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Hydronium Intercalation Enables High Rate in Hexagonal

Molybdate Single Crystals

Haocheng Guo, Sicheng Wu, Wen Chen, Zhen Su, Qing Wang, Neeraj Sharma,
Chengli Rong, Simon Fleischmann, Zhaoping Liu,* and Chuan Zhao*

Rapid proton transport in solid-hosts promotes a new chemistry in achieving
high-rate Faradaic electrodes. Exploring the possibility of hydronium
intercalation is essential for advancing proton-based charge storage.
Nevertheless, this is yet to be revealed. Herein, a new host is reported of
hexagonal molybdates, (A,0),"MoO;-(H,0), (A = Na*, NH,*), and
hydronium (de)intercalation is demonstrated with experiments. Hexagonal
molybdates show a battery-type initial reduction followed by intercalation
pseudocapacitance. Fast rate of 200 C (40 A g') and long lifespan of 30 000
cycles are achieved in electrodes of monocrystals even over 200 um.
Solid-state nuclear magnetic resonance confirms hydronium intercalations,
and operando measurements using electrochemical quartz crystal
microbalance and synchrotron X-ray diffraction disclose distinct intercalation
behaviours in different electrolyte concentrations. Remarkably,
characterizations of the cycled electrodes show nearly identical structures and
suggest equilibrium products are minimally influenced by the extent of proton

competing with each other such that im-
provements in one feature will often com-
prise the other. Solid-state ion diffusion is
limiting the kinetics in faradaic electrodes,
and the phenomenon of intercalation
pseudocapacitance (rapid solid-solution ion
insertion)l?l provides a possible solution
from material perspectives to balance the
rate and capacity.’] Kinetics of ion diffusion
also depend strongly on the choice of ion-
charge-carrier. Proton is the lightest and
smallest among all ions and is fast in trans-
port. Furthermore, protons can be rapidly
transported through a unique Grotthuss
mechanism, which is a structural diffusion
of H* through a chain of water molecules
via concerted cleavage/formation of hy-
drogen/covalent bonds.*! Proton-based
interactions are known to promote

solvation. These results offer new insights into proton electrochemistry and

will advance correlated high-power batteries and beyond.

1. Introduction

Electrochemical energy storage is indispensable for the efficient
harvest and distribution of electricity from fluctuant and inter-
mittent renewables. Developing faradaic electrodes that simul-
taneously possess high capacity of batteries and fast rate and
long lifetime of supercapacitors is highly attractive.l'l However,
this has been challenging because rate and capacity are normally

(pseudo)capacitive behaviors at the sur-
faces of some electrodes such as porous
carbon and RuO,nH,0,’! but rarely
studied in battery fields. Recently, the new
chemistry of proton batteries is emerging with discoveries of
correlated electrodes,[®! and excellent performances are achieved
benefitting from the fast transport of proton-ions, such as
high rate behaviors at 4000 C from a defective Prussian blue
analogue.l]

Comprehending the underlying mechanisms is crucial for ad-
vancing new battery chemistries. In the realm of proton elec-
trochemistry, a pivotal question arises given that protons pre-
dominantly exist as hydronium ions (H*(H,0),) in aqueous
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Figure 1. Physical properties of hexagonal molybdates. a) Crystal structure of a representative hexagonal molybdate (K, 37Mo, g50750H(H,0),, ICDD:
01-070-0178). b) From left to right, SEM images of crystallites of h-M (A, L), h-M (A, S), and h-M (S, M), respectively. c¢) Synchrotron XRD patterns of
the three samples and d) XPS Mo 3d spectra of hexagonal molybdates and a-MoO;.

solutions: is naked proton or hydronium(s) intercalating into
electrode hosts? This question is of paramount significance in
unraveling fundamental proton-ion intercalation processes. The
intercalation of hydronium has been proposed in a study of or-
ganic pigment via simulation (2017)®) and the hypothesis was
then adopted by several reports concerning oxides.l>"] However,
through experiments and (or) simulations, a number of stud-
ies disclose naked proton (de)intercalation and transport to oc-
cur instead, despite there is sufficient room/volume for host-
ing hydronium and (or) water within electrode materials. Rapid
Grotthuss proton conduction is reported in open framework
materials of Prussian blue analogues!”) and 2D atom sheets of
Ti,C,T, MXenes!'!l where percolating crystal water channels are
present. Alternatively, a non-Grotthuss proton diffusion mech-
anism through lattice oxygens is revealed in the hydrous oxide
of WO,-2H,0,/*?] and a similar naked proton transport is veri-
fied in anhydrous oxides of a-MoO,,['*'*] and anatase TiO,.!"”]
Furthermore, hydronium desolvation!'*!® has been identified,
which influence the electrode cycling stability significantly; 116!
Following that, strategies like tuning proton solvation in aque-
ous electrolytes, 78] developing anhydrous electrolytes!'*?% and
facilitating hydronium desolvation via artificial interfaces(?!l are
found effective in stabilizing electrode cycling. Nevertheless,
high energy barriers are reported for hydronium desolvation,??!
and the important question remains whether hydronium inter-
calation is possible, and if yes how would it behave?

