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ABSTRACT: Benefiting from near-infrared persistent luminescence, chromium-
doped zinc gallate nanoparticles have become appealing for background-free
biomedical imaging applications, where autofluorescence from adjacent tissues no
longer poses a problem. Nevertheless, the synthesis of persistent luminescent
nanoparticles with controllable and biologically appropriate size, high luminescence
intensity, and long persistent duration remains very challenging. Herein, we report a
solvothermal synthetic route for preparing differently sized ZnGa2O4:Cr nano-
particles with a particle size tunable from 4 to 31 nm and afterglow duration longer
than 20 h. The route involves lower reaction temperatures and involves no
reworking of the particles postsynthesis, providing materials that have far fewer
unwanted defects and much higher luminescence yields (up to 51%). It was found
that methanol played a paramount role in obtaining the Cr3+-doped ZnGa2O4
nanoparticles. The effects of methanol were discussed in combination with NMR
spectroscopy studies and theoretical calculations, and the underlying alcohol-
mediated growth and doping mechanisms were elucidated, which will be beneficial for developing highly persistent
luminescent nanoparticles.
KEYWORDS: persistent luminescence, chromium doping, size tunability, methanol, alcohol-mediated pyrolysis

Persistent luminescent nanoparticles (PLNPs) capable of
emitting light after ceasing incident excitation photons
are very promising tools for versatile bioapplications.1−6

Particularly, near-infrared (NIR) light-emitting PLNPs have
stimulated intensive studies as their emissions can effectively
pass the optical transparency window of biological tissues,
which is indispensable for deep tissue imaging.3,7−14 Cr3+-
doped zinc gallate (ZnGa2O4:Cr

3+, ZGC) nanomaterials are
among the most promising NIR persistent luminescent
materials, as they exhibit emissions associated with the Cr3+

dopants at around 700 nm.15,16 Furthermore, being chemically
stable and having low cytotoxicity make Cr3+-doped zinc
gallate particularly suitable for various applications ranging
from bioimaging to imaging-guided therapy.17−21 These
advantages have been the spur to a considerable amount of
research into the controlled synthesis of Cr3+-doped zinc
gallate nanoparticles with these desirable optical properties.
So far, three types of synthetic methods have been

developed including solid-state synthesis, semisolid phase

synthesis, and a wet chemical approach for obtaining Cr3+-
doped zinc gallate and zinc gallogermanate nanoparticles. In
2012, Pan et al. reported a solid-state synthesis of a
Zn3Ga2Ge2O10:Cr

3+(0.5%) persistent luminescent materials.22

In this solid-state approach, a high temperature sintering is
essentially required, which promotes cation diffusion across the
boundaries of domains of different oxides (e.g., ZnO, Ga2O3,
and Cr2O3) to form a solid solution at high temperature.23 The
emitting dopant, such as Cr3+ here, will undoubtedly introduce
defects by replacing Ga3+ in the resulting crystals, which gives
rise to traps lying between the valence band and conduction
band of the ZnGa2O4 matrix. Because of the large enough
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spectral overlap between the host emission and the absorption
of the Cr3+, upon UV excitation the energy absorbed by the
host will be passed to the Cr3+ ions via effective nonradiative
energy transfer24,25 and then captured by the traps via further
nonradiative relaxations. Upon thermal activation, the
recombination of electrons released from the traps with
ionized Cr3+ gives rise to the signature persistent lumines-
cence.1,22 However, the resulting Cr3+-doped ZGC particles
made by this solid state method are typically tens of
micrometers in size and show poor uniformities and
morphologies, given that an extremely high calcination
temperature (>1100 °C) is required in the synthesis.
Therefore, they are hardly suitable for biomedical applications.
Inspired by the solid-state synthesis, a semisolid phase

synthesis was explored to obtain luminescent ZGC particles
with controlled size.19,26 In 2013, with the aid of citric acid,
Yan and co-workers developed a sol−gel approach for
preparing Zn2.94Ga1.96Ge2O10:Cr

3+,Pr3+ PLNPs for bioimaging
studies.27 In this pioneering synthesis, an annealing process
carried out at around 1000 °C was essentially required and
inevitably led the nanoparticles to aggregate. Therefore, a
grinding process was applied to further reduce the particle size.
As a consequence, the optical properties were weakened

because new nonradiative traps were introduced by the broken
facets. For example, the absolute luminescence quantum yield
of the resulting aqueous-dispersible PLNPs was only 1.3%.
In comparison to these high-temperature calcination

methods, the wet-chemical synthetic route proposed by
Richard and co-workers in 2014 makes it possible to obtain
ZGC nanoparticles at relatively lower temperatures.28 For
example, by hydrothermally processing a stoichiometric
solution of inorganic salts containing Zn(NO3)2, Ga(NO3)3,
and Cr(NO3)3 under controlled pH at 120 °C,
ZnGa1.995Cr0.005O4 particles were obtained. Through further
calcination at 750 °C for 5 h followed by basic wet grinding
and size sorting via centrifugation, PLNPs of about 40 nm were
obtained. Han et al. improved this route by raising the
hydrothermal temperature up to 220 °C to obtain mono-
disperse sub-10 nm ZnGa2O4Cr0.004 PLNPs with no need of
further high temperature calcination, making this chemical
method an effective way to produce high quality ZGC
PLNPs.29 Through a similar hydrothermal approach, Yuan
and co-workers reported Zn1+xGa2−2xGexO4:Cr (0 ≤ x ≤ 0.5)
PLNPs with size-dependent compositions and persistent
luminescence intensity and duration time.30 With an optimal
x value of 0.2 and particle size of 15 nm, the particles displayed

