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Inspired by the flexibility of the bottom-up approach in terms of selecting molecular 

components and thus tailoring functionalities, a brand-new terpyridine derivative (1,2,4,5-

tetrakis(4-(2,2’:6’,2”-terpyridyl)phenyl)benzene) (Tetra-tpy) is synthesized and coordinated 

with Co(II) ion to self-assemble into a novel nanosheet Co-Sheet by a facile interface-assisted 

synthesis. The bis(terpyridine)-Co(II) complex nanosheet formed not only shows good 

stability, but also features the layered structure and rich electrochemical activity inherited 

from the embedded Co(terpyridine)2 motif. Thus, Co-Sheet can serve as a cathode material 

for a dual-ion battery prototype, which exhibits a high utilization of redox-active sites, good 

cycling stability and rate capability, thus expanding the potential application of this kind of 

easily prepared metal-complex nanosheets in the field of energy storage. 
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1. Introduction

Since the successful isolation of graphene,[1] two-dimensional (2D) polymers, such as 

nanosheets have attracted increasing attention thanks to their unique physical, electronic and 

chemical properties originated from their nature of electron confinement in two dimensions. 

To expand this nascent field in terms of ultrathin architectures and then meet the demands in 

various application fields, a series of graphene-like 2D materials, including Mxenes,[2,3] metal 

oxides,[4,5] and metal hydroxides[6,7] were investigated. The declaration of band gap transition 

in single-layer molybdenum disulfide[8] further boosted the development of the transition 

metal dichalcogenides (TMD).[9,10] Most of the aforementioned 2D nanosheets are created via 

top-down approach, which mainly involves chemical[1113] or mechanical[14] isolation from 

bulky mother crystals. Although the top-down method can be used to synthesize high-quality 

monolayers with clean surface, it suffers from getting small size domain in the nanosheets and 

complicated post-treatment. 

Another building block-based bottom-up approach, which is to rationally synthesize 

nanoscopic crystallites directly from atomic, ionic, and molecular modules, can be more 

flexible to design the 2D material structures. Moreover, the prepared sheets can be deposited 

on various substrates layer-by-layer.[15–18] The representative bottom-up nanosheets mainly 

include 2D metal-organic frameworks (MOFs)[19,20] and 2D covalent-organic frameworks 

(COFs).[21,22] 

As the complexation between 2,2’:6’,2”-terpyridine (tpy) and metal ion can be 

spontaneously and rationally accomplished and there is a good balance between reversibility 

and robustness, tpy and metal ion are likely to be building blocks of the coordination 

nanosheets with suitable robustness.[23] A pioneer work on the single- or few-layer of tpy-

metal complex nanosheets with focus on the gas-liquid interface-mediated synthesis, 

structural analysis and transmetalation process was conducted by Schlüter and co-workers.[24–
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26] Nishihara and co-workers studied the electrochromism[27] and photo-functionality of tpy-

metal complex nanosheets.[28] As a further study on this type of tpy-metal complex nanosheets, 

the article presented here examines their electrochemical functionality. Considering that: 1) 

the electrochemically active tpy-metal motifs were embedded in this kind of nanosheets, and 

2) the rigidity of the network structure usually offers excellent stability, which is essential to

the long-term use of an energy storage system, and 3) the layered structure could promote the 

transport of both the ions and electrons in the stacking orientations and inside the layers,[29] 

the tpy-metal complex nanosheets may be applied as a battery electrode. Most of the widely 

studied cathode materials are inorganic compounds including XMene and graphitic cathode 

materials.[30] However, the capacity limit hinders their further development. Besides, the 

inserted anions could increase the cell volume of the cathode materials, and may lead to 

structural alteration and degradation, thus resulting in poor reversibility.[31] On the other hand, 

organic cathodes could exhibit high safety, low carbon footprint, and ease of recycle.[3234] 

Speer et al. reported an organic polymer as the cathode, exhibiting a high capacity of 66 mA h 

g−1. However, its capacity was down to around 20 mA h g−1 after 100 cycles at 1 C, reflecting 

the poor stability.[35] MOFs such as Fe2(dobpdc) (dobpdc4− = 4,4′-dioxidobiphenyl-3,3′-

dicarboxylate) as cathode material have been reported to show a good reversibility for at least 

