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Ultrahigh-rate and ultralong-life aqueous batteries
enabled by special pair-dancing proton transfer

Lulu Wang, Jie Yan, Yuexian Hong, Zhihao Yu, Jitao Chen*, Junrong Zheng*

The design of Faradaic battery electrodes with high rate capability and long cycle life comparable to those of
supercapacitors is a grand challenge. Here, we bridge this performance gap by taking advantage of a unique
ultrafast proton conduction mechanism in vanadium oxide electrode, developing an aqueous battery with un-
trahigh rate capability up to 1000 C (400 A g~ ') and extremely long life of 0.2 million cycles. The mechanism is
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elucidated by comprehensive experimental and theoretical results. Instead of slow individual Zn** transfer or
Grotthuss chain transfer of confined H*, the ultrafast kinetics and excellent cyclic stability are enabled by rapid
3D proton transfer in vanadium oxide via the special pair dance switching between Eigen and Zundel config-
urations with little constraint and low energy barriers. This work provides insight into developing high-power
and long-life electrochemical energy storage devices with nonmetal ion transfer through special pair dance top-

ochemistry dictated by hydrogen bond.

INTRODUCTION
Batteries offer high energy density but lack high power density and
long cycle life of supercapacitors (I). There is a growing demand for
rapid energy storage (high power) without compromising energy
density. However, increasing the power density and cycle life of
battery electrodes remains a grand challenge (2, 3). The charge
storage mechanisms of Faradaic electrodes dictate their rate capabil-
ity to be dependent on the choice of ion charge carriers (2, 4). State-
of-the-art electrochemical energy storage devices are focused on
metal ions (e.g., Li*, Na*, and Mg”") shuttling charges (5-8),
where the ion-electrode interaction is purely ionic and very
strong, and the metal ions must individually diffuse distances
much longer than their sizes, leading to sluggish kinetics. On the
other hand, the smallest nonmetal cation, H", of which the mobility
in water is at least 4.5 times larger than any other cations, can
notably facilitate the charge/discharge rate of metal-organic frame-
works (9, 10) and organic compound electrodes (11, 12). However,
proton batteries require corrosive acidic electrolytes, and their cycle
life drops more than two orders of magnitudes in full batteries when
combined with solid-state anodes (10, 13). In mild electrolytes,
proton (de)insertion [with or without metal cation co-(de)inser-
tion] can also occur in inorganic cathodes, e.g., MnO,, MoOs3,
and V,0,, but the power densities and cycle stability of these batte-
ries are limited by unidirectional confined proton transfer mecha-
nism (14-20), e.g., the Grotthuss chain-like transfer, which are far
from the practical demands (10 kW kg™ versus 100 kW kg™", 1000
cycles versus 10,000 cycles). It remains unanswered why the proton
transfer is confined and much slower than expected inside these in-
organic electrodes, and whether it is feasible to fully use the intrinsic
mobility of proton to increase the power density and cycle stability
of batteries to be comparable to those of supercapacitors.

More than 200 years ago, Grotthuss suggested a chain mecha-
nism for shuttling hydrogen atoms (21). As displayed in Fig. 1A,
the mechanism was revived as for proton mobility when ions and
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protons were discovered, where a proton bridging two water mole-
cules switches its partner from one molecule to the other, kicking
away one hydrogen from its adopted molecule and triggering a
chain of similar displacements (22, 23). Recent theoretical studies
(24-27), however, suggest that the molecular mechanism of
proton transfer is far beyond the simplified chain transfer. As dis-
played in Fig. 1 (B and C), it is a hierarchical process of multiple
steps and multiple time scales, involving partner exchange, selec-
tion, rattling, and settling into a new Eigen configuration. The acti-
vation enthalpy for proton transfer is concealed in the selection step
that allows the distorted Zundel intermediate to form. The special
pair dance mechanism randomizes the proton hopping direction,
which renders a three-dimensional (3D) diffusive proton transfer
behavior, thus reducing constraints on proton transfer and lowering
the energy barrier. Accordingly, maintaining this unique transfer
mechanism is crucial for proton to retain its intrinsic mobility in
cathode as to improve the electrochemical kinetics of the faradaic
battery electrodes.

In many inorganic cathode materials, the spacing in the lattice is
too small to contain sufficient water molecules to solvate proton,
which greatly limits the proton-water partner exchange and selec-
tion processes. Therefore, the unique special pair dance mechanism
hardly works in these electrode materials. In addition, the dynamics
of the solvent water molecules, according to ultrafast infrared mea-
surements and theory (28-30), are notably slowed down in such a
small confined volume. Both insufficient solvation and slow dy-
namics of confined water molecules would lead to sluggish
proton transfer kinetics in the cathodes where proton (de)insertions
were reported to play roles (31, 32).

In light of the importance of solvation structure and dynamics of
proton for its transfer kinetics, we design a layered hydrated vana-
dium oxide cathode material containing abundant lattice water to
allow a hierarchical and multidirectional concerted cleavage and
formation of hydrogen bond (HB) to rapidly shuttle H" via the
special pair dance mechanism. Although there are no precedent ex-
amples that such a unique mechanism could occur in vanadium
oxide cathode, molecular dynamic simulations and nudged elastic
band calculations strongly suggest its occurrence in our vanadium
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Fig. 1. Structural characterizations of NZVO. (A) Schematic representation of the Grotthuss chain transport mechanism, in which proton conduction is operated by
rearranging HBs along a water chain (oxygens in red and hydrogens in white). (B) Schematic depiction of the “special pair dance” occurring in the first solvation shell of
hydronium in its “resting state” (during the long trajectory segments of no-proton transfer). (C) Schematic depiction of the “selection phase” leading into the transitional
Zundel structure (Hs0,") of the proton mobility mechanism. (D) XRD patterns of NZVO electrode and wet NZVO electrode immersed in an aqueous electrolyte. (E) TGA
and derivative thermogravimetry (DTG) curves of 70% NZVO/24% conductive carbon/6% CMC + SBR mixture under nitrogen atmosphere at a heat ramp of 10°C/min. (F)
Nyquist plots obtained from potentiostatic EIS of a symmetric cell using two identical NZVO electrodes at a state of charge (SOC) 0%. (G) High-resolution O 1s region of the
XPS spectra of NZVO electrode. (H) Calculated water orientationsina 2 x 1 x 1 supercell of NZVO. (I) Orientations and connections of hydrogen-bonded water molecules

in 2 x 2 x 1 supercell of NZVO, where the framework is omitted for clarity.

oxide material, which remarkably improves the charge transfer ki-
netics and consequently tunes the ratio of H/Zn*" as charge shut-
tles dependent on the charge/discharge rate. As a result, the battery
with this vanadium oxide cathode owns both high energy density of
metal ion batteries and high power density and long cycle life of
supercapacitors, and reaches a combination of an ultralong cycle
life and a high power density: a cycle life of 0.2 million cycles at
500 C (200 A g™, 80 mA cm™?) with a power density of 162 kW
kg™" at an energy density of 103.6 Wh kg™" (based on the mass of
cathode active material only).

