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Abstract

The efficiency of single-junction perovskite solar cells (PSCs) has reached 26.1% and greater
attention is turning to improving their intrinsic and environmental stability. The optoelectronic
properties of perovskites and interaction within a device depend not only on their component atoms
but also neighboring atoms. It is necessary to further understand and explore the interaction
between the functional material and device. Here, we summarize the hydrogen bonding in PSCs,
including each functional layer and interface. Despite being a weak force, hydrogen bonding can
greatly influence material properties. Effects on crystallization, stability, ion migration, phase
transition etc., and strategies to precisely adjust hydrogen bonding for target properties are
discussed. We observe that the research on hydrogen bonding in PSC is still controversial and
poorly understood, thus it is often overlooked. With greater understanding, we anticipate
researchers can further harness hydrogen bonding as a versatile tool to solve technical challenges
in PSCs.
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Introduction

The record power conversion efficiency (PCE) of single-junction halide perovskite solar cells
(PSCs) has reached 26.1%, and recently 33.7% for a perovskite/Si tandem.! The rapid and
impressive achievement makes halide perovskites the most promising candidate for the next
generation of photovoltaic technology. With a PCE attractive enough for commercialization,
attention is turning to improve the intrinsic and environmental stability of the PSC.2*# The
optoelectronic properties such as absorption coefficient and charge carrier lifetime of perovskite
materials and their interaction within a whole device depend not only on their component atoms
but also influenced by neighbouring atoms.>® We need to understand further and explore the
interaction between the functional material and device to optimise the performance.

The inter/intramolecular chemical bonds and forces interaction spans from strong bonds, such
as ionic, covalent and metallic bonds, to weak interactions, such as hydrogen bonds, van der Waals
forces and halogen bonds.” The ionic bond is the electrostatic forces that exist between ions of
opposite charge. The covalent bond is the sharing of an electron pair between two atoms. Metallic
bonds are usually found in metals where each metal atom bonded to neighboring metal atoms and
the bonding electrons are free to move throughout. The van der Waals force originates from the
transient fluctuations in the electron density. This is a distance-dependent force.® These
interactions play key roles in materials/devices, such as PSCs. Compared to the interactions
outlined above, the influence of hydrogen bonding in devices is more complicated and
controversial. Due to the greater difficulty of characterizing hydrogen bonds, understanding their

influence on PSCs is lagging.
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Figure 1. Schematic illustration of a hydrogen bond.
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This review focuses on the weak interaction of hydrogen bonding within PSCs. Despite being
a “weak” force, it can greatly influence material properties. For example, why does ice float on
water? This is because hydrogen bonding forms a crystal structure that is of a lower density than
the liquid form.® Water’s natural hydrogen bonding network destabilizes its H-O --H bonds,
resulting in easier bond cleavage and a narrow electrochemical window. Water's strong
intermolecular hydrogen bonding network is partly responsible for its narrow 1.23 V
electrochemical window. Interrupting this native H-bond network solutes or additives can expand
the window beyond 3 V.%1 It is worth noting that hydrogen bonding is of great importance in
biological systems where protein folding and the pairing of DNA bases as the most prominent
examples.” The salt guanidinium chloride (GUACI) can be used by biologists to de-nature proteins,
by disrupting their hydrogen bonding.!! Now, the same GUA" is finding increased use in
perovskite solar cells. More discussion about GUA™ will be presented in a later section.

According to the modern definition made by International Union of Pure and Applied
Chemistry, the hydrogen bond is an attractive interaction between a hydrogen atom from a
molecule or a molecular fragment.? For most cases, it is enough to describe a hydrogen bond R-
H --X shown in Figure 1, as an electrostatic attraction between the positive end of the bond dipole
of R-H, and a center of negative charge on X.%® The three dots denote the hydrogen bond. The R-
H represents the hydrogen bond donor, the X represents the hydrogen bond acceptor, which can
be an atom or an anion or a molecule.'? The H atom is bonded to electronegative atoms such as N,
O, and F. X is either an electronegative region or a region of electron excess. The main properties
of hydrogen bonds are listed in Table 1. However, the definitions of weak and strong bonds may
change from author to author.” Moreover, a hydrogen bond is also the most important directional
intermolecular interaction. The tunable strength and directionality make hydrogen bonding an
effective tool for adjusting the properties of materials and devices.!**® As a weaker force,
researchers may often overlook the influence of hydrogen bonding. However, more researches
have indicated the hydrogen bonding can work on both bulk and the interfaces between each

functional layer which further affect the performance and stability of devices.®’

Characterization of hydrogen bonding
Hydrogen bonding usually merges continuously with covalent/ionic bonds and van der Waals.

Neither experimental nor computational methods can easily distinguish the individual contribution



Table 1. Main properties of hydrogen bonds.’

