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EXPERIMENTAL

Materials and Methods

All starting precursor materials and solvents were obtained from commercial sources and used without
further purification: CsCl (>99%, Acros Organics, NJ, USA), Sb,O3; (99%, Sigma Aldrich Co., St.
Louis, MO, USA), AgNOs; (EM Science, NJ, USA), CuCl,*2H,0 (Aldrich Chemical Company, Inc,
USA), HC1 (EMD Chemical Inc., Darmstadt, Germany), H3PO, (50 wt. % in H,O, Sigma-Aldrich Co.,

St. Louis, MO, USA). All reactions were performed under ambient conditions.

Synthesis of Polycrystalline Cs,SbAgClg

Freshly prepared AgCl was used in this synthesis. AgCl was formed by adding 10 M HCI (in excess) to
an aqueous solution of AgNOs, resulting in the precipitation of a white solid, which was filtered using a
Buchner funnel, washed with 95% ethanol and dried under suction filtration. First, 4 mL of 10 M HCI
and 1 mL of H3PO, solvent were placed into a vial and heated to 120 °C using a hot plate with gentle
stirring using a magnetic stir bar. Then 0.5 mmol of solid Sb,Os3 (0.146 g) and 1 mmol of freshly
prepared AgCl (0.143 g) were added to the hot solvent mixture, followed by the addition of 2 mmol of
CsCl (0.337 g); immediately, a pale-yellow precipitate was observed (later confirmed via PXRD and
EDX to be Cs;SbAgCls). The mixture was heated for one hour and then left at room temperature for
two hours. The polycrystalline solid was filtered using a Buchner funnel and washed with 95% ethanol,
followed by overnight drying. We note that a small amount of Cs3Sb,Cly can form as an impurity

during the synthesis as shown in Figure S15.
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Synthesis of Polycrystalline Cs;Sb;.,Ag1.,Cu.Cls (a+b = 2x, x = 0.01, 0.05, and 0.10)

AgCl was prepared as described above.

For x = 0.01: 0.034 g of CuCl,»2H,0 (0.20 mmol) was dissolved in 5 mL of 10 M HCI and a
homogeneous solution was obtained. In a separate reaction, 10 mL of 10 M HCI was placed into a vial
and heated to 120 °C with gentle stirring using a hot plate equipped with a magnetic stirrer. 1 mmol of
white solid Sb,O3 powder (0.292 g) and 2 mmol of freshly prepared AgCl (0.287 g) were dissolved in
the hot solvent mixture. Following dissolution, 4 mmol of CsCl (0.673 g) and 0.04 mmol
(corresponding to 0.0068 g or 1 mL solution) of CuCl,*2H,0, prepared as described above, were added
to the solution. A black precipitate was immediately observed. The mixture was heated for one hour
and then left at room temperature for two hours. The polycrystalline solid was filtered using a Buchner
funnel, washed with 95% ethanol, and followed by overnight drying.

For x =0.05, 0.10: 10 mL of 10 M HCI was placed into a vial with gentle stirring and heated to 120 °C

using a hot plate equipped with a magnetic stir bar. 0.95 mmol (0.277 g) or 0.90 mmol (0.262 g) of
white solid Sb,O3; powder and 1.9 mmol (0.272 g) or 1.8 mmol (0.258 g) of freshly prepared AgCl, for
x = 0.05 and 0.10, respectively, were dissolved in the hot solvent mixture. Following dissolution, 4
mmol of CsCl (0.673 g) and 0.2 mmol (0.034 g) or 0.4 mmol (0.068g) of CuCl,*2H,0, for x = 0.05 and
0.10, respectively, were added to the solution. Immediately following this step, a black precipitate was
observed. The mixture was heated for one hour and then allowed to stand at room temperature for two
hours. The polycrystalline solid was filtered using a Buchner funnel, washed with 95% ethanol, and

allowed to dry overnight.
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Diffuse Reflectance (DR) Spectroscopy

A Cary 5000 UV—Vis—NIR spectrophotometer, equipped for the analysis of small-quantity fine

powdered samples, was used to obtain DR data (Analytical and Instrumental Laboratory, University of

Alberta). Each sample was packed into a black boat (~100 mg/sample) and each measurement was

acquired between the wavelengths of 2500 and 200 nm.
The diffuse reflectance spectra were converted to pseudo-absorbance spectra using the following

(1—R)?
2R

Kubelka-Munk transformation:” o ~ , Where, R = absolute reflectance and a = pseudo-absorbance.

