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ABSTRACT: While instability in aqueous environment has long
impeded employment of metal halide perovskites for heterogeneous
photocatalysis, recent reports have shown that some particular tin halide
perovskites (THPs) can be water-stable and active in photocatalytic
hydrogen production. To unravel the mechanistic details underlying the
photocatalytic activity of THPs, we compare the reactivity of the water-
stable and active DMASnBr3 (DMA = dimethylammonium) perovskite
against prototypical MASnI3 and MASnBr3 compounds (MA =
methylammonium), employing advanced electronic−structure calcula-
tions. We find that the binding energy of electron polarons at the surface
of THPs, driven by the conduction band energetics, is cardinal for
photocatalytic hydrogen reduction. In this framework, the interplay
between the A-site cation and halogen is found to play a key role in
defining the photoreactivity of the material by tuning the perovskite
electronic energy levels. Our study, by elucidating the key steps of the reaction, may assist in development of more stable and
efficient materials for photocatalytic hydrogen reduction.

Metal halide perovskites are promising materials for
photovoltaics due to their high absorption coef-
ficients, long lifetimes of photogenerated carriers,

and defect tolerance.1−21 For these characteristics, lead-based
materials, have, in particular, rapidly surged as competitors of
silicon in the photovoltaics landscape.22,23 A credible
alternative to reduce the potential toxicity of lead-containing
materials is the replacement of lead by tin.24−27 Despite the
lower band gap of tin halide perovskites (THPs), if compared
to similar lead-based materials, the resulting solar cells remain
limited in efficiency and stability due to the perovskite self-p-
doping28,29 and the facile Sn(II) → Sn(IV) oxidation
associated with the formation of efficiency-limiting carrier
traps.28,30,31 THPs are in principle appealing also as photo-
catalysts because of their band edge tunability,32 which permits
a favorable alignment with redox potentials in aqueous
environment.29 Furthermore, THPs can efficiently localize
electrons either through the formation of polarons in the
pristine material or via defect-assisted processes involving
halide vacancies or tin interstitials.29,33 Since hydrogen
reduction from heterogeneous water splitting implies the
formation of either a H• radical or of a H− anion, i.e., the
transfer of one or two electrons to a formal H+ species,

electron trapping at the surface may be key in assisting the
overall reaction.34−39

Although potentially suitable for photocatalysis,40 metal
halide perovskites are usually unstable upon moisture and
water exposure,41−45 thus limiting the application of these
materials in aqueous environment. This paradigm has been
recently shifted with reports of novel perovskites which are
both lead-free and water-stable.46−51 Encouraging results have
been obtained for Bi-based and Sn-based perovskites, which
have shown not only water stability but also good photo-
catalytic properties.46−51 In particular, dimethylammonium tin
bromide (DMASnBr3) is water-stable, as well as DMASnI3;

52 it
has a suitable band gap (∼2.8 eV)47,53 and band edges well
positioned with respect to the redox levels of liquid water.46

While early reports measured hydrogen production rates of
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only a few μmol g−1 h−1,47 the efficient charge carriers
separation in perovskite/g-C3N4 composites was found to
boost the activity with rates up to >1700 μmol g−1 h−1.46

Motivated by the huge interest in THPs as effective
photocatalysts for hydrogen production, we employ high-
level density functional theory calculations to carry out a
comparative analysis of the prototypical tin perovskites
MASnI3 (MA = methylammonium, Figure 1a−c) and

MASnBr3 and the water-stable DMASnBr3 (DMA =
dimethylammonium, Figure 1b−d).46 For the considered
materials, we assess the electronic structure and, for MASnI3
and DMASnBr3, we calculate the binding energies of polarons
and defects for different slabs. We also simulate the interaction
between the perovskite and water, and we eventually
reconstruct the overall hydrogen production reactivity pattern
considering both SnX2- and AX-terminated surfaces (Figure
1e,f, respectively). Our comparative analysis reveals that the
binding energy of surface electron polarons, determined by

