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One strategy to tune the electrochemical properties of layered inorganic materials for energy storage and
conversion is to introduce molecular organic pillars. We investigated how pillaring tungsten oxides with
alkylammonium cations influences their physical and electrochemical properties relative to the non-
pillared host. While the presence of alkylammonium increased the interlayer spacing, we found that the
electrochemical capacity of the materials decreased in non-aqueous electrolytes. In agueous acidic
electrolytes, replacement of the interlayer alkylammonium pillars with water molecules led to the
recovery of the electrochemical capacity. We rationalize these results based on the influence of

interlayer pillars on the degree of octahedral tilting within the inorganic tungsten oxide layers. The
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interlayer water. In turn, this leads to an increase in the band gap and corresponding decrease in the

DOI: 10.1035/d4ta08647c electrochemical capacity. Our findings emphasize the correlation between the chemical nature of the

rsc.li/materials-a interlayer molecular pillars and the electronic structure, which in turn affects the electrochemical capacity.
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1. Introduction

One strategy for influencing the electrochemical reactivity of
layered inorganic materials is through the introduction of
organic molecules within the interlayer void space to yield
layered hybrid organic-inorganic materials. This is particularly
interesting for electrochemical ion-insertion reactions, where
the presence of organic molecule “spacers” in the interlayer can
influence the electrochemical microenvironment. For example,
organic molecules that increase the interlayer spacing relative
to the unmodified host could facilitate the insertion of species
that are difficult to accommodate within the interlayer of many
inorganic materials, such as anions, multivalent cations,
solvent molecules, and dissolved gas molecules. The electro-
chemical behavior of several classes of layered hybrid organic-
inorganic materials has been reported, such as graphene
oxides,'? transition metal sulfides,”® and transition metal
oxides.*” The primary focus of these studies was to understand
the relationships between the size of the organic molecule and
interlayer space, and the accessibility of ions and solvent
molecules to the interlayer.*® Banda et al. synthesized reduced
graphene oxide pillared with different length alkyl diamines,
and found a correlation between the interplanar d-spacing and
size of electrolyte desolvated ions: electrolyte ions could access
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the interlayer when their desolvated ion size was less than the d-
spacing." The capacitance of the alkyl diamine pillared reduced
graphene oxides was comparable to the non-pillared material
but electrochemical impedance spectroscopy (EIS) results
showed increased resistance to ion transport. This was attrib-
uted to steric hindrance of the ion transport within the inter-
layer, which was hypothesized to be too crowded to facilitate
efficient ion movement.” In a separate study, the same authors
reported the importance of controlling the density of the
interlayer pillaring molecules in reduced graphene oxide.?
Reduced graphene oxide “sparsely” pillared by 1,6-dia-
minohexane showed higher gravimetric and volumetric capac-
itances than the non-pillared material, which was again
attributed to reduced steric hindrance.

There are also reports of utilizing interlayer pillaring in
transition metal oxides to influence their electrochemical ion
insertion behavior. Layered transition metal oxides can be pil-
lared by chemical insertion of metal cations, as has been shown
for MnO, and vanadium oxides.'*™® This approach is hypothe-
sized to influence electrochemical ion insertion by weakening
the interactions between the oxide and subsequently electro-
chemically inserted ions, thus facilitating solid state ion
transport, and ultimately leading to better cyclability and rate
capability."*** Organic molecules can also be used to pillar
layered transition metal oxides. The acidic early transition
metal oxides (e.g., MoO3z;, WO3, TiO,, V,0s5) can react with
organic bases such as alkylamines to form layered hybrid
organic-inorganic oxide materials.'*** Pomerantseva et al. re-
ported the electrochemical behavior of alkylammonium-

This journal is © The Royal Society of Chemistry 2025
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pillared bilayered vanadium oxide in non-aqueous electro-
lytes.>*** The interlayer distance of the resulting hybrid material
was controlled by the chain length of the alkyl group. They
found that the pillared vanadium oxides showed a higher
cycling stability, but lower capacity, for both Li* and Na" inter-
calation, as compared to the pristine bilayered vanadium
oxides. Recently, our lab reported that octylammonium-pil-
lared tungsten oxide showed lower capacities than its parent
phase, WO;-H,0, towards proton, Li‘, and tetrabutylammo-
nium [NBu,]" insertion.” Therefore, it is a fairly common
observation that upon pillaring the interlayer with organic
molecules (and in the absence of exfoliation), the capacity
towards ion insertion decreases relative to the parent oxide. The
most common explanation for this phenomenon is that the
capacity decline occurs from the restriction of ion insertion
sites in an interlayer saturated with organic molecules.*

In this work, we provide an additional explanation for
reduced electrochemical ion insertion into layered hybrid
organic-inorganic oxides by investigating the structure and
electrochemical properties of alkylammonium-pillared layered
tungsten oxides. We prepared a series of layered hybrid tung-
sten oxides, where the organic pillaring molecules were propy-
lammonium (PA), butylammonium (BA), or octylammonium
(0A), and performed electrochemical characterization in
a series of non-aqueous electrolytes containing alkali cations
(Li", Na", Cs") or [NBu,]" as well as in aqueous sulfuric acid. We
found that in all investigated electrolytes, the hybrid oxides
showed smaller capacities than the parent layered oxide,
WO;-2H,0. In other words, the capacities were smaller not only
with Li*, but also with larger cations like Cs" and [NBu,]". We
hypothesize that this decrease in the capacity occurs not only
from the saturation of the interlayer and blocking of ion
insertion, but rather from the influence of the organic pillaring
molecules on the octahedral tilting of the inorganic WO layers
which controls the electronic properties of the hybrid materials.
During extended electrochemical cycling of the layered hybrid
tungsten oxides in an acidic electrolyte, the intercalated organic
molecules are progressively replaced with water, which leads to
a continuous shift in the onset potential and capacity associated
with H' insertion. This study provides insight into the various
factors that influence the electrochemical behavior of layered
hybrid oxides.