Weak Strong Very strong
Electrostatics/ . L
o Moderate Dominant Significant
polarization
Quantum-
mechanical Vanishing Weak Pronounced
contribution
Dissociation
~1-4 ~4-15 ~15-40
energy (-kcal/mol)
C-H-O O-H0=C
N-H-N
Examples C-H"N N-H0=C
F-HF
O-HO-H

to the bond energies. However, we can read the interaction via typical characterizations shown in
Figure 2. Nuclear magnetic resonance (NMR) is the most common measurement to detect
hydrogen bonding. This interaction is inferred by the change of the chemical shift.81%2° Hydrogen
bonding distorts the electron density cloud around the hydrogen nucleus, affecting the magnetic
field. Thus the shielding effect of the hydrogen atom is changed and induces a change of chemical
shift.?! Han et al. observed that the resonance signals arising from the -OH protons are obviously
broad, indicative of the OH I hydrogen bonding interaction when adding poly(vinyl alcohol) into
FASNI3.22 Vibrational spectroscopy is also a valuable tool for investigating hydrogen bonding
since its formation changes bond oscillation strength. Fourier transform infrared spectroscopy
(FTIR) is another convenient technique to detect hydrogen bonding by checking the typical
chemical bond stretching vibration.?® The shifted stretching peak are usually related to N-H, C=N,
etc. chemical bonds from the organic cation in perovskite.'®* Raman spectroscopy is a powerful
technique that is complementary with FTIR.?* Tan et al. conducted Raman spectroscopic
measurements to provide fingerprint information about the details of perovskite's organic—
inorganic interactions by analysing the band shift. They also found for MAPbX3 perovskite that
an increase of the CI content can strengthen the hydrogen bonding interaction, thus inducing a

blueshift of the C—N stretching bands in Raman spectra.?* X-ray photoelectron
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Figure 2. (a) 'H NMR and (b) FTIR spectrum of formamidinium iodide films. (c) XPS spectra of
perovskite films. (d) density functional theory (DFT) calculations of hydrogen bonds.?® Copyright
2022, The Royal Society of Chemistry. (€) AFM images on Cu(111) and (f) the corresponding

structure models.?® Copyright 2013, American Association for the Advancement of Science.

spectroscopy (XPS) is usually conducted to check the binding energy of typical chemical state of
elements. From the binding energy change, we can speculate the hydrogen bonding interaction to
a certain extent.”> However, XPS can only detect the interaction on the surface of perovskite
materials/films. Site- and element-specific soft X-ray spectro-scopic measurement has been used
to probe the electronic structure of perovskite. Odelius et al. found that femtosecond dynamics
induced by core excitation strongly influence the measured X-ray emission and the resonant
inelastic soft X-ray scattering of hybrid perovskite. The existing hydrogen bonding cause the
electronic hybridization can be detected.?” However, we need to avoid the beam damage when
conducting this measurement. Qiu et al. use noncontact atomic force microscopy (NC-AFM) to
realize a real-space visualization of the formation of hydrogen bonding. The atomically resolved

molecular structures precisely determine the characteristics of hydrogen bonding networks. 2 The

images are shown in Figure 2e and f.



Hydrogen bonds in perovskite materials

The formula ABXs (A= methylammonium, MA"; formamidinium, FA™; or cesium ion, Cs™;
B= lead ion, Pb?*; or tin ion, Sn?*; X=iodide ion, I; bromide ion, Br~; or chloride ion, CI") is the
most commonly used three dimensional (3D) perovskite in PSCs.? The A and B cations coordinate
with 12 and 6 X anions, respectively, forming a cuboctahedral and octahedral geometry,
respectively.?® The hydrogen bonding is usually formed between the organic cations (MA®, FA*)
and the surrounding inorganic anions.*® Since the electronic density of states originates from the
inorganic PbXs™ lattice, hydrogen-bonding between organic cations and the inorganic lattice can
affect the properties of the perovskite semiconductor. The typical hydrogen bonding interaction in
perovskite is between the ammonium group and iodide ion N-H --4.3! Jang et al. demonstrated two
distinct types (corresponding to the different tilt angle of the C-N bond) of the hydrogen bonding
interaction in the tetragonal MAPDbI3 on symmetry argument using DFT calculations, as shown in
Figure 3.3 The calculated hydrogen bonding energy in typical 3D perovskites listed in Table 2.

