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Abstract: Rare-earth (RE) element-based materials for optical 

applications have received increasing attention owing to the emission 

properties of RE ions, which render these materials suitable for use in 

color displays, lasers, and solid-state lighting. In the present work, 

ZrO2:RE (RE =Tm3+, Tb3+, and Eu3+) powders were obtained via complex 

polymerization, and characterized by means of X-ray diffraction (XRD), 

Raman spectroscopy, UV-visible absorption spectroscopy, and 

photoluminescence measurements. The XRD patterns and Raman spectra 

revealed the tetragonal phase of ZrO2 co-doped with up to 4 mol.% RE3+ 

and stabilization of the cubic phase, for up to 8 mol.% RE3+. In 

addition, the photoluminescence measurements revealed simultaneous 

emissions in the blue (477 nm), green (496.02 nm and 548.32 nm), and red-

orange (597.16 nm and 617.54 nm) regions. These emissions result from the 

Tm3+, Tb 3+, and Eu3+ ions, respectively. Energy transfers, such as 1G4 

levels (Tm3+) → 5D4 (Tb3+) and 5D4 levels (Tb3+) → 5D0 (Eu3+), occurred 

during the emission process. Calculations based on density functional 

theory (DFT) were performed, to complement the experimental data. The 

results revealed that structural order/disorder effects were generated in 

the cubic and tetragonal ZrO2 phases in the ZrO2:Eu3+ powders, and 

changes in the electronic structure were manifested as a decrease in the 

band gap values. The chromaticity coordinates of all the samples were 

determined from the PL spectrum. The coordinates, x = 0.34 and y = 0.34, 

of the ZrO2:8%RE sample corresponded to a point located in the white 

region of the CIE diagram and color correlated temperature (CCT) was 

found to be 5181K. More importantly, the present results indicate that 

ZrO2:RE powders constitute promising photoluminescent materials for use 

in new lighting devices. 

 

 

 

 



 

  

 

 

To Editor:  

 

Dr. L. Schultz 

Scientific Director, IFW Dresden, Germany 

Natal, May, 11, 2016 

Dear Prof. Dr. L. Schultz, 

 

Please, find enclosed the original manuscript entitled “Photoluminescent Properties of 

ZrO2: Tm
3+

, Tb
3+

, Eu
3+

 Powders—A Combined Experimental and Theoretical Study” 

by the authors L. X. Lovisa, J. Andrés, L. Gracia, M. S. Li, C. A. Paskocimas, M. R. D. 

Bomio, V. D. Araujo,  E. Longo and F. V. Motta. In our manuscript, we describe the 

preparation of ZrO2 co-doped with Tm
3+

/Tb
3+

/Eu
3+

 powders by the Complex 

Polymerization Method (CPM). We analyzed the effect  of concentration of dopants on the 

optical properties. According to the CIE diagram, the CIE coordenates calculated to 

samples are located in the white region. The results demonstrate the presence of 

order/disorder effects generated in the cubic and tetragonal ZrO2 phases in ZrO2:Eu
3+

, 

while changes in the electronic structure were also sensed with a decrease in the band gap 

values. The ZrO2:RE materials are promising photoluminescent materials for applications 

in new lighting devices. The powders were characterized by X-ray diffraction, reflectance 

spectroscopy in uv-visible and photoluminescent (PL). We would like to submit this 

manuscript for publication in the Journal of Alloys and Compounds. 

 

 We wish you a good reception and we look forward to hearing from you. 

UNIVERSIDADE FEDERAL DO RIO GRANDE DO NORTE 
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DEPARTAMENTO DE ENGENHARIA DE MATERIAIS 
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Yours sincerely,  

 
 

 

Dr. Lovisa, L. X.  

Department of Materials – DEMAT/UFRN 

Av. Sen. Salgado Filho, 3000 - Campus Universitário 

59072-970 - Natal/RN 

Tel/fax: +55-84-3342-2406 

e-mail: lovisaengmat@ig.com.br 



 

  

 

 

To Editor:  

 

Dr. L. Schultz 

Scientific Director, IFW Dresden, Germany 

  Natal, November, 14, 2016 

Dear Prof. Dr. L. Schultz, 

 

We performed request revisions and we are sending the revised manuscript (JALCOM-D-

16-04442) “Photoluminescent Properties of ZrO2: Tm
3+

, Tb
3+

, Eu
3+

 Powders—A 

Combined Experimental and Theoretical Study” by the authors L. X. Lovisa, J. Andrés, 

L. Gracia, M. S. Li, C. A. Paskocimas, M. R. D. Bomio, V. D. Araujo,  E. Longo and F. V. 

Motta. 

