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Two-dimensional oxide materials are a well-studied, interesting class of materials, enabled by the fact
that their bulk layered metal oxides, such as titanates and niobates, can be easily exfoliated within
minutes into 2D nanosheets. However, some promising oxide materials, such tantalum oxide, are much
more difficult to delaminate, taking several weeks, due to the higher charge density resulting in stronger
Coulombic interactions between the layers. This intrinsic constraint has limited detailed studies for
exploiting the promising properties of tantalum oxide 2D nanosheets towards enhanced catalysis and
energy storage. Here, we have studied in detail the exfoliation mechanism of high charge density 2D
materials, specifically tantalum oxide (TaOsz) nanosheets. Optimization of tetrabutylphosphonium
hydroxide (TBPOH) as the exfoliation agent in a 2:1 ratio to HTaOs has resulted in a dramatic reduction
of the exfoliation time down to only 36 hours at 80 °C. Furthermore, single monolayers of TaOsz
nanosheets with >95% coverage have been achieved by Langmuir—-Blodgett deposition, while thicker

Received 19th February 2021, layers (ranging from several tens of nanometers up to microns) exhibiting long-range ordering of the

Accepted 9th April 2021 present nanosheets have been realized through inkjet printing. Interestingly, scanning tunneling
microscopy analysis indicated a wide bandgap of ~5 eV for the single TaOz nanosheets. This value is
significantly higher than the reported values between 3.5 and 4.3 eV for the layered RbTaOs parent

compound, and opens up new opportunities for 2D oxide materials.
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nanosheets have been reported to exhibit a large optical band-
gap of ~5 eV,” whereas bulk Ta,O5 and the layered RbTaO;
phase, from which TaO; nanosheets are made, averages on a
bandgap of ~4 eV.*"' Another study has shown that TaO;

Introduction

While two-dimensional (2D) materials have been investigated
for a long time, the interest in these materials has peaked in the

last two decades."” The discovery of graphene and its interesting
properties boosted the exploration of other 2D materials, often
termed nanosheets.>® Nanosheets have lateral sizes into the
micrometer range, but their thicknesses are a couple of orders
of magnitude smaller (single nanometer range). This results in a
huge area to volume ratio, which is interesting for various areas
of application, such as heterogeneous catalysis and energy
storage.” Moreover, nanosheets may exhibit interesting physical
properties that are different compared to the layered bulk
materials from which they were exfoliated. For example, exfo-
liated Tiy 5,0, nanosheets, that are as thin as one nanometer,
have been proposed as low leakage dielectric films.® Bulk titania
has a much lower permittivity than the 2D form. Similarly, TaO;
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nanosheets can contribute to reduce the electrode-electrolyte
interfacial resistance in lithium ion batteries.” 2D tantalum
oxide is thus an interesting material to explore further.
Various layered materials can be delaminated into nano-
sheets, e.g. clays, hydroxides and metal oxides."” Several layered
metal oxides are easily exfoliated, within minutes, such as
titanates and niobates.'® However, not all metal oxides delami-
nate readily. For example, tantalum oxide nanosheets have
been reported to take roughly three weeks at room temperature
to exfoliate from its parent compounds HTa0;."* TaO; nanosheets
exhibit a relatively high charge density of —1.6 C m 2 on their
basal plane, while much more easily to exfoliate lepidocrocite-type
titanate nanosheets show a charge density of —0.99 C m~ %" and
RuO, nanosheets have a charge density of —0.46 C m ™2, calculated
on the basis of data from ref. 16 For TaO; this results in stronger
Coulombic interactions between the interlayer cations and the
TaO; " layers. Lower charge densities lead to a weaker electrostatic
force between the layers, whereas higher charge densities require
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more energy to exfoliate a layered intercalation phase.'”° Limited
research has been done on the exfoliation of this material, and
films consisting of tantalum oxide nanosheets fully covering a
substrate have not yet been reported. To realize (patterned) thin
films from TaO; nanosheets using inkjet printing, dispersions
with a relatively high concentration of nanosheets are needed.
The goal of the research presented here was to better under-
stand the exfoliation mechanism of high surface charge density
2D materials, specifically tantalum oxide TaO;™. By employing
different exfoliating agents, their ratios to the layered material
and the exfoliation temperature, the exfoliation procedure was
optimized. Fully covering monolayer films of nanosheets were
made using Langmuir-Blodgett deposition, as well as layered
thin films using inkjet printing. The bandgap of single TaO;
nanosheets was electrically determined using scanning tunneling
microscopy (STM), to demonstrate the promising functionality for
future applications in Li-ion batteries and high-k films.

