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ABSTRACT

The practical applications of high energy density rechargeable lithium (Li) metal batteries (LMBs) 

have been impeded by the intrinsic issues of Li metal anode (LMA) including high reactivity with 

electrolyte and dendritic formation. Conventional LMAs which have the “hostless” feature 

consisting of a Li layer on the two-dimensional copper (Cu) foil as a current collector led to 

additional loss in specific energy density since Cu is a non-faradaic heavy metal, bringing the 

formidable areal capacity loss. To address these problems, the heat-treated 3D-structured Cu-

coated polyimide (HT-Cu@PI) membrane is designed and fabricated as a current collector. 

Benefiting from this unique material/structure, it enables not only better electrochemically 

deposited Li by uniform/continuous Li-ion transport pathway but significant increase in the 

gravimetric/volumetric energy densities of LMBs by allowing more Li deposition in a fixed 

weight/volume. Therefore, this new LMA structure will accelerate the practical application of the 

high energy density LMBs.
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Demands for high energy density rechargeable batteries have been continuously increasing with 

the rapid market penetration of electric vehicles and portable electronic devices. Although lithium 

(Li)-ion batteries (LIBs) have been widely used as the primary energy sources in these applications, 

their gravimetric and volumetric energy densities eventually reach the limit of graphite anode. 1-3 

In this regard, Li metal has been considered one of the most promising anode materials due to its 

high theoretical specific capacity (3860 mAh g−1) which is ten times of graphite anode (~ 372 mAh 

g−1) currently used in the state-of-the-art LIBs and its lowest electrochemical reduction potential 

(−3.040 V vs standard hydrogen electrode). 4, 5 However, the practical applications of Li metal 

anodes (LMAs) are significantly hampered because of several intrinsic issues including high 

reactivity of Li and formation of dendritic Li, which cause low Li Coulombic efficiency (CE), 

continuous loss of Li and electrolyte, accumulation of nonuniform/unstable solid electrolyte 

interphase (SEI) layer, formation of electrochemical inactive or “dead” Li during repeated Li 

deposition and stripping, and consequently short cycle life and safety concern. 6-8

From the structural point of view, the conventional LMA consists of a Li metal foil on the 

top of a two-dimensional (2D) copper (Cu) foil. The presence of the Cu current collector 

accommodates a portion of the LMA mass, and it leads to the formidable loss of the areal capacity 

and specific energy density since Cu is non-faradaic and one of the heavy metals. In addition, the 

“hostless” feature of LMA gives rise to further issues including volume expansion and the limited 

utilization of Li. 9, 10 To solve the abovementioned obstacles, several efforts have been devoted to 

developing a three-dimensional (3D) substrate as the alternative current collector of the 2D Cu 

foil. One of the previous approaches can be categorized as the carbon-based hosts (ex. carbon 

nanotubes11, 12, carbon fibers13, 14, and graphene15, 16) that could have electrolyte wettability issues. 

Another is the nanostructured 3D metallic substrates (ex. metal mesh 17, 18, metal foam 19, 20, and 

the modified 3D metal substrate with lithocholic materials21-24). Even though the 3D metallic 

substrates brought improvements in the electrochemical performance, there are still concerns about 

the restricted mass of the loaded Li metal inside due to their intrinsic heavyweight. As a strategy 

to reduce the weight of the metal current collectors used in LIBs, lightweight polymeric 

membranes such as poly(ethylene naphthalate), poly(ethylene terephthalate), poly(ether sulfone), 

and polyimide (PI) have been used as the substrates to coat with metal films on them and Cu has 

been mostly preferred as the electronic conduction-pathway provider. 25, 26 Although the double-

side Cu-coated PI membranes were reported as lightweight current collectors because of PI’s good 
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mechanical properties and high thermal stability 27, 28, usage of such Cu-coated polymer current 

collectors is limited to LIBs based on the best of our knowledge and they stick with a 2D substrate. 

