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A B S T R A C T   

In the field of solid-state luminescence, Cu2+ has long been widely acknowledged for its capacity to emit infrared 
light. However, the occurrence of visible emission from Cu2+ ions had been infrequently observed and reported. 
In this study, we made an intriguing discovery by examining the behavior of Cu2+ within an irregular coordi
nation environment of Ba in BaGa2O4. When excited by UV light, Cu2+ unexpectedly gave a vibrant yellow–red 
emission, covering a wavelength range spanning from 500 to 750 nm. More noteworthy, by simply manipulating 
the excitation wavelength or adjusting the temperature, the peak wavelength of the emission could be effectively 
tuned from approximately 600 to 660 nm, which could be attributed to the luminescence nature of the charge 
transfer (CT) between O2− and Cu2+. Moreover, the phosphor material displayed a remarkable persistent 
luminescence (PerL) lasting up to 12 h after UV light excitation. Through thermoluminescence (TL) measure
ments and first-principle calculations, we found that the intrinsic defects, such as vacancies of oxygen and 
gallium (VO and V″

Ga), played important roles for the PerL phenomena. These findings highlighted the exceptional 
tunability and PerL properties of BaGa2O4:Cu2+. Our study provided a new potential guideline for the design of 
Cu2+-activated phosphors in visible region, and opened up new avenues for the research in related functional 
luminescence materials.   

1. Introduction 

In the field of solid state luminescence, Cu2+ ion is often considered 
as a type of infrared emitter rather than visible one, as it is believed that 
its emission is from the d-d transition induced by the Jahn-Teller effect. 
For example, in KZnF3, Cu2+ occupies Zn site and is coordinated with six 
F ions forming CuF6 octahedron. The emission peak is about 1600 nm 
[1]. In YGaO3, YInO3 and GdInO3, Cu2+ is located at Ga or In sites, 
bonded with five O ions, forming trigonal–bipyramidal structure. The 
emission spectra of Cu2+ exhibit a broad band from 1000 nm to 1600 nm 
[2]. Cu2+ in CaCuSi4O10, at the center of four oxygens square, can emit 
infrared light peaking at 918 nm [3]. On the contrast, only few reports 
observed its visible emission so far. For instance, Cu2+, occupying the 
larger Cs+ site in CsBr, exhibits an broad band that features peaks at 486 
nm and 582 nm [4], which is ascribed to the electron transition from 
conduction band to 3d orbital of Cu2+. In our previous work, Cu2+ at Sr 

sites in SrGa2O4 yields a red emission band, peaking at 622 nm [5]. This 
emission comes from the electron transition from the excited Cu2+ to the 
host valence band. For the case of SrZrO3, Cu2+ can induce an orange 
emission with a peak wavelength of 599 nm and the author assigned this 
emission to the d-d transition [6]. Considering the energy region of 
Jahn-Teller effect, the d-d transition could not generate visible light. 
Although the underlying mechanism of visible emission is largely un
clear, from the above observations, it seems that the compact coordi
nated environment might trigger its infrared emission, while the relative 
spacious environment can provoke its visible emission. Moreover, Cu2+

exhibits a wide span of colors from blue to red depending on the hosts. 
So, verifying the above assumption through doping Cu2+ in a spacious 
local environment to see how far its emission can be tuned is very 
insightful not only for the understanding of its emission mechanism but 
also for the deliberate design of Cu2+ activated multi-color materials, as 
these Cu2+ doped phosphors might open up its applications in LEDs, 

* Corresponding authors at: School of Materials Science and Engineering, Hefei University of Technology, Hefei, Anhui 230009, P. R. China. 
E-mail addresses: byqu@hfut.edu.cn (B. Qu), H.T.Hintzen@tudelft.nl (H.T. Hintzen).  

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2024.149361 
Received 7 November 2023; Received in revised form 28 January 2024; Accepted 2 February 2024   

mailto:byqu@hfut.edu.cn
mailto:H.T.Hintzen@tudelft.nl
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2024.149361
https://doi.org/10.1016/j.cej.2024.149361
https://doi.org/10.1016/j.cej.2024.149361
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2024.149361&domain=pdf


Chemical Engineering Journal 483 (2024) 149361

2

advanced optical sensing and anti-counterfeiting applications in future 
[7,8]. 

