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common energy storage device in cell 
phones, laptops, and electrical vehicles.[2] 
The cathode materials in commercial 
LIBs are normally well-developed LiCoO2, 
LiFePO4, and LiMn2O4.[3] However, the 
commonly used anode, such as carbon-
based material has insufficient capacity for 
daily usage.[4] Thus, it is crucial to develop 
new anode materials with higher capacity 
and longer cycle life.

Phosphorus has been known to be a 
decent anode material for LIBs for dec-
ades, owing to its remarkable theoretical 
capacity (2592  mA h g−1).[5] It has three 
allotropes: white phosphorus (WP), red 
phosphorus (RP), and black phosphorus 
(BP). WP is chemically unstable and spon-
taneously ignites in air, which cannot be 
used in LIBs due to the safety issues. RP 
and BP are chemically more stable than 
WP. They have been explored as anode 
materials in LIBs. However, despite the 
high theoretical capacity of RP and BP, 

they face several challenges, such as extremely large volume 
change of over 300% during charging and discharging pro-
cesses, which can cause pulverization of the electrode material 
and induce rapid capacity fading of the battery.[6,7] To prevent 
the electrode material from pulverization during cycling, one 

Black phosphorus (BP) is a promising anode material in lithium-ion batteries 
(LIBs) owing to its high electrical conductivity and capacity. However, the huge 
volume change of BP during cycling induces rapid capacity fading. In addition, 
the unclear electrochemical mechanism of BP hinders the development of 
rational designs and preparation of high-performance BP-based anodes. Here, 
a high-performance nanostructured BP–graphite–carbon nanotubes composite  
(BP/G/CNTs) synthesized using ball-milling method is reported. The BP/G/CNTs  
anode delivers a high initial capacity of 1375 mA h g−1 at 0.15 A g−1 and 
maintains 1031.7 mA h g−1 after 450 cycles. Excellent high-rate performance 
is demonstrated with a capacity of 508.1 mA h g−1 after 3000 cycles at 2 A g−1. 
Moreover, for the first time, direct evidence is provided experimentally to pre-
sent the electrochemical mechanism of BP anodes with three-step lithiation 
and delithiation using ex situ X-ray diffraction (XRD), ex situ X-ray absorption 
spectroscopy (XAS), ex situ X-ray emission spectroscopy, operando XRD, and 
operando XAS, which reveal the formation of Li3P7, LiP, and Li3P. Furthermore, 
the study indicates an open-circuit relaxation effect of the electrode with ex 
situ and operando XAS analyses.

1. Introduction

Lithium-ion batteries (LIBs) have been used in portable devices 
since 1991.[1] Due to its high storage capacity, good cycling per-
formance, and high energy density, LIBs have become the most 
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effective strategy is to prepare nano-phosphorus–carbon com-
posites.[8] There are two main methods to synthesize phos-
phorus–carbon composites, vaporization–condensation[9–11] and 
ball-milling.[11–13] Compared to the vaporization–condensation 
method, ball-milling method is more suitable for industrial 
application, which can realize large-scale and low-cost prepara-
tion. Compared to RP, BP is the more promising anode material 
which might help resolving the issues of current commercial 
graphite-based anodes. BP has more stable thermodynamics, 
higher carrier mobility, and higher electrical conductivity and 
thus is likely to show remarkable electrochemical performance 
as anode materials in LIBs.[14–16] Sun and Haghighat-Shishavan 
ball-milled RP with graphite and carbon nanotubes, respectively 
with high-energy mechanical milling machine and RP was 
transferred to BP during the process. The resulting material 
shows a good cyclability of 1849 and 1681 mA h g−1 after 100 and 
400 cycles, respectively.[17,18] Most recently, Jin et al. presented a 
BP–G/PANI composite and achieved robust high-rate capacity 
and cycling stability. The designed composite delivers a capacity 
of 440 mA h g−1 after 2000 cycles at 13 A g−1.[19] Based on the 
previous studies, preparing BP–carbon composite through a 
ball-milling process could be considered an effective approach 
to improve the electrochemical performance of BP-based anode 
materials.

In addition to the well-designed structure, it is also impor-
tant to understand the mechanism of how phosphorus inter-
acts with Li+ during discharge and charge, in order to realize 
reasonable structural design and preparation of materials and 
eventually improve the overall electrochemical performance. It 
has been previously confirmed by X-ray diffraction (XRD) that 
phosphorus will alloy with Li+, forming LiP, Li2P, and then Li3P 
when fully discharged; and the discharge products transform 
back to phosphorus when fully charged.[10,12,20,21] Recently, this 
process is also supported by Jin et  al. through in situ X-ray 
absorption spectroscopy (XAS).[19] The theoretical studies, how-
ever, showed that other Li species (e.g., LiP7, Li3P7, Li4P3) may 
also form during lithium insertion/extraction, and Li2P is not 
considered as a stable structure during the cycling.[5,22] Thus, 
the theoretical and the experimental results are inconsistent. 
Therefore, to understand the electrochemical mechanism thor-
oughly, a more solid study should be carried out using com-
prehensive techniques to track not only the average crystal 
structure evolution but also the local chemical environment 
alteration.

