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The development of perovskite solar cells (PSCs) has gone from strength to strength over the last
decade, enabling low-cost, flexible and high-efficiency photovoltaic devices. However, the
significance of molecular iodine (I;) evolution within the perovskite layer on device longevity is only
recently becoming realised. In lead-based perovskites, the formation of |, is determinantal to both the
photovoltaic performance of PSCs and the long-term stability. Likewise, |, formation within tin
perovskite is highly destructive; rapidly breaking down the composition of the perovskite layer, and
severely limiting the shelf-life of photovoltaic devices. In both cases, the formation of I, has a
significant additional impact on the stability and function of all other elements of the PSC structure
including the conductive metal oxide, metal electrode and charge transport layers (CTLs). In this
perspective, we highlight the key role of iodine in dictating the performance and stability of lead and
tin perovskite materials. In doing so we compare the similarities and differences between the
formation mechanisms of molecular I, in the lead and tin analogues while also considering its effect
on the performance of PSCs through consideration of the various elements of the PSC structure.
In discussing this challenge, we look to identify new emerging ways in which volatile iodine has been

Received 8th September 2023, captured within other scientific fields and discuss the applicability, modification and utilisation of these
Accepted 8th April 2024 strategies within PSCs. Finally, through consideration of the fundamental chemistry in these systems,
DOI: 10.1039/d3ee03004k we summarise the all-important role of iodine in PSCs, discuss efforts being made to mitigate the

damage of I, evolution, manage the redox chemistry, and provide design criteria for developing
rsc.li/ees iodine-resilient PSCs.

Broader context

In recent years, perovskite materials which utilise an ABX; crystal motif have been integrated into a wide range of optoelectronic and thermoelectric
applications. Amongst these, perovskite solar cells (PSCs) and perovskite light-emitting diodes (PeLEDs) have emerged as forerunners to revolutionise their
respective fields. Boasting solution processability and flexibility in the final products, PSCs and PeLEDs offer new opportunities in customisable and
bespoke electronics while retaining remarkably high performance. However, solution processing the constituents of inorganic-organic halide salts into
ionic lattice structure comes with the drawback of moisture instability and unwanted redox chemistry of reactive halides, specifically iodine. The
incorporation of a corrosive triiodide/iodine redox couple in the earliest days of PSCs had a devastating impact on the shelf-life, often only taking minutes
for the perovskite to break down. A paradigm shift to full solid-state architectures sought to rectify this issue, dramatically improving the shelf life to the
scale of months. Nevertheless, while no longer implemented intentionally as an electrolyte, the evolution of iodine in situ during operation remains an
obstacle to the commercialisation of perovskite optoelectronics with practical shelf lives. Indeed, the evolution of corrosive iodine and triiodide formation
continues to place limitations on the long-term stability of perovskite optoelectronics, with far-reaching effects adversely impacting all the components of
the device. It is therefore essential that the mechanisms of iodine generation within the device are identified to enable the development of suitable
neutralisation strategies. The dynamic nature of these destabilising processes encourages the identification of dynamic solutions where iodine redox
chemistry is managed sustainably. Such an approach avoids the depletion of iodide from the perovskite lattice by preventing its migration through the
device architecture coupled with suitable redox chemistry to reform and replenish iodide. While newly emergent in the field of perovskite materials, we note
significant advancements have been made in the field of iodine management in the fields of radioiodine disposal, medicine, and electrochemistry. These
studies provide a head start in the integration and development of new strategies within the field of perovskite optoelectronics. Indeed, only if the effect of
iodine release on long-term stability is understood and addressed effectively can perovskite optoelectronics achieve the longevity required for commercial
technologies.
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Introduction

In just over a decade metal halide perovskite photovoltaics have
grabbed the attention of the photovoltaic community. A wealth
of research has enabled power conversion efficiencies (PCEs) to
soar from 3.8% when first demonstrated, to beyond 26%."”
This rapid advancement in device performance has been
made possible through a combination of breakthroughs in
device architecture, defect passivation and compositional
engineering.” Indeed, the ability to tune the composition of
the ABX; lattice motif has enabled the production of light-
harvesting layers with idealised spectral responses for captur-
ing solar radiation.*® Furthermore, the high degree of control
over the band structure has seen perovskites integrated into a
range of applications including perovskite LEDs (Pe-LEDs),
transistors and X-ray detectors, to name but a few.”'* Never-
theless, the use of a solution processable ionic lattice also
represents arguably the biggest drawback to their application -
poor intrinsic stability.

Unlike silicon and III-V semiconductors (GaAs, InGaAs)
which comprise largely covalent structures, perovskite materi-
als exist as a highly ionic lattice with an ABX; motif."*® More
recently, the definition of perovskite has been expanded
beyond the classical ABX; motif to include a range of structural
variants including 2D and semi-2D crystal structures. These
structures utilise either a monovalent (A’) or divalent (A”)
organic spacer cation to produce Ruddlesden-Popper phases
(A'A,_1B,X3,+1) and Dion-Jacobsen phase (A”A, 1B, Xzu+1)
respectively.>?**! However, universal to all structures is the
typical use of an organic (MA', FA',...) or inorganic (Cs',
Rb",...) cation on the A-site, a metal cation, typically, Pb*",
Sn**,Ge*" on the B site and an anion, most often a halide, (Cl~,
Br, I"...) on the X-site.>**>* The ionic nature of the ABX;
lattice imparts several routes for instability in the PSCs includ-
ing the tendency of the A-site organic cation to undergo
solvation from the structure, unwanted redox chemistry of
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the constituent ions and the presence of mobile corrosive
halide anions.>>>°

In the earliest demonstration of perovskite devices, PSCs
were prepared by adapting the pre-existing dye-sensitized solar
cell (DSSC) architecture. In this configuration, the perovskite
acts as a sensitizer on a titania scaffold, which in turn acts to
collect electrons. The circuit is completed using an iodide/
triiodide (I"/I;7) liquid electrolyte redox couple.’*® As per the
conventional DSSC devices, the use of iodine and triiodide
proved to be a major source of instability, owing to its corrosive
nature. Consequently, the shelf life of early PSCs was limited to
mere minutes."*° Replacing the triiodide liquid electrolyte in
favour of a fully solid-state hole transport layer unlocked
significant improvements in both the device performance and
stability.**'*> To this end, the removal of triiodide electrolytes,
combined with a range of other optimisations, has enabled
lead-perovskite devices prepared with carbon electrodes to
exhibit stability under ambient conditions exceeding one
year.>® Nevertheless, the evolution of I, and the subsequent
degradation reactions with I" ions to form I;~ continue to
haunt fully solid-state perovskites.***® Consequently, as per
the early days of perovskite research, the generation I, and I3~
continue to limit the stability of perovskite, albeit on a longer
timescale. Furthermore, the true extent and impact of the I,-
induced degradation on the charge transport layers (CTLs) and
electrodes is becoming clearer. As such the formation of I, and
I;~ still hinders both the performance and longevity of PSCs,
over a decade after being first identified as a problem.

Developments in compositional engineering have enabled
the production of lead-free perovskites.’” *® These perovskites
offer a lower-toxicity alternative to the use of lead, promising a
lower bioavailability as well as further tunability over the band
gap.>**™ Amongst these alternatives, tin-based perovskites
have stood out as a leading candidate exhibiting an ideal
bandgap of around 1.3 eV and PCEs exceeding 14%.%73%*
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These features make tin-perovskites a promising candidate for
third-generation multijunction tandem applications.*> Never-
theless, tin perovskites suffer from a tendency to undergo facile
oxidation when exposed to oxygen. In comparison, the oxida-
tion of the B-site metal cation does not occur in the lead
analogues owing to the increased inert pair effect down group
IV. As such lead-based PSCs benefit from a larger energetic
barrier to the formation of sp® hybrid orbitals by virtue of its
position below tin. The ability of tin perovskite to undergo
oxidation to the Sn*" state imparts significant instability on the
thin films, facilitating rapid degradation of the material,
increased trapping and self-p-type doping.”®*° This instability
has recently been demonstrated to be exacerbated by the ability
of SnI, to further decompose into I,; where I, is a strong
oxidizer itself.*” As such, the stability of tin PSCs is limited to
mere hours in ambient air with stability measurements most
often collected under storage in inert conditions.**>°

The role of iodine and its equilibrium with iodide anions to
form triiodide has been a long-running problem in developing
stable-perovskite solar cells."**> While the transition to fully
solid-state architectures undoubtedly had a significant impact
on stability, the presence of iodine and triiodide within solid-
state architectures has since been largely overlooked. Indeed,
when compared to more established technologies such as
silicon photovoltaics, the stability of both tin and lead PSCs
continues to fall considerably short.”®>" A key contributor to
this instability is the presence of mobile halides in PSCs and
their tendency to oxidise into corrosive halogens such as I,
which severely reduces the device longevity. This effect is most
easily observed upon a comparison of the choice of electrodes
used when preparing PSCs designed for longevity where metals
vulnerable to oxidation are frequently substituted with more
inert carbon.’** As such, further work is needed to manage the
impact of corrosive iodine formation as a failure mechanisms
for PSCs.

The very recent identification of I, formation in tin perovs-
kite has been an interesting and potentially pivotal point in the
search for stable tin PSCs.*®*%>%>* This discovery is made more
interesting by the unique formation mechanisms of iodine
within tin PSCs by virtue of the additional Sn*" oxidation state.
In turn, this creates a point of interest in deciphering which
mechanisms are unique for tin PSCs and which are likely to be
universal to both materials but may not yet have been discussed
within the context of tin PSCs. From this comparison, lessons
from the more established I, chemistry of lead-perovskite can
be compared and evaluated as risk factors to the stability of tin
perovskites guiding future PSC design. Undoubtedly, universal
to both cases is the effect of I, formation on the other
components of the device architecture including the metal
oxide, CTLs and metal electrodes. After reviewing the chemistry
of iodine formation pathways within lead and tin perovskites,
we present a discussion detailing a range of strategies for its
mitigation, highlighting opportunities to learn from cross-
discipline approaches. In discussing these strategies, we high-
light potential design criteria for fabricating PSCs that mini-
mize iodine formation and propose regenerative redox
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pathways that can be implemented to improve chemical stabi-
lity. Finally, we provide an outlook on the design of new
beneficial molecules, polymers and redox couples which allow
devices to operate sustainably and mitigate irreversible
chemical changes.

