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Abstract: Zinc metal battery (ZMB) is promising as the next generation of energy storage system, but challenges relating
to dendrites and corrosion of the zinc anode are restricting its practical application. Here, to stabilize Zn anode, we
report a controlled electrolytic method for a monolithic solid-electrolyte interphase (SEI) via a high dipole moment
solvent dimethyl methylphosphonate (DMMP). The DMMP-based electrolytes can generate a homogeneous and robust
phosphate SEI (Zn3(PO4)2 and ZnP2O6). Benefiting from the protecting impact of this in situ monolithic SEI, the zinc
electrode exhibits long-term cycling of 4700 h and a high Coulombic efficiency 99.89% in Zn jZn and Zn jCu cell,
respectively. The full V2O5 jZn battery with DMMP-H2O hybrid electrolyte exhibits a high capacity retention of 82.2%
following 4000 cycles under 5 Ag� 1. The first success in constructing the monolithic phosphate SEI will open a new
avenue in electrolyte design for highly reversible and stable Zn metal anodes.

Introduction

Zinc metal batteries (ZMBs) are practically promising for
energy storage because of low-cost and potential for large-
scale application. However, significant drawbacks include
formation of dendrites, corrosion and hydrogen evolution
reaction (HER) from the Zn anode.[1] Because Zn nuclea-
tion and growth are significantly influenced via the chemical
nature of the electrolyte, it is important to develop electro-
lyte that has good stability with Zn anode and to form a
uniform, robust solid electrolyte interphase (SEI) on the
metal anode ZMB.[2] It is however practically difficult to
design a stable and in situ SEI for Zn in aqueous electrolyte
because of water splitting reaction and a lack of passivating
components in the electrolyte.[3] Compared with apparently
established knowledge of SEI formation with lithium-ion
batteries (LIBs), the current understanding of in situ SEI for
ZMB is still in its early stage.[4] An ideal SEI is electronically
insulating, has high ionic conductivity, exhibits self-passivat-
ing behaviour and is stable against dissolution. Therefore,
exploring suitable SEI compositions and structure are

essential for the further development of ZMB towards long
term cycling life.

Amongst components for metal protection, zinc
phosphate coating is common because it promotes adhesion
and has wear-resistance on steels and alloys.[5] Insoluble
phosphate layer has good binding to substrate metal because
of chemical bonding between the coating and the matrix,[6]

which is attractive as SEI in ZMBs. A few successful
attempts to build phosphate containing SEI on Zn anode
are reported using electrolyte additives[7] or organic
solvents,[8] including, Zn(H2PO4)2, tris (2,2,2-trifluoroethyl)
phosphate (TFEP),[9] trimethyl and triethyl phosphate (TMP
and TEP).[10] These works demonstrated that phosphate
SEIs have good Zn2+ conductivity, high interface energy
and corrosion-inhibition. Importantly, except for obtaining
the protective phosphate component, the SEI structure is
also important in alleviating the dendrite growth. Currently
reported SEIs are composed, normally, of two or more
compositions, and represent mosaic or multilayer structure,
such as ZnF2-Zn5(CO3(OH)6-Zn(NO3)2)2-organic bilayer,[11]

combined Zn3(PO4)2 and ZnF2,
[12] and poly-ZnP2O6

[13] and
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ZnF2. Although these interphases do improve cycling
stability of the Zn anode, pulverization remains problematic
especially following long term cycling, possibly because of
poor integrity and complex composition of the SEI-layer.

For LIBs it is conjectured that a highly homogeneous,
dense and inorganic-rich SEI could obviate pulverization of
the Li metal anode.[14] However, this monolithic SEI has not
yet been reported for ZMBs, most likely because of the lack
of electrolyte components to give robust, uniform inorganic
species. It would be a significant boost for practical develop-
ment of ZMBs therefore if an electrolyte can be devised to
build an in situ robust monolithic phosphate protective
interphase on the Zn metal anode.