50 cycles,[36] while certain organic cathodes still suffer from swelling upon insertion or phase 

instability.[3739]  

       In view of this background, cathode material with a high reversibility is yet to be 

explored. 2D materials, which can electrochemically accommodate anions due to their 

distinctive layered structure, are a promising candidate. Recently, a few-layer graphene was 

reported to show a high specific capacity and excellent cycling stability. Nevertheless, a high 

processing temperature is necessary.[40] Herein, we report a stable and easily-prepared bis(tpy) 

cobalt(II) complex nanosheet based on the novel 1,2,4,5-tetrakis(4-(2,2’:6’,2”-

terpyridyl)phenyl)-benzene (Tetra-tpy) ligand and use it as a dual-ion cathode material. The 
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bottom-up 2D metal complex nanosheet display structural diversity and tunability. Yet, the 

study on using it as the dual-ion cathode is scarce. Of particular emphasis in this article is to 

open up a new prospect towards the applicability of this kind of layered metal complex 

nanosheets as useful nanomaterials in battery system as well as to pave the way to developing 

stable dual-ion cathode materials. 

2. Results and Discussion

2.1. Synthesis and properties of Co-sheet 

The ligand Tetra-tpy features four functional terpyridines and its spontaneous coordination 

with Co2+ ions could result in a nanosheet Co-sheet with the topological structure shown in 

Figure 1 (the counter anions are omitted for clarity). A liquid-liquid interface was created 

with a dichloromethane (CH2Cl2) solution of Tetra-tpy as the lower layer and an aqueous 

solution of excessive cobalt dichloride as the upper layer to lead to the coordination 

reaction.[41] The resultant yellow Co-sheet with metallic luster was visible and completely 

covered the whole interface (Figure 2a). To make a contrast, the one-phase synthesis was also 

conducted (see Experimental Section), generating a lackluster powder which is very different 

from the dried Co-sheet with film texture and metallic luster as displayed in Figure 2bc. It 

suggests a 2D structure of the nanosheet, with respect to the one-phase as-made powder 

showing a bulk-like texture instead. Both the scanning electron microscopy (SEM) and 

powder X-ray diffraction (PXRD) data provided evidence of that (vide infra). Co-sheet 

cannot be dissolved in either organic solvent or aqueous solution, in agreement with the 2D 

polymeric structure as proposed in Figure 1. Besides, it is stable both in air and in solution 

(see Figure S2). The thermostability of Co-sheet was studied by thermogravimetric analysis 

(TGA) (Figure S2). Only 15% weight was lost when the temperature was increased to 500 °C. 
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The excellent thermostability of Co-sheet should originate from the robustness of the 

coordination bond between tpy and Co2+. 

Apart from the good stability, another advantage of Co-sheet is the ease of preparation 

and deposition process. The as-prepared large-sized nanosheet could be directly and 

completely transferred onto various substrates or collected with a tweezer from the interface, 

which could get rid of the risk of redissolution (Figure 2d and Movie in the SI). The collected 

Co-sheet could be re-suspended in the solvent again. Compared with the soluble 1D polymers 

and molecular materials, which usually need spin coating[42–44] or chemical bonding[45,46] in 

post-processing, this simple preparation and post-treatment could lower the production cost 

which hold a great promise for the nanosheet in different areas of applications. 

2.2. Characterization of Co-sheet 

The optical microscopy (OM) image (Figure 3a) shows the monolithic transparent yellow 

Co-sheet on a quartz substrate with a large domain (more than 1 cm in one side). The 

wrinkles and folded regions within the nanosheet, caused by the transfer process onto the 

substrate, are further emphasized in the dark field image (Figure S4), indicating the sheet-like 

structure of Co-sheet.[41,47,48] The field-emission scanning electron microscopy (FE-SEM) 

images (Figure 3b and Figure S5) further reveal the film-like morphology of the nanosheet as 

proposed in Figure 1. The twisting and folding of the nanosheet edge, which is considered as 

a sign of sheet material, was observed by transmission electron microscopy (TEM) (Figure 

