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As anodes for metal-ion batteries, metal phosphides usually suffer from severe capacity
degradation because of their huge volume expansion and unstable solid electrolyte interphase
(SEI), especially for potassium-ion batteries (P1Bs). To address these issues, this study proposes
amorphous phosphates acting as buffer materials. Ten types of metal phosphide composites
embedded with in situ-formed amorphous phosphates are prepared by one-step ball milling
using red phosphorus and corresponding metal oxides as starting materials. Zinc phosphide
composite is selected for further study as a PIB anode. Benefitting from the effective
suppression of volume variation, a KF-rich SEI is formed on the electrode surface in the KFSI-
based electrolyte. The zinc phosphide composite exhibits a high reversible specific capacity
and outstanding long-term cycling stability (476 mA h g™* over 350 cycles at 0.1 A g after
going through a rate capability test and 177 mA h g* after 6,000 cycles at 1.0 A g ) and thus
achieves the best cycling performance among all reported metal phosphide-based anodes for
P1Bs. This study highlights a low-cost and effective strategy to guide the development of metal

phosphides as high-performance anodes for PIBs.

1. Introduction

Potassium-ion batteries (PIBs) show great promise for next-generation energy storage
devices owing to the high natural abundance of potassium (K) (=1,400 times the abundance of
lithium), their potential high energy density, and their low cost.!!) The standard hydrogen
potential of K/K" (—2.93 V vs. SHE) is close to that of lithium-ion batteries (LIBs, —3.04 V vs.
SHE) and lower than that of sodium-ion batteries (SIBs, —2.70 V vs. SHE). Notably, the
potential of PIBs is even lower than that of LIBs in propylene carbonate electrolytes.!!
Furthermore, K" ions are expected to have a fast ion diffusion rate in electrolytes due to their

Stokes radii in water and other organic solvents being lower than those of Li" and Na" as a
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result of their weak coulombic interactions with solvent molecules.['™ 3 Such advantages endow
PIBs with high-voltage operation and high-power density.

Various types of anodes and cathodes have been investigated for use in PIBs. Among the
reported PIB anodes, such as carbon-based materials,* metals (e.g., Bi,®) and Sb!®)), and
chalcogenides (e.g., Sb2S3,[”! MoS15Seos,’™ and MoSex!®'), phosphorus and metal phosphides
have relatively high theoretical specific capacity, reasonable voltage platform, and low cost.!']
However, these materials usually undergo fast capacity decay during cycling because of
significant volume changes.['!! For example, the volume expansion rate of phosphorus for a
PIB anode can be as high as 300%.!"%! Huge volume variations not only result in the
pulverization of active materials and exfoliation from current collectors but also affect the
formation of a stable solid electrolyte interphase (SEI).[!]

Many strategies have been employed to suppress the volume expansion of electrodes for
PIBs. In particular, morphology engineering is one of the most commonly used approaches and
involves nano-sized particles,!'*! core—shell structures,''*! nanofibers!!° '] etc. In addition,
using flexible substrates!'®! and high-concentration electrolytes!!”) has shown positive effects
on the alleviation of volume expansion. However, complicated morphology control technology
and high-cost additives are not favorable for practical applications. The inactive components in
electrodes, including the binders, separators, collectors, and conductive agents, can also

[18

function as buffer materials.!'® Some in situ-formed inactive components (CaO and MgF») in

electrode materials show an excellent capability of buffering volume variations on the basis of

191 Despite the high purity of starting materials and the inert atmosphere

the “spectator effect.
during preparation, the introduction of phosphorus oxides or phosphate impurities has been
found to be inevitable for phosphorus- and metal phosphide-based electrodes due to the
oxidation during the exposure of electrode materials to air.l'*> 2% Research has indicated that

the presence of P-O bonds in electrode materials enhances the electrochemical properties,

which contribute to the formation of a stable SEI or even an increase in capacity.?! In particular,
3



WILEY-VCH

phosphate groups (PO4>"), as polyanions, have widely been designed as electrode materials,?*!

2l 31 and even corrosion-resistant coatings>*! because of their excellent

ion conductors,]
structural and electrochemical stability. In addition, metal phosphates easily form glassy states
(amorphous states). Several studies have demonstrated that amorphous materials have shown
better capability of buffering volume variations than their crystalline states and that they exhibit

(261 For example,

relatively high capacity and ion diffusion rate when used as electrode materials.
an in situ-formed amorphous NasP>0O7 embedded Sn presents a high specific capacity (480 mA
h g 'at 50 mA g ') and excellent cycling stability (over 70% retained after 15,000 cycles) as an
SIB anode.?”! Therefore, incorporating amorphous phosphates as buffer materials can be
expected to reduce volume expansion and enhance the cycling stability of metal phosphides.