(a) a-interaction mode

Figure 3. Illustration of the two distinct modes of the hydrogen bonding interaction.®? Copyright

2016 Springer Nature.



Table 2. The number of hydrogen bonding donors in the cation (n), calculated Total Electrostatic
Energies (Ewt) and Hydrogen-Bonding Energies (En-bond) in perovskites with related properties,
and the temperature of cation ordering (T¢)*®

MAPDI3 MAPbBr;  MAPDCI; FAPDI3 FAPDBTr3 FAPDCI3

n 3 3 3 4 4 4
Ewt(eV) 8.59 8.19 9.09 8.60 8.15 9.03
Erbona(6V)  0.27 0.26 0.26 0.16 0.10 0.09
En-
0.09 0.09 0.09 0.04 0.02 0.02
bond/N(EV)
Te(K) 173 144 162 140% 15334 140

The two-dimensional (2D) perovskite structure is composed of a metal halide framework and
bulky or long-chain monovalent or divalent organic cations, such as butylammonium (BA),
phenethylammonium (PEA), or propyldiammonium (PDA) that acts as a barrier molecule between
the inorganic sheets. The structure of 2D perovskite with typically adopted cations and different
molecular interactions are shown in Figure 4. 2D perovskites include the Dion-Jacobson (DJ),
Ruddlesden-Popper (RP) and alternating-cation-interlayer (ACI) phases. The formulas of these
perovskites are A’An1BnXan1, A’2An-1BnXansiand A’AnBnX3ns1, respectively.®>* Hydrogen
bonding also plays a key factor in the structure of 2D perovskites. In the RP structure, the long
organic cation contains one amino group which can form a hydrogen bond with a metal halide
framework. The other side of the long chain interact with adjacent cations via van der Waals
interaction. So, the interaction includes hydrogen bonding and van der Waals forces. The hydrogen
bonding can affect the coordinating ability of the organic cation toward [Pblg]* octahedra as well
as the octahedral tilt which contribute the 2D structure.3”* In the DJ structure, the long organic
cation contains two amino groups at both terminal positions of the long chain. The two amino
groups interact with adjacent metal halide frameworks. So there is only hydrogen bonding between
the long organic cation and inorganic slabs.>® Compared to RP perovskites, DJ perovskites
eliminate the van der Waals gap by forming hydrogen bonds which lead to a more rigid structure
and shortened interslab distance, which can facilitate charge transport and stabilize the layered
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perovskite structure.3¥4% In ACI structure, because of the long cation and small cation alternating
arrangement, part of the van der Waals gap remains and is embedded in the crystal structure.*!
2D perovskites show good stability compared to their 3D counterparts.*? However, the 2D
perovskite-based devices show relatively poor efficiency, attributed to the inhibition of out-of-
plane charge transport by the organic cations, acting as insulating spacing layers between the
conducting inorganic slabs.*>*3 In 2D perovskites, the hydrogen bond plays a key role in regulating
the crystal orientation.**** The hydrogen bonding can significantly influence the properties of the
perovskite with long-chain organic ammonium.* Qin et al. realized the reduction of directional
dimensionality of perovskites by adjusting the intermolecular hydrogen bonding of organic
ammonium.*® The hydrogen bonding can shorten the distance of inorganic slabs in 2D perovskites,
facilitating the charge transport between inorganic slabs in 2D perovskite film.*#849%0 Song et al.
showed the hydrogen boding links adjacent spacing sheets leading to the charges localized in the

van der Waals gap which constructing “charge-bridge” for charge transfer through the spacing

region.®’
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Figure 4. Schematic illustration of 2D perovskite sturctures.®® Copyright 2022 Wiley-VCH GmbH.



Guanidinium (C(NH2)3, GUA") can be obtained by substituting the hydrogen of C-H in FA*
with an -NH, group resulting in three amine groups in the cation.?2 The more hydrogen bond
donors comparing MA™ and FA" indicates GUA™ has more capability to stabilize the structure of
perovskite via hydrogen bonding with halide anion. Yu et al. utilized the strong hydrogen bonding
of GUA" with Snls*" octahedron to effectively passivate under-coordinated iodide ions and reduce
local strains of FASnI3 crystal structure.>* The hydrogen bonds may lead to local distortions, which
can expand the crystal unit.>? Nazeeruddin et al. found a certain amount of GUA* replacement of
MA" result in more hydrogen bonds in perovskite which can stabilize the structure, however, too

much GUA" will lower the absorption capacity which is indicative of a widening of bandgap.®?
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Tin-based perovskites possess a narrower bandgap than Pb-based perovskites and are
promising candidates for bottom cells in efficient PSCs tandems.?2°3% However, there are many
intrinsic factors such as the facile oxidation of Sn?* to Sn** easy formation of Sn vacancies can
impact the defect chemistry and subsequent recombination of charge carriers which degrade
their key optoelectronic properties.>® In addition, the crystallization rate during annealing of tin-
based perovskites is much faster, leading to abundant trap states and much lower V.. Han et al.
found that introducing hydrogen bonds via addition of poly(vinyl alcohol) (PVA) can increase
nucleation sites, slowing the crystal growth and thus forming a compact FASnI3 film with reduced
trap density. Moreover, hydrogen bonds at the grain boundary can suppress migration of the iodide
ions which enhanced the stability of devices as shown in Figure 5e.?? Islam et al. successfully
implemented a bifunctional compound hydroxylamine hydrochloride (HaHc) into FASNI3
perovskite to reduce the electronic defects by forming a hydrogen bond with iodide ion. The
presence of hydrogen bonds suppresses ionic vacancies and stabilize the FASnI; framework.%®
Chen et al. introduced two-dimensional graphite phases-C3N4 into tin-based perovskite. The N
atoms in the triazine ring coordinate with FA* via two hydrogen bonds. The binding site's distance
is adjusted to the lattice size of tin-based perovskite, resulting in a suppressed crystal growth rate.>’

The illustration is shown in Figure 5a-d.

