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Enhanced photocatalytic activity and mechanism

insight of copper-modulated lead-free

Cs,AgSbCl, double perovskite microcrystals
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Miao Zhou,'* Qiang Huang,?* and Xiaosheng Tang'-#3>*

SUMMARY

Lead halide perovskites are prospective candidates for CO, photoconversion.
Herein, we report copper-doped lead-free Cs,AgSbCl, double perovskite
microcrystals (MCs) for gas-solid phase photocatalytic CO, reduction. The
0.2Cu@Cs,AgSbhCls double perovskite MCs display unprecedented CO, photo-
reduction capability with CO and CH, yields of 412 and 128 umol g ', respec-
tively. The ultrafast transient absorption spectroscopy reveals the enhanced
separation of photoexcited carriers in copper-doped Cs,AgSbCl, MCs. The
active sites and reaction intermediates on the surface of the doped
Cs,AgSbCl, are dynamically monitored and precisely unraveled based on the
in-situ Fourier transform infrared spectroscopy investigation. In combination
with density functional theory calculations, it is revealed that the copper-doped
Cs,AgSbCl, MCs facilitate sturdy CO, adsorption and activation and strikingly
enhance the photocatalytic performance. This work offers an in-depth interpre-
tation of the photocatalytic mechanism of Cs,AgSbCl, doped with copper,
which may provide guidance for future design of high-performance photocata-
lysts for solar fuel production.

INTRODUCTION

As the consumption of fossil fuels increases rapidly, the global warming induced by the excessive discharg-
ing of carbon dioxide (CO,) gas has become a huge challenge of the new century."? Photocatalytic con-
version of CO; is generally perceived as one of the most judicious avenues to simultaneously tackle
both energy demand and environmental issues. In a typical light-driven CO; reduction process, the photo-
generated charge carriers are firstly formed upon light irradiation and then migrate to the catalytically
active sites to participate in reduction and oxidation reactions with the surface-adsorbed reactants.>*
Thus, the photoelectric properties and catalytic centers of photocatalysts play crucial roles in the conver-
sion efficiency and product selectivity.”® Therefore, it is highly desirable to develop an efficient photoca-
talyst with superior photoelectric characteristics and abundant reaction sites.

Among various semiconductor materials, the lead halide perovskites have attracted widespread attention
for their applications on photodetectors, light-emitting diodes, solar cells, etc.”'? However, the toxic Pb
and crystal instability inhibit the practical application of Pb-halide perovskites. In this regard, lead-free pe-
rovskites that replace Pb?* in the perovskite structure with nontoxic metal ions have become a current
research hotspot. The lead-free double perovskite with a general formula of A,Z'Z"X4, which combines a
lead-free trivalent (Z') and monovalent (Z”) cation pairs to replace the B-site cations, exhibits distinctive per-
formance. Compared to the conventional ABX3 perovskites, A,Z'Z"X, double perovskites with a similar
three-dimensional perovskite structure display enhanced air and moisture stability.'*"'” The B-site cation
is usually substituted through the following cation pairs: Ag™/Bi®*, Ag*/In®", Ag*/Sb**, or Cu*/In®",
etc."*?® For example, the Cs,AgSbCl, crystals with a varied band gap have been prepared by Zhou
et al.,”* and a kind of Cs,AgSbCle/TiO, heterojunction was demonstrated to exhibit effective separation
of photogenerated carriers.”® Furthermore, visible-light-driven photocatalytic C—C bond forming was
achieved via using lead-free double perovskite Cs,AgSbClg nanocrystals, which showed significant poten-
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In addition to the search of new double perovskites with different components or structures, various stra-
tegies have been proposed to tune the physical properties of perovskite materials. In particular, doping
double perovskites with metal cations has attracted considerable interest as the doped materials display
enhanced stability and intriguing photoelectric properties. For instance, the 0.04% Bi-doped
Cs2(Ago soNag.40)InClg emits efficient (86% quantum efficiency) and stable (over 1,000 h) warm-white light,”’
Bi modulations of MAPbl3, Cs,AgInBrs, and Cs,AgSbBr, show enhanced stability,'’*® and Mn dopant ame-
liorates the durability of CsPbl; and provokes bright orange photoluminescence emissions in
Cs,AgInCle.””2° Among metal dopants, Cu is one of the most widely investigated element to adjust the
fundamental features of semiconductors.?’ For example, the Cu-doped perovskite enhances lattice forma-
tion energy and heightens short-range order, resulting in significant improvement of the thermal stability
and optical performance.®” Recently, K. Michaelis et al. presented the optical properties of Cs,AgSbCle
double perovskite, which are directly related to the Cu®* doping that causes a decrease of the band
gap, from ~2.6 eV (Cs,AgSbCle) to ~1 eV (Cu-doped CSZAngCLS).33 However, to the best of our knowl-
edge, the doping effects on the photocatalytic properties of double perovskites have been rarely reported.

