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The study of surface defects is one of the forefronts of halide perovskite research. In the nanoscale
regime, where the surface-to-volume ratio is high, the surface plays a key role in determining the elec-
tronic properties of perovskites. Perovskite-inspired silver iodobismuthates are promising photovoltaic
absorbers. Herein, we demonstrate the colloidal synthesis of phase pure and highly crystalline AgBil,4
nanocrystals (NCs). Surface-sensitive spectroscopic techniques reveal the rich surface features of the NCs
that enable their impressive long-term environmental and thermal stabilities. Notably, the surface termin-
ation and its passivation effects on the electronic properties of AgBil, are investigated. Our atomistic
simulations suggest that a bismuth iodide-rich surface, as in the case of AgBil4 NCs, does not introduce
surface trap states within the band gap region of AgBil,, unlike a silver iodide-rich surface. These findings
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Introduction

The colloidal synthesis of halide perovskites is an effective tool
to flexibly control size, shape, and optoelectronic properties of
the resulting nanocrystals (NCs)"* through the fine-tuning
of parameters like temperature,®® ligand nature and
concentration,®” additives,’ and quenching time. When com-
pared to thin film fabrication, the versatility of NC synthesis
leads to several advantages like tuning the -crystallization
phase, eliminating the impurities, and/or enhancing
stability.”® Furthermore, the colloidal synthesis at the nano-
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may encourage the investigation of surfaces of other lead-free perovskite-inspired materials.

scale enables the formation of some lead-free perovskite com-
positions that do not exist in the bulk form but can be only
synthesized at the nanoscale.” The vast majority of the
reported studies on lead-free perovskite-inspired NCs focus on
halide double perovskites, such as Cs,AgMX, (M = Bi, Sb; X =
Cl, Br, or 1)."° On the other hand, silver iodobismuthates
(some embodiments of which are known as rudorffites) were
previously studied for their high ionic conduction
properties.’""'> However, they recently proved to be appealing
candidates for photovoltaics, photodetectors, memristors, and
high-energy radiation detector applications although they have
been mostly investigated in thin films rather than in NCs."*™®
Premkumar et al. reported the ligand-assisted reprecipitation
synthesis of Ag-Bi-I quantum dots (QDs) of various compo-
sitions with an optical band gap significantly higher than that
of the bulk counterparts."” For example, AgBil, QDs exhibited
a band gap of 2.9 eV (absorption maximum ~415 nm),
whereas the reported bulk band gap values lie between 1.63
and 1.93 eV. The blue shift in the band gap was attributed to
the quantum confinement (size) effect.'” However, the
quantum confinement effect was not discussed in the relation-
ship with the Bohr radii to explain the optical properties of
these QDs. Moreover, Ag-Bi-I QDs have low crystallinity (based
on the reported X-ray diffraction (XRD) patterns), hinting at
poor phase purity, which is a common drawback of bulk films
as well. Indeed, impurities, such as Agl (which produces an
absorption peak at ~415-425 nm) and Bil;, often co-exist with
the various compositions of Ag-Bi-I and may influence or con-

This journal is © The Royal Society of Chemistry 2023
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tribute to the observed optical band gap, in turn causing
impairment of the optoelectronic device performance.'®*>*%19
Moreover, recent studies show that synthesis conditions also
influence the stability of halide perovskite NCs.>**' Therefore,
there is a need to develop alternative synthesis protocols with
systematically tuned reaction conditions (e.g., type and ratio of
precursor materials, temperature, and post-synthesis purifi-
cation®®) to obtain highly crystalline and stable Ag-Bi-I NCs
with phase and/or compositional purity.

Surface defects represent one of the most limiting factors in
the performance and stability of Ag-Bi-I-based photovoltaic
cells and photodetectors. Despite the various strategies to sup-
press these surface defects or imperfections,'®"'***?* their
influence on the electronic properties of Ag-Bi-I remains
largely unexplored. On the other hand, the surface atomic
structure of lead-based NCs also influences their electronic
structure as well as the structural and other material
properties.>>?” For example, theoretical calculations suggest
that PbX, surface termination results in the loss of defect toler-
ance for CsPbX; NCs due to the appearance of mid-gap
states,”® and band gap reduction in MAPbX;.>®> The chemical
nature of the surface termination can also influence the stabi-
lity and performance of solar cells,*>*® ultimately suggesting
and stressing even more the importance of surface studies.
Thus, it is paramount to investigate the influence of the
surface atomic structure on the electronic band structure of
Ag-Bi-I and other lead-free perovskite-inspired materials
(PIMs), which in turn significantly impacts their optoelectronic
device performance.

