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Introducing metals into phosphorus to form metal phosphide materials as anodes for potassium ion
batteries (PIBs) is an effective strategy to improve the electronic conductivity and alleviate the volume
change during cycling, although with a compromise of capacity. Herein, we explore a CuP,/C composite
as a novel anode for PIBs, which delivers a high reversible capacity of >450 mA h g~1. Unexpectedly, our
results reveal that the PO, components existing in the prepared composite are reversible, through
a quantitative analysis via high-resolution solid-state !P NMR and synchrotron X-ray diffraction tests.

Their potassiation products KzPO,4 and K4P,O; can react with K-P alloys and turn back to PO, during

Received 15th December 2020 o . . . .
Accepted 21st January 2021 depotassiation, which probably accounts for the high capacity of the prepared material. The results also
illustrate a crystallization—amorphization evolution process during cycling involving nanocrystalline a-
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1. Introduction

Aiming to develop low-cost high-energy-density electrochemical
energy storage systems for smart power grids, smart cities and
booming 5G applications, potassium ion batteries (PIBs) as
a cost-effective option have attracted plenty of interest. The
abundance of potassium resources and the replacement of Cu
current collectors with Al ones lower the battery cost. Besides,
previous research indicates that the standard potential of K'/K
in organic solvents is 0.1 V vs. Li'/Li, which is a critical factor
that determines the high energy density of PIBs.? K" also shows
a smaller Stokes radius in organic solvents such as propylene
carbonate (PC) in spite of the larger ionic radius compared with
Li" and Na', resulting in its higher ionic conductivity and
transference number, which contribute to high-power PIBs.”
Hitherto, considerable efforts have been made to develop
anode materials to improve the performance of batteries,***
among which, phosphorus has drawn much attention due to
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the possible formation of K;P and can thus deliver the highest
theoretical potassium storage capacity of 2596 mA h g .
Nevertheless, low intrinsic conductivity and large volume vari-
ation during cycling hinder its application. A clear under-
standing of the final products of P-based anode materials (P/C
and MP,/C) is still lacking. Some researchers proposed, on the
basis of XRD and TEM measurements, that KP is the final
product for phosphorus/carbon and FeP,"* while some
concluded, from XRD patterns, that K,P; is generated for red P
(rP)/N-doped carbon and GePs.**** Furthermore, Jin et al
demonstrated the formation of K;P by synchrotron XRD for
a black phosphorus-graphite composite,'® and Zhang et al. also
showed the generation of K;P for Sn,P; material via XRD."”*®
These studies have demonstrated the complexity of the inves-
tigation of P-based potassium storage anode materials. The
final potassiation products may be diverse for different struc-
tures of P-based materials. What's more, despite many studies
focusing on the exploration of P-based anode materials for PIBs
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so far, the underlying reaction mechanisms of electrochemical
(de)potassiation pathways and the final potassiation products
of P-based materials have not been specifically understood,
restricting further optimization. The possible formation of
amorphous or nanocrystalline products of P-based anode
materials and the indistinguishable strongest diffraction peaks
for various crystalline K-P alloys make it quite challenging to
precisely determine the products during cycling. Thus,
exploring innovative P-based anode materials and employing
appropriate characterization methods to understand the crucial
factors affecting the (de)potassiation processes are very impor-
tant for designing better-performance anodes for PIBs.

In this work, we explore a CuP,/C composite as an anode
material for PIBs, and present a systematic investigation into
the potassium storage mechanisms of the material. We employ
high-resolution solid-state *'P NMR accompanied by high-
energy synchrotron XRD measurements to gain quantitative
insight into the amorphization-crystallization (de)potassiation
reaction processes of the composite. The results unexpectedly
reveal the reversibility of PO, components in the composite,
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which can deliver 2-3 potassium species per phosphorus.
Besides, we observe that the contents of produced KP and K;P
during cycling are another critical factor influencing the
capacity performance, while the undepotassiated K P phase
after cycling seriously affects the initial coulombic efficiency.

