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perature CO, sorbent because of its large CO, capacity at elevated :2'5: Lo
temperatures with low materials cost. However, the conventional /

Thus, a Li,SiO,—TiO, nanotubes complex was synthesized where &% %

LiOH and fumed silica would be calcined around TiO, nanotubes.

lithium ions were able to channel through the bulky structure and -

enhance the sorption kinetics, leading the total adsorption capacity

revealed strong stability over at least 10 cycles. These findings

indicate that stability and kinetics of CO, sorption can be greatly o

ABSTRACT: Lithium silicate (Li,SiO,) is a promising high tem- ot 7 TIO; Nenowie
nonporous Li,SiO, shows very poor CO, adsorption kinetics.

TiO, nanotubes in Li,SiO, structure functioning as open highways, a—"

to near theoretical values. Furthermore, cyclic studies at 700 °C

improved by the nanotube composites of known adsorbents.
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1. INTRODUCTION Absorption

Strong economic dependency on the use of fossil fuels as a \ Li,COs -
main source of affordable energy has led to a growing concern [

of increasing CO, emission rates."™® The majority of global Lisio ‘ ,:> |:>

CO, emission occurs from fossil fuel powered plants, and the o 5 @ 5

H

0,510,

CO, emission rate can significantly be reduced if an effective
CO, absorbent is used at the flue gas stream.” Moreover, some A

promising studies are focused on retrofitting CO, absorbents to 100% Absorption
a steam methane reformer (SMR).””'*> The SMR operates at | i |

high temperatures (700—1100 °C),"* converting methane gas o, t:’;c:;

in steam to form H, gas and CO, gas as a product. With an > o

appropriate CO, absorbent that effectively captures CO, at the /

operating temperature of the SMR in the system, the H, E> "‘ E> T
production rate can be further enhanced. Among the several |

CO, absorbents that operate at high temperature regions, \ ‘ \ /
there are several known lithium-based solid metal oxides such

as lithium zirconate,'® lithium aluminate,'* and lithium 100% Recovery
silicate.”>™*” Lithium silicate (Li,SiO,) is one of the favorable

candidates™ with low cost materials, easy synthesis, high

regenerability,'” and has an outstanding theoretical capacity of

36.7 wt %."” The chemisorption reaction proceeds as follows:

Figure 1. Schematic representation of an ideal CO, sorption
mechanism of conventional Li,SiO,. The sorption cycle is not
practical due to the slow kinetics.

Li,SiO,(s) + CO,(g) = Li,SiO4(s) + Li,COs(s)

There are several fine examples that exist in the literature

However, as the chemisorption reaction proceeds (Figure 1), where TiO, nanotubes contribute an open channel structure

the Li,SiO; and Li,CO; layer forms on the surface of the to'prgsnz%e channeling 8as flow and reduce diffusion limi-
structure.'® As Li,SiO, has a very low surface area (~1 m?/g),”* tation. For example, TiO, nanotubes were used to enhance

lithium silicate suffers from slow kinetics in CO, sorption as it

reaches theoretical uptake capacity due to the interference in Received: December 20, 2016
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lithium ion diffusion for ultrafast rechargeable lithium ion
batteries.’!

This study intends to impregnate TiO, nanotubes in the
conventional Li,SiO, structures in order to create channels
for lithium jon transfer during CO, adsorption desorption
cycles.””” With channeling enhanced lithium ion transfer
throughout the overall structure, we observed not only an
increase in the overall surface area of the nonporous nature of
the lithium silicate but also significantly enhanced kinetics of
CO, sorption.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagents. P25 titanium dioxide, fumed
silica, and nitric acid were obtained from Sigma-Aldrich, while
the sodium hydroxide and lithium hydroxide were obtained
from Samchun Chemicals. All chemicals were used as is, unless
otherwise stated. For extended experimental details see
Materials and Methods in the Supporting Information.

2.2. Synthesis of TiO, Nanotube and Impregnation in
Li;SiO,4. TiO, nanotube was synthesized using 0.1 g of P25
TiO, added to a 10 M NaOH solution and dispersed for S min.
The mixture was then transferred to an autoclave with a
magnetic stirrer, and placed in a silicon oil-bath at 130 °C for
24 h under continuous stirring at 200 rpm. Once the reaction
was completed, the product was removed and washed with
deionized water until a pH level of 9 was reached. To neutralize
and replenish the surface protons, 0.1 M HNO; solution was
used to wash the product three times. It was then washed with
deionized water to neutralize the pH to 7. The TiO, nanotube
sludge was dried for 12 h.*>! To synthesize the Li,SiO,~TiO,
nanotube structure, 4.1:1 molar ratio of LiOH and fumed silica
were mixed with TiO, nanotubes in 9:1 weight ratio and
thermally treated in an alumina crucible at 700 °C under N, to
obtain the Li,SiO,—TiO, nanotube complex.

