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ABSTRACT: As a competitive anode material for sodium-
ion batteries (SIBs), a commercially available red phosphorus,
featured with a high theoretical capacity (2596 mA h g™') and
a suitable operating voltage plateau (0.1—0.6 V), has been
confronted with a severe structural instability and a rapid
capacity degradation upon large volumetric change. In
particular, the fundamental determining factors for phospho-
rus anode materials are yet poorly understood, and their
interfacial stability against ambient air has not been explored
and clarified. Herein, a high-performance phosphorus/carbon
anode material has been fabricated simply through ball-milling
the carbon black and red phosphorus, delivering a high
reversible capacity of 1070 mA h ¢! at 400 mA g™ after 200
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cycles and a superior rate capability of 479 mA h g~ at 3200 mA g~'. More importantly, we first reveal the significance of
inhibiting the exposure of phosphorus/carbon electrode materials to air, even for a short period, for achieving a good
electrochemical performance, which would sharply decrease the reversible capacities. With the assistance of synchrotron-based
X-ray techniques, the formation and accumulation of insulating phosphate compounds can be spectroscopically identified,
leading to the decay of electrochemical performance. At the same time, these passivation layers on the surface of electrode were
found to occur via a self-oxidation process in ambient air. To maintain the electrochemical advantages of phosphorus anodes, it
is necessary to inhibit their contact with air through a rational coating or an optimal storage condition. Additionally, the
employment of a fluoroethylene carbonate (FEC) additive facilitates the decomposition of the electrolyte and favors the
formation of a robust solid electrolyte interphase layer, which may suppress the side reactions between the active Na—P
compounds and the electrolyte. These findings could help improve the surface protection and interfacial stability of phosphorus

anodes for high-performance SIBs.
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1. INTRODUCTION

The renaissance of sodium-ion batteries (SIBs) in the last
decade has been parallel with the commercialization of lithium-
ion batteries (LIBs), which have powered most portable
electronics and futuristic electric vehicles. However, the
rocketing price of lithium resources and their uneven
distributions in remote areas, have gradually shifted the
research focus on energy storage/conversion from LIBs to
other affordable and sustainable candidates using alternative
charging carriers.”” Naturally, SIBs, accompanied with the
ubiquitous sodium resources without toxicity and similar
electrochemical reaction mechanisms originated from the
sodium element located in the same group of the periodic
table for lithium, have emerged as promising energy storage

systems, particularly for the large-scale grid energy storage.”>
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Among all practical obstacles for the operative SIBs, the
absence of an appropriate high-capacity anode used to
determine their electrochemical feasibility and properties.
The sodium (Na) metal anode generally suffers from a
number of intrinsic safety challenges, including its low melting
point (97.7 °C) and internal short circuits upon penetration
of polymer separator by the grown dendrites during cycling.6
Concurrently, carbon materials, such as graphite and
disordered carbon materials, have very limited reversible
capacities when used in SIBs compared to LIBs.”~” Based on
the research experience for anode materials in LIBs, it is
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promising to select a suitable alloy-type anode material for
SIBs with a high theoretical specific capacity and a moderate
redox potential, involving the multielectron reactions upon
alloying and de-alloying.”*

Phosphorus is an abundant element that can be easily
extracted from the earth’s crust and has been proposed as a
candidate anode for the next-generation SIBs. Theoretically,
one mol of phosphorus will react with three mols of sodium
atoms to form Na;P during the alloying process, yielding a high
theoretical capacity of 2596 mA h §_1 within a desirable
operating voltage range (0.1—0.6 V)." It is noteworthy that
four different allotropes of phosphorus exist including white,
violet, red (amorphous), and black phosphorus, with each
presenting strikingly different physicochemical properties. For
electrochemical use, white phosphorus is highly flammable and
pyrophoric, whereas violet phosphorus can solely be prepared
by heating red phosphorus for a long time. The complicated
fabrication of black phosphorus involves an ultralong heating
process under a high vacuum. Recently, the layer-structure
phosphorene, exfoliated from black phosphorus, has been
utilized as an anode material for LIBs' "' and SIBs.'”'* Red
phosphorus is thus left as a commercially available and
inexpensive source.'”

