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A B S T R A C T

Oxychalcogenides containing transition metal or p block cations have potential for thermoelectric, photocatalytic and magnetic applications but the synthetic 
pathways to these quaternary phases are not fully understood. This presents a challenge to the design and preparation of new functional materials. Our combined 
experimental and computational study of La2O2MQ2 (M = +2 cation; Q = sulfide, selenide anion) systems explores the thermodynamic constraints on synthesis and 
highlights the subtle balance in stabilities of phases formed via competing reaction pathways.

1. Introduction

Designing functional materials to meet the demands of current in-
novations is challenging and often requires complex combinations of 
physical properties, such as the high electrical conductivity and low 
thermal conductivity for thermoelectrics [4], or specific symmetry and 
band gap requirements for new photovoltaics [5] and photocatalysts 
[6]. The opportunities offered by mixed-anion materials have motivated 
researchers to explore more diverse compositions and the additional 
degrees of freedom from multiple anions can tune the structure and 
symmetry, the band gap and therefore physical properties [7,8]. This 
makes for exciting opportunities in functional materials design, but also 
presents difficulties in preparing these materials; the synthetic routes to 
these, often metastable, phases, are not as well understood as for oxides 
and other homo-anionic materials. Oxychalcogenides, containing both 
oxide (O2− ) as well as larger sulfide, selenide or telluride (S2− , Se2− or 
Te2− ) anions are gaining increased attention for their thermoelectric [3,
9], non-linear optical [10,11] and photocatalytic properties [12–14]. 
Recent research has highlighted new synthesis routes [1,15,16] 
prompting us to explore the synthesis of some M2+ oxychalcogenides in 
this work. Our initial motivation was to explore oxysuflides containing 
ns2 lone pair cations (such as 5s2 Sn2+ and Sb3+ cations), given the 
promising electronic structure of several Sb3+ containing phases for 
possible photocatalytic applications [17–20]. This led us to consider the 
electronic structure of several Sn2+ oxysulfides for possible photo-
catalytic applications (see supporting information) and their synthesis, 
alongside analogues containing the 3d10 Zn2+ cation for comparison.

The difference in size and charge between the oxide and sulfide/ 
selenide/telluride anions favours anion-ordered structures for many 
oxychalcogenides which are often layered [3,21]. A frequently observed 

structural motif in this family is the fluorite-like [Ln2O2]2+ layer, 
composed of edge-linked OLn4 tetrahedra [22], as found in the ZrCuSiAs 
structure, adopted by thermoelectric BiCuOSe [23–25] (and related 
phases [26,27] including LaCuOS [28]) and the isostructural iron oxy-
arsenides known for their superconductivity, as illustrated in Fig. 1 [29,
30]. Oxychalocgenides of general formula Ln2O2MQ2 (Q = S, Se) con-
taining M2+ cations can adopt ZrCuSiAs-derived structures with 
half-occupied cation sites within the anti-fluorite-like M – Q layers. 
These cation sites may be occupied in a disordered fashion (as originally 
reported for CeOMn0.5Se) [31], or might order in a checkerboard 
arrangement (Fig. 1b) [32–34], into stripes (Fig. 1d) [35,36], or an in-
termediate structure containing both checkerboard and stripe fragments 
(Fig. 1c) [37], or more complex ordered arrangements [38–41].

These fluorite-like [Ln2O2]2+ layers are also observed in ternary 
oxychalcogenides including the metastable oA polymorph of La2O2S 
which is formed from the topochemical anion deintercalation reaction of 
La2O2S2 (Fig. 1e) [42]. La2O2S2 is interesting in that the [La2O2]2+

layers are separated by layers containing (S2)2- dimer anions [43,44] 
leading to the possibility of topochemical redox reactions involving 
either the intercalation of a metal cation, or the deintercalation of sulfur 
[2,45]. The structural chemistry of Ln2O2MQ2 (Q = S, Se) materials is 
rich with several different structure types (and polymorphism for several 
compositions) reported [46–48]; the possibility of targeting metastable 
phases and structures by topochemical intercalation reactions (that may 
not be accessed by high temperature reactions that favour thermody-
namic products) [49–51] makes these topochemical redox reactions 
particularly exciting.