2. Experimental methods
2.1 Chemicals

All chemicals were used as received. Sodium tungsten oxide
dihydrate (Na,WO,-2H,0; 99%), lithium perchlorate (LiClOy;
electrochemical grade), cesium perchlorate (CsClOy; reagent
grade), propylene carbonate (PC; anhydrous, 99.7%), lithium
(99.9%), and ferrocene (Fc; 98%) were purchased from Millipore
Sigma. Hydrochloric acid (36.5-38.0%, certified ACS Plus),
ethanol (EtOH; anhydrous), acetylene black (100%
compressed), stainless steel mesh (400 mesh woven from
0.028 mm dia.), tetrabutylammonium perchlorate ([NBu],ClOy;
99%), sulfuric acid (H,SOy; certified ACS Plus) were purchased
from Fisher Scientific. Octylamine (99%), butylamine (99%),
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and propylamine (99%) were purchased from Acros Organics.
Latex-PVDF solution (20 wt% aqueous dispersion) was
purchased from MTI Corp. Carbon paper (AvCarb MGL 190) was
purchased from Fuel Cell Earth.

2.2 Materials synthesis

WO;-2H,0 was synthesized via an acid precipitation reaction.>
Typically, 50 mL of 1 M Na,WO,-2H,0 was added dropwise to
450 mL of 4 M HCI while stirring at 300 rpm overnight. The
precipitates were collected and washed with DI water under
vacuum filtration until the rinsed solution reached neutral pH.
The filtered WO3;-2H,0 was then dried at 60 °C overnight and
ground into a fine powder. xBA-WO; (xOA-WOj3, xPA-WO;) was
synthesized by a dissolution-reorganization reaction using
WO;-2H,0 as the precursor.”” 300 mg of WO;-2H,0 was added
to a solution of butylamine (octylamine, propylamine) in 2 mL
EtOH with molar ratio of 0.5-2 BA (OA, PA) to 1 WO;-2H,0. This
mixture was stirred rigorously in a round-bottom flask for 2
days. After completion, the powder was collected via centrifu-
gation and washed by redispersing the powder in EtOH and
centrifuging three times. The product was dried at 60 °C under
vacuum and ground to a fine powder. The products were
denoted as xBA-WO; (xOA-WOj3;, xPA-WO;), where x = 0.5, 1 or
2, representing the molar ratio between butylamine (octyl-
amine, propylamine) and WO;-2H,0 during the synthesis.

2.3 Materials characterization

XRD measurements were conducted on a PANalytical X'Pert
diffractometer in the Bragg-Brentano geometry with Cu Ka
radiation (1,/A, = 1.5406/1.5444 A). Raman spectroscopy was
performed using a WiTEC alpha 300R confocal Raman spec-
trometer with a laser wavelength of 532 nm and a 100x objec-
tive lens. TGA was performed on a Seiko Exstar TG/DTA6200
instrument. SEM was performed using a field emission FEI
Verios 460L microscope. Ex situ XRD and Raman were per-
formed using slurry electrodes coated on stainless steel mesh
substrates. Diffuse reflectance spectroscopy (DRS) data of the
various pillared tungsten oxides were collected on a Shimadzu
UV-vis-NIR  spectrophotometer (UV-3600) equipped with
a deuterium-halogen lamp and an integrating sphere detector
with a wavelength range of 200-1100 nm. A flat BaSO, (Alfa
Aesar, 99%) surface served as the background reference. The
analyte was evenly spread then pressed onto the background
reference. Reflectance of the analyte was recorded then trans-
formed using the Kubelka-Munk remission function.

2.4 Electrode preparation

Electrodes were prepared by mixing the active material with
acetylene black and latex-PVDF solution in a weight ratio of 8:
1:1 in EtOH. Typically, 24 mg of tungsten oxide materials and
3 mg of acetylene black were dispersed in 500 uL EtOH. After
stirring 1 hour, 33 pL of 20 wt% latex-PVDF was added into the
solution, followed by a short vortex (30 s). Then, 50 uL of the
slurry solution was dropcast onto a carbon paper (Fuel Cell
Earth) or stainless-steel mesh (Fisher Scientific) current
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collector with an area of 2 x 1 cm?. The electrode was ready to
use after drying at 60 °C overnight.

2.5 Electrochemical characterization

Electrochemical characterization was performed in three-
electrode cells using a potentiostat (bio-logic MPG2, VMP3, or
SP50). Non-aqueous electrochemistry was performed in an
argon-filled glovebox (MBraun LABstar pro, <1 ppm O, and
H,0). Li" insertion was studied in a 0.1 M LiClO, in PC elec-
trolyte with Li metal counter and reference electrodes. Poten-
tials were converted to the standard hydrogen electrode (SHE)
scale using the following equation:

ESHE = Emeas + Eo

LijLit RT/F In[Li"] (1)

Cs" and [NBu]," insertion were studied from 0.1 M CsClO,
and [NBu,|ClO, in PC electrolytes, respectively, with a Pt coil
counter electrode (99.99%, Pine Research Instrumentation) and
a Ag wire pseudo-reference electrode (99.999%, Fisher Scien-
tific). To determine the potential vs. SHE in these electrolytes,
5 mM Fc was added to the electrolytes upon completion of the
electrochemical tests to serve as an internal standard. As shown
in Fig. S1,} Ey, of ferrocene is ~0.80 V vs. Ag/Ag" in 0.1 M
CsClO, and ~0.72 Vvs. Ag/Ag" in 0.1 M [NBu,|ClOy, respectively.
Thus, we have the following equations to convert the potential
to SHE scale:

ESHE(Cs*) = Emeas + E;:C/FC+ —0.80 (2)

Esupngu*) = Eneas + Epgjper — 0.72 (3)

