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Summary

The granted Aforsk project had been well implemented in 2018 at Uppsala University, which
had led to many promising research results and three high-impact papers published in Journal
of Materials Chemistry A, Chemistry — A European Journal, and Nanomaterials. The project
had mainly focused on the development of sustainable nanocelluloses and their
nanocomposites for environmental and energy related applications. The research results
indicate that nanocelluloses can be used as raw materials to prepare porous carbon aerogels for
CO2 capture and volatile organic compounds (VOC) adsorption, and as flexible templates or
substrates to fabricate other functional materials with formation of novel nanocomposites for
the uses in electrochemical energy storage, and VOC removal, etc. We believe that the
outcomes from this project not only contribute to the fundamental research in nanocelluloses
and functional nanomaterials, but also would greatly promote the practical applications of
nanocelluloses-based materials.

The research results are divided into the following three parts:

Part 1. All nanocellulose-based aerogel for CO:2 capture and VOC adsorption

(Unpublished results, manuscript in preparation)

Our preliminary studies (C. Xu et al., Advanced Sustainable Systems, 2018, 2, 201700147)
have demonstrated that direct carbonization of Cladophora cellulose (a type of nanocellulose
extracted from algae) could prepare porous carbons with relatively high surface areas and
narrow micropores. However, the obtained porous carbons were in the form of fine powders,
which were difficult to handle for practical applications. In this context, we have developed
freestanding porous carbon aerogel based on nanocelluloses, displaying ultrahigh sorption
capacities for organic liquids. Specifically, the porous carbons derived from nanocelluloses
were first treated with acid to modify the surface. The modified porous carbons with
significantly increased hydrophilicity were homogeneously dispersed with nanocellulose in
water. Following, freeze-drying of the mixture formed a freestanding nanocellulose-porous
carbon aerogel (NPCA) (Figure 1). The aerogel had a dimension of 2.3 cm x 1.5 cm (diameter
x height) and a low density of 3 mg/cm®. Remarkably, the ultralight aerogel demonstrated very
strong mechanical strength. As clearly seen from Figure I, the volumetric deformation the
aerogel (0.01 g) was less than 10 % when a glass bottle (8.03 g, 803 times heavier than the
aerogel) was placed on the top of the aerogel. The high mechanical strength of the aerogel can
be attributed to its highly cross-linked nanostructure as observed in the SEM images.
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Figure 1. Preparation of nanocellulose-porous carbon aerogel from Cladophora cellulose.

The morphology of the modified porous carbon and the aerogel were revealed by scanning
electron microscopy (SEM). The porous carbon had a flower-like morphology consisting of
uniform nanofibers with a diameter of = 30 nm (Figure 2a-b). The nano-flowers of porous
carbon with high hydrophilicity were homogeneously dispersed and cross-linked by
nanocelluloses, forming the mechanically strong aerogel (Figure 2c-d). The aerogel had a
relatively high specific surface area of 238 m?/g according to the N> sorption measurement.
Pore size distribution analysis showed that the aerogel contained both micropores and
mesopores, which arose from the porous carbon and the inter-fibers of nanocelluloses,
respectively (Figure 3). The micropores would contribute to the high adsorption capacity for
CO; and VOCs, while the mesopores would facilitate the mass transfer and enhance the
sorption kinetics.
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Figure 2. SEM images of (a-b) acid treated porous carbon, and Figure 3. (a) N2 sorption isotherms of
(c-d) of nanocellulose-porous carbon aerogel (NPCA) at nanocellulose-porous carbon aerogel (NPCA) at
different magnifications 77 K and (b) its pore size distributions



CO; adsorption studies showed that the aerogel had relatively high CO; adsorption capacities
of 1.75 mmol/g at 1 bar, 0.90 mmol/g at 0.15 bar and 273 K. In contrast, it had much lower N>
uptakes at the same conditions (Figure 4a). Base on the single component adsorption data,
COz-over-N; selectivity of the aerogel was calculated to estimate its ability for post-
combustion capture of CO». The calculation revealed that the aerogel had a high CO;-over-N»
selectivity of 52 for a simulated gas mixture containing 15 v% of COz and 85 v% of N> at 273
K. The high CO; uptake can be attributed to the micropores of the porous carbon that could
form strong interactions with CO; molecules. The high CO2-over-N» selectivity can be ascribed
to molecular sieving effect of the micropores and/or the thermodynamic effect.

Owing to the hierarchical porous structure of the aerogel, it was tested as sorbent for various
organic liquids. Five typical organic liquids (chloroform, acetone, tetrahydrofuran, benzene,
toluene), the most common organic pollutants in air and water, were employed for the sorption
study. As illustrated in Figure 4b, the aerogel displayed very high adsorption capacities of 100-
217 times of its own weight for the selected organic liquids.
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Figure 4. (a) COz and N: adsorption isotherms of the nanocellulose-porous carbon aerogel recorded at 273 K and 0-1 bar;

(b) Adsorption capacities of the aerogel for various organic liquids. Weight gain means the weight ratio of the adsorbed
liquid to the aerogel.

To conclude, we have developed a facile approach to process nanocellulose-based porous
carbon powders into freestanding hybrid aerogels with the assistance of raw nanocelluloses. It
is noteworthy that the hybrid aerogel is composed by all cellulose-based components, which is
a great advantage for the development of nanomaterials from the sustainable and environmental
friendly point of view. This study not only provides a sustainable approach to prepare porous
carbons, but also brings up new ideas for processing and shaping porous carbon materials that
my open up their practical applications in CO; capture, air and water purification, etc.

Separately, we have written a review paper entitled “Sustainable Porous Carbon Materials
Derived from Wood-Based Biopolymers for CO; Capture”, which was published in
Nanomaterials (Chao Xu* and Maria Stremme, Nanomaterials 2019, 9. 103). This review
paper introduces the general conversion routes of wood-based biopolymers including cellulose,
hemicellulose and lignin to porous carbons and the conversion mechanisms. The relationship
between CO: adsorption behaviors (e.g., CO2 adsorption capacity, COz-over-N; selectivity,
kinetics) and nanostructures (e.g., porosity, composition) of the biopolymer-based porous
carbons are summarized. We also present our perspectives on the challenges and future
developments of using sustainable porous carbon materials in carbon capture and separation.




Part 2. Highly Transparent, Flexible, and Mechanically Strong Nanopapers of Cellulose
Nanofibers @Metal-Organic Frameworks

Shengyang Zhou, Maria Stromme.* and Chao Xu.* Chemistry — A European Journal, 2019,
DOI: 10.1002/chem.201806417. HOT PAPER!!!

Metal-organic frameworks (MOFs) is an emerging family of porous materials constructed by
linking inorganic metal-containing nodes and organic ligands. Because of their high surface
areas (up to 7000 m?/g), tunable pore sizes, rich functionalities, and synthetic diversity, MOFs
have great potential applications in gas storage and separation, air and water purification,
energy storage and conversion, catalysis, etc. However, MOFs synthesized from conventional
methods, usually in the form of powder, are difficult for processing (e.g., structuring, shaping)
because of their insoluble and brittle properties. As a result, the practical applications of MOFs
are significantly hampered.

In this context, we have developed a simple, controllable, and scalable approach to process
a range of MOFs into freestanding nanopapers with the assistance of cellulose nanofibers
(CNFs). Continues MOF nanolayers with thickness of 3-5 nm were grown on the surface of
carboxylated CNFs by interfacial reactions, with the charge density on the surface of the CNFs
and the dosage of the surfactant polyvinylpyrrolidone (PVP) being carefully adjusted (Figure
S5a). Further assembly of the hybrid nanofibers obtained freestanding nanopapers of
CNF@MOF (Figure 5b). SEM studies revealed that CNFs were uniformly wrapped by
continuous MOF nanolayers rather than aggregated MOF nanoparticles, while the nanopapers
composed of homogeneously stacked nanofibers of CNF@MOF.
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Figure 5. a) Schematic illustration of the synthesis procedures for the hybrid nanofibers of CNF@MOF. b)
Photographs and SEM images of the four types of CNF@MOF nanopapers (Reproduced from Chem. Eur. J., 2019,
DOI: 10.1002/chem.201806417, with permission from Wiley, 2019)



Because of the unique nanostructure of the hybrid nanofibers of CNF@MOF, the nanopapers
can be folded and cut into complex shapes, demonstrating good flexibility and processability.
The nanopapers were highly transparent displaying transmittance up to 90 % in the visible
region (400 - 800 nm), which was much higher than that of state-of-the-art transparent
composites based on CNFs. In addition, the nanopapers showed very strong mechanical
strength with tensile strength of up to 589.8 MPa and Young’s modulus of up to 31.6 GPa.
Furthermore, the thermal stability of the MOF and CNF components in the nanopapers were
enhanced in comparison to the pure MOF and CNF.
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Figure 6. (a) N: sorption isotherms of CNF@MOF nanopapers measured at 77 K and the calculated pore size distributions;
(b) Schematic illustration and photograph of the home-designed apparatus for VOC separation test; (c) The curves of VOC
concentration vs. time at the outlet of the apparatus using normal filter paper, CNF paper, CNF-HKUST-1 paper and
CNF@HKUST-1 nanopaper as the VOC filter. HKUST-1 is a typical MOF. (Reproduced from Chem. Eur. J., 2019, DOI:
10.1002/chem.201806417, with permission from Wiley, 2019)

The porosity of the nanopapers were analyzed by N> sorption measurement, revealing that
the nanopapers had relatively high surface areas up to 281 m*/g and contained both micropores
and mesopores. Given the hierarchical porous and nanofibrous structure and the excellent
mechanical properties, we have developed a proof-of-concept study of VOC separation for the
freestanding CNF@MOF nanopapers (Figure 6). The study demonstrated that the CNF@MOF
nanopapers had superior separation efficiency for VOCs compared to normal filter paper, pure
CNF paper, and CNF-MOF paper (CNFs and MOF nanoparticles were physically mixed). We
believe that this study of VOC separation by CNF@MOF nanopapers moves a significant step
towards the practical application for MOFs and MOF-based nanocomposites. This study offers
new avenues for processing, shaping, and structuring MOF materials with sustainable
nanocellulose that may boost their practical applications in separation procedures, sensors,
thermal insulators, fire retardants, etc.



Part 3. Interweaving metal-organic framework-templated Co-Ni layered double
hydroxide nanocages with nanocellulose and carbon nanotubes to make flexible and
foldable electrodes for energy storage devices

Chao Xu.* Xueying Kong, Shengvang Zhou, Bing Zheng.* Fengwei Huo and Maria
Stremme*. Journal of Materials Chemistry A, 2018, 6. 24050-24057.

The growing demands of flexible electronics such as foldable phones, roll-up displays, and wearable
devices have attracted great interests in developing high performance, thin, flexible, lightweight,
environmentally friendly energy storage devices (ESDs). Metal-organic frameworks (MOFs)
with high surface areas and predetermined architectures have been recently studied for
electrochemical energy storage. Their ordered porous channels and high surface areas facilitate fast
diffusion of the electrolyte and the built-in transition metal ions or clusters can deliver
electrochemical activity. However, the drawback of low processability of MOFs has significantly
limited their applications in flexible ESDs.