The direct and indirect bandgaps were measured by taking the intercept upon extrapolation of the linear

regions of (akv)* vs E(eV) and (ahv)"? vs E(eV) plots, respectively.

Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) measurements were collected on an Inel MPD multi-purpose
diffractometer (40 kV, 50mA) system (Department of Chemistry, University of Alberta) equipped
with a CPS 120 curved position sensitive X-ray detector and Cu K, radiation source (1.540596 A).
Samples were placed on a plastic sample holder and 26 data were collected from 0.290° to 113.767°

with a step increment of 0.029°.

Energy Dispersion X-Ray (EDX) Measurements

The energy dispersive X-ray (EDX) analysis was performed using a low vacuum JEOL JSM-6010LA
InTouchScope (Scanning Electron Microscope Laboratory, University of Alberta), equipped with the

latest Bruker Silicon Drift Detector.
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Inductively Coupled Plasma-Optical Emission Spectrometric (ICP-OES) Measurements

The inductively coupled plasma-optical emission spectrometric (ICP-OES) analysis was performed
using a Argon plasma ICP spectrophotometer Perkin Elmer Optima 2000 OES DV (Laboratorio di

Microanalisi, University of Florence) instrument. The samples were dissolved in aqua regia.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a Perkin Elmer Pyris 1 instrument (Analytical and
Instrumental Laboratory, University of Alberta) with a nitrogen gas flow of 20 mL/min and a heating

rate of 5 °C/min. The temperature range was 25-800 °C.

Humidity and Thermal Stress Tests

A small amount of freshly prepared Cs;SbAgCls (x = 0.00) and highest Cu®"-doped (x = 0.10)
materials were placed in a custom-built humidifying chamber at 55 + 5% relative humidity at 295 K
(Figure S12). The samples were placed in a fume hood within this chamber in the presence of normal
laboratory light (natural and artificial). After one year (x = 0.00) or one month (x = 0.10), the samples
were removed from the humidifying chamber, and further analyses including, PXRD, 33Cs MAS NMR,
and DR were collected.

A small amount of freshly prepared Cs,SbAgCls (x = 0.00) and highest Cu** doped (x = 0.10) materials
were placed in an oven at approximately 110 °C for six days, then removed and placed on the bench to
cool to ambient temperature. Samples were then analyzed by PXRD, '**Cs MAS NMR spectroscopy

and DR experiments to confirm purity and stability of the samples.
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Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectra were acquired at X-band (9.77 GHz) on a Bruker ELEXSYS spectrometer (CERM,
University of Florence), equipped with a standard ST4102 cavity. Field modulation was 20 G at 100
kHz and four scans were taken for each sample under ambient conditions. MW power was set to 50

mW; no evidence of saturation was observed.

Solid-State Nuclear Magnetic Resonance (NMR) Spectroscopy

2Igp NMR: Antimony-121 NMR spectra were acquired at 7.05 T (300 MHz, 'H) and 11.75 T (500
MHz, 'H) on Bruker Avance 300 and 500 NMR spectrometers, respectively, using a non-selective

Bloch pulse (short tip angle) or a selective (1.3 us n/2, yB,/2n = 65 kHz) Hahn-echo pulse sequence

((n/2)x — 71 — (mw)y — 7o — ACQ, where 7; and 7, represent the inter-pulse and refocusing delays,

respectively), 1,000 to 29,000 co-added transients and a recycle delay of 2 s. Samples were packed in 4
mm OD ZrO; rotors (80 pL fill volume) and spectra were acquired under non-spinning and magic-
angle spinning (MAS) conditions with a spinning frequency between 10 and 12 kHz. Additional '*'Sb

NMR spectra were acquired at 21.1 T (900 MHz, 'H) on a Bruker Avance I 900 NMR spectrometer

using a 4 mm H/X MAS Bruker probe and a modified solid-echo pulse sequence ((n/2)x— 71 — (n)y — 72

