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ARTICLE INFO ABSTRACT

Keywords: As a transition metal phosphide, copper phosphide (CusP) undergoes high volume expansion and reduced

CugP electrical conductivity during cycling, causing kinetic issues and rapid capacity fading. The well-dispersed and

Phosphorus doped carbon nanosheets sheet-like structure of individual nano-copper phosphide particles is crucial for alleviating volume expansion and

]]31::1::; ;z:lrjgsn Theory enhancing kinetic behavior, which however have been rarely concerned. In this work, we report a novel het-
erostructure with nano-copper phosphide particles immobilized on phosphorus doped carbon nanosheet
(CusP@PCNSs) by using Cu-BDC as the precursor. When the synthesis temperature is 600 °C, the CusP@PCNSs-
600 exhibits a remarkable rate capability (383.4 mA h g~! at 2 A g™1) and outstanding long-term durability
(436.4 mA h g~! at 1000 mA g~! after 1000 cycles) for lithium storage. The monodisperse structure of CusP
nanoparticles embedded in phosphorus doped carbon could reduce the volume change of CugP nanoparticles.
Moreover, the electron density, adsorption energy, diffusion barrier and other properties of CugP and carbon
matrix heterostructures were calculated in accordance with density functional theory (DFT). As dndicated by the
calculation, the strong interaction between the heterostructures had an effect on the adsorption capacity of Li,
and the experimental results were confirmed to be correct. This novel CusP@PCNSs electrode can be used as an
effective strategy for applying other transition metal electrode materials in lithium-ion batteries.

1. Introduction candidate anode materials for the next generation of lithium-ion batte-
ries since they are characterized by excellent theoretical specific ca-
pacity (500-2000 mA h g™!) and high electrochemical activity. To be

specific, Cu-based phosphating compounds, especially CusP, have been

As portable electronic and electric vehicles have been increasingly
demanded, lithium-ion rechargeable batteries (LIBs) characterized by

high specific capacity and excellent circulation performance have ten-
ded to be the focus of research [1-3]. But graphite, the commercial
anode material, has a correspondingly inferior theoretical capacity (372
mAh g™1), which represents a lower voltage platform and shows safety
risks. To meet the requirement of higher energy density, alternative
anode materials should be urgently found (e.g., transition metal oxides
and transition metal phosphates) [4-7]. Among the above materials,
transition metal phosphates (TMPs) have been recognized as the
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extensively concerned [8]. CugP has a theoretical weight capacity of
363mAh g’l, whereas, its volume (3020 mA h cm ) is nearly threefold
that of graphite (830 mA h em™2) due to its considerable material
density [9]. At present, nano-crystal agglomeration and poor conduc-
tivity are common in the synthesized CusP, thus significantly impacting
the electrical conductivity and charge/discharge rate of the materials
[10,11]. Three main strategies can be used to improve the above defects:
(1) to change the morphology at the nanoscale [12,13], for example, to
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Fig. 1. Preparation flow chart of 2D CusP@PCNSs composites.

synthesize CusP with different morphologies (e.g., nanowires [14],
nanoplates [15], octahedron [16] and nanoribbons [17]); (2) composite
with carbon matrix materials [18]. Carbon materials have been reported
as a type of highly popular anode materials due to their large specific
surface area, supernal porosity and chemical stability [19]. More
importantly, carbon-based materials are capable of inhibiting the
agglomeration of nano-metal/transition metal compound particles
[5,20,21]. (3) Heteratomic doping plays a crucial role in improving the
electronic properties exhibited by materials. For example, N doping can
provide stable configuration for silicon nanoparticles and improve the
electrical conductivity of electrodes [22]. Through the synthesis 2D
nitrogen-rich C/Si composites, lithium ion battery anode materials
exhibiting high cycling performance can be prepared. Therefore, it is
very necessary to prepare novel electrode material with CugP nano-
particles encapsulated in 2D carbon matrix.

Metal-organic skeleton (MOF) materials refer to organic-inorganic
hybrid materials that are formed by organic ligands and metal ions
through coordination bonds [23,24]. They are characterized by excel-
lent porosity and considerable detailed surface area, and their mor-
phologies are diversified and controllable. They have been applied in a
considerable number of fields (e.g., solar cells, electrocatalysis and
lithium ion batteries) [25,26]. For instance, nickel-based MOF was
found to have excellent capacitance dealing in KOH aqueous electrolyte,
with a worthy specific capacitance of 726F g~* [27]. SnCl, was adsorbed
in the HKUST-1 channel and then calcined to prepare SnO;@C com-
posite materials, which served as the anode materials for lithium ion
batteries [28]. Thus, MOF material is expected to be an outstanding
candidate material for the next generation of electrode materials. In this
study, Cu-BDC was used as a precursor, octahedral shape was prepared
through hydrothermal Cu-MOF. Moreover, carbon-coated octahedral
CusP nanoparticles were obtained through the calcination of coking and
phosphating. Furthermore, the cycle of the material had high stability
and rate performance, much better than pristine CusP, so it is expected
to be high-performance anode electrode material of lithium ion
batteries.

