 7.676 A)*' and bond-length data for the 3R
polytype.?* Calculations of the crystallite size using the Scherrer
equation®” with a shape factor of 0.89*"® yielded an in-plane
crystallite size of 17 nm and crystallite thickness of 5 nm. A
similar aspect ratio was also observable on the SEM micro-
graphs of MgAI-LDH in Fig. 1(d) and (e), showing crystallisation
into globularly agglomerated structures (d) with platelet inter-
twinement (e) (approximately 200 nm in diameter) as a pre-
cursor to a sand-rose morphology often observed in LDHs.
Fig. 1(f) and (g) show the micrographs of Mg(OH), and
Al(OH);, respectively. The AI(OH);, hereby, shows a mix of
crystallised phases comprising of an interesting pillared plate-
let structure with rough platelet edges and smaller particles.
The Mg(OH), displays platelet agglomerates.

3.2 Photon absorption of MgAl-LDH, Mg(OH), and Al(OH); in
the UV-Vis-NIR and MIR region

Absorption spectra (Fig. 2) in the UV-Vis-NIR range and ATR-
FTIR spectra in the MIR range show that there exists great
similarity between the spectra of MgAl-LDH, Mg(OH), and
Al(OH);, showing clear features in the

e UV range (Points 1 to 3): broad bands comprising multiple
overlapping bands;

e Vis range (Point 4): a broad continuum with little structure
for all compounds;

e NIR range (Points 5 to 10): sharp features are visible in the
hydroxides, whereas the features of the MgAI-LDH are broad,

1.0 0.25
1 9 ) 6915 cm™ ——— MgAIl-LDH
| 6 7 8 ' 6892 cm-1 Al(OH)3 i
Mg(OH
084 | t———~ O, 0.20
: f ; 676
4 10070 cm’ J' ) 720 o
E \\*\.\/‘J\\_y/ /_/-/ \
g 06- - 10 L4\ YOI
g 14000 12000 10000 8000 8000 7000 6000 i 3 \
o 8 1359 cm 13 r
= )
2 04 3 11 L 0.10
=i 2 4 567 :
] 3438 cm’
| / 3425 cm™ 1
0.2 12 - 0.05
0.0 (Ia ™ :I?' ! zll — 3 T 5 i T : T IA4 T 03 T olz' T OI.I 0.00
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Fig. 2 UV-Vis-NIR absorption and FTIR spectra of MgAl-LDH, Mg(OH), and A(OH)s prepared using co-precipitation at identical conditions. Insets 1. and
2. show excerpts of the UV-Vis-NIR spectrum with the overtone positions of the hydroxides indicated. Points 1-14 refer to points of interest discussed
further in the text. In the FTIR spectrum, important vibrations of the MgAl-LDH are labelled with their peak position. The shading indicates the CB with its

edge at 3.12 eV.
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indicating some variability in the local environment and inter-
action of the vibrating groups; and the

e MIR range (Points 11 to 14): multiple sharp bands in the
hydroxides and broader bands in the LDH with a small shift
between peaks.

Unexpectedly, these three materials thus show signifi-
cant absorption over the entire spectral range investigated
(50000 cm™* to 5555.55 cm™ ' and 4000 cm ™' to 550 cm )
and, more importantly, no clearly defined band edge as a result
of the broad continuum in the visible light range.

The optical bandgap was graphically determined to be
3.12 eV for MgAI-LDH (under the assumption of a direct
bandgap material, see Fig. S2, ESIt) based on the prominent
band in Point 3. The hydroxides did not allow accurate applica-
tion of such methods. For a 3R polytype MgAI-LDH (chloride
intercalated) with a Mg: Al ratio of 2:1, a bandgap of 2.76 eV
was previously estimated using plane-wave DFT calculations."*
The graphically determined value thus matches the theoretical
one closely.

The bandgap region has generally received very little atten-
tion in LDH literature. Often, absorption spectra are cut off at
800 nm or 1000 nm (1.55 eV, 1.24 eV) and thus do not offer
insight into absorption past the visible light region. In this
region, we, however, observe a multitude of overlapping bands.
Through the comparison between the LDH and the hydroxides
it is clear that these are not a background (as sometimes
thought), but that they indicate states available for absorption.
The bandgap region can hereby be split into two: the visible
light region (absorption in this region is subject to interpreta-
tion and will be discussed later on) and the NIR/MIR regions.
Studies of LDHs in the MIR region and assignment of
features has been executed a multitude of times in literature
with the aid of vibrational spectroscopy (Raman microprobe
spectroscopy in combination with infrared spectroscopy) and
without too much debate. In the NIR region, we found over-
tones of fundamental vibrations in the MIR region to dominate.
Assignment of the relevant fundamental vibrations is
discussed below:

e Point 11 contains the MO-H str. (stretching) vibrations
related to Al and Mg in the LDH at 3437 cm ™ * (present as M—~OH
(1): 3437 em ' and M-OH (2): 3566 cm ' bands), the
CO;>”—H,0-br. (bridging) vibration at 3062 cm™', and the
H,O- - -H-bond vibration/H,O-str. vibration at 3264 cm 297!
Further details can be extracted from Fig. S3(a) (ESIf). The
carbonate v;, + v;, combination band and 1st overtone of the
carbonate v; band is believed to be seen at 2771 cm™' and
2610 cm ™ *. The bands have not been reported prior, although the
fit in this region has been imperfect and could accommodate
such bands. For MgAI-LDH, the bands are necessary to obtain a
good deconvolution fit. In contrast to the fine-structured bands
seen in this region for the metal hydroxides, the LDH shows no
fine structure due to broadening by hydrogen bonding. The
sharpness of the absorption of Mg(OH), at 3696 cm ™ indicates
that the group is not as strongly involved in hydrogen bonding.

e Point 12 at 1634 cm ™' corresponds to the bending of water
molecules associated with interlayer anions in the LDH.** This

966 | Mater. Adv., 2022, 3, 962-977
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vibration is also visible in the hydroxides, indicating that these
likely contain some interlayer water to better stabilise the layers
with hydrogen bonding.