3c). Co-sheet also displays a uniform texture and a step terrace on the edge (Figure S6). The 

stair-stepping morphology reveals the layer-by-layer stacking and thus further ensures the 

layered structure and the bottom-up growth. The atomic force microscopy (AFM) image of 

Co-sheet shows that the selected region features a smooth and flat surface (Figure 3d). The 

three-dimensional (3D) AFM image further shows that Co-sheet is evenly spread out on the 
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Si substrate (Figure S7). The cross-sectional analysis result reveals the thickness of Co-sheet 

to be around 160 nm. Compared with Co-sheet, the one-phase made powder, which is 

composed of multiple, closely packed, micrometre-sized flakes, co-existing with barely 

dispersible bulk particles, shows a bulk-type morphology (Figure S8). Therefore, the 

interface-assisted synthesis not only limits the dimensions in the stacking direction, but also 

suppresses the growth of the bulk particles. 

The sheet morphology of Co-sheet was verified by diverse microscopic techniques while 

the chemical compositions and coordination bonds were investigated by Energy Dispersive X-

ray Spectrometer (EDX), X-ray Photoelectron Spectroscopy (XPS) and Fourier Transform 

Infra-red Spectroscopy (FT-IR). The SEM-assisted EDX in the mapping mode was used to 

detect the elemental composition and distribution of Co-sheet. The EDX-mapping images 

(Figure 3e) reveal the constitutive elements C, N, Co and Cl, as well as the compositional 

homogeneity of Co-sheet as desired. The obtained ratio of N: Co: Cl (6: 1.03: 1.89) is similar 

to the ideal stoichiometric value (6: 1: 2). XPS was conducted to characterize the nanosheet 

too. To make a reference, a small model molecule [Co(tpy)2](BF4)2•H2O (hereinafter called 

R) was synthesized. By comparing the full spectra of the ligand Tetra-tpy, Co-sheet and the

referential complex R (Figure S9), it could be concluded that the elements Co and Cl were 

incorporated into the nanosheet through complexation. Excluding the Si and O atoms 

respectively from the substrate and atmosphere, the revealed constitutive elements of Co-

sheet are in good agreement with the EDX result. The narrow scan XP spectra focusing on the 

N 1s, Co 2p and Cl 2p core levels are displayed in Figure 4. The peak shift of N 1s between 

Tetra-tpy (398.57 eV) and Co-sheet (399.84 eV) manifests that the tpy functional groups of 

Tetra-tpy were coordinated with Co(II) ions to form Co-sheet and the absence of shoulder 

peaks for N 1s reflects the completion of complexation, considering the limit of detection for 

XPS (around 0.11 atom %). Besides, the binding energies of both N 1s and Co 2p core level 

of Co-sheet were correspondingly very similar to that of R (N 1s peak at 399.69 eV), 
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providing further evidence of the formation of the tpy-Co(II) complex motif within Co-sheet. 

The Cl 2p peak of Co-sheet located at 197.70 eV confirms the presence of the counterion Cl- 

and the peak of R at 193.39 eV should be attributed to the B 1s core level. Element abundance 

of Co-sheet was analyzed by using R and CoCl2 as standard molecules, acquiring the ratio of 

N: Co: Cl (6: 1.18: 1.84) which also conforms to the ideal value (6: 1: 2). In contrast, the 

aforementioned one-phase as-synthesized powdery product yielded the ratio of 6: 0.54: 1.02 

for N: Co: Cl. The result reveals the existence of the uncoordinated tpy moieties within the 

one-phase made bulk powder, which presumably leads to structural defects or fragmentation 

of the bulk powder material, thereby underscoring the superiority of the interface-assisted 

method. FT-IR was also carried out to confirm the formation of the coordination bond. From 

the FT-IR spectra (Figure S10), the C=C stretching peak of Tetra-tpy was observed at 1583 

cm-1 and shifted up to 1608 cm-1 after complexation with Co2+ to generate Co-sheet. This is a

typical phenomenon for terpyridine when it is coordinated with the metal ion. The 

complexation could also be verified by the fact that the C=C stretching peak of R at 1600 cm-