Hydrogen bonding affects the properties of perovskite

Hydrogen bonds can affect the optical bandgap and charge transport properties of
perovskites.®® For example, De Angelis et al. reported a first principle investigation where they
determined that the FA* cation has a higher propensity to form hydrogen bonds than MA*. The
enhanced hydrogen bonding between the FA™ cations and the inorganic matrix alters the Pb-I
bond’s covalent/ionic character. Moreover, mediated by the different spin-orbit coupling in
FAPDIs, the electronic and optical properties can be improved.®® The strength of hydrogen bonding
between [Pbls] planes and the organic cations affect the band offset in 2D perovskites. °° A weaker
hydrogen bonding usually shifts the bonding states of the bulky organic layer to a higher energy
position which brings them closer to the valence band maximum (VBM) of the [Pble] planes
resulting in a smaller barrier for hole transport between the [Pbls] inorganic plane and organic

cation shown in Figure 6a.
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Figure 6. (a) lllustration of the band offsets between [Pblg] planes and bulky organic cations with
a weaker and stronger of hydrogen bonding.® Copyright 2022 American Association for the
Advancement of Science. (b)Young’s moduli of hybrid halide perovskites normal to the {100},
{110}, and {111} planes.®® Copyright 2017 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.

Many studies have shown that hydrogen bonding can influence the orientation of the organic
cations and phase transitions.**61:6263 Nan et al found the hydrogen bonding is a key factor that
affect the motion of organic species further change the surface geometries of perovskite with
various defects. And the halide ions movement is largely tuned by the reorientation and rotation
of the organic cations with the disruption and formation of the hydrogen bonding. The hydrogen
bonding inhibits the formation of light-triggered small exciton-polarons and deep photoinduced
traps which cause local structure deformations on the surface of perovskite.*® Cheetham et al.

used DFT to investigate the thermodynamic effects of hydrogen bonding and its interaction with
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the octahedral rotations in the orthorhombic phase MAPbI3.%® They calculated the rotation energy
profile by rotating the NHz and CHz groups to reflect the strength of the hydrogen bonding. These
results indicate that the rotation of staggered MA™ around its C-N bond is quite difficult because
of the strong hydrogen bonding, which results in an activation energy of ~102 meV per MA* ion.
The hydrogen bonding strength is highly correlated to the octahedral rotations in MAPbIs, which
could explain why the MA-ordering transition is consistent with the phase transition temperature.®
This result is consistent with the finding that hydrogen bonding affects the tilting of the Pbles*
octahedra. In turn, this is responsible for the relative orientations of the crystal.3! The length of
hydrogen bonds in different phases of MAPDIs are listed in Table 3. Moreover, hydrogen bonding
also affects the mechanical properties of the perovskite.®® Cheetham et al. conducted ab initio
molecular dynamics (AIMD) to investigate the bonding characteristics on the elastic properties.®°

They first measured the Young’s moduli and hardness of FAPbX3 (X=Br or I') experimentally,

then calculated the pairwise Radial Distribution Functions (RDF) using AIMD. The RDF results
revealed that the hydrogen bonding is stronger in MAPDbBr3 than FAPbBr3, which caused the
higher mechanical stability of the former one. Their results shown that hydrogen bonding plays
important roles in determining elastic stiffness, as shown in Figure 6b. The elastic properties
impact how the material deals with mechanical stress, which impacts recombination.®’

Walker et al. investigated mixed-cation iodide perovskites using AIMD simulation.%® They
found that mixed-cation increased the N-H --4 hydrogen bond. This stronger hydrogen bonding is
supposed to increase the phase-stability of mixed-cation perovskites. Islam et al. further
investigated perovskites FA1.xCsxPbls with x<0.25. They found that the FA* orientations only
result in small differences in the energy. Introducing Cs* can induce a chemical pressure or lattice
strain effect through Cs/FA ion size mismatch which then increase the N-H --4 bond strength. This
then helps the thermal stability of the mixed cation perovskites. In this study, the strength of
hydrogen bonding is also evaluated using the non-covalent interactions index which employs the
electron density and its derivatives to identify the noncovalent bonds.®

As mentioned, hydrogen bonds have tunable strength and directionality. There can be many
positive influences introduced by hydrogen bonding in PSCs. The hydrogen bonding can stabilize
the perovskite by inhibiting both the volatilization of the organic cations and ion migration.”®
The volatile nature of organic species (e.g. FA*, MA*, etc.) is a key factor for the degradation in
hybrid perovskites, particularly under thermal stability testing’*2. Hydrogen bonds between
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Table 3. The length of hydrogen bonds in MAPbI3

