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Monoclinic ZnP, particles were synthesized by vacuum annealing of a mixture consisting of P and
Zn powders at 1000 uC. In contrast to a tetragonal Zns;P, phase, a very large plateau
corresponding to 1000 mAh g2! at y/0.45 V was developed, and out to 545 mAh g2!, only
topotactic lithium ion intercalation into the molecule pores was observed. The excess Li ion
uptake beyond simple Li intercalation ( - 545 mAh g2') into molecular pores can break a chemical
bond between Zn and the phosphorus atoms. During discharge, the formation of the Li,P clusters
(LiPs and LiP) and Zn, LiZnP phases were dominant as a result of the local structural distortion
around the ZnP, tetrahedral site. During charge, Zn and LiPs phases transformed into ZnP, and
LiP phases. However, decomposition reactions of the LiP and ZnP, phases with the electrolyte led

to the capacity fade of the cell.

Introduction

Zn metal can react with 1.5 moles of Li, thus forming the
Li; sZn alloy, but the capacity of the Zn in ZnM is reported to
be strongly dependent on the metal (M). Zn3;N, exhibits a large
reduction capacity of 1325 mAh g2! corresponding to 3.7 Li
per Zn, but only 555 mAh g2' is reversible." The reaction
mechanism is a conversion reaction of Zn;N, into LiZn and a
matrix phase of B-LisN, the high pressure form of LizN. On
the other hand, Zn4Sbs shows first discharge and charge
capacities of 3680 mAh g=' and y507 mAh g2', respec-
tively.> Ex situ XRD patterns of the Zn,Sbs electrode show
several lithium-containing compounds such as LiZbSb, Li;Sb,
and LiZn.

Recently, Bichat ez al. prepared the a-Zn;P, phase by using
ball milling and the first and second discharge capacities were
995 mAh g2' and 666 mAh g2', respectively, showing a rather
fast capacity fade.® Based upon results of ex siru XRD
patterns, they proposed that Zn;P, had two distinct parallel
reversible pathways for a large number of inserted lithiums.
The first involves exclusively phosphide phases such as Zn;P»,
LiZnP, LiyZnP,, and Li;P. The second one involves only the
Li-Zn alloys of Zn, LiZn,, and LiZn.

Similar MP anodes have been intensively investigated and as
of yet, an MP that maintains its original structure after full
lithium alloying (down to 0 V) is rare. MP anodes undergo
phase separation depending on the nature of the metal in the
metal phosphides and their composition and structure.>”’
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CoP3,%% NiP,,!° VP! SnyPs,'? and GaP'*'* are observed
phase separations when they are discharged to 0 V, thus
forming Li P phases, while FeP,'> and CuP,'® show different
behavior to the others, forming a metastable Li-Fe-P phase or
Li,CuP phase. In the case of MnP,,'” topotactically inserted
Li;MnP, is decomposed to LizP and Mn nanoparticles below
0.5 V. Recently, some studies on ternary Li-M-P systems
(Li,MnP,4) have shown a reversible ordered—disordered phase
transformation accompanied by structural arrangements
during lithium alloying/dealloying.'”° For instance, Li, TiP4
ternary phases (x = 7 and 9) show LigTiP,, leading to a specific
capacity of 970 mAh g2! without showing decomposition
reaction.'® However, in the case of SnPy 94, Liions are inserted/
extracted via a reaction of SnPyo¢s + 4.5 Li « LissSnPgo4
without destroying Sn and P bonding.?!

In this study, we report lithium reactions of monoclinic
ZnP, prepared by solid state reaction in a vacuum-sealed
quartz tube using P and Zn metals during electrochemical
lithium alloying and dealloying between 2 and 0 V.

Experimental

In order to synthesize ZnP, material, the surface moisture on
the inner surface of the quartz tube was removed using a gas
torch. When the residual moisture was present in the quartz
tube, it reacted with P during the thermal annealing process
partially forming P,Os. A stopcock assembly utilizing a rubber
hose and hose clamp was attached to the tube, and a vacuum
was pulled through a liquid N, trap. Heat was then applied
to the tube using a gas torch, and the surface moisture on
the quartz tube was driven off. The closed tube was then
transferred to the glove box. In order to prepare monoclinic
ZnP,, 1.53 g of Zn metal (99.9%, Aldrich) and 1.75 g of red
phosphorus (99.999%, Aldrich) was charged into the quartz
tube with a stop cock. Finally, the tube was evacuated utilizing
a vacuum pump and a nitrogen trap using a gas torch. The
tube was placed in a vertical furnace and maintained at
1000 uC for 5 h, cooled to 700 uC and maintained for 3 h,
followed by quenching at room temperature.
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Fig. 4 Ex situ XRD patterns of the ZnP, electrode using points in
Fig. 3.