Inspired by these facts, we directly utilize metal oxides (MOs) and red phosphorus (RP)
as starting materials to prepare metal phosphides with in situ-formed metal phosphates by using
the ball milling method. Ten types of metal phosphides are successfully prepared using this
method. In this work, we focus on zinc phosphide as a representative PIB anode to verify our
strategy. ZnO is ball milled with RP and Super P to prepare a zinc phosphide composite with
amorphous zinc phosphate ZnO@P(1:2)@C, to which carbon (Super P) is added to enhance
the electrical conductivity of zinc phosphide. To confirm the role of amorphous zinc phosphate
on the cycling stability of zinc phosphide, we also ball mill Zn metal with RP and Super P in
the preparation of zinc phosphide without zinc phosphate, Zn@P(1:2)@C. Different from
Zn@P(1:2)@C, the ZnO@P(1:2)@C sample displays an entirely amorphous structure under
the same preparation conditions. As expected, amorphous phosphates help relieve the volume
expansion of the metal phosphide, leading to the formation of a stable KF-rich SEI in 1.0 M
KFSI (EC/DEC, v/v = 1:1) electrolyte. A PIB assembled with the ZnO@P(1:2)@C electrode
exhibits excellent cycle stability with a reversible discharge capacity of 177 mA h g! after
6,000 cyclesat 1.0 A g .

2. Results and discussion
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Deviating from the routine preparation of metal phosphides, we chose MOs instead of high-
purity metal powder as raw materials to obtain metal phosphide composites embedded with in
situ-formed metal phosphates by using a high-energy ball milling (HEBM) process. As shown
in Scheme 1, 10 types of metal phosphides (VPx, CrPx, MnPx, FeP, FeP», FeP4, CoP, NiP3, CuP»,
and ZnP») embedded with amorphous metal phosphates were successfully obtained using the
corresponding MOs and RP as raw materials. Figure S1 (Supporting Information, SI) shows the
XRD data of these metal phosphides. No obvious diffraction peaks belonging to the metal
phosphates were observed in all the metal phosphides that were prepared by using MOs.
However, we did confirm the presence of metal phosphates by Fourier transform infrared
spectroscopy (FTIR) (Figure S2, SI). Obvious asymmetric stretch peaks of the metal phosphates
at 700—1,300 cm ™! were detected in all the obtained metal phosphide composites. This result
proved the effectiveness of a simple and universal method for preparing metal phosphides
embedded with uniform amorphous phosphates. In the subsequent work, zinc phosphide is
selected for further analysis to confirm the findings due to its huge volume expansion (404%)
and high theoretical capacity (842 mA h g'!) as a PIB anode by theoretical calculation.*®! The
performance of other phosphides will be presented in our future work.

Zinc phosphide composites prepared by controlling different mole ratios of ZnO and RP were
investigated and labeled as ZnO@P(mole ratio). For ZnO@P(4:1) and ZnO@P(2:1) samples,
Zn metal particles (JCPDS no. 87-0713) and unreacted ZnO (JCPDS no. 76-0704) were
detected because of the lack of RP (Figure S3a, SI). In addition, Zn3;P> (JCPDS no. 74-1156)
was observed in the ZnO@P(2:1) sample. When the molar ratio of RP to ZnO was over 1.0, the
ZnP>-dominated phase was obtained (Figure S3b, SI). For the ZnO@P(1:2) sample, a similar
ZnP; product (JCPDS no. 72-1626 and JCPDS no. 44-1237) was formed, but this sample was

unstable when exposed to air because some excess RP was converted to white phosphorus (WP)
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(Figure S4a and S4b, SI).1*’! The excess P for the ZnO@P(1:2) sample was analyzed using a
thermal gravimetric analyzer (TGA) (Figure S5, SI). The experimental content of the excess P
(10.5 %) was slightly lower than the theoretical value (10.8%) because of the formation of WP,
which had been removed by CS, before testing. By contrast, ZnO@P(2:3) (Figure 1a)
displayed the purest ZnP; phase (a-ZnP2, JCPDS no. 72-1626) and the highest diffraction peak
intensity among all the ZnO@P compounds prepared. ZnP> belonged to the tetragonal phase,
and the space group was P41212. The corresponding SEM, TEM, SAED pattern, and HRTEM
images of ZnO@P(2:3) were shown in Figure S6, SI. The lattice parameters (a=b =5.0748 A,
c=18.5551 A, Rup=5.94%, y* = 2.55) were similar to those reported for ZnP,"*" and those of
the Zn@P(1:2)@C sample prepared by Zn metal (Figure 1b,a=b=5.0748 A, c = 18.5601 A,
Rup = 7.89%, y* = 1.29). Figure 1c shows the XRD pattern for ZnO@P(1:2)@C showing the
amorphous phase after The crystal structure of ZnP, with tetragonal phase and P412:2 space
group is shown in Figure 1d, and the complete details of the Rietveld refinement data are shown
in Table S1 and S2. No diffraction peaks belonging to phosphates were observed for all the
ZnO@P samples owing to the amorphous structure. The composition of the ZnO@P(2:3)
sample was also detected by TGA (Figure S7a, SI). The experimental mass fractions of ZnP»
and Zn3(PO4)2 were 65.3wt% and 34.7wt%, which are close to the theoretical values of 62.3wt%
and 37.7wt%, respectively.