Phase Orthorhombic Tetragonal Cubic
Bond pOSitiOI’\* HB(a)rtho HBgrtho HB%etra HB?‘etra HBgubic HBgubic
Length(A) 2.613 2.808 3.184 3.394 3.120 3.520

*The detailed position of hydrogen bonds in MAPbI3 can be found in Ref.%

FA/MA species suppress their volatilization and improve device stability.” Fang et al. introduced
an additive with alkoxy (—-O—CH2) and hydroxyl (—OH) groups, forming hydrogen bonds with
organic cations. The strong interaction inhibited the volatilization of the organic cation, improving
device stability.”® Zhao et al. introduced poly(ethylene glycol (PEG)-based polymer-scaffold
architecture into the perovskite film. Hydrogen bonding anchors the entangled PEG molecules on
the surface of perovskite grains. Two kinds of hydrogen bonds were formed: OH I and NHO.
Due to the hydrogen bonding, PEG can anchor and inhibit the loss of MAI. These interactions
improved the stability via a self-healing effect of the device.” Hu et al. observed a similar self-
healing phenomenon, where they introduced N-H~O hydrogen bonding interactions by adding
polyvinylpyrrolidone into MAPbI3.2! Chen et al. introduce a fluorinated perylene diimide (F-PDI)
into the perovskite film. The strong hydrogen bonding between fluorine groups and MA* (N-H --F)
can immobilize MA" to retard crystallization rate and ensure astonishing thermal stability.
Furthermore, the inhibition of decomposition prevents iodine diffusion and reaction with the silver
electrode.”™ The schematic illustration of the interaction is depicted in Figure 7.

lon migration in perovskites is considered one of the critical reasons for device degradation,
which can cause hysteresis, induce defects, phase segregation, and even damage the adjacent
functional layers.”>’® By embedding hydrophobic fluorinated-gold-clusters in the perovskite layer,
the fluorine groups can form hydrogen bonds with the perovskite, inhibiting ion migration and
improving thermal and operational stability.?® Gong et al. have shown the hydrogen bonding
between halide anion and organic cation can passivate the ions at the crystal boundaries and
reduces the point defects then shield perovskite from exotic moisture and oxygen attack.’’ Fang et
al. introduced dipentaerythritol pentaacrylate into their perovskite films, and the hydrogen bonding
between alkoxy (-O-CH2) / hydroxyl (-OH) and -NH inhibited I~ ion migration, resulting

13
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in enhanced device stability, particularly under thermal conditions.”® Mohammed et al. used DFT
to investigate the effects of hydrogen bonds on the halogen vacancy and interstitial migration
properties.%® They found that hydrogen bonding in the nonsymm-FAPbBrs is stronger than the
symm-FAPbBrs. The nonsymm-FAPbBr3 has the largest hydrogen bond energy and the shortest
H --Br which is further confirmed by an organic cation rotation profile calculated using Nudged
Elastic Band method. They also calculated halogen vacancy migration barriers, and concluded that
strong hydrogen bonding prevents ion migration and therefore improves the performance of PSCs.

Moreover, the hydrogen bonds at the grain boundary also suppress the iodide migration.??
lodine vacancies and under-coordinated Pb?* on the surface of perovskite films are mainly
responsible for non-radiative charge recombination. Hydrogen bonding can minimize the number
of under-coordinated Pb?* and Pb clusters and passivate the iodide vacancy defects facilitating the
charge transport.”® Chen et al. employed carbon nanodots with rich carboxylic acid and hydroxyl
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groups, which interact with the perovskite through hydrogen bonds, and promote improvement in

carriers’ lifetime.”®

Hydrogen bonding in the electron transport layer

A high-quality electron transport layer (ETL) is formed from an n-type material with a
suitable energy level, high electron mobility and good uniformity/coverage.®%®! Introducing
hydrogen bonding into the ETL has been demonstrated to be an effective strategy to improve the
quality of the ETL itself. Huang et al. applied a Ceo-substituted benzoic acid self-assembled
monolayer (Cso-SAM) to form hydrogen bonding with crosslinking agent Tri-chloro(3,3,3-

trifluoropropyl)silane.®? The hydrogen bonds align the Cgo-SAM molecules in order instead of
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randomly forming dimers driven by the silane crosslinking process. The resulting pseudo-polymer
structure makes the film more uniform and compact and after enhances ETL's electron mobility.
The crosslinking mechanism is illustrated in Figure 8a. Polymer molecules can act like ligands
surrounding the inorganic nanoparticles, so polymer additives to the electron transport materials
precursor is an effective way to inhibit the aggregation of nanoparticles which cause the pinholes
and nonuniformity.838* Xu et al. incorporated polyethylene glycol (PEG) into the SnO2 colloid.®
The strong hydrogen bonding between PEG and SnO nanoparticles disaggregates the SnO;
oligomers, whereby a dense and uniform ETL with ultrathin thickness is formed due to the
improved dispersity of the SnO- precursor solution. The schematic diagram is shown in Figure 8b.
Introducing hydrogen bonding into ETLs would be an ideal strategy to tailor the morphology and

electronic structure which further influence the charge transport.