Recently, Wu et al.,29 reported a 3D substrate by electroless plating Cu on a PI film with through 

hole arrays drilled using laser and used it for the Li4Ti5O12 anode to increase the portion of the 

active material in the entire electrode and consequently the energy density of LIBs. 

Here, we propose a 3D Cu-coated polymeric scaffold prepared by electrospinning as the 

current collector to address the long-standing challenges of LMAs. Electrospinning is known as 

one of the facile and versatile processes to fabricate a polymeric nanomat and it can adopt a variety 

of polymers according to needs. Electrospun PI was selected as the polymeric scaffold based on 

its high thermal stability (>500 ºC) and Cu was chosen as the provider of the electronic conduction 

pathway. The 3D Cu-coated PI (Cu@PI) current collector is produced via electroless plating in an 

aqueous solution containing Cu ions. Well-distributed Cu nanoparticles on PI nanofibers are 

confirmed by scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy 

(EDS). To further enhance the electronic conductivity of Cu@PI, the heat-treated 3D Cu@PI 

current collector enables dense deposition of Li during cycling and enhances the electrochemical 

performance of LMBs by uniform and continuous Li-ion transport pathway through the porous 

substrate. It also improved the gravimetric/volumetric energy densities of LMBs due to the reduced 

weight and the stable framework of the composite current collector. This new strategy of 3D LMAs 

would facilitate the commercial application of the high energy density LMBs.  

 

Optimization of the Cu@PI 3D Current Collector

The Cu@PI nanomat was prepared by an electroless plating method as shown in Figure S1. Ring-

opening of imide in PI happens when it meets with a base solution such as KOH and PI-COO--K+ 

is formed. K+ can be changed to Ag+ after simple immersing in an AgNO3 solution and PI-COO--

Ag+ is chemically reduced to Ag nanoparticles by a reducing agent. Then Ag-coated PI is soaked 

into an electroless plating solution of Cu ions to coat Cu nanoparticles on the PI. The detail is 

further described in the Experimental method.  The electrospun PI nanomat with 30 µm thickness 

was used as the 3D substrate for this study. To check if the Cu nanoparticles are well-coated on PI 

nanofibers, SEM imaging and EDS mapping were conducted. It is found that submicron-size Cu 

nanoparticles are uniformly distributed on the PI nanofibers by SEM (Figure 1a) and the Cu 

Page 4 of 18

ACS Paragon Plus Environment

ACS Energy Letters

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



5

element is detected along with the PI nanofibers by EDS (Figure S1b). The 12-µm thick 

commercial 2D Cu foil was used as a control. As shown in Table S1, the 2D Cu foil has an 

electronic conductivity of 5.88 × 105 S cm−1 while the fabricated Cu@PI in this work has an 

electronic conductivity of 1.97 × 103 S cm−1. When the 5 mAh cm−2 of Li was deposited on Cu@PI 

at a current density of 0.5 mA cm−2 (=C/10) in an electrolyte of Li bis(fluorosulfonyl)imide (LiFSI) 

in 1,2-dimethoxyethane (DME) and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE) 

(at 1:1.2:3 by mol.), the deposited Li stayed on the top of the substrate and didn’t go through the 

thickness direction (Figure 1b). Also, the overpotential of Cu@PI during Li deposition is close to 

that of the bare Li as shown in Figure 1c. 

The thermal annealing at around 200 °C of electroless-plated Cu on the substrate is known 

for improving its electronic conductivity which could help Li deposition. 30, 31 Therefore, the as-

prepared Cu@PI nanomat were annealed at various temperatures of 150, 200, and 250 °C for 1 

hour (h) under argon (Ar) flow. Cu nanoparticles tend to grow and appear smoother after the heat 

treatment compared to the pristine Cu@PI (Figure S2a – S2d) due to reductions in grain boundary 

resulting in a slight enhancement of electronic conductivity (Table S1).31 Therefore, 200 °C was 