Figure 1. TEM and selected area electron diffraction (SAED) patterns (identified according to the lattice planes of bulk ZnGa2O4 (JCPDS
38-1240)) for ZGC nanoparticles prepared with MeOH volume fractions as indicated, together with the corresponding particle sizes and size
distributions extracted from the TEM images (the embedded scale bars correspond to 100 nm).
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an afterglow duration of up to 10 h. With a similar method, Li
and co-workers reported ZGC PLNPs with sizes tunable from
8 to 32 nm by varying the Zn/Ga feed ratio.31 However, the
chemical composition also became particle size-dependent.
Upon optimization, the afterglow duration reached 5 d for
particles of 14.2 nm.31 Along with the development of the
hydrothermal approaches, multiphasic strategies were also
developed for improving the monodispersity and particle size
tunability.32−37 For example, by heating a mixture formed by
an aqueous solution of precursors and toluene solution of oleic
acid (OA) at 160 °C in an autoclave, 6.1 nm ZGC PLNPs
were obtained. Upon further calcination at 750 °C, PLNPs
with a QY of ∼12% and afterglow lifetime of ∼40 min were
finally obtained.32 By further raising the temperature of the first
stage reaction to 220 °C, 30 nm cubic concave ZGC
nanoparticles were obtained without a need of further
calcination. The afterglow duration of the concave particles
reached 6 h.33 By a similar approach, heating a mixture
containing aqueous precursors apart from water, OA, NaOH,
and ethanol, Chen and co-workers reported 7.4 and 4.4 nm
ZGC PLNPs showing an afterglow of 2 h duration.34 In
principle, all the aforementioned wet-chemical synthetic
approaches were developed on the basis of a hydrothermal
process in which water is present and believed to produce
metal hydroxides (e.g., Zn(OH)2, Ga(OH)3, and Cr(OH)3) as
an intermediate stage prior to the formation of ZGC
nanoparticles.35

Briefly speaking, the above-mentioned studies have made
great progress in several respects in preparing ZGC PLNPs
ranging from a few to tens of nanometers. However, there
remain many challenges ahead. First, composition-independent
size regulation is still needed, and which decoupling would
isolate the true correlation between the particle size and the PL
performance of ZGC PLNPs needs to be discovered. Second,
the molecular mechanism of Cr3+ doping remains to be
clarified so as to allow for further improvements in the

brightness and luminescence duration by properly manipulat-
ing the Cr3+ doping level of ZGC nanoparticles. This is of the
utmost importance for synthesizing ZGC particles under mild
conditions. To address these issues, herein, we report a
solvothermal approach for obtaining high quality ZGC PLNPs
by simultaneously pyrolyzing Zn(acac)2, Ga(acac)3, and
Cr(acac)3 (where acac denotes acetylacetonate) in 1-
octadecene (ODE). The resulting ZGC nanoparticles with
average sizes ranging from 4 to 31 nm were obtained. It was
found out that methanol (MeOH) played a critical role in the
current synthesis, and its impacts on the size, Cr3+ doping level,
and optical properties of the resulting ZGC nanoparticles were
particularly investigated for the purpose of delving into the
mechanism of persistent luminescence.

RESULTS AND DISCUSSION

Size-Tunable Synthesis of ZGC Nanoparticles. The
ZGC nanoparticles were solvothermally synthesized by
pyrolyzing Zn(acac)2, Ga(acac)3, and Cr(acac)3 in a mixture
of ODE and OA at 220 °C. The molar feed ratio of Cr3+ was
0.2% with reference to the Ga3+ source.29 In the absence of
MeOH, the resulting ZGC particles (denoted as 0%) are
irregular in shape with an average diameter of 19.0 ± 3.5 nm as
shown in Figure 1. They could be well dispersed in nonpolar
solvents such as cyclohexane (CYH), which was evidenced by
a single light scattering peak from the solution as shown in
Figure S1a in the Supporting Information (SI). The selected-
area electron diffraction patterns given in Figure 1 suggest that
the resulting particles are cubic ZnGa2O4 nanocrystals, which
was further confirmed by the XRD results (Figure S1b). It
merits specific mention that the solvothermal reaction
condition is very essential, as pyrolyzing Zn(acac)2, Ga(acac)3,
and Cr(acac)3 in ODE/OA under ambient pressure led to no
ZGC particles formation even at temperatures close to ∼300
°C.

