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The generation of stable white light emission using lead-free perovskites remains a huge challenge in the
development of future display and lighting technologies, due to fast material deterioration and the
decrease of the color quality. In this work, we report a combination of diverse types of 2D A,SnX4 (A =
bulky cation, X = Br, 1) perovskites exhibiting self-trapped exciton (STE) emission and blue luminescent
carbon quantum dots (CQDs), with the purpose of generating A,SnX4/CQD inks with a broadband emis-
sion in the visible region and a tunable white light color. By varying the concentration of the 2D perovs-
kite, the white emission of the mixtures is modulated to cool, neutral, and warm tonalities, with a PL
quantum yield up to 45%. From the combinations, the PEA,Snl4/CQD-based ink shows the longest stabi-
lity, due to suitable surface ligand passivation provided by the capping ligands covering the CQDs, com-
pensating the defect sites in the perovskite. Then, by incorporating the PEA,Snl,/CQDs inks into an acry-
late polymer matrix, the quenching of the PL component from the perovskite was restrained, being stable
for >400 h under ambient conditions and at a relative humidity of ~50%, and allowing the preparation of
complex 3D-printed composites with stable white emission tonalities. This contribution offers an appli-
cation of STE-based Sn-perovskites to facilitate the future fabrication of lead-free white-light opto-
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1. Introduction

For several years, halide perovskites (HPs) have favored the fast
development of efficient photovoltaic and optoelectronic
devices due to their fascinating intrinsic properties, including
good light-absorption ability, suitable electronic properties,
versatile surface chemistry, and high color purity.'” Therefore,
these materials have been considered the most revolutionary
semiconductors, reaching breakthroughs in operational
efficiency in the above technologies. Recently, they have been
good candidates for the fabrication of the next generation of
liquid crystal display (LCD) prototypes,”® being able to
produce high-quality white emission, with a better color ren-
dering index (CRI) and a wide color gamut compared to com-
mercial phosphor-based LCDs available on the market.
However, the ionic nature of the HPs, especially those with a
3D structure, makes them prone to progressive degradation
under moisture® or photoirradiation,” deteriorating their struc-
tural integrity. In addition, the presence of Pb is one of the
most pivotal obstacles to the commercialization of these inno-
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vative materials due to the growing demand for the use of non-
toxic elements and partial replacement of Pb from the HP
structure.® Among the most prominent candidates, Sn** is a
suitable metal cation to substitute Pb*>*, promoting the fabrica-
tion of potential lead-free Sn-HP-based devices.” "
Unfortunately, Sn** is easily oxidized to Sn*’, generating Sn-
vacancies and a high density of defects in the perovskite.'>"?
These defect sites induce the formation of carrier traps that
decrease the performance of the Sn-HP devices.'*"® Therefore,
the incorporation of lead-free perovskites into the LCD techno-
logy to generate white-light emission is hindered by the fast
deterioration of the structural integrity of the material, which
would decrease the quality of the color, leading to low CRI
values. Some alternative lead-free structures such as vacancy
ordered double perovskites have been studied to generate
stable white light through the appearance of a single broad-
band emission, where the color quality can be modulated as a
function of the chemical composition."®’” However, this
feature would not allow the facile emergence of white color
tonalities, which is a practical drawback, for instance, in
image processing applications where an adequate color
balance needs to be achieved.

Therefore, the study of A,SnX, structures (A = bulky alky-
lammonium cations, X = Br, I) has been highlighted to over-
come the limitations in the use of Sn-HPs, attending to the
fact that the organic species are located on the perovskite
surface to give stability against moisture and water."®2° In a
typical 2D structure, bulky organic cations are beyond the tol-
erance limit, acting as spacers between the inorganic [SnXe]*~
octahedral layers. This feature defines the optical, electronic,
and carrier mobility properties of the 2D HPs.>"*** Although
composition engineering can modify the band gap of the
photomaterial (by varying the type of halide), the intercalation
of the organic spacers with diverse geometries or organic func-
tional moieties through the stacking layers can also favor the
octahedral distortion,” which is another way to control the
photophysical properties. Interestingly, some A,SnX, perovs-
kites exhibit two kinds of emission features: (i) band-to-band
(b-b) PL,>**° where the electrons accumulated in the conduc-
tion band (CB) can recombine with photogenerated holes in
the valence band (VB), making the absorption edge and PL
spectrum with narrow full width at half maximum (FWHM)
get close together (small Stokes shifted PL), and (ii) a broad-
band emission (wide FWHM) which emerges in the visible
region even though the absorption edge of the 2D HPs is
within the UV range. This is a characteristic of the formation
of non-accessible located states in the wide bandgap of the
perovskite, where photons are emitted with a lower energy
than the band gap (large Stokes shifted PL). This phenomenon
is called self-trapped exciton (STE),>>” which has been used
to prepare promising materials for solid-state lighting. Under
this concept, the synthesis of alkylammonium tin bromide
(OLA,SnBr,) microplates with a high PL quantum yield (PLQY)
of ~88% and the fabrication of orange-emitting LEDs with
external quantum efficiencies of ~0.1% have been reported.”®
Other potential applications include the fabrication of lumi-
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nescent solar concentrators, where the STE-based perovskites
can absorb UV light to emit photons in the visible range, mini-
mizing the self-absorption and providing transparency,”® ade-
quate for solar windows. However, most applications involving
2D Sn-HPs require materials with optical features based on b-
b transitions, ideal for charge transport and light emission,
taking advantage of the fast emission from the band-edge
carrier radiative relaxation.