In this study, we introduce an assembly approach for interweaving Cladophora cellulose
(CC) nanofibers, multi-walled carbon nanotubes (CNTs), and ZIF-67 (a cobalt-based MOF)
nanocrystals into a freestanding, flexible, and foldable nanosheet (Figure 7). The ZIF-67
nanocrystals can be converted into Co—Ni layered double hydroxide (LDH) nanocages, a well-
known electrochemically active material. The structures of the nanosheets were fully
characterised by powder X-ray diffraction, X-ray photoelectron spectroscopy, and X-ray energy
dispersive spectroscopy. The morphology of the ZIF-CC—CNT and LDH-CC—CNT nanosheets
studied by SEM revealed the interconnections between the ZIF-67 or LDH nanocrystals, the CC
nanofibers, and the CNTs (Figure 8). The nanocrystals were uniformly dispersed and interwoven
by the cross-linked CC nanofibers and CNTs to form the framework of the nanosheets. We believe
that CC nanofibers play a key role in the formation of such interconnected nanostructures because
of their ability to aid in the dispersion and intertwining of the nanocrystals.
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Figure 7. (a) Schematic illustration of the formation Figure 8. Scanning electron microscopy images of
process of LDH-CC—-CNT nanosheets; (b) optical images (a—c) ZIF-CC-CNT and (d—f) LDH-CC-CNT
of a flexible, foldable LDH-CC—CNT nanosheets. nanosheets at different magnifications.

(Reproduced from J. Mater. Chem. A., 2018, 6, 24050, with permission from The Royal Society of Chemistry, 2018)

Electrochemical studies indicated that the LDH—CC—CNT nanosheets were battery-type
electrodes, which had very high specific areal capacitances of up to 1979 mF/cm? at a current density
of 1 mA/cm?. The active material LDH in the nanosheets had very high gravimetric capacitances of
up to 1287 F/g, which was much higher than those reported values. The high capacitances can be
attributed to the unique nanostructure that the conductive and interwoven framework facilitating
effective electron transfer and the hierarchical porous structures enabling faster diffusion of the
electrolyte.



|

Capacitance retention (%)

80%

~ Graphite paper
"™ LDH-CC-CNT 20
™y PVAKOH ol ' . . .
\ CC-CNT 0 500 1000 1500 2000
Cycle number
(@) (b)
0.008{ —— Flat
90" bent
0.006{ —— 180° folded
go.m-
E0.002
g
50.000
©.0.002
-0.004{ Scanrate:10mVs"

00 02 04 06 08 10 12 14 16
Potential (V)

()

Figure 9. (@) Schematic illustration of the flexible and solid-state hybrid electrochemical energy storage device LDH-CC-CNT//CC—
CNT; (b) Cycling performance of the device; (c) CV curves of the device under different bending conditions; (d) Photo of red LEDs
powered by the bent or folded device. (Reproduced from J. Mater. Chem. A., 2018, 6, 24050, with permission from The Royal
Society of Chemistry, 2018)

Given the high electrochemical performance and the high flexibility, we assembled a flexible,
foldable, and all-solid-state hybrid ESD based on LDH—CC—CNT electrodes. (Figure 9) The device
displayed a high areal capacitance of 168 mF/cm? at a discharge current density of 1 mA/cm?. In
addition, the hybrid device retained more than 80 % of its original capacitance after 2000 cycles.
Remarkably, the devices in the series can light the LED even when they were bent and folded, which
demonstrated excellent flexibility and foldability of the device. This study may open a window for
the development of flexible, foldable, lightweight, and high-performance electronic energy storage
devices based on MOF-related materials and sustainable cellulose.
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Highly Transparent, Flexible, and Mechanically Strong
Nanopapers of Cellulose Nanofibers @Metal-Organic Frameworks

Shengyang Zhou, Maria Stramme,* and Chao Xu*®

Abstract: Freestanding nanopapers were fabricated by
the assembly of metal-organic frameworks (MOFs) onto
cellulose nanofibers (CNFs). The CNFs are wrapped by
continuously nucleated MOF layers (CNF@MOF) by interfa-
cial synthesis, with the charge density on the surface of
the CNFs and the dosage of the surfactant polyvinylpyrro-
lidone (PVP) being carefully adjusted. The obtained
CNF@MOF nanofibers with long-range, continuous, hybrid
nanostructures were very different to the composites
formed by aggregation of MOF nanoparticles on the sub-
strates. Four typical MOFs (HKUST-1, Al-MIL-53, Zn-MOF-
74, ZIF-CO;-1) were successfully grown onto CNFs in aque-
ous solutions and further fabricated into freestanding
nanopapers. Because of their unique nanostructures and
morphologies, the corresponding flexible nanopapers ex-
hibit hierarchical meso-micropores, high optical transpar-
ency, high thermal stability, and high mechanical strength.
A proof-of-concept study shows that the CNF@MOF nano-
papers can be used as efficient filters to separate volatile
organic compounds (VOCs) from the air. This work pro-
vides a new path for structuring MOF materials that may
boost their practical application.

- /

As an emerging family of crystalline porous materials, metal-
organic frameworks (MOFs) are coordination polymers con-
structed by linking inorganic metal-containing nodes and or-
ganic ligands."” Among the attractive features of MOFs are the
diverse design principles based on reticular chemistry, which
allows for precise control of their porosity and functionality.”
Significant efforts have been made to design MOFs with novel
crystal structures at the molecular level. By careful selection of
the matrix of inorganic and organic building blocks, thousands
of MOFs have been successfully synthesized in recent years.”
Accordingly, their potential application in gas storage and sep-
aration, air and water purification, energy storage, catalysis,
and etc. are well investigated.”’ However, significant challenges

[a] S. Zhou, Prof. M. Stramme, Dr. C. Xu
Nanotechnology and Functional Materials
Department of Engineering Sciences
Angstrém Laboratory, Uppsala University, 751 21 Uppsala (Sweden)
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in controlling the morphology, dimensions, and alignment of
MOF crystals at the microscopic level remain.”! Moreover, MOF
crystals synthesized by conventional methods lack processabili-
ty because they are insoluble and brittle.® As a result, some
valuable properties of MOFs (e.g., optical, mechanical) remain
undetermined and their industrial application is hampered.

Recently, template-assisted synthesis of MOFs has been sug-
gested as a feasible approach to structuring MOFs.”’ In gener-
al, MOF crystals are deposited onto-or grown on-the surface of
the substrate by interfacial interactions with bottom-up syn-
thesis, in which the structure and the surface chemistry of the
substrate play a key role in the growth of MOF crystals.®! With
this method, MOFs with various architectures (e.g., zero-di-
mensional MOF nanospheres, one-dimensional MOF nanofi-
bers, and two-dimensional MOF films) have been fabricated on
different substrates.”” However, these methods are wholly reli-
ant on the nanostructure of the substrates, which are not suit-
able for all types of MOFs. Meanwhile, the complicated proce-
dure hampers the large-scale preparation of the target materi-
als.

Cellulose nanofibers (CNFs) are naturally abundant biopoly-
mers, which possess a 1D nanostructure and offer potential for
chemical modification and physical processing. Therefore, they
are considered feasible templates for the preparation of fibrous
nanomaterials."” Recently, a few reports on hybrid composites
incorporating MOF particles with CNFs or cellulose-based
papers have been published. With the combined properties
of MOFs and CNFs, these composites demonstrate high per-
formance in gas separation and the removal of organic dye
molecules and heavy metal ions from polluted aqueous solu-
tions. However, the CNFs only serve as substrates for loading
MOFs in the fabrication of composites in which MOF particles
are dispersed in the matrix or aggregated on the surface of
CNFs. It would be desirable, yet challenging, to grow MOFs
with controlled morphology on CNFs toward chemically inte-
grated hybrids of CNF@MOF with easy processability and
shapeability for the development of their practical applica-
tions.

We demonstrate a simple, controllable, and scalable ap-
proach to growing continuous MOF layers on ultrafine CNFs
by interfacial reactions. The obtained hybrid nanofibers of
CNF@MOF have interconnected nanostructures assembled by
wrapping CNFs with MOF layers. This strategy relies on the
synergetic effect of the carboxylated CNFs and the surfactant
of polyvinylpyrrolidone (PVP) used for the synthesis. Four typi-
cal crystalline MOFs (HKUST-1, Al-MIL-53, Zn-MOF-74, ZIF-CO;-
1), were successfully induced into nanofibrillar layers on the

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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surface of CNFs in aqueous solution. Because of the simple
process and cheap starting materials, the hybrid nanofibers of
CNF@MOF can be prepared on a large scale and further assem-
bled into freestanding, flexible nanopapers that exhibit hier-
archical porosity, high transparency, high thermal stability, and
high mechanical strength.

Figure 1a illustrates the synthesis procedures for CNF@MOF.
Cladophora cellulose extracted from algae and its oxidized de-
rivatives with nanofibrillar structures (Figures S1 and S2) were
applied as CNFs for the fabrication of MOFs. Briefly, the aque-
ous suspension of carboxylated CNFs with optimized charge
density (Table S1, Supporting Information) were first ion-ex-
changed with metal ions; then a moderate amount of PVP was
added to the suspension to modify the surface of the CNFs;
and after that, a certain proportion of metal salts and organic
ligands were added dropwise while stirring. Continuous
growth of various MOFs (HKUST-1, Al-MIL-53, Zn-MOF-74, ZIF-
CO5-1) into nanofibrillar layers along the CNFs can thus be
achieved by tuning the charge density (the degree of carboxyl-
ation) of CNFs and the dosage of PVP. Powder X-ray diffraction
(XRD) analysis confirms (Figure S3, Supporting Information) the
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high crystallinity and the composition of the MOFs in
CNF@MOF as compared to the XRD patterns of the corre-
sponding pure MOFs (Figure S4, Supporting Information).'”
The strong diffraction peaks at 13.1 (100), 15.2 (010), and 20.2°
(110) indicate the high crystallinity of CNFs. Detailed synthesis
procedures for various CNF@MOF are provided in the Support-
ing Information.

To control the growth of the MOFs on CNFs, we carried out
series of experiments to investigate the effects of the charge
density of CNFs and the dosage of PVP on the morphology of
the MOFs growing on CNFs. Taking CNF@HKUST-1 as an exam-
ple, CNFs with variable charge densities (0, 326, 664,
1301 umolg™") and PVP with different dosages (0, 20, 40,
80 umolg™") were applied in the synthesis. Figure 1b compares
SEM images of the samples prepared with different charge
densities on the CNFs and dosages of PVP. In the absence of
PVP, isolated HKUST-1 nanocrystals were formed and physically
dispersed within the matrix of the unmodified CNFs (without
carboxyl groups the charge density is 0) (Figure 1b1). In com-
parison, HKUST-1 nanoparticles were attached to the surface of
the CNFs when the charge density was 326 pmolg™' (Fig-

AlmiLs3 ZMOF74

Nanofibrillar MOF layers on CNFs

PVP (umol g?)

900
ol/g)

1200

Figure 1. a) Schematic illustration of the synthesis procedures for the hybrid nanofibers of CNF@MOF. b) SEM images of CNF@HKUST-1 prepared by different
parameters clearly show the effect of the charge density of CNFs and the dosage of PVP on the morphology of the hybrid nanofibers.

