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Abstract: The non-metal NH,* carrier has attracted
tremendous interests for aqueous energy storage owing
to its light molar mass and fast diffusion in aqueous
electrolytes. Previous study inferred that NH,™ ion
storage in layered VOPO,2 H,0O is impossible due to the
removal of NH,* from NH,VOPO, leads to a phase
change inevitably. Herein, we update this cognition and
demonstrated highly reversible intercalation/de-interca-
lation behavior of NH," in layered VOPO,2H,O host.
Satisfactory specific capacity of 154.6 mAhg' at
0.1 Ag™' and very stable discharge potential plateau at
0.4V based on reference electrode was achieved in
VOPO,2H,0. A rocking-chair ammonium-ion full cell
with the VOPO,2H,0//2.0 M NH,OT{//PTCDI config-
uration exhibited a specific capacity of 55 mAhg™, an
average operating voltage of about 1.0 V and excellent
long-term cycling stability over 500 cycles with a cou-
lombic efficiency of ~99 %. Theoretical DFT calcula-
tions suggest a unique crystal water substitution process
by ammonium ion during the intercalation process. Our
results provide new insight into the intercalation/de-
intercalation of NH," ions in layered hydrated phos-
phates through crystal water enhancement effect. )

Introduction

Sustainable rechargeable batteries have triggered tremen-
dous demands in large-scale, cost-efficient and high-energy-
density stationary energy storage systems.!) The most recent
progress on energy storage demonstrates that nonmetallic
cations, e.g., proton (H"), hydronium (H;O¥), and
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ammonium (NH,") ions, can also been regarded as charge
carriers in battery chemistry.”’ Compared with metallic ions,
nonmetallic charge carriers generally show remarkable
advantages on dendrite-free behavior and intrinsic safety,
excellent low-temperature performance, and fast rate-capa-
bility. Especially, ammonium ion delivers some unique
properties as charge carriers on the lightest molar mass of
18 gmol™ and has the smallest hydrated ionic size to
facilitate fast diffusion in aqueous electrolytes.’! Compared
with proton and hydronium, NH," is less corrosive and
suffers less hydrogen evolution.!”! Taking in account of these
merits, recently ammonium-ion aqueous battery has at-
tracted tremendous interests as next-generation batteries.
Typically, Ji etal. first reported “rocking-chair” NH,*
battery of the full-cell configuration by employing an
ammonium Prussian white analogue, (NH,),,Ni[Fe-
(CN)¢loss, as the cathode, perylenetetracarboxylic diimide
(PTCDI), as the anode in aqueous (NH,),SO, electrolyte in
2017.F! Note that Prussian white analogues display a stable
discharge plateau at 0.83 V, its discharge capacity less than
60 mAhg! drastically limits the battery energy density.
Most recently, much enhanced capacity for NH," storage
has been found in some inorganic oxides, including layered
V,05,% hexagonal MoOs,! WO,® MnO,.”) Nevertheless,
one challenge of these inorganic compounds is the absence
of a stable potential plateau with a rapidly descending
potential output, suggesting that the electrochemical process
is dominated by a surface redox pseudocapacitive mecha-
nism rather than a desired battery-typed behavior. Accord-
ingly, it is highly desired that once the stable potential
output can be realized in inorganic compounds.

Layered phosphate compounds have attracted consider-
able research interests on energy storage owing to their
unique layered structure with “inductive effect” originated
from the strong P—O covalent bonds inside its in-plane
structure remarkably enhances the iconicity of the V-O
bonds.'"” Especially, layered hydrated vanadyl phosphate,
VOPO,nH,0, is a bilayer structure where the adjacent
layers are held together by weak bonding interactions with
the characteristic of corner-shared [VOq] octahedra linking
to [PO,] tetrahedra as a host layer,l'!l and it has been already
developed as a promising cathode material for
pseudocapacitors,’? Li*," Na* [ Mg?* [ and Fe?* [l
secondary batteries. Our previous study also demonstrates it
can be used as robust anode in aqueous zinc-ion battery.['”!

