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Turning-on persistent luminescence out of
chromium-doped zinc aluminate nanoparticles by
instilling antisite defects under mild conditions†
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Spinel oxide nanocrystals are appealing hosts for Cr3+ for forming persistent luminescent nanomaterials

due to their suitable fundamental bandgaps. Benefiting from their antisite defect-tolerant nature, zinc

gallate doped with Cr3+ ions has become the most studied near-infrared (NIR) persistent luminescent

material. However, it remains challenging to achieve persistent luminescence from its inexpensive

analogs, e.g., zinc aluminate (ZnAl2O4). Because the radius difference of the cations in the latter system is

bigger, it is intrinsically unfavorable for ZnAl2O4 to form Zn–Al antisite defects under mild conditions.

Herein, we report a wet-chemical synthetic route for preparing Cr3+-doped ZnAl2O4 nanoparticles with

long NIR persistent luminescence. It was demonstrated that methanol (MeOH) as an important com-

ponent of the mixed solvent played a critical role in tailoring the morphology of the resulting ZnAl2O4:Cr

nanocrystals. It could particularly drive the formation of antisite defects in the resulting coral-like nano-

particles bearing zinc-rich cores and zinc gradient peripheries. To disclose the effects of MeOH on the

formation of antisite defects as well as particle morphologies, small molecules released during the pyrol-

ysis of metal acetylacetonate precursors were analyzed by using gas chromatography-mass spectrometry.

In combination with density functional theory (DFT) calculations, it was found that MeOH can effectively

catalyze the thermolysis of metal acetylacetonate precursors, in particular Zn(acac)2. Therefore, MeOH

exhibits remarkable effects on the formation of antisite defects by balancing the decomposition rates of

Zn(acac)2 and Al(acac)3 through its volume fraction in the reaction system. This work thus constitutes a

hitherto less common strategy for achieving NIR persistent luminescence from Cr3+-doped ZnAl2O4

nanoparticles by engineering the cation defects under mild conditions.

1. Introduction

Persistent luminescent nanoparticles have been considered as
a promising class of emitters for background-free biomedical
imaging as they are able to emit light after ceasing incident

excitation photons.1–7 Owing to the appropriate fundamental
bandgaps, spinel oxides generally expressed as AB2O4 are
appealing matrices for hosting Cr3+ ions for generating near-
infrared (NIR) persistent luminescence with long afterglow
duration.8–11 Normally, in the crystalline structure of a spinel
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host the divalent cation A occupies the tetrahedral site sur-
rounded by four oxygen atoms, while trivalent cation B
occupies the octahedral site surrounded by six oxygen
atoms.12–14 However, when the positions of cations A and B
are inverted, antisite defects are created. The antisite defects
on the one hand introduce local electric fields that can effec-
tively split the energetic level of the luminescent dopant, typi-
cally Cr3+ ions, to facilitate radiative recombination of charge
carriers to generate persistent luminescence.15–17 On the other
hand, the antisite defects serve as important energy storage
centers before the electrons and holes finally recombine at the
Cr3+ centers upon thermal activation.1,18 In this context, to
effectively manipulate the density of antisite defects is para-
mount for improving the persistent luminescence and dur-
ation of AB2O4 type materials doped with Cr3+ ions.16

Spinel oxides such as ZnGa2O4, MgGa2O4, and
Zn3Ga2Ge2O10 have been well-explored as hosts of Cr3+ ions for
preparing NIR persistent luminescent materials as they natu-
rally possess high levels of antisite defects,16–22 with a cation
inversion ratio typically ranging from 3% to 44%, due to the
comparable radius of cations A and B in these material
systems.16,23 To date, the majority of the host materials are
largely limited to gallate and gallogermanate oxides that are
generally cost-prohibitive. Therefore, non-gallate materials are
being explored as alternatives for hosting Cr3+ dopants. One of
the potential candidates is zinc aluminate (ZnAl2O4) because it
has a suitable optical bandgap of 3.8 eV and is also expected
to be more stable owing to the higher dissociation energy
(501.9 kJ mol−1) of the Al–O bond than that of the Ga–O bond
(374 kJ mol−1), apart from its inexpensive nature. However, the
intrinsically low level of antisite defects, generally below
1%,16,17,24,25 is apparently very unfavorable for zinc aluminate
to serve as a matrix for the persistent luminescence of Cr3+.
Therefore, the synthesis and optical properties of Cr3+-doped
zinc aluminate nanocrystals are much less reported. Thus,
effectively engineering the antisite defects becomes of utmost
importance for achieving efficient persistent luminescence
from zinc aluminate.

