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Characterizations:  

All the prepared oxides were characterized by PXRD, scanning electron microscopy 

(SEM) with energy-dispersive X-ray spectroscopy (EDX). PXRD patterns were recorded using  

Panalytical EMPYREAN diffractometer (Ni-filtered Cu Kα radiation, λ = 1.5406 Å). PXRD 

data for the Rietveld refinement of the structures were collected at room temperature in the 2θ 

range 5−120° with a step size of 0.02° and step duration 50 s. About 100 mg of the powdered 

samples were tightly packed in a rectangular sample holder (1 X 2 cm) for recording the PXRD 

data. The structure of representative members were refined from PXRD data using the program 

GSAS (General Structure Analysis System)- EXPGUI (Graphical User Interface)1. A second order 

shifted Chebyschev polynomial for the background, lattice and atomic parameters, scale 

factors, background (Fourier polynomial background function), pseudo-Voigt profile functions 

(U, V, W, and X), and isothermal temperature factors (Uiso) were used in refinement. Thermal 

parameters were constrained to be the same for different atoms occupying the same sites2 (Zn 

and MII). The diffuse reflectance spectra for all powdered samples were recorded on 

Perkin−Elmer Lambda 950 UV/vis double beam spectrometer over the spectral region of 

200−2500 nm. The diffuse reflectance data were converted to absorbance data employing the 

Kubelka−Munk3 function by using the equation (1) 

𝐹(𝑅) =
ଵିோଶ

ଶோ
=

 

ௌ
   (1) 

in which R is the reflectance, α is absorptivity, and S is the scattering factor. The optical band 

gaps were calculated from Tauc plots.4 The Tauc relation (2) is 

ℎ = 𝐴(ℎ − 𝐸𝑔)𝑛   (2) 

where α is absorption coefficient, A is a constant called the band tailing parameter, and n is the 

power factor of the transition mode. The Plot of (αhν)(1/n) versus the photon energy (hν) gives 

a straight line in a certain region. The extrapolation of this straight line intercepts the (hν)-axis 

to give the value of the optical band gap (Eg). NIR reflectance in the λ = 500−2500 nm range 

at room temperature were collected by using the same instrument. For characterization of 

pigment quality of the samples, the CIE 1931 chromaticity5 coordinates in the λ = 380−750 nm 

range were collected by using the same instrument. The CIE 1931 chromaticity coordinates 

were determined by using the gocie.exe program6.  SEM images and EDX7 data were recorded 

on a FEI ESEM Quanta 200 scanning electron microscope. 
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Table S1. Crystallographic information about Zn3V2O8 

Table S2: The reaction condition for prepared samples 

SI. 
No 

Compound  Temperature (C) / 
Time (h) 

Heating 
Rate 

(C/hr) 

1 Zn3-xMxV
2
O

8 
(M= Co, Ni, Cu)

(0.05≤ x ≤0.5) 

650/12; 650/12 130 

2 Zn
3-x

M
X
P

2
O

8 
(M=Co,Ni)

(0.25≤ x ≤0.5) 

720/10 300 

3 Zn
3-x

M
X
P

2
O

8 
(M=Cu)

(0.05≤ x ≤0.1) 

700/12 150 

4 Zn2-xMXSnO4 (M=Co)
(0 ≤ x ≤ 2) 

1000/10 300 

5 Zn2-xMXTiO4(M=Co) 
(0 ≤ x ≤ 2) 

900/10 300 
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Color of the doped sample under day light  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Color of Zn3-xMxV2O8 (M=Co, Ni, Cu) powder samples under day light. 
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Figure S2: PXRD patterns of Zn3-xMxV2O8 (M= Co, Ni, Cu) prepared vanadate compounds. 

Rietveld refinement for Co2+ substituted vanadate compound 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Space Group: Cmca (64); a=6.09845(8)Å; b=11.52118(15)Å; c=8.29992(10)Å ; 

 === 90;Z=4; V=583.166Å
3
.
 
 

Reliability Factors: Rp = 2.20%, Rwp = 3.02%, χ2 = 4.96. 

Bond Lengths (Å): Zn1/Co1-O : 2.1393Å (Avg.); Zn2-O:2.1920Å (Avg.); V-O: 1.6551Å (Avg.) 