In this work, we optimize the colloidal synthesis of AgBil,
NCs using a hot-injection approach under iodide-rich con-
ditions. We also study their surface properties combining
experimental characterizations with atomistic simulations. A
thorough tuning of the synthesis parameters (temperature,
choice of the precursors, and ratio between them) reveals that
it is possible to obtain phase-pure and highly crystalline AgBil,
NCs, conversely to what has been shown earlier for Ag-Bi-I
QDs. Our NCs can withstand the degradation in polar solvents,
thus significantly simplifying their post-synthesis purification
and film formation. We found that the synthesized AgBil, NCs
display non-linear optical (NLO) responses that can be
detected unambiguously and visualized using multiphoton
absorption (MPA) microscopy. Given the increasing interest in
finding low-toxicity NLO-active alternatives for various photo-
nic and optoelectronic applications, our findings may promote
the growing need to develop NLO microscopy techniques to
study the non-linear optical responses and other character-
istics of lead-free PIMs.>*~?

The synthesized NCs can preserve their structural integrity
under ambient storage for months as well as when exposed to
elevated temperatures. The combination of X-ray photoelectron
spectroscopy (XPS) and nuclear magnetic resonance (NMR)
techniques reveal the complex surface features of these NCs.
Our density functional theory (DFT) calculations suggest that
the AgBil, NCs possess an electronically favorable surface that
does not negatively influence their band structure. This is the
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first-ever demonstration of the influence of surface termin-
ation and its passivation on the electronic properties of AgBil,,
which, in general, is rarely studied for lead-free PIMs.

Experimental section

Materials

Bismuth(m) acetate (Bi(Ac)s, >99.99%), silver acetate, (Ag(Ac),
>99.99%), octadecene (ODE, 90%), oleic acid (OA, 90%), oley-
lamine (OlAm, technical grade, 70%), hexane (for spec-
troscopy, >99%), and ethyl acetate (EA, >99.5%), iodotri-
methylsilane (TMS-I, 97%), were purchased from Sigma-
Aldrich. All chemicals were used without further purification.

Synthesis details

0.401 mmol each of Bi(Ac); and Ag(Ac), along with 5 mL ODE,
1.25 mL of OA, and 0.2 mL of OlAm were loaded into a 25 mL
three-neck flask. The scaling and handling were carried out in
ambient conditions. The precursor solution was degassed in
vacuum for 1 h at 120 °C until the metal salts were fully dis-
solved, and the reaction mixture turned into a dark reddish
color (Fig. Siaf). Then the temperature was increased to
190 °C and 0.3 mL of TMS-I was quickly injected into it fol-
lowed by an instant quenching of the reaction using an ice-
water bath. After cooling down to room temperature, the reac-
tion solution attained a non-transparent dark-brown color
(Fig. S1bt). The crude NC solution was purified by centrifu-
gation at 4500 rpm for 5 min. The supernatant was discarded,
and the precipitate was left in a vacuum desiccator for 30 min
to remove the excess solvent and then redispersed in hexane
(Fig. Sict). For all characterizations, the NCs were washed with
EA by the following method. The NC dispersion was initially
drop-casted on the substrate, and then the substrate was
quickly dipped into EA (for 3-5 s). The resultant film was
dried under Ar flow. After evaporating EA, a black NC film was
formed (Fig. S1df).

Characterization techniques

XRD patterns were recorded by Malvern Panalytical Empyrean
Alpha 1 in a powder diffraction mode using Cu K, radiation (4
= 1.5406 A) and a cathode voltage and current of 45 kv and
40 mA, respectively.

Transmission electron microscope (TEM) images were
taken using JEM-F200 (200 kV). 20 ul of the NC dispersion in
hexane was drop casted on the carbon-coated Cu grids follow-
ing by dipping of the grid into EA.

Scanning electron microscope (SEM) images were taken
using field emission SEM Zeiss Ultraplus (at 3-15 kV). The
Energy-dispersive X-ray spectroscopy (EDS) was performed
using the Oxford Instruments X-MaxN 80 (EDS) combined
with field emission SEM Zeiss Ultraplus at 15 kV.

Ultraviolet-visible (UV-vis) reflectance spectra of thick
AgBil, NC films were recorded using an integrating sphere
attached to a Shimadzu UV-3600 UV-vis-NIR
spectrophotometer.

