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Supplementary Figure 1  |  Characterization of ZMO precursor/rGO. (a) STEM 

image of ZMO precursor/rGO. Scale bar, 50 nm. (b) XRD patterns of reduced graphene 

oxide (rGO) and ZMO precursor/rGO. (c) Enlarged STEM image and (d) corresponding 

elemental mapping of ZMO precursor/rGO. Scale bar in c, 100 nm. 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 2  | Characterization of 2D holey ZMO nanosheets. (a) XRD 

pattern of 2D holey ZMO nanosheets indicating the conversion of the precursor 

compound into spinel ZnMn2O4 (JCPDS card No. 24-1133). (b) TG analysis of reduced 

graphene oxide (rGO) and 2D holey ZMO nanosheets. (c) STEM image and (d) 

corresponding elemental mapping of 2D holey ZMO nanosheets. Scale bar in c, 200 nm. 

 

 

 

 



 

Supplementary Figure 3  |  AFM image and the corresponding height profile of 2D 

holey ZMO nanosheets obtained under 400 ̊C. (a) AFM image of ZMO nanosheets. 

Scale bar, 500 nm. (b) Height profile of ZMO nanosheets. 

 

 

 

 

 

 

 

 



 

Supplementary Figure 4  |  Low magnification SEM image of ZMO nanosheets 

obtained under 400 ̊C. Scale bar, 200 nm. 



 

Supplementary Figure 5  | HRTEM image of 2D holey ZMO nanosheets. The crossed 

fringes in the overlapped domains reveal that the ZMO nanoparticles are chemically 

connected with each other. Scale bar, 2 nm. 

 

 

 

 



 

Supplementary Figure 6  | EDX mapping of GO nanosheets after stirring for enough 

time with Zn2+ and Mn2+ cations, showing the good adsorption of Zn2+ and Mn2+ 

cations onto GO nanosheets. (a) STEM image of GO nanosheets adsorbed with Zn2+ 

and Mn2+ cations. (b) C element distribution in the precursor nanosheets. (c) Zn element 

distribution in the precursor nanosheets. (d) Mn element distribution in the precursor 

nanosheets. Scale bar in all images, 5 m. 



 

Supplementary Figure 7  |  Characterization of free ZMO particles synthesized 

without addition of GO. (a) XRD patterns of free ZMO sample. (b) SEM image of free 

ZMO. Scale bar, 500 nm. (c) Enlarged SEM and (d) corresponding STEM images of free 

ZMO. Scale bar in c and d, 100 nm. 

 



 

Supplementary Figure 8 | Isotherm results and BJH pore size distribution of ZMO 

nanosheets prepared at different calcination temperatures. (a, b) ZMO nanosheets at 

400 °C; (c, d) ZMO nanosheets at 500 °C; (e, f) ZMO nanosheets at 600 °C; (g, h) 

control ZMO nanoplates. 



 

Supplementary Figure 9 | Electron microscopic images of versatile 2D holey MTMO 

nanosheets. SEM images (a, d, g), STEM images (b, e, h) and high-magnification TEM 

images and SAED patterns (c, f, i) of 2D holey nanosheets of ZCO (a-c), NCO (d-f), and 

CFO (g-i). Scale bar, 100 nm (a, b, d, e, g, h), 10 nm (c, f, i). 



 

Supplementary Figure 10  |  XRD patterns of 2D holey MTMO nanosheets. (a) 2D 

holey ZnCo2O4 (ZCO) nanosheets, (b) 2D holey NiCo2O4 (NCO) nanosheets, (c) 2D 

holey CoFe2O4 (CFO) nanosheets. 

 

 



 

Supplementary Figure 11 | Scanning electron microscopic images of 2D holey simple 

TMO nanosheets. (a) 2D holey Co3O4 nanosheets; (b) 2D holey Mn2O3 nanosheets; (c) 

2D holey Fe2O3 nanosheets. Scale bar in a, b, c: 500 nm. 
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Supplementary Figure 12  |  Electrochemical performances of 2D holey ZMO 

nanosheets. (a) Charge and discharge curves of 2D holey ZMO nanosheets for the first 

two cycles at a current density of 200 mA g−1. (b) Representative charge and discharge 

curves of 2D holey ZMO nanosheets at various current densities. 



