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Single Iron Atom Anchored on ZIF-8 Derived Carbon
Framework to Directionally Regulate Lithium Deposition
with Minimum Nucleation Overpotential

Zhixing Guan, Zaka Ullah, Surong Zheng, Ruizai Yang, Penghao Zhu, Qing Cheng,

Penghao Song, Qi Li,* and Liwei Liu

Lithium (Li) metal has earned valuable status among the most auspicious
anodes for the assembly of next-generation rechargeable batteries. How-
ever, the dendritic growth and infinite change in volume of metallic Li anode
strongly hinder its use for practical applications. Here, the preparation of
atomically dispersed iron doped ZIF-8 through pyrolysis (Fe@NC) to lower the
Li nucleation overpotential and control the Li deposition on specific positions
is reported. Thermodynamic and kinetic simulations show that the doped
single Fe atoms can improve the atomic structure, increase the adsorption
energy and enhance the diffusion capacity of Li. Moreover, the specific frame-
work structure of Fe@NC can induce Li metal to nucleate in interior space of
the material which can hinder the Li growth along one direction and restrain
its volume expansion. As-fabricated electrode displays nearly no nucleation
overpotential at current density of 2 mA cm2 and offers higher average Cou-
lombic efficiency up to 99.0% for 100 cycles at current density 2 mA cm=2, and
higher areal capacity up to 5 mAh cm2 Also, the fabricated Fe@NC/LiFePO,
based full cells exhibit a longer lifespan of 100 cycles at 0.5 C. The results
provide new insights for future rechargeable Li metal batteries.

considered as the most promising candi-
dates in this regard. These are capable of
being paired up with most of the desired
cathode materials including oxygen,’
sulfur,®12  and carbon dioxide.3
However, for practical batteries, Li metal
anodes face extensive challenges par-
ticularly heterogeneous nucleation and
unavoidable dendritic growth during
electrochemical  plating/stripping  pro-
cess.>8 The uncontrollable growth of
dendrites causes irreversible capacity loss,
low Coulombic efficiency, serious volu-
metric change, and repeated consump-
tion of electrolytes.”) More alarmingly, the
dendrites may penetrate into the separator
which may further lead to internal short-
circuit and hence fatal failure of the bat-
tery devices.

Considerable efforts have been made to
address the challenging issues of Li den-

1. Introduction

Exponentially increasing demands of energy are not letting
the researchers to meet the requirements for future energy
storage devices, especially high-energy-density rechargeable
batteries.' Li anodes owing to their remarkably higher theo-
retical specific capacity (3860 mAh g!) and significantly lower
redox potential (-3.04 V vs typical hydrogen electrode),’>¢! are
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drites, including introduction of additives
into electrolytes to build stable solid-state
electrolyte interface (SEI) films,2>2! construction of stabilized
artificial SEI to hinder dendrite penetration,?4 and applica-
tion of highly porous conductive matrix to make uniform Li
deposition.?>-?’] However, directional control of lithium deposi-
tion remained elusive till now. The systematic study of Li nucle-
ation behavior has become essential for spontaneously guiding
Li deposition to control the morphology as well as position.
Recently, single-atom catalysts combined with non-noble
metal monodispersed single atoms were claimed to improve
the lithiophilicity of matrix by increasing the adsorption energy
between the Li atoms and matrix, which benefits the nuclea-
tion rate and hence growth of Li metal with a decreased over-
potential. The doped metal single atoms can be combined
with nitrogen (N) to form metal—N,;—C sites which can affect
the electronic cloud around the doping sites. However, the key
approaches of past investigations are mainly based on thermo-
dynamic analyses. The kinetic factors like the diffusion capacity
of Li on matrix have often been overlooked.[8-31
It is well-accepted that the resultant morphology of deposited
Li is associated with its initial nucleation behavior. The matrix of
Li deposition has a profound effect on nuclei size and nucleation
behavior of Li. However, for most of the single-atom catalysts,
the substrates are carbon-based materials with lamellar stacking
structure (e.g., graphene) in which lithium ions have enough
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chances to diffuse through the basal plane via defects. In such
cases, the defect sites form steric hindrance to hinder the diffu-
sion parallel to the plane. This may result in surface structure
damage during long-term cycling which will limit the applica-
tion of battery. In this scenario, hunting of lithiophilic 3D carbo-
naceous matrix has become of great need and significance.??-3]
Zeolitic imidazolate frameworks (ZIFs) are 3D crystalline
metal organic frameworks (MOFs) with nanoporous mor-
phology, uniformly structured cavities, extremely higher surface
area, good mechanical and thermal stability, and well-distributed
N-containing functional groups to provide doping sites.363]
Herein, we employed ZIF-8 as a carrier to let single iron (Fe)
atoms anchored on it, and treated the obtained material with the
method of thermal pyrolysis in order to assemble Fe@NC. The
single Fe atom can form a coordination bond with surrounding
N to enhance the adsorption energy, decrease the nucleation
barrier, improve the atomic structural stability, and increase the
diffusion capacity of Li. The homogeneously distributed single
Fe atoms can induce Li metal to nucleate into the interior space
of Fe@NC where remarkable framework structure contributes
to hinder the Li growth over one direction and restrain the Li
metal volume expansion. Besides, superior 3D porous structure
of Fe@NC endows Li to be integrated into electrode without
affecting subsequent cycling, thus decreasing the amount of Li
deposition on electrode surface and suppressing the dendrites,
as shown in Figure 1. As a consequence, the Fe@NC electrode
exhibits nearly no nucleation overpotential at an applied current
density of 2 mA cm™, and delivers a notable average Coulombic
efficiency of 99.0% for 100 provided cycles at a current density
2 mA cm™. The areal capacity of the electrode remained as high
as 5 mAh cm™. Besides, full cells based on Fe@NC/LiFePO,
exhibited a longer lifetime of 100 cycles provided at 0.5 C.