Nevertheless, the appearance of a broadband emission
from STE-based Sn-HPs would allow them to cover a wide
range of the yellow-orange-red region from the energy spec-
trum, making them suitable candidates for the generation of
white light emission in combination with other light-emitting
nanomaterials. In a previous study, we used carbon quantum
dots (CQDs) as suitable materials to combine with Pb-HPs
(red-emitting CsPbl;), providing a broadband emission in the
visible spectrum and favoring the generation of high-quality
white color tonalities (cool-white, CW; neutral white, NW; and
warm white, WW).*® In this work, we have combined STE-
based A,SnX, microcrystals with blue-emitting CQDs to obtain
inks with modifiable white color emission. The variation of
the Sn-HP content in the mixture allowed us to achieve CW,
NW, and WW tonalities with a PLQY of up to 45%.
Interestingly, by varying the separation distance between the
[SnX]*™ layers composing the Sn-HPs, depending on the A-site
cation, the modification of the emission mechanism can occur
as well due to a dynamic interaction between the perovskite
organic cation and the CQD organic shell.*! This premise can
describe the fast or delayed deterioration of the white color
quality in the prepared mixtures. After adding the A,SnX,/
CQDs inks to an acrylate polymer matrix, composites were
stable for >400 h under ambient conditions, at a relative
humidity (RH) of ~50%, allowing the fabrication of 3D-printed
white light-emitting solids with complex shapes. These find-
ings open the door to the utilization of STE-based 2D Sn-per-
ovskites as a step forward to produce scalable lead-free white-
light optoelectronic devices with desirable color tunability and

quality.

2. Results and discussion

The nature of the organic spacer and halides influences the
photophysical features of the perovskite samples. For this
reason, two different 2D A,SnX, perovskites through the col-
loidal hot-injection have been synthesized by modifying a pro-
cedure reported elsewhere.”® Using oleylammonium (OLA")
and phenethylammonium (PEA') as A-site cations and
bromine and iodine as the X halides, the following perovskite
systems are obtained: OLA,SnBr,, OLA,Snl, and PEA,Snl,. To
obtain information about the morphology of the as-prepared
perovskites, transmission electron microscopy (TEM) images
were recorded (Fig. 1A-C). We observed a microplate-type
shape in OLA,SnX,, with diameters of 4.1 + 1.7 pm (OLA,Snl,)
and 6.5 + 2.5 pm (OLA,SnBr,), while PEA,Snl, exhibited a
microsheet-type form with a size of 4.9 + 2.0 pm. The corres-
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Fig. 1 TEM images of the as-prepared (A) OLA,SnBr,, (B) PEA,Snl,, and (C) OLA,Snl,4. (D) Typical absorption/PL spectra and (E) PLQY and PL FWHM
of the corresponding A,SnX,4 perovskite microcrystals. The insets of Fig. 1A—C show the STE-based emission of the 2D perovskites under 365 nm-

UV illumination.

ponding particle size distribution is shown in Fig. S1.} Then,
as seen in the insets of Fig. 1A-C, the corresponding as-pre-
pared perovskite dispersions generate a yellow-orange-red
emission under UV irradiation. By measuring the optical pro-
perties of these materials (Fig. 1D), we evidenced the absorp-
tion edge/PL peak position at 316/620 nm, 330/640 nm, and
357/671 nm for OLA,SnBr,, PEA,Snl,, and OLA,Snl,, respect-
ively, confirming the appearance of the intrinsic STE phenom-
enon as the main radiative recombination pathway for the 2D
Sn-perovskites.”>?® This PL feature is maintained for 15 days
under ambient air before the quenching starts (Fig. S27).
Additionally, the nature of the organic spacer and halides
influences the perovskite samples’ photophysical features. The
substitution of Br by I in OLA,SnX, produces a redshift in the
absorption edge and the PL peak position of the perovskite,
narrowing its band gap.?” Due to the fact that halide substi-
tution generates mainly a variation of electronic states coming
from the VB (due to the replacement of Br 4p by I 5p orbi-
tals),* the VBM is closer to the STE energy levels, which would
explain the displacement of the broadband emission to higher
wavelengths. Furthermore, OLA,SnBr, achieved a PLQY of
100%, while OLA,Snl, exhibited a PLQY of 53% (Fig. 1E). This
change is attributed to the emergence of defect sites in the
[Snlg]*~ octahedra,?” considering that the iodide species show
a higher lability than that of Br ones to diffuse out from the
perovskite.*?