Figure 2. Photoluminescence spectra (a), particle size-dependent photoluminescence quantum yields (inset of frame a), photoluminescence
images (b), NIR persistent luminescence decay curves (c), and particle size-dependent average lifetimes (inset of frame c) of the ZGC
nanoparticles in Figure 1 recorded while dispersed in CYH, together with MeOH volume fraction-dependent Cr3+-doping level (d).
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To further tune the particle size, low boiling point MeOH
was introduced to decrease the solution viscosity and increase
the solubility of the metal acetylacetonate precursors in the
mixed solvent, as the particle formation and growth are
strongly correlated with these parameters.38−43 It was
confirmed that the size of the resulting nanoparticles was
effectively decreased from 19.0 ± 3.5 nm to 4.1 ± 0.9 nm when
the volume fraction of MeOH in the reaction system was
gradually increased from 0 to 60%, as shown in Figure 1.
Moreover, the introduction of MeOH transforms the particle
morphology from flower-like into quasi-spherical particles. But
the underlying crystalline structure remains unchanged (Figure
S1b).
Particle Size-Dependent Optical Properties. The

effective particle size tunability enabled by MeOH provided
an excellent opportunity to further evaluate the particle size-
dependent luminescence of the resulting ZGC nanoparticles.
Due to the electron−hole recombination among the native
defects (e.g., oxygen-defect, interstitial monovalent Zn, Zn-
defect, and gallium−oxygen vacancy pair), the ZGC host
exhibits a self-activated luminescence in a range of 300−600
nm with a maximum emission around 500 nm under UV
excitation.44−46 This emission can be attenuated by Cr3+ ions
through nonradiative energy transfer between the host and the
Cr3+ dopant to give rise to a NIR emission from the latter
between 600 and 850 nm centered at 695 nm due to the spin-
forbidden 2E → 4A2 transition.

27 Steady-state emission spectra
of differently sized ZGC nanoparticles shown in the upper
frame of Figure 1 were recorded and are provided in Figure 2a.
The luminescence intensity of the NIR emission centered at
695 nm is sharply increased when the particle size is decreased
from 19.0 ± 3.5 nm to 11.0 ± 2.5 nm and then gradually
decreased again upon further decrease of the particle size. The

absolute photoluminescence QY measurements revealed that
the ZGC particles of 11.0 ± 2.5 nm exhibit the maximum QY
up to 44.9%, as shown in the inset of Figure 2a. Figure 2b
presents the digital images of the luminescent ZGC nano-
particles in CYH solutions, while Figure 2c shows the afterglow
decay behaviors of the resulting particles. According to the
fitting results, the particles of 11.0 ± 2.5 nm show the longest
decay lifetime up to 97 s.
To disclose the nonmonotonic behavior of the particle size-

dependent QY, the doping level of the Cr3+ ions in each
sample was determined by ICP-AES. As shown in Figure 2d,
the doping level of Cr3+ is only of 0.07% for particles of 19.0 ±
3.5 nm prepared in the absence of the MeOH, which is much
smaller than the initial precursor feed ratio (0.2%). However, it
can quickly be increased upon the introduction of MeOH to
reach a maximum when the volume fraction of MeOH is raised
to 10%, although the feeding amount of the Cr3+ precursor
remained unchanged for all preparations. Thereafter, the
doping level of Cr3+ becomes nearly unchanged. In
combination with the results given in Figure 2a, it can be
concluded that the doping level is strongly dependent on the
volume fraction of MeOH in the reaction system and plays a
critical role in the optical performance of the resulting
particles. Moreover, 10% of the MeOH fraction is the optimal
value for maximizing the Cr3+ doping and the persistent
luminescence lifetime as well. Further increasing the MeOH
fraction above 10% all the way decreases the particle size to
generate more surface defects, and on the other hand decreases
the number of dopants per particle as the average doping level
only fluctuates in a very narrow window along with the
decrease of particle size. Therefore, a demarcation point with
respect to luminescence QY optimization is developed at a

Figure 3. Particle size with the corresponding Cr3+-doping level (a), NIR persistent luminescence decay curves (b) and average decay
lifetimes (inset of frame b), photoluminescence spectra recorded under Xe lamp excitation at 270 nm (c), and absolute photoluminescence
QY (d) of ZGC nanoparticles prepared with the molar feed ratio of Cr3+:Ga3+ tuned from 0 to 0.6%.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c05655
ACS Nano 2020, 14, 12113−12124

