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1. Introduction

Solid-state batteries (SSBs) are considered
as one of the most promising alternatives
to lithium ion batteries (LIBs) as they
may provide a higher energy density com-
bined with improved safety.[1,2] Compared
to conventional liquid electrolyte LIBs, the
use of a solid electrolyte (SE) in SSBs also
presents new challenges as mechanical
properties become even more important.
Furthermore, the complex interplay between
the various (electro-)chemical and mechani-
cal properties of the anode, cathode, and SE
has so far limited the commercialization of
SSBs that operate at room temperature.[3]

Hence, SEs with moderate stiffness, fast
ionic conductivity, and stable (electro)
chemical properties are prerequisites for
SSBs. Sulfide solid electrolytes (SSEs), such
as β-Li3PS4, are therefore widely considered

for application in SSBs thanks to their high ionic conductivity and
moderate stiffness relative to oxide and polymer SEs.[4–6] However,
side reactions are known to occur in batteries that utilize SSEs that
can often be attributed to their narrow ESW.[7] This situation
becomes worse in cases where high operating voltages are
required, such as when using NCM811 or lithium-rich layered
oxides. Interestingly, studies have also shown that the side reac-
tions arising from SSEs generally involve both sulfur and phospho-
rous. Pristine Li3PS4 oxidizes to elemental sulfur and compounds
with P–[S]x–P type interconnected networks, such as Li4P2S8,
Li4P2S7, and Li2P2S6, while reduction of Li3PS4 leads to Li4P2S6,
Li3P, and Li2S. These redox processes can be partially
reversible.[8–11] After decomposition of the SE, the underlying
storage mechanisms typically rely on a conversion reaction with
sulfur or phosphorous as the redox active components. While
these reactions are generally undesired, they may provide addi-
tional capacity to the cell. In extreme cases, Li3PS4 can also act as
an active electrode material in SSBs when ball-milled with a car-
bon additive, as reported by Hakari et al.[12] A capacity enhance-
ment of the SSB due to a (partially) reversible redox activity of
the SE has been found for several frequently used SEs. The addi-
tional capacity typically comes with the drawback of increasing
cell resistance and hence poor cycle life.[8,11,13–15] On the other
hand, choosing compounds as active materials that are chemi-
cally and structurally similar to Li3PS4 may be attractive for the
design of SSBs with overall more compatible chemo-mechanical
properties.
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Beyond its Li-ion conductivity, the solid electrolyte lithium thiophosphate
(β-Li3PS4) exhibits redox activity when its electrochemical stability window is
exceeded. As this redox activity can be (partially) reversible, thiophosphates may
be used as cathode active materials (CAM). Silver thiophosphate (Ag3PS4) is a
well-known Ag-ion conductor, which has the same crystal structure and similar
chemical composition as β-Li3PS4. Here, Ag3PS4 is selected and studied as
the CAM for Li solid-state batteries (Li-SSBs) with the configuration (In/InLi|
β-Li3PS4| Ag3PS4: β-Li3PS4: C65= 40: 50: 10 wt%). The cells provide a discharge
capacity of 325 mAh g�1 at 10 mA g�1, but suffer from continuous capacity
fading during cycling with an average Coulomb efficiency of 97% at 50 mA g�1.
The reaction mechanism is studied using X-ray diffraction, X-ray photoelectron
spectroscopy, Raman spectroscopy, and impedance spectroscopy. Overall, the
reaction of Li with Ag3PS4 is found to be initially partially reversible, but over
cycling Ag2S and S8 become the active materials along with the formation of other
byproducts such as Ag2P2S6 and Li2P2S6.
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As an example, ternary transition-metal thiophosphates
(TMxPSy, where TM: Fe,[16] Ni, Co, Ag, Cu,[17,18] etc.) could have
better compatibility with β-Li3PS4 than other compounds due to
their structural and chemical similarities,[19] but they have rarely
been studied in SSBs. FePS3 was the first ternary thiophosphate
investigated in SSBs, but these experiments focused exclusively
on its intercalation properties, and it demonstrated a gradual
capacity fading over time.[16,20] We later studied Cu3PS4 as an
active material, which demonstrated high capacities in both lith-
ium SSBs and sodium ion batteries with liquid electrolytes.[17,18]