However, the structural collapse and subsequent electrode
pulverization of red phosphorus because of the large volume
expansion/shrinkage (~292%) upon sodiation/desodiation
would diminish the reversible capacity and cycle life for
batteries. Furthermore, the low electronic/ionic conductivity of
red phosphorus further weakens its rate capability.'®'” In order
to address the abovementioned challenges, several conductive
materials, including flexible carbon materials (carbon
black,"®"? carbon nanotubes,” graphene,m'u_23 3D (three-
dimensional) carbon,”* carbon composite'*), electrochemically
active material/carbon materials (Sn,P3,>* SnP;,*® Se,P,,>” and
GeP;*®), and electrochemically inactive metal/carbon materi-
als (FeP,” CuP,,’° Ni,P,*! and P—TiP,—C>?), have been
employed to buffer the large volume variation and improve the
electronic/ionic conductivity as well as electrochemical
reversibility/durability of red phosphorus. Additionally, the
phosphorus particles have been introduced by an evaporation—
condensation method into several conductive and robust
structures, including 6porous carbon,® carbon nanofibers,**
carbon nanotubes,”*® mesoporous carbon,”” metal—organic
framework-derived microporous carbon,” graphene paper,*”
and aerogel.”” Very recently, the successful liquid syntheses of
iodine-doped phosphorus nanoparticles*' and hollow red
phosphorus nanospheres*” have further demonstrated the
strong capability of nanotechnology in this emerging field.
Among these approaches, loading phosphorus into the carbon
host is considered as a universal and effective route.

As the electronic structure of phosphorus is 3s’3p, it should
be easily oxidized and generally exists as inorganic phosphate.
Even though black phosphorus is the most thermodynamically
stable among the available crystal phases, it rapidly reacts with
0,/H,0 in ambient air, which degrades its electrical
properties.'>*> However, the understanding on the stability
of red phosphorus (or phosphorus-based composites) in
ambient air, and especially the effects of such interfacial
instability on its electrochemical performance for SIBs, is yet
lacking. At the same time, the impact of the structural change
in ambient air on the corresponding electrochemical perform-
ance is also unknown. Therefore, it is appealing to gain a more

thorough understanding of air stability for red phosphorus-
based electrodes.

In this regard, we have synthesized phosphorus/carbon
composites through a conventional ball-milling method,
identified the effects of air exposure time for phosphorus
electrodes on their electrochemical properties, and studied the
chemical evolution of passivation surface in these conditions,
which can provide strategic insights into interfacial stability
and surface protection toward the development and
application of phosphorus-based electrodes.

2. EXPERIMENTAL SECTION

2.1. Materials’ Synthesis. Phosphorus/carbon composites were
prepared by planetary ball-milling at 600 rpm for 24 h to mix the
commercial red phosphorus (purity > 97%, Sigma-Aldrich) with
porous carbon (Ketjen black, EC600JD). On the basis of the previous
reports, the weight ratio of red phosphorus to porous carbon was
7:3.'%1% The weight ratio of stainless-steel ball-milling balls to all
starting materials was 20:1. In order to fully pulverize the large
particles of red phosphorus and produce a homogeneous mixture,
three balls with different diameters (3, 5, 8 mm) were employed in a
weight ratio of 1:1:1, respectively. After initially weighing the starting
materials and different stainless-steel balls, all parts were mixed in a
steel vial and sealed in a glove box filled with argon.

2.2. Electrochemical Measurement. Initially, the conductive
agent (acetylene black), Na-CMC (sodium carboxymethyl cellulose,
low viscosity, EMD Millipore) binder, and active material
(phosphorus/carbon composite) were dissolved into an appropriate
amount of distilled water using a weight ratio of 1.5:1.5:7,
respectively. Additionally, carbon black, acetylene black, and [poly-
(vinylidene difluoride)] binder with a mass ratio of 8:1:1 were first
mixed and then dissolved into (N-methyl-2-pyrrolidone), respectively.
The as-prepared homogeneous slurry was then cast onto a clean
copper foil and further dried at 60 °C under vacuum overnight.
Electrodes were punched into to 1/2 inch pellets and subsequently
pressed, yielding a loading mass of ~1.5 mg cm™ per pellet. To study
the air (in)stability of phosphorus/carbon electrodes and their effects
on their electrochemical performances, four pellets were selected and
placed in ambient environment for 3, 7, 10, and 15 days, respectively.