Hydrogen bonding in the hole transport layer

The hole transport layer (HTL) in PSCs must meet general criteria such as suitable energy
level, reasonable hole mobility and good stability.8>8 Small molecular materials are the common
hole transport materials used in PSCs.% The adjacent molecular packing significantly affects the
charge carrier mobility and if the materials exhibit self-assembling properties that can effectively
increase the mobility.8” So during the synthesis process, hydrogen bonds could be a multifunctional
tool to optimise the properties rather than using additives which is usually detrimental for the
stability.®® Islam et al. found that a tetrathiafulvalene derivative containing two amide units can
form self-assembled supramolecular structures via intermolecular hydrogen bonds. The
corresponding film shows higher conductivities than spiro-OMeTAD.& Zhang et al. demonstrate
that hydrogen bonding interactions can significantly increase the hole mobility and form Pb—N
coordination bonds at the interface to promote hole extraction via studying the dopant-free hole
transport material.® Their research results showed that the hole mobility of the hole transport
material (HTM) increased from 1.11 x107*t0 3.09 x10* cm? V! s7! ascribed to the hydrogen
bonding interaction, resulting in a significantly enhanced performance of the device. Moreover,
they demonstrate that rational design of HTM can self-assemble into a long-range ordered
interlayer on the interface between the perovskite and HTL by hydrogen bonding interaction as
depicted in Figure 9a. Thus hydrogen bonding would be a versatile multi-functional tool for the

design of the class of small self-assembling HTM molecules which are becoming more
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mainstream.® Hagfeldt et al. proposed a strategy to synthesise high-quality NiOx nanoparticles as
HTMs via [BMIm]BF; ionic liquid additive engineering.®® The cations of [BMIm]* can form a
strong hydrogen bond with nickel hydroxide, which inhibit the adsorption of impurity ligand NOs
in NiOyx in HTL and slow down the interfacial degradation reaction. As a consequence, the target
NiOx HTL enabled a high PCE up to 22.6% with negligible J-V hysteresis and significantly

improved device stability as show in Figure 9b and c.

Hydrogen bonding at the interface

The interface plays a crucial role in the device. Interfacial charge recombination is one of the
dominant loss mechanisms in PSCs. Rational interface optimization is considered an effective
strategy to improve the performance of PSCs.929%4% The hydrogen bonding can enhance the
adhesion of perovskite and charge transport layers. Sin et al. added a polar insulating polymer,
poly(ethylene glycol) (PEG), into the ETL. The ETL with PEG retains perovskite with hydrogen
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Figure 9. (a) Chemical structures of materials and illustration of the hydrogen-bonding
formation.® Copyright 2021, Chinese Chemical Society. (b) J-V characteristics of the devices. (c)
PCE stability of the devices storaged in dark and ambient air with relative humidity 40 #5%.%
Copyright 2022, Wiley-VCH GmbH.
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bonding during the perovskite formation, resulting in better contact between the ETL and
perovskite layer.®” Li et al. incorporated NaX (X = halide series) at 0.1 mol% in a Pbl, precursor
film for sequential perovskite deposition.® The most electronegative F~ ion was observed to form
N-HF hydrogen bonds with the alkylammonium cations. Depth profiling studies showed the F-
ions accumulated at the perovskite/charge transport layer (CTL) interfaces, resulting in
stabilization of the perovskite surface and suppressed formation of cation vacancies. These devices
showed a pronounced increase in thermal- and photo-stability compared to the other halides,
confirming the efficacy of the hydrogen bond stabilization. Interestingly, p-i-n devices often use
ultra-thin evaporated fluoride salts (e.g., LiF, MgFx etc) to increase the selectivity of the
perovskite/ETL interface.®® It is an open question whether these interfaces further benefit from
hydrogen bonding in the same manner.

A recent strategy to boost performance and stability is the inclusion of a bulky salt (or ionic
liquid) into the perovskite precursor solution at a few mol% relative to Pb. The oversized organic
cations and anions are excluded from the bulk perovskite, and reside at grain boundary
interfaces.!?1%1The tetrafluoroborate anion (BFs") is commonly used, and while the species is
considered inert from a Lewis base perspective, it is known to undergo hydrogen bonding.'%
(including in related molecular hybrid perovskites).'% The mechanism of BF4~ anion was recently
attributed to iodide management, reducing deep trap states originating from excess MAI through
a direct reaction with MABF, as a co-crystal.’® The interaction has H-bond characteristics, with
decreased 'B-1°F NMR coupling (which is known to be H-bonding dependent!®) and a blue-shift
in XPS consistent with H-bonding driving co-crystal formation.?