Ag3PS4 is a ternary transition metal thiophosphate that is a well-
known silver ionic conductor whose Agþ conductivity can reach
up to 8.5� 10�4 S cm�1 at room temperature.[21] Meanwhile, the
lower electronegativity of Li vs. Ag indicates that a reaction
between Li and Ag3PS4 is thermodynamically favorable.
Ideally, without considering the alloying of Li with Ag below
0.8 V vs. Liþ/Li,[22] the multielectron reaction between Ag3PS4
and Li is expected to follow Equation (1).

Ag3PS4 þ 11Li ⇌ 3Agþ Li3Pþ 4Li2S (1)

Based on the reaction in Equation (1), Ag3PS4 can be calcu-
lated to have a theoretical capacity of 610mAh g�1, making it
a potential high-capacity electrode. It is worth pointing out that
the mixed ion and electron conductor Ag2S could be one possible
intermediate product during cycling, considering the formation
of Cu2S in the case of Cu3PS4 as reported in our previous
study.[18,23,24]

In this study, the electrochemical properties and Li storage
mechanism of Ag3PS4 as cathode active material (CAM) were
studied in SSBs with β-Li3PS4 as SE and In/InLi as anode.
The composite cathode consists of Ag3PS4: β-Li3PS4:
C65= 40: 50: 10 wt%. The Ag3PS4 battery demonstrates an initial
discharge capacity of 325mAh g�1 at 10mA g�1 and 60 °C, but
the capacity continuously fades to 90mAh g�1 after 100 cycles at
50mA g�1. Post-mortem characterization by XRD, XPS, and
Raman spectroscopy revealed that while Ag3PS4 formation is ini-
tially partially reversible, it gradually irreversibly converts to a
mixture of Ag2S, S8, and the polysulfides Ag2P2S6 and Li2P2S6
during cycling.

2. Electrochemical Measurements

The electrochemical properties of the SSBs (two-electrode geom-
etry in all cases) were tested at 60 °C in a Binder MK(E4) cham-
ber. The electrochemical performance was recorded using a
Biologic BCS-805 system during galvanostatic cycling. For all
cycling tests, the program contained precycling and long-term
cycling steps.[18] The precycling program included three steps
with different voltage windows of 1.0–2.8, 0.9–2.8, and
0.8–2.8 V. All precycling steps were performed at 10mA g�1. The
precycling steps were performed in an effort to increase the
utilization of active material. After the precycling procedure,
the current was increased to 50mA g�1 for long-term testing
in a voltage range of 0.8–2.8 V. A similar precycling program
was also applied prior to rate capability measurements, after
which the battery was cycled for 5 cycles each at currents of
10, 20, 50, 100, 200, and 500mA g�1 between 0.8 and 2.8 V,

followed by returning the current to 10mA g�1 for another
10 cycles. Cyclic voltammetry (CV) data were recorded at
1mV s�1 between 0.18 and 2.18 V vs. Liþ/(In/InLi), correspond-
ing to 0.80–2.80 V vs. Liþ/Li.[25] Electrochemical impedance spec-
troscopy (EIS) was recorded at open circuit voltage (OCV),
lithiated (0.8 V), and delithiated (2.8 V) states with an SP-200 sys-
tem from BioLogic with a 20mV excitation voltage from 3MHz
to 0.1 Hz. To measure the Agþ conductivity of Ag3PS4, EIS
measurements were performed from 1MHz to 0.1 Hz on a
battery composed of SS/Ag3PS4/SS (where SS is stainless steel).
All acquired EIS data were fitted using the RelaxIS 3 (rhd instru-
ments) software. The ionic conductivity was calculated according
to Equation (2):

σAgþ ¼ l=ðR� SÞ (2)

where l is the thickness of the Ag3PS4 pellet, S is the area of the
Ag3PS4 pellet, and R is the measured resistance.

