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Lead free double perovskites (DPs) are promising materials due to their non-toxic and tunable optical properties. In this work, a series of lead-free halide DP single crystals (SCs) and nanocrystals (NCs) (Cs4Cu1-xAg2xSb2Cl12) were reported. With alloying strategy, the optical band-gap engineering was realized and the dimension can be controlled between 2D and 3D. The Cu-alloyed SCs exhibit strong absorption from the UV-visible region to the near-infrared range (can even completely cover the bands of NIR-I and NIR-II). In addition, (Cs4Cu1-xAg2xSb2Cl12) NCs were synthesized via a top-down approach, which maintains similar optical properties and the dimensional transformation phenomenon to SCs. These results suggest the great potential of Cs4Cu1-xAg2xSb2Cl12 SCs and NCs for photovoltaic and optoelectronic applications.
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INTRODUCTION
Lead perovskites have attracted widespread attention for their high charge carrier mobility, adjustable photoluminescence peak, and appropriate band gap. However, the toxicity of lead is a threat to the biosphere and the poor stability hinders its large-scale commercial application (Nedelcu et al., 2015; Park et al., 2015; Protesescu et al., 2015; Song et al., 2015; Yakunin et al., 2015). Due to their environment friendly properties and good photoelectric performance, lead free perovskite has been frequently reported in recent years. Isovalent Sn2+ is used to replace Pb2+, the CsSnX3 (X = Cl, Br, I) perovskites retain excellent optical properties and 3D crystal structure (Jellicoe et al., 2016). However, due to the easy oxidation of Sn2+ to Sn4+, these perovskites suffer from poor stability (Wang et al., 2016). There are also reports of lead-free DPs Cs2B′BCl6 (B′=Ag, Na; B=In, Sc, Bi, Er), which have high stability, 3D crystal structure, and efficient photoluminescence (PL). Their PL quantum yields (PLQYs) scan be further enhanced by doping or alloying strategy (Luo et al., 2018; Han et al., 2019a; Han et al., 2019b; Liu et al., 2021; Wu R et al., 2021; Zhang et al., 2021).
Although the development of the lead-free double perovskites (DPs) has made phased progress, to date, there are still many shortcomings that need to be remedied: 1) For lead-free DPs, present research mainly focuses on 3D structure SCs and NCs, but there are few studies on 2D perovskites and the regulation of their dimensions (Luo et al., 2018; Han et al., 2019b). 2) In addition to PL properties, lead-free perovskites can also be used as light-absorbing materials. At present, most of the reported lead-free DPs have a large band gap and their absorption spectra is mostly in the ultraviolet region, which cannot make full use of the photons in the visible and near-infrared regions (Han et al., 2019a; Manna and Xia, 2021). The narrow absorption spectra region hinders their further application in the field of photovoltaic (Wu X et al., 2021; Zheng et al., 2022). Recently, Cs2AgBiBr6 SC was reported and used in fields of photovoltage and photoelectric devices (Slavney et al., 2016; Greul et al., 2017; Pan et al., 2017). Our group reported a series of lead-free iron-based halide DP Cs2AgxNa1-xFeCl6 with a small tunable band-gap from 1.78 to 2.33 eV and Cs2CuSbCl6 NCs with a small band gap of 1.66 eV (Zhou et al., 2020; Han et al., 2021). However, there are few reports about lead-free perovskites that extend the absorption from the UV-visible region to the NIR range to make full utilization of the sun’s light. The design and synthesis of lead-free perovskite that can broaden the absorption spectra to the NIR region with adjustable optical band gap and high stability are of great benefit to photovoltaic and optoelectronic applications. Vargas et al. have synthesized a layered Cu(II)-Sb-based DP SC with a small band gap (Vargas, Ramos et al., 2017). Furthermore, the layered Cu(II)-Sb-based DP NCs have exhibited excellent optoelectronic response performance (Wang et al., 2019; Cai et al., 2020). Inspired by these works, we have tried to develop a series of lead-free inorganic DP SCs and NCs with adjustable band gap and controllable structure dimension through alloying strategy.