 
 

Supplementary Figure 13  |  Charge/discharge curves of the holey ZMO nanosheets 

obtained at different temperatures at various current densities from 200 mA g-1 to 

1200 mA g-1. (a) 2D holey ZMO nanosheets obtained at 400 °C; (b) 2D holey ZMO 

nanosheets obtained at 500 °C; (c) 2D holey ZMO nanosheets obtained at 600 °C  
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Supplementary Figure 14  |  Rate performances of 2D holey ZMO nanosheets 

prepared at different temperature. 2D holey ZMO-400, 2D holey ZMO-500, and 2D 

holey ZMO-600 stand for the 2D holey ZMO nanosheets prepared at 400, 500, and 600 

°C, respectively. 

 

 

 

 



 

Supplementary Figure 15  |  CV curves of the holey ZMO (a), holey ZCO (b), holey 

CFO (c) and holey NCO (d) nanosheets at scanning rate of 0.1 mV/s. 
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Supplementary Figure 16  | Cycling performance of 2D holey MTMO nanosheets as 

anodes for lithium-ion battery. (a) 2D holey ZCO nanosheets, (b) 2D holey NCO 

nanosheets (more reasonable data will get if possible), and (c) 2D holey CFO nanosheets 

at 1000 mA g−1 for 1000 cycles. 



 

Supplementary Figure 17  | Schematic illustration of the electrochemical process. 2D 

holey MTMO nanosheets enable facile diffusion of Li+ ion through the nano-holes, and 

continuous transport of electrons along within well interconnected nanocrystals. 



 

Supplementary Figure 18  |  STEM image of 2D holey ZMO nanosheets after 100 

cycles. The 2D holey nanostructures were reserved. To prepare the STEM sample, the 

cell was opened after several cycling, the 2D holey ZMO nanosheets anode washed with 

dimethyl carbonate (DMC) and sonicated in ethanol, and then the ethanol suspension was 

drop dried onto a STEM grid. Scale bar, 200 nm. 

 

 



 

Supplementary Figure 19  | CV curves of the 2D holey NCO nanosheets for the first 

three cycles at the scan rate of 0.1 mV s-1.  
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Supplementary Figure 20  | Charge-discharge curves of NCO electrodes at different 

current densities. (a) 2D holey NCO nanosheets; (b) controlled 2D NCO nanosheets 

without porosity. 



 

Supplementary Figure 21  |  SEM image of the control 2D NCO nanoplates without 

porosity. Scale bar, 100 nm. 

 

 

 

 

 

 

 

 



 

Supplementary Figure 22  |  Selected area electron diffraction pattern of the ZMO 

nanosheets before and after lithiation. (a) Fresh ZMO nanosheets; (b) ZMO 

nanosheets after lithiation. 

 

 

 

 

 



 

Supplementary Figure 23  |  Operando XRD studies of 2D holey ZnMn2O4 

nanosheets during the first discharge process. (a) XRD patterns of ZMO nanosheets 

during the first discharge process. (b) The discharge curve of the ZMO nanosheets. ZMO 

nanosheets deliver high capacity for Li ion storage via the conversion reaction along with 

Zn and Mn. A reversible capacity corresponding to 8.3 mol of Li per mole of ZnMn2O4 is 

expected, assuming x≤0.5 for Li intercalation into the spinel lattice (ZnMn2O4 + xLi+ + 

xe- → Lix(ZnMn2O4)), crystal structure destruction, followed by metal particle formation, 

and alloy formation with Zn (Lix(ZnMn2O4) + (8-x)Li+ + (8-x)e- → Zn + 2Mn + 4Li2O; 

Zn + Li+ + e- ↔ ZnLi). These metallic nanoparticles are dispersed in a lithia (Li2O) 

matrix, with the Li2O + nanoparticles being surrounded by a solid electrolyte interface. 

This makes the mixtures amorphous, as identified by the operando XRD tests.  



Supplementary Tables 

Supplementary Table S1. A summary of recent studies on MTMO-based anode 
materials for lithium-ion battery. 