Some efforts have been devoted to increase the density of
antisite defects in ZnAl2O4 materials. Through thermal treat-
ment, the cation diffusion and redistribution in the solid solu-
tion state were promoted to increase the level of antisite
defects. For example, ZnAl2O4 powder with inversion rates of
4.3%–17.1% was obtained through the so-called Pechini or co-
precipitation method, followed by a calcination at
600–1350 °C.24 The resulting concentration of antisite defects
is expected to be strongly dependent on the thermal treatment
history. Unfortunately, this method typically leads to particles
of tens of micrometers with poor uniformities and mor-
phologies, hardly suitable for biomedical applications. Apart
from the thermal treatment approach, partly substituting the
cationic ions of the matrix with other types of cationic ions is
also effective for increasing the density of antisite defects.26–28

For example, by partly replacing Al3+ with Ge4+, bulky
Zn1+xAl2−2xGexO4:Cr phosphors showing persistent lumine-
scence decay time up to 120 h were obtained,26 while substitut-

ing Mg2+ with Zn2+ was used to tune the emission profile of
the persistent luminescence of nanosized Mg1−xZnxAl2O4 par-
ticles doped with Cr3+ ions.28 Although the cation doping
introduces defects favorable for Cr3+ persistent emission, it
makes the system too complicated to show the intrinsic effects
of the antisite defects in ZnAl2O4 on the persistent lumine-
scence of Cr3+. Nevertheless, the above-mentioned attempts at
least suggest that ZnAl2O4 can accommodate defects for Cr3+

dopant ions to emit NIR persistent luminescence.
Herein, we report a wet-chemical synthesis of ZnAl2O4:

Cr3+(ZAC) nanocrystals with improved persistent luminescence
by pyrolyzing Zn(acac)2, Al(acac)3, and Cr(acac)3 in a solvent
mixture of octadecene (ODE) and oleic acid (OA) in the pres-
ence of methanol (MeOH). It was found that MeOH played a
very critical role in tuning the size and morphology of the
resulting nanoparticles. For example, simply by varying the
amount of MeOH in the reaction system, the morphological
transformation from coral-like nanostructures to nanocubes
could easily be achieved, besides size tunability. Through sys-
tematic mechanistic studies, the impacts of MeOH on the
pyrolysis of precursors, formation of antisite defects, and
luminescence properties were elucidated by combining the
experimental results with theoretical analysis.

2. Results and discussion
2.1. Synthesis of differently sized and shaped ZAC
nanoparticles

The ZAC nanoparticles were solvothermally synthesized by pyr-
olyzing Zn(acac)2, Al(acac)3, and Cr(acac)3 in a mixture of ODE
and OA in the presence of MeOH at 220 °C. The transmission
electron microscopy (TEM) images of the as-prepared nano-
particles together with the corresponding particle size distri-
butions are shown in Fig. 1. Apparently, not only the size but
also the morphology of the resulting ZAC nanocrystals can
heavily be tuned by MeOH. For example, when the volume frac-
tion of MeOH is increased from 1% to 2%, the average size of
the resulting coral-like particles is decreased from 54.1 ±
5.2 nm (ZAC-1) to 28.4 ± 3.4 nm (ZAC-2). As the volume fraction
of MeOH is further increased to 6% and 8%, the coral-like par-
ticles are transformed into cube- and quasicube-like particles
with the particle size decreased down to 11.8 ± 1.5 nm (ZAC-3)
and 7.4 ± 1.0 nm (ZAC-4), respectively. The selected-area elec-
tron diffraction patterns shown in insets of Fig. 1 suggest that
the resulting particles are cubic phase ZnAl2O4 nanocrystals. It
is worth mentioning that no ZAC nanoparticles could be
obtained in the absence of MeOH although the precursors
seem to decompose at 220 °C as shown in Fig. S1,† suggesting
that MeOH plays a critical role in the formation of the cubic
phase nanocrystals under the given experimental conditions.

Actually, similar size regulation effects were previously
observed for ZnGa2O4:Cr

3+ nanoparticles prepared through a
comparable route.29 It was found out that MeOH could acceler-
ate the decomposition of Ga(acac)3, because it can decrease
the barrier of reaction by reducing the free energy of the polar
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transition state owing to its large dielectric constant (εMeOH =
32.6), which is also applicable for explaining the strong size
tuning effect of MeOH on the current ZnAl2O4:Cr particles. But
in contrast, MeOH was found to have a remarkable ability for
tailoring the morphology of zinc aluminate nanoparticles to
form coral-like particles apart from cube-like ones, which were
not observed for ZnGa2O4:Cr particles.