12116

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05655/suppl_file/nn0c05655_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c05655/suppl_file/nn0c05655_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05655?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05655?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05655?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05655?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05655?ref=pdf


specific MeOH volume fraction, i.e., 10% for the current
synthesis.
Cr3+ Doping Level-Dependent Optical Properties. The

results given in Figure 1 reveal that the volume fraction of
MeOH is a key parameter in tuning the particle size, while the
results given in Figure 2 indicate that MeOH can effectively
facilitate the doping of Cr3+, which is even more crucial with
respect to the persistent luminescence of ZGC nanoparticles.
To segregate the impact of particle size and only show the
effect of the Cr3+ doping level in isolation on the optical
properties of the nanoparticles, a series of ZGC particles were
prepared with the optimal volume fraction of MeOH, i.e., 10%,
while the molar feed ratio of Cr3+:Ga3+ was varied from 0 to
0.6%. The TEM images and particle size distribution profiles
shown in Figure S2 revealed that the resulting ZGC
nanoparticles are monodispersed and quasi-spherical in
morphology and show comparable sizes around 10 nm. The
small particle size fluctuation can be seen in the top frame of
Figure 3a. Further ICP-AES results given in the bottom frame
of Figure 3a revealed that the doping level of Cr3+ in the
resulting nanoparticles is very close to the corresponding molar
feed ratios of Cr3+:Ga3+, suggesting that the conversion rates of
the Cr precursor in these syntheses are close to 100% under
the current experimental conditions, owing to the presence of
MeOH under the optimized volume fraction.
The impact of the Cr3+ doping level on the persistent

luminescence was then investigated through transient emission
spectroscopy. As shown in Figure 3b, the afterglow lifetime
first increases against the Cr3+ doping level and then decreases,
giving rise to a maximum up to 195 s at a doping level of 0.3%
(inset in Figure 3b). The decrease in lifetime at higher Cr3+

doping levels may be attributed to the rapid release of the
stored energy by excessive Cr3+ ions in the host.15,47 The Cr3+

doping level dependent luminescence spectra are provided in
Figure 3c. It can be seen that the luminescence is obviously
shifted from host-dominant (300−600 nm) to Cr3+-dominant
upon Cr3+ doping, which can also be seen from the color
variation in the photoluminescence (Figure S3). Along with
this change, the luminescence intensity centered at 695 nm
reaches the maximum when the doping level of Cr3+ reaches
0.3%, where the absolute luminescence QY is about 48.1%
(Figure 3d).
Differently Sized Nanoparticles with Size-Independ-

ent Composition. Although effective size tunability for ZGC
nanoparticles has been reported by varying the ratio of the host
cations,30,31 it is often accompanied by varied particle
composition, intimately linked to the cation feed ratio that
only has a very narrow window for optimal persistent
luminescence. To address this issue, differently sized ZGC
nanoparticles with particle size-independent composition were
prepared for the purpose of showing the particle size
dependency of persistent luminescence, so as to balance the
performance of the afterglow luminescence performance and
particle size to meet the requirements for biomedical
applications. Based on the above results, the ZGC particles
of 10.2 ± 1.7 nm with an optimal Cr3+ doping level of around
0.3% were chosen as seeds to grow still bigger particles through
seed-mediated growth. The MeOH volume fraction of 10%
optimized above was adopted for the growth to ensure 100%
conversion of the Cr(acac)3 precursor. The resulting particles
were comprehensively characterized (Figure S4). As shown in
Figure 4a, the first round of the seed-mediated growth
effectively increased the particle size to 13.5 ± 1.9 nm

(denoted as SG-1) without broadening the size distribution. In
addition, the resulting particles could well be dispersed in
nonpolar solvent, which made them excellent seeds for
following rounds of growth. In this way, as shown in Figure
4a, ZGC particles of 20.8 ± 3.5 nm (SG-2), 24.3 ± 4.4 nm
(SG-3), and 31.2 ± 6.8 nm (SG-4) were then obtained by
using the particles obtained from the previous round of seed-
mediated growth as seeds. Apart from the effective size
increase (Figure 4b), the XRD measurements shown in Figure
4c together with the selected-area electron diffraction (SAED)
patterns inserted in the corresponding TEM images reveal that
the particle growth does not alter the particle phase structure
but slightly broadens the particle distribution as shown in
Figure 4b. In addition, the average particle size extracted from
the three strongest peaks in the XRD patterns using the
Scherrer equation were of 15.3 nm, 20.8 nm, 28.8 nm, and 32.5
nm, respectively (Table S2), very well consistent with the
TEM sizes, suggesting that the resulting nanoparticles possess
a high degree of crystallinity. The DLS results shown in Figure

Figure 4. TEM images and the corresponding selected area
electron diffraction patterns identified according to the lattice
planes of ZnGa2O4 (JCPDS 38-1240) (a), statistic results on
average particle size and size distributions (b), powder X-ray
diffraction patterns together with JCPDS card data plotted at the
bottom (c), and hydrodynamic size distribution profiles of
different sized ZGC nanoparticles dispersed in CYH (d). The
embedded scale bars in the TEM images correspond to 100 nm.
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4d reveal that all these differently sized ZGC nanoparticles
exhibit a single light scattering peak in CYH, implying that the
seed-mediated growth was carried out in a very well-controlled
manner.
The persistent luminescence of the above ZGC nano-