2. Results and discussion
2.1 Structures and morphologies of materials

Both CuP, and CuP,/C materials were prepared by high-energy
ball-milling, and their crystalline phases were verified by the
XRD patterns (Fig. 1a), which obviously show that all the
detected diffraction peaks are attributed to the CuP, phase
(JCPDS No. 076-1190, monoclinic, S.G. = P2,/c), indicating the
successful synthesis of the target products without any crystal-
line residues or other binary compounds. Fig. Slat shows the
Raman spectra of the as-prepared CuP, and CuP,/C materials,
which clearly present several signals in the range of 200-
500 cm ' that are attributed to the CuP, phase which become
weaker after ball-milling with carbon, which is probably due to

(c)
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Fig.1 The structural characterization of the as-synthesized CuP, and CuP,/C materials: (a) XRD patterns, (b) XPS P 2p spectra, and (c) solid-state
31p NMR spectra. The morphological characterization of the materials: SEM images of (d) CuP; and (e) CuP,/C:; (f) HR-TEM image of the CuP,/C
composite; the inset is the corresponding selected area electron diffraction (SAED) image; (g) elemental mapping images of the CuP,/C

composite.
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the carbon coating on CuP,. XPS spectra were recorded to better
understand the components of the prepared materials.
Fig. S1bf shows the Cu 2p spectra of CuP, and CuP,/C, which
display two characteristic peaks of Cu(i) 2p 3/2 and 1/2 at 932.9
and 952.6 eV." In Fig. 1b, there is a broad P 2p peak at ~130 eV
for both samples, corresponding to CuP, and unreacted rP.
Besides, one broad peak at 134.3 eV related to P,O5 for the CuP,
material is observed, where O element perhaps originates from
the partially oxidized copper, phosphorus powder or impure
inert atmosphere. After ball-milling, the broad peak clearly
shifts to a lower binding energy, which is attributed to the
formation of O-P=0 (132.0 eV) and P-O-P (133.1 eV) bonds,*
and the greatly reduced content of P,Os. The presence of O
element is also evidenced by elemental analysis (Table S17).
Solid-state *'P NMR spectra were further collected to gain
a quantitative understanding on the prepared materials and are
shown in Fig. 1c. Two intense *'P NMR peaks located at 15 and
—91 ppm (light cyan color) are observed for both samples,
corresponding to two P sites in CuP, (Fig. S2). Two other broad
resonances at ~62.7 and ~—95.2 ppm (orange color) that are
due to the unreacted rP are clearly shown in the fitting plots.**
And a broad peak located at ~15 ppm (light magenta color) is
distinguished and attributed to the P-O bonding. The very weak
peak at ~—20 ppm (violet color) detected in CuP,/C is assigned
to the C-P=0 bond, which is produced during the ball-milling
process.”” It is noted that the fitting analysis indicates that the
atomic ratio of P in CuP,, rP and P-O bonds (PO,)is 7 :1:2.In
combination with the elemental analysis results (Table S17) that
show that the content of oxygen and carbon is 26.8% and 7.4%,
respectively, we have calculated that the x value in PO, is ~3.4,
and conclude that the contents of CuP,, rP, PO;, and C in the
composite are 50.2%, 3.5%, 19.5% and 26.8%, respectively. The
results demonstrate that the as-prepared composite contains
partial rP and P-O bonding (named PO,), which mainly
includes P-O-P and O-P=0 bonds, and the P,O5 compound, as
evidence by XPS results. It is mainly composed of the CuP,
phase. For convenience, we still name the composite material
CuP,/C.

The CuP, material presents nanoparticles with irregular shape
in the 300-600 nm size range agglomerating to secondary parti-
cles (Fig. 1d), while CuP,/C shows many smaller particles in the
100-300 nm size range (Fig. 1e). The particle size distribution
results are shown in Table S2.} D5, (median diameter) of CuP, is
647 nm, while that of CuP,/C decreases to 303 nm, in good accord
with the SEM results. The high-resolution TEM (HR-TEM) images
and the elemental mapping results shown in Fig. 1f and g indi-
cate that the CuP,/C composite possesses a core-shell structure
with the crystalline CuP, surrounded by carbon, which enhances
the electronic conductivity of the composite.