e Point 13 represents the characteristic v; mode of the
carbonate anion in LDHs and is typically observed as a twin
peak at 1365/1400 cm ™', due to symmetry breaking.?®>" Here it
is observed at 1358 cm™ /1372 cm ™" (see Fig. S3, ESIT) and—in
combination with the other vibrational modes—confirms the
desired carbonate intercalation of the MgAI-LDH. Splitting of
this vibration indicates lower-than-three-fold site symmetry
and interaction between the carbonate and the water mole-
cues/hydroxide groups through hydrogen bonding (as also
visible in Peak 11).*>*"** The hydroxides and LDH show a
small band between Point 12 and 13 (Fig. S3b, ESIf) of
unknown origin. We believe it to be linked to Al-OH str.
vibration overtones. The small band of the hydroxides in
Point 13 is expected to be related to a small amount of adsorbed
CO,* (previously having been reasoned as a source for carbonate
contamination in LDHs>?).

e Point 14 houses Al-OH vibrations (approximately 550 cm ™~
and 759 cm '), Mg-OH vibrations (approximately 635 cm™*)
and Al-OH deformation vibrations (approximately 930 cm™") of
the MgAI-LDH,**?" as well as water librational modes (theo-
retically observable at 776 cm ™, 841 cm !, 866 cm ' and
949 cm™ ' in quintinite).*" Water in LDHs is strongly hydrogen
bonded to the anions and layer hydroxides.*’ Comparison
between the LDH and Al(OH); vibrations confirms the presence
of these vibrations, although the pure hydroxide vibrations are
shifted with respect to those of the LDH. In this range, Mg(OH),
showed no characteristic bands. In addition to these vibra-
tional bands, this region also houses the v,, v, and v, vibra-
tional modes of the carbonate anion at 1030 cm™*, 850 cm™*
and 676 cm™ ', respectively, of which v, and v, are clearly visible
in Fig. 2 at positions which agree mostly with previous
accounts.’®*! Due to symmetry, v, is infra-red-forbidden and
is thus only weakly observed.

Strong vibrational overtones in the NIR region have previously
been shown for LDHs® up to approximately 11 000 cm™* (1.3 eV).
In our work, we observe these overtones up to approximately
14000 cm™" (1.7 eV). The responsible vibrations for these
overtones are MO-H str., CO,-br., H-bonding between inter-
layer H,0 and CO3>~, and H,O-str.>**?” The strongest impact is
made by the first overtones of the bands listed above and
present in Point 11, which together form Point 9 in the LDH.
The other points indicated in Fig. 2 can thus be assigned to
the 1st overtone of the carbonate v;, + v;, combination band
(Point 10), the 2nd overtones of the carbonate combination
band (Point 8), the MO-H str. 2nd overtone band (Point 7—
likely a combination of the other vibrations similar to Point 9),
the 3rd carbonate combination band overtones (Point 6), and
the 3rd overtone of the MO-H str. vibration (Point 5). The
fundamental carbonate combination band falls within the MIR
range and is situated next to the 1st overtones of the v;
carbonate vibration (Fig. S3(a), ESIT). Past 1.7 eV, the influence
of these vibrational overtones dwindles. For the higher-energy
bands, it is believed that other states are superimposed in this

1
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Table 1 Theoretical overtones (v = 1 to v = 5) of the experimental
fundamental vibration (v = 0) of MgAl-LDH in the MIR region based on
harmonic oscillation (H-b = H-bond and c. = combination band)

Vib. band v=0 v=1 v=2 wv=3 wv=4 v=5
[em™'] MO-H 3437 6874 10311 13748 17185 20622
H,O-str./H-b 3264 6528 9792 13056 16320 19584
HZO-C0327 br. 3062 6124 9186 12248 15310 18372
Vs, COs2™ 1373 2745 4118 5490 6863 8236
Vsp CO2~ 1358 2716 4074 5432 6790 8148
v; CO;% c. 2731 5461 8191 10922 13653 16384
[eV] MO-H 043 0.85 128 170 213  2.56
H,0-str./H-b 0.40 0.81 1.21 1.62 2.02 2.43
H,0-CO;*>” br. 0.38 0.76 1.14 1.52 1.90 2.28
V3 CO>~ 0.17 034 0.51 0.68 0.85 1.02
V3, COz%" 0.17 0.34 0.51 0.67 0.84 1.01
V3 CO327 c. 0.34 0.68 1.02 1.35 1.69 2.03

region in the LDH due to the flat region that is not present to
the same extent in the hydroxides.

Table 1 lists the vibrations in the MIR region and the
corresponding expected overtones in the harmonic approxi-
mation, while Table 2 shows the experimental band positions
and the calculated anharmonicity of these overtones. Taking
into consideration anharmonicity, as accounted for by the
Morse potential of diatomic oscillators,*® the position of the
experimental bands fits the theoretical overtones very well.
Anharmonicity of Mg(OH), vibrations is greater than that of
Al(OH); and MgAI-LDH. But since the band in the LDH is a
superposition of many vibrations, it might be higher than
calculated (considering the strong overtone vibrations visible).
The relatively large intensities of the overtones demonstrates
that the anharmonicity is sufficiently large in all compounds to
render forbidden transitions appreciably allowed.

3.3 Luminescence of MgAl-LDH, Mg(OH), and Al(OH); in the
UV-Vis region

Luminescence results presented in Fig. 3 show that MgAl-LDHs
and the hydroxides are possible to manufacture with high
luminescence intensity and with clearly defined luminescence
bands. These materials were not dehydrated prior to analysis
and yet exhibit considerable luminescence intensity and fine
structure/band resolution at all temperatures and in their
native hydrated state. This is unusual, because LDHs in the
bulk have so far not shown any appreciable fine structure,”*°
and it stands in contrast to findings in ZnAl-LDHs, where

Table 2 The experimentally determined fundamental vibrations (v = 0)
and overtones of the MO-H str. vibrations in MgAl-LDH, Mg(OH), and
Al(OH)3 (points 9, 7 and 5), and the corresponding ratios of the overtones
(v = n) to the fundamental vibration (v = 0)

MgAI-LDH Mg(OH), Al(OH),
v=n [em™] [eV] wuvy [em™] [eV] wvuvy [em™] [eV] wu/v,
v=0 3437 042 1 3696 0.46 1 3438 043 1
v=1 6916 0.86 2.01 7158 0.89 1.94 6897 0.86 2.01
v=2 10235 1.27 298 10482 1.30 2.84 10070 1.25 2.93
v=3 13624 1.69 3.69
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luminescence quenching was prominent in the hydrated
form.” The luminescence behaviour seen here is more similar
to that of exfoliated LDH nanosheets’ (a 2D material) than
other bulk materials prepared. The bands observed are also
unprecedentedly broad, covering an emission range of more
than 2 eV, but show an overlap of multiple bands within this
region; a complicated spectrum, expected for the complicated
structure of LDHs.

