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ABSTRACT

Amorphous-ordered mesoporous carbon materials are regarded as the most
promising anode candidate for sodium-ion batteries (SIBs) owing to their eco-
friendliness, abundance, thermal stability, and low price. However, poor rate, low initial
Coulombic efficiency, and poor cycling performance have been the major challenges
of SIBs. Herein, we successfully constructed robust phosphorus and nitrogen-codoped
Zn node porous polyhedral carbon polyhedron (P-N-Zn-C). The as-prepared P-N-Zn-
C anode delivers outstanding electrochemical performance and ultrahigh stability and
has achieved a remarkable capacity of 460 mA h g* at 100 mA g, long-term cycling
stability of up to 100 cycles, and an excellent rate performance even at a current density
of up to 1000 mA g*. The remarkable performance can be ascribed to the enlarged
interlayer distances of carbon and the existence of Zn node, which facilitate the
insertion—extraction of Na ions. The first-principle density functional theory
calculations revealed that the presence of P, N, and Zn could reduce the band gaps
between the valence and conduction bands and accelerate the electron transfer reaction
rate. This study underscores the potential importance of heteroatom doping as an

effective strategy for improving the performance of carbon electrode materials.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have achieved huge commercial success in the energy
storage device market. However, the supply deficit and high cost of lithium resource
hinder LIBs’ further development.’> Sodium and lithium have the most similar
properties because they belong to the same group in the periodic table. However,
sodium has almost unlimited resources and a cheaper price compared with lithium.
Hence, sodium-ion batteries (SIBs) have been reported as the best hopeful candidate
for next-generation full-scale energy conversion and storage system.?2 Na ion has a
larger radius (1.02 A) than Li ion (0.76 A); thus, Na ion is harder to intercalate into
electrode materials for SIBs. Besides, the lower standard electrode potential of Na*/Na
(-2.71 V) results in relative low energy density compared with LIBs and hinders its
commercial application. Thus, finding an appropriate electrode material to provide
enough space for relieving the volume expansion for Na-ion storage and transport will
be the biggest challenge.* Metal oxides, alloys, and carbonaceous materials have been
explored as anode materials for SIBs.>® Similar to anode materials for LIBs,
carbonaceous materials are also the most attractive candidate for SIBs because of their
eco-friendliness, abundance, thermal stability, and low price. Therefore, tremendous
carbon nanomaterials have been proposed, including hard carbon, carbon sheets, carbon
fibers, carbon nanotubes, and graphene.1%-18

However, carbon-based materials have two main disadvantages: low initial
Coulombic efficiency (CE) and poor cycling performance. Moreover, Na ions can

hardly intercalate into common graphite-based anode materials because of their narrow



interlayer distance and larger ionic radius, which hinder their further application.
Doping heteroatoms (such as N, P, S, and B) in host materials is an effective approach
to enlarge the specific surface area and interlayer spacing of host materials. Doping can
also improve the electrical conductivity and enhance the absorbability of Na ion in the
sodiation/desodiation process.?>2> Among heteroatom-doped materials, N-doped
carbonaceous materials, such as N-doped carbon fibers,'”- 242¢ N-doped carbon
nanosheets,?” and N-doped graphene,?® have been extensively investigated and
remarkably improved the reactivity and electronic conductivity of anode materials for
SIBs.?®

As a subclass of metal-organic frameworks, zeolitic imidazolate frameworks (ZIFs)
are based on simple zeolite structures, which consist of metal nodes and
methylimidazole ligand. Porous ZIFs could transfer into N-doped porous carbon by
direct carbonization because of their high nitrogen contents. N-doped porous carbon
matrix is generated by the pyrolysis and aggregation of organic ligands during the
unique in situ carbonization process under gas-protected atmosphere. Most importantly,
the N-doped porous carbon matrix derived from organic frameworks fully encapsulates
Zn metal node and active sites to dramatically facilitate ion/electron transmission and
prevent the electrode materials from destruction during the sodiation/desodiation
process.>® The pyrolysis of ZIF-8 polyhedrons also serves as an effective way to obtain
N-doped Zn node porous carbon (N-Zn-C) materials.31*2 However, few studies have
reported the attainment of heteroatom-doped Zn-node carbon matrix through the

pyrolysis of ZIFs. N-Zn-C materials retain the structural features of parent ZIF-8



particles. ZIF-8 particles are consisted of a mass of graphene-analogous particles,
which can provide rich active sites for implanting heteroatoms. Phosphorus has the
same number of valence electrons as nitride343> and a much greater radius than carbon;
hence, P-doping in carbon drives local structural distortion in carbon hexagonal
framework and enlarges the basal plane spacing, which could facilitate Na-ion
transport.28 36-38