 

With Best Regards, 

 

JALCOM-D-16-04442 

 

 

Yours sincerely,  

Dr. Lovisa, L. X.  

Department of Materials – DEMAT/UFRN 

Av. Sen. Salgado Filho, 3000 - Campus Universitário 

59072-970 - Natal/RN 

Tel/fax: +55-84-3342-2406 

e-mail: lovisaengmat@ig.com.br 
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Title: Photoluminescent Properties of ZrO2: Tm
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, Tb
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, Eu
3+

 Powders—A Combined 

Experimental and Theoretical Study 

Authors: L. X. Lovisa, J. Andrés, L. Gracia, M. S. Li, C. A. Paskocimas, M. R. D. Bomio, 

V. D. Araujo, E. Longo
 
and F. V. Motta  

 

 

 

Response to Reviews: 

 

Firstly, we would like to thank to reviewers for the collaboration in the improvement of the 

work. The modifications were accomplished to enrich this study (JALCOM-D-16-04442). 

The manuscript was totally revised and specifics corrections were based on the reviewer 

suggestions. 

The response to the comments of Reviewers and the corrections are listed below. 

 

Reviewer #1:  

 

(1) In the abstract, page 4 / line 2, the authors claim that there is energy transfer 

from 
1
G4 levels (Tm 

3+
) to 

5
D4 (Tb 

3+
), but this is not discussed on page 16 (section 3.5). 

This is also not represented in Figure 8. 

 

Answer: 

 

 “The energy level 
5
D4 of Tb

3+
 is very close to the energy level of Tm

3+
 
1
G4 as seen in the 

energy diagram (Figure 8). This setting energy levels contributes to efficient energy 

transfer process (ET1) between Tm
3+

 ions and Tb
3+

 [78]. The 
1
G4 level of Tm

3+
 is 

completely filled by the charge carriers (electrons) from the excitation process (λ = 350 

nm). The increased concentration of Tm
3+

 promotes the increase of the intensity of the 

transition 
1
G4 → 

3
H6, this increased intensity of Tm

3+
 also acts as a source for transporting 

Response to Reviewers



energy for the sublevel 
5
D4 of Tb

3+
, this effect is realized by increasing the intensity of 

transition 
5
D4 → 

7
F5 (550 nm) Tb

3+
, shown in Figure 7.” 

Figure 8 has been corrected as the reviewer's suggestion 

 

 

(2) Page 7, line 7: it looks like is missing a reference "(CITA)" 

 

Answer: 

 

It was added the following reference: 

15. S. Mukherjee, D. P. Dutta, N. Manoj, A. K. Tyagi, Sonochemically synthesized rare 

earth double-doped zirconia nanoparticles: probable candidate for white light emission, J 

Nanopart Res 14 (2012) 814. 

 

(3) In page 11, section 3.1, the authors refer to three samples with xRE of 1,2 and 

4%, but depict four diffractograms (Fig.1 a b c and d). It looks like Figure 1d refers to a 

sample with xRE of 6%, that is not discussed in this paper. So the authors must revise these 

data and the figure 1. 

 

Answer: 

 



The four diffractograms shown in Figure 1 (a) - (d) correspond respectively to the samples 

undoped ZrO2, ZrO2: 1%RE, ZrO2: 2%RE and ZrO2: 4%RE, the tetragonal phase of ZrO2. 

Figure 1 (e) is the sample ZrO2: 8%RE, the cubic phase of ZrO2. At no time was quoted 

sample doped to 6%RE. These results have been properly discussed in section 3.1. 

 

(4) 81-1551 and 81-1446 are not ICSD collection code numbers, but JCPDS. The 

correct ICSD numbers are: (ICSD_72956 for JCPDS_811581) and (ICSD_72951 for 

JCPDS_811546). The authors can choose which code to use, but with the correct numbers. 

(5) Despite the relatively low quality of the XRD patterns, in Figure 1(a) is possible 

to identify a low-intensity peak at about 43 degrees, which is characteristic of tetragonal 

ZrO2 phase.   