Figure 1. SEM images of a) surface-view of Pristine Cu@PI and b) cross-sectional view of EDLi-
Pristine Cu@PI. c) Li deposition profiles in Li||Cu cells for a capacity of 5 mAh cm−2 at a current 
density of 0.5 mA cm−2. d) A cross-sectional SEM image of EDLi-Bare Cu. SEM images of e) 
surface-view of HT-Cu@PI and f) cross-sectional view of EDLi-HT-Cu@PI.
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chosen as the optimal annealing temperature because it led to the highest electronic conductivity 

(~2.69 × 103 S cm−1) and could avoid the possible decomposition of PI. To further optimize the 

annealing condition, the heat-treating time was extended to 5 and 10 h. Although the electronic 

conductivity of the heat-treated Cu@PI at 200 °C decreased a bit with annealing time from 1 to 10 

h (Table S1), the Cu@PI annealed at 200 °C for 10 h exhibited the smoothest surface by the 

interconnection of the Cu nanoparticles (Figure S2c, S2e, and S2f). It is expected that a smoother 

surface will help improve the Li deposition uniformly on the substrate. 32 The cross-sectional SEM 

image of HT-Cu@PI confirms that Cu nanoparticles are coated through the thickness direction as 

well (Figure S3).

To elucidate the effect of the heat treatment on Cu@PI, Li (5 mAh cm−2) was deposited on 

the annealed Cu@PI nanomat at the current density of 0.5 mA cm−2 (=C/10), the same deposition 

condition as for the pristine Cu@PI and bare Cu foil. The cross-sectional SEM images of Cu@PI 

annealed under various temperatures and times exhibit clear differences (Figure S4).  In this work, 

Cu elements detected by EDS mapping on the backside of the Cu@PI nanomat is used as an 

effective criteria for the uniformity of Li deposition through the thickness direction of the nanomat:  

If no Cu can be detected by EDS mapping from the backside of lithiated nanomat, it means Li can 

penetrate the full depth of nanomat and fully cover it. In contrast, if significant amount of Cu can 

be detected, it means Li did not cover the full depth of nanomat.  In the case of 1 h treatment, 

Cu@PI annealed at 200 °C (Figure S4c) allows more Li to pass through the thickness direction 

and deposit inside of Cu@PI compared to other temperatures (150 and 250 °C, Figure S4b and 

S4d).  For the Cu@PI treatment at a given temperature (such as 200°C), extending heating time 

from 1 to 10 h promotes Li deposition to the inside of Cu@PI (Figure S4c, S4e, and S4f). Further 

increasing heat treatment temperature of Cu@PI (at 250 °C) may shrink the structure of nanomat 

or even sinter Cu particles as shown in Figure S5.  This will block Li diffusion path and lead to 

less Li coverage, i.e., more Cu exposure as shown in Figure S4d. In the case of 10 h treatment at 

200 °C, Cu elements are barely detected by EDS mapping on the backside of the Cu@PI (Figure 

S4f) indicating the deposited Li fully covered bottom side of nanomat, while in other cases various 

amount of Cu element have been detected (Figure S4a-S4e).  Based on these results, the Cu@PI 

treated at 200 °C for 10 h has been identified as the optimized 3D current collector (referred to 

HT-Cu@PI) in this study.
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Compared to the pristine Cu@PI and bare Cu, the HT-Cu@PI leads to a lower polarization 

during Li deposition as shown in Fig. 1c.  This indicates that the well-developed 3D substrate with 

a smoother surface brings more abundant nucleation sites that lower Li deposition potential. The 

thickness of 5 mAh cm−2 Li deposited on bare Cu is ~ 32 µm by SEM (Figure 1d). The difference 

between the theoretical thickness of Li deposition (~ 25 µm) and the practical value observed can 

be attributed to the side reactions between Li and electrolyte and SEI formation. Although the 

thickness of Li deposited on HT-Cu@PI (~ 35 µm, see Fig. 1f) is larger than that on bare Cu with 

the same amount of Li deposition, it is probably because the thickness of fresh HT-Cu@PI is 

already ~30 µm (Figure S3a). Li deposition and stripping accommodate inevitable Li loss by SEI 

formation and side reactions between the electrolyte and Li. 33, 34 A small difference in the 

thickness of the deposited Li indicates that the side reactions between Li and electrolyte is small. 