3. Characterization

Phase identification of the prepared Ag3PS4 powder was deter-
mined by X-ray diffraction (XRD) in a Bruker D2 Phaser using
a Cu Kα radiation source operating at 30 kV at 10mA. Besides
the prepared Ag3PS4, all other samples containing β-Li3PS4 were
measured by covering the sample with a KAPTON-PI film to pre-
vent air exposure. Scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) were conducted with
a Thermo Fisher Scientific Phenom Desktop SEM operating at
15 kV. All samples were prepared in an Ar-filled glovebox and
quickly transferred into the vacuum chamber of the SEM for test-
ing. Raman spectroscopy was conducted using a Renishaw inVia
confocal Raman microscope with a 532 nm laser. Raman meas-
urements were performed with 1% laser power and an exposure
time of 30 s for 5 accumulations. To prevent air exposure to the
sample, an airtight sample case with a CaF2 window from
Crystran Ltd. was employed. X-ray photoelectron spectroscopy
(XPS) was performed on a JEOL JPS-9030 photoelectron spec-
trometer using monochromatic Al Kα radiation as the excitation
source (hν= 1486.6 eV). Surface etching was conducted using
Arþ bombardment with a bias voltage of 300 V for 50min. To
protect the samples from air exposure, all XPS samples were pre-
pared in an Ar-filled glovebox and transferred using an air-tight
sample transfer system.

4. Results and Discussion

Figure 1a shows an XRD pattern of the synthesized product with
an orange color (see inset). The orthorhombic structure (Pmn21)
aligns well with the Ag3PS4 reference pattern (ICSD 98-041-
6585), but the sample exhibits broadened peaks indicating the
small crystallite sizes. The surface of the synthesized Ag3PS4
was found to be rough, but with a uniform elemental distribution
of Ag, P, and S, as shown by the SEM and EDX images in
Figure 1b. The Agþ conductivity of the Ag3PS4 was measured
to be 2.25� 10�4 S cm�1 (Figure 1c), which is comparable to
the Liþ conductivity of β-Li3PS4.[26]
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To test the electrochemical properties of Ag3PS4, a battery with
Li as anode (Li/β-Li3PS4/(Ag3PS4: β–Li3PS4: C65= 40: 50:
10 wt%)) was prepared and cycled between 0.1 and 2.8 V vs.
Liþ/Li at 10mA g�1 at 60 °C. Assuming a theoretical specific
capacity of 610mAh g�1, the theoretical areal capacity of the
electrode is 2.44mAh cm�2. The voltage profile and obtained
capacity are shown in Figure 2a. Capacity values at 0.80 and
0.62 V are highlighted as they correspond to the lower cutoff
voltage and the theoretical lithiation limit in the subsequent tests
when using an In/InLi anode. The region between 0.8 and 0.62 V
shows a sloping voltage behavior indicating that no additional
phase transformation takes place in this area. The graph also shows
that the discharge capacity is higher than the theoretical capacity of
the Ag3PS4 alone, which is likely caused by some additional side
reactions of the β-Li3PS4 SE. As it is well known that the use of Li
metal can cause dendrites and that the Li/β-Li3PS4 interface is
unstable,[15,27] subsequent tests were performed using In/InLi as
anode with a cutoff voltage of 0.8 V vs. Liþ/Li during cycling.[8,9]

The capacity was calculated based on the weight of Ag3PS4, the
voltage was calibrated by taking Li as the reference electrode,
and all electrochemical tests were conducted at 60 °C. To improve
the utilization of Ag3PS4 in the electrochemical reaction, a precy-
cling procedure with sequentially widening voltage windows was
applied at 10mAg�1, see ref. [18,28] and experimental section.

Along with an increase of the discharge capacity from 216 to
325mAh g�1, the voltage profiles also changed when the lower

cutoff voltage decreased from 1.0 to 0.8 V during precycling, as
shown in Figure 2b. After increasing the current from 10 to
50mA g�1, the cell lost 19% of its discharge capacity, falling from
325 to 262mAh g�1. The SSB also suffers a continuous capacity
fade during cycling at 50mA g�1 (see Figure 2c), reaching
91mAh g�1 after 100 cycles. Over 100 cycles at 50mA g�1,
the average coulomb efficiency (CE) of the cell is 97.0%,
corresponding to an average loss of 1.7mAh g�1 per cycle.