 

Answer (4) and (5): 

 

Changes in XRD reference card were made as suggested. ICSD_72956 to Figure 1 (a-d) 

indicating the tetragonal phase and ICSD_72951 to Figure 1 (e) indicating the cubic phase 

as well as the identified peak (102) located 44.22º to tetragonal phase of ZrO2. 



 

(6) In Figure 1 are presented five diffractograms, but in Figure 2 only four Raman 

spectra, the authors must be sure that these spectra were correctly named.  

Answer: 

The Raman spectroscopic analysis was used to confirm the results obtained by XRD, 

Raman since it is a very sensitive technique to detect structural changes of the materials. On 

this purpose, analyzes were performed for samples co-doped 1, 2, 4 and 8% of rare earths 

(RE) in order to verify phase transition from tetragonal → cubic. The result met the 

expected. The sample with higher dopant content (8% RE) is stabilized in the cubic phase. 

This result is consistent with other studies in the literature: 

(I) C. G. Kontoyannis, Quantitative determination of the cubic, tetragonal and 

monoclinic phases in partially stabilized zirconias by Raman spectroscopy, 

Journal of materials science 29 (1994) 5316-5320. 

(II) D. Bersani et al., Micro-Raman study of indium doped zirconia obtained by 

sol–gel, Journal of Non-Crystalline Solids, 345–346(2004) 116-119. 



(III) C. Wulfman, M. Sadoun and M. Lamy de la Chapelle, Interest of Raman 

spectroscopy for the study of dental material: The zirconia material example, 

IRBM, 31(2010) 257-262. 

 

(7) In page 18, line 7-9, the authors attributed the white luminescence of the ZrO2 

matrix to the RE ions Tm
3+

, Tb
3+

 and Eu
3+

, but, in my opinion, the self-activated 

luminescence from ZrO2 matrix is very important and it must be highlighted. 

 

Answer: 

“It is observed in Figure 7 for the sample ZrO2: 8% RE the photoluminescent behavior of 

ZrO2 host was very significant. The presence of oxygen vacancies (V0) in the matrix is 

responsible for the emergence of broadband emission at around 450 nm [87]. The oxygen 

vacancy always leads to formation of energy levels within the band gap. When ZrO2 is 

excited by a photon, the electrons are trapped by V0 and centers are created (F) [88]. Then 

recombination centers (F) with the holes (h
+
) creates the transmitter excited states. From 

these states originate transitions which decay to a state with lower energy level. The band 

of blue emission from the ZrO2 contributes along with the specific emission of rare earth on 

white emission as shown in Figure 8.” 



 

 

Reviewer 3:  

The manuscript by Lovisa et al. reports on photoluminescent properties of ZrO2 doped with 

T 
3+

, Tb
3+

, and Eu
3+

. To successfully tackle the problem, the authors characterized the 

powder samples by XRD, Raman spectroscopy, UV-visible absorption and PL 

spectroscopes. Additionally, the DFT calculations were performed to characterize stability 

of cubic and tetragonal structures of Eu-doped ZrO2 as well as its electronic properties. 

Results of this work indicate that RE ions (Tm
3+

, Tb
3+

, and Eu
3+

) can make ZrO2 a 

potential material for light-emitting diodes.  

 

I recommend publication of this paper after considering the following suggestions. 

 

- For sake of completeness it would be beneficial to perform electronic structure 

calculations for Tm- and Tb-doped ZrO2 and supplement the computational details section 

with valence configurations of Zr, O, and RE atoms used in computations.    

 

Answer: Electronic structure calculations for Tm- and Tb-doped ZrO2 have been 

performed in the revised version of the manuscript (figures S1 has been added in the 

supplementary information). In addition, valence configurations of Zr, O, and RE atoms 

used in computations have been introduced in computational details. 

 

- Results of the electronic structure calculations with the PL spectra could be compared in 

more detail. 

Answer: Results of the electronic structure calculations with the PL spectra have been 

compared in more detail in the revised version of the manuscript. 

 

- Some comments on the results of similar studies reported in Journal of Radiation 

Research and Applied Sciences 8, 11 (2015) could be added. 

Answer: This reference has been cited and commented in the revised version of the 

manuscripts. 