Here, we report for the first time, an organophosphorus
fire-retardant solvent DMMP with a high electric dipole
moment of 3.62 D for generating an in situ monolithic
phosphate SEI on Zn anode. The high dipole moment
solvent with a high polarity attracts, or repels, valence
electrons from other compounds and generates reactions
through electron transfer, which permits a rapid SEI
formation.[15] In contrast to solvents that include carbonates,
ethers, esters, sulfones and nitriles used in LIBs, DMMP is
usually used as a fire-retardant in LIBs and not for
producing SEI.[16] We show however that for Zn anode, the
high dipole moment of DMMP significantly favours phos-
phating conversion reaction that can be used to control
reductive decompositions and interphase chemistry. Organic
and hybrid electrolyte with DMMP solvent exhibited two
advantageous features, namely, 1) predominated DMMP
reduction that leads to phosphate SEI on the Zn anode, and;
2) a highly monolithic and homogeneous SEI of Zn3(PO4)2
and ZnP2O6. Compared with reported organic solvents with
high dipole moment (>3D), including, acetonitrile (AN),[17]

propylene carbonate (PC),[18] dimethyl sulfoxide (DMSO)[19]

and N,N-Dimethylformamide (DMF),[20] the interphase
derived from DMMP solvent exhibited boosted cycling
stability when transferred to the pure aqueous electrolyte.
The Zn jZn symmetric cell with this DMMP electrolyte
presents a superior long cycling of over 4700 hours at
1 mAcm� 2, and the Zn jCu asymmetric cell also shows high
reversibility of Zn2+ plating/stripping with a Coulombic
efficiency (CE) of 99.89% following 4000 cycles. Addition-
ally, phosphate SEI derived in the hybrid DMMP-H2O
evidenced consistency with organic DMMP electrolyte, high-
lighting the practical potential for use in water-based
electrolyte. This hybrid electrolyte exhibits a greater
corrosion potential and lower corrosion current than the
aqueous electrolyte and inhibits Zn dendrite formation
together with HER reaction, leading to 2500 h of cycling in
symmetric Zn jZn batteries. A full V2O5 jZn battery with
the DMMP-based hybrid electrolyte exhibited a high-
capacity retention rate of 82.2% for 4000 cycles at 5 Ag� 1.

This work demonstrates that phosphate solvent with
high dipole moment can be used to design monolithic SEI to
boost long-term cycling stability. The success of this high
dipole moment solvent strategy for readily stabilizing the Zn
anode could open the way to a flexible in situ SEI design by
bringing the desired components close to the electrode

surface to facilitate redox reaction and yield a homogeneous
phosphate conversion coating layer.

Results and Discussion

Novel Zn(OTf )2-DMMP Non-Flammable Electrolyte

Solvent is important in controlling metal ion coordination
environment and electrolyte properties. A solvent with
strong solvating ability with Zn2+ has greater opportunity to
form solvent-derived SEI, and a greater desolvation barrier.
Solvents with a high dipole moment (D) generate fast
interfacial reactions for SEI formation, however decom-
posed components may not be suitable for regulating growth
of Zn dendrites and inhibiting corrosion. Therefore, the
solvent in electrolyte needs good both physical properties
and electrochemical performance.

Organic solvents that exhibit high D value reported for
ZMBs, such as AN, PC, DMF and DMSO, do not result in
phosphate interphase because of the lack of phosphorous
element. In comparison, fire-retardant phosphate solvents
including, TEP, TMP and DMMP exhibit a high dipole
moment >2.5 D, moderate dielectric constant <25, low
viscosity <2 mPa s and non-combustibility, Figure 1a (Figur-
es S1–3), together with the ability to generate phosphate
SEI. Although TEP and TMP were previously reported to
form zinc phosphates containing SEI[10b,21] for preventing Zn
anode from corrosion, DMMP is supposed to be a better
candidate because of its much higher dipole moment
(3.62D), which could possibly facilitate faster phosphating
conversion reaction than TEP and TMP solvents.