However, for aqueous NH,* storage, such a work is still
in major challenging due to the poor structural stability of
its layered framework. Previous study by other groups
inferred that NH*" ion storage in layered VOPO,2H,O is
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impossible due to the removal of NH," from NH,VOPO,
leads to a phase change inevitably.'" Herein, we update
this cognition and found highly reversible intercalation/de-
intercalation behavior of NH," in layered VOPO,2H,0O
host. Very stable discharge potential plateau at 0.4 V based
on reference electrode has been observed with a high
discharge capacity of 154.6 mAhg™' at 0.1 Ag', which is
more appealing compared with all inorganic and organic
compounds reported recently. A rocking-chair ammonium-
ion full cell with the VOPO,-2 H,O//NH,OTf//PTCDI con-
figuration exhibited a specific capacity of 55 mAhg™, an
average operating voltage of about 1.0 V and excellent long-
term cycling stability over 500 cycles with a coulombic
efficiency of 99 %.

Results and Discussion

Powder sample of layered, hydrated vanadyl phosphate was
synthesized via a conventional refluxing method reported
previously."? X-ray diffraction (XRD) pattern in Figure 1a
demonstrates a highly pure product which can be indexed to
VOPO,nH,0 (JCPDS 84-0111, S.G. P4/nmm)." The very
sharp (001) diffraction peak corresponds to a basal spacing
of 7.4 A, suggesting the high crystallinity with preferred [00/]
(I=1, 2) orientation. Thermogravimetric analysis (TGA)
result depicts a weight loss of 17.3% at 50-150°C of the
sample, which indicates the existence of two crystal water in
per crystal (VOPO,2H,O, Figure S1). Fourier transform
infrared (FTIR) spectrum in Figure 1b is well consistent
with the previously reported result with the presence of
lattice water in the structure.'” The characteristic peaks
located at 1138, 951, 672, and 556 cm™' can be assigned to
the v(P—0), v(V-0), 6(V-P-0), and 6(O—P—0O) vibrational
modes in the VOPO, host, respectively. Furthermore, the
peak at 3300 cm™ and the hump around 1620 cm™ corre-
sponds to the interlayer lattice water, and another one at
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Figure 1. a) XRD pattern; b) FTIR spectra; c) crystal structure; d),

e) Typical SEM image; f) TEM image and g) the corresponding SAED
pattern of VOPO,2 H,O sample. h) EDS-mapping result of O, P, V
elements in the VOPO,2 H,0 nanosheet.
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3580 cm ™ are assigned to the bending mode of water (vyop)-
Scanning electron microscope (SEM) observation indicates
the as-synthesized VOPO,-2H,0O comprises two-dimensional
nanosheets with well-defined rectangular shape (Figure 1d
and e). The later size of the rectangular nanosheet can be
estimated as 10 umx 16 pm. Transmission electron micro-
scope (TEM) image also confirms the semitransparent
nanosheet morphology with regular rectangular shape (Fig-
ure 1f). The in-plane selected area electron diffraction
(SAED) pattern along the c axis taken from an individual
nanosheet exhibited sharp cubic diffraction spots, verifying
its single-crystal nature. The corresponding energy disper-
sive spectrum (EDS)-mapping further confirms uniform
distribution of O, P, V elements in the nanosheet (Fig-
ure 1h). All of the aforementioned characterizations demon-
strate that high-quality VOPO,2H,0O sample has been
successfully obtained.

To investigate the ammonium-ion storage behavior of
the VOPO,2H,0 cathode, Swagelok-type cells with a three-
electrode configuration were assembled with VOPO,?2
H,0@carbon paper cathode, activated carbon (AC) counter
electrode and an Ag/AgCl reference electrode. The
VOPO,2H,0 cathode delivered capacities of 154.6, 119.2,
1022, 85.1 mAhg™' at the current rates of 0.1, 0.2, 0.5,
1.0Ag" in the 20 M NH,OTf aqueous electrolyte (Fig-
ure 2a). The charge storage kinetics at the marked peaks are
analyzed according to the peak current (i) dependence on
and scan rate (v) as i=a"." The corresponding b values
are calculated as 0.73, 0.75, 0.66, respectively, indicating that
the kinetic behavior is controlled by both ion diffusion
process and pseudocapacitance effect (Figure S2). Electro-
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Figure 2. a) GCD profiles at various current rates of 0.1, 0.2, 0.5,