Herein, we show the structural chemistry of a new host of
hexagonal molybdates and report experimental evidence of hy-
dronium (de)intercalation. Hexagonal molybdates can generally
be formulated as (A,0),-MoO;-(H,0), (A = alkali metal or am-
monium, etc.),?’] and they present unique tunnel-structures
(Figure 1a) which are necessarily defective with additional chan-
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nel cations compensating the Mo vacancies in frameworks.[?*)
These materials are also known as “hexagonal MoO,” in liter-
atures and this has raised continuing confusions:**l because
“hexagonal MoO,” refers to an ideally stoichiometric (channel
cation absent) structure which however is never achieved. The
materials have excellent electrical conductivity!®! and are there-
fore highly promising for high-power applications. In this study,
a series of hexagonal molybdates (denoted as h-M) with dif-
ferent particle sizes and channel cations (Na*, NH,*) are pre-
pared and the electrochemical-structural reactions are system-
atically investigated in electrolytes of sulfuric acids. We deter-
mine hydronium intercalation into h-M via solid-state nuclear
magnetic resonance (ssNMR), and analyze the ion-electrode-
interactions through real-time monitoring of electrode mass
and structure evolutions by electrochemical quartz crystal mi-
crobalances (EQCM) and operando synchrotron X-ray diffraction
(SXRD). Remarkably, we find evidence of dynamic hydronium
intercalation behaviors and demonstrate fast rate and long cycle
life of h-M monocrystal electrodes with particles sizing even over
200 um. Comprehensive characterizations are also performed on
cycled electrodes to gain further insight to the structural tran-
sitions and understand the relationship between structure and
electrochemical properties.

2. Results and Discussions

2.1. Structure and Characterization of Hexagonal Molybdates

The structure of hexagonal molybdates is illustrated in Figure 1a,
according to the first reported potassium phase.[?’! h-M is made
up of double chains of edge-sharing and strongly distorted
[MoOq] octahedra. The chains are linked via vertices and produce
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hexagonal-rings and triangles on the ab plane. These chain con-
nections are intrinsically defective because of statistical Mo de-
ficiencies in the unit cell. Along the ¢ axis tunnels are present
where structure cations (“A”) are located to compensate charge,
generating a 3D prism structure. h-M structure is related to a-
MoO,!'* with similar three types of lattice oxygens: (i) “termi-
nal oxygen” (O,) with unsaturated Mo-O, bond pointing to the
center of the hexagonal-ring, (ii) “asymmetric oxygen” (O,) re-
sults in another unsaturated Mo-O, bond with two Mo ions in
one direction, and (iii) “symmetric oxygen” (O,) presenting three-
fold symmetry as they share vertices of three adjacent [MoO]
octahedra. Overall, h-M possess large intracrystalline space ac-
companied with unsaturated lattice oxygens, which therefore are
available to host a variety of foreign species, and a series of
mono-valence cations (e.g., Nat, NH,*, Ag*,[?/l K*, Cs*, etc.) and
molecules (e.g., crystal water) are reported in synthetic h-M ma-
terials. Hence, the h-M could theoretically allow electrochemical
intercalation of water molecules and a variety of cations. It should
be noted, however, whether ions and (or) molecular species can
insertinto the crystal lattice is not simply a matter of “size”, which
will be discussed later.