Fig. 3(a) shows that the excitation energy (5.0 €V) used in
this work falls within the band at Point 2. Emission, which was
only significant below approximately 4.5 eV, hereby, indicates
that excited electrons relax to a high-energy CB state before
taking part in radiative charge recombination pathways. The
band maximum occurs 2 eV lower than the excitation energy,
overlapping with the graphically obtained CB edge (3.12 eV).

In Fig. 3(b) and (c) we can observe the dependence of the
luminescence spectra on temperature. All materials display
four distinct bands (Bands A-D). However, Bands B and D are
more prominent in the LDH than in the hydroxides. At 83 K, the
MgAI-LDH spectrum is especially fine-structured and broad.
With an increase in temperature, the width of the hydroxide
spectra remains similar, while the LDH spectrum narrows,
intensity of Bands A and B is reduced, and Band C redshifts.
The intensity, fine-structure and breadth of the bands above
the band-edge is rather unexpected. Typically, one would expect
excited charges to non-radiatively relax to the CB edge and,
from there, to radiatively (or non-radiatively) relax to the
ground state and recombine with the hole. Here, however,
47% of the luminescence of MgAI-LDH occurs at an energy
above the lower CB edge at 83 K (50% at 100 K, 45% at 150 K,
41% at 200 K, 40% at 250 K and 37% at 298 K).

Another noteworthy aspect to be extracted from Fig. 3(c)
is that the luminescence intensity of MgAl-LDH and Mg(OH),
goes through a maximum at 200 K. This is an unexpected
result, since increased lattice vibration amplitudes at higher
temperatures usually allow excited electrons to access non-
radiative relaxation pathways, returning to the ground electro-
nic state through a release of heat, thermally quenching
luminescence intensity in turn.”> A more detailed temperature
sweep of the MgAI-LDH in 50 K steps is shown in Fig. 4(a).

Here we can observe that not only Band C is affected by this
temperature dependence but also especially Band B, which reaches
its maximum intensity at 100 K. In this more detailed temperature-
sweep, it can be observed that 100 K allows more photons to be
emitted than any other temperature (area ~ 2.6 x 10" cps €V), the
lowest number being emitted at 250 K (area ~ 1.5 x 10" cps eV).
We can also observe that at 200 K a redistribution of luminescence
occurs in comparison to that observed at 83 K, favouring lumines-
cence in Bands C and D rather than Band B.

Luminescence of the MgAl-LDH was tested in triplicate (with
different sample portions) at 83 K, 200 K and 298 K (see
Fig. 4(b) for results at 83 K and Fig. S4, ESI,} for a comparison
of results at all temperatures). Especially at 83 K, the reprodu-
cibility was very closely achieved. Using a smaller step size
(0.5 nm instead of 2 nm) at 83 K revealed that fine-structure in
the bands is reproducible.
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Fig. 3 (a) Comparison between absorption and luminescence spectra for MgAl-LDH, Mg(OH), and Al(OH)s at 298 K. All luminescence data was

corrected and normalised. Absorption intensities were adjusted to properly depict overlapping luminescence bands. (b) Normalised luminescence
spectroscopy results for MgAl-LDH, Mg(OH), and Al(OH)s showing temperature-dependent (83 K, 200 K and 298 K) changes in band intensity and
placement with an excitation wavelength (le,) of 248 nm (5.0 eV). (c) Absolute temperature-dependent luminescence of MgAl-LDH, Al(OH)s and
Mg(OH), at 83 K, 200 K and 298 K. * = artefact at double excitation energy. - - - = 3.12 eV band edge of MgAl-LDH.

Further, we determined luminescence changes upon calci-
nation of the MgAI-LDH between 373 K and 673 K. These results
are depicted in Fig. 4(c). Upon heating, an LDH undergoes
several stages of transformation. First, it loses loosely adsorbed
species and surface adsorbed water up to 373 K. Interlayer
water is more stable and is lost at approximately 473 K. Heating
the LDH further leads to the loss of carbonate interlayer anions
and the hydroxyl groups in either a 2-step or 1-step
process.®>*> For the MgAI-LDH, this was found to be a 2-
step process with the main loss of the hydroxyl groups (first
those bound to Al) at 573 K and main loss of interlayer
carbonate (and hydroxyl groups bound to Mg) at 673 K.*! Of
course, these two latter steps are not discrete and some of both
species will be lost at either temperatures, even in a 2-step process.
Water-loss would decrease hydrogen bonding in the material,

968 | Mater. Adv., 2022, 3, 962-977

while the loss of the interlayer carbonate leads to the expulsion of
CO, and the loss of the hydroxyls to the expulsion of H,0.

Annealing at successively higher temperatures leads to band
narrowing and a shift in the percentage of above- and below-
band-edge luminescence (above-band-edge emission at 83 K:
47% untreated, 52% at 373 K, 43% at 473 K, 34% at 573 K, and
37% at 673 K). At 373 K the removal of surface water yields
better defined, more intense bands, as also found in ZnAl-LDH
upon dehydration.” Interestingly, removal of interlayer water
leads to a loss of some luminescence intensity. The lumines-
cence dependence on hydration substantiates previous
suggestions”® of a non-radiative relaxation mechanism
through the interaction with water (water-oxidation on the
photogenerated hole on the OH groups®)—a good indication
of their suitability for photocatalytic water-splitting.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Luminescence temperature-dependence of MgAl-LDH showing results at 83 K, 100 K, 150 K, 200 K, 250 K and 298 K. (b) Luminescence
spectroscopy repeatability results for MgAl-LDH at 83 K. The standard stepsize was 2 nm (36.41 meV to 5.89 meV). Luminescence of MgAl-LDH rep 2 was
recorded with a stepsize of 0.5 nm (9.15 meV at 260 nm to 1.47 meV at 650 nm). (c) Luminescence changes upon calcination of MgAl-LDH at 373 K to