2. Results and Discussion

2.1. Regional Nucleation Mechanism of Single Fe Atom Doped NC

To investigate the intrinsic mechanisms of uniform Li deposi-
tion persuaded by Fe@NC, density functional theory (DFT)

@ i
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@ reonc
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Figure 1. Schematic diagram of Li plating process on 2D matrix and Fe@NC.
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investigations were employed. At the start, Li adsorption energy
of Fe@NC and NC was calculated and compared with cohesive
energy of Li atom in Li metal (-1.83 eV, more details in Experi-
mental Section). The Li adsorption energy which is greater than
Li cohesive energy, makes it more probable for Li atoms to be
nucleated at host material surface instead of bulk Li. The com-
putational simulation results given in Figure 2a-d shows the
lithium adsorption energy of NC as —2.07 eV (Table S1, Sup-
porting Information) which is larger than Li cohesive energy
(with a difference of —0.24 eV). This implies that the Li cluster
can easily be detached from NC collector which will result in the
formation of Li dendrites and isolation of Li particles (“dead Li”).
Moreover, Fe@NC displays a comparatively larger Li adsorption
energy (2.28 eV) which indicates the favorable lithiophilicity of
this matrix, and suggests that Li atoms will prefer to be depos-
ited around the isolated and randomly distributed Fe—N,—C
sites. Such a situation will discourage the formation of dendrites.

To further study how the Fe@NC matrix can enhance the
adsorption ability of Li, the charge density difference between
NC and Fe@NC was investigated, as shown in Figure 2e,f.
The adsorption of Li on Fe@NC or NC is the process of charge
transfer from Li atom to the intermediate region between
lithium and substrate. The adsorption process leads to develop
different electronic states in Li as per the electronegativity dif-
ference of Fe (1.83), N (3.04), C (2.54), and Li (0.98). As the
Li has smallest electronegativity among these elements, the
region around the Fe—N,—C sites exhibits a strong adsorption
impact for Li atom, leading to the enhancement in the adsorp-
tion ability of Li. Nevertheless, the atomic structural stability of
N and C might be affected by strong N—C bond in NC material.
Consequently, the variations in the bond length of N and C in
Fe@NC and NC were also calculated. After the adsorption of Li
atoms, the N—C bond in the NC deforms severely (Figure 2c,d;
Figure S1, Supporting Information). The bond length of N and
C was increased by 0.008 A in Fe@NC (Table S2, Supporting
Information) which is much smaller as compared to that in NC
(0.055 A). This evidences that single ion doping can enhance
the structural stability of Fe@NC.