Considering the working voltage window over the electrochem-
ical stability window of β-Li3PS4, the capacity contribution of side
reactions was estimated by the electrochemical performance of the
SSB without CAM (β-Li3PS4: C65= 3: 1 by weight) in our previous
Cu3PS4 work.[18] Counting the cathode composition ratio of
Ag3PS4: β-Li3PS4: C65= 40: 50: 10 wt% in the cathode, side
reactions contribute around 3.5mAh g�1[Ag3PS4] during cycling.
While we cannot exclude some excess capacity due to side
reactions with the SE, the contribution is likely negligible.

Cyclic voltammetry (CV) provides a better view of the redox
activity evolution of the battery than the voltage profiles shown
in Figure 2b. As shown in Figure 2d, five signals can be found,
including two pairs of cathodic and anodic peaks located around
2.3 V (I, cathodic), 1.9 V (II, cathodic), 2.2 V (IV, anodic), and
2.4 V (V, anodic) along with a broad peak (III, cathodic)
showing up from 1.1 to 0.8 V. Peaks I and V increase in intensity
during cycling, while peaks II and IV show a decrease in their
intensities during cycling. The cathodic peaks can be

Figure 1. a) XRD pattern of the prepared Ag3PS4. The inset shows a picture of the synthesized Ag3PS4 powder product, while the purple reference lines are
from ICSD 98-041-6585. b) SEM image and Ag, P, and S EDX mappings of the prepared Ag3PS4 powders. The scale bar is 5 μm. c) Nyquist plot (solid
circuit) and the fitting result (green line) of an SS/Ag3PS4/SS (where SS is stainless steel) symmetric cell at room temperature. The insets show the
equivalent circuit model and a photo of a pelletized sample after testing.
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observed to continuously shift to lower voltages during cycling,
but no similar drift can be found for the anodic peaks.
Such a behavior indicates a gradual change of the electro-
chemically active materials or structural changes that occur
during cycling.[29,30] While we do not currently have a full under-
standing of this behavior in the tested cells, we hypothesize that
this may be related to differences in conductivity of the electrode
at specific states of charge.[31]

To gain insight into the structural evolution during cycling,
XRD patterns were collected ex-situ from electrodes at OCV
and at different states of charge, as shown in Figure 3a. After
hand grinding, the prepared cathode shows the expected signals
from both Ag3PS4 and β-Li3PS4 (although their peaks are rather
broad and overlap significantly in the region between 25° and 30°
2θ). When the cell is discharged to 2.0 V, the Ag3PS4 is found to
partially convert to Ag2S (i.e., the (1 2 1) and (1 2 2) reflections at
34.4° and 36.8° 2θ, respectively) and Ag (i.e., the (1 1 1) reflection
at 38.0° 2θ) along with other possible side products such as
Ag2P2S6 (i.e., the (2 2 0) reflection at 32.4° 2θ) and Li2P2S6

(i.e., the (2 2 0) and (3 1 2) reflections at 32.3° and 31.9° 2θ,
respectively). With further discharge to 0.8 V, signals attributed
to Ag3PS4, Ag2P2S6, Ag2S, and Li2P2S6 get diminished but are
still distinguishable. Meanwhile, strong Ag peaks and weak
Li2S (i.e., the (1 1 1) and (2 2 0) reflections at 25.9° and 43.0°
2θ, respectively) signals become visible, showing that Ag3PS4
is reduced upon discharge, in line with the reaction presented
in Equation (1). The weak Li2S signal intensity indicates that
Li2S may be amorphous, which would be consistent with what
is generally observed for conversion reactions.[32] The presence
of Li2S in the discharged to 0.8 V sample is further supported
by Raman measurements (Figure S1 in the Supporting
Information), where a signal that is characteristic of the T2g
phonon mode of Li2S can be found at 370 cm�1.[33] The
Raman signals at 421 and 370 cm�1 also support the formation
of Li2P2S6 after lithiation.