1.0 Ag™" in NH,OTf aqueous electrolyte. b) Comparison of

VOPO,2 H,0 cathode to previously typical PBAs and organic cathodes
on discharge potential plateau versus specific capacity. c) CV curves in
NH,OTf aqueous and anhydrous acetonitrile electrolyte, respectively.
d) Long-term cycle test in aqueous NH,OTf electrolyte and anhydrous
acetonitrile electrolyte, respectively. e) Schematic structure of the
VOPO,2H,0//PTCDI full cell. f) GCD curves at 0.1 Ag™". g) Cycle
performance at 0.1 Ag™".
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chemical impedance spectroscopy (EIS) spectra of our
VOPO,2H,0 cathode (Figure S3) delivered two semicircles
in the high-frequency area and a line in the low-frequency
area, which corresponding to the ion diffusion resistance of
3.6 Q in the interlayer of VOPO,2H,O cathode, a charge
transfer resistance of 9.1, and a Warburg diffusion
impendence of 14.5 Q, respectively. It should be noteworthy
that a very stable discharge plateau at 0.40 V has been
observed in our VOPO,2H,O cathode, which is quite
different with the one recently reported in inorganic oxide-
based cathodes for ammonium-ion storage.'*” Besides, such
a stable discharge plateau could be also observed in other
common electrolyte salt solutions (e.g., (NH,),SO,4, NH,CI,
NH,Ac, etc., Figure S4). Undoubtedly, the appearance of
this stable discharge plateaus is very desirable and promising
to construct full NH," battery toward practical applications.
On the other hand, compared with the previously developed
cathodes (metal-organic PBAs and some organic com-
pounds) with stable discharge plateau, our VOPO,2H,0O
cathode delivers superior specific capacity as shown in
Figure 2b."”) The combination of ultrastable charge/dis-
charge potential plateau and high specific capacity makes
this material a potential candidate for ammonium-ion
storage cathode, which is more appealing compared with the
various conventional cathode materials including both
inorganic and organic compounds.

It is known that H* insertion/extraction is generally
observed in aqueous batteries.”! To identify whether this
H* insertion/extraction process occurs or not in our system,
we compared the electrochemical performance in NH,OTf
using aqueous electrolyte and nonaqueous acetonitrile
electrolyte, respectively. Higher specific capacity was ob-
served in aqueous electrolyte than that in acetonitrile
(Figure S5). As shown in the CV curve (Figure 2c), two pairs
of redox peaks located at 0.7/0.75 V and 0.4/0.62 V has been
detected in aqueous electrolyte, respectively. Note that the
similar shape of the CV profile was observed in the case of
anhydrous acetonitrile solvent with two pair of redox peaks
located at 0.75/0.8 V and 0.4/0.58 V, which ruling out the
possible contribution from H* insertion/extraction in our
layered VOPO,2H,0O host. The cycling performance of
VOPO,2H,0 cathode was further studied at a current
density of 0.1 Ag*' (Figure2d). Apparently, the
VOPO,2H,0 cathode exhibits superior cycling perform-
ance in anhydrous acetonitrile to that in aqueous electrolyte.
The former delivered very stable lifespan over 100 cycles
with a 74.3 % capacity retention of the initial capacity of
125.1 mAhg™! and a coulombic efficiency close to 100 %.
However, the latter exhibits apparent capacity decay with
inferior capacity of 52.6 mAhg™' after 100 cycles (capacity
retention: 34.1 %). The inferior cycling stability in aqueous
electrolyte should be attributed to the decomposition/
dissolution of VOPO,2H,0.”!! In brief, VOPO,2H,0
generally transforms into VO, with the release of phosphate
group into aqueous electrolyte, resulting in the capacity
fading during the discharging/charging cycling.