From scanning electron microscope (SEM) results (Figure 1b;
Figure S1, Supporting Information), representative hexagonal
rods can be observed in all h-M samples with channel ammo-
nium (i.e., A = NH,*), and we choose two samples of large and
small crystallites for the following study, which are labelled as
h-M (A, L) or AL, and h-M (A, S) or AS, respectively. h-M (A,
L) samples have the largest crystallites with the cross-section di-
mension over 50 pm (Figure 1b, left) and length even exceed-
ing 200 pm (Figure Sla, Supporting Information). h-M (A, S)
is comprised of small crystallites, and the rod diameter is about
1 pm (Figure 1b, middle) with an average length of ~3 um. h-
M with channel sodium (i.e., A = Na*) are also prepared where
30-50 um particles can be found with morphologies of rectangu-
lar blocks and pyramidal rods (Figure 1b right and Figure Slc,
Supporting Information). This sample serves as an appropriate
middle contrast and is designated as h-M (S, M)/SM. Different
appearances are noticed in the powders of these three materials
(Figure S1d, Supporting Information). Synchrotron powder X-
ray diffraction (XRD) data were collected (Figure 1c). All three
samples present strong reflections and can be well indexed to
the displayed reference pattern (K, ;; Mo, ¢sO,;OH(H,0),, ICDD:
01-070-0178) which crystallizes with hexagonal symmetry and
P6,/m space group. h-M (S, M) displays more obvious (210)/(101)
peak splitting (around 10.8°) possibly because of the Na* occu-
pying a special position and the corresponding additional water
molecules within the channels.[?*)

Figure 1d displays X-ray photoelectron spectroscopy (XPS)
results, and it is found all three h-M materials present iden-
tical profiles as the reference sample (a-MoO,) where their
Mo 3ds;, bands lie between 232 and 233 eV indicating the
exclusive oxidation state of Mo (VI).[?®! Fourier transform in-
frared (FTIR) spectra confirm the presence of crystal water in
all three materials and detect N-H bonds from ammonium-
containing materials (Figure S2, Supporting Information).
Thermogravimetry analysis in combination with mass spectra
has then been adopted to determine the content of volatile
species (Figures S3-S5 and Note S1, Supporting Information).
The mass loss from 100 to 430 °C is attributed to evapora-
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tion of H,O and NH; from the sample lattice, and the three
materials show mass drops of 4.36% (AL), 3.77% (AS), and
3.08% (SM). In combination with (semi-)quantitative elemen-
tal analysis of XPS, the chemical compositions of the three
materials are estimated to be [(NH,),0],145M00;(H,0), .
for AL,  [(NH,),0],;5sM0oO,(H,0),,s for AS, and
(Na,0)(;M00;(H,0),,, for SM (Tables S1 and S2 and
Note S2, Supporting Information). These compositions
can also be expressed in the Mo atom deficient form as,
(NH,)g277M09503(H;0)55  (AL),  (NH,)g20M0g9505(H,0)q,5
(AS), and Nay ;M0 9505(H,0) 56 (SM).

2.2. Electrochemical Properties of Hexagonal Molybdates

Because electrochemical performance often correlates to the
size of electrode material, we focused the investigation on the
medium-sized sample, i.e., h-M (S, M), then analyzed the pos-
sible influence(s) of crystallite sizes. Figure 2a shows the cyclic
voltammetry (CV) of h-M (S, M). Two main reduction processes
are observed in the first reductive scan, i.e., a minor broad peak
(R1) around 0.05 V (vs SCE, unless otherwise noted) then a
prominent peak (R2) centered at approximately —0.2 V, which
indicates a battery-type ion intercalation. In the reverse scan,
a broad peak symmetric to R1 (O1, 0.1 V) is present while
a small hump (02) is observed around —0.15 V, suggesting
an irreversible initial process. In the 2nd cycle, there is only
one reduction peak (R’, # —0.16 V) identified with reduced ap-
plied current, and the oxidation process displays a broad over-
all hump. These signatures of redox peaks decrease gradually in
the following cycles and overall CV profiles transform to a more
rectangular-like shape below 0 V (e.g., cycle 05 and other scans
in Figure S6 in the Supporting Information), which is reminis-
cent of (pseudo-)capacitive charge storage process.??! Galvano-
static charge—discharge (GCD) profiles in Figure 2b are consis-
tent with the CV results. Correlating to R1 and R2 peaks in CV,
a short slope and a long plateau are observed in the first reduc-
tion, delivering an initial capacity of around 368 mAh g™! (equiv-
alent to ~2.1 electrons transferred per Mo, calculated according
to the estimated composition). The subsequent charge-discharge
curves (e.g., cycle 02, 03) display a linear responses of electrode
potential (U) with respect to capacity (Q) at regions below 0V,
which is characteristic of (pseudo)capacitive charge storage. Sim-
ilar performances are also found in a diluted electrolyte concen-
tration (1.0 m H,SO,, Figure S7, Supporting Information). All
these characteristics suggest a reversible pseudocapacitive charge
storage for hexagonal molybdates following the initial battery-like
process.[??] Furthermore, when examined through CV measure-
ments with varying scan rates (Figure S8, Supporting Informa-
tion), dominant capacitive contributions are confirmed where the
value exceeds 90% at 20 mV s,