1 is similar to that of Co-sheet. PXRD patterns for both Co-sheet and the one-phase as-

synthesized powder were obtained as shown in Figure S11. Only two broad peaks were 

observed in the PXRD profile of Co-sheet at 10.98° and 22.76°, corresponding to the 

interlayer distances of 8.05 and 3.90 nm, respectively. None of the additional Bragg 

diffraction peaks of the one-phase as-made powdery counterpart were detected, reflecting that 

Co-sheet exhibits a strong preferential orientation. Such observations further imply the 2D 

structure of Co-sheet.[4950] The Brunauer-Emmett-Teller (BET) tests were conducted for both 

Co-sheet and the one-phase as-synthesized powder to investigate their adsorption-desorption 

behavior (Figure S12). Both of them show type IV isotherms. The specific surface area of Co-

sheet was calculated to be 9.94 m2 g1, which is over 3 times higher than that of the one-phase 

made bulk counterpart (2.87 m2 g1). Besides, the bulk-type powder shows a broader Barrett–
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Joyner–Halenda (BJH) pore-size distribution, which may be related to the existence of the 

defects caused by the incomplete complexation of Co upon N (retrospect to the XPS analysis). 

Both the lateral and vertical scales of the bottom-up Co-sheet are controllable. It is easy 

to tailor the lateral size of Co-sheet by simply controlling the diameter of the reaction 

container and thus to obtain a large-sized nanosheet (see Figure S13). To control the vertical 

size, the relationships between the thickness of Co-sheet and the reaction time, the effects of 

the concentrations of the ligand Tetra-tpy and Co(II) ion solutions were investigated, 

respectively (Figure S14). Then, a thinner Co-sheet (approximately 20 nm) was achieved by 

shortening the reaction time as well as lowering both of the solution concentrations of Co2+ 

ion and the ligand. (Figure S15). 

2.3. Electrochemical performance of Co-sheet 

Recently, Feng and co-workers reported a 2D organic polymer, which served as an 

excellent cathode material for lithium ion battery.[29] Their ingeniously designed polymers 

have symmetrical shape-persistent planar aromatic structures with redox-active sites, which is 

similar to Co-Sheet. However, high temperature and sealed atmosphere are necessary for the 

preparation of the polymers. In consideration of the ease of preparation, the chemical stability 

and layered structure of Co-sheet, the nanosheet was used as the active material of a cathode 

after being assembled into a coin cell. The lithium foil functioned as an anode while a glass 

microfiber film acted as a separator and 1 M LiPF6 in ethylene carbonate (EC)/dimethyl 

carbonate (DMC)/diethyl carbonate (DEC) (w/w/w 1:1:1) as the electrolyte. The fabricated 

half-cell was subjected to a series of electrochemical measurements such as the cyclic 

voltammetry (CV), galvanostatic charge-discharge test and Nyquist impedance test with an 

electrochemical station at room temperature. During the charging process, electrons were 

transferred from Co-sheet electrode to Li foil, resulting in the oxidation of Co(II) to Co(III) 

8
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accompanied by the intercalation of PF6� from the electrolyte into Co-sheet to keep it 

electroneutral. In contrast, the inserted anion underwent deintercalation when electrons flow 

into the Co-sheet cathode and Co(III) was reduced to Co(II) during the discharging process. 

The obtained CV result is shown in Figure S16. A pair of redox peaks at around 2.1 V was 

observed, which should be attributed to the redox reaction between Co2+ and Co3+. The 

theoretical specific capacity of the Co-sheet based battery device was calculated to be 34 

mAh g� �(Figure S17). The charge/discharge profiles (Figure 5a) show that Co-sheet

electrode can deliver a capacity of approximately 40 mAh g�1 at 0.1 C, corresponding to a 

capacity that is consistent with the proposed 2 e- transformation from Co(II) to Co(III) in each 

repeat unit. Thus, it reveals a high utilization of the redox-active sites within the nanosheet. 

