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P H Y S I C A L  S C I E N C E S

Puffing ultrathin oxides with nonlayered structures
Kaisi Liu†, Hongrun Jin†, Liwei Huang†, Yongxin Luo, Zehao Zhu, Simin Dai, Xinyan Zhuang, 
Zidong Wang, Liang Huang*, Jun Zhou

Two-dimensional (2D) oxides have unique electrical, optical, magnetic, and catalytic properties, which are prom-
ising for a wide range of applications in different fields. However, it is difficult to fabricate most oxides as 2D ma-
terials unless they have a layered structure. Here, we present a facile strategy for the synthesis of ultrathin oxide 
nanosheets using a self-formed sacrificial template of carbon layers by taking advantage of the Maillard reaction 
and violent redox reaction between glucose and ammonium nitrate. To date, 36 large-area ultrathin oxides (with 
thickness ranging from ~1.5 to ~4 nm) have been fabricated using this method, including rare-earth oxides, tran-
sition metal oxides, III-main group oxides, II-main group oxides, complex perovskite oxides, and high-entropy 
oxides. In particular, the as-obtained perovskite oxides exhibit great electrocatalytic activity for oxygen evolution 
reaction in an alkaline solution. This facile, universal, and scalable strategy provides opportunities to study the 
properties and applications of atomically thin oxide nanomaterials.

INTRODUCTION
Two-dimensional (2D) oxides, consisting of thin crystalline layers 
at the atomic level, have aroused notable interest because of their 
fascinating properties for efficient energy storage and conversion 
technologies (1–8). However, ultrathin 2D oxide nanosheets tend to 
restack together into a thick plate-like structure, which markedly 
decreases active surface and prolongs ion transport pathways (9). 
The porous 2D oxides can effectively alleviate this issue by improv-
ing ion-accessible surface area and exposing abundant active sites 
(9–11), which are beneficial in various applications such as electro-
catalysis (12, 13), alkali-ion batteries (10, 13, 14), and Li-O2 batteries 
(15). Moreover, the porous 2D oxides with flexible valence can im-
prove the electrocatalytic activity by generating many defective atoms 
(such as edge sites) in some case (12, 13). In general, the potential for 
practical application of 2D oxide materials mainly depends on the 
availability of a facile and scalable synthesis strategy. To date, various 
strategies have been developed for fabrication of 2D oxides, including 
vapor deposition methods and liquid-phase synthesis (wet-chemical 
synthesis and liquid exfoliation). Typically, vapor deposition meth-
ods include physical and chemical vapor deposition synthesis that 
favors to produce high-quality, large-area, and thickness-controllable 
oxide nanosheets, which is promising for studying their physical prop-
erties (16–21). However, this method usually involves complex and 
harsh synthesis processes, suffers from low yield, and is unsuitable for 
practical applications. In contrast, wet-chemical synthesis method 
is regarded as an efficient way to produce ultrathin 2D oxides due to 
its low cost, high yield, and simple operations (22–24). In most cases, 
however, this strategy requires surfactants or templates to facilitate 
the formation of 2D morphology that needs an extra tedious purifi-
cation process. For the liquid exfoliation, ultrathin 2D materials can 
be fabricated mainly from the precursors with an intrinsically lay-
ered structure (25–27). Since most oxides have nonlayered structures, 
the formation of nanosheets via liquid phase exfoliation is difficult 
(28). Thus, it is highly desirable and significant to develop an effi-
cient and universal strategy for large-scale synthesis of 2D oxides.

Glucose is a classical food raw material for desserts. In particu-
lar, molten glucose can be readily molded into different shapes be-
cause of its high viscosity. Inspired by the “black powder” of China, 
when the nitrate oxidizer is in contact with reducing agents of carbon 
and sulfur at high temperature, the mixture could instantly react to 
produce a large amount of gases, including NOx, CO2, and SOx, lead-
ing to a rapid increase in volume (29, 30). It can be imagined that by 
heating a mixture of glucose and nitrate to high temperature, the pro-
duced gas could blow the molten glucose to form a layered struc-
ture. Here, we develop a self-templated strategy to synthesize many 
nonlayered porous oxide nanosheets without any further purifica-
tion step by using the sacrificial layered carbon template, which is 
constructed by the Maillard reaction (31, 32) and violent redox reac-
tion between ammonium nitrate and glucose. Unlike the gel-blowing 
strategy, which requires long time and complex procedures to pre-
pare gel precursors (13), this method allows the preparation of var-
ious porous oxide nanosheets in a simple one-step process. In this 
work, we have successfully fabricated 36 ultrathin oxide nanosheets 
using this strategy, including rare-earth oxides, transition metal ox-
ides, III-main group oxides, and unusual perovskite oxides, regard-
less of high synthesis temperature. The as-obtained LaFeO3 (LFO) 
nanosheets demonstrated great oxygen evolution reaction (OER) 
performance with a low onset overpotential (~112.55 mV) and a small 
overpotential (~303.52 mV at 10 mA cm−2

disk) in 1 M KOH solution.