In addition to the thermodynamic properties, the kinetic
properties of the electrode materials also have a critical effect
on the initial nucleation rate of lithium. Consequently, the dif-
fusion energy barrier of Li was computed to investigate its dif-
fusion ability both in Fe@NC and NC materials. Figure 2g,h
shows that the diffusion energy barrier of Li on Fe@NC is
0.486 eV which is much lower than that of NC (3.621 eV). This
suggests that Li atoms can easily diffuse through the Fe@NC
matrix. This phenomenon will oppose the aggregation of Li
atoms in one position and may have a positive effect on fast-
charging field. All these results strongly suggest that the single
Fe atom doped Fe@NC as anode material may offer great
potential for Li metal battery.

2.2. Compositional and Structural Characterization
The Fe(acac);, Zn(NO;),-6H,0, and 2-methylimidazole
were dissolved in methanol for the synthesis of Fe@NC

(see more details in Experimental Section). Figure 3a and
Figure S2 (Supporting Information) show that the as-prepared
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Figure 2. Top views of a) NC, and b) Fe@NC. Side views of ¢) NC, and d) Fe@NC after Li adsorption. Cross-sectional observation of charge density
distribution of Li atoms adsorbed on e) NC, and f) Fe@NC. Red and blue colors respectively denote the charge accumulation and loss regions. Iso-
surface value is set as 0.001 e A, Change in energy upon diffusion of adsorbed lithium atoms along the matrix of g) NC, and h) Fe@NC. Inset images

are the diffusion pathway of Li atom on the matrix.

Fe@NC exhibits the structure of hexagonal shape which is sim-
ilar to that of NC (Figures S3 and S4, Supporting Information).
High-resolution transmission electron microscopy (HRTEM)
view given in Figure 3b evidences that there are no obvious
iron-based metal nanoparticles. However, there are massive
micropores on Fe@NC surface which evidence the doping of Fe
in NC at atomic level, and porous structure of Fe@NC. More-
over, atomic-resolution high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM) image
given in Figure 3c shows bright spots which are referred to as
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heavy Fe atoms. These existences of Fe are consistent with the
energy dispersive spectroscope (EDS) measurements, as shown
in Figure S10 (Supporting Information). The bright spots are
uniformly distributed and their size is =1 A which confirms the
presence of single Fe atoms. Besides, the homogeneous distri-
bution of Fe and N species in Fe@NC is further revealed by
electron energy-loss spectroscopy (EELS) mapping images, as
shown in Figure 3d. The contents of Fe atoms in Fe@NC were
0.74 wt% as per coupled plasma optical emission spectrometry
(Table S3, Supporting Information).

© 2022 Wiley-VCH GmbH
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Figure 3. Compositional and structural characterization of Fe@NC. a) SEM, b) HRTEM, and c) HADDF-STEM images of Fe@NC where the single Fe
atoms are highlighted in red circles. d) EELS mapping images of C, N, and Fe in Fe@NC, demonstrating the homogeneous distribution of single Fe
atoms on Fe@NC. e) XRD patterns, f) Raman spectra, and g) XPS N 1s spectrums of FF@NC and NC.

In X-ray powder diffraction (XRD) patterns of both Fe@NC
and NC (Figure 3e), there are only two broader diffraction peaks
centered at =24.5° and =43.3° which correspond to partially gra-
phitized carbon. The XRD patterns did not show any peak for
Fe. These results are in accordance with HRTEM outcomes and
confirm that there is no change in the structure of NC after Fe
doping. Raman spectra of Fe@NC and NC shown in Figure 3f
gives the intensity ratio of D to G bands (Ip/I¢) which is 1.1 for
Fe@NC and 1.10 for NC. This suggests that the introduction of
a single Fe atom may not increase the detectable defects in NC.
As results suggested in Figure 2,b, the introduction of Fe atom
may not change the structure of the matrix. The chemical states
of Fe@NC (Figure S5, Supporting Information) are studied
using X-ray photoelectron spectroscopy (XPS). Considering
the measurement depth and accuracy of XPS, the peaks of Fe
can hardly be detected. The high-resolution XPS N 1s spec-
trum given in Figure 3g suggests the co-existence of pyridinic
nitrogen (=398.2 eV), pyrrolic nitrogen (=400.0 eV), graphitic
nitrogen (=401.0 eV), and oxidized nitrogen species (=402.9 eV).
Notably, there is an additional peak in the Fe@NC spectrum
at =398.5 eV which is ascribed to the coordination between Fe
and N. This peak manifests the presence of FeN, species. All
these results evidence the homogeneous distribution of single
Fe atoms in Fe@NC with Fe-N,-C configurations which can
potentially promote the uniform deposition of Li metal.

