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Photoluminescence: The a-Ag,WO; crystals consist of [WOg] and [AgO,] (v = 2, 4,
6, and 7) clusters in the lattice; thus, the [WOg] clusters are linked by strong bonds [—
W-0O-W-] between the clusters, resulting in internal vibrational spectra that provide
information on the structure and order-disorder effects in the framework. If a
symmetry break occurs, it can induce the formation of different structures with
different properties and, consequently, can modify the electronic levels of the
materials and significantly influence the PL emission properties.

In general, it is assumed that the PL emissions of metal tungstates are related to
the charge-transfer transitions within the distortions in tetrahedral [WO4] clusters or
are due to oxygen vacancies or surface defects.? Thus, this cluster-to-cluster charge
transfer (CCCT) process in the a-Ag, WO, crystals is characterized by excitations

involving electronic transitions between the distorted [W 0¢]5—[W O] and [AgO, 15—

[Ag0,]5 (v =2,4,6,and 7) clusters.'” The blue—green emission of tungstate is due to
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the charge transfer transitions within the [WOs] cluster, and the emission in the red
region is likely due to the [AgO,] (v = 2, 4, 6, and 7) clusters, which form vacancies,
inducing more disorder and deeper defects in the forbidden band gap; thus, the PL
emission peaks situated at longer wavelengths were related to deep-level defects due
to distortions in the lattice modifier clusters [AgO,] (v =2, 4, 6, and 7.2

The PL emission behavior of a-Ag,»xZnyWO, can be explained through equations
(1-4) below, according to the notation of Kréger—Vink.” The electron—hole (e'~he)
pairs can be created before the electrons achieve the system. The structural distortions
in [WO0¢]3-[Ag0,]5 (intrinsic defects) are able to polarize the structure and make
electronic transitions between [W04]3 / [Ag0,]5 and [WO4]5 / [AgO,]5 (disordered
and ordered neutral clusters, respectively). Thus, when the photon energy is finally
absorbed by the crystal, electron transitions to the conduction band occur and,
subsequently, the relaxation of the network causes photons to be emitted. The
superscript x indicates neutral clusters, * present clusters with one hole (positive

charge, h’), and " indicates clusters with one electron (negative charge, e).

[WOela + [WOe]5 — [WOs]g + [WO]o (1)
[AgOy]a +[Ag0y]5 — [Ag0y]a + [AgOylo 2)
[WOsla +[Ag0,]5 = [WOs]a +[490y]5 3)
[AgOy]aq + [WO0el5 — [Ag0Oy]a + [WOe]o “)

The equations (1-4) show the formation of e¢’~h" pairs in the a-Ag,WOy lattice
due to ordered and disordered [WO4lg / [WOel5 . [AgOyly / [AgOy]5 , and
[WO0e]3/[Ag0y]5 neutral clusters, consequently promoting the blue—green emission,
thus leading to the generation of shallow defects (see Figure 12) as explained above
and expressed through equations (5) and (6).

(210,13 +[WOGly = [Zn0y]5 + [WO,]3 5)
210,15 + [Ag0,], — [Zn0,15 + [AgOy ] ©)

The suppression of the blue—green emission occurs in equation (5), in which the
[W0Og]5, clusters (donors) transfer their electrons to [Zn0,]; clusters (acceptors),
resulting in neutral clusters. The [Zn0,]; new clusters act as network modifiers

contributing to the recombination of e'~h’ pairs.
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Tables

Table SI-1. X-ray fluorescence of the chemical analysis of zinc-doped in a-Ag;.

2xZnxWOy (0.05 < x <0.25) obtained by CP method at 80 °C for 30 min.