Li, ¢ZnP, phase accelerates, growing the LiPs, Zn, and LiP
phases. Simultaneously, the LiZnP phase starts to grow at
point 6. At zero voltage (point 7), the monoclinic Li,ZnP,
phase almost disappears, and mixed phases consisting of
LiP, LiPs, Zn, and LiZnP phases are predominant. Tetragonal
o-Zn;P, exhibited the formation of the Li-Zn alloys such
as LiZng, Li»Zns, and LiZn,®> but monoclinic ZnP, did not
show such phases.

During charge (points 8 to 10), LiPs, LiP, LiZnP, and Zn
phases similar to those observed during the discharge process
were also observed, but the XRD peak intensities of LiPs
and Zn phases decrease, compared with points 7 and 8 during
discharge. In the case of tetragonal ZnsP,, the conversion of
LiZnP into LiyZnP, under lithiation at y0.5 V results in a
strong peak at y42u corresponding to the LisZnP, phase.’
However, in our case, the phase transition to Li4ZnP, did not
occur. On the other hand, we can note that the intensity of the
monoclinic ZnP, phase increased up to 2 V (point 10), which
may be due to the possible reaction of LiPs and Zn phases
according to: LiPs + 2Zn — 2ZnP, + P. Further, during
charging (dealloying), the decreasing intensity of LiPs and
concurrent increasing intensity of the LiP phase indicate the
progressive phase transition from LiPs to LiP. In addition,
from the XRD pattern at point 10, the increased peak intensity
of the LiZnP phase is noticeable, compared with that at
point 9.

Fig. 5 shows a differential capacity plot as a function of the
potential between the first and third cycles, and peaks at
Vv0.43 V,y0.67 Vand y1.17 V during discharge and charge,
respectively, were observed in cycles one, two, and three. We
can observe that the peak intensities of the peaks at y0.43 V,
V0.67 V and y1.17 V decrease rapidly upon cycling. This
result indicates that rapid capacity fading of the ZnP, may be
related to such rapidly decreased peak intensities. XRD
patterns of the discharged ZnP, electrode at y0.43 V after
first and third cycles show the decreased peak intensities of
Liy ¢ZnP,, LiPs and LiZnP phases, compared with those after
1 cycle (Fig. 6a). This result indicates that the instability of the
Li, ¢ZnP,, LiPs, and LiZnP phases contributes to the capacity
fade. In the XRD pattern at point 8 (y0.67 V), compared with

10000

A

=)
o —
% 0
%’ First cycle
a 10000 Second cycle
o Third cycle

-20000 : . . A b 4

0.00 0.40 0.80 1.20

Voltage (V)

Fig. 5 Differential capacity plots as a function of potential between
the first and third cycles using the cycling curves in Fig. 3.
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Fig. 6 XRD patterns of (a) the discharged and (b) the charged ZnP,

electrodes to 0.41 V and 2 V after the first and third cycles,
respectively.

that at point 7, decreasing peak intensities of Zn and LiPs are
dominant, indicating the possible phase transformed reaction
of LiPs + 2Zn — 2ZnP, + P. At point 9 (y1.17 V), we can
observe increased peak intensities of LiP and ZnP, phases,
and therefore we can propose the following decomposition
reaction without removing the lithium from LiPs, LiPs
(173 mAh g2') + 2Zn — LiP (864 mAh g2') + 2ZnP,, where
LiP and ZnP, are formed at the expense of the LiPs and Zn
phases. From these reactions, the peak at y0.67 V corre-
sponds to the phase transition from LiPs and Zn to the ZnP,
phase, and the peak at y1.17 V corresponds to the phase
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transition from LiPs and Zn to LiP. From these results, we can
conclude that the reactions of ZnP, and LiP phases are major
contributors for the capacity fade of the cell. Actually, the
XRD patterns of the charged electrode after 3 cycles (Fig. 6b)
clearly show the decreasing intensities of the ZnP, and LiP
phases, compared with the intensities after the first cycle,
supporting the differential capacity result. After the first
cycling, we examined the SEM images of the electrode (Fig. 7),
and the initial morphology appears to have completely
disappeared, and particles were severely aggregated and
cracked. It has been reported that the most prevalent reasons
for capacity fade in the metal alloys are 1) electrical
disconnection of the electrode from the current collector
caused by the compositional volume changes occurring during
cycling, and as the particles fragment, they become electrically
isolated, which reduces the cell capacity and 2) onset of the
side reactions due to a slight instability of the phosphorus-
based reaction products with the present electrolytes, leading
to some decomposition.” Presently, the second reason is much
more likely to account for capacity loss in the metal
phosphides because microstructure control did not affect the
capacity enhancement.”” Accordingly, electrolyte decomposi-
tion reactions catalyzed by ZnP, and LiP decomposition may
enhance the cracking and crumbling of the electrode during
cycling, resulting in a continuous generation of new active
surfaces that were previously passivated by the stable surface
films. Hence, the repeated reaction between the electrolyte and
the electrode materials induces capacity fading.