Half-cell configuration 2032-type coin cells, employing a
phosphorus/carbon electrode as a cathode, a polypropylene
membrane (Celgard 3501) as a separator, and sodium metal as an
anode immersed in electrolyte, were assembled in an Ar-filled glove
box. The electrolyte was prepared by dissolving 1.0 mol L™ sodium
perchlorate (NaClO,) into a solution of ethylene carbonate (EC) and
diethyl carbonate electrolyte by 1:1 in volume with addition of 10 wt
% fluoroethylene carbonate (FEC). The electrochemical behavior of
phosphorus electrodes was evaluated using cyclic voltammetry (CV)
in a Biologic VMP3 electrochemical station at a sweep rate of 0.2 mV
s, Galvanostatic charge/discharge performance was evaluated
between 0.001 and 2.0 V (vs Na/Na*) at various current densities
under room temperature using a LAND (Wuhan Kingnuo
Electronics, China) cycler.

2.3. Physical Characterization. The crystalline structures of ball-
milled compounds were identified using X-ray diffraction (XRD) with
a Bruker D8 ADVANCE (Cu Ka source, 40 kV, 40 mA)
spectrometer. Raman spectroscopy measurements were conducted
using a HORIBA Scientific LabRAM HR spectrometer system
equipped with a 532.4 nm laser. The morphologies of the initial
materials and phosphorus/carbon composite were observed using a
Hitachi S-4800 field emission scanning electron microscope operated
at S keV and a high-resolution transmission electron microscopy
(TEM) (JEOL 2010 FEG) equipped with an energy-dispersive X-ray
spectrometer. For the synchrotron-based X-ray characterizations, the
P K-edge X-ray absorption spectroscopy (XAS) in fluorescence yield
mode and P L-edge XAS in total electron yield mode were measured
under high vacuum in Soft X-ray Microcharacterization Beamline
(SXRMB) and Variable Line Spacing Plane Grating Monochromator
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Figure 1. (a) XRD patterns for carbon black, red phosphorus, and phosphorus/carbon composite. (b) Raman spectra and (c) P K-edge X-ray
absorption spectroscopies for red phosphorus and phosphorus/carbon composite. (d) Synchrotron-based surface-oriented P 2p XPS

for phosphorus/carbon composite.

(VLS-PGM) in Canadian Light Source (CLS), respectively. The
surface-oriented high-resolution X-ray photoelectron spectroscopy
(XPS) was collected at the VLS-PGM beamline with a pass energy of
20 eV and an excitation energy of 230 eV. The depth-oriented high-
resolution XPS was recorded at the SXRMB beamline with a pass
energy of 200 eV using three different excitation energies of 3000,
4900, and 7000 eV, respectively.

3. RESULTS AND DISCUSSION

3.1. Characterization of Phosphorus/Carbon Elec-
trode Materials. XRD was employed to evaluate the crystal
structures of starting materials and the phosphorus/carbon
composite. In Figure la, the XRD of carbon black shows two
broad peaks around 26° and 43°, which can be indexed to the
(002) phase mode of graphite and the (100) phase mode of
the ordered hexagonal structure in graphite.”*" The XRD of
commercial red phosphorus displays three obvious peaks,
including a sharp peak at 15° for the (013) diffraction plane, a
strong broad peak at 32° for (31—8) diffraction plane, and a
weak broad peak at 55°, hinting at a medium-range ordered
structure in monoclinic phosphorus (JCPDS no. 00-044-0906,
space group of P2/c).”>*** Interestingly, two broad peaks at
32° and S55° can be observed for the phosphorus/carbon
composite, demonstrating the phase preservation of amor-
phous red phosphorus after the ball-milling process. Owing to
the severe destruction of medium-range ordered structure
upon high-energy ball-milling, the obvious (013) peak at 15° in
pristine red phosphorus completely disappears in the XRD
pattern for the phosphorus/carbon composite, whereas the
vanishment of (002) and (100) features for carbon black in the
phosphorus/carbon composite further indicates the uniform
dispersion of totally crushed red phosphorus clusters in carbon
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matrixes, which are in good agreement with the previous
results for phase transformation and structural evolution of
ball-milled phosphorus/carbon composites.'®*>"+54¢

Similar to the Raman spectroscopy of carbon black in
Figures S1, Figure 1b also shows two strong peaks at 1334 and
1590 cm™! for the phosphorus/carbon composite, which can
be attributed to the D band of a disordered sp® carbon phase
and G band of a graphitic sp® carbon structure in amorphous
carbon black, respectively.”'* Normally, the P7 and P9 cages in
amorphous red phosphorus are utilized to construct
pentagonal tubes in coupled layers, whereas the sharp peak
around 350 cm™' is originated from P9 cages.47 Hence, the
existence of the phosphorus element in the composite can be
verified by three peaks of P—P bonding between 300 and 500
cm™ for red phosphorous and phosphorus/carbon composite.
Additionally, the relatively lower intensities for these peaks
may have resulted from the partial breakup of P—P bonding
and generation of P—C bonding upon the formation
of phosphorus/carbon composite, whereas the amorphous
carbon would also cover the surface of red phosphorus, further
weakening the signal strength."*'"*!