To confirm the impact of dipole moment on Zn anode
stability, the cycling performance for symmetric Zn jZn and
asymmetric Zn jCu cells were compared. For solvents with
greater D value than DMMP, Zn jZn symmetric cells with
0.5 M-Zn(OTf)2-AN, 0.5 M-Zn(OTf)2-PC, 0.5 M-Zn(OTf)2-
DMSO and 0.5 M-Zn(OTf)2-DMF electrolyte (abbreviated,
respectively, as AN, PC, DMSO and DMF electrolyte) all
exhibited less cycling stability than for 0.5 M-Zn(OTf)2-
DMMP (DMMP electrolyte), which exhibited a cycle life
over half a year, Figure 1b. For phosphate solvents, 0.5 M-
Zn(OTf)2-DMMP electrolyte exhibited excellent reversibil-
ity in Zn jCu batteries as is seen in Figures 1c–e (and
Figure S4) with a high mean CE of 99.91% following 2000
cycles at 0.1 mAcm� 2 (Figure 1c), and 99.89% following
4000 cycles at 0.5 mAcm� 2 (Figure 1d). Amongst the electro-
lytes with phosphate-based solvent, the nucleation over-
potential for Zn in DMMP electrolyte of 0.176 V evidences
its significantly low deposition barrier for Zn2+, Figure 1e.

The Zn jZn battery with DMMP electrolyte exhibited
the most stable cycle life of up to 4700 h, together with
smallest polarization potential of 160 mV of the three
phosphate-based electrolytes under current density
1 mAcm� 2 (Figure S5). This ‘good’ performance with
DMMP for Zn metal is attributed to its greater D value
compared with TEP and TMP, that boosts phosphating
conversion at the Zn metal surface and enhances Zn ion
reversibility. The protective impact of the interphase gen-
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erated from DMMP electrolyte is also evidenced by
performance of the pre-cycled and bare Zn electrodes in
0.5 M-ZnSO4-H2O electrolytes, as is shown in Figure 1f.
Without protection, the bare Zn electrode exhibits a short
cycle life of ca. 50 cycles, whilst with interphase protection,
the pre-cycled electrode exhibits a greater cycling of up to
730 cycles. Additionally, the pre-cycled Zn electrode in
DMMP maintains a significantly better cycling stability in
aqueous 0.5 M-ZnSO4-H2O electrolyte than that for pre-
cycled electrodes in AN, PC, DMMP and DMF electrolytes,
Figure 1f. The boosted cycling performance of the DMMP-
derived interphase protected Zn electrode in 0.5 M-ZnSO4-
H2O electrolyte evidences the protection of DMMP solvent
derived SEI.

Interfacial Chemistry

To establish the Zn anode passivation mechanism in Zn-
(OTF)2-DMMP, interfacial morphology and composition of
cycled Zn metal electrodes from different phosphate

solvent-based electrolytes and organic electrolytes were
determined using judiciously combined, scanning micro-
scopy (SEM), optical microscopy, focused ion beam (FIB)
and X-ray photoelectron spectroscopy (XPS).

SEM characterized images (Figure S6) showed that Zn
deposition in TEP and TMP was less even than that in
DMMP electrolyte. The cycled morphology of Zn electrodes
from high dipole moment solvent-based electrolytes, AN,
PC, DMSO and DMF, are not as uniform as for DMMP
electrolyte (Figure S7). Following 10 cycles, the Zn electro-
des cycled with TEP and TMP exhibited some ‘dead’ Zn
dendrites on the separators, as is evidenced in Figure S8.
However, DMMP resulted in a smooth stripping/plating
interface on the Zn electrode with no zinc dendrites on the
separator as is demonstrated in Figure 2a (and Figure S8).

Real-time optical microscopy findings confirmed (Fig-
ure S9) that Zn dendrites are not likely to occur in DMMP
compared with TEP and TMP electrolyte at significant large
current density 10 mAcm� 2. These microscopic differences
evidence that DMMP favours a more reversible Zn2+ ion
plating/stripping behaviour than TEP and TMP based