2.2 Electrochemical results

Fig. 2a shows the cyclic voltammetry (CV) curves of the CuP,/C
composite for PIBs at a scan rate of 0.03 mV s '. During the
initial cathodic sweep, a broad reduction peak appears in the
range of 1.1-0.5 V, which is possibly due to the irreversible
decomposition of electrolyte and the formation of a solid

This journal is © The Royal Society of Chemistry 2021
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electrolyte interface (SEI) on the fresh electrode surface. After-
wards, the current density continuously increases, indicating
that the electrochemical potassiation process of the CuP,/C
electrode occurs. Thus, the first potassiation process of the
CuP,/C electrode may involve two steps. In the initial anodic
sweep, a broad peak from 0 to 1.0 V and a pronounced peak
centered at 1.1 V are observed, which demonstrate that the
depotassiation process involves a two-step reaction. Notably, an
apparent peak at 0.2 V is observed in the second discharge
process, which implies a different reaction pathway compared
to that in the first discharge. Fig. 2b shows the (dis)charge
profiles of the CuP,/C material for PIBs at a current density of
12.5 mA g . The specific capacity reaches 806.4 mA h g in the
first discharge. A specific capacity of 476.7 mA h g~ " is recovered
during charging, which is much higher than that reported for
metal phosphides (MP,, e.g. FeP and CoP) and is even compa-
rable to that of some reported P/C materials.>** The dQ/dV plot
is shown in Fig. 2c, revealing very clear cathodic and anodic
peaks that are almost in line with the CV results. This is due to
the fact that the corresponding (dis)charge rate of the CV test is
1/27.8C, which is only ~1/2 of that using a current density of
12.5 mA g~ ' for dQ/dV. What's more, the material presents
a relatively stable cycling performance (Fig. 2d), which may be
due to the introduction of Cu that alleviates the volume change
during cycling. It is noticed that the material delivers a high
initial discharge capacity of 806.4 mA h ¢~ " and a rechargeable
capacity of 476.7 mA h g~ * (based on the mass of the composite,
the same below). The value is higher than the theoretical values
of 379.7 and 461.2 mA h g~* of CuP,/C (Tables S3 and S47),
which are calculated based on the formation of KP or K,P;, and
include the capacity contributions of CuP,, rP, reduced gra-
phene oxide and Super P from the CuP,/C composite, and the
carbon nanotubes added during the electrode preparation
process (a theoretical capacity of 279 mA h g~' for carbon
materials is employed for calculation).'*?*?” The result indicates
that the final potassiation products or the potassium storage
mechanisms of the prepared CuP,/C material may be different
from those in previously reported studies. Unveiling the
underlying potassium storage mechanism of the material that
accounts for the high capacity may help to further design the
high-performance P-based potassiation storage material. Here,
we employed high-resolution solid-state *'P NMR and high-
energy synchrotron XRD techniques, expecting to carefully
elucidate the final potassiation products and the phase change
process of the composite during cycling.

2.3 Crystalline phase transformation by synchrotron XRD

Fig. 3 shows the high-energy (1, = 0.457926 A) synchrotron XRD
patterns for the selected states, from which the crystalline
products of the CuP,/C material can be determined despite
being beyond the detection limit of laboratory XRD (A; =
1.540598 A) (Fig. S3). For the 1DOV state (discharge to 0 V in the
first cycle, similarly hereinafter), the detected diffraction peaks
at 7.6, 8.2 and 8.4° (1) can be well indexed to the KP phase
(JCPDS No. 071-1844) according to the standard PDF cards of
K-P alloys. The signals at 7.8, 10.2 and 12.5° (§) are ascribed to

J. Mater. Chem. A
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Fig.2 The electrochemical tests of the CuP,/C material as an anode for PIBs: (a) CV curves at a scan rate of 0.03 mV s~ and (b) electrochemical

profiles in the first cycle and second discharge process at 12.5 mA g~*

. (c) Differential capacity plots of the first cycle and second discharge at

12.5 mA g~ (d) Cycling performance at 50 mA g~*. The specific capacity and applied current densities are based on the mass of the CuP,/C

composite.