Basically, the emergence of X-ray absorption at the P K-edge
should be due to the electron transition from the 1s core level
to the 3p unoccupied orbital.** Comparing the P K-edge X-ray
absorption spectroscopies of red phosphorus and the
phosphorus/carbon composite, a stronger peak around
2144.5 eV is found for the composite as shown in Figure lc.
This not only agrees with the K-edge in the P4 molecule, but
also implies a decrease in the size of red phosphorus with a
high feedback intensity.”® Concurrently, a new peak as
observed at 2152.5 eV should be ascribed to the partial
oxidation of phosphorus,” ™" corresponding well with the
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Figure 2. SEM images of (a,b) red phosphorus and (c,d) phosphorus/carbon composite. (e) Low-magnification TEM image, (f) high-
magnification TEM frame and the corresponding (g) P, (h) C elemental mappings for phosphorus/carbon composite.
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Figure 3. CV curves of (a) the pristine electrode, the electrode exposed in air for (b) 3 days, (c) 7 days, (d) 10 days, and (e) 1S days with FEC
additive in the electrolyte, and (f) the pristine electrode without FEC additive in the electrolyte at a scan rate of 0.2 mV s~

XPS data obtained for the phosphorus/carbon composite, as
shown in Figure 1d. According to the previous reports on the
peak-fitting for XPS,”"***” these two broad peaks can be
deconvoluted into five individual peaks. The sharp peaks at
132.2 and 1312 eV are related to the P 2p;/, and P 2p,,
characteristics from the P—P bonding, whereas the two weaker
peaks at 131.9 and 130.9 eV are derived from the P 2p;,, and P
2p,, features for the P—C bonding, respectively. Moreover, a
broad peak at 133.8 eV is originated from the strong P—O
bonding, which had also been found in various phosphorus
anode materials obtained from the ball-milling ap-
proach,”"*****® evaporation—condensation method,”” and
chemical routes.'”*"** On the basis of the previous physical
characterizations, it is clear that the phosphorus/carbon
composite has primarily maintained most of the red
phosphorus features and inevitably suffered from the
phosphorus oxidation.

The morphologies of red phosphorus and phosphorus/
carbon composite were compared in Figure 2a—d alongside
the elemental distributions of P and C in Figure 2e—h. As
depicted in Figure 2a,b, the large red phosphorus particles with

the sizes ranging from 10 to 50 pgm are loosely stacked and
unevenly distributed. From the SEM pictures, the diameters of
the most phosphorus/carbon particles are found to be below
400 nm, as shown in Figure 2c¢,d. Additionally, several
microparticles are irregularly distributed among the nano-
particles. Regardless of the partial aggregation for tiny granules
with the size below 100 nm in Figure 2e, the phosphorus/
carbon composite in Figure 2f—h realized the elemental
enrichments of P and C, proving a homogeneous integration of
phosphorus with carbon.

3.2. Electrochemical Measurement of Phosphorus/
Carbon Electrode Materials. CV was performed at a scan
rate of 0.2 mV s™! between 0.001 and 2.0 V (vs Na*/Na) to
understand the effects of air-aging for phosphorus electrodes
on their electrochemical behaviors, as presented in Figure 3.
During the initial sodiation process of the pristine electrode, a
single irreversible broad peak can be found at 0.61 V,
corresponding to the decomposition of the electrolyte and
generation of a solid electrolyte interphase (SEI) layer.
Additionally, a series of anodic features at 0.55, 0.79, and
1.42 V represent a stepwise phase conversion of Na;P to Na,P,
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Figure 4. Discharging and charging profiles of (a) the pristine electrode and the electrode (b) in air for 3 days, (c) 7 days, (d) 10 days, (e) 15 days
with the FEC additive in the electrolyte, and (f) the pristine electrode without the FEC additive in the electrolyte at a current density of 400 mA