Herein, we report a composite of black phosphorus, graphite, 
and single-walled carbon nanotubes (BP/G/CNTs) as a high-
performance anode and studied the detailed electrochemical 
mechanism by ex situ and operando synchrotron-based ana-
lytical techniques. The BP was milled with graphite and CNTs 
(50 wt% BP, 40 wt% graphite, 10 wt% CNTs) using a planetary 
ball-milling machine. After 120 h ball-milling, BP was milled 
into nanosized material, imbedded in a matrix of graphite and 
CNTs. The BP/G/CNTs composite shows several advantages: 
1) the introduction of carbon materials can improve the elec-
trical conductivity of BP; 2) graphite accommodates the volume 
change of BP during cycling, preventing the pulverization of 
the material; 3) the CNTs not only stabilize the structure of the 
composite, but also provide pathways for electrons and Li+ ions. 
Benefiting from the unique structure, the BP/G/CNTs anode 

delivers a remarkable initial charge capacity of 1375  mA h g−1  
at 0.15 A g−1 and long cycle life with 1031.7  mA h g−1 after  
450 cycles. Moreover, it also shows great high-current perfor-
mance with a capacity of 719  mA h g−1 after 1000 cycles and 
508.1 mA h g−1 after 3000 cycles at a current density of 2 A g−1. 
Although the electrochemical performance of BP-based anode 
materials in LIBs has been already improved significantly by 
other works, the achievement of overall high performance and 
stability at high current densities beyond 1 A g−1 is rare (Table S1,  
Supporting Information).

In addition to the remarkable electrochemical performance, 
we also experimentally clarify the electrochemical mechanism 
of BP during cycling. We for the first time confirm the com-
plete electrochemical mechanism of BP anode during lithiation 
and delithiation. The electrochemical products/intermediates 
during cycling are confirmed by ex situ XRD, XAS, and X-ray 
emission spectroscopy (XES), operando XRD, and operando 
XAS analyses. Synchrotron-based XAS and XES techniques 
involve electron excitation and X-ray fluorescence emission, 
which can track the electronic structure and local chemical 
environment of the interested materials.[23,24] XAS and XES can 
provide information on the local structures that XRD cannot 
measure and are suitable to study the electrochemical mecha-
nism of phosphorus-based anode materials in LIBs. Combining 
the ex situ XAS and XES, operando XRD, operando XAS, and 
ex situ XRD analyses, we provide direct evidence to unravel the 
step-by-step phase transformation of BP to Li3P7, LiP, and Li3P, 
and their reversible conversion during charging. Moreover, we 
also precisely observe the open-circuit relaxation effect of the 
BP-based electrode by comparing ex situ and operando XRD 
and XAS. Operando analyses are particularly important for 
understanding the real-time behaviors in LIBs. This work can 
provide a guide to achieve high-performance anode material 
and understand the electrochemical mechanism of electrode 
materials in LIBs.

2. Results and Discussion

The BP/G/CNTs composite (Figure 1a) was prepared by ball-
milling the mixture of BP, graphite, and single-walled CNTs at 
a weight ratio of 5:4:1 under 550 rpm for 120 h. The particle size 
was decreased from over 20  µm to 50–200  nm (Figure S1a,b,  
Supporting Information). The nanosized effect not only  
stabilizes the structure, preventing it from cracking during 
volume change, but also enhances the contact between the 
conductive materials and active materials.[25] The low mag-
nification transmission electron microscope (TEM) image in 
Figure 1c further confirms that the particle size of BP/G/CNTs  
is in the range of 50–200 nm (Figure S1c, Supporting Informa-
tion). Moreover, secondary particles with the size of 0.5–2 µm 
can be found as well, which could minimize the formation of 
solid-electrolyte interface (SEI) and provide internal spaces for 
phosphorus expansion.[26] Because of the specific nanosized 
secondary structure, the capacity and stability of BP/G/CNTs 
can be further improved. The high-resolution TEM (Figure 1b) 
clearly shows that the BP/G/CNTs composite particle consists 
of nanosized BP, graphite, and CNTs with excellent contact 
among them. Two different lattice spacings of 3.3 and 2.2 Å 
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can be found in the image, corresponding to the (021) lattices 
of BP[16] and the (1010) plane of graphite,[19] respectively. More 
importantly, the particle size of BP was decreased to 5–10 nm, 
which will drastically reduce the possibility of the cracking 
during the volume change in the electrochemical process. After 
the ball-milling process, graphite will also be milled to small 
flakes (Figure S1d,f, Supporting Information). In addition, the 
ball-milling process will shorten the CNTs. However, the diam-
eter and the structure of the CNTs are retained (Figure S1e,f, 
Supporting Information). As we showed in Figure 1a, the small 
graphite flakes connect and cover the nanosized BP particles 
to prevent them from pulverization due to the huge volume 
change during cycling. The CNTs can link the whole structure 
and provide fast pathways for Li+ transport. This well-designed 
structure is confirmed in the high resolution transmission 
electron microscope (HR-TEM) image in Figure  1b and will 
enhance the long cycle stability and rate performance of BP/G/

CNTs. Moreover, the elemental mapping demonstrates that 
nanosized BP was uniformly distributed in the G/CNTs matrix 
(Figure 1c–e and Figure S1g–i (Supporting Information)).