In this study, the Cu-doped Cs,AgSbCl, microcrystals (MCs) are used as high-efficiency photocatalysts for
the gas-solid phase CO; reduction reaction (CO2RR) under 300 W Xe lamp illumination. In contrast to the
pure Cs,AgSbClgy MCs, the Cu-doped MCs show an unparalleled photocatalytic CO, conversion activity.
Ultrafast transient absorption (TA) spectroscopy reveals that the Cu atom-induced intrinsic change of
the surface trap states of Cs,AgSbCly is the primary factor behind the dramatically improved photocatalytic
performance. Under the concrete interfacial modes, the crux reaction intermediates and parameters
are detected using in-situ Fourier transform infrared spectroscopy (FT-IR). Furthermore, the in-situ
experimental data are further understood by density functional theory (DFT) calculations, which reveal
the fundamental mechanism of the enhanced photocatalytic performance in strengthening CO, adsorp-
tion and activation via inducing Cu active sites in the Cs,AgSbCl, MCs.

RESULTS AND DISCUSSION
Structural characterization of xCu@Cs,AgShCl,

Asimple solvent synthesis method is utilized to prepare the Cu-doped Cs,SbAgCl, double perovskite, and
the corresponding samples are labeled as xCu@Cs,AgSbCly (x is the amount of CuCl,-2H,0 solution).
Figures TA-1E show the field emission scanning electron microscopy (FESEM) images of the as-prepared
xCu@Cs,AgSbCle (x =0, 0.1,0.2, 0.3, 0.4 mL), which display that the materials consist of multifaced micro-
meter-sized polycrystals. The high-resolution transmission electron microscopy (HR-TEM) image (Figure 1F)
demonstrates a lattice spacing of 0.26 nm, corresponding to the (400) plane of Cs;SbAgCle. Furthermore,
the energy dispersive spectrometer (EDS) mapping images (Figure S1) confirm the existence and homoge-
neous distribution of Cs, Ag, Sb, Cl, and Cu elements in the 0.2Cu@Cs,AgSbCls MCs.

Figure S2A shows the powder X-ray diffraction (PXRD) patterns of the samples, which could be well indexed
to the simulated patterns of the Cs;AgSbCls. The magnification of the highly intense (400) peak in the PXRD
patterns is shown in Figure S2B, which illustrates the shift toward higher 26 values after Cu doping, suggest-
ing Cu is successfully incorporated into the Cs;SbAgCl, crystals and the average lattice parameters are
decreasing for the doped materials. The X-ray photoelectron spectroscopy (XPS) results shown in Figure 1G
exhibit the presence of Cs, Ag, Sb, Cl, and Cu element. The peak electron binding energy of Cl 2p shifts
significantly by about 0.77 eV in the direction of higher electron binding energy after Cu doping (Figure 1K),
which is caused by the introduction of Cu breaking the electronic valence balance of the original system
and in order to maintain the electronic balance of the entire system. The peak electron binding energies
of Cs 3d, Ag 3d, and Sb 3d remain largely unchanged after Cu doping. In particular, three peaks with
peak energies of 930.11, 931.29, and 932.18 eV, which are corresponding to the 2ps/, orbitals of Cu°,
Cu'*, and Cu®*, respectively, were seen in the high-resolution XPS spectrum of Cu 2ps/». Multivalent Cu
species enable selective CO, reduction to value-added products. Furthermore, the XPS and inductively
coupled plasma-optical emission spectrometric (ICP-OES) results (Tables STand S2) directly prove the ex-
istence of Cu element in Cs,SbAgCle.

Photocatalytic CO;RR activities of xCu@Cs,AgSbCl,

The photocatalytic CO,RR activities of these xCu@Cs,AgSbCl, MCs are further explored under the illumi-
nation of 300 W Xe lamp, and the corresponding photocatalytic performances are showed in Figure 2. After
the constant irradiation for 3 h, the as-prepared 0.2Cu@Cs,AgSbCly MCs exhibited the CO and CHy4
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Figure 1. Morphology and chemical state

(A-E) FESEM images of xCu@Cs,AgSbClg.

(F) TEM and HR-TEM images of Cs,AgSbCls.