RESULTS

Characterization of 3D NZVO network cathode

NZVO (Nag 1,Zng,5V,05:2.5H,0) was obtained by in situ electro-
chemical activation (fig. S1) of electrodeposited NVO

Wang et al., Sci. Adv. 9, eadf4589 (2023) 5 May 2023

(Nay»7V,05-1.53H,0) (fig. S2) in coin cells using a Zn foil anode,
a3 M Zn(CF;S03), electrolyte, and a glass fiber separator. In detail,
the cell is galvanostatically cycled at a low rate of 0.2 A g ', and the
specific capacity increases continuously, reaching 436 mA-hour g~
after three cycles (fig. S1A). The initial cyclic voltammetry (CV)
curve of the battery slightly differs from the subsequent ones, indi-
cating the gradual electrochemical activation of NVO. The induc-
tively coupled plasma—optical emission spectroscopy (ICP-OES)
analysis of the electrodes shows that several preintercalated
sodium ions were replaced by zinc ions after three cycles. The
(001) peak of NVO at 8.02° (fig. S3A) shifts to 6.94° (Fig. 1D)
after three cycles, indicating that the corresponding (001) interlayer
space increases from 11.0 A (fig. S3B) to 12.7 A. The (001) peak of
NZVO shifts from 6.94° to 7.74° upon drying at room temperature,
and the (001) interlayer space decreases to 11.4 A (fig. S4) due to the
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loss of partial interlayer free water, leading to the formation of dry-
NZVO. Moreover, the loss and gain of partial interlayer free
water of NZVO at room temperature are reversible. The stoichio-
metric formula of NVO and dry-NZVO is determined to be
Nay,7,V,05:1.53H,0 and Nag ;,Zn,5V,05-2.2H,0 by combining
ICP-OES (table S1) and thermogravimetric analysis (TGA)
studies (Fig. 1E and fig. S5). Specifically, ~1.0% weight loss up to
42°C can be attributed to the absorbed water (Fig. 1E). Additional
weight loss of 5.1% appears from 42° to 190°C, primarily due to the
loss of interlayer free water. The weight loss of 11.2% corresponds to
the loss of interlayer ligand water (~6.5%) (~292.9°C) and decom-
position of the carboxymethylcellulose (CMC)/styrene-butadiene
rubber (SBR) (~4.7%). On the basis of the above analysis, there
are ~7 free water molecules and ~10 ligand water molecules in
each unit cell of dry-NZVO (1Na2Zn16V400-17H,0). The hydra-
tion degree of the NZVO electrode can be controlled by keeping the
same electrodeposition condition of NVO and charge/discharge
current density during electrochemical activation condition of
NVO, thus assuring consistent performance.

The scanning electron microscopy (SEM) image of NZVO (fig.
S6) displays a 3D network morphology composed of interconnected
nanobelts with high porosity. Transmission electron microscopy
(TEM) images (fig. S7) also confirm the interconnected network ar-
chitecture, in which NZVO nanobelts have a width about 35 nm.
The N, adsorption/desorption isotherm of NZVO (fig. S8) presents
a typical type intravenous curve with an H3 hysteresis, suggesting
the formation of mesoporous structure. The Brunauer-Emmett-
Teller-specific surface area reaches 91.6 m* g~', which is much
larger than previously reported cathodes of zinc-ion batteries
(Z1Bs) (14, 33). Moreover, the compaction density of NZVO in-
creases with the pressure, reaching ~2.62 g cm ™ under the pressure
of 200 MPa (fig. S9). To reveal the effect of structural features on the
charge transport kinetics, we used electrochemical impedance spec-
troscopy (EIS) measurements of two identical electrodes in a sym-
metric cell configuration. As shown in Fig. 1F, Nyquist plot of two
electrodes exhibits similar 45° slopes in the frequency region
between ~1 and 100 Hz and quasi-vertical lines at low frequency
(<1 Hz), indicating a nonfaradaic process in porous electrodes val-
idated by the transmission line model (TLM) (34, 35). The projec-
tion of the 45° slope to the real axis is defined as R;,,,/3, reflecting the
ionic resistance inside a porous electrode and the rate capability of a
porous electrode (35). The low ionic resistance (R;,,) value (1.8 ohm
cm?) of 3D porous NZVO electrodes suggests that the ion transport
kinetics can be improved by introducing pores in the electrode (36).
The large pores serve as ion transport shortcuts in the hierarchical
structure and greatly improve ion access to the NZVO surface, fa-
cilitating rapid ion transport throughout the entire electrode. In ad-
dition, the porous NZVO offers abundant contact interfaces with
conductive agents, reducing the electronic resistance. In short, the
porous morphology produces interpenetrating both electron and
ion transport paths, favoring fast electrochemical kinetics. As
shown in Fig. 1G, the O 1s x-ray photoelectron spectroscopy
(XPS) region of NZVO is deconvoluted to three components at
530.1, 531.6, and 532.6 eV. The peaks at 530.1 eV can be attributed
to VOx, whereas the high-energy O 1s peaks at 531.6 and 532.6 eV
correspond to the ligand water and free water (37), respectively,
consistent with the TGA result.