To date, most topochemical intercalation reactions into oxy-
chalcogenides have focused on monovalent M+ cations [1,15,16] but 
Sasaki et al. have recently explored the topochemical reactions between 
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La2O2S2 and iron, cobalt and nickel [52]. XRD analysis of the bulk re-
action products indicated that the reactions proceeded to give sulfur 
deintercalation products, but characterisation at shorter length scales by 
electron microscopy gave some evidence of M2+ (M = Fe, Ni) interca-
lation [52]. The precursor for our intercalation reactions is La2O2S2 and 
Mvélé et al. have recently shown that by anion deintercalation, a 
metastable “oA” polymorph of La2O2S can be formed (Fig. 1), in contrast 
to the thermodynamically-stable “hP” polymorph. Both polymorphs 
adopt layered structures but differ in that oA-La2O2S is polar (with a 
pseudo-tetragonal crystal structure) whilst hP-La2O2S has a trigonal, 
centrosymmetric structure [42].

Our combined experimental and computational study reported here 
builds on the work of Sasaki et al. [52] and focuses on M2+ = Zn2+, Sn2+

phases. La2O2ZnSe2 has been prepared by high temperature solid state 
reaction and adopts the “intermediate” cation-ordered ZrCuSiAs-derived 
structure [37] (Fig. 1c) and we have considered synthetic routes to the 
oxysulfide analogue La2O2ZnS2, and a hypothetical phase La2O2SnS2 
predicted to have a band gap well-matched to the solar spectrum (see 
supporting information). However, our experimental work indicates 
that binary and ternary phases are favoured over these quaternary 

oxysulfides for all reaction routes studied, consistent with recent work 
by Sasaki et al. for topochemical reactions with M = Fe, Co, Ni [52]. 
Computational work using density functional theory is used to explore 
this and highlights the challenges in preparing quaternary oxy-
chalcogenides containing M2+ ions.

2. Methods

High temperature solid state reactions were carried out using stoi-
chiometric quantities of La2O3 (Alfa Aesar, ≥99.9 %, pre-dried at 
1000 ◦C for 12h before use), Zn (Alfa Aesar, − 325 mesh, ≥99.9 %), Sn 
(ThermoScientific, − 325 mesh, ≥99.8 %), S (Alfa Aesar, − 325 mesh, 
≥99.5 %), and Al powder (Alfa Aesar, − 325 mesh, ≥99.5 %) acting as an 
oxygen-getter where appropriate. Metal powders were stored and 
manipulated inside a nitrogen-filled glovebox. Reagents were intimately 
ground by hand in an agate pestle and mortar. Sample mixtures were 
then placed in a small alumina crucible which was placed inside a quartz 
ampoule, evacuated and sealed. The sealed quartz ampoule was then 
heated at 2 ◦C min− 1 to 400 ◦C, kept at this temperature for 12 h, then 
heated at 0.5 ◦C min− 1 to 600 ◦C, kept at this temperature for 1 h, then 

Fig. 1. (a) ZrCuSiAs structure as adopted by LaOCuS showing La, O, Cu and S ions in green, red, blue and yellow, and OLa4 and CuS4 tetrahedra in red and blue, 
respectively; panels (b)–(d) show ZrCuSiAs-derived cation-ordered structures including (b) checkerboard ordering as adopted by La2O2CdSe2 [28] with La, O, Cd and 
Se ions in green, red, blue and yellow, and OLa4 and CdSe4 tetrahedra in red and blue, respectively; (c) shows intermediate ordered structure as adopted by 
La2O2ZnSe2 [33] with La, O, Zn and Se ions in green, red, blue and yellow, and OLa4 and ZnSe4 tetrahedra in red and blue, respectively; (d) shows stripe ordered 
structure as adopted for one polymorph of Ce2O2FeSe2 [31] with Ce, O, Fe and Se ions in green, red, blue and yellow, and OCe4 and FeSe4 tetrahedra in red and blue, 
respectively; (e) shows the metastable oA polymorph of La2O2S which can be formed by topochemical reaction from La2O2S2 [38].
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heated at 1 ◦C min− 1 to the final reaction temperature and kept at this 
reaction temperature for 24 h. The final reaction temperatures 
(600–1100 ◦C for high temperature reactions, and 200 - 420 ◦C for 
topochemical reactions) are indicated on figures showing XRPD data 
(Figs. 2, 3 and 5).