(G-L) XPS spectra of Cs,AgSbCl, and 0.2Cu@Cs,AgSbCly,.

evolution of 412 and 128 pmol g7, respectively (Figures 2A and 2B). As a comparison, the non-doped
Cs,AgSbClg presents CO evolution of 108 umol g~' (Figure 2A), while the corresponding CH, evolution
is 46 umol g*1 (Figure 2B). As shown in Figures 2C and 2D, the optimal 0.2Cu@Cs,AgSbCls achieves CO
yield rate of 137 umol g~ h™" and CHy, yield rate of 43 umol g=' h™", resulting in an average electron con-
sumption rate of 616 umol g =" h~" (Figure 2D). As far as we know, the 0.2Cu@Cs,AgSbCl, investigated here
exhibits higher photocatalytic CO,RR performance than all the previously reported pure-phase perovskite
photocatalysts employed in gas-solid reaction system (Table S3). Meanwhile, the oxidation byproduct of
0.2Cu@Cs,AgSbCl, was also investigated. The O, yield was 517.56 umol/g, and the hole consumption
was 2070.24 pmol/g (Figure S3).

Itis crucial to identify the source of the products since organic solvents are utilized in the creation of photo-
catalysts and organic compounds are likely to be oxidized to CO or CH, under light irradiation. In order to
determine the origin of the products, we conducted the isotope-labeling experiments using '*CO, as the
reaction gas. Figure S4 demonstrates that 95% of all CO products were in the form of >CO, indicating that
this process mostly converted the reactive gas CO; rather than oxidized organic solvents. Additionally, the
products contained "*CH3 and "*CH,, which is evidence that CH, was produced.

Photocatalysts must be photochemically and structurally stable in order to be used in practical applica-
tions. As a result, we looked into 0.2Cu@Cs,AgSbCls MCs' stability following catalytic testing. The principal
X-ray diffraction (XRD) characteristic diffraction peak positions remained mostly constant following the
photocatalytic trials, as displayed in Figure S5A, demonstrating that 0.2Cu@Cs,AgSbCl, has a sound struc-
tural stability. After photocatalytic testing, as shown in Figure S5B, the morphology of 0.2Cu@Cs,AgSbCl,
was essentially the same as that of the original 0.2Cu@Cs;AgSbCls (Figure 1C). In conclusion, the
0.2Cu@Cs,AgSbCl, MCs have very good structural and morphological stability.
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Figure 2. Photocatalytic performance CO and (B) CH, evolutions based on xCu@Cs,AgSbClg
(A) Histogram of (C) the evolutions yield rate and (D) photocatalytic electron consumption rate using the
xCu@Cs,AgSbCl, as the photocatalysts.

Photoelectric properties of xCu@Cs,AgSbCl,

To gain the physical origins for the sharp enhancement of the Cu-doped Cs;AgSbCl, in photocatalytic
CO3RR activity, the photoelectric properties of the xCu@Cs,AgSbCly are further investigated. Figures 3A
and 3B show the calculated total and partial density of states (PDOS) for Cs,AgSbCl, (400) and
Cu@Cs,AgSbCl, (400). Clearly, Cs;AgSbCls (400) is a typical semiconductor with a band gap of 1.245
eV, where the conduction (valence) band edges mainly come from 3p orbital of Cl. For
Cu@Cs,AgSbCl, (400), with a band gap of 0.732 eV, valence band edges are contributed by the 3d or-
bitals of Cu atoms, and conduction band edges mainly come from the 3p orbitals of Cl atoms. Moreover,
the presence of Cu-3d states near the Fermi level reduces the band gap and thus enhances the catalytic
activity of CO,RR. Figure 3C shows the absorbance spectra of the pristine and Cu-doped Cs,;SbAgCl,
double perovskites, indicating a dramatic enhanced absorption in relevant visible region upon Cu
doping, which is consistent with the previous DFT results. The photocurrent density of the 0.2Cu@C-
s2AgSbCly is higher than that of the pristine Cs;AgSbCl, (Figure 3D), which greatly confirms the strength-
ened transfer of the charge carries in 0.2Cu@Cs,AgSbCl,. As shown in Figure 3E, the Nyquist plots indi-
cate that the charge-transfer resistance is slightly diminished for 0.2Cu@Cs,AgSbCl, in comparison to
CszAngC|6

As an effective tool to track the real-time photoexcited charge carrier dynamics involved in the photoca-
talytic process, the ultra TA spectroscopy could gain insights into the effect of elemental doping on the
charge separation inside the semiconductors.’*> In the TA measurements, the pump light is generated
by injecting the femtosecond (fs) laser from the Ti: sapphire amplifier to the optical parametric amplifier,
while the probe light is generated by injecting the 800 nm pulses (1 kHz) into sapphire crystals, thus gener-
ating smooth super continuum (see details in Supporting Information). The center wavelength of the pump
pulses is set at 365 nm, which could effectively promote electrons from the valence band to the conduction
band of xCu@Cs,AgSbCl,. Notably, the TA kinetics for Cs;AgSbCls MCs has been altered after Cu doping
(Figures 4A, 4B, 4D, and 4E). In Figure 4C, the pristine Cs;AgSbClgs MCs exhibit an absorption signal of
excited states, which could be described by two exponential recovery processes: 71 = 23.06 + 4.57 ps
(45%) and 1, = 0.72 £+ 0.23 ps (55%), and the weighted average lifetime is 10.98 ps. The Cu-doped
Cs2AgSbCls MCs display absorption signals of excited states as shown in Figure 4F, which could also be
depicted by two exponential recovery processes: 11 = 25.67 + 2.92 ps (52%) and 1, = 0.57 + 0.15 ps
(48%), while the weighted average lifetime is 13.28 ps. It is worth noting that the average recovery lifetime