Indeed, it is likely that interfacial hydrogen bonding is often present in passivated devices,
but its effects are often overlooked. The rear perovskite/CTL interface is commonly passivated
with polar molecular passivating agents. It seems reasonable to hypothesize that hydrogen bonding
will be present, particularly as some of these passivating agents have known hydrogen-bonding
properties when applied in different fields. For example, Zheng et al. used choline chloride to
passivate the rear interface of p-i-n perovskites, boosting performance and stability.'% This reagent
is well known to the deep eutectic solvent community, where a 1:2 molar ratio of choline chloride
and urea forms a classical deep eutectic solvent with a low melting point.*%” Page et al. used
Density Functional Tight Binding calculation to investigate the deep eutectic solvent structures

and interactions, and show that the quaternary ammonium within choline chloride acts as a
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hydrogen bond acceptor determining the melting point and viscosity properties of the deep eutectic
solvent.® We highlight this as an example similar to the guanidinium case, the hydrogen bonding
properties are well established in other fields, yet largely overlooked by our field. Given the
commonplace reports of molecular interface passivation, we urge readers to consider the effects

of hydrogen bonding on device performance and stability.

Computational chemistry for hydrogen bonding in perovskite solar cells

Computational calculation is also a powerful tool to investigate the hydrogen bonding
interaction, such as DFT calculation,*® AIMD, etc.5%1% |t calculates properties related to hydrogen
bonding and provides theoretical explanations and mechanical insights for the functionality of the
hydrogen bonding in the perovskite solar cells. However, ab initio methods treat the energy term
as a function of the entire system without modelling the individual contributions such as the
hydrogen bonding explicitly. The contribution of hydrogen bonding to the perovskite’s properties
is thus inferred as an additional step in practice when required. The most commonly used metric
is hydrogen bond distance. In the simplest computational chemistry tool, force field!°, the non-
bonded term is usually approximated by a combination of van der Waals interactions and
electrostatic interactions, as

A B qiq;

Epon- = —=-——+—=
non—bonded ri2 r6 er

where A, B, q;, q; are force field parameters, and r is the distance between two atoms. Although
force field is mostly used in biological systems and seldomly used for materials such as perovskites,
it provides us with the intuition that the shorter the distance is, the higher the energy and stronger
the bond strength. It was also suggested that the heavy-atom distance can be used as an indicator
of hydrogen bonding strength.!'! As emphasized, the energy of hydrogen bonding cannot be
calculated directly in DFT, and must be estimated using some approximations. The simplest way
is comparing the energy differences between an organic cation system and an inorganic cation
system, which removes the monopole term in the electrostatic interactions and obtains an energy
term focused on the hydrogen bond.'® An empirical approximation based on bond critical point
has been used as well.1*2 These methods need to calculate the electron density along the bonding
direction, which means higher levels of theory (e.g. DFT with level of meta-GGA!*®) can improve
the accuracy, with the cost of higher computational burden. Rotational profile which shows the
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energy as a function of the organic cation rotation angle has also been used to estimate hydrogen

bonding energy.'**

Detrimental effects of hydrogen bonding in PSCs

Hydrogen bonding can work as a double-edged sword for the performance of PSCs. And
another detrimental influence of hydrogen bonds can be introduced by water. The halide perovskite
IS notorious due to its sensitivity to moisture. Moisture plays a key role in perovskite formation,
phase transition and degradation.1>116.117.118 \water molecules can penetrate the perovskite lattice
and share the space with organic cation. The hydrogen bonding between the water H-atoms and
the N atom of organic cation enhances the formation a hydrate intermediate, such as
(CHsNHs)4Pbls 2H,0, which is the first step in the perovskite decomposition process. Sit et al. !
used DFT to investigate the stability of perovskite with the presence of water molecular at the
interface, and found that hydrogen bonds were formed between the oxygen of the water and the
hydrogen in the NHz group, and the existence of O --H breaks some of the H --X (X is the halide
ion) bonds. In the presence of OH radicals, a hydrogen atom will transfer from the MA™ cation to
form a H.O and a CH3NH2 molecules. Given these results, strengthening the hydrogen-bonding
interaction between the organic cation and metal halide octahedra and/or weakening the hydrogen
interaction between the organic cation and H20 could improve moisture resistance of the
perovskite. It is worth noting, Bao et al. found that for the MAPbIs perovskite, the interaction
between MA and H20 through hydrogen bonding is not established until the phase transition to
monohydrate, where H>O and MA are locked to each other. Water absorption in ambient air (25 T
and 40—45% relative humidity) is negligible, however, significant water absorption is observed
only when the RH reaches ~85%.'® Heben et al. revealed the degradation process caused by water
can be described as a four-stage process and three of them are reversible.1?® However, a moderate
amount of water in perovskites is found to facilitate the nucleation and crystallization process of
the perovskite, resulting in a better quality film*?122 and the water additive in ETL can shape the