For this purpose, we take a much larger site, Ba2+ for Cu2+ to occupy. 
BaGa2O4 is an ideal host material, since it can exhibit high-efficiency 
luminescence when doped with not only lanthanide ions such as: 
Sm3+[9], Eu3+[10], Pr3+[11], Dy3+ [12], but also transition metal ion 
Cr3+[13] and s2 ion Bi3+[14]. However, it is still an open question 
whether the spacious local environment offered by Ba2+ ion can ignite 
the visible emission of Cu2+. Moreover, Cr3+[13], Bi3+[14] and Sm3+[9] 
can exhibit excellent persistent luminescence (PerL) phenomena in this 
host, implying that the intrinsic defects existing in BaGa2O4 could serve 
as efficient trapping centers for PerL. Whether Cu2+ ion can cooperate 
with those intrinsic defects to achieve PerL phenomenon in BaGa2O4 is 
also interesting. At present, most of high-efficient PerL materials such as 
SrAl2O4:Eu2+,Dy3+ [15], CaAl2O4:Eu2+,Nd3+ [16], Sr4Al14O25:Eu2+, 
Dy3+[17], CaTiO3:Pr3+ [18], Ca2SnO4:Pr3+ [19], Lu2O3:Pr3+ [20], 
Ca2SnO4:Sm3+ [21], (Ca1− xSrx)2Si5N8:Eu2+,Tm3+ [22], Sr3Al2O5Cl2: 
Eu2+,Dy3+ [23] rely on the lanthanides ions in determining the color of 
the emission and(or) the trap depths. This work might offer a new 
alternative to the design of rare-earth-free afterglow phosphors. 

To substantiate above interesting assumption, we synthesized a se
ries of BaGa2O4 samples with different Cu ion concentrations by the 
high-temperature solid state reaction method in this work. Our findings 
indicate that Cu2+ tends to incorporate Ba2+ sites with spacious coor
dination environment and can be excited by UV light at 286 or 347 nm. 
The emission spectra present a broad band from 500 to 750 nm peaking 
at approximately 600 nm. Moreover, with the increase of the excitation 
wavelength from 347 to 390 nm, the emission band exhibits a sub
stantial red-shift from 600 to 660 nm. More strikingly, such a red-shift of 
emission can also be realized by increasing the temperature from 
ambient temperature to 200 ℃. In addition, upon a mere 5 min of 
excitation by both 254 and 365 nm lamps, BaGa2O4:Cu2+ exhibits 
exceptional brilliant yellow afterglow and the duration of the afterglow 
can last as long as 12 h, which is comparable with current commercial 
persistent phosphors. By applying the TL measurements and the First- 
principle calculations, we find that O vacancy and Ga vacancy can 
bring about the PerL of Cu2+. Contrast to the common knowledge about 
the infrared emission of Cu2+, the observation in this work offers a 
comprehensive understanding about luminescence property of Cu2+ and 
opens up a whole new mind-set for the exploration of relevant functional 
materials. 

2. Method 

2.1. Materials and synthesis 

Ba1-xGa2O4:xCu ( x  = 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 and 0.07) 
samples were synthesized with a high-temperature solid state reaction 
method. All the starting materials, BaCO3 (99.99 %), Ga2O3 (99.99 %) 
and CuO (99.99 %), were offered by Aladdin Co., Ltd. Those starting 
materials were weighed off according to the stoichiometric ratio and 
ground thoroughly in an agate mortar and then transferred into alumina 
crucibles. In the muffle furnace, the mixture was heated at 900 ℃ for 3 h 
and 1350 ℃ for 8 h in static air. The obtained samples were cooled down 
to the ambient temperature naturally and ground into powder for 
further characterizations. 

2.2. Characterization of materials 

The X-ray diffraction (XRD) patterns of samples were collected via 
the PANalytical X’Pert PRO MPD X-ray powder diffraction apparatus, 
operating at 40 kV and 40 mA, with graphite-monochromatized Cu Kα 
radiation. The Rietveld refinements of the structure were finished by 
using the general structure analysis system (GSAS) program. A field 
emission scanning electron microscope (FE-SEM, JEOL JSM-6 490) was 
adopted to characterize the powder morphology, EDS and element 

mapping. The X-ray Photoelectron Spectroscopy (XPS) analyses were 
fulfilled via an instrument of ESCALAB250Xi (Thermo, USA). The cali
bration of the peak shift in binding energy was performed against the 
reference of carbon’s 1 s peak at 284.6 eV. The excitation and emission 
spectra of phosphors were obtained with a fluorescence spectropho
tometer (Hitachi FL-4600, Japan) at ambient temperature. The 
temperature-dependent optical spectra were gathered with an accessory 
heater manufactured by Orient KOJI instrument Co., Ltd (China). The 
UV–visible diffuse reflection spectra (DRS) of samples were measured 
with an ultraviolet–visible-near-infrared (UV–Vis-NIR) spectrophotom
eter (CARY5000 produced by Agilent). The PerL curves of the samples 
were measured after 5 min excitation with both 365 and 254 nm lamps 
(8 W) at ambient temperature utilizing a PR305 instrument from Zheda 
Sensing Technology Co., Ltd. The TL curves of samples were measured 
on a FJ-427A1 TL meter (Beijing Nuclear Instrument Factory). Before 
the TL measurements, the samples were exposed to the ultraviolet ra
diation with both lamps for five minutes. 