In sum, the proposed mole ratio of ZnO to RP for the synthesis of the ZnP> composite is
as follows:

8Zn0 + 12P — 5ZnP; + Zn3(PO4)2 (3Zn0O-P,0s, amorphous)

After the addition of Super P (30wt%), the ZnO@P(1:2)@C (Figure S8, SI) and
ZnO@P(2:3)@C (Figure S9, SI) samples exhibited amorphous states (Figure 1c and S3c, SI).
Different from ZnO@P(1:2), the amorphous ZnO@P(1:2)@C sample showed good
environmental stability when exposed to air because the excessive RP was stabilized by carbon

to form stable P—C bonds and avoid the formation of WP.!l In addition, the amorphous
6
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ZnO@P(1:2)@C sample exhibited good structural stability, and its amorphous state was
maintained even after heating to 400 °C for 2 h in N2 atmosphere (Figure S4c, d, SI), although
excessive P was evaporated and partially converted to WP (Figure S4e, f, SI) under this
condition. These results further confirmed the surplus of P in the ZnO@P(1:2) sample. The
crystalline Zn3(PO4), (JCPDS No. 76-05180) phase was detected when heating
ZnO@P(1:2)@C to 800 °C for 2 h owing to the melting and recrystallization of the amorphous
zinc phosphate (Figure S4c, SI). Crystalline ZnP; was also detected after reducing the carbon
content of ZnO@P(1:2)@C to 10wt% (Figure S3d, SI), thus suggesting the generation of ZnP».
The crystalline Zn@P(1:2)@C sample was also transformed into the amorphous state by
directly adding 30wt% zinc phosphate (Figure S3d, SI). The coexistence of zinc phosphate and
carbon seemed conducive to the formation of amorphous zinc phosphide, its mechanism will
be analyzed in our future work.

Figure 1e shows the high-resolution TEM image of ZnO@P(1:2)@C, in which no lattice
fringes belonging to ZnP> and zinc phosphate were observed, except the (002) plane of Super
P with a d-spacing of 0.352 nm.*? The selected area electron diffraction pattern also confirmed
the amorphous nature of ZnO@P(1:2)@C with several dark diffraction rings rather than
diffraction spots (Figure 1f), and this result is in accordance with the XRD data. Energy
dispersive X-ray spectroscopy (EDS) mappings indicated the homogeneous distribution of P,
O, C, and Zn in ZnO@P@C (Figure 1h—-k). By contrast, obvious lattice fringes belonging to
ZnP> were observed in Zn@P(1:2)@C (Figure S10, SI) and ZnO@P(2:3), and they revealed
the polycrystalline states of the samples. This result is consistent with those of the XRD. No
lattice fringes belonging to zinc phosphate were found in the Zn@P(1:2)@C and ZnO@P(2:3)
samples.

Figure 2a also provides the infrared spectra to confirm the existence of phosphates.
Relative to Zn@P(1:2)@C, ZnO@P(1:2)@C and ZnO@P(2:3) showed distinct vibration peaks

belonging to the (PO4)*~ group located at 1,000 cm™!, but no obvious vibration peak splitting
7
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occurred for Zn3(PO4)2 because of its amorphous structure.**) Super P carbon was also verified
by Raman spectroscopy. Two peaks at 1,340 and 1,586 cm™! in Figure 2b for Zn@P(1:2)@C
and ZnO@P(1:2)@C demonstrated the disordered (D) band and graphitic (G) band of the added
carbon, respectively.*¥] High-resolution XPS spectra revealed the bonding information of the
three samples. The C 1s spectra displayed obvious C=C/C-C (sp?, 284.6 eV) and C-C (sp°,
285.4 eV) peaks belonging to Super P for the ZnO@P(1:2)@C and Zn@P(1:2)@C samples
(Figure 2c). A P-C (283.8 ¢V) bond was also detected; such bond is easily formed during
HEBM and contributes to the electrical conductivity of materials.*!! The P—-C bond for the
ZnO@P(1:2)@C sample was also confirmed by Raman spectroscopy (Figure S11, SI). Relative
to ZnO@P(1:2), ZnO@P(1:2)@C showed a weak broad peak in the range of 600-700 cm !,
which was ascribed to the P-C bond.!:3% The P 2p spectra showed Zn—P/P-P (2p35, 129.8 eV)
and Zn—P/P-P (2pi2, 130.9 eV) peaks in the three samples, indicating the formation of zinc
phosphide. Strong P-O-P/P-O~ (133.5 eV) peaks belonging to phosphates were detected for
ZnO@P(1:2)@C and ZnO@P(2:3).%) By contrast, a weak P-O—P/P—O~ peak was observed for
Zn@P(1:2)@C due to the inevitable oxidation of metal phosphides when the samples were
exposed to air. The O 1s spectra were fitted into the C—-O/P-O~ (531.9 e¢V) and C=0O/P-O-P
(533.5 eV) bonds in accordance with the C 1s and P 2p spectra. Furthermore, Zn 2p3. (1,022.2
eV) and Zn 2p12 (1,045.3 eV) revealed the existence of Zn element in the three samples. The
Nitrogen adsorption—desorption isotherms and pore size distribution of ZnO@P(1:2)@C,
Zn@P(1:2)@C and ZnO@P(2:3) were also provided in Figure S12.

