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a b s t r a c t

Superlattices in crystals, particularly in perovskite oxides with strong correlation effects, can create new

states of matter and produce peculiar physicochemical phenomena. However, the newfangled perovskite

superlattices depend on physical deposition with unit-cell precision. It has been challenging to explore

a new suitable chemical method to tailor perovskite superlattices. Herein, we present a new bottom-

up strategy to precisely prepare atomic-scale oxide superlattices of (LaMnO3)1-(La1-x-yCaxKyMnO3)2 in a

monodispersed perovskite La0.66Ca0.29K0.05MnO3 (LCKMO). The special atomic-scale perovskite superlat-

tices are demonstrated using SAED, HAADF-STEM, XRD, and atomic-resolution elemental mapping. Our

experiments reveal that the perovskite superlattices can be fabricated under extreme hydrothermal con-

ditions utilizing ultra-high concentrations of KOH. An approximate molten salt system in the hydrother-

mal process can induce the disproportionation reaction of MnO2 solids, which is vital to the growth of

ordered perovskite superlattices. This work not only clarifies the hydrothermal growth process of per-

ovskite oxides in extreme conditions, but also proposes a novel engineering route toward perovskite su-

perlattices.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The design and synthesis of new-type superlattices in solid ma-

terials are at the frontier of research [1–4]. Such ordered superlat-

tice structure provides an important research environment, where

the coupling effect between charge, spin, orbital, and lattice de-

grees of freedom may extend to new states of matter [5,6]. Es-

pecially in perovskite oxides with strongly correlated electron sys-

tems, artificial superlattices are capable of exhibiting a wide range

of physical and chemical properties, such as ferroelectricity, su-

perconductivity, magnetoresistance, mixed ion/electron conductors,

and catalysis [1,7-10]. Therefore, manipulating artificial superlat-

tices is essential to discovering new experimental phenomena.

In the production of perovskite superlattices, physical deposi-

tion is the most common and significant procedure currently avail-

able [1,10,11]. A significant part of the technology depends on

advanced thin-film growth equipment such as pulsed laser de-

position (PLD) and molecular beam epitaxy (MBE). In these in-

struments, the perovskite superlattices can be synthesized by epi-

taxial growth: unit-cell precise and layer-by-layer [6,12]. These

ordered perovskite superlattices, such as (SrTiO3)m-(CaTiO3)n,
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(SrTiO3)m-(BaTiO3)n, (SrTiO3)m-(PbTiO3)n, (SrMnO3)m-(LaMnO3)n,

and (LaMnO3)m-(SrTiO3)n, displayed much important condensed

matter phenomena [1,2,5,9,11,13]. Moreover, other superlattices

also show the special coupling effects of electrons and phonons,

for example, two-dimensional electron gas of SrTiO3/LaAlO3 [14],

and interfacial charge transfer of LaMnO3/SrMnO3 [15,16], which

opens up an important opportunity for studies on the coupled

effect of electrons and phonons. In previous reports, Woodward

et al. prepared chessboard superlattices and stripes superlattices

in double perovskite NaLaMgWO6 and KLaMnWO6 by chemical

method [17,18]. After annealing at high temperature with H2 at-

mosphere, these metal cations with different ion radii can migrate

within the perovskite lattice, as a result of which the perovskite

structure can be reconstructed into La-rich and La-poor perovskite

unit, leading to the formation of perovskite superlattices. However,

in other double perovskite oxides for Pr0.5Ba0.5MnO3, Sr2MoFeO6,

Sr2CoWO6, etc., this regulation method commonly obtains ordered

layer-structure perovskite oxides rather than superlattices [10,19-

21]. Therefore, it is a great challenge to develop suitable chemical

methods to design and tailor unusual perovskite superlattices.

In our previous work, we prepared the 2D ε-MnO2 nanosheets

with ordered Mn vacancy via a top-down method, where the Jahn-
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Fig. 1. Synthesis routes, growth kinetic curve and SEM images of perovskite LCMO

and LCKMO. Error bar represents systematic and experimental errors.

Teller disproportionation of Mn3+ ions in perovskite La0.5Sr0.5MnO3

is the vital step to achieve the delamination of bulk materials

and the special superstructure [22]. Under acidic conditions, A-

site cations can be dissolved completely, while the Jahn-Teller

Mn3+ ions generate Mn2+ ion in acid solution and Mn4+ ions

in MnO2. After undergoing structural reconstruction, a vacancy

ordered MnO2 is formed. Moreover, several studies show that

the charge disproportionation in perovskites can create ordered

checkerboard structure [23]. The charge order phenomenon in per-

ovskite manganate produces the special magnetoresistance prop-

erty [24,25]. These studies provide the positive evidence to engi-

neer the superstructure and superlattice through this dispropor-

tionation reaction.