Experimental

RbTaO; was synthesized following Fukuda et.al'* Rb,CO;
(99.8% Sigma Aldrich) and Ta,Os (99% Sigma Aldrich) in a
molar ratio of 1.02:1 were mixed on a roller bench for 1 day,
ground and again mixed for 1 day on a roller bench. In a
platinum crucible the mixture was calcined at 1173 K for
20 hours. The resulted powder (RbTaO;) was washed 3 times
with water and dried in air at room temperature. Protonation of
RbTa0; was conducted using 1 M HCI solution (100 cm® g™ ")
for 3 days, where the acid solution was refreshed daily. The
resulting HTaO; was used for exfoliation reactions and (LB and
inkjet printing) depositions.

The exfoliation process was conducted as follows. 1 g HTaO;
was mixed with 100 ml water and 0.61 ml TBPOH (40 wt% in
water Sigma Aldrich) (1:2 molar ratio of HTaO; to TBPOH) for
36 h in an oil bath at 80 °C. This stock solution was used to
make solutions for LB-depositions and inks for inkjet printing.

For LB deposition firstly 14 ml of the stock solution was
centrifuged at 1000 rpm for 225 seconds to separate all
unreacted residues as sediment. The top 12 ml was added to
40 ml H,O to complete the LB solution. The LB trough (KSV
Minimicro, a Teflon trough with an active surface area of
100 cm?, length 195 x width 51 x depth 4 mm® and a dipping
well length 10 x width 28 x depth 28 mm?, leading to a volume
of 48 cm®) was filled with this solution until it was completely
filled. The trough with the solution was allowed to stabilize for
5 min. A silicon substrate was vertically lowered in the solution,
after which the solution was again stabilized for 5 min. After
stabilization the barriers were compressed, thereby increasing
the surface pressure. When the surface pressure reached a
plateau, the compression was stopped and the substrate was
slowly lifted out of the trough. During lift-up, the surface
pressure was kept constant by adjusting the barriers. This
yielded fully covered substrates with TaO; nanosheets.

Inks for inkjet printing were made using the same stock
solution. 16 ml of the stock solution was centrifuged at 1000 rpm
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for 230 seconds, to separate the unreacted residues. The top
14.4 ml was separated and again centrifuged at 15000 rpm for
1 h. The liquid top part was poured out and the sedimented
bottom part was redispersed in 2.4 ml Triton (0.06 mg ml™*
diluted from Triton™ X-100 Sigma Aldrich) and ultrasonicated
for one hour. The top redispersed part was poured into a vial
and the bottom sediment was discarded. To increase the
viscosity of the ink, 10 wt% of propylene glycol was added to
the vial. 2 ml of this ink was put in a cartridge and used for inkjet
printing with a Dimatix Fujifilm (DMP 2800) printer operated by
the software Dimatix Drop Manager Version 2.0.0.1. The printer
platen was kept at a temperature of 50 °C, and the drop spacing
was 20 pm. The substrates were treated with 0.06 mg ml ™" Triton
for 2 min prior printing.

X-Ray diffractograms (using a Bruker D2 Phaser) were made
of the RbTaO; powder, HTaO; powder and inkjet printed thin
films, to confirm the successful synthesis of the precursors and
to observe the layered ordering of the inkjet printed films.

Atomic force microscopy (using a Bruker Dimension Icon
AFM) was used to make AFM images of the LB-deposited
monolayers on silicon substrates to determine the coverage of
the substrate and the height of the single nanosheets. The data
was analyzed using Gwyddion v2.56 software.

High-resolution scanning electron microscopy (using an
HRSEM; Zeiss MERLIN) was conducted on the inkjet printed
films to observe the morphology of the layered system.