K-ion half-cell tests were conducted to verify the validity of our approach. Amorphous
phosphates can decrease volume variations and enhance SEI and cyclic stability. Two types of
electrolytes were used: 0.8 M KPFs and 1.0 M KFSI in EC/DEC (v/v = 1/1). These electrolytes
were chosen because KFSI-based electrolytes can form a more stable SEI than the electrolytes

Sb, 37

based on KPFg on the surface of K metal and anode materials.[*® 37! Figure 3a shows the cyclic

voltammetry (CV) curves of the first five cycles of ZnO@P(1:2)@C in the KFSI electrolyte at
8
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"in the voltage window of 0.01-3.0 V. The first cycle showed

a scan rate of 0.05 mV s~
maximum cathodic peaks starting from 0.58 V because of the potassiation reaction of the anode
and side reaction to form the SEL.*® From the second cycle, the charge—discharge curves tended
to be stable. The cathodic and anodic reactions started from 1.0 and 0.5 V, respectively. Relative
to the CV curves of Zn@P(1:2)@C, those of the ZnO@P(1:2)@C electrode reflected a distinct
cathodic peak in 0.5 V as a result of the contribution of excess P (Figure S13, SI). The CV
curves of ZnO@P(1:2)@C and Zn@P(1:2)@C electrodes at various scan rates in KFSI
electrolyte and their corresponding linear relationship between log (i) vs log (v) showed
inevitable capacitive potassium ions storage, which can also contribute to some extra capacity
(Figure S14, SI). For the battery performance (Figure 3b), ZnO@P(1:2)@C showed better rate
capability than Zn@P(1:2)@C, especially in the KFSI electrolyte, which delivered reversible
capacities of 503.2, 430.3, 405.5, 349.1, 305.0, and 257.0 mA h g ! at current densities of 0.05,
0.1,0.2,0.5, 1.0, and 2.0 A g !, respectively. The Galvanostatic intermittent titration technique
(GITT) was used to investigate the K-ion diffusion coefficient of ZnO@P(1:2)@C and
Zn@P(1:2)@C electrodes. Before the GITT tests, 5 cycles (0.05 A g 1) of charge/discharge
process were carried out to activate the batteries (Figure S15, SI). Galvanostatic intermittent
titration technique tests confirmed that the K-ion diffusion coefficient of ZnO@P(1:2)@C
(0.74-4.17 x 10 " ecm? s7!) (Figure S16-17, SI) was an order of magnitude higher than that of
Zn@P(1:2)@C (0.10-2.73x10 2 cm? s ) (Figure S18-19, SI) during discharging in the KFSI
electrolyte because of its amorphous structure, which is more conducive to improving the
utilization rate of ZnP,. When reverting the current density to 0.1 A g~! after the rate capability
test, the ZnO@P(1:2)@C electrode retained a high reversible capacity and good cyclic stability
(476 mA h g'! at the 350th cycle) in the KFSI electrolyte. By contrast, Zn@P(1:2)@C only
retained a discharge capacity of 135.7 mA h g ! after 350 cycles. The calculation of specific
capacity for the ZnO@P(1:2)@C and Zn@P(1:2)@C electrodes was based on the weights of

all the ingredients, except Super P, which had low specific capacity. The rate performance and
9
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cycling performance of Super P in 0.8 M KPFg and 1.0 M KFSI electrolytes were shown in
Figure S20 (SI). Figure 3c provides the corresponding galvanostatic charge/discharge profiles
of ZnO@P(1:2)@C at the current densities of 0.05-2.0 A g”! in the KFSI electrolyte; these