~1

NaP, and NaP, intermediates, respectively.'®*”*® Importantly,
the peak in the D region reflects the sodiation process, whereas
the peaks in the A, B, and C regions orderly correspond to the
desodiation process. In the subsequent cycles, the cathodic
peaks gradually move to the D region of 0.35—0.14 V, whereas
the anodic features remain in the same positions of the A, B,
and C regions. When comparing electrodes exposed to air for
3, 7, 10, and 15 days, the first irreversible cathodic peak
and subsequent anodic peak in the C region almost disappear.
Even though the anodic peaks for the D region in the repeated
cycles are located around 0.24 V, the cathodic peaks within the
A and B regions gradually move from 0.55/0.79 V to the
higher voltages of 0.57/0.91, 0.62/0.93, 0.62/0.94, and 0.72/
0.96 V with the increase of air exposure time, respectively,
suggesting an increased electrochemical polarization because of
the emergence and evolution of the surface passivation layer.
Concurrently, the peak intensity within the A region rapidly
decreases, whereas the B region peaks gradually increase in
intensity. An increase in the voltage polarization, as identified
in Figure 3a—e, can be attributed to the gradual oxidation of
the phosphorus electrodes, which not only reduces the amount
of active materials, but also impedes the electronic/ionic
migrations by accumulating the insulating phosphorus/oxygen
compounds. Moreover, the vital role of the FEC additive in the
electrolyte for phosphorus anode has also been revealed in
Figures 3f and S8. Specifically, no irreversible peak can be
found around 0.61 V in the first discharging process, implying
the absence of a robust and stable SEI layer during the initial
sodiation process. Without the formation of an electronically
insulating and ionically conductive SEI layer, the highly active
sodium/phosphorus alloy compounds would continuously
react with the electrolyte, leading to electrochemical failure
during the discharging/charging processes. It is obvious to find
that severe parasitic reactions between sodium/phosphorus
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alloy compounds and electrolyte are prone to happen at the
charging process, resulting in the irregular CV curves upon the
desodiation process.

The electrochemical performances of the pristine electrode
and electrodes in air for different days were evaluated by the
galvanostactic discharge—charge tests, as shown in Figure 4.
The pristine electrode delivers an initial discharging capacity of
1572 mA h g™' and a highly reversible charging capacity of
1373 mA h g, As the reversible capacity of carbon black is as
low as 107.4 mA h ¢! in the first cycle, its contribution to the
reversible capacity of the phosphorus/carbon composite can be
negligible. Interestingly, the electrodes exposed to air for 3, 7,
10, and 15 days demonstrate the decreased charging capacities
of 1087, 618, 420, and 304 mA h g_l, respectively.
Furthermore, the first coulombic efficiency is also found to
decrease from 89.3% for the pristine electrode to 82.5, 48.5,
40.8, and 33.2% for the electrodes in air for 3, 7, 10, and 15
days, respectively. The rapidly decreasing specific capacity and
coulombic efficiency correlated well with the air exposure time,
clearly demonstrating the electrochemical deterioration of
phosphorus electrodes because of the self-oxidation process.
Moreover, the gradual increase of charging voltage plateau in
Figure 4 agrees well with the position change found for the
anodic peaks in Figure 3. This obvious voltage hysteresis
further decreases the electrochemical stability of phosphorus
electrodes in air. Additionally, the increase of the specific
capacity during the electrochemical activation of phosphorus
electrodes at the beginning of cycling process also increases
along with the air exposure time because of the accumulation
of phosphorus/oxygen compounds in phosphorus/carbon
composites.

Among all the samples tested, the fresh pristine electrode
could display the large discharging capacities of 1450, 1454,
1487, 1387, 1243, 1080 mA h g™' and highly reversible
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charging capacities of 1437, 1442, 1472, 1369, 1223, 1070 mA
h g7' at the 10th, 25th, SOth, 100th, 150th, 200th cycles,
respectively. These electrochemical results are comparable to
those reported values in the literature with similar phosphorus/
carbon systems,'®!872123243235,364036 Bor the pristine elec-
trode studied without the use of the FEC additive, the initial
discharging and charging capacities of 1329 and 1128 mA h g™!
were determined, respectively. However, the charging voltage
plateau rapidly increases in the following cycles, whereas the
discharging voltage plateau remarkably decreases, leading to
the fast capacity diminishment and ultimate electrochemical
failure. As the FEC additive in the electrolyte would facilitate
the emergence of a robust, stable, and flexible SEI layer on the
surface of high-capacity alloy-type anodes to maintain the
structural integrity upon huge volume change and suppress the
side reactions of the unstable electrode with reactive electro-
lyte, the pristine phosphorus/carbon electrode in the electro-
lyte without the FEC additive would continuously aggravate
the electrolyte decomposition on the newly formed interfaces
upon repeated huge volume change, and suffer from the
gradual collapse of the structure, severe pulverization of the
electrode, eventual depletion of the electrolyte, and rapid
degradation of the capacity.”*