2.3. Electrochemical Validation of the Dendrite-Free Fe@NC

Ex situ scanning electron microscopy (SEM) analysis of pre-
pared samples was conducted to investigate their structural and
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morphological characteristics after plating. Coin cells with Cu,
NC, and Fe@NC as working electrodes and Li foils as counter
and reference electrodes, were assembled. The rough and het-
erogeneous surface displays anomalous Li clumps and sheet-
like dendrites (Figure 4a) for deposited Li as 0.1 mAh cm™ with
Cu electrode at a current density of 0.01 mA cm (Figure S6,
Supporting Information). This outcome implies the existence
of isolated and heterogeneous nucleation sites of Li metal. On
the other hand, the internal and uniform lithiophilic sites of
Fe@NC and NC electrodes, and their porous features favor the
Li deposition inside the microstructures of these materials.

Figure S7a (Supporting Information) provides a direct and
strong evidence that Li is prone to deposit and grow in the ini-
tial nucleation sites. With continual deposition of Li, the par-
ticles keep growing and aggregating with each other to cover
the surface of matrix and the gaps. However, Li tends to cluster
together due to the small Li adsorption energy (Figure S7b,
Supporting Information). Figure 4e exhibits that the metallic
Li is clung to the surface of the Fe@NC electrode; whereas,
its morphology is gossamer on the NC electrode. This further
confirms that the Li adsorption energy is increased after doping
of single Fe atoms. Moreover, owing to the porous frame-
work structure of NC and Fe@NC, Li might be plated into the
inner place of the electrode which will decrease the amount of
deposited Li on the surface, and restrict the formation of den-
drites. To collect the evidences, the capacity density of Li depo-
sition was decreased to 0.01 mAh cm™ for NC electrode and
0.02 mAh cm™ for Fe@NC electrode, and the region closer
to the collector was studied. A large amount of plated Li was
found on the Fe@NC electrode as compared to NC electrode
(Figure S8, Supporting Information).

© 2022 Wiley-VCH GmbH
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Figure 4. Nucleation and deposition characteristics of Li metal. SEM images of a) Cu, b) NC, and c) Fe@NC electrodes after 0.1 mAh cm™2 Li deposi-
tion at a current density of 0.01 mA cm=2. SEM images of d) Cu, ) NC, and f) Fe@NC electrodes after Li deposition at a current density of 1 mA cm2.

The lithium-ion would have combined with one electron
and deposited on the electrode surface at initial stage. After-
ward, the deposited Li atom might have influenced the subse-
quent Li atoms. As given in simulation section, the diffusion
barrier energy of Fe@NC is much smaller than that of NC;
hence, Li atoms can easily diffuse into the inner place of the

electrode. The higher Li adsorption energy of Fe@NC also
contributes in attracting the Li atoms. Besides, if the current
density and lithiation capacity are increased respectively up to
1 mA cm™ and 1 mAh cm™, the Cu electrode gets full of Li
dendrites (Figure 4b). Moreover, some isolated and spot-like Li
metal islands can also be found on NC surface (Figure 4d). In

Adv. Mater. Interfaces 2022, 9, 2201278 2201278 (5 of 9) © 2022 Wiley-VCH GmbH
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contrast, a uniform thin layer of Li is deposited on the surface
of Fe@NC instead of flocking together, and it remains den-
drite-free, as shown in Figure 4f. To further observe the lithium
dendrite growth from cross-section, the Li-deposited electrodes
were cut down the middle. Many Li dendrites can be seen
on Cu electrode (Figure S1la, Supporting Information). For
NC electrode, Li dendrites are full of the gap of NC materials
(Figure S11b, Supporting Information). On the contrary, the Li
is well restrained in Fe@NC electrode and no dendrites can be
seen in the cross-section of Fe@NC (Figure S1lc, Supporting
Information), which is in accordance with Figure 4.