2.2. Optical properties of ZAC nanoparticles

The typical photoluminescence excitation (PLE) spectra, PL
emission spectra, and PL decay curves of differently sized and
shaped ZAC nanoparticles shown in Fig. 1 were recorded and
are presented in Fig. 2. As shown in the left frame of Fig. 2a,
the PLE signals monitored at 695 nm cover the region of
230–290 nm for coral-like ZAC-1 and ZAC-2 samples with exci-
tation peaks locating at 258 nm, which can be attributed to the
band-to-band transition of the host.1,2 The appearance of the
excitation peak at 258 nm indicates that an efficient energy
transfer process from the host to the Cr3+ dopants occurs in
the coral-like nanoparticles. In contrast, the signals of cube-
like ZAC-3 and ZAC-4 samples monitored at 689 nm cover a
broader region, i.e., 230–600 nm, showing three peaks at
310 nm, 397 nm, and 553 nm, corresponding to 4A2(F) →
4T1(

4P), 4A2(F) →
4T1(F), and

4A2(F) →
4T2(F) transitions of the

Cr3+ dopants, respectively, separate from the peak at around
250 nm.8,30 In these cube-like nanoparticles, the direct exci-
tation of Cr3+ ions upon light absorption at 300–600 nm appar-
ently becomes competitive with the host excitation, which is
obviously distinct from the PL excitation spectra of coral-like
ZAC-1 and ZAC-2 samples. In the latter cases, the relatively low
energy excitation peaks can be observed if the signal intensi-
ties are magnified by 100 times, indicating that the energy
transfer from the host to Cr3+ is probably facilitated by the
increased number of defects in the host lattice during the for-
mation of the coral-like particles.2,31

Although all these samples exhibit luminescence with
similar profiles, the emission peak positions are different. For
example, the emission peaks of coral-like ZAC-1 and ZAC-2 are

Fig. 1 TEM images and selected area electron diffraction patterns,
labeled with lattice planes according to the standard card data for cubic
ZnAl2O4 (JCPDS 82-1043), of ZAC nanoparticles prepared with varied
MeOH volume fractions, i.e., 1% (ZAC-1), 2% (ZAC-2), 6% (ZAC-3), and
8% (ZAC-4), together with the corresponding particle sizes and size dis-
tributions extracted from the TEM images (the embedded scale bars
correspond to 100 nm).

Fig. 2 Photoluminescence spectra together with the corresponding photoluminescence excitation spectra recorded upon excitation at 254 nm
with a Xe lamp (a), and NIR persistent luminescence decay curves (b) of the ZAC 1–4 particles dispersed in cyclohexane.
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centered at 695 nm under excitation at 254 nm, while the emis-
sion peaks of cube-like ZAC-3 and ZAC-4 are shifted to 689 nm.
The former emission can be attributed to the N2-line emission
of the Cr3+ dopant in an octahedron distorted by Zn–Al antisite
defects through 2E → 4A2 transition, which in principle
accounts for the long persistent luminescence of Cr3+

dopants,32,33 while the latter emission can be attributed to
zero phonon line (known as R1-line) emission of a Cr3+ ion in
an ideal undistorted octahedron through 2E → 4A2
transition.28,34,35 The above steady-state luminescence results
suggest that the coral-like ZAC-1 and ZAC-2 have sufficient Zn–
Al antisite defects to enable the N2-line emission from the
Cr3+ dopants in the zinc aluminate matrix, in contrast to the
cube-like ZAC-3 and ZAC-4. It has been previously revealed that
the Li substitution of Al sites beside Na sites in NaAlSiO4:Eu
facilitates defect formation that can effectively boost the emis-
sion intensity and tune the emission color.27 Therefore, it can
be concluded that a limited volume fraction of MeOH in the
solvent is favorable for generating Zn–Al antisite defects, while
further increasing the MeOH volume fraction is unfavorable
for persistent luminescence.

The persistent luminescence from ZAC-1 and ZAC-2 was
further confirmed by luminescence decay measurements. In
contrast to ZAC-3 and ZAC-4, as shown in Fig. 2b, ZAC-1 and
ZAC-2 present obvious persistent luminescence with long after-
glow after excitation at 254 nm, while cube-like ones do not.
According to the fitting results given in Table S1† based on
multi-exponential functions, the average decay time of the
luminescence centered at 695 nm is close to 295 s and 231 s
for coral-like ZAC-1 and ZAC-2, respectively. The detailed
fitting parameters further revealed that the lifetime of the
fastest decay component of ZAC-1 was around 1.0 s, while the
lifetime of the slowest decay component was up to 330.7 s.
Moreover, the amplitude of the slowest decay component and
the corresponding lifetime-amplitude product were around
36.2% and 87.4%, respectively. These data suggest that the
slowest decay component is dominant and further indicate

that the storage and release of electrons captured by relatively
deep traps are involved in the luminescence of the coral-like
nanoparticles. In contrast, the luminescence of ZAC-3 and
ZAC-4 decreased to the baseline immediately after the exci-
tation was ceased. These transient emission spectroscopic
studies demonstrate that the coral-like particles emit long
afterglow persistent luminescence rather than the cube-like
ones although their actual doping levels are nearly unchanged,
i.e., 0.28% for the coral-like ZAC-2 and 0.32% for the cube-like
ZAC-3.