Motivated by the above discussions, here we present

a new bottom-up method to synthesize a monodispersed

perovskite La0.66Ca0.29K0.05MnO3 (LCKMO) with (LaMnO3)1-

(La1-x-yCaxKyMnO3)2 superlattices by engineering a disproportion-

ation reaction. As opposed to the disproportionation process of

Mn3+ from perovskite oxide to ordered MnO2 solids in strong

acid, the disproportionation process of Mn4+O2 under strongly

alkaline conditions is employed in the manufacturing of perovskite

superlattices. Our experiments show that an approximate molten

salt system under extreme hydrothermal conditions induces the

disproportionation reaction of Mn4+O2 solids and facilitates the

doping of three types of A-site cations (e.g., La3+, Ca2+ and K+) in

perovskite superlattice. It is well-known that Mn element exists

various valence states from Mn0 to Mn7+ and high-valence Mn

ion is easy to be stabilized in strong alkaline condition. A strong

alkaline condition is also beneficial to the dehydroxylation reaction

of hydroxide in the hydrothermal process. Furthermore, K+ ion

can be easily doped into the lattice of perovskite La0.7Ca0.3MnO3

[26]. Therefore, the disproportionation reaction of MnO2 solids

are used to prepare perovskite superstructure. As shown in Fig.

1, MnO2 solid, La(NO3)3, Ca(NO3)2 and 65g KOH as reagents

are used to synthesize perovskite oxide with superlattices. After

undergoing the hydrothermal dissolution stage for 24h, these ions

are transported into the growth region to begin hydrothermal

crystallization for 48–72h (Fig. 1). During the first 24-h hydrother-

mal process, no product is obtained. After 24h, the target material

starts to increase and crystallize. After 40-h hydrothermal reac-

tion, the quality of the product keeps unchanged. After a 72-h

hydrothermal reaction, this perovskite LCKMO with superlattices

is successfully prepared. To study the effect of KOH on superlat-

tices, perovskite La0.8Ca0.2MnO3 (LCMO) as a reference sample is

synthesized via a similar method using 25–35g KOH at 260 °C for

48–72h. Different from the single cube morphology of prepared

LCKMO, the polycrystalline perovskite LCMO is assembled by

many staircases’ defective cubes (Fig. 1). When the mass of KOH is

greater than 65g, whether the Mn sources are KMnO4 and MnCl2
or a MnO2, the K+ ion can be doped into the lattice. However,

when the mass of KOH is less than 40g, K+ ion cannot be doped

into perovskite lattice and MnO2 solid is not used as raw materials

to prepare perovskite oxides under other same reaction conditions

(Figs. S1 and S2 in Supporting information). Therefore, the mass

of KOH and Mn source are of vital importance to the synthesis of

perovskite materials, the doping of K+ ions, and the regulation of

superlattices.

To define the composition of LCMO and LCKMO, inductive cou-

pled plasma emission spectrometer (ICP), SEM-EDS, and XPS are

applied. The measured results in Figs. S3 and S4 and Table S1

(Supporting information) show that La, Ca and K elements are

doped into the lattice of perovskite LCKMO, whereas K element

is not doped in perovskite LCMO. Furthermore, X-ray diffraction

(XRD) patterns, high-angle annular dark-field scanning transmit-

ted electron images (HAADF-STEM), and selected area electron

diffraction (SAED) patterns are employed to analyze the super-

structure. Fig. 2a shows that the XRD patterns of perovskite LCKMO

with (LaMnO3)1-(La1-x-yCaxKyMnO3)2 superlattices exist many split

peaks and diffraction peaks of the superstructure at 5°−20°. Be-
cause LaMnO3 and La1-x-yCaxKyMnO3 can be considered as spe-

cial lattice-matching epitaxial growth, the XRD patterns of per-

ovskite LCKMO display three diffraction peaks in (001) facet, which

is similar to epitaxial perovskite thin films [11]. These superstruc-

ture diffraction peaks from low angle to high angle can corre-

spond to (00 1
3 ), (0 1

3
1
3 ), (00 1

2 ), ( 13
1
3
1
3 ), (0 1

2
1
2 ) and ( 12

1
2
1
2 ), respec-

tively (Fig. 2b). Other diffraction peaks in perovskite LCKMO are

index into (001), (011), (111), (002), (012), (112), (022), (013),

(003), (113) and (121) of space group Pm3m, respectively [27].

As shown in Fig. 2c, SAED patterns show consistent results with

XRD in superstructure of (001), ( 13
1
3
1
3 ), ( 12

1
2
1
2 ) (111) and (112).