Iodine in lead perovskites

To date, several mechanisms by which iodine can be generated
within lead-based perovskites have been reported.®*?>>3
Perhaps most frequently reported is the photolysis of PblI,
under exposure to illumination with photon energies exceeding
2.51 eV (494 nm) (eqn (1)).>*™° Localised domains of Pbl, are
often reported within the perovskite layer, forming via several
pathways. The most common of these include the thermal or
moisture-induced loss of the A-site cation,’® and the inhomo-
geneous conversion of PbI, in a two-step fabrication
process.®"®> Alternatively, Pbl, may be deliberately added in
excess within the precursor, reported to benefit the perfor-
mance of devices.’®®3®* The photolysis of Pbl, into I, within
the perovskite also leads to the creation of metallic lead (Pb?),
often observed as a shoulder in the perovskite Pb 4f orbital
using X-ray photoelectron spectroscopy (XPS) (Fig. 1a).>%%°7®
This phenomenon is amplified within PSCs prepared using
metal oxide transport layers such as TiO, and SnO, which can
behave as photocatalysts for iodide oxidation and Pb**
reduction (eqn (1)) when exposed to UV light (Fig. 1b).*>”°
The effect of photolysis on lead halide salts can be reduced by
exchanging the halide with bromide or chloride anions which
have stronger lead-halide bonds and therefore higher dissocia-
tion energies of 3.06 and 3.19 eV, respectively.’® As a conse-
quence, the fraction of solar radiation with sufficient energy to
reduce the lead in these cases is dramatically lowered. The
replacement of iodide anions with bromide and chloride also
affords a more compact lattice unit cell and stronger interac-
tions between the inorganic framework and cation.”* Indeed,
the reduced lattice parameters facilitate hydrogen bonding
between CH3;-X where X = Cl and Br, decreasing the halide
mobility and reducing the available pathways for halide oxida-
tion to occur.”"”* A similar reduction of halide mobility can be
achieved through the incorporation of additives capable of
forming halogen-halogen bonds.”*”*

In addition to light-driven photolysis and photocatalytic
reactions, Pbl, is also sensitive to displacement with oxygen
and moisture, degrading into PbO and releasing I, vapour
when exposed to ambient conditions (eqn (2)).”>”” Popov
et al. observed that Pbl, films left exposed to ambient oxygen
undergo discolouration from the release of iodine vapour,
noting that small Pbl, grains are the most susceptible to this
method of degradation.”” A second key mechanism by which
oxygen can liberate I, from perovskite is via the generation of
reactive superoxide (O,) when under illumination. In this
mechanism, the photoexcited states of the perovskite are
quenched through interaction with oxygen forming a highly
aggressive O,  species (Fig. 1c and d). The highly reactive
formed O,  quickly degrades pristine perovskite, liberating
iodine (eqn (3)).”** Notably, the interaction of superoxide

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Mechanisms of |, formation in Pb-based perovskite solar cells. (a) Ratio of lead as MAPblz, Pbl, and metallic PbP from XPS. The fraction of Pb°
increases under illumination owing to Pbl, photolysis. Reprinted with permission.®® Copyright 2019, Royal Society of Chemistry. (b) Mechanism of
UV-light driven metal—oxide photocatalysis of iodide anions to iodine. Reprinted with permission.®® Copyright 2019, Elsevier (c) energy diagram showing
the formation of superoxide formation via the quenching of MAPbls excited states. (d) Change in fluorescence intensity of superoxide probe indicating

the formation of superoxide on the scale of minutes from the perovskite

when illuminated and exposed to oxygen. Reprinted with permission.!

Copyright 2015, Wiley. (e) Schematic of electrochemical oxidation of mixed MAPbBr;sl; 5, changing the surface stoichiometry. Reprinted with
permission.8” Copyright 2019, American Chemical Society. (f) Photograph of formamidinium iodide powder and solution before and after ageing in
oxygen, where oxidation of iodide ions forms iodine changing the colour. Reprinted with permission.>> Copyright 2021, AAAS.

with Pbl, is also reported to yield I, and PbO.”® Aristidou et al.
revealed the formation of superoxide is dependent on the
surface iodide vacancy defect density, which provides a low-
energy site for the reduction of O, to occur.”®®! The yield of
iodine formation can thus be lowered via the removal of such
defect sites through passivation or the production of films with
large grain sizes. Superoxide yields can also be reduced via fast
extraction of the photoexcited electrons on a time scale shorter
than oxygen reduction.>”®®" Alternatively, the generation of
superoxide can be substantially suppressed via the substitution
of iodide anions with bromide as demonstrated by Aziz et al.”*

Pbl, + hv - Pb® + 1, (1)
2Pbl, + O, — 2PbO + 2I, (2)
4APbI; + O, — 4Pbl, + 21, + H,0 + 4A (3)

Perhaps least discussed within the literature, the formation
of I, can also occur within perovskite devices via the electro-
chemical oxidation of iodide anions at the electrodes under
operation.*>?*%>78” This effect can be observed under relatively
low electric fields, reported as low as 0.2 V um '.** Such
voltages are quite reasonable within operational PSCs and thus
likely to generate I, during operation, especially over the

This journal is © The Royal Society of Chemistry 2024

extended operation. We note that the electrochemical redox
chemistry is likely to contribute significantly to instability
during maximum power point (MPP) tests when measured
under inert conditions.*® The electrochemical oxidation of I~
anions is worsened by the mobile nature of the halide
anions.>”® This can lead to the depletion of iodine at the
electrode interface, an effect shown experimentally using XPS.%”
Similarly, Samu et al. found that the I /Br ratio in MAPb-
Brysly s films varies with charge injection into the device.®”
In contrast to iodide-rich phases, bromide phases exhibit
greater resistance to electrochemical oxidation owing to a
higher lattice energy; a result of greater electronegativity of
the bromide ion and a stronger interaction with the lattice unit
cell as compared to iodide.”"*® This leads to mixed halide
perovskite films becoming increasingly bromide-rich/iodide
deficient upon application of a voltage (Fig. 1e), giving the film
an orange colour and damaging the film morphology.*>*”°*
The link between composition and stability to electrochemical
oxidation has to date received little attention but raises impor-
tant questions concerning both the performance and stability
of mixed halide PSCs. As such, management of the local halide
composition around the electrodes, for the prevention of iodide
permeation of the transport layers, is crucial for preventing the
electrochemical oxidation of iodide.

Energy Environ. Sci., 2024,17, 3244-3269 | 3247
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Table 1 Standard redox potentials of halide ions into molecular halogens
and the formation of water from oxygen under acidic conditions

Redox couple Potential E° (V)*’

Cl, + 2~ — 2Cl~ +1.358
Br, + 2e” — 2Br +1.066
I, +2¢” — 2" +0.535
0, +4H" + 4e” — 2H,0 +1.229

In addition to iodine evolution from Pbl,, the organic
cations can also contribute to the evolution of iodine within
lead-perovskites. Iodide salts are unstable when exposed to
oxygen and moisture owing to their mild reducing nature
(Table 1).°> A well-known example of this instability to oxida-
tion is hydroiodic acid (HI), where stabilizers such as hypo-
phosphoric acid are necessitated to stabilise the iodide ions
and prevent I, vapour forming.>*°%°* This chemistry extends to
the organic cations used in perovskite precursors as reported by
Chen et al, who reported that following exposure to air,
formamidinium iodide (FAI) generates I, via the oxidation of
I™ (Fig. 1f).”® This effect can be visually identified as a yellowing
of the FAI powder where I, quickly reacts with I", forming I~
and is often observed when FAI is stored improperly with
exposure to oxygen.”> This oxidation of I occurs via the FAI
equivalence with FA and HI; the latter of which undergoes
favourable oxidation with oxygen as discussed. This oxidation
occurs on short timescales in FAI, possibly owing to the
formation of sym-triazine as a product.’® To this end, the
incorporation of poor-quality FAI, containing I,/I;~, dramati-
cally reduces the stability and performance of PSCs.>>°> Alky-
lammonium bromides and chlorides offer greater stability to
oxidation under ambient owing to better stabilisation of the
negative charge on the bromide and chloride ions, yielding
higher redox potentials (E°) (Table 1). Consequently, in mixed
cation-halide systems, it may prove beneficial to use bromide
and chloride formamidinium salts where possible, incorporat-
ing iodine via more stable methylammonium, alkali metal or
lead salts.

Once formed, molecular iodine has a dramatic impact on
the operational device stability of PSCs. I, interacts rapidly with
surface I anions forming a highly corrosive I~ species.>?***>°
As might be expected, the formation of strong and corrosive
oxidisers such as iodine and triiodide, play significant albeit
rarely discussed roles in governing the stability of lead-
perovskite solar cells. Indeed, the use of corrosive I~ electro-
lytes can be attributed to the shortcomings and failure of early
DSSC-based PSCs, rapidly dissolving the perovskite into its
constituent salts."”” Wang et al. observed that in dark condi-
tions, I, exposure to perovskite films leads to the formation of
I;~ via the combination of I, and I~ (Fig. 2a).** The highly
corrosive I3~ then breaks down the perovskite structure into its
constituents (Pbl,, CH;NH,) and I,/HI which can reform I;";
where the triiodide continues the breakdown of the perovskite
(Fig. 2a). In contrast, under illumination, degradation of the
perovskite can occur via a photogenerated radical mechanism
where either I, undergoes photolysis to iodine radicals (I°).
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This is made possible by the notably lower halide-halide bond
strength of 151 kJ mol ™~ allowing photolysis to happen at rela-
tively low energies within the solar spectrum (>2.32 eV).*®%°
Like I,, the formed I° radicals proceed to react with the
accessible surface I ions forming a reactive diiodide radical
I,*~ species (eqn (9)). Alternatively, the reactive diiodide radical
can be formed via the disproportionation of I;~ (eqn (10)),
helping rationalise the light-dependent mechanisms.***® The
I,* " radical that is generated then proceeds to break down the
perovskite structure, similar to I;7.>* Removal of the illumina-
tion source reforms I;~ and I" from the disproportionation of
two equivalents I,*". It is likely that both with and without
illumination, the degradation is accelerated by the mobility of
I" species and the presence of surface defects, which contribute
to the initial I, concentration and the formation of I3 /1,* .