2.3. Calculation methods 

The calculations of formation energies and defect levels of the 
dopant Cu and the intrinsic defects in BaGa2O4 were carried out by using 
the First-principle calculations as implemented in the VASP5.4 code. 
The Ba(5s25p66s2), Ga(3d104s24p1), O(2s22p4) and Cu(3d104s1) were 
treated as the valence electrons. The GGA-PBE function was adopted to 
describe the exchange–correlation interactions between the valence 
electrons. The energy cutoff of the plane wave was 400 eV. The defective 
structure models were constructed by removing one of the Ba or Ga or O 
atoms (VBa, VGa, VO) in the unit cell of BaGa2O4 (with the stoichiometry 
of Ba24Ga48O96), or the replacement of a Ba atom by a Cu atom. A 2 × 2 
× 4 Γ-centered k-point mesh was used to sample the Brillouin zone. The 
formation energies of Cun+ ion (n = 1, 2) in the case of occupying 
different Ba sites were calculated by using the formula [24]: 

EF(Cun+) = E(BaGa2O4

: Cun+) − E(BaGa2O4) − μ(Cu)+ μ(Ba)+ (n − 2)εf  

where E(BaGa2O4 : Cun+) and E(BaGa2O4)were the energies of BaGa2O4 
with and without Cun+, while μBa or μCu was the chemical potentials of 
Ba or Cu metal, taken as the total energy of one Ba or Cu atom in Ba or Cu 
metal. Ba or Cu metal crystallizes to BCC structure or FCC structure, 
respectively. εf was the Fermi level of the system. All the structure 
models were fully relaxed until the interatomic forces less than 0.01 eV/ 
Å. The optimized lattice constant a = b and c of BaGa2O4 were 18.615 Å 
and 8.626 Å, which were in agreement with the experimental values (see 
below). 

3. Results and discussion 

3.1. Phase and crystal structure of BaGa2O4:Cu 

The XRD patterns of Ba1-xGa2O4:xCu (x = 0.02, 0.03, 0.04, 0.05, 0.06 
and 0.07) were illustrated in Fig. 1(a). They matched well with the 
standard pattern of BaGa2O4 (ICSD-91281). The Rietveld refinements of 
the host and Ba0.95Ga2O4:0.05Cu were shown in Fig. 1(b, c). The 
refinement factors Rwp and χ2 converged to 8.44 %, 1.68 and 9.23 %, 
1.72, respectively. No impurity phases were observed in obtained sam
ples. BaGa2O4 crystallized in hexagonal crystalline lattice with space 
group P63. The lattice constants were a = b = 18.6477 Å and c = 8.6696 
Å. According to the unit cell structure of BaGa2O4 as shown in Fig. 1(d), 
the Ba ions occupied six non-identical sites [25]. While, we noted that 
the doping of Cu slightly shifted the diffraction peaks towards higher 
degrees as shown in Fig. 1(a). The unit cell volume of Ba1-xGa2O4:xCu 
roughly shrunk with the increase of Cu concentration. The radius of Cu 
ion (0.60 Å for Cu+ and 0.57 Å for Cu2+ in tetrahedral site [26]) is larger 
than that of Ga3+ ion (0.47 Å [26]) located in tetrahedral site, but much 
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smaller than that of Ba2+ ion (1.42 Å CN = 8 [26]). So, the volume 
contraction of the unit cell might be due to the occupation tendency of 
Cu in Ba2+ sites. 

The SEM morphologies of BaGa2O4:Cu sample were characterized in 
Fig. 2(a - c). The particles of the sample displayed irregular shape with 
size of 10 ~ 20 µm. The elemental mapping images of the sample were 
shown in Fig. 2(d – g), where Ba, Ga, O and Cu elements distributed in 
host uniformly. 