RESULTS
Synthesis and characterizations of ultrathin porous  
oxide nanosheets
Figure 1A shows the schematic diagram for the preparation of 
oxides. In a typical synthesis protocol, ammonium nitrate, glucose, 
and metal salts are uniformly mixed in a mortar, followed by anneal-
ing in a muffle furnace to obtain oxide foam (33) that consists of ultra-
thin porous oxide nanosheets (movie S1). The optical photograph of 
the prepared oxide foam of Nd2O3, which is made of porous ultra-
thin nanosheets, is shown in Fig. 1B. The morphology of the two ran-
dom areas of Nd2O3 material is confirmed to be flexible and curled 
nanosheets with lateral dimensions up to tens of micrometers by 
scanning electron microscopy (SEM) (Fig. 1, C and D), indicating the 
good uniformity of Nd2O3 nanosheets. According to the transmission 
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electron microscopy (TEM) images (Fig. 1E), the Nd2O3 nanosheet 
has a porous structure with an average pore size of about 100 nm. In 
addition, the thickness of the single Nd2O3 porous nanosheet is about 
2 nm through the measurement of atomic force microscopy (AFM) 
(Fig. 1G). The x-ray diffraction (XRD) pattern (fig. S1) reveals that 
the ultrathin Nd2O3 porous nanosheet belongs to the A-type hexag-
onal structure (34), which is verified by the high-resolution TEM 
(HRTEM) image and fast Fourier transform (FFT) image pattern 
with a positive hexagonal dot matrix (Fig. 1F, inset). Electron dif-
fraction pattern shows polycrystalline rings (fig. S2), suggesting that 
the nanosheet is formed by cross-linking single-crystal particles. 
Figure 1H shows the elements in the periodic table, whose oxides 
have been prepared using this method.

In addition to Nd2O3, the Sm2O3, Gd2O3, Er2O3, CeO2, Pr4O7, 
and Yb2O3 ultrathin porous nanosheets could also be prepared by 
substituting Nd(NO3)3·6H2O with the corresponding metal salts. 

SEM and low-magnification TEM images demonstrate that the rare-
earth metal oxide nanosheets are transparent, flexible, and curled, 
just like muslin. The transverse dimension of rare-earth metal oxide 
nanosheets reaches about 50 m, with the thickness being less than 
5 nm (Fig. 2 and fig. S3). In addition, a statistical analysis of pore sizes 
of different rare-earth oxides indicates that the pore sizes of most 
ultrathin porous rare-earth oxide nanosheets distribute mainly in 
about 10 nm except Er2O3 ultrathin nanosheets, whose pore sizes 
varies from 40 to 80 nm. By the way, the content of precursors can 
easily control the pore size and thickness of these nanosheets. The 
increased precursor content results in the reduction in the pore size 
and the increase in the nanosheets’ thickness (Fig. 2 and fig. S4). The 
HRTEM images and the corresponding FFT patterns, selected-area 
electron diffraction (SAED) patterns (fig. S1), and XRD patterns (fig. S2) 
verify the structures of rare-earth oxides, indicative of Sm2O3, Gd2O3, 
Er2O3, and Yb2O3 with the C-type cubic bixbyite structure and CeO2 

Fig. 1. Preparation of nonlayered oxides. (A) Schematic diagram of the porous ultrathin oxide nanosheets prepared using the expansion method. (B) Optical photo-
graph of the prepared porous ultrathin Nd2O3 nanosheets. (C and D) SEM images of different areas of the porous ultrathin Nd2O3 nanosheets. (E) Low-resolution TEM 
image of the porous ultrathin Nd2O3 nanosheets; the inset shows the corresponding magnified image of the low-resolution TEM image. (F) HRTEM image of the porous 
ultrathin Nd2O3 nanosheets and inset image of the corresponding FFT patterns. (G) AFM characterizations of the porous ultrathin Nd2O3 nanosheets. (H) Diagram of 
periodic table of elements. The metal (pink) oxides are prepared by the expansion method. Scale bars: (C and D) 1 m, (E) 1 m and (inset) 100 nm, (F) 2 nm and (inset) 
2 1/nm, and (G) 1 m.
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and Pr4O7 with the cubic fluorite structure; the corresponding atom-
ic structures are shown in Fig. 2 (F, L, R, X, AE, and AK) (34–36). 
It is worth mentioning that high-entropy oxides (HEOs) (37–39) of 
(ErGdYbSm1.2Y0.8)2O3 and (CoMnNiCrFe)3O4 with unique structural 
characteristics were also prepared by this method. As shown in Fig. 2 
and figs. S2, S5, and S6, (ErGdYbSm1.2Y0.8)2O3 and (CoMnNiCrFe)3O4 
remain the single phase of the C-type cubic bixbyite structure and the 
single phase of the spinel structure, respectively. Besides, the mor-
phology of HEO displays an ultrathin porous structure assembled 
by nanoparticles. According to the energy-dispersive spectroscopy 