To rule out the possible size effects on the persistent
luminescence, seed-mediated growth was employed to obtain
nanoparticles with comparable size with persistent lumines-
cent particles. For example, by using ZAC-3 as seeds, the par-
ticles of 28.9 ± 2.5 nm as shown in Fig. S2a† were obtained
and denoted as ZAC-5. The XRD pattern shown in Fig. S2b†
revealed that ZAC-5 had a zinc aluminate spinel structure
according to the standard card data (JCPDS card, no. 82-1043).
The PLE and PL spectra of ZAC-2 and ZAC-5 shown in Fig. S3
and S4† revealed that almost no persistent luminescence was
presented by ZAC-5 although the particle size of ZAC-5 is very
comparable with that of ZAC-2. Therefore, it is reasonable to
deduce that ZAC-1 and ZAC-2 presenting persistent lumine-
scence is not because they have bigger sizes.

2.3. Structural analysis of ZAC nanoparticles

To provide structural evidence for the formation of antisite
defects inside ZAC-1 and ZAC-2 particles, FTIR investigations
were performed. In an ideal ZnAl2O4 crystal, Al3+ ions occupy-
ing the octahedral sites are surrounded by six oxygen atoms
(AlO6).

36,37 However, when it comes to a structure involving
antisite defects, Al3+ ions are partly located in the tetrahedral
sites surrounded by four oxygen atoms (AlO4).

38,39 The FTIR
spectra of four ZAC 1–4 samples shown in Fig. 3a present two
groups of signals in the region of 900–500 cm−1.40 The pres-
ence of absorption bands at around 689 cm−1 and 563 cm−1,
which can be attributed to the symmetric stretching vibration

Fig. 3 FTIR spectra (a), and powder X-ray diffraction patterns together with JCPDS card data (82-1043) at the bottom (b) of the ZAC 1–4
nanoparticles.
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and bending vibration of AlO4, suggests that ZAC-1 and ZAC-2
possess a certain number of AlO4 structures that form the anti-
site defects.38,40 However, for ZAC-3 and ZAC-4, these two
bands shift back to the normal positions for the symmetric
stretching vibration and bending vibration of the AlO6 form,
i.e., 668 cm−1 and 545 cm−1, respectively. Therefore, ZAC-3 and
ZAC-4 do not show observable persistent luminescence due to
the lack of antisite defects.

The XRD results shown in Fig. 3b further reveal that the
variation of MeOH volume fraction does not alter the zinc alu-
minate structure of the resulting particles. However, all diffrac-
tion peaks of ZAC-1 and ZAC-2 in comparison to standard data
for zinc aluminate shift toward higher angles with diffraction
peaks locating at high angles shifting more heavily. As the
bond length (1.70 Å) of Al–O in the AlO4 tetrahedron is shorter
than that (1.97 Å) of Zn–O in the ZnO4 tetrahedron, the partial
substitution of Zn2+ with Al3+ to form the AlO4 structure will
reduce the tetrahedral bond length by 0.27 Å.41,42 In contrast,
substituting Al3+ with Zn2+ to form the ZnO6 octahedron will
increase the octahedral bond length by 0.19 Å, given the fact
that the bond length (2.11 Å) of Zn–O in the ZnO6 octahedron
is longer than that (1.92 Å) of Al–O in the AlO6 octahedron.

41,42

Thus, these two types of substitutions will lead to a net lattice
contraction as the tetrahedron will experience a heavier distor-
tion than the octahedron. Therefore, the shifting of the diffrac-
tion peaks to higher angles supports the partial substitution of
Zn with Al in ZAC-1 and ZAC-2, but does not exclude the sub-
stitution of Al with Zn. Regarding ZAC-3 and ZAC-4, the diffrac-
tion peaks slightly shift to lower angles, probably because Al3+

is heavily replaced by Zn2+,43 which finds supportive evidence
from a Al/Zn ratio of 1.7 : 1 determined through ICP-MS for the
cube-like particles, i.e., ZAC-3, which is largely away from the

stoichiometry of zinc aluminate. In contrast, the Al/Zn ratio is
around 2 : 1 for the coral-like particles, i.e., ZAC-2, which sup-
ports the existence of antisite defects therein.