Figure  1f,g  represents the XRD and Raman spectra of 
graphite flakes, CNTs, bulk BP, and BP/G/CNTs composite, 
respectively. In Figure  1f, the XRD patterns of BP (black), 
graphite flakes (blue), and CNTs (green) are consistent with 
the reference patterns.[27,28] The XRD pattern of BP/G/CNTs 
composite (red) shows characteristic peaks of BP, graphite, 
and CNTs, indicating intact crystal structures of the three pre-
cursors after ball-milling. The Raman spectrum of bulk BP 
shows three peaks at 359.8, 436.9, and 463.8 cm−1, representing 
the Ag

1, B2g, and Ag
2 vibrational modes, respectively.[29] Raman 

peaks at 1354 and 1583 cm−1 are represented as the D-band and 
G-band of graphite and CNTs, describing the defects and dis-
order portions and graphitic layers.[30] In the Raman spectrum 
of BP/G/CNTs, signals from both bulk BP and graphite flakes 
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Figure 1. a) Schematic of the BP/G/CNTs composite. b) HR-TEM of the BP/G/CNTs. c) Dark field TEM of the BP/G/CNTs and the corresponding  
d) C and e) P elemental maps in (c). f) XRD and g) Raman spectra of BP/G/CNTs compared with pristine BP, graphite flakes, and CNTs.
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are observed, confirming the composite nature of the obtained 
material. The peaks from BP are weaker than that in bulk BP, 
which is because the bulk BP was nanosized after ball-milling.[6]  
In addition, the Ag

1, B2g, and Ag
2 vibrations of BP in the BP/G/CNTs  

composite shift to higher frequencies, giving evidence for 
the thinning of BP after ball-milling.[31] The intensity ratio 
of D-band and G-band (RI  = ID/IG) of BP/G/CNTs drastically 
increases compared to that of the graphite flakes, indicating that 
more defects are created on the carbon-based materials during 
the synthesis process.[32] Thus, comparing the Raman spectrum 
of BP/G/CNTs with those of bulk BP, graphite flakes, and CNTs, 
the composite after ball-milling process shows increased dis-
order and defects in both BP and carbon-based materials.

The electrochemical performances of BP/G/CNTs are shown 
in Figure 2. Figure  2a shows the cyclic voltammograms (CV) 
curves of a BP/G/CNTs electrode with Li metal reference elec-

trode in the voltage window of 0–2.5 V. In the cathodic scan of 
the curve, five obvious peaks were observed. The peaks at 1.109, 
0.783, and 0.483 V were associated with the three-step reactions 
of the lithiation process of BP.[6,12] The broad peak at 1.43–0.95 V  
could be attributed to both SEI formation and the first step 
lithiation since this peak was narrowed at 2nd and 3rd scans. 
While peaks at 0.325 and 0.01 V can be attributed to the lithium 
insertions into graphite and CNTs.[33] During anodic scan, the 
tiny peak at ≈0.2 V was ascribed to the lithium extraction from 
graphite/CNTs and the three peaks at 1.056, 1.311, and 1.668 V 
show the reversible delithiation process of BP (Figure S2a, Sup-
porting Information). After the 1st cycle, the CV curves of the 
2nd and 3rd cycles showed high reversibility and good cycla-
bility of BP/G/CNTs in LIBs.

Figure 2b shows the voltage profiles of the BP/G/CNTs anode 
at a current of 0.15 A g−1 between 0.01 and 2.5 V versus (Li+/Li). 