While MAPDI; is a useful archetypal composition for study-
ing the fundamental chemistry of perovskite systems we note
the presence of additional, cation-dependent iodine degrada-
tion pathways, relevant for state-of-the-art PSCs. Indeed, FAPbI;
undergoes cation-specific degradation mechanisms when com-
pared to MAPbI; via destabilising the cubic o-FAPbI; photo-
active phase. Tan et al. demonstrated that following exposure to
I, vapour, the barrier to the formation of hexagonal 3-FAPbI;
was lowered from 689 to 354 meV facilitated by the presence of
interstitial iodine (Fig. 2b and ¢)."*° Combining the accelerated
I,-induced phase instability of a-FAPbI; with the tendency of
FAI to undergo halide oxidation presents a strong indicator that
great care must be taken when storing and preparing high-
performing perovskite compositions under ambient conditions.'®

Perhaps less discussed is the influence of I, within the
precursor solution on the formation of iodoplumbates and
the resulting morphology of perovskite films. Hu et al
proposed that during the perovskite crystallization process,
polyiodide lead clusters, aggregate to form edge-sharing octa-
hedral Pblg*~ iodoplumbates. These iodoplumbates lead to
cuboctahedral voids which are subsequently occupied with an
organic or inorganic cation yielding the perovsite crystal
structure.'®>'%> The formation of these iodoplumbate colloids
is often controlled within the literature via molecules with
Lewis basicity, which displace 1" as ligands on the Pb*"
centres."**'* To this extent, dimethylsulfoxide (DMSO) has
become widely prevalent as a co-solvent within the literature
owing to its high Gutmann donor number, consequently redu-
cing the number of higher-order polyiodides and slowing
crystallisation.’®*™%® However, in the presence of excess iodine,
the formation of higher coordination lead complexes becomes
favoured reducing the efficacy of Lewis base additives.'*”'%® As
such the presence of iodine in the precursor can strongly
influence the perovskite morphology, which in turn can influ-
ence the stability,'*10%108:109

In the previous section, we discussed the different pathways
to the formation of molecular iodine and subsequent degrada-
tion. We next look at the effect of the iodine, once formed, on
the performance of PSCs. The effect of I, on PSC performance
is often overlooked; however recent studies have shown a
significant impact on the intrinsic material properties of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Effects of I, formation on PSC performance. (a) Mechanism of iodine accelerated degradation of MAPblz under illumination and darkness, both
leading to the release of gaseous iodine. Adapted with permission.*2° Copyright 2016, Springer Nature. (b) DFT simulated energy pathway from cubic
a-FAPDIs, where iodine interstitials lower the activation energy to hexagonal §-FAPbls formation following iodine exposure. (c) DFT simulated geometries
of phase change from o to & FAPbI3, where interstitial iodine provides lower energy transition states to the hexagonal phase. Adapted with permission.1°°
Copyright 2020, Elsevier. (d) Work-function of MAPbls pre and post |, exposure (N, used as carrier gas). Reprinted with permission.**> Copyright 2017,
American Chemical Society. (e) Thermal admittance spectroscopy measured on MAq 7FAq 3Pbls prepared with fresh perovskite solution, aged precursor
shown to contain iodine and with BHC, where BHC is an iodine reductant. Reprinted with permission.>®> Copyright 2021, AAAS. (f) Total and projected
density of states (DOS) of MaPbls films without (above) and with (below) interstitial iodine, indicating the presence of trap states close to the valence band
of MAPbIls. Reprinted with permission.''® Copyright 2017, American Chemical Society. (g) Simulated JV characteristics of PSCs modelled with
isoenergetic carrier transfer into transport layers (carrier mobility x = 1 x 10™* and a blocking potential of 0.9 eV towards minority carriers. The
simulation includes no permeation of iodine into the transport layers (solid) and the effect of iodine permeation (dashed) with no hole trapping (red) and
an iodine-induced hole-trapping rate of 1 x 10~ (green). Reprinted with permission.*® Copyright 2023, Royal Society of Chemistry.

perovskite when exposed to the halogen vapour. Kim et al.  Likewise, work by Zohar et al. also studying the properties of the

suggested that exposure to iodine p-type dopes MAPbI;, enhances
electronic conductivity and reduces ionic conductivity.'**'*" This
occurs from the filling of intrinsic iodide vacancies in the film,
preventing the trapping of carriers while also reducing the mobility
of iodide vacancies as an ionic conduction mechanism.""!

This journal is © The Royal Society of Chemistry 2024

interaction between iodine and MAPDI;, reported a 150 meV
deepening of the work function of MAPbI;, consistent with
p-type doping (Fig. 2d)."** In this mechanism, iodine dispropor-
tionates on the perovskite surface, either neutralising a surface

iodide vacancy (eqn (4)) or forming iodine interstitials (eqn (5))."*>
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In both cases, the perovskite becomes increasingly p-type doped.
Perovskite materials are particularly susceptible to such p-type
doping owing to their deep valence band energies and proximity to
the iodine reduction potential around —5.7 ev.**'** It has also
been reported that iodine disproportionates on the perovskite
surface to form a pair of oppositely charged interstitials I{ and
I 34114115 We note that this mechanism is equivalent to those
discussed through eqn (7) and (8), and thus can be used inter-
changeably to rationalise both p-type doping and electrochemical
oxidation. As a result of iodine-induced p-type doping, the MAPbI;
films prepared by Zohar et al. showed an imbalance in the carrier
diffusion lengths (D) changing from D.: Dy, = 590: 690 nm to D, =
200: 860 nm.""*> We also note reactions (7) and (8) give an indicator
of the ability of iodine to trap electrons from the conduction band.
This is due to the energetics of the I, and I;~ redox potential when
compared to vacuum which can be deeper than the conduction

band of many perovskite materials.>**°
I, +2V) +2e” — 2IF (4)
I, 42 —2I (5)
20 + 20y e ingrinsic — 12 (6)
LI+ 7)
IF+2 =1L (8)
I*+1" =15 (9)

+hw—-15"+1° (10)
Given the mechanisms discussed above, it is not surprising
that the exposure of PSCs to I, has a significant impact on
trapping and subsequent performance loss. Indeed, thermal
admittance spectroscopy on perovskite films prepared with
deliberate I, inclusion at the precursor stage revealed signifi-
cantly higher densities of shallow traps associated with the
formation of I;~ (Fig. 2e).”” Interestingly, in the case of fresh
perovskites, the density of trap states could be further reduced
through the addition of the reductant suggesting that iodine
may be unavoidable within fresh perovskite precursors unless
treated with a reductant. This could be a consequence of a
necessitated equilibrium quantity of I,, something discussed
later in sections of this review. The presence of shallow traps
was further discussed by Li et al. who, using computational
methods, related the shallow traps to interstitial iodide atoms
which form through the dissociation of iodine on the perovs-
kite surface (Fig. 2f)."'® Liang et al further correlated the
shorter carrier lifetimes with the presence of I, within perovs-
kite films via encouraging photodecomposition of a prescribed
PbI, excess into I, and Pb° using illumination.®® The decrease
in time-resolved photoluminescence (TRPL) lifetime and photo-
luminescence (PL) intensity is consistent with the formation of
I;~ shallow trap states and p-type doping, whereby increased
intrinsic hole densities increase the likelihood Shockley-Read-
Hall (SRH) recombination."™ More recently, Bitton et al. used
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computational modelling to relate the iodine chemistry active
within the PSC architecture to the device physics.*® The study
showed that both p-type doping via interstitial iodine for-
mation and the reverse reaction, hole trapping from interstitial
iodide anions, can dictate device performance. Indeed, the
regeneration of neutral iodine species via the trapping of holes
contributes significantly to losses in all photovoltaic para-
meters, an effect worsened when the transport layers are
permeable to ions (Fig. 2g). Consequently, the evidence pre-
sents a strong argument for the prevention of iodine and iodide
migration outside the active layer, an approach discussed in
greater depth in later sections. In summary, the formation of I,
reduces the photovoltaic performance of PSCs through: (i) the
formation of trap states and mobile iodide interstitials (mobile
recombination centres), (ii) inadvertent p-type doping creating
an imbalance in the diffusion length of free carriers, and
(iii) breakdown of pristine perovskite via the formation of corrosive
triiodide species. As such, the effect of I, formation has been
shown to directly contribute to losses in short-circuit current
density (J,.) and open-circuit voltage (Voc).>>¢%11>1177119

In addition to the perovskite active layer, iodine also modi-
fies the intrinsic properties and stability of the other layers
which constitute the PSC architecture, such as the electrodes
and charge transport layers. We will first consider the effect of
iodine on the electrodes. The use of metals as electrodes in the
presence of oxidising iodine is particularly problematic in the
pursuit of long-term stable PSCs. This is particularly prevalent
in metals such as silver, aluminium and copper, which undergo
fast oxidation to form Agl, Al,I¢ and Cul/Cul, respectively
(Fig. 3a—c).””"*""'2* Li et al. measured the resistance across
the silver electrodes on PSCs during degradation noting signi-
ficant oxidation of the Ag under application of bias within the
first 10 hours.'* Further studies by Wijesekara et al. used
energy dispersive X-ray (EDX) coupled transmission electron
microscopy (TEM) techniques to reveal that highly volatile
iodine released from degrading perovskite films was sufficient
to oxidise silver even in the absence of direct contact (Fig. 3d
and e)."*® Somewhat surprisingly, Shlenskaya et al., demon-
strated that even gold, traditionally considered a stable metal
when in the solid state, is not exempt from iodine-induced
oxidation when used as an electrode.'*” The damage to the gold
electrode is triggered by an interaction between iodine with MA
forming a highly reactive polyiodide species."”® The polyiodide
melts, with chemical formula MAI-nl,, oxidize the surface of
the gold forming a new tetragonal phase with the formula
MA,AuU,Is."2” More recently, similar reactions with Cu electro-
des have been identified leading to the formation of
MACu,I;."?" As such, the use of metals presents a significant
challenge when used in iodine-based PSCs. This challenge may
be overcome by using new inert electrodes such as carbon or
carbon nanotube electrodes (CNTs), which have shown excel-
lent longevity and can even exhibit enhanced properties follow-
ing iodine doping.*>'*° However, significant performance
improvements are still required in devices prepared using
oxidation-resistant electrodes to reach the state-of-the-art."*°
Interestingly, the effect of I, also extends to the transparent