A vital question is how Li adsorption can be improved in heteroge-
neous structures. Most of the existing studies have focused on synthetic
materials and experimental trial-and-error direction to further the
property of electrode materials [29], and the DFT calculation can pre-
sent systematical insights into the mechanism of lithium storage struc-
ture [30]. Accordingly, further theoretical research on heterostructures
of hetero-atom doped carbon and CusP at a molecular level should be
conducted. In this study, the properties of adsorption energy, state
density and diffusion barrier of the phosphorus-doped carbon matrix
and CusP heterostructure (CusP@PCNSs) were calculated and analyzed

in accordance with density functional theory (DFT). As indicated by the
calculated results, there was a significant electron interaction between
the heterostructures. Compared with CusP, CusP@PCNSs was charac-
terized by more excellent adsorption energy and a smaller diffusion
barrier. The accuracy of the experiment was verified. This study pre-
sented a novel research idea for preparing CusP@Phosphorus doped
carbon heterostructure anode materials with high cycling and rate
capability.

2. Experimental section
2.1. Preparation of Cu-BDC

The Cu-BDC was synthesized by a hydrothermal method. First, 1.8
mmol Phthalic acid (PTA) and 2.0 mmol Cu(NO3),-3H;0 were dis-
sminatived in 40 mL N, N-dimethylformamide solution (DMF). Then, 40
mL acetonitrile (CH3CN) solution was added to the above solution and
stirred continuously for 10 min. Lastly, the solution was transferred to a
100 mL TEflon lined autoclave and then heated for 18 h at 120°C. After
hydrothermal completion, the precipitates were collected via centrifu-
gation (DMF and methanol were washed three times), and the centri-
fuged blue precipitates were freeze-dried for 48 h.

2.2. Preparation of CugP@PCNSs

The freeze-dried Cu-BDC blue powder was placed into the quartz
boat and then calcined at 500°C, 600°C and 700°C respectively for 2 h at
nitrogen gas, with a rate of rising of temperature at 2°C/min. After the
cooling to indoor temperature in the tubular furnace, brown powder, i.
e., Cu@C, could be obtained. Subsequently, two porcelain vessels were
prepared, brown powder Cu@C was placed at the lower end of the
tubular furnace, and sodium hypophosphate was placed at the upper end
of the tubular furnace, in which the mass ratio of Cu@C and sodium
hypophosphate was 1:10. The phosphating was perfomed at argon gas
for 3 h, the calcination temperature was 300°C, and the heating rate was
2°C/min.

2.3. Preparation of CugP

To illustrate the affection of phosphorus doping carbon on the
electrochemical performance of CusP, pure CusP was prepared as a
negative material as a comparison. The specific preparation method was
the removal of the Ny protection in the carbonization step, the calci-
nation in the air to prepare pure CuO powder, the phosphating CuO at
argon gas for 3 h, and then the phosphating at 300°C. The heating rate
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Fig. 2. (a) SEM images of Cu-BDC; (b-c) SEM images of CusP@PCNSs-600; (d-e) TEM of CugP@PCNSs-600; (g-j) EDS mapping of CuzP@PCNSs-600.

was 2 °C/min.
2.4. DFT calculations

The First-principles calculations were conducted using the Vienna
Ab-initio Simulation Package (VASP) software package [31,32]. Plane
wave generator Project Augmented Wave (PAW) [33,34] pseudopo-
tential was adopted to express the interaction between ion and electron,
and the interaction of electron exchange was processed using Perdew-
Burke-Ernzerhof (PBE) [35] functional of Generalized Gradient
Approximation (GGA) [36]. The cutoff energy was set to 650 eV, and the
force and energy convergence standards of each atom were 0.05 eV/A
and 10 eV, separately. To avoid the mutual influence between the
atomic layers, the vacuum layer was set to 15 A. Two models of CusP and
CusP and phosphorus-doped carbon matrix heterostructure
(CuzP@PCNSs) were built. The K-point network space of 3 x 3 x 1 and
3 x 4 x 1 was used to improve the structure of the model. The con-
struction was completed using the vaspkit module based on the vasp
software. The energy of elemental atoms was calculated in a 20 x 20 x
20 A unit cell. Furthermore, since the copper in the model was a tran-
sition metal element, the system contained strongly related d-orbital and
f-orbital electrons, and their strong interaction would cause non-local
problems of electrons, thus resulting in the understanding band gap.
Thus, the DFT + U energy functional form was used to modify the model,
so as to ensure the accuracy of the calculation [37,38].