673 K (spectra acquired at 83 K) * = artefact at double excitation energy. - - - = 3.12 eV band edge of MgAl-LDH.

Loss of the hydroxyl groups and re-arrangement/loss of the
interlayer carbonate due to a lack of H,O and hydroxyl bonding
partners at 573 K and 673 K leads to a loss of Bands A and B as
well as a small depression of Band D. It has been shown that
this process of carbonate and hydroxyl-group removal can lead
to the grafting of oxide anions to the LDH layers.*> While
typically little attention is given to the electrons during the
conversion process, these are quite important for luminescence
characteristics. Expulsion of one carbonate anion leaves behind
an 0>~ anion and the expulsion of two hydroxide groups an O~
anion and an oxygen vacancy (upon the loss of a water mole-
cule). The material thus changes in oxygen content and the
availability of ““free” electrons while retaining charge neutrality.
It is hereby expected that remaining carbonate ions would
preferentially arrange themselves into places that stabilise
possible defects in the structure and interact more closely with
the LDH layers (metal ions).*°

3.4 Excitation spectra of MgAl-LDH

Excitation spectra obtained monitoring luminescence in the
LDH at 298 K at nine points along the spectrum reveal that a

multitude of excitable states above and below the graphically
determined band edge contribute to the luminescence
observed (Fig. 5(a)). Hereby, luminescence below the band edge
results almost entirely from a multitude of excitable states
above it (although luminescence is observed up to 1 eV below
the band edge) and the contribution of each of these states to
the different luminescence energies varies. Highest lumines-
cence intensity of all bands is obtained through excitation
between 4.5 eV and 3.0 eV. Below 3.0 eV, states able to yield
luminescence fall sharply in intensity but are nevertheless able
to contribute. This correlates well with the absorption spec-
trum, but with more resolution, achieving the highest lumines-
cence intensity with excitation in regions of optimal absorption
(an expected result). Combined with the luminescence results
through excitation at 5.0 eV, these results give us complemen-
tary insight into the charge recombination behaviour in the
LDH: excitation at 5.0 €V leads to observation of the “trickling
pathway” of excited carriers to the band edge releasing lumi-
nescence on its way, while the excitation spectra give us insight
to which states contribute most to each band of luminescence
observed.

a) Luminescence b)

Absorption 4.13eV

Luminescence intensity [a.u.]

Excitation

2146V

2.02eV |

Luminescence intensity, 2.02 eV [a.u.]

55 50 45 40 35 30 25 20 55 50 45 40

35 30 25 20 34 32 30 28 26 24 22 20

Energy [eV] Energy [eV] Energy [eV]
Fig. 5 (a) Excitation spectrum of MgAl-LDH between 5.6 eV and 2.0 eV, monitoring luminescence at 4.13 eV, 3.54 eV, 3.18 eV, 2.95 eV, 2.82 eV, 2.67 eV,

2.38 eV, 2.14 eV and 2.02 eV. (b) Close-up of the excitation scans monitoring emission at 4.13 eV, 2.38 eV, 2.14 eV and 2.02 eV to expose below-band-
edge fine structure and that far above the band edge. (c) Deconvoluted excerpt of the 2.02 eV excitation spectrum showing defect states below the band
edge and the distinct feature of overlapping sharp bands between 2.75 eV and 2.5 eV (yellow). * = artefact at double excitation energy. - - - = 3.12 eV
band edge of MgAl-LDH.
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In Fig. 5(b) we can observe that luminescence monitored at
2.38 eV, 2.14 eV and 2.02 eV forms almost identical excitation
patterns whereby the luminescence intensity depression is
similar to the excitation spectra intensity. It is interesting that
these three spectra correlate so beautifully, considering that the
luminescence spectrum was obtained through excitation at
5.0 eV and excited charge carriers had to relax to the band
edge first before partaking in radiative relaxation. The correla-
tion indicates that processes yielding luminescence of energies
lower than the bandgap energy are similar, whereas lumines-
cence at higher energies has differing origins. Particularly, the
scans at 2.14 eV and 2.02 eV are identical (apart from intensity)
while the scan at 2.38 eV shows a higher energy contribution
(3.24 eV) to luminescence that is not as prevalent in the (lower
energy scans). In addition, it indicates that states above the
valence band (VB) edge must be available that roughly match
the AE of the observed luminescence (roughly 0.24 eV and
0.12 eV between the three green scans) to yield luminescence at
different energies although the excitation spectra are almost
identical. Fundamental vibrations available at these energies
are those involving the carbonate anion, the v;, 3, str. and H,O-
CO5>” br. vibrations (Table 2), which suggests an interaction of
this anion in relaxation pathways involving luminescence far
below the band edge. Further, the strongly favoured lumines-
cence from excitation of states within the CB indicates that the
conversion of absorbed- into emitted light is more efficient
than excitation of states below the band edge. A larger fraction
of excitation of these lower energies must thus be converted to
heat, i.e. non-radiative relaxation. Excitation of MgAI-LDH at
3.8 eV is shown in Fig. S5 (ESIt) and shows that the lumines-
cence spectrum remains similar, but has increased counts. A
1.4-fold increase in luminescence is expected if corrected for
the higher absorbance at 3.8 eV. A 10.5-fold increase in lumi-
nescence at 3.12 eV is observed though. This shows that
excitation so far above the band edge is not ideal and leads
to increased recombination through non-radiative means
above the band edge. Generally, the luminescence efficiency
of MgAI-LDH is expected to be low, since it reflects a large
portion of incident photons and, in powdered form, does not
luminesce visible to the naked eye.

Finally, some of the excitation scans show similar features,
such as the triple band state in the grey, yellow and dark green
scans (Fig. 5(b)) and the distinct sharper feature at 3.24 eV
present in the orange and yellow scans. One of the scans (red,
monitoring at 3.18 eV, close to the band edge), is also notice-
ably less complex and of higher intensity. Deconvolution
revealed each scan to be reconstructible with bands at the
same positions. Thus, although luminescence of each band is
favoured from excitation at different energies, the underlying
states and thus the pathways to radiative relaxation may be
overlapping to a degree. At present, this deconvolution cannot
be taken as absolute, but it is encouraging to learn that
excitation spectra can aid in uncovering available states in
LDHs with more resolution than absorption spectra can. An
excerpt is shown in Fig. 5(c), showing the rich and reproducible
structure below the band edge that exists in scans monitored at
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2.38 €V, 2.14 eV and 2.02 eV. Further, the fine-structure below
the band edge shows a distinct accumulation of sharp bands
between 2.5 €V and 2.75 €V indicated in yellow in Fig. 5(c)—a
special defect state. It also shows that overlapping states exist
between 2.0 eV and 2.9 eV that may be less delocalised than this
special state. The fine-structured region—and particularly the
existence of the special state—is the first observation of its kind
in LDHs.