Here, we reported the construction of a well-defined phosphorus and nitrogen-
codoped Zn node porous polyhedral carbon material (P-N-Zn-C) through in situ
carbonization process derived from ZIFs to wrap and interconnect monodispersed Zn
nanoparticles under Ar/Hz atmosphere. As an anode material for SIBs, the P-N-Zn-C
composite exhibited an excellent capacity of 460.4 mA h g at 100 mA g after 100
cycles and delivered 130 mA h g? after 2500 cycles at 1A g. Thus, the P-N-Zn-C
composite has superior cycling stability and rate capability for SIBs. The improved
capacity and cycling stability are attributed to the unique porous polyhedral structure
of the composite. The porous composite increased the electrode-electrolyte contact area,
accelerated the ion/electron transform, and improved the pseudocapacitive behavior of
the electrode during the Na-ion intercalation process.®**° Experimental and density
functional theory (DFT) data revealed that the existence of P, N, and Zn node can

substantially enhance sodium storage performance.



2. EXPERIMENTAL SECTION
ZIF-8 Synthesis

Zn(CH3COO0)2-2H20 (498.1 mg, 99%; Aladdin) was added in 60 mL of methanol
(99.5%, Sinopharm group, MeOH) and subsequently was poured into 60 mL of MeOH
with 1968 mg 2-methylimidazole (98%, Aladdin). The mixture was continuously
stirred at 25 °C for 24 h and allowed to stand for 6 h. The deposits were washed with
MeOH several times to obtain white polyhedral ZIF-8.

N-Zn-C and N-C Syntheses

ZIF-8 precursor was transferred into a ceramic boat and heated to 350 °C in Ar/H2
(90%/10%) for 1.5 h with a heating rate of 2 °C min‘%. Then, the temperature was further
elevated to 650 °C at Ar/Hz (90%/10%) for 2 h. Finally, the porous polyhedral N-Zn-C
material can be obtained after the heat treatment processes.

The N-Zn-C composite was etched with concentrated hydrochloric acid (37%,
Sinopharm group) for 12 h to remove Zn node and then washed with ethanol and
deionized water several times to obtain N-doped porous carbon (N-C).

P-Zn-N-C Synthesis

Commercial red phosphorous (150 mg, purity > 99%, Sinopharm) and the as-
prepared N-Zn-C (30 mg) were mixed and placed in a ceramic boat, then heated to
650 °C at 2 °C min‘t, and further heated at 650 °C for 2 h. Afterward, the temperature
was decreased to 260 °C and held at this temperature for 24 h to remove the residual
red phosphorous. The ceramic boat was naturally cooled to room temperature, and the

mixture was washed with CSz (purity > 98%, Sinopharm) to remove the white



phosphorous and other phosphates generated during the condensation process and dried
under vacuum to obtain polyhedral P-N-Zn-C.
Material Characterization

Horiba LABHRev-UV Raman spectrometer with an argon ion laser (A=630 nm)
was used to collect the Raman spectra. Powder X-ray diffraction (XRD) (Rigaku Smart
lab 9000W) with Cu Kal radiation (A=1.54056 A) was used to characterize the crystal
structures. Microscopic morphologies were conducted by field-emission scanning
electron microscopy (FESEM, Zeiss Zigma) and transmission electron microscopy
(TEM, FEI Talos F200X). N2 adsorption/desorption curves were collected on a
Micromeritics 3Flex physisorption surface area analyzer at liquid nitrogen temperature.
The valence bond and component of the composites were tested by X-ray photoelectron
spectrometry (XPS) using a Thermo ESCALAB 250 instrument with Al Ka (1486.6
eV) as the X-ray source. Thermal gravimetric analysis (TGA) was conducted on a TA
Instruments SDT-Q600 thermal analyzer.
Electrochemical Measurements

The electrodes consisted of active materials, super P (Sigma), and carboxymethyl
cellulose binder (purity > 99%, Sinopharm) with a ratio of 8:1:1. The active mass
loading of the electrode was around 1.13 mg cm™. Cu foil was used as the current
collector, and Na foil was used as the counter electrode. All the cells were fabricated in
a glove box with moisture and oxygen concentration below 0.1 ppm. Charge/discharge
measurements were conducted using a LAND CT2001A cell test instrument. Cyclic

voltammetry (CV) tests were performed on a CHI 760E electrochemical workstation.