3. Results and discussion
3.1. Structure and morphology characterization

We adopted a hydrothermal method and a two-step process of
carbonization and phosphating to synthesize CusP@PCNSs hybrid ma-
terials with tailored 2D nanosheets microstructures (illustrated in Fig. 1,
and see the Experimental Section). Briefly, the 2D Cu-BDC nanosheets
was first self-assembled by Cu?* and PTA ligand via facile solvothermal
method. Subsequently, the Cu-BDC was carbonized in nitrogen atmo-
sphere to construct a 2D porous carbon nanosheets-encapsulated Cu
nanoparticles (Cu@C). After phosphidation of the Cu@C with NaH,PO2
in argon flow, Cu@C is controllably converted into CugP@PCNSs at
300 °C. The obtained CusP nanoparticles are wrapped in a P doped
carbon nanosheets.

The morphology and microstructure of the target product and the
final CusP@PCNSs synthetic were noticed by Scanning electron micro-
scope and Transmission electron microscope. Fig. 2 shows the
morphology of Cu-BDC precursor and the carbonized phosphating
product CusP@PCNSs-600 at 600°C. It can be seen from Fig. 2a that Cu-
BDC has a 2D nanosheet with obvious irregular folding and relatively
thin lamellae. As can be seen from Fig. 2b, when the carbonization
temperature is 600°C, the product CusP@PCNSs-600 retains a 2D sheet
structure after phosphating, and the size of this layer was nearly 200 nm
from Fig. 2¢. Fig. 2d-f presents a TEM image of CugP@PCNSs-600. Ac-
cording to Fig. 2d, the CusP nanoparticles were uniformly loaded in the
carbon substrate. As indicated by Fig. 2e, the surface of CugP particles
was coated with mofs-derived amorphous carbon, and the lattice fringes
of CusP particles were clearly observed in Fig. 2f. By calculating the
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Fig. 3. a) Raman spectrum; (b) XPS survey spectra; (c-e) High-resolution XPD spectra of Cu 2P, P 2P and C 1S; (f) nitrogen adsorption-desorption isotherm of the

CuzgP@PCNSs-500, CusP@PCNSs-600 and CusP@PCNSs-700.

spacing of fringes, d = 0.197 nm, and combining with the data of
PDF#71-2261, the corresponding crystal plane was determined as
(113), corresponding to XRD. The special carbon outer structure was
significantly conducive to reducing the electrode powdering attributed
to the volume expansion of copper phosphide nanoparticles during the
charging and discharging process. In addition, energy dispersion X-ray
spectroscopy (EDX) mapping was conducted for the CusP@PCNSs-600
sample, and Fig. 2g-j indicates that Cu, P and C elements were uniformly
distributed on CuzgP@PCNSs-600 nanosheets. It was further confirmed
that CusP@PCNSs-600 composite showed a 2D nanosheet structure with
the characteristics of phosphorus doped carbon coated CugP nano-
particles. To study the effect of temperature on material morphology,
SEM images of CugP@PCNSs-500 and CugP@PCNSs-700 samples after
phosphating at carbonization temperatures of 500°C and 700°C were
generated, as presented in Fig. S1. According to the above figure,
CusP@PCNSs-500 also has a 2D sheet structure. Whereas, with the
enhancement in the carbonization temperature, Cu will overgrow and
form needle-like CusP after phosphating. This needle-like structure is
not conducive to the performance of the battery, and may puncture the
diaphragm and cause battery short circuit.

Fig. S2a presents the crystal diffraction peak of hydrothermal syn-
thesis of Cu-BDC and Cu@C. According to the above figure, after
carbonization, under the protection of nitrogen inert gas, Cu-BDC heat
treatment led to the formation of the composite structure of elemental
Cu and carbon. The diffraction peak corresponds to the standard map of
PDF#85-1326. Fig. S2b illustrates the XRD diffraction patterns of the
three samples after carbonization at different temperatures (500, 600
and 700°C) and phosphatization. Moreover, the diffraction peaks of the
three samples were all consistent with the standard card PDF#71-2261
of CusgP, and no other miscellaneous peaks were perceived in the
diffraction peaks, thus indicating that the carbon here was amorphous
carbon.

Raman spectroscopy was used to study the graphitization degree of
CusP@PCNSs, as presented in Fig. 3a. The two peaks of Raman spec-
troscopy were sp° disordered carbon (D band) related to atomic lattice
defects at 1340 cm ™! and sp? graphitized carbon (G band) at 1587 cm ™},