To further obtain the NZVO crystalline structure with the HB
network mediating proton conduction, density functional theory
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(DFT) calculations were performed on the basis of structural char-
acterization including x-ray diffraction (XRD), TGA, and XPS
results. The characteristic diffraction peaks of NZVO can be well
indexed to a layered Zng,5V,05nH,0 phase, where a double-
sheet type 2D V,Os5 layers are pinned by indigenous Zn** and
lattice water stack along the ¢ axis and extend infinitely in the a-b
plane. There are ~10 ligand water molecules in each unit cell of
NZVO, but the amount of free water cannot be obtained by TGA
analysis. Thus, we optimized the wet NZVO structure by DFT cal-
culations to determine the amount of interlayer free water based on
the interlayer distance. Calculations were carried out usinga 2 x 1 x
1 supercell. The interlayer distance of NZVO gradually increases
with the amount of interlayer free water, reaching ~1.27 nm with
10 free water molecules. As shown in Fig. 1H, the optimal
amount of interlayer water molecules is 20 (10 free water and 10
ligand water molecules) in each unit cell of wet NZVO
(INa2Zn16V400-20H,0), in which water molecules randomly dis-
tribute. DFT calculations were further conducted to screen the en-
ergetically favorable configuration for collections of water
molecules confined in the V,0Os5 layers. After relaxation, the free
water and ligand water jointly constitute an HB network (Fig. 1I).
Since Na' and Zn>" have different crystallographic positions,
various models of NZVO with different arrangements of Na" and
Zn** are considered (fig. S10). The model with the lowest total
energy (Fig. 1H) corresponds to the most stable structure of
NZVO. The calculated results demonstrate a typical layered struc-
ture assigned to the triclinic system (table S2). The interlayer free
water, ligand water (about two layers of water), and two layers of
terminal O coordinated with V cooperatively constitute a 3D inter-
connected and dense HB network in the interlayer of NZVO, which
is ~0.67 nm in height (along the c axis) and extends infinitely in the
2D a-b plane (Fig. 1I). The 3D contiguous and populous HB
network offers indispensable solvation environment for proton,
which allows a hierarchical and multidirectional concerted cleavage
and formation of HB to rapidly shuttle H" via the special pair dance
mechanism switching between Eigen and Zundel configurations
with little constraint and low energy barriers. The ligand water
strongly bound to Zn*" or Na" acts in concert with Zn>" or Na*
to serve as pillars of the host framework, which plays a crucial
role in stabilizing the HB network and avoiding structural stress
and failure, hence ensuring the long-term cycle stability. The free
water with high freedom can rapidly make orientation adjustments
to reconstruct HB network orientations and configurations for fast
proton conduction.

Proton conduction for fast electrochemical kinetics
Scanning TEM (STEM)—-energy-dispersive spectroscopy (EDS)
(figs. S11 and S12), ex situ XRD (fig. S13), ICP-OES (table S3),
and XPS (fig.S14) analyses of NZVO electrode at selected states ver-
ified the reversible Zn**/H* (de)intercalation. Moreover, STEM-
EDS and ICP-OES analyses of fully discharged NZVO electrode
at various rates (fig. S12 and table S3) and the electron transfer
number during redox reaction reveal that H" insertion becomes
more predominant with the increasing charge/discharge rate,
almost reaching 100% at 200 A g~" (Fig. 2A). The wider gap in con-
tribution to capacity between H* and Zn®" at a higher rate results
from their distinctly different transport manners where H" is much
more mobile.
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Fig. 2. Proton conduction for fast electrochemical kinetics. (A) Capacity contribution of H* and Zn?* insertion as a function of charge/discharge rate. (B) EIS analyses of

NVO at various temperatures and 100% humidity. Inset is the equivalent circuit. Ry and Rgain represent the resistance of the bulk powder and their grain boundaries,
respectively. The larger grain boundary resistance may result from the nanosized particles of NVO. (C) Plot of In(oT) versus 1000/T for NVO with various water content. (D)
Rate performance comparison of NZVO electrode in 3 M Zn(CF5503), aqueous and ACN electrolytes. (E) Rate performance comparison between NZVO and calcinated-
NZVO electrode in 3 M Zn(CF350s), aqueous electrolyte. (F) Comparison of Zn?* and H* intercalation energy for NZVO electrode.

To understand the underlying mechanism for this fast H' trans-
port kinetics, the proton conductivity of the NVO powder was mea-
sured as a function of temperature. As shown in Fig. 2B, the proton
conductivity of NVO is 4.0 x 107 S cm™" at 298 K and 100% hu-
midity and increases at a higher temperature. By plotting In (oT)
versus 1/T, the activation energy (E,) for the proton transport
through NVO was calculated to be 0.29 eV (Fig. 2C), suggesting a
fast proton conduction (E, < 0.4 eV) (38, 39). Furthermore, the E,
value increases as the interlayer water content decreases (Fig. 2C
and figs. S15 and S16), indicating that interlayer water of the
NVO electrode is the vital medium for H' transport.

To evaluate the role of proton conduction mechanism in facili-
tating electrochemical kinetics of Zn/NZVO battery, the rate capa-
bility of the battery was tested under two different conditions where
the proton transfer topochemistry is inviable. The proton conduc-
tion is unavailable to the electrode when only Zn*" acts as charge
carrier in acetonitrile (ACN) electrolyte, and the battery exhibits a
much worse rate performance compared with the aqueous electro-
lyte (Fig. 2D and fig. S17). Moreover, the V 2p signal of XPS spectra
in 3 M Zn(CF;S03), ACN electrolyte (fig. S18) shows that fewer V
components are reduced with only Zn>" insertion compared to that
in 3 M Zn(CF;S03), aqueous electrolyte. Another approach to elim-
inate proton conduction is to interrupt the HB network and remove
the contiguous medium for proton displacement inside the elec-
trode by removing the interlayer water of the NVO electrode. The
calcinated-NVO [4.7 weight % (wt %) H,O] owns similar crystal

Wang et al., Sci. Adv. 9, eadf4589 (2023) 5 May 2023

structure as NVO (12.8 wt % H,0) but much fewer ligand water
molecules (fig. S15). As expected, the calcinated-NVO exhibits in-
ferior rate capability and (de)insertion kinetics than the NVO elec-
trode in the same aqueous electrolyte (Fig. 2E and fig. S19). The
above control studies demonstrate the fact that abundant lattice
water in the electrode and aqueous electrolyte is the indispensable
prerequisite for proton conduction, and the proton conduction
notably promotes the rate performance of the battery, thus high-
lighting the correlation between the special fast proton transfer
mechanism and high rate capability of proton storage in NZVO.
The Zn** and H" intercalation energy for NZVO electrode was
also compared in terms of thermodynamics. The calculated H" in-
tercalation energy (—5.85 eV) is lower than that of Zn*" intercala-
tion (—5.12 eV), confirming the thermodynamically preferable H"
intercalation into NZVO (Fig. 2F). In addition to different charge
transport manners, the nature of the guest-host interaction is differ-
ent. Inserted Zn*" interacts directly with the V,Os host. In contrast,
there is strong HB between the H" ions and the V,05 host and in-
terlayer water, which would lower the Gibbs free energy of the total
ion-electrode system.