Computational Methods

First-principle calculations based on DFT were performed in the Vienna Ab initio
Simulation Package. The projected-augmented-wave method was chosen to describe
the electron-ion interaction. The exchange-correlation interaction functional was the
generalized gradient approximation in the Perdew-Burke-Ernzerhof functional. The
energy cutoff of the plane waves was set to 500 eV and the vacuum separation between
two nanosheets was set to 30 A to avoid the virtual interactions caused by the use of
periodic boundary conditions. The optimization of underlying structure was performed
using the conjugate gradient method, and the convergence criterion was set to 10°
eV/cell in energy and 0.01 eV/A in force. The Brillouin zone was integrated using a
10x12x1 T'-centered k-mesh according to the Monk horst-Pack method during the
structure relaxation and a denser 20x24x1 MP mesh for the calculation of electronic
property.** The van der Waals (vdW) correction DFT-D2 proposed by Grimme was

chosen to describe the long vdW interaction for the adsorption of small molecules.



3. RESULT AND DISSCUSSION

Carbonization P-doping

2-methylimidazole Zn%*

Ar and H, Ar and H,

Scheme 1. Schematic illustration of the preparation of the P-N-Zn-C composite.
Scheme 1 shows the schematic illustration of the preparation procedure of the P-
N-Zn-C composite. The N-Zn-C composite with well-defined pore size (~320 nm) and
distribution was prepared by directly annealing ZIF-8 (Figure S1) in Ar/H2 mixed
atmosphere. All the peaks of the XRD profiles (Figure S2) well matched the simulated
pattern of ZIF-8. During heat treatment, the Hz in the Ar/H2 mixed atmosphere
promoted the formation of hierarchical hollow-structured frameworks and facilitated
the quick formation of metallic Zn node,*? which plays a critical role in the formation
of the N-Zn-C structure. N-Zn-C was annealed in red phosphorous in a gas—solid
reaction process to obtain the P-N-Zn-C composite and were further condensed on the
P-N-Zn-C composite under heating treatment in Ar/Hz at 650 °C. Unconverted white
phosphorous and other phosphate were removed with CSg, ethanol, and deionized water,

and P source was embedded in the N-Zn-C composite.



Figure 1. (a, b) SEM and (¢) TEM images of the N-Zn-C composite; inset in (a) shows

the particle size distribution. (d-f) HAADF-STEM images with the corresponding
element distribution images of N-Zn-C composites.

The morphology and microstructure of the obtained N-Zn-C composite were
investigated using FESEM and TEM. Figures 1la-c show that the N-Zn-C composite
possessed many nanopores over the entire particle surface after calcination under Ar/Hz
atmosphere. The high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image and corresponding energy-dispersive X-ray
spectroscopy (EDS) mapping images indicated the homogeneous distribution of N, Zn,
and C in the whole composite (Figures 1d-g). Some of the outer Zn volatilized and
escaped from the structure when the temperature rose to the melting point of Zn. The
organic ligands around Zn collapsed and evaporated more quickly than Zn during

pyrolysis and finally formed the Zn particles on the surface.*?
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Figure 2. (a) SEM image of the P-N-Zn-C composite; inset in (a) shows the particle
size distribution. (b) TEM and (c-g) HAADF-STEM images with the corresponding
element distribution images of the P-N-Zn-C composites.

The size average of the as-synthesized P-N-Zn-C composite was about 310 nm,
which is smaller than that of N-Zn-C particle (Figures 2a-b) because the outer layer
was distorted and broken during heat treatment.** The HAADF-STEM image and
corresponding EDS mapping images indicated the homogeneous distribution of P, N,
Zn, and C in the whole composite (Figures 2d-g). The Brunauer-Emmett-Teller data

11



(Figure S3) were measured and revealed that the P-N-Zn-C composite has a larger
surface area of 550.6 m? g compared with that of N-Zn-C (331.3 m? g1). The pore size
distribution plot indicates that the pore sizes of N-Zn-C and P-N-Zn-C are 6.68 and
2.52 nm, respectively. The micropores in the P-N-Zn-C composite could efficiently
decrease the diffusion length for ions/electrons and thus largely improve their
electrochemical properties. Furthermore, the porous structure and carbon matrix of the
P-N-Zn-C composite can accommodate the volume expansion and release the
mechanical stress, which benefits the stability of the structure after long-time
sodiation/desodiation processes.** 46