representing the defect, disorder degree and graphitized structure,
respectively [39]. The Ip/Ig ratios of CusP@PCNSs-500, CugP@PCNSs-
600 and CusP@PCNSs-700 were obtained as 0.95, 0.91 and 0.90,
respectively. It was revealed that with the enhancement in the temper-
ature, the material had fewer defects and a higher degree of graphiti-
zation, which could be conducive to reducing non-reversible capacity
and increasing the performance of the battery. X-ray photoelectron
spectroscopy was used to analyze the valence information of the three
samples, and the data acquired from the test results are presented in
Fig. 3b-e. The presence of Cu, P, C and O elements was observed in the
full spectrum of XPS in Fig. 3b. Besides the composition of CusP and C,
the presence of oxygen elements was caused by the oxidation of the
exposed surface of the sample in the air intake[40]. In the high-
resolution atlas of Fig. 3c, 962.9 eV, 944.1 eV and 940.9 eV were
considered the satellite peaks of Cu 2p>/2 and Cu 2p*/2, while 933.4 eV
and 952.9 eV represent the peaks of Cu 2p>?2 and Cu 2p*/? correlated
with Cu-P bond, respectively. The peaks located at 935.5 eV and 955.4
eV could be considered as the peaks of Cu 2p*? and Cu 2p'/? correlated
with Cu-O bond[41]. The existence of Cu-O bond arose from surface
oxidation of the material exposed to air, the retention of oxygen-
containing functional groups of the material, as well as the oxidation
of metal ions during carbonization. According to Fig. 3c, the peak of the
Cu-O bond of CugP@PCNSs-500 was higher than that of CusP@PCNSs-
600 and CugP@PCNSs-700, thus indicating that lower carbonization
temperature led to incomplete elimination of oxygen-containing func-
tional groups in the precursor, while more oxygen atoms led to the in-
crease in the irreversible capacity. Fig. 3d presents the high resolution
spectrum of Pyp of the material. The peak of binding energy of 134.5 eV
was P-O/P = O/P-C bond. The formation of P-O /P = O was primarily
due to the oxidation of P. The characteristic peaks located at 130.5 eV
and 128.9 eV represent P 2p'/2 and P 2p>?, respectively, corresponding
to the existence of the P-Cu bond, which further confirmed the successful
synthesis of CusP. The specific surface areas of CugP@PCNSs-500,
CusP@PCNSs-600 and CusP@PCNSs-700 samples were investigated
using nitrogen adsorption/desorption method. The specific surface area
of CusP@PCNSs-600 (67.0 m? g’l) was higher than that of
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Fig. 4. (a) CV curves of CusP@PCNSs-600 at a scan rate of 0.1 mV s~ %; (b-c) Galvanostratic Charge and discharge curves of CusP@PCNSs-600 for the first three
cycles/firtst five cycles; (d) First discharge/charfe curves of CuszP, CusP@PCNSs-500, CusP@PCNSs-600 and CugP@PCNSs-700; (e) Rate performance at different
current densities of CusP, CusP@PCNSs-500, CuzP@PCNSs-600 and CugP@PCNSs-700; (f) Cycle performance of CusP, CusP@PCNSs-500, CugP@PCNSs-600 and
CusP@PCNSs-700; (g) Long-term cycling performance of CusP@PCNSs-600 at current densities of 1 A g~! for 1000 cycles.

CugP@PCNSs-500 (51.3 m? g~1) and CusP@PCNSs-700 (59.4 m? g™ 1).
The pore size distribution of the three samples rangeed from 1 to 15 nm
(Fig. 3f). The rich specific surface area could significantly impact the
rapid charge and discharge of the battery and improvethe high rate
performance of the battery[42].

3.2. Electrochemical performance

Fig. S3a, Fig. 4a and Fig. S3c show CV curves of the first three cycles
of CusP@PCNSs-500, CusP@PCNSs-600 and CusP@PCNSs-700 sam-
ples, respectively, at a sweep speed of 0.1 mV s~ *. In the first scan of
Fig. 4a, there are two wide reduction peaks at 2.0 V to 1.2 V, which
disappeared in the subsequent scan since an electrolyte interface film
(SEI) was formed on the surface of the electrode active material during
the first charge and discharge[43]. When the current tended to increase,
two reduction peaks appeare at 0.5 V and 0.75 V, thus indicating that the
electrochemical lithium storage reaction took place in this range cor-
responding to the generation of LixCus.xP. In the first scanning phase,
three anodic peaks are observed at 0.83 V, 1.15 V and 1.2 V, respec-
tively, corresponding to the generation of Lig xCuxP in the reversible
delithium process. The good coincidence of the second and third