Samples Theoretical Experimental XRF Theoretical Experimental XRF
(mol) for Ag" (mol) for Ag" (mol) for Zn** (mol) for Zn**
0-Ag1.90Zn,0sWO, 1.90 1.98 0.05 0.08
0-Ag;.50Zny,10WO, 1.80 1.80 0.10 0.14
0-Ag;70Zny,15WO, 1.70 1.83 0.15 0.18
0-Agy.60Zn20WO, 1.60 1.71 0.20 0.22
0-Ag;50Zn),5WO, 1.50 1.44 0.25 0.28

Table SI-2. Lattice parameters, unit cell volume and statistical parameters of quality
obtained by Rietveld refinement for the a-Ag; 2, Zn,WO4 (x =0, 0.05, 0.10, 0.15, 0.20
and 0.25 mol) microcrystals synthesized by CP method at 80 °C for 30 min.

Lattice Parameters Cell

Refined formula Rprge A R,, R,
(@ABAZAWO)  a(A) b (A) c(A) v‘i;;;' T ) ) (%)
x=0 10.8868(5) 12.0399(7) 5.9071(1) 774.28(9) 1.78 1.90 983 7.73
x=10.05 10.8637(9) 12.0246(2) 5.8998(3)  770.71(4) 2.17 171 840 643
x=0.10 10.8660(5) 12.0286(0)  5.9005(2) 771.21(9) 1.57 1.77 857 6.37
x=0.15 10.8543(8) 12.0176(6) 5.8943(2) 768.88(2) 1.60 1.83 8.59 6.26
x=0.20 10.8502(6) 12.0190(6) 5.8953(1) 768.80(7) 2.23 2.09 971 7.50
x=0.25 10.8421(3) 12.0138(7) 5.8963(6) 768.03(8) 2.15 2.01 965 744
ICSD N’ 4165 10.89(2) 12.03(2) 5.92(2) 775.56 - - - -
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Table SI-3. Atomic positions of the a-Agy »xZnyWO, (x = 0, 0.05 and 0.10) samples.

0-Agr 2 Zn,WO,

x=0 x=0.05 x=0.10
Atom
X y z X y z X y z
Wi 0.2592(1)  -0.0054(5) 0.5233(4) 0.2564(9) -0.0050(5) 0.5187(6) 0.2577(2) -0.0039(5) 0.5228(3)
w2 0.000 0.8420(4) 0.500 0.000 0.8446(2) 0.500 0.000 0.8435(4) 0.500
W3 0.000 0.1325(4) 0.500 0.000 0.1397(4) 0.500 0.000 0.1340(4) 0.500
Agl  0.7605(8) 0.1768(3) 0.9906(6)  0.7550(7) 0.1659(9) 0.9847(1) 0.7664(7)  0.1751(5) 0.9899(3)
Ag2  0.2445(8) 0.8233(3) 0.0121(6) 0.2380(8) 0.8168(3) 0.0137(5) 0.2504(7)  0.8216(5) 0.0114(3)
Ag3 0.000 0.9929(3) 0.000 0.000 0.9951(6) 0.000 0.000 0.9912(5) 0.000
Agd 0.000 0.6588(3) 0.000 0.000 0.6591(7) 0.000 0.000 0.6571(5) 0.000
Ag5 0.000 0.3205(3) 0.000 0.000 0.3139(3) 0.000 0.000 0.3188(4) 0.000
Agb 0.000 0.5149(3) 0.500 0.000 0.5084(2) 0.500 0.000 0.5132(5) 0.500
o1 0.3570(9)  0.5929(8) 0.1800(6)  0.3641(7) 0.5987(8)  0.1959(6) 0.3669(5)  0.6008(6) 0.1811(9)
02 0.3570(9)  0.3589(8) 0.1730(6)  0.3796(4) 0.3781(1) 0.1703(2) 0.3669(5) 0.3668(6) 0.1741(9)
03 0.4080(9)  0.7159(8)  0.8000(6)  0.4133(7) 0.7307(1) 0.8107(8) 0.4179(5)  0.7238(6) 0.8011(9)
04 0.4140(9)  0.2439(8) 0.7770(6)  0.3863(2) 0.2747(4)  0.7945(7) 0.4239(5) 0.2518(6) 0.7781(9)
05 0.1510(9)  0.4749(8) 0.2670(6)  0.1648(8) 0.4706(7) 0.2696(0)  0.1609(5) 0.4828(6) 0.2681(9)
06 0.4030(9) 0.4769(8) 0.8320(6) 0.4158(4) 0.4827(7)  0.8439(1) 0.4129(5) 0.4848(6) 0.8331(9)
o7 0.1780(9)  0.5929(8) 0.8420(6)  0.1970(2) 0.6092(2) 0.8199(7) 0.1879(5) 0.6008(6) 0.8431(9)
08 0.1820(9)  0.3599(8) 0.8850(6)  0.1919(1)  0.4081(4) 0.9378(1) 0.1919(5) 0.3678(6) 0.8861(9)
Znl - - - - - - 0.7664(7)  0.1751(5) 0.9899(3)
Zn2 - - - - - - 0.2504(7)  0.8216(5) 0.0114(3)
Zn3 - - - - - - 0.000 0.9912(5) 0.000
Zn4 - - - - - - 0.000 0.6571(5) 0.000
Zn5 - - - - - - 0.000 0.3188(4) 0.000
Zn6 - - - - - - 0.000 0.5132(5) 0.500
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Table SI-4. Atomic positions of the a-AgyxZnyWO, (x = 0.15, 0.20 and 0.25)

