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A B S T R A C T   

The interface engineering of anode electrodes in lithium-ion batteries (LIBs) is a key strategy in improving the Li- 
ion storage kinetics and interface stability to achieve outstanding ultrafast cycling capacities and cycling sta-
bilities of LIBs. However, despite extensive research on the interfacial engineering of electrode materials, studies 
on the interface design between the electrode and current collector to improve the ultrafast cycling performance 
are rare. In this study, we designed a novel interface architecture for a fluorine-doped carbon quantum dot (F- 
CQD) interfacial layer on a stockade-like etched Cu foil via electrochemical modification and a spray coating 
process. The anode electrode assembled with the resultant Cu foil showed enhanced adhesion, high reaction 
kinetics, and excellent interface stability between the electrode and Cu foil due to the F-CQD interfacial layer on 
the stockade-like etched Cu foil, leading to an improved ultrafast cycling performance. Consequently, the novel 
architecture of a Cu foil having stockade-like etching patterns with an F-CQD interfacial layer showed an 
increased ultrafast cycling capacity of 82.9 mAh g− 1 and excellent ultrafast cycling stability of 94.1% after 500 
cycles under ultrafast cycling conditions. These improved ultrafast cycling performances are due to the high 
contact area between the electrode and Cu foil, excellent reaction sites, and superb corrosion resistance.   

1. Introduction 

Owing to their superior energy density and long lifetime, lithium-ion 
batteries (LIBs) are extensively used in electrically powered devices such 
as military drones, electric vehicles, and power-assist suits where high 
gravimetric or volumetric energy densities are necessary [1,2]. How-
ever, despite utilization in various electrically-powered devices, they 
still have critical problems such as low mileages and poor cycling ca-
pacities with low stabilities under ultrafast charging conditions due to 
the unstable interface states (such as electrode//electrolyte, active ma-
terial//additive material, and current collector//electrode) [3–5]. In 
particular, under ultrafast charging conditions, the peeling of the elec-
trodes due to the volume expansion of the active materials, limited 
lithium/electron redox reaction kinetics, and rapid corrosion of the 
current collector are accelerated at the interface between the electrode 
and current collector, thus reducing the specific capacities and cycling 
stabilities of LIBs [6,7]. To overcome this limitation, interfacial engi-
neering has been proposed as key strategies to improve the mechanical, 
chemical, electrical, and electrochemical stabilities of LIBs by the 

geometric architecture of the interface and novel interface designs. From 
a material point of view, several studies have attempted to suppress the 
volume expansion and unstable interfacial reactions by adding a surface 
coating to the active material of the active materials (e.g., pitch coated 
graphite [8], Al2O3 coated amorphous Si, graphene coated Co3O4 [9], 
TiO2 coated MoS2 [10], and carbon coated CoS [11]) using interfacial 
engineering. However, despite the improvement in the volume expan-
sion and interfacial stability of the active material, the peeling of the 
electrode from the current collector still poses a serious challenge. In 
recent years, several attempts have been made to prevent electrode 
peeling caused by corrosion of the current collector and to improve the 
ultrafast cycling performance through interfacial modification. This is a 
well-known strategy for stabilizing the interface between the electrode 
and current collector [12]. For example, Xiao et al. modified the surface 
of a Cu foil using the physical attack of steel balls and ultrasonication to 
increase the surface roughness [13]. Long et al. increased the surface 
roughness of a Cu foil using Cu micropowder decoration and powder 
sintering [14]. Cho et al. coated polydopamine on Cu foil to stabilize the 
interface [15]. However, despite these efforts, the degradation of the 

* Corresponding author at: Program of Materials Science & Engineering, Convergence Institute of Biomedical Engineering and Biomaterials, Republic of Korea. 
E-mail address: hjahn@seoultech.ac.kr (H.-J. Ahn).  

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2020.127563 
Received 14 August 2020; Received in revised form 13 October 2020; Accepted 26 October 2020   

mailto:hjahn@seoultech.ac.kr
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2020.127563
https://doi.org/10.1016/j.cej.2020.127563
https://doi.org/10.1016/j.cej.2020.127563
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2020.127563&domain=pdf


Chemical Engineering Journal 413 (2021) 127563

2

electrode and low ultrafast cycling performance persisted. Therefore, to 
improve the cycling stability and ultrafast cycling performance, a novel 
interfacial engineering method that can enhance the interface between 
the electrode and current collector is required for ultrafast LIBs. 