The charge states of Cu ions doped in solids are often 2 + and(or) 1+, 
while the luminescence properties for them are different. Therefore, it 
becomes essential to discern the charge states of Cu ions in BaGa2O4 
prior to characterizing their photoluminescent properties. We tenta
tively conducted the XPS analysis of BaGa2O4:Cu to identify their states 
by the shift of their character bands with Cu concentrations (x) as 
illustrated in Fig. 3. Normally, the 2p3/2 band of Cu+ often locates at a 
slightly lower energy compared to Cu2+. For example, it is about 932.5 
eV in Cu2O [27] and 933.45 eV in CuO [28]. Fig. 3 showed that, at x  =

0.03, no significant signal could be discerned due to the low Cu ion 
concentration. The 2p3/2 band was detected at x  = 0.04, with peak 
energy of about 932.97 eV, between 932.7 eV and 933.1 eV, suggesting 
the co-presence of both Cu+ and Cu2+ in BaGa2O4. Further, this band 
shifted towards to higher energy with Cu concentration as indicated by 
the vertical dotted line, implying an increasing ratio of Cu2+ relative to 
Cu+. Upon reaching x  = 0.07, the band energy was approximately 
933.34 eV, hereby signifying that Cu ions in BaGa2O4 mainly exhibited 
2 + state. Moreover, the satellite bands at about 943 and 962 eV 
increased in intensity when x  ≥ 0.06, which were the typical character 
of Cu2+ ion, manifesting the presence of Cu2+ in the host. 

The calculated formation energies of both Cu2+ and Cu+ at different 
Ba sites were listed in Table 1, where the formation energies of Cu ion at 
Ba3 site were taken as reference. The formation energies of Cu2+ at Ba1, 
Ba2 and Ba3 were very close and much lower than those at Ba(4 ~ 6), 
implying Cu2+ tended to occupy the former three Ba sites from the 
consideration of the thermodynamic statistics. This result could be 

Fig. 1. (a) XRD patterns of Ba1-xGa2O4:xCu (x = 0.02–0.07). Refined XRD of (b) BaGa2O4 and (c) Ba0.95Ga2O4:0.05Cu. (d) Schematic crystal structure of BaGa2O4.  

Fig. 2. (a - c) SEM morphologies of Ba0.95Ga2O4:0.05Cu sample. The element mapping images of Ba (d), Ga (e), O (f) and Cu (g) in the sample.  
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understood since Ba(1 ~ 3) were relatively smaller than those of Ba(4 ~ 
6) in volume estimated from the Ba-O bond lengths listed in Table S1 of 
the Supplementary material (SM). Meanwhile, the ionic radius of Cu ion 
was much smaller than that of Ba2+. Thus, the local structural distortion 
caused by the replacement of Cu ion at Ba(1 ~ 3) would be relatively less 
serious. By comparing the formation energies of Cu+ listed in Table 1, 
we reached the same conclusion that Cu+ ions most probably distributed 
at Ba(1 ~ 3). For the local environment, Cu2+ was bonded with three 
O2− ions with the bond lengths of 1.93 ~ 1.98 Å at Ba3 site, forming a 
near three-coordinated plane, which was shown in Fig.S1 of SM file. 
Detailed discussion about the local coordination environment was 
described in SM file. 

3.2. Photoluminescent properties of BaGa2O4:Cu 

Fig. 4(a) presented the DRS of BaGa2O4 as well as Ba0.95Ga2O4:xCu 
(x = 2 ~ 7). The near band absorption at about 250 nm revealed a band 
gap of about 5.18 eV for undoped BaGa2O4 evaluated using Kubelka- 
Munk function [29]. This finding agreed well with 5.04 and 5.16 eV 
reported in literature [14,30]. A subtle absorption feature, observed at 
approximately 300 nm in the DRS of BaGa2O4, potentially came from the 
intrinsic defects within BaGa2O4. The DRS of samples with different Cu 
concentration were nearly identical. A noticeable enhancement in the 
absorption intensity was seen around 300 nm by Cu doping. Cu also 
provoked the appearance of some additional absorption bands at about 
350, 500 and 700 nm. The bands at 300 and 350 nm could possibly be 
attributed to the O2− - Cu2+ charge transfer (CT) bands, as the CT bands 
of Cu2+ often exhibit two proximate peaks in UV region in several 
crystalline structures including MgO [31] and LiCl [32], while the bands 
at about 500 and 700 nm possibly originated from d-d transition of Cu2+

considering the d-d absorption often located in green–red and near- 
infrared regions [3,33]. 