Low temperature topotactic reactions using La2O2S2 precursor were 
also carried out with Zn and Sn powders. La2O2S2 was prepared (yellow 
powder, purity ≥85 % by mass, some hP-La2O2S impurity present) by 
reacting La2S3 (Strem Chemicals, 99.9%-La) with La2O3 (Alfa Aesar, 
≥99.9 %, pre-dried at 1000 ◦C for 12h before use) and S (Alfa Aesar, 
− 325 mesh, ≥99.5 %) at 700 ◦C for 48h twice with an intermediate 
grinding step, as reported previously [45]. The La2O2S2 precursor was 
then reacted with stoichiometric amounts of Zn or Sn powders in 
evacuated, sealed quartz tubes, as described above, at reaction tem-
peratures between 200 and 420 ◦C. Ball milling reactions were carried 
out using a Fritsch Pulverisette 6 Classic line planetary ball mill. 1.2 g of 
powder was placed in an 80 ml zirconia milling bowl with 25 zirconia 
milling balls (10 mm diameter) (19:1 ratio of milling media mass to 
sample mass) and milled in an N2(g) atmosphere at 500 rpm.

Synthesis reactions were monitored using X-ray powder diffraction 
(XRPD) using a Rigaku Miniflex 600 with Cu Kα radiation (with Ni filter) 
operating in reflection mode. XRPD data were analysed using TopasA-
cademic software [53,54] for Rietveld refinements [55].

Diffuse-reflectance spectra were obtained using an OceanOptics DH- 
2000 deuterium light source and a Maya2000 Pro spectrometer equip-
ped with a 50 mm diameter integrating sphere and OceanOptics’ 
SpectraSuite software. NaCl was used as a reference. The diffuse 
reflectance R was measured from 200 to 1100 nm (1.13–6.20 eV) and 
then averaged over four measurements.

Selected area electron diffraction (SAED) and high resolution elec-
tron microscopy (HREM) data were collected using a Jeol 2100F 
transmission electron microscope operating at 200 keV. The sample was 
deposited onto a holey carbon grid. This was mounted in a double-tilt 
sample holder and zone-axis diffraction patterns were acquired using 
a Gatan Rio CMOS camera. Energy dispersive X-ray (EDX) data were 
collected with an Oxford Instruments X-Max 65T silicon drift detector.

Electronic structure calculations were carried out with ab initio 
density functional theory (DFT) using the plane-wave pseudopotential 
method implemented in the CASTEP code [56]. Calculations were car-
ried out using the Perdew-Burke-Ernzerhof (PBE) exchange correlation 
functional [57] with a plane-wave cut-off energy of 1150 eV. The k-point 
spacing was decided by a Monkhorst-Pack grid [58] to give convergence 
of the total energy to a tolerance of ≤3 meV atom− 1. Geometry opti-
misations were converged to tolerances of: total energy (2 x 10− 5 

eV/atom), maximum ionic force (5 x 10− 2 eV/Å), maximum ionic 

displacement (1 x 10− 3 Å), and maximum stress component (0.1 GPa). 
For molecular species (O2), one formula unit was placed in a sufficiently 
large cubic unit cell (a = 15 Å) to model a vacuum and 
experimentally-determined bond lengths were used in these initial mo-
lecular structures, used to calculate formation enthalpies of the oxide 
species. The reaction enthalpies ΔHr were calculated from the formation 
enthalpies ΔHf for reactants and products: 

ΔHr =
∑

ΔHf (product) −
∑

ΔHf (reactant)

with formation enthalpies calculated from the relaxed total energies 
of each component and its constituent elements: 

ΔHf =Etotal(component) −
∑

Etotal(constituent elements).