scanning curves confirmed that the material had a high degree of
invertibility. As indicated by the charge-discharge curves of the first
three cycles of CusP@PC NSs-600 sample at 0.1 A g~} current density
(Fig. 4b), under the condition of initial discharge, the short platform at
1.75 V represents the SEI formation process, and the long platform at
0.75 represents the reversible lithium embedding process. Two plat-
forms represents the process of delithium at nearly 0.8 V and 1.2 V
during the charging process, corresponding to the formation of CV
curve. Fig. S3c and d depicts the CV and GCD curves of CusP@PCNSs-
700 sample, consistent with those of CusP@PCNSs-600 sample
carbonized at 600°C. According to the Fig. S3, the lithium storage
mechanism of CusP@PCNSs-600 and CugP@PCNSs-700 was similar,
primarily relying on the conversion reaction between CusP and Li for
reversible lithium storage. However, at the carbonization temperature
of 500°C, the CV and GCD curves of CugP@PCNSs-500 samples were
different from the other two, and no sifnificant redox peak was observed
during the scanning process. According to Fig. S3a, a wide cathode peak
was found at 0.75 in the cathode scanning of the first ring. Thus, a
conclusion was drawn that the SEI film had a sharp cathode peak at
nearly 0.2 V, corresponding to the process of lithium embedding in
carbon materials. It was therefore revealed that the deembedding
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mechanism of CusP@PCNSs-500 samples was similar to that of carbon
materials, and the deembedding/lithium process of carbon was
dominant.

Fig. 4d compares the charge and discharge specific capacities of the
first ring of the four samples at the current density of 0.1 A g~?, and the
values are presented below: CugP@PCNSs-500 (217.7/1407.6 mA h
g™ 1), CusP@PCNSs-600 (738.9/1292.6 mA h g™1), CusP@PCNSs-700
(567.8/1149.2 mA h g™1) and CusP (393.9/429.9 mA h g~1). The first
Coulombic efficiencies of the four samples were calculated as 15.46 %,
57.16 %, 49.41 % and 84.65 %. The specific capacity of the unrecovered
part was attributed to irreversible specific capacity and capacity loss
caused by SEI film formation. From the numerical perspective, the
irreversible capacity loss of CusP@PCNSs-500 sample was the largest
and the efficiency was the lowest, probably due to caused by the gen-
eration of more SEI caused by the carbon lithium storage mechanism.
CusP@PCNSs-600 samples were characterized by large initial char-
ge—discharge capacity and appropriate initial efficiency. Fig. 4e com-
pares the comparison of the rate performance of CusP@PCNSs-500,
CusP@PCNSs-600, CusP@PCNSs-700 and CusP samples. When the
current densities are 0.1, 0.2, 0.5, 0.8, 1.0 and 2.0 A g’1 respectively, the
discharge specific capacities of CusP@PCNSs-600 are 1292.6, 592.3,

526.2, 472.1, 437.9 and 383.4 mA h g1, respectively. When the current
density returned to 0.1 A g%, CusP@PCNSs-600 also recovered to 706.8

mA h g~! and gradually stabilized in subsequent charge-discharge cy-

cles. Moreover, it can be clearly observed from the Fig. 4e that the

reversible specific capacity of CusP@PCNSs-600 electrode is larger than

that of CusP@PCNSs-500 and CugP@PCNSs-700 at each current density.

The above shows that the CusP@PCNSs-600 has the best rate perfor-

mance when the carbonization temperature is 600°C. Fig. 4f illustrates
the cyclic performance of the three samples. CusP@PCNSs-600 had the
optimal cycling performance at the current density of 0.5 A g~ 1. Ac-
cording to the above figure, the capacity of the three 2D doped carbon
coated CusP samples increased during the cycling process, which arose
from attributed the gradual activation of electrode materials. The ca-
pacity of the three 2D-doped carbon-coated CusP samples all increased
during cycling, which is attributed to the following two factors: (1) the
three electrode materials are of a highly mesoporous structure, which
could facilitate the infiltration of electrolyte and contributes to the
activation of electrode material; (2) Phosphorus-doped nanosheets
could provide more active sites for Li storage [44,45]. Fig. 4g presents
the long cycle performance of 1A™ at large current. After 1000 cycles,
thei specific capacity of CusP@PCNSs-600 could still reach 400 mA h

g
To gain more insights into the properties of the charge storage

mechanism of CugP@PCNSs, the electrochemical kinetic behavior of
CusP@PCNSs was investigated at small scanning rates. The specific
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Fig. 6. (a-b) Nyquist plots of the electrodes made of CusP@PCNSs-600 in the first lithium implantation (discharge) and delithium (charge) states; (c-d) Nyquist plots

of CusP electrodes in the first lithium implanted and delithium state.

methods are presented below:

In CV test, for electrode materials, the value of b was calculated by
Equation (1) to determine whether there is pseudocapacitance behavior
in the charging and discharging processes [46].

i=a’ @

where i denotes the peak current response (unit: mA); V represents the
sweep speed (mV s™1); A and b are constants. In the case of battery
behavior, the peak current i changed with the power 0.5 of the sweep
voltage v, i.e., the process was diffusion controlled. If it was pseudoca-
pacitance behavior, the peak current i changed linearly with the scan-
ning voltage v, i.e., the process was capacitive control. When b ranged
from between 0.5 and 1, both factors could have contribution [47].