On the other hand, substituting the OLA" cation with PEA"
to prepare the PEA,Snl, perovskite induces a slight blueshift
of the Abs/PL emission features, distinguishing two different
contributions in the PL spectrum. Even though OLA' is a
larger cation than PEA’, this aromatic cation has been
reported to produce high octahedral distortion in [MXg]*~
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units, for instance, in the [Pblg]*™ layers from PEA,Pbl,, when
the length of the equatorial Pb-I bonds is elongated.>® This
fact extends the atomic overlapping between the metal and I
orbitals, increasing the energy separation between the VB and
the CB.>* The distortion of the inorganic Sn-I layers in the
presence of PEA" can explain the emergence of the two PL
signals associated with isolated [Snls]*” units (shorter wave-
lengths) and the interconnection of octahedra through the
crystal edge (longer wavelengths).'® Then, PEA,Snl, showed a
PLQY of 58%, quite similar to that of OLA,Snl,. Lastly, the
FWHM values of the 2D perovskites were determined to be
144, 157, and 120 nm for OLA,SnBr,, OLA,Snl,, and PEA,Snl,,
respectively (Fig. 1E). This feature is very useful to cover a wide
range of the yellow-orange-red region of the energy spectrum
(Fig. 1D), mediating the generation of a broadband emission
in all the visible region, in combination with luminescent
CQDs, to produce white light (see below). From the XRD pat-
terns of OLA,SnX, and PEA,Snl, perovskites, provided in
Fig. S3 of the ESI,f a periodicity in the XRD peaks can be
observed. This is the typical feature of a layered 2D perovskite
structure (n = 1). By calculating the d-spacing through their
corresponding periodicity values,”* we evidenced that the sep-
aration between the inorganic octahedral layers from OLA,SnI,
is smaller (2.8 nm) than that of OLA,SnBr, (4.4 nm), ascribed
to (i) the bigger size of [Snl]*~ than [SnBre]*~ units and (ii) the
appearance of an A-site deficiency in the iodide perovskite. For
PEA,Snly, a d-spacing of 1.8 nm was achieved, larger than the
reported value for red-emitting PEA,Snl,.>> We associate this
discrepancy to some modifications in the intramolecular
packing of the PEA" cations from the 2D structure of the per-
ovskite, which generates the octahedral distortion. The fact
that OLA" species induces a higher [SnXs]*~ separation than

This journal is © The Royal Society of Chemistry 2024
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PEA" would give the possibility to an accelerated deterioration
of the structural integrity of the OLA,SnX, perovskites, which
could explain the presence of cracks and black dots in their
surface (Fig. 1A and C) and the fast quenching of the STE-PL
intensity, compared to PEA,Snl, (Fig. S27).

After studying the photophysical properties of the as-syn-
thesized A,SnX, perovskites, we proceeded to add different
contents of these materials to a fixed concentration of the
CQD colloidal solution (6 mg mL™" in hexane), achieving the
corresponding mixtures with perovskite concentrations varying
from 1.4 to 2.1 mg mL™". The morphology and optical pro-
perties of the CQDs are shown in Fig. S4 in the ESIf. Fig. 2A-C
exhibits the PL spectra of the A,SnX,/CQDs inks (dexe =
350 nm), for which two main PL signals were achieved. A
broad PL emission associated with the CQDs was centered at
480 nm, showing a redshift compared to the PL feature
obtained for the solution of carbon nanoparticles. Meanwhile,
the broadband emissions attributed to the presence of
OLA,SnBr, and OLA,Snl, are located at ~597 and 668 nm,
respectively, presenting a slight blueshift in comparison with
the PL emission of the pure perovskites. The variation of the
optical features for CQDs and Sn-HPs before and after the
combination indicates their dynamic interaction in the pre-
pared mixtures. The displacement of the STE-based broadband
emission to smaller wavelengths could result from octahedral
distortion in the OLA,SnX, systems,® by the loss of labile
OLA" cations. In the case of PEA,Snl,, the negligible shift of
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the PL emission indicates the presence of more stable struc-
tural integrity in the perovskite during the preparation of
mixtures.