Adv. Mater. 2021, 2101259

Figure 2. a) Cyclic voltammograms of the BP/G/CNTs anode at a scan rate of 0.2 mV s−1. b–d) Electrochemical performance of BP/G/CNTs cycled 
between 0.01 and 2.5 V versus Li+/Li: (b) voltage profiles of BP/G/CNTs at 0.15 A g−1, (c) Cycling performance of BP/G/CNT anode compared with 
BP/G and BP/CNTs anodes at 0.15 A g−1, (d) capacity of BP/G/CNTs compared with BP/G and BP/CNTs as a function of cycling rate (0.15–3A g−1). 
e) Capacity and Coulombic efficiency during cycling of BP/G/CNTs anode at 2 A g−1 after 5 initial cycles at low current density of 0.15 A g−1. Overall 
capacity and cycling stability compared with other reported RP- and BP-based anode materials at current densities f) lower than 0.5 A g−1 and g) above 
0.5 A g−1. The data and current density of each material are summarized in Table S1 (Supporting Information).
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The irreversible capacity of the initial cycle was due to the for-
mation of SEI. Corresponding to CV curves, the voltage profile 
shows a clear three-step reaction between BP and Li+ with three 
plateaus for both discharge and charge curves. The plateaus 
were observed at 1.35–1.00, 0.90–0.60, and 0.60–0.47  V during 
discharging, and 0.88–1.07, 1.07–1.24, and 1.25–1.70  V during 
charging, respectively, which is in good correspondence with 
the CV curves. In addition, compared between the voltage pro-
file curves of BP/G/CNTs and G/CNTs, the change of the slope 
below 0.3 V  of the BP/G/CNTs voltage profile curve might be 
contributed by graphite and CNTs, which is corresponding to 
the curve of G/CNTs (Figure S2b, Supporting Information). The 
cycling performance of BP/G/CNTs was compared with BP/G 
and BP/CNTs, as shown in Figure 2c. The BP/G/CNTs showed 
the best cycling stability, delivering an initial charge capacity 
of 1375  mA h g−1 which was more than twice of the capacity 
of G/CNTs (657.1  mA h g−1) (Figure S3a, Supporting Informa-
tion). Based on the weight ratio of BP (Figure S3b, Supporting 
Information), the specific initial capacity contribution of BP is 
2522  mA h g−1, which is close to the theoretical capacity. The 
initial Coulombic efficiency is as high as 71.45% and increases 
to >98%  in 5 cycles, showing the good cycling stability of 
the BP/G/CNTs electrode for LIBs. The capacity remained 
1040.9 mA h g−1 after 350 cycles. After 450 cycles, the capacity 
of BP/G/CNTs still maintained 1031.7 mA h g−1, which is 75% 
of the initial charge capacity with the low decay rate of 0.3% per 
cycle (Figure S4a, Supporting Information). The ratios of BP, 
graphite, and CNTs were adjusted for comparison. The result 
shows that BP/G/CNTs with the ratio 5:4:1 delivers the highest 
overall capacity after long cycle and shows the best cycling sta-
bility (Figure S5, Supporting Information). In addition, BP/G/
CNTs also showed the best rate performances compared to 
BP/G and BP/CNTs (Figure  2d). The BP/G/CNTs anode dem-
onstrated highly reversible capacities of 1185.6, 1119.5, 1049.1, 
985.8, and 914.9  mA h g−1 at various current densities of 0.3, 
0.5, 1, 2, and 3 A g−1, respectively. The presence of both graphite 
and CNTs contributed to the remarkable cycling performance 
and rate performance of BP/G/CNTs composite. More spe-
cifically, the graphite component accommodated the volume 
change of BP during cycling, avoiding the pulverization of the 
material. The function of graphite can be confirmed by the 
scanning electron microscope (SEM) images of the electrodes 
before cycling, after discharged to D-0.001 V and after 1st cycle 
(Figure S6 and S7, Supporting Information). Both top view and  
side view of the SEM images of pure BP electrode show that the bulk 
BP is cracked during the cycling. More importantly, Figure S6e  
(Supporting Information) indicates that the active materials  
disconnect to the current collector after 1st cycle, which induces 
the capacity fading in LIBs. By contrast, although the volume 
expansion of BP can also be found in BP/G/CNTs after dis-
charged to D-0.001 V,  the introducing of graphite can accom-
modate that volume change and prevent the material from pul-
verization and disconnecting to the current collector. The CNTs 
component can provide pathways of electrons and Li+ ions, 
improving the kinetics within the BP-based electrode (Figure S8,  
Supporting Information). Thus, BP/G/CNTs shows promising 
long cycle stability in LIBs.

Moreover, the BP/G/CNTs electrode demonstrated excellent 
cycling performance at high current densities. The specific 

capacities remained 1009.4 mA h g−1 after 600 cycles at 0.5 A g−1 
and 996 mA h g−1 after 1000 cycles at 1 A g−1, corresponding to 
capacity retentions of 78% and 79%, respectively (Figure S4b,c, 
Supporting Information). Significantly, BP/G/CNTs showed 
ultralong cycling stability at a high current density of 2 A g−1, 
remaining 719 mA h g−1 after 1000 cycles and 508.1 mA h g−1 
after 3000 cycles (Figure  2e). The cycling stability of BP/G/
CNTs under 1 A g−1 is not as good as that under 2 A g−1, which 
is because the reaction between BP and Li+ is more complete 
during the cycling under the current density of 1 A g−1. To 
clarify, large portion of BP are involved in the reaction and 
influenced by the serious volume change during cycling under 
low current density, which can be proved by the higher overall 
capacity of BP/G/CNTs under 1 A g−1. Overall, the ball-milled 
BP/G/CNTs displayed a remarkable capacity, good cycling sta-
bility, and high rate performance, which were due to the well-
designed nanosized structure and the introduction of graphite 
flakes and CNTs. In addition, by comparing the electrochem-
ical performance of BP in this work with most of the previous 
works, BP/G/CNTs still shows advanced overall capacity and 
long cycling stability at both low current density and high cur-
rent densities (i.e., 0.5, 1, and 2 A g−1) (Figure 2f,g and Table S1 
(Supporting Information)).