4 Discussion

4.1 What we can learn from comparing the absorption spectra
of MgAI-LDH, Mg(OH), and Al(OH);

DFT studies of MgAI-LDH'* and the hydroxides*"*> have
revealed that the same kinds of transitions are predominant
in the LDH and the hydroxides: O 2p — Mg/Al 3p and O 2p —
Mg/Al 3s, O 2p states forming the VB edge and the metal states
contributing to the CB. Contrary to previous explanations,””® Al
definitely contributes to the available states in the CB, as visible
in the absorption and luminescence results (and the computa-
tional results*”). These transitions are expected to feature
especially prominently in Points 2 and 3 and Bands A and C
as a result of the strong overlap. Interestingly, Band A can be
exactly replicated through linear combination of the hydroxide
spectra in the 2Mg: 1Al ratio, Band C very closely (less broad)
(Fig. S6, ESIf)—a strong indicator that these bands are a more
direct result of contributions by the metal ions.

In all three materials, these transitions dictate—in part—the
size of the bandgap. As previously stated, the predicted band-
gap of MgAI-LDH (2.76 eV) is close to our graphically deter-
mined value (3.12 eV). Ab inito calculations*’ of Mg(OH),
predicted, however, that its theoretical bandgap is significantly
larger (7.70 eV). This extremely large bandgap does not agree
with our findings, where the hydroxides show significant
absorption, overlapping with that of the LDH. Interestingly,
the calculated bandgaps also do not always correspond to those
obtained experimentally in literature, where low bandgap
values in the range of 2.6 eV to 3.5 eV have been observed for
Mg(OH),."**> We believe these differences to be a result of the
limitations of computational approaches (complexity and size
of the structures necessary for accurate predictions) and differ-
ent computational methods used.

Other types of transitions are also expected in LDHs. These
could involve the carbonate anion (which has been suggested to
contribute to bandgap narrowing in ZnCr-LDH*®) or be the
result of oxygen and interstitial defects (in sufficient concen-
tration), aliovalent or isovalent impurities (such as the small
amount of Ca present, 0.637 mass%), structural disorder, and
strain and stress in the crystal. These are known to contribute
to bandgap narrowing in other semiconductors,*”*® particu-
larly making states available for excitation close to or below the
CB edge where exciton formation can also contribute.”® In
addition, it is possible that electrons situated within the VB
be excited into the CB with sufficient energy. Such excitation
would broaden the bands and could introduce new ones above

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the band edge. Another LDH-specific effect that could contribute
to band broadening/bandgap narrowing is the effect we have
termed “islanding”. LDHs (especially of the 2:1 ratio type) are
generally considered globally ordered instead of the cations
being randomly distributed within the lattice.>® Mg,AlOH clus-
ters are expected to dominate.’®>" It can thus be broadly
assumed that the AI’* ions in the LDH lattice are mainly
surrounded by Mg>" ions, forming a charge deficient island in
their midst (see Fig. 1(b)), which could be responsible for the
formation of an inhomogeneous density of states in the CB/near
the CB edge. Dependent on the overlap of localised wavefunc-
tions and the proximity to the CB, the above-mentioned defects
could thus form an impurity band below the band edge, which
could merge with band states if the Anderson-Mott limit is
exceeded,’®—thus becoming accessible—and present with an
Urbach energy (band tail) in absorption spectra.**** We believe
this impurity-band-formation below the band edge to be respon-
sible for the continuum in the absorption spectra.

4.2 Relaxation to states within the CB and recombination
yielding photons of energies exceeding the bandgap energy

As has been described in the Results section, 47% of lumines-
cence (at 83 K) occurs at energies exceeding the bandgap
energy—a considerable fraction and an unexpected result con-
sidering that the typical assumption is that excited electrons
relax to the band edge before radiatively recombining with the
hole. Emission of photons of energies exceeding the bandgap
energy are plausible only as a result of radiative relaxation from
states within the CB, excitation of electrons within the VB or
radiative relaxation to high-energy states above the upper VB
edge. In the excitation spectra of MgAI-LDH, we can observe a
multitude of excitable states above the lower CB edge which
contribute in different strengths to emission of photons with
energies exceeding the bandgap energy. These states (shown in
Fig. S7 as a result of deconvolution, ESIt) show us that there
exist plausible levels within the CB to which an excited electron
could relax non-radiatively (Pathway o) and from which emis-
sion could subsequently occur. Coupled with non-radiative
relaxation from vibrational levels above the band edge to the
VB edge (Pathway B), these recombinations could give rise for
the extremely broad and complex part of the luminescence
spectrum observed above the band edge; the most plausible
cause. In addition, some of the luminescence band-breadth
could have resulted from excitation of electrons within the VB
as has been observed, e.g. in Si0,.>* Coupled with relaxation of
the hole to the VB edge, luminescence energy would be lowered
by the difference between the VB state and the VB edge (Path-
way 7). The excited electron can also again engage in Pathways
o and B which would further lower the emitted-photon energy.
While plausible due to the complexity of the LDH structure and
thus density of states in the VB, this mechanism requires
deeper investigation. High-energy states above the VB edge
could not be clearly identified due to the strong contribution
of the overtones, but could be present at around 1 eV and
above, considering the strong absorption in that region causing
a flat absorption band.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4.3 Temperature dependence of radiative recombination
pathway selection

Emission of photons above and below the bandgap energy
was found to be significantly affected by the measurement
temperature. Raising the measurement temperature leads to
an increase in lattice vibration amplitudes, which usually
encourages non-radiative relaxation.”* This can be observed
in our results by comparing the area of the spectra of MgAl-LDH
at 83 K and 298 K (radiative emission reduction of 38%)
yielding an increase (19%) in below-band-edge emission at
298 K. This dependence on the temperature indicates that
there exists a competition between radiative and non-
radiative deactivation from meta-stable CB states, and espe-
cially an influence on the efficiency of non-radiative relaxation
of excited charges to the band edge before recombination. This
path dependence is solidified by the repeatability results, which
show that even though repeatability is closely achieved at 83 K,
some differences exist at higher temperatures (see Fig. S4,
ESI{), indicating the thermal activation/deactivation of some
radiative relaxation pathways.