(EDS) spectrum and elemental mapping, the statistical distribution 
and content of cation are almost identical, further verifying the char-
acteristics of the HEOs (fig. S6). In addition, diverse monometallic 
oxide ultrathin nanosheets can be targeted by replacing rare-earth 
metal element with alkaline-earth metal elements, transition metal 
elements, and III-main group metal elements. The resulting library 
of monometallic oxide ultrathin porous nanosheets is presented in 
Fig. 3 and fig. S8. Three classes of oxides—such as alkaline earth 
metal oxide MgO; transition metal oxides Co3O4, Mn3O4, NiO, Cr2O3, 
ZrO2, and -Fe2O3; and III-main group oxides Al2O3, Ga2O3, and 

Fig. 2. Characterizations of rare-earth oxides. (A, G, M, S, Y, and AF) SEM images. (B, H, N, T, Z, and AG) TEM images. (C, I, O, U, AB, and AH) Magnified TEM images and 
inset images of the pore size distributions. (D, J, P, V, AC, and AI) HRTEM images and inset images of the corresponding FFT patterns. (E, K, Q, W, AD, and AJ) AFM images. 
Atomic structures of Sm2O3 (F), Gd2O3 (L), CeO2 (R), Er2O3 (X), Pr4O7 (AE), and HEO of (ErGdYbSm1.2Y0.8)2O3 (AK). Scale bars: (A, G, M, S, Y, and AF) 5 m, (B, H, N, T, and Z) 1 m, 
(AG) 500 nm, (C, I, O, U, and AB) 100 nm, (AH) 50 nm, (D, J, P, V, AC, and AI) 2 nm and (inset) 2 1/nm, (E, K, Q, AD, and AJ) 2 m, and (W) 1 m.
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In2O3—have the similar morphology as large-area curled porous 
nanosheets assembled by nanoparticles. The corresponding thick-
ness of above oxides is about 3 to 4 nm characterized by AFM. The 
structure of monometallic oxides is confirmed by XRD, HRTEM, and 
SAED measurements (Fig. 3 and figs. S7, S8, and S10), indicating the 
cubic structure of MgO, NiO, In2O3, and Al2O3; the spinel structure of 
Co3O4 and Mn3O4; the corundum structure of Cr2O3 and -Fe2O3; 
the monoclinic structure of Ga2O3; and the mixture of monoclinic 
and tetragonal structures of ZrO2. In addition to monometallic oxides, 

ultrathin porous nanosheets of CaCO3 and SrCO3 can be prepared 
by this method as well (fig. S9).

This method can be extended to prepare ultrathin perovskite 
oxides by replacing monometallic nitrates with two mixing metal 
nitrates in a predetermined ratio. Single perovskite has a common 
formula of ABX3, in which A is rare-earth metal ion and B is transi-
tion metal ion, and has four common space groups such as Pnma, 
​Pm​

_
 3​m​, I4, and ​R​

_
 3​c​ (40, 41). Through cations of A and B exchange 

with different rare-earth metal ion and transition metal ion, various 

Fig. 3. Characterizations of II-main group, transition metal, and III-main group metal oxides. (A, G, M, S, Y, and AF) SEM images. (B, H, N, T, Z, and AG) TEM images. 
(C, I, O, U, AB, and AH) Magnified TEM images and inset images of the pore size distributions. (D, J, P, V, AC, and AI) HRTEM images and inset images of the corresponding 
FFT patterns. (E, K, Q, W, AD, and AJ) AFM images. Atomic structures of MgO (F), Co3O4 (L), NiO (R), Cr2O3 (X), Ga2O3 (AE), and In2O3 (AK). Scale bars: (A, G, M, S, Y, and AF) 
5 m, (B, H, N, T, Z, and AG) 1 m, (C, I, O, U, AB, and AH) 100 nm, (D, J, P, V, AC, and AI) 2 nm and (inset) 2 1/nm, and (E, K, Q, W, AD, and AJ) 1 m.
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large-size ultrathin perovskite oxides were also prepared, including 
La0.96Mn0.96O3 (LMO), LaNiO3 (LNO), LaCoO3 (LCO), LFO, GdCoO3 
(GCO), GdMnO3 (GMO), and GdFeO3 (GFO), further indicating the 
universality of the method (Fig. 4 and figs. S11 to S13). XRD analy-
sis (figs. S9 and S11) of the library of single perovskites indicates the 
hexagonal structure of LMO (a = 5.5188 Å, c = 13.3100 Å) and LNO 
(a = 5.4573 Å, c = 13.1462 Å), the rhombohedral structure of LCO 
(a = 5.3778 Å,  = 60.7980 Å), and the orthorhombic structure of 
LFO (a = 5.5530 Å, b = 5.5630 Å, c = 7.8670 Å), GCO (a = 5.5530 Å, 
b = 5.5630 Å, c = 7.8670 Å), GMO (a = 5.3100, b = 5.8400, c = 7.4300), 

and GFO (a = 5.3497 Å, b = 5.6107 Å, c = 7.6676 Å), which confirm 
that the perovskites with the larger A ion radii such as La3+ tend to 
form a hexagonal structure, while smaller ion radii such as Gd3+ are 
more likely to form an orthorhombic structure (40). The HRTEM 
images and the corresponding FFT patterns further confirm the struc-
ture of single perovskites. The corresponding atomic structures 
are shown in Fig. 4. By adding additional transition metal elements, 
we have synthesized double perovskite oxides [LaFe0.75Ni0.25O3 
(LFNO), LaCo0.5Ni0.5O3 (LCNO), LaCo0.5Mn0.5O3 (LCMO), 
LaNi0.5Mn0.5O3 (LNMO), Gd2CoMnO6 (GCMO), Gd(Fe0.6Mn0.4)O3 