This journal is © The Royal Society of Chemistry 2024
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conductive metal oxide electrode, typically indium or fluorine-
doped tin oxide (ITO/FTO). Ultraviolet photoelectron spectro-
scopy (UPS) and X-ray photoelectron (XPS) studies by Sun et al.
report that exposure of I, or Br, to ITO modified the work
function of the electrode, increasing significantly as a function
of 1, concentration.'**

Like the electrodes and perovskite active layer, the charge
transport layers can undergo both strong p-type doping and
degradation following exposure to I,. 2,2/,7,7'-Tetrakis
[N,N-Di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-
OMeTAD), a common HTL, undergoes p-type doping with I,
leading to deepening of the highest occupied molecular orbital
(HOMO) and the formation of a barrier to efficient hole extrac-
tion (Fig. 3f).”""**> The effect of this barrier can be observed
in device JV characteristics presenting a characteristic ‘“knee”
feature and significantly worsened device performance
(Fig. 3g)."** Similarly, deepening of the energy levels as a result
of iodine doping has also been reported in poly(3-
hexylthiophene)(P3HT), (6,6)-phenyl Cg, butyric acid methyl
ester (PCBM), Cg and a range of other small organic semicon-
ductors upon exposure to I,.'**7'*° Kerner et al. related the
extent to which p-type doping occurs to the first ionisation
potential, referred to as the HOMO level energy in organic

This journal is © The Royal Society of Chemistry 2024

semiconductors.’®® In the work, the authors report organic

transport layers with a shallower HOMO, are most readily
oxidised and therefore undergo the most significant doping.
Experimentally, the authors find transport layers with shal-
lower HOMOs yield the largest change in current following I,
exposure (Fig. 3h and i). Likewise, a similar relationship is
reported between the HOMO energy and the permeability of I,
through the transport materials (Fig. 3j and k)."*® It should also
be noted the permeability of iodine with organic materials can
be amplified by virtue of ionic interdiffusion with dopants such
as Li" and Co®", necessitated in many organic HTLs, most
notably spiro-OMeTAD."*® The choice of HTL is also essential
for minimising the concentration of free holes and thus redu-
cing the oxidation of free iodide ions (eqn (6)). The choice of
the transport layer and its impact stability was recently dis-
cussed by Khadka et al.'*® In the work the authors highlight the
importance of maintaining an efficient hole-extracting inter-
face for preventing both I, evolution and the formation of
destructive voids within the perovskite layer (Fig. 31). Conse-
quently, PSCs prepared using NiO, an inorganic HTL, exhibit
better stability compared to PTAA, an organic HTL. This was
attributed to the faster degradation of the organic component
with I, and the associated loss of the hole-collecting
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interface.'*®

Indeed, when compared to inorganic HTLs,
organic polymers and molecules are susceptible to the slow
iodination of unsaturated alkenes and aromatic rings with
1,.13%1377140 Recently, it was suggested that P3HT can undergo
crosslinking when exposed to I,, changing the material proper-
ties and likely the interface.'® In contrast, NiO, undergoes a
surface anion exchange to form a thin Nil, layer, but crucially
will largely retain a hole-extracting interface.”>""> As such,
choosing HTLs that are tolerant to I, and undergo minimal
p-type doping is crucial for reducing the formation of voids and
improving the stability of PSCs.*°

Iodine is a strong oxidizer and is formed via several mechan-
isms in lead-based PSCs, including from the precursors, super-
oxide formation and exposure to light or electric fields. Once
formed, I, dopes the perovskite active layer, forming shallow
traps and reducing the performance of devices. Furthermore,
the challenge of I, and its associated forms I~ and L,*~, the
species responsible for the downfall of DSSC architectures,
continues to hinder the longevity of PSCs. In this sense, the
presence of mobile and reactive halide ions in a dynamic solid-
state ion conductor remains a key cause of the instability
associated with lead-based PSCs. This can be seen clearly when
comparing lead-PSCs to previous generous inorganic technolo-
gies and represents a barrier to the long-term commercial
success of lead-perovskite technologies. Equally significant is
the effect of iodine on the other components required to make
functioning PSCs. Like the active layer, iodine both dopes and
degrades the charge transport layers and transparent metal
oxides, hindering the extraction of carriers out of the cell. This
in turn contributes further to the oxidation of iodide ions and
further evolution of molecular iodine. As such, further work is
needed in both identifying and remedying the mechanisms
through which iodine can form and act on the perovskite in
high-efficiency PSCs.

Iodine in tin perovskite

In the previous section, we discussed how I, could compromise
the medium and long-term stability of lead PSCs. The effect of
iodine is significantly amplified in tin-perovskites owing to a
predisposition to undergo oxidation from Sn*" to an Sn*'
oxidation state. As such, when exposed to oxygen, tin perovs-
kites undergo rapid and significant decomposition on the scale
of minutes to hours (Fig. 4a). Very recently, I, evolution has
been identified as an additional key oxidiser responsible for the
poor stability of tin perovskites. Interestingly, the ability of Sn
nuclei to undergo sp® hybridisation, forming an Sn(iv) oxida-
tion state, creates new distinct iodine degradation pathways,
not present within the lead systems previously discussed. As
such the formation of the Snl, oxidation product, the lead (Pb)
analogue of which cannot form, creates new chemistry within
the tin perovskite system by which iodine can be formed and
oxidize pristine perovskite. The effect of this can be easily seen
by comparing the reported stabilities of tin and lead
PSCs.>*?%48130 pyrthermore, the presence of Snl, is known to
contribute to the trapping of carriers reducing the performance
of PSCs.*® To make this challenge worse, the presence of small
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quantities of Snl, is largely unavoidable within commercial pre-
cursors, often making batch-to-batch reproducibility difficult.

Once oxidised, the facile and rapid decomposition of Snl,
into I, has been reported to occur from one of two mechanisms
(Fig. 4b); (i) light-driven ligand metal charge transfer (LMCT),>°
and (ii) the disproportionation of Snl, with water and oxygen
under atmospheric conditions.*® Considering first the former
mechanism, when exposed to visible light, Snl, undergoes a
photoreduction forming Snl,, and releasing I,. Once the exter-
nal light stimulus is removed, the formed I, oxidizes the
pristine perovskite back into Snl, leading to degradation and
the breakdown of the perovskite crystal structure. Through this
mechanism, tin-PSCs can incur degradation when stored under
illumination (light) even in an inert atmosphere (Fig. 4c).>
While yet to be discussed within the context of tin-PSCs it is
likely that iodine radical mechanisms discussed in the previous
section will also contribute to this degradation pathway, with
the formation of iodine radicals unlikely to be exclusive to Pb-
based systems. To date, the activity of iodine photoradicals has
yet to be discussed within the tin-perovskite system. The
degradation is further accelerated when exposed to ambient
(moisture and oxygen) conditions. Lanzetta et al. revealed that
when under ambient conditions, Snl, within the film under-
goes fast hydration to form HI and SnO,.*®* As discussed
previously, the HI then undergoes subsequent oxidation with
oxygen yielding I, and water. Once formed, the iodine rapidly
oxidises perovskite to form Snl,, thus continuing the cycle.
Crucially, with each iteration of the cycle two equivalents of
iodine are formed leading to an exponential degradation
mechanism which accelerates with each generation (Fig. 4d).*®**
Interestingly, the Sn** states undergo such fast and favourable
oxidation when exposed to I, that Sn** states in the form of SnS
aerogels have previously been exploited to capture scavenge gas-
eous I, forming Snl, and Snl,(Sg),."*"** It is therefore of funda-
mental importance to improve the tolerance of Sn** to oxidation to
slow the evolution of L,.

In addition to the decomposition of Snl,, I, has also been
reported to form via the reaction of dimethyl sulfoxide (DMSO)
and HI during the perovskite annealing process.”>>* While an
interesting observation, and one which highlights an important
route for I, formation, the concentration of HI is likely to be low
during the fabrication process when DMSO is present unless
added intentionally as a means to modify grain size. I, evolu-
tion from HI during the fabrication is therefore unlikely to
contribute significantly to the long-term stability of PSCs,
provided the precursors have been properly stored. Neverthe-
less, the formation of HI post-fabrication remains problematic,
owing to oxidation with oxygen and potentially other chemical
pathways such as interaction with transport layers.*® Very
recently it has been suggested that as per the lead system,
reactive superoxide species can be generated from tin
perovskites.'**'*> However, further work is needed to confirm
this observation via directly observing the superoxide for-
mation rather than measuring the consumption of a probe,
which itself may be prone to instability. Furthermore, the probe
used within the study, 1,3-diphenylisobenzofuran (DPBF), is

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Degradation mechanisms of ASnXz perovskite. (a) Schematic of ASnXs oxidation to Snly and SnO, from exposure to O,. (b) Schematic of I,-
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permission.*® Copyright 2022, Elsevier. (d) Normalized UV-vis absorbance demonstrating the importance of combined oxygen and moisture on the
stability of tin perovskite films. Reprinted with permission.*® Copyright 2021, Springer Nature.

sensitive to singlet oxygen O} and great care must be taken to
differentiate between the photogenerated oxygen compounds.*®
In addressing the problem of iodine evolution within tin
perovskites a two-part strategy is required, focusing simulta-
neously on both prevention and neutralisation. Firstly, great
effort must be made to produce perovskites with high intrinsic
stability. This can be achieved by ensuring low starting con-
centrations of both I, and Snl, which both contribute strongly
to the instability as discussed. Secondly, an active iodine
management strategy is required to neutralise the oxidising
species as they form. Such strategies are required for both lead
and tin perovskites and are therefore compared together later
in the discussion sections of this review. Focusing on specific
strategies to improve the intrinsic stability of tin perovskites,
purification of the SnI, precursor has become a well-established
step for producing high-performing tin PSCs.® This purification
can take several forms and includes the use of a reductant such as
metallic Sn nanoparticles to convert Snl, to Snl, within the
precursor or performing a thermal treatment."*”~">° Alternatively,
high-quality SnI, can be synthesised reproducibly in a laboratory

This journal is © The Royal Society of Chemistry 2024

environment through the reaction of tin metal and concentrated
HCI followed by displacement of Cl with I, and purification with
Sn metal.*”"*"'>? Likewise, it is also important to note the
potential for the cations to oxidize and release iodine if stored
improperly. Furthermore, it is also likely that the cations can
contribute HI to the precursor if improperly stored, which could
encourage the formation of iodine during annealing.>*"*

The intrinsic stability and tolerance of tin perovskite films to
iodine can be improved via structural and compositional tuning.
This can be achieved most directly via the substitution of iodide
anions in favour of bromide (Fig. 5a). Perovskites prepared in
which iodide ions are substituted in favour of bromide, exhibit
improved intrinsic stability, forming stronger bonds with the
metal centre, and undergoing photolysis at significantly higher
dissociation energies.>®®”*71**153 pyurthermore, solar cells pre-
pared with perovskite films comprising sub-stoichiometric bro-
mide fractions have been shown to exhibit improved device
performance, owing to greater structural order and reduced
trapping.>**®'%>'%3 However, as per the lead analogues, the frac-
tion of iodide suitable for replacement with bromide remains low

Energy Environ. Sci., 2024,17, 3244-3269 | 3253
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to maintain good spectral overlap with solar irradiation. Conse-
quently, halide exchange can only constitute a minor role in tin
stabilizing strategies.