— ACQ),*® yBi/2n = 83 kHz (1.0 us m/2,), 1,024 co-added transients and a recycle delay of 2 s. All

2ISh NMR spectra were referenced by setting the peak for 0.5 M KSbFs to § = 0.00 ppm. '

133Cs NMR: Cesium-133 NMR spectra of the Cs;SbAgCls parent (x = 0.00) and of the Cu*"-doped (0.01,
0.05, and 0.10) materials were acquired at 11.75 T (500 MHz 'H) on a Bruker Avance 500 NMR
spectrometer, with a Bloch pulse using a short pulse (1.25 us, yBi/2n = 50 kHz), 64 to 512 co-added
transients and a recycle delay between 60 and 500 s. Samples were packed in 4 mm OD ZrO; rotors

and spectra were collected under MAS conditions (®,/2n = 13 kHz). Variable temperature NMR
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spectra were acquired at 238, 291, 323, and 343 K using appropriate relaxation delays (determined
using a saturation recovery pulse sequence) to obtain pseudo-quantitative spectra (some paramagnetic
quenching is likely due to the presence of Cu>"). The sample and probe temperature were permitted to
stabilize for 10-15 minutes prior to each VT data point acquisition. The temperatures were calibrated
with **’Pb NMR using MAPbCl;.> Cesium-133 NMR spectra of Cu®" doped Cs,SbAgCls materials (x =
0.01, 0.05, and 0.10) were acquired at 21.1 T (900 MHz 'H) on a Bruker Avance II 900 spectrometer
using a 2.5 mm H/X MAS Bruker probe and a solid pulse (1.0 us /4 pulse) with 10 s recycle delays.
Samples were packed in 2.5 mm OD ZrO; rotors and spectra were collected using a spinning frequency
of 30 kHz. '**Cs 2D exchange spectroscopy (EXSY)’ spectra were acquired at a spinning frequency of
30 kHz with n/2 pulses of 2.0 us, recycle delays of 5 s, 96 to 128 co-added transients and 128 ¢,
increments; mixing times ranged from 0.1 ms to 1 sec (Figure S13). All ' *Cs NMR spectra were

referenced by setting the '>>Cs peak of a 0.1 M CsCl solution to 6 = 0.00 ppm.
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Table S1. Nominal and elemental analyzed results (EDX, ICP-OES and **Cs NMR) for Cs,SbAgCls (x = 0.00) and for the
Cu**-doped (x = 0.01, 0.05, 0.10) materials.

a

X Atom% by EDX" Cu Composition
Cs Sb Ag Cl Cu Nominal ICP-OES ¢ s
(atomic ratio %) (atomic ratio %) NMR
Cu/Cs Cu/Sb Cu/Cs Cu/Sb % Cuz,‘d
(£ 0.5)
0.00 21.64 11.24 9.72 57.40 - - - - - -
(0.93) (0.63) (0.74) (0.90)
0.010 | 21.04 11.07 10.31 56.84 0.74 1.00 2.00 0.55 1.07 0.43
(0.42) (0.54) (0.14) (1.05) (0.46)
0.050 | 21.84 11.12 8.78 57.18 1.08 5.00 10.53 1.52 3.48 2.54
(0.74) (0.47) (0.72) (0.78) (0.69)
0.100 | 22.12 11.19 6.80 58.33 1.55 10.00 22.22 2.53 6.09 3.94
(0.71) (0.60) (0.51) (1.20) (0.94)

X is the nominal Cu* composition in Cs,Sb;_,Ag;-,CuyClg.

® EDX is energy-dispersive X-ray spectroscopic analysis (in quintuplicate).

¢ ICP-OES is inductively coupled plasma- optical emission spectrometric analysis (in triplicate).

d Cuyyis % Cu*" concentration in the final product of Cs,Sb;_,Ag;-,CuyClg from 133Cs NMR.

Please note: Uncertainties are provided in the parentheses, as the dopant concentrations are near the detection limits, hence

the larger uncertainties. Figure S9 shows a nearly linear relationship between quantitatively measured Cu concentrations

and the Cu/Sb atomic ratio by synthetic loading (nominal composition). Due to the low Cu concentrations and associated

challenges in elemental analysis of these materials, we refer to all Cu-doped materials via their nominal composition, x.