Noteworthily, 2D COFs are usually subjected to deeply buried active sites caused by the close 

layer-stacking.[51] The high utilization exhibited by Co-sheet may be assigned to the 

explosion of the active sites. Besides, the profiles show one charge/discharge plateau at 

around 2.1 V, which is in good accordance with the redox peak in the CV curve. Figure 5b 

displays the cycling performance of the Co-sheet electrode in which the assembled battery 

exhibited a capacity of 43 mAh g1 initially. After scanning 100 cycles at 0.1 C, the battery 

can still give a capacity of 39 mAh g1, corresponding to a capacity retention of 93%. The 

capacity fading is likely caused by the accumulation of ions in the electrodes. In addition, the 

coulombic efficiency is increasing over the cycling, which may be attributed to the following 

factors.[52] Initially, due to the large size of the anion, the partially irreversible process occurs 

during the anion intercalation reaction, causing the trapping effect. Additionally, the unstable 

solid electrolyte interphase (SEI) film is formed at the electrode, resulting in the irreversible 

capacity. Thus, the Co-sheet cathode shows a relatively low coulombic efficiency. With the 

SEI layer more and more stable along with cycling, the irreversible capacity is diminished and 

therefore the coulombic efficiency is increased. The impedance of Co-sheet after 1st cycle is 
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94 ohm while after 100 cycles, it is around 100 ohm (Figure 5c). This indicates a very little 

increase of the internal resistance, which means a good electrochemical stability of the Co-

sheet electrode. The rate performance is shown in Figure 5d. When the current density is 

increased from 0.1 C to 1 C, the charging capacity decreases slowly from 47 mAh g1 to 41 

mAh g1 and recovers to 46.8 mAh g1 with the charge/discharge rate returning to 0.1 C, 

indicating a good rate capability of the Co-sheet electrode. Such a rate capability implies the 

enhanced intercalation kinetics of anion into the cathode, which may be mainly attributed to 

the 2D structure of this kind of nanosheets, since the 2D layered structure, relative to the 

bulky 3D structure, could better accommodate the mechanical stress during the 

intercalation/deintercalation processes of anion, and reduce the activation energy barriers of 

the anion intercalation/deintercalation reaction.[53] To make a contrast, the electrochemical 

performance of the one-phase as-synthesized powder based cathode was also studied. The 

results are displayed in Figure S18 and a comparative table on their electrochemical 

performances is made (Table S1). As seen from Figure S18a, the powder-based cathode could 

deliver a similar redox potential at around 2.2 V vs. Li+/Li but with a lower capacity at 0.1 C, 

compared with Co-sheet. The higher capacity of Co-sheet may be related to its higher 

specific surface area, which could generate more active sites for accommodating anions to 

promote the capacity of cathode. Besides, the potential hysteresis of the one-phase as-made 

bulk powder sample is much higher than that of Co-sheet, suggesting an inferior 

electrochemical kinetics for the powder. The capacity retention of the one-phase as-made 

powder sample is 86.5% after 50 cycles at 0.1 C (Figure S18b), lower than that of Co-sheet. 

Thus, Co-sheet exhibits a better cycling stability. The average coulombic efficiency of Co-

sheet (92.6%) is slightly higher than that of the bulk-type powder (91.4%), indicative of the 

higher reversibility of the intercalation/deintercalation of anion into Co-sheet during the 

cycling. Compared with the bulk-type powder, Co-sheet possesses a higher specific surface 

area and fewer defects, which may facilitate the diffusion of anion, and thus suppress the 
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trapping of the inserted anion.[53] As a result, the reversibility of the anion 

intercalation/deintercalation process is enhanced, which boosts the cycling stability as well as 

the coulombic efficiency. In addition, after 50 cycles, the increase in the impedance of the 

one-phase as-made powdery sample is much significant than that of Co-sheet (Figure S18c), 

showing an inferior electrochemical stability of the bulk-type powdery material which may be 

resulted from the structural collapse and/or disintegration. For Co-sheet, the good 

electrochemical stability may be related to its structural stability, which could prevent the 

irreversible decomposition of the cathode, and also promote the cycling stability. The 

performances of several reported cathode materials for dual-ion batteries are also summarized 

in Table S2 for comparison. It highlights the good cycling stability of Co-sheet. Besides, it is

noteworthy that there are rare literature reports on 2D metal complex nanosheet applied in 

dual-ion battery field while the reported graphite-based cathode generally shows limited 

capacity and the organic cathode material also suffers from the weak long-term stability. This 

study sheds light on the potential utility of Co-sheet for dual-ion battery. 