Here, we developed a novel interface architecture for a fluorine- 
doped carbon quantum dot (F-CQD) interfacial layer on a stockade- 
like etched Cu foil as a current collector for the anode electrode, and 
investigated the effect of the modified interface on the ultrafast cycling 
performances of ultrafast LIBs. The F-CQD showed excellent step 
coverage compared to other carbon materials such as graphene, carbon 
nanotubes, and graphite sheets. This was due to the small particle sizes 
(<10 nm) and high surface functional groups [16]. In addition, the F 
atoms doped in CQD can improve the ionic/electrical conductivity of the 
interfacial layer due to the C-F bond structure and the high electro-
negativity of F atoms [17]. Remarkably, this novel interface provided an 
enhanced interface between the electrode and current collector, which 
improved the adhesion area, redox reaction kinetics, and corrosion 
resistance. Consequently, under ultrafast cycling conditions (current 
density of 2000 mA g− 1), the F-CQD interfacial layer on stockade-like 
etched Cu foil exhibited an improved specific capacity and cycling sta-
bility compared those of the bare Cu foil. 

2. Experimental section 

2.1. Chemicals 

Citric acid (HOC(COOH)(CH2COOH)2, 99.5%), urea (NH2CONH2, 
99.5%), trifluoroacetic acid (C2HF3O2, 99%), N-methyl-2-pyrrolidone 
(NMP), and ammonium hydroxide solution (NH4OH, 28%) were pur-
chased from Sigma-Aldrich. Conventional Cu foil (thickness of 15 µm), 
and graphite powder (MesoCarbonMicroBead, MCNB), were purchased 
from MTI KOREA. All reagents were used as-received without further 
purifications. 

2.2. Preparation of samples 

2.2.1. Preparation of F-doped carbon quantum dot (F-CQD) 
The F-CQDs were fabricated via a hydrothermal reaction and post- 

calcination. First, the CQDs were synthesized via a hydrothermal reac-
tion. To synthesize the CQDs, 0.5 M citric acid and 0.45 M urea were 
dissolved in DI-water and stirred for 2 h. Then, the resulting solution was 
transferred into an 80 mL Teflon-lined stainless steel auto-clave and 
allowed to react at 180 ◦C for 6 h. Finally, the resulting solution was 
centrifuged 2 times at 10,000 rpm for 20 min and filtered using a tubular 
membrane with molecular weight cutoff of 12–14 kDa for 24 h to obtain 

the CQD powder. The filtered CQD powder was dried in a conventional 
oven at 50 ◦C. The F-CQD was synthesized by doping F into the CQD 
powder by post-calcination. To obtain the F-CQD, the as-prepared CQD 
and C2HF3O2, which was used as the F doping source, were mixed in DI- 
water at a weight ratio of 1:1 and dried at 50 ◦C for 12 h in a dry oven. 
Post-calcination was then performed at 800 ◦C for 2 h in a high-purity 
nitrogen atmosphere (N2, 99.999%) using a tube-type furnace. To pre-
pare the dispersion solution of F-CQD for spray coating, the F-CQD 
powder was dispersed in NMP and sonicated for 12 h. 

2.2.2. Preperation of etched-Cu foil having stockade-like etching pattern 
and F-CQD@etched-Cu foil 

The F-CQD@etched-Cu foil used as the current collector for the 
anode was fabricated using electrochemical etching and spray coating. 
To fabricate the stockade-like etched Cu foil, a bare Cu foil was elec-
trochemically etched with 6 M NH4OH using three electrode system, 
composed of a Pt wire (counter electrode), Ag/AgCl saturated in KCl 
(reference electrode), and Cu foil (working electrode) using a poten-
tiostat/galvanostat (PGST302N by Eco Chemie, Netherlands). During 
the electrochemical etching of the Cu foil, the temperature and voltage 
were maintained at 25 ◦C and 1.2 V, respectively, for 300 s. Then, the 
etched Cu foil was washed several times with DI-water and dried at 
50 ◦C for 5 h. The stockade-like etched Cu foil is hereafter referred to as 
etched-Cu. To form the F-CQD interfacial layer on the etched-Cu foil, the 
spray coating process was performed using the F-CQD suspension. 
During the spray coating process, the distance between the spray nozzle 
and the etched-Cu foil and temperature were fixed at 10 cm and 25 ◦C, 
respectively. The spray-coated etched-Cu foil was dried at 50 ◦C for 10 h. 
The F-CQD-coated etched Cu foil is hereafter referred to as F- 
CQD@etched-Cu. 