Fig. 4. Characterizations of single perovskites. (A, G, M, S, Y, and AF) SEM images. (B, H, N, T, Z, and AG) TEM images. (C, I, O, U, AB, and AH). Magnified TEM images 
and inset images of the pore size distributions. (D, J, P, V, AC, and AI) HRTEM images and inset images of the corresponding FFT patterns. (E, K, Q, W, AD, and AJ) AFM 
images. Atomic structures of LMO (F), LCO (L), LFO (R), GCO (X), GMO (AE), and GFO (AK). Scale bars: (A, G, M, S, Y, and AF) 5 m, (B, H, N, T, Z, and AG) 1 m, (C, I, O, U, AB, 
and AH) 100 nm, (D, J, P, V, AC, and AI) 2 nm and (inset) 2 1/nm, and (E, K, Q, W, AD, and AJ) 1 m.
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(GFMO), and Gd(Co0.5Fe0.5)O3 (GCFO)] and triple perovskite oxides 
[La(Mn0.33Ni0.33Co0.33)O3 (LMNCO), La(Mn0.3Fe0.4Co0.3)O3 
(LMFCO), and La(Co0.33Ni0.33Fe0.33)O3 (LCNFO)], and the thick-
nesses of these oxide nanosheets are all less than 5 nm according to 
the AFM characterizations (Fig. 5). Furthermore, the corresponding 
EDS spectrums and elemental mapping of the double/triple perovskite 
oxides demonstrate the uniformity of metal elemental distributions, 
thus confirming that this method can prepare homogeneous double/
triple perovskite oxides (Fig. 5, figs. S14 to 20). The phase structures of 
the double/triple perovskite oxides are further revealed by XRD, 
refinement XRD, and HRTEM (Fig. 5 and figs. S17, S19, and S20). 
The atomic structures of double/triple perovskites can be classified 
into three types: LFNO, GCMO, GFMO, GCFO, LMNCO, LMFCO, 
and LCNFO ultrathin porous nanosheets with an orthorhombic struc-
ture; LCMO ultrathin porous nanosheet with a monoclinic structure 
(a = 5.52464 Å, b = 5.48302 Å, c = 7.7717 Å,  = 89.89°); and LNMO 
(a = 5.5042 Å, b = 5.5042 Å, c = 13.2369 Å) and LCNO (a = 5.464 Å, 

b = 5.464 Å, c = 13.125 Å) porous nanosheets with hexagonal struc-
tures. The stoichiometry of multimetallic oxides can be controlled 
effectively via this method. The double perovskite LaFexNi1−xO3 
(LFNO) porous nanosheets (x = 0.25, 0.5, and 0.75 and denoted as 
LFNO-I, LFNO-II, and LFNO-III, respectively) were prepared by 
regulating the ratio of nickel nitrate and iron nitrate precursors. As 
shown in fig. S21, the element distributions of LFNO-I, LFNO-II, 
and LFNO-III confirm that the various stoichiometry of multime-
tallic oxides can be successfully prepared. To further characterize 
the structure of LFNO, Rietveld XRD patterns were carried out. 
LFNO-I is consistent with the hexagonal perovskite structure, while 
LFNO-II and LFNO-III confirm the single phase of the ortho
rhombic perovskite structure (fig. S22). The corresponding struc-
tural parameters calculated by the Rietveld refinements are shown 
in table S3. Besides, the surface area and pore sizes of 2D represen-
tative oxide nanosheets were evaluated on the basis of the nitrogen 
adsorption isotherms by using the Brunauer-Emmett-Teller (BET) 

Fig. 5. Characterizations of double and triple perovskites. (A, I, Q, Y, AH, and AP) SEM images. (B, J, R, Z, AI, and AQ) TEM images. (C, K, S, AB, AJ, and AR) Magnified 
low-resolution TEM images and inset images of the pore size distributions. (D, L, T, AC, AK, and AS) HRTEM images and inset images of the corresponding FFT patterns. 
(E and F, M and N, U and V, AD and AE, AL and AM, and AT and AU) high angle angular dark field-scanning transmission electron microscopy (HADDF-STEM) images and 
corresponding elemental mapping. (G, O, W, AF, AN, and AV) AFM images. Atomic structures of LFNO (H), LCNO (P), LCMO (X), LNMO (AG), LMNCO (AO), and LMFCO 
(AW). Scale bars: (A, I, Q, Y, AH, and AP) 5 m, (B, J, R, Z, AI, and AQ) 1 m, (C, K, S, AB, AJ, and AR) 100 nm, (D, J, P, V, AC, and AI) 2 nm and (inset) 2 1/nm, (E and F, 
M and N, U and V, AD and AE, AL and AM, and AT and AU) 100 nm, and (G, O, W, AF, AN, and AV) 1 m.
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method and the Barrett-Joyner-Halenda (BJH) pore size analysis. The 
surface area is ~60, ~54, ~40, ~38, ~45, and ~77 m2/g for the sam-
ples of MgO, Cr2O3, GFO, LCO, LMNCO, and Gd2O3, respectively 
(fig. S23). The BJH pore size distributions (fig. S23) show peaks at 
the mesopore widths at about 13 nm (MgO), 11 nm (Cr2O3), 30 nm 
(GFO), 35 nm (LCO), 20 nm (LMNCO), and 8 nm (Gd2O3), which 
are consistent with the values obtained from the TEM images. It is 
worth noting that the oxide nanosheets showed a sharp peak corre-
sponding to mesopores with an average size of 3 to 4 nm, which orig-
inates from the house-of-cards–type stacking structure of sheet-like 
crystallinity (15).