Proton transfer via special pair dance mechanism in NZVO

The comprehensive experimental results strongly suggest a special
fast proton transfer mechanism other than the Grotthuss chain
transfer in this system. To probe the proton transfer mechanism
and dynamics in the (001) interlayer of NZVO in detail, the first-
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principles molecular dynamics (FPMD) simulations were per-
formed in canonical ensemble (NVT) at 300 K for about 16 ps.
Since ~10 protons can be stored in each wet NZVO unit cell
(1Na2Zn16V400-20H,0) at 200 A g_l, three protons were ran-
domly inserted into the (001) interlayer of each NZVO unit cell
to simulate an early stage of the discharge process. By monitoring
the FPMD trajectories, we found VO-water and in-water proton
transfer events in (001) interlayers during the simulation time
scale. The typical snapshots of this proton transfer are shown in
fig. S20. The frequency of in-water proton transfer (86%) is much
higher than the VO-water proton transfer (14%) by counting the
proton transfer events occurring along the trajectory (Fig. 3A).

To investigate how proton transfer in (001) interlayer water is
different from that in bulk water, the behavior of hydronium in
the periods between proton transfer events was characterized. We

define the O atom in the hydronium as Oy, the closet O atom in
the first solvation shell as O,,, and the other two as O,, and O,
according to their increasing distance from the hydronium
(Fig. 3B) (25). We can monitor the variation in identity of Oy,
O1y Oy, and Oy as a function of time. Figure 3C and fig. S21A
displays how the identity of Og and Oy, varies during a typical tra-
jectory segment of 0.3 ps. During these “short” segments, the fluc-
tuations between the same two values reflect the rapid Oy and Oy,
identity interchange, resulting from the proton rapid movement
between Oy and O,,. In this case, the Oy,-H and O,,-H bond
lengths are close (Fig. 3D and fig. S21B). During the “long” seg-
ments, Oy maintains its value, while O, fluctuates among three
values, that is, the three water ligands in the first solvation shell of
the hydronium. The Oy-H bond is much shorter than the O,,-H
bond. From the above discussion, it is speculated that the
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Fig. 3. FPMD simulations of proton transfer in NZVO. (A) Frequency of VO-water and in-water proton transfer events. (B) Typical solvation structure of hydronium,
H30%, in hydrated NZVO. (C) Time dependence of the identity of the hydronium oxygen atom, O,, and its nearest neighbor oxygen, Oy,. (Oa, Og, Oc, and Op, represent
different water or VO oxygen atoms.) (D) O-H bond lengths from trajectory segments during a typical proton transfer event. (E) Two RDFs as calculated from the complete
time sequence of several simulation algorithms. (F) Average number of different special partners, O,,, as a function of the nontransfer interval length. (G) Average rate of
exchanging the 1x partner. (H) Schematic depiction of the “special pair dance” occurring in NZVO. (I) Total and decomposed MSD of the O, atom.
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hydronium has the transition structure of “the Zundel cation”
[Hs0," or H;0"O(V)], whereby the O, and O,, atoms share the
proton during the short segments, whereas the “long” segments cor-
respond to the distorted Eigen state of the hydronium {H;O"[3H,.
O] or H;0"[2H,010(V)]}, whereby the identity of O, remains
constant and the identity of special partner (O,,) interchanges
rapidly among the three first-shell water ligands via special pair
dance of three O; atoms (40). The radial distribution function
(RDF), g(r), centered on the first-shell oxygen atoms was calculated
to validate whether the structure of the solvated proton is a distorted
Eigen cation. As shown in Fig. 3E, go(r) (the RDF for the hydroni-
um) and g; () (the RDF for nearest neighbor) exhibit obviously dis-
tinct solvation structures. go(r) owns a single broad peak, while
g1x(r) has one peak at 2.44 A due to the HB with O, and another
peak at 2.68 A arising from HBs with O,, in the second shell.
Thereby, the hydronium structure in the (001) interlayer is an asym-
metric Eigen cation centered on O, that forms short HB with O,
via special pair.

Moreover, the distorted Eigen cation is not static. Instead, the
identity of O;, constantly changes. To verify the partner switch stat-
istically, we examine the average number of different 1x partners as
a function of time where the most hydronium-like oxygen does not
change. There is only one special partner (O,) and a zero exchange
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rate for short segments (Fig. 3, F and G), which are thus dominated
by the tight Zundel complexes. With the increasing time in which
the proton resides on a single water molecule, the number of part-
ners increases to three and the exchange rate increases to about one
per 50 fs, indicative of an Eigen complex where the special partner
switches dynamically.

In summary, the proton transfer in NZVO follows the Eigen-
Zundel-Eigen mechanism as in the bulk water via the special pair
dance (Fig. 3H and movie S1). The special pair dance rapidly ran-
domizes the proton hopping direction, making the proton transfer
of interlayer-confined water a random walk-diffusive process, rather
than a coherent transfer over a chain of water molecules as Grot-
thuss proposed.