conduction band energetics, has a dual role in the photo-
catalytic hydrogen production: while providing the main
driving force for the reaction, trapping may hinder electron
transfer toward hydrogen reduction. The chemical composi-
tion of the material, in terms of A-site cation and halogen, is
found to play a key role in defining the photoreactivity of the
material by tuning the perovskite electronic energy levels. Our
study, by elucidating the key steps at the interfacial
photocoupled electron transfer reaction, may assist the
development of more stable and efficient materials for
photocatalytic hydrogen reduction.
We first comment on the electronic structure of the bulk

perovskites by employing the supercells reported in Figure 1c,d
and using a hybrid HSE06-SOC54,55 methodology bench-
marked in previous studies (see the Supporting Information for
further details).26,29 The density of states (DOS; see the
Supporting Information) shows a sizable tuning of the material
band edges contributed by the interplay of the A-site cations
and the halides: the calculated band gap increases from 1.1 eV
in MASnI3 to 3.2 eV in DMASnBr3 as a result of a valence
band (VB) (conduction band (CB)) down (up) shift of ∼0.8
eV (∼1.2 eV). The valence band energy stabilization for
DMASnBr3 should reduce the exposure of the material to
oxidants, restoring a value similar to MAPbI3,

29 healing the
material from degradation into Sn4+ phases and self-p-doping
effects.
The atomic contributions for the THPs are similar, with a a

valence band more contributed by halogen atoms, and a
conduction band mainly characterized by Sn atoms, while the
organic framework does not contribute to the band edges. The
composition of the CB suggests that, upon photoexcitation,
electrons are more likely localized on Sn-sites. Therefore,
polarons/defects connected to Sn chemistry may indeed be
key for mediating charge transfer from the THP to protons.
Furthermore, to disentangle the halogen effect from that of

the A-site cation on the electronic structure of DMASnBr3, we
consider a cubic MASnBr3 perovskite from a previous study.56

Our calculations highlight a low impact of the halogen on the
CB, if compared to MASnI3, with a slight upshift of 0.25 eV,
while the VB shows a sizable downshift of 0.56 eV; see the
Supporting Information. This possibly indicates that the A-site
cation is, for the same halide, mostly tuning the CB upshift.
Next, we investigate the electronic structure of selected

surfaces. To this end, given the similarity in the CB energetics
achieved with HSE06-SOC and the semilocal PBE func-
tional54,57 (Supporting Information), we carry out our analysis
using the latter for computational convenience, checking for
hybrid-DFT/SOC effects in selected cases. We employ pre-
existing models of the (001) surface implemented by some of
us.45 In particular, to account for the effects associated with
different cation halide coverages and since the expected degree
of AX coverage in water solutions is not trivial, we consider
both a SnX2 termination, model A in Figure 1e, and AX
termination, model B in Figure 1f. The conduction band of the
former is dominated by bulk contributions, while the latter
favors electron localization on the surfaces.45 To include the
possibility of defect-mediated charge-trapping processes, we
construct two additional slabs including a halide vacancy, VX in
the SnX2-terminated surface, hereafter model A′ (Figure 1e),
and a surface cation/halide vacancy (Schottky defect),58 VAX in
the AX-terminated surface, hereafter B′ (Figure 1f) (see
Supporting Information for additional details). The choice of
different defect states is justified by the practical motivation of

Figure 1. Chemical structures of (a) methylammonium and (b)
dimethylammonium (green spheres for C, blue for N, and white
for H). Bulk supercells of (c) MASnI3 and (d) DMASnBr3 (Sn
atoms in cyan, I in violet, Br in red, C in green, N in blue, and H in
white). Representation of the (001) perovskites slabs studied in
this work: (e) model A for pristine and model A′ for halide vacant
SnX2-term slabs, and (f) model B for pristine and model B′ for
Schottky containing AX-term slabs (purple (yellow) spheres for X
halide (A cation)).
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avoiding disorder of organic cations due to the fictitious
positive charge.59 For the aim of our study, VX and VAX are
equivalent, as they share identical trap states provided by
undercoordinated tin atoms.29