Equation (2) can be obtained by taking logarithms of both sides of
Equation (3.1):

logi = blogv + loga (2)

To further quantify the proportion of the two control processes in the
material capacity, Fig. 5a shows the CV curves of CusP@PCNSs-600 at
0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mV-s~'. With the increase of scanning
speed, each CV shows similar shape. In order to explain the storage
mechanism of surface compatibility and diffusion control contribution,
Dunn method was adopted to calculate and estimate b value, and the
calculation results are presented in Fig. 5b. The value of CusP@PCNSs-
600 negative electrode b was obtained as 0.68 and 0.69, which could be
the common control process of capacitance and diffusion. It was
confirmed that the material has a certain capacitance behavior.

To further determine contribution rate of pseudocapacitance
behavior and diffusion behavior to charge storage, Equation (1) can be

adopted to calculate contribution rate of pseudocapacitance at a specific
sweep speed by Equation (3):

i(V) = Kjv+ Ko (3)

where K;v and K2 represent the response of pseudocapacitance and
battery reaction, respectively. Eq. (3.3) can be transformed into Equa-
tion (4):

1

(V)W = Kt + K, Q)

where denotes the current under a specific voltage; v denotes the sweep
speed under a specific voltage; v expresses the specified voltage; K; and
K, are adjustable parameters, and the value of K; was obtained through
linear fitting of i(V)/vz and v2 in Equation (3). To compare the effect of
different treatment temperatures on the lithium storage kinetics of
electrode materials, the CV curves of CuzP@PCNSs-500 and
CuzP@PCNSs-700 electrodes at different scanning speeds were simul-
taneously tasted at the carbonization temperatures of 500°Cand 700°C,
and the b valuem was calculated, as jpresented in Fig. S4. Furthermore,
the pseudocapacitance contribution rate at 1MVS-lwas compared
(Fig. 5¢). According to the Fig. 5, CusP@PCNSs-600 electrode material
has the largest capacitance contribution rate. In addition,as indicated by
Fig. 5d, the contribution of pseudocapacitance tended to increase with
the increase in the scanning speed. When the scanning rate increased
from 0.2 mV-s~! to 1.2 mV-s~}, the contribution rate was elevated from
61.9 % to 96.0 %. As revealed by the above results, the charge storage
process of CusP@PCNSs-600 was dominated by capacitance and showed
good dynamic behavior.

Fig. 6 presents the Nyquist diagram of CusP@PCNSs-600 and CusP
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Fig. 7. (a) GITT curve of CusP@PCNSs-600 electrode; (b) GITT curve of CusP electrode; (c) Calculate the Li™ diffusion system of CusP@PCNSs-600 (c) and the
original CusP electrode (d) in different charge and discharge states.

Fig. 8. SEM images of (a) CusP@PCNSs-600 and (c) pure CusP electrode before cycling; SEM images of (b) CusP@PCNSs-600electrode and (d) pure CusP electrode
after 200 cycles at 0.5 A g~
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Fig. 9. (a-c) Surface work function images of crystal planes of CusP (0,0,1), (1,0,0) and (1,-1,0); (d) Surface work functions and surface energies of CusP (0,0,1),

(1,0,0) and (1,-1,0).

electrodes under the charging conditions of different discharge charges
in the first cycle. According to Fig. 6a and b, the first charge and
discharge out-of-situ EIS test results indicated that the battery’s Rs
remained at 1.5-2 Q without significant change. The Rct decreased, then
increased, and lastly decreased. The initial increase might arise from the
formation of the intermediate LixCusz.xP in CusP transformation reac-
tion, while the rise of the intermediate stage was owing to the effect of
SEI membrane. At the subsequently stage, the Rct decreased due to the
increase of metal Cu and the shrinkage of the structure. During the
discharge process, the Nyquist diagram changed with the increase in the
potential, and it showed a reversible behavior with the decrease in the
potential. In Fig. 6¢c and d, when the CusP electrode discharge was lower
than 0.5 V, the mid-frequency semicircle decreased significantly. With
the continuouse charging process, mid-frequency semicircle tended to
increase. However, for CusP@PCNSs-600 electrode, the mid-frequency
semicircle appeared at about 1.0 V, corresponding to the generation of
SEI film, and the mid-frequency semicircle was relatively stable in the
charging and discharging procedures, and there was no significant
change.

To fully understand the diffusion kinetics of the electrode material,
the diffusion coefficient D of Li' in the electrode was determined by
constant current intermittent titration[48]. Fig. 7a and b present the
GITT curves of CusP@PCNSs-600 electrode and original CugP electrode
respectively. The GITT curves were well consistent with the volt-
capacity curves previously tested. Using GITT data, the diffusion co-
efficients of lithium ions in CusP@PCNSs-600 electrode and original
CusP electrode at different discharge voltages can be determined as
Equation (5) [49]:

2 2
Dy = 4 <mB_V'”) (AE“) (r<L?/Dy) 5)

7t \ MzA | \AE.

where V,, denotes the molar volume; My and mgp represent the molecular
weight of the material and the mass of the active substance, respectively;
A expresses the surface area of the electrode; L is the thickness of the
electrode, AE; and AE; are the voltage change after the current flux and
the open state and the voltage change during the constant current pulse

process respectively. Fig. 7(c-d) presents the diffusion coefficient of
lithium ions in CusP@PCNSs-600 electrode and original CugP electrode.
It was clearly indicated from the Fig. 7 that the diffusion coefficient of
CusP@PCNSs-600 electrode was greater than that of original CusP,
indicating that the composite material significantly reduceds the contact
resistance of the electrode and increased the diffusion rate of lithium
ions.