3. Conclusion

Through a mild and simple interface-mediated process, a novel four-way terpyridine 

ligand (Tetra-tpy) based bottom-up nanosheet (Co-sheet), with elaborately introduced redox-

active tpy-Co(II) motifs, was synthesized. The 2D Co-sheet was characterized by various 

microscopic methods, EDX, XPS and FTIR, revealing the proposed layered structure. Large-

sized Co-sheet was also easily achieved. Moreover, Co-sheet was insoluble in both organic 

solvents and water, facilitating the transfer process onto substrates. A dual-ion battery device 

was achieved by using Co-sheet as the cathode material. The nanosheet can perform a high 

utilization of the redox-active sites and good electrochemical stability and rate capability, 

relative to the corresponding one-phase as-synthesized powder, which is indicative of the 

superiority of the metal complex nanosheet prepared by the interface-assisted approach. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



12 

Although the obtained maximum capacitance remains to be improved, the structural tunability 

of this kind of nanosheets may be advantageous in further enhancing the dual-ion battery 

performance. The study presented here enriches the family of applicable bottom-up metal 

complex nanosheets and provides a new strategy toward the future design and preparation of 

new functional 2D nanomaterials with enhanced performance. 

4. Experimental Section

        Synthesis of Co-sheet: Tetra-tpy was dissolved in dichloromethane (CH2Cl2) to prepare 

the organic solution (5.0 × 105 mol L1) and CoCl2•6H2O was used as the metal source to 

form the metal ion aqueous solution (5.0 × 102 mol L1). A small piece of pretreated 

substrate (such as 1 cm × 1 cm silicon and quartz) was placed at the bottom of a clean and 

oven-dried cylindrical vial with a volume of 50 mL and a diameter of 3.2 cm. Then, a CH2Cl2 

solution (10 mL) of Tetra-tpy was added into the vial (lower layer). Next, 10 mL buffer D-I 

water layer and 10 mL Co2+ aqueous layer were carefully added above the organic phase in 

sequence (together as the upper layer: 20 mL) to form a water-oil interface. The whole system 

was kept undisturbed for 5 h under ambient conditions to let the complexation proceed to 

form the nanosheet. Elemental analysis of Co-sheet: Found, N 10.66, C 68.85, H 3.94, 

calculated for C90H58N12Co2Cl4 (N 10.73, C 68.98, H 3.73), the formula of the ideal repeat 

unit of Co-sheet (see Figure S17). For the preparation of the thinner Co-sheet, the reaction 

time was 0.5 h and the solution concentrations of the ligand and Co(II) ion were 2.0 × 105 

mol L1 and 2.5 × 102 mol L1, respectively. 

        Synthesis of one-phase as-synthesized powdery product: A CH2Cl2 solution (80 mL) of 

Tetra-tpy (6.5 mg, 4.9 μmol) was mixed with CoCl2•6H2O (2.5 mg, 10.5 μmol) to be 

strongly stirred overnight at room temperature. Then the precipitate was filtrated out and then 

washed with CH2Cl2, D.I. water and ethanol. A yellow powder was obtained after drying in 

vacuo. 
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        Synthesis of [Co(tpy)2](BF4)2 •H2O (R): To a water solution (10 mL) of Co(BF4)2•6H2O 

(62.2 mg, 168.6 μmol), 2,2´:6´,2´´-terpyridine (85.2 mg, 366 μmol) was added. After the 

mixture was vigorously stirred for 5 h, the precipitate was filtered out and excess aqueous 

ammonium tetrafluoroborate solution (1 g in 10 mL water) was poured into the filtrate. The 

lustrous orange solid was precipitated and filtered. Then it was washed by a small amount of 

water, ice-cooled methanol and oven-dried. Finally, 15 mg of the yellow solid was obtained 

(12.4%). Elemental analysis: found, N 11.69, C 50.54, H 3.23; calculated for 

C30H22N6B2F8Co•H2O, N 11.72, C 50.25, H 3.62. 