the K,P; phase (JCPDS No. 079-0033). Besides, we observe the
diffraction peaks of K,P,0; at 7.7, 8.9, 12.1 and 12.7° (*) for the
state, which is probably the potassiation product of PO,. It is
noticeable that the detected peaks at 4.8, 7.2 and 8.6° for the
1DOV state are assigned to potassium fluorophosphates such as
KPO,F,, K,PO;F and K,P,O5F, (Fig. S41), which may be due to
the decomposition of KPFe during the ex situ test. Other
diffraction peaks at ~9, 9.5 and 11° are difficult to distinguish
due to the close diffraction signals for these K-P alloys. Unex-
pectedly, these diffraction peaks including signals of K,P,0,
almost completely vanish at the 1C3.0V (charge to 3.0 V in the
first cycle, similarly hereinafter) state, which indicates that
amorphous products are possibly generated and K,P,0, may
react to form other compounds. Moreover, a new diffraction
peak at 6.7° (1) is detected for the 1C3.0V state, which can be
assigned to P,0s, indicating that K,P,0,; may transform to PO,
during charging. At the second discharged state (2D0V,
discharge to 0 V in the second cycle, similarly hereinafter), the
diffraction signals of K,P3, KP and K,P,0, phases emerge again.
These results reveal that KP and K,P; are possibly the main final
electrochemical potassiation products of the CuP, material.
What's more, our results demonstrate that PO, is probably an
active material for potassium storage, which can recover after
cycling. Besides, all the detected diffraction peaks show low

J. Mater. Chem. A

intensities, which indicates that the reaction products are
probably nano-crystalline or amorphous.

2.4 Solid-state *'P NMR spectroscopy

Solid-state *'P NMR spectroscopy was further employed here to
determine both the amorphous and crystalline P-containing
products during the (de)potassiation. Fig. S5t presents the
solid-state *'P NMR spectra of the prepared standard K-P alloys,
the details of which will be discussed in a separate study. The
results show that the *"P NMR resonances of crystalline o-K,Pg
and B-K,P¢ are —114 and —81 ppm, respectively. And the reso-
nances of crystalline KP, K,P; and K;P phases are ~—220, 150
and 425 ppm, respectively. It is worth mentioning that the
resonance of the compound may shift due to the non-
stoichiometric or the amorphous state.?®*® The fitting details of
the spectra of CuP,/C electrodes at different states are illus-
trated in the ESI{ Briefly, the peaks at ~11.6 and ~0 ppm are
attributed to K;PO, and K,P,0,.*>*" Four peaks from —180 to
—275 ppm can be deconvoluted, including two sharp peaks at
~—255 and —272 ppm, and two broad peaks at ~—180 and
—225 ppm, which are probably due to the nonstoichiometric
and amorphous KP phases, respectively. The very broad peak at
—55 ppm is possibly due to the a-K,P¢ (amorphous B-K,Ps,
similarly hereinafter). Beyond that, the peaks at ~210 and
450 ppm are ascribed to K,P; and K;P, respectively.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Synchrotron XRD patterns of CuP,/C electrodes at selected states; (b) standard PDF cards of K4P,O5, P,Os, a-K4Pe, B-K4Pe. KP, K4P3,

KzP and CuP,.

Fig. 4 shows the mass-normalized *'P NMR spectra of CuP,/
C electrodes during the first cycle. As the voltage falls to 0.5 V
(1D0.5V), two peaks at 11.6 and ~0 ppm emerge accompanied
by the disappearance of a broad peak at around 10 ppm in
comparison to the pristine state, indicating that PO, is potas-
siated to produce K;PO, and K,P,O, during this process.
Additionally, two broad weak peaks at ~—55 and ~—185 ppm
attributed to a-K,Ps and KP phases are also observed. The *'P
NMR spectrum of 1D0.33V shows a similar profile to that of
1D0.5V except for a slight increase in the intensity of the signals
at —55 and —180 ppm. Therefore, we can conclude that the
discharge process from the pristine to the 1D0.33V state is
mainly the potassiation reaction of PO, to produce K;PO, and
K,P,0, along with a potassiation reaction of a small amount of
CuP, and rP to form a-K,Ps and KP. As the CuP, is discharged to
lower than 0.33 V, the signals at ~—55 ppm and —180 to
—275 ppm increase continuously with discharging, accompa-
nied by the reducing intensities of the signals of CuP, and rP,
which corresponds to the formation of a-K,Ps and KP phases. A
broad weak peak at ~450 ppm emerges as the discharge voltage
reaches 0.05 V (1D0.05V), and its intensity increases as the
voltage becomes 0 V, demonstrating the formation of K;P. At
the same time, the broad peak at ~220 ppm is detected for
1DO0V, which is ascribed to the formation of K,P;. Thus, we can