Figure 1. Physical property of organic solvents and electrochemical performance for Zn metal in differing organic electrolytes. (a) Comparison of
physical parameters of reported organic solvents with this work in ZMBs. (b) Cycling of Zn jZn symmetric battery in electrolyte with organic solvent
(DMMP, DMF, DMSO, PC and AN) under test current density 1 mAcm� 2. (c) CEs for Zn jCu battery with 0.5 M-Zn(OTf)2-DMMP, 0.5 M-Zn(OTf)2-
TMP and 0.5 M-Zn(OTf)2-TEP electrolyte under 0.1 mAcm� 2. (d) CE and plating/stripping profiles of Zn jCu batteries with 0.5 M-Zn(OTf)2-DMMP
at the current density of 0.5 mAcm� 2. (e) Nucleation overpotential for Zn jCu asymmetric cells under TEP, TMP and DMMP solvent-based
electrolytes. (f) Cycling performance for Zn jZn symmetric battery in 0.5 M-ZnSO4-H2O electrolyte with Zn electrodes pre-cycled in organic solvent-
based electrolyte.
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electrolytes. In-depth interfacial analyses using FIB and
XPS confirmed the advantage of DMMP solvent is because
of strong phosphating ability in forming a robust interphase
on Zn electrode during cycling. As is evidenced in Figure 2b,
the Zn electrode following plating in DMMP electrolyte
exhibited a dense Zn deposition of ca. 1 μm, underneath an
interphase consisting of Zn, P and O. This interphase
exhibits a cross-linked morphology when viewed from the
top (plan view), which is robust at the bottom under the
cross-sectional view (side elevation), as shown in Figure 2a
(and Figure S10). XPS results of Figure S11 underscore that
DMMP electrolyte results in interphase with greater
phosphate content and less fluorine than that for the other
two phosphate solvents. This is because of the reduction of
salt anions in TEP and TMP electrolyte. The peak-fitting
analyses of Figure S12 evidence that the composition of the

DMMP electrolyte derived interphase is zinc phosphate,
because of no signal for other species.

Theoretical computation and in situ Synchrotron FT-IR
findings were used to confirm the formation mechanism of
phosphating SEI. Figure 2c presents the top three stable
complexes for Zn2+ ion with one solvent molecule or anion
from model simulation. It is seen from the figure that
DMMP-Zn2+ species exhibit the greatest binding energy
amongst all phosphate solvents and OTf� anion, showing its
strong ability in occupying the inner solvation shell of Zn2+

ions.
The reduction potential computation of three different

reduction geometries in OTf� (Figure S13), TEP (Fig-
ure S14), TMP (Figure S15) and DMMP (Figure S16 and
Figure 2d) was compared. It was found that all three
reduction geometries for the DMMP� Zn complex favour

Figure 2. Interfacial characterization and decomposition mechanism for 0.5 M-Zn(OTf)2-DMMP electrolyte on Zn electrode. (a) Optical microscope
and SEM image of morphology at the Zn anode following plating/stripping for 10 cycles. (b) Focused Ion Beam Scanning Electron Microscopy
(FIB-SEM) image of cross-section of cycled Zn electrode with deposited Zn. (c) Computed binding energy for solvent-cation complexes (I to III
represent binding energy of top three stable solvent-Zn2+ complexes for each organic solvent). (d) Comparison of reduction potential for TEP,
TMP, DMMP solvent and anion complexed with Zn2+. (e) Illustration of piezo-controlled macro-ATR monitoring of interfacial area of electrode.
(f) Peak assignments of FT-IR spectra for Zn(OTf)2 powder, DMMP solvent and 0.5 M-Zn(OTf)2-DMMP electrolyte. (g) Contour plot for in situ ATR
spectra for Cu electrode during Zn2+ plating/stripping in Zn jCu battery with 0.5 M-Zn(OTf)2-DMMP electrolyte.
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greater reduction potential, evidencing a preferential de-
composition for DMMP vs. TEP and TMP that is in
agreement with reported findings.[22] The in situ Synchrotron
FT-IR detected 100 nm depth of electrolyte above the Zn
electrode surface and directly evidenced highly significant
reduction behaviour of the DMMP molecule at the discharg-
ing state, as illustrated in Figure 2e (and Figure S17).