On the basis of the above results, we further attempted
to construct a rocking-chair NH,-ion battery using our
VOPO,2H,0 cathode. Figure 2e illustrates the schematic
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configuration of the battery, using commercial PTCDI with
suitable reduction potential (see Figure S6) as the anode
material and NH,OTf acetonitrile solution as electrolyte.
Figure S7 shows the typical CV curve of this VOPO,-2 H,O//
NH,OTf//PTCDI full cell at a scan rate of 0.2mVs'
Clearly, the CV loop exhibits two widely spread cathodic
peaks at 1.1 V and 0.7 V and a broad anodic peak at 1.2V,
respectively, which is in good agreement with the GCD
profiles of the as-constructed battery after the initial
activation process (Figure 2f). The specific capacity is
55mAhg™', with an average operating voltage of about
1.0 V. Such a NH-ion full cell also demonstrates good long-
term cycling stability over 500 cycles at the rate of 0.1 Ag™
with a satisfactory capacity retention of 54.8 mAhg™' and
the coulombic efficiency of approximately 99 % (Figure 2g).

We then studied the phase and morphology evolution of
our VOPO,2H,0 nanosheets at different depths of long-
term cycling. Ex situ XRD patterns of the pristine cathode
and the one after 2, 10 to 50th cycles indicate no remarkable
changes on phase structure. All of the peaks can be
classified to the characteristic (00/) (/=1, 2) peaks of layered
VOPO,2H,0 and carbon paper collector (labelled as star in
Figure S8). The gradual decrease on the diffraction intensity
of (001) peak suggests the degradation on crystallinity in a
long-term cycling. SEM characterization of the cathode after
20 and 100 cycles indicates that the initial 2D ultrathin
morphology can be well retained (Figure S9a,b). The
corresponding TEM observation further demonstrates the
maintaining of well-defined 2D nanosheet morphology with
a smooth surface (Figure S10a,b). The corresponding
SAED pattern (Figure S10c) taken from an individual nano-
sheet after 100 cycles shows squared arranged spots analo-
gous to that of the pristine sample, demonstrating the single-
crystal structure can be maintained during the charge/
discharge process. However, it is difficult to record HRTEM
image with clear lattice fringes due to the fact that the
crystalline nanosheets were very easily destroyed under a
short-time e-beam irradiation. More intuitively, the corre-
sponding EDS-mapping results in Figure S10d further con-
firm the uniform dispersion of V, O, P in the nanosheets
after 100 cycles lifespan. One can see the apparent existence
of the N element the nanosheet with a uniform distribution
from the N EDS-mapping. This result provides the evidence
that NH," ions are indeed inserted into our layered
VOPO,2H,0 framework.

We then performed various ex situ characterizations to
unveil its underlying energy storage mechanism. To trace
the structural evolution of VOPO,2H,0 electrode, ex situ
XRD patterns (Figure 3b) were recorded at different
charge/discharge states in the second cycle in aqueous
system (A to K points in Figure 3a). As shown in Figure 3c,
the initial position of the (001) peak was located at 12.2°
with a d-spacing of 7.2 A, and shifted slightly to a high angle
when discharged into 0.7 V (state B), indicating the decrease
in the d-spacing into 7.1 A caused by NH," intercalation
during the discharge process. Interestingly, further dis-
charged this cathode to 0.4 V (state C), the (001) peak splits
into two basal spacings of 6.8 A and 6.5 A, respectively. The
appearance of two basal spacings in layered electrode during

© 2023 Wiley-VCH GmbH
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on the topochemical transformation from Brucite into
layered double hydroxides.”? We notice that the summation
of the 6.5 A and 7.1 A spacing is 13.6 A, which is the twice
of 6.8 A just right. Such a coincidence inspires us to consider
the co-existence of two different interlayer spacings of 6.5 A
and 7.1 A spacing from C to F states. The disappearance of
the 7.1 A spacing implies any 7.1 A spaced slab always
adjacent with several 6.5 A spaced slabs (as schematically
illustrated in Figure 3d). In the other words, there is no
consecutive stacking of 7.1 A spaced slabs.”? The diffraction
intensity of the 6.8 A basal spacing gradually decreased with
the simultaneously increased intensity of the 6.5 A spacing,
suggesting the decrease on the amount of 7.1 A spaced slab
in the layered framework with the deep intercalation of
NH,*. Upon charging from state F to K, the peak intensity
ratio of 6.8 A/6.5A peak exhibits a contrary tendency
compared with the discharging process. Satisfactorily, this
basal spacing well recovered to the initial position of 7.2 A
at the end of charging (K point), demonstrating the excellent
structural reversibility with the well keep of high crystallinity
during the NH," ion intercalation/de-intercalation process.
Based on this ex situ XRD measurement, it is rational that
the as-observed stable charge/discharge plateau is originated
from the intercalation/de-intercalation of NH,* ion in the
open two-dimensional channel of the VOPO,2H,0O frame-
work.