The cation choice (A-site) also contributes significantly to
dictating the intrinsic stability of tin-perovskite thin films.
Firstly, varying the hydrophobicity of the organic cation affords
opportunities to prevent the interaction between the perovskite
with moisture, essential for preventing Snl, hydration, the first
step of Snl, chemical decomposition into I, (Fig. 4b).*® This is
of high importance owing to the tendency of the small organic
cations such as MA" and FA" to undergo hydrogen bonding
with water, prompting the hydrolysation of the tin iodide."*”*°
The use of large hydrophobic cations is a promising approach
to tackle this challenge by forming 2D or quasi-2D perovskites
as hydrophobic capping layers.>>>>”"*>* Alternatively, the inter-
action of the surface can be tuned via the application of thin
protective interlayers, reducing the surface interaction with
moisture and oxygen (Fig. 5b and c)."**'®! Leijtens et al
demonstrated that substituting the FA cation with up to 20%
Cs could improve the overall stability of the film, retaining its
crystal structure for longer periods with increasing Cs fraction
(Fig. 5d).”° The reduction in unit cell dimensions upon the
addition of Cs is suggested to shorten and strengthen the Sn-I
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bond, increasing the energetic barrier to SnI, formation.
In addition to slowing oxidation, the reduction of lattice strain
has also been demonstrated as beneficial to carrier mobility
increasing from 27.07 cm® V' s7' in a pure MAFA-based
perovskite up to 43.96 cm® V' s~' upon substituting 10% of
the A site with Cs* (Fig. 5¢)."”> When combined with a more
hydrophobic capping layer, the two approaches offer a promis-
ing solution to surmounting the joint problems of oxidation
and hydrolysation of Snl, at the perovskite surface.

In the previous section, we discussed the mechanisms by
which Snl, readily generates I, via either illumination (LCMT)
or displacement with oxygen. As such, it is vitally important to
stabilise Sn** to avoid oxidation into Sn** and slow the cycle of
degradation. Great success in this regard has been achieved via
the addition of small fractions of SnF, or SnCl, to create a
stoichiometric excess of Sn within the perovskite film. SnF, as
an additive was first identified as promising in perovskite solar
cells over a decade ago, whereupon significant improvements
in PSC photocurrents could be achieved upon inclusion of the
additive.”® Similar observations were made by Kumar et al. who
went on to attribute this photocurrent increase to a reduction
in the hole carrier density, affording a more intrinsic perovskite
semiconductor.'®® The origin of the p-type doping for which

This journal is © The Royal Society of Chemistry 2024
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SnF, remedies was attributed to the formation of tin vacancies
which form upon S$n*" expulsion from the perovskite lattice.'®*"
As discussed previously, within the lead-perovskites, reducing the
intrinsic hole density is highly beneficial for avoiding the oxidation
of iodide anions to iodine within the film. Furthermore, the
addition of the SnF, has been also shown to improve the mor-
phology of the resultant film, creating a more compact interface
and improving the moisture and oxygen resilience. Unsurprisingly,
the addition of SnF, has become amongst the most widely adopted
tin-PSC additives within the literature. Recently, Zillner et al
suggested that the F~ anions undergo accumulation at the inter-
face with poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS), suggesting the formation of a possible SnS,
interlayer."®® However, the exact origin of the sulfur remains
unclear within this work. Nevertheless, the results within the work
suggest that an interaction between the HTL and SnF, may occur.
More recently, Pascual et al. offered mechanistic insights as to the
ability of SnF, to promote the reduction of Snl, by observing that
the combination of both species leads to the formation of SnF,
and Snl, from '°Sn NMR."® The driving force of this chemistry
stems from the higher reacitivty of the fluoride ion relative to the
iodide and therefore greater stability of SnF, in the Sn** state
relative to Snl,, promoting a ligand exchange between the two tin
compounds. The resulting reduction in Snl, will directly slow the
formation of iodine and associated iodine-induced degradation.*®

The stability of tin-based PSCs can also be improved via the
partial substitution of tin cations in favour of lead, producing a
tin-lead binary structure.'®®°® When exposed to oxygen, two
adjacent Sn*" sites are required to form Snl, and SnO,. Partially
removing Sn”" sites in favour of Pb>" which cannot undergo the
same chemistry discussed above. Moreover, this prevents the
conventional mechanism of oxygen-induced degradation occur-
ring in the immediately surrounding area (Fig. 5).*® Conse-
quently, when well dispersed, each Pb** cation can prevent the
oxidation of surrounding tin cations. As such, even at 50% Sn
substitution in mixed tin-lead systems, dramatic reductions in
Snl, formation have been observed (Fig. 5h).>® The prevention
of Snl, formation has a dramatic effect on the suppression of I,
evolution slowing degradation. Consequently, tin-lead binary
perovskites can achieve superior stability and device perfor-
mance to that of pure tin.

While several studies have directly probed the effect of
iodine on the device performance of lead PSCs, little attention
has been dedicated to the consequences of I, exposure on tin
PSCs. This is owed to a combination of how recently I, was
discovered within tin perovskite and the significantly lower
tolerance of tin perovskites to oxidizers, most notably oxygen. It
therefore is useful to observe the doping characteristics and
mechanisms of iodine within other semiconducting materials
to speculate on the tin system. It is well documented that the
addition of I, to various semiconductors leads to p-type doping
via the removal of an electron to form iodide interstitials
(;7).>***>15 This phenomenon has been demonstrated to
occur across a wide range of materials including metal oxides,
organic semiconductors and lead perovskites, suggesting
similar doping phenomena likely to occur within the tin
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perovskite,"'"1*>13%133 Tin perovskite is well known to have
p-type characteristics, a phenomenon previously linked to the
presence of Sn>" vacancies (Vy,).">*'%>'®* Furthermore, as tin
perovskite degrades the p-type doping increases via the for-
mation of more tin vacancies.’®'® It is therefore unclear to
what extent the interaction of iodine with the tin perovskite
may be contributing to the p-type doping observed within tin
PSCs and, more significantly, to what extent the progressive
doping may be circumvented through the neutralisation of
iodine towards a more intrinsic semiconductor. In addition
to doping tin-PSCs, the interaction of iodine with the perovskite
leads to the formation of Snl, and tin vacancies both previously
reported to facilitate recombination.*®*¢*%%17% Lanzetta et al.
revealed that the addition of +2 mol% of Snl, to the precursor
was sufficient to significantly lower the current to nearly a third
while also reducing the voltage.® As such improving the
stability will inevitably enhance the performance and vice versa.

Discussion

In the previous sections, the significance of iodine formation
on both the stability and performance of lead and tin PSCs was
discussed. We next discuss strategies which look to mediate
both the short and long-term impact of iodine formation on
device performance. The most obvious approach to this end is
the substitution of I with other anions such as Br~ or Cl .
These compositional changes improve the chemical stability
via forming stronger bonds to the B-site metal centres while
also having higher oxidation potentials. However, as discussed,
changes to the band gap in addition to the formation of iodine-
rich phases place practical limitations on the fraction of iodine
which can be replaced."””" Consequently, new strategies and
understanding are required to improve the stability of the
highest performing iodine-rich PSCs which target (i) minimis-
ing the starting quantities of I, and preventing I oxidation
during fabrication, (ii) developing dynamic processes which
reduce the I, as it is formed and (iii) minimising the evolution
of iodine when subject to operational stresses. Consequently,
the optimum strategy looks to produce PSCs with a low
intrinsic concentration of I,, where oxidation is thermodyna-
mically disfavoured. In this strategy, I, formation from opera-
tional stresses is minimised to allow regenerative reducing
redox reactions to compete and maintain a steady state of
operation.