Figure 2c highlights the initial reduction profiles of the three
h-M samples . Similar capacities are delivered for the medium
and large-sized h-M samples and in both electrolyte concentra-
tions, despite overpotential differences. In h-M (A, S) containing
the smallest particles, higher capacity (%400 mAh g~) is obtained
which can be partly attributed to increased side reactions of elec-
trolytes, and we observed similar capacity increase in another pro-
ton electrode when reducing particle sizes.!'*30] Additionally, it is
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Figure 2. Electrochemical characteristics of hexagonal molybdates. a) CV profiles and b) GCD curves of initial cycles of h-M (S, M), at a scan rate of
3 mV s~! and constant current of 5 C (1 C = 200 mA g~ '), respectively. c) The first galvanostatic reduction step of different h-M electrodes under 5 C
currents. d) The cycling performances of thick h-M (S, M) electrodes in different electrolyte concentrations. e) GCD curves of h-M (A, L) electrodes at
different C-rates, and corresponding f) capacity retention profiles of the three electrodes under increasing C-rates. g) CV profiles of h-M (A, L) in 0.5 m
H,SO, and h-M (A, S) in 0.5 m Li,SO,/ Na,SO,/K,SO, at a scan rate of 5 mV s~ h) Long-term cycling stability of the three samples. Active materials
loaded on titanium mesh and 4.4 m H,SO, were adopted as the electrodes and electrolytes unless otherwise noted.

found that h-M (S, M) presents the least electrode polarization,
indicating the channel cation (NH,* vs Na*) is more important
than particle size in influencing the conductivity. Figure 2d shows
the cycling performances of thick h-M (S, M) electrodes in differ-
ent electrolyte concentrations. Similar trends are observed that
decrease on initial cycles and stabilize gradually in the following
cycles. The initial decreases in capacity are accompanied with in-
creases of coulombic efficiency (CE, as shown in Figure S9 in the
Supporting Information), suggesting that the electrochemical re-
versibility of all three groups improves in the initial cycles, and
the 4.4 M H,SO, group exhibits the highest CE which stabilizes at
100%. The observed initial performance decay can be attributed
to electrode dissolution!*1931] as electrode weight-loss is identi-
fied in post-cycled electrodes, which present close values of 97.4%
(4.4 M), 96.7% (1.0 M), and 95.5% (0.1 M) of their original mass.
Importantly, the following cycles maintain generally stable capac-
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ity regardless of electrolyte concentrations, and this is notably dif-
ferent from other proton electrodes which degrade rapidly in di-
luted electrolytes.[**1¢] Furthermore, significantly higher capaci-
ties are achieved in aqueous electrolytes compared to anhydrous
electrolytes (Figure S10, Supporting Information). These obser-
vations imply a different ion intercalation mechanism in hexag-
onal molybdates.

Figure 2e displays GCD profiles of h-M (A, L) with increasing
applied current, which demonstrates an excellent rate capabil-
ity in electrodes even with hundred-micrometer-sized particles.
Figure 2f and Figure S11 (Supporting Information) display rate
performances of the other samples. h-M (A, S) shows the best
performances thanks to small particle sizes, while all three sam-
ples show generally consistent capacity retention with increas-
ing C-rates. The similar maximum capacity and rate capability
of h-M suggest electrochemical activities with proton/hydronium
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Figure 3. Interfacial reaction and hydronium intercalation. EQCM results of h-M (S, M) in a) 4.4 m H,SO,, and b,c) 1.0 M H,SO,. "H ssNMR spectra
of d) pristine electrodes of h-M (A, L) and h-M (S, M), and charged electrodes (cycle 1) in different electrolyte concentrations of €) h-M (S, M) and f)
h-M (A, L), respectively. NMR signals were normalized based on sample masses.