This is consistent with the high efficiency electrolyte used in this work (LiFSI-1.2DME-3TTE (by 

mol) has a high average Li CE of 99.5%).35 After 80% of Li stripping, the thickness of deposited 

Li on bare Cu decreased from ~ 32 µm to ~ 22 µm (about 31.3% shrinkage) and voids are observed 

in both surface and cross-sectional view images (Figure S6a). SEI layers are found as well around 

the voids that have the same size as the deposited Li (~ 10 µm). On the other hand, HT-Cu@PI 

leads to only 8.6% change in thickness (from 35 to 32 µm) after 80% of Li stripping (Figure S6b) 

after stripping, demonstrating a well-maintained structure for the HT-Cu@PI as a substrate, which 

is good for the stability of LMAs during cycling. Similar to bare Cu, the cross-sectional image of 

HT-Cu@PI after stripping displays the voids of Li, and Cu@PI nanofibers are exposed due to the 

stripping of Li even though some parts are covered by SEI layers (Figure S6b). It is confirmed that 

the metallic Li particles grow inside HT-Cu@PI and are stripped well due to its high electronic 

conductivity.    

Electrochemical Performance of Li Metal Batteries 

To investigate the effect of the optimally annealed Cu@PI (i.e. HT-Cu@PI) on the electrochemical 

performance of LMBs, the electrochemically deposited Li (EDLi) of 5 mAh cm−2 on the two Cu 

substrates (bare Cu and HT-Cu@PI) was separately paired with LiNi0.6Mn0.2Co0.2O2 (NMC622) 

(4.5 mAh cm−2) to assemble coin cells, along with 20 µm thick polyethylene separator and 75 µL 

electrolyte. Figure 2a compares the discharge rate capability of the EDLi||NMC622 cells between 
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bare Cu and HT-Cu@PI. The cells were charged at C/10 (1C = 4.5 mA cm–2) and discharged at 

various rates from C/10 to 1C after two cycles of formation at C/10 within the voltage range of 2.8 

to 4.4 V (vs. Li/Li+). The EDLi||NMC622 cells with HT-Cu@PI delivered a higher capacity of 193 

mAh cm−2 at a current density of C/10 for discharging than those with bare Cu (188 mAh cm−2). 

The cell with HT-Cu@PI substrate demonstrates increased discharge capacities even at 1C 

discharge rate (170 mAh cm−2 compared to those with bare Cu (160 mAh cm−2)). It is assumed 

that the 3D-structured HT-Cu@PI substrate enhances Li transport by the well-connected electronic 

conductive nanofibers inside. A galvanostatic intermittent titration technique (GITT) analysis is 

conducted at C/10 charge and 1C discharge to further understand the improved Li transport. GITT 

results shown in Figure 2b confirm that the cells with HT-Cu@PI exhibit lower overpotentials 

than the cells with bare Cu upon repeated current stimuli with a relaxation time of 2 h between 

pulses. The charging C-rate capability test of EDLi-Cu||NMC622 was further conducted with a 

constant discharging rate of 0.1C and various charging rates from 0.1C to 1C. As shown in Figure 

S7, EDLi-HT-Cu@PI||NMC622 delivers a higher capacity (145.5 mAh g−1) with a lower 

overpotential at 1C charging compared to EDLi-bare Cu||NMC622 (131.7 mAh g−1). 

The long-term cyclability of the EDLi||NMC622 cells with HT-Cu@PI and bare Cu is 

evaluated to further prove the practical application (Figure 2c). The initial capacities of the cells 

with bare Cu and HT-Cu@PI at C/10 for charging and at C/3 for discharging are 182.0 mAh g−1 

and 186.7 mAh g−1, respectively. This result indicates that the reduced internal resistance of HT-

Cu@PI cells leads to higher capacity by more Li utilization in the 3D HT-Cu@PI substrate than 

in the 2D Cu foil.  When the capacity retention of the EDLi||NMC622 cells reached 80%, the cycle 

lives of the cells with bare Cu and HT-Cu@PI substrates are 126 and 180 cycles, respectively. 