Nanoscale, 2023, 15, 14764-14773 | 14765
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Inductively coupled plasma mass spectroscopy (ICP-MS)
measurements were conducted with Thermo Scientific iCAP™
RQ equipment. After purification, NC precipitate samples were
dissolved in concentrated 1HNOj;:4HCl (v/v) followed by
dilution and measurement in 2% 1HNO;:4HCI (v/v) matrix.
Ionic standard solutions with a concentration range of
0.001-1000 pg 17" for Bi and Ag were prepared in 2% 1:4
HNO; : HCI using super-pure chemicals (Romil-SpA™) and
applied to measure calibration curves. Ultrapure H,O (18.2 MQ
cm, Merck Milli-Q®) was used for sample dilutions.

The XPS measurements were performed in an ultrahigh
vacuum (UHV) system. The AgBil, film samples were drop
casted on Si wafer and let dry in a vacuum desiccator overnight
before loading into the UHV system. XPS spectra were
measured using non-monochromatized Al Ko X-rays (hv =
1486.6 eV) generated by a twin anode X-ray source (8025 Twin
anode X-Ray source, V. G. Microtech) operated at 300 W X-ray
power and a hemispherical electron spectrometer (CLAM4
MCD LNo5, V. G. Microtech). To monitor changes in surface
chemical composition under X-rays, five consecutive cycles of
spectra (Bi 4f - I13d - Ag 3d -» O 1s -» C 1 s — N 1s, duration
of a cycle ~10 min) were recorded and analyzed separately.
Survey spectrum was measured at the end. The chemical states
of the elements were determined from the XPS spectra by
least-squares fitting of asymmetric Gaussian-Lorentzian line-
shapes after background subtraction. The analysis was made
in CasaXPS software version 2.3.17PR1.1.>* The binding energy
scale was calibrated by setting C 1s (C-C) to 284.8 eV.

'H solution NMR spectra were recorded on Agilent 500/54
Premium shielded spectrometer. "H chemical shifts were refer-
enced using the internal residual peak of the solvent (CDCls, §
7.27 ppm).

Thermogravimetric analysis (TGA) was carried out on a
PerkinElmer Pyris 6 TGA instrument under a nitrogen flow
(40 mL min~") at a heating rate of 10 °C min".

For the NLO measurements, a drop casted AgBil, NC
sample on a pre-cleaned glass substrate was prepared and
instantly probed using a customized multiphoton absorption
(MPA) microscope. A femtosecond laser source (Coherent) with
wavelength of 1060 nm, pulse length of 140 fs, and repetition
rate of 80 MHz was employed as the multiphoton excitation
source. The linearly polarized output of the laser was spatially
cleaned, collimated, and then directed to the multiphoton
microscopy setup that is equipped with a microscope objective
with numerical aperture of 0.8 (Nikon), and two cooled photo-
multiplier tubes (Becker & Hickl). The nonlinear signals from
the sample were excited at normal incidence using the micro-
scope objective and then collected using the same objective.
The nonlinear signals were discriminated from the fundamen-
tal ones using appropriate dichroic and short pass filters,
restricting the detection wavelengths to 300 to 400 nm, and
400 to 650 nm in separate detection channels. To create a
scanning map, the outputs of the detectors were synchronized
to the movement of the sample that is fixed onto a 3D piezo-
scanner (Mad City Labs). The measurements were carried out
at room temperature with a pixel dwell time of 50 ms, a pixel
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resolution of 500 nm and an average power of 0.5 mW as
measured before the sample. Although the experimental
imaging parameters are not fully optimized, these parameters
were found earlier to be suitable in acquiring nonlinear
luminescence without overexposing this particular sample to
femtosecond laser radiation.

Different theoretical and computational approaches are
employed in this work. For the details, see the ESL.}

Results and discussion
Synthesis of AgBil, NCs

TMS-I was injected into a metal acetate precursor solution con-
taining Ag(Ac), Bi(Ac);, and capping ligands (OA and OlAm) at
190 °C, which instantaneously caused the nucleation and
growth of the AgBil, NCs (see Fig. S1 and the Synthesis section
of the ESILT for details). This approach has a few advantages
compared to the traditional hot-injection method involving
metal oleate injection.* For instance, metal acetates typically
demonstrate a higher solubility than the metal salts (like AgI
in the present case) in the presence of acid- and amine-based
capping ligands. Importantly, the trimethylsilyl halide (TMS-X)
injection route involves halide-rich synthesis conditions,
which ensure the formation of NCs with enhanced stability
and optoelectronic properties.”??*” Moreover, the TMS-X
injection method allows the tuning of the amounts of halide
and cation precursors independently, which permits the injec-
tion of excess halide while maintaining the targeted cation
ratio in contrast to the conventional metal oleate injection
route.”? Nonetheless, it guarantees neither the formation nor
the phase purity of the NCs; thus, optimizing the synthesis
conditions is still necessary. To obtain the desired AgBil, NCs,
various reaction parameters, ie., injection temperature, metal
acetate to halide ratio, precursor concentration, and the ratio
between the capping ligands, were screened, as shown in the
scheme of Fig. 1. We first varied the injection temperature

190 °C

120-150 °C ey %

B

Fig. 1 Schematic representation of the synthesis optimization routes to
obtain phase-pure AgBil; NCs.