3%l In addition, the extremely

profiles are similar to those of the reported ZnP; as an SIB anode.|
small differences in the charge/discharge profiles at the 100th, 200th, and 300th cycles
suggested the good electrochemical stability of the ZnO@P(1:2)@C electrode (Figure 3d).
Different capacity decay processes were clearly observed for the ZnO@P(1:2)@C and
Zn@P(1:2)@C electrodes in the two electrolytes at 0.5 A g ' (Figure 3e). In the KPFs
electrolyte, the Zn@P(1:2)@C sample obviously suffered from severe capacity degradation,
and its reversible capacity was only 70.7 mA h g ! after 250 cycles. As for ZnO@P(1:2)@C,
its reversible capacity was 279.8 mA h g ! at the 250th cycle. For ZnO@P(1:2)@C, accelerated
capacity fading occurred after about 250 cycles because of the consumption of the KPFg
electrolyte (details will be given later). The ZnO@P(1:2)@C and Zn@P(1:2)@C electrodes
showed better cycling stability in the KFSI electrolyte than in the KPFg electrolyte owing to the
formation of a stable SELP®™ 37 After 200 cycles, Zn@P(1:2)@C underwent fast capacity
degradation similar to that in the KPFs electrolyte. Meanwhile, ZnO@P(1:2)@C maintained a
reversible capacity of 330 mA h g! after 500 cycles with a capacity retention rate of 94%
(calculated based on the 5th and 500th cycles).!'”# To further demonstrate the superior stability
of the prepared samples, we conducted a longer cycling stability test at 1.0 A g ! in the KFSI
electrolyte (Figure 3f). The retained specific discharge capacity of Zn@P(1:2)@C was only 65
mA h g !after 1,000 cycles; however, for ZnO@P(1:2)@C, the retained capacity was 177 mA
h g! after 6,000 cycles with a capacity fading rate of 0.0077% per cycle (calculated for the Sth
and 6,000th cycles); such capacity is comparable to those of reported metal phosphides and
other advanced PIB anodes (Figure 3g and Table S3). Furthermore, ZnO@P(1:2)@C also
showed high specific capacity and good cycling stability when used as LIB and SIB anodes

(Figure S21, SI). To confirm the universality and validity of our strategy for improving the
10
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cycling performance of metal phosphides, we also tested the electrochemical properties of FeP
and NiP3 respectively prepared by Fe,O3; and NiO for PIB anodes (Figure S22 and S23, SI).
The results showed the good cycling stability of FeP and NiP; prepared by Fe>O3 and NiO,
respectively.

Although the battery tests proved the effectiveness of our design, we performed further
analysis to support our results. First, the effect of inhibiting the volume expansion for
ZnO@P(1:2)@C was verified by disassembling the batteries after 500 cycles (0.5 A g!). For
the Zn@P(1:2)@C electrode, the optical images showed the depletion of electrolytes and the
falling off of the active materials from the current collectors in the two electrolytes (Figure S28a,
b, SI). Moreover, a large number of huge cracks and cavities were observed on the electrode
surface by SEM (Figure 4a, b), indicating the huge volume variation of the Zn@P(1:2)@C
electrode. As for the ZnO@P(1:2)@C electrodes, although the KPFs-based electrolyte was also
exhausted, hence explains the accelerated capacity decay after 250 cycles at 0.5 A g !, the active
materials were still tightly bound to the current collector (Figure S24c, SI). In the KFSI
electrolyte, no active materials fell off, and the electrolyte was not exhausted for the
ZnO@P(1:2)@C electrode (Figure S24d, SI). Furthermore, no obvious cracks and voids were
found for the ZnO@P(1:2)@C electrode in the two electrolytes (Figure 4c, d). Such results
verified the electrode’s good ability to inhibit volume expansion. In addition, we compared the
thickness changes of the ZnO@P(1:2)@C and Zn@P(1:2)@C electrodes before and after
potassiation in the KFSI electrolyte. As shown in Figure 4e, after discharging to 0.01 V, the
thickness (h) of the Zn@P(1:2)@C electrode increased from the original 34 um to 75 um (0.01
V) while that of the ZnO@P(1:2)@C electrode changed from 44 um to 72 um (0.01 V). If the
change of the electrode area was ignored, the volume change rates (A} = (ho.o1v - horiginat)/horiginal)
of the Zn@P(1:2)@C and ZnO@P(1:2)@C electrodes were 120.6% and 63.6%, respectively.
These results similarly revealed the good ability of ZnO@P(1:2)@C to inhibit volume