The PBE exchange correlation functional is expected to slightly un-
derestimate the formation energies calculated for these materials [59,
60], and also to underestimate their band gaps [61]. The numerical error 
in the calculations is better than 3 meV per atom.

3. Results and discussion

A key observation from our combined experimental and computa-
tional study is the difficulty in preparing bulk La2O2MQ2 phases (M2+, Q 
= S, Se), consistent with the recent work of Sasaki et al. for M2+ = Ni2+, 
Co2+, Fe2+ [52]. We summarise below the results from our attempted 
synthesis using both high temperature solid state reactions as well as 
lower temperature topochemical reactions, and we discuss the insights 
from our computational work to explain the reaction outcomes.

3.1. High temperature solid state reactions of Zn2+ phases

Following the high temperature synthesis reported for La2O2ZnSe2 
[37], we attempted to prepare the quaternary oxysulfide La2O2ZnS2 by a 
similar route. Our initial attempts involved direct reaction of La2O2S 
with ZnS with the hope of forming the quaternary phase La2O2ZnS2. 
Reactions were carried out at 700 ◦C and at 1000 ◦C but no reaction 
between these reagents was observed by XRPD, instead the resulting 
samples contained only unreacted La2O2S and ZnS (see supporting in-
formation). Estimates of the reaction enthalpy (+0.485 eV, based on the 
formation energies of La2O2S, ZnS and La2O2ZnS2) were consistent with 
this observation suggesting the reagents are more stable (at least at 0 K) 
than the quaternary phase.

Different reagents were then chosen, and from stoichiometric 
quantities of these reagents, two reaction paths can be considered 
(Scheme 1):

1a forming ternary and binary La2O2Q and ZnQ phases;
1b forming the quaternary oxychalcogenide La2O2ZnQ2.
For a wide range of reaction temperatures (700–1100 ◦C), the 

Fig. 2. XRPD patterns for high temperature reactions between La2O3, Zn, S and 
Al (as an oxygen-getter) following reaction Scheme 1. Reactions were carried 
out in evacuated and sealed quartz ampoules with reaction times of 24 h. Blue 
and purple vertical lines indicate main peak positions for ZnS (dark grey 
powder) and hP-La2O2S (white powder), respectively.

Fig. 3. XRPD patterns for high temperature reactions between La2O3, Sn, S and 
Al (as an oxygen-getter) following reaction Scheme 2. Reactions were carried 
out in evacuated and sealed quartz ampoules with reaction times of 24 h. Blue 
and purple vertical lines indicate main peak positions for La2O2SnS3 and hP- 
La2O2S, respectively.
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oxysulfide system was observed to follow route 1a forming only binary 
and ternary phases, with no traces of the quaternary La2O2ZnS2 phase 
observed (Fig. 2).

This result contrasts with the La – O – Zn – Se system for which the 
quaternary phase La2O2ZnSe2 was prepared at 1100 ◦C. DFT calcula-
tions were carried out to gain an insight into the different reactivities of 
these systems. Possible reaction paths and products were identified 
based on our experimental observations using XRPD analysis, and on 
literature reports of similar synthetic work.

Before calculating the reaction enthalpies for reaction routes 1a and 
1b, geometry optimisations of the La2O2ZnQ2 structures were carried 
out. For both Q = S and Se, the “intermediate” structure of Cmce sym-
metry was found to be the most stable of these cation-ordered structures 
(see SI, and consistent with experimental work on La2O2ZnSe2

37) and this 
structure was used in subsequent calculations.