This journal is © The Royal Society of Chemistry 2023
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between 120 and 190 °C and characterized the as-obtained
NCs after purification through XRD analysis (see Fig. 2 and
Fig. S2 in ESIt). The desired NCs were achieved when the injec-
tion temperature was >190 °C, below which AgI was predomi-
nantly formed (Fig. S2a in ESI}). However, the AgBil, NCs
obtained at >190 °C demonstrated only a moderate colloidal
stability in non-polar solvents like hexane, toluene, and chloro-
form. Therefore, we aimed to alter the synthesis conditions
further to improve the colloidal stability, while at the same
time tuning the shape and size of the NCs. We realized that
excess OA is crucial to obtain AgBil, as the exclusive product.
For instance, reducing the OA to OlAm ratio from 1:0.16 to
0.125:0.075, i.e., by nearly half, led to the formation of Bil; as
the only phase (Fig. S2b in ESIf), probably due to the strong
affinity between the amine ligand molecules and Bi*". This is
similar to the case of CsPbBr; NCs, wherein more OA than
OlAm is required to obtain the NCs in a desired form.*®
Furthermore, syntheses involving lower precursor concen-
tration or excess TMS-I (which was thought to be beneficial for
obtaining NCs with reduced surface traps and modified size
and shape) resulted in the formation of unidentified products
(Fig. S2c and d in ESI}). In other words, the desired AgBil,
NCs were not obtained under these two conditions. These
observations suggest that the synthesis of the ternary Ag-Bi-I
NCs through the TMS-I injection route demands careful balan-
cing of the individual components involved, such as precursor
stoichiometries, capping ligand concentrations, and injection
temperature, to prevent the formation of undesired products
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Fig. 2 (a) Experimental (open circles) and refined (solid line) profiles

and their difference (yellow line) obtained after the full-pattern Rietveld
refinement of the XRD patterns of AgBil, NC film. (b) The refined crystal
structure of AgBil4. (c) XPS core-level spectra of Ag 3d, Bi 4f, and | 3d (d)
high magnification SEM image of the AgBil, NCs. (e) SEM-EDS color
maps showing the distribution of Ag, Bi, and | in the AgBil4 NC film. (f)
Tauc plots of AgBil; NC film for direct and in-direct band gap
assumptions.
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or NCs with poor phase purity. The AgBil, NCs were success-
fully obtained in the present work by injecting TMS-I into a
mixture of metal acetates and excess OA (OA:OlAm = 1:0.16)
at 190 °C. Further synthesis tuning with shorter chain ligands
or ligands with other functional groups may improve mor-
phologies, colloidal stability, and size tunability of the NCs.**
The synthesis of the AgBiBr, NCs by employing the reaction
parameters optimized for AgBil, NCs led to the formation of
AgBr (see Fig. S2e in ESIf). This may have occurred due to the
unfavorable formation of AgBiBr,, which is also supported by
the lack of reports on this material in the literature.