Scanning tunneling microscopy (STM) was used to determine
the band gap of individual nanosheets. The STM measurements
are performed in the Nanosurf EasyScan 2 under ambient
conditions using PtlIr tips. Silicon substrates with a platinum
conductive layer on top were covered for 50% with a monolayer
of TaO; nanosheets using the LB deposition technique. The
platinum conductive layer was put in contact with the current
collector using silver paste on the side of the substrate. Several
scans were made on single nanosheets and on the bare platinum
surface for reference.

Results and discussion
Synthesis

RbTaO; powder was made via solid-state synthesis using Ta,Os5
and Rb,CO; as reported elsewhere.'* In order to be able to
exfoliate this material, the interlayer rubidium ions need to be
replaced by protons. This weakens the interlayer bond strength
and allows the subsequent acid-base reaction to start the
exfoliation.’® This was done by ion-exchange via protonation
using HNOj;, which yields HTaO;. A SEM image of the layered
structure of the HTaO; powder is shown in Fig. 1(A). Fig. 1(B)
shows X-ray diffractograms of RbTaO; and HTaO;, Fig. 1(C)
shows a top- and side-view of the Vesta model of two TaOj;
nanosheets.

The XRD peaks of RbTaO; were confirmed using a VESTA
model calculation of the expected reflection angles of the parent
compound and were also found to be similar to literature data,"*
confirming the successful synthesis of single-phase RbTaO;.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (A) SEM image of the layered crystal structure of HTaOs. (B) X-ray
diffractograms for RbTaOsz and HTaOs and diffraction model of RbTaOs.
The peaks that could not be identified are indicated with an asterisk.
(C) The top- and side-view of the Vesta model of two TaOz nanosheets.

All (hki) reflections of RbTaO; where [ > 0 were split or had a
small shoulder, for example the (001) peak at 26 ~ 11° is split
into two peaks. This could be explained by the presence of both
intergalleries where rubidium atoms are already fully exchanged
by protons (with or without H,O solvation shell), and other inter-
galleries that have remained unaffected. In such a case peaks at
different 26 can be present. This phenomenon was also reported in
similar studies with layered clays, for example fluorotetrasilicic
mica, where (001) peak splitting occurred in diffractograms with
different intercalation states.>! The as-obtained RbTaO; was then
protonated to HTaOj;. Our diffractogram of HTaO; is similar to XRD
data in literature, confirming the successful complete protonation
of RbTaO; to yield HTa0,."* However, XPS data indicated some Rb
atoms still present (Fig. S1, ESIt). XRF analysis was used to quantify
the Rb: Ta ratio of 0.044: 1 (Table S1, ESIT). Please note the absence
of peak splitting (as opposed to RbTa0;), again most noticeably in
the (001) peak in Fig. 1(B). The (001) peak of HTaO; occurs at higher
26 than in RbTa03, and does not have a remnant peak or shoulder
at lower 20 coinciding with the (001) peak of RbTaOs. This supports
the suggestion that the Rb atoms are randomly distributed in the
intergallery layers, without causing visible reflections in the XRD
data. The (001) reflection shift is indicative of a decrease of the
interlaying spacing by 1.2 A. This is likely due to the replacement of
Rb' ions by protons, where protons, including their H,O solvation
shell, cause the individual layers to come somewhat closer to each
other than is possible with Rb" as intercalants.

Exfoliation of HTaO;