Active materials 
Cycling stability 

(mAh g-1) 

Rate capability 

(mAh g-1) 
Ref 

ZMO nanoparticles  
555 at 200 mA g-1 

280 at 2400 mA g-1 
1 

ZMO nanowires 350 at 1000 mA g-1 (40 cycles)  2 

ZMO nanorods 517 at 500 mA g-1 (100 cycles) 
810 at 50 mA g-1 

457 at 1000 mA g-1 
3 

ZMO tubules 784.3 at 100 mA g-1 (100 cycles) 
644.6 at 100 mA g-1 

243.5 at 3200 mA g-1 
4 

flower-like ZMO 
microstructures 

626 at 100 mA g-1 (50 cycles)  5 

ZMO hollow microspheres 607 at 400 mA g-1 (100 cycles) 
791 at 200 mA g-1 

361 at 1600 mA g-1 
6 

ZMO hollow microspheres 750 at 400 mA g-1 (120 cycles) 
683 at 600 mA g-1 

396 at 1200 mA g-1 
7 

ZCO nanoparticles 894 at 60 mA g-1 (60 cycles)  8 

porous ZCO nanotubes 841 at 1000 mA g-1 (30 cycles)  9 

porous ZCO nanoflakes 750 at 80 mA g-1 (50 cycles)  10 

ZCO microsphere 721 at 100 mA g-1 (80 cycles) 
970 at 100 mA g-1 

435 at 2000 mA g-1 
11 

ZCO nanosheets 980 at 200 mA g-1 (200 cycles) 
1034 at 200 mA g-1 

607 at 1000 mA g-1 
12 

ZnO/ZCO nanosheets 730 at 500 mA g-1 (150 cycles) 
880 at 200 mA g-1 

500 at 2000 mA g-1 
13 



NCO nanocubes 1058 at 100 mA g-1 (100 cycles)  14 

flower-like NCO 
microstructures 

640 at 500 mA g-1 (60 cycles) 
680 at 250 mA g-1 

420 at 2000 mA g-1 
15 

NCO microsphere 705 at 800 mA g-1 (500 cycles) 
1260 at 100 mA g-1 

393 at 1600 mA g-1 
16 

NCO nanosheets 805 at 200 mA g-1 (100 cycles) 
1018 at 200 mA g-1 

486 at 1000 mA g-1 
17 

Mesoporous NCO 
nanosheets 

204 at 200 mA g-1 (50 cycles) 142 at 1000 mA g-1 18 

NCO nanosheet networks 1170 at 200 mA g-1 (50 cycles) 
1343 at 200 mA g-1 

780 at 2000 mA g-1 
19 

NCO nanosheets 767 at 100 mA g-1 (50 cycles) 
1149 at 100 mA g-1 

487 at 1000 mA g-1 
20 

    

CFO microsphere 733.5 at 200 mA g-1 (50 cycles) 
744.1 at 1000 mA g-1 

790.5 at 200 mA g-1 
21 

ZMO nanosheets@CNT 625 at 306 mA g-1 (100 cycles) 
819 at 62 mA g-1 

528 at 1224 mA g-1 
22 

ZMO/graphene 707 at 100 mA g-1 (50 cycles) 
980 at 100 mA g-1 

440 at 2000 mA g-1 
23 

ZCO/Ni foam 1100 at 500 mA g-1 (50 cycles)  24 

ZCO/Ni foam 900 at 416 mA g-1 (50 cycles) 
1180 at 111 mA g-1 

485 at 1111 mA g-1 
25 

ZCO/carbon fibers 1180 at 180 mA g-1 (100 cycles)  26 

ZCO/carbon cloth 1200 at 200 mA g-1 (160 cycles) 
1200 at 180 mA g-1 

605 at 4500 mA g-1 
27 



ZCO nanosheets/graphene 961 at 90 mA g-1 (90 cycles) 
963 at 90 mA g-1 

593 at 900 mA g-1 
28 

NCO nanosheet/C 998 at 200 mA g-1 (50 cycles) 
976 at 100 mA g-1 

603 at 800 mA g-1 
29 

NCO/graphene 816 at 100 mA g-1 (70 cycles) 
396 at 800 mA g-1 

974 at 100 mA g-1 
30 

CFO/CNT 1045 at 200 mA g-1 (100 cycles) 
1137.6 at 200 mA g-1 

621.7 at 2000 mA g-1 
31 

CFO/graphene 565 at 800 mA g-1 (300 cycles) 
1290 at 50 mA g-1 

730 at 800 mA g-1 
32 

2D holey ZMO nanosheets 
~430 at 800 mA g-1 (50 cycles) 

~360 at 1000 mA g-1 (1000 cycles) 

~770 at 200 mA g-1 

~430 at 1200 mA g-1 

This 
work 

2D holey ZCO nanosheets ~360 at 1000 mA g-1 (1000 cycles)  
This 
work 

2D holey NCO nanosheets ~600 at 1000 mA g-1 (1000 cycles)  
This 
work 

2D holey CFO nanosheets ~510 at 1000 mA g-1 (1000 cycles)  
This 
work 
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