4 iScience 26, 107355, August 18, 2023

iScience



iScience

A B
Total Cu 3d
. Ag 4d
3 ———Sbsp 3
Lok ©
(7)) eSO oc0 o] ‘7; =000 A O MR
(@) (@)
(=} Cs 5p o
o o
——CI3p
1 1 T T T T T T
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Energy (eV) Energy (eV)
c D 4.
——x=0.0 160
_|A x=01|  _as] ol T e
3 | o ——x=02| < ] N —e—x=0.0
s - Z304 LN
> 5 £ 100 4 l\ [ ]
3 £254 = 804 \l‘ .’f
£ S20] Y oo L}
£ °
E 40 +
1.5 35 V
300 400 500 600 700 800 900 1000 1100 o 50 100 150 200 250 300 240 260 280 300 32'0 340 360 380 400 420 440

Wavelength (nm) Time (s) Z' (ohm)

Figure 3. Photoelectric properties

(A and B) Calculated total and partial density of state of Cs;AgSbCls and Cu@Cs,AgSbCle,.

(C) Absorption spectra of xCu@Cs,AgSbCls.

(D) Transient photocurrent responses and (E) Nyquist plots of Cs,AgSbCl, and 0.2Cu@Cs,AgSbClg at 0.1 Vag/agel under
Xe lamp irradiation in ethyl acetate solution containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF,).

is thought of as an eventful parameter to assess the separation and transfer of the photoexcited carriers in
the photocatalysts. Accordingly, the average recovery lifetime for Cu-doped Cs,AgSbCly is reckoned to be
13.28 ps, which is approximately 1.21 times longer than that of the pristine Cs,AgSbCly (10.98 ps),
evidencing that the Cu doping in Cs,AgSbCl, could bring about central improvement in the electron-
hole separation efficiency. Based on the typical observation from TA kinetics, such a lifetime increase is
mainly attributed to the formation of dopant energy levels of Cu in the band gap of Cs,AgSbClg, which
is consistent with the aforementioned results in the DFT calculations (Figure 3B). Especially, after the
photoexcited carriers are produced in the Cu-doped Cs,AgSbClg, the photoexcited electrons are inclined
to be captured by the new trap states, which dramatically promotes the separation of the photoinduced
electron-hole pairs. Thus, the new trap states resulting from Cu doping could furnish more chances for
photoexcited electrons to engage in the CO,RR.

Mechanistic analysis of CO,RR

The effective adsorption and activation of CO, molecules on the photocatalyst surface are highly significant
in the multielectron photoreduction process. Thus, in-situ FT-IR is carried out for identifying and dynami-
cally monitoring the reaction intermediate species during CO, adsorption, activation, and photoconver-
sion on xCu@Cs,AgSbCls. As shown in Figure 5, the in-situ FT-IR spectra certify that several carbonates
and active -CO, "~ intermediates are formed on the surface of xCu@Cs,AgSbCly during the humid CO,
adsorption process in dark. And, the adsorption peaks at about 1,640~1,676 cm™" are attributed to the
characteristic vibration mode of -CO,~.***” Extraordinarily, the observation of -CO,~ signifies that the ad-
sorbed CO, molecules are activated on the surface of xCu@Cs,AgSbCly. The peaks at around 2,343, 2,354,
and 2,366 cm ™ are ascribed to v3(CO,) of the CO, molecular,*® while the bands of the adsorbed gas-phase
CO, (around 3,597, 3,611, 3,687, and 3,713 cm ™) are also detected, accompanied with the appearance of
surface-bonded OH™ split from the adsorbed H,0 (~3,500 cm™").*” Interestingly, the signals of CO, on the
surface of the 0.2Cu@Cs,AgSbCly are more intensive than those on Cs,AgSbCl, (Figure S6), which means
that the presence of Cu element could not only provide more active sites for CO, adsorption/activation but
also transform the adsorption/activation modes of CO,. Furthermore, the peaks around 1,590, 1,540, and
1,368 cm™’ belong to the bidentate carbonate species (b-CO427).5% Additionally, the peaks at 1,432,
1,340, 1,577, 1,645, and 1,480 cm™’ go into the monodentate carbonate (Mm-CO57),°*%® and the peaks
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Figure 4. Ultrafast TA spectra
Contour plots of the ultrafast TA spectra of (A) Cs;AgSbCls and (D) 0.2Cu@Cs,AgSbCl, upon excitation with a 365 nm fs-pulsed laser. TA spectra of (B)
Cs,AgSbCl, and (E) 0.2Cu@Cs,AgSbCls. Representative ultrafast TA kinetics probed at 559 nm (C) Cs,AgSbClg and (F) at 550 nm 0.2Cu@Cs,AgSbCle.