[34] During charging, at a state of 2.2 V,
the peak intensity corresponding to Ag3PS4 and Ag2S is observed
to again increase in concert with a decrease in the Ag and Li2S
signals. Further charging to 2.8 V shows the complete

Figure 2. Electrochemical behavior of the Ag3PS4 SSBs at 60 °C. a) The 1
st cycle voltage profile of a SSB with Ag3PS4 as CAM, Li as anode and β-Li3PS4 as

SE cycled at 10mA g�1 between 0.1 and 2.8 V vs. Liþ/Li. b) Voltage profiles of Ag3PS4 SSBs during a precycling at 10mA g�1 between 1.0–2.8 V (black, the
1st cycle), 0.9–2.8 V (blue, the 3rd cycle), and 0.8–2.8 V (red, the 5th cycle) vs. Liþ/Li. c) The cycling stability and Coulomb efficiency over 105 cycles.
d) Cyclic voltammetry of the SSBs at a scan rate of 1 mVmin�1. The first 10 cycles were measured and, with cycle numbers shown in the color bar.
Measurements shown in b, c, and d were conducted with an In/InLi anode.
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disappearance of Ag and Li2S and a decrease of Ag2S alongside a
concomitant increase in Ag3PS4, Ag2P2S6, and Li2P2S6 in the
electrode. A comparison of the 1st and 10th cycles at a state of
charge of 2.8 V shows that the Ag3PS4 signals become weaker
overall during the first 10 cycles, while the Ag2S, Ag2P2S6,
and Li2P2S6 peaks became more prominent. However, the signal
intensities arising from Ag3PS4, Ag2P2S6, and Li2P2S6 are found
to subsequently diminish in the following cycles, with only Ag2S,

Ag, and Li2S becoming detectable after 105 cycles. This suggests
that the Ag2P2S6 and Li2P2S6 undergo a process of growth fol-
lowed by fading during cycling. At the same time, the relatively
high intensity of Ag and Li2S signals in the charged electrode
(2.8 V) after 10 and 105 cycles indicates a deterioration of the
reversibility of the reaction, possibly due to particle isolation
within the cathode. During the initial charging process, there
is an unidentified XRD signal that arises at 30.8° (2θ) (marked

Figure 3. Postmortemmeasurements of the SSBs. a) Ex situ XRD patterns of Ag3PS4, the prepared cathodes, 1
st Dis-2.0 V, 1st Dis-0.8 V, 1st Char-2.2 V, 1st

Char-2.8 V, 10th Char-2.8 V, and 105th Char-2.8 V. Except for Li2S, whose reference pattern is from ICDD, all other reference patterns are from ICSD: Ag
(98-004-4387), Li2S (98-006-0432), Ag2S1 (98-003-0445), Ag2P2S6 (98-003-0531), and Li2P2S6 (253894). b) Bulk S2p, P2p, and Ag3d XPS spectra of the
OCV, 1st Dis-0.8 V, 1st Char-2.8 V, and 105th Char-2.8 V electrochemical states, (from bottom to top). The bulk XPS data were collected after 1200s etching
at 300W. c) SEM and the corresponding Ag EDX images of the cathode before reaction, the electrodes at the 1st Dis-0.8 V, 1st Char-2.8 V, and 10th Char-
2.8 V states. The scale bar is 5 μm.
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with a question mark in Figure 3a), which is no longer visible
after 10 and 105 cycles. At the same time, all XRD signals are
relatively broad after cycling, indicating the presence of materials
with a low degree of crystallinity in the electrode.

To better assign the possible existing products formed in the
electrode at different states of charge, XPS and Raman spectros-
copy were carried out to complement the XRD results. All XPS
spectra were calibrated to the S 2p3/2 signal of the [PS4]

3� tetra-
hedra in β-Li3PS4 at 161.8 eV. All samples were etched (see
details in the Experimental section) in order to obtain informa-
tion from the bulk region as shown in Figure 3b. At OCV, two
species can be found in the S 2p spectrum. One species has a
doublet peaks of S 2p3/2 and S 2p3/2 with the binding energy
(BE) of 161.8 and 163.2 eV, respectively, which is accordingly
assigned to the PS4

3� tetrahedra of β-Li3PS4 and Ag3PS4, as cor-
roborated by the corresponding doublet P 2p peaks located at
132.2 eV (P 2p3/2) and 133.0 eV (P 2p1/2).