architecture to improve light-scattering for the enhancement of performance.'?3

Adjusting/controlling the hydrogen bonding in PSC
The research discussed above shows that introducing hydrogen bonds in a targeted amount

and position is an effective strategy to improve PSC performance. The configuration of the
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hydrogen bonding in PSC is highly complicated. It is challenging to control hydrogen bonding
precisely. In view of intrinsic stability of perovskite, it would lead to numerous local minima in
the potential energy surfaces. Thus, it would be extremely difficult to find the optimum
configuration. The normal strategies to build new hydrogen bonds is to add hydrogen bond donor
and/or acceptor into perovskite materials.*?* An indirect method has been demonstrated by Islam
et al., where they found that incorporating Cs* cation into the FAPbIs structure can induce a
chemical pressure or lattice strain effect through Cs/FA ion size mismatch. This results in structural
distortion that strengthens the FA-iodide (N—H:--I) hydrogen bonding interaction.'®® Both Jen et
al. and Qin et al. utilized the hydrogen bonding introduced by the additive to modulate the crystal
nucleation and film-forming processes. They found the hydrogen bonding could adjust the
crystallization kinetics and complex intermediate phase to obtain a high-quality perovskite film.
1617 The schematic of hydrogen bonding assisted perovskite film growth is shown in Figure 10.

In 2D perovskites, we can manipulate the long-chain organic spacer to optimize the
intermolecular hydrogen bonding interaction. The structure of organic cations, the growth
condition and the functional group in cation can all contribute to the properties of hydrogen bonds
further affect the properties of the perovskite. Zhu et al. discussed that a DJ structure perovskite
with weaker hydrogen bonding should improve hole transport; however, a weaker hydrogen
bonding configuration generally means a less stable structure.®® Thus, hydrogen-bonding must be
balanced between the high-efficiency band and high stability in PSCs. Hartono et al. used machine
learning to optimize the capping layer to increase the stability of their PSCs.'?® They applied 21
organic halide salts as capping layers onto MAPbIz and used machine learning algorithms to
determine the most important features that correlate with stability. They found that low number of
hydrogen bonding donors of the organic cations and small topological polar surfaces area are the
two most important features that correlate with stability. Their results support the hypothesis that
hydrogen bonding plays a crucial role in the degradation of PSCs. Wheeler et al. controlled the
hydrogen bonding via exposure to solvent vapor and temperature change realized a reversible
multicolor chromism.?® Hydrogen bonds can also be introduced in other ways, such as through
the use of the antisolvent. Jung et al. used anisole as an antisolvent due to the intermolecular
hydrogen bonding forces between anisole and DMF/DMSO, where an ultrawide processing

window to fabricate high-quality perovskite films was realized.*?’
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Figure 10. The schematic diagram of hydrogen bonding assisted perovskite film
growth.*®” Copyright 2023 Springer Nature.

Summary and outlook

In this review, we discussed the weak molecular interaction of hydrogen bonding in PSCs,
including the effects of hydrogen bonding in each functional layer and interface. Hydrogen
bonding can act as a double-edged sword in PSCs. On the one hand, hydrogen bonds can stabilize
the perovskite materials by inhibiting the organic cation volatilities and ion migration, enhanced
the charge transport, and inhibiting the charge recombination. However, on the other hand,
hydrogen bonding has also been shown to accelerate perovskite degradation by enhancing the
interaction with water. Thus, the function of the hydrogen bond is versatile, as show in Figure 11.
Retarding the crystal growth results in uniform nucleation producing homogeneous and pinhole
free film with reduced trap density. Affecting the order-disorder transition mechanism which is

related to the phase stability of the perovskite. We also briefly introduce the characterization of
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Figure 11. Hydrogen bonding as a versatile tool.

hydrogen bonding. Experimental techniques and calculations are a powerful combination for
quantifying the strength of hydrogen bonding. However, optimization of the method in calculation
is still necessary. That would ensure the calculation results are more consistent with the
experimental results. Finally, we discussed how to control the hydrogen bonds to make them
beneficial for improving the performance of PSCs. Research has shown introducing hydrogen
bonding in the molecular design concept, such as amine units, is a simple and effective strategy to
develop high-performance hole transport materials. More effort needs to be made for developing
new strategies to precisely control the hydrogen bonding in materials to obtain the target properties
in the future work.

We observe in the literature that the research on hydrogen bonding in PSC is still controversial
and poorly understood. As such, an important consequence of hydrogen bonding of asymmetric
alkylammonium cations is orbital splitting via the so-called Rashba-effect.128129.130.131 gy djes of
Rashba-type effects in perovskites are still in their early stages, further investigation of hydrogen
bonding will uncover interesting features affecting device performance and stability. We anticipate
this review can raise the profile of the various effects of hydrogen bonding in PSC, as it is likely
often overlooked. We further anticipate PSC researchers can harness hydrogen bonding as a
versatile multi-functional tool, to solve the challenges of commercialization of PSCs.
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