expansion. Second, to elucidate the positive role of amorphous phosphate in relieving volume
11
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variation and enhancing cycling stability, we directly added different mass fractions (10wt%
and 20wt%) of zinc phosphate to the Zn@P(1:2)@C sample. The XRD patterns showed that
the crystalline ZnP, phase (JCPDS no. 72-1626) was maintained and that the added zinc
phosphate powder was converted to an amorphous state after mixing by ball milling (600 rpm,
6 h) (Figure S25a, SI). For the Zn@P(1:2)@C sample with 20wt% zinc phosphate, its cycling
stability obviously improved, and it delivered a discharge capacity of 359.5 mA h g! after 400
cycles at 0.1 A g ! in the KFSI electrolyte (where the added zinc phosphate served as the active
material) (Figure S25b, SI). Notably, huge cracks were observed on the surface of
Zn@P(1:2)@C electrode with 10wt% Zns(POs). after 200 cycles at 0.1 A g~' (Figure S25¢, SI),
whereas no cracks were observed on the surface of Zn@P(1:2)@C electrode with 20wt%
Zn3(POs); after 400 cycles (0.1 A g') by SEM (Figure S25d, SI). This result confirmed the
effectiveness of phosphates in enhancing cycling stability and capacity retention by reducing
the volume variation. In this work, the electrochemical activity of the crystalline zinc phosphate
(Figures S26, SI) and amorphous zinc phosphate (Figures S27, SI) for PIBs was also tested by
CV and battery performance. No obvious redox peaks were noted in the CV curves, and the
negligible reversible capacity indicated the electrochemical inactivity for the K ion (Figures
S28 and S29, SI). To verify the formation of a stable SEI in the KFSI-based electrolyte, we
conducted an etching XPS analysis and then compared the differences of the SEIs in the two
electrolytes after 500 cycles (0.5 A g!) for the ZnO@P(1:2)@C electrode. Figure 4f and g
show that the high-resolution XPS spectra of Fls varied with etching time in the KFSI and
KPFs electrolytes. The K—F bond (684.5 eV) was obviously detected in the KFSI-based
electrolyte, and the area percentage of the K-F peak almost reached 100% after etching for
1,500 s (Figure 4h); this result indicated the formation of a KF-rich SEI, which contributed to
the improved cycling performance.® 37®! By contrast, in the KPFs electrolyte, dominant C—F
and P—F peaks were observed. The C-F (15.1%) and P-F (57.8%) peaks still existed after 1 h

etching (Figure 41). The etching XPS spectra of survey, C, O, K elements for ZnO@P(1:2)@C
12
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in 1.0 M KFSI electrolyte after 500 cycles at 0.5 A g™t was shown in Figure S30. This result
suggested that a large amount of electrolyte was decomposed, thus leading to the exhaustion of
electrolyte and the poor cyclic stability in the KPFs electrolyte.l*7?

In/ex situ XRD and ex situ TEM were employed to preliminarily disclose the
electrochemical reaction mechanism of the discharge (potassiation) and charge (depotassiation)
processes for ZnO@P(1:2)@C and Zn@P(1:2)@C in the KFSI electrolyte. We collected XRD
data at the different charge and discharge voltages of the first two cycles, as shown in Figure
5. For ZnO@P(1:2)@C, the whole potassiation and depotassiation processes were in
amorphous states (Figure 5b). Even after 350 cycles (0.1 A g!), the electrode still retained an
amorphous state when charged to 3.0 V (Figure S31, SI). This result proved the good
reversibility of the amorphous structure. When the amorphous electrode discharging to 0.01 V
was exposed to air for more than 7 min, diffraction peaks belonging to ZnO (JCPDS No. 76-
0704) were detected and were attributed to the oxidization of Zn generated by the potassiation
process (Figure S32a, SI). After the exposure of the ZnO@P(1:2)@C electrodes to air for 2
days (Figure S32b, SI), various crystalline by-products were observed as a result of the redox
reaction of some unstable discharge products, such as Zn, KxO, and K«P species. An exception
was the electrodes charged to 3.0 V, which still retained the amorphous state because the
electrode materials completely reverted to their stable initial states. For Zn@P(1:2)@C (Figure
5c¢), the diffraction peaks of the (104), (112), and (114) planes belonging to ZnP> decreased
(increased) with the potassiation (depotassiation) process, thereby revealing the reversible
electrochemical conversion of ZnP,. Similarly, no obvious intermediate phases were detected,
except for the Zn metal (JCPDS No. 87-0713) (Figure S32d, SI). The possible reason is that the
intermediate phases had poor crystallinity or were unstable and could not be detected. Similar
to the ZnO@P(1:2)@C electrode, the electrode discharging to 0.01V was exposed to air for 7
min, and the generated Zn metal was also oxidized to ZnO (Figure S32a, SI). To illustrate