Upon doping with Cu ion, a higher intensity excitation band peaking 
around 347 nm and a lower intensity band at around 286 nm with an 

added shoulder at approximately 250 nm could be observed when 
monitoring at 602 nm (Fig. 4(b)). The peak at 250 nm could be assigned 
to the host related excitation and was in good agreement with the 
excitation spectrum of the host lattice as illustrated in Fig.S2(a) of SM 
file. In response to the 347 nm excitation, a substantial emission band, 
ranging from 500 nm to 750 nm, appeared with a peak at 602 nm, which 
was close to the case of Cu2+ in SrZrO3 and SrGa2O4 at approximately 
599 and 622 nm, respectively [5,6]. Thus, we could reasonably conclude 
that the emission of Cu ion in BaGa2O4 was dominated by Cu2+. We 
assigned the excitation of Cu2+ at 347 nm to the electron transfer from 
O2− to Cu2+, the nature of which was in consistent with the intrinsic 
excitation of CuO. CuO is a charge-transfer gap semiconductor [34]. Its 
density of states showed that the highest valence band was mainly from 
the 2p of O, while the lowest conduction band was dominated by the 3d 
of Cu [35,36]. In BaGa2O4: Cu, upon the excitation of 347 nm, an 
electron transferred from the 2p orbitals of a neighboring O2− to the 
empty 3d orbital of Cu2+, resulting in the creation of a hole (h) at the 
vicinity of O2− ions, as expressed by the following equation, 

Cu2+ +O2− →(e.Cu2+)
*
+O2− + h  

where (e.Cu2+)
* represented the excited Cu2+ with an additional elec

tron occupying the empty 3d orbital. When the hole recombined with 
(e.Cu2+)

*, yellow light was emitted. 
When excited at 286 nm, the shape of the emission spectra was 

identical to that excited at 347 nm (Fig. 4(b) and (c)). The peak wave
length was about 598 nm. This indicated that both excitation bands at 
286 and 347 nm originated from Cu2+. As shown in Fig. 4(b, c), the 
optimal Cu concentration x was 0.05, since both emission bands had the 
highest intensities at this concentration. Typically, d-d emission of Cu2+

is located in infrared region [3,33]. However, given this work primarily 
concerned the visible emission linked with Cu2+, we would not engage 
in a discussion about the d-d transition of Cu2+ here. 

As mentioned above, Cu2+ ion tended to incorporate predominantly 
on three Ba sites. Different local environments could result in varying 
emissions. Consequently, the broad emission spectra would reflect the 
overlap of Cu2+ emissions across these three Ba locations. This assertion 
found substantiation evidences between the emission spectra and the 
excitation wavelength, as featured in Fig. 4(d - f). When the excitation 
wavelength increased from 286 to 347 nm, there was a marginal growth 
in the emission peak wavelength–only from 598 to 602 nm. Upon 
reaching an excitation wavelength of 390 nm, a substantial red-shift 
emerged, extending from 602 up to nearly 660 nm. For further 
increasing the excitation wavelength, no discernible shift could be 
observed in the emission wavelength. Conversely, the host-related 
emission band remained stable at 468 nm regardless of the excitation 
wavelength fluctuation. To highlight these details, Fig. 4(e) exhibited 
the normalized main emission bands under excitations from 286 to 390 
nm. Monitoring over various wavelengths, from 540 to 660 nm, the 
normalized excitation spectra were presented in Fig. 4(f). The shapes of 
these excitation spectra were nearly unchanged with the main excitation 
peak slightly shifting from 346 to 348 nm. The red-shift of the emission 
might be due to the different sensitivities of Cu2+ ions positioned in 
different Ba sites to the excitation wavelength. 

The emission spectra illustrated in Fig. 4(d) allowed for the estima
tion of chromaticity coordinates for Ba0.95Ga2O4:0.05Cu. Upon excita
tion with 286 nm, the chromaticity coordination was (0.4748, 0.4612), 
locating within the yellow region of the Commission Internationale de 
l’Enclairage (CIE) chromaticity diagram depicted in Fig.S3 of SM file. 
When the sample was subjected to a higher excitation at 347 nm, the 
coordination shifted to (0.4929, 0.4679). As we continued to increase 
the excitation wavelength, the color of the sample shifted to the orange 
region and then towards the blue region. This shift in color could be 
attributed to an intensity decline of Cu2+ emission band coupled with 
the increase of host-related emission. Fig. 4(d) also integrated photo
graphs of the sample, captured when excited by 254 and 365 nm light 

Fig. 3. XPS spectra of Ba1-xGa2O4:xCu (x = 0.03–0.07).  

Table 1 
Formation energies (eV) of Cu2+ and Cu+ occupying different Ba sites in 
BaGa2O4.   