In order to further determine the stability of the electrode after
cycling, we investigated the change in the morphology of of pure CusP
and CusP@PCNSs-600 electrodes after charging and discharging. Fig. 8a
and b show the surface states of CusP@PCNSs-600 and pure CugP before
circulation respectively. It can be seen that CusP@PCNSs-600 is evenly
dispersed and has a dense surface after coating. However, the pure CusP
electrodes presents a large number of spherical particles with sparse and
loose surface, which is not conducive to electron conduction. After the
cycle, due to the expansion and contraction of uncoated CugP particles
in the charging and discharging process, obvious cracks appeared on the
electrode surface. However, under the stable carbon coating, the
CusP@PCNSs-600 electrode (Fig. 8b) basically maintained its original
shape after 200 cycles, without obvious morphological damage. the 2D
structure of CusP@PCNSs-600 effectively buffered the volume change of
CusP nanoparticles and inhibited the electrode cracking during the
cycling process.

3.3. Density functional theory (DFT) calculations

DFT calculation was conducted to further study the mechanism of
the electrochemical performance difference between CusP@PC and
CusP. To analyze the adsorption on solid surface, the basic properties
exhibited by the surface should be understood (e.g., surface energy and
surface work function). In this studty, the growth morphology of CusP
was predicted using morphological prediction method Bravais-Friedel-
Donnay-Harker (BFDH) [50,51] in commercial software Materials Stu-
dio. In existing studies, BFDH was adopted to successfully predict the
optimal surface of Co20 [52]. According to the Fig. S5, as indicated by
the output results of BFDH calculation, the exposed surface of CugP
structure might have (0,0,1), (1,0,0) and (1,-1,0) crystal faces (denoted
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Table 1
Li* adsorption site, Li adsorption energy of CuzP and Cu3P@PCNSs.
Structure Site E.q (eV)
CusP H —2.79167702
B —2.09236983
T —1.22589586
Cu3P@PCNSs H —3.57096166
B —2.26124540
T —2.18314399

by surfi, surfy and surfs, respectively). After the above three surfaces
were determined as research objects, the most stable surface structure
was determined by calculating the surface energy and surface work
function of the three truncated surfaces [53]. Surface energy has been
found as a vital index to measure surface stability, which can be
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expressed by Equation (6) [54]:

1
Egur = =~ (Esiab — nEpuc) (6)

2A

where n represents the number of atoms contained in Slab; Ey, denotes
the total energy of the selected Slab model; Ep; express the energy of
each proto-cell; A refers to the surface area of crystal cell. Fig. 9 presents
the calculation results of surface energy. The larger the surface energy is,
the more unstable the Slab model would be. The surface work function is
the minimum energy required for electrons to move from the interior of
a solid to the surface, which can be determined by Equation (7) [55]:

Ev = Evacuum — Efermi (7)
where E,qum denotes the electrostatic potential energy at the vacuum

away from the surface; Ef,,,;; represents the electrostatic potential energy
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at the Fermi level. According to the Fig. 9, the electrostatic potential
energy in the vacuum region was shown as a straight line, which indi-
cated that the potential function converged in the vacuum region. The
electrostatic potential energy between atomic layers showed a curve of
oscillation, and the intensity of oscillation between atomic layers was in
order, thus indicating that the interaction between atoms on the (-1,1,0)
plane was the largest, consistent with the calculation result of surface
energy. In brief, (-1,1,0) represents the most likely exposed and most
suitable crystal plane for lithium atom adsorption.

The heterogeneous structure CusP@PCNSs was built with using CugP
(-1,1,0) crystal plane and carbon matrix model as the initial model using
vaspkit module in VASP software, and the structure was improved as
presented in the Fig. S6. Using VASP software to build heterogeneous
structures has formed a very mature computing system [56], which can
accurately set the lattice compatibility and vacuum layer thickness. It is
helpful to reduce lattice fit and subsequent adsorption behavior calcu-
lation. Based on existing studies, graphene was used instead for the
carbon matrix model in our calculations [57]. Subsequently, the lithium
storage capacity of CugP and CugP@PCNSs was investigated by calcu-
lating the adsorption energy of a single lithium atom [58]. The
adsorption structures of different adsorption sites are shown in Fig. S7.
Tablel lists the specific adsorption sites and calculation results. As
indicated by the calculation results, the adsorption energy of Li on
CusP@PCNSs structure was significantly greater than that of CugsP,
consistent with the results of previous experiments.

