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ABSTRACT: Tin(Il)-based halide perovskites have shown O
promise in lead-free and mixed tin(II)—lead ideal-band-gap '
photovoltaic applications. Nonetheless, they notoriously suffer
from oxidation in oxygen environments, thereby sustaining rapid
self-doping during synthesis and further material degradation in
postfabrication stages. As such, enhancing the chemical stabilities
of tin(II) halide perovskites is imperatively crucial for the further
advancement of any relevant eco-friendly and low-band-gap
photovoltaic technology. Here, we demonstrate that hydro-
quinone, a chemically reductive organic molecule, can effectively
improve the stability of perovskite methylammonium tin(II) iodide
(CH;NH,Snl,) in a dry air environment, as shown by X-ray diffraction and X-ray photoelectron spectroscopic studies. Furthermore,
the luminescence longevity of the hydroquinone-treated CH;NH;Snl; film is much greater than its undoped pristine counterpart in
ambient air, as unambiguously evidenced by their time-dependent steady-state photoluminescence spectra. Meanwhile, time-
resolved photoluminescence (TR-PL) decays reveal nearly unchanged carrier recombination lifetimes in both types of perovskite
materials during degradation, which therefore infers a facile oxidation process for these thin films. This work provides a practical clue
to stable and high-performance tin(II)-based perovskite optoelectronics.

Hydroquinone
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I I alide perovskites have realized remarkable performance in Pb,*** thus signifying the capability in further approaching the

optoelectronic applications, such as photovoltaics,l_5 Shockley—Queisser limit.**~** Nevertheless, tin(1I)-based per-
photodetectors,é’7 and nanolasers,®® where a certified record ovskites are plagued by Sn-vacancy defect formation, thus
power conversion efficiency exceeding 25% has been impres- rendering inferior charge carrier properties.”™*> Most im-
sively achieved from perovskite solar cells in 2019."" Nonethe- portantly, Sn®* is easily oxidized to Sn*' in ambient
less, the majority of the abovementioned high-performing atmosphere*®"’ and even environments with trace oxygen
optoelectronics were fabricated on perovskites with lead-based (<10 ppm) such as a glovebox46’48 or precursor solution,*’
compositions (chemical formula: APbX;, A = CH;NH,;* (MAY), causing the corresponding material processing conditions/
HC(NH,),", Cs*, X =17, Br, and/or CI"), in which Pb is highly windows to be harsh and narrow. Furthermore, oxidation of Sn**
toxic and detrimental to the environment'' ™" and thus hinders leads to heavily p-doped perovskitesso (a process called self-
large-scale commercialization'“™"? of any relevant energy doping), thus deteriorating the final semiconducting properties
technologies. Therefore, it is of imperative imminence to and photovoltaic performance of solar cell devices. As such, it is
substitute Pb with less-toxic elements in perovskites as the light- intriguing at both technological and scientific levels to enhance

harvesting active materials. Previous examples of Pb-free
perovskites include the adoption of Bi** or Bi**/Ag" as B-site
cations.””** However, such practices inevitably result in quasi
zero-dimensional structures as in (CH;NH;);Bi,I; and
Cs;Biyly,”>? or double-perovskite systems (e.g, Cs,BiAgBry,
Cs,BiAgCly) with indirect band gaps,zz’n’28 thereby signifi-
cantly limiting the charge generation and transports therein.
Being a group 4A element, Sn has demonstrated its potential in
Pb-free solar cells'>**~** and photodetectors™ with consid-
erable optoelectronic performance. Additionally, the incorpo-
ration of Sn in perovskite systems also synergistically brings
forth much smaller optical band gaps and greater carrier
mobilities due to the more covalent nature of Sn relative to

the chemical stabilities of Sn(II)-based perovskite materials, so
as to further mature the environmental friendly and low-band-
gap optoelectronics in the setting of commercial deployment
with advanced performance. Herein, we show that through
adding a type of reductive organic molecule—hydroquinone
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Figure 1. Time-dependent X-ray diffraction patterns of pristine MASnl; (a) and 3% w/w H,Q-doped MASnI; (b) thin films in dry air (RH < §%). *
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Figure 2. Photodarkening of MASnI; with and without organic additives. Evolution of time-integrated PL spectra over time for pristine MASnI, (a),
3% w/w H,Q-doped MASnI; (b), and 5% v/v PyPh-doped MASnI; (c) thin films. (d) Summary and comparison of PL peak intensities of the three
types of tin(II) perovskite thin-film samples, where the dashed lines serve as guides to the eye for the evolution of PL intensities.