The reported exfoliation procedure of HTaO; that takes three
weeks to complete was successfully reproduced.’® One of the
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aims of the present study was to reduce the exfoliation time,
and to determine the kinetics of the exfoliation process at
different temperatures, molar ratios (1:1 - 1:2) between
HTaO; and the exfoliating agents, ie. tetrabutyl ammonium
hydroxide (TBAOH) and tetrabutylphosphonium hydroxide
(TBPOH). (Tetraethyl and tetramethyl ammonium hydroxide,
TEAOH and TMAOH, respectively, were also tried, but they did
not yield a high concentration of nanosheets and are therefore
not considered further). Instead of monitoring the bulk con-
centration of nanosheets as a measure of the degree of exfoliation
(as is commonly done, e.g. by UV-vis analysis), we monitored the
surface pressure of a nanosheet dispersion in a Langmuir trough
as a measure for the interfacial concentration of nanosheets of
that solution. In short, the Langmuir-Blodgett (LB) method uses
a Wilhelmy plate to measure the surface pressure of a solution or
dispersion. By compressing the outer LB barriers of the trough
towards each other, the liquid/air surface area of the trough
decreases, thereby concentrating all nanosheets that are floating
at the liquid-air interface. Once the interfacial concentration is so
high, that the nanosheets interact directly with each other, a
notably higher surface pressure is recorded. Saturation of the
surface pressure at a high value occurs at a high degree of barrier
compression, which indicates that the nanosheets at the liquid-
air interface have formed a densely-packed monolayer. When the
degree of compression is relatively low when the surface pres-
sure increases sharply, the concentration of nanosheets at this
liquid-air interface is relatively high. Linear extrapolation of the
pressure versus compression curve to zero surface pressure
yields the lift-up point (LUP), originally defined by Yuan et al
to approximate the nanosheet surface concentration.'®* Hence,
when the LUP is large, this corresponds to a high surface
concentration of nanosheets. By systematically changing the
exfoliating agent, the molar ratio between exfoliation agent and
protonated tantalate, and the exfoliation temperature, the sur-
face concentration of nanosheets can thus be compared, which
allows us to compare different exfoliation protocols.

Firstly, the different exfoliation agents and molar ratios were
examined. TBAOH is the most commonly used exfoliation
agent with bulky butyl groups surrounding a central ammo-
nium ion. However, a recent paper reported that TBPOH, where
the nitrogen atom is replaced by a phosphorus atom, could
induce exfoliation more easily.”” The TBP" ion is relatively
comparable with TBA", but the larger size of P and its smaller
electronegativity may help to destabilize and delaminate the
layered structure more readily. Since protonated tantalum
oxide takes a long time to exfoliate, the use TBPOH could be
one way to reduce the exfoliation time and yield a higher
concentration of nanosheets, which would also be interesting
for various deposition techniques, including inkjet printing.
Since the surface charge density of TaO;™ sheets is relatively
high (—1.6 C m~?), HTaO; is a difficult compound to exfoliate,
and it is desirable to explore different exfoliation agents at
different molar ratios to facilitate the exfoliation process. It has
been reported that optimal molar ratios between exfoliation
agent and intergallery protons is between 0.5 and 5.”* In order
to compare the commonly used TBAOH and the lesser-known
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Fig. 2 (A) Lift-up point of TaOz nanosheets in solution versus the molar

ratio of exfoliating agent (TBAOH or TBPOH) to HTaOs. (B) Normalized
lift-up point of TaOs nanosheets in solution versus the exfoliation time
for different temperatures. (C) Exfoliation time versus the exfoliation
temperature. (D) Arrhenius type representation of the exfoliation time at
varying temperatures. (E) and (F) TEM images of exfoliated TaOs
nanosheets on a carbon TEM grid.

TBPOH, we employed molar ratios of 1:1 and 2:1 (exfoliation
agent: protons). Fig. 2(A) shows the LUPs as a measure of
nanosheet concentrations using both exfoliation agents at
these different ratios. TBPOH showed the largest LUP at a
2:1 ratio. This was also the only nanosheet dispersion with
which a fully surface-covering monolayer was formed via LB
deposition on a silicon substrate; LB experiments with TBAOH
did not yield significant concentrations of nanosheets on the
substrates, and neither did the solution with TBPOH at a ratio
of 1:1. We therefore selected the exfoliation agent TBPOH at a
molar ratio of 2:1 to HTaO; for all further experiments.

The next step in the optimization process was to reduce the
exfoliation time by increasing the temperature. Exfoliation reactions
were conducted at temperatures between room temperature and
80 °C. Fig. 2(B) shows the normalized lift-up points for the tantalum
oxide nanosheets versus reaction time at 3 different temperatures.