To understand the electrochemical mechanism of BP-based 
anode materials in LIBs, we conducted XRD and synchro-
tron-based XAS and XES analyses to investigate the lithiation 
and delithiation processes of the BP/G/CNTs anode. By com-
bining the operando XAS with ex situ XRD, XAS, and XES, 
Li–P alloying at different voltages during cycling was pre-
cisely tracked to unravel the electrochemical reaction mecha-
nism. Figure 3 shows the ex situ XRD, XAS, and XES results. 
In the voltage profiles (Figure  3a), 14 discharge/charge states 
were selected for the ex situ measurements. Based on the ex 
situ XRD results of the 7 states during discharge (Figure  3b), 
Li3P7 was detected at 0.75  V and subsequently Li3P at 0.5  V. 
The presence of Li3P7 at 0.75 V  can be further confirmed by 
HR-TEM image (Figure S9, Supporting Information), which 
clearly shows the (121) facet of Li3P7. The intensity of Li3P peaks 
in XRD spectra increases after 0.5 V, indicating the further for-
mation of Li3P. However, the formation of amorphous LiP was 
also proposed in previous studies and theoretical works, which 
cannot be determined with confidence in the ex situ XRD.[5,22,34] 
Thus, other techniques that are sensitive to both crystalline and 
amorphous structures are required to understand the reaction 
between Li+ and BP.

Figure 3c,d shows the ex situ P K-edge XAS spectra of BP/G/
CNTs discharged and charged to certain voltages, acquired in 
fluorescence yield mode. The peak A at 2144.7 eV of the pristine 
sample originated from dipole transition from P 1s to states 
with P 3p character of BP.[35] The peaks B and C at 2150.1 and 
2152.5 eV corresponded to the 1s–3p transition in P with higher 
oxidation states P(III) and P(V), respectively.[36] The intensities 
of P(III) and P(V) peaks were relatively low, which suggested the 
weak oxidation of BP during electrode preparation or transpor-
tation. During discharge (Figure 3c), Li+ was gradually inserted 
into the BP structure and BP transforms to Li3P, leading to the 
edge shift to lower photon energy accompanied by a reduction 
in intensity as the P 3p occupied densities of states increased. 
The peak position and intensity variation were related to the 
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3p orbital state of BP, which is gradually filled by the electrons 
from the Li metal counter electrode. The shifts to lower energy 
can be clearly observed for samples discharged to 0.75, 0.5, and 
0.01 V, which were consistent with the conclusion from the ex 
situ XRD results. Both ex situ XAS and XRD results confirm 
the existence of Li3P7 at 0.75 V and Li3P at 0.5 V. In addition, 
the disappearance of the peak at 2144.7 eV and the lower energy 
shift of the sample at 0.01 V confirmed a full transformation to 
Li3P after discharge. The ex situ XAS spectra during charging 
show a reversible trend with the gradual increase in absorption-
edge energy and peak area (Figure 4d). The absorption-edge 
energy positions for the different discharge and charge states 
are compared in Figure S10a (Supporting Information). Same 
positions are shown for the pair of 0.75 V discharge (D-0.75 V)  
and 1.30 V charge (C-1.30 V)  states and the pair of D-0.50 V/ -
C-1.05 V,  indicating  similar components at these states. How-
ever, the peak position at the state of C-1.55 V is absent among 
spectra of discharge states, which reveals a new component at 
C-1.55 V.

The  change  of the P electronic structure of BP/G/CNTs in 
LIBs at different discharge/charge states was tracked by P Kα 
XES (Figure 3e,f). The incident X-ray energy for the XES meas-
urements was set at 2148.7 eV, which is above the threshold of 
the reduced states of P but lower than the absorption threshold 
of P(III), P(V), and PF6− which can minimize the fluorescence 
contribution from high P oxidation states and the electrolyte. 
It should be noted that the XES spectrometer has <1 eV energy 
resolution in this region. The XES spectra clearly show two 
peaks with intensity ratio of 2:1. The two peaks are the P Kα1 

and P Kα2 X-ray fluorescence arising from transition from 2p3/2 
and 2p2/1, respectively, decaying back to the P 1s core hole. It 
is apparent from Figure  3e,f that the same trend of shifts in 
the position of the P Kα1 and Kα2 occurred as that observed 
in P K-edge XAS. That is, the XES peaks shift to lower energy 
during discharge and to higher energy during charge, as a 
result of gain and loss of electrons, respectively, at the P site. 
The P Kα1 and Kα2 peak positions of pristine and C-2.50 V 
states are similar at 2010.56/2009.80 and 2010.49/2009.75  eV, 
respectively, which show high reversibility of the lithiation/del-
ithiation process of BP nanoparticles during the initial cycle. 
The XES results are in excellent accordant with the results from 
ex situ XRD and XAS, showing that the charge redistribution 
occurs upon Li+ insertion leading to the formation of Li3P.