Table S2. 1**Cs and *!Sb NMR relaxation parameters (7; and 7,*) for Cs;SbAgCl (x = 0.00) and for the x = 0.10 Cu*-

doped materials. All *>Cs NMR relaxation parameters (7; and 7,*) were measured at 11.75 T and whereas all '*'Sb NMR

relaxation parameters (7,*) were measured at 7.05 T.

X 33Cs (1)), sec 33Cs (T,%), ms 21Sh (T5%), us
0 51+6 61 360 = 40
0.10 2.7+0.5 1.3+0.1 130 £ 30
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Table S3. Calculated contributions from the three '**Cs MAS NMR peaks (Peak-1, Peak-2, and Peak-3) and the fitted line
equations.

Area % for x (=1 %)
s NMR Fitted Linear Equation
Peak 0.00 0.01 0.05 0.10
Peak-1 100 97.4 79.8 67.5 Siso(°Cs) / ppm = —334(32) x + 100(2); R* = 0.973
Peak-2 0 2.5 19.1 29.6 Siso(°Cs) / ppm = 305(34) x + 1(2); R* = 0.963
Peak-3 0 0.2 1.1 2.9 Siso(°Cs) / ppm = 29(3) x + 0(0); R* = 0.971

Table S4. FWHM values for '*Cs MAS NMR spectra (Peak-1 and Peak-2 of Figure S5) for Cs,SbAgCl, without or with

Cu”" doping, acquired at 11.75 T, T =291 K and a spinning frequency of 13 kHz.

FWHM (Hz)
Cu®* composition (x)
Peak-1 Peak-2
0.00 20005) -
0.01 2055) 1350(20)
0.05 615(10) 1360(10)
0.10 770(10) 1350(10)

Table S5. FWHM values of '**Cs MAS NMR spectra (B.=21.1 T, /21 = 30 kHz) for Cs,SbAgClg (Figure S6).

FWHM (Hz)
Cu®* composition (x)
Peak-1 Peak-2 Peak-3
0.01 305(5) 1625(25) -
0.05 1035(10) 2080(20) 2500(200)
0.10 1410(10) 2310(20) 2700(100)

S10




Table S6. Temperature dependence of chemical shifts and fitted line equations for Peak-1, Peak-2, and Peak-3 of the '**Cs

MAS NMR spectra for the Cu**-doped material (x = 0.10); acquired at 11.75 T with a spinning frequency of 13 kHz.
P P

Temperature (T/K)
8iso('*°Cs) Fitted Linear Equation
238 | 201 | 323 | 343
Peak-1 77 82 84 85 Siso(°Cs) / ppm = —6.3 (1000/T) + 102.9; R* = 0.999
Peak-2 =34 | -13 -3 3 Siso(*°Cs) / ppm = —30.9 (1000/T) + 89.9; R* = 0.999
Peak-3 —-147 | —105 | —-87 | -74 Siso(°Cs) / ppm = —60.4 (1000/T) + 95.4; R* = 0.998
x=0.10

LLILLLJ I-JIAA:'L;'A'

x =0.01
l l A l l.l J Y A J«:v“ A _A
x =0.00

IJlL,J..l,..

10 20 30 40 50 60 70 80 90 100
20 (Deg.)

Figure S1: Enlargement of powder XRD patterns for Cs,SbAgCls (x = 0.00) and for Cu2+-doped Cs,SbAgCle materials.
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Figure S2: Powder XRD patterns for AgCl, Cs,SbAgClg and for the latter with the indicated level of nominal Cu** doping.

The presence of AgCl in the double perovskite materials is indicated, with the relative intensity of the AgCl (200) peak

increasing as the Cu*" doping increases (dotted red box). Please note that the PXRD pattern for AgCl is simulated.’
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Figure S3. UV-VIS-NIR DR (a), and normalized absorption (b) spectrum for Cs,SbAgCls parent (i.e. x = 0.00) and all