2.4. Electrochemical Performance of Fabricated Batteries

Nucleation overpotential is influenced by the lithiophilicity
and nucleation rate of different hosts. It is equivalent to the
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difference between bottom of voltage drop and flat part of
voltage plateau. Here, the Li nucleation overpotential on
bare Cu, NC, and Fe@NC electrodes has been investigated
(Figure 5a). As the current density is increased up to 2 mA cm™2,
the overpotential of Cu electrode at initial stage of nucleation is
as high as =190.7 mV. Owing to the established electric field, Li
ions are shifted from electrolyte to electrode surface and begin
to nucleate. The nucleation sites for Li depositions are isolated
and aimlessly distributed owing to the higher nucleation over-
potential of electrode. After the nucleation starts, the subse-
quent Li ions are prone to plate on the formed nucleation sites
which leads to the growth of Li dendrites. Yet, with favorable
lithiophilicity, a matrix may tend to decrease the Li nucleation
overpotential.

The voltage curve of NC electrode exhibits a lower nuclea-
tion overpotential of =378 mV owing to its relatively large Li
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Figure 5. Electrochemical performance of Li metal battery. Nucleation overpotential of metallic Li on Cu, NC, and Fe@NC electrodes at respectively
current density and capacity of a) 2 mA cm™2 and 2 mAh cm2, as well as b) 10 mA cm™2 and 5 mAh cm2. Coulombic efficiency of Fe@NC, NC, and Cu
electrodes at a current density of c) 1 mA cm=2 with cycling area capacity of 2 mAh cm™, and d) 2 mA cm2 with cycling area capacity of 5 mAh cm™.
e) Rate capability performance of full cells with LiFePO, as cathode and Fe@NC/Li as the anode, and f) long-term cycling performance at 0.5 C.
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adsorption energy. In contrast, the voltage curve of the Fe@NC
electrode displays no obvious voltage dip. This phenomenon
can further be observed when the current density reaches
10 mA cm™ (Figure 5b). The nucleation overpotential of
metallic Li deposition on bare Cu and NC electrodes is recorded
as =195.3 and =183.8 mV, respectively. Where, the overpoten-
tial of Fe@NC electrode remains only =34.1 mV, implying the
superior contributions of Fe interfacial sites. The high lithium
plating potential for anode material will increase the cathode
potential in full cell, thus improving the capacity of the cell.
Meanwhile, the potential of lithium dendrite formation is 0 V
(Li* vs Li). The potential difference between Li plating (for Fe@
NC) and Li dendrite formation will be huge. Therefore, under
the condition of large polarization, it is still hard to form Li
dendrites.

Simulation study evidences that the single Fe atom doping
increases the adsorption energy of Li for localized regions
around the doping sites. Hence, it becomes appropriate for
metallic Li to be plated uniformly on the electrode surface
instead of growing at inner nucleation sites. Moreover, the over-
potential at a varying current density from 0.1 to 10 mA cm™
exhibits similar results (Figure S9, Supporting Information).
The nucleation overpotential of Cu electrode remains higher at
different values of current density. At low current density, both
NC and Fe@NC electrodes display low overpotential values.
Nevertheless, with an increase in current density, the overpo-
tential of NC electrode increases rapidly, but that of Fe@NC
electrode, remains lower, suggesting that Fe@NC may have a
positive effect on fast-charging field.