Ex situ XPS analysis was conducted to unveil the valence
state evolution during the ammoniation/de-ammoniation
process. Figure S11 depicts that the initial V valence state in
the VOPO,2H,0 cathode is +5. Subsequently, at the fully
discharged state at —0.3 V, the decrease on V valence state
is evident by the co-existence of V** and V°" in Figure 4a.
Note that V** is dominated in the cathode, implying that the
redox reaction at the transition metal V site in

Angew. Chem. Int. Ed. 2023, 62, €202303480 (4 of 8)

Raman Shift (cm™) Raman Shift (cm™)

Figure 4. High-resolution V 2p XPS spectra at fully a) discharged and
b) charged states. c) N 1s XPS spectra at different states. d)-f) FTIR
and g), h) Raman spectra during one charge/discharge cycle.

VOPO,2H,0 is responsible for the electrochemical charge
storage. Upon fully charging to 1.0V, the ultimate peak
characteristic of V> is almost the same to that of the
pristine cathode (Figure 4b), demonstrating the excellent
reversibility of V valence evolution during the charge/
discharge process. In addition, the high-resolution XPS of N
1s corresponded to the pristine, fully discharged and charged
state of the VOPO,2H,0 cathode are demonstrated in
Figure 4c. The intensity at fully discharged state is much
higher than that of the pristine and fully charged electrodes,
further supporting the NH," ion intercalation in the layered
framework during the discharging process. FTIR spectra
provide more insights on bonding chemistry during the
NH," ion intercalation/de-intercalation. Figure 4d depicts
the GCD profile in which five statuses are selected for ex
situ FTIR study. After NH," intercalation (B and C), the
stretching vibration of N—H bond gradually appear two
peaks at 2922 and 2850 cm™' (Figure 4¢). The former is
attributed to the stretching of N—H bonded to the
VOPO,2H,0 host, while the latter (2850 cm ') is originated
from the stretching of non-bonded N-H.”! These two
characteristic peaks can also be detected at the charge
process (D and E) with de-intercalation of NH,", suggesting
some NH," ion residue in the VOPO,2H,0O framework in
our cathode upon charging. This result is consistent with the
aforementioned N 1s XPS spectra. In addition, the cathode
sample displays a signal at ~1647 cm™' for the H-bonded
N-H at B and C states, indicating the possible formation of
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hydrogen bonds between the intercalated NH,* and the
VOPO,2H,0 host. This characteristic peak gradually dis-
appears after charging at D and E states, which should be
ascribed to the hydrogen bond formation/breaking accom-
panied with the NH," intercalation/de-intercalation in
layered VOPO,2H,0. Similar phenomenon has also been
found in other NH," storage materials including layered
V,0,,1! hexagonal MoO;,”! and MnO,.”! It is noteworthy
that the peak intensity of V=0 bond (~950 cm™') stretch
decreased during the discharging process with a new peak at
903 cm™' emerging as shown in the enlarged spectra (Fig-
ure 4f). In discharged states (B and C), the peak around
~950 cm™' gradually recovered to its initial intensity with a
decrease on the density of the peak at 903 cm ™. According
to the previous report, the splitting of V=0 bond stretches
into red-shifted sub-peaks located at 923 cm™' has been also
found in bi-layered V,Os as robust anode for ultrafast NH,*
storage due to the V=0 are bound with NH,*.?* In our
case, it may also originate from the same chemical bonding
between NH,* during the intercalation process.
Subsequently, Raman characterization was comple-
mented with the FTIR spectra to further identify the
chemical bonding information. As shown in Figure 4g, two
new Raman peaks located at 1390 and 1600 cm™' respec-
tively emerged at stage B and C during the discharge, which
is ascribed to stretching vibration of N—H bond."! This result
is well agreement with above-mentioned FTIR result. The
maximal intensity appears in fully discharged C state,
implying a continuous NH, " intercalation process during the
whole discharge stage. Upon charging, the ex situ Raman
spectra shows a reduction in the N—H bond signal, and it is
hardly distinguished at the fully charged state E, indicating
the excellent structural reversibility of our VOPO,2H,0.
Meanwhile, the peak located at around 1030 cm™ is
generated from the stretching mode of V=0 in [VOy]
octahedron from the VOPO,2H,O host® Due to the
hydrogen bond formation between the NH,* and VOPO,
layer (V=0O--H) and the resultant valence reduction of V
from V°* to V**, a slight red shift is thus detected for this
featured peak with NH,* intercalation during the discharge
process (B, C). Upon fully charging accompanied with the
de-ammonization, this V=0 signal can well recover to the
initial position. Furthermore, the same tendency of red shift
was also observed on the stretching vibration peak of P—O
bond located at around 940 cm'. Since the hydrogen bond
between the interlayered H,O molecule and VOPO, layer
(P—-O-~H-0) is partially displaced by NH,* incorporation
(P-O--H-N), intensity of such the hydrogen bonding is
therefore depressed, leading to mitigation of the steric
hindrance of the P—O stretching mode with lower energy
(Figure 4h)."? Additionally, for the bending vibration peak
of P-O bond between 500-600 cm™', a noteworthy peak
splitting occurs during the NH," ion intercalation and is
mitigated after NH,* ion de-intercalation. This phenomenon
might be ascribed to the possible lattice deformation upon
the NH, " de-intercalation in the layered framework.['>®!
We have confirmed that NH," ions are indeed inserted
into the interlayer of the VOPO,2H,O host during the
electrochemical process. Density functional theory (DFT)
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calculations further provide theoretical insights on the
insertion/extraction process of NH,*. We built a calculation
configuration of the conjecture based on the substitution of
crystal water by NH," cation. After a full relaxation, the
distribution morphology of H,O molecules in the interlayer