Then, the increase in the perovskite content generates a
higher STE-PL intensity in all the mixtures, allowing the modu-
lation of the white-light emission in the CW, NW, and WW
tonalities, as is evidenced in the Commission Internationale
de I'Eclairage (CIE) color space (Fig. 2A'-C’) and the corres-
ponding color temperature obtained from CIE coordinates
(Fig. S5A, ESIt). However, the PL intensity of CQDs is slightly/
strongly quenched depending on the nature of the perovskites.
After adding the lowest content of the A,SnX, microcrystals to
the mixture (1.4 mg mL™"), we noted that the PL emission of
CQDs decreases in the following order: OLA,SnI,/CQDs >
PEA,Snl,/CQDs > OLA,SnBr, (Fig. 2A-C). This trend agrees
with the separation between the PL peak positions of CQDs
and Sn-HPs, which the OLA,SnI,/CQD system depicts as the
largest. In this scenario, we suggest the charge transfer from
energy levels contained from CQDs (from larger wavelengths)
to the perovskite after photon absorption,*® which mediates
the decrease of PL in CQDs and favors the STE mechanism in
the 2D perovskites. This process tends to increase the PLQY in
the OLA,SnX,/CQD inks, independently of the bare CQD PL
(Fig. S5B, ESIY). Surprisingly, for the PEA,SnlI,/CQD system,
the PLQY value is almost similar even when more perovskite
was added to the ink, deducing that a different interaction
between CQDs and PEA,Snl, was occurring in the mixture. At
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(A—C) PL spectra and their corresponding (A'—C’) CIE diagrams of the prepared white-light emitting (A and A’) OLA,SnBr,/CQDs, (B and B’)

PEA,Snl,/CQDs and (C and C’) OLA,Snl,/CQD mixtures by varying the perovskite content (1.4-2.1 mg mL™) in the 6 mg mL~* CQDs solution. PL
emission of pure CQDs and A,SnX, is also shown for comparative purposes.
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this point, we can conclude that white light emission coordi-
nates obtained from the combination between CQDs and
A,SnX, can be controlled, suggesting that the charge transfer
towards the perovskite improves the STE pathway. This fact
preserves or increases the white color quality of the ink.

To provide a wide analysis of the stability of the different
A,SnX,/CQDs inks, we measured the PL properties of the
corresponding mixtures with the NW light emission as a func-
tion of time (after 7 h) under ambient air and RH ~ 50%. We
have chosen this color tonality as both the PL peaks for the
CQDs and Sn-HP components show a similar initial intensity.
As seen in Fig. 3A and C, the PL intensity of OLA,SnX, rapidly
quenches after 3 h under exposure to the environment. Taking
into account that OLA" cations exhibit a weak binding capa-
bility to the perovskite structure®® and also produce a signifi-
cant separation between the inorganic [SnXe]'~ octahedral
layers (observed from the XRD results), we suggest that the 2D
structure can eventually deteriorate, promoting the loss of the
STE feature in the material. Simultaneously, the PL emission
intensity of the CQDs also decreased in the presence of these
OLA,SnX, perovskites (Fig. S6A and C, ESIY), influencing the
PLQY of the samples after 7 h. For OLA,SnBr,/CQDs and
OLA,Snl,/CQD systems, the PLQY values decreased from 39
and 22%, respectively, to ~6% (Fig. S6D, ESIf). Considering
that the pure CQDs show a stable PLQY of ~33% after 7 h, the
PL of the above mixtures is quenched due to defect states from
the Sn-HPs, and the CIE color did not reach the respective
feature of the pure carbon nanoparticles (Fig. 3A’ and C’). This
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means that the optical performance of the CQDs has been
modified by a weakened degree of the ligand interaction with
the perovskite system (organic shell affects the carrier recombi-
nation mechanism in the CQDs and passivates or not possible
in-gap states on the surface of the emitting core).*'*” We
hypothesize a direct interaction between OLA,SnX, perovskites
and the hexadecylamine (HDA)/citric acid (CA) shell covering
the CQD surface, considering the redshift observed for the PL
component of the carbon nanoparticles (Fig. 3A and C).
Interestingly, for PEA,SnI,/CQDs, the STE-PL quenching and
the shift in the CIE tonality are delayed (Fig. 3B and B’),
observing a gradual improvement of the PL contribution from
CQDs (Fig. S6B, ESIf) and a higher PLQY than that of the
OLA,SnX,/CQD mixtures over time (Fig. S6D, ESIt). This is an
indication of better stability of this type of perovskite-CQD
combination for a long time. Thus, HDA and CA and PEA" can
favor the stabilization/passivation of the PEA,Snl,-CQD
system, maintaining the STE features for a longer time.

In this scenario, it has been reported that the PL mecha-
nism of CQDs is mainly dominated by the surface states with
different energy levels (some of them closer to the ground
state from CQDs), provided by surface functional groups such
as -COOH and -NH,, to lead the electron radiative
relaxation.*®*® In this context, the higher the density of
surface oxygenated groups in the CQDs, the higher the density
of surface states contained in the nanoparticles to capture exci-
tons.>® The presence of these states favors the electron transfer
from the carbon core, where direct radiative recombination

A B C
T I T A ol == ] 6

= - 5 R PEASHL, |

2 08 1 2 o8- 1 2 08

) > 1]

£ £ £

— 0.6 {1 o 0.6 1 4 06

o a a

o i o ]

8 04 i 8 041 1 & o4

g CQDs © g

5 02 : § 024 < 1 5 02 g,

zZ Pure CQDs i z 3 3\‘ > Ry !
00— Y SR N W . .. oo — R . . <

400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
A’ Wavelength (nm) B Wavelength (nm) o Wavelength (nm)

520 520

NW-OLA,SnBr,/CQDs

46!