Due to the concerns associated with the ex situ XRD (not 
sensitive to amorphous phases) and XAS (possible formation 
of metastable phases), operando P K-edge XAS during cycling 
was investigated in a He-filled chamber in order to further con-
firm the electrochemical reaction mechanism of BP. Figure 4a 
shows the schematic of the operando XAS study, using fluores-
cence to track the electronic structure evolution of BP during 
cycling. One homemade coin cell with a mylar film window 
can allow incident X-ray to hit BP/G/CNTs anode and fluores-
cent X-ray to escape with electronic structure information. The 
operando XAS results (Figure 4b,c) show a similar trend in 
energy shifts and change in peak area as compared with the ex 
situ analyses. During discharge, the absorption edge gradually 
shifted to lower energy with decreasing peak area (Figure 4b). 
All discharge/charge states with absorption edge shifts in the 
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Figure 3. a) Voltage profiles of the BP/G/CNTs anode with the corresponding discharge/charge states for measurements in (c) and (d). b) Ex situ 
XRD of the BP/G/CNTs anode during discharge. P K-edge ex situ XAS of BP/G/CNTs during c) discharge and d) charge. P Kα ex situ XES excited at 
2148.7 eV photon energy of BP/G/CNTs during e) discharge and f) charge.
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spectra have been replotted in the bottom part of Figure S10b 
(Supporting Information) for a better viewing. As displayed 
by the operando XAS results, there are five distinct spectra 
with different absorption edges during discharge—operando 
pristine, D-1.119 V,  D-0.925 V,  D-0.788 V,  and D-0.001 V  (see 
bottom of Figure S10b in the Supporting Information). The 
operando and ex situ XAS spectra of pristine BP/G/CNTs are 
consistent, indicating the same composition of the operando 
pristine and ex situ pristine electrodes. The first shift of absorp-
tion edge during operando XAS measurements was found at 
operando D-1.119 V. This means a new phase formation at this 
voltage during discharge. When the electrode was discharged 
to D-0.925 V,  another shift of absorption edge occurred. The 
absorption edge of operando D-0.925 V  was consistent with 
the ex situ D-0.75 V,  indicating existence of Li3P7 at operando 
D-0.925 V. Based on the XRD spectrum of ex situ D-0.75 V, no 
XRD characteristics belonging to BP were found when the 
electrode is discharged to both ex situ D-0.75 V and operando 
D-0.925 V.  This means that BP was fully converted to Li3P7 
at this voltage. Thus, we suggest that the shift of absorption 
edge at operando D-1.119 V  is referred to the initial formation 
of Li3P7. This speculation can be supported by the theoretical 
study of Mayo et  al.,[5] which suggested that the structure of 
Li3P7 will be found between 1.10 and 1.20 V  during BP dis-
charge. This theoretical study also predicted that BP transforms  
to LiP7 first at 1.5 V during discharge. However, no absorption 
edge shift was found in the XAS spectra around operando D-1.5 V.  
Therefore, we assume that LiP7 may not exist during the 
cycling of BP/G/CNTs. The third and fourth shifts of absorption 
edge among operando XAS spectra appear at D-0.788 V  and 
D-0.001 V, equivalent to the absorption edge of ex situ D-0.50 V  
and D-0.01 V,  respectively. Thus, by analyzing the ex situ  

XRD spectra of D-0.50 V and D-0.01 V, the absence of Li3P7 and 
occurrence of Li3P can be confirmed when the electrode was 
discharged to 0.788 and 0.001 V (D-0.788 V and D-0.001 V). In 
addition, both the absorption energy shift in the operando XAS 
spectra of D-0.788 V/D-0.001 V and the peak intensity increase 
in ex situ XRD spectra of the D-0.50 V  to D-0.01 V  samples 
indicated that Li3P was first formed at 0.788 V and reached the 
highest content at 0.001 V  during discharge. This conclusion 
is also consistent with the theoretical study.[5] Moreover, since 
Li3P7 was only observable from the operando measurement at 
D-0.925 V, we suggest that an intermediate step from Li3P7 to an 
amorphous Li–P phase occurred between operando D-0.925 V  
and D-0.788 V, followed by further conversion to Li3P at operando 
D-0.788 V  and reached final discharge products at D-0.001 V.  
Based on the calculated results of the average voltages relative 
to Li metal of different Li–P composites, the amorphous Li–P 
phase during discharge might be LiP, which will be formed 
at 0.9  V in the theoretical work. In conclusion, the electro-
chemical reaction process of BP/G/CNTs during discharge  
will be

BP Li P 1.119 0.925V LiP 0.925 0.788V
Li P 0.788 0.001V

3 7

3

( ) ( )
( )

→ − → −
→ −

 (1)

This  process  can be further supported by calculating the 
capacity contribution of P at different voltages. It shows 
that the P capacity contribution at D-1.119 V,  D-0.925 V,  and 
D-0.788 V  are 2.6%, 11.0%, and 26.5% of the fully discharged 
capacity, respectively. The capacities at D-0.925 V and D-0.788 V  
can be ascribed to the Li+-insertion capacity of Li3P7 and LiP, 
respectively.