Chem. Eur. J. 2019, 25, 1-7 www.chemeurj.org

2

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

.@2 ChemPubSoc
Dol Europe

ure 1b2). Further increasing the charge density of CNFs to
664 umol g™ resulted in a nanostructure of HKUST-1 nanoparti-
cles intertwined with a number of CNFs (Figure 1b3). Such in-
terconnected nanostructures confirm that the carboxyl groups
on the CNFs with a high charge density could increase the in-
teractions between the CNFs and the MOFs. The amphiphilic
surfactant PVP has earlier been shown to regulate the growth
and crystallization of MOFs and to enable the encapsulation of
nanomaterials, including metal oxides, metals and graphene
oxide, by interfacial activation and stabilization."® Therefore,
PVP was used to facilitate the crystallization of MOF onto CNF
for the synthesis of CNF@MOF in this study. We found that un-
modified CNFs can assemble isolated HKUST-1 nanocrystals to
form typical “shish-kebab” nanostructures in the presence of
PVP (40 umolg™); however, the HKUST-1 nanocrystals re-
mained separate due to the weak bonding ability of the un-
modified CNFs (Figure 1b4). The HKUST-1 nanocrystals, acting
as the kebab, tend to convert into rodlike crystals coating the
shish of carboxylated CNFs in the presence of PVP (Fig-
ure 1b5). Similar nanostructures have been observed in CNT-
ZIF-8, in which ZIF-8 nanocrystals were connected by CNTs
with the assistance of PVP!"¥ By carefully adjusting the charge
density of the CNFs (326 umolg™') and the amount of PVP
(40 pmolg™") used for the synthesis, the integrated hybrid
nanofibers of CNF@HKUST-1 with continuous HKUST-1 layers
growing on the CNFs were ultimately fabricated as the result
of a synergetic effect of carboxylated CNFs and PVP on the
crystallization of HKUST-1 (Figure 1b-6). However, an excess
dosage of PVP (80 umolg™) led to the formation of extra
HKUST-1 nanocrystals attached to the surface of CNF@HKUST-1
(Figure 1b7). Further increasing the charge density of the
CNFs (1301 pmolg™) resulted in bonding CNF@HKUST-1 nano-
fibers into nanobelts, because of the abundant coordination
sites of carboxyl groups on the CNFs (Figure 1b8). With this
procedure, we can easily optimize the parameters for growing
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other types of MOFs (AI-MIL-53, Zn-MOF-74, ZIF-CO;-1) with
continuous layered nanostructures on CNFs (Table S2), which
demonstrates the universality of the synthetic strategy for the
fabrication of such hybrid nanofibers of CNF@MOF. Notewor-
thy is that the obtained CNF@MOF fibers have very different
nanostructures and properties from those of reported cellu-
lose-MOF composites. Table S3, Supporting Information, com-
pares the synthesis methods, morphologies, and properties for
the MOF-cellulose composites reported in the references with
those of CNF@MOFs in this study.

For an insight into the mechanism of forming the continu-
ous MOF layers on CNFs, we correlated the zeta-potential
values of the obtained samples to their synthesis parameters
(the charge density of CNFs and the dosage of PVP) and mor-
phologies, as shown in Figure S5, Supporting Information. The
zeta potential of CNFs with different charge densities and pure
MOFs were measured in a neutral aqueous solution—the
values are listed in Table S4, Supporting Information. Obviously,
the carboxylated CNFs show negative zeta potential values be-
cause of the negatively charged carboxyl groups on the sur-
face. The negative zeta potentials were dramatically shifted to
positive values for CNF@MOF, when the surface of the CNFs
was entirely covered by MOF layers. This is expected since the
pendent carboxyl groups on the CNFs were charge-balanced
by metal ions via coordination. In comparison, the zeta poten-
tial values are lower in samples with exposed surface of car-
boxylated CNFs (Figure 2b2, 3, 5). It could be speculated that
the carboxyl groups on the surface of the CNFs induce the ini-
tial crystallization of MOFs and thus bond the CNFs and MOFs
together, while the surfactant PVP with amphiphilic nature
served as interfacial stabilizer between the CNFs and the MOF
layers in the construction of the hybrid nanofibers of
CNF@MOF.

Owing to the easy processability of nanocellulose, the
hybrid nanofibers of CNF@MOF were further fabricated into

CNF@Zn-MOF-74

CNF@ZIF-CO,-1

Figure 2. a) Photographs and b, c) SEM images of the four types of CNF@MOF nanopapers.

Chem. Eur. J. 2019, 25, 1-7

These are not the final page numbers! 22

www.chemeurj.org

3

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
D Europe

* ok

freestanding nanopapers through the processes of filtration,
drying, and mold pressing (Scheme S1, Supporting Informa-
tion). As shown in Figure 2a, the four types of nanopapers are
all highly transparent at optical frequencies at which the color
comes from the metal ions or the ligands of the MOFs. Further-
more, these nanopapers show outstanding flexibility, compara-
ble to normal paper. They can be folded (Figure 2a) and cut
(Figure S6, Supporting Information) into complex shapes, dem-
onstrating good flexibility and processability. In SEM images of
the four types of nanopapers (Figure 2b), we can clearly ob-
serve the flat surface of the nanopapers composed of homoge-
neously stacked nanofibers of CNF@MOF. High-magnification
SEM images (Figure 2¢) reveal a more detailed microscopic
morphology of CNF@MOF. CNFs are uniformly wrapped by
MOF layers with a smooth surface rather than having an aggre-
gation of MOF nanoparticles, which confirms the continuous
crystallization of MOF induced by the CNFs. CNF@MOF nano-
fibers have an average diameter of ~50 nm, which is signifi-
cantly thicker than that of pure CNF (~20-30 nm). Further-
more, we have confirmed the structures adopted by
CNF@MOF by using TEM image analysis (Figure S7, Supporting
Information). The evident contrast between the MOF layer and
CNF can be clearly recognized. Energy-dispersive X-ray spec-
troscopy (EDX) mapping analysis indicates the uniform distri-
bution of metallic elements on the surface of nanofibrillar
CNF@MOF.

The porosity of pure CNF paper and CNF@MOF nanopapers
was analyzed by N, sorption measurements, as illustrated in
Figure 3a. The calculated Brunauer-Emmett-Teller (BET) sur-
face areas of CNF@MOF nanopapers (219-281 m*g~", except
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for the surface area of CNF@ZIF-CO,-1, which is 94 m?g™")
(Table S5, Supporting Information) are much larger than that of
pure CNF paper (118 m?g~") because of the contribution of the
highly microporous MOFs in CNF@MOF. The pore-size distribu-
tions in the mesoporous domain were analyzed to gauge the
difference in diameter and stacking of the nanofibers. The
CNF@MOF nanopapers demonstrate larger mesopores (40-
50 nm) than those of the pure CNF paper (/20 nm), indicating
the increased diameter of the nanofibers in CNF@MOF.
These results evidence the core-shell nanostructure of
CNF@MOF composed by coating a continuous layer of MOFs
on CNFs as observed in the SEM and TEM images.

As shown in Figure 3b, all of the four nanopapers with a
~25% mass fraction of MOFs show high transmittance up to
~90% in the visible region (400-800 nm), comparable to that
of the pure CNF paper. Remarkably, the transparency of
CNF@MOF nanopapers is much higher than that of state-of-
the-art transparent composites based on CNFs (Table S6, Fig-
ure S10, Supporting Information). The high transparency can
be attributed to the specific superstructure of the nanopapers,
in which the continuous MOF layers have fewer grain bounda-
ries, while compactly stacking the ultrafine CNF@MOF fibers
can reduce the interfiber pore size. As a result, the eliminated
absorption, reflection, and scattering of the nanofibers give
high transparency to the CNF@MOF nanopapers.'®!

The thermal stability of the MOF and CNF components in
the CNF@MOF nanopapers are enhanced in comparison to the
pure MOF and CNF as verified by TGA (Figure 3c; Figures S11
and S12, Supporting Information). The first onset decomposi-
tion temperatures (Ty) of CNF@MOF at ~~270°C represents the

b 100
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Figure 3. Physical properties of CNF@MOF nanopapers: a) N, sorption isotherms of CNF@MOF nanopapers measured at 77 K. The inset shows their pore-size
distributions calculated from the adsorption branches using a density functional theory model. b) UV/Vis transmittance spectra of CNF@MOF nanopapers.

¢) Thermogravimetric analysis curves of CNF@MOF nanopapers. The inset compares the onset decomposition temperature of the pure MOF particles and the
corresponding MOF components in CNF@MOF nanopapers. d) Strain-stress curves of CNF@MOF nanopapers.
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pyrolysis of CNFs, which is slightly higher than the T, of pure
CNFs (/243°C) due to the protective MOF core layer on the
CNFs. The second onset decomposition temperature for
CNF@MOF reflects the decomposition of the MOF, which is
higher than the T, of the corresponding MOF particles. For in-
stance, T4 increased from 645°C for ZIF-CO;-1 particles to
792°C for the component of ZIF-CO;-1 in the CNF@ZIF-CO5-1
nanopaper. The enhanced thermal stability of MOFs in
CNF@MOF can be attributed to their continuous layered struc-
tures, which increase the surface activation energy in compari-
son to the individual MOF particles.!"”)

With the formation of continuous MOF layers on CNFs to
make CNF@MOF nanopapers, we are able to evaluate their me-
chanical properties by tensile measurements.'® As shown in
Figure 3d, the stress—strain curves of the four types of nanopa-
pers evidently tower over the pure CNF paper, which means
both the tensile strength and the Young’s modulus are im-
proved in the CNF@MOF nanopapers (Figure S13, Supporting
Information). Notably, the tensile strength of the CNF@ZIF-CO;-
1 nanopaper reaches 589.8 MPa and the Young’s modulus of
the CNF@HKUST-1 nanopaper is as high as 31.6 GPa. These
values are significantly higher than those of previously report-
ed CNF-based hybrid composites, such as CNF-carbon nano-
tubes and CNF-Ag nanowires (Table S7, Supporting Informa-
tion). More interestingly, thanks to the flexible framework of
AI-MIL-53,"" the elongation at break of CNF@AI-MIL-53 ex-
ceeds 12%, which is particularly high for CNF-based compo-
sites. For comparison, we have also tested the mechanical
properties of the CNF-MOF papers, in which CNFs and MOF
nanoparticles are physically mixed (Figure S14, Supporting In-
formation). The results revealed the relatively weak mechanical
properties of the CNF-MOF papers, displaying a much lower
tensile strength (<250 MPa) and breaking elongation (<6 %)
than the values for the CNF@MOF nanopapers. Therefore, we
can conclude that the superior mechanical properties of the
CNF@MOF nanopapers are ascribed to the integrated nano-
architectures and the continuous layered MOFs of the hybrid
nanofibers.

MOFs are potential VOC sorbents because of their high sur-
face areas and suitable pore sizes. However, most reported
studies on MOFs as sorbents focused on the adsorption capaci-
ty of MOFs in powder form; not entirely compatible with prac-
tical applications for VOC removal from air demanding materi-
als structures of higher mechanical integrity.”” Considering the
hierarchical porous and nanofibrillar structure, as well as the
excellent mechanical properties, we have developed a proof-
of-concept application of VOC separation for the freestanding
CNF@MOF nanopapers. The VOC separation ability was investi-
gated using a homemade apparatus as shown in Figure 4a
and specified in Figure S15, Supporting Information. Formalde-
hyde was chosen as a typical VOC source for this study. A N,-
diluted VOC gas mixture with a VOC concentration of
~ 100 ppm flowed through the filter, while the VOC concentra-
tion at the outlet was dynamically monitored for 12 hours by a
VOC detector to evaluate the separation efficiency of the filter
(Figure 4b; Figure S16, Supporting Information). CNF@MOF
nanopapers, normal filter paper, pure CNF paper, and CNF-
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Figure 4. a) Schematic illustration and photograph of the home-designed
apparatus for VOC separation test. b) The curves of VOC concentration vs.
time at the outlet of the apparatus using normal filter paper, CNF paper,
CNF-HKUST-1 paper and CNF@HKUST-1 nanopaper as the VOC filter.