Table 1 shows the calculated reaction enthalpies for both zinc oxy-
chalcogenide systems for reaction routes 1a and 1b. Both routes are 
enthalpically favourable for both Q = S and Se, but route 1a (to give 
binary and ternary phases, and not the desired quaternary phase) is 
favoured over route 1b for both systems. However, there’s very little 
enthalpic difference between these reaction routes for the oxyselenide 
system and so presumably other factors (including entropy consider-
ations) favour the quaternary phase at the high reaction temperatures 
used in synthesis.

To understand the relative stabilities of the different reaction prod-
ucts, formation energies ΔHf were calculated for the different compo-
nents (Table 2). It’s clear that the formation of Al2O3 for both reaction 
routes plays a role in driving both forward reactions. Although the for-
mation energies for components in both systems are comparable, and 
particularly for the quaternary phases La2O2ZnQ2, the slightly greater 
stability of the ternary La2O2S and binary ZnS tip the balance for the 
oxysulfide system, favouring reaction route 1a. The greater stability of 
these simpler systems for Q = S perhaps reflects the stronger bonding for 
the harder S2− anion: the moderate charge density of the La3+ cation 
probably allows for stronger bonding in the ternary oxysulfide La2O2S 
than in the more covalent La2O2Se, and similarly for Zn2+ in ZnS 
compared with ZnSe (Mulliken charges calculated for Zn and Q in ZnQ 
were ±0.5 for Q = S compared with ±0.1 for Q = Se, reflecting the more 
ionic bonding for the sulfide compared with the selenide) (see Table 2).

3.2. High temperature solid state reactions of Sn phases

Experimental work was also carried out on the analogous tin system 
with the initial aim of preparing a quaternary Sn2+ phase La2O2SnS2. 
The proposed Sn2+ oxysulfide was of interest because of the potential for 
the Sn2+ 5s2 lone pair to contribute to the top of the valence band, tuning 
the band gap towards the solar region as reported for other tin chalco-
genides [62,63]. Indeed projected density of states from our electronic 
structure calculations for the more stable proposed La2O2SnS2 structures 

indicate hybridised Sn 5s and S 3p states contributing to the top of the 
valence band to give estimated band gaps ~0.7–1.3 eV (see SI).

Similar to the Zn systems described above, reaction paths giving Sn2+

products can be proposed for the Sn systems, as well as a reaction to give 
a quaternary Sn4+ phase La2O2SnS3 (Scheme 2).

As for the proposed zinc oxysulfide La2O2ZnS2, no traces of the 
proposed Sn2+ phase La2O2SnS2 were observed over a range of reaction 
temperatures and instead the quaternary Sn4+ phase La2O2SnS3 was 
formed via reaction route 2c, alongside binary and ternary phases 
formed via route 2a (Fig. 3). We note that the coefficients for 2c are 
underdetermined (five constants on the left, seven on right) therefore an 
additional constraint is needed which is taken from the weight per-
centages obtained from experiment. The competing phases in reaction 
2c were identified from analysis of the XRPD data collected on samples 
from the 800 ◦C synthesis attempt.

Again, DFT calculations were carried out to explore the relative 
stabilities of the different reaction products (see Table 3 and 4). Ge-
ometry optimisation calculations for the proposed Sn2+ phases 
La2O2SnQ2 indicated that the intermediate structure was the lowest 
energy model for Q = S, and within error, this model was lowest in 
energy (comparable with the checkerboard model) for Q = Se, and so the 
intermediate structure was used in subsequent calculations.