The double superstructure stems from the A-site ordered structure

in La1-x-yCaxKyMnO3. Meanwhile, HAADF-STEM images along the

[100] zone axis in Figs. 2d-f confirm the superstructure of (001),

(0 1
2
1
2 ) and (00 1

3 ) in perovskite LCKMO. These results clarify the ex-

istence of (LaMnO3)1-(La1-x-yCaxKyMnO3)2 superlattices, which are

similar with (SrTiO3)2-(CaTiO3)2 and (SrMnO3)2-(LaMnO3)1 super-

lattices prepared by MBE technology [9,11]. However, perovskite

LCMO prepared by traditional method does not show similar su-

perstructure (Fig. S5 in Supporting information).

Atomic-resolution HAADF-STEM image of perovskite LCKMO in

Fig. 3a displays the (LaMnO3)1-(La1-x-yCaxKyMnO3)2 superlattices

and enlarged atomic arrangement image in Fig. 3b shows that

there are two rows of green La atoms and one row of ordered

green La atom and blue K/Ca atom, indicating the existence of

(LaMnO3)1-(La1-x-yCaxKyMnO3)2 superlattice. Fig. S6 (Supporting

information) also confirms the lattice strains in LCKMO due to the

special superlattice, which improves the activity of lattice oxygen

(Figs. S7 and S8 in Supporting information) [28,29]. Atomic-scale

STEM-EDS elemental mapping in Fig. 3c confirms the above infer-

ence about (LaMnO3)1-(La1-x-yCaxKyMnO3)2 superlattice. Whereas

STEM-EDS elemental mapping of LCMO in Fig. S9 (Supporting in-

formation) shows the disordered atomic arrangement in the struc-

ture, where La and Ca atoms randomly occupy A site. Because the

amount of K ion in LCKMO is very low, it is very difficult to detect

K ion at the position in atomic resolution. But ICP, XPS and EDS

can demonstrate the existence of K ion, therefore, we further do

the corresponding DFT calculations according to the superstructure

[30]. Fig. S10 (Supporting information) shows the structural model

of perovskite superlattice along the [100] zone axis. To analyze the

position of K+ ion in perovskite superlattices and simplify this cal-

culation, we only calculate the energy profile in different substitute

positions of perovskite superlattices (Fig. S10). Energies and forma-

tion energies of the three superstructures (Fig. S10d) show that the
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Fig. 2. Crystal structure and atomic scale superlattices of perovskite LCKMO. (a) X-ray diffraction (XRD) patterns of perovskite La0.66Ca0.29K0.05MnO3. (b) Enlarge image for

XRD at the 2θ degree of 5°−22°. (c) SAED patterns along [11̄0] zone axis and (d) atomic-resolution HAADF-STEM images along [100] zone axis for perovskite LCKMO with

(LaMnO3)1-(La1-x-yCaxKyMnO3)2 superlattice. Intensity profile across the LCKMO measured from (e) crystal facet (001) and (f) crystal facet (011) in (d). The distance between

two intensities matches with the separation between crystal facets. A and D represent La atom in LaMnO3, B and E represent La atom in La1-x-yCaxKyMnO3, C and F represent

La/Ca/K atom La1-x-yCaxKyMnO3.

Fig. 3. Atomic-scale elemental mapping and atomic arrangement of per-

ovskite LCKMO. (a) Atomic-resolution HAADF-STEM image of (LaMnO3)1-

(La1-x-yCaxKyMnO3)2 superlattices along [100] zone axis. (b) Enlarged atomic

arrangement image in red area of (a), where green sphere represents La atom, blue

sphere represents Ca/K atom, and pink sphere represents Mn atom. (c) Atomic

resolution STEM-EDS chemical mapping of perovskite LCKMO for La, Ca, K and Mn

elements.

structure of K→Ca possessed the lowest matter energy and the

lowest formation energy compared to 0% K and K→ La, indicat-

ing that a small amount of K+ ions is doped in the Ca site of the

superstructure. Finally, to further determine the position of oxy-

gen ions, atomic-scale STEM-EDS elemental mapping about oxygen

elements is also measured. It has been observed that STEM-EDS

element mapping in Figs. S11d-f (Supporting information) is con-

sistent with the atomic arrangement of the structural model (Figs.

S11a-c in Supporting information). By this method, the position of

oxygen ions can be better determined.