are irrelevant to particle size and morphologies. In comparison,
the particle size of h-M is crucial for redox activities with metal
cations. As shown in Figure 2g and Figures S12 and S13 (Sup-
porting Information), prominent CV profiles of h-M (A, L) elec-
trodes are observed in 0.5 M H, SO, since the beginning, but little
redox activity of the electrodes is noticed in 0.5 m Li,SO,. When
using h-M (A, S) electrodes of the smallest crystallites, certain
active electrochemical signals can be found in A,SO, (A = Li,
Na, K) electrolytes but repeated cycles are required for activation.
The size of metal-ion also shows an impact on performance, with
higher electrochemical activities obtained for Li* than Na* and
K*. Interestingly, superior redox activities of h-M are obtained
with NH,* than K*, despite having similar ionic sizes, which is
possibly facilitated by the potential hydrogen bonding to the lat-
tice oxygen.l’?] These data suggest the ion intercalation into h-M
is not solely a matter of size, for both particle and electrolyte-ion.
While the particle size of h-M shows little influence on capac-
ity and rate, we found a significant impact on cycling stability.
Figure 2h displays the cycling stability of different h-M electrodes
in4.4 M H,SO, A clear dependence on electrode particle size can
be identified where large crystallite size facilitates high cycling
stability, and the h-M (A, L) electrodes sustain the most stable cy-
cling over 30 000 cycles. Overall, the hexagonal molybdate single
crystals show superior electrochemical performances (Table S3,
Supporting Information).
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2.3. Detection of Hydronium Intercalation

h-M shows unique cycling performance non-sensitive to wa-
ter contents in electrolytes. This indicates a different ion-
intercalation mechanism compared to previous findings on
naked proton (de)intercalation.”1*1>) EQCM experiments were
conducted to monitor real-time electrode mass change and study
interfacial reactions. Figure 3a,b displays the first cycle CV and
corresponding mass—potential (m—E) curves of h-M (S, M) elec-
trodes in 4.4 and 1.0 m H,SO,, respectively. The CV profiles
show noticeable signals of electrolyte reduction (hydrogen evo-
lution) because of the low active mass loading on gold surfaces,
while the characteristic redox processes at —0.13 V are clearly pre-
sented. Regarding the mass change, naked protons are negligible
in weight therefore electrode mass evolutions can be mainly at-
tributed to the solvent water of proton solvation shell. In 4.4 M
H,SO0,, a gradual mass increase is observed in the cathodic scan
from 0.2 V till the peak potential of the R2 process and followed by
a sharp mass drop. The mass increase agrees with the direction
of cationic flux and corresponds to hydronium adsorptions on
electrodes. The following mass change shows an inverse process
which suggests hydronium desolvation and water desorption.'*]
By contrast, a monotonic mass increase trend through the R2
range is observed in 1.0 m H, SO, suggesting net hydronium ad-
sorption. This difference can be attributed to the higher level of
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water solvation of hydroniumsin 1.0 m H,SO, than 4.4 m H,SO,
and high energy barrier for hydronium desolvation.['>2?]

In the subsequent cycles, a mass increase is observed for both
electrolytes suggesting overall accumulation of hydroniums and
solvent water on electrodes.l'®'*17] In particular, a subtle mass
evolution in the oxidation process of the 1.0 m H,SO, is noted
(Figure 3b), where the electrode mass increases slightly then de-
creases across the O1 region. This can be attributed to the solva-
tion of deintercalated ions (e.g., low-extent-solvated hydronium)
at electrode surfaces followed by ion desorption.['*] Similar mass
behavior is identified in the second cycle in 1.0 m H,SO, (Figure
S14, Supporting Information), while reversible hydronium ad-
sorption/desorption is observed in the following cycles with little
change of electrode mass (Figure 3c; Figure S14, Supporting In-
formation). Overall, EQCM measurements disclose distinct sur-
face interactions of hydroniums with h-M electrodes, which are
because of different ion-solvation-extents of bulk electrolytes and
have an impact on the subsequent ion intercalation steps to be
disclosed later.

'H ssNMR characterization is further carried out to probe hy-
drogen signals of a series of electrodes and investigate whether
the adsorbed hydroniums are inserted in the lattices. Figure 3d
shows the spectra of the pristine samples, where different proton-
containing species are found. In h-M (A, L), two main pro-
ton environments are identified, one presents as a sharp peak
at ~6.21 ppm, and the other as a splitting shoulder at about
7.36 ppm. The narrow 6.21 ppm signal is attributed to strongly
hydrogen-bonded ammonium species of the lattice, and the
broad peak at 7.36 ppm is ascribed to water molecules confined
within the crystal.[®*] The assignments are supported by their
spinning sideband (ssb, Figure S15, Supporting Information),
that the less significant 7.36 signal yields a more intense ssb in-
stead because of the strong dipolar coupling of H,0.['*] Addition-
ally, a weak threshold signal around 3.61 ppm (indicated by the
dashed line in Figure 3d) is observed in h-M (A, L) which is pos-
sibly induced by an isolated hydroxyl group.[** Similar features
are observed in the ammonium-free sample of h-M (S, M), and
only one broad chemical shift peak around 6.83 ppm is related
to the crystal water. A weak signal at approximately —0.67 ppm is
detected and is also attributed to the presence of a solitary -OH
group, similar to h-M (A, L). This assignment primarily relies on
their comparable signal amplitudes, and similar trends of signal
reduction are discernible in their charged electrodes (where hy-
drogen is predominantly removed). On the other hand, the differ-
ences in their chemical shifts might imply variations in chemical
environments for the H nucleus in the two composites, which
could possibly be influenced by their composition and/or specific
atomic arrangements.[*]