The peaks for electrolyte components were assigned
prior to analyses as is shown in Figure 2f. During discharg-
ing/charging, the Zn electrode interface was detected with
apparent reversible changes in peak intensity as seen in
Figure 2g. When the monitored electrode was discharging,
the intensity of the peak at 1236 cm� 1,[23] which corresponds
to vibration of P=O bond from DMMP solvent, as is
identified in Figure 2f, got stronger, whilst the intensity for
the SO3 vibration for OTf� anion at 1225 cm� 1[24] became
weaker. When shifted to the charging state, the intensity of
the peaks from the electrolyte components recovered to
static status. Importantly, these in situ findings accord with
the high D value for DMMP, which supports rapid
phosphating SEI formation reaction, and suppression of
anion decomposition at the interface.

Zn(OTf )2-DMMP-H2O Hybrid Electrolyte

It is established that water molecules boost Zn intercalation/
deintercalation kinetics in cathode materials including,
V2O5. Compared with aqueous electrolyte, the organic
electrolyte has reduced kinetics under high current
density.[25] Therefore, to take advantage of the phosphating
interphase derived from DMMP solvent, and to improve the
full cell performance of the organic electrolyte, a controlled
proportion of water (molar ratio DMMP:H2O is 3 :2 (a
volume ratio 9 :1) and denoted as DMMP-H2O electrolyte)
was added to the DMMP electrolyte. To confirm whether
introduction of water will change the formation of SEI on
Zn anode, the aqueous electrolyte, organic electrolyte and
organic/aqueous hybrid DMMP-H2O electrolyte were com-
pared with the symmetric Zn jZn cell. As shown in
Figures 3a–b, (and Figure S18), the Arrhenius equation was
used to compute the activation energy for Zn2+ ions through
fitting of Nyquist plots of Zn symmetric cells at differing
temperatures. The activation energy, Ea1 and Ea2, respec-
tively, represents the transport barrier to Zn2+ ions in the
SEI, and the desolvation barrier for Zn2+ in the electrolyte
at the Zn surface.[13] For aqueous electrolyte, there is no SEI
generated, only by-products on the surface of Zn electrode,
and the desolvation energy Ea2 in 0.5 M-Zn(OTf)2-H2O
electrolyte is 48.49 kJmol� 1. The DMMP based electrolytes
all exhibit high transference numbers (Figure S19) and, the
derived interphases show good electronically insulating
property (Figure S20), which prevents Zn ions from deposit-
ing onto the interphase and leads to a zinc deposition
underneath the SEI.

In comparison, the activation energies (Ea1 and Ea2) for
organic electrolyte and hybrid electrolyte are similar in
value, evidencing that the desovaltion value and properties
of the phosphating interphases derived from these two

electrolytes are very similar. The Near Edge X-ray Absorp-
tion Spectroscopy (NEXAFS) for the Zn L-edge following
cycling confirmed that SEI compositions generated from
DMMP and hybrid DMMP-H2O electrolyte are the same
(Figure S21). Additionally, as is directly compared in Fig-
ure 3c, the desolvation energy Ea2 for organic and hybrid
electrolyte are less than for aqueous electrolyte, evidencing
that the zinc ions have more difficulty in getting desolvated
from water molecules than DMMP based electrolytes. This
is because water molecule exhibits a greater dielectric
constant of 78 compared with DMMP of 22.3, and means
the affinity between water and cation is stronger than
between DMMP and cation.

The significant desolvation energy, Ea2=48.49 kJmol� 1

for Zn ions in the 0.5 M-Zn(OTf)2-H2O electrolyte results in
‘parasitic’ water-involved side reactions on the metal sur-
face, as demonstrated (insert table) in Figures 3c–d. Follow-
ing 20 cycles, compared with the original pure Zn electrode
(Figure S22), the Zn surface was corroded and exhibited
dendrites because of the parasitic side reactions of 0.5 M-
Zn(OTf)2-H2O electrolyte with the Zn interface. After 200
cycles, the corrosion of Zn metal became highly significant,
with some areas exhibiting depletion, and large dendrites. In
comparison, with organic DMMP and hybrid DMMP-H2O
electrolyte, the cycled Zn electrode for 20 and 200 cycles did
not exhibit apparent depletion or dendrites, Figures 3e–f.
MD simulation findings for DMMP-H2O electrolyte (Fig-
ure S23) confirmed that introduction of water into the
solvent maintained a DMMP dominated solvation structure,
as evidenced by the radial distribution of electrolyte
component around Zn2+ ion.