Previously, we found that the perovskite LCKMO showed a bet-

ter p-n junction effect at the atomic scale [27]. But its structure

and synthesis principle keep elusive. Therefore, in this work, we

study the superlattice structure, electronic structure, and synthetic

principle and try to analyze the reasons for the p-n junction phe-

nomenon. Perovskite LCMO as a reference sample does not show

related electronic property and similar superlattices. Ca L-edge XAS

spectra in Fig. S12a (Supporting information) show that LCKMO

contains more Ca elements on the surface due to strong white line

peak. In O K-edge XAS spectra (Fig. 4a), it has been observed that

peak a in perovskite LCKMO shifts to lower energy compared to

LMO and LCMO. This result indicates that local Mn5+ ion may ex-

ist in perovskite LCKMO and produces a vacancy in 3d t2g
2 orbital,

which leads to the decrease of Mn 3d orbital energy in local struc-

ture [31]. Furthermore, the separation between peak a and peak b

in LCKMO is a little wider than LCMO, CMO and LMO (Fig. S13 in

Supporting information), which indicates that high oxidation-state

Mn ion enhances the transition of Mn 2p→3d eg↑ in MnO6 oc-

tahedron and facilitates the splitting of hybrid orbitals. Mn5+ ion

in typical superlattices may be stabilized by optimizing the hy-

brid orbitals between Mn 3d and O 2p or charge disproportiona-

tion [32,33]. Mn L-edge XAS spectra in Fig. 4b shows that LCKMO

has a higher average oxidation state for Mn atom than LCMO and

LMO because the energy position of peaks A and B shifts to higher

binding energy from LMO, LCMO, CMO to LCKMO. Therefore, the

superstructure in LCKMO may contain various Mn ions with dif-

ferent chemical environments (e.g., La3+, Ca2+ and K+), which is

stabilized by tuning the hybrid orbitals between Mn 3d and O 2p

[34,35]. Fig. S12b (Supporting information) shows the atomic ar-

rangement in the superlattices and local p-n junction model. We

can see that these atoms in the red remark section display differ-

ent contrast in color, which stems from that atom column in A site

contains a different concentration of La, Ca and K. Different A-site

atoms in LCKMO can produce the different electronic configuration

of B site atom, which may induce a local p-n junction and mag-

netic property (Fig. S14 in Supporting information).

To illustrate the local electronic structure in superlattices

[13,36,37], atomic-resolution EELS spectra of LCKMO and LCMO are

performed. Figs. 4c and d display that the selected Mn atom col-

umn possesses a different electronic state in Mn L-edge EELS spec-

tra of LCKMO, where their white line peak position has distinct

change. This result indicates that the different electron density of

Mn atoms in the different atomic columns stems from different A-
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Fig. 4. (a) O K-edge and (b) Mn L-edge X-ray absorption spectrum of LaMnO3, La0.8Ca0.2MnO3 and La0.66Ca0.29K0.05MnO3. (c) Atomic-scale Mn L-edge electron energy loss

spectroscopy (EELS) simultaneously recorded via atomic-resolved EELS mapping found by HAADF-STEM mode along [100] (Fig. 3). (d) The corresponding O K-edge EELS

spectra in the three-position of perovskite LCKMO. These shown spectra were obtained using a window corresponding to the sum of four pixels.

site environments. Furthermore, we also calculate the correspond-

ing integral area of Mn L3/Mn L2 to confirm the electron density

of the Mn atom. Fig. S15 (Supporting information) demonstrates

that Mn-1 displays a higher ratio of Mn L3/Mn L2, which suggests

that Mn-1 possesses more electrons in 3d orbitals than Mn-2 and

Mn-3, which is consistent with the above conclusion obtained by

the change of peak position. As displayed in Fig. 4d, the hybridiza-

tion between Mn 3d and O 2p is different for these three sam-

ples in peak position and eg/t2g ratio. Whereas Mn L-edge and O

K-edge EELS spectrum of perovskite LCMO (Fig. S16 in Supporting

information) in different positions show the same results. Based on

these data, we can infer that perovskite LCKMO with superlattices

exists three different Mn atoms. Of course, some further explana-

tions about this material and novel electricity phenomenon need

to be explored in the future.

In summary, we report a novel bottom-up method to engi-

neer perovskite superlattices, where a monodispersed perovskite

LCKMO with (LaMnO3)1-(La1-x-yCaxKyMnO3)2 superlattices is syn-

thesized. The special superlattices are demonstrated by various

characterizations, such as SAED, HAADF-STEM, XRD, and atomic-

resolution STEM-EDS elemental mapping. A near-saturated concen-

tration of KOH solution is crucial for tailoring perovskite superlat-

tices. When the mass of KOH is less than 35g, we only obtain the

disordered polycrystalline perovskite LCMO without K+ ion, which

suggests that the disproportionation reaction of MnO2 solids in-

duced by the extreme hydrothermal condition is a key step to form

the ordered superlattice. Furthermore, the atomic resolution EELS

spectrum confirms the three different manganese atoms in super-

lattices, which were attributed to cations at the A-site with dif-

ferent valence states (e.g., La3+, Ca2+ and K+). This study not only

provides an important platform for engineering atomic scale super-

lattices, but also highlights the importance of oxide superlattices

design in obtaining new states of condensed matter that exhibits

special experimental phenomena and functional properties.
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