MOF papers were applied as the filter, respectively. As expect-
ed, normal filter paper showed an extremely weak per-
formance for VOC separation. The VOC concentration at the
outlet reached saturation (100 ppm) very rapidly in under
three hours. Similarly, but slightly better, it took ~five hours
for the pure CNF paper to lose its separation ability. When
loading MOF particles on CNFs by physical mixing, the ob-
tained CNF-MOF papers showed improved performance for
VOC separation. Taking CNF-HKUST-1 paper as an example, it
maintained the function for VOC separation for the full
12 hours; however, the separation efficiency was significantly
decreased after three hours and the VOC concentration at the
outlet finally reached as high as ~80 ppm. In contrast, the
CNF@HKUST-1 nanopaper showed superior performance for
VOC separation and the separation efficiency faded very slowly
during the measurement. The VOC concentration at the outlet
stayed below 20 ppm during the first six hours and finally sta-
bilized at ~50 ppm. Likewise, other types of CNF@MOF nano-
papers demonstrated a high performance for VOC separation
(Figure S16, Supporting Information). The strong performance
of CNF@MOF nanopapers for VOC separation can be explained
by their unique nanostructure and high physicochemical stabil-
ity (Figure S17, Supporting Information). We believe that this
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study of VOC separation by CNF@MOF nanopapers creates a
significant move towards the practical application for MOFs
and MOF-based nanocomposites.

In conclusion, we have developed a simple method of grow-
ing continuous MOF layers on CNFs by interfacial reactions
with the formation of hybrid nanofibers of CNF@MOF, which
can be further assembled into flexible and freestanding
CNF@MOF nanopapers. Because of the unique nanostructures,
the nanopapers showed high optical transparency, hierarchical
porosity, high thermal stability, and high mechanical strength.
Furthermore, the freestanding CNF@MOF nanopapers demon-
strated high efficiency for VOC separation. This study offers
new avenues for processing, shaping, and structuring MOF ma-
terials that may boost their practical applications in separation
procedures, sensors, thermal insulators, fire retardants, etc.
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Metal-organic frameworks (MOFs) and nanocellulose represent
emerging and traditional porous materials, respectively. The combi-
nation of these two materials in specific ways could generate novel
nanomaterials with integrated advantages and versatile functionalities.
This study outlines the development of hierarchical porous and
conductive nanosheets based on zeolitic imidazolate framework-67
(ZIF-67, a Co-based MOF)-templated Co-Ni layered double
hydroxide (LDH) nanocages, Cladophora cellulose (CC) nanofibers,
and multi-walled carbon nanotubes (CNTs). The LDH-CC-CNT
nanosheets can be used as flexible and foldable electrodes for energy
storage devices (ESDs). The electrodes are associated with a high areal
capacitance of up to 1979 mF cm~2 at a potential scan rate of 1 mV s ™%,
A flexible, foldable, and hybrid ESD is assembled from LDH-CC-CNT
and CC-CNT electrodes with a PVA/KOH gel. The entire device has
an areal capacitance of 168 mF cm™2 and an energy density of
0.6 MW h cm™3 (60 uW h cm™), at a power density of 8.0 mW cm™>
(0.8 MW cm™2). These promising results demonstrate the potential of
using MOFs and sustainable cellulose in flexible, foldable electronic
energy storage devices.

Introduction

There is currently great interest in the development of high
performance, thin, flexible, lightweight, environmentally
friendly energy storage devices (ESDs)."”” Supercapacitors (SCs)
constitute an important class of electric energy storage systems
that bridges the gap between conventional capacitors and
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Interweaving metal—organic framework-templated
Co-Ni layered double hydroxide nanocages with
nanocellulose and carbon nanotubes to make
flexible and foldable electrodes for energy storage

a

batteries. Generally, SCs are classified as electrical double layer
capacitors (EDLCs) and pseudocapacitors, depending on the
charge storage mechanism and the active materials used.?
EDLCs store charges on the large internal surfaces of active
materials such as activated carbon, carbon nanotubes (CNTs)
and graphene.® Pseudocapacitors rely on electrochemically
active materials including certain transition metal oxides,
hydroxides, and conducting polymers, for example, RuO,,"
MnO,," and polypyrrole,*” which store electrochemical energy
faradaically via reversible redox reactions at the interface of the
electrode and electrolyte and thus provide higher specific
capacitances than EDLCs. In order to increase the energy
density, two electrodes with different charge storage behaviours
may be applied in the assembly of ESDs.'*' For example,
asymmetric supercapacitors pair one pseudocapacitive elec-
trode and one capacitive electrode, e.g., MnO, and activated
carbon.” Hybrid capacitors combine faradaic battery-type
electrodes and capacitive electrodes, such as Ni(OH), and acti-
vated carbon.’ Because of their high power density, rapid
charge/discharge rate, and long operational lifetime, a signifi-
cant amount of effort has been devoted to the development of
flexible SCs and hybrid devices to meet the growing demands of
flexible electronics, for instance, foldable phones, roll-up
displays, and wearable devices.”**

Metal-organic frameworks (MOFs) are a newly emerging
family of functional materials with exceptionally high surface
areas and well-defined pores that are constructed by coordina-
tion between metal ions or clusters and organic linkers.”>*" In
addition to their well-studied applications in gas storage and
separation,® catalysis,* drug delivery,* and sensors,* extensive
research interest in MOFs has recently been triggered for the
exploration of novel electrode materials for SCs.>**® Their
ordered structures and high surface areas result in fast diffu-
sion of the electrolyte in microporous or mesoporous channels.
In addition, transition metal ions or clusters in some MOFs are
redox-active centers that can deliver electrochemical activity.
Various pristine MOFs and MOF-derived materials have already

This journal is © The Royal Society of Chemistry 2018
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been successfully applied as capacitive, pseudocapacitive and
battery-type electrode materials for ESDs.>*™*° In addition to the
conventional considerations for ESDs (e.g., high capacitance,
high power density, and long lifetime), flexibility and areal
capacitance are more important for flexible ESDs. Recently,
a number of MOF-related materials have been fabricated as
flexible electrodes for ESDs; these materials are normally coated
onto or grown in situ on flexible substrates such as plastics,
textiles or carbon cloths.*****> However, the challenge of
developing a MOF-related electrode with good flexibility and
high areal capacitance for the fabrication of flexible ESDs
remains.

Cellulose is the main component of plants and the most
naturally abundant biopolymer on earth. Its characteristics of
intrinsic flexibility, high mechanical strength, rich organic
functional groups, and sustainability make cellulose a prom-
ising substrate for the development of novel electrodes.**** More
importantly, cellulose can also act as an intrinsic electrolyte
reservoir due to its hydrophilic features and ability to swell in
water.*> The hierarchical porous structure formed by cross-
linking of cellulose fibers can be used to transfer the electrolyte
and diffuse ions in the electrolyte to electrochemically active
materials. Because of the versatile functionalities and superior
properties of MOFs and cellulose, fabrication of hybrid materials
based on MOFs and cellulose could combine the advantages of
both materials and allow the design of novel functional mate-
rials. However, very few examples of such hybrid materials have
been reported to date and the study of their applications has
historically been focused only on separations (e.g. gas separation
and removal of heavy metal ions and dye molecules from
polluted aqueous solutions).**** We envision loading MOFs or
MOF-related nanocrystals into a flexible cellulose substrate as
a feasible approach for the design of novel flexible electrodes
with promising electrochemical performance characteristics.

In this paper, we introduce an assembly approach for inter-
weaving nanocellulose fibers, multi-walled carbon nanotubes
(CNTs), and ZIF-67 (a cobalt-based zeolitic imidazolate frame-
work, i.e. a MOF) nanocrystals into a flexible sheet. A subsequent
chemical etching process converts the loaded MOF nanocrystals
into Co-Ni layered double hydroxide (LDH) nanocages with
unique hollow structures, a well-known electrochemically active
material.**** This strategy involves the formation of a flexible,
conductive substrate and the subsequent interweaving of the
isolated LDH nanocages with nanocellulose and CNTs. The
nanocellulose enables the knitting process and reinforces the
LDH nanocages on the substrate, while also providing the flexi-
bility of the composite, and the CNTs act as conductive bridges
for electron transfer between the LDH nanocages. The resultant
flexible and conductive composite containing compactly inter-
connected and homogeneously dispersed nanostructures can be
used as a high performance electrode for the assembly of flexible
and foldable ESDs.

Results and discussion

Cladophora cellulose (CC), a type of nanofibrillated cellulose
extracted from an environmentally polluting green alga, was

This journal is © The Royal Society of Chemistry 2018
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chosen as the substrate in this study. Firstly, it was expected
that MOF nanocrystals could be loaded into its nanofibrous and
mesoporous structure.*** Moreover, its high crystallinity®® gives
rise to the outstanding mechanical flexibility of the substrate,
which is an important characteristic of flexible electronic
devices. Scheme 1 illustrates the synthesis procedures. Firstly,
the as-synthesized ZIF-67 nanocrystals (pre-dispersed in
ethanol), CC, and CNTs, with a mass ratio of 2:1:3, are
dispersed in water by sonication to form a homogeneous
mixture. The dispersion is then vacuum filtered using
a membrane filter, and the filter cake is dried to form a free-
standing composite, called a ZIF-CC-CNT nanosheet. The
composite is then immersed in an ethanol solution of nickel
nitrate for three hours to etch the ZIF-67 nanocrystals. During
this time, the protons generated from the hydrolysis of Ni*" ions
gradually digest the core structure of the ZIF-67 nanocrystals
and release Co®" ions into the ethanol solution. The released
Co”" ions are partly oxidized to Co** by the NO;~ ions in the
presence of the protons, followed by further co-precipitation of
Ni*" and Co?'/Co*" and the formation of Ni-Co LDH shells,
templated by ZIF-67 nanocrystals.*® Finally, a freestanding,
flexible, and foldable composite, called an LDH-CC-CNT
nanosheet, is obtained.

With the fixed ratio of the three components in the initial
dispersions, the thickness and areal density of the active
materials in the hybrid nanosheets can be precisely controlled
by adjusting the total amounts of the starting materials. Three
ZIF-CC-CNT nanosheets and the three corresponding LDH-
CC-CNT nanosheets with tuned thicknesses (9, 39, and 103 pm)
were prepared. Thermogravimetric analysis (Fig. S1t) indicated
that the content of the active material ZIF-67 was 0.305, 0.754,
and 1.720 mg cm ? in the ZIF-CC-CNT nanosheet and LDH
was 0.225, 0.481, and 1.452 mg cm™? in the LDH-CC-CNT
nanosheet.

The structures of the ZIF-CC-CNT and LDH-CC-CNT
nanosheets were fully characterized by powder X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and X-ray energy
dispersive spectroscopy (EDS). The XRD pattern of ZIF-CC-CNT
in Fig. 1a clearly shows the existence of ZIF-67, cellulose and

(a) >\, Nanocellulose

™ onr
@ zFe7

K

gz = Filtration i(NO;), in ethanol

\\ / Etching

(b)
~ Folding _ Unfolding
Scheme1 (a) Schematic illustration of the formation process of LDH—

CC-CNT nanosheets; (b) optical images of a flexible, foldable LDH-
CC-CNT nanosheet (size: 4 cm x 4 cm). CC = Cladophora cellulose;
LDH = Co-Ni layered double hydroxide nanocages; CNTs = carbon
nanotubes.