The Coulombic efficiency is often considered as an index
to appraise the sustainability of Li metal anodes. It is, actually,
the ratio of the amount of stripped Li metal to the amount of
platted Li metal. For current density of 1 mA cm™ and capacity
of 2 mAh cm™, it increases for Fe@NC electrode from 53.15%
to 98.28% during 6 cycles and then remains stable at =974% for
=160 cycles. The irreversible capacity loss could be the result of
notable specific surface area and the formation of stable SEI on
the surface of electrode. Moreover, the Coulombic efficiency of
NC and Cu electrodes is extremely unsteady and decreases to
85% respectively after 120 and 20 cycles, which can be attrib-
uted to the uncontrolled growth of Li metal. This phenomenon
can also be observed when the current density increases to
2 mA cm2, and capacity to 5 mAh cm™ (Figure 5d). The Cou-
lombic efficiency of the Fe@NC electrode still remains stable
at =99.0% for 100 cycles; however, its value for Cu and NC elec-
trodes drops drastically. These results demonstrate that single
Fe atom doped Fe@NC electrodes can deliver excellent reversi-
bility and discourage the Li dendritic growth during the charge/
discharge process.

To further examine the applied function of Fe@NC anode
in lithium metal batteries (LMBs), we assembled the Fe@NC/
Li and Li anodes with LiFePO, (LFP) cathode. The discharge
capacity of a bare Li/LFP battery at a low rate (0.2-0.5 C) is sim-
ilar to that of a Fe@NC/LFP cell (Figure 5e). But when under
the high current density, the Fe@NC/LFP battery offered a high
discharge capacity of 132 mAh gl at 1 C (1 C = 170 mA g
and remained at 110 mAh g™ at even higher rate of 2 C,
which is significantly greater than Li/LFP cells. At the rate of
0.5 C, the Coulombic efficiency of typical Li/LFP cell drops
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<60% after 30 cycles due to irreversible Li consumption during
cycling (Figure 5f). The Fe@NC/LFP full cell shows a relatively
improved performance compared to Li/LEP cell, with the ini-
tial capacity of 146 mAh g at 0.5 C. Moreover, it delivers a
retention rate of 98% (143 mAh g™!) and Coulombic efficiency
as high as 99.72% after 100 cycles. These results reveal that
Fe@NC has a great potential to work as a worthful host for Li
metal anode, and together with LEP cathode, it offers enhanced
cycling stability and rate performance at higher rates; these
results indicate its remarkable application in high-performance
energy storage systems.

3. Conclusion

To sum up, ZIF-8 is employed as a carrier for single iron (Fe)
atoms to control the nucleation and deposition features of Li
metal. The Li atoms are inclined to plate into the inner space
of Fe@NC electrode owing to the increased adsorption energy,
reduced nucleation barrier, and enhanced diffusion capacity
of Li. Besides, the specific framework structure of Fe@NC
can hinder the Li growth in one direction and restrain the
volume expansion of Li metal, thus, delivering a dendrite-free
morphology. Consequently, the Fe@NC electrode displays
an excellent reversibility and much higher capacities without
degradation of other properties. Moreover, when it is coupled
with LiFePO, cathode, the assembled full cell also exhibits
remarkable cycling stability as well as the rate performance.
The boundary dimension and pore size of Fe@NC could be the
critical factors for the fabrication of an efficient battery. In this
regard, further investigation is desirable to optimize the struc-
ture of matrix. The current work enlights new sights for the
development of high-performance and fast-charging lithium
metal batteries.

4. Experimental Section

Synthesis of Fe@NC: Methanol solutions (45 mL)of 2-methylimidazole
(1314 mg, 16 mmol), Co(NO3),-6H,0 (1190 mg, 4 mmol), and Fe(acac);
(141 mg, 2.4 mmol) were prepared through vigorous stirring for 1 h at
room temperature. Subsequently, the former solution was moved to
a 100 mL Teflon lined stainless-steel autoclave where it was heated at
120°C for 4 h. The mixture was rinsed with DMF for three and methanol
for two times. After drying the faint yellow solid at 70 °C overnight,
Fe-ZIF-8 was assembled in powder form. The pyrolysis of Fe-ZIF-8 was
carried out in a tube furnace filled with argon gas. The temperature of
the furnace was increased at a heating rate of 5 °C min~'. The sample
was heated at 900 °C for 3 h and then it was cooled to room temperature
naturally. The NC powder was prepared using the same method except
without addition of Fe(acac)s.