Analysis of XRPD data suggested the reaction formed phases in 
similar ratios to those suggested in reaction Scheme 2c, although the 
amount of pyrochlore La2Sn2O7 decreased with further heating, sug-
gesting that the ratios shown may not reflect the final reaction equi-
librium. Nonetheless, there was no experimental evidence for the 
formation of the quaternary Sn2+ phase La2O2SnS2. The lower stabilities 
of the quaternary Sn2+ phases La2O2SnQ2 may reflect the larger size of 
the Sn2+ cations but also its preference for lower symmetry coordination 
environments due to the stereochemical activity of its lone pair: SnS 
(black powder) adopts a structure with Sn2+ cations in distorted trigonal 
based pyramidal sites/distorted tetrahedral sites with one apex vacant 
[64,65]. By contrast, Sn4+ ions are more comparable in size to other 
cations accommodated by ZrCuSiAs-related structures (ionic radii of 
four-coordinate ions are 0.55 Å and 0.60 Å for Sn4+ and Cu + ions, 
respectively) [66], and with their 5s0 electron configuration, they have 
no electronic driving force for lower symmetry coordination environ-
ments. The Sn4+ cation can be accommodated within a sulfide layer 
between [La2O2]2+ blocks with a slight change to stoichiometry for 
charge balance to give La2O2SnS3 with chains of corner-linked SnS4 
tetrahedra [67].

3.3. Computational study of high temperature reactions to form 
La2O2Cu2Q2 (Q = S, Se) and comparison with M2+ systems

Quaternary LaOCuS and LaOCuSe phases (with Cu+ cations fully 
occupying the tetrahedral sites within the chalcogenide layers) have 

Scheme 1.

Table 1 
Reaction enthalpies ΔHr (eV) for reaction routes shown in Scheme 1 (un-
certainties ~3 meV per atom).

ΔHr (eV) Q = S Q = Se

Reaction 1a: La2O2Q + ZnQ + 1/3 Al2O3 − 5.673 − 5.085
Reaction 1b: La2O2ZnQ2 +

1/3 Al2O3 − 5.189 − 4.924
Difference 0.484 0.161

Table 2 
Formation enthalpies ΔHf (eV per formula unit) for products shown in Scheme 1
(uncertainties ~3 meV per atom).

ΔHf (eV per formula unit) La2O2Q ZnQ La2O2ZnQ2 Al2O3

Q = S − 16.076 − 1.682 − 17.273 − 16.715
Q = Se − 15.736 − 1.434 − 17.008 − 16.715

Scheme 2.
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been prepared successfully via several high temperature reactions [68,
69] (Scheme 3). DFT calculations for the monovalent Cu + systems give 
some insights into the difficulties in preparing analogous M2+ (M = Zn, 
Sn) systems by high temperature reactions as discussed above. For ease 
of comparison with the M2+ cation-ordered systems described above, the 
doubled formula La2O2Cu2Q2 will be used (see Table 6).

Calculated reaction enthalpies (Table 5) indicate that all reaction 
paths in Schemes 3 and 4 are enthalpically favourable. As expected, 
reactions to give Al2O3 as a product (routes 4a and 4b) are more 
favourable. These results suggest that although the quaternary phase 
La2O2Cu2Q2 might be favoured for Q = Se, the two routes are compa-
rable for Q = S. Experimentally the quaternary phase La2O2Cu2Q2 can be 
prepared for both Q = S, Se by high temperature reaction routes, sug-
gesting that choice of synthesis temperature might tune other factors not 
included in our model (including entropy terms) to allow the synthesis 
of pure La2O2Cu2S2.

Formation enthalpies for reactions 4a and 4b were calculated 
(Table 6) for comparison with analogous reactions in Schemes 1 and 2.

As for the Zn systems (Table 2), the greater stability of the Q = S 
phases compared with Q = Se phases is seen. Comparing the divalent 
Zn2+ system with the monovalent Cu + system discussed here indicates 
comparatively weaker bonding for Cu2Q phases compared with ZnQ. 
The stronger bonding in MQ phases (such as ZnS) with M2+ ions prob-
ably contributes to the greater difficulty in synthesising quaternary 
ZrCuSiAs phases with divalent M2+ ions compared with the binary and 
ternary products, in contrast to the monovalent M+ systems.