520

NW-PEA,Snl,/CQDs NW-OLA,Snl,/CQDs

540

46!

0.0
0.0

0.0 T T T T T T T
00 01 02 03 04 05 06 07 08

X

Fig. 3

01 02 03 04 05 06 07 0.8

0.0 T T T T T T T
00 01 02 03 04 05 06 07 08

X X

(A—C) Normalized PL spectra and their corresponding (A'-C’) chromaticity diagrams of the prepared NW-emitting (A and A’) OLA,SnBr,4/

CQDs, (B and B’) PEA,Snl4/CQDs and (C and C') OLA,Snl,/CQD mixtures by varying the aging time. The perovskite content was 1.7 mg mL™" in the

6 mg mL™! CQDs solution.
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occurs. In the case of a high density of surface NH, groups,
lone pairs in N atoms can fill surface states and reduce their
energy separation (emergence of continuous energy levels),
causing the energy gap to narrow between the VB and the CB
of CQDs.*”*® Accordingly, in addition to both of the possibili-
ties for the carrier recombination in CQDs under a high
density of (i) -COOH and (ii) -NH,, (our CQDs contain HDA
and CA on the surface), a charge transfer process could be pro-
moted from CQDs to STE levels from the A,SnX, perovskites to
increase their PL properties (Scheme S1, ESIT). Therefore, we
infer that the lowering and redshift of the PL contribution
from the CQDs in the presence of OLA,SnX, would lead to a
decrease in the density of surface -COOH and -NH, function-
alities in the CQDs-OLA,SnX, interaction, reducing the
content of surface states and electron density from N atoms
for charge transfer. Conversely, the eventual increase of the PL
emission of CQDs in the presence of PEA,Snl, over time would
indicate that the radiative relaxation into CQDs is gradually
facilitated by the deterioration of the PL properties in the per-
ovskite, without affecting widely the CQD surface.

With the purpose of obtaining valuable information on the
interaction between CQDs and the PEA,Snl, perovskite, we
recorded the PL spectra of the PEA,SnI,/CQDs inks showing
CW, NW, and WW light emission for 48 h under air and RH ~
50% (Fig. S7A-C, ESIt). Similar to the result shown in Fig. 3B,
the PL contribution of the Sn-HPs was progressively decreased
in all the mixtures, while the PL contribution of the CQDs
eventually increased. A CW tonality with a different CIE color
from the one generated by pure CQDs was obtained in the
inks (Fig. S7A'-C't), with a higher PLQY along the time
(Fig. S5D, ESIY). Independent of the perovskite content added
to the mixture, the PL emission of the CQDs improves, dedu-
cing that PEA,Snl, does not alter largely the CQD surface.
Then, through time-resolved PL (TRPL) measurements, we
analyze the carrier recombination dynamics of the PEA,Snl,/
CQD inks by varying the aging time. For this analysis, we have
chosen the WW-light emitting ink as a representative sample;
see Fig. S8, ESL.{ A biexponential equation y fitted all the TRPL
curves obtained in the function of aging time
y=Yo+4A e + A, efé, to determine the corresponding PL
lifetimes, 7,,,°" (Table S1, ESIf). The sample was irradiated
with a 405 nm pulsed laser, fixing the PL emission of the
CQDs at 480 nm. In this way, we only guarantee the abs/emis-
sion process of the CQDs. Typically, for pure CQDs, 7; and 7,
are associated with the direct radiative recombination at the
CQD surface and the carrier recombination from the CQD core
to the surface, respectively.’®*! However, considering the
CQD-perovskite interaction, we have assigned 7, to the charge
transfer from the carbon nanoparticles to PEA,Snl,.
Accordingly, the longer the aging time, the higher the z,, with
a higher weight of the first component (4,). This behavior indi-
cates that the carrier recombination in the CQD surface is pro-
gressively favored once the STE emission of the perovskite
microcrystals decreases over time, which can explain the
increase of the PL emission and PLQY from CQDs (Fig. S7,
ESIY).