        Transfer of the nanosheets onto substrates and TEM grids: Small pieces could be 

transferred by pipetting and dropping the suspension of nanosheets onto various substrates, 

which were then dried in a nitrogen blow. The samples on the copper grids used for TEM 

were prepared in this way. Normally, the substrates were placed at the bottom of vials before 

the preparation. When the nanosheets were formed, both upper and bottom layers were 

removed by a syringe, resulting in the deposition of the nanosheets onto the substrates. Then 

the modified substrates were dried in vacuo overnight before the measurements. 

        Electrochemical measurements: 40 wt% Co-sheet, 40 wt% conductive carbon black 

(Ketjen Black, KB, Wuhan Battery Plant), and 20 wt% poly(tetrafluoroethylene) (60% PTFE 

in deionized water, Kejing, China) were mixed together to form a homogeneous slurry. Then 

the slurry was rolled into a composite film (80 μm thick), which was dried at 60 °C for 24 h 

under vacuum. A stainless-steel 2032 coin-type cell was assembled in an argon-filled glove 

box (Mikrouna, super H2O and O2 < 0.1 ppm), using the Co-sheet based composite material 

as the cathode, a glass microfibre film (Whatman, GF/A) as the separator, and Li foil as the 

anode. 1 M LiPF6 in EC/DMC/DEC (w/w/w 1:1:1) was used as the electrolyte. The specific 

capacities were calculated according to the net mass of Co-sheet in the electrode. For the one-

phase as-made powder sample, the electrode preparation procedure is similar to that of the 
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nanosheet. The cycling performances were tested using a charge-discharge apparatus (Land, 

CT2001A) at a constant current mode, with the voltage interval of 1.0‒4.0 V. Cyclic 

voltammograms were measured on a CHI 600a electrochemical workstation (Shanghai, 

China) at a scan rate of 0.05 mV s1 with the potential range of 1.5‒4.0 V. Electrochemical 

impedance spectroscopy (EIS) measurements were performed for the battery after the 1st 

discharging using an impedance analyzer with an electrochemical interface (Autolab 

PGSTAT 302, Metrohem). The applied voltage during these trials was 10 mV and the 

frequency range was 0.1 to 105 Hz. 

Supporting Information  
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Chemical structure of the brand-new ligand Tetra-tpy and the corresponding 

bottom-up Co-sheet. The counter anions were omitted for clarity. 

Figure 2. Preparation and collection of Co-sheet. a) The photograph of the nanosheet formed 

by the liquid-liquid interface-assisted method. b) The photograph of the solid powder 

synthesized through the one-phase reaction. c) The photograph of the dried Co-sheet. The 

inset is a small piece of free-standing Co-sheet. d) The collection of the nanosheet. 
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Figure 3. Characterization of Co-sheet. a) The OM image of the nanosheet deposited on a 

quartz substrate. b) The SEM image of the nanosheet deposited on the edge of the Si substrate. 

c) The TEM image of the nanosheet deposited on a copper grid. d) The AFM height image of

the nanosheet on a Si substrate and the cross-sectional analysis along with the white line. e)

The SEM/EDX mapping images of Co-sheet.

Figure 4. The narrow scan XP spectra of Co-sheet, referential complex R and Tetra-tpy 

focusing on N 1s, Co 2p, and Cl 2p core levels, respectively.
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Figure 5. The electrochemical performance of the Co-sheet electrode. a) Charge/discharge 

profiles of the Co-sheet electrode at the 2nd and 100th cycles (0.1 C, 1 C = 34 mAh g1). b) 

Cycling performance of the Co-sheet electrode at 0.1 C. c) The AC impedance spectrum of 

the Co-sheet electrode after the 1st cycle and 100th cycles. d) Charge capacity of the Co-

sheet electrode at different current density.  
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Co-sheet cathode: A novel bottom-up metal complex nanosheet, constructed by elaborately 

embedding the electrochemically active bis(terpyridine)-Co(II) linkages onto the skeleton, is 

applied as a cathode material of a dual-ion battery for the first time, presenting a high 

utilization of redox-active sites and good electrochemical stability and rate capability.  

Keywords: metal-organic nanosheets, layered structures, cathode materials, dual-ion batteries, 

terpyridine  
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