It is concluded therefore that the hybrid DMMP-H2O
electrolyte utilizes DMMP solvent in phosphating conver-
sion and boosts Zn electrode stability. Additionally, the
water increases wettability of the electrolyte to the metal
anode, and promotes a uniform ion transportation (Fig-
ure S24). The aqueous 0.5 M-Zn(OTf)2-H2O electrolyte
causes highly significant corrosion and dendrite growth on
the Zn electrode surface, because of formation of hydrate
by products and competitive H2 evolution, Figure 3g. In
addition to benefiting from the phosphating passivation of
the high D solvent, DMMP based organic or hybrid electro-
lyte (Figure 3h–i), suppresses dendrite formation on the Zn
surface and promotes highly reversible zinc ion diffusion.

Monolithic Phosphate SEI on Zn Anode

The SEI in DMMP electrolyte exhibits a high ratio of
phosphorous from DMMP, which can be identified as zinc
phosphates (Figure S11). Similar SEI was evidenced with
DMMP-H2O hybrid electrolyte, as confirmed via cryo-
scanning transmission electron microscopy (cryo-STEM)
and XPS findings, Figure 4. The passivated interphase
formed under the hybrid electrolyte on the Zn metal anode
exhibits a similar, dense cross-section morphology (Fig-
ure S25) with that formed in DMMP electrolyte (Figure S9).
To obtain a controlled thickness of SEI to observe lattice
structure under high-energy electrons in cryo-STEM, the
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FIB was applied to cut the sample into a lamella, Figure S26.
The prepared thin lamella sample, Figure 4a, exhibits a clear
boundary between SEI and zinc substrate, with the protec-
tive carbon-layer that was coated during sample preparation
seen on the top of robust SEI.

The enlarged area of SEI in Figure 4b has a homoge-
neous monolithic structure, with thickness ca. 300 nm. The
Energy Dispersive Spectroscopy (EDS) and mapping of
Figure 4c (and Figure S27) evidence that the SEI contains
only Zn, P and O, underscoring the uniform composition of
this interphase. This finding is in contrast with reported
mosaic- or multilayer-type SEI derived from decompositions
of both the solvent and salt anion.

Seen under STEM high-resolution mode, the lattice
structure of the interphase is evident, Figure 4d (and Fig-

ure S28). This confirms that Zn, P and O formed both
crystalized and amorphous phases. As shown in the marked
crystalized area i, the lattice fringes are identified as the
(020) and (220) planes from Zn3(PO4)2. In addition,
crystalized phase zinc metaphosphate (ZnP2O6) was identi-
fied in the marked area ii, and the amorphous area is
possibly mixed compounds of the two zinc phosphates. This
combination of homogeneous crystalized and amorphous
phases has good adhesion to the Zn metal substrate, as has
been reported for phosphate bath coating in steel.[26] With
the full XPS results before etching shown in Figure S29, the
etching of the P2p and O1s spectra in Figures 4e–f confirm
the homogeneous and monolithic form of SEI composition,
and with increase in etching time, the atomic ratio of the
zinc phosphates reduced accordingly.

Figure 3. Physical property of interface formed under aqueous, organic and hybrid, electrolyte. (a,b) Arrhenius plots for Zn jZn symmetric cells at
temperature, where blue-colour, red and black lines represents, respectively, battery with 0.5 M-Zn(OTf)2-DMMP, 0.5 M-Zn(OTf)2-DMMP-H2O
hybrid and aqueous 0.5 M-Zn(OTf)2-H2O electrolyte. Zn jZn cells using different electrolyte were pre-cycled for 20 cycles at 1 mAcm� 2 with an areal
capacity of 1 mAh cm� 2. Activation energy Ea1 for transport of Zn