A peak concentration was observed after a given period of
time at all three temperatures, in close agreement with earlier
findings on Ti; _,0, nanosheets.” Initially, the interfacial concen-
tration of nanosheets increased with time as a result of ongoing
exfoliation. After reaching a maximum, the concentration of
nanosheets decreased with time. The mechanism for exfoliation
and restacking, proposed by Yuan et al.,"* seems to be confirmed
in these experiments: firstly, the layered HTaO; crystals are
exfoliated by the acid-base reaction between interlayer protons
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and hydroxyl ions from TBPOH. The rate of this reaction is
proportional to the HTaO; concentration in the suspension,
i.e. a first order reaction in [HTaOj;]. However, two unilamellar
nanosheets are able to restack, i.e. following a second order
reaction rate. The exfoliation step therefore dominates the
process at low nanosheet concentration, whereas the restacking
step only becomes significant later when the measured concen-
tration of (single) nanosheets is higher. The nanosheet concen-
tration maximum occurs when these two reactions have the
same rate, after which the restacking reaction starts to dominate
and the nanosheet concentration at the interface declines.

Less time was needed to reach the highest LUPs at higher
temperatures; reaching the maximum took 3 weeks at room
temperature, while at 80 °C it only took 36 hours (see Fig. 2(C)).
This observation shows that by increasing the reaction tem-
perature, the reaction time reduced significantly.

Employing an exfoliation reaction temperature of 80 °C for
36 h, and subsequently cooling the nanosheet solution to room
temperature allowed us to postpone and flatten the gradual
decrease in the concentration of nanosheets at the liquid-air
interface. This allowed us to generate larger volumes of stock
solution, with a constant concentration of nanosheets lasting
for more than a week, enough to carry out multiple depositions
(Fig. S2, ESIt). TEM images confirmed the successful exfoliation
of the layered HTaOj; parent compound into unilamellar sheets
(Fig. 2(E) and (F)). Various sheet sizes can be observed laying
next to or on top of each other turbostratically.

Arrhenius-type behavior was assumed to calculate the appar-
ent overall activation energy of the exfoliation and restacking
process. The Arrhenius equation assumes that r = e %/R7
where r is the rate, A is a pre-exponential factor, E, is the
apparent activation energy, R is the gas constant and T is the
temperature in Kelvin.

We defined the rate as the ratio of concentration over time
needed to arrive at the surface concentration maximum. Fig. 2(D)
shows an Arrhenius-type representation of the natural logarithm
of the reaction rate versus 1/T. The slope of the curve corresponds
with an apparent activation energy of 39.7 k] mol™' 4+ 25%. This
value is of the same order of magnitude as the activation energy
needed to obtain graphene from graphite using constant current
or constant voltage: 20.6-23.1 k] mol '.>* Yet, its quantitative
value is significantly higher, and it is also considerably higher
than the activation energy of 27.3 k] mol ™" for the exfoliation of
RuO,."® The sequence in apparent activation energies of exfolia-
tion, i.e. graphene < RuO, nanosheets < TaO; nanosheets is in
qualitative good agreement with the differences in the cohesive
binding energies between graphene nanosheets, which are domi-
nated by van der Waals forces, and the stronger electrostatic
interactions between H'/RuO,~ and H'/Ta0; ", respectively. The
exfoliation time needed to form RuO, nanosheets at room
temperature under standard conditions is roughly two weeks,>®
which is somewhat shorter than reported previously for TaO;
nanosheets."* Shorter exfoliation times under otherwise similar
conditions indicate an easier to exfoliate material, which was
confirmed by the experimental activation energies for exfoliation.
Moreover, taking into consideration that the surface charge

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc00801c

Open Access Article. Published on 09 April 2021. Downloaded on 10/23/2025 9:16:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

density of TaO;~ nanosheets (—1.6 C m~?) is considerably higher
than that of RuO,” nanosheets (—0.46 C m™2), the difference in
apparent activation energies (39.7 kJ mol " versus 27.3 k] mol "
respectively) confirms our hypothesis that layered materials with
higher surface charge densities are harder to exfoliate.