2.3. Material Characterization. To analyze surface area
and morphology, specific surface areas are determined by N,
adsorption (Micrometrics Triflex) using the Brunauer—
Emmett—Teller (BET) method at 77 K with the sample
degassed at 400 °C for 8 h in dry He flow. Pore size was
calculated using the DFT pore size distribution calculation with
2D-NLDFT, N, carbon finite AS = 6 model. Surface textural
properties and morphologies were analyzed using field emission
scanning electron microscope (SEM, Magellan 400) with light
osmium coating to reduce the charge on the images. Structural
analysis was performed on D/MAX-2500 (Rigaku) for powder
X-ray diffraction patterns equipped with Cu Ka radiation
(40 kV, 450 mA). Scattering patterns were acquired from
5° to 70° with increments of 0.01°. For gravimetric analysis,
adsorption and desorption measurements were collected using
DTG-60 (Shimadzu). Initially, the temperature was raised to
700 °C at a ramping rate of 20 °C/min and held for 10 min for
stabilization using N, gas. For adsorption, the N, gas was
switched to CO, gas for 70 min, and for desorption the gas was
switched back to N, for 60 min then raised to 720 °C for
further desorption. The flow rate of N, gas and CO, gas were
kept consistent at SO mL/min throughout the experiment.
CO, adsorption and desorption cyclic analysis was performed
by first raising the temperature to 700 °C at a ramping rate of
20 °C/min and holding for 10 min for stabilization under N,
gas. For adsorption, inlet gas was switched to CO, for 70 min
where mass increase reached equilibrium. For desorption, feed
gas was switched back to N, for 60 min. Adsorption and
desorption events were alternated 10 times for cyclic analysis.
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3. RESULTS AND DISCUSSION

The obtained composites allowed us to study CO, kinetics as
well as to find ways in improving uptake capacity to theoretical
uptake value. By impregnating TiO, nanotubes in Li,SiO,
structure, nanotubes are expected to function as a lithium
ion channel to enhance chemisorption. To identify its sur-
face morphology subsequent to the effects of TiO, nanotube
impregnation, field emission SEM was used (Figure 2).

Figure 2. SEM images of (a,b) bulk Li,SiO, after 700 °C formation
through calcination, (c,d) Li,SiO,—TiO, nanotube complex after
700 °C formation through calcination.

Note that, due to charging on the surface of lithium silicate
even with osmium coating, the back scattered electron detector
mode (BSE mode) was used to get a clearer image of the
surfaces of both lithium silicate and lithium silicate—TiO,
nanotube.

Bulk lithium silicate (Figure 2a,b) possesses a hard-edged
nonporous structure. On the other hand, when the TiO,
nanotube was added to lithium silicate (Figure 2c,d), lithium
silicate has formed surrounding the TiO, nanotube. It was
identified that with TiO, nanotube impregnation in forming
lithium silicate, the overall structure morphology tended to be
more rough indicating inherent porosity (see corresponding
elemental maps for Li,SiO, and Li,SiO,—TiO, nanotube and
SEM image of TiO, nanotube in the Supporting Information, SI).

The results obtained for surface area by BET method are
summarized in Table 1 (see corresponding gas adsorption

Table 1. Texture Analysis of Lithium Silicate Structures Used
in This Work”

A I A L i
conventional Li,SiO, , 700 °C 1.1 N/A N/A
Li,Si0,—TiO, NT, 700 °C 4.0 N/A N/A
TiO, NT 35.7 0.144 147.8

“SAggr, surface area from Brunauer—Emmett—Teller; NT, nanotube.

isotherms in the Supporting Information). As expected,
the pure lithium silicate does not have any porosity. On the
other hand, with TiO, nanotube impregnation, surface area
of lithium silicate has increased. Calculating the fact that 10%
of TiO, nanotube was impregnated in Li,SiO,—TiO, nanotube
structure, surface area of the composite is around what was

expected.
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To identify the state of Li,SiO,—TiO, structure after the heat
treatment at 700 °C, XRD diffraction patterns were analyzed
(Figure 3).
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Figure 3. XRD patterns of Li,SiO, complex and various P25 TiO,
forms.