XRD results revealed the crystal structure and phase purity of the P-N-Zn-C
composite (Figure 3a). The broad peaks of P-N-Zn-C and N-Zn-C at 26° and the
implicit peak at 44° correspond to the (002) and (010) planes, respectively, which
indicate the presence of amorphous carbon feature. The (002) diffraction peak around
26° slightly shifted to lower 26 values and became broader after P doping in N-Zn-C;
these changes indicate that more defects were induced.*” No diffraction peak from Zn
metal was observed because of the encapsulation of Zn metal node into the thick carbon
matrix. The high-resolution transmission electron microscopy (HR-TEM) image
(Figure S4) of P-N-Zn-C revealed that the lattice spacing distance of amorphous carbon
increased from 0.32 nm to 0.36 nm, which is in good agreement with the XRD. Based
on TGA (Figure S5), the first weight loss before 200 °C is attributed to the loss of water
and methanol. The weight loss before 419.5 °C is attributed to the carbonization of the
methylimidazole ligand. The weight loss after 419.5 °C is due to the evaporation of Zn

12



and the carbonization of residual organic materials. The weight loss beyond 650 °C is
due to the evaporation of Zn and the decomposition of the ZIF-8 structure.

The valence states of the P-N-Zn-C and N-Zn-C composites were analyzed by
XPS. The full spectrum of the P-N-Zn-C composite (Figure S6) confirmed the
existence of P, N, Zn, and C atoms. The obtained signal of the P 2p XPS spectrum in
Figure 3b demonstrates the P-N bond at 133.7 eV and the P-C bond at 133.2 eV.*
According to a previous report,*® P heteroatom preferentially substitutes the corner of
C site to form P-N bonds with a phosphorization treatment, and the band of 135.0 eV is
assigned to the oxidation of phosphorus resulting from the superficial oxidation after
exposure to air.>® As shown in Figure 3c, the C 1s spectrum contains the peaks of sp?
carbon C-C at 284.6 eV, sp® C-N/C-P bond at 285.7 eV, and C=0 bond at 287.8 eV.*-
5152 The defect level is reflected by the sp® content. The value of sp?/sp® for the P-N-
Zn-C composite decreased from 1.35 to 0.92 compared with the N-Zn-C composite.
This decrease indicates more defects in the P-N-Zn-C composite. As shown in Figure
3d, the high-resolution N1s spectra of the P-N-Zn-C and N-Zn-C composites can be fit
well with four kinds of N species, namely, N-spC (398.5 eV), N-Zn (399.7 eV),
pyrrolic N (400.6 eV), and graphitic N (401.4 eV).>*%* The high-resolution XPS spectra
of Zn 2p (Figure 3e) in P-N-Zn-C shifts to a higher binding energy and displays a
reduction in the fraction of low binding energy component compared with that in N-
Zn-C composites. These changes imply that surface defects, such as vacancies in
graphite and interstitial metal, dramatically increase after phosphorus doping.>® The
Fourier-transform infrared (FT-IR) spectra of P-N-Zn-C and N-Zn-C composites are

13



displayed in Figure S7. In contrast to N-Zn-C, the emergence of P-N bond at 930-
1110 cm™ and P-C bond at 650-795 cm™ and the disappearance of the C=C stretching
bands (2190-2260 cm™?) after phosphorization. According to FT-IR data, the P-N-Zn-C
composite was successfully functionalized with the phosphorous functional groups.
The crystallinity of the carbon substrate was further investigated by Raman
spectroscopy. Overall, two first-order Raman bands exist, namely, the D band located
at 1325 cm™ and the G band at 1573 cm™. The ratio of the intensities of the D- and G-
Raman peaks (Io/lc) could gauge the amount of structural defects. The Raman spectra
(Figure 3f) revealed Io/lc values of 1.34 for the N-Zn-C composite and 1.41 for the P-
N-Zn-C composite. The increase in Io/lc indicates an increase in defects.*® This result
is consistent with the XPS results. The Raman spectra (Figure 3f) and XPS spectrum
of C1s (Figure 3c) suggest that more active sites and defects are caused by the co-
coordination among Zn, P, and N-doped carbon. These sites and defects are beneficial
to the enhanced electronic performance of carbon and the facilitation of the charge
transfer process and the electrostatic adsorption of Na ions during the