LB deposition of TaO; nanosheets

Using TBPOH to HTaO; at a molar ratio of 2:1 and an
exfoliation temperature of 80 °C, dispersions were made with
which densely covered LB films of TaO; nanosheets on silicon
substrates could be realized. These substrates are ultra-flat and
allow precise determination of coverage and thickness by AFM
analysis. The surface coverage by TaO; nanosheets and the
thickness of these nanosheets on the silicon substrate are
shown in Fig. 3(A) and (B), respectively.

Fig. 3(A) shows a substrate coverage of >95% after deposition
of a single layer LB-derived nanosheet film and its subsequent
heat treatment at 350 °C in air, to remove all organic residues.
The experiment clearly shows that the complete surface (>95%)
can be covered by LB deposition. The lateral dimensions of TaO;
nanosheets are about 100 x 100 nm, while the largest nanosheets
are about 500 nm in diameter. The nanosheet thickness is
estimated to be ~0.75 nm. This is slightly thinner than as
reported in literature (~1 nm).” However, when nanosheets are
deposited on a substrate using the LB process, there will always
be a layer of molecules between the nanosheets and the sub-
strate, for example water and TBPOH moieties. The fact that a
heat treatment was employed in our experiments between the LB
process and the AFM analysis to remove such molecules, or at
least most of them, might explain the smaller thickness.

Inkjet printing of TaO; nanosheets

The same procedure of making TaO; nanosheets in solution for
LB deposition was also used to make inks for inkjet printing.
These inks need to have sufficiently high concentrations of
nanosheets to achieve full coverage of the printed pattern in a
single pass.”® We inkjet printed TaO; nanosheets on ultra-flat
silicon substrates to allow characterization using XRD and
SEM. The X-ray diffractograms of TaO; nanosheet films on
silicon, before and after a 1 h heat treatment at 220 °C in air are

o
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Fig. 3 (A) AFM image of TaO3z nanosheets deposited on a silicon substrate
using LB deposition. (B) Different AFM image including three height profiles
showing a nanosheet thickness of ~0.75nm.
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shown in Fig. 4(A). The heat treatment temperature is lower
than as applied to the LB-films described above. In general,
lower annealing temperatures are desirable because they allow
a wider range of substrate choices. The corresponding SEM
image of the heat treated sample is shown in Fig. 4(B). Various
thicknesses of TaO; thin films were printed, in Fig. 4(B) the
thickness is ~900 nm.

The diffractograms provide a clear confirmation of a turbostratic
layered system, with unilamellar nanosheets laying on top of each
other with their basal planes out of alignment. Since the nanosheets
are not oriented in-plane with respect to each other, only the (00x)
diffraction peaks are present (see Fig. 4(A)). None of the reflections
of unexfoliated material, present in Fig. 1(B), were present in
Fig. 4(A), which suggests that only unilamellar nanosheets were
present in the printing ink. The (001), (002) and (003) reflections
were clearly present both before and after heat treatment. However,
after heat treatment, the same three reflections were found at higher
20 and were slightly broader. This 20 increase indicates a shrinkage
of interlayer distance by 2.4 A, from 21.8 A to 19.4 A. This value
of 2.4 A is comparable to roughly one monolayer of intercalated
molecules, such as water or TBP'. The broader peaks indicate a
more heterogeneous structure in terms of interlayer spacings.
The FWHM of the as-printed sample is 0.25°, compared with
0.8° for the heat treated sample. The reduction of interlayer
distance and the broadening of the peaks can both be explained
by the effects of heat treatment. During the heat treatment
the residual solvent molecules trapped between nanosheets
evaporated, causing the nanosheets to come closer to each
other. The evaporating solvent was transported out of the
structure, thereby possibly causing the stacks of nanosheets to
become slightly more disordered in that process. This assump-
tion was confirmed in the cross sectional SEM image in Fig. 4(B)
where a slight wavy pattern can be seen.

Electrical bandgap measurements of single TaO; nanosheets

LB films of TaO; nanosheets deposited on platinum-coated
silicon substrates were used to electrically measure the band-
gap of individual nanosheets by scanning tunneling micro-
scopy (STM). The substrate was partially covered with TaOj
nanosheets, and STM measurements were done on and off
single nanosheets. Fig. 5(A) shows the current versus voltage
measurements (averaged over 4 measurements) and Fig. 5(B)
shows the dI/dV versus voltage curve, which is a representation

—— As-printed

—— After heating at 220°C in air Printed TaO; nanosheet film

Intensity (a.u.)