2+ in interphase on Zn surface was computed from R1 (in equivalent circuit),
which arises from impedance of interfacial film in high-middle frequency. Activation energy Ea2, for desolvation barrier for Zn2+ in electrolyte, from
R2, which arises from charge-transfer. (c) Comparison of activation energy Ea1 and Ea2 with different electrolyte, with insert showing depletion ratio
of Zn electrodes was computed from symmetric battery for 100 and 200 cycles. Cross-section view of Zn electrode following different cycles in (d)
aqueous 0.5 M-Zn(OTf)2-H2O, (e) organic 0.5 M-Zn(OTf)2-DMMP, and (f) hybrid 0.5 M-Zn(OTf)2-DMMP-H2O, electrolyte. Illustration of interfacial
reactions on Zn with (g) aqueous 0.5 M-Zn(OTf)2-H2O, (h) organic 0.5 M-Zn(OTf)2-DMMP and (i) 0.5 M-Zn(OTf)2-DMMP-H2O, electrolyte.
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Based on the monolithic composition of the SEI formed
in DMMP-H2O electrolyte, it is hypothesized that DMMP
solvent undergoes a simple phosphating conversion reaction,
as is illustrated in Figure 4g. During decomposition of
DMMP, the zinc phosphates are coated on the Zn electrode,
whilst ether compounds[27] are released into the electrolyte.
The phosphating SEI readily transports Zn2+ because of
high ionic conductivity of zinc phosphates. The multicompo-
nent nature of the monolithic SEI of crystalized and
amorphous phosphates provides channels such as vacancies,
interstitials, and grain boundaries for rapid Zn2+ transport.

Electrochemical Performance in Half and Full Cells

The protective impact of the phosphating SEI in hybrid
DMMP-H2O electrolyte was determined through a compar-
ison of corrosion (Figure 5a and Figure S30) of the electro-
lytes on Zn metal and from electrochemical performance in
Figures 5b–d. DMMP-H2O electrolyte exhibited a greater
corrosion potential of � 939.808 mV compared with
� 964.303 mV in 0.5 M-Zn(OTf)2-H2O electrolyte, evidenc-
ing reduced tendency to Zn corrosion. The corrosion
potential for DMMP-H2O to Zn metal is close to that in
DMMP electrolyte of � 939.2 mV, demonstrating the pro-
tecting ability of the interphase under water. Additionally,

Figure 4. Identification of SEI compositions from hybrid 0.5 M-Zn(OTf)2-DMMP-H2O electrolyte. (a) SEM-FIB image of SEI formed on Zn substrate
prepared in lamella under protection of C-layer. (b, c) Cryo-TEM images of SEI area in the lamella sample. (d) HR-STEM image of SEI area from
lamella sample with corresponding lattices from representative three areas (i–iii). (e) XPS spectra for P2p and O1s elements from cycled Zn anode
surface with accumulation of etching time. (f) Computed atomic ratio for elements derived from XPS data with increase of etching time.
(g) Schematic for possible interfacial reaction pathway under hybrid 0.5 M-Zn(OTf)2-DMMP-H2O electrolyte.
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DMMP-H2O electrolyte exhibits good interfacial compati-
bility and increases the electrochemical stability window for
aqueous electrolyte from 2.5 to 3.3 V, as seen in Figure 5b.
A Zn jCu cell using DMMP-H2O electrolyte exhibited a
high CE of 99.5% for 1000 cycles with a low polarization of
0.85 V, Figure 5c (and Figure S31). In comparison, a cell
with 0.5 M-Zn(OTf)2-H2O electrolyte exhibited reversible
cycling for <80 cycles and a low average CE of 92%. The
symmetric cell with the as-designed hybrid electrolyte
exhibited a long cycling of 2000 cycles and low over-
potential of 150 mV, Figure 5d. This performance of the half
cell evidences the protecting ability of the DMMP solvent
passivated interphase, and importance for highly reversible
Zn metal.