2.3. Material characterization 

The surface morphology and surface roughness of the bare-Cu, 
etched-Cu, F-CQD@etched-Cu were investigated by field-emission 
scanning microscopy (FESEM, Hitachi S-4700) and atomic force mi-
croscopy (AFM, diDimension™ 3100). The crystal structures and 
chemical bonding states of the samples were determined using X-ray 
diffraction (XRD, Rigaku D/MAX2500V, used X-ray source of Cu Kα) and 
X-ray photoelectron spectroscopy (XPS, ESCALAB 250, used X-ray 
source of Al Kα). The electrical conductivities of the samples were 
determined using Hall measurements (Ecopia, HMS-3000). The 
elemental distribution of the electrodes at the initial and after the 
cycling test was analyzed by energy dispersive spectroscopy (EDS 
mapping). 

Fig. 1. Schematic illustration of electrochemical etching and direct spray coating of a bare Cu foil, b electrochemicaly etched Cu foil, and c F-CQD coated etched Cu 
foil to fabricate the F-CQD interfacial layer on stockade-like etched Cu foil. 
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2.4. Electrochemical measurements 

The electrochemical performances of the samples were analysed 
using coin-type half cells (CR2032, Hohsen Corp.), which is composed of 
an anode fabricated from bare-Cu, etched-Cu, and F-CQD@etched-Cu 
foil, a separator of porous polypropylene membrane (Celgard 2400), and 
an anode of Li metal (Honjo Chemical, 99.95%) in an electrolyte of 1.2 
M LiPF6 with additives of dimethyl carbonate (DMC) and ethylene car-
bonate (EC) (1:1 vol%). The anode electrode used with all samples was 
prepared using a mixed slurry consisting of 80 wt% graphite as the 
active material, 10 wt% polyvinylidene fluoride (PVDF) as the binder, 
and 10 wt% ketjen black as the conducting material in NMP as the 
solvent. Then, the slurry was applied as a coating on 20 µm of the as- 
prepared current collector using a doctor blade and dried at 100 ◦C 
for 10 h in a drying oven. The electrode density was fixed at 7.3 ± 0.1 
mg cm− 2. The coin-type half cells were fabricated in an argon-filled 
glove box with water and oxygen concentrations of less than 5 ppm. 
To evaluate the electrochemical resistance and kinetics of all electrodes, 
electrochemical impedance spectroscopy (EIS) was performed in the 
frequency range of 105 kHz and 10− 2 Hz at an AC voltage of 0.005 V. To 
investigate the electrochemical performances of all samples, cycling 
tests was performed using a battery cycle system (WonATech Corp., 
WMPG 3000) in the voltage range of 0.05–3.0 V (verse Li/Li+). Cycling 
stability test was observed up to 100 cycles at a current density of 100 
mA g− 1. The rate performances were measured at current densities of 
100, 300, 700, 1000, 1500, and 2000 mA g− 1. The ultrafast cycling 
properties were analyzed for up to 500 cycles at a current density of 
2000 mA g− 1. 

3. Results and discussion 

Fig. 1 shows a schematic illustration of the electrochemical etching 
and spray coating processes of the Cu foil. The stockade-like interface on 
the Cu foil was formed by electrochemical etching using a potentiostat/ 
galvanostat in an ammonia-based electrolyte, which was used as the 

etchant. In general, Cu elements does not dissolve directly in ammonia 
(NH4) solution without an oxidizing agent. However, the Cu components 
were ionized by the formation of chemical species such as Cu(NH3)4

2+

and Cu(NH3)2+, which were produced by the reaction of the adsorbed 
NH4 and Cu on the surface of the Cu foil, in the voltage range of 
− 0.2–0.6 V (vs. SHE) and pH range of 8–10 (Fig. S1). The electro-
chemical etching reaction of Cu in an ammonia-based electrolyte is as 
follows [18,19].  