J. Mater. Chem. A, 2018, 6, 24050-24057 | 24051


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8ta10133g

Open Access Article. Published on 09 November 2018. Downloaded on 2/22/2019 3:11:36 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

(a) (b)~ .

27 o —=—ZIF-67-CC-CNT
¥ Co-Ni-LDH (LDH) S 20]%: —4—LDH-CC-CNT,
- = Cladophora cellulose (CC) 13 < \
S * Carbon nanotubes (CNT) £ H
g FE
%‘ LDH-CC-CNT £ ol dH 5
2 ZIF-CC-CNT H iadioe
] T
= ® 5
2
Tt o
10 20 30 40 5 60 70 S 00 02 04 06 08 10
20 (degree) <] Relative pressure (p/p,)
(c) (d)
Rawdata  Co2p, ——Raw data Ni2p, Ni*
- =---Fitted data ==~ Fitted data /
-~ Background - —— Background
3 3
< L sat.
2 2
[Z3 [Z}
c c
2 ]
£ £
795 790 785 780 775 870 865 860 855 850

Binding energy (eV) Binding energy (eV)

Fig. 1 (a) A comparison of powder X-ray diffraction patterns of pure
ZIF-67, Cladophora cellulose (CC)-CNTs, ZIF-CC-CNT nanosheets,
and LDH-CC-CNT nanosheets; (b) N, adsorption and desorption
isotherms of ZIF-CC-CNT and LDH-CC-CNT nanosheets, recorded
at 77 K. The inset shows the pore size distributions calculated from the
adsorption branches using density functional theory; (c) high-resolu-
tion Co 2ps3/» and (d) Ni 2ps/», X-ray photoelectron spectra of LDH-
CC—-CNT. CNT = carbon nanotube; LDH = Co-Ni layered double
hydroxide nanocages.

CNTs, thus confirming the composition of the nanosheet. The
diffraction peaks for ZIF-67 were entirely absent after etching
the composite in an ethanol solution of Ni(NO;), -6H,0, and the
peaks for a typical LDH structure were found, confirming the
formation of an LDH structure by the reaction between ZIF-67
and Ni(NO;),-6H,O (Fig. 1a and S21). Strong and narrow
diffraction peaks at 2 = 14, 17 and 22° in both the ZIF-CC-CNT
and the LDH-CC-CNT nanosheets confirmed the high crystal-
linity of the CC nanofibers.”” The elemental composition of
LDH-CC-CNT was confirmed by EDS and XPS studies. The EDS
spectrum of the selected area of LDH-CC-CNT (Fig. S3t)
revealed that the LDH nanocages contained Co and Ni, with
a Co : Niratio of 1 : 2.1. The XPS survey scan spectrum of LDH-
CC-CNT (Fig. S4t) indicated the presence of C, O, N, Ni, and Co
in the composite. Fig. 1c and d show the high resolution XPS
spectra of LDH-CC-CNT in the Co 2pj3/, and Ni 2p;/, regions.
The deconvoluted peaks at 782.3 and 780.8 eV in the Co 2p3/,
spectrum correspond to Co”” and Co®", respectively,*® confirm-
ing that a portion of the Co®" ions released from ZIF-67 were
oxidized to Co®" during the etching procedure. The single peak
located at 856.1 eV in the Ni 2p;, spectrum indicated the
existence of Ni** in the LDH structure.®

Nitrogen sorption measurements at 77 K were carried out to
analyze the porosity of the samples. As shown in Fig. 1b, the
adsorption isotherm for ZIF-CC-CNT, with rapid N, uptake at
low partial pressures (P/P, < 0.1), revealed the microporous
structure of ZIF-67. Meanwhile, the pore size distribution
analysis based on the adsorption isotherm indicated that ZIF-
CC-CNT had relatively narrow micropores, with pore sizes
centered at 1.0 and 1.4 nm, whereas these typical micropores
were absent in LDH-CC-CNT because of the digestion of the
framework of ZIF-67 during the etching procedure. Accordingly,
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the calculated Brunauer-Emmett-Teller (BET) surface areas for
LDH-CC-CNT of different thicknesses lie in the range of 219 to
261 m®> g~'; these were significantly smaller than those for
ZIF-CC-CNT (525-693 m? g~ ). The size of the micropores in
LDH-CC-CNT (1.2 nm) can be attributed to the presence of
CNTs (Fig. S5t). Both ZIF-CC-CNT and LDH-CC-CNT samples
showed mesoporous structures generated by interweaving CC
nanofibers and CNTs with pore size distributions in the range of
20.0 to 34.4 nm.

The morphology of the ZIF-CC-CNT and LDH-CC-CNT
nanosheets was studied by field emission scanning electron
microscopy (FESEM) to reveal the interconnections between the
ZIF-67 or LDH nanocrystals, the CC nanofibers, and the CNTs.
The as-synthesized ZIF-67 nanocrystals had a typical rhombic
dodecahedral morphology and an average size of approximately
800 nm (Fig. S6at). SEM images (Fig. 2) revealed the surface
morphology of the ZIF-CC-CNT and LDH-CC-CNT nanosheets
at different magnifications. The cross-linked CC nanofibers and
CNTs (with diameters of about 30 nm and 10 nm, respectively)
were interwoven in the well-dispersed ZIF-67 crystals to form
the framework of the ZIF-CC-CNT nanosheets. More impor-
tantly, the ZIF-67 nanocrystals were not only attached to the
surface of the nanosheets but were also entangled in the matrix,
as indicated by the “bumps” in the SEM images, suggesting that
ZIF-67 nanocrystals were evenly distributed throughout the
entire nanosheet. In comparison, in the ZIF-CNT composite,
the ZIF-67 nanocrystals formed agglomerates with the CNTs,
which remained separate in the absence of cellulose nanofibers
(Fig. S6b and ct). Therefore, we can conclude that CC nano-
fibers play a key role in the formation of uniform and intimately
connected nanostructures because of their ability to aid in the
dispersion and intertwining of the active materials.

After etching the ZIF-CC-CNT nanosheets in a solution of
Ni(NO3),-6H,0 in ethanol, where the ZIF-67 nanocrystals were
transformed into hollow LDH nanocages, these uniform and
interconnected nanostructures were successfully transformed
into LDH-CC-CNT nanosheets. It was expected that the
uniformity of the LDH-CC-CNT nanosheets and the hollow
nanostructure of LDH would lead to fully accessible sites for the
active materials and fast diffusion of guest molecules or ions.
Furthermore, the intimate connections between the LDH
nanocages and the flexible and conductive matrix composed of
nanocellulose and CNTs could effectively improve the conduc-
tivity of LDH. Considering the flexible, binder-free, conductive,
and fully accessible characteristics of these structures, we
anticipated that LDH-CC-CNT nanosheets would make effec-
tive electrode materials.

The electrochemical performance of the LDH-CC-CNT
electrodes was studied in a traditional three-electrode cell using
1.0 M aqueous KOH as the electrolyte. Binder-free electrodes
were prepared by pressing a piece of LDH-CC-CNT nanosheet
(1 x 2 cm) at a pressure of 150 MPa onto a piece of flexible
graphite paper as the current collector. The design of these
binder-free electrodes was chosen to avoid “dead” mass and
volume in the electrode, thus increasing its gravimetric/
volumetric capacity. Fig. 3a shows the cyclic voltammetry (CV)
curves of the LDH-CC-CNT (9 pm, 0.225 mg cm > LDH)

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8ta10133g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 November 2018. Downloaded on 2/22/2019 3:11:36 PM.

(cc)

Communication

View Article Online

Journal of Materials Chemistry A

Fig. 2 Scanning electron microscopy images of (a—c) ZIF-CC-CNT and (d—f) LDH-CC—-CNT nanosheets at different magnifications. CC =
Cladophora cellulose; CNT = carbon nanotube; LDH = Co—Ni layered double hydroxide nanocages.

electrode at different scan rates (1-30 mV s~ ') in the potential
range of 0 to 0.6 V vs. Hg/HgO. With the increasing scan rate
from 1 to 30 mV, the CV curves were similar in shape, with
slightly shifted peak positions. The CV curve at a scan rate of
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nanocages.
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reactions because of the similar redox potentials for Ni**/Ni**
and Co’*/Co*".*® In addition, a pair of broad and inconspicuous
redox peaks in the potential range of 0.1 to 0.2 V vs. Hg/HgO was
observed in the CV curve. This pair of redox peaks at low
potentials can be ascribed to the redox reaction of Co(OH),/
CoOOH and further confirms the existence of Co** in the LDH
structure.” Based on this analysis of the CV curves, we
hypothesized that the electrochemical reaction process in the
LDH is as follows:

Co(OH), + OH™ < CoOOH + H,0 + ¢~ 1)
CoOOH + OH™ < C00, + H,O + ¢~ )
Ni(OH), + OH™ < NiOOH + H,0 + ¢~ 3)

In order to investigate the charge storage mechanism of the
LDH-CC-CNT electrodes, studied the voltammetric
response at various scan rates in the CV measurements. In
principle, the dependence of the peak current (i,) on the scan
rate (v) can be expressed as®**

we

iy =a’ @)

where a and b are adjustable parameters.

Generally, the peak current is proportional to the square root
of the scan rate (b = 0.5) for a battery-type faradaic reaction,
whereas the pseudocapacitive current is linearly dependent on
the scan rate (b = 1). We found that the plots of peak current vs.
scan rate can be linearly fitted with b = 0.5 for the three elec-
trodes of LDH-CC-CNT with different loadings of LDH
(Fig. S7t), suggesting that the LDH-CC-CNT electrodes are
battery-type electrodes and the charge storage mechanism
is mainly based on the diffusion-controlled intercalation/
deintercalation of the electrolyte ions.**™**

The capacitances of the active material (LDH) and the entire
electrode were calculated by analyzing the CV curves. In order to
evaluate the contributions of the CNTs and the current collector
to the capacitance of the electrode, a background electrode
composed of CC and CNTs on graphite paper was prepared for
electrochemical analysis. Based on the CV curves of LDH-CC-
CNT and this CC-CNT electrode at 1 mV s~ and by deducting
the contributions of the CNTs and graphite paper, the specific
capacitance of LDH was calculated to be 1287.8 F g~ ', which is
comparable to the reported values for Co-Ni LDH.?%>%64
Importantly, the gravimetric capacitance of LDH was not
significantly reduced in the electrode with a higher mass
loading, as shown in Fig. 3b. In contrast, the capacitance of
LDH was only 732.2 F g ' in an LDH-PVDF-CNT electrode
prepared by coating LDH, CNTs and a binder of polyvinylidene
fluoride (PVDF) on graphite paper in a traditional manner,
under the same conditions (Fig. S8t). Comparison of the
nanostructures in the SEM images provides a possible expla-
nation for this large difference in the capacitive performance of
LDH in the two electrodes. As mentioned above, the LDH
nanocages were uniformly dispersed and interconnected by
cellulose nanofibers and CNTs in the LDH-CC-CNT nano-
sheets. In contrast, the LDH-PVDF-CNT electrode displayed

24054 | J. Mater. Chem. A, 2018, 6, 24050-24057

View Article Online

Communication

agglomerates of LDH nanocages attached onto the surface of
the CNT matrix (Fig. S6d and et). Consequently, the rates of ion
diffusion and electron transfer were limited, leading to the
much lower capacitance. These results strongly supported our
assumption that the electrochemical performance of the elec-
trode could be significantly increased by forming a uniform and
interwoven nanostructure within the conductive substrate.