Δ= 1.5667 [Zn2/Co1]; Δ= 1.5667 [Zn1]: 0.193 

Δ is the polyhedral distortion parameter defined by Δ = 1/N ∑ [{(r
i
 − r)/r}

2
]10

3
; where 

 N is the number of bonds and r
i
 and r are individual and average bond lengths, respectively 

 Crystallographic parameters for Zn
2.5

Co
0.5

V
2
O

8 
compound generated from the Rietveld refinement of the PXRD data.  
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Rietveld refinement for Ni2+ substituted vanadate compound 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crystallographic parameters for (Ni
0.5

Zn
2.5

) V
2
O

8
 compound generated from the Rietveld refinement of the PXRD data.  

Space Group: Cmca (64); a= 6.084(5) Å; b=11.500(8)Å; c=8.289(6)Å ; === 90;Z=4; V=580.008(5)Å
3

.
 

 

Reliability Factors: Rp = 2.49%, Rwp = 3.66%, χ2 = 5.76. 

Bond Lengths (Å): Zn1/Ni1-O : 2.1515Å (Avg.); Zn2-O:2.2037Å (Avg.); V-O: 1.6499Å (Avg.). 

Δ= 1.2466 [Zn2/Ni1]; Δ= 0.80 [Zn1]. 

Δ is the polyhedral distortion parameter defined by Δ = 1/N ∑ [{(r
i
 − r)/r}

2
]10

3
; where N is the number of bonds  

and r
i
 and r are individual and average bond lengths, respectively. 
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Rietveld refinement for Cu2+ substituted vanadate compound 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Rietveld refinement and Crystallographic parameters generated from the Rietveld 

refinement for of Zn3-xMxV2O8 (M= Co, Ni, Cu). Observed (o), calculated (red line) and 

difference (bottom blue line) profiles are shown. The vertical bars indicate Bragg reflections 

(|). 

Space Group: Cmca (64); a= 6.12158(5) Å; b=11.52732(9)Å; c=8.27498(6)Å ; === 90;Z=4; V=583.928(5)Å
3
.
 
 

Reliability Factors: Rp = 3.15%, Rwp = 5.80%, χ2 =4.250 . 

Bond Lengths (Å): Zn1/Cu1-O : 2.1570Å (Avg.); Zn2-O:2.1807Å (Avg.); V-O: 1.6633Å (Avg.). 

Δ= 1.454 [Zn2/Cu1]; Δ= 1.266[Zn1]. 

Δ is the polyhedral distortion parameter defined by Δ = 1/N ∑ [{(r
i
 − r)/r}

2

]10
3

; where N is the number of bonds and 

r
i
 and r are individual and average bond lengths, respectively. 

Crystallographic parameters for (Cu
0.4

Zn
2.6

) V
2
O

8
 compound generated from the Rietveld refinement of the PXRD data.  
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Tanabe Sugano and orgel diagram for doped transition metal ion 

The ground state in an octahedral environment of Co2+ is 4T1g. There are three transitions 

observed. (i) 4T1g  4T2g(F) transitions falls in the IR region, 4T1g  
4A2g(F) and 4T1g 4T1g(P) 

transition fall in the visible region. The octahedra Ni2+ ion (d8) has the ground state of 3A2g. 

There are three transitions observed, (i) 3A2g(F)3T2g(F) observed in the IR region, (ii) 

3A2g3T1g(F) and (iii) 3A2g3T1g(P) both transitions observed in the visible region. In this 

study, compounds have distorted Co2+/Ni2+ octahedra. Due to this distortion, forbidden 

transitions become allowed, which results in the splitting of the transitions. When the energy 

of the allowed transitions is comparable with forbidden transitions, we observe shoulder peaks 

along with allowed transitions. The octahedral Cu2+ ions (d9) have the ground state 2Eg, it is 

subject to considerable Jahn-Teller distortion. There is only one transition (2Eg2T2g) 

observed in the visible region. 

 

 

 

 

 

 

 

 

 

 

Figure S4: Tanabe–Sugano diagrams of (a) d7 (b) d8 and orgel diagram of d9 configurations, 

figures show green colored arrows indicating the allowed transitions. The octahedral energy 

term mentioned here. 

(a)  Co2+- d7 (b) Ni2+ - d8 (c) Cu2+ - d9 
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Figure S5: Optical absorption (UV/Vis) spectra of Zn3-xMxV2O8 (M= Co, Ni, Cu) prepared 

vanadate compounds. 