H2O + [Cu—O] + 4NH3 → Cu(NH3)4
2+ + 2OH− (1) 

or  

[Cu—O] + 4NH4
+ → Cu(NH3)4

2+ + H2O + 2H+ (2) 

The electrochemically etched Cu foil with a stockade-like surface is 
an important factor for improving the adhesion between the electrode 
and Cu foil. The F-CQD interfacial layer was applied to the etched Cu foil 
by a spray coating process using the as-prepared F-CQD suspension. The 
F-CQD interfacial layer provided high electrical conductivity and 
excellent chemical stability to the Cu foil due to its unique quantum 
effect and C–F bonds [20,21]. In addition, from the Strong Metal- 
Support Interaction (SMSI) of view, F-CQD had strong interaction with 
the Cu foil due to high surface areas of functional groups, which can 
increase adhesion between F-CQD and the Cu foil [22,23]. In particular, 
the F-CQD interfacial layer effectively hindered the corrosion of the Cu 
foil from HF formed by decomposition of the electrolyte due to thier 
high step coverage. Therefore, the introduction of the F-CQD interfacial 
layer on the etched Cu foil was an effective strategy to increase the 
charge transfer and prevent the electrochemical corrosion of the Cu foil 
at the electrode-current collector interface during ultrafast cycling 
performance. 

Fig. 2 shows the FESEM images of bare-Cu, etched-Cu, and F- 
CQD@etched-Cu. The bare-Cu foil had a smooth surface morphology 
(Fig. 2a), whereas the etched-Cu and F-CQD@etched-Cu had a rough 
surface morphologies with stockade-like etching patterns with a di-
ameters of ~292.4–325.4 nm (aspect ratio of 4.72) (Fig. 2b) and a 

Fig. 2. Top-view FESEM images of (a) bare-Cu, (b) etched-Cu, and (c) F-CQD@etched-Cu. AFM images of (d) bare-Cu, (e) etched-Cu, and (f) F-CQD@etched-Cu, 
respectively. 
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diameter in the range ~293.5–326.9 nm (aspect ratio of 4.71) (Fig. 2c), 
respectively. In particular, the F-CQD interfacial layer of the F- 
CQD@etched-Cu was observed as nanodot shapes on the surface of the 
stockade-like etching patterns. However, it was difficult to distinguish 
the F-CQD interfacial layer on etched-Cu because of the complicated 
etching pattern of the F-CQD@etched-Cu foil. To confirm the presence of 
the F-CQD interfacial layer on the F-CQD@etched-Cu foil, we prepared 
an F-CQD coated Cu foil without etching (Fig. S2). The F-CQD interfacial 
layer showed an interconnected shape of nanoparticles with particle size 
in the range ~3.6–5.7 nm. The F-CQD interfacial layer acted as a 
passivation layer that can improve the ultrafast cycling performance of 
the F-CQD@etched-Cu by suppressing the corrosion of the Cu foil, thus 
providing an electron/ion transfer pathway [3]. To demonstrate the 
surface morphologies and roughnesses of all samples, AFM analysis was 
performed (Fig. 2d–f). The height roughness (Ra) and root-mean-square 
roughness (Rms) values were ~4.3 nm and ~6.4 nm for the bare-Cu, 
~25.6 nm and ~32.7 nm for the etched-Cu, and ~26.0 nm and 
~33.5 nm for the F-CQD@etched-Cu, respectively. The increased sur-
face roughness of the F-CQD@etched-Cu foil indicated that the 
stockade-like etching patterns and the F-CQD interfacial layer increased 
the interface contact area, thus enhancing the interfacial stability be-
tween the electrode and current collector. In addition, the bare-Cu foil 
showed a low surface roughness and a smooth surface morphology, 
whereas the F-CQD coated on the Cu foil without the etching process, 
indicated increased surface roughness due to the F-CQD interfacial layer 
on the Cu foil (Fig. S4). These results were consistent with the FESEM 
results. 