particles dispersed in CYH was investigated. As shown in
Figure 5a, the ratio of the integrated emissions of Cr3+ to the
host (S650−800/S300−600) is first increased against the particle
size and then decreases, well consistent with the variation in
the luminescence QY of dopant, while the lifetime presents
almost a perfect mirror tendency. Specifically, along with the
decrease in QY, particularly when the particle size is increased
from 20.8 to 24.3 nm, the lifetime of the luminescence
determined on the steady-state/transient FLS980 fluorescence
spectrometer is more than doubled, i.e., increased from 261 to
534 s as shown in the bottom frame of Figure 5a. This suggests
that the radiative recombination of charge carriers taking place
in the host directly competes with that occurring at the
emissive Cr3+ dopants, and the interference of the surface
states on the luminescence can almost be excluded when the
particle is above 20 nm.
To further show the particle size-dependent persistent

luminescence, optical images of five tablets containing

differently sized ZGC nanoparticles embedded in pressed
KBr were taken at different time points post-UV irradiation
using an EMCCD camera. According to the particle size-
dependent luminescence and luminescence decay shown in
Figure 5b, the seed-mediated growth can effectively increase
the intensity of the persistent luminescence that becomes
observable to the naked eyes (Figure S5). For the particles
larger than 20 nm, the persistent luminescence can even be
detected over a 20 h decay period. The temporal intensity of
the integrated afterglow emissions (measured by integrating
the image optical densities with the camera) are shown in
Figure 5c. The corresponding decays can best be fitted with
biexponential functions, suggesting that there are at least two
pathways for the radiative recombination of charge carriers in
the afterglow luminescence of the current samples. The
detailed fitting parameters in Table S3 revealed that the
lifetime of the fast decay component was increased from 0.01
to 0.08 h, while the lifetime of the slow decay component was
increased from 0.5 to 5.0 h progressively when the particle size
was increased from 10.2 to 31.2 nm. Moreover, the amplitude
of the slow decay component and the corresponding lifetime-
amplitude product increase from 11.7% to 61.1% and from
82.7% to 98.8%, respectively. These data suggest that the slow

Figure 5. Particle size-dependent S650−800/S300−600 ratio, absolute photoluminescence quantum yield, and luminescence lifetime of differently
sized particles obtained through seed-mediated growth (a), the luminescence images recorded at different time points postexcitation, which
are false color images where the color indicates the intensity scale (b), and the temporal integral optical densities extracted from the images
in frame b together with biexponential fitting curves (c) and the average afterglow lifetimes as a function of particle size (inset of c).
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decay component becomes dominant when the particle size is
increased from 10.2 to 24.3 nm, characterized by a sharp
increment in the average afterglow lifetime from 0.4 to 5.0 h
shown in the inset of Figure 5c, indicating that the storage and
release of electrons captured by relatively deep traps are
becoming more and more favorable as the particle size grows.
MeOH−Mediated Size Tunability. The results given in

Figure 1 reveal that MeOH is a key parameter in tuning the
particle size. The viscosity of MeOH is more than 1 order of
magnitude lower than that of the mixed solvent formed by 40
vol % OA and 60 vol % ODE, i.e., 0.55 mPa·s vs 8.5 mPa·s at
room temperature. Therefore, the viscosity of the reaction
system can effectively be decreased by MeOH addition (Figure
S6). As the diffusion coefficients of the precursor/monomer
are inversely correlated with the viscosity of the reaction
system according to Einstein’s formula, the decreased viscosity
becomes more favorable for accelerated particle growth.39,41,42

On the other hand, MeOH as a good solvent for all precursors
can drastically increase the concentration of all precursors in
the reaction systems. For example, the solubilities of
Zn(acac)2, Ga(acac)3, and Cr(acac)3 in the mixed solvent of
OA/ODE were about 100.8 μg/mL, 27.3 μg/mL, and 5.6 μg/
mL and increased to 177.5 μg/mL, 198.3 μg/mL, and 35.8 μg/
mL, respectively, upon the introduction of 10 vol % MeOH
(more details are provided in Figure S7). It is well-known that
the nucleation and growth of the given colloidal particles are
strongly dependent on the supersaturation degree of the
monomer, which is closely related with solvation ability of the
solvent. Based on the increased solubility of the precursors in
the reaction system, it is reasonable to expect that the
supersaturation degree will be decreased, which is favorable for
growing larger particles rather than repetition of further
nucleation events. Nevertheless, the results shown in Figure 1
demonstrated that increasing the concentration of MeOH in
the reaction system gives rise to a reversed tendency,
suggesting that MeOH tunes the particle size through different
mechanisms.
Actually, the thermal decomposition reaction of the metal

precursors is critical for both particle nucleation and growth.
The decomposition reaction is governed by the chemical
nature and activation energy barrier of the metal precursors
and has been demonstrated to be the rate-determining step for
nanocrystal growth, especially for the most commonly used
metal acetylacetonate precursors.48 Lowering the activation
energy of the associated pyrolysis reactions will undoubtedly

increase the monomer supply rate, which encourages burst
nucleation, leading to the formation of smaller particles.
It is generally understood that the metal acetylacetonate

precursors, i.e., Zn(acac)2, Ga(acac)3, and Cr(acac)3, will
undergo an enol−keto equilibrium during the thermal
decomposition process. Both enol and keto types can be
pyrolyzed to produce metal oxides and other byproducts
through a postulated polar transition state, which is the rate-
determining step. It is proposed that the activation barrier of
the reaction is decreased by a factor ΔEa in the presence of a
solvent cluster around the solute. The value for ΔEa can be
estimated from Onsager’s reaction field theory:49