When P2S is elongated to form a nanotube, it loses its
crystallinity and becomes amorphous (Figure 3). However,
when the nanotube is heated to 700 °C, new peaks start to
appear. In the case when TiO, nanotube is impregnated to
Li,SiO, structure, since the TiO, percentage in overall structure
is too low to be identified in XRD, the corresponding peaks are
not distinguishable.

The new Li,SiO,—TiO, composites were tested in TGA
for their CO, absorption (see Figure 4 below and Figure S7
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Figure 4. TGA curve of lithium silicates with and without TiO,
nanotube impregnation. “Cal.” indicates calculation that has been
conducted in order to exclude TiO, nanotube from the absorption
data, as TiO, nanotubes are known not to interact with CO, at these
temperatures.

in Supporting Information). As Li,SiO, is known to capture
CO, near 700 °C, the temperature was increased to 700 °C
with N, conditions and then switched to CO, to measure the
weight difference.

Li,SiO, that had a TiO, nanotube implant has shown a
significant increase in CO, capacity as compared to Li,SiO, due
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to its availability of active sites, thus resulting in more drastic
increases in CO, sorption kinetics. For more direct comparison
on Li,SiO, itself, as the 10% of TiO, does not interact with
the CO,, the amount of TiO, has been excluded from the
overall weight percentage using the formula below (see CO,
absorption of TiO, nanotube in transient TGA analysis in
Supporting Information):

calculated wt%
chemisorbed mass of Li,SiO, - TiO,composite — mass of TiO,

original mass of Li,Si0, - TiO,composite — mass of TiO,

The calculated values give more reliable uptake capacity and
kinetics. A total CO, uptake increase of 34.5 wt % comes close
to the theoretical maximum uptake of CO, in Li,SiO,, 36.7 wt %.
Additionally, the Li,SiO,—TiO, structure has shown significantly
faster sorption rates as well. Note that pure Li,SiO, responds
slower as compared to a Li,SiO,—TiO, structure, proving
Li,SiO,—TiO, can start absorbing at lower concentrations of
CO,.

A cyclic CO, absorption and desorption experiment on
Li,Si0,—TiO, nanotube composite was carried out at 700 °C
using pure CO, for absorption and pure N, for desorption
(Figure S). After the first absorption and desorption cycle, the
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Figure 5. TGA curve of the cyclic study using Li,SiO,—TiO, nanotube

composite (10 cycles at 700 °C with CO, for absorption and N, for
desorption).

uptake capacity has slightly increased due to the opening
of more surface area in the inner structure of Li,SiO, and
maintains it without any decrease in either absorption or
desorption capacity or kinetics with working absorption and
desorption capacity of 28%. The result thus concludes that the
Li,Si0,—TiO, nanotube withstands the temperature of 700 °C
without any sintering, but undergoes slight reorientation in the
early stages of the absorption and desorption cycles to provide
openings for more active sites, which further improves its
uptake capacity as well as its kinetics.

Even after 10 cycles of CO, adsorption and desorption
cycles, surface morphology has not been significantly deformed
as compared to its initial morphology, proving its strong
stability in the operating temperatures (Figure 6). We have also
studied FTIR analysis of the sorbents before and after
cycles and found that the structural integrity is preserved
(see Figure S10 in Supporting Information).
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Figure 6. SEM images of Li,SiO,—TiO, nanotubes after 10 cycles of
CO, sorption.

4. CONCLUSIONS

In the present work, we have synthesized Li,SiO, with TiO,
nanotubes using a simple solid-state formation method. Synthesis
initially required P25 TiO, that has been elongated to form a
nanotube, which is then combined with LiOH and fumed silica for
the synthesis of the Li,SiO,—TiO, nanotube complex. Although
XRD analysis does not show significant TiO, dosage in the curve,
a SEM image clearly shows TiO, nanotube implants within the
structure of Li,SIO,. We suspect that through TiO, nanotubes
acting as channels for lithium ions to move freely within the
bulky structure of conventional Li,SiO,, a significant increase in
the kinetics of CO, absorption and desorption were identified.
Furthermore, with the strong channeling effects of TiO, nano-
tubes, lithium ions that were not able to diffuse to the active sites
in a conventional Li,SiO, were able to reach to the active surface
area and capture CO,, thus increasing the CO, absorption
capacity to near the theoretical maximum capacity value.
The absorption and desorption cycles at 700 °C were studied
for 10 cycles and have shown strong stability under high temper-
atures without a significant decrease in the absorption capacity or
the kinetics. The present method provides a simple synthesis of a
Li,SiO,—TiO, structure with significantly improved performance
in CO, absorption applications relative to the conventional
Li,SiO,. This improved Li,SiO,—TiO, structure could be a strong
candidate for many CO, sequestration applications.
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