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Thermally activated blue-to-purple luminescence of Co-modified
nano-sandrose MgAl-layered double hydroxides (LDHs) is concen-
tration dependent, occurring only for MgCoAl-LDH with a molar
metal cation concentration of 15% Co. Temperature sweep lumine-
scence spectroscopy between 83 K and 298 K shows that the
luminescence is strongest at room temperature, increasing with an
activation energy of 1 kJ mol™ between these temperatures. The
luminescence occurs in a broad, but fine-structured band below
the conduction band (CB) edge at 3.0 eV after excitation at 5.0 eV.

Thermally-activated luminescence is a rare phenomenon'
taken advantage of for interesting applications such as light-
emitting diodes (LEDs) specifically of organic type (OLED),>*
scintillators* and thermal sensing.” The thermal activation
stands in contrast to common luminescence behaviour, where
the intensity of luminescence decreases with an increase in
temperature due to increased lattice vibration amplitudes,
which allow excited electrons to non-radiatively relax to the
ground state through a release of heat.® Inorganic, nano-sized
materials that have shown this kind of behaviour are, for
example, perovskites.>*>” For LDHs, this kind of behaviour
has not been observed previously.

LDHs are layered materials with the formula [MT MX
(OH),][Xy/y?"-nH,0], where M" and M"" are divalent and triva-
lent cations that combine with the interlayer anion X,,,?" (g =
charge, x = molar fraction of trivalent to total cations in the
layer) to create a layered structure similar to brucite.®® LDHs
house a complicated set of bonds—ionic, ionic/dipolar,
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dipolar, hydrogen bonds and van der Waals interactions—
which stabilise the layered structure and give it interesting and
complex fundamental properties.*®

As a result of these interesting properties and the ability to
easily modify their composition and morphology through vari-
ation of the synthesis parameters,"™'" LDHs (and especially
transition-metal modified LDHs) have gained prominence in
studies concerning their use in advanced applications such
photocatalysis,"* electrolysis,"*'* solar cells,"*"® supercapacitors'”*°
and sensors.>**! Recently, there has been particular interest in
their application as LEDs.**">® However, luminescence efficiency
is still being optimised.

In this communication we report the thermally activated
luminescence of bulk, nano-sandrose MgCoAI-LDH, leading to
significant increases in luminescence intensity in the purple-
to-blue-light region. Its concentration dependence is explored
through comparison of the optical properties of MgAI-LDH,
MgCoAl-1, MgCoAl-2, MgCoAl-9, MgCoAl-15, MgCoAl-34,
MgCoAl-52, MgCoAl-69 and CoAl-LDH (MgAIl-LDHs modified
with 1 mol% to 100 mol% of Co through replacement of Mg in
the structure).

The LDHs were prepared using co-precipitation,”” forming
crystalline impurity-free, nano-sandrose (see Fig. S37) struc-
tures approximately 200 nm in diameter of rhombohedral
polytype (3R) in the R3m space group®>® with the characteristic
(003), (006), (009), (015), (019), (110) and (113) reflections and
expected shifts of reflections as a result of Co-replacement
observable in the X-ray diffraction scans (Fig. S1t). The ESI}
describes the preparation method used and shows material
data (crystal structures, compositions and morphology) for the
9 materials in more detail.

Fig. 1(a) depicts the absorption spectra of the series of
LDHs. With an increase in Co, the absorption strength
increases significantly and is strongest for MgCoAl-52,
MgCoAl-69 and CoAl-LDH. The region between 3.0 eV to 6.2
eV, is populated by oxygen-to-metal charge transfer transitions
(O-2p — Mg, Al-3s/p and Co-3d)."* An increase in Co-content
markedly increases the absorption strength, but is most domi-
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Fig. 1 (a) Diffuse-reflectance absorption spectra of MgCoAl-LDHs with Co-modifications between 0% (MgAl-LDH) and 100% (CoAl-LDH). The inset

depicts the abrupt increase in absorption at 0.85 eV for MgCoAl-15. A change in absorption is only distinctly visible from MgCoAl-9. (b) Tauc plot
(graphical) bandgaps of MgCoAl-LDHs with Co-modifications between 0% (MgAl-LDH) and 100% (CoAl-LDH) showing a deviation in bandgap trend

for MgCoAl-15. (c) Comparison of temperature-dependent MgCoAl-15

luminescence spectra with subdivision of band L into L;, L, and Ls.