The band structure of complex materials like these can
contain a multitude of local energy minima in addition to the
absolute minimum that would be used for the calculation of
the bandgap in theoretical work because of the inhomogeneity
of the material (the distribution of metals, different bond types,
the presence of the anion or of defects). Should these minima
be favourably positioned energetically, it could be possible for
excited electrons to get trapped in them (especially at low
temperatures). With suitably large vibrational coupling, higher
temperatures could then aid in overcoming potential barriers
and allow relaxation to the band edge (this is the predominant
emission point at all temperatures other than 100 K, as seen in
Fig. 4(a)). This vibrational coupling, or electron-phonon cou-
pling (polaron formation), we believe to be especially promi-
nent in LDHs due to their polar-ionic nature and the loss of
symmetry that allows, e.g. the vibrational overtones observed in
our results to be strongly visible although they should actually
be forbidden. This coupling would require the presence of local
defects and impurities to locally deform the lattice upon
phonon emission®*—both are expected to be present. We
believe that this kind of activation causes the increase in
luminescence at 200 K for MgAI-LDH and Mg(OH),. In
Table 1 we showed that the anharmonicity of Al(OH); is much
lower than that of Mg(OH),, giving an explanation as to why
this luminescence increase at 200 K is not seen in Al(OH);.
Unfortunately, as a result of the spectral complexity, it is not
possible to quantify the electron-phonon coupling. The
strength of this coupling can be related to the Stokes shift
and the Huang Rhys parameter, but they require clearly identi-
fiable transitions to monitor redshift,”® which are not available.

4.4 Effects causing luminescence below the band edge

From the luminescence results it is clear that emission result-
ing in the formation of Band D presents important mechan-
isms taking place in the LDH to recombine the excited electron
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with the hole at sub-bandgap energies. Band D is present in the
LDH and the hydroxides and must thus present an effect that is
at least in part related to them all. Confirmation of the exact
recombination pathways being utilised in LDHs would be
premature. However, there exist several plausible reasons for
this below band-edge emission, it likely being a superposition
of equally/similarly energetic photons released due to different
mechanisms. These options are discussed in the following
paragraphs.

Vibrational broadening. Radiative relaxation of excited elec-
trons from the band edge to vibrational states of the electronic
ground state (Pathway PB) is the expected default cause of
luminescence broadening, especially at higher measurement
temperatures. This is very strongly observed in the MgAI-LDH
compared to the hydroxides by a strong shift in the peak
luminescence intensity. Three prominent groupings of vibra-
tional states exist in MgAI-LDH (visible in Fig. S7, ESIt)—from
0.32 to 0.44 eV, 0.17 eV to 0.2 eV, and 0.12 eV to the VB edge.
Relaxation, especially to the higher energy levels, would,
hereby, broaden the luminescence spectrum and complicate
the observation of individual pathways of recombination from
different states within the CB and from the CB edge.

Coordination defects. The prevalent interpretation concern-
ing luminescence in LDHs is that it occurs mainly as a result of
surface”'® or coordination®® defects. Defects are often encoun-
tered in LDHs, be they as a result of stacking faults, cation or
oxygen vacancies, or edge and surface sites;>” usually as a
synthesis by-product. The luminescence origin proposed in
LDHs hereby follows a similar interpretation to luminescence
in Mg(OH), and MgO, where it has been found that the type of
oxygen coordination site has a great influence on absorption
and emission properties, being the cause of very complex
spectra in the UV-Vis region below the CB edge.****®! Specifi-
cally, the lower the metal coordination, the lower the absorp-
tion bands resulting from them, the immediate environment
of the site playing a crucial role.”® Luminescence at an
energy overlapping with Band D has previously been postulated
to be linked to such hydroxyl groups in specific low-
coordination sites in Mg(OH),, the band disappearing upon full
calcination.** In Fig. 4(c), we can observe that calcination at
673 K is not enough to remove this band. Since excitation
occurred at 5.0 eV (far above the band edge), for this lumines-
cence to be caused by such a low-coordination defect, the
excited electron (or an exciton formed at the band edge) would
need to be able to bind to the defect to lower the luminescence
energy sufficiently or be able to access states of such a type
below the band edge.

In an attempt to observe whether significant oxygen defects
are present in MgAl-LDH, we analysed the material with X-ray
photoelectron spectroscopy, which is able to pick up percen-
tages upward of 0.1 at% (atomic percent).®® It was revealed that
the O 1s band contains a secondary band (see Fig. S8, ESIt) that
indicates a defect percentage of up to 16 at%. This type of
analysis can be used as an indication of oxygen defects.®®
However, due to this method not having been applied to LDHs
prior, it is uncertain whether this is a true reflection of oxygen
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defects in the structure or also of, for example, compression of
the lattice.®* Nevertheless, we do expect some oxygen defects in
the LDH, which are expected to be contributing to the broa-
dened XRD reflections visible in Fig. 1(a). Visibility of these in
XRD indicates their concentration to exceed 1 at%.%> Consider-
ing our results, we do not agree with assigning all luminescence
to these oxygen/coordination-type defects as often simplified,
but believe that they do play a role in broadening the CB and
emission from above the bande egde as well as being involved
in below-band-edge emission through defect binding. The use
of X-ray absorption studies would be a good addition for future
studies to better characterise these effects.

Accessing defect states below the band edge. In our results,
Band D overlaps with the fine-structured state in the excitation
spectra found between 2.75 eV and 2.5 eV (indicated in yellow
in Fig. 5(c)). At present, it is not known what the exact origin of
this fine-structured band and the surrounding states is. In the
first section of the discussion, it was explored how impurity-
band-formation as a result of structural, oxygen and interstitial
defects, aliovalent or isovalent impurities, disorder, and strain
and stress could cause the formation of an impurity band,
should the wavefunctions of these states sufficiently overlap.
Further, if they overlap sufficiently with the CB, some of these
states might become accessible in the recombination pathway,
causing below-band-edge luminescence (Pathway 3). The fine
structure visible in the excitation spectra indicates that some of
these states overlap with the CB and also each other. Some
connectivity is thus plausible, facilitating access to these states.