Electrochemical cycling of 2BA-WO; was carried out in 1 M
H,SO, with a graphite rod counter electrode (Pine Research
Instrumentation) and a Ag/AgCl in 4 M KCl reference electrode
(Pine Research Instrumentation). All reported current densities
were based on the geometric surface area. Potentials were
converted to the standard hydrogen electrode (SHE) scale using
the following equation:

ESHE = Emcas + E;g/AgCl + 0059pH (4)

2.6 Electrochemical simulation

We performed an electrochemical simulation following the
model described by Fabregat-Santiago et al.*® This simulation
models capacitive voltammetry using an equation of the form:

—aele

C=CehT + (G (5)
Here, the capacitive current is calculated from an exponential
function containing the temperature-dependent parameter «,
the factor e representing the shift in the Fermi level due to
applied bias, homogenous film potential V., Boltzmann
constant kp, and temperature 7. The exponential function is
normalized by a pre-exponential factor C,, and quasi-constant
capacitance at low applied potential Cp. This model was
evaluated with C, = 0 mF and C, varying between 1 and
400 pF.
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2.7 Ex situ Raman sample preparation

0.5BA-WO; was coated on carbon paper via the above protocol.
Cyclic voltammetry was performed to 1.9 V vs. Li/Li" in 0.1 M
LiClO, in PC, followed by chronoamperometry at 1.9 V for
2 min. After being rinsed with DMC and dried in the glovebox,
the electrode was transferred into an operando electrochemical
Raman cell (EL-Cell ECC-Opto-10) to protect it from air (but
without applying a potential during Raman spectroscopy).

2.8 Ex situ XRD sample preparation

0.5BA-WO; was coated on stainless steel mesh via the above
protocol. Cyclic voltammetry was performed to 1.9 Vvs. Li/Li" in
0.1 M LiClO, in PC, followed by chronoamperometry at 1.9 V for
2 min. After being rinsed with DMC and dried in the glovebox,
the electrode was wrapped with Kapton tape (Thorlabs Inc.) and
sealed in a polyethylene bag.

2.9 Operando electrochemical XRD

Operando synchrotron XRD was conducted at the Stanford
Synchrotron Radiation Lightsource (SSRL) using beamline 2-1
in Bragg-Brentano geometry with an incident energy of 17 keV.
A Pilatus 100 K area detector was used to collect the area
diffraction patterns. The 2D diffraction patterns were compiled
and integrated using a Python script developed at SSRL beam
line 2-1. The measurement was performed in an in situ cell
following previously described protocols.”>*® The cell was
composed of a 5.0 mm thick PEEK electrode holder with a 1/32”
thick fluorosilicone rubber gasket (McMaster-Carr) for pre-
venting electrolyte leaks and a polyimide (Kapton) film to
provide a low background window suitable for X-ray trans-
mission. The in situ cell was assembled in an Ar-filled glovebox
and transferred out, where it was then placed in a sealed helium
(He) chamber. The full assembly was mounted onto the
diffractometer. Helium flowed through the chamber
throughout the experiment. Cyclic voltammetry was performed
in the in situ cell at a scan rate of 2 mV s~ * for three cycles from
3.8 Vto 1.9 V (vs. Li/Li") using a BioLogic SP150 potentiostat in
a two-electrode configuration, with Li metal serving as the
counter electrode and 1.0 M LiClO, in PC as the electrolyte. 2D
diffraction patterns were collected with a fixed incident angle ()
of 2° and fixed detector angle (26) of 5° providing an angular
range +3.4° 26. The data acquisition time was 3 seconds per
scan.

2.10 Electronic structure calculations

Density functional theory (DFT) was used to calculate the elec-
tronic band structures of a model structure of H,WO, as
implemented with the Quantum ESPRESSO (version 6.1) free-
ware in combination with the BURAI (version 1.3.1) GUL*"3
These calculations were performed using projector augmented
wave potentials based on the PBE exchange-correlation func-
tional.** Hubbard U parameters*~* of 6.20 eV and 9.00 eV were
used for W and O, respectively, to account for localization of
the W 5d and O 2p orbitals. Cut off energies of 6.466 keV and a 2
x 2 x 3 k-point grid were used for the calculations.*

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

3.1 Electrochemical behavior of layered hybrid organic-
tungsten oxides in non-aqueous and aqueous electrolytes

WO;-2H,0 was used as the precursor for the synthesis of hybrid
organic-pillared tungsten oxides. Stirring WO;-2H,0 in a solu-
tion containing the alkylamine of interest (butylamine, propyl-
amine, or octylamine) and ethanol leads to a dissolution-
precipitation reaction and the formation of hybrid layered
tungsten oxides pillared with alkylammonium cations.*>*”
These products are designated as BA-WO;, PA-WO; and OA-
WOj;, where BA indicates butylammonium, PA is propylammo-
nium, and OA is octylammonium. XRD shows that the presence
of alkylammonium cations increases the interlayer distance
relative to WO;-2H,0 (Fig. S27), from 0.70 nm to 1.28 nm (PA-
WO;3), 1.40 nm (BA-WO;3), and 2.60 nm (OA-WO;). The bond
length of CH;NH;" is estimated to be 0.248 nm, and each
additional -CH,- unit of the alkyl chain increases the chain
length by 0.127 nm.”” Therefore, the length of alkylammonium
chains all with trans conformation are estimated to be 0.502 nm
for PA, 0.629 nm for BA, and 1.137 nm for OA. To accommodate
the interlayer expansion observed from XRD analysis, the alky-
lammonium chains must be in a bilayer arrangement in the
interlayer with a non-negligible van der Waals gap between each
layer of the alkylammonium bilayer. The tilt angle of the alky-
lammonium chains with respect to the basal plane can be
estimated by considering the measured d-spacing, the thickness
of the inorganic layer, and the calculated chain lengths using
the following relationship:*

dmcas - hi
e (6)