In addition, in order to see the capacity fade contribution of
Zn metal, the coin-type half cell containing Zn metal was
cycled between 0 and 2 V (see ESIT): the initial discharge
capacity and charge capacity were 410 and 196 mAh g2,
respectively, and it showed much improved capacity retention
upon cycling, compared to ZnP,. Fig. 8 shows XRD patterns
of Zn metal after full discharge to 0 V and charging to 2 V to
investigate the alloy formation with Zn. At 0 V, Li,Zns, LiZn,,
and LiZny phases occur, and subsequent charging to 2 V leads
to increasing intensity of Zn metal while the intensities of the
LiZn, and LiZn, phases decrease. However, Li,Zns seems to
retain its intensity even after fully charging. This indicates that
once Li,Zns forms, it does not undergo further reaction with
Li. Instead, LiZn, decomposed to 2Zn + Li. SEM images of
the cycled Zn electrode showed that the initial particle
morphology before cycling is sustained after cycling, indicating
that Zn and phase do not influence the capacity loss (see ESIT).

In situ Zn K-edge XAFS experiments were carried out in
order to confirm the structural evolution of ZnP, during Li
reactions. Fig. 8 shows the spectral variation of cut-off

Fig. 7 SEM images of the ZnP, electrode after the first cycle.

voltage-resolved Zn K-edge XANES spectra and the corre-
sponding Fourier transform (FT) magnitudes of the EXAFS
spectra for the first cycle in the voltage regions between 2.0 and
0.0 V. The monoclinic ZnP, consists of a molecular channel
hybridized by both zigzagging and honeycomb-pore structures
through a ZnP, tetrahedral polymeric network, which can act
as a Li intercalating path.

The pristine ZnP, has a symmetric FT peak at y1.9 A,
corresponding to Zn—P bonding. The first electrochemical Li
ion uptakes show no effective spectral change for the
electrochemical reaction, meaning that Li ion uptake into
molecular pores with appropriate free volume is possible
without molecular structural change of ZnP,. Higher Li ion
insertion after scan 8 begins to result in a local structural
variation of the ZnP, molecular pore. The FT peak intensity of
Zn-P bonding becomes weak and another FT peak is newly
generated at about 2.2 A, indicating the occurrence of Zn-Zn
metallic bonding. The peak intensity of Zn—P rapidly decreases
but that of Zn-Zn rapidly increases in the following Li ion
insertions. The overall FT peak features are constant until
discharging to 0.0 V (scan 16), which gives spectral evidence
for perfect phase transition from the zinc phosphide form to
the Zn metallic phase. The excess Li ion uptakes beyond simple
Li intercalation into molecular pores can break chemical
bonds between Zn and the phosphorus atoms. The formation
of the Li,P clusters is followed by local structural distortion
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Fig. 8 Spectral variation of in situ Zn K-edge XANES spectra (left)
and Fourier transform (FT) magnitudes for EXAFS spectra (right) in
the voltage region between 2.0 and 0.0 V during the first cycling. The
inset shows possible Li-ion uptakes into molecular channels viewed
down the , 001 . direction.
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around the ZnP, tetrahedral site. Consecutive Li ion uptakes
lead to atomic rearrangement of free Zn atoms, and subse-
quently to the formation of a Zn metallic phase. The weak FT
peak intensity of scan 16 with respect to that of reference Zn
metal means that the Zn metallic phase formed in the higher
lithiated region cannot grow up to the bulk scale. The existence
of neighboring Li,P clusters is believed to prevent the Zn
metallic clusters from aggregating. As a result, the overall
electrochemical Li ion uptake behavior for molecular pore
ZnP, leads to the phase transition to the Zn metallic phase via
Li ion intercalation through molecular pores, which can be
supported with peak feature variation of the XANES spectra.