Luminescence spectra of MgCoAl-LDHs with Co-modifications between 0% (MgAl-LDH) and 100% (CoAl-LDH) at (d) 83 K, (e) 200 K and (f) 298 K
subdivided into four bands (A, B, C and D'°) showing the thermally activated luminescence of MgCoAl-15 in band L. Aex = 5.0 eV for all luminescence
spectra. The luminescence depression of MgCoAl-52, MgCoAl-69 and CoAl-LDH is so significant, that their spectra overlap just above the baseline.

nant only from MgCoAl-15. This is expected to occur as a
result of an increasing hybridisation of Co states in the CB.""
In addition, the absorption spectra contain strong, narrow,
overlapping absorption bands in the visible to near-infrared
light region which can be ascribed approximately to spin-
allowed (v1: *"Tyg('F) — "Tog('F), va: "Tig('F) — *Agy('F), va
*Ty4("F) > *T14(*P), marked green), and to spin—forbidden (v
*Tyy("F) = *T14(*G) and vs: "Tig(*F) - *Tye(*G), marked black)
d-d transitions originating from the excitation of the high-
spin Co”>" ion in 3d” configuration."*® The band at 2.07 eV
(marked with a pink line) can be ascribed to the spin-allowed
excitation of low-spin Co®" (favoured as a result of the low
charge density) from "A;4(°D) — 'Tpy('1)."" The presence of this
transition indicates that a fraction of the Co—which was
desired to be included in the structure as Co>'—is in fact
present in the trivalent Co®" form. This is supported by the
compositional data shown in Fig. S4.7 The latter indicates that
the ratio of Co in the LDH structure is higher than expected,
partially accommodated for by a reduction in Al-content.
MgCoAl-15 contains 15 mol% of Co (Co/[Co + Mg + Al]) with a
22% replacement of Mg for Co. The amount of Co®" present is
estimated to be approximately 15% to 20% of the total Co
content.

The size of the bandgap is crucial for the interpretation of
luminescence mechanisms. An analysis of the graphical band-
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gaps (using the Tauc plot method, Fig. S61) indicates, that the
bandgap of the LDHs narrows slightly with increasing Co-
content (see Fig. 1(b)) and is 3.44 eV for MgCoAl-15, based on
an expected start of sufficient hybridisation of the Co states
with those in the CB at this Co-content level.'*

Notably, the bandgap value of MgCoAl-15 presents a devi-
ation from the otherwise relatively uniform trend displayed in
Fig. 1(b). The value of the bandgap of the other materials,
hereby, overlaps with that of the thermally-activated lumine-
scence band of MgCoAl-15 exactly, as can be observed on
Fig. 1(c). The absorption spectra were obtained through
measurement with an integrating sphere. It is thus believed,
that this deviation from the bandgap trend is a result of the
high luminescence in this region, counting towards reflection
instead of absorption and skewing the absorption data
recorded. Consequently, the true bandgap of MgCoAl-15 is
believed to be 3.0 eV (matching the value of MgCoAl-9 and
MgCoAl-34).

Once charges have been separated through photon absorp-
tion, excited electrons can relax to the ground state via non-
radiative or radiative recombination with the hole in the
valence band (VB) or they can diffuse to the surface where they
may be captured. In the typical mechanism of luminescence,
excited charges non-radiatively relax to the CB edge, from
where they combine with a hole in the VB.® Fig. 1(d-f) shows

This journal is © The Royal Society of Chemistry 2024
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the luminescence spectra of MgAl-LDH modified (through
molar replacement of Mg) with Co for percentages between
0 mol% (MgAI-LDH) and 100 mol% (CoAl-LDH). The lumine-
scence spectra were obtained at three temperatures (83 K,
200 K and 298 K) and show a broad emission band with four
sub-bands (A, B, C and D, similar to MgAI-LDH'?) between 4.5
eV and 2.5 eV, and a shoulder extending to 2.0 eV.