2.4. Structure and formation of coral-like nanoparticles

To show the detailed morphology of the resulting nano-
particles, HRTEM measurements were carried out to show the
structural difference between the coral-like particles (Fig. 4a)
and the cube-like particles (Fig. S5†). The results given in
Fig. 4a reveal that the coral-like particles are formed by crystal-
line domains showing a specific orientation that can quantitat-
ively be described by a texture coefficient (TC) following the
equation given below based on XRD results:

TCðhklÞ ¼
N

IðhklÞ
IoðhklÞ

� �

P
n

IðhklÞ
IoðhklÞ

� � ð1Þ

where I(hkl) is the experimentally determined intensity of the
diffraction peak from a specified plane (hkl), Io(hkl) is the stan-
dard intensity obtained from JCPDS cards, N is the total
number of reflections, and n is the number of diffraction
peaks. According to this equation, if TC(hkl) = 1, the crystalline
domains are randomly oriented, otherwise TC(hkl) is larger
than 1. According to the data given in Fig. 3b, the TC(311) value
calculated ranges from 1.26 for ZAC-1 to 1.31 for ZAC-2, con-
firming that the crystalline grains attached to each other via
(311) planes to grow bigger.

To provide further compositional information for under-
standing the persistent luminescence of the coral-like par-
ticles, element mapping was carried out by using high-angle

Fig. 4 HRTEM image of a typical coral-like ZAC nanoparticle together with its magnified parts shown within different color squares overlaid with
the identification of crystal planes according to JCPDS card (82-1043) for ZnAl2O4 spinel (a), and STEM-EDS elemental mapping of twin coral-like
nanoparticles (b) (the embedded scale bars correspond to 10 nm).
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annular dark-field scanning transmission electron microscopy
(HAADF-STEM). According to the detailed results given in
Fig. 4b, Zn atoms are preferentially distributed in the central
area of the selected twin particles, while Al atoms are rather
evenly distributed throughout the whole particles. Therefore, it
can be concluded that the persistent luminescent particles
have a zinc-rich core and zinc gradient periphery. In other
words, in the central area Al is prone to be replaced by Zn,
while in the marginal area Zn is prone to be replaced by Al.
Thus the formation of high level antisite defects is encour-
aged. In contrast, such a structure was not observed from the
cube-like nanoparticles shown in Fig. S6.† It can therefore be
concluded that the zinc-gradient structure is favorable for gen-
erating Zn–Al antisite defects that are responsible for the per-
sistent luminescence of the coral-like ZAC particles.

2.5. Formation mechanism of antisite defects

The formation of the above-mentioned structure with a Zn-rich
core and zinc gradient periphery implies that the thermal
decomposition rates of Zn and Al precursors are dependent on
the level of MeOH volume fraction. To demonstrate this
hypothesis, the thermal decomposition kinetics of each metal
acetylacetonate precursor were investigated by monitoring the
generation of small molecules upon solvothermal decompo-
sition in the presence of MeOH. The small molecules released

at different stages of the heating process were analyzed by
GC-MS. As shown in Fig. 5a, two major types of GC signals are
presented and can be attributed to acetone and methyl
acetate, respectively, according to the MS signals at m/z = 58
and m/z = 74 as shown in Fig. S7.† In the previous well-docu-
mented investigations, acetone is one of the major small mole-
cular products of the pyrolysis of metal acetylacetonates,44,45

while the presence of methyl acetate as a byproduct indicates
that a possible reaction between MeOH and metal acetylaceto-
nates takes place during the pyrolysis of metal acetylacetonate
precursors. Therefore, the acetone signal can be used for
monitoring the decomposition of the precursor, while the
methyl acetate signal can be used for monitoring the involve-
ment of MeOH in the current preparation. In this context, the
signal evolution of acetone and methyl acetate, normalized
according to the concentration of the acetylacetone ligand, is
plotted against the reaction time of the solvothermal process.
As shown in Fig. 5b, the acetone signal appears at 0.25 h and
then reaches the maximum value at 3 h with respect to Zn
(acac)2, indicating that the pyrolysis of the Zn precursor starts
quickly after being heated to 220 °C and then takes place more
vigorously during the initial 3 h of reaction. Thereafter, the
pyrolysis reactions slow down according to the dramatically
decreased acetone signal intensity. Although the acetone
signal variation tendency is similar for Al(acac)3, the signal

Fig. 5 Gas chromatograms of the pyrolyzed products of Zn(acac)2 and Al(acac)3 in the presence of MeOH collected at different reaction time
points with the acetone and methyl acetate signals highlighted by light and dark gray, respectively (a), and the temporal amounts of acetone and
methyl acetate normalized according to the initial concentration of the acetylacetone ligand (b).
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intensity increases much more slowly to reach the maximum
value at 6 h post-pyrolysis, apparently falling behind the zinc
counterpart. Regarding the formation of methyl acetate, the
temporal signals given in the right frame of Fig. 5b present
tendencies very similar to those of acetone generated from
both systems, implying that MeOH may deeply be involved in
the pyrolysis of the current metal precursors.