For flexible and wearable electronic devices, areal capaci-
tance is even more important than gravimetric capacitance. In
general, the areal capacitance of an electrode increases with the
increasing areal density of the active material in the substrate.
However, aggregation and stacking of the active materials
usually occur with subsequently increased resistance.®* As
a result, the areal capacitance will gradually reach a plateau
when the mass loading is increased, and the electrochemical
performance of the active material will be much lower than the
theoretical value. In order to evaluate the effects of mass loading
and thickness on the electrochemical performance, LDH-CC-
CNT electrodes with different mass loadings (0.225, 0.481, and
1.452 mg cm™ > LDH) and thicknesses (9, 39, and 103 um) were
studied using CV (Fig. S9t). Fig. 3c shows a comparison of
the CV curves of the three electrodes at the same scan rate of
5mV s~ '. Notably, the redox peak positions only shifted slightly
with the increasing thickness and mass loading. Meanwhile,
the electrochemical impedance spectroscopy (EIS) results dis-
played as Nyquist plots in Fig. 3d revealed that both the high
frequency resistance and the charge transfer resistance for
LDH-CC-CNT electrodes were relatively low, and these resis-
tances were not significantly affected by increasing the mass
loading and thickness because of the uniform nanostructure of
the conductive electrodes.

Galvanostatic charge-discharge (GCD) measurements were
performed to evaluate the energy storage performance of the
LDH-CC-CNT electrodes (Fig. S107). The highly symmetrical
shape of the chronopotentiometric curves reflected the
reversible redox reactions in the electrode (Fig. 3e). The
discharge curves showed that the areal capacitances of the
LDH-CC-CNT electrodes with mass loadings of 0.225, 0.481,
and 1.452 mg cm > LDH were 377.5, 688.6 and 1979.2 mF cm ™2,
respectively, at a current density of 1 mA cm > The three
electrodes retained 37.1, 30.5, and 21.2% of their capacitances
when the current density was increased from 1 to 20 mA cm ™2,
indicating a good rate capability (Fig. 3f). Importantly, the
flexibility of the electrode was not influenced by increasing the
thickness and mass loading towards higher areal capacitances.
A further increase in the mass loading of LDH to 2.87 mg cm >
in the LDH-CC-CNT nanosheet with a thickness of 212 pm
achieved an even higher areal capacitance of 3200 mF cm ™ ?;
however, the electrode had a very poor rate capability and was
not as flexible. Nonetheless, the value of 1979.2 mF cm ™2 for the
areal capacitance of the LDH-CC-CNT electrode ranks as one of
the highest reported for LDH-based electrodes (Co-Ni LDH/
NiCo,0,/carbon fiber paper:* 1640 mF cm 2 at 2 mA cm™ 2
NiCo,S,@Ni-Mn LDH/graphene sponge:”” 1740 mF cm > at
1 mA cm™ % Ni-Co@Ni-Co LDH nanotube array/carbon fiber
cloth:*> 2000 mF cm ™2 at 4.6 mA cm™%; NiCo-LDH/carbon fiber
cloth:* 2242 mF cm ™ * at 1 mA cm ).

This journal is © The Royal Society of Chemistry 2018
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To demonstrate the potential of the composite electrode
for practical applications in flexible electronics, we assembled
a flexible, foldable, and all-solid-state hybrid ESD. As shown
in Fig. 4a, the LDH-CC-CNT (1 cm x 2 cm, 0.481 mg cm >
LDH) and CC-CNT (1 em x 2 cm, 3.375 mg cm > CNTSs)
nanosheets were used as the positive and negative electrodes,
respectively. A poly(vinyl alcohol)/KOH gel was used as the
solid electrolyte, and a piece of filter paper (1.2 cm x 2.5 cm)
was used as the separator. The total volume of the assembled
device was 0.2 cm®. The CV curves in Fig. 4b present the
potential windows of —1.0 to 0 V vs. Hg/HgO for the LDH-CC-
CNT electrode and 0 to 0.6 V vs. Hg/HgO for the CC-CNT
electrode at the same scan rate of 5 mV s~ . It was anticipated
that this hybrid ESD could reach a high operating potential.
CV curves of the hybrid ESD were recorded in the two-
electrode system at a scan rate of 50 mV s ' within the
potential window from 0-1 V to 0-1.6 V (vs. Hg/HgO), as
shown in Fig. 4c. This demonstrated that the stable operating
voltage could be extended to 1.6 V. In addition, CV curves of
the hybrid ESD at different scan rates (10-50 mV s ') were
measured within the potential window of 0-1.6 V vs. Hg/HgO
(Fig. S117%). The almost rectangular shapes of the CV curves at
low operating potentials demonstrated the double-layer
capacitance of CC-CNT. Broad redox peaks were observed at
high operating potentials, indicating a combined contribu-
tion of both capacity and double-layer capacitance in the
hybrid ESD. To evaluate the flexibility and foldability of the
hybrid ESD, we recorded the CV curves when the device was
folded to 90° and 180°. As shown in Fig. 4d, the CV curves were
only very slightly different before and during folding, indi-
cating that the device was fully flexible and foldable.

The specific capacitance, and energy and power density of
the hybrid ESD were calculated from the GCD measurements.
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Fig. 4 (a) Schematic illustration of the flexible and solid-state hybrid
ESD LDH-CC-CNT//CC-CNT. (b) Cyclic voltammetry (CV) curves of
LDH-CC-CNT and CC-CNT electrodes at the same scan rate. (c) CV
curves of the device at different potential windows at the same scan
rate. (d) CV curves of the device under different bending conditions.
ESD = energy storage device; CC = Cladophora cellulose; CNT =
carbon nanotube; LDH = Co-Ni layered double hydroxide.
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Fig. 5 (a) Galvanostatic charge—discharge curves of the flexible and
solid-state hybrid ESD LDH-CC-CNT//CC—-CNT and the calculated
areal capacitances at different current densities. (b) Comparison of
areal capacitance (B this work, [ reported values), and power and
energy density (@ this work, O reported values) of the device with
those of other flexible ESDs based on electrodes of nMOF-867,%
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NiCo-LDH NFAs@NSs/Ni fabric,®® ZIF-PPy-2,7° Ni(OH), nanofibers™
and various carbon electrodes. (c) Photo of red LEDs powered by the
bent or folded device. (d) Cycling performance of the device. ESD =
energy storage device; CC = Cladophora cellulose; CNT = carbon
nanotube; LDH = layered double hydroxide; PANI = polyaniline; PPy =
polypyrrole; CFC = carbon fiber cloth; NFAs = nanoflake arrays; NSs =
nanosheets; GS = graphene sponge.

The areal capacitance for the whole cell was 168.3, 149.5, 123.8,
and 102.5 mF cm ™ ? at discharge current densities of 1, 4, 10,
and 20 mA cm 2, respectively (Fig. 5a). Accordingly, the
maximum energy and power densities of the hybrid ESD
were 0.6 mW h cm™® (60 pW h cm™?) and 160 mW cm >
(16 mW cm™?), respectively (Fig. 5b). The values of areal
capacitance, and energy and power density were comparable to
those for state-of-the-art flexible SCs (Table S11).>>77* It should
be noted that the volume of the whole hybrid ESD was consid-
ered when calculating the volumetric energy/power densities.
We also assembled two hybrid ESD units in series to power an
LED. As seen in Fig. 5c, the devices in the series light the LED
even when they were folded. The long-term stability of the
hybrid ESD was tested through continuous CV cycling. As
shown in Fig. 5d, the hybrid device retained more than 80% of
its original capacitance after 2000 cycles at 50 mV s *. Collec-
tively, the electrochemical studies suggested that the all-solid-
state hybrid ESD showed an excellent capacitive behavior,
a good rate capability, and excellent flexibility and foldability.

Conclusions

In conclusion, novel LDH-CC-CNT nanosheets have been
successfully prepared by interweaving MOF-derived Co-Ni LDH
nanocages with CC nanofibers and CNTs. The electrodes based
on LDH-CC-CNT nanosheets had a very high areal capacitance
and a good rate capability. Given their excellent flexibility and
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foldability, along with their superior electrochemical perfor-
mance, the LDH-CC-CNT electrodes were fabricated into an all-
solid-state hybrid ESD. We conclude that the interwoven, hier-
archically porous, fully accessible, and conductive nano-
structures in the LDH-CC-CNT nanosheets play a key role in
the electrochemical performance of the hybrid ESD. An external
current collector is required for this electrode and energy
storage device because of the limited interactions between the
hydrophobic CNTs, and the hydrophilic nanocellulose and LDH
nanocages. This limitation could be overcome by using chem-
ically modified nanocellulose and CNTs in high quality
dispersions to design highly compact and conductive
matrices.”” Thus, this study opens up a path for the develop-
ment of new designs for thin, flexible, lightweight, and high-
performance electronic energy storage devices based on MOF-
related materials and sustainable cellulose.
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Abstract: Porous carbon materials with tunable porosities and functionalities represent an important
class of CO, sorbents. The development of porous carbons from various types of biomass is a
sustainable, economic and environmentally friendly strategy. Wood is a biodegradable, renewable,
sustainable, naturally abundant and carbon-rich raw material. Given these advantages, the use of
wood-based resources for the synthesis of functional porous carbons has attracted great interests.
In this mini-review, we present the recent developments regarding sustainable porous carbons
derived from wood-based biopolymers (cellulose, hemicelluloses and lignin) and their application in
CO; capture.

Keywords: CO, capture; porous carbon; wood-based biopolymer; cellulose; lignin

1. Introduction

CO; is the predominant greenhouse gas in the atmosphere. Because of the enormous combustion
of fossil fuels during the last two centuries, the atmospheric CO, concentration has dramatically
increased from its pre-industrial level of around 280 ppm to today’s 408 ppm (December, 2018).
According to a report by the Intergovernmental Panel on Climate Change (IPCC), the excess emission
of CO; to the atmosphere is the main reason for the current global climate changes and associated
problems, including global warming, sea level rise and ocean acidification, threating human survival
and development [1]. Hence, there is an urgent need for reducing the CO, emission and controlling
the atmospheric CO; level to mitigate climate changes.

It is believed that fossil fuels will still dominate the global energy system in the foreseeable future.
In this context, carbon capture and storage (CCS) is considered as a feasible and necessary approach
to reduce CO; emission [2]. CCS covers a group of technologies including capture, compression,
transportation and permanent storage of CO; [3]. Herein, CO; capture is the initial and the most
important step. Conventional CO, capture processes address large CO, emission sources like flue gas
emitted from coal-fired power plants, cement plants, oil refinery factories and iron and steel plants. Of
the several technologies being developed for conventional CO, capture processes, post-combustion
capture of CO; is a straightforward and commercially mature CO, capturing technique that can be
easily retrofitted to existing power plants. It separates CO, from the flue gases, which consists of about
5-15 v% CO,, 70-75 v% Ny, 5-7 v% H»O, 3-4 v% O,, and NOy and SOy with low concentrations (a few
hundred ppm) [4]. The low pressure of the flue gases (ca. 1 atm) and their low CO, concentration
require a high separation efficiency for CO, over other gas components at ambient pressure. Amine
scrubbing, an absorption technique using aqueous alkanolamines solution to remove CO, from gas
streams, has been applied industrially in natural gas purification and post-combustion capture of
CO; for more than 50 years [5]. The chemical reaction of CO, with amine forms stable carbamates,
offering a high efficiency for CO; capture and separation. However, it suffers from several drawbacks
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of high energy penalties for the amine regeneration, risk of amine leakage and corrosion to the
employed equipment.