Table S2 compares the electrochemical performance of LMBs with different substrate.   It shows 

that cells with EDLi-Cu-based 3D substrate with the highest cathode areal capacity and smallest 

N/P ratio can still demonstrates good cycling stability. Especially, most of the previous studies 

were conducted with LiFePO4 cathode, and usage of the nickel (Ni)-rich oxide cathodes (i.e., 

LiNixMnyCo1-x-yO2, x≥6) which are considered as a higher capacity cathode candidate is limited. 
36, 37 Even though some of them tested with Ni-rich oxide cathodes such as NMC62238  and 

NMC81121, they show either very low average capacity or short cycle life, demonstrating that the 

cycling performance of EDLi||NMC622 cells with HT-Cu@PI goes beyond the previously 

reported EDLi-Cu-based 3D substrates for LMBs even at more practical conditions. 
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Another significant advantage of HT-Cu@PI is the lighter substrate weight that could allow 

more Li metal to be stored for a fixed weight of electrodes. The mass of HT-Cu@PI is only 14.5% 

of the bare Cu. When 5 mAh cm−2 of Li is deposited on various Cu substrates, EDLi-Bare Cu 

weights 13.98 mg cm−2 (Li: 6.12 mg cm−2 and Bare Cu: 7.86 mg cm−2) with 43.7 wt.% portion of 

Li as shown in Figure S8. On the other hand, the weight of EDLi-HT-Cu@PI with the same amount 

of Li is 7.26 mg cm−2 (Li: 6.12 mg cm−2 and Cu@PI: 1.14 mg cm−2) with an 84.3 wt.% portion of 

Li. When the total mass of the dry cell stake (including cathode/Al substrate, separator, 

EDLi/substrate (Cu or HT-Cu@PI)) is used to calculate the specific energy of the EDLi||NMC622 

Figure 2. a) Discharging C-rate capability of EDLi-Cu||NMC622 (4.5 mAh cm−2, N/P ratio = 1.11) 
at a constant charging rate of C/10 and at various discharging rates from C/10 to 1C under voltage 
range from 2.8 to 4.4 V (vs. Li/Li). b) GITT profiles of EDLi-Cu||NMC622 obtained upon the 
repeated current stimuli (at a C/10 charging and a 1C discharging), where the interruption time 
between the pulses = 5 h. c) Cycle performance of EDLi-Cu||NMC622 at a C/10 charging and a 
C/3 discharging. d) Charge/discharge specific energy density based on the mass of the cathode/Al 
substrate, separator, and EDLi/substrate (Cu or HT-Cu@PI)) on the 1st and 180th cycles. 
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cells, the cell with HT-Cu@PI shows higher specific energy (382.4 Wh kg−1) than that with bare 

Cu (299.0 Wh kg−1) at the first cycle of Figure 2c (Figure 2d). Benefitting from the structural 

advantage of HT-Cu@PI, even after 180 cycles, the cells with HT-Cu@PI still deliver a specific 

energy of 300.5 Wh kg−1, nearly twice for that of the cells with bare Cu (152.8 Wh kg−1) (Figure 

S9a). These results indicate that the LMB using a lighter 3D current collector made of Cu-coated 

polymeric nanomat could improve both the cyclability and energy density of the batteries as 

compared to similar batteries using 2D Cu foil as the anode current collector.

Post-Mortem Analysis of Li Metal Batteries 

The superior cycling performance of EDLi||NMC622 cells using HT-Cu@PI current collector is 

further verified by conducting the post-mortem analyses of the anode after 180 cycles. The 

electrode samples were collected from the discharged cells and thoroughly washed with fresh 

anhydrous DME to remove the remaining salts and solvents. The EDLi-Bare Cu (Figure 3a) 

presents a porous surface with a smaller size of Li particles compared to the first Li deposition 

(Figure S6a) indicating the dendritic Li growth during cycling. 39, 40 When compared to EDLi-Bare 

Cu, EDLi-HT-Cu@PI displays a smoother surface (Figure 3b). As shown in the cross-sectional 

SEM image of Fig. 1c, the thickness of EDLi-Bare Cu is ~ 65 µm after cycling which 

corresponding to a 103% volume expansion comparing to the thickness after first Li deposition (~ 

32 µm, see Figure 1d). In contrast, EDLi-HT-Cu@PI alleviates the volume expansion to 68% after 

cycling (~ 35 µm at the first deposition to ~ 59 µm after 180 cycles, see Figure 1f and Figure 3d). 