To investigate the crystalline phases of the samples, XRD analysis 
were performed (Fig. 3a). The main characteristic diffraction peaks of 
bare-Cu, etched-Cu, and F-CQD@etched-Cu were observed at 43.6◦, 
50.8◦, and 74.4◦, which correspond to the (111), (200), and (220) 
planes of the Cu metal phase (space group of Fm-3m, JCPDS card No. 85- 

1326), respectively [24]. Furthermore, only the diffraction peaks of Cu 
were observed in the XRD patterns of the bare-Cu, etched-Cu, and F- 
CQD@etched-Cu without the presence of other phases. The diffraction 
patterns of the F-CQDs in the F-CQD@etched-Cu were not clearly 
detected due to the relatively small amount of F-CQD. To confirm the 
crystal structure of the F-CQD, the F-CQD powder was analyzed by XRD. 
The diffraction peaks of the F-CQD were displayed at ~23.9◦ and 
~42.0◦, which corresponded to the (002) and (100) planes of the F- 
CQD phase, respectively [25]. In addition, the sizes of the F-CQD par-
ticles were ~3.3–4.6 nm, calculated from 2θ = 23.9◦ and 42.0◦ using 
Bragg’s equation (Fig. S5) [26]. Furthermore, to investigate the chem-
ical bonding states of the F-CQD@etched-Cu, XPS analysis was per-
formed (Fig. 3b-f). All the XPS spectra were calibrated using the C 1s 
binding energy of ~284.5 eV. In the XPS full scan spectrum of the F- 
CQD@etched-Cu (Fig. 3b), the spectra of C, F, O, and Cu elements were 
confirmed without the presence of other elements. The C 1s spectrum on 
F-CQD@etched-Cu (Fig. 3c) showed six signals at ~284.5, ~286.0, 
~287.5, ~289.8, ~291.6, and ~293.2 eV, which corresponded to the 
C–C, C–O, C––O, –CF, –CF2, and –CF3 bonds, respectively [27]. The C–F 
bonds were either covalent or semi-ionic bonds, and easily combined at 
defects in the carbon structure and functional groups containing oxygen 
(–O, –OH, –COOH, etc.) on the edge of carbon [3,28]. The O 1s spectrum 
of the F-CQD@etched-Cu (Fig. 3d) indicated at ~531.0, ~532.1, 
~533.5, and ~535.2 eV, which correspond to C––O, O–C–O, O–C––O, 
and COOH bonds, respectively [11,29]. The C–O bonds was formed at 
the F-CQD interfacial layer with oxygen-containing functional groups. 
The Cu 2p peak (Fig. 3e) of the F-CQD@etched-Cu showed two major 
peaks at ~932.8 eV for Cu 2p3/2 and ~952.8 eV for Cu 2p1/2, indicating 
the metallic Cu state [30]. In addition, minor peaks were observed at 
~933.8 eV for Cu 2p3/2 and ~953.8 eV for Cu 2p1/2, which correspond 
to the Cu2+ state of either the CuO or CuO2 phase. The F 1s spectrum of 
the F-CQD@etched-Cu (Fig. 3f) was located at ~686.1 and ~688.0 eV, 

Fig. 3. (a) XRD data of all samples. (b) XPS full spectrum of F-CQD@etchied Cu foil. XPS pectra obtained from (c) C 1s, (d) O 1s, (e) Cu 2p, and (f) F 1s of F- 
CQD@etched-Cu, respectively. (g) Schematic illustration of F doping process into carbon qauntum dot. 
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which corresponded to semi-ionic and covalent C–F bonds, respectively 
[3]. The C–F bonding structure formed covalent bonds through semi- 
ionic bonds. In particular, as fluorine has a higher electronegativity 
(4.0) than carbon (2.5), the C–F bond provided a polarity/dipole 
moment, which improved the electron/ion transfer rate. Furthermore, 
C–F bonds expanded the carbon structure because of the increased dis-
tances between the carbon and fluorine atoms (0.17 nm for semi-ionic 
C–F and 0.14 nm for covalent C–F), which is a vertically bonded struc-
ture (Figs. S6 and S7) [3,31,32]. Fig. 3g shows the decomposition 
schematic of C2HF3O2 and the doping process of F into the CQD during 
calcination. The decomposition equation of the C2HF3O2 as the doping 
agent is as follows [33]:  

C2HF3O2 → HF + CF2 + CO2                                                          (3) 

First, C2HF3O2 was decomposed to hydrogen fluoride (HF), vinyli-
dene fluoride (CF2), and carbon dioxide (CO2) molecules at a tempera-
ture > 73 ◦C. Then, the F atoms in the HF and CF2 acted as the dopants. 
These were doped into the CQDs during calcination at temperature >
300 ◦C. This confirmed that F-CQD can be synthesized using C2HF3O2 
[34]. 