o = sin
lo

where « is the tilt angle of the alkylamine chains with respect to
the basal plane, dpe.s is the measured d-spacing, #; is the
thickness of the inorganic layer, and [, is the calculated length
of the bilayer of alkylammonium chains. Notably, the thickness
of the inorganic layer is dependent on structural changes in the
tungsten oxide coordination and distortions/tilting within the
basal plane. According to the structure reported by Szymanski
and Roberts,* the thickness of the inorganic layer in WO;-H,O
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Fig. 1
WO3-2H,0.
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is 0.403 nm, however, a previous study on the synthesis and
structure of diamine pillared tungsten oxides reports an esti-
mated inorganic layer thickness of 0.361 nm.** The presence of
different higher angle XRD peaks in the pillared samples re-
ported here compared to that of the hydrated tungsten oxides is
evidence of structural changes within the inorganic layer. Since
we expect the alkylammonium pillars to interact with the
inorganic lattice in a similar way as the alkylammonium groups
of the diamines, we used the value of 0.361 nm to calculate tilt
angles () of 66° for PA, 56° for BA, and 80° for OA.

We further synthesized a series of BA-pillared tungsten
oxides by varying the ratio of butylamine to WO;. These prod-
ucts are denoted as xBA-WOj;, where x = 0.5, 1 or 2, repre-
senting the molar ratio of butylamine to WO; during synthesis.
XRD shows that 1BA-WO; and 2BA-WO; (Fig. 1a) are phase-
pure layered hybrid materials, with no peaks associated with
the precursor, WO;3-2H,0. We designate these materials as
“fully pillared”. The interlayer space expands from 0.70 nm in
the precursor to 1.40 nm. In contrast, 0.5BA-WO; shows the
presence of both the organic hybrid phase and the parent
WO;-2H,0 phase. Thus, the product of 0.5BA-WO; reaction is
a mixture of the fully pillared phase and the hydrated tungsten
oxide precursor. The XRD results are in accordance with the
color differences between the samples (Fig. S31), which ranged
from yellow for WO;-2H,0 to white for both 1BA-WO; and
2BA-WO;. Similar results were observed in OA-pillared tung-
sten oxides, except 10A-WO; was not phase pure and contained
small amounts of WO;-2H,0 (Fig. S4t).

We used Raman spectroscopy to investigate changes in W-O
bonding between WO;-2H,0 and the BA pillared materials,
0.5BA-WO;, 1BA-WO; and 2BA-WO; (Fig. 1b and Table S17).
WO;-2H,0 has three characteristic peaks below 1000 cm™ % at
950 cm ™}, between 600 and 700 cm ™, and at 330 cm™*.*>*3 The
950 cm ™" peak is assigned to the W-terminal oxygen stretching
(v) mode, »(W-O,). This peak is indicative of water in the
structure, present as a long W-OH, bond that in turn leads to
a shorter W-O, bond. In all the pillared tungsten oxides, the
presence of BA leads to new peaks of »(W-O,) at lower wave-
numbers (860 and 890 cm '), indicating a longer W-O, bond
relative to WO;-2H,0. The broad peak between 600 cm ™" to

b)
W-0)
A v(C-H)
5 |sowol] G \
PO N N ... 1M
>
2
(]
€ =
o 0.5BA-WO,
g |500-W-0)
S Y(0-W-0)
5 L w0y
2 WO,-2H,0
500 1000 1500 2000 2500 3000

Raman shift (cm™)

(@) XRD and (b) Raman spectroscopy of WO3z-2H,0 and BA-pillared WO+ obtained from syntheses using different ratios of butylamine to
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700 cm ™ " is assigned to the in-plane »(O-W-O) stretching mode,
which is absent in the fully pillared oxides, 1BA-WO; and
2BA-WO;.* The small peak at 330 cm™ " shown in all samples is
attributed to the 6(O-W-0) bending mode. The pillared tung-
sten oxides also show two additional peaks at 1470 cm ™ * and
2800-2900 cm ', which are attributed to the §(CH,) twisting
and »(C-H) stretching of the alkyl group of the organic
molecules.*>

We performed thermogravimetric analysis (TGA) in air to
understand the temperature stability and interlayer composi-
tion of each oxide (Fig. S5T). Both WO;-H,0 and WOj;-2H,0
show a distinct mass loss step from 150 to 250 °C, and
WO;-2H,0 shows an additional mass loss step at 80 °C. One
molar equivalent of H,O was removed during each step, con-
firming the composition of both WO;-H,0 and WO;-2H,0. The
0.5BA-WO; shows a minor mass loss step at 80 °C, corre-
sponding to the removal of unbound interlayer water from the
unreacted WO;-2H,0. The broad mass loss step between 100
and 450 °C is attributed to the removal of BA from the pillared
phase and bound water molecules from unreacted WO;-2H,0
(which is assumed to be equal to the mass loss at 80 °C). The
ratio of BA to WO; is 0.53, which is in line with that expected
from the synthesis conditions. The TGA results are also in
agreement with the XRD and Raman results, shown in Fig. 1,
that 0.5BA-WO; is a mixture of organically pillared and
hydrated oxides. 1BA-WO; and 2BA-WO; share similar overall
mass loss features, with only slight differences in the low
temperature region. Compared to 0.5BA-WO;, 1BA-WO; and
2BA-WO; show almost no mass loss at 80 °C, suggesting that
WO;-2H,0 fully reacted with BA under these conditions. The
ratio of BA to WO; in the reaction product is 1 for both, indi-
cating they are fully pillared, and that excess BA does not lead to
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more pillar insertion between the layers. Like 2BA-WO3;, 20A-
WO; is also fully pillared, and the ratio of OA to WO; is 1.