When the total volume of the dry cell stake (including cathode/Al substrate, separator, 

EDLi/substrate (Cu or HT-Cu@PI)) is used to calculate the volumetric energy of the 

EDLi||NMC622 cells, cells with EDLi-HT-Cu@PI exhibits a higher volumetric energy density 

(438.1 Wh L−1) after cycling compared to EDLi-Bare Cu (282.2 Wh L−1, Figure S9b). Figure S9 

shows that HT-Cu@PI acts as a host of Li which could maintain the volume of EDLi and maximize 

the Li utilization to improve the specific volumetric energy density of LMBs. 

A porous and dendritic surface and a larger volume change of the LMA reflect the drastic 

capacity decay of LMB and indicate more side reactions. Hence, the extended cycle life of LMB 

with EDLi-Cu@PI indicates that a well-developed 3D porous substrate can buffer the volume 

change of Li during repeated deposition and stripping, largely reduce the effective current density 
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applied on Li electrode due to the high surface area, improve the uniformity of Li-ion flux, suppress 

Li dendrite formation, and reduce harmful side reactions between Li metal and the electrolyte. To 

further verify these benefits of the HT-Cu@PI, X-ray photoelectron spectroscopy (XPS) F1s 

spectra of the cycled EDLi-Cu are obtained. EDLi-Bare Cu shows a stronger peak intensity at 

684.8 eV which corresponds to LiF that is from the decomposition of both LiFSI salt and TTE 

diluent (Figure 3g). 41 Meanwhile, compared to EDLi-Bare Cu, the cycled EDLi-HT-Cu@PI 

shows a higher SOx-F peak in the XPS F1s spectra, which is from the LiFSI salt decomposition 

(Figure 3h) 42. This result underlines again that EDLi-HT-Cu@PI suppresses side reactions on the 

surface of the LMA during cycling.  

Figure 3. Surface view of SEM images of the cycled a) EDLi-Bare Cu and b) EDLi-HT-Cu@PI. 
Cross-sectional SEM images of the cycled c) EDLi-Bare Cu and d) EDLi-HT-Cu@PI. XPS Ni3p 
spectra of the cycled e) EDLi-Bare Cu and f) EDLi-HT-Cu@PI. XPS F1s spectra of the cycled g) 
EDLi-Bare Cu and h) EDLi-HT-Cu@PI.

In recent years, several studies reported the crosstalk from the anode to the cathode in Li-

based batteries regarding the anode affects the cathode and this crosstalk could be reduced by a 

3D anode substrate. 43, 44 One of the well-known side reactions of Li-based batteries with Ni-rich 

oxide cathodes is the transition metal ions dissolution (ex. Ni, manganese, and cobalt) resulting in 

the deposition of the transition metal species on the anode surface by the migration of these metal 

ions. 45 The deposited species could act as the conduction barrier on the surface of the anode which 

promotes overpotential and uneven Li flux. The XPS Ni 3p spectra of the cycled EDLi-Bare Cu 

present a higher intensity of Ni2+ which corresponds to the deposited Ni as NiO (Figure 3e) 46  with 
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higher atomic percent (Table S3) compared to the cycled EDLi-HT-Cu@PI (Figure 3f). Besides, 

Table S4 summarizes the atomic ratio of NMC622 cathode before and after cycling in EDLi-

Cu||NMC622 cells. NMC622 from the cycled cells with EDLi-Bare Cu has less amount of Ni 

atomic percent because of Ni ion loss while NMC622 cycled with EDLi-HT-Cu@PI maintains 

most of the Ni concentrations compared to the pristine NMC622. This result shows that HT-

Cu@PI contributed to limiting the side reactions on the cathode. Therefore, the alleviated crosstalk 

influences the structural degradation of the cathode as well. 