sodiation/desodiation process.
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Figure 3. (a) XRD pattern of the P-N-Zn-C and N-Zn-C composites. XPS spectra of (b)
P 2p in the P-N-Zn-C composite and (c) C 1s, (d) N 1s, and (e) Zn 2p in the P-N-Zn-C
and N-Zn-C composites. (f) Raman spectra of the P-N-Zn-C and N-Zn-C composites.
The as-prepared P-N-Zn-C and N-Zn-C composites were employed as anode
materials for SIBs to demonstrate sodium storage properties. Figure 4a shows the
typical charge/discharge curves of the P-N-Zn-C electrode at 500 mA g*. The initial
discharge capacity of 847.3 mA h g and the charge capacity of 423.6 mA h g yielded
a CE of 50%. The initial CE of the P-N-Zn-C electrode was higher than that of the N-
Zn-C electrode (27.3%). The overlapping of the charge/discharge curves in the
following cycles suggesting the good stability and remarkable reversibility of Na-ion
insertion/extraction in the P-N-Zn-C electrode. Notably, the sloping voltage profiles
under galvanostatic mode exhibit a possible pseudocapacitive behavior.>” Figure 4b
shows the cycling performances of the P-N-Zn-C and N-Zn-C electrodes at 100 mA g

! The first discharge and charge capacities of the P-N-Zn-C electrode were 883.3 and
15



535.5 mA h g%, respectively, with a high initial CE of 60.6%. The irreversible capacity
loss is caused by the electrolyte side reaction with Na and the partially irreversible Na-
ion trapping in the amorphous carbon and solid electrolyte interphase (SEI).>® By
contrast, the N-Zn-C electrode delivered an initial discharge and charge capacities of
338.5 and 137.3 mA h g%, respectively, with a lower initial CE of 40.6%. The N-Zn-C
electrode showed a rapid capacity loss in discharge capacity and only delivered 149.3
mA h g at 100 mA g after 100 cycles with a lower retained capacity of 44%. The P-
N-Zn-C electrode maintained a stable discharge capacity of 460.4 mA h g* at 100 mA
g after 100 cycles with a retained capacity of 52%. The good cycling stability of the
P-N-Zn-C electrode is attributed to its integral structural stability with phosphorus
doping carbon-shell modification. In addition, the higher discharge capacity of the P-
N-Zn-C electrode than the theoretical specific capacity of graphite (284 mA h g?)**
could be ascribed to the formation of an electroactive polymeric gel-like film on the
surface of hollow porous structure, as well as the insertion of Na ions into interfacial

storage.%® °
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Figure 4. Electrochemical behavior of the as-prepared composites for sodium-ion
storage. (a) Galvanostatic discharge/charge profiles of the first three, 5th, 10th, 20th,
and 50th cycles of the P-N-Zn-C electrode at the current density of 500 mA g'. (b)
Cycling performance of the P-N-Zn-C and N-Zn-C electrodes at the current density of
100 mA g'!. (c) Rate capabilities at different current densities of the P-N-Zn-C and N-
Zn-C electrodes. (d) Nyquist impedance plots of the P-N-Zn-C and N-Zn-C electrodes.

(e) Cycling performance of the P-N-Zn-C electrodes at the high current density of 1000

mA g,
17



Zn was removed from N-Zn-C (denoted as N-C) to investigate the function of Zn
node in the composite. The electrochemical behaviors of N-C and N-Zn-C were
evaluated by CV test at a scan rate of 0.1 mV s™ between 0.01 and 2.0 V (vs. Na/Na*).
The CV curves of the N-C and N-Zn-C electrodes (Figures S8a-b) showed similar
characteristics, which indicate the occurrence of similar electrochemical process during
the sodiation/desodiation process. The result suggested that Zn in the composites does
not take part in the electrochemical reactions during the sodiation/desodiation process.
Figure S9 investigates the cycle performances of the N-Zn-C and N-C electrodes at the
current density of 100 mA g for SIBs. The N-Zn-C and N-C electrodes can deliver
initial charge capacities of 467.7 and 505.3 mA h gt in the initial cycle, respectively.
These values present a high specific capacity based on the mass of carbon. The N-Zn-
C electrode delivered a specific capacity of 203.67 mA h g (based on the mass of
carbon) whereas the N-C electrode delivered 132.5 mA h g after 50 cycles. The
decrease shows a substantial rapid capacity fade. The results clearly demonstrate that
the N-Zn-C electrode exhibits a better cycle performance and the presence of Zn
improves the stability of the composite during sodium storage process.