As reported by existing studies, the difference in electrostatic
attraction between the transition metal phosphating surface and the
graphene plane can have significant effect on the adsorption behavior of
Li*. Accordingly, differential charges of the two structures were calcu-
lated, and the differential charge diagram were drawn to measure the
synergistic effect arising from the heterogeneous structures. According
to the Fig. 10a-d, the blue area represents a decrease in the charge
density, and the yellow area represents an increase in the charge density.
When Li ions were inserted into the inner layer of CusP@PCNSs, the
absorbed Li largely interacted with the carbon matrix layer on the sur-
face, and the charge lost by Li was transferred to the adjacent PC surface
to form an ionic bond. Moreover, the transfer charge was studied
through Bader charge study [59]. As revealed by the calculation results,
the transfer charge of Li adsorbed on CugP@PCNSs was 0.853 (Fig. 10d),
and the transfer charge of Li adsorbed on CusP was 0.780 (Fig. 10b),
thus confirming that there was a more significant interaction between Li
and the hetero structure, which could help increase the electronic con-
ductivity of the anode.

To acquire more understanding into the adsorption mechanism of
Li* on the heterogeneous structure, the state densities of the two
structures were calculated. According to Fig. 10e and g, the state
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densities of CusP and CusP@PCNSs at the Fermi level were 2.141 eV and
3.169 eV, respectively. The state density of CusP@PCNSs at the Fermi
level was significantly larger than that of CugP, which confirmed that the
electronic conductivity of the structure could be improved by combining
carbon matrix with CusP. The conduction bands of CusP and
CusP@PCNSs were primarily occupied by Cu 3d orbitals, and the
valence bands generally consisted of P 3p orbitals and C 2p orbitals.
After Li atom was adsorbed, the densities of DOS at the Fermi level of
CuzP and CugP@PCNSs were 3.951 eV and 7.054 eV (Fig. 10f and h),
respectively, significantly higher than those without the adsorption of
Li, which revealed that the densities of states near the Fermi level played
avital role in the chemical activity of the structure. When the adsorption
occurred, the interaction between Li atom and carbon matrix plane took
place, thus increasing the energy of the Fermi energy level and
improving the electronic conductivity.

The ion diffusion rate determined the fast charge and discharge rate
of the material, and it was found as critical performance factor [60]. The
diffusion coefficient of metal ions can be obtained by Equation (8) [61]:

AE,
D = Dgyexp| — T

(8)
where Dy, AEp, k and T are pre-exponential factor, diffusion barrier,
Boltzmann constant and absolute temperature, respectively[62]. In this
study, the main barrier to overcome for the migration of Li occurred in
the vicinity of Cu-P bond and C-C bond. According to Fig. 11, the
diffusion barrier of CusP was 0.569 eV, and the recombination of CusP
with carbon matrix structure significantly induced the adsorption of Li
atom. The above induction effectively reduced the barrier of atomic
diffusion(e.g., crossing C-C bond and Cu-P bond). The migration barrier
of the diffusion path on CugP@PCNSs structure was optimized (0.464
eV), compliance with the GITT calculation consequences in the experi-
ment. It was therefore, revealed that the heterogeneous structure could
favorable to the maintenance of excellent ionic conductivity at the low
energy barrier, thus providing an advantage for the excellent diffusion
ability of lithium ions.

4. Conclusion

In brief, the ultrafine CusP nanoparticles prepared in this strudy were
well embedded into the phospho-doped carbon nanosheet, which was
synthesized from 2D Cu-BDC derived carbon. In the obtained material
obtained, CusP nanoparticles were evenly embedded into the carbon
matrix, and phosphorus doping increased the active sites for storing Li™
and improved the electrical conductivity of the material. The porous
structure was found to inhibit the agglomeration of CusP nanoparticles
in the charging and discharging processes, which ensured the integrity
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of the electrode. Because of this reasonable advancement, the
CusP@PCNSs-600 composite anode exhibited outstanding rate capa-
bility (383.4 mAh g ! at 2 A g~1), outstanding cyclic stability (436.4
mAh g~ at 1 A g~! over 1000 cycles) for lithium storage. As revealed by
the results of DFT, the doping effect of P atom was significantly corre-
lated with the difference of atomic radius and electronegativity between
P and C atoms. Moreover, the charge transfer and conductive behavior
between the heterostructures had an effect on the adsorption capacity of
Lit. Thus, CusP@PCNSs electrode materials were characterized by
better rate property and cycle stability. This study presented more in-
sights into the storage mechanism of heterogeneous structure, which is
of high significance to the design of excellent transition metal phos-
phating electrode materials.
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