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A synthetic method for uniform and pure Cs3Sh;Brg NCs has been
developed. Cs3ShoBrg NCs exhibit a 10-fold increase in activity for
the photocatalytic CO, reduction reaction compared to CsPbBr;
NCs, achieving 510 umol CO/g cat. after 4 h. Density functional
theory shows that Cs3Sbh;Brg surfaces sufficiently expose Sb to allow
reactivity, as opposed to the unreactive CsPbBr; surface.

The unique optical properties of Pb-based halide perovskite
nanocrystals (NCs)! have led to their application as the active
layer for light harvestingZ3 and light emitting applications*~’.
However, the incorporation of toxic Pb in the crystal structure
poses a challenge for commercialization and therefore the
development for Pb-free halide perovskite materials is highly
desired. In recent years, a series of colloidal Pb-free NCs have
been studied, such as CsSnXs3° and double perovskite
Cs,AgBiXs10-14, However, stability remains a challenge for these
materials. For this reason, Pb-free perovskite structures such as
Cs3SbyXg1%16 and Cs3BiaXel7-12 are seen as promising materials
that maintain key aspects of the perovskite system but exhibit
better thermal stability.

As strong light absorbers with a band gap that is tunable in the
visible region by altering the halide composition, halide
perovskites are of interest for photocatalysis. In particular,
photocatalysts20-25 capable of converting CO, to fuels and
feedstocks (CO, CH4, CH3OH, etc.) directly from visible solar
energy are highly sought after. While halide perovskite
materials are excellent light absorbers, to date the application
for photocatalytic reactions is relatively rare, which can be
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partially attributed to the stability issues of many of these
compounds. Recently, Xu et al. applied CsPbBrs NCs/graphene
oxide compositeé and Hou et al reported pure CsPbBr; NCs?7 as
a catalyst for solar-driven CO, reduction reaction (CO,RR), with
modest efficiencies of 20-30 umol(CO)/g cat. yield. Later, Zhou
et al.10 prepared Pb-free Cs,AgBiXg NCs for CO,RR with similar
production as the Pb-based counterparts (15 umol(CO)/g cat.).
While Ou et al?8 developed a system that anchors CsPbBrs NCs
on g-C3N4 which achieved a higher yield of 149 umol CO h-1 g1,
the NCs in this structure are primarily acting as photo-absorbers
while g-C5N4 is acting as the catalytic interface. For comparison,
the most common oxide perovskite CO;, reduction catalyst is
SrTiO32° which produces over 352 umol CO h-1 g1 under ultra-
violet (UV) illumination. However, SrTiOs, while robust, is
fundamentally limited by the large bandgap that absorbs only
UV light, limiting the spectral efficiency.

From a catalytic perspective, the lead-free alternatives allow
the application of different metal centers (e.g. Sb, Bi) which may
have higher catalytic activity and better selectivity. In this letter,
we adapted the hot injection method3931 of synthesizing CsPbX3
to Sb-based perovskite Cs3Sb,Brg NCs. We show that replacing
unsaturated oleic acid (OA) with saturated octanoic acid (OnA)
is critical to achieve a sufficient temperature to synthesize pure
Cs3Sb,Brg NCs without the CsBr impurity. Cs3Sb,Brg NCs exhibit
a 10-fold increase in performance for solar driven CO,RR
compared to Pb-based CsPbBr; NCs, producing over 500
umol(CO)/g cat. over the course of 4 h. These experimental
results are supported by density functional theory (DFT)
calculations which highlight the role of crystal structure in
exposing reactive surfaces on Cs3Sb,Brg NCs.

Synthetically, we found that pure Cs3Sb,Bro NCs with a single
crystalline phase and uniform morphology could not be
achieved using the well-established colloidal CsPbXs; NCs
synthetic method relying on oleic acid (OA) and oleylamine
(OLA). The use of OA results in the hydrolysis of SbBr; salt15.32
leading to the white impurity SbsOsBr, (Fig 1(d), Fig S1, Fig S2).
This process occurs as low as 160 °C. We found that replacing
OA with OnA expanded the synthesis temperature up to 230 °C.
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Fig 1.(a) XRD pattern for reaction products at different injection temperatures, CsBr (bottom black) and Cs3Sb,Brg (bottom blue, ICSD 39824); (b) Reaction scheme showing the critical
role of OnA in reaching sufficient temperature for production of pure Cs3Sb,Brg NCs. (c)-(d) Comparison of temperature stability of OnA- and OA-based precursors.

Moreover, it suppresses the hydrolysis process (Fig 1(c)). The
injection of the Cs-octanoate (CsOnA, Cs oleate equivalent in
this system) at 210 °C yields high quality Cs3Sb,Brg NCs as shown
in the X-ray diffraction pattern (Fig 1(a), Fig S3) with no CsBr
impurity. In contrast, injection below 210 °C yielded high
concentrations of CsBr as shown by the XRD pattern and
depicted by the scheme in Fig 1(b).