3.4. Topochemical reactions to form La2O2MxQ2 (M = Zn2+, Sn2+ for x 
= 1; M = Cu + for x = 2)

Our experimental and computation work above illustrate the chal-
lenges in preparing quaternary ZrCuSiAs phases with M2+ ions by high 
temperature reactions, with binary and ternary products often favoured 
over quaternary phases on enthalpic grounds. Low temperature top-
ochemical reactions can allow access to metastable phases, avoiding 
preparation of thermodynamically favoured products [49]. Sasaki et al. 
have shown the potential of La2O2S2 (containing S2

2− dimer anions) to 
undergo low temperature topochemical reactions [2], including inter-
calation of Cu + ions to form La2O2Cu2S2 [1]. These redox reactions 
involve oxidation of a metal reactant (e.g. Rb, Ag, Ni, Cu) to drive the 
reduction of S2

2− anions to sulfide S2− anions: S2
2− + 2e− → 2 S2− . The 

challenge is that these topochemical reactions can proceed either by S 
deintercalation (for example to form metastable oA-La2O2S1.5 or 
oA-La2O2S) [2], or via metal intercalation (e.g. to form La2O2Cu2S2, 
isostructural with that prepared by high temperature reactions) as 
illustrated in Fig. 4 [1].

We carried out topochemical reactions of La2O2S2 with Zn and with 
Sn between 200 and 420 ◦C and found that for these M2+ ions, dein-
tercalation reactions are favoured, forming binary and ternary products 

and not the quaternary phases (Fig. 5), consistent with results from re-
actions with Rb, Ag and Ni (see summary in Fig. 4) [2]. In our reactions 
with Sn, the metastable oA polymorph of La2O2S is formed for reactions 
between 360 and 380 ◦C, whilst the thermodynamically stable hP 
polymorph is observed at higher temperatures. These low temperature 
topochemical reactions should be under kinetic control but our reactions 
with La2O2S2 don’t proceed below ~360–400 ◦C, significantly higher in 
temperature than solid state topochemical reactions with Cu [1]. This 
indicates a higher activation barrier for these topochemical reactions – 
perhaps reflecting a particle size issue with our reactants, or a higher 
activation barrier to intercalation of the more highly charged divalent 

Table 3 
Reaction enthalpies ΔHr (eV) for reaction routes shown in Scheme 2 (un-
certainties ~3 meV per atom).

ΔHr (eV) Q = S Q = Se

Reaction 2a: La2O2Q + SnQ + 1/3 Al2O3 − 4.989 − 4.579
Reaction 2b: La2O2SnQ2 +

1/3 Al2O3 − 4.107 − 3.998
Reaction 2c: 0.35 La2O2SnQ3 + 0.09 La2Sn2O7 + 0.56 La2O2Q 
+ 0.39 SnQ + 0.08 Sn + 0.30 Al + 0.18 Al2O3

− 3.631 − 3.195

Table 4 
Formation enthalpies ΔHf (eV per formula unit) for reagents and products shown in Scheme 2 (uncertainties ~3 meV per atom).

ΔHf (eV per formula unit) La2O2Q SnQ La2O2SnQ2 La2O2SnQ3 La2Sn2O7 Al2O3

Q = S − 16.076 − 0.998 − 16.192 − 17.370 − 31.190 − 16.715
Q = Se − 15.736 − 0.928 − 16.082 − 16.745 − 31.190 − 16.715

Scheme 3.

Table 5 
Reaction enthalpies ΔHr (eV) for reaction routes shown in Schemes 3 and 4
(uncertainties ~3 meV per atom).

ΔHr (eV) Q = S Q = Se

Reaction 3a: La2O2Q + Cu2Q − 0.806 − 0.757
Reaction 3b: La2O2Cu2Q2 − 0.781 − 1.229
Reaction 3c: La2O2Q + Cu2Q − 1.272 − 0.739
Reaction 3d: La2O2Cu2Q2 − 1.247 − 1.211
Reaction 4a: La2O2Q + Cu2Q + 1/3 Al2O3 − 4.458 − 3.634
Reaction 4b: La2O2Cu2Q2 +

1/3 Al2O3 − 4.433 − 4.106

Scheme 4.