Achieving a low intrinsic concentration of I, within the
perovskite precursor is essential in managing iodine which
can catalyse degradation in both tin and lead-perovskites.
As early as 2015 the merits of reductant incorporation within
the precursor on I, evolution, morphology and performance
have been known. Zhang et al. identified that hypophosphor-
ous acid (HPA), used commercially to stabilise hydroiodic acid,
may be beneficial in reducing I, and stabilising I". This, in
turn, leads to a reduction in the number of higher oxidation
polyiodides within the precursor, enlarging grain size.""”
Furthermore, when used in tin perovskite, HPA can reduce

Energy Environ. Sci., 2024,17, 3244-3269 | 3255


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee03004k

Open Access Article. Published on 24 April 2024. Downloaded on 3/5/2026 12:31:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Eu?*/ Eu®*

Ru2*/ Ru3* Eo,, =+0.35V
E,=+025V [

Ruzt — Ru3* + e~ -

ox
2+

o;

Ge?/ Ge
E°, =+0.24V
Ge® — Ge?* + 2e”

— O 0
EOTot_Ered+on

Ni2*/ Ni3*
Eu*+e E0, =+049V

Niz* — Ni%* + e

N,H, + 4B— N, + 4BH + 4e"

View Article Online

Review

Stronger Reductants

|

Hydrazine Less Reversible

Eo, =+116V

|

Less Air Stable

l

AGP = - nFE%, Sno/ Sn?* :

Sn® — Sn* + 2e- ‘Redox shuttles Co?* / Co3* complexes +0.6 — 1.8 V
1 Y [ 1 H [l
— Tt LI T ! i Vs NHE

ov. +0.5V +1.0V +15V +20V I
Pbo/ Pb2* i it ; 9" 1Vg
EDOX =+0.13V § P2 Yb2+/ Yb3* : . E;)DX =+ 3;37 \4 ]
Pb0 — Pb2* +2¢- . E0 =+ 0.53V Eo,, =+1.05V NaBH, Mg® — Mg** + 2e
Bi*/ Bi** E°, =+0.48V
= I, +2e-— 2I Yb% — Yb¥ + e ox
Eoox SH03TV o 2 - SBHA' — BBHB- + 26'+2H2

Bi* — Bi%* + 2e-

Fig. 6 Oxidation potentials of various reductants. Plot of the oxidation potentials of different reductants vs. normal hydrogen electrode (NHE) under
standard conditions. These values are provided as a rough estimate to aid the identification of useful redox couples. The iodine/triiodide reduction
potential is given in red. Redox couples between the oxidation of Pb®/Pb?* and I,/21~ (green) can undergo disproportionation to act as a redox shuttle for
the formation of Pbl,. Spontaneous redox chemistry occurs when AG < 0. 971917194

the tendency of Sn>* to undergo oxidation.'”>"”* Recently, Chen

et al. demonstrated a benzyl-substituted hydrazine salt, benzyl
hydrazine hydrochloride (BHC), as a highly effective Iodine
reductant within lead PSCs. After generating I, within their
MA, ,FA, sPbl; perovskite precursors, the authors incorporated
a BHC additive, improving the average PCE of devices prepared
from control and I,-containing solutions from 21.8 and 19.2%
respectively, up to 23.3%. Crucially, the BHC-treated PSCs
exhibited significantly improved stability with the BHC con-
taining perovskite retaining over double the PCE of the control
after 1000 hours under illumination.>® More recently, the same
group incorporated the same BHC additive within all-perovskite
tandems achieving an impressive large area (14.3 cm?) efficiency
of 21.6%."7* Recently, 4-fluorobenzothiohydrazine was shown to
stabilise all-inorganic CsPbl; enabling a PCE of 21.41%, amongst
the highest reported values for fully inorganic PSCs."”” Likewise,
Zhang et al. used hydrazine sulfonate to stabilise narrow band-gap
(x1.24 eV) Pb-Sn binary PSCs enabling high PCEs of 23.17%."7°
To this end, several hydrazine derivatives have been incorporated
within PSCs owing to high oxidation potentials (Fig. 6) and the
formation of inert N, oxidation products.>>*'>'”7"'7® Nevertheless,
there remains a gap in knowledge concerning design criteria for
hydrazine additives. The recent success of benzylated hydrazine
derivatives, suggests a milder and less aggressive reductant version
of hydrazine is beneficial. Hydrazine can also be used as a
reducing vapour to minimise the fraction of iodide anions which
undergo oxidation during the deposition and annealing processes.
Song et al. demonstrated that preparing tin-iodide PSCs under a
hydrazine atmosphere was highly beneficial for reducing Snl,
during processing and subsequent filling of Sn** vacancies.'®’
However, it is important to note that while effective, hydrazine

+ The oxidation potential of hydrazine and NaBH, are pH-dependent varying
significantly with oxidation product.

3256 | Energy Environ. Sci., 2024,17, 3244-3269

has several significant health and safety hazards including toxicity
and a tendency to form a flammable vapour.®" As such the
practicalities of using hydrazine as a reducing vapour during
fabrication must also be considered, particularly when considering

scalability.
RT Iy
Eredgox = E° + ﬁln <[[]j]l> :

(11

While undoubtedly beneficial, simply reducing the starting
concentration of iodine within the precursor and during fabri-
cation is insufficient to ensure long-term operational stability.
This is a consequence of the propensity of iodine to form under
operation. Furthermore, the oxidation of iodide to iodine and
subsequent reduction back to iodide are subject to a dynamic
equilibrium."®® As such the redox potential is likely influenced
by the Nernst potential (eqn (11)), a function of the concen-
tration ratio of the oxidised and reduced species.”® This makes
achieving completely iodine-free PSCs thermodynamically dif-
ficult. For this reason, we speculate that a low equilibrium
concentration of iodine may be unavoidable and thus manage-
ment within the active layer inevitably becomes necessary. This
can be achieved via the application of dynamic reduction
processes or by influencing the iodine-iodide-triiodide equili-
brium constant to discourage the oxidised form.'°® Sanchez-
Diaz et al. utilized a mild active reductant (Fig. 6) namely,
sodium borohydride (NaBH,), to purify the precursor while also
dynamically reducing I, during operation under illumination.
The strategy was shown to be effective at improving the stability
of tin perovskite devices, leading to a 130% increase in the
initial PCE after 500 hours under illumination in an inert
atmosphere. In comparison, the control devices (no NaBH,)
failed after 200 h.*® However, like hydrazine-based compounds,
exposure of the NaBH, to air leads to the oxidation of the

This journal is © The Royal Society of Chemistry 2024
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reductant, and is thus most effective when used in encapsu-
lated devices. As such, finding effective iodine reductants
which are stable to ambient conditions presents a difficult
challenge. A potential solution presented by Liu et al. details
how I, evolution can be managed during processing via the
addition of methylamine to the precursor solution. The authors
of this study suggest that the addition of methylamine as a base
results in an increase in precursor basicity leading to a dis-
proportionation reaction of iodine into I and iodate anions
(10;7) mediated by trace water.'*>"®* Further investigation into
the mechanism revealed a correlation between the pk, and the
efficacy of disproportionation, with strong Arrhenius bases
such as NaOH and KOH most effective at preventing I,
evolution.'® Such strategies represent an effective way to
influence the iodine-iodide-triiodide equilibrium processes.
Very recently, Sun et al. reported the use of potassium for-
mate (HCOO K') as an effective and oxygen-stable iodine
reductant.”® The study demonstrates that iodine formation
within the precursor solution can be mitigated via the addi-
tion of formate anions yielding CO, and both I and H' ions.
These products are benign to the function of the PSCs
enabling a high performance of 23.8% and good accelerated
stability in ambient conditions.”’

Despite recent advances in device PCE and stability, the
reliance on a finite concentration of a reductant additive
which may become increasingly depleted during operation is
sub-optimal. An alternative strategy involves the design and
integration of new redox mediator compounds within the
perovskite active layer (Fig. 7a). These redox shuttles are desig-
ned to undergo disproportionation, facilitating I, reduction
before regenerating to the initial state via undergoing redox
chemistry with other ions. Such regenerative approaches which
are not consumed during operation hold great promise for
asserting greater control over the redox processes within PSCs.
This approach was well demonstrated by Wang et al. who
opted for the use of the Lanthanide metal salt europium iodide
(Eu®*/Eu*") redox couple to reduce I, formed within the per-
ovskite into more benign 1"."'® The Eu®" could then be regen-
erated via the oxidation of metallic Pb® into Pb** (Fig. 7b),
producing a beneficial regenerative cycle which, crucially, can
function perpetually without depleting the additive. By removing
I, and Pb’based traps, PSCs prepared with Eu®" exhibited
improved PCE, increasing from 18.5% to 20.7%. The devices
incorporating the additional regenerative redox pathways also
exhibited far superior stability retaining a 93% initial PCE when
stored under illumination and 91% when stored at 85 °C, in an
inert atmosphere over a 1500-hour test period. The desirable
redox potential of the Eu**/Eu® redox couple has since seen the
iodide salt (Eul,) replaced in favour of various alternative salts
with a range of counter anions.'®™%® Nevertheless, the benefits
of redox pathways to reduce I, have yet to be fully realised.
Indeed, several transition and lanthanide metals have suitable
redox potentials to encourage redox chemistry between Pb® and
I, as shown in Fig. 6. Furthermore, the oxidation potentials of
many metals can be tuned by the choice of ligand. In this regard,
the Cu*/Cu®" redox pair is particularly promising owing to a
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library of reported complexes with oxidation potentials between
the lead and iodine redox reactions."®”"'®® We also highlight the
excellent oxidation potentials of Ni*" and Ru®*" complexes to act
as redox shuttles (Fig. 6)."%'°° Additionally, milder regenerative
reductants are less reactive towards oxygen and ambient condi-
tions, improving the effectiveness of the approach compared to
the use of stronger reductants.

In addition to being thermodynamically favourable, it is also
important to consider the kinetics of reduction pathways.
Indeed, the chosen reductant must be in proximity to I,, rather
than allowing the volatile halogen to escape into the wider
device stack or atmosphere. Li et al. proposed the use of
B-cyclodextrin (B-CD) an oligosaccharide cage formed of glu-
cose sub-units; B-CD captures iodine molecules within the
perovskite layer, providing opportunities for redox chemistry
between I, and Pb® to compete kinetically with I, escape
(Fig. 7c). Consequently, by delaying and preventing the escape
of I,, redox reactions between metallic Pb® and captured I,
species become competitive.’®> As such even after 200 h of
aging, the FA; ,Cs,Pbl; prepared with B-CD exhibited little
structural decomposition and no Pb° peaks within the XRD
pattern. Crucially, MPP tracking at elevated temperatures and
illumination, yielded improved device stability when prepared
with B-CD, retaining an impressive 88.2% PCE after 1000 h.
Similarly, polyvinylpyrrolidone (PVP), a polymeric iodophor
widely used as an antiseptic, has also gained recent attention
through its ability to form a complex with and act as a reservoir
for I, capture within perovskites."*®°" Interestingly, conflict-
ing reports have so far been provided as to the exact optimum
application with Kang et al. choosing to add the iodine-bound
form (PVP-I) whereas Yang et al. opted for poly(2-vinylpyridine)
(P2VP) with no starting bound-iodine.'®'°® In the former
approach, the PVP-I provided a reservoir to replace iodine,
preventing irreversible loss and depletion. While early DFT
studies have warned about the impact of irreversible iodine
depletion from the ABXj, little research has been offered as
to how stoichiometry may be replenished dynamically and
sustainably; this being essential for device longevity.*® In the
approach taken by Yang et al. the non-iodized form is incorpo-
rated within the PSC, whereby captured iodine generated from
iodide oxidation is used effectively to oxidise metallic Pb°® traps
and reform perovskite. Nevertheless, Both PVP-I and P2VP-
containing devices attained high efficiencies approaching
23%. Furthermore, devices prepared using P2VP as an iodine-
blocking layer strategy exhibited impressive operational stabi-
lity (under inert N, conditions) retaining 90% PCE after 1000 h
MPP tracking under illumination and 90.9% after 750 h heating
at 85 °C (Fig. 7d). In contrast, for PVP-I, only dark low humidity
stability measurements are provided leaving considerable ques-
tion marks over unwanted iodine release when exposed to
operational stimuli such as temperature, illumination and
sustained electrical bias.?*