SEM-EDS spectrum of doped sample 
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Figure S6: SEM-EDX spectra of Zn3-xMxV2O8(M= Co, Ni, Cu). 

Figure S7: PXRD patterns of Zn3-XMxP2O8 (M= Co, Ni) prepared Phosphate compounds. 

Zn
2.95

Cu
0.05

V
2
O

8
Zn

2.6
Cu

0.4
V

2
O
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Rietveld refinement for Co2+ substituted phosphate compound 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crystallographic parameters for (Co
0.5

Zn
2.5

) P
2
O

8
 compound generated from the Rietveld refinement of the PXRD data.  

Space Group: P12
1
/n1 (14); a= 7.53338(24) Å; b= 8.43676(14) Å; c= 5.04085(13) Å; == 90;= 95.0473(15); Z=2; V= 319.141(6)Å

3
.
 
 

Reliability Factors: Rp =1.36%, Rwp = 2.20%, χ2 =4.43 . 

Bond Lengths (Å): Zn1/Co1- O : 2.1834Å (Avg.); Zn2/Co2-O:2.0444Å (Avg.); P-O: 1.5442Å (Avg.). 

Δ= 0.338 [Zn1/Co1]; Δ=8.8958 [Zn2/Co2] 

Δ is the polyhedral distortion parameter defined by Δ = 1/N ∑ [{(r
i
 − r)/r}

2
]10

3
; where N is the number of bonds  

and r
i
 and r are individual and average bond lengths, respectively 
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Rietveld refinement for Ni2+ substituted phosphate compound 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crystallographic parameters for (Ni
0.5

Zn
2.5

) P
2
O

8
 compound generated from the Rietveld refinement of the PXRD data.  

Space Group: P12
1
/n1 (14); a= 7.53179(18) Å; b= 8.44593(10) Å; c= 5.03805(10) Å; == 90;= 95.1654(11);Z=2;  

V= 319.184(5)Å
3
.
 
 

Reliability Factors: Rp =1.76%, Rwp = 2.59%, χ2 =5.56 . 

Bond Lengths (Å): Zn1/Ni1-O : 2.1405Å (Avg.); Zn2/Ni2-O:2.032Å (Avg.); P-O: 1.5598Å (Avg.). 

Δ= 1.06 [Zn1/Ni1]; Δ=2.94 [Zn2/Ni2] 

Δ is the polyhedral distortion parameter defined by Δ = 1/N ∑ [{(r
i
 − r)/r}

2
]10

3
; where N is the number of bonds  
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Figure S8. Rietveld refinement of Zn3-xMxP2O8 (M=Co, Ni). Observed (o), calculated (red line) 

and difference (bottom blue line) profiles are shown. The vertical bars indicate Bragg 

reflections (|). 

Crystallographic information: (-Zn3P2O8): Zn2MgP2O8
  

 

 

 

 

 

 

 

 

Figure S9: The crystal structure and crystallographic information of Zn2MgP2O8 (-Zn3P2O8). 
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Figure S10: PXRD patterns of Zn3-XMxP2O8 (M= Cu) prepared Phosphate compound. 

Crystallographic information: -Zn
3
P

2
O

8
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Figure S11. Crystal structure and crystallographic information of -Zn3P2O8. 

Color of the doped sample under day light  

 

 

 

 

Figure S12. Color of Zn3-xMxP2O8 (M= Co, Ni, Cu) powder samples under day light. 

Correlation diagram for Co2+ with different symmetries 
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Figure S13. Correlation diagram for Co2+ with symmetries C4v, D3h (Co), Td (Co) and Oh 

(Co). (CN: coordination number).8 

 

Tanabe Sugano diagram for trigonal bipyramidal geometry of Co2+ 

and Ni2+ ions.  

 

 

 

 

 

 

 

 

 

 

 

The Co2+ in trigonal bipyramidal environment, there are four bands observed. The absorption 

transitions, 4A2(F)  4E (F) and 4A2(F)  4E(F) fall in the IR region. The transitions  4A2(F) 

4A2(P) and 4A2(F)  4E (P). The transitions to the 4A2 and 4E levels, though vibronically 

allowed, are electronically forbidden. The Ni2+ in trigonal bipyramidal environment9, The 

ground state configuration (e)4(e)4 belongs to 1A1. Two Spin-singlet excited state can be 

derived by single electron excitation;1. (e)4(e)3(a1) belongs to 1E and 2. (e)4(e)3(a1) 

belongs to 1E.  