Silicon substrate

5 10 15 20 25 30
20 ()
Fig. 4 (A) X-Ray diffractogram of printed TaOz nanosheets before and
after heat treatment. (B) Cross-sectional SEM image of printed TaOs
nanosheets on silicon.
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Fig. 5 (A) Current versus voltage for measurements of platinum (sub-
strate) and nanosheets. (B) dl/dV versus voltage (V) of the same
measurements.

of the density of states in 2D TaOj3. The I-V curve of the STM tip
in direct contact with the platinum-coated silicon substrate is
shown as a reference.

The electrically measured bandgap of a single TaO; nano-
sheet is ~5 eV, which is in accordance with optically measured
bandgaps for tantalum oxide nanosheets in suspension.'* The
three-dimensional Ta,Os phase has an average bandgap of
4 eV,® which is considerably lower than the bandgap found
for these 2-dimensional TaO; nanosheets. Moreover, the band-
gap for RbTaO; has been reported to be 3.5”'° and 4.3 ev,"
which values are also notably lower than the bandgap found for
the 2D counterparts in this study. Possibly, when going from a
3D to a 2D structure, the quantum confinement of electrons in
one dimension may have led to an increase of the bandgap.
The same phenomenon has also been reported other layered
materials, notably layered titanates with a similar nanosheet
thickness well below 1 nm just like TaO; has.>”*® Our study
thereby shows that by exfoliating 3D layered TaO; based
materials into their 2D counterparts may increase their band-
gap significantly, making these materials more electrically
insulating. This bandgap increase is interesting for applica-
tions in, for example, solid-state electrolytes.

Conclusions

TaO; nanosheets were formed by complete exfoliation of
HTaO; at 80 °C in just 36 h as opposed to three weeks at room
temperature. TBPOH was used as exfoliating agent in a molar
ratio TBPOH: HTaO; of 2: 1. Using the same approach for other
layered materials that are difficult or currently impossible to
exfoliate, could open up the way for new 2D materials with new
interesting properties. Both monolayer films of nanosheets and
inkjet printed multilayer films were realized. TaO; nanosheets
are inkjet printed on silicon substrates and X-ray diffracto-
grams suggest a highly ordered layered system. The bandgap of
a single TaO; nanosheet was electrically measured using STM
and was found to correspond to 5 eV. This indicates that the
TaO; nanosheets are insulating, which is one of the require-
ments of (solid) electrolytes in batteries.

Conflicts of interest

There are no conflicts to declare.

5704 | J Mater. Chem. C, 2021, 9, 5699-5705

View Article Online

Journal of Materials Chemistry C

Acknowledgements

We thank Emma van der Minne and Andreas Laursen for their
groundwork on tantalum oxide within our group. M. A. T.
acknowledges financial support from the Netherlands Organi-
zation for Scientific Research (NWO) in the framework of the
Chemical Sciences ECHO programme. R. X. acknowledges the
financial support of the China Scholarships Council program
(CSC, No. 201807720013).

Notes and references

1 L. Wang and T. Sasaki, Chem. Rev., 2014, 114, 9455-9486.

2 J. E. ten Elshof, H. Yuan and P. Gonzalez Rodriguez, Adv.
Energy Mater., 2016, 6, 1-34.

3 A. K. Geim and K. S. Novoselov, in Nanoscience and Technology:
A Collection of Reviews from Nature Journals, World Scientific,
2010, pp. 11-19.

4 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva and A. A. Firsov,
Science, 2004, 306, 666-669

5 H. Yuan, M. Timmerman, M. van de Putte, P. Gonzalez
Rodriguez, S. Veldhuis and J. E. ten Elshof, J. Phys. Chem. C,
2016, 120, 25411-25417.