Developing strategies which confine iodine within the active
layer is a powerful approach that provides opportunities to
encourage favourable dynamic redox chemistry. Such chemistry
provides beneficial restorative pathways to compete with
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Fig. 7 Strategies which can be implemented within the PSC to improve the I, stability. (a) Schematic of PSC structure highlighting modification of the
active layer. (b) Eu?*/** redox shuttle to facilitate I, reduction and Pb® oxidation. Reprinted with permission.™'® Copyright 2019, AAAS. (c) Structure of
B-cyclodextrin and schematic of I, capture around the perovskite grain. Adapted with permission.1%° Copyright 2023, American Chemical Society.
(d) Thermal stability of PSCs prepared with and without poly(2-vinylpyridine) (P2VP) with the perovskite layer. Reprinted with permission.*®® Copyright
2023, American Chemical Society. (e) Schematic of PSC structure highlighting the incorporation of iodine-blocking interlayers. (f) Structure of Cu(i)/Zn(1)
porphyrins used as an interlayer to block/capture |, and protect spiro-OMeTAD. (g) DFT calculated stable equilibrium structures of iodine-coordinated
Cu(inporphyrin structure. (h) Improvement in PSC photostability upon incorporation of a Cufil) porphyrin. Adapted with permission.2%” Copyright 2021,
Chinese Chemical Society. (i) Schematic of PSC structure highlighting strategies which involve the transport layers. (j) and (k) Trend in charge extraction
capability of various HTLs with PEAg 2FAq gSnls perovskite and (k) corresponding stability of the perovskites. Reprinted with permission.>® Copyright 2021,
Springer Nature. () Mechanism of down-conversion of high-energy UV-light via TiO, absorption, subsequent energy transfer to Eu®* and re-emission in
the visible spectrum. Reprinted with permission.??®* Copyright 2018, American Chemical Society.

degradation occurring by chemical instability and operational scavengers with adsorption coefficients of up to 289 mg g~ *.>*

stimulus. To this end, many lessons in the design of effective Interestingly, the PAF utilises a triphenylamine core, similar to
iodine capture can be learned from the rapidly developing field that used in organic HTLs such as poly(triaryl amine) (PTAA)
of radioiodine I'*” capture, medical polymeric iodophores and and poly(N,N’-bis-4-butylphenyl-N,N'-bisphenyl)benzidine (Poly-
iodine retention in electrochemical cells. The use of organic TPD). This structural similarity to pre-existing PSC materials is
molecules or polymers which can be tuned and spin-coated promising for further development and integration into PSCs if
into the PSC structure (Fig. 7e) presents a promising approach. the PAFs can be spin-coated sufficiently thinly as an interlayer.
Studies investigating the uptake of I, within these compounds The recent functionalisation of triphenylamines for iodine cap-
have reported that the ability to bind to iodine can be improved ture is also highly promising for the development of new poly-
via the presence of an extended m-system or the addition of meric organic semiconductor transport layers which allow for
Lewis-base functionality such as amines and thiols.>*>° carrier extraction while also preventing iodine depletion of the
To this end, the use of D-n-A porphyrin derivatives has been active layer. Early work on developing iodine confinement layers
shown to enhance stability by mitigating both Pb® and iodine has already shown promising results with copper(u), Zinc(i) and
when integrated into PSCs.>*® Luo et al. demonstrated the use cobalt(u) porphyrin layers improving hole extraction while signifi-
of small bipyridine cages (BPy-cage) which bind to I, via an I-N  cantly improving light and thermal stability via means of coordi-
Lewis-base interaction. The Bpy-cage showed remarkable I, nation to I, (Fig. 7f-h).>” 2% These studies demonstrate the
loading capacities of up to 3230 mg g~ '. Likewise, extended opportunities afforded by both the use of transition metal com-
conjugated systems were recently used by Wang et al. to form plexes and iodine-capturing interlayers to encapsulate the PSC
a range of polymeric aromatic framework (PAF) ijodine architecture and beyond.
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The integration of iodine sorbents as interlayers to encap-
sulate the perovskite active layer offers an another alternative
strategy to managing iodine chemistry within the device.
To this end, several classes of materials have been developed
for iodine capture including those based on zeolites,>'® chalco-
gels (chalcogenide aerogels),"*’ and metal/covalent-organic
frameworks (MOFs/COFs)."*>*''213 Through drawing small
quantities of iodine out of the perovskite cell, before encoura-
ging redox chemistry and reintroduction of I the build-up of
corrosive quantities of I, within the active layer can be
managed.’®***° This effect was recently discussed by Bitton
et al. who noted that the gradual loss of I, leads to an
irreversible degradation of the device on the time scale of
months to years while concentrated I, build-up within the
active layer could lead to degradation on the time scale of
days.*® In such cases, it may be preferable to neutralise iodine
at the interfaces via design of an interlayer rather than within
the bulk through incorporation as an additive species. This is
most prevalent in the case of tin-perovskites where Sn** sites
are highly sensitive to I,-induced oxidation leading to rapid
degradation into Snl,. As an alternative approach, low-
permeability metal oxide materials can be used to form protec-
tive barriers which can bind to iodine outside the active layer to
protect the device constituents and minimise electrochemical
oxidation. Al,O3, a well-established insulating scaffold material
in PSCs is known to undergo surface physisorption to I,.>'**">
This imparts promising iodine-blocking properties while phy-
sisorption to the interface rather than chemisorption, com-
bined with good steric access to bound I,, allows for the design
of reductive processes.?’>*'® It has also been suggested that
Al,03, MgO and La,O; may also reduce physisorbed I, to I,
possibly via under-coordinated surface O®*~ anions acting as
electron donors.”***'* Indeed, the development of transition
metal oxides for oxygen reduction reaction purposes could be
noteworthy for the development of I,-confinement layers sui-
table for use in perovskite optoelectronics.>’” Recent studies
using Al,0; have demonstrated impressive efficiencies reach-
ing 25.5% and demonstrating improved operational stability
when using Al,O; compared to using self-assembling mono-
layers (SAMs) alone, demonstrating their active stabilising
role.”'®

The inclusion of reducing additives or regenerative redox
pathways within the PSC stack imparts clear measurable
improvements in both device stability and photovoltaic perfor-
mance. Nevertheless, to reduce the strain on processes which
seek to remove and subsequently reduce iodine it is essential to
minimise the generation of iodine at source. Specifically, only
when I,-generated processes can be sufficiently minimised and
managed can a balance be achieved where the oxidation of
iodide is matched by the reduction of iodine enabling devices
to operate sustainably. As such, maintaining a steady state
where the reduction of I, can match the oxidation of I™ is
essential for cells that can theoretically operate perpetually. The
most significant unavoidable operational stimuli for iodine
generation are the presence of electrical bias and illumination.
The evolution of I, via the electrochemical oxidation of iodide
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ions under operation has been reported as a significant degra-
dation pathway in Pb-based PSCs. It is noteworthy that similar
electrochemical oxidation is also likely to occur within tin
perovskite owing to the low threshold voltage (0.2 V um ™) for
such redox chemistry.®> The formation of I, within tin-
perovskites under electrical bias may also contribute to the
instability of tin PSCs under operation in inert atmospheres.
The effect of electrochemical oxidation is amplified within
light-emitting devices, where perovskites have been hailed as
promising tunable emitters, capable of high external quantum
efficiencies. In this application, the applied voltage bias and
current are higher than that of PSCs, increasing the rate of
iodine generation as a function of applied bias.®” One solution
to this issue may be to reduce the mobility of I" ions, prevent-
ing migration to the electrodes where oxidation occurs. Bai
et al. reported that the placing of 2D layers at the perovskite
interfaces can block the path of mobile I" preventing the
accumulation of I™ at the perovskite interface.>*'**2° Another
solution involves the use of additives such as fluorinated
aromatics that encourage halogen-halogen interactions.***
Likewise, the formation of localized regions of Br-rich 3D
perovskite close to the interface via a secondary spin coating
step can help produce a perovskite interface more resilient to
oxidation (Table 1).>%° This approach has the additional benefit
of reducing the impact of oxygen and moisture on the active
layer and potentially preventing back-recombination across the
interface.” Zhao et al. demonstrated impressive stability by
utilizing a chloride-rich 2D-perovskite layer (Cs,PbI,Cl,) on
top of CsPbl; perovskite to mitigate iodine migration into the
CuSCN hole transport layer.?** The authors found that prevent-
ing iodide anions from entering the HTL, even after a period of
2000 hours, enabled impressive improvements in stability
under a range of temperature and humidity conditions.
Furthermore, by producing a secondary perovskite layer, excess
surface Pbl, can be converted into a perovskite phase, prevent-
ing photolysis to iodine. This was demonstrated by Liang et al.,
who prepared PSCs with a 5% Pbl, excess and showed an
improvement in stability upon treatment with n-Butylammo-
nium bromide (nBABr).*