at1,735and 1,724 cm™’ correspond to chelating-bridged carbonate (c-CO3%7).% The presence of various
carbonate species is caused by the formation of carbonic acid and/or adsorbed CO; on the photocatalyst
surface. Besides, the peaks located at 1,631, 1,432, 1,340 cm™, and 1,298-1,263 cm ™" are reported to be
bicarbonates (HCO37), which grow from the interaction of the adsorbed CO, and H,O at the surface.>374°
Both carbonate and bicarbonate species are the considerable intermediates, which transform into prod-
uct CO.*'

As shown in Figure 5G, the Cs,AgSbCl, structure is a typical double perovskite framework of corner-
shared [AgClg] and [SbClg] octahedra and the Cs atom is located in the cavity of the octahedra. After
geometry optimization, the lattice parameters of bulk Cs,AgSbCl, are a = b = 10.85 A, which are in
accordance with previous theoretical and experimental results.” " The HR-TEM has shown that the
most exposed facet in CspAgSbCly is 400 plane; therefore, it has been chosen as the theoretical sur-
face model for the following DFT calculations. The lattice of Cs,AgSbCl, (400) (Figure S7A)is a = b =
10.62 A, and the average lattice parameters of Cu@Cs,AgSbCls (400) decrease with the increase of
doped copper content (Figures S7 and S8), which is consistent with the previous XRD results
(Figure S2).

To further study the catalytic activity of CO,RR, we calculate the d-band center and charge transfer and
adsorption energies of CO, adsorption on Cs,AgSbCly (400) and Cu@Cs,AgSbCl, (400). As an active
site, Ag atom exhibits relatively weak CO, adsorption strength with an adsorption energy of —0.14 eV. After
Cu doping, CO; is bonded to Cu atom with adsorption energy of —0.56 eV, which is much stronger than the
adsorption on the pristine surface, consistent with the previous in-situ FT-IR results (Figure S6B). Although
the negative adsorption energies of Cs,AgSbCl, (400) and Cu@Cs,AgSbCl, (400) indicate that sponta-
neous CO, adsorption could occur, the Cu atom is a superior activation site for CO, adsorption compared
to Ag. Moreover, the d-band center of Cu@Cs,AgSbCly is —2.03 eV, which is higher than that of
Cs2AgSbCle(400) (—2.54 eV), as shown in Table S5. Therefore, both experiments and DFT calculations sug-
gest incorporating an Ag atom in Cs;AgSbClg by replacing a corner Cu atom upshifting the d-band center
closer to the Fermi level, which boosts the CO; adsorption and activation. As shown in Figures 5H and 5I,
the electron transfer from Ag to CO, molecules and from Cu to CO, in Cu@Cs,AgSbCl, (400) is observed,
while minimal electron transfer is observed in Cs;AgSbCl, (400). Bader charge analysis®*** shows that
Cu@CsAgSbCl, (400) loses charge 0.85 e (from Cu atom to CO, atom), which is higher than that of
CspAgSbCls (400) (0.80 e) (from Ag atom to CO, atom), indicating that CO, adsorption on
Cu@Cs,AgSbCle (400) is easily further hydrogenated to form *CO intermediate. This demonstrates
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Figure 5. In-situ FT-IR tests and charge difference density

In-situ FT-IR tests for CO, and H,O interaction with Cs,AgSbCl, (A-C) and 0.2Cu@Cs,AgSbCly (D-F) in the dark.

(G) Schematic of bulk Cs,AgSbCl, double perovskite with NaCl-type lattice. Octahedra of [AgCl,] and [SbClg] are highlighted. The charge difference density
of (H) Cs,AgSbCle(400) and (1) Cu@Cs,AgSbCls(400) with CO, adsorption (isovalue = 1 x 104 e/,&3)‘ The red and blue color represent charge accumulation
and depletion, respectively.

stronger reducibility of the Cu active sites in Cu@Cs,AgSbCl, (400) compared to Ag active sites in
Cs,AgSbCl, (400).