Mechanisms for the synthesis of ultrathin porous  
oxide nanosheets
We then investigate the synthesis mechanism of as-prepared ultra-
thin porous oxide nanosheets using the typical sample of Y2O3. To 
study the details of the synthesis process, we annealed the mixture 
of 0.4 g of glucose, 0.5 g of ammonium nitrate, and 0.02 g of yttrium 
nitrate at 500°C from 10 s to 5 min (Fig. 6A and movie S2). The re-
action process of glucose and ammonium nitrate was tracked using 
thermogravimetric analysis–derivative thermogravimetry (TGA-DTG) 
(Fig. 6B). The thermogravimetric profile of glucose shows three 
endothermic peaks corresponding to its melting, condensation, and 

Fig. 6. Synthesis mechanism of ultrathin porous oxide nanosheets. (A) Schematics of the reaction mechanism for the synthesis of Y2O3 nanosheets. (B) TGA-DTG 
curves of glucose, glucose-NH4Cl mixture, glucose-NH4NO3 mixture, and NH4NO3 with temperature up to 700°C at a heating rate of 10°C/min in O2 atmosphere. (C) FTIR 
spectrums of glucose and glucose-NH4NO3-Y(NO3)3·6H2O mixture annealed at 500°C for 10 s, 20 s, and 5 min. (D) XRD of Y2O3@C nanosheet and Y2O3 porous nanosheet. 
Low-resolution TEM images of Y2O3@C nanosheet (E) and Y2O3 porous nanosheet (I). Scale bars: (E and I) 100 nm. Magnified low-resolution TEM images of Y2O3@C 
nanosheet (F and G) and Y2O3 porous nanosheet (J and K). Scale bars: (F and J) 20 nm and (G and K) 5 nm. HRTEM images of Y2O3@C nanosheet (H) and Y2O3 porous 
nanosheet (L). Scale bars: (H and L) 2 nm.
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polymerization. The pyrolysis process of the mixture of glucose and 
ammonium nitrate is different from that of glucose. The weight loss 
of the mixture at 120°C corresponds to the water loss during the con-
densation of aldohexose and ammonia. The strong heat absorption 
peak at 143°C is assigned to the melting process, followed by a series 
of heat absorption peaks (143° to 175°C), corresponding to the sec-
ond step of the Maillard reaction. In addition, the endothermic peak 
of the mixture of glucose and ammonium nitrate is lower than that 
of the mixture of glucose and ammonium chloride, indicating that 
the nitrate ions provide an oxidizing environment to accelerate the 
deamination and dehydration of the intermediates. Further pyrolysis 
of the Maillard product and glucose at 285°C led to the partial for-
mation of carbon materials. Figure 6C shows the Fourier transform 
infrared (FTIR) spectrometer profiles of glucose and the mixture of 
glucose, ammonium nitrate, and yttrium nitrate at different reaction 
times. When the mixture under heating at 500°C for 10 s, the absorp-
tion centered at 1640 cm−l corresponding to C═O stretching is ob-
served, implying the transformation to various carbonyls. In addition, 
the weakening of the O─H/N─H stretching vibration compared to 
that of glucose further demonstrates the reaction of deamination and 
dehydration corresponding to the second stage of the Maillard reac-
tion (42). After heating the mixture for 20 s, the featured absorption 
of C═O stretching continuously becomes stronger, suggesting that 
more carbonyl groups are accumulated and the sticky Melanoidin 
polymers have been formed. This reaction process corresponds to the 
advanced stage of Maillard reaction (movie S2) (31, 32, 42). The sticky 
Melanoidin polymers with sufficient oxygen-contained groups such 
as carboxyl and hydroxyl could chelate with various oxide precursors 
(10, 43). By heating the mixture at 500°C for 5 min, the Melanoidin 
polymer has a violent redox reaction to nitrate ions, so the polymer 
interior expands rapidly, forming large-size ultrathin carbon nano
sheets, while the ultrasmall Y2O3 nanoparticle particles are em-
bedded in the carbon nanosheet (eq. S2-1). After that, Y2O3@C 
nanosheets are annealed at 900°C to obtain Y2O3 ultrathin porous 
nanosheets (Fig.  6,  I  to  L). In this process, the large-size carbon 
nanosheets are highly flexible, which contributes to maintaining the 
structure stability of porous nanosheets during high-calcination 
temperature. The oxide nanoparticles can grow laterally and chem-
ically linked with each other to form porous nanosheets in the cal-
cination process. By XRD and TEM analysis, the amorphous carbon 
decomposes completely, and the metal oxide nanoparticles grow and 
sinter together, forming particle-assembled ultrathin porous oxide 
nanosheets (eq. S2-2). We speculate that the generation of ultrathin 
porous metal oxide nanosheets occurs via the following three steps: 
First, the ammonium ions and glucose undergo a Maillard reaction to 
form a sticky Melanoidin polymer with sufficient oxygen-containing 
functional groups such as carboxyl, hydroxyl, and epoxy groups, which 
ensure adsorption of versatile oxide precursors. Second, the Melanoidin 
polymer participates in a violent redox reaction with nitrate ions, and 
the inner part of the polymer expands rapidly, forming large-size ultra-
thin carbon nanosheets. Besides, the oxide precursors decompose to 
oxide nanoparticles, which are embedded in the carbon nanosheet. 
In the post-calcination process, the oxide nanoparticles are connected 
with each other through orientated attachment and coalescence growth 
to form porous oxide nanosheets by using large-size ultrathin car-
bon nanosheets as a template. To further confirm the role of self-
sacrificing templates, Y2O3, Co3O4, and MgO were synthesized by 
annealing the corresponding metal nitrates without glucose and am-
monium nitrate. The SEM images of Co3O4 and MgO show that the 