Similarly, the presence of mobile iodide ions combined with
the intrinsic free hole population contributes to the formation
of I, via the activation of I;'/I;” interstitial pairs. Khadka et al.
reported that reducing the concentration of free holes through
an efficient HTL interface leads to lower yields of I,
formation.""® Consequently, the choice of transport layers has
a significant influence on the rate of I" oxidation (Fig. 7i).
Furthermore, the need to dope many organic semiconductors
such as Spiro-OMeTAD can further exacerbate oxidation
through ionic interdiffusion drawing halide anions within the
HTL."® This is particularly damaging owing to the high hole
density within the HTL, with simulations revealing significantly
poorer device performance when iodide is permitted to perme-
ate within the HTL.*® Recently, we demonstrated that the
choice of HTL has a significant impact on the stability of tin
PSCs.*® This study highlighted a link between efficient hole
extraction and improved stability of the tin perovskite layer.
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Better hole extraction at the perovskite/HTL interface likely
leads to fewer free holes available to oxidise iodide (Fig. 7j
and k). For this reason, it is essential that the HTL interface has
good intrinsic stability and maintains efficient extraction of
holes through an energetically aligned interface to produce
devices with better longevity."'" In this regard, inorganic HTLs
which are less reactive to halogens than organics, are likely to
improve resilience to I, for long-term device stability. The
choice of transport layer can also serve in a secondary capacity
as a UV filter for the perovskite, reducing superoxide formation
and photolysis of metal-halide bonds. While metal oxides such
as TiO, and SnO, can absorb within this range, modification is
required to prevent a photocatalysis effect encouraging halide
oxidation. Hang et al. successfully mitigated the photocatalytic
effects of SnO, by designing a localized chloride-rich perovs-
kite phase at the interface. The strong Pb-Cl bond in the
chloride-rich phase offered protection against photocatalytic
iodine formation and ultimately improved device stability,
retaining >80% PCE following 500 h under UV irradiation
(100 mW cm 2, 365 nm).®® Alternatively, low-cost filtering of UV
light can be achieved by treating metal oxides with photocur-
able fluoropolymers and silanes/siloxanes.”>*>*® Similarly,
down-converters may offer effective protection against high-
energy solar radiation by promoting energy transfer from the
metal oxide to a secondary visible emitter (Fig. 71).>*’
Essential to developing new strategies which combat I,
formation is the need for accurate characterisation techniques.
In the case of iodine identification, this is made challenging by
(i) the very low vapour pressure of I, (ii) the presence of I" in
the perovskite structure, and (iii) the lack of symmetry allowed
vibrational modes.**® UV-visible absorbance spectroscopy has
proven a popular approach, particularly when investigating the
precursor solution chemistry, due to the high-molar extinction
coefficient and distinctive red/pink colouration.>**®>?*° This
approach can be extended to solid films via means of submer-
ging perovskite film(s) within an anhydrous insoluble solvent,
often toluene, under inert conditions.?®?%”® If done with
sufficient care, the concentration of extracted iodine can then
be quantified via the Beer-Lambert law. X-ray photoelectron
spectroscopy can also be used to complement more quantita-
tive absorbance techniques, offering additional insights regard-
ing the ratio of I /I, within solid-state films.*® Additionally, XPS
can offer topographical spatial resolution on the distribution of
I, either via XPS mapping or in combination with etching
techniques.®” Similarly, compositional analysis is also possible
using mass spectrometry techniques. However, in the solid
state, generating secondary ions from the solid-state film leads
to a significant reduction of I, to I, making it difficult to
distinguish between perovskite and I,. As such, mass spectro-
metry techniques are most effective when measuring the emis-
sion of volatile gases from a solid sample following some
stimuli. It is noteworthy that Juarez-Perez et al. demonstrated
that MAPbI; inherently releases iodine when placed under
vacuum.®” As such, when using vacuum-based techniques it
is pertinent to note the presence of potential experimental
artefacts by virtue of the low vapour pressure. This means that
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vacuum-based measurement techniques will produce an under-
estimate of the initial iodine concentration. Nevertheless, once
degassed, XPS and Mass spectrometry techniques under a
vacuum are highly effective tools for identifying I, evolution.
Such techniques have previously been used to identify the
formation of I, under stimuli such as light, temperature and
electronic bias.®”'"*"*° Another approach to monitor iodine
generation under operation is by measuring the resistance
across a metal electrode of a known distance. This approach
was effectively used by Li et al to give insights into the
conversion of conductive Ag into insulating Agl and presents
a useful test method to investigate the formation and confine-
ment of volatile iodine as a function of time."*® Such measure-
ments provide useful metrics in stabilising high-performance
metal electrodes, a critical point of failure in high-performing
perovskite device longevity.**°

Conclusion

The self-assembly of a semiconducting material from the
combination of ionic salts offers many benefits including
solution processability, low production cost, high-throughput
commercialisation and compositional tunability. Nevertheless,
producing an ionic semiconductor from a lattice of charged
halide and organic constituents inevitably raises challenges
associated with reactivity and chemical stability. This can
readily be seen via comparison with pre-existing silicon
and III-V technologies which use covalent bonding, enabling
shelf-lives measurable in decades.>*! To this end, numerous
studies have detailed the chemical instability associated with
the perovskite ionic lattice, of note, the organic cation
stability,”*>***** phase instabilities,***">*® and high aqueous
solubility.””” As summarised within this review, the oxidation
of I to corrosive molecular iodine species can occur via several
means and has far-reaching implications within the PSC stack.
Furthermore, the low thermodynamic barrier of Sn(u) and Ge(u)
to oxidation, creates additional challenges in the development
of lead-free perovskites and all perovskite tandem devices.
Addressing the formation of iodine is a complex issue which
requires a deeper understanding of the thermodynamic driving
force of the iodide-iodine-triiodide equilibrium. This includes
understanding the effect of acidity, mobility and reductants on
the equilibrium constant and the effects of thermodynamic
quantities of iodine. Such studies will likely lead the way in
developing new approaches to tackle the challenge of iodine
perhaps through stabilising the iodide X-site, further thermo-
dynamically disfavouring the side of the oxidation products.
This could be achieved through new advances in halogen
bonding and stabilisation of terminal X-halide sites. We antici-
pate that such strategies are most effective when used to
encourage, kinetically or otherwise, redox chemistry between
Pb° and L,. Indeed, by virtue of the 1"/I;"/I, dynamic equili-
brium, careful design of iodine sorbents is required such that
iodide is not leeched from the perovskite lattice either directly
via the sorbent or influencing the iodide-iodine-triiodide
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equilibrium towards the side of oxidation as per Le Chatelier’s
principle.’® In this regard, the use of easy-to-disperse, small
molecules with a low iodine capacity such as crown ethers,
porphyrins or oligosaccharides is desirable, preventing the
accumulation of large quantities of iodine. Furthermore, the
use of small sorbents can better sterically facilitate redox
chemistry with Pb® or other redox shuttles and reductants
helping establish an active restorative pathway to compete with
degradation. The search for new redox shuttles to regenerate
Pb>" and I” of the active layer draws an interesting parallel to
the previous work conducted within DSSC technologies for the
replacement of iodine electrolytes. These studies, combined
with a wealth of interdisciplinary studies on the design of
transition metal complexes may provide a useful starting point
for controlling the redox chemistry within PSCs."#**%

However, the approach discussed above may be unsuitable,
in its current state, for use in tin-perovskites owing to the
absence of a species to undergo oxidation (Pb°) and severe
adverse chemistry to I, within the active layer. Nevertheless, in
the case of non-lead B-site cations (Sn, Ge), exploration of
alternative regenerative redox pathways could be developed to
facilitate sustainable disproportionation reactions to oppose
degradation. An example of this could be using weak reduc-
tants with redox potentials sensitive to the chemical environ-
ment such as acidity, where HI is formed during oxidation.
Alternatively, in such instances, the use of irreversible reduc-
tants may be effective if the formation mechanisms of I, are
sufficiently slowed. To date, modified-hydrazine derivatives
have stood out as particularly promising. Another approach is
to disfavour oxidation, this can be done by management of HI
formed during degradation. Likewise, stabilisation of reactive
halide defects and under passivation of under-coordination is
crucial to thermodynamically stabilise the reduced form of I".**
It is also pertinent to note, that in tin-based perovskites iodine
acts catalytically in a self-sustaining degradation loop
which regenerates greater quantities of iodine with each
generation.*®"> Consequently, the removal of small quantities
of iodine will yield dramatic improvements in perovskites with
B”" sites prone to oxidation.

In recent years, steady progress has been in minimising
iodide migration, a key process in the formation of iodine.
Similarly, the modification of robust inorganic transport layers
to provide simple, and low-cost UV protection is highly promis-
ing. We note that the identification of new high-performing
electrode materials has been a particularly difficult hurdle to
stable high-performing PSCs. Conventional electrode materials
such as gold, silver and copper are highly sensitive to oxidation
with iodine vapours, undergoing visible discolouration and
limiting operational stability.>*>>*° Conversely, while more
stable, carbon alternatives currently are yet to match the
performance of metal-based electrodes. This failure mecha-
nism could be managed using iodine-blocking layers at the
interface or strategies which aim to confine I, within the active
layer with molecular sorbents such as MOFs or transition metal
porphyrins to prevent the distribution of volatile and corrosive
halogen vapour.®® To this end, we note the rapid recent
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development of large covalent organic frameworks as highly
effective iodine sorbents.”*"**> This class of I, scavenger offers
useful tunability over pore size and functional groups to
improve distribution close to grains, tune capacity and main-
tain pores large enough to sterically allow reduction within the
cage. Very recently, Xie et al. demonstrated a new COF named
COF-TAPT capable of storing 2380 mg g~ ' of I, when stored at
25 °C under dry conditions.”** Such large loading capacities
may enable the integration of monolayers to encapsulate the
perovskite layer and confine iodine from mobilising within the
PSC stack while the high porosity enables the presence of redox
chemistry to occur. When coupled with an implemented
reduction pathway such as a redox shuttle, irreversible reduc-
tant or reaction with Pb°, the use of iodine confinement
strategies could circumvent the need for lower-efficiency inert
electrodes.

Drawing inspiration from the fields of radioiodine seques-
tration, tuneable COFs, iodine retention within electrochemical
cells and polymeric iodophors has already seen promising
initial success at addressing the sensitive redox chemistry
present in PSCs.'*>'?® Equally, in recent years studies identify-
ing new mechanisms of I, generation both within lead and tin
have enabled a better understanding of the destructive redox
chemistry that takes place within ionic perovskite solar cells
under operation. Of particular interest is the effect of bias
voltage on electrochemical oxidation within tin PSCs, yet to
be addressed within the field and a possible contributor to low
reported MPP stability even under inert atmospheres.*® Simi-
larly, the effect of illumination on iodine radical formation has
yet to be fully explored and requires greater understanding.
Perhaps most important is gaining a greater understanding of
the equilibria, and its dependencies, between the oxidised and
reduced forms of iodine within PSCs. Indeed, only if I,-
generating processes can be sufficiently minimised can a
regenerative balance of oxidation and reduction be designed
to facilitate sustainable control of the redox chemistry.
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