Figure Sa presents the systematic investigation of cycle
performances for the electrodes exposed to air for different
lengths of time. Clearly, the initial capacity decreases for
electrodes left in air for a longer period. Compared with a first
charging capacity of 1373 mA h ¢!, the pristine electrode
demonstrates a highly reversible capacity of 1070 mA h g™,
corresponding to 1528 mA h g™' as 58.9% of the theoretical
specific capacity for P (2596 mA h g™' corresponding to the
formation of Na;P), after 200 cycles at 400 mA h g~'. For
electrodes left under ambient conditions for 3, 7, 10, and 15
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days, the charging capacities of 902, 716, 526, and 445 mA h
g~ ! are observed for over 200 cycles, respectively. Furthermore,
a fast capacity degradation disables the electrochemical
capability of the pristine electrode without utilizing the FEC
additive in the electrolyte (Figure S9). However, a comparison
of the cycling stability for different electrodes further poses a
question regarding the phase evolution of phosphorus
electrodes in air. Compared with the decreased capacities for
electrodes in air for more days, the capacity retention initiated
from the 20th to 200th cycle after the electrochemical
activation increases from 74.3% for the pristine electrode to
75.8, 83.7, 89.6, and 98.4% for the electrodes in air for 3, 7, 10,
and 15 days, respectively. This phenomenon on the improved
electrochemical cycle stability is an emergent property
dependent on two factors. On the one hand, a decreased
amount of active materials coupled with a self-oxidation
process may lead to a lower specific capacity, imposing the
weaker evolutions of volume expansion/shrinkage on electrode
structures. On the other hand, a gradual accumulation of
phosphorus/oxygen compounds on the surface may help to
buffer the low-level volume changes for phosphorus/carbon
electrodes upon cycling. As displayed in Figure Sb,c, the
pristine electrodes deliver the reversible capacities of 1719,
1647, 1490, 1264, and 871 mA h g_l at the current densities of
100, 200, 400, 800, and 1600 mA g~ ', respectively. When
cycled at 3200 mA g, the pristine electrode could still present
a highly reversible capacity of 479 mA h g™". After 65 cycles at
high current densities, the charging capacity could return to
1719 mA h g™'. In terms of the strikingly different
electrochemical properties for electrodes in different con-
ditions, it is quite urgent to explore their structural evolution
and phase transformation in ambient air.
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phosphorus, the pristine electrode, and the electrodes in air for different days.

3.3. Self-Oxidation Mechanism for Phosphorus/
Carbon Electrode Materials. As shown in Figure 6a, the
Raman spectra display three features in the range of 300—500
cm™!, indicating the existence of phosphorus in the aged
electrodes. However, the decreasing intensity of these peaks
with the increasing air exposure time further provides the
evidence for the gradual growth of phosphorus/oxygen
compounds on the electrode surface. P K-edge X-ray
absorption spectroscopies presented in Figure 6b were
employed to understand the structural evolution of phospho-
rus electrodes in air. The strong peak at 2144.5 eV is related to
1s core-level electron transitions to the vacant t2*(p-like)
antibonding orbitals, whereas another two peaks at 2150.6 and
2152.5 eV arise from the shape resonance or the multiple
scattering.”>*® In this circumstance, the major K-edge at a
lower energy position reflects the P—P bonding, whereas
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another two peaks at the high energy region may have resulted
from the P—O bonding in the species of (PO,)*>” and (PO,)*",
respectively.'”>’~>” The decrease of the peak intensity for the
P—P bonding (2144.5 eV) and increase of peak intensity for
the P—O bonding (2152 eV) with the increasing duration in
air further confirm the accumulation of phosphate compounds
and loss of active phosphorus. X-ray absorption spectroscopies
performed at the P L-edge presented in Figure 6¢ display two
peaks at 136.9 and 137.7 eV as a result of the electron
transitions from the 2p;,, and 2p, /, levels after the spin—orbit
split 2p into the first unoccupied 3s-like antibonding state,
respectively.’®*°" A peak at 138.9 €V resulted from the
mixed-valence band electron transitions.’” However, several
other publications suggest that this signal originates from the
electron transitions to a 3p-like antibonding state, considering
the possible mixture of this signal with other features from
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oxygen and metals.”"*>** A broad peak at 147.0 eV stems from
the 2p to 3d transitions.”’ For the pristine electrode, the
positions of peaks for the electron transitions from split 2p
orbitals to 3s-like antibonding state are shifted to the higher
energy regions. The increasing intensity ratios of the peak at
137.7 eV to the peak at 136.9 eV for electrodes aged in air also
verify the structural distortion of phosphate tetrahedron, which
conforms to the continuous growth of phosphate compounds
on the surface of phosphorus particles.