This journal is © The Royal Society of Chemistry 2024
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To understand the surface chemical environment and com-
position of the PEA,Snl,/CQDs inks, we carried out X-ray
photoelectron spectroscopy (XPS). In all the mixtures and pure
PEA,SnI, microcrystals, we identified the co-existence of C, O,
N, Sn, and [; see XPS survey spectra in Fig. S9, ESL{ The
surface chemistry of CQDs was also analyzed for comparative
purposes. The corresponding speciation of each sample is
shown in Table S2, ESL.f Fig. 4A shows the high-resolution
(HR) XPS Sn 3d spectra of the PEA,Snl,/CQD inks with
different white light tonalities and the individual perovskite,
where a doublet centered at 487/496 eV was observed. These
signals are ascribed to the presence of Sn*" from the [SnIg]*~
octahedra composing the 2D perovskite.*> On the other hand,
two kinds of contributions are observed from the HR XPS I 3d
spectra of the pure PEA,Snl, and PEA,Snl,/CQDs samples, as
exhibited in Fig. 4B. The first I 3d doublet at 618/630 eV is
associated with the iodide species from the inorganic octa-
hedral units, forming Sn-I bonds, while the couple centered at
620/631 eV is attributed to the existence of molecular iodine
(1,).*> The appearance of this species indicates that a part of
the iodide fraction is released from the inorganic layers, gener-
ating halide vacancies in the perovskite. Then, according to
Table S2,t the I, fraction (described as the (I,/Sn + I,) ratio) is
lower for the inks than that of the pure PEA,Snl, perovskite,
deducing that the presence of CQDs is pivotal to keeping the
structural integrity of the Sn-HPs. By comparing the PEA,Snl,/
CQD mixtures, the NW light-emitting one shows the lowest I,
fraction, suggesting this combination as the scenario where
CQDs promote a suitable protective effect to prevent the for-
mation of iodide vacancies. In contrast, the WW-light-emitting
ink exhibits a higher I, fraction than the NW light-emitting
one, inferring that more iodide was available to diffuse out
from the perovskite structure and produce defect sites.

Fig. 4C shows the HR XPS O 1s spectra of PEA,Snl,, CQD,
and the PEA,SnI,/CQD inks, with some critical differences.
While pure PEA,Snl, depicts two contributions at 531 and 532
eV, ascribed to the formation of (C=O)-N or Sn-O (these
signals can be overlapped) and C=O bonds, respectively,*’
CQDs exhibit the co-existence of C—=0 and COOH moieties, at
532 and 533 eV,*»*® respectively. In the case of CQDs, the
obtained signals are attributed to the presence of a carboxyl
functional group (R-COOH) provided by CA, used to synthesize
the nanoparticles. Then, the contributions of C=0 and COOH
bonds were also detected for all the inks, with the appearance
of a new signal ~530 eV corresponding to the Sn-O bond*® and
without the (C=0)-N interaction. Lastly, we revealed the typical
XPS N 1s spectra for PEA,Snl;, CQDs and the inks (Fig. 4D),
detailing two prominent peaks for the pure perovskite located at
401 and 403 eV. Taking into account the XPS N 1s assignations
for another type of alkylammonium species, for instance, octy-
lammonium cations,”® these peaks can be associated with
(C=0)-N and C-NH;" species, coming from the PEA" cations
composing the 2D perovskite. Nevertheless, only a single peak
for the CQDs and the PEA,SnI,/CQD mixtures was noted cen-
tered at ~400 eV, attributed to C-NH, from the hexadecylamine
(HDA) ligand covering the carbon nanoparticles.’”” The co-exist-
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Fig. 4 High-resolution XPS (A) Sn 3d, (B) | 3d, and (C) O 1s and (D) N 1s spectra for the CW-, NW-, and WW-light emitting PEA,Snl,/CQD mixtures.
XPS analysis was also conducted for pure PEA,Snl, and CQDs for comparative purposes. (E) Estimated total COOH and NH, fractions from CQDs
and (F) calculated total oxygen-to-halide/total Sn—O-to-Sn ratios of the PEA,Snl4/CQD system by varying the perovskite content in the mixture.

ence of (C=0)-N, C=0 and NH;" species in the pure perovskite
indicates the generation of phenethylammonium oleate (PLM).
As we have reported previously, by using high temperatures to
prepare perovskites through colloidal synthesis in the presence
of an amine and a carboxylic acid, the corresponding alkylam-
monium carboxylate species is formed, being the primary
ligand to stabilize the final product.*® Then, from the "H NMR
spectra recorded for the pure PEA,Snl, and the PEA,SnI,/CQD
mixtures (Fig. S10, ESIt), a triplet at § ~ 2.08 ppm was observed,
associated with CH,- near the COOH functionality from free
0A.>** Additionally, a signal is observed at a similar chemical
shift for pure CQDs, attributed to the presence of CH,- coming
from the R-COOH moiety provided by CA. Simultaneously, the
signals at § ~ 3.01 ppm and 1.55 ppm are assigned to CH,- and
the proton bonded to NH, from phenethylamine (PEA), respect-
ively. The co-existence of OA and PEA reinforces the hypothesis
about the formation of PLM during the perovskite synthesis
(see explanation below).