[35] The second species
at OCV has an S 2p3/2 BE of 163.3 eV and P 2p3/2 BE of 130.1 eV
and is attributed to polysulfides with P-[S]n-P structure. This is
also evidenced by the broad Raman signal near 421 cm�1, which
may result from the convolution of signals arising from
species related to P2S7

4� (404 cm�1), P2S6
4� (393 cm�1), and/or

PS3
3� (430 cm�1),[36–38] as shown in Figure S1 (Supporting

Information). These P–[S]n–P structural motifs may result from
fracturing of the PS4

3� from Ag3PS4 and β-Li3PS4 due to the
processing in this work and relate to the broadening of XRD sig-
nals observed in Figure 3a.[39–46] The P–[S]n–P structural motifs
are abbreviated as PS in the following text. The Ag 3d spectra
indicate the presence of only Agþ at OCV with the Ag 3d5/2
and Ag 3d3/2 doublet peaks located at 368.2 and 374.2 eV, respec-
tively, which is anticipated from the Ag3PS4 active material.
When the samples are lithiated, corresponding to a state of
charge of 0.8 V, most of the silver is found to reduce to Ag0, with
the Ag3d5/2 feature shifting to 367.4 eV. It can also be found that
part of silver remains as Agþ in the fully lithiated state, which can
be attributed to the residual Ag2P2S6 as observed in the XRD pat-
tern. At the same time, Li2S can be observed according to the
appearance of the S 2p3/2 signal at 160.5 eV, which is also sup-
ported by the appearance of the T2g Raman signal of Li2S around
370 cm�1 in Figure S1 (Supporting Information).[47] There is also
a significant reduction in the intensity of the PS motifs (see S2p
and P2p spectra in Figure 3b) and a shift of the P2p3/2 signal to a
lower BE of 130.1 eV in the P2p spectrum, which is in line with
the decreasing Li2P2S6/ Ag2P2S6 XRD intensities (Figure 3a)
from the Dis-2.0 V to Dis-0.8 V samples, and indicates the devel-
opment of other possible PS-containing compounds.[34,48] Note
that there is no indication of the production of Li3P according to
XPS, which would be expected to show up in the P2p spectrum of
the fully lithiated material around 126 eV if the conversion reac-
tion goes to completion (see Equation (1)).[49] Instead, an addi-
tional doublet at 128.7 eV is found which might be attributed
to other phosphorous-rich polyphosphide compounds such as
LiP, LiP5, or LiP7.

[50–52] Upon subsequent charging to 2.8 V,
the reduced silver reversibly oxidizes back to Agþ and the
compounds with PS motifs show up again in the delithiated elec-
trode. According to XRD, at 2.8 V, the Agþ is expected to arise
from a combination of Ag2S, Ag3PS4, and Ag2P2S6. The S 2p3/2
feature of Ag2S is expected to be located at a similar BE to that of
the PS4

3� tetrahedra, making it difficult to distinguish the

presence of this species by XPS alone. In line with the disappear-
ance of the Li2P2S6/Ag2P2S6 signals observed in the electrode
after 105 cycles via XRD, we found that the XPS spectra at
2.8 V after 105 cycles most closely resembles that of the cathode
in the 1st fully lithiated state. Besides a large amount of Ag0 and
Li2S, Ag3PS4, and PS motifs are no longer observable in the elec-
trode after long-term cycling, indicating that the formed products
(Ag0 and Li2S) become electrochemically isolated after many
cycles and limit the reversibility of the Ag3PS4 and PS motifs
(Ag2P2S6, Li2P2S6, etc.). Similar with our recent work on
Cu3PS4, elemental sulfur is not observable in the delithiated
(Char-2.8 V) sample by XPS due to the sublimation of sulfur
under UHV conditions.[53] To support the conclusions from
XPS measurements and evaluate the presence of additional
species that may be lost to vacuum, Raman spectroscopy was
conducted as well. The presence of S8 [Raman shift: 153 cm�1

(asymmetric S-S bending), 220 cm�1 (symmetric S-S bending),
473 cm�1 (S─S bond stretching of the S8 ring structure)[54]] in
the delithiated sample after 10 cycles,[55] as shown in Figure S1
(Supporting Information).