The rate capabilities of the P-N-Zn-C and N-Zn-C electrodes at different current
densities are shown in Figure 4c. The initial discharge and charge capacities of the P-
N-Zn-C electrode were 966 and 518.8 mA h g%, respectively. In comparison, the initial
discharge and charge capacities of the N-Zn-C electrode (Figure 4c) were 403.8 and
177.8 mA h g?, respectively. The better performance of the P-N-Zn-C electrode
indicates that P doping can efficiently enhance the integral electrical conductivity and

18



Na-ion transport of the composite. P doping can considerably suppress the deleterious
reaction between the electrolyte and active materials.%! In addition, the P-N-Zn-C
electrode delivered discharge capacities of 486, 452, 361, 295, and 211 mA h g at the
current densities of 0.1, 0.2, 0.5, 1, and 2 A g2, respectively. Remarkably, the discharge
capacity of the P-N-Zn-C electrode regained a value of 451 mA h g after the 60th
cycle when the current density was back to 100 mA g™. This finding signifies that the
P-N-Zn-C electrode has a stable cycling performance and an excellent rate performance
owing to its good chemical stability. By contrast, the N-Zn-C electrode exhibited
discharge capacities of 189, 141, 98, 62, and 31 mA hg'at0.1,0.2, 0.5, 1, and 2 mA
gL, respectively. The discharge capacity of the N-Zn-C electrode decreased to 170 mA
h g after switching back to 100 mA g after 62 cycles. The results indicate the N-Zn-
C electrode without P doping modification cannot accommodate the large volume
expansion during electrochemical high-rate cycling and thus had a poor rate
performance.

Further, the interfacial properties of the P-N-Zn-C, N-Zn-C, and N-C electrodes
were investigated by electrochemical impedance spectroscopy (EIS) analysis as shown
in Figures 4d and S10-11. The impedance spectra were recorded for fresh coin cells
with the amplitude of 5.0 mV in a frequency range from 100 kHz to 0.01 Hz. As shown
in the impedance graphs, the P-N-Zn-C electrode had a distinctly smaller charge-
transfer resistance compared with the N-Zn-C electrode; thus, the P-N-Zn-C electrode
had a higher charge transfer kinetics than the N-Zn-C electrode. As a result, the P-doped

structure enabled the P-N-Zn-C electrode to become kinetically more favorable in
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charge transfer. In the low-frequency region, the angles between the oblique lines with
Z-axis for the P-N-Zn-C and N-Zn-C electrodes were larger than 45°, which indicate
that the Na-ion intercalation in the as-prepared P-N-Zn-C electrode was not limited by
the diffusion process. In other words, the EIS measurements demonstrate that the as-
prepared P-N-Zn-C electrode is able to accommodate Na-ion diffusion through
pseudocapacitive processes.®® The solution ohmic resistances (Rs) of P-N-Zn-C, N-Zn-
C, and N-C have similar internal resistances. However, the charge transfer resistance
(Rct) of the P-N-Zn-C electrode (430 Q) film was markedly lower than those of the N-
Zn-C (650 Q) and N-C electrodes (880 Q). These results suggest that the P-N-Zn-C
electrode exhibited a lower electrochemical polarization and better electron transfer
kinetics in the sodium intercalation process, which lead to a superior cycle performance,
compared with the N-Zn-C and N-C composites.

Figure 4e displays the long-term cycling performance of the P-N-Zn-C electrode
at the high current density of 1000 mA g*. The discharge capacity of the P-N-Zn-C
electrode decreased to 428 mA h g at the 13th cycle. The decay in capacity with
cycling was probably caused by the detachment of the cracked active materials from
conductive carbon or current collector and the increase in the impedance of the
electrode from the SEI layer. The P-N-Zn-C electrode exhibited a reversible capacity
of 130 mA h g with a CE of 100% after 2500 cycles and thus exhibited superior cycling
stability and rate capability for SIBs. The cycled structure of the P-N-Zn-C electrode
before cycling and after 130 cycles are shown in Figures S12a-d). The P-N-Zn-C