Having described the chemical environment of the samples
and according to Table S2,t it is notable that adding PEA,Snl,
significantly decreases the -COOH content in the CQDs.
However, once the perovskite content is higher in the mixture,
the -COOH content is increased, and simultaneously, the C-
NH, content is decreased; see Fig. 4E. The formation of phen-

10268 | Nanoscale, 2024, 16,10262-10272

ethylammonium oleate can be promoted through an acid-base
reaction between PEA and OA as given in eqn (1):

—
=

CgHoNH, + C17H33COOH CgHoNH; ™ + C1,H3;CO0™. (1)

We propose that carboxyl ligands covering the CQDs can react
with PEA species to favor the generation of carboxylate anions
(R-COO") and the formation of PEA", see eqn (2). This can eluci-
date the marked decrease in the initial COOH fraction in the
presence of the lowest perovskite content. However, a higher free
OA fraction would also be achieved, explaining the eventual
increase in the -COOH content in the mixtures even higher than
that of the individual CQDs. This -COOH species could be
responsible for promoting the progressive increase in the PL
emission of CQDs after the delayed deterioration of PEA,Snl,.

—
=

CsHoNH, + CQDs-COOH = CgHoNH;" 4 CQDs-COO™. (2)

Simultaneously, some OA fractions can react with HDA
ligands to induce the formation of HDA" species, see eqn (3),
which are available to fill/replace some A-site cations from the
2D perovskite:

CQDs-C,sH33NH, + C;7H33COOH =
CQDs-C, H33NH; 1 + C1;H;33C00 ™.

(3)

This journal is © The Royal Society of Chemistry 2024
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In this way, R-COO™ anions from CQDs promote the for-
mation of Sn-O bonds, mediating the compensation of halide
deficiency. Through relative contents seen in Table S2,f the
CW light emitting ink shows the highest Sn-O fraction
(denoted as the Sn-O/Sn + Sn-O ratio) and the highest Oal/
(Orotar + Liotar) ratio(Fig. 4F), indicating that a high density of
defect sites in the perovskite is fully compensated. However, by
increasing the perovskite content to produce the NW light
emitting ink, both the Sn-O fraction and the Otal/(Ototar +
Ioral) ratio are decreased, deducing that the perovskite material
depicts a less defective structure. According to the fact that the
higher the perovskite content, the higher the OA fraction, we
infer that more HDA ligands coming from the CQDs are trans-
formed to HDA" through the reaction in eqn (3) to fill/replace
the A-site cations in the Sn-perovskite. Lastly, by adding an
excess of Sn-perovskite to obtain the WW light emitting ink, it
is possible to generate a slight increase in the halide defects,
considering that more iodide species are available to be
released as I,, with this deficiency being passivated by the
R-COO™ anions. At this point, we conclude that the combi-
nation of CQDs and PEA,Snl, favors the formation of R-COO™
and HDA" species in the carbon nanoparticles, with the NW
light emitting ink being the suitable scenario where the sup-
pression of halide defect sites is maximized. Nevertheless, this
deduction is not enough to explain how the defect passivation
is conducted between the CQDs and the 2D perovskite.

Taking into account the particle size of CQDs (3.4 + 0.7 nm,
estimated by TEM), this is a bigger nanoparticle in comparison
to the separation between the [Snlg]*~ layers from PEA,Snl,

View Article Online
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(1.8 nm, obtained from XRD). Therefore, we conclude that
CQDs can promote the surface passivation of defect sites in
the PEA,Snl, perovskite, providing a low fraction of -COOH
and -NH, moieties without significantly compromising their
PL properties. This deduction can also explain the interaction
between the OLA,SnX, systems and CQDs. Considering that
the d-spacings for OLA,SnBr, and OLA,Snl, systems are 4.4
and 2.8 nm, respectively (Fig. S37), these values are larger than
the size of CQDs, with the integration of CQDs between the
OLA,SnX, inorganic layers being plausible. This fact leads to
the deterioration of the 2D structure and PL quenching of
CQDs. Therefore, we conclude that the PEA,Snl, surface is
covered by CQDs, protecting the structural integrity for a
longer time. At this point, we deduce that the nature of the
A-site cation is the most important parameter that affects the
stability of the ink, mediating the internal interaction between
the 2D structure and CQDs or externally through passivation
of surface defects in the perovskite.

Once the explanation about the effect of CQDs on the
defect passivation of Sn-HPs was provided, we analyzed the
possibility of combining the CW, NW and WW light-emitting
PEA,Sn1,/CQDs inks with a polymeric matrix and prepared 3D
printed solid composites with geometrical complex shapes
and films. To this end, we introduced the luminescent inks
into a mixture of acrylate monomers such as butylacrylate (BA)
and isobornyl acrylate (IBA) (using 15 mol% BA and 85 mol%
IBA), using 1,4-butanediol diacrylate and diphenyl(2,4,6-tri-
methylbenzoyl)phosphine oxide as the crosslinker agent and
the UV-initiator, respectively. This allowed suitable plasticiza-
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(A) Photographs and the corresponding PL spectra of (B) CW-, (C) NW-, and (D) WW-light emitting PEA,Snl,/CQDs based-acrylate 3D com-

posites by varying the aging time under ambient air and HR ~ 50%. (E) Photograph, (F) PL spectra and the respective (G) CIE diagram of 3D printed
networks fabricated from white light emitting PEA,Snl,/CQDs inks. The dimensions of 3D printed networks (length x width X height) were 4 x 4 x