Structure and morphology of the NCs

The XRD patterns of the as-obtained NCs closely match those
of various Ag-Bi-I compositions, making the assignment of
the correct composition challenging. Thus, we performed
Rietveld fitting on the XRD patterns (Fig. 2a) to identify the
phase purity of the NCs. The refinement outcomes (summar-
ized in Table S1 in ESIf) revealed that the experimental XRD
pattern of the NCs fully converges to the cubic model of
AgBil,, with a corresponding space group of Fd3m, and no co-
existing secondary (impurity) phases were observed. Moreover,
the presence of only one diffraction peak at 26 ~ 42° (Fig. S3 in
ESIT) confirms the crystallization of AgBil, NCs in the Fd3m
space group.'>*® Both Ag and Bi occupy the same edge-sharing
octahedral sites of 16¢ with a cation deficiency (see Table S1 in
ESIt), consistently with the bulk AgBil,.*° On the other hand,
the tetrahedral sites of the structure remain vacant. The
refined crystal structure of the NCs is shown in Fig. 2b. The
elemental analysis by ICP-MS showed a Ag: Bi atomic ratio of
1.08, which is close to the nominal value of 1, further confirm-
ing the atomic composition of the AgBil, NCs. XPS measure-
ments were conducted to identify the valence X-ray effect
states of Ag, Bi, and I (see Fig. S4 in ESI} for the XPS survey
spectrum for AgBil, NCs). One chemical state was determined
for Ag (Ag 3ds,, at 367.9 eV), Bi (Bi 4f;/, at 158.8 eV), and I (I
3ds/, at 619.5 €V), corresponding to the oxidation states of 1"
(Ag"), 3% (Bi*"), and 1~ (I"), respectively (see Fig. 2c and
Table 1). Further, some metallic Bi (Bi® 4f,, at 157.1 eV)
evolved at the surface during the XPS measurement, which was
assigned to an X-ray effect.

Fig. S5 in ESIt shows the TEM images of the NCs. However,
the thickness of the NCs is higher than the penetration depth
of the electron beam, which limits the information that can be
extracted from TEM in this case. Therefore, we studied the
NCs through SEM. The NC films were prepared via an antisol-
vent-based “dipping method”. Briefly, the NCs dispersed in
hexane were drop-casted (or spin-coated) on the substrate. The
as-obtained NC film was dipped into EA for 2-3 s and immedi-
ately dried under Ar flow. This resulted in the formation of dry
AgBil, NC films. The XRD patterns of the NC films before and
after dipping into EA remained the same, suggesting that the
EA treatment did not disintegrate the NC structure but
removed the excess ligands from the NC film (Fig. S2f in ESIY).
The SEM image of the NC film shows scattered individual NCs
(Fig. S6t), indicating that the NCs had not coalesced despite

Nanoscale, 2023,15,14764-14773 | 14767
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Table 1 X-ray photoelectron spectroscopy (XPS) analysis of surface chemical compositions for AgBil4 film sample

Element Ag Bi 1 (o} N C

Transition Ag 3ds), Bi 4f;), 13ds,, O 1s N 1s C1s

Ey, (eV) 367.9 158.8 157.1 619.5 532.5 534.0 402.3 284.8 286.5
Possible chemical state Ag* Bi* Bi® * I~ 0-C, 0=C 0-C=0 NH;" c-C C-O/N
Atomic ratio (I = 4)

Cycle 1 0.20 0.91 0.00 4.00 4.44 3.74 3.39 80.57 11.27
Cycles 2-5 0.16 0.72 0.13 4.00 1.46 0.55 1.09 32.64 5.03

their modest colloidal stability. The NCs are a few hundred
nanometers thick (see the SEM images in Fig. 2d and Fig. S6
in ESIY), as also noticed from the TEM images (Fig. S5 in
ESIt), with an average size of 296 + 70 nm (Fig. 2d). In addition
to the halide-rich synthesis environment and high injection
temperature, the large particle size of ~300 nm of the AgBil,
NCs can be attributed to their high crystallinity.*"*> The
Energy Dispersive Spectroscopy (EDS) maps in Fig. 2e indicate
a uniform distribution of Ag, Bi, and I in AgBil, NCs.

Optical properties and bulk electronic band structure of the
NCs

We estimated the optical band gap of AgBil, NCs from Tauc
plots (Fig. 2f). The direct and indirect band gap assumptions
resulted in band gap values of 1.79 eV and 1.73 eV, respect-
ively. The direct band gap of 1.79 eV falls within the broad
range of the values (1.63-1.93 eV) reported for the bulk AgBil,
(see Table S2 for the summary in ESIt). The co-existence of
other Ag-Bi-I compositions might have contributed to the vari-
ations in the reported band gap values of AgBil,. Also, no
quantum confinement effects are anticipated for the NCs due
to their size of few hundred nanometers. This size is indeed
much larger than the exciton Bohr radius of approximately 6 A
(0.6 nm) for AgBil,, estimated using the 3D Wannier exciton
model assuming a relative dielectric constant of 3.36,>* and an
effective average reduced mass of 0.33m,.** Therefore, no
specific enhancement of the emission is expected from exci-
tonic effects. Moreover, a vanishing quantum confinement
effect on the electronic band structure is also predicted for
such big sizes (Fig. S10 in ESIf), in turn explaining the com-
parable band gap of the NCs with that of bulk AgBil,. A slightly
indirect band gap nature of AgBil, NCs indicated by a lower
value of B4 than ES™* as shown in Fig. 2f, aligns with pre-
viously reported findings.*>** This observation is further sup-
ported by our own DFT electronic band structure calculations,
which demonstrate a lower Efd™ value from I’ to R, though
very close to that of E§" at T' (Fig. S8 and S9 in ESI}). The
orbital contributions to the conduction band minimum (CBM)
and valence band maximum (VBM) were analyzed by comput-
ing the spatial localization of the density of states (LDOS)
(Fig. 3). Their analysis revealed, in agreement with the
literature,”>** that the CBM results from hybridization
between Bi 6p and I 5p orbitals, while the VBM is a mix of I 5p
and Ag 4d orbitals. Most importantly, the LDOS highlighted
the existence of two set of I atoms with only apical ones contri-
buting to the VBM (Fig. 3). This specific localization of the
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(b)