The surface and depth-oriented X-ray photoemission
spectroscopies were employed to understand the phase
evolution of phosphorus electrodes in air, providing a unique
benefit of allowing for a variable analyzing depth by adjusting
the excitation photon energy. Utilizing a low photon energy of
230 eV, only one peak at 134.5 eV, corresponding to the P—O
bonding from (PO,)*” or (PO,)*” compounds, is observed in
Figure 7a for the red phosphorus, the pristine electrode, and
the electrodes exposed to air for 3 and 7 days.'"'>*>*>>7 =57
After exposing the electrodes to ambient conditions for 10 and
15 days, the P—O bonding peak is shifted to 135.5 eV,
indicating the structural distortion of phosphate after the
continuous reactions between phosphorus and oxygen.
Increasing the excitation photon energy to 3000 eV, allowing
for a deeper penetration level, the peak for the P 2p feature can
be found at 130.2 eV for the pristine electrode, whereas the
peak intensities of P—O bonding at 134.0 eV for electrodes
under different conditions increase along with the air-aging
periods, as shown in Figure 7b. In Figure 7c,d, the peak
intensities for the lower-energy P—P bonding decrease and the
peak intensities for the high-energy P—O bonding increase
with the longer air exposure time. Namely, the thickness of
phosphate layers increases with the exposure to ambient air.

To further understand the effects of water and oxygen on the
self-oxidation process for phosphorus, P L-edge X-ray
absorption spectroscopies were further conducted to explore
the structural evolution and phase transformation of the
pristine phosphorus/carbon composite in water and oxygen
after 24 h. In Figure 8, an obvious peak at 131.6 eV, which
represents a strong P—P bonding in the pristine phosphorus/
carbon composite, would remarkably decrease its intensity
after aging in water and finally disappear upon contacting
oxygen for 24 h, indicating the partial degradation in water and

Posphorus/Carbon Composite
Store in Water for 24 h
Store in Oxygen for 24 h
3
g
>~
=
=)
T T v T r T T
120 130 140 150 160
Photon Energy (eV)

Figure 8. P L-edge X-ray absorption spectroscopies for the pristine
phosphorus/carbon composite and phosphorus/carbon composite
stored in water and oxygen for 24 h.

severe oxidation in oxygen for active phosphorus. At the same
time, four new peaks at 136.9, 137.5, 138.8, and 147.0 eV
emerge in the samples aged in water and oxygen, further
indicating the oxidation of phosphorus in different conditions.
Specifically, the noticeable two peaks at 136.9 and 137.5 eV
should be attributed to the electron transitions from the split
spin orbitals at 2p, 3 and 2p, ; states to the first unoccupied 3s-
like antibonding level, respectively. Additionally, a weak peak
at 138.8 eV can be either assigned for the electron transitions
to a mixed valence band or a 3p-like antibonding state.
Furthermore, a broad peak at 147.0 eV resulted from the 2p to
3d electron transitions in d-like shape resonances for
amorphous and crystalline phosphate.”>****°" Even though
the gradual oxidation and severe degradation of phosphorus
can be identified in water and oxygen, it is still challenging to
distinguish the fundamental roles of water and oxygen in the
self-oxidation process for the phosphorus/carbon composite.
Particularly, oxygen rather than water was found to primarily
induce the decomposition of thermodynamically stable black
phosphorus, which may throw light on the self-oxidation
mechanism of the phosphorus/carbon anode in ambient air.*®