Table 6 
Formation enthalpies ΔHf (eV per formula unit) for products shown in Scheme 4
(uncertainties ~3 meV per atom).

ΔHf (eV) La2O2Q Cu2Q La2O2Cu2Q2 Al2O3

Q = S − 16.076 − 0.466 − 16.517 − 16.715
Q = Se − 15.736 0.018 − 16.190 − 16.715

Fig. 4. Schematic summarising outcomes of topochemical reactions with Cu 
[1], Rb, Ag or Ni [2,3], or with Zn or Sn described here.
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cations.
Whilst preparing this manuscript we became aware of the recently 

reported topochemical reactions between La2O2S2 and Fe, Co or Ni [52]. 
Although electron microscopy work suggested some inclusions or in-
tergrowths of M – S phases (M = Fe, Ni), XRPD analysis indicated that, at 
least in terms of the bulk products, these reactions favour sulfur dein-
tercalation. This is consistent with our observations of reactions with Zn 
and Sn.

Selected area electron diffraction and HREM imaging were also 
carried out on a sample from the topochemical reaction between 
La2O2S2 and Zn at 420 ◦C to look for any evidence of Zn intercalation 
over short length scales as reported by Sasaki et al. for M = Fe, Ni [52]. 
EDX data taken at various parts of our sample indicated regions of 
La-O-S phases as well as ZnS regions. Electron diffraction data collected 
at various points were consistent with the hP-La2O2S (P3m1 symmetry) 
phase, and in places with La2O2SO4. HREM images showed evidence of 
small crystallites with spacings consistent with binary or ternary phases 
such as La2O2SO4 (see supporting information). These microscopy re-
sults suggest that even at short length scales there is no evidence for 
successful intercalation reactions with Zn2+ ions, consistent with the 
bulk characterisation using XRPD.

It has already been reported that topochemical reactions can be 
limited by particle size [70] and its possible that the higher activation 
barrier to ionic mobility of the more highly charged M2+ ions is a 

limiting factor in preparing bulk La2O2MS2 (M2+) phases by top-
ochemical routes. This should be partly mitigated by the solvothermal 
reaction method followed by Sasaki et al. for Ni reaction [52], but it 
would be interesting to see whether ball milling of the topochemical 
reaction mixtures prior to heating to reaction temperatures might give 
further M2+ intercalation. Our own ball milling reaction of La2O2S2 
precursor (prepared by high temperature reactions) and Zn suggested 
the formation of La2O2S, consistent with the high temperature top-
ochemical reactions described above (see SI).

4. Conclusions

Our combined experimental and computational study of La2O2MQ2 
phases with divalent M2+ cations illustrates the challenges in synthe-
sising this family of oxychalcogenides. Not only are the size and coor-
dination preference of the M cations critical factors, but also the subtle 
balance in stabilities of binary and ternary phases formed via competing 
reactions. It is surprising that the quaternary oxyselenide La2O2ZnSe2 
can be prepared relatively easily [37], yet we were unable to prepare the 
analogous oxysulfide La2O2ZnS2 in this work, presumably due the subtle 
difference in stabilities of the La2O2Q and ZnQ phases versus the qua-
ternary La2O2ZnQ2 phases (Q = S, Se). Attempts to overcome some of 
these thermodynamic constraints to prepare metastable phases by top-
ochemical routes were also unsuccessful; the mobility of M2+ ions 
(compared with lower charge density M+ ions) may be a limiting factor, 
and it would be interesting to explore the role of particle size in these 
reactions.
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Fig. 5. XRPD patterns for low temperature topochemical reactions between 
La2O2S2 and (a) Zn or (b) Sn. Reactions were carried out in evacuated and 
sealed quartz ampoules with reaction times of 18 h. Cyan and purple vertical 
lines indicate main peak positions of La2O2S2 and hP-La2O2S phases, 
respectively.
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