Cu*'-doped (x = 0.01, 0.05, and 0.10) materials. The DR spectra is converted to absorbance by using the Kubelka-Munk
equation (see Materials and Methods). The Tauc plots, which yield, assuming a direct allowed transition, bandgaps of 2.84

eV for Cs,SbAgClg (x = 0.00) (c), and 1.34 eV for the maximum Cu”" doped material (x = 0.10) (d).
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Figure S4. Comparison of '*'Sb NMR spectra of Cs,SbAgCls parent under non-spinning and magic-angle spinning (18
kHz) conditions at 21.1 T (a). Comparison of '*'Sb NMR spectra acquired at 7.05, 11.75, and 21.1 T for non-spinning
Cs,SbAgCls with Cu®* doping of x = 0.10, showing the improved Sb site resolution with increasing magnetic field strength.
Data were acquired with a selective central transition pulse, optimized for the larger Cq resonance to higher frequency (i.e.

for the peak centred at =~ 900 ppm) (b).
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Figure S5. Comparison of '*'Sb NMR spectra acquired at 7.05 T (a) and 21.1 T (b) for non-spinning Cs,SbAgCl (x = 0.00)
and for this material with Cu® doping (x = 0.01, 0.05, and 0.10), showing both the intensity of the high-frequency peak (&
~900 ppm) and illustrating that the linewidth of the parent peak (i.e. the low frequency peak) increases with Cu®* doping

(insert).
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- noc1)” @ 1cucl]” ©- [sbcl]” @ Cs'

Figure S6: Schematic representation of Cs,SbAgCls double perovskites without (a), and with Cu®" doping at one (b) or two

(c) sites. This representation assumes that [CuClg]*” will generally only substitute [AgCle]’~ sites (see the manuscript).
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Figure S7: Comparison of *>Cs MAS NMR spectra for Cs,SbAgCls without (x = 0.00) and with (x = 0.01, 0.05, and 0.10)
Cu®" doping, acquired at 11.75 T with a spinning frequency of 13 kHz, showing that the linewidth of Peak-1 increases with
Cu”" content (left), and that the relative intensities (with respect to the normalized Peak-1) of Peak-2 and Peak-3 increase

with Cu®" doping concentration (right). Spinning sidebands are indicated with an asterisk (*).
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Figure S8. Comparison of *>Cs MAS NMR spectra for Cs,SbAgCls with or without Cu®* doping, acquired at 21.1 T with a
spinning frequency of 30 kHz, showing that the linewidth of Peak-1 increases with Cu*" content (left), and that the relative

intensities (with respect to the normalized Peak-1) of Peak-2 and Peak-3 increase with Cu*" doping content (right).
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Figure S9: Linear relation of Cu/Sb atomic ratio % before (nominal) and after (final product) the synthesis based on the
ICP-OES data (left) and Cu-composition based on '**Cs MAS NMR spectra acquired at 11.75 T against nominal Cu/Sb

atomic ratio % (right).

S16



33Cs NMR Analysis: From the crystal structure of Cs,SbAgCls, the Cs' ion resides in the
cubooctahedral void, surrounded by a total of eight (four Ag™ and four Sb>") octahedral sites (Figure
S6a). Similarly, each Ag" or Sb>* site is also surrounded by eight Cs" ions. Since the peaks labeled
Peak-2 in the "*>Cs NMR spectra arise from Cu”" substitution in a Ag" site, each Cu®" ion is surrounded
by eight Cs” ions. If we neglect the minor contribution giving rise to Peak-3, then from the '**Cs NMR

spectra, the total Cu>" concentration in the final product is given by Equation S1:

(2x) = g X (Area/%) S1

where Area/% refers to the percent contribution of Peak-2 to the total '**Cs spectrum. For example,

when x = 0.10, the area for Peak-2 in the '**Cs NMR spectrum is 29.5 % and thus:
(2x) = (atb) = (= X29.5) % = 3.37 % = 0.037 S2

Hence, x = (3x0.037) = 0.0185.