Fig. 3 Localized density of states at the (a) VBM and (b) CBM computed
for AgBil; with a Imma model crystallographic structure. The grey,
green, and purple spheres indicate Ag, Bi, and | atoms respectively.

VBM gives rise to unique physical behavior within this
material family, setting it apart from similar compounds such
as lead perovskites.*’

Despite no luminescence was detected from the NCs,
similar as with bulk AgBil, films, the analysis of the CBM and
VBM symmetries suggests that band-to-band transitions both
at I' and R might be optically active (Table S3 in ESIY).
Therefore, the absence of luminescence could potentially be
rather attributed to the weakness of the oscillator strengths as
well as the existence of nonradiative processes arising from a
high concentration of bulk defects with a high capture cross-
section on the order of 107" cm® present in the band gap
region quenching the emission at room temperature within
the material.*®

Multiphoton absorption

Although the AgBil, NCs are non-emissive under linear absorp-
tion, when exciting a microscopic region of the AgBil, NC film
with femtosecond pulses centered at 1060 nm, the sample was
found to emit nonlinear signals that are distinct and much
stronger than the background, as depicted in the scanning
maps (Fig. 4). Importantly, the nonlinear signals were appar-
ent at two spectral regions (300 to 400 nm and 400 nm to
650 nm), corresponding to the two separate detection channels
of our multiphoton microscope. Furthermore, the results from
these two detection channels exhibited the same qualitative
features (i.e., highly colocalized or overlapped in space). Here,
multiple, i.e., two (or three), monochromatic photons, are sim-
ultaneously absorbed by the sample to generate a conventional
or single photon luminescence at wavelengths that are greater
than half (or a third) of the excitation wavelength. Altogether,
the results imply that the nonlinear signals are strongly indica-

This journal is © The Royal Society of Chemistry 2023
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10000 cps

B 2000 cps

Fig. 4 Multiphoton absorption-based luminescence maps of the drop-
casted AgBil; NCs at spectral regions corresponding to (a) 300 to
400 nm, and (b) 400 nm to 650 nm. The input polarization is along the
vertical. The collected signals are not polarization-analyzed. The maps
are plotted at different scales (in terms of signal counts per second or
cps) for emphasis. The resolution of the maps is 100 x 100 pixels.

tive of MPA-induced luminescence from AgBil, NCs and are
not dominated by high-order scattering associated with bulk
and relative differences in the third-order nonlinear suscepti-
bility of material interfaces*” or molecular symmetry-break-
ing,*® as earlier reported in the context of halide perovskites.
The intensity variations in the nonlinear maps were likely due
to large-scale sample nonuniformities.

Ambient and thermal stabilities of AgBil, NCs

Lead-free and tin-free PIMs typically show higher stability than
lead perovskites under air exposure, humidity, and high
temperatures.’®™> Sansom et al. reported that the XRD pattern
of bulk AgBil, sample remains unchanged up to 90 °C, above
which a small quantity of Ag,Bil; started appearing as an
impurity while the crystal structure of the film was still
intact.>® We investigated the structural and morphological
stabilities of the AgBil, NC films under ambient air exposure
and heat treatment through XRD and SEM. The NC films dis-
played a nearly identical XRD pattern before and after 18
weeks (~4 months) of storage in the ambient conditions (dark,
relative humidity (RH) ~#30%, T = 25 °C), suggesting their long-
term stability in the air (Fig. 5a). The aged NC film (see the
SEM image in Fig. 5b) also does not demonstrate any signifi-

D
=

| 18 weeks [ I_' g
10 weeks

M@_

“ ;'“

J Fresh
. T A T - le lh
10 20 30 40 50 60
20, degrees
Fig. 5 (a) Evolution of the XRD patterns of a AgBil; NC film stored in
the ambient conditions in dark (RH ~ 30% T = 25 °C). The patterns were
recorded under identical measurement settings. (b) SEM image of an
aged NC film (two months old) stored in the ambient conditions in dark.