Since the key for proton transfer is the variation of the Oy iden-
tity (Fig. 3H), we calculated the mean square displacement (MSD)
of the Oy atoms and further decomposed MSD in the x, y, and z axis
to further track the proton motion in the interlayer. In the case of
interlayer water and bulk water (Fig. 3I), MSDs both distribute uni-
formly in the three directions. In other words, the proton transfer is
3D-like. The simulated diffusion coefficients (D) from MSD for
protons in the (001) interlayer is 2.5 x 107° m? s~} (fig. S22), at
the same order of the experimental value (9.31x 107° m*s™Y) in
bulk water (40).
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Fig. 4. DFT calculations of proton migration pathway. (A to C) Configurations of the protonated NZVO structure at different selected transition stages and (D) the
relative energy of different transition stages during the proton transport process from free water to the neighboring ligand water and then to the next free water. (E to G)
Configurations of the protonated NZVO structure at different selected transition stages and (H) the relative energy of different transition stages during the proton trans-
port process among free waters. (I to K) Configurations of the protonated NZVO structure at different selected transition stages and (L) the relative energy of different
transition stages during the proton transport process from VO to free waters (the blue arrows in stage 1 represent the proton migration pathway).
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Proton transfer path and corresponding energy barrier

The energy barriers of the proton transfer were further calculated.
We first determine the energetically favorable H* binding site by
DFT calculations. The inserted H" in NZVO can bind with interlay-
er water to form hydronium-H;0™" and other forms (21, 41, 42). The
energetics of proton binding on free water and ligand water were
compared by DFT calculations to identify which one is the more
energetically favorable binding site. We chose the smallest unit
cell with the lowest energy as the starting compound. The VOx
framework is omitted, and only water molecules are displayed for
better visualization. We first modeled the protonated NZVO with
a ligand hydronium, where the inserted H" is highlighted in blue
(fig. S23). After relaxation, the inserted H' migrates to a free
water site, suggesting the lower energy of the free water site for
H" binding than ligand water site. We also computed a protonated
NZVO with a free hydronium, which still remains the free hydroni-
um configuration after relaxation (fig. S24), further validating that
the free water is energetically preferable for H" binding. The O atom
of the ligand water is strongly bound to the transition metal cations,
impeding the formation of the ligand hydronium. A similar phe-
nomenon that a hydronium cation prevents other cations from co-
ordinating with its O atom also supports the above result (21, 41).
DFT calculations confirm that the terminal O coordinated with V is
also the energetically favorable H" binding site. The protonated
NZVO with H" binding with terminal oxygen still retains the con-
figuration besides some subtle orientation adjustments after relax-
ation (fig. $25). The remaining edge-sharing O coordinated with V
atoms is not favorable for H' binding because all O 2p orbitals (2px,
2py, and 2pz) bond to the V34-O,, orbitals.

To further explore the proton transport mechanism in the
NZVO electrode, we calculated the energy barrier of three represen-
tative proton transport pathways by DFT method. The first pathway
is along a water chain, from a free water to the neighboring ligand
water then to another free water (Fig. 4, A to D). The energy vari-
ation during proton transport is displayed in Fig. 4D. All the con-
figurations of the protonated NZVO structure at different transition
stage are provided in fig. S26. At stage 1, the proton binds with the
initial free water, and their energies are similar. From stage 2 to stage
3, the proton hops from a free water to a neighboring ligand water
and the H-bonded water molecules reorientate, corresponding to an
energy increase of ~0.12 eV. After the stage 4, the total energy
begins to decrease, due to the proton hopping to a next free water
so as to find a more stable configuration. The second pathway is
among free water molecules (Fig. 4, E to H, and fig. S27). At stage
1, the proton stays with the first free water, corresponding to the
lowest energy level. From stage 2 to stage 5, the proton hops from
the first free water to the next free water along the H-bond chain
accompanied by the reorientation of the H-bonded water mole-
cules, leading to an energy increase of ~0.091 eV. Then, the
proton hops to next free water to reach a more steady state, resulting
in the decrease of total energy. The third pathway is from the termi-
nal O coordinated with V to free water (Fig. 4, I to L, and fig. S28).
At stage 1, the proton stays with the terminal O, and the energy level
is the lowest. From stage 2 to stage 4, the proton hops from the ter-
minal O to a neighboring free water along the HB and the H-bonded
water molecules reorientate, accompanied with the increase of the
total energy of ~0.084 eV. The energy decreases after stage 4 result
from the proton hopping from the neighboring free water to a next
free water to reach a more stable configuration.

Wang et al., Sci. Adv. 9, eadf4589 (2023) 5 May 2023

The first proton transport pathway has an activation energy of
about 0.03 eV more than the other two, arising from the ligand
water molecule of which the rotation is somewhat confined by the
lattice. The confinement effect of ligand water is further manifested
with calculations. The activation energy of proton transport in a hy-
pothetical NZVO cathode with only ligand water molecules where
proton transfer unidirectionally is calculated to be ~0.26 eV (fig.
$29), much higher than that in the practical NZVO with both free
and ligand water. The result also demonstrates the importance of
free water in facilitating proton transport, by providing the
freedom to adjust to needed orientations and configurations as sug-
gested by calculations (24, 25). Previous experimental and theoret-
ical studies have suggested that the apparent activation energy of
proton transfer in bulk water is 2.4 to 2.7 kcal/mol (0.10 to 0.12
eV) (43, 44). The calculated proton transport energy barriers
(0.08 to 0.12 eV) in NZVO are very close to this range, suggesting
bulk-like fast transfer kinetics.

Electrochemical performance of Zn/NZVO batteries
Benefiting from the ultrafast charge transfer kinetics endowed by
the unique proton special pair dance mechanism, the Zn/NZVO
battery exhibits an outstanding rate capability, delivering capacities
of 436, 410, 397, 374, 357, 325, 268, 205, 155,118, and 92 mA h g_1
at rates of 0.5, 2.5, 5, 12.5, 25, 50, 125, 250, 500, 750, and 1000 C,
respectively (Fig. 5A). Figure S30 displays the corresponding
charge/discharge profiles at various rates. Moreover, the discharge
capacity recovers to 457 mAh g~' when the rate abruptly decreases
from 1000 C to 0.5 C, suggesting the robust structure of NZVO elec-
trode. At an extremely high rate of 1000 C, the Zn/NZVO battery
can be fully charged/discharged in less than 2 s. Such a high rate
capability is comparable with that of electrodes in capacitors and
surpasses those of most Faradaic electrodes. The high-rate perfor-
mance is further evidenced in the Ragone plot (Fig. 5B). The Zn/
NZVO battery achieves an energy density of 315.3 Wh kg™" at a
power density of 146.9 W kg™' and maintains 103.6 Wh kg™ at a
very high power density of 162 kW kg™' (based on the mass of
NZVO), superior to previously reported aqueous proton and Zn
ion cells/capacitors (tables S4 and S5) (12, 20, 37, 45-52).