The morphology of the as synthesized Cs3Sb;Brg NCs was
imaged by scanning electronic microscopy (SEM) and
transmission electronic microscopy (Fig 2(a-b). An
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Fig 2.(a) SEM image of uniform Cs3Sb,Brg NCs. Inset shows yellow color and high
transparency of solution; (b) TEM image of Cs3Sh,Brg NCs, revealing its hexagonal
cubic shape. The scale bar represents 200 nm. (c) Absorption spectra of Cs3Sb,Brg
NC before and after catalysis; (d) FTIR data for as synthesized Cs3Sb,Brg NCs,
following ligand removal, and after catalysis. The loss of features at ~3000 cm™
corresponds to the removal of the organic ligands.

average diameter of 37 nm is found with regular crystalline
lattice (Fig S4). The inset of Fig 2(a) shows the high degree of
solubility in nonpolar solvents such as hexane.

Energy dispersive X-ray spectroscopy (EDS) gives a ratio of
Cs2.9Sb2Brz.s which shows there is no excess CsBr (Fig S5). The
lower than stoichiometric value for Br is likely in part due to the
non-metallic nature of Br which gives an artificially low EDS
value33. However, any Br lost from the surface is expected to
strongly influence catalysis as discussed below. The TEM image
reveals that the morphology of Cs3Sb;Brs NCs is hexagonal
cubic, which is vital for the catalysis process.

The absorption onset at 470 nm in the visible region shown in
Fig 2(c) corresponds to a bandgap of 2.64 eV. Prior to the CO;RR,
Cs3Sb,Brg NC were purified five times (see S| for details) to
remove the majority of surface ligands and expose active sites.
The removal of ligands is confirmed by Fourier-transform
infrared spectroscopy (FTIR) (Fig 2(d)). As a result, the purified
NCs have lower solubility in non-polar solvents such as hexane
but are still readily dispersed as a fine powder.

For photocatalysis (details in Sl), dried octadecene (ODE) was
chosen as a solvent for photocatalytic CO,RR based on its low
volatility and relatively high CO, solubility3* compared to
alternatives such as ethyl acetate?® or acetonitrile?8. Purified
CsPbBr3 NCs were used as a reference3!. CsPbBr; NCs produced
nearly 50 umol CO/g cat. over the course of 4 h (Fig 3(a)), slightly
higher compared with previous reports!®2627. This may be
attributed to either the higher CO, concentration or reduced
perovskite degradation in the ODE solvent system compared to
ethyl acetate or acetonitrile. In comparison, the Cs3Sb,Brg NCs
generated over 300 umol CO/g cat. in the first hour, with a total
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Fig 3.(a) Production of CO by Cs3Sh,Brg NCs, with CsPbBr; NCs as a reference;
Stability test with multiple cycled reactions for (b) Cs3Sb,Brg NCs and (c) CsPbBr3
NCs. First 2 yields in 3" cycle for CsPbBr; too low to determine.
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Fifg 4.(a) SEM image of Cs3Sb,Brg NCs after catalysis; (b) XRD pattern comparison
of Cs3Sb,Bro NCs before and after catalysis. XPS spectrum for Sb 3ds/, electron, (c)
prior and (d) after catalysis.

production of 510 umol CO/g cat. after 4 h. This yield is over 10-
fold greater than previous reports in which the halide
perovskite has acted as pure catalyst?’, and even rivals the well-
developed oxide perovskites (Table $S6).2° Moreover, the control
experiment in which photocatalysis was run in the absence of
CO; shows no CO production. This result indicates that CO
generation is not the result of ligands or solvent decomposition.
We further tested the stability of these catalysts by re-using the
same catalyst for multiple reaction cycles (Fig 3(b-c)). A
decrease in activity is observed, although following 9 h of
testing, the Cs3Sb,Brg NCs are still 5 to 10-fold more active
compared to the Pb-based material.

Following 4 h of CO2RR the Cs3Sb,Brg NCs were collected,
washed and analyzed. As shown by SEM in Fig 4(a) the
morphology after catalysis exhibits aggregation. No new
crystalline structures are observed in XRD (Fig 4(b)), however,
the decrease in peak intensity may be due to conversion to
amorphous phases. The absorption spectrum is similar in shape
and onset (Fig 2(c)). The clearest change is observed by X-ray
photoelectron spectroscopy (XPS) of the Sb 3ds/, as shown in Fig
4(c-d). In the original sample, the Sb 3ds/; is majorly comprised
of a chemical state similar to SbFs; (Fig 4(c) green curve),
indicating its predominant +3 state35:36. This is in accord with the
presence of [SbBrs]3 octahedrons in the Cs3Sh,Brg structure (Fig
S9). After the CO3RR, the 3ds/, peak shifts towards a binding

This journal is © The Royal Society of Chemistry 20xx
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Fig 5. TA spectroscopy of (a) CsPbBr; NCs and (b) Cs3Sb,Brg NCs.

energy more closely corresponding to Sb,0s and Sb,0s3 (see Fig
4(d) blue and pink curve, Table S1) These results suggest that
formation of an oxide with a high Sb valence3®. Ultimately oxide
formation will reduce the desirable visible light absorption, and
the formation of a surface oxide may decrease catalytic activity
in combination with the observed aggregation.