Trapping of electrons at a surface site is an essential step for
initiating the hydrogen evolution reaction, since this
phenomenon creates a negatively charged hotspot. This
process can be mediated either by formation of polarons in
the pristine material or by the presence of defects connected to
Sn coordination, in our case VX or VAX. In tin halide
perovskites, trapping occurs from two types of atomic
distortions occurring simultaneously, the movement of two
Sn atoms belonging to neighboring SnX6 octahedra toward
each other and the out-of-plane shift of one Br atom, as shown
in Scheme 1a; the latter is indeed not present in case of halide

vacancy defects.33 The polaron binding energy, E1 in Scheme
1, allows us to directly compare the trapping activity of
different materials. A positive value of E1, Scheme 1b, is
connected with an endothermic polaron formation, with
electron delocalization on the conduction band being favored,
if compared to localized trapping. A negative E1 value, Scheme
1c, indicates favorable electron localization. The same
reasoning applies when considering the localization of two
electrons and the respective bipolaron binding energy, E2.
E1 and E2 are defined as the difference between Er

−1/−2,
polaron relaxation energy, and Ev, vertical transition energy,
employing formulas 1 and 2,

= − −−E E E CB1 r
1

g (1)

= − −−E E E 2CB2 r
2

g (2)

where we approximate the vertical transition, Ev, by adding the
energy of the conduction band, CB, to the ground state one Eg
(twice in the case of E2). The excited state of the system is here
modeled by adding one or two extra electrons to the neutral
system. Although this procedure neglects the hole left in the

VB of the material, it represents a reasonable strategy to
describe the behavior of the electrons after their vertical
promotion to the conduction band; see the Supporting
Information for details.
Binding energies reported in Figure 2 allow us to capture

three key points: (i) a more arduous electron trapping in

MASnI3, which is significantly less favored compared to
DMASnBr3; (ii) the AX coverage modulates charge local-
ization; and (iii) defects help in stabilizing localized electrons.
In particular, the values calculated for DMASnBr3 stem from a
different position of the CB with respect to MASnI3: in fact, a
higher CB generally implies a larger energy gain when in-gap
states are populated in the semiconductor. Internal differences
between A and B models are connected with the different
surface/bulk contributions to CB, with B delivering the
maximum of surface contribution to the CB electron density
and hence more probable charge localization of excitonic
electrons.45

When considering injection of a single electron, we find that
only the B/B′ models of DMASnBr3 entails a significant
binding energy (∼− 0.3 eV), while trapping is found to be
generally unfavorable or marginally stabilized for the remaining
systems. Local minima associated with electron trapping on the
fully unpassivated surface of MASnI3 entail localization on a
lone Sn 5p state (cf. Figures 3a for the A model and S4 of the
Supporting Information for A′). In contrast, for passivated
surfaces, electron localization is accompanied by the formation
of a Sn−Sn dimer (cf. Figure 3b). Upon addition of a second
electron, charge localization is always found to be associated
with formation of Sn−Sn dimers, showing bond lengths
ranging from 3.1 to 3.3 Å (cf. Figure 3c,d). For MASnI3, we
calculate a negative value of E2 only for the B′ model (∼− 0.2
eV), while electron localization is energetically favorable for all
of the considered DMASnBr3 surfaces (cf. Figure 2b).
However, it should be noted that the unfavorable energetics
for the trapping of the first electron implies that the formation
of a bipolaron might be hindered for A/A′ models.
Next, we analyze perovskite/water interactions. First, we

comment on the reported enhanced stability of DMASnX3 in
water46,47,52 This can be related to the calculated solvation
energies of dimethylammonium and methylammonium (cf. the
Supporting Information). In particular, the reduced hydro-
philicity of the dimethylammonium cation and the substitution
of one H, no longer suitable for hydrogen bonds, with a methyl
group make solvation less favorable.

Scheme 1. (a) Schematic Representation of Small Electron
Polaron Formation in Tin Halide Perovskites;33 Meaning of
Polarons Binding Energies, E1, for (b) Non-successful
Electronic Trapping and (c) Successful Electronic
Trappinga

aIn case b the polaron is a high-lying local minimum and the charge is
preferentially delocalized in the conduction band, while in case c the
vertical excitation is followed by an energy relaxation linked to charge
localization. Other key quantities are, Er

−1, the relaxation energy of the
photocharged system, Ev, the energy associated to the vertical
transition and Eg, the energy of the ground state.