To gain insight into the high-rate capability of the NZVO elec-
trode, the electrochemical kinetics were studied by CV measure-
ments at various scan rates (Fig. 5C and fig. S31). The currents at
various scanning rates are all measured over the 100% of step dura-
tion to keep consistent, thereby leading to comparable results (note
S3). The relationship between the peak current (i) and the swee
rate (v) complies with the following power-law formula: i = av’,
where a and b refer to adjustable parameters. In addition, the b
value could evaluate the electrochemical behavior of the electrode.
Specifically, the b value of 0.5 indicates that the kinetics were con-
trolled by semi-infinite linear diffusion, whereas a value of 1 repre-
sents capacitive-type behavior (53). As shown in Fig.5C and fig.
S30A, when scan rates are in the range of <20 mV s™', the CV
curves have two separated reduction peaks and two distinct oxida-
tion peaks, revealing multistep (de)intercalation processes. When
the scan rate increases higher than 20 mV s™', the two anodic or
cathodic peaks merge into one (fig. S31B). For scan rates from 0.2
to 20 mV s, the b values of the four peaks are close to 1 and pre-
sented as 0.91, 0.99, 0.96, and 0.93, indicating that the charge
storage is mainly surface-controlled (Fig. 5D). Beyond that, the b
values for the anodic and cathodic peaks are 0.59 and 0.68, revealing
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Fig. 5. Electrochemical performances of Zn/NZVO batteries in 3 M Zn(CF3;5S03), aqueous electrolyte. (A) Rate performance between 0.5 and 1000 C (1 C =400 mA
g7"). (B) Ragone plot of Zn/NZVO battery and previously reported representative aqueous proton and Zn ion cells/capacitors (based on mass of cathode active materials).
(C) CV curves of Zn/NZVO batteries at scan rates from 0.2 to 2.0 mV s, (D) Corresponding plots of log(i) versus log(v) at cathodic and anodic peaks. (E) Normalized

capacity versus v~"2 curves at scan rates of 0.2 to 350 mV s~

. (F) Corresponding plots of log(i) versus log(v) at cathodic and anodic peaks in 3 M Zn(CF3SOs), ACN

electrolyte. (G) Cycling performance of Zn/NZVO battery at a rate of 500 C for 0.14 million cycles. (H) Comparison of current density and cycle life of the Zn/NZVO

battery with reported aqueous proton and Zn ion cells/capacitors.

that a semi-infinite diffusion dominates the kinetics. Moreover, the
correlation between capacity and sweep rate is also investigated to
reflect the rate-limiting step during charge/discharge. There are two
distinct regions in the plot of normalized capacity versus v~/ in the
rate range of 0.1 to 350 mV s~ (Fig. 5E). In region 2 (scanning rates
>20 mV s7"), the capacity is almost dependent with v~"/, suggest-
ing that the solid-state H*/Zn** diffusion is the rate-limiting step. In
contrast, the capacity contribution is hardly correlated with the
sweep rate in region 1 (scanning rates < 20 mV sh, suggesting a
pseudocapacitive manner. The rate-limiting step transformation
from surface-controlled to diffusion-controlled at the watershed
sweep rate of 20 mV s~' may result from an increase in ohmic im-
pedance such as electrode-electrolyte interphase resistance, or

Wang et al., Sci. Adv. 9, eadf4589 (2023) 5 May 2023

diffusion constraints (53). The current response (i) at a fixed poten-
tial (V') can be divided into the capacitive current (k;v) and diffu-
sion-controlled current (k,v"?) according to the following
equation: i = kv + kov2. (54) By fitting the linear relationship
between i/(v'/?) and v'/?, the slope k; and intercept k, can be deter-
mined (fig. S32A). The capacitive current contribution to the total
capacity at 0.2 mV s~ is 84.5% and increases to 94.3% at 2 mV s~
(fig. S32, B and C), indicating that the pseudocapacitive contribu-
tion is dominant from 0.2 to 2 mV s™*. In contrast, the b values of
the redox peaks in 3 M Zn(CF;S03),/ACN electrolyte are 0.76, 0.88,
0.89, and 0.87 with scan rates from 0.2 to 7 mV s~ (Fig. 5F and fig.
S$33), which are smaller than those aqueous counterparts, revealing
sluggish electrochemical kinetics without H* (de)insertion. Hence,
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the unique proton conduction is essential for the ultrafast electro-
chemical kinetics of NZVO. The Zn/NZVO battery delivers excel-
lent cycle stability at various rates (Fig. 5G and fig. S34).
Impressively, a long-term stability of over 0.14 million cycles at
500 C was achieved, with a capacity retention of 78% and coulombic
efficiency (CE) approaching 99% (Fig. 5G), which exceeds most pre-
viously reported aqueous proton and Zn ion cells/capacitors
(Fig. 5H and tables S4 and S5) (10, 12, 15-20, 37, 45-52, 55-60).
The average CE of Zn/NZVO cells cycled at various rates approach-
es 100% and reaches 100.32% at 200 A g~" based on 100% H" inser-
tion (fig. S35A). The CE increases with the charge/discharge rate,
which follows the trend of H" insertion contribution to the total ca-
pacity. In addition, the CE remains almost constant during stable
cycles and decreases at last (fig. S35, B to E). It is worth noting
that electrolyte oxidation will notably reduce the cycle performance
of a real cell with lean electrolyte. In addition, the zinc is being ox-
idized in the anode, but protons are contributing to the capacity of
NZVO, which suggests that there is a net uptake of Zn ions in the
electrolyte. Therefore, long cycles require excess electrolyte. With
limited electrolyte, this can cause precipitation or conductivity
issues that reduce the cycle life (fig. S36). A low N:P (negative-to-
positive electrode capacity) ratio is a key parameter to achieve high
energy density of a full battery. The full Zn/NZVO cells with N:P
ratio of 9.3:1 (fig. S37, A and B) exhibited a stable discharge capacity
of ~106 mAh g~" and high CE for 50,000 cycles at 100 A g~" (fig.
S38A). When the N:P ratio reduces to 5.2:1 (fig. S37, C and D), the
full cells also demonstrated high capacity retention of 79% over
30,000 cycles (fig. S38B), outperforming other proton full cells
(fig. S39 and table S6) (10, 51, 59-62).