Herein, Cs4Cu1-xAg2xSb2Cl12 SCs and NCs were synthesized. All the Cu alloyed samples showed strong absorption in the visible region and near infrared (NIR) region (including NIR I and NIR II). The alloying strategy can tune the optical band gap, and effectively control the structure dimension of this system. With the increase of Ag content, a shift of the structure from 2D to 3D can be realized. A blue shift of the absorption edge of the NCs was shown compared to the corresponding SCs. In addition, the stability of these SCs was also studied.
EXPERIMENTAL METHODS
Materials
Cesium chloride (CsCl, 99%, Aladdin), copper chloride (CuCl2, 99.99%, Alfa Aesar), silver chloride (AgCl, 99.9%, Alfa Aesar), antimonous chloride (SbCl3, 99.9%, Alfa Aesar), hydrochloric acid (analytical pure, Sinopharm Chemical Reagent Co., Ltd., China), n-hexane (97%, Aladdin), toluene (99.5%, Sinopharm Chemical Reagent Co., Ltd., China). All chemicals are used as received without further purification.
Synthesis of Cs4Cu1-xAg2xSb2Cl12 (0 ≤ x ≤ 1) Single Crystals by Hydrothermal Method
For the Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.25, 0.4, 0.5, 0.75,0.8 and 1) SCs, 4 mmol CsCl, 2 mmol SbCl3, 2x mmol AgCl and 1-x mmol CuCl2 were dissolved in 10 ml hydrobromic acid in a 20 ml Teflon liner. Then, it was heated at 180°C for 16 h in a stainless steel Parr autoclave and was slowly cooled to room temperature (RT) at a speed of 5–8°C/h. Finally, the SCs were filtered and dried in vacuum at 70°C for 10 h.
Synthesis of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, and 1) Nanocrystals by Ultrasonic Crushing Method
The SCs were ground into a micron-sized powder. The powder (0.04 g) was added to 10 ml hexane, which was ultrasonicated by an ultrasonic probe (Scientz-IID, 300 W, ultrasonic homogenizer, Ningbo, China) for 20 min at 60°C. Then, the solution was centrifuged for 5 min at 1,000 rpm/min to discard the large crystals and the supernatant solution containing the NCs was obtained. After this, the colloidal NCs solution was further centrifuged for 5 min at 5,000 rpm/min to obtain the NCs precipitate for further characterization.
Structural Characterizations
Powder X-ray diffraction (PXRD) was performed on a PANalytical Empyrean diffractometer equipped with Cu Kα X-ray (λ = 1.54056 Å) tubes, and the acquisition was done for every 0.04° increment. A field emission scanning electron microscope (FESEM, JEOL, JSM-7800F, 3kV) equipped with an Oxford X-Max silicon drift detector was used to record the surface morphology and perform chemical analysis. The transmission electron microscopy (TEM) measurements were performed by using the JEM-2100. Thermogravimetric analysis (TGA) thermogram was operated under a nitrogen atmosphere with a Netzsch STA 449 F3Jupiter thermo-microbalance at a heating rate of 10°C/min.
Optical Absorption Spectroscopy
For colloidal NCs, steady-state optical absorption measurement was performed by using the PerkinElmer Lambda 35 double-beam spectrometer equipped with integrating sphere to exclude signal due to light scattering. For single crystal powder, steady-state absorption spectra were recorded using a UV−vis (SHIMADZU UV2600) spectrometer. Optical diffuse reflectance measurements were performed by equipping it with an integrating sphere at room temperature and BaSO4 as the 100% reflectance reference. The reflectance data are converted to absorption according to the Kubelka−Munk equation, [image: image], where R is the reflectance, α and S are the absorption and scattering coefficients, respectively.