Figure 2. Monoelectronic and bielectronic trapping activity of
MASnI3 and DMASnBr3. Calculated values of (a) E1 and (b) E2 for
each considered surface model are represented by colored bars.
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We consider the binding of a H2O molecule on a surface Sn-
site, Figure 4a, and we define the adsorption energy,
ΔEads(H2O), from eqs 3 and 4:

+ →H O(g) slab H O(ads)2 2 (3)

Δ = [ ] − [ ] −E E E E(H O) H O(ads) H O(g) (slab)ads 2 2 2
(4)

where E[H2O(ads)] is the total energy of the slab with an
adsorbed water molecule and E[H2O(g)] and E(slab) are
those of the isolated water molecule and of the slab,
respectively. We note that for the fully covered AX-terminated
surface (i.e., B model), subsurface Sn-sites are not available to
interact with water. Therefore, in this case, we consider the
replacement of a surface AX unit with a water molecule (cf.
Figure 4b) and we define ΔEsub(H2O) the substitutional
energy associated with this process:

+ → +H O(g) slab H O(sub) AX2 2 (5)

Δ = [ ] + − [ ] −E E E E E(H O) H O(sub) (AX) H O(g) (slab)sub 2 2 2

(6)

where E[H2O(sub)] is the total energy of the slab with a water
molecule replacing a AX unit and E(AX) the total energy of a
AX pair.
Calculated values of ΔEads(H2O) (cf. Figure 4d) indicate

that the differences between the perovskites, surface termi-
nations, and pristine/defective systems is exiguous, the
energetics of adsorption deriving mainly from the Sn−O
chemical bond. Differently, ΔEsub(H2O) values (cf. Figure 4e)
denote that substitution is endothermic (exothermic) for
MASnI3 (DMASnBr3). By decomposing ΔEsub(H2O) into the
sum of the formation energy of a Schottky defect VAX on the B
surface and water adsorption energy on B′, we observe that

such a difference originates from the energy cost to create the
Schottky defect, ∼0.8 eV in MASnI3 vs ∼0.4 eV in DMASnBr3.
These results importantly forecast an increased probability to
find H2O molecules adsorbed on surface Sn atoms on
DMASnBr3 surface rather than on MASnI3.
Then, we study the ability of the THPs to dissociate water

molecules. This process is pivotal for generating molecular H2,
and it can occur either in the ground or in the excited state of
the semiconductor. We simulate the dissociation energy for
different charge states, ΔEdiss

n(H2O) (neutral, n = 0, and under
photocharging conditions, n = 1, 2), following eqs 7 and 8:

+ → +− − −nH O(ads) e OH(ads) H(ads) n
2

1
(7)

Δ = [ + ] − [ + ]− − −E E E n(H O) OH(ads) H(ads) H O(ads) en
dis 2

1
2

(8)

where [OH(ads)− + H(ads)1−n] is the total energy of a system
in which a H2O(ads) is replaced by a OH(ads)− with the
dissociated H being adsorbed on a second Sn-site (cf. Figure
4c), while E[H2O(ads) + ne−] is the total energy of the slab +
molecular H2O with n extra electrons.
Results collected for A′ and B′ models in Figure 4f indicate

that, for both materials, the dissociation of water is significantly
disfavored with ΔEdiss

0 (H2O) > 1.5 eV for all considered
models. At variance, products of reaction 7 are found to get
progressively stabilized under electron rich conditions. In
particular, when two electrons are captured, thus forming a
surface hydride species, dissociation energies are drastically

Figure 3. Isodensity representation of highest occupied molecular
orbitals for polaronic (a, b) and bipolaronic (c, d) structures. Each
system is accompanied by a detailed ball-and-stick representation
of the local lattice distortions leading to charge localization. SnIX2-
terminated A models are depicted in panels a and c, while AX-
terminated B models are portrayed in panels b and d. For each
model, both MASnI3 and DMASnBr3 surfaces are shown.