To further demonstrate the charge transfer and Li ion diffusion ki-
netics in the fresh cells assembled with bare-Cu, etched-Cu, and F- 
CQD@etched-Cu, the EIS was measured. Fig. 4a displays the Nyquist 
plots of the samples in the frequency range between 105 kHz and 10− 2 

Hz at the open-circuit potential. The Nyquist plots consisted two regions: 
the semicircle (region I) at the low frequency part and the inclined line 
(region II) at the high frequency part (Fig. S8). Region I is composed of a 
double-layer capacitance (Cdl) which was related to the accumulated 
charge on the electrode surface with non-Faradaic reaction and charge 
transfer resistance (Rct), which can be ascribed to the resistance to 
current flow with a Faradaic reaction [35,36]. Region II represented the 
diffusion impedance of the Li ions in the electrode (called the Warburg 
impedance) [35,36]. In the EIS data, the bare-Cu electrode displayed a 
large semicircle with poor Warburg impedance, which indicated low 
charge transfer kinetics resulting from the limited collection/provision 
sites and the poor contact area between the electrode and Cu foil. In 
contrast, the etched-Cu and F-CQD@etched-Cu electrodes showed 
smaller semicircle sizes than that of the bare-Cu electrode. The differ-
ences in the semicircle sizes of the samples was generally determined by 
the charge transfer resistance rather than the double-layer capacitances 

because, the double-layer capacitances were similar in all the samples. 
Thus, the etched-Cu and F-CQD@etched-Cu electrodes exhibited low 
charge transfer resistance due to the enhanced charge collection and 
provision sites between the active materials and the Cu foil. In partic-
ular, the charge transfer resistance and Warburg impedance of the F- 
CQD@etched-Cu electrode were the lowest among the samples (Fig. 4b). 
The more efficient electrochemical kinetics of the F-CQD@etched-Cu 
were due to the introduced stockade-like etching patterns with the F- 
CQD interfacial layer. These etching patterns improved the high charge 
collection, provision sites, and fast charge transfer at the interface be-
tween the electrode and Cu foil. Fig. 4c shows the Li ion diffusion co-
efficient calculated from the Warburg impedance in the low-frequency 
region. The Li ion diffusion coefficient is calculated by the following 
equation [37,38]:  

Zreal = Re + Rct + σwω− 1/2                                                               (4)  

D = (RT)2/2(An2CF2σw)2                                                                 (5) 

where, Re, Rct, and σw are the bulk resistances ascribed to the overall 
resistance in the cell, charge transfer resistance, and Warburg imped-
ance coefficient, respectively. R, T, A, n, C, and F are the gas constant, 
operating temperature, area of electrode, number of electrons, molar 
concentration of Li+, and Faraday constant, respectively. The Li ion 
diffusion coefficients, which were calculated using the Warburg 
impedance of bare-Cu, etched-Cu, and F-CQD@etched-Cu electrodes 
were 6.3 × 10− 13, 9.3 × 10− 13, and 9.8 × 10− 13, respectively. The 
Nyquist plots and Li ion diffusion coefficient results suggested that the 
stockade-like etching patterns and the F-CQD interfacial layer efficiently 
improved the electron transfer and Li ion diffusion rate during the ul-
trafast cycling performance. Thus, the increased electrochemical ki-
netics of the F-CQD@etched-Cu electrode can accelerated the Li ion 
storage rate under ultrafast cycling conditions. 

To investigate the electrochemical performances of all samples, 
cycling stability tests were investigated in the voltage range of 0.05–3.0 
V (verse Li/Li+) at a current density of 100 mAh g− 1 using the coin-type 
cells, as shown in Fig. 4d. The bare-Cu electrode exhibited a low specific 
capacity of 251.4 mAh g− 1 with a poor capacity retention of 80.9% after 
100 cycles. This was caused by the low interfacial stability due to the low 
contact area between the electrode and Cu foil. Conversely, the specific 
capacities of the etched-Cu and F-CQD@etched-Cu electrodes were 