To demonstrate practicality of the DMMP-based electro-
lyte, full cell performances were determined via Prussian
blue, KV3O8 and V2O5 as cathode. For pure, organic DMMP
electrolyte, the choice of cathode is important because many

materials require water to boost reaction. V2O5 as cathode
cannot exhibit high capacity with pure, organic DMMP
electrolyte, however (classic) Prussian blue exhibited a
reversible capacity of >40 mAg� 1 for >200 cycle (Fig-
ure S32). The addition of water in DMMP to synthesize
DMMP-H2O hybrid electrolyte improves ionic conductivity
from 3 to 4.9 mScm� 1 and boosts reaction of Zn2+ ions with
vanadium oxide cathode. DMMP-H2O electrolyte works
with KV3O8 cathode material, to maintain a highly reversible
rate capacity (Figure S33 and S34). DMMP-H2O electrolyte
enables a V2O5 cathode to exhibit stable rate, Figure 5e, and
cycling performance under both low and high current
densities, Figure 5f (and Figure S35). As is shown in Fig-
ure 5e, superior rate capability under low current rate from
100 to 500 mAg� 1 is exhibited in the as-designed hybrid
electrolyte, with a specific capacity of 204.3 mAhg� 1 at
500 mAg� 1. Under 5 Ag� 1, the V2O5 jZn full battery with
DMMP-H2O electrolyte exhibits a high capacity retention of

Figure 5. Electrochemical performance for hybrid 0.5 M-Zn(OTf)2-DMMP-H2O electrolyte. (a) Linear polarization curve on bare Zn showing
corrosion under aqueous 0.5 M-Zn(OTf)2-H2O and hybrid 0.5 M-Zn(Otf)2-DMMP-H2O, electrolyte. (b) Electrolyte stability window for baseline
aqueous electrolyte and designed hybrid electrolyte with linear sweep voltammetry (LSV) scanning, where HER and OER properties were analysed
using Ti as working and counter electrode against an Ag/AgCl reference electrode. (c) CE for baseline aqueous and designed hybrid, electrolyte at
current density 1 mAcm� 2 in Zn jCu battery. (d) Long-term cycling performance for Zn jZn symmetric battery under designed and baseline
electrolyte. (e) Rate and (f) cycling performance for V2O5 jZn full cells with H2O and DMMP-H2O electrolyte. (g) Cycling curve for V2O5 jZn full
pouch cell under current density 100 mAg� 1 with designed DMMP-H2O electrolyte.
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82.2% following 4000 charge/discharge cycles, significantly
higher than that with the H2O electrolyte, which exhibited
rapid capacity decay following 500 cycles. The ‘slight’
capacity loss under DMMP-H2O electrolyte is likely because
of dissolution of V2O5 in water. Significantly, the pouch cell
V2O5 jZn with DMMP-H2O worked for 100 cycles and with
an energy density of 51.52 Whkg� 1, and high V2O5 loading
mass of 15.96 mgcm� 2, Figure 5g.

Conclusion

We introduce a high dipole moment solvent DMMP with
the predominated reduction property as a strong SEI
resource for zinc metal anode in both the organic (DMMP)
and hybrid (molar ratio of DMMP:H2O=3 :2) electrolytes
via the fast conversion of DMMP into homogeneous and
dense phosphate compounds. The in situ occurred phosphat-
ing conversion coating on zinc anode from this DMMP
solvent forms a monolithic SEI, consisting of only inorganic
phosphate phases (Zn3(PO4)2 and ZnP2O6). This SEI is
different from the previous reports on Zn anode that
normally have over two different species enriched in certain
area, and instead, it exhibits a uniform and robust structure
that permits Zn2+ diffusion through phosphates and the
boundary between the phosphates. As a result, this SEI
inhibits dendrites growth and reduce zinc corrosion. The
protecting impact of the SEI from phosphating reaction on
the Zn metal anode is evidenced by the finding that Zn jZn
cells with DMMP based electrolytes exhibited long-term
cycling stability of 4700 h and a high Zn2+ plating/stripping
reversibility in Zn jCu cells with CE=99.89% at
0.5 mAcm� 2. Additionally, a full V2O5 jZn cell with the
DMMP-H2O hybrid electrolyte exhibited a high capacity
retention of 82.2% after 4000 cycles under 5 Ag� 1. These
results showcase advantages of a monolithic interphase, and
reveal an effective strategy to construct monolithic inter-
phase by utilizing phosphate solvent with high dipole
moment to realize phosphating dominated reactions. Our
findings and understanding of this monolithic interphase in
associated electrolytes will be of benefit in practical SEI
design for highly reversible and stable metal anode in metal
ion batteries.
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