Scanning electron microscopy (SEM) was used to determine
the microstructure of WO;-2H,0 and BA pillared tungsten oxides
(Fig. 2). The particle size increases significantly upon pillaring: for
WO;-2H,0 and 0.5BA-WO;, the particle size is ~0.5 pm, whereas
in fully pillared 1BA-WO; and 2BA-WOs;, the particle size
increases to 2-10 pm. This change in microstructure is proof of
the dissolution-precipitation reaction mechanism, which gives
rise to completely different particle sizes and morphologies
compared to the pristine hydrates. Importantly, it shows that the
alkylammonium cations do not undergo an exchange mecha-
nism with the interlayer water molecules in WO;-2H,0.

3.2 Electrochemical behavior of pillared tungsten oxides in
non-aqueous electrolytes

We first investigated the electrochemical behavior of BA-pil-
lared tungsten oxides in 0.1 M LiClO, in PC through cyclic
voltammetry (Fig. 3a). In the case of the parent material,
WO;-2H,0, our previous studies show that it will dehydrate
upon exposure to the non-aqueous electrolyte and transform to
the related layered hydrate, WO;-H,0. Therefore, the parent
tungsten oxide hydrate will be referred to as WO;-nH,0 (1 =n <
2) when cycled in non-aqueous electrolytes for the remainder of
the study. Electrochemical insertion of Li* into WO;-nH,0 was
studied previously,*” and can be described as:

WO;-nH,0 + xLi" + xe~ © Li,WO;-nH,O, with0=x=<1 (7)

The cyclic voltammogram (CV) of WO3-nH,0 at 1 mV s~ is
and the current, which is entirely

nearly symmetrical,

Fig. 2 SEM of the precursor WO3-2H,0O (a) and BA—pillared tungsten oxides obtained from syntheses with various ratios of butylamine: (b)

0.5BA-WOs3, (c) 1BA-WOs3, and (d) 2BA-WOs.
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Fig. 3 (a) CVs of WO3-nH,O and butylammonium pillared tungsten oxides with various ratios in 0.1 M LiClO4 in PC at 1 mV st (b) DRS of
WOs3-2H,0 and butylammonium pillared tungsten oxides with various ratios.

associated with Li" insertion, is reversible. The cathodic
capacity was 40 mA h g ! while the anodic capacity was
38 mA h g™, corresponding to 0.39 Li" e per W. The presence
of BA led to a decrease in the current and thus capacity, with the
trend WO;-nH,0 > 0.5BA-WO; > 1BA-WO; — 2BA-WO;. The
capacity of the fully pillared 2BA-WOj is less than 1 mA h g™ *
(0.01 Li" e~ per W). Therefore, as has been observed with some
other layered materials, the presence of organic molecules in
the interlayer suppresses electrochemical Li" insertion.?

The capacity decrease upon pillaring layered materials with
organic molecules has been described previously and is usually
attributed to restricted mass transport for ion insertion due to
occupancy of the interlayer by densely packed organic
pillars.*#>%%5 However, we propose an additional consider-
ation related to distortions in the inorganic layers for the case of
layered hybrid tungsten oxides. Whether the pillaring mole-
cules are water or alkylammonium cations, the tungsten oxide
layers consist of corner-sharing octahedra that can be expressed
using Niggli-type connectivity formulas as WO,4,,0,,, or [WOy,
201/1(OH,);/1] octahedra.”® In general, the conduction band-
width of layered perovskite-like oxide materials containing d°
transition metal cations is maximized when the M~O-M bonds
have a linear (180°) configuration because this allows for the
greatest overlap between transition metal d orbitals and oxygen
2p orbitals.*® Introducing organic cations between the tungsten
oxide layers can distort the inorganic framework via rotations of
the octahedral units (i.e. tilting) which decreases the W-O-W
bond angles. This structural change often leads to narrower
conduction band widths and larger optical band gaps. This
change in electronic structure upon octahedral tilting has been
reported in a variety of transition metal oxides including layered
perovskites, bilayered vanadium oxides, layered molybdenum
oxides, and tungsten oxides.'**** According to the DRS results
shown in Fig. 3b, the band gap increases in the trend of
WO;-2H,0 (3.15 eV) < 0.5BA-WO; (3.19 eV) < 1BA-WO,
(4.16 eV) < 2BA-WO; (4.36 eV), which is in accordance with the
shift of the onset potential to more negative values in the CVs
shown in Fig. 3a. We attribute this shift in optical absorbance
and potential to increasing degrees of octahedral tilting within
the inorganic layer upon introduction of alkylammonium

This journal is © The Royal Society of Chemistry 2025

cations into the interlayer. CVs in Fig. S67 show that OA has
a similar effect to BA on the Li" insertion behavior with
a suppression of the insertion capacity from ~40to 1 mA h g™*
(0.40 t0 0.01 Li" e~ per W). We note that the increase in particle
size from WOj;-2H,0 to the layered hybrid tungsten oxides is
also expected to play a role in determining the ion insertion
capacity, especially at fast rates. However, the mixed phase
0.5BA-WO; has a similar particle size as WO;-2H,0 yet shows
a lower Li" insertion capacity. Therefore, we attribute the
change in electronic structure due to increased octahedral tilt-
ing of the tungsten oxide layers as the primary reason for the
capacity decline.