Adv. Mater. 2021, 2101259

Figure 4. a) Schematic of the operando P K-edge XAS measurement setup. Operando P K-edge XAS of the BP/G/CNTs electrode during b) discharge 
(from bottom to top) and c) charge (from top to bottom). Comparison of ex situ and operando P K-edge XAS of BP/G/CNTs of d) discharge and  
e) charge.
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The operando XAS spectra during charging revealed the 
opposite trend of increasing white line area and absorption 
edge energy shift (Figure  4c), compared with that during the 
discharging process. This observation indicates a reversible 
process in BP/G/CNTs electrode during cycling. The spectra 
with absorption edge shifts are compared at top of Figure S10b 
(Supporting Information). Similar to the discharge result, the 
spectra during charging also show five different absorption 
edge positions for different species at D-0.001 V,  C-1.028 V, 
C-1.233 V,  C-1.599 V,  and C-2.500 V.  These XAS spectra also 
show exact correspondence to the ex situ XAS spectra during 
charge (Figure 4e). By comparing the absorption edge between 
the operando XAS spectra of BP/G/CNTs at different charge 
and discharge states, we conclude that the absorption edges of 
the spectra of the D-0.001 V,  C-1.028 V,  C-1.233 V,  C-1.599 V,  
and C-2.500 V  states during charge are correspondent with 
the spectra of D-0.001 V,  D-0.788 V,  D-0.925 V,  D-1.119 V,  and 
pristine states during discharge, respectively. The same com-
ponent was formed in the electrode at each pair of charge/dis-
charge states. Thus, during charge, Li3P started to transform to 
LiP at C-1.028 V,  then formed a mixture of Li3P and LiP. The 
transformation completed at C-1.233 V  when the LiP further 
converted to Li3P7. Finally, lithium was extracted from Li3P7, 
forming BP. This process started at C-1.599 V.  In conclusion, 
the electrochemical reaction process of BP/G/CNTs during  
charge should be

Li P LiP 1.028 1.233V Li P 1.233 1.599V
BP 1.599 2.500V

3 3 7( ) ( )
( )

→ − → −
→ −

 (2)

Additionally,  the  operando and ex situ XAS reveal different 
voltages when the electrode reached to the same lithiation/

delithiation state (Figure 4d,e), which was likely due to open-cir-
cuit relaxation effect of the electrode as discussed previously.[37]

The operando XRD measurement was investigated to fur-
ther confirm the observations in ex situ XRD, ex situ XAS, and 
operando XAS (Figure  5). The design of the operando XRD 
cell is similar to that of operando XAS (Figure  5a). However, 
a 3  mm hole was created in the middle of the lithium metal 
and the spencer to eliminate the interferential signals. A high 
energy X-ray with a wavelength of 0.24145 Å was used to obtain 
the diffraction of the electrode, and the scattered X-ray was 
recorded with a Varex 4343CT 2D detector. The operando XRD 
results are shown in Figure 5b,c. The results clearly show the 
phase transformations of BP during cycling at different voltage 
stages, which are corresponding with the results of operando  
XAS. During discharge, BP starts to transform to Li3P7 at 1.206 V.  
After the transform, both BP and Li3P7 exist between D-1.206 V 
and D-0.893 V. Similarly, the coexistence of Li3P7 and LiP, LiP 
and Li3P can be found from D-0.893 V to D-0.799 V and D-0.799 V  
to D-0.001 V,  respectively. This indicates that the phase trans-
form voltage from Li3P7 to LiP and LiP to Li3P are D-0.893 V 
and D-0.799 V.  Finally, the transformation from BP to Li3P 
fully finished at D-0.001 V.  Similar to the discharge results, 
the operando XRD spectra during charge show the reversible 
trend. Li3P starts to transform to LiP, Li3P7, and BP gradually at 
C-0.840 V, C-1.227 V, and C-1.623 V. The coexistence of the adja-
cent phases is revealed in the spectra from the starting voltage 
of C-0.840 V  to the fully transform voltage of C-2.500 V.  This 
result highly supports our conclusion from operando XAS. The 
component at each discharged and charged voltages during ex 
situ XAS, operando XAS, and operando XRD are summarized 
in Table S2 (Supporting Information). The comparison indi-
cates that operando study is important to understand the real-
time discharge/charge process of BP in LIBs.

Adv. Mater. 2021, 2101259

Figure 5. a) Schematic of the operando XRD measurement setup. Operando XRD spectra of BP/G/CNTs electrode during b) discharge (from bottom 
to top) and c) charge (from bottom to top).
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3. Conclusion

We have developed a composite structure of nanosized BP, 
graphite, and carbon nanotubes by planetary ball-milling as an 
anode material for LIBs and understood the reaction mechanism 
of BP and Li+ during cycling by ex situ and in situ synchrotron-
based techniques. The introduction of graphite and CNTs can 
improve the electrical conductivity of the composite, offer path-
ways for Li+ transport, and stabilize the structure of BP/G/CNTs 
during cycling. The nanosized BP together with graphite can 
accommodate the volume changing issue of BP during charge 
and discharge, avoiding pulverization of the material. The novel 
and unique BP/G/CNTs composite delivers an initial reversible 
capacity of 1375  mA h g−1 and still maintains 1031.7  mA h g−1 
after 450 cycles, showing a remarkable capacity and stability. 
Moreover, the BP/G/CNTs anode shows excellent high current 
performance with capacities of 1009.4 mA h g−1 after 600 cycles 
at 0.5 A g−1, 996 mA h g−1 after 1000 cycles at 1 A g−1, 719 mA h g−1  
after 1000 cycles at 2 A g−1, and 508.1 mA h g−1 after 3000 cycles 
at 2 A g−1. Moreover, by combining the results from ex situ XRD, 
ex situ XAS/XES, operando XRD, and operando XAS, we now 
have direct evidence to understand the reaction mechanism of 
BP-based anode materials for LIB systems. In general, BP reacts 
with Li+ in three steps during discharge, forming Li3P7, LiP, and 
Li3P at 1.119, 0.925, and 0.788 V, respectively. The reversible pro-
cess can be observed during charge. The reverse conversions 
from Li3P to LiP, subsequently to Li3P7, and finally to BP occurs 
at 1.028, 1.233, and 1.599 V during charge, respectively. In addi-
tion, by comparing the results between ex situ and operando 
XRD/XAS, we clearly reveal a small deviation in potentials for 
the occurrence of electrochemical intermediate species. Such 
offsite is likely due to the open-circuit relaxation effect of the 
ex situ electrode, indicating the importance and necessity of 
operando measurements in the studies of electrode materials in 
LIBs. In summary, the presented study not only demonstrates 
BP as a high-performance anode material in LIBs, but also illus-
trates the power of the operando synchrotron analyses in under-
standing the reaction mechanism of BP-based anode material 
with Li+ during cycling, providing a feasible approach to study 
the electrochemical mechanism of other materials as well.