Figure 4. Representative structure of (a) of H2O adsorbed on the
THP surface. (b) H2O substituting a surface AX unit of a B′
surface, and (c) H2O dissociated on the THP surface. Exemplary
structures are reported for MASnI3. Calculated values of
ΔEads(H2O) (d), ΔEsub(H2O) (e), and ΔEdis(H2O) (f). Cf. main
text for the definition of the quantities.
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decreased, with lowest values calculated (i) for DMASnBr3,
again in virtue of its higher CB, and (ii) for AX-covered
surfaces, due to their larger surface contribution to the CB
electron density. Overall, the present results suggest that the
tendency toward electron-trapping-mediated water dissociation
correlates with the electron-trapping properties, which in turn
are modulated by the position of the CB. However, as
previously observed, this is true also for electron localization
on surface Sn−Sn dimers, thus hinting at a possible role of
polarons in the hydrogen reduction reaction.
To fully understand the reactivity of THPs toward

photocatalytic hydrogen reduction, we model the overall
reaction:

+ → +− −2H O 2e 2OH(ads) H (g)2 2 (9)

To this end, we construct possible pathways connecting
reactants to products for A′ and B′ models of MASnI3 and for
the A′ model of DMASnBr3, in order to account for both
differences in the reactivity of the two different materials, and
different AX coverages. Specifically, we study the reactants and
the products of reaction 9, and the systems corresponding to
the intermediate steps illustrated in Figure 5a−f.
Comparing the results for A′ models, we observe that

electron trapping and water dissociation are more feasible for
DMASnBr3, a result in line with the previous discussion, but
we also capture new interesting features: DMASnBr3 presents a
significant thermodynamic barrier (∼0.5 eV) for hydrogen
generation connected with electron transfer from the Sn trap
to adsorbed protons; cf. the energies of intermediates 4 and 5.
Therefore, while a higher CB allows for a more efficient
electron localization, this in turn can also hinder electron
transfer toward the adsorbed proton. On the other hand,
MASnI3 has a more suitable band gap with less energy required

for exciton generation. Moreover, the reaction steps toward H2

formation are essentially barrierless. However, electron local-
ization, which is central to the photocatalytic process, is
energetically viable only when considering a high MAI
coverage. In fact, for the fully unpassivated surface, charge
localization is significantly disadvantaged (cf. Figure 5g).
Overall, these results highlight that the interplay of the cation
and halide is definitely an important parameter, since it
modulates the stability and the photocatalytic efficiency of
THPs.
In conclusion, we carried out an extensive analysis of the

electron-trapping and photocatalytic activity of THPs, by
considering the archetypal MASnI3 and the recently synthe-
sized water-stable and photoreactive DMASnBr3. Our results
show that the occurrence of electron polarons at the surface of
THPs, whose binding energy is closely correlated with the
position of the conduction band edge, plays an apical role in
the photocatalytic hydrogen reduction reaction. In fact, it
represents the main driving force for the reaction but, at the
same time, a large stabilization of the trapped charge may be
detrimental for the charge transfer toward the adsorbed
proton, thus hindering the swift completion of the reaction. In
this context, since the photoreactivity of THPs stems from the
position of their electronic energy levels, the interplay between
A-site cation and halogen in tuning such a property can be
exploited toward the development of more stable and efficient
materials for photocatalytic hydrogen reduction.
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Figure 5. Hydrogen evolution reactivity for MASnI3 and DMASnBr3. Intermediates and products occurring in the simulated hydrogen
evolution reaction: (a) adsorption of two H2O molecules, (b) trapping of one electron at the Sn-site, (c) trapping of two electrons (d),
dissociation of H2O into OH− + H−, (e) hydrogen formation, (f) hydrogen evolution. The mechanism is illustrated for the A′ model of
MASnI3. (g−i) Reaction profiles for MASnI3 (A′ and B′ models) and DMASnI3 (A′ model). Energy values are referred to the ground state of
the respective system. Vertical arrows followed by one and two asterisks indicate single and double excitations of the material, respectively.
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