The evolution of surface-bonded species on the xCu@Cs,AgSbCl, surface under Xe lamp irradiation is
evaluated based on in-situ FT-IR (Figure 6). These peaks of carbonate species, involving CO32~ (1,544,
1,510, 1,454, and 1,377 cm™") and HCO3™ (1,474, 1,417, 1,410, and 1,295-1,264 cm™"),%>27454% 4ffirm that
the adsorbed and activated species are depleted and instantly converted (Figures 5A and 5C). Then, the
peaks of *COOH (1,737, 1,578, and 1,556 ecm™), CO* (1,719 ecm™), and -CO,~ (1,685 and 1,609 cm™")
emerge and raise in intensity over time.”***% The discovery of *COOH and CO* directly proves that
the lightillumination of xCu@Cs,AgSbCl results in subsequent multistep hydrogenation of -CO, ™ radicals
to generate CO. In addition, the high-wavenumber region of the FT-IR results demonstrates that numerous
intermediates are formed during the photocatalytic reaction, incorporating CHsO* (2,848 cm™") and CH,*
(2,870, 2,912, 2,917, 2,946, and 2,936 cm ™) (Figures 6B and 6D).%”>° The existence of the staple CH,* spe-
cies suggests the formation of CH, on the xCu@Cs,AgSbCl, surface. On the ground of these in situ FT-IR
results, the reaction routes for CO, photoreduction on xCu@Cs,AgSbCl, are proposed (see the Support-
ing Information).

To theoretically understand the Cs,AgSbCl, and Cu@Cs,AgSbCl, for CO,RR, we perform DFT calculations
for the Gibbs free energy diagram based on the computational hydrogen electrode model (For details, see
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Figure 6. In-situ FT-IR tests and Gibbs free energy diagram

In-situ FT-IR tests of CO, and H,0 interaction with Cs,AgSbCly (A and B) and 0.2Cu@Cs,AgSbCl, (C and D) under
constant 300 W Xe lamp illumination.

(E) Calculated Gibbs free energy diagram for CO,RR on Cs,AgSbCls and Cu@Cs,AgSbCl.

Supporting Information, Table S4).>* As shown in Figure 6E, the formation of *COOH on the active site,
involving the first proton-coupled electron transfer (CO,+*+H"+e™ —*COOH), is the rate-determining
step (RDS) due to its largest energy barrier. Less energy barrier (1.49 eV) is required for Cu@Cs,AgSbCl,
to realize the transformation of CO, to *COOH compared to that for Cs;AgSbClg (2.05 eV), implying higher
CO3RR catalytic activity. Further hydrogenation of *CO is a critical step for forming CHj. In contrast to the
hydrogenation (*CO + H"+e~ —*HCO) step, the desorption of CO (*CO — CO+*) preferentially occurs on
*CO intermediate for Cs;AgSbCls and Cu@Cs,AgSbCly due to the energy favorability. This is attributed to
the high energy barrier that weakens the binding strength of *CO species due to insufficient single-site
activation and the low d-band position. Thus, the main photoreduction product for Cs,AgSbCls and
Cu@Cs,AgSbCl, is mainly CO. For the same reason, HCHO and CH,OH are also easier to form than
CHjy for both Cs;AgSbCly and Cu@Cs,AgSbCls. These results imply that Cu@Cs,AgSbCl, has promising
activity for CO2RR that facilitates the two-electron reduction of CO, to CO.

Conclusions

In conclusion, the Cu-doped Cs,AgSbClgy MCs are constructed for high activity in photocatalytic CO,RR at
the gas-solid interface. The combination of experimental investigations and theoretical calculations is

8 iScience 26, 107355, August 18, 2023
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adopted to reveal the mechanism of copper regulation effects on the photocatalytic performance of
Cu@Cs,AgSbCl,. Compared with pristine Cs,AgSbCly, the Cu-doped Cs,AgSbCl, possesses reduced
band gap and enhanced separation of photoexcited charge carriers. The incorporation of Ag in
Cs,AgSbCls by replacing a corner Cu atom decreases the lattice and upshifts the d-band center of
Cu@Cs,AgSbCly, closer to the Fermi level, which tremendously boosts the CO, conversion. The Cu active
site in Cu@Cs,AgSbCl, (400) demonstrates stronger reducibility compared to Ag active site in Cs,AgSbClg
(400). The reaction energy of the *COOH formation from CO,, as the rate-limiting step, can be lowered via
the Cu element modulation. The high photocatalytic CO,RR capability of Cu@Cs,AgSbCls to form CO and
CH, further verifies its superb photoreduction property. This work illustrates that the surface active sites
modulation on the ground of the copper regulation could act as an exceedingly brawny tool to promote
the photocatalytic performance by optimizing the electronic structure and modulating CO, adsorption
and photoreduction mechanism, which could afford substitute chances for utilizing lead-free halide perov-
skites in photocatalytic applications.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