Ba1 Ba2 Ba3 Ba4 Ba5 Ba6 

Cu2+ 0.088  0.126 0  0.473  0.836  0.648 
Cu+ 0.132  0.015 0  0.400  0.531  0.282  
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sources for comparative illustration. These images provided visual 
validation for the change in emission spectra corresponding with vari
ations of excitation wavelengths. 

The luminescence decay curve of BaGa2O4:Cu was obtained under 
excitation of 347 nm. As illustrated in Fig. 5(a), by using the exponential 

formula: I = I0 + I1exp
(
− t

τ1

)
+ I2exp

(
− t

τ2

)
+ I3exp(− t

τ3
), the lifetime 

τ1, τ2 and τ3 could be extracted to be 0.0918, 0.2130 and 0.9685 ms, 
where I was the intensity of emission, I0, I1, I2 and I3 were the constants. 
The average lifetime τ was then estimated to be about 0.54 ms by 
adopting the equation τavg = (I1τ2

1 + I2τ2
2 + I3τ2

3)/(I1τ1 + I2τ2 + I3τ3)[37]. 
The temperature-dependent excitation spectra monitored at 602 nm 

and emission spectra excited at 347 nm were depicted in Fig. 5(b, c) and 
the temperature-dependent integral emission intensity of Ba0.95G
a2O4:0.05Cu over the range of 298 to 473 K was depicted in Fig. 5(d). 
The intensities of both spectra demonstrated a monotonic decrease as 
the temperature increased, implying the thermal quenching took place. 
Simultaneously, there was also a notable shift in the emission peak 
wavelength, moving from 602 nm at 298 K to approximately 660 nm at 
473 K. This shift could potentially be attributed to the thermal expan
sion, since longer Cu2+–O2− distance at higher temperature could lower 
the charge transfer energy and thus red shift was expected. Corre
spondingly, the excitation peaks at 286 and 347 nm were also red- 
shifted with increasing temperature. 

This result indicated that the emission wavelength of Cu2+ in 

BaGa2O4 had an incredible temperature- & excitation-dependence, 
which was exceptional in red region, not only for lanthanide-ion- 
doped phosphors, but also for most of transition-metal-ion-doped 
phosphors, including Cr3+, Mn4+. Such a good tunability may find 
promising applications in advanced temperature-responsive optical 
sensing or anti-counterfeiting fields. 

3.3. Persistent luminescence properties of BaGa2O4:Cu 

After irradiating with 254 and 365 nm lamps for 5 min, all samples 
across varying Cu concentrations exhibited PerL phenomena as depicted 
in Fig. 6(a). Of these, the sample Ba0.95Ga2O4:0.05Cu showed the longest 
afterglow lasting up to 12 h. The afterglow spectrum of Ba0.95G
a2O4:0.05Cu shown in Fig. 6(b) was almost identical to its emission 
spectra in Fig. 4(b), implying that the afterglow emission could be 
attributed to the doped Cu2+. Fig. 6(c) displayed photographs of the 
sample taken at intervals ranging from 1 s to 1 h after removing the 
lamps. Initially, the sample exhibited bright yellow color, and the in
tensity of the afterglow gradually waned over time. However, even after 
one hour, the sample still remained clearly visible. The broad band PerL 
emission with peak wavelength around 600 nm is rarely observed for 
most transition metal ions activated phosphors and can be regarded as 
imperative color supplementary components for present representative 
commercial afterglow phosphors of CaAl2O4:Eu2+, Nd3+ (blue) and 
SrAl2O4:Eu2+, Dy3+ (green) to realize multi-colors afterglow. Moreover, 

Fig. 4. (a) DRS of BaGa2O4 and Ba0.95Ga2O4:xCu (x = 0.02–0.07). The excitation and emission spectra of Ba1-xGa2O4:xCu with λem = 602 nm, λex = 347 nm (b) and 
λem = 598 nm, λex = 286 nm (c). (d) The emission spectra of Ba0.95Ga2O4:0.05Cu under the excitation of 286 ~ 430 nm. Insets are the photographs of the sample 
under the excitation of 254 and 365 nm. (e) The normalized emission spectra of Ba0.95Ga2O4:0.05Cu under the excitation of 286 ~ 390 nm. (f) The normalized 
excitation spectra of Ba0.95Ga2O4:0.05Cu monitored with 540 ~ 660 nm. Inset is the enlarged part of excitation spectra of the 350 nm peak. 

L. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 483 (2024) 149361

6

this phorphor is rare-earth-free and cost effective compared with above 
commercial PerL materials. 