Broad emission spectra are common for LDHs.
broad emission spectra indicate, that the typical process of
luminescence is not fully descriptive of that followed in the
relaxation of excited charges in LDHs. In previous work,'® the
broad emission band of MgAI-LDH was subdivided into the
same four bands (A, B, C, D, shown in Fig. 1(d)) with a
shoulder extending to 2 eV. The bands were ascribed to radia-
tive recombination from meta-stable CB states within an
inhomogeneous CB above the band edge (bands A and B),
radiative recombination from states just above the band edge
and from the band edge (band C), and below-band-edge
luminescence caused by effects of vibrational broadening,
coordination defects, access to band-tail states, and exciton
formation and its binding to defects/Al** islands in addition to
the interlayer carbonate facilitating charge separation (band D
and the shoulder)."®

Fig. 1(d-f) show that, overall and excluding feature L, the
emission is reduced across the four bands and within the
region of the shoulder upon an increase in Co-concentration
at all measurement temperatures. This is in line with frequent
observations in LDHs, which show a reduction in lumine-
scence intensity with increasing TM-content and is often
argued to result in enhanced charge stabilisation.***

At Co concentrations of 1% and 2%, the spectra retain the
same shape as the emission band for MgAl-LDH. From a Co
content of 9%, the main emission slowly starts to shift from
bands B, C and D to band B (general trend, excluding band L).
Conversely, the absorption strength increases with an increase
in Co content (Fig. 1(a)), opposing what could be expected:
higher luminescence with higher absorption strength. Co is
thus very effective at quenching luminescence (especially at
high concentrations): with a 100 mol% Mg-for-Co replacement
(CoAlI-LDH), 99.3% of the luminescence of MgAI-LDH is
quenched (based on the area under the MgAI-LDH spectrum
between 5.0 eV and 2.0 eV).

However, very strikingly, the intermediate composition
MgCoAl-15 displays a strong, relatively broad (roughly 0.5 eV
FWHM (full width at half maximum)) emission band (L) with
significant fine-structure (L;, L, and L;) and a peak lumine-
scence (in L;) at 3.01 eV, 2.98 eV and 2.97 eV at 83 K, 200 K
and 298 K, respectively, in addition to band B visible in the
other materials. The resolved fine structure with narrow lines
shows that the origin of luminescence is a well-defined exci-
tonic species with little to no variation of Coulomb energy.

The excitation energy (5.0 eV) falls within the highest inten-
sity absorption band (see Fig. 2(a)), far above the band edge of
MgCoAl-15 (3.0 eV). The luminescence of band B thus has an
energy exceeding the bandgap, while the luminescence energy
of band L matches the bandgap approximately at highest

10,21,30,31 e
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intensity. Since the luminescence of band B occurs with ener-
gies exceeding the bandgap, it suggests that a meta-stable
band exists within the CB which allows this recombination
behaviour.'® At 298 K, the minimum of this meta-stable band
sits approximately 0.55 eV above the CB edge (Ep on Fig. 2(b)).
This process creates low intensity luminescence (6% of the
total luminescence at 298 K), indicating that only a small frac-
tion of excited charges relaxes through this mechanism. For all
doping levels but MgCoAl-15, the lowering intensity of this
band indicates that a large number of the excited charges have
decayed non-radiatively.

As evidenced through Fig. 1(c-f), the sharp band L remains
similar in width but becomes less defined and more intense
with an increase in temperature, displaying thermally activated
luminescence in the purple-to-blue region of the visible light
spectrum. The temperature-dependence of the thermally acti-
vated luminescence suggests that an activation energy is
required to be overcome. Assuming that it is the result of two
competing processes, this activation energy was calculated
based on the Arrhenius equation

k=Ae BT

using the area under band L between 3.3 eV and 2 eV as k.
This yields an activation energy of 707 ] mol™* between 83 K
and 200 K, 2225 J mol™" between 200 K and 298 K, and 994 J
mol ™" between 83 K and 298 K. The activation energy is thus
higher at 200 K than at 298 K or 83 K. This energy is indicated
as E, in Fig. 2(b).