Structural evolution during proton (de)intercalation

To better understand the exceptional cycling stability of NZVO
electrode, ex situ XRD was carried out to reveal the structural evo-
lution of NZVO electrode with the proton (de)intercalation. As dis-
played in Fig. 6A and fig. S40, NZVO maintains its typical layered
structure during the proton insertion/extraction processes. More-
over, the peak position of (001) reflection remains almost un-
changed with the proton (de)intercalation. The differential charge
density analysis shows that the insertion of H" alters charge distri-
bution in NZVO (fig. S41). There is an accumulation of charge lo-
calized mostly on the terminal oxygen atom coordinated with the
inserted H", whereas the electronic charge around H" sites decreas-
es, resulting in a higher chemical shift. The "H nuclear magnetic
resonance peak at 4.03 ppm becomes broader and shifts to a
higher chemical shift after discharge (Fig. 6B), confirming the H"
insertion. The subtle lattice variation after 10 protons inserts into
each NZVO unit cell indicates the proton inserts into the lattice
in the form of H" at the high rate of 200 A g~'. If 10 protons
insert in the form of H;O", the lattice would expand obviously
after discharge, which is inconsistent with the XRD result. At low
discharge rates (<200 A g™"), partial hydrated Zn** ions insert into
the cathode lattice, and protons might bind with solvated water of
Zn*" ions and insert into the cathode lattice in the form of H;0",
which warrants further investigation. The crystal structure after the
proton insertion was simulated to specify the corresponding
changes (Fig. 6C). After insertion of 10 protons in per unit cell,
which produces a specific capacity of 147 mAh g™, the interlayer
space of (001) plane enlarges from 12.75 to 12.85 A, and the
lattice expansion can be calculated to be ~0.78%, well in accordance

Wang et al., Sci. Adv. 9, eadf4589 (2023) 5 May 2023

with the slight left shift of (001) peak in XRD results (Fig. 6A). The
corresponding volume expansion is calculated to be very little, only
~2.43%. The zero strain-like behavior with minimal change in both
host structure and interlayer space contributes to the cycling stabil-
ity. The special pair dance mechanism occurs at a time scale of tens
of femtoseconds (107'% s), and the orientational dynamic signal of
lattice water in ultrafast infrared spectroscopy measurement is sub-
merged in that of carrier due to the fact that NZVO is a kind of va-
nadium oxide semiconductor (fig. S42 and note S4). Thus, we were
not able to observe the real-time proton transfer dynamics with
technologies available to us. Further study is needed in the future.

It is well known that the electrolyte anion is critical for the
cycling stability of aqueous zinc batteries with Zn** as charge
shuttle (14, 58). For instance, the replacement of CF;SO;~ with
SO, can result in much faster capacity decay in certain battery
systems due to lower ionic conductivity (14, 58). To our delight,
with proton as the charge carrier, the cycling stability of the Zn/
NZVO battery is hardly affected by anion. Similar to those using
3 M Zn(CF;S03;), aqueous electrolyte (Fig. 5G), the Zn/NZVO
battery exhibits a remarkable cycling stability in 3 M ZnSO,
aqueous electrolyte. Seventy-six percent of its initial capacity is re-
tained with coulombic efficiency (CE) approaching 99% after 0.2
million cycles at 500 C (Fig. 6D). The huge difference of cycle life
between H* and Zn®" as charge carrier is likely because the diffusive
nature of hydrated proton makes it not as easy as those metal cations
to form ion clusters in concentrated aqueous solutions (63).

DISCUSSION

In summary, an aqueous battery with rate and cycle life orders of
magnitude improved from previous Faradaic batteries is success-
fully developed. Comprehensive experimental and theoretical
results suggest that a 3D dense hydrogen-bonding network provides
indispensable solvation environment for protons to rapidly switch
between the Zundel and Eigen configurations and diffuse in 3D di-
rections with low energy barriers and little volume change. The
unique special pair dance mechanism endows proton with much
faster transfer kinetics than the sluggish kinetics of metal cation
Zn>*. Moreover, the little volume change resulting from proton
transfer can effectively avoid structural stress and failure caused
by electrochemical cycling. Both factors respectively contribute to
the supercapacitor-like high power density and long cycling stabil-
ity. Zn>" also contributes to charge transport, but its contribution is
negligible at high rates. The unique proton transport mechanism
also leads to a very notable feature that the performance of the
full battery is nearly independent of the choice of anion in the elec-
trolyte, which is important for practical applications. This work
provides insight into developing high-power and long-life electro-
chemical energy storage devices with nonmetal ion transfer through
special pair dance topochemistry dictated by HB. The occurrence of
special pair dance topochemistry relies on a dense and interconnec-
ted HB network. Hence, the design of electrode materials with a
large interlayer distance (>1 nm) and plenty of medium should be
considered to allow the special pair dance topochemistry, thereby
achieving high power density.

To promote the practical application of Zn/NZVO batteries, im-
proving energy density is also a key point. On one hand, introduc-
ing electron-withdrawing groups, such as PO,’~ and F, into the
host structure can increase the average operation voltage, thus
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Fig. 6. Structural evolution during proton (de)insertion. (A) Enlarged view of the (001) peak from the XRD patterns of NZVO electrode at 500 C (200 A g™') as a function
of discharge and charge voltage. (B) Solid-state "H nuclear magnetic resonance (NMR) spectra of the fully charged/discharged NZVO at 500 C. (C) Calculated structure of
fully discharged NZVO. (D) Cycling performance of Zn/NZVO battery in 3 M ZnSO, aqueous electrolyte at a rate of 500 C for 0.2 million cycles.

leading to higher energy density. On the other hand, designing hi-
erarchical porous structure can not only improve compaction
density but also guarantee good kinetics by facilitating rapid ion
transport and mitigating diffusion limitations throughout the
entire electrode, which needs further investigation in future.