Upon charging, the FT peak feature gradually shifts to the
lower r space region of 1.9 A for Zn-P chemical bonding. Only
pure Zn—P chemical bonding is observed in charging to 2.0 V,
although the FT peak intensity rapidly decreases and is
relatively broad with respect to that of the pristine ZnP,. The
spectral recovery into the overall FT characteristics for the
Zn-P phase indicates the structural variation of ZnP, is
reversible for the first cycle, namely inter-conversion between
Zn phosphides and Zn metallic phase. For the GaP system
reported earlier,'® on the other hand, aggregated Ga metallic
clusters in the fully discharged state cannot be pulverized to
form chemical bonds with phosphorus atoms on charging.
This is due to the existence of the Li,P matrix which prevents
reversible formation of chemical bonds between Ga and
phosphorus atoms. The structural difference in the charging
process can be explained from the viewpoint of the molecular
structures of the pristine sample. While the crystal structure
of GaP has only honeycomb pores, the ZnP, shows another
pore structure of zigzagging channels, as shown in the inset of
Fig. 8. Therefore, it can be deduced that the reversible return
of the Zn—P phase is possible from another phosphorus source
in the lattice.

In order to explore the possibility of only Li intercalation
occurring into the molecular channel of the ZnP», in situ XAFS
characterization was carried out for the first and second
cycles in the voltage region between 2.0 and y0.45 V which
corresponds to y545 mAh g2! (Fig. 9). For the first cycling up
to 0.0 V, the molecular pore ZnP, phase could be used as two
kinds of anode materials. Namely, the phase could potentially
be used as a Li ion intercalating system into molecular
channels in the intermediate voltage region and a phase
transition system into Zn alloying until 0.0 V. In the voltage
region before the transition to the metallic phase, it can be
anticipated that ZnP, is utilized only as a pure Li ion
intercalating anode into molecular channels. Fig. 9 shows Zn
K-edge XANES and FT of EXAFS spectral variation in the
voltage region. Upon totally discharging, all FT peak features
are constant at 1.9 A with Zn-P chemical bonding. No FT
peak shift to the higher r space region is observed, indicating
that no Zn—Zn metallic bonding occurs. The charging to 2.0 V
after the first cycle also shows the constant FT peak feature, as
well as the reversible return of XANES spectra. The second
cycling also presents similar peak characteristics to the first
cycling. The spectral results suggest that the Li ion uptakes can
be intercalated into molecular channels until 3545 mAh g2!
without structural cleavage of monoclinic ZnP,. This means
that the hybridized zigzagging and honeycomb pore structures
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Fig. 9 Spectral variation of in situ Zn K-edge XANES spectra (left)
and Fourier transform (FT) magnitudes for EXAFS spectra (right) in
the voltage region between 2.0 and 0.45 V during the first and second
cycles. The inset shows FT peak features of discharging to 0.0 V and
charging to 2.0 V for the reference Zn metallic powder.

allow the structural stabilization of the discharge capacity
without a phase transition. Therefore, ZnP, material has the
potential to be applied in parallel as two kinds of anode
materials, the phase transition to Zn alloying until 0.0 V via
Li ion intercalating, as well as the only Li ion intercalating
system into molecular channels in the voltage region up to
0.45 V. This result is consistent with XRD patterns of the ZnP,
electrode cycled between 2 and 0.45 V, as shown in Fig. 10.
In this voltage range, although first discharge and charge
capacities of the electrode were 540 and 440 mAh g2',
respectively, the initial ZnP, phase is maintained without
transforming into other phases.

Overall, lithium reaction mechanisms can be summarized
based upon XRD and XAS results. Fig. 11 shows a schematic
description summarising the phase transitions occurring on
discharge and on charge. During the discharge process,
topotactic lithium ion intercalation into the pore structures
of ZnP, to Li,¢ZnP, occurs at first, and the gradual
decomposition of Liye;ZnP, to LiP, LiPs, Zn, and LiZnP
phases follows. Hence, we can estimate the discharge capacity
at 0 V as the following reaction: 2LiPs (346 mAh g2') + LiZnP
(278 mAh g2!) + LiP (864 mAh g2') + Zn. The estimated
capacity is 1488 mAh g2!, which agrees well with the actual
discharge capacity of 1490 mAh g2!. During the charge,
ZnP, and LiP phases start to be dominant at the expense of
LiPs and Zn phases.
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