It merits mentioning that all results given in Fig. 5 are
based on the volume fraction of MeOH for ZAC-3, because the
volume fractions of MeOH for ZAC-1 and ZAC-2 were too low to
generate detectable signals for acetone and methyl acetate,
suggesting that MeOH can largely accelerate the decompo-
sition of the metal precursors, particularly the Zn precursor.
The unmatched decomposition rates of Zn(acac)2 and Al(acac)3
at a low MeOH level thus explain the zinc-rich core structure of
ZAC-1 and ZAC-2. Probably because at a high level of MeOH
the concentration of Al monomer becomes high enough, zinc
rich structures are observed from ZAC-3 and ZAC-4, but the
zinc-rich core is missing, partly due to the great decrease of
the particle size.

In principle, as a strong polar reagent MeOH is reasonably
expected to nucleophilically attack the electron-deficient carbo-
nyl C atom in the acetylacetone ligand of the metal precursors.
The cracking of the C–C bond in consequence produces
methyl acetate. It is assumed that the next hydrolysis step
takes place through a nucleophilic attack of the M center by
water molecules in the precursor hydrate, protons are trans-
ferred to enolates, and thus acetone is produced. The whole
process leads to the formation of M–OH which represents the
nucleating monomer units of ZnAl2O4 nanocrystals for
forming Al–O–Zn bonds through the condensation reaction as
shown in Fig. S8.† Therefore, in combination with the methyl

acetate signal evolution, it is reasonable to propose that MeOH
binds with metal acetylacetone precursors to catalyze their
decompositions.

To provide further insights into the underlying molecular
mechanism and particularly the thermodynamic aspects of
the interactions between MeOH and metal acetylacetone pre-
cursors, density functional theory (DFT) calculations were per-
formed. Active sites including the central metal ion apart from
the carbonyl moieties in acetylacetonate are also considered.
The detailed theoretical calculation results shown in Fig. 6a
reveal that the binding energy will be −8.77 kJ mol−1 if the
hydroxyl oxygen of MeOH binds with the carbonyl C of the
acetylacetonate ligand. However, if MeOH directly coordinates
with the bivalent central metal ion, e.g., Zn2+, the binding
energy goes further down to −27.54 kJ mol−1. It is in principle
also possible for the hydroxyl hydrogen of MeOH to attack the
carbonyl O site of the acetylacetonate ligand, then the binding
energy goes to −25.48 kJ mol−1. All these results suggest that it
is energetically favorable for polar MeOH to attack the zinc
acetylacetonate through three different sites, i.e., central metal
ion, carbonyl carbon, and carbonyl oxygen moieties. The fron-
tier molecular orbital calculations were also performed to
support the different interaction patterns between MeOH and
Zn(acac)2. As shown in Fig. 6b, once the Zn(acac)2 interacts
with MeOH, the charge densities of the six-membered conju-
gated ring in the HOMO state are heavily redistributed regard-
less of the interaction sites. In consequence, the length of the
CvO bond of the acetylacetone ligand is elongated by 0.008
and 0.001 if O receives electrophilic attack and the C site
receives nucleophilic attack by MeOH, respectively, as shown
in Fig. 6c. The corresponding Mayer bond orders are decreased
by 0.058 and 0.004, respectively, as shown in Fig. 6d. In con-

Fig. 6 Possible complexes formed using MeOH and Zn(acac)2 (a), HOMO orbitals and energy levels of Zn(acac)2 in the absence (left) or under
attack by MeOH at O, C and Zn sites, respectively (b), together with the corresponding bond lengths (c), and Mayer bond orders (d) of the carbonyl
groups upon interaction with MeOH.
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trast, if MeOH attacks the central Zn2+ ion, the CvO bond
length is shortened by 0.002, and the Mayer bond order is
increased by 0.028. These theoretical calculations suggest that
the CvO bond strength of Zn(acac)2 is apparently weakened
after being attacked by the MeOH molecule, particularly when
the hydroxyl hydrogen of MeOH electrophilically attacks the
carbonyl O site of Zn(acac)2. Therefore, it can be concluded
that MeOH can catalyze the pyrolysis of the zinc precursor
from thermodynamic aspects, which explains why no particles
were obtained out of the reaction system in the absence of
MeOH.