RESULTS AND DISCUSSION
As shown in the PXRD pattern (Figure 1A, B), the Cs2AgSbCl6 (x=1) adopts a highly symmetric cubic DP structure with Fm-3m space symmetry. The cubic DP structure is maintained from x =1 to x = 0.75 (Figure 1C). For the Ag-Cu alloyed samples, two Ag atoms were replaced by one Cu atom and one vacancy. With the increase of Cu amount, due to the lattice contraction caused by smaller Cu2+ ionic radius than Ag+, the diffraction peak slightly shifted to higher 2θ values from x = 1 to 0. The expansion and splitting of the diffraction peak around 23.7° also appeared with the decreasing of x, corresponding to the structure change. The Cs4CuSb2Cl12 shows a vacancy ordered layered DP crystal structure and this structure was maintained from x = 0 to x = 0.4 (Figure 1D) (Vargas et al., 2017). The changes of crystal structure with different ratios of Ag/Cu can also be shown by the scanning electron microscopy (SEM) results. The Cs4Cu1-xAg2xSb2Cl12 (x = 0.75, 0.8) SCs possessed significant three-dimensional octahedral structure with grain sizes around 0.7 mm (Figure 1E; Supplementary Figure S1A). When Cu reached a higher content (x < 0.4), the SEM images showed a layered 2D morphology (Figure 1F; Supplementary Figure S1B). Energy-dispersive X-ray spectroscopy (EDS) analysis was performed to obtain the actual alloying amounts (Supplementary Table S1). The results showed that the actual Cu and Ag contents were generally consistent with the feeding ratios. The EDS elemental mappings of Cs4Cu0.8Ag0.4Sb2Cl12 SCs visually reveal the homogeneous distribution of Cs, Ag, Cu, Sb, Cl (Supplementary Figure S2).
[image: Figure 1]FIGURE 1 | (A) XRD patterns of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.25, 0.4, 0.5, 0.75, 0.8, 1). (B) Magnified images of (022) diffraction peaks. (C,D) Crystal structures of Cs4Cu1-xAgxSb2Cl12 (x > 0.5 (C), x < 0.4 (D)). (E,F) SEM images of Cs4Cu1-xAgxSb2Cl12 SCs (x = 0.75 (E), x = 0.2 (F)).
To characterize the optical properties of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.25, 0.4, 0.5, 0.75, 0.8, 1) SCs, we measured steady-state absorption spectra, as shown in Figure 2A. The unalloyed Cs2AgSbCl6 SCs have narrow absorption in the ultraviolet region. All the Cu alloyed samples and pure Cs4CuSb2Cl12 SCs exhibit strong absorption from the UV-visible region to the near-infrared range (can even completely cover the bands of NIR-I and NIR-II), which shows great potential as light absorption materials. The Tauc plot of Cs2AgSbCl6 SCs shows a wide band gap of 2.38 eV (by assuming an indirect band gap) and the band gap of Cs4Cu1-xAgxSb2Cl12 (x = 0, 0.2, 0.4) SCs are 1.13, 1.19, and 1.19 eV (by assuming a direct band gap). The transition from a wide indirect band gap to a narrow direct band gap is successfully realized through the alloying strategy. The correlation between Ag content and band gap value of Cs4Cu1-xAg2xSb2Cl12 SCs is shown in Figure 2C. The band gap decreases with the decline in x. In the range of 0.5 < x ≤ 1, the variation of band gap is very sensitive to the change of x. But when x ≤ 0.5, the band gap hardly changes with the decrease of x (the slope is gentle). The color of Cs2AgSbCl6 SCs are cream-yellow while all the Cu alloyed SCs are black, which correspond to the absorption spectra (Figure 2D).
[image: Figure 2]FIGURE 2 | (A) Steady-state absorption spectra of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.25, 0.4, 0.5, 0.75, 0.8, 1) SCs. (B) Tauc plots of Cs4Cu1-xAg2xSb2Cl12 SCs. (x = 1: n = [image: image] ; x = 0, 0.2, 0.4: n = 2) (C) Correlation between Ag content and band gap value of Cs4Cu1-xAg2xSb2Cl12 SCs. (D) Photographs of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 1) SCs.