In total, band L represents 94% of the total luminescence
of MgCoAl-15 (at 298 K). Thus, only for MgCoAl-15, a new,
efficient, thermally-activated recombination channel is
opened, allowing excited charges to non-radiatively relax to the
CB edge from where they recombine with a hole in the VB,
leading to the formation of triple-band L. The thermally acti-
vated luminescence is not observed at any other Co-concen-
tration and is reproducible (see Fig. S7t), although with vari-
ation in intensity.

Since band L only occurs reproducibly in a narrow Co-con-
centration range around 15 mol%, we propose that a sort of Co
dimer is involved in the recombination mechanism, while iso-
lated Co ions and clusters of multiple interacting Co ions
likely do not contribute to this effect. Thus, in all materials
but MgCoAl-15, Co acts as a trap for excited electrons and
induces non-radiative recombination.

Luminescence properties of LDHs have rarely been investi-
gated in depth in the past, leading to a large deficit in funda-
mental understanding of the broader optical properties of
these materials, especially pertaining to recombination mecha-
nisms. In the following paragraphs we wish to explore some
explanations for the behaviour observed and also delve into
the potential causes of the triple-band structure of the ther-
mally activated luminescence.

Fig. 2(c) depicts two scenarios of ion-replacement in a per-
fectly ordered 2:1 MgAI-LDH lattice. In scenario 1, AI*" is
replaced by Co**. In scenario 2, Mg>" is replaced by Co®". The

Nanoscale, 2024, 16, 6449-6454 | 6451
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(a) Comparison of the absorption and luminescence spectrum of MgCoAl-15 at 298 K. The position of the two spin-allowed d—d transitions

4T19(4P) and 4A29(4F) is indicated in green, while the position of the bandgap (3.0 eV overlapping with L,) is depicted in grey and the positions of L, and
Lz are depicted in red. 1o = 5.0 eV. (b) Depiction of the expected radiative transition pathways to create the luminescence bands B and L. E, is the acti-
vation energy required to overcome entrapment in the meta-stable CB band, which minimum is located Eg above the CB edge. E, describes the
highest energy state above the VB edge involved to create the triple-sub-band feature of band L. The path through 4Tlg(“P) is depicted for illustrative
purposes. (c) Depiction of a 2:1 LDH lattice with perfect ordering of Mg?* and Al** ions in the lattice replaced with (1) a Co®* ion (nearest neighbours
Mg or Co cations) and (2) a Co?* ion (nearest neighbours Al, Mg or Co cations). The likelihood of a Co-nearest-neighbour increases with Co-content.

two Co ions have different radii and cause small, local distor-
tions in the lattice and decreases in local layer charge
density. This effect is most pronounced for the replacement
of Mg** with Co?*, as high spin Co?" is 0.25 A larger in radius
(0.745 A) than Mg?*.*® Similarly, low spin Co®" has a slightly
larger ionic radius (0.545 A) than AI** (0.535 A)** and would
thus also cause a slight decrease in local layer charge density
and distortion of the lattice. A lower layer charge density
around the Co (creating a charge deficient island) would pre-
ferentially attract excited electrons and may be just sufficient
to temporarily (loosely) trap them. If this entrapment is not
too deep, thermal activation could reverse the trapping and
allow the excited electrons to relax to the CB edge before
recombining with a hole in the VB—yielding the lumine-
scence of band L (similar to the observation of increased
luminescence with a filling of defect states in air’®). This
mechanism of exciton trapping frequently leads to emission
at energies subceeding the bandgap,® as can be observed for
MgCoAl-15.