CsCl Aladdin 7647-17-8
AgCl Sigma Aldrich 7783-90-6
CuCl,-2H,0 Aladdin 10125-13-0
SbCl; Aladdin 10025-91-9
HCI Aladdin 7647-01-0
CoHsOH Aladdin 64-17-5
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by
the lead contact, Prof. Xiaosheng Tang (xstang@cqu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
@ Data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Synthesis of the Cs,AgSbCl, microcrystals

Cs2AgSbClg microcrystals are synthesized via solution-state reaction. Starting materials 1 mmol of SbCl3
and an equal amount of AgCl are dissolved in the 12ml HCl and heated to 80 °C under the continuous stir-
ring. Then, 2 mmol of CsCl is added in the hot solution. Soon after, the yellow precipitate is formed in the
bottom of the flask. The precipitate is collected and washed with ethanol three times, then dried at 150 °C
in the air for 7 h. After cooling to room temperature, the yellow powder is obtained.

Synthesis of the Cu doped Cs,AgSbCl, microcrystals

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, T mmol of SbCI3 and an equal amount of AgCl are dissolved in
the 12ml HCI and heated to 80°C under the continuous stirring. Following dissolution, 2 mmol of CsCl
and x mL of CuCl,-2H,0, prepared as described above, were added to the solution. The polycrystalline
solid was washed with ethanol, and then dried at 150°C in the air for 7 h.

Characterization

X-ray diffraction (XRD) spectra of the samples was decided by powder X-ray diffraction (XRD) with Cu Ka
(0.154178 nm) radiation (MADZU, Japan). The scanning electronic microscopy (SEM) were examined on
Quattro Swith high resolution Schottky field emission electron gun (Thermo Fisher Scientific). The transmis-
sion electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) were
examined on ZEISS LIBRA 200FE. The inductively coupled plasma optical emission spectrometer (ICP-
OES) iCAP 6300 Duo was used to analysis the content of elements in double perovskites. The UV-visible
absorption spectrum was determined by the scan UV-VIS-NIR spectrophotometer (UV-2100) (Japan)
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from 300 to 1100 nm. X-ray photoelectron spectroscopy (XPS) determined the chemical states of samples
on ESRCALAB250Xi, Thermo Fisher Scientific. The binding energies were referenced to the C 1s peak at a
binding energy of 284.8 eV. CO, adsorption isotherms measurements were carried out by using an auto-
matic microporous physical and chemical gas adsorption analyzer (ASAP 2020 V3.04 H). The perovskites
thin film is fabricated by spin-coating process. The ITO substrates (1.5 * 1.5 cm) were cleaned by sonicating
sequentially in deionized water, alcohol and acetone, each for 10 min. The washed perovskites toluene sus-
pension was then spin-coated on the ITO substrates at 2000 rpm for 30 s. The as-prepared thin films were
subsequently dried at 60°C on a hotplate to completely evaporate any residual supernatant. The photo-
electrochemical experiments were performed on the CHI760e in a 3-electrode configuration with the
assembled photoelectrodes (perovskite on ITO glass) as the working electrode, the Pt mesh as the
counter electrode and the Ag/AgCl electrode as the reference electrode. Filling the ethyl acetate with
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF,) in the cell can be taken as electrolyte. In an
isotope labelling experiment, the CO products were detected by differentially pumped quadrupole
mass spectrometer (QMS, Hiden HPR20).

Photocatalytic CO, reduction

Photocatalytic CO, decrease was carried out at the Labsolar-6A system (Perfect Light Co., China).
Meanwhile, the system is made up of a fully-enclosed quartzose reactor, a 300 W Xe lamp, and gas chro-
matography (GC). Before carrying out catalysis, the Xe lamp was configured for the simulation of the illu-
mination of the solar light. The measurements were carried out within a 40 mL sealed Pyrex bottle filled
with CO, and H,O vapor. During the representative progress, the ultrasonic dispersion of 2 mg photo-
catalyst was made in 1.0 mL toluene. Then, the mixture solution was applied onto a glass (2.0 * 2.0 cm)
and heated to 100°C in ambient atmosphere for 0.5 hours to remove the extraneous toluene. The
treated clean sample films and 100 plL water were put into the bottle which was degassed repeatedly
to remove air and then filled with CO,. In the reaction, the analysis of gaseous products collected
was made per hour by a gas chromatography. The CO; gas had the purity of 99.999% and reaction pres-
sure of 85~90 kPa.