SEM/EDX was used to determine variations in the electrode
morphology during cycling. One intriguing observation is that
many regular, planar particles appear in the charged samples,
and these particles grew after cycling (Figure 3c). The EDX map-
pings in Figure 3c indicate that these planar particles are rich in
Ag, which we therefore ascribed to the formation of planar
shaped Ag2S,

[56] which we observed to increase after 10 cycles
by XRD. Meanwhile, the silver ion conductivity of Ag2S also pro-
motes the continuous growth of silver-rich clusters.[41,55]

Overall, the XPS results unveil that the Ag3PS4 and PS motifs
are initially converted to a combination of Ag, Li2S, and reduced-
PS species after discharge. Although the silver redox reaction
exhibits reversibility in the beginning, we discovered that this
reversibility gradually degrades during subsequent cycles. In line
with the intense Ag XRD signal, the XPS results also found that
most of the Ag–containing materials are converted to metallic Ag
after cycling.

In situ EIS is a powerful tool to investigate the influence of
composition and structural changes in SSBs through analyzing
the variations in resistance during cycling. Based on differences
in the equivalent circuit models for the fittings of the EIS data at
OCV, lithiated, and delithiated states (see insets in Figure 4a–c),
the EIS data were separated to follow their evolution, as shown in
Figure 4d,e. The high-frequency semicircle (>33 kHz) corre-
sponds to the bulk and grain boundary resistance of the SE,
which gradually increases during the first 10 cycles. Along with
the volume expansion of Ag3PS4 during lithiation, which is favor-
able for increasing the electrode pellet density, metallic Ag also
forms in the electrode. Therefore, the electronic conductivity of
the electrode after discharge is expected to display lower resis-
tance than the corresponding delithiated states, as shown in
the Bode plot in Figure S2 (Supporting Information).[57] The
medium-frequency region contains overlapping contributions
from different sources such as charge transfer and the cath-
ode/anode interfaces.[58,59] All acquired Nyquist plots between
33 kHz and 0.88 Hz can be separated into two parts by the
36Hz point, as marked by the highlighted middle points in
Figure 4d,e. The periodic impedance behavior during cycling
can be clearly seen from Figure 4f, showing the log Z-value at
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36Hz over 10 cycles. These conductivity changes may be the
cause for the asymmetric evolution of the CV curve features
observed in Figure 2d. In line with the XRD, XPS, and
Raman spectra, the continuous impedance increase in the
medium-frequency range further indicates a continuous
deterioration of the SSBs during cycling. However, it should
be considered that these experiments were conducted in two-
electrode SSBs where all possible chemical and electrochemical
behaviors become entangled and are therefore difficult to sepa-
rate, making a more detailed and quantitative interpretation of
the EIS data difficult.

5. Proposed Reaction Mechanism

Summarizing the previous results, we can propose a reaction
mechanism for Ag3PS4 with lithium. Initial lithiation from
OCV to 2.0 V vs. Liþ/Li starts with the formation of Ag2S and
PS motifs like Ag2P2S6 and Li2P2S6. The appearance of metallic
Ag at this stage indicates that Ag3PS4 experiences a different direct
phase conversion reaction mechanism than the intercalation-
conversion reaction mechanism reported for Cu3PS4.

[18] It is
important to note that Li2P2S6 is known to be a poor ionic con-
ductor (7.8� 10�11 S cm�1 at room temperature),[60] which may

result in Li consumption and reduced reversibility during
cycling. When reaching 0.8 V vs. Liþ/Li, most of the Ag3PS4
was converted to Ag and Li2S, with residual Ag2S, Ag2P2S6,
and Li2P2S6 in the electrodes. Despite reforming Ag3PS4 during
the first cycles, a mixture containing Ag2S, S8, PS motifs
(Ag2P2S6 and Li2P2S6), and other compounds was observed dur-
ing cycling. The evolving local structure and composition
decreases the reversibility of the electrochemically reversible
Ag3PS4 and PS motifs and finally results in capacity fading
and the absence of XPS signals of Ag3PS4 and PS motifs after
105 cycles. In a nutshell, the Ag3PS4 reaction with lithium
was partially reversible, but experienced a complex reaction
mechanism and gradually lost its reversibility over cycling.