space of VOPO, bilayers (Figure 5a) suggests two possible
active sites for the intercalated ammonium ions absorption:
P top (above the center of [PO,]) and V top (above the
center of [VOq]), respectively. Thereafter, the substitution
process is simulated in a 2x2x1 supercell with the formula
of (VOPO,),4H,0, in which the ammonium ions are
introduced one by one (all atomic schemes are shown in
Figure S12), and the relationship between total energy
(Em) and interlayer distance d of each composition of
(NH,),VOPO,(2—x)H,0 (x=0, 0.5, 1, ...) has been estab-
lished as given in Figure 5b. While the structure achieves its
minimum total energy, the simulation results indicate that
the optimal interlayer distance of VOPO,-2H,O without any
NH,* ion intercalation is theoretically 7.7 A, close to the
value of 7.2 A in our experiments. With one substitution, the
resultant (NH,),sVOPO,1.5H,0 possessing an ammonium
ion at P top (blue line) exhibits an absolutely lower total
energy than that at V top (green line). Correspondingly, the
optimal interlayer distance of (NH,),sVOPO,1.5H,0 is
determined to be 7.3 A, and the substitution formation
energy is calculated to be —3.38 eV, the negative value of
which implies the feasibility and spontaneity of the sub-
stitution behavior. Similar conclusion could be obtained in
(NH,)VOPO,H,0 with further NH," substitution, that with
two NH, " cations occupying P—P top (blue line) is energeti-
cally more favorable than P—V top (purple line) and V-V
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Figure 5. a) Atomic scheme of VOPO,-2 H,O showing the distribution
of H,0 molecules at P top (center of [PO,]) and V top (center of [VO);
b) the relationship between total energy (E...) and interlayer distance
of (NH,),VOPO,(2—x) H,0O (x=0, 0.5, 1, ...); ¢) the calculated sub-
stitution formation energy (AE) of NH," ion for H,O; d) the computed
difference charge density of (NH,)VOPO,-H,O showing hydrogen
bonds (in dash lines); e) diffusion scheme of NH,™ ion in the interlayer
space of VOPO, bilayers (surrounding H,O are not shown in the
figure); f) the diffusion energies (AE4q) calculated at the interlayer
distances of 7.1 A (top) and 7.7 A (bottom), respectively, with shaded
area showing the in-plane barrier contribution (AE,).
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top (green line) configurations. In this case, the optimal
interlayer distance further decreases to 7.1 A together with a
negative but reduced formation energy of —1.12 eV. How-
ever, further substituting crystal water at V top site gives
rise to a positive formation energy of 0.65 eV, as shown in
Figure Sc, implying that just a half of the indigenous crystal
water in VOPO,2H,0 can be replaced during the discharge
process, leading to the wultimately formation of
(NH,)VOPO,H,0, in which the NH,™ intercalations are
distributing at P top site. It is noteworthy that a theoretical
interlayer distance evolution from 7.7 A to 7.1 A during the
substitution process is in well consistent with the aforemen-
tioned ex situ XRD characterization (Figure 3), further
identifying the validity of our proposed configuration with
the substitution of H,O by NH," cation in layered frame-
work. When it comes to the charge stage, during which
process the vanadium element of [VOg4] donates its electrons
showing a valence state rising from V** to V" as claimed in
our XPS characterization, the deintercalation of NH,*
cation from the interlayer distance of VOPO, bilayers would
occur due to the electrostatic repulsion effect. Thereafter,
the H,O molecules are capable of re-occupying the vacant
sites from the deintercalated NH," cations with a negative
formation energy of —1.11 eV. As a result, the contraction
(from 7.7 A to 7.1 A) and expansion (from 7.1 A to 7.7 A)
of the interlayer distance of VOPO, during the discharge
(VOPO,2H,0—(NH,)VOPO,-H,0) and charge
((NH,)VOPO,H,0—VOPO,2H,0) stages are invertible,
which is experimentally proved in the ex situ XRD
characterization. The difference charge density mapped in
Figure 5d demonstrates that the formation of hydrogen
bonds plays a significant role in narrowing the interlayer
distance of VOPO, with NH,* intercalation: an obvious
electron exchange between H of [NH,"] (blue, gains
electrons) and O of [PO,] (yellow, donates electrons) can be
observed, with a representative bonding length of 3.09 A
(N-H--O). Moreover, the bonding features of [VOq] octahe-
dron are found to get strongly affected by the intercalated
NH," ion, which can be also found in the electronic property
analysis (Figure S13). Figure Se shows the diffusion behavior
of the NH," ion in the interlayer space of VOPO, bilayer
between two adjacent P top sites. Previous studies have
revealed the transport mechanism of NH," remarkably
differs from that of metal ions. Metal ions (Li*, Na*t, K,
Zn**, etal.) generally have spherical shape with no pre-
ferred orientations. While in our case, however, the
ammonium ion shows a tetrahedral-shaped multipole, which
has to twist and rotate to maintain a subset of coordinated
H-bonds with adjacent oxygen atoms from the crystal host,
just like a monkey swinging mechanism.”! Accordingly, the
diffusion energies of the NH,* ion along the “P top - P top”
path are calculated with the results depicted in Figure 5f. It
can be seen that the contraction of interlayer distance from
7.7 A (initial) to 7.1 A (final) poses limited impacts on rising
the diffusion barrier, with the values of Eg; increased from
0.39 eV (grey line) to 0.46 eV (black line). By distinguishing
the energy barrier contributions from xy plane (shaded
area) and z axis (blank area), it is revealed that the main
resistance is related with the interaction by in-plane H,O
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molecules, accounting for more than 50% of the total
energy barrier around the transition state (TS) positions.
The low diffusion energy barrier ranging from 0.39 eV to
0.46 eV endows the outstanding theoretical repeatability of
our VOPO, host.