The effects of octahedral tilting on the electronic structure of
perovskite-related materials containing d° transition metals has
been studied quite extensively.* As discussed previously by Eng
et al.,” fully inorganic layered derivatives of oxide perovskite
structures such as Ruddlesden-Popper (RP) phases should not
have significantly different band gaps from their 3D counter-
parts in cases where the M-O bond distances and M-O-M bond
angles remain similar. In the case of hybrid layered halide
perovskites, previous work by Liu et al. showed that the incor-
poration of hydrocarbon ammonium groups almost always
leads to octahedral tilting.*® This work further shows that the
most common forms of tilts seen in layered perovskite deriva-
tives are out-of-phase tilts (¢-tilts) along the lateral directions of
the inorganic layer and #-tilts perpendicular to the layer plane.
The most commonly observed tilting patterns in the halide
perovskite examples were found to be ¢p@f/ppf and @8/ pel
which produce unit cells with Pbca and P2,/c space group
symmetry, respectively. The formation of these two tilting
schemes is driven by the optimization of hydrogen-bonding
interactions between the ammonium group and the inorganic
layer. Both WO3-H,0 and WO;-2H,0 are structurally similar to
these layered perovskite derivatives and we can assign tilting
patterns using the same notation. For WO3-H,0, the structure
reported by Szymanski et al.*® has Pmnb space group symmetry
with the pattern of octahedral tilting described as ¢¢0/¢¢0.
From the report by Liu, this pattern of tilting would correspond
to a structure with Cmce space group symmetry. However, the
symmetry is lowered from Cmce to Pmnb by the second order
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Inorganic RP oxide WO;°H,0 (RE),WO,
(A),MO, H,WO, RA = alkylammonium

a

Fig. 4 Generic representation of the octahedral layers in an all-inorganic RP oxide, WOz-H,0O, and a hybrid RP oxide. The two common types of
tilting (¢ and ) are shown in the respective viewing orientation. Blue polyhedral, red spheres, grey spheres, and purple spheres represent W-
centered octahedral units, oxygen atoms, hydrogen atoms, and nitrogen atoms, respectively.

Jahn-Teller distortion of W®* (5d°) within the octahedral coor-
dination environment. For WO;-2H,0, the structure reported
by Li et al.>* has a complex pattern of octahedral tilting involving
varying degrees of ¢-, -, and in-phase ({-) tilts. The increased
complexity of the tilting scheme with the presence of the
interlayer water suggests hydrogen bond doners (either H,O or
alkylammonium pillars) can drastically alter the tilting of the
inorganic layer. A pictorial representation of the structural
relationships between an all-inorganic RP oxide, WO;-H,0, and
a hybrid RP oxide is given in Fig. 4.

For hybrid layered oxide perovskites, we may expect that the
hydrogen bonding interactions are stronger than the related
halide phases, suggesting more optimal patterns of tilting.
From the DRS measurements, we observe a significant shift in
absorbance onset (~+1 eV) upon replacing the water groups
with organic ammonium cations. While we are not able to
obtain crystal structures from the laboratory XRD data, we may
still expect significant changes in the degree and patterns of
octahedral tilting of the inorganic tungsten oxide layers. We

utilized DFT electronic structure calculations of an idealized
unit cell of H,WO, with the parent RP-phase structure (I4/mmm)
to show how octahedral tilting can influence the band gap. We
lowered the space group symmetry to P2,/c to allow for the
@p0/ppl pattern of tilting using the ISODISTORT program®
following the previous report by Liu.>® With ISODISTORT, we
could then vary the individual tilting angles (¢ and 6) by
adjusting the magnitude of the related distortion parameters
while keeping the equatorial bond lengths relatively similar.
Using this program, we produced 11 structures with increasing
degrees of ¢-tilts, ¢-tilts, and combined ¢ + ¢-tilts. We then
calculated the band structures of all 12 structures under
identical conditions to determine how the band gap energy (E,)
changes as the tilting angle deviates from linear (180°). Fig. 5
shows the results of these calculations with ¢ + 6-tilts showing
a 0.4 eV band gap increase when the tilting angle is 25-30° from
linear. While these calculations do not fully account for the 1 eV
band gap shift observed experimentally, we found that octahe-
dral tilting alone can account for almost half of this observed

3 c)
0.4] —o— it o
5. —o— o-ilt
—0— g+0-tilt
_— o+0 tilts % %35
> angle: =
N E = 180 3
w o 9 .= F__ 171 w 02+
' 163 !
w 154 w
-1 \ VBM 0.1 °
-2 W 004

Wave Vector

Fig. 5

Deviation from Linear (°)

(a) Generic crystal structure of a RP oxide with the two types of commonly observed tilts shown with respect to their viewing angle. (b)

Valence and conduction bands closest to the Fermi level (VBM and CBM, respectively) for the calculated electronic structures for compounds
containing ¢ + 4 tilts with varying degrees of tilting. (c) Summary of the band gap change with respect to bond angle deviation from linear (180°)

for the three patterns of tilting.
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shift. More in-depth calculations from a solved crystal structure
would provide further insight on the change in absorbance.

Next, we consider why a change in the band gap should affect
the cyclic voltammetry current. Bisquert et al. proposed a cyclic
voltammetry model to quantify the effect of the semiconductor
electronic properties on the cyclic voltammetry current and
electrochemical capacitance.”® The capacitive current for
a semiconductor electrode can be calculated from the capaci-
tance C:

—aele

C=Cehl +C, (8)

where the exponential function contains «, a temperature-
dependent parameter describing the occupancy of the conduc-
tion band; e, the elementary charge; V., the homogenous film
potential; &y, the Boltzmann constant; and 7, the temperature.
The exponential function is normalized by a pre-exponential
factor C,, and contains the quasi-constant capacitance at low
applied potentials, C,. We utilized this model to simulate the
effect of the band gap on the CV by fixing C, = 0 mF and varying
C, between 1 and 400 pF (Fig. 6a). Low values of C, (~1 uF)
correspond to a large band gap whereas high values of C,
(~400 pF) are indicative of a small band gap. In effect, this
change in C, shows that at a fixed temperature, the number of
optically excited conduction band electrons increases as the
semiconductor bandgap decreases. Fig. 6a shows how these
changes are manifested in an electrochemical sense: a decrease
in the band gap of a semiconductor (holding all else equal)
leads to an increase in the onset potential, which leads to an
increase in the current at lower potentials.