μ ε
ε

Δ = −
+

E
a

2( 1)
2 1a

2

3

where μ is the dipole moment of solute in the cavity of radius a
and ε is the relative dielectric constant of the continuum
medium. Assuming that the decomposition of the precursors
through the aforementioned polar transition state is the rate-
determining step, the introduction of methanol, a polar solvent
with a large dielectric constant (εMeOH = 32.6) into a nonpolar
solvent with a small dielectric constant (εOA = 2.46, εODE =
2.14) will decrease the reaction barrier by reducing the free
energy of the polar transition state, which largely encourages
the nucleation process. In consequence, the average particle
size is decreased.
To confirm this hypothesis, the following experiments were

performed by partly replacing MeOH with CYH that has a
lower dielectric constant (εCYH = 1.18) and a comparable
viscosity (0.98 mPa·s at 25 °C). It is assumed that the
activation energy barrier of the precursors will be increased if
MeOH is partly replaced by CYH, which favors the growth of
larger particles. The results given in Figure S8 firmly supported
this assumption. For example, when half of the MeOH was
replaced by CYH for the system containing 40 vol % MeOH,
as shown in Figure S8, the average particle size was increased
from 6.4 ± 1.3 nm to 7.4 ± 1.6 nm.

MeOH-Assisted Cr3+ Doping. The above discussion
suggests that MeOH can facilitate the pyrolysis of metal
acetylacetonate precursors by reducing the activation energy,
while the experimental results given in Figure 2 reveal that
MeOH plays a determined role in doping Cr3+ into the
resulting ZGC nanocrystals, suggesting that MeOH can
facilitate the pyrolysis of Cr(acac)3 more heavily than those
of the other precursors. To experimentally demonstrate this

Figure 6. Yields of Ga2O3 and Cr2O3 achieved by decomposing Ga(acac)3 and Cr(acac)3, respectively, in the absence (0% MeOH) and
presence of MeOH (10% MeOH) (a), thermal gravity curves of Ga(acac)3 and Cr(acac)3 (b), and

1H NMR spectra showing the changes of
proton signals of −CH3 in Ga(acac)3 and Cr(acac)3 recorded in the absence or presence of MeOH (c).
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hypothesis, Ga(acac)3 and Cr(acac)3 were directly pyrolyzed in
ODE/OA through identical solvothermal procedures, in the
absence and presence of MeOH, respectively. As shown in
Figure 6a, the yield of Ga2O3 is substantially higher than that of
Cr2O3 in the absence of MeOH, which can be explained by the
fact that Ga(acac)3 is much easier to decompose than
Cr(acac)3 at a given temperature between 180 and 260 °C
(Figure 6b). However, the yields of Ga2O3 and Cr2O3 can both
be improved by MeOH. But the increment is substantially
higher for Cr2O3, i.e., from 3.4% to 63%, than that for Ga2O3,
i.e., from 74.2% to 87.4%.
In fact, previous studies have shown that amines can catalyze

the pyrolysis of metal acetylacetonate to generate nanometer-
sized metal oxides nanoparticles. Detailed mechanistic study
based 13C NMR spectroscopy and gas chromatography−mass
spectrometry (GC-MS) further revealed that the amine group
attacks the carbon atom of the CO group of the metal
acetylacetonate precursor, leading to the transfer of oxygen to
the metal ion to promote the formation of metal oxides.50,51 In
another study on the alcoholysis of zinc acetylacetonate, a
pathway of nucleophilic attack on the carbonyl group of
acetylacetonate was proposed for 1-butanol based on 13C
NMR results.52 To understand the behavior of MeOH in
assisting the pyrolysis of Cr(acac)3 in the current system, 1H
NMR measurements were performed and effects upon the
proton shifts for the methyl hydrogens of Ga(acac)3 and
Cr(acac)3 are given in Figure 6c. In general, the resonance
signals of the −CH3 protons of M(acac)3 (M = Ga, Cr)
undergo an upfield shift upon introduction of MeOH by 0.19

and 0.06 ppm for Cr(acac)3 and Ga(acac)3, respectively. The
difference in the variation of these chemical shifts implies that
MeOH invokes a stronger influence on the electron cloud
distribution in Cr(acac)3 than in Ga(acac)3.
To understand the difference in the interactions between