The decay curve of Ba0.95Ga2O4:0.05Cu, taken as an example, could 
be well fitted by the third-order-exponential function: 

I = A0 + A1exp
(
− t
α1

)

+A2exp
(
− t
α2

)

+A3exp
(
− t
α3

)

where I represented the afterglow intensity at time t. α1, α2, and α3 
denoted the lifetimes of three different decay processes. A1, A2 and A3 
were constants. The fitting result was shown in the inset of Fig. 6(a). We 
found that α1, α2, and α3 were approximately 30.4 s, 314.5 s, and 7070.1 
s, respectively. This suggested the existence of trapping centers with 
varying depths within the sample. 

Fig. 5. (a) Luminescence decay curve of Ba0.95Ga2O4:0.05Cu excited at 347 nm. Temperature dependence of emission (b) and excitation (c) spectra for the sample. 
(d) The integral intensity of the emission excited at 347 nm as a function of temperature. 

Fig. 6. (a) The PerL decay curves of Ba1-xGa2O4:xCu (x = 0.01–0.07) after excitation for 5 min by 254 and 365 nm lights. Inset shows the exponentially fitting decay 
curve for x  = 0.05. (b) PerL emission spectrum of Ba0.95Ga2O4:0.05Cu. (c) PerL photographs of Ba0.95Ga2O4:0.05Cu taken at different time after removing the 
excitation sources. 
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The TL curves of Ba0.95Ga2O4:0.05Cu subjected to different heating 
rates from 1 to 5 K/s were collected after irradiation by both 254 and 
365 nm lamps for 5 min. As shown in Fig. 7(a), the recorded data un
veiled four different peaks located at approximately 300, 350, 370 and 
430 K (termed as P1, P2, P3 and P4, respectively). The depths of the 

trapping centers (E) corresponding to these four peaks could be esti
mated using the equation: βE

kT2
m
= sexp(− E

kTm
) [38,39], where β, k, Tm and s 

were the heating rate, the Boltzmann constant, the peak temperature 
and the frequency factor. Fig. 7(b) demonstrated the relationships be
tween ln(Tm

2 /β) and 1/kTm, from which the depths of these four trapping 
centers were estimated as E = 0.80, 1.22, 1.31 and 1.55 eV, respectively. 
Obviously, the depths of the first two trapping centers were very suitable 
for achieving ambient temperature PerL. For the latter two, due to their 
relatively deeper depths, the confined carriers would be released very 
slowly at ambient temperature. However, they might play a significant 
role in the prolonged PerL of the sample. 

In order to analyze the carrier-release behavior of the trapping 
centers, we assessed the TL curves of Ba0.95Ga2O4:0.05Cu following 
various decay intervals subsequent to the removal of the UV lamps. As 
depicted in Fig. 7(c), with the extension of decay time, the TL peak due 
to trap P1 demonstrated a rapid decrease and almost vanished within 5 
min. Conversely, the remaining three traps — P2, P3, and P4 — 
exhibited a considerably slower rate of decrease. The intensities of the 
traps P2 and P3 still retained nearly 50 % of the initial intensities at the 
end of one hour. Upon comparing these results with the PerL decay 
curves portrayed in Fig. 6(a), it could be inferred that the short-lived 
decay (with a lifetime of 30.4 s) was likely correlated with the trap 
P1, while the intermediate PerL phenomena of Cu2+ predominantly 
aligned with traps P2 and P3, as they shared similar trap depths. As to 
the third decay process with much longer decay lifetime of 7070.1 s, the 
trap P4 (with a trap depth of 1.55 eV) might have a significant contri
bution. The considerable depth of this trap could be the plausible 
explanation for the relatively lower intensity of the long-term afterglow. 

A deeper comprehension of PerL mechanism of Cu2+ in BaGa2O4 
needed to make clear which defects induced trap levels within the host 
band. This could be achieved through the utilization of First-principle 
calculations. Given no foreign impurities had been induced into the 
host except Cu, we limited our focus on the intrinsic defects of BaGa2O4, 
such as: VO, VGa and VBa, since these vacancies were most likely to 
emerge in the crystalline oxides when they were synthesized at high 
temperature [40]. Within BaGa2O4, there were 16 and 8 non-identical O 
and Ga atoms. We accounted for each possible non-identical VO, VGa or 
VBa in our calculations. The electronic structure of VO with the lowest 
energy was depicted in Fig. 8(a). When compared with a defect-free 
BaGa2O4 electronic structure (Fig.S2(b) of SM file), a discernible 
defect level beneath the Fermi level (our point of reference) arose - this 
level sat approximately 0.5 eV above the valence band maximum (VBM). 
Analysis of the partial density of states (PDOS) revealed that this defect 
level primarily stemmed from the 2p orbitals of O2− ions surrounding 
the vacancy. The electronic structures of VO at other O sites were very 
similar to that in Fig. 8(a). However, they exhibited slightly larger en
ergy differences between the induced defect level and VBM with a range 
from 0.5 to 1.1 eV. From a thermal dynamic view, electrons located at 
the defect levels of VO could transition to the valence band provided 
holes were present. Consequently, such defect levels might function as 
hole trapping centers. More interestingly, the energy differences be
tween these defect levels and VBM were ideal for thermal release of the 
hole back to the valence band. 