This journal is © The Royal Society of Chemistry 2021

conclude that a-K,P¢ and KP are mainly produced from 0.33 V to
0.05 V in the first discharge, while KP, K,P; and K;P are the
main products from 0.05 V to 0 V.

During charging, the intensity of a-K,Ps at —55 ppm
decreases and the signals of K,P; at ~220 ppm and K;P at
~450 ppm vanish, while the peak of crystalline o-K,Ps at
—115 ppm emerges as the voltage rises to 0.78 V (1C0.78V).
Meanwhile, the sharp peaks attributed to crystalline KP at
~—255 and —272 ppm increase until the voltage reaches 0.78 V.
These results reveal that a complex transformation process of
amorphous phases to crystalline phases occurs during the
depotassiation process from 1DOV to 1C0.78V. From 1C0.78V to
1C0.96V, the intensity of crystalline o-K,Ps keeps increasing. A
weak signal at ~46 ppm with an integral area ratio of less than
4% and a half-width of ~9 ppm can be detected from 1C0.54V to
1C0.96V, and it vanishes as the cell is charged to 1.2 V, which
may be due to the formation of the nonstoichiometric K-P
phase. The signal is also detected at the 2D0.24V state, and we
find that the corresponding phase mainly exists with the crys-
talline a-K,Ps (—116 ppm). Therefore, we conclude that the
signal of ~46 ppm is possibly due to the nonstoichiometric
K4Ps phase. Note that the crystalline o-K,Ps signal at
—116 ppm and KP signals at —180 to —275 ppm reduce
apparently for 1C1.2V compared to 1C0.96V, while a significant

J. Mater. Chem. A
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Fig.4 Tracking the structural evolution of the CuP,/C composite in the first cycle by solid-state *'P NMR spectroscopy: (a) the electrochemical
profiles of the CuP,/C electrode cycling at a current density of 12.5 mA g~ *; (b) solid-state 3'P NMR spectra of the CuP,/C electrodes at selected
states (light grey colored peak at ~—145 ppm: the residual KPFg originating from the electrolytes; purple colored area: KsP; wine colored area:
K4P=; magenta colored area: rP; orange colored area: CuP,; pink colored area: KsPO,; navy colored area: K4P,0O5; dark cyan colored area: K,PO,;
dark yellow colored area: C—P=0; cyan colored area: PO,; olive colored area: a-K4Pg; violet colored area: a-K4P¢; green colored area: KP; the

asterisks indicate the spinning sidebands).

change for the signals at around 0 ppm is observed. In order to
give a converged fitting result, another intense signal at ~8 ppm
with a half-width of ~8 ppm needs to be added in addition to
the signals at 0, 11.6 and 15.6 ppm from K,P,0;, K;PO, and
CuP,, respectively (Fig. S61 shows a comparison of fitting
results by using 3 peaks and 4 peaks at ~0 ppm). As the voltage
rises to 3.0 V, the sharp signal at ~8 ppm greatly reduces, while
the peak at ~—92 ppm attributed to CuP, increases and a broad
signal ranging from 70 to —150 ppm emerges. According to the
quantitative fitting results of the spectra shown in Table S5, we
find that the signal at ~8 ppm emerges with the content
decrease of K,P,0, KP and a-K,Ps phases. The signal reduces
from 26.3% for 1C0.96V to 10.9% for 1C1.2V with the increase of
CuP, by 15.6%, rP by 2.2% and PO, by 30.7%, and the reduction
of K-O-P by 17.1% from 1C1.2V to 1C3.0V. Besides, the *'P
resonance at 8 ppm does not match any K-P alloy references