Fig. 4. (a) Nyquist plots of all sample electrodes. (b) Relationship between Zreal and ω− 1/2 in the low frequency range of all electrodes. (c) Li+ diffusion coefficients 
obtained from Warburg impedance of all sample electrodes. (d) Cycling test of all sample electrodes at a current density of 100 mA g− 1 up to 100 cycles. (e) Rate- 
performance at a current density of 100 to 2000 mA g− 1. (f) Long-term ultrafast cycling test at 2000 mA g− 1 up to 500 cycles. 
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279.0 mAh g− 1 with capacity retention of 89.2% and 297.3 mAh g− 1 

with a capacity retention of 94.3%, respectively, which are higher than 
those of the bare-Cu electrode. These results can be explained by the 
increased contact area and electron/ion transfer by the improved 
interface of the stockade-like etching patterns and the F-CQD interfacial 
layer. Fig. 4e shows the performance rates measured at current densities 
of 100, 300, 700, 1000, 1500, and 2000 mA g− 1. The specific capacity of 
the bare-Cu electrode decreased dramatically as the current density 
increased from 100 to 2000 mA g− 1. In contrast, the specific capacities 
of the etched-Cu and F-CQD@etched-Cu were 65.0 mAh g− 1 and 82.9 
mAh g− 1, respectively, even at a high current density of 2000 mA g− 1. In 
addition, compared to those of the CQDs without F doping coated on 
etched Cu foil, the specific capacity of F-CQD@etched-Cu was higher at 
2000 mA g− 1 (Fig. S9). Furthermore, the F-CQD@etched-Cu electrode 
showed outstanding ultrafast cycling performance compared to those of 
previously reported anode electrodes with graphite as the active mate-
rial (Fig. S10) [39–46]. In particular, the specific capacity of the F- 
CQD@etched-Cu electrode was 2 times higher than that of the bare-Cu 
electrode, which had a low specific capacity decline rate at current 
densities in the range of 100 to 2000 mA g− 1 (Fig. S11). To investigate 
the effects of the modified interface on the ultrafast cycling performance 
of the F-CQD@etched-Cu, we performed an ultrafast cycling test over a 
long period of 500 cycles, as shown in Fig. 4f. The bare-Cu electrode 
showed an extremely poor specific capacity of 31.1 mAh g− 1 and a ca-
pacity retention of 64.4% after 500 cycles at a current density of 2000 
mA g− 1. However, the F-CQD@etched-Cu electrode exhibited a signifi-
cant improvement in the specific capacity (76.3 mAh g− 1) and capacity 
retention (94.1%) after 500 cycles at a current density of 2000 mA g− 1. A 
low current density (100 mA g− 1) was sufficient to cause the redox 

reaction between lithium ions and electrons, resulting in no noticeably 
specific capacities (Fig. 4d). Conversely, the specific capacities of all 
samples at high current densities (2000 mA g− 1) were limited by the 
slow redox reaction kinetics of Li ions and electrons in the electrode. 
However, the F-CQD interfacial layer coated stockade-like etching pat-
terns on Cu foil effectively improved the Li storage kinetics by increasing 
the number of electron collection/provision sites of electrons. This was 
because the specific capacity under ultrafast cycling conditions depen-
ded on the redox reaction kinetics of Li ions with electrons. Thus, the 
specific capacity of the F-CQD@etched-Cu electrode at a high current 
density was improved by increasing the redox reaction kinetics. 
Furthermore, to verify the effect of the interface modification, surface 
analysis was performed by disassembling the cells after the 500 cycles of 
the ultrafast cycling at a current density of 2000 mA g− 1. 

Fig. 5 shows the surface state of the bare-Cu and F-CQD@etched-Cu 
electrodes after 500 cycles at a current density of 2000 mA g− 1. Before 
the cycling test, the bare-Cu and F-CQD@etched-Cu electrodes indicated 
a smooth surface state without electrode breakage (Fig. 5a and c). 
However, after 500 cycles under ultrafast cycling conditions, the surface 
of the bare-Cu electrode was seriously damaged due to electrode 
decomposition caused by volume expansion and the peeling of the 
electrode (Fig. 5b and Fig. S12a) [3]. By contrast, the F-CQD@etched-Cu 
electrode displayed a smooth surface structure similar to the initial 
surface state even after the ultrafast cycling test (Fig. 5d and Fig. S12b) 
owing to the improved interfacial stability by outstanding contact area 
and corrosion resistance between stockade-like etching patterns and the 
F-CQD interfacial layer. The by-product of the electrolyte (such as HF) 
severely corroded the Cu foil under ultrafast cycling conditions, thus 
decreasing the specific capacity. Then, the dissolved Cu components 