Since the pillaring molecules play an important role in
determining the band gap and thus the electrochemical
capacity of tungsten oxides, we determined how gradually
replacing the interlayer organic molecules with water affects the
cyclic voltammetry current. We previously found that exposing
layered hybrid OA-WO; to aqueous acid solutions led to the
exchange of OA with H,0.* Therefore, we performed cyclic
voltammetry of 2BA-WO; in 1 M H,SO, for 250 cycles at
10 mV s~' (Fig. 6b) and found that the current progressively

a)
304 0.002
C. 1pF
20 0.000 o |J
< i —
E 10_ =0.15 0.10 -0.05 0.0
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£ 04
>
O
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Potential (V)

Fig. 6
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increased upon cycling, the capacity increased from 0.04 to 0.17
H" e™ per W, and the onset potential (at 0.1 mA cm™?) increased
from 0.18 V vs. Ag/AgCl to 0.30 V. Ex situ Raman spectroscopy
showed that 2BA-WO; transformed to WO;-2H,0 within 250
cycles (Fig. S71). The conversion of 2BA-WO; to WO;-2H,0
leads to a decrease in the band gap (Fig. 3b). Therefore, changes
in the CV current are directly correlated to changes in the
electronic structure of the oxide: the band gap of 2BA-WO; in
the 1st cycle is the largest (corresponding to low values of C, in
the simulation in Fig. 6a) while the band gap of WO;-2H,0 in
the last cycle is the smallest (corresponding to high values of C,
in the simulation). The simple CV simulation in Fig. 6a does not
account for any insertion-induced structural phase trans-
formations, so it does not capture the finer features of the
experimental CV shown in Fig. 6b where the peaks are associ-
ated with structural transitions in various H,WO;3;-2H,0 pha-
ses.” However, the simulation results clearly show how
modification of the electronic structure leads to the types of
changes observed during electrochemical cycling of water or
organic pillar-containing tungsten oxides in aqueous and non-
aqueous electrolytes.

To further investigate the electrochemical behavior of the
layered hybrid tungsten oxides, we performed cyclic voltam-
metry in three non-aqueous electrolytes while the concentration
(0.1 M) and solvent (PC) were held constant: LiClO4, CsClOy,,
and [NBu,]ClO,. Given that all the materials are in their fully
oxidized state, we focused on their behavior when applying
reducing potentials, where the expected charge-compensating
species from the electrolyte are cations. Fig. 7a shows that the
capacity of WO;-nH,0 decreased from 40 mA h g~" with Li" to
12 mA h g * with Cs" and 4 mA h g~ with [NBu,]". The small
capacities observed in Cs" and [NBu,]'-containing electrolytes
indicate that the larger cations do not insert into WO;-nH,0
and only participate in charge compensation in the electric
double layer, at the outer surface. CVs of BA-WO; with various
butylamine ratios in the above three electrolytes are shown in
Fig. 7b-d. The capacity of partially pillared 0.5BA-WO; (Fig. 7b)
decreases from 21 mA h g~ " with Li* to 11 mA h g~ with Cs* and
3 mA h g~ ! with [NBu,]". Compared with WO;-nH,0 and in the

b)
15
2BAWO; |1l
—~ 1
£
o
<
£
=
2
3
-1.51 251
-2.0

-04 -02 00 02 04 06
Potential (V vs. Ag/AgCl)

(a) Simulated CV based on the chemical capacitance model reported by ref. 28 with C,, = 0 mF and C, varying between 1 uF and 400 uF.

The depicted trend shows potential-dependent filling of the conduction band at all values of C, in the absence of additional phase trans-
formations. (b) CV of 2BA-WOs at 50 mV st in 1 M H,SO, for 251 cycles, showing how exchange of BA with H,O and simultaneous decrease in
the degree of octahedral tilting and band gap leads to a progressive increase in the current associated with H* insertion.
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Fig.7 CVsat1mV s !of (a) WO3z-nH,O and the pillared tungsten oxides (b) 0.5BA-WOs3, (c) 1BA-WO3, and (d) 2BA-WO3in 0.1 M LiClOy4, 0.1 M
CsClOy4, and 0.1 M [NBu,4]ClO, in PC electrolytes. While WO3-nH,O and the mixed-phase 0.5BA—WO3 show specificity towards Li* indicating the
insertion of this cation, the phase-pure 1BA-WO3z and 2BA-WO3 show no ion specificity indicating only outer-surface adsorption takes place, in

line with the low specific capacity.

Li'-containing electrolyte, the capacity of 0.5BA-WO; decreases
from 40 mA h g¢* to 21 mA h g *. This indicates that the
electrochemical response of 0.5BA-WOj; in Li" consists of both
ion insertion and outer surface adsorption, whereas the
capacity with Cs” and [NBu,]" is attributed to only outer surface
adsorption. For the fully pillared 1BA-WO; and 2BA-WOj3;, the
capacity is less than 1 mA h g~ ' in all three electrolytes. The lack
of ion specificity on the capacity means that only outer surface
adsorption contributes to the capacity of the fully pillared
oxides, even in the case of Li".

We observed similar phenomena in OA-WO;, shown in
Fig. S8.F For partially pillared 0.50A-WOj;, the ion size effect is
still significant as the capacity decreased from 20 mAh g~ (0.24
Li* e~ per W) with Li* to 10 mA h g~ (0.12 Cs" e~ per W) with
Cs" and 3 mA h g (0.04 [NBu,]" e~ per W) with [NBu,]". For
partially pillared 10A-WO3;, the ion size effect became less
significant as the capacity decreased from 12 mA h g™ (0.14
Li* e~ per W) with Li* to 6.5 mA h g™* (0.076 Cs" e~ per W) with
Cs*and 2mAh g " (0.02 [NBu,]" e~ per W) with [NBu,]". For the
fully pillared 20A-WO;, the ion size effect disappeared
completely as the capacity in all electrolytes was 1 mA h g™*
(0.01 e per W).