The above calculation results have revealed the crystal
water molecules in the interlayer of VOPO, play critical
roles in the NH," insertion. To further confirm this crystal
water enhancement effect, we carried out the annealing
treatment of VOPO,2H,0 precursor at 100°C (denoted as
VOP-100) and 400°C (VOP-400) in air to prepare the de-
hydrated samples with different water contents. The corre-
sponding XRD patterns of both VOP-100 and VOP-400 in
Figure 6a indicate that the initial (001) peak of
VOPO,2H,0 greatly decreased in diffraction intensity, and
slightly shifted to a higher degree as shown in the enlarged
pattern (Figure 6b). Meanwhile, a new (001) peak appears
at about 21.4° originated from the non-crystal water phase
(VOPO,, JCPDS: 27-0947). This result identifies that both
VOP-100 and VOP-400 samples are a mixture of
VOPO,2H,0 and VOPO, phase. Further confirmed by the
TGA characterization, the VOP-100 and VOP-400 sample
contains 0.47 and 0.19 crystal water respectively (Figure 6c).
As shown in Figure 6d, the FTIR spectra of VOP-100 and
VOP-400 samples deliver the similar characteristic peaks as
that of hydrated VOPO,2H,0 in the wavenumber range of
500-1500 cm™!, demonstrating that the crystal structure of
VOPO, still remain intact after losing the lattice water
molecules. SEM observation suggests the loss of regular
shape and smooth surface after annealing (Figure 6e, f).
Subsequently, GCD profiles of initial VOPO,2H,0, VOP-
100 and VOP-400 samples were recorded in Swagelok-type
cell using nonaqueous 2.0 M acetonitrile NH,OTf electro-
lyte. As shown in Figure 6g, the discharge plateau gradually
disappeared with the decrease of crystal water contents in
the sample, and the annealed VOP-100 and VOP-400
samples respectively exhibit a much lower specific capacity
of 88.8 and 59.4 mAhg™' compared with that of hydrated