whether the generated Zn metal would further react with K to form a KZn3 alloy phase, we
13
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directly used a thin Zn plate as the electrode to assemble a Zn—K battery with K metal; for
comparison, the same Zn—Li battery was assembled because of its known alloy reaction with
Li.B% The results showed that Zn and Li formed an alloy reaction at a discharge voltage
platform of 0.2 V (Figure S33, SI). However, under the same discharge conditions, no
prominent voltage platform belonging to the KZny alloy reaction was observed for the Zn-K
battery. This result suggested that the main potassiation product of ZnP> was Zn metal, which
differed from previous calculation results.[?8! To eliminate the effect of ex situ XRD test on the
mesophases, we also used in situ XRD in exploring the mesophases of the Zn@P(1:2)@C
electrode because of its crystalline structure. Figure Sd—g and Figure S32c¢ show the diffraction
peak intensities of (104), (112), (114), (212), and (216) ascribed to ZnP> decreasing (increasing)
with the potassiation (depotassiation) process. However, similar to the ex situ XRD results, no
obvious intermediate phases or K.x)P phases were found, and such outcome suggested poor
crystallinity or small crystalline size.l'® 2!4 Therefore, ex situ TEM was also employed to
analyze the K-x)P phases. As shown in Figure Sh-k, the (200) and (202) planes respectively
belonging to KP (JCPDS No. 71-1844) and K3P (JCPDS No. 74-0128) were observed for the
Zn@P(1:2)@C electrode discharging to 0.01 V, such conversion phases are the common

[10c, 10d, 40] In sum, the

discharging products for phosphorus and metal phosphides as PIB anodes.
proposed main reactions of potassiation and depotassiation for ZnP> are as follows:

Potassiation:

ZnP; + (6-2x)K" + (6-2x)e” — Zn + 2K3-P (x = 0 or 2)

Depotassiation:

Zn + 2K30P — ZnP; + (6-2x)K" + (6-2x)e” (x = 0 or 2)

Based on the conversion-type reaction mechanism, the theoretical capacity of ZnP> can be as
high as 1262 mA h g ! when all P converting to K3P phase. Therefore, for ZnO@P(1:2)@C

electrode, its theoretical capacity reaches up to 686 mA h g ! after considering ZnP2 (55.5wt%)

and excess phosphorus (10.8wt%), which explains the high reversible capacity of
14
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ZnO@P(1:2)@C. The rate comparison of the ZnO@P(1:2)@C anode with reported metal
phosphides in PIBs was also provided for comparsion (Figure S34, Sl).

Full cells were also assembled to verify the feasibility of the processes to practical
applications. A Prussian blue analogue (PBA, KoFeFe(CN)g) and ZnO@P(1:2)@C were used
as the cathode and anode, respectively (Figure 6a). KoFeFe(CN)s was synthesized according to
the literature!*!, and its electrochemical performance is shown in Figure S35. The The full cells
were tested in the voltage range of 0.5-3.8 V in the 1.0 M KFSI electrolyte. The capacity was
calculated on the basis of the total active materials of the anode and cathode. Figure 6b shows
the rate performance of the full cell. The average capacities were 83.9, 76.5, 70.6, and 64.2 mA
h ¢! at the current densities of 10, 20, 50, and 100 mA g, respectively. Figure 6c shows long-
term cycling stability and retained capacity of 49 mA h g! at 100 mA g ! after 1,200 cycles,
thereby proving the stability of ZnO@P(1:2)@C. An energy-saving lamp (1.5 W) and red LEDs
can be lighted up by a coin-type full cell, which thus shows potential in practical applications

(Figure 6d).

3. Conclusion

A variety of metal phosphides embedded with amorphous phosphates were successfully
obtained by directly using MOs and RP as starting materials in a ball milling method. Zinc
phosphide was chosen as a representative material for further research. The introduction of
phosphates facilitated the amorphization of zinc phosphide. The amorphous structure of the
phosphates and zinc phosphide reduced the volume expansion effectively. A stable KF-rich SEI
formed in the 1.0 M KFSI electrolyte, and the long-term cycle stability of zinc phosphide was
finally achieved. ZnO@P(1:2)@C presented a reversible capacity of 177 mA h g after 6,000
cycles at 1.0 A g2, and the capacity fading rate was only 0.0077% per cycle. Obviously, this

low-cost and effective strategy can also be applied to other electrode materials on the basis of