Evolutions of crystal water are highlighted by spectra of h-M (S,
M) in Figure 3e. The main signals and ssb (Figure S15, Support-
ing Information) of both cycled electrodes become more intense
in comparison to the pristine. These indicate increased contents
of crystal water and confirm the water/hydronium intercalation.
Slight peak broadenings are also noticed and suggest a relatively
disordered environment. The signals are found shifted to higher
ppm which can be attributed to strengthened hydrogen bonds in
accumulated water molecules. It has been reported monomeric
water molecules yield a proton resonance at around 2 ppm while
cluster states produce a typical signal at 4.8 ppm.[**] Furthermore,
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the 1.0 m H,SO, sample shows close but slightly lower intensity
than that of the 4.4 m H,SO, sample. This might imply a com-
paratively severer material dissolution due to the intercalation of
high solvation extent hydronium. Similar crystal water evolutions
are also observed in h-M (A, L) samples as shown in Figure 3f. Ad-
ditionally, weaker signals of N-H species are identified in cycled
electrodes, which can be a result of (electro-)chemical extraction
of NH,*. Interestingly, channel Na* is removed completely af-
ter a whole discharge—charge cycle based on XPS results (Figure
S16, Supporting Information), while obvious resonance of N-H
species is still present, thus indicating the coexistence of certain
crystal ammonia molecules in (cycled) h-M. These in return im-
ply a similar possibility of interchange between hydronium and
water inside the lattice.

2.4. Structural Chemistry of Hydronium Insertion into Hexagonal
Molybdates

Operando synchrotron XRD experiments were performed to il-
lustrate the dynamic hydronium (de)intercalation reactions. As
shown in Figure 4a,b, constant reflections of the hexagonal
molybdate (designated as H phase) are first observed in both elec-
trolytes until the end of R1, which suggest a possible surface reac-
tion of hydronium adsorptions. Following that, the major reduc-
tion process of R2 initiates and since there notable distinctions
are observed between the two electrolytes.

In 4.4 M H,SO, (Figure 4a), new reflection signals become no-
ticeable at stage (iii), which are positioned at lower 26 values com-
pared to the (100) and (210)/(101) peaks of the H phase. These
signals correspond to an unidentified intermediate (labelled with
arrow and denoted as the U1 phase), indicating a two-phase reac-
tion. Progressing with the R2 reduction (stage (iii) to (v)), the Ul
phase increases in intensity and shows a slight change in peak
position, suggesting a solid solution reaction of U1 (that contin-
ues till the U1 phase disappears). Meanwhile, peak intensities of
the original H phase decrease notably. Across the R2 peak (stage
(vi)), these reflections of U1 lose intensity and two new reflections
appear (indicated by star) that are associated with another uniden-
tified phase designated as U2. This is the second two-phase reac-
tion and results in three phases being present. To the R2 end
(stage (vii) to (viii)), intensities of the U2 phase are the most
prominent, while signals from the U1 and H phases diminish
and ultimately vanish at stage (vii) and (viii) respectively. Upon
further reaction ((ix) to (xii)), there remains only the U2 phase
present which undergoes solid-solution reactions as evidenced
Dby the continuously changing peak positions and the peak inten-
sity stays generally consistent. To facilitate a better understanding
of the structure changes, a semi-quantitative analysis has been
performed on the discussed phases, as shown in Figure 4c and
Figure S17 in the Supporting Information. This analysis is based
on fitted peak area of the initial peaks, given that the identifica-
tion of the detected new phases remains highly challenging due
to the limited number of reflections. Overall, the structure evolu-
tion can be summarized as (1) two sets of two-phase reactions, (2)
a minute solid-solution reaction between the two two-phase reac-
tions, and (3) a subsequent solid-solution reaction on discharge.