J. Mater. Chem. A

(Fig. S57). Therefore, we consider that the peak at ~8 ppm may
be due to an intermediate phase between PO, and K,P,0; or
K;PO,. Here we labelled it K;PO,. Surprisingly, the corre-
sponding fitting result of 1C3.0V shows that the signal at
11.6 ppm corresponding to K;PO, almost vanishes and the peak
at 0 ppm attributed to K,P,0; also dramatically reduces, while
the signals at —92 and 15.6 ppm from CuP, and 62.7 and
—95.2 ppm from rP increase. And a broad signal at ~10 ppm
ascribed to PO, is detected again at 1C3.0V, which is highly
required to meet a convergent fitting. These results are highly
consistent with the XRD data, which reveal that PO, recovers
after charging, presenting its reversibility as an anode for PIBs.
This is analogous to the SiO, anode material for lithium ion
batteries, for which it has been shown that the produced Li,SiO,
during lithiation will react with the Li,Si alloy to form SiO, and
Si during the delithiation process.**
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We also recorded the *'P NMR spectra for the second discharge
process, as shown in Fig. S7.1 As the material is discharged to
0.78 V (2D0.78V), the intensity of CuP, almost remains the same,
while the profile at around 0 ppm significantly changes. The
fitting results of 2D0.78V and 2D0.42V show that the broad peak
at ~10 ppm vanishes and the peaks at ~0 and ~11.6 ppm keep
increasing until the voltage reduces to 0.42 V, demonstrating that
the potassiation reaction of PO, to K;PO, and K,P,O, occurs
during the process. From 2D0.78V to 2D0.42V, we also find that
the peaks at 15.6 and ~—92 ppm greatly reduce, accompanied by
an increase in the intensity of the signal at ~—116 ppm and
a broad signal at ~—220 ppm, indicating the reaction of CuP, to
form crystalline a-K,Ps and KP phases in the process. Afterwards,
the signal of crystalline a-K,P¢ at —116 ppm decays, and the KP
signals at around —230 and —255 ppm increase for 2D0.24V
compared to 2D0.42V, which hints at the potassiation of crystal-
line a-K,Ps to form KP. As the voltage decreases to 0 V in the
second discharge, the signals of K,P; at ~220 and K;P at 450 ppm
appear. The spectra also show that the intensity of the broad peak
at —55 ppm from a-K,P, keeps increasing as the voltage is lower
than 0.24 V. And the sharp peak at —255 ppm almost disappears
at the 2DOV state, revealing that the KP product is inclined to be
amorphous at a deep potassiation state. Therefore, we conclude
that o-K,Ps is inclined to firstly form for the second cycle in
comparison to the initial discharge process.

(a) 100
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2.5 Discussion

To gain further insight into the complex phase transformation
of the CuP,/C composite, quantitative analysis of the phase
changes upon cycling based on the *'P NMR spectra is pre-
sented in Fig. 5. The results clearly uncover the reversibility of
different components including CuP,, rP and PO,, and reveal
that PO, is rechargeable. The theoretical capacity of PO, (as x
equals 3.4) can reach 755.1 mA h g ' according to eqn (1),
assuming that the final products are KP, K;PO, and K,P,05,
which is higher than that of CuP, (427 mA h g™, taking KP as
the final product). The theoretical capacity contribution of PO; 4
in the composite is 147.5 mA h g~* (Table S4f). Both previous
studies and our electrochemical results display that MP,
including FeP, CoP and CuP, exhibit relatively good reversibility
as anodes for PIBs.**"** However, the quantitative analysis from
the solid-state *'P NMR study exposes that only ~35% of CuP,
in the composite recovers after charging. In contrast, a high
reversibility of PO, is discovered. Note that the content of PO, in
the cycled state is much higher than that in the pristine mate-
rial, which is possibly due to the structural reconstruction that
causes the change of atomic ratio of P and O elements. It's
worth noting that although CuP, does not recover after
charging, most of the produced K-P and K-O-P compounds
depotassiate to generate PO,, rP and CuP, during charging. And
the total content of rechargeable P reaches 80%. This is the
most probable reason for the reported high reversibility of MP,.