samples.
0-Agy 2 Zn,WO,
x=0.15 x=10.20 x=0.25
Atom
X y z X y z X y z
Wi 0.2576(2) -0.0038(1)  0.5247(8) 0.2597(0) 0.0016(1) 0.5259(0) 0.2621(3) 0.0021(4) 0.5295(7)
w2 0.000 0.8436(8) 0.500 0.000 0.8491(1) 0.500 0.000 0.8496(4) 0.500
w3 0.000 0.1341(8) 0.500 0.000 0.1396(1) 0.500 0.000 0.1401(4) 0.500
Agl 0.7674(6)  0.1748(9) 0.9892(5) 0.7464(5) 0.1694(1) 0.9896(2) 0.7458(2) 0.1688(3) 0.9879(8)
Ag2  0.2414(6) 0.8213(9) 0.0107(5) 0.2304(5) 0.8159(1) 0.0111(2) 0.2298(2) 0.8153(3) 0.0094(8)
Ag3 0.000 0.9909(5) 0.000 0.000 0.9855(1) 0.000 0.000 0.9849(3) 0.000
Agd 0.000 0.6568(9) 0.000 0.000 0.6514(1) 0.000 0.000 0.6508(3) 0.000
Ag5 0.000 0.3185(9) 0.000 0.000 0.3131(1) 0.000 0.000 0.3125(3) 0.000
Agb 0.000 0.5129(9) 0.500 0.000 0.5075(1) 0.500 0.000 0.5069(3) 0.500
(0] 0.3679(8) 0.6047(2) 0.1767(7) 0.3760(7) 0.6209(7) 0.1777(4) 0.3803(6) 0.6249(7) 0.1757(3)
02 0.3679(8) 0.3707(2) 0.1697(7) 0.3760(7) 0.3869(7) 0.1707(4) 0.3803(6) 0.3909(7) 0.1687(3)
03 0.4189(8) 0.7277(2) 0.7967(7)  0.4270(7)  0.7439(7) 0.7977(4) 0.4313(6) 0.7479(7) 0.7957(3)
04 0.4249(8) 0.2557(2) 0.7737(7)  0.4330(7) 0.2719(7) 0.7747(4) 0.4373(6) 0.2759(7) 0.7727(3)
05 0.1619(8) 0.4867(2) 0.2637(7) 0.1700(7)  0.5029(7) 0.2647(3) 0.1743(6) 0.5069(7) 0.2627(3)
06 0.4139(8) 0.4867(2) 0.8320(6) 0.4220(7) 0.5049(7) 0.8397(4) 0.4263(6) 0.5089(7) 0.8277(3)
07 0.1889(8) 0.6047(2) 0.8420(6) 0.1970(7)  0.6209(7) 0.8397(4) 0.2013(6) 0.6249(7) 0.8377(3)
08 0.1929(8) 0.3717(2) 0.8817(7)  0.2010(7) 0.3879(7) 0.8827(3) 0.2053(6) 0.3919(7) 0.8807(3)
Znl 0.7674(6)  0.1748(9) 0.9892(5) 0.7464(5) 0.1694(1) 0.9896(2) 0.7458(2) 0.1688(3) 0.9879(8)
Zn2  0.2414(6) 0.8213(9) 0.0107(5) 0.2304(5) 0.8159(1) 0.0111(2) 0.2298(2) 0.8153(3) 0.0094(8)
Zn3 0.000 0.9909(5) 0.000 0.000 0.9855(1) 0.000 0.000 0.9849(3) 0.000
Zn4 0.000 0.6568(9) 0.000 0.000 0.6514(1) 0.000 0.000 0.6508(3) 0.000
Zn5 0.000 0.3185(9) 0.000 0.000 0.3131(1) 0.000 0.000 0.3125(3) 0.000
Zn6 0.000 0.5129(9) 0.500 0.000 0.5075(1) 0.500 0.000 0.5069(3) 0.500
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Table SI-5. Raman modes (in cm'l) of 0-Agr2xZnyWO4 (x = 0, 0.05, 0.10, 0.15, 0.20
and 0.25) microcrystals obtained by the CP method at 80 °C for 30 min, compared to