Figure S14: Tanabe Sugano diagram for trigonal bipyramidal geometry of Co2+ and Ni2+ ions. 
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Figure S15: Optical absorption (UV/Vis) spectra of the Zn3-xCuxP2O8 (0<x≤0.1) 

SEM-EDS spectrum of doped sample 

Zn
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Co
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P
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Figure S16. SEM-EDX spectra of Zn3-xMxP2O8(M=Co,Ni) 

 

Crystallographic information: Co2TiO4 Vs Co2SnO4 
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Figure S17. Crystal structure and crystallographic information of Co2TiO4 and Co2SnO4. 

Figure S18. The PXRD Pattern of Zn2-xCoxTiO4 (x= 0.0 to 2.0) samples 
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Figure S19. The PXRD Pattern of Zn2-xCoxSnO4 (x= 0.0 to 2.0) samples  
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Figure S20. The Color of Zn2-xCoxAO4 (A=Ti, Sn) powder samples under day light. 

 

 

 

 

 

 

 

 

 

d7 octahedra 

Orgel and Tanabe Sugano diagram for Co2+ ion 
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Figure S21. Orgel and Tanabe Sugano diagram for Co2+ ion in both octahedral and tetrahedral 

geometry. The figures show green colored arrows indicating the allowed transitions10.  

NIR Reflectivity  

TiO2 is a white pigment having a strong NIR reflectance. The light-yellow colored compound, 

Zn
3
V

2
O

8 
displays NIR reflectivity of around 80% which is exhibiting slightly better NIR 

reflectivity as compared to TiO
2
. The beige yellow color compound, Zn

1.95
Ni

0.05
V

2
O

8,
 

Zn
1.75

Ni
0.25

V
2
O

8, 
Zn

1.9
Ni

0.1
V

2
O

8, 
Zn

1.75
Co

0.25
V

2
O

8,
 Zn

1.95
Co

0.05
V

2
O

8 
shows NIR reflectivity 

of around 85% which is comparable to that of TiO2. Therefore, the newly synthesized transition 

metal substituted Zn
3
V

2
O

8 
could be good candidates as white pigments with high NIR 

reflectivity. 

   

Figure S22. NIR reflectivity of Zn3-xMxV2O8(M= Co, Ni, Cu) 

The white colored compound, Zn3P2O8 displays NIR reflectivity of around 75% which is 

exhibiting slightly better NIR reflectivity as compared to TiO2. The following color compound, 

Zn2.95Ni0.5P2O8, Zn2.75Ni0.25P2O8, shows NIR reflectivity of around 70% which is comparable 

to that of TiO2. Therefore, the newly synthesized transition metal substituted Zn3P2O8 could 

be good candidates as white pigments with high NIR reflectivity. 
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Figure S23. NIR reflectivity of Zn3-xMxP2O8(M= Co, Ni, Cu) 

CIE 1931 Diagram and color coordinates 
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In order to quantify the color of the compounds further, we have determined the color 

coordinates from CIE (International Commission on Illumination) 1931 (x, y (Chromaticity 

coordinates); L* (Lightness), a* and b* (Color space) parameters) of the prepared compounds. 

CIE standard illuminant D65 used in colorimetric calculations requiring representative 

daylight.  

 Figure S24. CIE chromaticity diagram and CIE coordinates of Zn3-xMxA2O8(M= Co, Ni, 

Cu); (A=V, P).  

 

Compound CIE X CIE Y L* a* b* 

Zn2.5Co0.5V2O8 0.07 0.75 45.39 -4.84 08.95 

Zn2.5Ni0.5V2O8 0.46 0.51 78.17 -3.26 43.00 

Zn2.6Cu0.4V 2O8 0.48 0.50 68.34 3.52 39.18 

Compound CIE X CIE Y L* a* b* 

Zn2.5Co0.5P2O8 0.29 0.27 66.95 12.28 -17.50 

Zn2.5Ni0.5P2O8 0.37 0.38 79.21 1.14 27.98 

Zn2.9Cu0.1P2O8 0.31 0.33 88.25 0.22 0.92 
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Figure S25. CIE chromaticity diagram and CIE coordinates of Zn2-xCoxAO4 (A = Ti, Sn). 
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