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Micro-Raman spectroscopy analysis of CuWO4 crystals
Micro-Raman spectroscopy is a powerful technique for failure analysis, sample identification, characterization, and structural analysis of different oxide materials. It can verify the degree of order/disorder in the lattice at short ranges [RSI-1]. We have performed this spectral analysis to find the vibrational modes of the triclinic structure of our CuWO4 crystals. Based on the group theory calculations, confirms (3N = 36 active vibrational modes) for the tungstates with triclinic structure, space group (P), and point group symmetry (Ci) at infrared and Raman spectra [RSI-2], as described in equation (I), below:
                               (I)
The symbols g and u derive from the German words gerade and ungerade, meaning even and odd, respectively. Therefore, only gerade species related to 18Ag vibrational modes are active at the Raman spectrum, while the ungerade species assigned to 18Au vibrational modes are active at the Fourier-transform infrared spectrum. Therefore, we have allowed a total of 18 Raman active vibrational modes expected for the CuWO4 crystal, as presented in equation (II) below:
                                      		(II)
The Raman spectrum of CuWO4 crystals reveals multiple distinct and intense vibrational peaks within the 50 to 1,000 cm-1 range, providing compelling evidence of the highly organized triclinic crystal structure of the CuWO4 phase, as illustrated in Fig. SI-1.
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Fig. SI-1: micro-Raman spectrum of α-CuWO4 crystals. Inset shows a typical symmetric stretching vibration and asymmetric of O–W–O bonds in distorted octahedral [WO6] clusters and symmetric stretching vibration of O–Cu–O bonds in highly distorted octahedral [CuO6] clusters. The vertical dotted lines with symbol ([image: ]) indicate the relative positions and intensities of Raman-active modes of CuWO4 crystals, respectively.

Fig. SI-1 shows the micro-Raman spectrum for CuWO4 crystals prepared by CP method and heat-treated at 500 ºC for 2 h, as it was this sample that presented the good t degree of crystallinity. In it is possible to notice the presence of 18 active vibration modes (93, 124, 146, 177, 189, 221, 280, 312, 327, 353, 386, 396, 475, 546, 667, 732, 776, and 903 cm-1) in the Raman spectrum, characteristic of the triclinic structure space group (P), and point group symmetry (Ci). Corroborating with the calculations of the group theory for the same [RSI-3, RSI-4]. Based on the literature, these Raman spectrums show the external and internal active modes present in tungstates [RSI-5]. The distorted octahedral [WO6] clusters have symmetry (Oh), in which the active Raman vibrational Ag mode at around 903 cm-1 is related to internal mode with symmetric stretching of the ←O←W→O→ bonds [RSI-6], while the two active Raman vibrational Ag modes found at 732 and 776 cm-1 are ascribed to asymmetric stretching of the ←O→W→O←W←O→ bonds [RSI-7]. Moreover, the others internal modes or phonon vibrations of the lattice located from 667 to 221 cm-1 are related to the active Raman vibrational Ag modes of the distorted octahedrons [WO6] clusters interconnected with highly distorted octahedral [CuO6] clusters [RSI-8,RSI-9]. The external modes from 189 to 93 cm-1 are related to the active Raman vibrational Ag modes, which are assigned to highly distorted octahedral [CuO6] clusters [RSI-10]. In particular, the active Raman vibrational Ag mode at around 193 cm-1 is related to external mode with symmetric stretching of the ←O←Cu→O→ bonds [RSI-11]. The micro-Raman results align with the XRD patterns findings, providing strong evidence for the notion that a precisely organized triclinic structure facilitated the formation of the -CuWO4 crystals.

FT-IR spectra analysis
The FT-IR spectrum analysis is a key method that provides valuable insights into the vibrational modes of the chemical bonds in CuWO4 crystals, particularly the (O–Cu–O)/(O–W–O) bonds of the triclinic lattice [RSI-12]. As shown in equation (7), the CuWO4 crystals exhibit 36 active vibrational modes. However, by excluding the 18 Raman active vibrational modes, we are able to focus on the 18 infrared active modes, as demonstrated in equation (III):
                                                     (III)
Fig. SI-2 shows the FT-IR spectrum of CuWO4 crystals, which reveals multiple distinct and intense vibrational bands within the 400 to 1,000 cm-1 range.
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Fig. SI-2: FT-IR spectrum of α-CuWO4 crystals. Inset shows a typical assymmetric stretching vibration of O–W–O bonds in distorted octahedral [WO6] clusters. The vertical dotted lines with symbol ([image: ]) indicate the relative positions and intensities of IR-active modes of CuWO4 crystals, respectively.