the literature.

This work Literature values
Mode Experimental Theoretical Turkovic et al.®  Sreedevi et al.’ Pmatg ¢t Lgngo et
al. al.” (theo.)

Ay - 41.3 44 - - 40.4

Ay, 60 61.3 60 70 59 54.1

Bi, 82 81.7 92 - 81 87.0

Agg 116 116.1 116 103 114 112.2
Ay, 179 179.6 182 175 179 152.4
Ay 206 205.7 208 205 204 212.4
By, 249 250.6 248 246 249 246.2
Ay, 306 304.9 306 301 301 308.6
By, 338 3384 336 335 - 329.6
Ay, 368 369.4 366 361 365 369.5
By, 486 443.9 488 475 - 450.8
B, 508 456.7 510 504 - 523.4
By, - 474.9 546 544 - 564.2
Ay 586 620.0 590 588 584 599.4
By - 631.1 629 624 - 628.6
By 669 668.8 667 664 662 662.8
By, 728 730.8 730 722 - 712.7
By, 759 753.5 754 742 755 716.6
Ay, 778 778.9 778 773 777 809.0
Ay, 805 798.2 800 791 801 813.5
Ay 884 890.6 884 881 881 845.3
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Captions for Figures
Figure SI-1. Magnification of region between 26 = 29.5° to 34°.

Figure SI-2. XRD of a-Ag;.2xZnyWO4 where: (a) 0.30 (b) 0.35 (c) 0.40 and (d) 0.45
microcrystals, obtained by CP method at 80 © C for 30 min.

Figure SI-3. Rietveld refinement plot for a-Ag xZnyWOQO, synthesized by the
CP method at 80 °C for 30 min: (a) x = 0, (b) x = 0.05, (¢) x = 0.10, (d) x =
0.15, (e) x=0.20, and (f) x = 0.25.

Figure SI-4. Theoretical models of 0-Agy,Zn, WO, with 25 % of Zn*".

Figure SI-5. FT-IR spectra of the a-Agy»xZnyWO4 (x = (a) 0, (b) 0.05, (c) 0.10, (d)
0.15, (e) 0.20 and (f) 0.25) microcrystals obtained by the CP method at 80 °C for 30

min.

Figure SI-6. Map of morphologies of a-Ag;WO4 with (010), (100), (001) (110),

(101), and (011) surfaces. Surface energy is expressed in J m>
Figure SI-7. UV-Vis spectra for a-Ag,»xZnyWO4 synthesized by the CP method at 80

°C for 30 min: (a) x =0, (b) x =0.05, (¢) x =0.10, (d) x =0.15, (¢) x = 0.20, and (f) x
=0.25.
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Figures
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