morphologies of those two samples are particles with a size of ~1 m, 
and the SEM image of Y2O3 shows the thick plate morphology (fig. 
S24). No ultrathin oxide nanosheet is observed. Moreover, the tem-
plate is fabricated by calcining the ammonium nitrate and glucose 
without metal precursor at 500°C for 10 min. As shown in fig. S25, 
ultrathin large-size carbon nanosheets can be observed in the SEM 
and TEM images. To explore the effect on nitrate and ammonium 
ions, we annealed glucose and glucose with different ammonium 
salts, such as ammonium sulfate, ammonium acetate, and ammoni-
um chloride, at 500°C for 5 min. According to the SEM images (figs. 
S25 and S26, A to D), only the reaction of glucose with ammonium 
nitrate can produce large-size carbon nanosheets, while annealing 
other mixtures only produces plate-like carbon materials. Besides, 
directly calcining the mixture of yttrium nitrate and glucose tends to 
form a 3D porous structure of Y2O3 (fig. S26E).

Electrocatalytic OER activity of ultrathin porous perovskite 
oxide nanosheets
The as-prepared ultrathin perovskite oxides with high surface areas 
display great electrocatalytic activity for OER. Several perovskite 
oxides, including LCO, LFO, LMO, GCO, GMO, and GFO, were 
then evaluated in a conventional three-electrode electrochemical 
system in 1 M KOH electrolyte with a Hg/HgO reference electrode. 
Figure S27A shows the OER polarization curves obtained from lin-
ear sweep voltammetry measurements. Obviously, LFO has the 
highest catalytic activity, the lowest onset potential (~112.55 mV), 
and the smallest overpotential (~303.52 mV) at the current density 
of 10 mA cm−2 among the samples studied (fig. S27, B and C). This 
value is also comparable or superior to recently reported perovskite-
based catalysts (table S4) (44–56). The mass activity of LFO at 1.55 V 
[versus (reversible hydrogen electrode) RHE] reaches 18.21 A ​​g​oxide​ 

−1 ​​ , 
which is also better than those of LMO (8.48 A ​​g​oxide​ 

−1 ​​ ), GFO (7.60 A ​​g​oxide​ 
−1 ​​ ), 

LCO (5.20 A ​​g​oxide​ 
−1 ​​ ), GMO (5.17 A ​​g​oxide​ 

−1 ​​ ), and GCO (4.20 A ​​g​oxide​ 
−1 ​​ ) 

(fig. S27D). The results suggest that the electrocatalytic activity in-
creases with the ionic radius of the A-site cation. The specific ac-
tivity and turnover frequency (TOF) of LFO are 0.0058 mA 
cm−2

oxide (fig. S27E) and 0.02438 S−1 (fig. S27F) at a potential of 
1.55 V versus RHE, respectively, further verifying that LFO has 
more accessible active sites. Besides, LFO has a higher double-lay-
er capacitance (Cdl) of 17.6 mF cm−2, as estimated from cyclic 
voltammetry (fig. S28). The catalytic kinetics of the perovskite 
samples assessed from Tafel plots in 1 M KOH solution shows that 
LFO has the best kinetic activity with a Tafel slope of about 63.6 
mV dec−1 (fig. S27G) among the samples studied. According to the 
chronopotentiometric measurements at a current density of 10 
mA cm−2

disk, LFO has a stable electrocatalytic performance, re-
taining 92% of the initial current density after 30,000 s (fig. S27H).

DISCUSSION
In conclusion, we have developed a universal strategy for fabrication 
of ultrathin oxide nanosheets by a self-formed sacrificial carbon tem-
plate. The growth of carbon template mainly depends on the Maillard 
reaction between ammonium nitrate and glucose, and the following 
puffing process. We have successfully fabricated 36 different kinds 
of oxide nanosheets using this method, including rare-earth oxides, 
transition metal oxides, III-main group oxides, II-main group oxides, 
complex perovskite oxides, and HEOs. The as-obtained ultrathin 
perovskite oxides demonstrate remarkable electrocatalytic activity 
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for OER. This synthesis method for ultrathin oxide nanosheets is sim-
ple, efficient, and cost-effective, thus holding great potential for in-
dustrial application.