On the basis of the spectroscopic insights into the chemical
evolution of phosphorus electrodes, and their electrochemical
relationship of a better cycle stability with a longer air exposure
time, the schematic diagram for the fresh and oxidized red
phosphorus is presented in Figure 9 For the pristine electrode,
the fresh red phosphorus particles have a large contact area
with the conductive agent and mixed carbon black,
contributing to a large reversible capacity and a superior rate
capability in the facile formation and decomposition of Na,P.
However, the alloying/dealloying processes for this pristine
material with 3 Na per atom inevitably result in the large
volume expansion/shrinkage (up to a changing rate of 300%),
inducing a structural collapse, an electrode pulverization, and
subsequently a fast capacity degradation. When the surface of
red phosphorus is partially oxidized, as with the case for the
electrodes left in air for 3 and 7 days, the mass of active
phosphorus material slightly decreases, leading to the less
drastic volume changes during the sodiation/desodiation
processes. Although the as-formed passivation layers in a
self-oxidation process can partially accommodate the poorer
volume variations, the few red phosphorus particles would still
crack after the repeated cycles and lose the electric contact
with the copper foil, giving rise to the decrease of the reversible
capacity upon cycling. When the surface of red phosphorus
particles is fully oxidized for electrodes aged in air for 10 and
1S days, there is a drastic decrease in active material with the
minimal volume changes, leading to a highly reversible capacity
and a stable cycle performance. However, this structural
robustness imparted by the insulating phosphate comes with
an impact on specific capacity and energy density. Con-
sequently, the full utilization of phosphorus and its composites
for battery applications is highly dependent on a self-oxidation
process. Namely, it is imperative to inhibit the physical contact
between phosphorus electrodes and ambient air through
optimizing the storage conditions and conduct the interfacial
modifications for the phosphorus/carbon electrode without
sacrificing their electrochemical performance. Atomic layer
deposition (ALD) and molecular layer deposition (MLD), as
ideal coating techniques with the nanoscale thickness,
deposition uniformity, and conformity, could be the powerful
routes to engineer the passive coating layers for inhibiting this
self-oxidation behavior.”""° Particularly, the rational con-
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Figure 9. Schematic diagram of structural evolutions during the sodiation/desodiation processes for the fresh and oxidized red phosphorus.

struction of robust, flexible, and stable composite coating layers
through the combinations of ALD and MLD would not only
maintain the structural integrity of the phosphorus anode upon
a huge volume expansion/shrinkage, but also suppress the
severe interfacial reactions of the phosphorus anode against
ambient air and reactive electrolyte. Different from the fresh
phosphorus anode chronically suffering from the huge volume
change and rapid capacity degradation, the mildly oxidized
phosphorus anode, presenting a significantly improved cycling
stability with a relatively capacity loss, can be a promising base
material for rational surface coating.

4. CONCLUSIONS

In summary, a phosphorus/carbon composite was fabricated
using a conventional ball-milling technique. When applied as
an anode material for SIBs, the pristine electrode delivered an
initial discharge capacity of 1572 mA h g™' with a coulombic
efficiency of 89.3%. Furthermore, a reversible capacity of 1070
mA h g™' was obtained over 200 cycles at 400 mA g~'. These
promising results may be attributed to the elimination of self-
oxidation for the phosphorus/carbon electrode in ambient air.
The electrodes exposed to the ambient air displayed
significantly decayed electrochemical properties, compared to
the pristine electrode. On the basis of the Raman and
synchrotron-based X-ray absorption/photoelectron spectros-
copies, we observed the gradual formation and evolution of
surface phosphate layers via a self-oxidation process. Although
these phosphate layers may somehow contribute to stabilizing
the phosphorus particle from the large detrimental volume
changes, the loss of active materials and accumulation of
insulating layers would deteriorate the electrochemical
reversibility and stability for phosphorus/carbon electrodes.
In addition, the function of a robust SEI layer, that resulted
from the decomposition of the electrolyte with the assistance
of FEC additive in the electrolyte, has been electrochemically
confirmed in suppressing the side reactions between active
electrode surface and electrolyte. The novel discovery on the
relationship between electrochemical activity/stability and
phase evolution on the phosphorus surface could throw light
on storing conditions and interfacial designs of phosphorus-
based anode materials for high-performance SIBs.
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