To better understand the remarkably different catalytic activity
of CsPbBrs and Cs3Sb,Brg, we looked at both the excited state
dynamics by room temperature transient absorption (TA)
spectroscopy and the reaction mechanism using density
functional theory (DFT). The TA spectrum of CsPbBr; NCs shown
in Fig 5(a) exhibits a negative feature at the emission
wavelength indicating strong fluorescence. In contrast, the TA
spectrum of Cs3Sb,Brg NCs shows no fluorescence feature even
at very short timescales (Fig 5(b)), and a small but consistent
feature at around 560 nm is observed. While further work needs
to be done to understand the cause of the low fluorescence, it
is notable that rapid recombination of electron and hole is not
consistent with the photocatalytic activity observed. Trapping
of either the hole or electron in a long-lived state could enhance
the effective lifetime of the excited carriers and lead to
enhanced activity, provided the electron retains sufficient
energy to push forward the CO,RR.

Density functional theory (DFT) calculations were used to find
the energy of the COOH* and CO* reaction intermediates (for
details see Sl). For CsPbBr3 NCs the (001) family of surfaces have
the lowest energy, which is consistent with the cubic structure.
By DFT no bound intermediate states were observed on CsPbBr3
(001) which is unsurprising given that the Pb atom is completely
isolated from the surface3’ by Cs and Br as depicted in Fig 6(a).
In contrast, the hexagonal structure of Cs3Sb,;Brg NCs suggests
high exposure of the (0001) and (1000) surfaces. For these
surfaces, the Sb atom is only partially shielded by 3 Br atoms as
shown in Fig 6(c). A bound state is clearly observed for COOH*
on the (1000) surface in which a single highly ionic Br is partially
displaced to allow formation of the Sb-C bond. The orientation
of COOH* involves some degree of stabilization via the O-Cs
interaction. For CO¥*, the smaller size allows the Br to return to
its initial position.

An analogous mechanism is observed for the Cs3Sb,Brg (0001)
surface, again with the temporary displacement of a Br atom to
form the Sb-COOH* (Fig S12). Fig 6(d) shows the calculated free-
energies for each intermediate (details see Table S2). For the
rate limiting step of COOH* adsorption, the COOH*
intermediate has relatively high free energies of 2.25 eV for
(1000) and 1.70 eV for (0001). However, compared to the
completely inert CsPbBr; surface this still offers a route to

J. Name., 2013, 00, 1-3 | 3
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Fig 6.(a) CsPbBr; (001) surface with inaccessible Pb atoms; (b) Cubic CsPbBr; and
hexagonal Cs3Sb,Brg NCs from TEM images, showing the planes of (001) for CsPbBr; and
(1000) for Cs3Sh,Brg; (c) Reactivity of highly exposed Cs3Sh,Brg (1000) surface via partial
displacement of one Br. (d) Free-energy pathways for highly exposed Cs3Sb,Bry (1000)
and (0001). Free-energies of exposed Cs3Sb,Brs (2021) and CsPbBr; (002) are included
for comparison as models of defect site reactivity.

catalysis via plentiful sites on highly exposed surfaces. To
further model the role of defect sites or high index planes in
which Pb and Sb atoms are more directly exposed, the energetic
pathway on the (002) plane for CsPbBrs; and (2021) plane for
Cs3Sb,Brg were calculated. For both these planes, the Pb or Sb
metal center is directly accessible (Fig S12). While these high
energy surfaces are not expected to be highly exposed, the fact
that CsPbBr3 exhibits catalytic activity despite an absence of
exposed Pb on the lower energy surface suggests that defects
or edge sites may play an important role in catalysis. For
Cs3Sb,Brg, Fig S12 shows that COOH* can absorb directly on Sb
on the (2021) surface and a lower free energy of 0.915 eV is
found. The Sb-C bond length is 2.268 A, compared to 2.694 A
for the (1000) surface in which the Br atoms formed a partial
steric barrier. Interestingly, the pathway on the CsPbBr3 (002)
surface has a higher free-energy for the limiting step of *COOH
adsorption, suggesting that the activity of Cs3Sb,Brg NCs is
higher for both the predominantly exposed surfaces and defect
mediated catalysis.

In summary, we have developed a facile Sb-based perovskite
synthesis that yields uniform distributions of highly soluble
nanocrystals. The Cs3Sb,Brg nanocrystals show a 10-fold
increase in photocatalytic CO production compared the Pb-
based counterpart to achieve 510 umol CO/g catalyst. DFT
reveals viable binding sites on the (1000) and (0001) Cs3Sb,Bro
surfaces for the key COOH* and CO* intermediates, consistent
with enhanced activity compared to CsPbBr; NCs. This work
shows that the limitations on stability and performance
previously observed for halide-based perovskite materials can
be overcome to achieve high CO;RR activity and shows the

4| J. Name., 2012, 00, 1-3

importance of the crystal structure on determining the
exposure of catalytically active surfaces in halide perovskite
catalysts.
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High purity synthesis yields Cs3Sb,Brg nanocrystals exhibiting 10-fold higher CO, reduction activity then
CsPbBr; due to exposure of active site.