(b)
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o
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Figure 6. a) XRD patterns and b) enlarged pattern of VOPO,-2H,0,
VOP-100 and VOP-400. c) Corresponding TGA curves and d) FTIR
spectra. ), f) SEM images of VOPO,2 H,0 and VOP-400. g) GCD
curves of VOPO,-2 H,0, VOP-100 and VOP-400 cathodes in NH,OTf
acetonitrile electrolyte at 0.1 Ag™".
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VOPO,2H,0 (122.8 mAhg ). The cycling performance of
the de-hydrated samples were further evaluated at a current
density of 0.1 Ag~' (Figure S14), which is also remarkably
inferior to the hydrated sample before annealing (only
51.4mAhg"' and 38.5 mAhg™" after 40 cycles for VOP-100
and VOP-400, respectively). In addition, the similar phe-
nomenon on performance degeneration was observed in
aqueous electrolyte (2.0 M NH,OTf aqueous electrolyte in
Figure S15 and S16). All of these results reveal that the
crystal water molecules in the interlayer of VOPO, play an
important role in NH," ion storage, which has also been
reported in layered manganese oxide cathode for aqueous
zinc ion battery by Choi et al.””)

Conclusion

In conclusion, we demonstrated layered hydrated vanadyl
phosphate (VOPO,2H,0) can be a suitable NH," ion
storage host with a specific capacity of 154.6 mAhg™' and an
average potential of 0.4 V (vs. Ag/AgCl). The simultaneous
appearance on both high capacity and stable working
potential makes this material a very appealing candidate for
NH," ion battery application. The stable discharge potential
plateau comes from the reversible intercalation/de-intercala-
tion of NH,™ in the interlayer spacing followed by an
alternated stacking mechanism. We reveal that the crystal
water in the VOPO,2H,0O host plays a key role in the
structural stability and promotes the NH," ion storage
behavior. Theoretical DFT calculations suggest a unique
crystal water substitution process by ammonium ion during
the intercalation process accompanied with the formation/
breaking of hydrogen bonds. Our results provide new insight
into the intercalation/de-intercalation of NH," ions in
layered hydrated phosphate with unique alternated stacking
configuration and crystal water promoting effect.
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