15
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alloying or conversion mechanisms. The results of this work are expected to accelerate the

research and application of PIBs.
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Scheme 1. Schematic illustration of the preparation of metal phosphide composites embedded
with in situ-formed amorphous phosphates by one-step ball milling (left) and optical photos of
raw materials and partial products (right).
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Figure 1. Structure and morphology characterizations. (a—c) XRD patterns with corresponding
Rietveld refinement of ZnO@P(2:3), Zn@P(1:2)@C, and ZnO@P(1:2)@C. (d) Crystal
structure of ZnP, with tetragonal phase and P4:2:2 space group. (e, f) HRTEM image, TEM
image, and ED pattern (inset) of ZnO@P(1:2)@C. (g-k) HAADF-STEM image of
ZnO@P(1:2)@C and the corresponding EDS elemental mappings of C, Zn, O, and P.
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Figure 2. Chemical composition characterizations. (a) FTIR spectra and (b) Raman spectra of
ZnO@P(1:2)@C, Zn@P(1:2)@C, and ZnO@P(2:3). (c) High-resolution XPS spectra of Cl1s,
P2p, O1ls, and Zn2p.
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Figure 3. K-ion storage properties. (a) Initial five CV curves of ZnO@P(1:2)@C electrode at
a scan rate of 0.05 mV st in the voltage range of 0.01-3.0 V versus K/K* in KFSI electrolyte.
(b) Rate capabilities of ZnO@P(1:2)@C, Zn@P(1:2)@C, and ZnO@P(2:3) in KPFs and KFSI
electrolytes. (c) Charge/discharge curves of ZnO@P(1:2)@C at current densities of 0.05-2.0 A
g tin KFSI electrolyte. (d) Charge/discharge curves of ZnO@P(1:2)@C at 10th, 100th, 200th,
and 300th cycles at a current density of 0.1 A gt in KFSI electrolyte. (e) Cycle performances
of ZnO@P(1:2)@C, Zn@P(1:2)@C, and ZnO@P(2:3) at a current density of 0.5 A g tin KPFe
and KFSI electrolytes. (f) Long-term cycle performances of ZnO@P(1:2)@C and
Zn@P(1:2)@C at 1.0 A g tin KFSI electrolyte. (g) Comparison of cycle performances of
ZnO@P(1:2)@C with reported metal phosphides and other advanced PIB anodes, including
SnPs@C,1MP1 FeP@C,12  FeP@CNBs,!**1  MoP,1?]  CuP,@CNSs,!*™d  CoP@C,M
CoP@NCCs,! CoP@NC,?%1 CoP@NPC, GePs,B™ snPs@cC,Ma  Sn,Ps@CF,M]
V3S:@C,1*% Graphene, ! MXene@NC,6l and S@C*: the numbers in brackets are the
current densities (A g), and the color code represents the current density range: green is less
than or equal to 0.1 A g%, blue is 0.2-0.5 A g%, and orange is greater than or equal to 1.0 A

g
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Figure 4. Characterization of electrode morphologies and SEI after cycling. SEM images of
electrodes for (a) Zn@P(1:2)@C in KPFe electrolyte, (b) Zn@P(1:2)@C in KFSI electrolyte,
(c) ZnO@P(1:2)@C in KPFs electrolyte, and (d) ZnO@P(1:2)@C in KFSI electrolyte after 500
cycles at 0.5 A g, scale bars: 10 pm. (e) Cross-sectional SEM images and EDS elemental
mappings of Zn@P(1:2)@C and ZnO@P(1:2)@C electrodes before and after discharging to
0.01 V with a current density of 0.05 A gt in KFSI electrolyte. Etching XPS spectra of F 1s
and corresponding area percentage of fitted peaks for ZnO@P(1:2)@C in (f, h) KFSI electrolyte
and (g, i) KPFs electrolyte after 500 cycles at 0.5 A g ™.
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Figure 5. Mechanism analysis of potassiation and depotassiation reactions. (a) First two
discharge/charge curves of ZnO@P(1:2)@C at 0.05 A g ! in KFSI electrolyte. Ex situ XRD
patterns at different charge/discharge depths for (b) ZnO@P(1:2)@C electrodes and (c)
Zn@P(1:2)@C electrodes in KFSI electrolyte. (d—g) Contour plots of in situ XRD of
Zn@P(1:2)@C electrodes with overlayed voltage profiles shown for selected 26 ranges. (h—K)
HRTEM images and corresponding fast Fourier transformation patterns of Zn@P(1:2)@C
electrode after discharging to 0.01 V.
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Figure 6. Full cell for K-ion storage. (a) Schematic of PBA//ZnO@P(1:2)@C. (b) Rate
performance of full cell at different current densities. The inset in (b) shows the corresponding
galvanostatic charge/discharge profiles of the full cell at different current densities. (c) Cycle
performance of full cell at 100 mA g*. The inset in (c) shows the corresponding galvanostatic
charge/discharge profiles at different cycles. (d) Optical images of full cell powering an energy
saving lamp (1.5 W) and red LEDs.
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ToC

A universal strategy for preparing metal phosphides embedded with in situ-formed amorphous
phosphates to function as buffer materials is proposed. The existence of amorphous phosphates
can effectively reduce the volume expansion of metal phosphide electrodes and improves SEI
and cycling stability when used as anodes for potassium-ion batteries in the KFSI-based

electrolyte.
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