electrode was a 3-D polyhedral structure with a smooth surface before cycling (Figures
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S12a-b). As shown in Figures S12c-d, the P-N-Zn-C electrode underwent substantial
morphology change from a relatively smooth surface to a coarse and porous surface
after the sodiation/desodiation processes. Notably, uniform nanoparticles of about 40
nm were observed on the surface of the P-N-Zn-C polyhedral structure. Such porous
nanoparticles facilitate the diffusion of Na ions in the electrode and enables the

achievement of durable high-rate capability.
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Figure 5. (a) GITT curves of the P-N-Zn-C and N-Zn-C electrodes versus Na/Na". (b)
Chemical diffusion coefficients of Na ions in the P-N-Zn-C and N-Zn-C electrodes as
a function of electrode potential obtained by GITT. (c) CV profiles at various scan rates
from 0.2 mV s to 1.5 mV s’ (d) Determination of » value using the relationship
between peak current and sweep rate. (e) Separation of the total current (solid line) and
capacitive currents (shaded regions) at 1.0 mV s!. (f) Contribution ratio of capacitive
and diffusion-controlled charges at various scan rates.

The galvanostatic intermittent titration technique (GITT) is a well-known

method for studying the solid-state ion diffusion mechanism and investigating the Na-
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ion diffusivity in the electrode thin films for rechargeable SIBs. The P-N-Zn-C and N-
Zn-C electrodes were fully discharged followed by a partial discharge at a current
density of 100 mA g and then an open circuit relaxation for 8 min for GITT
measurements as displayed in Figure 5a. A single titration analysis curve at 0.583 V is
shown in Figure S13. Different parameters, such as total cell voltage (AE:) and the
change in equilibrium voltage (AEs), were obtained from the single titration curve. The
chemical diffusion coefficient of Na ions (Dna) in the P-N-Zn-C and N-Zn-C electrodes
were determined using Equations 1 and 2:
4 (mpVum\? [AEs\? 12
Dva = (i) (o) -(r<ay)s @

Dy, =~ 12 (j—gi)z , (r « L ); )

T Dna

where ms is the mass loading of the active material, Vwm is the molar volume of the
active material, Mg is the molar mass, A is the area of the electrode, L is the thickness
of the electrode, 7 is the time of periodic discharge/charge, AE;s is the voltage difference
between the steady-state potentials before and after the current pulse, and AE: is the
incremental voltage from the beginning to end of the current pulse. The Dna of the P-
N-Zn-C and N-Zn-C electrodes (Figure 5b) were calculated using Equation 1. The
values obtained are plotted in Figure 5a as functions of cell voltage from 2.3 V to 0.01
V for discharging GITT analysis. The average DnaVvalue ranging is around 10t cm? s
! was observed in the N-Zn-C electrode in the voltage range of 2.3-0.01 V, whereas the
Dna of the P-N-Zn-C electrode increased from 107 to 10°° cm? s in the same range.
The enhanced Dna caused by P doping increased the number of defects and active sites,
which efficiently improved the sodium diffusion capability.
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The kinetic analysis of the P-N-Zn-C electrode was investigated by separating the
diffusion control capacity and capacitance-controlled capacity (details are provided in
Depiction S2) to understand the pseudocapacitive behavior of the P-N-Zn-C electrode
at high-rate performance. The CV curves (Figure 5c¢) have similar shapes with broad
peaks during the cathodic and anodic scans at various scan rates from 0.2 mV s to 1.5
mV s1. The unique P-N-Zn-C electrode showed obvious carbon material reactions in
the CV curves at large scan rates. Hence, the cathodic and anodic b values for the P-N-
Zn-C electrode of 0.93 and 0.86, respectively (Figure 5d), indicate a more favored
capacitive kinetics. The capacitive contribution ratio enlarged with increasing scan rate
and reached a maximum value of 72.9% at 1.0 mV s*. These results indicate its high
pseudocapacitive sodium storage contribution to the whole capacity. Furthermore, the
voltage profile shows the dominating capacitive contributions (red region) compared
with the entire area (Figure 5e). The comparisons of the capacitive contribution ratio
were nearly 58.2%, 62.5%, 65.8%, 69.9%, 72.9%, and 78.3% at 0.2, 0.4, 0.6, 0.8, 1.0,
and 1.5 mV s? scan rates, respectively. This result shows a continuous increase in
capacitive contribution with the increase in scan rates and suggests that
pseudocapacitive contributes the main part of the whole capacity at high rate during the

charging/discharging process.
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Figure 6. DFT calculation results of the composites. The optimized structure, the
intercalation of Na on the optimized structure, and the corresponding DOS of the N-
Zn-C (a-c), N-C (d-f), and P-N-Zn-C composites (g-i). Large yellow, gray, and red balls
represent the Na, Zn, and P atoms, respectively. Small brown and blue balls represent
the C and N atoms, respectively.