MATERIALS AND METHODS
Synthesis of ultrathin porous nanosheet
Synthesis of 2D rare-earth oxides
In the synthesis of 2D Pr4O7, 0.4 g of glucose, 0.5 g of ammonium 
nitrate, and 0.02 g of praseodymium nitrate hexahydrate were ground 
well in a mortar, and then the ground powder was placed in a cruci-
ble and heated up to 900°C for 10 min in the muffle furnace. The 2D 
Pr4O7 was obtained without the purging process when the furnace 
cooled down to room temperature. Other 2D porous rare-earth oxides 
(Nd2O3, Sm2O3, Gd2O3, Er2O3, Yb2O3, Y2O3, and CeO2 nanosheets) 
were prepared similarly by replacing praseodymium nitrate hexahy-
drate with neodymium nitrate hexahydrate, samarium nitrate hexa-
hydrate, gadolinium nitrate hexahydrate, erbium nitrate pentahydrate, 
ytterbium nitrate pentahydrate, yttrium nitrate hexahydrate, and ce-
rium nitrate pentahydrate.
Synthesis of 2D transition oxides
Taking the synthesis of 2D ZrO2 as an example, 0.4 g of glucose, 0.5 g 
of ammonium nitrate, and 0.02 g of zirconium nitrate pentahydrate 
were ground well in a mortar, and then the ground powder was heated 
up to 900°C for 10 min in the muffle furnace. The 2D ZrO2 was ob-
tained without the purging process when the furnace cooled down 
to room temperature. Other ultrathin transition oxide nanosheets 
(Cr2O3, Mn3O4, Fe2O3, Co3O4, and NiO) were prepared similarly by 
using the precursor of chromium nitrate, manganese nitrate tetra-
hydrate, ferric nitrate nine-hydrate, cobalt chloride hexahydrate, and 
nickel nitrate hexahydrate, respectively, and lowering the annealing 
temperature to 500°C for 20 min.
Synthesis of 2D porous II-main group metal oxides 
and carbonates
In the synthesis of 2D MgO, 0.4 g of glucose, 0.5 g of ammonium 
nitrate, and 0.02 g of magnesium nitrate were ground well in a mortar, 
and then the ground powder was heated up to 500°C for 20 min in 
the muffle furnace. The 2D MgO was obtained without the purging 
process when the furnace cooled down to room temperature. Other 
ultrathin metal carbonate nanosheets (CaCO3 and SrCO3) were pre-
pared similarly by using the precursor of calcium nitrate tetrahydrate 
and strontium nitrate, respectively, and the annealing time is reduced 
to 10 min.
Synthesis of 2D porous III-main group metal oxides
In the synthesis of 2D Al2O3, 0.4 g of glucose, 0.5 g of ammonium 
nitrate, and 0.02 g of aluminum nitrate were ground well in a mortar, 
and then the ground powder was heated up to 900°C for 10 min in 
the muffle furnace. The 2D Al2O3 was obtained without the purging 
process when the furnace cooled down to room temperature. Other 
ultrathin III-main group metal oxide nanosheets (Ga2O3 and In2O3) 
were prepared similarly by using the precursor of gallium nitrate and 
indium nitrate, respectively, and lowering the annealing tempera-
ture to 500°C for 20 min.
Synthesis of lanthanide-based perovskite oxides
In the synthesis of 2D LMO, 0.4 g of glucose, 0.5 g of ammonium 
nitrate, 0.022 g of lanthanum nitrate hexahydrate, and 0.022 g of 
manganese nitrate tetrahydrate were ground well in a mortar, and 
then the ground powder was placed in a crucible and heated up to 
700°C for 20 min in the muffle furnace. The 2D LMO was obtained 