(chemical formula: C4H,(OH),, denoted H,Q) with a notably
higher oxidation potential than Sn** in the precursor solution of
the perovskite CH;NH;Snl; (MASnI;), as-fabricated MASnI,
films exhibit greatly retarded degradation in a dry air
environment when compared with the untreated MASnI,
counterpart. Accordingly, X-ray photoelectron spectra (XPS)
reveal a much slower surface oxidation of Sn** to Sn*' in the
presence of H,Q. Moreover, the improved chemical stability of
MASnI; leads to a concomitantly enhanced photoluminescence
(PL) stability in ambient air under continuous illumination of
excitation light, as shown by time-dependent PL spectra. Such
suppressed PL photodarkening is optically addressable in
tin(II)-based perovskite light-emitting applications with im-
proved operational stabilities.”’ Our work does not introduce

; ; . 46,47
excess Sn’* or a highly reducing gaseous environment,*”

4705

thereby rendering a technically and cost feasible route to
stabilizing the Sn(II)-based halide perovskites during both
synthesis and postsynthesis stages, and will largely contribute to
the continual development of this class of lead-free materials for
wide-range energy applications.

To illustrate the stabilizing effects of H,Q on the perovskite
MASnI;, we first fabricate pristine and H,Q-doped MASnI; thin
films by adding H,Q (3 wt % content) into the perovskite
precursor solution (see the Supporting Information for details).
XRD studies confirm the a-phase perovskite structure for both
types of MASnI, films according to previous reports,'>” as
shown by the diffraction patterns in black color of Figure I.
While the addition of H,Q does not change the perovskite
structure of MASnI;, it is noticeable to see that the as-fabricated
H,Q:MASnI; film possesses greater lattice strain than the

https://doi.org/10.1021/acsaem.1c00316
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Figure 3. XPS Sn 3d spectra of MASnI, (&, ¢) and H,Q:MASnI; (b, d) measured after aging in dry air for 0 and 1 h, respectively. (e) Comparison of
Sn** content in pristine MASnI; and H,Q-doped MASnI; before and after 1 h oxidation in dry air.

pristine counterpart, as shown in Figure S1, where lattice strain
has been regarded as being closely related to the detailed
chemical compositions of tin(Il)-based perovskites.”® There-
fore, the increased lattice strain can phenomenologically signify
the inclusion of H,Q within the MASnI; lattice. Intuitively,
infrared spectroscopy confirms the existence of H,Q in MASnI;
by showing C—O stretching mode at around 1211 cm™, in-
plane and out-of-plane O—H bending modes at around 1412
and 756 cm™, respectively, as shown in Figure S2. From the
standpoint of optical absorption, the inclusion of H,Q in
MASnI; leads to a slightly widened band gap from 1.32 to 1.38
eV, as shown in Figure S3. Most importantly, by aging in dry air
with relative humidity (RH) <5% for 20—32 h, the pristine
MASnI; film clearly shows the appearance of degradation
products that are coexistent with the original perovskite phase
(Figure la); in the meantime, H,Q:MASnI; is free of any
degradation phases and only sustains a slight decrease in the
peak intensities along the (001) and (002) lattice orientations
(Figure 1b). To elucidate the degradation products in pristine
MASnI;, we performed Rietveld refinement on the XRD pattern
of the material after 48 h of aging in dry air, where the material is
almost completely degraded. As shown in Figure S4, the XRD
pattern of significantly degraded “MASnI;” matches well with
(MA),Snl;, a Sn*" structural variant, thus confirming the
degradation of MASnI, being Sn** oxidation. The formation of
oxidized products in air agrees well with previous reports on
tin(II)-based perovskites.”* Importantly, to rule out the physical
and morphological factors that could also affect the chemical
stability against oxidation of both types of perovskite thin films,
we then performed scanning electron microscopy (SEM) on the
surface of both film samples. As shown in Figure S5, both films
have comparable surface morphology with densely covered
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grains, thereby ruling out the potential physical effects of
perovskite samples and suggesting that H,Q is indeed the
chemical origin that suppressed the observed oxidation of
MASnI;.