80

60

40

20

~ The content of product containing P (%)

(b

3 3 Pristine 1" discharge

Voltage (V)

0.1V
I T

1* charge 2™ discharge

0.78V

0.54V

0 500

I
1000

Accumulated capacity (mAh g™

Fig.5 (a) Phase transformation diagram for the CuP,/C composite with the galvanostatic (dis)charge processes; the contents of produced K-P
alloys and K—P—O compounds can be directly read in the Y axis, depending on the deconvolution results of ex situ >'P NMR spectra in Fig. 4 and
S7.+ (b) The electrochemical cycling profiles of the CuP,/C electrode at a current density of 12.5 mA g~*. *K—P-0 indicates K,P,O; and KzPO,.
#K PO, indicates an intermediate phase between PO, and K4P,07 or K3POy,.
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for PIBs.***” The rechargeable P content of 80% based on the
solid-state NMR results is much higher than the corresponding
practical coulombic efficiency (CE) of 59%, which is due to the
dramatic decomposition of the electrolyte that decreases the
CE.*® Beyond that, residual K-P alloys such as a-K P and
K,P,0; at the charged state are critical factors that cause the low
initial coulombic efficiency. These findings offer a new pathway
whereby the content and bonding properties of oxygen for the P-
based anodes can be adjusted to improve the capacity with
balanced volume change during cycling. We also find that
decreasing the residual contents of K,Ps and K,P,0; products is
very important for improving the initial coulombic efficiency
and thus the reversible capacity performance. Through opti-
mization of the morphology along with the additive, binder and
electrolyte to enhance the ionic transport, we believe that the
performance of such type of material, especially the cycling
stability, should be further improved.

5.12POs5, + 12.32K = 2.6K5P0O, + K,P,0; + 0.52KP (1)

Fig. 5 also reveals that KP and a-K,P, are the main products
of CuP, for PIBs. Small amounts of K,P; and K;P still form
after discharge. In the second cycle, the contents of KP, K,P;
and K;P increase, which may be caused by the decreasing
particle sizes during cycling that would shorten the ionic
transport path for reducing the polarization. For the crystal-
line states of the final potassiation products, the high-energy
synchrotron XRD patterns only show very weak diffraction
peaks of K,P,0,, KP and K,P; at 1D0V, whose intensities
decrease obviously at 2DOV. This indicates that the final
potassiation products of the material, such as KP, K;PO, and
K;P, are mainly amorphous, and become more disordered
after cycling. The deduction is even evidenced by the NMR
spectra, which show that the sharp peaks at —255 and
—272 ppm attributed to crystalline KP at 2DOV are almost
undetected. Besides, the results still reveal that a complex
crystallization-amorphization transformation process takes
place for K-P alloys during cycling. a-K,Ps mainly forms in the
first potassiation process, while crystalline o-K,Pg is generated
during depotassiation, implying different reaction pathways
for the (de)potassiation processes. During the second potas-
siation process, the crystalline a-K,Pg is firstly produced, the
content of which reduces with further potassiation and then
the formation of a-K,P; dominates.

3. Conclusions

In conclusion, our results suggest that PO, components in the
CuP,/C composite exhibit good reversibility. They are potas-
siated to form K;PO, and K,P,0-, which would react with K-P
alloys to regenerate the PO, during the depotassiation
process. This is a critical factor that accounts for the high
reversible capacity of 476.7 mA h g™ ' for the CuP,/C
composite. The results also confirm for the first time the
formation of amorphous K;P, KP and K,P¢. Our work on PIBs
depicts a quantitative understanding on the reaction
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mechanisms of the CuP,/C composite, which paves a new
road to design high-capacity P-based potassium storage
anode materials by adjusting the content and bonding prop-
erties of oxygen.
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