Among the 18 vibrational modes predicted theoretically in IR-spectrum, it is possible to detect only 7 IR-active vibrational bands related to Au modes detected in our FT-IR spectrophotometer. Two points are fundamental that justify the presence of less than 18 IR-active vibrational modes. The first point is related to low symmetry of triclinic lattice of CuWO4 crystals, and the second is related to the low detection level of the equipment used in the far region. In this way, the Cu, W, and O atoms dynamics moving after IR laser interaction at highest energy modes can be understood based on the primary atomic shifts. Therefore, our α-CuWO4 crystals exhibit only the more intense IR-modes in the region from 400 to 1,000 cm-1, each characteristic of CuWO4 crystals with a triclinic lattice. These vibrational Au modes correspond to the O–Cu–O vibration modes in the highly distorted octahedral [CuO6] clusters, and the active infrared vibrational Au modes at 908 cm-1 are attributed to the symmetric stretching modes in the distorted octahedral [WO6] clusters [RSI-13]. The vibrational modes at 808 cm-1 and 728 cm-1 are related to the antisymmetric stretching vibration modes of the distorted octahedral [WO6] clusters [RSI-14]. The active infrared vibrational Au modes at positions of 560 and 618 cm-1 are precisely ascribed to symmetric stretching vibration (←O←W→O←W→O→) between the [WO6][WO6] clusters [RSI-15]. The vibrational modes at 479 and 416 cm-1 in the FT-IR spectrum are also accurately identified as the symmetric stretching vibrations of (O–Cu–O) bonds in the highly distorted octahedral [CuO6] clusters, as shown in inset Fig. SI-2, [RSI-16]. These findings significantly contribute to the understanding of crystallography, spectroscopy, and materials science, which is a testament to the value of our research.

UV-vis spectrum and optical gap energy (Egap) analysis of CuWO4 crystals
The method described by Kubelka and Munk [RSI-17] provides an effective way to calculate the optical band gap energy (Egap) in semiconductors [RSI-18]. The resulting Kubelka-Munk equation (III) is versatile, as it can be applied to any wavelength [RSI-19].
                                                   (III)
The  is the Kubelka–Munk function, R∞ is the reflectance, k is the molar absorption coefficient and s is the scattering coefficient. The Egap and absorption coefficient of semiconductor oxides [RSI-20,RSI-21] can be calculated using the following equation (IV):
      		    	             (IV)
where α is the linear absorption coefficient of the material, hv is the photon energy, C1 is a constant of proportionality, and the n is a constant, associated with the type of electron transition. Therefore, we have four types of electronic transitions, related to n = 0.5 to direct allowed n = 2 for indirect allowed, n = 1.5 for direct forbidden, and n = 3 for indirect forbidden [RSI-21]. According to the literature, CuWO4 crystals have an optical absorption spectrum governed by indirect transitions [RSI-22]. This means that immediately after the electronic absorption, the electrons that were located in the conduction band (BC), which have minimum energy, have the ability to relax to the valence band (VB), which has maximum energy state at different k-points in the Brillouin zone [RSI-23]. Based on this information, the o Egap of CuWO4 crystals was calculated using n = 2 in equation (IV). Then, using equation (V), a modified Kubelka-Munk equation was obtained, as shown below:
     			    (V)
The values of [F(R∞) hν]0.5 versus hν were obtained, and, using equation (V), the Egap values of the CuWO4 crystals were calculated by extrapolating the linear portion of the UV-Vis curve to the y-axis intercept.
Fig. SI-3 shows the UV–Vis spectrum for CuWO4 crystals heat-treated at 500 ºC for 2 h prepared by the CP method.
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Fig. SI-3: UV–vis transmittance spectra and corresponding Kubelka-Munk plot of α-CuWO4 crystals.

As displayed in Fig. SI-3, the proﬁles of the UV–vis spectra of the CuWO4 crystals indicate an optical behavior characteristic of structurally-ordered crystalline materials. This sample heat-treated at 500 ºC for 2 h exhibit an Egap value at around 2.48 eV, may be associated with the presence of a single triclinic CuWO4 phase with low symmetry, highly distorted octahedral [CuO6] clusters and distorted octahedral [WO6] clusters [RSI-24]. Its possibly related to the Jahn-Teller effect (dn; n = 9) [RSI-25], presence of intermediary electronic levels, or electronic structure defects, as previously explained in Fig. SI-3.

TGA/DSC measurements analysis
The thermal decomposition behavior of the coprecipted precursor powders analyzed by differential scanning calorimetry and thermogravimetric analysis is shown in Fig. S4(a,b), respectively.
 (a)                                                                  (b)
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Figs. S4(a,b): TGA/DSC curves of the dried coprecipitated powders, respectively.
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