Ultrafast transient absorption

TA experiments were carried out using a home-made femtosecond pump-probe setup. The pump light
is generated by injecting the femtosecond laser from the Ti: sapphire amplifier to the optical para-
metric amplifier, using the signal pulse and the double frequency of the 780 nm light, then half chop-
ped to 500 Hz. The probe light is generated by injecting the 800 nm pulses (1 kHz) into Sapphire crys-
tals, thus generating smooth super continuum. Diameter of the pump light on the sample is 340 um,
and 120 pm for the probe light. The TA signal is obtained by calculating the absorption difference
of the sample on the probe light with and without pump light, namely, AA = A01— AQO, where
AQ1 absorptance with the pump, and AQ0 is the delay time related is the absorptance without
the pump.

In-situ FT-IR investigation on photocatalytic CO, reduction

In-situ FT-IR measurements were carried out at a BRUKER TENSOR 27 Fourier transform infrared spectrom-
eter instrument equipped with a tailor-made reactor and liquid nitrogen cooled HgCdTe (MCT) detector.
Before the adsorption/desorption process, the loaded samples were purged with Ar (50 mL min~") for 1 h at
120°C to sweep all the impurities. Then, the background spectrum was collected after the chamber tem-
perature was lowered to room temperature. Next, the mixed reaction gas flow (25 ml min~' of Ar and
5 ml min™' of CO, with a trace of H,O vapor) was introduced into the reactor, and the variation of FT-IR
spectra was recorded to monitor the dynamic adsorption process. After reaching the sorption equilibrium
(~30 min), the background spectrum was collected again. Afterward, turn on the light irradiation (300 W Xe
lamp), and the FT-IR spectra were recorded as a function of time to investigate the dynamics of the conver-
sion of the reactants under irradiation.

Computational details

First-principles computations were accomplished with the projector augmented wave (PAW) formalism
as performed using the Vienna ab initio simulation package (VASP). The Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) functional was employed to model the exchange-correlation
interactions, including vdW correction with the DFT-D3 method. Plane-wave cutoff of 500 was set for
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all the computations in this study and spin-polarization was included. We built a 1x1x1 supercell of the
flat surface Cs,AgSbClg slab with a vacuum of 20 A. The top three layers of the slab surfaces
including adsorbates were relaxed in the calculations, while the bottom two layers were fixed. The k-point
sampling in the Brillouin zone was implemented using the Monkhorst-Pack scheme with grids 3x3x1 and
5x5x1 for the geometric optimization and energy calculation, respectively. The convergence criteria of
energy and forces acting on each atom were 10° eV and 0.02 eV A, respectively, in the geometry
optimization.

In order to build the Gibbs free energy diagram, the computational hydrogen electrode (CHE) model was
used where each electrochemical reaction step is treated as a simultaneous transfer of the proton-electron
pair as a function of the applied potential. The proposed reaction paths during the CO, photoreduction on
the surface are shown below:

CO,(g) + * +H"(ag) +e < * COOH
*COOH + H*(ag) +e~ < x CO+H,O(l)
*CO + e~ + H" = xHCO(g) or *xCO - CO 1 +x
*HCO + e~ + H"— x HCHO
*HCHO + e™ + H" —» %« CH,OH or * HCHO — HCHO 1 +*
*CH,OH + e™ + H"— % CH30H
*CH30H + e~ + H" = % CH3 + H,O or * CH3OH — CH3;0H 1+
*CH; + e + H"— % CH,

*CH4 i CH4 T + *

1K1

where is the active site. Using the initial state where gaseous CO, molecules are freely
above an empty surface as the reference, the Gibbs free energy changes of interest can finally be repre-
sented as,

AG[*COOH] = G[+COOH] — (G[*] + G[CO,] + 1/2G[H,])
AG[+CO] = G[*CO] + G[H,0] — (G[*COOH] + 1/2G[H,])
AG[CO] = G[CO] — G[+CO]

AG[+HCO] = G[+HCO] — (G[+COJ + 1 /2G[H,])
AG[+HCHO] = G[+HCHO] — (G[*HCO] + 1/2G[H,))
AG[HCHO] = G[HCHOJ] — G[*HCHO]
AG[+CH,0H] = G[+CH,OH] — (G[*HCHO] + 1 /2G[H,])
AG[+CH;0H] = G[+CH;OH] — (G[*HCH,0] + 1 /2G[H,])
AG[CH;OH] = G[CH;OH] — G[+HCH;O)
AG[+CHs] = G[*CHs] + G[H,0] — (G[+HCH;0] + 1/2G[H,))

AG[CH4] = G[CHa] — (G[+CH3] + 1/2G[H,])
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To build the Gibbs free energy diagram with the computational hydrogen electrode model, Gibbs free en-
ergies for relevant species were calculated with the expression:

G = Eprr+Eze — TS

where Epgr is the calculated DFT electronic energy, Ezpe is the zero-point vibrational energy. TS is the en-
tropy contribution. All the calculated thermodynamic parameters used to build Gibbs free energy dia-
grams are listed in Table S4.
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