Exciton formation and related effects. Excitonic effects have
been postulated in LDHs” and in Mg(OH),"""** to contribute to
below-band-edge emission, but their exact nature (and the
types of excitons present) has not yet been determined. A cause
of below-band-edge emission in related materials (halide per-
ovskites and transition-metal dichalcogenides, 2D and some-
times 3D) has shown to be, for example, exciton trapping/
binding, producing very broad white-light emission.®*”°

LDHs are unique layered structures as a result of the way
that the octahedral units are connected and thus exhibit a
multi-sandwich structure where metal ions form one layer,
enveloped by oxygen and hydrogen and the interlayer region.
This is different to, for example, perovskites, which still contain
octahedrally-coordinated clusters but where the metals and
bonded halide groups fall within the same layer. It is possible
that this kind of structure also allows for the generation of
interlayer and intralayer excitons as separate or linked pro-
cesses. As a result of the structure and bonding types in
the LDH it could be plausible to find Frenkel excitons as a
result of polar-ionic bonding in the layers. Upon recombina-
tion, this kind of exciton with a high binding energy could
release luminescence of more than 0.5 eV lower than the
bandgap energy (Pathway m). This binding energy would
match with luminescence beyond Band C and could potentially
be the cause of excitation in the broad bands of the fine-
structured region. Another alternative could be the forma-
tion of Wannier excitons. Wannier excitons are frequently
observed in semiconductors,”**° contributing significantly to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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just-below-band-edge absorption at low temperatures® and
forming more stable forms in dimensionally confining materi-
als at higher temperatures.® LDHs, as a result of the thin metal
hydroxide sheets, are dimensionally confining perpendicular to
the c-axis. Wannier excitons have a far lower binding energy
than Frenkel excitons, thus theoretically releasing higher
energy photons upon recombination (Pathway (). But, as the
most flexible of the excitons, they can exceed multiple lattice
constants in size®* and could thus extend over different layers
(also interacting with the interlayer region, forming an inter-
layer exciton), and their luminescence energy lowered if, addi-
tionally, they bind to defect states. This type of exciton could
allow for some interesting effects to be observed in the LDH.
Specifically, these excitons could make use of electron/hole
stabilisation sites in the layer (such as the AI’**) and interlayer
(such as the carbonate), which could contribute to their stabi-
lity at higher temperatures. Further, trapping of electrons and
excitons might be facilitated in the LDH by islanding through
attraction to AI’* in the lattice in addition to attraction to
defects, causing self-trapping as a result of strong phonon
coupling—a prevalent effect in polar semiconductors’' and
expected to be amplified here due to the presence of local
defects and impurities® and the 2D-material-like behaviour of
MgAI-LDH.

4.5 The role of the anion

Through the comparison of the hydroxides and the LDH, we
wished to gain insight into the role of the carbonate in
absorption and recombination processes, since the presence
of the carbonate has, for example, been shown to broaden
absorption bands*® and it is credited with greater separated
charge stabilisation in photocatalysts.'”” Bands B and D are
significantly more prominent in the LDH than in the hydro-
xides and both bands are believed to carry some impact of the
carbonate anion. In Band B this luminescence is strongly
affected by calcination, removal of most hydroxide groups
causing a depression in this band. Band D is also somewhat
affected by this removal, showing some luminescence depres-
sion. If the carbonate does contribute to these bands, we expect
the re-arrangement of the carbonate ion as a result of structural
changes, rendering this relaxation route unfavourable. In Band D,
a plausible interaction would also be for the carbonate to act as
a charged hole acceptor state (A~, CO;>~, Pathway &) above the
VB edge (this could result in the greater charge separation and
support previous findings'’) or that the particular vibrational
states forming Point 11 in the MIR region (Fig. 2) create a
particularly important vibrational level in the LDH to which
radiative relaxation is favoured (it is at the same energy as the
difference between the band edge and Band D). The latter
would match with observations of the calcined materials
(573 K and 673 K), which show a successively lower red-shift
measured at 298 K (Fig. S9, ESIt). It would also match with the
results obtained from the almost identical excitation spectra
below the band edge, separated by AE = 0.24 eV and 0.12 eV,
roughly the energetic distance between the carbonate vibra-
tional levels and the VB edge, giving a very strong indication

© 2022 The Author(s). Published by the Royal Society of Chemistry

Materials Advances

Fig. 6 Involvement of the carbonate ion in the relaxation mechanism
through triangular shuffling of excited electrons and holes. 1. Excitation
of an electron in the O 2p orbital partaking in the layer M—OH bonds.
2. Separation of the excited electron to a neighbouring M 3s/3p orbital.
3. Stabilisation of the hole on the carbonate anion. 4. Recombination of the
electron with the hole. 5. Attraction of the excited electron to a near-by
AP* jon (or to an impurity/defect). 6. Excitation of an O 2p orbital in the
carbonate ion.

that the carbonate is involved in radiative relaxation pathways
far below the band edge.

Considering the spatial separation of the carbonate from the
layer, we thought it necessary to consider how the involvement
of the carbonate in charge separation/stabilisation could be
facilitated. In the first section of the discussion, it was
described that the predominant contribution of density of
states in the CB is a result of the excitation of an electron in
the O 2p orbital of the M—~OH bonds.** Involvement of the
carbonate ion in the relaxation process could, hereby, be
facilitated by stabilising the hole (which would decrease its
energy and lower the energy of emission) through triangular
shuffling. This mechanism is depicted in Fig. 6.

However, because the carbonate is spatially separated from
the layer, this kind of mechanism would predicate the existence
of Wannier excitons, facilitating access between the layer and
interlayer. It is expected that this kind of process would lead to
broadened bands in the presence of e.g. coordinational defects
that lower the energy of excitation and subsequently emission.

More generally, the presence of the carbonate ion is believed
to be enhancing the much more significant redshift of Band C
at higher measurement temperatures. This redshift is almost
negligible in the hydroxides and is expected to be caused
mainly by the availability of vibrational states that contribute
to levels above the VB edge. These are particularly broad in the
LDH compared to the hydroxides as visible in Fig. 2. In Fig. 7 all
radiative recombination pathways discussed are summarised.

4.6 The effect of calcination

Because the LDH structure ‘“‘collapses” and partially amorphi-
tises with the loss of water, the hydroxides and the carbonate to
form layered double oxides and, eventually, (irreversibly)
spinels,*® because the loss of the hydroxides leaves an O™ anion
and an oxygen vacancy, and because the carbonate re-arranges
in this process, there are many convoluted factors contributing
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Fig. 7 Summary of excitation and and plausible charge recombination pathways. Excitation can occur to fundamental vibrations (FV), vibrational
overtones (VO), defect states (DS, an *DS = special defect state overlapping with band D) and CB states (CBS). Luminescence results of this study were
obtained through excitation at 5 eV (Ex), far above the CB edge. (2) Non-radiative relaxation to a variety of states within the CB and subsequent radiative
relaxation to the VB edge. This process can precede any of the following pathways and occurs in conjunction with the radiative relaxation to vibrational
states above the VB edge and subsequent non-radiative relaxation to the ground state (). These vibrational levels are also accessed in all following
pathways (radiative relaxation to the band edge shown as a simplification). (y) Excitation of an electron in the VB and subsequent relaxation of the hole to
the VB edge, lowering emission energy. (5) Defect binding of excited electrons above the CB edge. () Interaction with a charged hole acceptor (COz27)
decreasing the hole energy. ({) Formation of a Wannier exciton. (n) Formation of a Frenkel exciton. These excitons can lower emission energy by binding

to impurity/defect states/Al** islands. Absorption spectrum: 298 K, Emission spectrum: 83 K.

to changes in the luminescence behaviour of heat-treated
materials.