Due to the quantum confinement effect, it is expected that Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.25, 0.4, 0.5, 0.75, 0.8, 1) halide DP with nanoscale size will have special optical properties and show great potential in optoelectronic devices (Cheng et al., 2022). In addition, NCs have greater advantages than SCs in many fields, such as thin film preparation and flexible device fabrication (Shamsi et al., 2019; Zhang et al., 2020; Song et al., 2021). In this paper, top-down ultrasonic crushing method was adopted to synthesize the Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, 1) NCs. The photograph of Cs4Cu1-xAg2xSb2Cl12 (x = 1, 0.2, 0.4, 0.8, and 0) colloidal NCs are presented in Supplementary Figure S3. Figure 3A shows the TEM image of Cs4Cu0.2Ag1.6Sb2Cl12 NCs, which have a relatively even distribution with an average diameter of 3 nm (Figure 3B). These NCs obtained by ultrasonic crushing method mostly exhibit a near-spherical shape. From a high-resolution TEM (HRTEM) image of the Cs4Cu0.2Ag1.6Sb2Cl12 NCs (insert of Figure 3A), the lattice fringes can be clearly observed. PXRD measurements were also performed (Figure 3C). With the increasing of Cu content, the diffraction peak shifted slightly to the right, which is caused by the decreasing lattice parameters caused by smaller Cu2+ ionic radius than Ag+. The diffraction peak around 23.7° shows expansion and splitting in the XRD patterns of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2) NCs. The expansion and splitting of the diffraction peak correspond with the change of structure and is consistent with the result of SCs. Combining the results of both PXRD and TEM, it can be proved that all the Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, 1) NCs possess high crystallinity, single pure phase, and uniform nanoparticle size. Steady-state absorption spectra were also measured to characterize the optical properties (Figure 3D). Cs2AgSbCl6 NCs have very weak absorption in the visible wavelength range. With the introduction of Cu, all the Cu-alloyed Cs4Cu1-xAgxSb2Cl12 (x = 0, 0.2, 0.4, 0.8) NCs have an intense and wide absorption containing the entire visible and the partial NIR regions. The Cs4CuSb2Cl12 NCs exhibit a broad absorption peak centered at 580 nm, which is slightly blue-shifted compared to the corresponding SCs.
[image: Figure 3]FIGURE 3 | (A) TEM and HRTEM (insert) images of Cs4Cu0.2Ag1.6Sb2Cl12 NCs. (B) The size distribution histogram of Cs4Cu0.2Ag1.6Sb2Cl12 NCs. (C) XRD patterns of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, 1) NCs. (D) Absorption spectra of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, 1) NCs.
Stability is also one of the important criteria to evaluate the quality of light-absorbing materials (Niu et al., 2015; Stranks and Snaith, 2015). The thermal stability and air stability of these SCs and NCs were further measured. The TGA result of SCs is presented in Figure 4A. The Cs4Cu1-xAgxSb2Cl12 (x = 0, 0.2, 0.4, 0.8, and 1) SCs exhibit an excellent thermal stability at high temperature and no weight loss until 330°C. The PXRD patterns of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, 1) SCs stored in air for 3 months was also measured to study the air stability (Figure 4B). Compared to synthesized SCs (gray dashed line), no obvious diffraction peaks of impurity were observed, which confirms that the Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, 1) SCs have excellent air stability. The TGA result of NCs show excellent thermal stability at high temperature (Supplementary Figure S4A). The colloidal NCs solutions are stored in ambient air for 1 month and also show good air stability (Supplementary Figure S4B).
[image: Figure 4]FIGURE 4 | (A) TGA of Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, 1) SCs. (B) XRD patterns of as-synthesized Cs4Cu1-xAg2xSb2Cl12 (x = 0, 0.2, 0.4, 0.8, 1) SCs (gray dashed line) compared to corresponding samples after exposure to ambient air for 3 months.
CONCLUSION
In conclusion, a series of inorganic Cu-Ag alloyed DP SCs were designed and successfully synthesized. The absorption spectra of the alloyed SCs include the whole visible to partial NIR (NIR-I and NIR-II) region. The changing the ratios of Ag/Cu can achieve the transition of band structure from indirect to direct, the adjustment of band gap value, and the transformation of crystal dimension from 3D to 2D. Then, we extend the synthesis to the nanoscale through the ultrasonic crushing method and further study the optical properties of colloidal NCs. These NCs maintain similar light absorption properties to the SCs. Our work highlights that these lead-free halide DP SCs display not only excellent photoelectronic properties but also high stability, which provides an ideal choice for light absorption materials. This alloying strategy will greatly push the development of lead-free metal halide DPs and widen its applications in photovoltaic and optoelectronic devices.
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