MeOH and different metal acetylacetonates, density functional
theory (DFT) calculations were carried out. As mentioned
above, the nucleophilic attack on the carbonyl group by amine
or alcohol has been reported. Apart from that site, there are
two additional sites including the central metal ion and O in
acetylacetonate possibly involved in the interactions between
MeOH and metal acetylacetonate precursors. Our preliminary
theoretical calculations demonstrated that MeOH cannot
directly coordinate with the trivalent central metal ion (e.g.,
Cr and Ga) due to the steric hindrance of the triple
acetylacetonate ligands. But the other two binding sites offer
the possibilities to form complexes with MeOH with the
detailed binding energies given in Figure 7a and Figure S9a. It
is quite evident that the O atom of the acetylacetonate ligand
can be electrophilically attacked by the hydrogen of the
hydroxyl group of MeOH, as the binding energy goes as low as
−37.12 kJ/mol for Cr(acac)3 and −35.86 kJ/mol for
Ga(acac)3, while the C site of the CO group in Cr(acac)3
is apparently unfavorable for nucleophilic attack as the binding
energy will go up to 70.68 kJ/mol. All these results suggest that
it is energetically favorable for MeOH to electrophilically
attack the acetylacetonate ligand to facilitate the cleavage of
CO to form the target metal oxides, which has never been
considered previously.

Figure 7. Calculated free energies of possible complexes formed upon electrophilic and nucleophilic attacks of MeOH on the O and C sites
of the CO group of Cr(acac)3, respectively (a), and HOMO orbitals and energy levels of Cr(acac)3 in the absence (left) and presence
(right) of MeOH (b), together with the corresponding Mulliken charges (c), bond lengths (d), and Mayer bond orders (e) of the carbonyl
groups upon interaction with MeOH.
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The electrophilic attack of MeOH on the carbonyl moiety of
Cr(acac)3 is further studied by frontier molecular orbital
calculations. As shown in Figure 7b, once the O site interacts
with MeOH via the hydroxyl hydrogen, the charge densities on
the six-membered conjugated ring in the HOMO state are
heavily redistributed, which weakens the CO bond. This is
further reflected by the increased negative Mulliken charge on
the O and a nearly unchanged charge on the C atom (Figure
7c), elongated bond length (Figure 7d), and decreased Mayer
bond order of the CO bond of the acetylacetone ligand
(Figure 7e) upon electrophilic attack by one MeOH molecule.
Similar changes in charge redistribution and bond strength can
also be induced by MeOH for the CO group of Ga(acac)3,
but the effects are much weaker than those for Cr(acac)3 as
shown in Figure S9, particularly for the reduction of the Mayer
bond order, e.g., 0.035 for Ga(acac)3 vs 0.055 for Cr(acac)3. All
these results provide a reasonable explanation for why MeOH
can accelerate the decomposition of Cr(acac)3 to facilitate its
doping in ZGC nanoparticles. The catalytic ability in
facilitating the decomposition of Ga(acac)3 is also consistent
with the strong effect of MeOH on tuning the size of the
resulting ZGC particles because Ga(III) is the majority of the
cation ions in the reaction system.
To further verify that the electrophilic attack of the hydroxyl

hydrogen of alcohols on the carbonyl moiety of the
acetylacetone ligand can accelerate the decomposition of
Cr(acac)3, different alcohols such as ethanol (EtOH) and 1-
propanol (NPA) were used to replace MeOH to repeat the
synthesis. As shown in Figures S10−S12, when the volume
fraction was 10%, the Cr(acac)3 precursor could be 100%
converted into ZGC nanoparticles by all these alcohols.
However, when the volume fractions dropped to 3%, the
doping level followed a sequence of NPA < EtOH < MeOH,
suggesting that the dielectric constant also plays an important
role in reducing the reaction barrier as discussed above.

CONCLUSIONS
In summary, monodispersed and highly luminescent persistent
ZGC nanoparticles were obtained through a solvothermal
approach by decomposing the corresponding metal acetyla-
cetonate precursors in OA/ODE at 220 °C. It was
demonstrated that methanol or alcohols in a broad sense
played a determined role in doping the resulting particles with
Cr3+ under mild temperatures by facilitating the decomposition
of chromium precursors, which is paramount for ZGC
nanoparticles to show persistent luminescence. Upon opti-
mization in combination with seed-mediated growth, ZGC
nanoparticles ranging from 4 to 31 nm were successfully
obtained. The strongest persistent luminescence observable to
the naked eyes was obtained from 24 nm particles that
presented an average afterglow lifetime up to 5 h. The PLQY
of the best material produced in this study reached 51%.
Theoretical calculations in combination with systematic
experiments demonstrate that MeOH electrophilically attacks
the carbonyl moiety of Cr(acac)3 to catalyze the decom-
position of the latter, which accounts for the effective and
controllable Cr doping. Our synthetic approach has allowed
the effects of Cr doping levels and particle size to be properly
disentangled so that each can be separately modified to give
optimum optical performance. We believe the current studies
may offer the possibility to obtain high quality persistent
luminescent ZGC nanoparticles under mild conditions. The
small size of the resulting particles is particular suitable for

biological and biomedical applications, which was difficult to
achieve with previous methods.