Please note that the general formula of Cu®" doped material is: Cs,Sb;_,Ag;-,Cus,Clg (a+b = 2x) and
that the (2x) value represents the fraction of octahedral sites (Sb>" or Ag") that are substituted by Cu*"

ions.
Cs,SbAgCI,
343 Ke—— 291 K

110 100 9 80 70 60
133

5 ("Cs)/lppm

Figure $10. Temperature dependent *>Cs MAS NMR spectra of Cs,SbAgClg parent.
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Figure S11. Cesium-133 MAS NMR spectra (B. = 11.75 T, top) and PXRD patterns (bottom) for Cs,SbAgCle (x = 0.00 and

0.10), Cs4Sb,CuCly,, CsCl, Cs,CuCly and Cs3Sb,Cly. The asterisks (*) indicate spinning sidebands.
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Figure S12. Photograph of the custom-built humidifying chamber.
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Figure S13. Enlarged version of powder XRD pattern for the stability experiments of Cs,SbAgClg parent (x = 0.00) and the

maximum Cu®*-doped (x = 0.10) materials under the indicated conditions.
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Figure S14. Absorption spectra of Cs,SbAgCl, parent (x = 0.00, red) and the maximum Cu®**-doped (x = 0.10, black)
materials under the indicated conditions. The absorption spectra were extracted from DR data by using the Kubelka-Munk

equation (see Materials and Methods).

Determination of the pseudocontact contribution: The pseudocontact contribution to the shift arises
because of the interaction of the nuclear spin with the average magnetic moment of the paramagnetic
center, which does not average to zero in the case when magnetic susceptibility of the metal center is
anisotropic. It can be related to the magnetic susceptibility through the Kurland-McGarvey equation'’

and, for the case of S=1/2 spins, it can be directly related to the electron g-matrix from EPR:

soe L HouBS(S+D)

2 _ 2 2 _
=T e i —91)Bcos6 1)

Using g, = 2.3 and g, = 2.0, at about 4.5 A the expected PCS value is 1.2 ppm, to which a further

contribution amounting to about 20% coming from the temperature independent paramagnetism could
g g p p p g

be added.'!
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21§h NMR lineshape analysis of Cs;SbAgClg: Since '*'Sb has a large quadrupole moment (Q = -36.0 fm?)
and [ = 5/2, the lineshape and breadth of the NMR spectra are often dominated by the quadrupolar
interaction. However, for the parent Cs;SbAgCls material, the Sb sites are located at an octahedral
position within a cubic space group such that the overall EFG would be expected to be zero. In practice,
slight defects or distortions within the lattice may impact the symmetry about some '*'Sb nuclei, such
that a quadrupolar interaction is detected despite the octahedral symmetry. Analysis of the spectra
acquired under non-spinning and MAS conditions as well as at multiple field strengths assist in
determining these interactions. Other anisotropic interactions that may contribute to the linewidth and
shape include magnetic shielding anisotropy, and direct (dipolar) and indirect (J-coupling) spin-spin
coupling. A small quadrupolar interaction of 1 MHz would lead to a 30 Hz second order broadening
contribution at 21.1 T, while the non-spinning linewidth is 3.2 kHz. The linewidth remains nearly
constant across three magnetic field strengths (B, = 7.05, 11.75 and 21.1 T). Since magnetic shielding
scales linearly with field and the second order quadrupole broadening is inversely related, these
anisotropic interactions are negligible in their contribution (i.e. < 1 ppm). Magic-angle spinning
reduces the linewidth by nearly 50% (1.5 kHz) to a FWHM of 1.8 kHz, indicating a contribution from
heteronuclear dipole coupling between '2'Sb and ***’Cl; the remaining MAS linewidth is attributed to
indirect spin-spin coupling between '*'Sb (N.A. = 57.2 %) and the six coordinating ***’Cl anions (**Cl:
N.A. = 75.8%, I = 3/2 and *’Cl: N.A. = 24.2%, I = 3/2). The Gaussian-like '*'Sb peak is attributed to
the complex splitting pattern arising from spin-spin coupling of '*'Sb to the two CI isotopes, further
complicated by the quadrupole coupling interaction expected for the Cl isotopes, which is expected to
be significant since these nuclei are not in a high-symmetry position. Hence, a complex J-splitting

pattern that is unresolved at 7.05 T is observed.'
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Figure S15. Cesium-133 MAS NMR spectra for Cs,SbAgCly and impure Cs,SbAgClg double perovskite and Cs;Sb,Cly.
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Figure S16. Two-dimensional '**Cs EXSY NMR (B, = 21.1 T; /21 = 30 kHz) contour plots of Cu*"-doped Cs,SbAgCl

(x =0.10) with 1 ms (blue) and 500 ms (red) mixing times, showing no Cs exchange.
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