Recently, large efforts have been devoted to the development of adsorption-driven separation
techniques using porous materials as solid sorbents for CO, capture, which is considered an alternative
approach to the amine scrubbing process [6—8]. Porous materials are a type of solid containing pores,
usually interconnected, or channels possessing a high surface area [9]. Typical examples are traditional
zeolites, activated carbons, mesoporous oxides and emerging metal-organic frameworks (MOFs),
covalent-organic frameworks, porous organic polymers, etc. Different from the chemical absorption
approach, a typical adsorption process starts by attracting CO, molecules onto the large surface of the
porous solid by physisorption and/or chemisorption interactions. To regenerate the solid adsorbent and
remove and concentrate the CO,, the CO,-filled solid is exposed to temperature, vacuum or pressure
swing adsorption (TSA, VSA, PSA) cycles (Scheme 1) [10]. Because of the much weaker CO,-adsorbent
interactions taking place in the above described process than in CO;-amine interactions/chemical
reactions, the adsorption-driven separation technique requires significantly lower amounts of energy
in the regeneration procedure compared with the amine-scrubbing process.

Fuel Flue gas
Ener: 40-50 °C, 1 bar \ CO,-free
Air %Y g solid sorbents 2
conversion 15v% CO, gas
75Vv% N,
TSA
5v% H,0 VSA
SO,, NO, +PSA

Scheme 1. Post-combustion capture of CO, from flue gas using solid sorbents. TSA = temperature

swing adsorption; VSA = vacuum swing adsorption; PSA = pressure swing adsorption.

In general, CO, adsorption capacity mainly depends on intrinsic characteristics (e.g., surface area,
pore size and adsorption sites) of the porous material, while the adsorption selectivity is influenced
by molecular sieving, thermodynamic equilibrium and kinetic effect. Therefore, all of these factors
have to be taken into account for the design and selection of porous materials as CO, adsorbents
towards a high CO, adsorption capacity and a high adsorption selectivity of CO,-over-other gases
(e.g., Np, HyO, CHy). Other factors such as cost, stability and processability of the material should also
be considered when it comes to practical applications. For example, zeolites, crystalline microporous
aluminosilicates, are widely used in industrial CO, capture. They usually display high CO, adsorption
capacities and high CO,-over-N, selectivities because of their uniform and narrow pore sizes [11].
However, most zeolites are hydrophilic and drastically lose their adsorption capacity and selectivity
for CO, under humid conditions. Therefore, the flue gas needs to be dried prior to passing through the
zeolite sorbents for separating CO,, which significantly increase the operation cost. MOF materials are
coordination polymers joining organic linkers and metal ions or clusters that have been intensively
studied for CO, adsorption and separation. The use of reticular chemistry principles allows for the
design of MOF materials at the molecular level with tailored crystal structure, pore size and functional
groups for the development of highly efficient CO, sorbents [12,13]. However, MOF materials in this
context suffer from low stability and high manufacturing cost. In comparison, porous carbons (or
activated carbons) with high surface areas, tunable pore sizes and high tolerance to acidic, basic and
humid environments are considered to be ideal sorbents for CO, capture [14,15]. More significantly,
porous carbons can be prepared from sustainable biomass precursors providing an environmentally
friendly and sustainable approach for the development of CO; sorbents [16].



Nanomaterials 2019, 9, 103 30f13

Wood, the largest biomass resource on earth, has been used for tools, fuels and buildings
throughout human history. Apart from these traditional functions, wood has been studied as a basis
for functional materials during the development of modern material science and nanotechnology in
recent years [17,18]. Cellulose, hemicellulose and lignin are biopolymers that constitute the main
components of wood and many other plants. From a chemistry point of view, cellulose is a linear
polysaccharide consisting of repeated D-glucose unit with the formula of (C4H;¢Os)n. Hemicellulose
is a branched polysaccharide containing different sugar monomers. In comparison, lignin has a more
complex composition and lacks a defined structure. It is basically an aromatic polymer network of
cross-linked phenylpropane derived lignols. Because of their rich carbon content, natural abundance,
and low cost, all these three biopolymers have been used as precursors to prepared porous carbons.
This paper will review recent studies on sustainable porous carbon materials derived from the
wood-based biopolymers cellulose, hemicellulose and lignin and their applications in CO, capture. The
conversion route of biopolymers to porous carbons and the related mechanisms are introduced. The
relationship between CO, adsorption behaviors (e.g., CO, adsorption capacity, CO,-over-Nj selectivity,
kinetics) and nanostructures (porosity, composition) of the biopolymer-based porous carbons are
summarized. Additionally, we present our perspectives on the challenges and future developments of
using sustainable porous carbon materials in CCS.

2. General Routes from Biomass to Porous Carbons

The conversion of biomass to porous carbons usually consists of two processes: carbonization and
activation [19]. A conventional carbonization process is usually carried out in an inert atmosphere (e.g.,
Ny, Ar) at elevated temperatures of 400-1000 °C, which is a typical pyrolytic approach. It involves
several complex reactions such as dehydration, condensation and isomerization, by which most of
the hydrogen and oxygen atoms are released from the biomass to form H,O, H,, CHy, CO gases and
various violates while the carbon atoms are condensed as solid residues (usually denoted as char) with
an increased carbon content [20]. The yield and carbon content of the solid are affected by several
factors such as carbonization temperature, resistance time, heating rate, chemical structure and thermal
stability of the biomass. In general, an increased carbonization temperature and long resistance time
form chars with a reduced yield but elevated carbon content [21]. Apart from the conventional pyrolysis
process, hydrothermal carbonization (HTC) is another approach that has been widely applied in the
conversion of biomass to valuable carbon materials. The treatment of biomass under HTC conditions,
usually at moderate temperatures (<300 °C) and self-generated pressures, forms hydrochars with
increased C/H and C/O ratios and can be considered as an accelerated coalification process [22-25]. In
contrast to the traditional pyrolytic carbonization method, the HTC process has several advantages.
First, it operates under moderate temperatures, which significantly reduces the energy consumption.
Second, wet biomass precursors do not need drying and can be directly subjected to the HTC treatment
because the hydrothermal process takes place in water. In addition, the conversion of biomass by the
HTC process gives carbon-rich hydrochars in high yields. Furthermore, the carbonaceous materials
can be complexed with other components such as noble metal nanoparticles, magnetic nanoparticles,
and electrochemically active species during the HTC process to form functional nanocomposites
with desired nanostructures and compositions displaying a variety of physiochemical properties and
functionalities. Therefore, the HTC method not only offers an energy-saving and environmentally
friendly approach for biomass carbonization, but also significantly contributes to the development of
carbon-based functional nanomaterials.

The chars obtained from the carbonization process are usually nonporous. Therefore, further
activation, either physically or chemically, of the chars at elevated temperatures is a necessary step for
the preparation of highly porous carbon materials. The physical activation method uses oxidizing
atmosphere such as CO,, air or steam, while chemical activation applies activating agents such as
KOH, NaOH, KHCO3, K;COj3, ZnCl, or H3PO4 [26-28]. Certain moieties of the chars are prone to be
oxidized and dehydrated by the oxidizing gases or chemical reagents during the activation process,
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and thus, create rich micro- and mesopores [21]. The two activation methods produce porous carbons
with large differences in porosity. In general, physical activation processes create porous carbons with
moderate surface areas (<1000 m?/g) and narrow micropores that can be beneficial for, e.g., CO2/N;
and CO,/CHjy separation [29]. In contrast, chemical activation methods can significantly increase
the surface area (up to >3000 m?/g) and pore volume of the porous carbons that may be useful for
applications in gas storage [30,31], water treatment [32,33], electrochemical supercapacitors [34,35], etc.
In addition, chemical activation methods allow for conversion of biomass to highly porous carbons in a
one-step carbonization/activation process, which greatly facilitates the manufacturing process without
involving several procedures [36]. However, most chemical activation methods suffer from significant
environmental disadvantages related to their dependence on large amounts of corrosive activating
agents [37].

3. Synthesis of Porous Carbons from Wood-Based Biopolymers

Both traditional pyrolysis and hydrothermal treatment have been applied in the carbonization
of wood-based biopolymers. The carbonization process and the obtained carbonaceous solid have
been well studied with the assistance of various analytical techniques. For example, the combination
of thermogravimetry (TG) and gas chromatography (GC)/mass spectrometry (MS) is useful to probe
the pyrolysis behavior and analyze the gaseous products. Yang et al. have conducted TG analyses
for cellulose, hemicellulose and lignin under N, atmosphere [38]. These studies indicated that
hemicellulose, having the lowest thermal stability among the three biopolymers because of its random
amorphous structure and low molecular weight, starts to decompose at 220 °C. Cellulose decomposes
between 315 and 390 °C. The relatively high thermal stability of cellulose can be attributed to its
crystalline structures, strong hydrogen boding between cellulose chains, and high molecular weight.
In contrast, lignin has a wide and flat TG curve in the range of 250-900 °C. The slow pyrolysis rate and
high thermal stability of lignin can be explained by its heavily cross-linked and aromatic-rich network.
The solid yield of hemicellulose, cellulose and lignin at a temperature of 900 °C was ~20%, 7% and
40%, respectively. The overall low solid yields can be attributed to the preferred gasification of the
biopolymers at high temperatures with formation of rich gaseous products. Kwon et al. have studied
the effects of gas atmosphere and heating rate on the pyrolytic carbonization of cellulose [39]. They
showed that the use of different atmosphere (N, and CO;) does not influence the solid yield at the same
heating rate. However, the use of CO, for the carbonization significantly enhanced the generation
of gaseous products including H,, CO and CH,4 because CO; could promote the thermal cracking
behaviors, which indicates that the use of CO; as a reaction medium gave high thermal efficiency for
biomass conversion. On the other hand, an increase of the heating rate from 10 °C/min to 500 °C/min
reduced the solid yield from 17% to 8% at 900 °C, which is consistent with the findings from other
studies that a high heating rate usually leads to a low solid yield for biomass conversion. Deng et al.
applied TG-MS tools to investigate the process of carbonization/activation of cellulose, hemicellulose
and lignin in the presence of activating agent of KHCOj [40]. The TG analysis showed that KHCOs3
decomposed at 200°C and KHCOj3 accelerated the pyrolysis of biopolymers. At temperatures above
400 °C, the byproducts of KHCOj (e.g., K, K,COs3, and K;O) catalyzed the activation process with
the formation of H, and CHy as detected by MS. Based on these observations, this study proposed a
possible structure evolution of the biopolymers during the carbonization/activation process, as shown
in Figure 1. Interestingly, many studies have shown that cellulose can be transformed to porous carbons
in a single step of carbonization under inert gas (N, or Ar) without the use of any oxidizing gases
or activating agents. Bommier et al. synthesized a series of porous carbons with high surface areas
by carbonization of filter paper under Ar atmosphere [41]. Based on TG-MS studies that monitored
the carbonization process, they proposed a self-activation mechanism: the obtained carbon material
was in-situ activated by the gaseous products (e.g., HyO, CO;) from the decomposition of cellulose.
The in-depth investigation of the thermal degradation process presented in these studies allows us
to understand the conversion mechanisms and to optimize the carbonization parameters, such as
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temperature, heating rate, resistance time and atmosphere for the synthesis of carbon materials with
desired properties.