Normalized intensity
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cant changes (no apparent fusion of the particles noticed)
compared to the fresh film (Fig. 2d and Fig. S6 in ESIf). The
thermal stability of the films was monitored for 10 minutes in
the temperature range of 25-160 °C in the air. No obvious
changes in the corresponding XRD patterns were detected
(Fig. S7 in ESIf), thus suggesting no structural degradation
occurring even at 160 °C, in contrast with what is known for
the bulk AgBil, films.”® The TGA data of the NCs (Fig. 6a)
show only a negligible weight loss of 2% at 160 °C. We ascribe
the superior ambient and thermal stabilities of AgBil, NCs to
their surface characteristics (strongly bound ligand shell and
surface atomic composition).

Surface chemistry of the NCs

To investigate the binding nature of the capping ligands (OA
and OlAm) on the NC surface, we analyzed the XPS data
related to the O 1s and N 1s peaks of the NCs. The O 1s core-
level signal can be fit to two peaks with the binding energies
of 532.5 eV and 534.0 eV, which can be attributed to monoden-
tate (O-C and O=C) carboxylate and bidentate (O-C=0) car-
boxylate or carboxylic acid bonds, respectively, present on the
NC surface.” This might indicate the presence of OA in both
oleate and acid forms on the NC surface. The N 1s core-level
signal demonstrated a single peak at ~402 eV related to the
nitrogen atom of oleylammonium ions (OlAm™").”>>° It is poss-
ible that the OlAm" act as a capping ligand through the inter-
action with the surface I or by substituting some of the Ag"
ions, being the NC surface silver-deficient, as experimentally
supported by XPS measurements (Table 1). The binding of
OlAm" to the AgBil, surface might resemble the case of
CsPbBr; NCs.*®*” We further monitored the changes in the
surface composition of the AgBil; NC film during XPS
measurement of five consecutive cycles (Fig. 6b). While Ag, Bi,
and I concentrations remain largely unchanged during the
X-ray exposure for ~45 min in an ultra-high vacuum environ-
ment, those of C, N, and O decrease markedly during the first
10 min. This corresponds to the desorption of a portion of the
capping molecules from the NC surface under a high vacuum
atmosphere. The relative decrease is the strongest for the O 1s
peak at 534.0 eV, which leads us to speculate that the OA mole-
cules that are weakly bound on the NC surface desorb easily
compared to the bound OA and OIAm’. After the initial fast

(a) (b) (c)

AgBil, NCs

bound ligands

FUL bound 0Am

o5y

o

..,.——LE,
3270

Surface atomic ratio (| = 4)

0 10 20 30, 40 60 6 "5 4.3 2 4
X-ray exposure, min Chemical shift, ppm

0 200 400 600 800 1000
Temperature, °C

Fig. 6 (a) TGA data for a AgBil, NC sample. (b) Changes in surface com-
position (atomic ratios normalized to | = 4) of AgBil, film sample during
XPS measurement of five consecutive cycles of spectra (Bi 4f — | 3d —
Ag 3d > O1s - C1s — N 1s, duration of a cycle ~10 min). (c) *H NMR
spectra of AgBil, NCs, pure OA, and pure OlAm. The insets highlight the
proton resonances related to bound ligands.
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change, the O 1s to N 1s ratio stabilizes to ~2: 1, which corres-
ponds to OA: OlAm ratio of ~1:1 (since each oleic acid mole-
cule contains two ‘O’ atoms), best represents the ligand shell
composition that is strongly bound to the NC surface.

Fig. 6¢c shows the "H NMR spectra of the AgBil, NCs, pure
OA, and pure OlAm in CDCl;. The peak at 2.4 ppm is exclusive
for OA (i.e., CH,~COOH), indeed being absent in the pure
OlAm. Therefore, the "H NMR spectrum of the NCs is domi-
nated by the peaks related to OA, suggesting an apparent
excess of OA compared to OlAm. The slightly broadened OA
peaks of the NC sample might be due to the equilibria estab-
lished in solution between bound and unbound OA mole-
cules,”® portion of which was also detected by XPS. On the
other hand, the broad NMR resonances at ~3.3 and 5.6 ppm
are typical of the methylene protons attached to the nitrogen
atom (i.e., CH,-N) of OlAm" and of the vinylene protons that
can arise from tightly bound ligands.” Overall, the NMR data
suggest that the organic shell of the AgBil, NCs is composed
of both weakly bound OA and strongly bound OA and OlAm'.
The existence of the weakly and strongly bound organic
species attached to the NCs was further confirmed by TGA
(Fig. 6a), which shows two different thermal events (T <
400 °C) ascribable to the weight loss/decomposition of the
organic ligands. The first thermal event (T =~ 200 °C) respon-
sible for the main weight loss (~52%) is due to the detachment
of weakly bound or unbound species (including OA and ODE
traces). The second one (T = 350 °C) concerns the removal of
tightly bound organic species with a lower weight variation
(~35%) of the sample.