MATERIALS AND METHODS

Preparation of 3D NVO networks

The 3D-NVO was prepared by a facile and scalable electrodeposi-
tion technique. The electrochemical deposition was carried out at
room temperature in a three-electrode cell with graphite substrate
as the working electrode and a platinum sheet as both counter
and reference electrodes in the 0.2 M VOSO, + 02 M
NaCH;COO aqueous solution. The three-electrode cell was galva-
nostatically charged at 2 mA cm™? for 20 hours using a LAND-
CT2001A battery test system. The electrodeposition reaction at
the working electrode is as below: 2VO®" + 0.27Na* — 1.73¢™ +
4.53H,0 — Nay,,V,05:1.53H,0 + 6H". Moreover, the electrolysis
of H,0 may also occur at the working electrode: 2H,0 — O, + 4e™
+ 4H". There are only oxidation reactions on graphite substrate
electrode during NVO electrodeposition. Thus, cations including
Na" and H" in electrolyte cannot be inserted into graphite substrate
and do not participate in the electrochemical reaction at graphite
electrode. After deposition, the as-deposited product was collected

Wang et al., Sci. Adv. 9, eadf4589 (2023) 5 May 2023

from the electrode, rinsed with deionized water and ethanol, and
dried in vacuum at 60°C for 24 hours.

Electrochemical measurements

Electrochemical performance was assessed using CR2032 coin-type
cells assembled in air. Active materials were mixed with Ketjen
black (ECP600JD), conducting Super P and a water-based compos-
ite binder (CMC), and SBR in a 70:18:6:4:2 weight ratio. The slurry
was then pasted onto stainless steel (SUS 304) foil and vacuum-
dried at 60°C for 12 hours. The mass loading of the active material
is ~1 and ~1.6 mg cm ™ in half cells and full cells, respectively.
Aqueous solution [3 M Zn(CF;S03),/3 M ZnSO,] and glass fiber
membrane were used as electrolyte and separator, respectively. In
each coil cell, ~100 pl of electrolyte was added by pipette to make
sure the electrodes and the separator were wetted. For half-cell mea-
surements, commercial 100-pm-thick Zn foil was used as the anode.
For full cell measurements, electrodeposited Zn on graphite paper
served as anodes. The Zn anodes are prepared by electrodeposition
in 1 M ZnSO, aqueous electrolyte at 5 mA cm™> to precisely control
the amount of Zn (6.5 and 3.6 mAh cm™2) and therefore the N:P
ratio (9.3:1 and 5.2:1). CV measurements at various scan rates
and EIS were conducted using a CHI760C electrochemical
workstation.
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Characterizations

The crystal structure of the electrode was characterized by x-ray dif-
fraction (Rigaku Dmax/2400 diffractometer with Cu Ka radiation,
40 kV, 100 mA). The morphology was analyzed by a field emission
scanning electron microscope (S4800, Hitachi) and a transmission
electron microscope (JEM-2100, JEOL) equipped with EDS for el-
emental analysis. The elemental oxidation states were examined by
XPS (Axis Ultra, Kratos Analytical Ltd.). All XPS spectra were cal-
ibrated with respect to the C1s peak binding energy of 284.8 eV. The
water content was investigated using TGA (SDT Q600) with a tem-
perature ramp of 10°C min~" in N, atmosphere. The specific surface
areas and pore structures were obtained by N, adsorption-desorp-
tion measurement (Micrometrics ASAP 2020). The molar ratio of
Na to V was measured by using ICP—atomic emission spectroscopy
(ICP-AES; Leeman, Prodigy 7).

Proton conductivity tests

The NVO powder was first compressed into a pellet with a diameter
of 16 mm and a thickness of 0.16 mm. Then, the pellet was assem-
bled into a coin cell, in which a wet cotton ball immersed with 0.005
M H,SO, aqueous electrolyte was placed to maintain the 100% hu-
midity during tests. During the EIS tests, the oscillation amplitude
was set as 20 mV and the frequencies range from 1 MHz to 0.1 Hz.
The proton conductivity was determined by the following equation
(39, 64)

o =L/RS (1)

where o, L, S, and Ry, represent the proton conductivity (S cm™),
thickness of pellet (cm), contact area (cm?), and bulk resistance
(ohm), respectively. We conducted EIS tests at different tempera-
tures and calculated the corresponding proton conductivities. The
activation energies (E,) can be calculated according to the following
equation (39, 65)

In(oT) = InA-E,/kg T (2)

where T, A, kg, and E, are the temperature, preexponential factor,
Boltzmann constant, and activation energy for proton conduction,
respectively.

First-principles calculations

The Vienna Ab initio Simulation Package (VASP) (66, 67) was im-
plemented under the projector wave pseudopotentials (68) with the
generalized gradient approximation of the Perdew-Burke-Ernzerh
(69) of exchange-correlation function. An energy cutoff of 400 eV
with a Monkhorst-Pack (70) reciprocal space grid of a 1 x 1 x 1 k-
point scheme was used for the unit cell structure, which has a spe-
cific stoichiometry of Na/Zn/V/H,O = 1/2/16/40/20. All geometri-
cal structures were fully optimized to its ground state. The
convergence criteria for the total energy and the maximum force
on each atom are less than 1 x 107> eV and 0.05 eV/A, respectively.
In addition, the climbing image nudged elastic band (CI-NEB)
method was used to determine the minimum energy diffusion path-
ways of ions and the corresponding energy barriers.

FPMD simulations

Since ~10 protons can be stored in each wet NZVO unit cell
(1Na2Zn16V400-20H,0) at 200 A g_l, three protons were ran-
domly inserted into the (001) interlayer of each NZVO unit cell

Wang et al., Sci. Adv. 9, eadf4589 (2023) 5 May 2023

to simulate an early stage of the discharge process. After the config-
uration optimization, FPMD simulations were performed in canon-
ical ensemble (NVT) with Nose thermostat at 300 K over a period of
16 ps with a time step of 1 fs (71, 72). To reach equilibrium, the
system was heated to 300 K by a thermostat over a few picoseconds.
Once equilibration was achieved, we removed the thermostat and
molecular dynamic trajectories were collected. From the time-de-
pendent trajectory of O, (oxygen atom of the hydronium ion), we
can obtain its time-dependent MSD

antZZR(tO—I—At

th=0 i=

(r*(1))

Ri(to)]*

where N is the total number of atoms, 7, is the total number of ¢, and
Ri(ty) and Ry(t, + t) represent the positions of the ith O atom at time
to and t, + t, respectively. To evaluate the contribution from differ-
ent directions, we also decomposed MSD to x, y, and z direction by
projecting the position to the relative direction. The diffusion coef-
ficients were evaluated by using the Einstein relation, D = a(MSD>
Proton diffusion in bulk water was simulated in a cubic unit cell of
12.36 A in length containing 63 water molecules and one
excess proton.
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