Figure 4. STEM images showing structure and CEI characteristics of the NMC622 particles for  

a) pristine NMC622, b) cycled NMC622 on EDLi-Bare Cu, and c) cycled NMC622 on EDLi-HT-

Cu@PI.

Figure 4a shows a fresh NMC622 has no structural degradation. A thicker cation mixing 

layer (~ 3.1 nm) is observed by using combination of high angle annular dark field (HAADF) and 

bright field (BF) imaging modes in a scanning transmission electron microscope (STEM) on the 

NMC622 particles from the cycled EDLi||NMC622 cells with bare Cu compared to the one (~ 1.8 

nm) from the cycled cells with HT-Cu@PI (Figure 4b and 4c). In addition, a thinner cathode 

electrolyte interphase (CEI) layer on the NMC622 particle from cells with HT-Cu@PI (~ 1.9 nm) 

than that from cells with bare Cu is detected (Figure 4b and 4c). This suggests that the interphase 

reactions between the cathode and the electrolyte are influenced by variations in the anode. This 

phenomenon will be subject to in-depth investigation in our future research. These results imply 

that a 3D HT-Cu@PI strategy for the LMAs could bring higher gravimetric/volumetric energy 

densities to the LMBs with a stable cycle performance. The structural uniqueness of the 3D HT-

Cu@PI current collector that is developed by a facile/versatile method, including enabling both 

the improved Li-ion transport resulting in better electrochemical performance and the larger mass 
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loading of electrode active materials leading to increased energy density, as illustrated in Figure 

5.

Figure 5. Schematic illustration of 3D HT-Cu@PI enhancing Li deposition and battery 

performance.

In summary, we have developed the 3D-structured HT-Cu@PI current collector as a new 

platform for the LMAs. The polymeric scaffold was fabricated via electrospinning which is a 

versatile method to adopt a variety of polymer candidates and PI was selected owing to its high 

thermal stability. Cu nanoparticles were coated as an electron conduction path provider through 

the simple electroless plating process. After heat treatment of Cu@PI nanomat at 200 ºC for 10 h 

to enhance its electronic conductivity, Li was fully deposited inside of the final 3D HT-Cu@PI 

current collector allowing full utilization of 3D substrate. Driven by boosted Li-ion transport and 

increased Li nucleation sites, the electrochemically deposited Li on HT-Cu@PI brought increased 

specific capacity enhanced discharge rate capability and improved cycling stability to the 

EDLi||NMC622 cells under the closest practical conditions (4.5 mAh cm−2 of NMC622, N/P ratio 
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= 1.11) when compared to the bare Cu. Furthermore, the HT-Cu@PI could alleviate side reactions 

between LMA and electrolyte that cause Li loss by formation of nonuniform SEI layers, reduce 

dead Li and volume change of LMA. Benefitting from the lighter weight of HT-Cu@PI and its 

host role, when the total mass or volume of the cathode, separator, EDLi and anode substrate (Cu 

or HT-Cu@PI) is considered (the weight of electrolyte, cathode substrate and package materials 

are not included in this calculation), the EDLi||NMC622 cell with HT-Cu@PI substrate exhibits 

higher specific energy (382.4 Wh kg−1) than that with bare Cu (299.0 Wh kg−1).  It also exhibits 

higher specific gravimetric energy density (300.5 Wh Kg−1) and a 55% improved volumetric 

energy density (438.1 Wh L−1) than those with bare Cu (152.8 Wh Kg−1 and 282.2 Wh L−1) even 

after 180 cycles. We believe that this facile/versatile approach of making 3D-structured metal-

thin-film-coated polymeric scaffold as current collector for LMA could enable LMBs toward a 

higher energy density accompanying a longer stable cycle life. 
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