4. Experimental Section
Preparation of BP: 200  mg of red phosphorus (≥97%, trace metal 

basis, Sigma-Aldrich) was sealed in an evacuated quartz ampoule with 
31.7  mg of Sn (99.995%, metal basis, Alfa Aesar) and 13.5  mg of I2 
(99.999%, metal basis, Alfa Aesar). The pressure of the ampoule was 
maintained below 10−3 mbar. The quartz ampoule was then placed in the 
middle of a tube furnace. After heating to 650 °C in 8 h, the temperature 
was maintained for 5 h and then slowly cooled down to 550 °C and kept 
at this temperature for another 6 h. Afterward, it was cooled down to 
500  °C, maintaining at this temperature for 8 h. In the last step, the 
furnace was finally cooled in the ambient to room temperature in 30 h. 
The final product BP was obtained.

Preparation of BP/G/CNTs Composite: The BP/G/CNTs composite 
was synthesized through a ball-milling approach. The raw materials BP, 
graphite flakes, and single-walled CNTs (diameter: ≈2 nm) were mixed 
and sealed in a ZrO2 jar in an Ar-filled glove box at the ratio of 5:4:1 
with ZrO2 balls (mass ratio of mixture and balls = 1:20). The mixture was 
then transferred to a planetary ball-milling machine (Retsch, PM 200)  

and ball-milled for 120 h at the speed of 550 rpm. The composite, BP/G/CNTs,  
was then obtained.

Preparation of BP/G and BP/CNTs: The BP/G and BP/CNTs were 
prepared by the same ball-milling procedure as BP/G/CNTs but with the 
weight ratios of BP:graphite = 5:5 or BP:CNTs = 5:5.

Characterization: The morphology of BP/G/CNTs was investigated using 
a Hitachi S-4800 field-emission scanning electron microscope equipped 
with energy dispersive spectroscopy and TEM/HR-TEM. The structure of 
BP/G/CNTs before cycling was characterized by XRD at the Very Sensitive 
Elemental and Structural Probe Employing Radiation from a Synchrotron 
beamline of the Canadian Light Source (CLS) in Saskatoon, Saskatchewan, 
Canada using 11 keV X-rays (λ = 1.12276 Å). The structure of BP/G/CNTs 
after discharge and charge to different voltages were measured at Bruker 
AXS D8 Advance XRD with Cu Kα radiation (λ = 1.54178 Å). The operando 
XRD spectra during cycling were collected with the X-ray wavelength of 
0.24145 Å at the beamline 17-BM of the Advanced Photon Source, Argonne 
National Laboratory. Raman spectra were measured with a HORIBA 
Scientific LabRAM HR Raman spectrometer operated with an incident 
laser beam at 532.03  nm. The ex situ and operando XAS and ex situ 
XES measurements were carried out at Soft X-ray Microcharacterization 
Beamline at CLS. The XES was a Rowland Circle design (easyXAFS) with 
the spectrometer housed inside a glove box, suitable for air sensitive 
materials and device.[38,39] It was specifically tuned to collect P and S Kα 
and Kβ emission with high efficiency and an energy resolution of <1 eV.

Electrochemical Characterization: The BP/G/CNTs (80 wt%) 
composite was mixed with acetylene black (10 wt%) and poly(vinylidene 
fluoride) binder (10 wt%) by N-methyl-2-pyrrolidone (NMP) to make 
a homogeneous slurry. The slurry was then coated onto a Cu foil with 
the thickness of 100 µm. The foil with the slurry was then heated under 
60 °C for 7 h to remove NMP. The mass loading of the electrodes was 
0.8–1.2  mg cm−1.[2] The 2032 coin cell for electrochemical testing was 
assembled in an Ar-filled glove box with the BP-based anodes, Li metal 
reference electrode, and electrolyte (1 m LiPF6 and 2% fluoroethylene 
carbonate (FEC) in a mixture of ethylene carbonate (EC) and diethyl 
carbonate (DEC), 1:1 in volume ratio). The separator was Celgard 2400 
membrane. The galvanostatic charge–discharge tests for lithium-ion 
batteries conducted were between 0.001 and 2.5 V.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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