METHODS
Chemicals. The following reagents were directly used as received,

including Zn(acac)2·xH2O (97%, Aldrich) (the value of x is
determined to be around 5), Ga(acac)3 (99.99%, Aladdin), Cr(acac)3
(97%, Aldrich), methyl alcohol (MeOH, 99.9%, Xilong Chemical), 1-
octadecene (ODE, 90%, Aldrich), oleic acid (OA, 90%, Aldrich),
cyclohexane (CYH, 99.5%, Beijing Chemical Works), ethanol (EtOH,
99.9%, Xilong Chemical), and 1-propanol (NPA, 99.9%, Xilong
Chemical).

Synthesis of ZGC Nanoparticles. ZGC nanoparticles were
synthesized as follows. Typically, 0.179 g of Zn(acac)2·xH2O (0.5
mmol), 0.367 g of Ga(acac)3 (1 mmol), and 0.698 mg of Cr(acac)3
(0.002 mmol) were dissolved in 45 mL of a mixture formed by 25 mL
of ODE and 20 mL of OA under stirring at 80 °C. After the solution
was cooled to approximately 40 °C, 5 mL of MeOH was added under
stirring. 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 resulting ZGC nanoparticles were
precipitated, isolated through centrifugation, then washed with
alternate treatment with ethanol and cyclohexane for three cycles,
and finally redispersed in cyclohexane for further characterizations. It
was demonstrated that MeOH played a critical role in determining
the particle size and that the latter could successfully be tuned from
19.0 to 4.1 nm by gradually raising the volume fraction of MeOH in
the reaction system up to 60%.

Larger ZGC nanoparticles were prepared through a seed-mediated
growth step. Typically, 0.1 mmol of ZGC nanoparticles were
dispersed in a mixture comprised of 20 mL of OA, 25 mL of ODE,
and 5 mL of MeOH containing in addition 0.5 mmol of Zn(acac)2·
xH2O, 1 mmol of Ga(acac)3, and 0.003 mmol of Cr(acac)3. The
reaction mixture was processed according to the same procedures
mentioned above. In this way, by using 10.2 nm particles as seeds,
13.5 nm ZGC nanoparticles were obtained. By repeating this seed-
mediated growth process using previous particles as the seeds for the
following synthesis, 20.8, 24.3, and 31.2 nm ZGC particles were
obtained step by step.

Characterization. Transmission electron microscopy (TEM)
images and high resolution TEM (HRTEM) images were recorded
with a HT-7700 and JEM 2100F electron microscope operating at an
accelerating voltage of 100 kV and 200 kV, respectively. The particle
size was determined using the ImageJ application by averaging at least
500−600 particles per sample. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a multifunctional photo-
electron spectrometer (Escalab 250XI). Dynamic light scattering
(DLS) measurements were carried out at 25 °C on a Nano ZS
machine (Malvern) equipped with a diode (solid state) laser (λ = 633
nm). Powder X-ray diffraction (XRD) patterns of the particle samples
were recorded on a Rigaku D/Max-2500 diffractometer with step size
of 1°/min under Cu Kα1 radiation (λ = 1.54056 Å). The composition
of the nanoparticles was determined by inductively coupled plasma−
atomic emission spectrometry (ICP-AES) on iCAP 6300 after they
were degraded in a mixture of concentrated HNO3 and hydrogen
peroxide. UV−vis absorption spectra were recorded on a Cary 50
UV−vis spectrophotometer at room temperature. A Bruker DMX500
spectrometer was used to record the 1H NMR spectra. Thermo
gravimetric analysis (TGA) was performed on a NETZSCH
TG209F3 thermogravimetric analyzer.

The steady-state luminescence spectra and the corresponding
photoluminescence images and decay curves, as well as the absolute
photoluminescence QY of samples which dispersed in CYH with
same concentration, were recorded and measured using a steady-
state/transient FLS980 fluorescence spectrometer (Edinburgh Instru-
ments) equipped with an integrating sphere under excitation at 270
nm. The decay curves were normally recorded after being excited for
5 min. Afterglow decay images of samples were acquired in the dark
on an iXon Ultra 888 Imaging System equipped with a back-
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illuminated EMCCD camera after excitation with a 254 nm UV lamp
(6 W) for 5 min, and the ImageJ software was used to extract the
(photogrammetric) optical density of the persistent emission images.
Computational Method. To elucidate the reaction mechanism,

density functional theory (DFT) calculations were performed with the
B3LYP functional and a combinational basis set, i.e., def2-TZVP for
the metal atoms and 6-31G** for other atoms, as implemented in the
Gaussian16 package.52 Based on the DFT-optimized geometries, the
Mayer bond orders, which is an indicator to describe intrinsic
chemical reactivity of molecules,53 were calculated by using the
Multiwfn program.54 More computational details are provided in the
SI.
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