Fig. 5. Top-view FESEM images of (a), (c) initial sate and (b), (d) after ultrafast cycling performance during 500 cycles at current density of 2000 mA g− 1 obtained 
from bare-Cu and F-CQD@etched-Cu electrodes. 
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migrated and precipitated on the electrode surface [47,48]. In the EDS 
results, the Cu components on the surface of the bare-Cu electrode 
significantly increased from 0.4 to 5.8 at.%, while the Cu components of 
the F-CQD@etched-Cu electrode increased slightly from 0.4 to 1.7 at.% 
(Fig. S13 and Table S1). In addition, the enhanced interfacial stability of 
the F-CQD@etched-Cu electrode also maintained the electrical/elec-
trochemical resistance of the cell compared to that of the bare-Cu 
electrode (Fig. S14). The electrode underwent severe capacity degra-
dation under ultrafast cycling conditions because of the low contact area 
and poor electrochemical stability of the interface between the electrode 
and Cu foil, which is attributed to the accelerated volume expansion and 
limited ion/electron transfer rate. However, the F-CQD@etched-Cu 
electrode displayed a significantly increased ultrafast cycling perfor-
mance, resulting from the improved contact area and enhanced elec-
trochemical stability due to the introduction of the stockade-like etching 
patterns and the F-CQD interfacial layer. 

Thus, in this study, the facilitated ultrafast cycling performance at a 
current density of 2000 mA g− 1 of the F-CQD@etched-Cu electrode was 
achieved by introducing a novel F-CQD interfacial layer on stockade-like 
etched Cu foil. The enhancement factor of the ultrafast cycling perfor-
mance can be ascribed to the three main effects of the F-CQD interfacial 
layer on the stockade-like etched Cu foil (Fig. 6): (I) the stockade-like 
etching patterns on Cu foil improved the contact area between the 
electrode and Cu foil, thus enhancing the cycling stability (Fig. 6a); (II) 
the increased collection/provision sites of the current collector signifi-
cantly enhanced the ultrafast cycling capacity by facilitating the fast 
reaction of Li ions with electrons (Fig. 6b); and (III) the introduced F- 
CQD interfacial layer effectively prevented corrosion of the Cu foil by 
the by-products in the electrolyte, thus leading to an increased ultrafast 
cycling stability (Fig. 6c). 

4. Conclusion 

In this study, we proposed a novel strategy for engineering of the 
interface between the electrode and current collector in ultrafast LIBs. 
This was archieved by applying a coating of an F-CQD interfacial layer 
onto stockade-like etched Cu foil. This offered synergistic effects which 
improved the ultrafast cycling performance and electrochemical ki-
netics. The F-CQD@etched-Cu electrode exhibited a stockade-like 
etching pattern in the size range of 293.5–326.9 nm (aspect ratio of 
4.71). In addition, this novel structure showed an improved Li ion 
diffusion coefficient (9.8 × 10− 13 cm2 s− 1). Furthermore, when the F- 
CQD@etched-Cu was used as the current collector in the anode for the 
LIB, the cycling stability was 297.3 mAh g− 1 with a capacity retention of 

94.3% after 100 cycles at 100 mA g− 1. Furthermore, at an ultrafast 
cycling condition of 2000 mA g− 1, the ultrafast cycling capacity of the F- 
CQD@etched-Cu electrode was 2 times higher than that of the bare-Cu 
electrode. In particular, the ultrafast cycling stability of the F- 
CQD@etched-Cu electrode was 94.1%, which is 1.5 times higher than 
that of the bare-Cu electrode. These results could be attributed to the 
following multifunctional effects of the F-CQD interfacial layer on the 
stockade-like etched Cu foil. First, the improved cycling stability could 
be attributed to the increased contact area between the electrode and Cu 
foil due to the formation of stockade-like etching patterns on the Cu foil. 
Second, the outstanding ultrafast cycling capacity was due to the 
increased number of collection/provision sites, which increased the 
reaction of electrons and Li ions. Third, the introduced F-CQD interfacial 
layer significantly prevented the corrosion of the Cu foil, thus enhancing 
the ultrafast cycling stability. Therefore, the introduction of the F-CQD 
interfacial layer on stockade-like etched Cu foil was an effective strategy 
for boosting the ultrafast cycling performances and electrochemical ki-
netics of LIBs. 
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