without the purging process when the furnace cooled down to room 
temperature. Other 2D porous lanthanide-based perovskite oxide 
nanosheets (LFO, LCO, and LNO) are prepared similarly by replac-
ing manganese nitrate tetrahydrate with ferric nitrate nine-hydrate, 
cobalt nitrate hexahydrate, and nickel nitrate hexahydrate.
Synthesis of lanthanide-based double perovskite oxides
In the synthesis of 2D LaMn0.5Ni0.5O3, 0.4 g of glucose, 0.5 g of am-
monium nitrate, 0.022 g of lanthanum nitrate hexahydrate, 0.0063 g 
of manganese nitrate tetrahydrate, and 0.0072 g of nickel nitrate hexa-
hydrate were ground well in a mortar, and then the ground powder 
was placed in a crucible and heated up to 700°C for 20 min in the 
muffle furnace. The 2D LaMn0.5Ni0.5O3 was obtained without the 
purging process when the furnace cooled down to room tempera-
ture. Other 2D porous lanthanide-based perovskite oxide nanosheets 
(LaMn0.5Co0.5O3, LCNO, and LFNO) are prepared similarly by re-
placing manganese nitrate tetrahydrate and nickel nitrate hexahydrate 
with the corresponding equimolar ratio of transition metal nitrates.
Synthesis of lanthanide-based triple perovskite oxides
Taking 2D LMNCO as an example, 0.4 g of glucose, 0.5 g of ammo-
nium nitrate, 0.022 g of lanthanum nitrate hexahydrate, 0.0042 g of 
manganese nitrate tetrahydrate, 0.0048 g of cobalt nitrate hexahydrate, 
and 0.0048 g of nickel nitrate hexahydrate were ground well in a mor-
tar, and then the ground powder was placed in a crucible and heated 
up to 700°C for 20 min in the muffle furnace. The 2D LMNCO was 
obtained without the purging process when the furnace cooled down 
to room temperature. The 2D porous LMFCO nanosheets are pre-
pared similarly by replacing nickel nitrate hexahydrate with ferric ni-
trate nine-hydrate. The 2D porous LCNFO nanosheets are prepared 
similarly by replacing manganese nitrate tetrahydrate with ferric ni-
trate nine-hydrate.
Synthesis of gadolinium-based perovskite oxides
Taking 2D GMO as an example, 0.4 g of glucose, 0.5 g of ammonium 
nitrate, 0.022 g of gadolinium nitrate hexahydrate, and 0.022 g of 
manganese nitrate tetrahydrate were ground well in a mortar, and 
then the ground powder was placed in a crucible and heated up to 
900°C for 20 min in the muffle furnace. The 2D GMO was obtained 
without the purging process when the furnace cooled down to room 
temperature. Other 2D porous gadolinium-based perovskite oxide 
nanosheets (GFO and GCO) are prepared similarly by replacing 
manganese nitrate tetrahydrate with ferric nitrate nine-hydrate and 
cobalt nitrate hexahydrate.
Synthesis of gadolinium-based double perovskite oxides
Taking 2D GCMO as an example, 0.4 g of glucose, 0.5 g of ammo-
nium nitrate, 0.022 g of gadolinium nitrate hexahydrate, 0.0063 g of 
manganese nitrate tetrahydrate, and 0.0072 g of cobalt nitrate hexa-
hydrate were ground well in a mortar, and then the ground powder 
was placed in a crucible and heated up to 900°C for 20 min in the muf-
fle furnace. The 2D GCMO was obtained without the purging pro-
cess when the furnace cooled down to room temperature. The 2D 
porous GFMO nanosheets are prepared similarly by replacing cobalt 
nitrate hexahydrate with ferric nitrate nine-hydrate. The 2D porous 
GCFO nanosheets are prepared similarly by replacing manganese 
nitrate tetrahydrate with ferric nitrate nine-hydrate.
Synthesis of HEO
Typically, 0.4 g of glucose, 0.5 g of ammonium nitrate, 0.004 g of 
samarium nitrate hexahydrate, 0.004 g of gadolinium nitrate hexa-
hydrate, 0.004 g of erbium nitrate pentahydrate, 0.004 g of ytterbium 
nitrate pentahydrate, and 0.004 g of yttrium nitrate hexahydrate were 
ground well in a mortar, and then the ground powder was placed in 
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a crucible and heated up to 900°C for 10 min in the muffle furnace. 
The 2D HEO of (ErGdYbSm1.2Y0.8)2O3 was obtained without the 
purging process when the furnace cooled down to room tempera-
ture. In the synthesis of (CoMnNiCrFe)3O4, 0.4 g of glucose, 0.5 g of 
ammonium nitrate, 0.0033 g of chromium nitrate, 0.0034 g of man-
ganese nitrate tetrahydrate, 0.0056 g of ferric nitrate nine-hydrate, 
0.004 g of cobalt chloride hexahydrate, and 0.004 g of nickel nitrate 
hexahydrate were ground well in a mortar, and then the ground pow-
der was placed in a crucible and heated up to 500°C for 20 min in 
the muffle furnace. The 2D HEO of (CoMnNiCrFe)3O4 was obtained 
without the purging process when the furnace cooled down to room 
temperature.

Materials characterization
The structure of the ultrathin porous oxide was characterized by XRD 
(X’Pert Pro, PANalytical). The morphology of the sample was ob-
served with a field-emission SEM (FEI Nova 450 Nano and Gemini-
SEM) and TEM (Tecnai G2 F30 and Titan G2 60-300). The chemical 
composition of the sample was analyzed using energy-dispersive 
x-ray spectroscopy (Gemini-SEM and Titan G2 60-300). The thick-
ness of the nanosheets was characterized by AFM (Bruker Dimension 
Edge). The intermediates were characterized by thermogravimetric 
analyses (TGA-DTG, STA449F3), by heating from room temperature 
to 700°C at a rate of 10°C min−1 under O2 atmosphere, and with an 
FTIR spectrometer (Nicolet iS50R). The surface area of the porous 
oxide nanosheets was investigated by measuring N2 adsorption-
desorption isotherms (ASAP 2460, adsorption gas analyzer). Before 
adsorption measurements, all materials were degassed by heating 
them at 300°C under vacuum for 10 hours.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn2030
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