In a similar manner, V″
Ga could generate defect levels in the range of 

0.3 ~ 1.0 eV above VBM. A detailed overview of the electronic struc
tures pertaining to Ga vacancies as well as an extensive discussion on the 
formation energies of both Ga and O vacancies across different charge 
states could be found in SM file (Fig.S5 and Fig.S6). It was worth noting 
that Ba vacancies broadly failed to induce any considerable defect levels 
within the band gap, as evidenced in Fig.S6 in SM file. Besides, the 
presence of Cu+ in BaGa2O4 could induce full-occupied defect levels and 
couldn’t act as hole trapping centers as discussed in Fig.S7 in SM file. 
Summarizing the aforementioned results, we could map out the energy 
levels diagram for Cu2+ and intrinsic defects within BaGa2O4 as shown 
in Fig. 8(b). Given the valence band was constructed by the 2p orbitals of 

Fig. 7. (a) TL spectra of Ba0.95Ga2O4:0.05Cu collected after irradiation with 
both 254 and 365 nm for 5 min. (b) Relationships between ln(Tm

2 /β) and 1/kTm 
of the four peaks in (a). (c) TL curves of Ba0.95Ga2O4:0.05Cu recorded at 
different decay times after removing the UV lamps. 
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O2− ions and CT process from O2− to Cu2+, Cu2+ could induce the defect 
level about 3.57 eV (347 nm) above VBM. VO and V″

Ga formed effective 
trapping levels. When subjected to excitation, electrons located in 
valence band transitioned to the defect level associated with Cu2+, 
leaving behind holes in valence band. Subsequently, these holes could 
directly recombine with electrons situated at the excited state of Cu2+, 
(e.Cu2+)*, inciting the emission of yellow light. Alternatively, the holes 
could get caught by defect levels created by VO or V″

Ga. Following 
thermally-triggered release from these trapping centers, the holes 
moved back to valence band, and subsequently recombined at (e.Cu2+)* 
center, leading to a delay in emission and sustaining the PerL of Cu2+. 

4. Conclusions 

In summary, we developed a novel type of yellow-emitting PerL 
phosphor Ba1-xGa2O4:xCu by high-temperature solid state reaction 
method. The excitation spectrum contained two main bands at around 
286 and 347 nm ascribed to CT from O2− to Cu2+. Cu2+ exhibited a very 
broad band from 500 to 750 nm with the maximum at about 600 nm. 
The rarely reported yellow PerL arising from Cu2+ could last as long as 
12 h with the help of the intrinsic defects, like O and Ga vacancies. 

The luminescence behaviors of Cu2+ in BaGa2O4 verified that putting 
Cu2+ ion in a spacious coordination environment of Ba2+ could effec
tively provoke its visible emission, especially in the region longer than 
600 nm. Remarkably, the emission of Cu2+ in BaGa2O4 exhibited 
incredible tunability. As the excitation wavelength increased from 347 
to 390 nm, the emission shifted from 600 to about 660 nm, covering the 
whole range of red region. Furthermore, this tunability could also be 
realized by increasing the temperature from ambient temperature to 200 
℃. Considering these observations and our previous work of Cu2+ doped 
SrGa2O4, Cu2+ demonstrated more tunability since its emission was 
linked to the energy difference of the host valence band and excited 
Cu2+. Thus, the emission wavelength of Cu2+ could be deliberately 
tuned by modifying the position of the host valence band. This was quite 
different from the cases of 3d transition metal ions Cr3+, Cr4+ and Mn4+, 
as their red or infrared emissions were the results of d-d transition in 
nature and nearly constant with given ligand anions. The observation in 
this work offered a fresh perspective towards designing Cu2+ activated 
phosphor with visible emission and would spark new avenues of 
research in related fields. 
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