By contrast, in 1.0 m H,SO, (Figure 4b), all peaks of the orig-
inal H phase persist throughout the whole CV process. At the
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Figure 4. Structural evolution of h-M (S, M). Operando synchrotron XRD contour plots of hexagonal molybdates (denoted as H) in a) 4.4 m and b) 1.0 m
H,S0O, electrolytes. Arrow indicates an intermediate unidentified structure (U1), and star suggests another unknown phase (U2). Relative peak areas of
initial reflections in the three phases for the c) 4.4 m and d) 1.0 m H,SO, electrolyte groups. Colors in (c) and (d) highlight the monophasic (orange)
and multiphasic (blue) regions, and the fitted profiles at selected stages from three regions are displayed adjacent highlighting the phase evolution.

same time, the same extra reflections (as in 4.4 m H,SO,) are also
observed, suggesting the discussed reactions take place at simi-
lar stages but to a “lower” extent. Interestingly, in the oxidation
process, it is found the U2 phase also decreases in intensity in
addition to position shifts. This is also substantiated in the quan-
titative analysis (Figure 4d; Figure S18, Supporting Information)
and only trace U2 phase is present when oxidation ends.

The behavior of two-phase and solid-solution reactions with
ion insertion is commonly observed for layered materials, such
as de-lithiation of LiCoO, to Li;;CoO, where the two phases are
typically Li-rich and Li-poor structures of similar compositions or
slightly distorted lattices,*®) and diffusion-limited (battery-type)
charge storage is accompanied. In our results, intercalation steps
result in the formation of additional phases (peak disappear-
ance/appearances) and changes in phase volume (peak shifts),
which indicates a battery-type initial reduction. This reduction is
however irreversible, as the transformed structure does not revert
in the subsequent stages. The possible reason lies in the hydro-
nium intercalation process, which involves the incorporation of
highly polarized water molecules, potential deformations of the
hydronium configuration, and the formation of strong covalent
bonds (-OH) between the exposed proton core and lattice oxy-
gen. These various factors collectively influence the internal elec-
trical field of the material, leading to adjustments in atomic posi-
tions and an increase in strains and Gibbs energy. Consequently,
despite the large intracrystalline space, irreversible phase tran-
sitions are initiated to achieve a more stable structure for re-
versible hydronium (de)intercalation. The observed distinctions
in structure evolutions of the two electrolyte groups can accord-
ingly be ascribed to the intercalation of hydroniums with varying
degrees of solvation, which well aligns with the EQCM results.
Combined with electrochemical results, it is evident that hydro-
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nium (de)intercalation becomes reversible following the initial
reduction and facilitates charge storage of intercalation pseudo-
capacitance in the subsequent cycles for both electrolytes.
Diffraction results of specific state-of-charge (SOC) electrodes
are then analyzed. In Figure 5a, distinctly different from the
operando results, the ex situ patterns (4.4 M H,SO, group) sur-
prisingly reveal reflections of both the U2 and H phases at dis-
charge/charge states. Additionally, trace amounts of the U1 phase
are detected in the discharged electrode. This phenomenon can
be possibly attributed to several reasons: (1) the new phase (U2)
is a kinetically accessed structure, and relaxation leads to the for-
mation of h-M, and/or (2) the operando experiments record a
metastable or transient phase possibly not at equilibrium,*”! and
(3) these three structures are very similar in energy and can be
interchanged (reversibly) to certain extents. In 1.0 m H,SO,, the
real-time data (Figure 4b,d) already illustrate the diffraction sig-
nals of h-M as well as the new structure(s), and ex situ tests yield
consistent results, with multiple phases present and identical pat-
terns revealed in both electrolyte groups (Figures S19 and S20,
Supporting Information) This indicates the equilibrium prod-
ucts comprise of both h-M and the additional phase(s). Similar
ex situ XRD results are also confirmed in different h-M samples
and both electrolytes (Figures S19 and S20, Supporting Informa-
tion). Overall, it is demonstrated the intercalation of hydronium
ions with different degrees of solvation has a negligible impact on
the final equilibrium products. After extended cycling, all reflec-
tions are retained with no additional signal detected (Figure S21,
Supporting Information), confirming the reversibility of the reac-
tions. Nevertheless, a reduction in crystallinity can be observed.
X-ray absorption spectra (XAS) at Mo K-edge was performed
to probe the overall Mo valence change and local structure vari-
ation. Figure 5b shows the X-ray absorption near edge spectra
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Figure 5. Post-reaction structure analysis of h-M (S, M). a) Comparisons of extracted real-time X-ray diffraction patterns with ex situ results of cycled
electrodes in 4.4 M H,SO,. b) K-edge XANES of the electrode series and references of molybdenum oxides. c) Raman spectra of pristine and charged

electrodes.