2cm.
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tion of the final polymeric composite, as we have reported pre-
viously for other kinds of luminescent perovskite-based 3D
solids.>® As seen in Fig. S11,} both pure CQDs and PEA,Snl,
were embedded into the acrylate matrix, producing the corres-
ponding blue- and orange-emitting 3D solids. In this context,
with the aim to study the changes in the PL intensity coming
from the mixture between CQDs and the different contents of
Sn-perovskite in the polymeric matrix, the PL properties of the
PEA,Snl,/CQD acrylate composites in the form of pellets were
obtained over time (Fig. 5A). In this way, the PLQY values of
the CW-, NW- and WW-emitting PEA,Snl,/CQDs pellets were
estimated to be 6%, 10% and 8%, respectively.

Unlike the previous discussion of the inks, where the PL
emission associated with the STE properties of the perovskite
is quenched after 48 h, the presence of the acrylate matrix
extends the appearance of the STE emission up to 436 h under
ambient air and HR ~ 50%. This fact causes a slower modifi-
cation in the PL feature, see Fig. 5B-D, and the CIE color of
each ink, see Fig. S12A-C, ESIL.T Although CQDs can delay the
progressive deterioration of the STE emission by passivating
defects in the structure of PEA,Snl,, the Sn*'-to-Sn*" oxidation
cannot be totally avoided. Accordingly, the acrylate-based
polymer protects the perovskite structure against oxygen and
moisture,’® hindering the fast metal oxidation and favoring
the preservation of the white color emission. Interestingly, the
CW-light emitting ink in both inks and composite systems
shows the most stable color tonality, deducing that at the
lowest perovskite content, CQDs can efficiently protect their
integrity and intrinsic properties, as we observed the highest
Sn-O fraction in this material through the XPS. Then, NW and
WW-light emitting inks show a lower iodide defect content,
achieving a decrease in the Sn—O fraction, but it is more likely
to facilitate the I, release (being a pivotal reason to quench the
PL of the perovskite). Lastly, it is possible to prepare more
complex and well-defined luminescent 3D-printed shapes, as
is the case of small and big polymeric networks; see Fig. S13,
ESIf and Fig. 5E. Here, the prepared emissive inks are homo-
geneously distributed along the entire 3D composite to
provide the three white-light tonalities (Fig. 5F and G), hinder-
ing the agglomeration of the perovskite. In conclusion, the
combination of CQDs and Sn-HPs, such as PEA,Snl,, can
mediate the preparation of PEA,Snl,/CQD mixtures, ideal for
preparing suitable inks for the fabrication of luminescent 3D
printed polymeric composites with tunable white-light
emission.

3. Conclusions

In this work, we have shown the combination of different
kinds of Sn-HP microcrystals with CQD colloidal solutions to
generate a series of white-light emitting inks with modifiable
color tonality. By studying the nature of the A-site cation in the
A,SnX,/CQDs inks, we observed that the Sn-HPs based on
OLA,SnX, exhibit a fast quenching of their PL emission, dete-
riorating the white light color stability. Taking into account
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the weak binding capability of OLA" and the large separation
between the inorganic [SnXe]'™ layers provided by this ligand,
CQDs are prone to access and interact with the internal octa-
hedral units coming from the OLA,SnX, perovskites, through a
high density of surface functional groups such as -COOH and
-NH,. This promotes the loss of structural integrity and STE
features in the perovskite and PL quenching of CQDs. In con-
trast, Sn-HPs with smaller d-spacing such as PEA,Snl, depict a
more stable white-light emission, helping a low fraction of
-COOH and -NH, moieties covering CQDs mediate the surface
passivation of the perovskite. In this way, the structure and
STE properties are maintained for a longer time, without alter-
ing the PL properties of CQDs. On comparison of the prepared
PEA,Snl,/CQD inks, the NW-light emitting one is found to
exhibit the lowest halide defect content in the perovskite, car-
rying out an efficient ligand passivation process. By increasing
the PEA,Snl, microcrystal content to obtain the WW light-
emitting ink, the iodide fraction is increased, being more
likely to favor the I, release and the deterioration of the STE
features in the perovskite. Interestingly, although the highest
defect site content is shown in the CW-light emitting ink, this
combination provides the most stable white color tonality,
associated with a full compensation of halide vacancies
through the formation of Sn-O bonds from R-COO™ moieties
covering the CQDs. To preserve the intrinsic properties of the
inks, an acrylate based polymeric matrix is pivotal, preventing
the Sn oxidation by ligand detachment and facilitating the fab-
rication of white color luminescent 3D-printed composites
with complex shapes. Therefore, we highlight an interesting
strategy for the processability of lead-free perovskites with STE
emission, being prominent for promoting the fabrication of
scalable white light emitting devices.
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