To further show the difference between the zinc and alumi-
num precursors with respect to thermolysis behaviors, DFT
calculations on Al(acac)3 under attack by MeOH were also
carried out. In general, it was found out that it is energetically
unfavorable for MeOH to directly coordinate with the central
Al3+ ions, probably due to the steric hindrance effects of the
triple ligands.29 However, MeOH can still attack the carbonyl
moiety of Al(acac)3 through the C site and O site, respectively,
as given in Fig. 7a and b. But the binding energies are largely
different, i.e., −35.41 kJ mol−1 for the electrophilic attack of
the O site and −8.02 kJ mol−1 for the nucleophilic attack of the
C site. Moreover, according to the variations of bond length
and Mayer bond order given in Fig. 7c and d, the electrophilic
attack of the O site of the Al(acac)3 is energetically much more
favorable. Nevertheless, the catalyzing effect is weaker than
that for Zn(acac)2, which is evidenced by the reduction of the
Mayer bond order of the CvO group, e.g., 0.039 for Al(acac)3
vs, 0.058 for Zn(acac)2. This difference further explains the
existence of a zinc-rich core, which is observed when the
volume fraction of MeOH is limited (e.g., ZAC-1 and ZAC-2).
However, when the volume fraction of MeOH is high enough,
e.g., ZAC-3 and ZAC-4, the pyrolysis kinetics of Al(acac)3 is
accelerated to provide sufficient monomers. As a consequence,
the resulting particles become much smaller and the particles
with zinc-rich cores lose their forming foundation as well.

All the above evidence reveals that MeOH can largely regu-
late the pyrolysis of metal acetylacetonate precursors, as pre-
viously observed.29 For example, by manipulating the
decomposition of the Cr(acac)3 precursor, effective Cr3+-
doping was realized in achieving persistent luminescence from
ZnGa2O4:Cr

3+ nanoparticles. Similarly but differently, MeOH
plays a key role herein in balancing the thermolysis of Zn
(acac)2 and Al(acac)3. When the volume fraction of MeOH is
below 2%, the pyrolysis of Zn(acac)2 precursors is more kineti-
cally and thermodynamically favorable than that of Al(acac)3,
leading to the formation of coral-like nanoparticles with zinc-
rich cores. Along with the quick consumption of the Zn precur-
sor, the increased pyrolysis of the Al precursor enables the for-
mation of the following zinc gradient structure at the periph-
ery of the coral-like particles. Thus, the formation of antisite
defects is remarkably encouraged. Therefore, the polar MeOH
behaves like a molecular switch to give rise to persistent
luminescence from ZAC nanoparticles under mild conditions.

3. Conclusion

In summary, coral-like ZnAl2O4:Cr nanoparticles with a
tunable size and long NIR afterglow luminescence were
achieved via a MeOH-mediated wet-chemical synthesis. It was
found out that properly balancing the decomposition rates of
Zn and Al precursors with MeOH can effectively drive the for-
mation of Zn–Al antisite defects in the coral-like ZnAl2O4:Cr
nanoparticles with zinc-rich cores and zinc gradient periph-
eries. This is because the pyrolysis of Zn(acac)2 is more kineti-
cally favorable than that of Al(acac)3 in the presence of a
limited amount of MeOH, which is also supported by theore-
tical analysis through DFT calculations. Under optimized con-
ditions, the coral-like ZnAl2O4:Cr nanoparticles obtained
present reasonably long persistent luminescence. Nonetheless,
further increasing the amount of MeOH in the reaction system

Fig. 7 Possible complexes formed using MeOH and Al(acac)3 (a), HOMO orbitals and energy levels of Al(acac)3 in the absence (left) or under attack
by MeOH which attacks at the O and C sites, respectively (b), together with the corresponding bond lengths (c), and Mayer bond orders (d) of the
carbonyl groups upon interaction with MeOH.
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will also accelerate the decomposition of Al(acac)3, which is
unfavorable for forming the zinc-rich core/zinc gradient per-
iphery structure as well as the Zn–Al antisite defects under
mild conditions. In summary, the current studies have demon-
strated that by properly balancing the thermolysis of Zn and Al
precursors, antisite defects that are essentially required for
generating persistent luminescence out of zinc aluminate
nanoparticles doped with Cr3+ can be created under mild con-
ditions. Thus the current synthesis may provide an alternative
to costly gallate and gallogermanate oxide hosts as persistent
luminescent materials.