(XANES). The K-edges of h-M are verified at the highest energy
as that of @-Mo"'0,, while the value is lower for the discharged
electrode but higher than that of Mo'VO,. A small positive edge
shift follows when charging the electrode back. This confirms the
evolution of Mo valance states for charge compensation which
agrees with the XPS analysis (Figure S16, Supporting Informa-
tion). Furthermore, pre-edges are also identified. The pre-edge
structure is ascribed to quadruple electron excitation and is di-
agnostic of the symmetry of metal ions,*® for instance a-MoO,
presents a strong pre-edge peak thanks to the distorted [Mo"10]
octahedra and signals are lost in MoO, because the excitation
is forbidden in perfect octahedra symmetry of [Mo'VO,] (Figure
S22, Supporting Information). Regarding the electrode series,
the pristine h-M shows an even stronger pre-edge peak than a-
MoO;, reference suggesting more distorted [MoO;] octahedra.
Significantly reduced intensities are observed in both SOC elec-
trodes indicating the reduction of Mo ion with more octahedral
symmetries. Pre-edge signals almost disappear in the discharged
electrode and accord with the white line energy, suggesting the
lowest Mo valance state with the most ion insertion. Slightly dif-
ferent local environments for the discharged/charged electrodes
are observed in the extended X-ray absorption fine-structure spec-
tra (EXAFS, Figure S23 and Table S4, Supporting Information).
Note, the XAS results of SOC electrodes herein were tested after
relaxation, therefore deviations from the operando conditions are
possible due to the subtle structure changes.

Raman spectra were finally conducted to investigate surface
evolutions. As shown in Figure 5c and Figure S24 (Support-
ing Information), a series of scattering signals are observed in
the pristine electrode that correspond to the Raman features
of hexagonal molybdates.[**! Specifically, the three main peaks
at high wavenumbers are characteristic of vibrations of Mo,;O
(~688 cm™!), Mo—O-Mo (882, 898 cm™!), and Mo=0 (975 cm™!)
bonds, respectively.[*’] In contrast, charged samples in both elec-
trolytes display only minor vibrations which spread over two
broad hump regions. SEM images (Figure S25, Supporting In-
formation) show the presence of intragranular cracks on parti-
cles of charged electrodes, and electrochemical impedance spec-
troscopy (EIS, Figure S26, Supporting Information) measure-
ments reveal an increase in charge transfer resistance. These
results collectively suggest surface degradation after the initial
process and agree with the overall decrease of crystallinity ob-
served. Completing an extended cycling process, the interfacial
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resistance remains generally unchanged (Figure S26, Supporting
Information). Considering the observed reduction in crystallinity
(Figure S21, Supporting Information) and electrode mass loss
(Figure 2d) during cycling, it can be inferred the primary cause
of performance decay is the electrochemical dissolution of active
materials.

3. Conclusion

In summary, hydronium (de)intercalation is demonstrated in a
new host of hexagonal molybdates. Testing in sulfuric acids, h-M
evolves from a battery-type initial discharge to intercalation pseu-
docapacitance, and consistent findings apply in samples with dif-
ferent sizes and structural cations (Na*, NH,"). Particle size is
found to be less influential on rate performances but promotes
the cycling stability. A high-rate capability of 200 C (40 A g™1)
and a long cycling life of 30 000 cycles are achieved in elec-
trodes of single crystals sizing even over 200 um. In comparison,
electrochemical activities of h-M in A,SO, electrolytes (A = Li,
Na, K) show strong size dependences on both particle and ion-
charge-carrier. Hydronium intercalation into h-M is confirmed
by ssNMR from intensified crystal water signals. Different ion-
electrode-interactions in two electrolyte concentrations are dis-
closed in real-time via EQCM and operando SXRD, and elec-
trodes in 1.0 m H,SO, show no obvious desolvation and main-
tains largely the pristine structure. Interestingly, the subsequent
analysis of cycled electrodes reveal nearly identical structures in
both electrolytes, suggesting the varying degrees of proton sol-
vation have minimal impact on the equilibrium products. Bene-
fiting from hydronium intercalation, electrode cycling stability is
insensitive to electrolyte concentrations. However, material elec-
trochemical dissolution still occurs and accounts largely for the
cycling degradation. These findings will have significant impli-
cations for developing future proton electrodes and hopefully ad-
vance progresses of corresponding high-power batteries and be-
yond.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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