Since photoluminescence (PL) is a physical property that is
sensitive to the chemical and structural changes of crystalline
materials,”>*® we subsequently performed steady-state PL
spectroscopy on the tin(II)-based perovskites under continuous
700 nm optical excitation to examine their stabilities in an
ambient air condition. As shown in Figure 2a,d, pristine MASnI;
thin film exhibits PL emissions, whose peak intensities (at 907
nm) decrease in minutes. Noteworthily, this minute-kinetic
decay starts with a maximum PL intensity at around 11 min after
the material was exposed to air and is preceded by an initial PL
with slightly less intensity (~0.94 of the maximum intensity) as
measured immediately upon air exposure (Figure 2a,d). Such
rise and decay of PL intensities are attributed to photoinduced
activation and darkening proces.ses,57_59 which are, respectively,
related to the defect passivation by illumination in the presence
of H,0/0, and material degradation in air.>7006! By contrast,
the H,Q-containing MASnI; thin film demonstrates a
profoundly retarded PL decay, where a more pronounced initial
photoactivation—from 0.57 at 0 min to maximum intensity at
~12.7 min of air exposure, and a blue shift of PL center
wavelength from 915 to 895 nm are observed (Figure 2b,d),
which is attributable to halide redistribution in the presence of
organic additive H,Q, as similarly reported in previous
reports.””®> On the other hand, the more obvious photo-
activation of H,Q:MASnI; after exposure to air suggests that the
nonradiative defects were not originally passivated by H,Q upon
doping, but the subsequent photodarkening process owing to
chemical change of perovskite material is greatly mitigated.”*
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Meanwhile, the blue-shifted PL center wavelength of
H,Q:MASnlI; with respect to pristine MASnI; agrees well with
its larger optical band gap extracted from UV—vis absorbance
studies in Figure S3. Such phenomena altogether indicate that
H,Q s indeed doped into MASnI; and has effectively slowed the
material degradation while also changing the luminescence
behavior of MASnI; upon its exposure to ambient air. Although
pristine MASnl; and H,Q:MASnI; exhibit decreases in PL
intensity in air, we surprisingly find that their charge
recombination lifetimes maintain relatively constant during
the air degradation processes except for a long-component
lifetime (7,) increase on H,Q:MASnl, after initial air exposure,
which again points to the effects of H,Q on the defect properties
of MASnI; perovskite in the presence of air molecules, as shown
in Figure S6e,f. The largely unaffected charge recombination
lifetimes after initial air exposure imply that the degradation of
MASnI; thin films adopts a rapid and facile manner, where the
nonluminescence degradation products only contribute to the
continuously reduced transient PL peak intensity (Figure S6a,c)
but not to the intrinsic Sn-vacancy concentration that is directly
related to carrier lifetime.**®* However, it should be noted that
7, of pristine MASnl; (~3.3 ns) as measured at 0 h of air
exposure is notably longer than H,Q:MASnl; (~1.4 ns), which
potentially implies a negative impact on the photovoltaic
performance of encapsulated solar cell devices that avoid air
exposure.

At this point, it is logical to consider the mechanistic origin of
the antioxidant effects of H,Q on perovskite MASnI;. From an
organic chemistry standpoint, the secondary hydroxyl (—OH)
groups in H,Q could be the entity responsible for the improved
stability, as —OH is oxidized through dehydrogenation reaction
to become ketone (C=0), thereby sacrificially suppressing the
oxidation of Sn** to Sn** and thus the photodarkening of
MASnI;. Nevertheless, we discovered that not all OH™
containing organic molecules are capable of extending the PL
lifetime of perovskite MASnI;, exemplified by a 5% v/v PvPh-
doped MASnI; film (PvPh: poly(4-vinylphenol), see the
Supporting Information for details) that shows ~75% reduction
in PL intensity after only 5 min of exposure to air, as shown in
Figure 2¢,d. This observation suggests the necessity of screening
both the chemical functional group and molecular structure in
designing effective dopants for stabilizing tin(II)-based perov-
skites.