4. Experimental section
4.1. Chemicals

All the reagents were directly used as received, including Zn
(acac)2·xH2O (97%, Aldrich) (x ∼ 5), Al(acac)3 (99.99%,
Aladdin), Cr(acac)3 (97%, Aldrich), octadecene (90%, Aldrich),
oleic acid (90%, Aldrich), cyclohexane (99.5%, Beijing
Chemical Works), methanol and ethanol (99.9%, Xilong
Chemical).

4.2. Characterization

Transmission electron microscopy (TEM) images were
recorded with a HT-7700 electron microscope operating at an
accelerating voltage of 100 kV. Electron diffraction (ED) pat-
terns and high resolution TEM (HRTEM) were recorded with a
JEM 2100F electron microscope operating at an accelerating
voltage of 200 kV. The particle size was measured with Image J
by averaging at least 300 particles per sample. A high-angle
annular dark-field (HAADF-STEM) image and energy-disper-
sive spectroscopy (EDS) elemental mapping images were taken
from a JEM ARM200F spherical aberration-corrected trans-
mission electron microscope operating at an accelerating
voltage of 200 kV. Powder X-ray diffraction (XRD) patterns of
the particle samples were recorded on a Rigaku D/Max-2500
diffractometer with the step size of 1° min−1 under Cu Kα1
radiation (λ = 1.54056 Å). The composition of the nanoparticles
was determined by inductively coupled plasma-mass spec-
trometry (ICP-MS) on a Thermo iCAP RQ after they were
degraded in a full automatic microwave with a mixture of con-
centrated HNO3 and hydrogen peroxide. The steady-state
luminescence spectra, decay curves, and the absolute photo-
luminescence QY of the particles dispersed in cyclohexane
were measured using a steady state/transient FLS980 fluo-
rescence spectrometer (Edinburgh Instruments, UK) equipped
with an integrating sphere under excitation at 254 nm. The
decay curves were recorded after the particle sample was
excited for 5 min. Fourier transform infrared (FTIR) spectra
were recorded at room temperature on a Bruker TENSOR-27
FT-IR spectrometer. Thermo gravimetric analysis (TGA) was
performed on a NETZSCH TG209F3 thermogravimetric analy-
zer. Gas chromatography-mass spectrometry (GC-MS) studies
were carried out using a GCMS-QP2010Ultra in toluene.

4.3. Computational method

To elucidate the reaction mechanism, the molecular geome-
tries of the isolated metal acetylacetonate, e.g., Zn(acac)2, Al
(acac)3, MeOH molecules, and all resulting complexes were
optimized by density functional theory (DFT) calculations at
the B3LYP/6-31G(d,p) (nonmetal atoms) + def2-TZVP (metal
atoms) level in the gas phase.46 Then, the vibrational fre-
quency analysis at the same level is applied to confirm
that the optimized geometries are really the minimum
points on the potential energy surfaces. Based on the DFT-
optimized geometries, the Mayer bond orders were calcu-
lated by using the Multiwfn program to show the variation
of bond strength of acetylacetonate under attack by
MeOH.47

4.4. Synthesis of ZnAl2O4:Cr
3+ nanoparticles

ZnAl2O4:Cr
3+ (ZAC) nanoparticles were synthesized as follows.

Typically, 0.179 g of Zn(acac)2·xH2O (0.5 mmol), 0.343 g of
Al(acac)3 (1 mmol), and 1.047 mg of Cr(acac)3 (0.003 mmol)
were dissolved in (50–x) mL of a mixture formed using (30–
x) mL of ODE and 20 mL of OA under stirring at 80 °C.
After the solution was cooled to approximately 40 °C, x mL
(e.g., 0.5, 1.0, 3.0, 4.0 mL) of MeOH was added under stir-
ring. The resulting mixture was then transferred into a
Teflon lined autoclave (100 mL) and treated at 220 °C for
24 h. After cooling naturally to room temperature, the result-
ing ZAC nanoparticles were precipitated, isolated through
centrifugation, then washed alternately with ethanol and
cyclohexane for three cycles, and finally re-dispersed in cyclo-
hexane for further characterization. MeOH was found to play
a critical role in the particle size and shape. A seed-mediated
growth was also adopted for growing bigger ZAC nano-
particles. Typically, 0.1 mmol of ZAC nanoparticles were dis-
solved in a mixture comprised of (30–x) mL of ODE, 20 mL
of OA and x mL of MeOH containing 0.5 mmol Zn
(acac)2·xH2O, 1 mmol Al(acac)3, and 0.003 mmol Cr(acac)3
precursor. The reaction mixture was processed according to
the same procedures mentioned above to further increase
the size of the nanoparticles.
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