The atomic composition of the NCs from XPS (probing
depth of ~10 nm) was found to be Ag,Bi; ¢ls;, which is
indicative of their surface atomic composition. An earlier
study on the bulk AgBil, also exhibited a surface composition
of Agy,Bijols1.>? In the case of lead-based perovskite NCs,
halide rich surfaces have been shown to improve both phase
and thermal stabilities.>** We hypothesize that the excess I~
on the surface (I/Bi = 4.7) of the AgBil, NCs contributed to
their structural integrity in the air and at elevated tempera-
tures. In addition, the composition is different from their bulk
counterpart with a large Ag deficiency (0.2 <« 1), thus posses-
sing a bismuth iodide-rich surface.”®

To assess the potential interest, in terms of electronic pro-
perties, brought by a Bi-rich surface compared to an Ag-rich
surface, we designed a Bil and an AglI terminated nanoplatelets
(Fig. 7a and b). Further, to capture the influence of the OA rich
environment, the surfaces of the modeled slabs were coated
with OA molecules facing the undercoordinated metal atoms.
We chose only OA here instead of both OA and OlAm for the
simplicity of the calculations. While the atomic positions of
surface atoms for all slabs were relaxed, those of the central
regions of the slabs were kept frozen in order to mimic the
bulk material (Fig. 7a and b). The band structures of the
coated and uncoated systems were computed at the PBE + SOC
level of theory (Fig. 7c and d). In the case of the Bil terminated
slab, the resulting band structures (Fig. 7c) did not reveal the
presence of surface states at the vicinity of the band gap even
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Fig. 7 lllustration of influence of surfaces defects on the electronic
properties. Models of the (a) Bil terminated and (b) Agl terminated slabs
with the corresponding PBE + SOC band structures represented below
(c and d). The band structures of the coated surfaces are represented in
yellow on top of that of the pristine surfaces (black) for better
comparison.

Table 2 PBE + SOC band gaps for the two different slabs surfaces

Slabs’ surface E, (eV)
Pristine surfaces Bil 0.41

Agl 0.40
Coated surfaces Bil + OA 0.42

Agl + OA 0.37

in the uncoated system, and the bulk electronic structure was
fairly well-recovered with such slab calculations. Likewise,
apart from slightly decreasing the charge carriers’ effective
masses, the passivation with OA did not influence much the
electronic band structure. Employing computationally
demanding hybrid functionals calculations on a smaller slab
confirms that there is a minimum effect on the electronic
structure when OA is present (Fig. S11 in ESIT). On the other
hand, the Agl-terminated surface exhibits greater sensitivity to
surface defects with the emergence of shallow surface states
(Fig. 7d). These states can be attributed to the presence of 4
apical I atoms on this surface influenced by surface distor-
tions, thus leading to a degeneracy splitting of the corres-
ponding states and narrowing the band gap (Table 2). The OA
coating appeared to be ineffective in passivating these surface
defects, even closing further the band gap.

Conclusions

We have demonstrated the first colloidal synthesis of highly
crystalline and phase-pure AgBil, NCs upon the thorough
tuning of the synthesis protocol. The NCs displayed impressive
long-term and thermal stabilities, which were attributed to the
iodide-rich surface and surface encapsulation by the capping
ligands. This study outlined an unambiguous surface-elec-
tronic structure relationship for Ag-Bi-I NCs. The electronic
band structures of the AgI and Bil terminated surfaces revealed
that no additional trap states are introduced in the latter case

This journal is © The Royal Society of Chemistry 2023
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that closely resembles the experimentally observed surface
atomic composition of the AgBil, NCs. Our work represents a
relevant starting point for the investigation of the surface pro-
perties of other lead-free PIMs. The MPA-based NLO response
from Ag-Bi-I NCs encourages further thorough studies on
various silver iodobismuthate and perovskite-inspired compo-
sitions in this promising yet unexplored direction.
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