6. Conclusion

The lithiation mechanism and electrochemical properties of
Ag3PS4 as electrode were investigated in lithium SSBs using
β-Li3PS4 as SE. The pristine Ag3PS4 first converts to Ag2S, Ag,
and PS compounds such as Ag2P2S6 and Li2P2S6 at 2.0 V, then
these compounds are further transformed into Ag and Li2S after
discharging to 0.8 V. When the lithium is subsequently extracted
from the lithiated electrode, Ag3PS4 is found to reform in the

Figure 4. XPS spectra of the bulk electrode. a–c) EIS (solid points) together with the equivalent circuit model and the fitting curve (line) of the SSB at OCV,
1st lithiated, and 1st delithiated states. d–e) Evolution of the impedance of the lithiation (d), delithiation (red in e), and OCV (black in e) states during
cycling at 60 °C. Note the different scaling for both plots with much larger resistance values in the delithiated state. The data corresponding to the
medium-frequency range were separated into two parts by the points at 36 Hz. f ) The evolution of the resistance values at 36 Hz during cycling.
The in situ EIS measurements were conducted with In/InLi /β-Li3PS4 /Ag3PS4 SSBs in the frequency range of 3MHz – 0.1 Hz under an exciation voltage
of 20 mV.
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electrode, but with Ag2P2S6 and Li2P2S6 side products. The
reversibility of Ag3PS4 during cycling gradually degrades, and
Ag2S and S8 become the dominant active phases along with
the formation and consumption of Ag2P2S6 and Li2P2S6 over
cycling. Accompanied by the phase transformation of Ag3PS4
and phase segregation of Ag2S and S8, the structural changes
are found to deteriorate the overall conductivity and therefore
the electrochemical activity of the electrodes after many
cycles. Overall, the conversion reaction of Ag3PS4 with Li under
mechanical confinement in an SSB has been successfully
demonstrated. While the reaction is partially reversible at the
beginning, Ag2S and S8 become the redox active phases over
cycling. A specific benefit of Ag3PS4 over other conversion
electrodes is the relatively mild volume change (þ49%) and
the formation of conductive intermediate phases, which can sup-
port a better reversibility compared to other conversion reactions.
On the other hand, further improvements are needed, as the
overall properties (capacity, polarization, and reversibility) of
the reaction lag behind those of other sulfide conversion
CAMs such as CuS or Cu3PS4.

7. Experimental Section

Ag3PS4 was prepared by planetary ball milling stoichiometric
amounts of Ag (Alfa-Aesar, 99.9%), S (Sigma-Aldrich, 99.5%),
and P2S5 (Sigma-Aldrich, 99%) at 600 rpm for 12 h in a 45mL
ZrO2 ball milling jar with a Fritsch Pulverisette-7 Micro Mill
via periodically rotating for 30min and resting for 5min, the
loading ratio of ZrO2 balls (10mm) to reagents was 10: 1 wt%.
The acquired yellow/blackish intermediate powder became
orange after heat treatment at 100 °C for 4 h in a Büchi glass
oven. The β-Li3PS4 was provided by BASF. In and Li were
obtained from Chempur and Rockwood Lithium, respectively,
and electrodes were assembled as previously reported.[25]

All SSBs were assembled by the same procedure as reported in
our previous work.[18] For making the batteries, 70mg β-Li3PS4
was pelletized by uniaxial pressing in a 10mm diameter poly-
ether ether ketone mold, and then 10mg of the desired cathode
composite (Ag3PS4: β-Li3PS4: C65= 40: 50: 10 wt%) was distrib-
uted over the β-Li3PS4 surface and again pressed at 3 tons
(375MPa) for 3 min using a YLJ-15 T Laboratory Press from
MTI Corporation with a stainless steel piston. The battery was
then closed after placing an In/InLi anode on the other side
of the β-Li3PS4, with the molar ratio of indium and lithium being
carefully controlled above 1. A static external pressure (≈8MPa)
was applied to the battery by using an Al frame to guarantee
enough solid–solid contact in the battery.
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the author.
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