6 M. Osada, Y. Ebina, H. Funakubo, S. Yokoyama, T. Kiguchi,
K. Takada and T. Sasaki, Adv. Mater., 2006, 18, 1023-1027.

7 X. Xu, K. Takada, K. Fukuda, T. Ohnishi, K. Akatsuka,
M. Osada, B. T. Hang, K. Kumagai, T. Sekiguchi and
T. Sasaki, Energy Environ. Sci., 2011, 4, 3509-3512.

8 R. M. Fleming, D. V. Lang, C. D. W. Jones, M. L. Steigerwald,
D. W. Murphy, G. B. Alers, Y. H. Wong, R. B. van Dover,
J. R. Kwo and A. M. Sergent, J. Appl. Phys., 2000, 88,
850-862.

9 K. Persson, Materials Data on RbTaO3 (SG:12) by Materials
Project, https://materialsproject.org/materials/mp-3033/, DOL:
10.17188/1204746.

10 K. Yang, S. Nazir, M. Behtash and ]J. Cheng, Sci. Rep., 2016,
6, 34667.

11 A. I Lebedev, Phys. Solid State, 2015, 57, 331-336.

12 R. Ma and T. Sasaki, Acc. Chem. Res., 2015, 48, 136-143.

13 H. Yuan, D. Dubbink, R. Besselink and J. E. ten Elshof,
Angew. Chem., Int. Ed., 2015, 54, 9239-9243.

14 K. Fukuda, 1. Nakai, Y. Ebina, R. Ma and T. Sasaki, Inorg.
Chem., 2007, 46, 4787-4789.

15 T. Ban, T. Wakita, R. Yokoyama, T. Miyake and Y. Ohya,
CrystEngComm, 2018, 20, 3559-3568.

16 S. Y. Kim, W. H. Shin, D. W. Jung, D.-S. Ko, ]J. W. Roh,
S. Hwang, J. Lee, K. Lee, H. J. Park, C. Kwak, S.-I. Kim,
H. M. Jeong, K. H. Lee and H. S. Kim, Inorg. Chem. Front.,
2020, 7, 1445-1450.

17 R. Ma and T. Sasaki, Adv. Mater., 2010, 22, 5082-5104.

18 X. Zhang, H. Yi, H. Bai, Y. Zhao, F. Min and S. Song, RSC
Adv., 2017, 7, 41471-41478.

19 L. Hu, R. Ma, T. C. Ozawa and T. Sasaki, Chem. - Asian J.,
2010, 5, 248-251.

This journal is © The Royal Society of Chemistry 2021


https://materialsproject.org/materials/mp-3033/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc00801c

Open Access Article. Published on 09 April 2021. Downloaded on 10/23/2025 9:16:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

20 B. Ma, W. Hou, Y. Han, R. Sun and Z.-H. Liu, Solid State Sci.,
2008, 10, 141-147.

21 M. Ogawa, M. Inagaki, N. Kodama, K. Kuroda and C. Kato,
J. Phys. Chem., 1993, 97, 3819-3823.

22 F.Geng, R. Ma, Y. Yamauchi and T. Sasaki, Chem. Commun.,
2014, 50, 9977-9980.

23 T. Sasaki and M. Watanabe, J. Am. Chem. Soc., 1998, 120,
4682-4689.

24 C.-T. Hsieh and J.-H. Hsueh, RSC Adv.,
64826-64831.

2016, 6,

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

25 J. Sato, H. Kato, M. Kimura, K. Fukuda and W. Sugimoto,
Langmuir, 2010, 26, 18049-18054.

26 Y. Wang, M. Mehrali, Y.-Z. Zhang, M. A. Timmerman,
B. A. Boukamp, P.-Y. Xu and J. E. ten Elshof, Energy Storage
Mater., 2021, 36, 318-325.

27 M. R. Waller, T. K. Townsend, J. Zhao, E. M. Sabio, R. L.
Chamousis, N. D. Browning and F. E. Osterloh, Chem.
Mater., 2012, 24, 698-704.

28 J. E. ten Elshof, Curr. Opin. Solid State Mater. Sci., 2017, 21,
312-322.

J. Mater. Chem. C, 2021, 9, 5699-5705 | 5705


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc00801c