The process of de-entrapment may be aided by polaron for-
mation—a coupling of electrons and phonons—and, similarly,
a coupling of the excitons and phonons. Polaron formation
would require for there to be strong electron-phonon coup-
ling.° MgCoAl-15 shows particularly strong lattice vibrations
through anharmonic vibrational behaviour in the infrared
region around 0.85 eV (step change in absorption strength not
seen in the other materials in Fig. 1(a)). The region houses the
first overtones of the MO-H stretching, H,O stretching,
H-bonding and H,0-CO;*>~ bridging vibrations."® Thus,
polaron formation may be especially strong for this material,
aiding in overcoming the required activation energy to reach
the band edge.

While an overcoming of exciton entrapment in the meta-
stable band explains the general presence of band L, it does
not give reason for its sub-band fine-structure. 81% of the

6452 | Nanoscale, 2024, 16, 6449-6454

luminescence of band L occurs at energies lower than the
bandgap (at 298 K), representing a large fraction of the overall
luminescence of band L. We propose that the sub-band-nature
of band L (L, L, and L) maybe a result of a recombination
with a hole temporarily located on the interlayer carbonate
cation, leading to the emission of photons with an energy
matching the difference between the CB edge and the carbon-
ate vibrational levels.

At 83 K A(L; — L) = 0.17 eV and A(L; — L;) = 0.33 eV. This
matches perfectly with the carbonate vibrational levels above
the VB edge with an energy of 0.17 eV for the fundamental
V32 5CO5°~ vibration™ and 0.34 eV for the 13C0;>” combi-
nation vibration.'® These levels are indicated in Fig. 2(b).

An alternative explanation for the presence of band L;
could be the involvement of a deactivation pathway through
the Laporte forbidden d-d transition *Ty,(*P), which is of
slightly higher energy than the L; peak at 83 K. Use of such a
pathway would indicate that an excited electron generated
through a oxygen-to-metal transition relaxes by making use of
a Laporte-forbidden transition, however. Evidence of such
behaviour has been observed in Fe-modified bulk ZnSe poly-
crystals in the past.’” In LDHs, behaviour which could support
such a mechanism has been observed for NiAl-LDH?*® and
CoAI-LDH?® through excitation of the absorption band in the
region of the d-d transition. However, further study is required
to ascertain the involvement of the d-d transition instead of,
for example, a defect state in the band tail.

We thus believe that the involvement of the carbonate ion
is the more likely cause of the triple-band structure of band
L. Its theoretical involvement in the recombination mecha-
nism'® has been strengthened by experimental results con-
cerning an enhanced photocatalytic activity for carbonate-
intercalated LDHs"® but may only be viable in M**M>" LDHs,
since for LiAl-LDH, carbonate presence in the interlayer
caused a depression of luminescence.*”

This journal is © The Royal Society of Chemistry 2024
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In summary, the recombination is believed to occur above
the band edge through a meta-stable band causing the broad-
emission-band B, from the CB edge through thermal activation
to overcome the bottleneck of entrapment at Co island sites
causing the strong-emission-band L, and below the band edge
by recombination with a hole located at the carbonate anion.
The bottleneck to non-radiative relaxation within the CB to the
band edge points to an inhomogeneity in the density of states
as an origin. An activated process may result in a delay in
luminescence, which has been observed in other materials®
and has interesting application potentials in LEDs,>? scintilla-
tors® and thermal sensing.’

The results presented in this communication show that,
besides inorganic materials such as perovskites, LDHs too are
capable of producing rare, thermally activated luminescence.
The strong increase in luminescence intensity at 298 K, little
deviation in peak position and emission of blue-to-purple light
make these materials an interesting choice for potential appli-
cation in thermally stable blue-to-purple-light emitters. Time-
resolved absorption and luminescence spectra, and the deter-
mination of electron spin are expected to further clarify the
excitation and recombination mechanisms occurring within
the LDH. The results of such studies may be supplemented by
application in LEDs to ascertain whether the bulk properties
of MgCoAl-15 can be used to create LEDs with attractive and
abundant long-lived blue-to-purple light emission at room
temperature. Further tuning of the thermal-activation behav-
iour and potential modulation of the luminescence bandwidth
may render these materials an alternative in e.g. low cost LED
applications. Study of structural effects on LDH luminescence
may provide additional insight to other LDHs showing ther-
mally activated luminescence behaviour.
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