Material Characterization: To observe the Li dendrites, the coin
cells after plating were unclosed in Ar-filled glove box. Fe@NC and
Cu electrodes were washed with fresh dimethyl carbonate and dried
subsequently. The treated electrodes were placed on stages and
packed in a glove box, after which these were transferred immediately
for scanning electron microscope (SEM, HITACHIS-4800, Japan) to
observe the morphology and structure of electrodes. Whereas, field
emission transmission electron microscope (Tecnai G2 F20 S-Twin,
USA) was employed to investigate the microstructures and elemental
disseminations. X-ray photoelectron spectroscopy (XPS) was employed
on a PHI instrument (PHI 5000 VersaProbe, Ulvac-Phi, Japan) which
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uses monochromatic Al Ke radiation (225 W, 15 mA, 15 kV) to trace
the species of nitrogen atoms and the composition of Fe@NC. Shirley-
type background subtraction was employed to get the curve fitting of
XPS spectra. During Raman spectroscopy analysis, Raman spectrometer
(LabRam HR800-UV-NIR, HORIBA JobinYvon, Paris, France) with
excitation laser wavelength 532 nm was used.

First Principles Calculations: The computational simulation module
CASTEP and functionals GGA and PBE were employed in this study.
Considering the calculation time and computer performance, the
calculation accuracy was set to coarse. The calculated cut-off energy
was set as 10 eV, and the k-point was set as 1 x 1 x 1. The pressure
tolerance, force tolerance, energy tolerance, and maximum displacement
were respectively set as 0.2 GPa, 0.1 eV A™, 5.0 x 107 eV per atom, and
0.005 A, and the maximum iteration was set as 100. In addition, the
SCF tolerance and maximum SCF cycle are set to 1.0 X 107 eV per atom
and 1000, respectively. The formula for the determination of adsorption
energy of lithium atoms is:

Eab = Etotal - Esub - ELi (])

Where, Ei represents the total energy of the system after
adsorption of lithium, Eg, represents the total energy of substrate, and
E|; represents the energy of a single lithium atom.

Electrochemical Measurement: CR2025-type coin cells were fabricated
using Cu foils, NC@Cu and FeNC@Cu as working electrodes and Li
foils as counter electrode. The assembly of these cells was achieved
in Ar-filled glove box with oxygen and water vapor contents <0.1 ppm.
Here, 1 m LITFSI in DME/DOL (1:1 w/w) was used as an electrolyte. The
electrolyte amount was =100 * 10 pL. For half-cell testing, the slurry of
FeNC powder and polyvinylidene fluoride (PVDF) binder (mass ratio
8:2) in N-methylpyrrolidone (NMP) was coated on a Cu foil and dried
in vacuum. The loading of Fe@NC and NC was 3.5 £ 0.2 mg cm™.
As-obtained sample was punched into disks having a diameter of
13 £ 0.1 mm. A layer of Celgard separater (Celgard 2400, 25 pum thick)
was inserted between working electrode and counter electrode to
separate them electrically. For Coulombic efficiency determination, a
measured quantity of Li was loaded on anode and stripped up to 3 V
for each cycle. The calculation of the overpotential can be defined as the
difference between the tip and the platform.

In full cell testing, LiFePO, (LFP) was used as cathode and bare Li metal
or Fe@NC composite as anode. For LFP cathode (1.0 C=170 mA g™), a
slurry with LFP powders mixed with super-P and PVDF at a weight ratio
of 8:1:1in NMP was coated on Al foil and dried in vacuum. The loading of
LiFePO, was =3 mg cm~2, while the loading of Fe@NC was =3.5 mg cm™2.
One molar LiPFg in ethylene carbonate/diethyl carbonate (1:1 v/v) was
used as an electrolyte. The amount of electrolyte was =100 pL. The
voltage test ranges of Li/LFP cells were 2.5-3.9 V.

Statistical Analysis: In the first few cycles of Figure 5¢—f, the coulombic
efficiency and capacity are relatively low due to the activation process of
battery. The sample size for SEM image is two units, while the sample
size for cycle performance is three units. Two side hypothesis test is
used to evaluate whether there is overpotential difference between
Fe@NC and NC or Cu matrix under the current density of 10 mA cm™. If
there is no overpotential difference among the three matrices, the alpha
value is 0.05. As calculated by Mini-Tab, both probability (P) values are
<0.01, which indicates that the overpotential difference between Fe@NC
and NC or Cu matrices is significant.
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