Luminescence changes as a result of calcination at as high
temperatures as in our work, have, to our knowledge, not been
reported before. However, luminescence of LiAl-LDH has been
tested in the calcined form at 573 K, with some interesting
results obtained.”® There, it resulted in strengthened blue-light
emission (blue shift from the uncalcined material), thought to
be as a result of the creation of Al sites with 5-fold-oxygen-
coordination.>® Particularly, this blue-light emission was attrib-
uted to vacancy acceptor and donor states (it is uncertain how
these could act as the same state). In our results, we see a
similar, slight blue shift in the calcined materials. But instead
of this being attributed to these defect states—which in our
opinion should reduce the luminescence energy by creating a
state below the band edge akin to MgO results,”®**”? such a
band is also seen in their results around 650 nm (1.9 eV) but
was not observed for MgAI-LDH, which showed no significant
luminescence below 2 eV (Fig. S10, ESIt)—we believe these to
be a function of a reduction in vibrational states available due
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to the reduction in the number of hydroxyl and carbonate
groups in the LDH structure/the rearrangement of the carbo-
nate to defect sites (Fig. S9, ESIt). In future work, the calcina-
tion results will need to be supplemented by targetedly altered
materials, especially concerning defects, to draw definite con-
clusions on the effect of each constituent of the LDH lattice on
luminescence.

4.7 The importance of correct bandgap determination and its
effect on absorption and luminescence interpretation

The most frequently applied methods for optical bandgap
determination of LDHs are graphical (like the Tauc plot
method, or as used here, the absorption spectrum fitting
method). A concern with these methods is that they are strongly
dependent firstly, on accurate fitting of a tangent line and
secondly, that more complex parts of the spectrum which fall
below the main band are often ignored. In MgAIl-LDHs, for
example, low-definition absorption bands are visible in all
spectra® " and the clean absorption edge as predicted from
calculations®** has never been observed in practice. Yet, these

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bands did not form part of the discussion in any of the works.
In one work, multiple bandgaps were even reported for ZnAl-
LDH’ (and excitonic effects predicted above what would be the
lowest band edge), yielding the questions of which one of the
bandgaps is “correct” and which the correct interpretation of
complex absorption spectra with many overlapping bands in
LDHs—as they are also visible in our work—is.

In this work, we graphically determined the bandgap of
MgAI-LDH to be 3.12 eV (Fig. S2, ESIT). This matched well with
the excitation spectra findings. However, depending on the
connection of impurity states to this band, the true bandgap
could be significantly lower. Since the interpretation of lumi-
nescence is dependent on the relative placement of the CB
edge, our work should inspire the careful application of gra-
phical bandgap determination methods and subsequent inter-
pretation. Furthermore, the presence of absorption over the
entire spectral range in the absorption spectrum (Fig. 2) ques-
tions, to some extent, the discussion of the material as a
semiconductor with a well-defined bandgap. Should the band-
gap be significantly smaller as a result of access to band-tail
states, this could be a positive discovery, one that might
accelerate the much desired bandgap-narrowing of semicon-
ductors used in photocatalytic, photoelectrochemical or photo-
voltaic applications. However, due to their likely impurity/
defect nature, their exact origin, their tailorability, and their
impact on charge separation has to be better understood. This
is especially important in consideration of the fact that defects
can both be productive, e.g. yielding active sites in photocata-
lysis, but also contribute to charge recombination, thus low-
ering efficiency. Thus, to better understand the tailoring
options of LDHs, it must be elucidated what the possible
functional contribution of below-band-edge states to facilitate
charge separation is and whether they can be productively used
in the desired applications.

5 Conclusion

In this work, we have shown that MgAI-LDH achieves full-
spectrum absorbance (UV-Vis-NIR-MIR) to varying degrees,
forming a CB with a significant low-energy band tail and
showing a strong contribution to absorption through the
excitation of fundamental vibrations and their overtones. The
band tail holds important information on impurity/defect
states below the band edge and should receive more considera-
tion, rather than omission in discussion as is currently com-
mon practice. Once excited to above the CB edge, excited
charges can use multiple pathways to recombine with the hole
in the VB, 47% of which ended in emission of photons with
energies greater than the bandgap energy at 83 K in MgAIl-LDH
(37% at 298 K), highly dependent on the measurement tem-
perature and calcination (the presence of surface water, hydro-
xyl groups and interlayer carbonate). Temperature dependence
revealed a strong competition between non-radiative and radia-
tive relaxation from meta-stable CB states before reaching
the CB edge, as well as possible polaron formation, increasing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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non-radiative relaxation to the band edge. Pathways contribut-
ing to below-band-edge luminescence are believed to be
relaxation to excited vibrational states above the VB edge,
coordination defects, access to band-tail-states, possible relaxa-
tion of a hole to the VB edge upon excitation of electrons in the
VB, and exciton formation (Wannier and Frenkel) and their
binding to impurities/defects/AI*" islands in addition to the
carbonate facilitating charge separation through a triangular
shuffling mechanism.

LDHs find frequent application in photo-applications such
as photocatalysis, photoelectrochemistry, photovoltaics and
light-emitting diodes. To increase their efficiency in these
applications, our work has revealed a pressing need for the
study of the productive contribution of band-tail states to
charge separation, the impact of exciton generation and their
luminescence as a result of possible self-trapping or binding/
trapping, the mechanism for access of/mechanism of tailoring
access to states below the band edge, the exact types of defects
causing the formation of the impurity band, what the role of
coordination defects is, and untangling the effects contributing
to the strong luminescence in Band D. In addition, since the
anionic layered structure of LDHs adds to their uniqueness, the
role of the carbonate (or more generally, the anion) in radiative
relaxation requires deeper study. For this, DFT studies would be
especially helpful and should be combined with experimental
results where careful determination of the bandgap is matched
to careful interpretation of the full absorption spectrum and
luminescence.
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