In summary, the capacity decreased as the organic molecule
ratio increased in different electrolytes and the ion size plays
different roles (Fig. 8 for BA-WO; and Fig. S9t for OA-WO;).
The significance of the ion size effect decreases in the trend
WO;-nH,0 > 0.5A-WO; > 1A-WO; ~ 2A-WOj3(A represents BA

8812 | J Mater. Chem. A, 2025, 13, 8804-8815

or OA). The large capacity of WO;-nH,O with Li" over Cs* and
[NBu,]" indicates that small cations like Li* can insert into the
hydrated tungsten oxide whereas bulky cations can only be
adsorbed onto the outer surface. By contrast, in fully pillared
tungsten oxides (1BA-WO;, 2BA-WOj;, and 20A-WOj;) the
capacity is comparable among different ions. In this case, no
ion insertion took place. The mixed phase tungsten oxides
(0.5BA-WO3, 0.50A-WOj3, and 10A-WOj3) are more ambiguous.
While their ion size effect is less significant than in WO;-nH,0,
it remains likely due to the presence of residual WO;-2H,0.
Thus, we assume the capacity of mixed phase tungsten oxides is
from both ion insertion and surface adsorption. Interestingly,

100

N w »
o o o

-
o
I

Cathodic Capacity (mAh/g)
Coulombic Efficiency (%)

No pillars 0.5BA

1BA  2BA

Fig. 8 Cathodic capacity and coulombic efficiency of WOz-nH,O,
pillared tungsten oxides 0.5BA-WOs, 1BA-WOs and 2BA-WOs in
different non-aqueous electrolytes.
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in electrolytes with the bulky cations Cs' and [NBu,]", the
capacity still follows the trend of WO;-nH,0 > 0.5BA-WO; >
1BA-WO; - 2BA-WO3;, which could not be explained by the
accessibility of ions into the interlayer region of BA-WOj;. Since
those bulky cations are not expected to be intercalated into the
structure of tungsten oxides, the change of capacity is attributed
to the modification of band structures by tilting.

Since the highest capacities for the layered hybrid tungsten
oxides were obtained with the partially pillared 0.5BA-WO; in
0.1 M LiClO, in PC, we performed Raman spectroscopy and
XRD characterization to understand if any structural changes
took place during electrochemical cycling. Ex situ Raman
spectroscopy of a 0.5BA-WO; electrode at a reduction potential
of 2 Vvs. Li/Li" (Fig. S107) contains two peaks associated with
the inorganic tungsten oxide layers (950 cm ™" and ~650 cm ™).
These are W-terminal oxygen stretching modes, »(W-Oy), and
in-plane ¥(O-W-0) stretching mode, as shown in Fig. 1b. The
peaks at 1345 cm ™' and 1590 cm ™' are typical peaks for acti-
vated carbon, which is used as the conductive material in the
assembly of the working electrode. The last two broad peaks at
~2700 cm™ ' and ~2900 cm ' are assigned to the §(CH,)
twisting and »(C-H) stretching of the alkyl group of the organic
molecules and activated carbon. We observed no significant
changes in all the above peaks after cycling to 2 V vs. Li/Li",
indicating the structural integrity of 0.5BA-WOj; during cycling.
We also performed ex situ XRD (Fig. S111) and in situ XRD
(Fig. S127) of 0.5BA-WOj;. The ex situ XRD of 0.5BA-WO; was
performed with running cyclic voltammetry at potential
between 2 to 3.9 V and at a scan rate of 2 mV s * in 0.1 M LiClO,
in PC, presenting several peaks: two peaks at 6° and 10° are
assigned to the BA pillars in the interlayer of WO;; two peaks at
13° and 17° are assigned to the (020) peak of WO;-2H,0 and
WO;-H,O, respectively; three peaks at 24°, 26° and 27° are
peaks of WO;-2H,0. The electrode was sealed in a polyethylene
(PE) bag to prevent possible reoxidation in the air, which led to
the strong peaks between 22° to 23° (see controlled experiment
in the black curve in Fig. S117). After reduction of 0.5BA-WOj; to
2V, peaks at low angles are too poor to be compared, while
peaks higher than 15° are unchanged. We also performed in situ
XRD focusing on the low angle region, which showed one peak
at 2.6° (corresponding to the peak at 5.5° with Cu K,; X-rays)
that was unchanged during several cycles between 3.9 V and
2 V. The ex situ and in situ XRD results both show that in the
case of 0.5BA-WO; in 0.1 M LiClO, in PC, there were no struc-
tural changes during cycling. Given that 0.5BA-WO; contains
some unreacted hydrate, this means that the phase fraction of
hydrate phase was insufficient to observe structural changes
due to Li" insertion.

4. Conclusions

We investigated the influence of organic interlayer pillaring
molecules on the electrochemical properties of tungsten oxides.
An increased ratio of pillaring molecules (BA or OA) led to an
increase of the band gap as well as reduction of the electro-
chemical capacity relative to the non-pillared host in non-
aqueous electrolytes. A common hypothesis for this decrease

This journal is © The Royal Society of Chemistry 2025
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in electrochemical capacity is that it occurs from the dense
packing and/or hydrophobic nature of the interlayer alky-
lammonium cations, which disfavor electrochemical ion
insertion. On the other hand, cycling of fully pillared 2BA-WO;
in aqueous solution of 1 M H,SO, led to gradual removal of BA
pillars, with simultaneous increase in the onset potential and
electrochemical capacity. We rationalize these results based on
the influence of interlayer organic molecules on the electronic
band structure of inorganic layered materials that exhibit
octahedral tilting (ie., contain networks of corner-sharing
octahedra). Relative to interlayer water, alkylammonium
increases the degree of octahedral tilting within the tungsten
oxide layer which increases the band gap. The increase in band
gap leads to a decrease in the electrochemical capacity, which
we also demonstrated via a cyclic voltammetry model. This work
shows that molecular pillaring of inorganic materials contain-
ing corner-sharing octahedra can tune their electrochemical
behavior by modifying their band structures, and as a result, the
increased interlayer spacing in such systems does not facilitate
electrochemical ion insertion.
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