To further substantiate the effectiveness and the mechanistic
root cause of H,Q in the suppressed MASnI; degradation, we
subsequently conducted X-ray photoelectron spectroscopy
(XPS) on pristine MASnl; and H,Q:MASnI; films. As shown
in Figure 3a,b,e, MASnl; and H,Q:MASnI; films at 0 h of air
exposure have mostly the Sn** compositions but inevitably
contain Sn** (8.25% for pristine MASnl;, 5.36% for
H,Q:MASnI;, see Tables S1 and S2 for determination of atomic
compositions of Sn**/Sn*"), which is due to the rapid surface
oxidation during the sample transfer into the XPS chamber and
was likewise observed in a previous report of tin(II)-based
perovskites.”® Nevertheless, after 1 h of aging in dry air (RH <
5%), it is clear that the Sn*" content of pristine MASnI, rises to
94.6%, while Sn** concentration in H,Q:MASnI; only increases
to 44.0% (see Tables S3 and S4 for determination of atomic
compositions of Sn**/Sn*"), as shown in Figure 3c—e. The large
difference in Sn*' generation thus confirms the antioxidant
function of H,Q toward perovskite MASnI;.

From the electrochemistry perspective, full oxidation of Sn**
in perovskites typically requires the joint effects of water and
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65,66

oxygen. As a consequence, redox reaction potentials of Sn
species and H,Q can be compared to reveal the working
mechanism of H,Q in suppressing the oxidation of Sn** in
MASnI;. As shown in Figure 4, based on the standard potentials

1): OH — 1/2H,0 + 1/40, + € (E° =-0.40 V)
2): Sn** + 2¢" — Sn°(E° = -0.14 V)

3): Sn*" + 26" — Sn** (E°=0.15 V)

(4): Sn*" + 2H,0 + O, + 2¢' - Sn(OH), (E° = 0.25 V)

(5): H,Q - Q@ + H, (E ~ 0.32 V, buffered; E ~ 0.53V, unbuffered)

organic functionalized for more reductive OH

(
(
(

(1) @ ©) 4 (5 ()
: ESnz* stabilization i i i i
-0I.8 -0I.6 -0I.4 -0I.2 0?0 OT2 0i4 OTB 0?8
Redox potential (E vs. SHE)

Figure 4. Scheme of redox reactions related to Sn chemical species and
H,Q. Based on the half-reaction potentials of OH™ oxidation and Sn**/
Sn** reduction, oxidation of H,Q is the most spontaneous, with its
oxidation potentials taken from ref 67.

(referenced to a standard hydrogen electrode (SHE)) of Sn**
reduction and OH~ oxidation (half-reactions 1 and 3), one can
deduce the oxidation potential of Sn** reaction with both water
and oxygen, which possesses a 0.25 V potential (vs SHE, full
reaction 4). Such reaction potential is apparently smaller than
the oxidation potential of H,Q—0.32 Vvs SHE at 25 °C pH="7
buffered condition, and 0.53 V vs SHE in an unbuffered
environment (see the Supporting Information for detailed
analysis) as per previous electrochemical studies,’” thereby
making the oxidation of H,Q more spontaneous than Sn**, or in
other words, an effective reducing agent for preserving Sn*" in
MASnI;. The reducing effects of H,Q can also be rationalized
from the fact that sp>-hybridized C atom and OH share electrons
due to the covalent bond, thus rendering the bonded electrons
easier to lose than individual OH™ ions (half-reaction 1).

In summary, we proved that the doping of a reductive organic
molecule, hydroquinone, into the perovskite MASnI;, can
enable greatly suppressed material degradation and photo-
darkening in air conditions, as manifested in time-dependent
XRD and steady-state PL studies. The retarded material
degradation and prolonged PL retention rely on the foundation
where Sn** oxidation is suppressed, which is realized through the
more spontaneous oxidation of hydroquinone as verified by XPS
and electrochemical analysis. Our work helps to further develop
lead-free perovskite optoelectronics with enhanced stabilities for
scale-up and higher-performance applications.
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