First-principle methods based on DFT were used to further investigate the
interaction of P, N, and Zn on the electron distribution state in the composites. The most
energy-favorable structures of the N-Zn-C, N-C and P-N-Zn-C layers were identified
after various configurations were optimized with different doping sites as shown in
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Figures 6a, d, and g. The computational results show that the Gibbs free energy of N-
Zn-C is 0.7 eV lower than that of N-C; thus, N-Zn-C is more stable than N-C and Zn
plays a role in the stability of the composite. P-N-Zn-C had the lowest Gibbs free energy
(3.75 eV lower than that of N-Zn-C); therefore, P doping could further enhance the
stability of the structure.

The binding energy of Na on the layer of the composite is important for the
investigation of Na storage mechanism. The optimized configurations and binding
energies, as well as distances of the sodium atoms from the surface of the composite,
are shown in Figure 6h. The binding energy (Figure 6b) of Na on the N-Zn-C layer
was -0.86 eV, which was lower than that of N-C (-0.52 eV). According to the
calculations, P doping in N-Zn-C increased the strength of the interaction of Na atom
on the P-N-Zn-C layer and resulted in a lower binding energy of -2.01 eV. The DFT
results indicate that P and N doping and the presence of Zn atoms can substantially
enhance the interaction of Na atom with carbon, and this finding is consistent with the
experimental observations.

The density of state (DOS) of the composites was determined as shown in Figures
6 c, f, and i to investigate the electrical properties of the composites. Compared with
the N-C composite, The N-Zn-C and P-N-Zn-C composites showed obvious electronic
states across the Fermi energy level line and thus have a metallic nature and good
electrical conductivity. In addition, the DOS value near the Fermi level gradually
increased in the order: P-N-Zn-C > N-Zn-C > N-C (Figures 6c¢, f, and i). This result
indicates that P-N-Zn-C possesses the highest electron density, which facilities Na-ion
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intercalation during the sodiation/desodiation processes. Theoretical calculations and
further experimental studies confirmed that P and N doping and the existence of Zn
node enhanced the reaction kinetics and improved the electrochemical property of SIBs.

In general, the P-N-Zn-C composite has shown excellent electrochemical
performance because of four reasons. First, its porous polyhedral structure provides
accessible interstitial sites and multiple open channels for electrolyte and Na-ion
diffusion in the electrode material and also relieves the volume expansion during the
sodiation/desodiation processes. Second, the unique P-N-Zn-C porous structure
facilitates Na-ion storage in the interface and pores of the P-N-Zn-C electrode, which
leads to the dominated pseudocapacitance behavior. Third, P and N dopants in the
presence of Zn node can improve electronic conductivity, enhance structural stability,
and create large amounts of defects, which provide additional reaction sites to
accommodate Na ions.> 62
4. CONCLUSIONS

In summary, well-defined P-N-Zn-C was synthesized from ZIFs through in situ
carbonization to wrap and interconnect monodispersed Zn nanoparticles under Ar/H:
atmosphere. The P-N-Zn-C composite inherited the porous polyhedral carbon structure
of the ZIF-8 skeleton and demonstrated superior electrochemical performance as a
potential anode material for SIBs compared with N-C. The remarkable synergistic
effects and chemical and structural properties of the P-N-Zn-C composite gave rise to
its superior electrochemical performance for sodium storage. The DFT results indicate

that P and N doping and the presence of Zn atoms can remarkably enhance the
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interaction of Na ions during sodiation/desodiation. The designed strategy of the P-N-
Zn-C composite could be applied for other carbon materials for electrochemical energy

conversion and storage technology.
B ASSOCIATED CONTENT

Supporting Information: The SEM, XRD studies, N2 adsorption-desorption
isotherm and Pore distribution studies, TGA, XPS survey spectra, FTIR spectra studies,

CV curves, cycling performance, Nyquist plot equivalent circuit studies.
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