KHCO; assisted pyrolysis
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Figure 1. Possible carbonization routes of cellulose, hemicellulose and lignin in the presence of KHCOj3
(reproduced from [40], with permission from American Chemical Society, 2016).

As mentioned above, the HTC process has the advantage of operating at moderate temperatures,
forming hydrochars with a rich variety of organic functional groups, allowing for the study of their
molecular details by various spectroscopic and electron microscopic tools in order to investigate
the details of the carbonization mechanism. Falco et al. have investigated the effects of processing
temperature and time on morphology and chemical structure of the HTC hydrochars generated from
cellulose [42]. X-ray diffraction, solid-state 13C nuclear magnetic resonance (NMR) spectroscopy
and scanning electron microscopy studies of the hydrochars revealed that the fibrous and crystalline
structure of the cellulose was unaffected by hydrothermal treatment at low operating temperatures
(<160 °C). Upon increasing the temperature, the fibrous structure started to decompose with formation
of spherical particles. When the cellulose was treated at higher temperatures (200-280 °C), sp?,
hybridized carbons with moieties such as O—C=0, C=C—C were identified in the solid-state 3C-NMR
spectra of the obtained hydrochars. Based on these observations, two possible routes were proposed
for the conversion of cellulose to hydrochars under HTC conditions (Figure 2). One route involved (a)
hydrolysis of cellulose into glucose, (b) dehydration of glucose into hydroxymethylfurfural (HMEF), (c)
polymerization and polycondensation of HMF into polyfuranic chains, (d) intramolecular condensation,
dehydration and decarboxylation of polyfuranic chains into aromatic rich carbon network via reactions.
The other route was the direct aromatization of cellulose that forms aromatic carbon networks at
higher HTC processing temperatures (200-280 °C); similar to a classical pyrolysis process. Other
mechanistic routes have also been proposed for HTC conversion of various biopolymers by means of
infrared, Raman and X-ray photoelectron spectroscopy [43—46]. These studies have greatly promoted
the understanding of chemical reactions occurring during the HTC process, which enables tailoring of
the nanostructure, porosity and functionality of carbon materials.
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Figure 2. Conversion of cellulose to aromatic carbons under hydrothermal carbonization (HTC)
conditions (reproduced from [22], with permission from The Royal Society of Chemistry, 2012).

4. CO; Adsorption on Cellulose-, Hemicellulose- and Lignin-Derived Porous Carbons

As mentioned, cellulose can be converted to porous carbon material in a one-step pyrolytic
carbonization process under Nj or Ar atmosphere and physical or chemical activation of the carbonized
solid could further increase its surface area and enhance its CO, adsorption capacity. For example,
Heo et al. reported a series of porous carbons derived from commercial cellulose fibers in three steps:
pre-pyrolysis under N, atmosphere at 200 °C, carbonization under N, atmosphere at 750-800 °C and
physical activation with steam [47]. Morphology studies indicated that steam molecules played a key
role in the pore-opening process and induced an increase in the surface area of the porous carbons
formed. Meanwhile, the physical activation process significantly contributed to the evolution of
ultramicropores (pore size < 0.8 nm). As a result, the surface areas were increased from 452-540 m?/g
for pre-activated samples to 599-1018 m?/g for steam-activated samples. Accordingly, steam activation
led to increase in CO; adsorption capacity and CO,-over-N, selectivities. Recently, we have applied
Cladophora cellulose, a type of nanofibrous cellulose extracted from algae, and its chemically modified
derivatives as precursors to prepare highly porous carbons [48]. The cellulose precursors were treated
in a one-step carbonization/activation approach at 900 °C under N, or CO, atmosphere. The porous
carbons activated in CO, had significantly higher surface areas (832-1241 m?/g) and higher volumes
of ultramicropores (0.24-0.29 cm?/g) than those prepared in N, (393-500 m?/g; 0.11 cm?®/g), due to
the fact that CO; could activate the precursors to a higher extent than N; could, and hence, induce
the formation of more (ultra-)micropores. As a result, the CO, adsorption capacity of the porous
carbons was remarkably increased by the CO; activation approach. In another related study, Zhuo
et al. prepared hierarchically porous carbons by carbonization/activation of cellulose aerogels under
CO;, and N, atmosphere, respectively [49]. The CO;-activated porous carbon had significantly higher



Nanomaterials 2019, 9, 103 7 of 13

surface area, higher volume of micropores and higher CO, adsorption uptake than the Nj-carbonized
porous carbon. These results suggest that CO, or steam activation is an efficient approach to prepared
cellulose-based porous carbons with high CO; adsorption capacities.

In comparison with physically activated carbons, chemically activated carbons have much higher
surface areas, and thus, generally show relatively higher CO, adsorption capacities. For example,
Sevilla et al. reported on chemical activation of hydrothermally carbonized cellulose by KOH [16]. The
obtained microporous carbon had a very high surface area of 2370 m?/g and a relatively high CO,
adsorption capacity of 5.8 mmol/g at 1 bar and 273 K. In addition, the carbon exhibited a high CO,
adsorption rate and excellent adsorption recyclability. Wang et al. used hemp stem hemicellulose as
precursor and prepared well-shaped porous carbon spheres by a HTC process and a subsequent KOH
activation procedure. The obtained porous carbon spheres had large surface areas of up to 3062 m?/g
and high CO, adsorption capacities of up to 5.63 mmol/g (1 bar, 273 K) [50]. Hao et al. reported on
the treatment of lignin under HTC conditions at 360-385 °C. Further activation of the hydrocarbon
by KOH gave highly porous carbons with surface areas of up to 2875 m?/g and high CO, adsorption
capacities of up to 6.0 mmol/g (1 bar, 273 K) [51]. There are many activation parameters that influence
the porosity and CO, adsorption behaviors of wood-biopolymer derived porous carbons. For example,
Sangchoom et al. showed that activation at a high KOH/carbon ratio led to increase in the surface area
and total pore volume for lignin-derived porous carbons; however, the CO, adsorption capacities and
the ultramicropore volume decreased with increasing KOH/carbon ratio [52]. Balahmar et al. prepared
lignin-based porous carbons by a novel mechanochemical activation method based on compaction of
lignin precursors and KOH at a high pressure of 740 MPa prior to thermal activation. The compact
contact between the lignin precursor and the activating agent resulted in enhanced surface area, pore
volume and CO, adsorption capacity [53]. It should be noted that chemically activated carbons usually
have broad pore size distributions and a high degree of mesporosity. Therefore, their CO,-over-N;
selectivities are largely sacrificed by the high surface areas.

Apart from surface area and pore volume, N-doping plays an important role in CO, adsorption
for porous carbon materials. In order to investigate the effect of N-doping on CO, adsorption
behaviors for cellulose-based porous carbons, Hu et al. prepared N-doped and N-free carbon aerogels
by activation/carbonization of cellulose aerogels at high temperatures (700900 °C) under NHj3 or
N, atmosphere, respectively [54]. Notably, the N-doped carbon aerogel showed 40% higher CO,
adsorption capacity than that of the N-free carbon aerogel (4.99 versus 3.56 mmol/g at 1 bar, 298 K).
In addition, Demir et al. and Saha et al. prepared N-doped porous carbons from lignin. All these
N-doped porous carbons showed relatively high CO, adsorption capacities up to 8.6 mmol/g (1 bar,
273 K) [55,56]. The high CO, adsorption capacity of the N-doped carbon materials can be explained by
various interactions (e.g., Lewis acid-Lewis base interaction, hydrogen bonding interaction) between
the N-containing species and the CO, molecules.

Besides using pristine biopolymers, there are some examples in the literature employing chemically
modified biopolymers as precursors for the preparation of porous carbons. In a recent study, we
reported chemical modification of Cladophora cellulose [48]. The pristine cellulose was first oxidized
to dialdehyde cellulose (DAC) by using sodium metaperiodate as the oxidizing agent. The DAC
was further reacted with chitosan, a biopolymer containing amine groups, to form a cross-linked
cellulose (CLC) via polycondensation reactions. As a result, a series of porous carbons with tunable
porosity were synthesized. Interestingly, the cross-linked structure in the cellulose precursor resulted
in slightly decreased surface area, however, it created a high degree of ultramicropores in the obtained
porous carbons. Hence, the CO, adsorption capacity (3.39 mmol/g for CLC-carbon versus 2.64
mmol/g for cellulose-carbon; 1 bar, 273K) and CO,-over-N; selectivity (42 for CLC-carbon versus 32
for cellulose-carbon; 273 K) were significantly increased. In addition, lignin can be also chemically
modified to further increase the cross-linking. For example, Meng et al. reported hypercrosslinking of
organosolv lignin with formaldehyde dimethyl acetal as crosslinker in a Friedel-Crafts reaction [57].
The obtained lignin had moderate CO, adsorption capacity but excellent CO5-over-N; selectivity.
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Pyrolysis of the hypercrosslinked lignin created microporous carbons with increased CO, capacity
and relatively high selectivity. These studies demonstrate that introducing cross-linking structures
into biopolymers can facilitate the formation of micropores in the derived carbon materials. Therefore,
chemical modification of biopolymers allows us to tailor the precursor structures at the molecular
level, and thus, to optimize the porosity and enhance the CO, capture efficiency for the corresponding
porous carbon materials.

Table 1 lists literature reported cellulose-, hemicellulose- and lignin-derived porous carbons. Their
activation method, surface areas, volume of (ultra-)micropores, CO, adsorption capacities at different
partial pressures, CO,-over-Nj selectivity and heat of adsorption (Qst) of CO, are summarized. For
comparison, other selected sorbents of porous polymer, MOF and zeolite are also included. Based
on these data, we have correlated the CO, adsorption capacity with surface area and pore volume of
these biopolymer-derived porous carbons. Figure panels 3a and b show CO; uptake (1 bar, 273 K)
versus Brunauer-Emmett-Teller (BET) surface area and CO, uptake (1 bar, 273 K) versus volume of
micropores, respectively. Obviously, most of the data points in the two panels are confined within the
blue narrow rectangular areas, indicating that there is a significant correlation between CO, uptake
and surface area as well as between CO, uptake and micropore volume. However, the correlations
are not strictly linear: for example, the data points in the green rectangle (Figure 3a) indicate that
the corresponding porous carbons (MAC-S-8°!, MAC-E-8°!, HACS-5"".) have high surface areas
but relatively low CO, uptakes. This can be attributed to the lack of ultramicropores in the porous
carbons. In contrast, the data points in the red rectangles (Figure 3a,b) suggest that the corresponding
carbon materials (LHPC-700°°, LHPC-850°°, LHPC-1000%°, LAC2700°?) have relatively high CO,
adsorption capacities, although their surface areas and volumes of micropores are moderate. The
relatively high CO, adsorption capacities can be attributed to the N-doped structures and the large
volumes of ultramicropores. In addition, the plot of CO, uptake (1 bar, 273 K) versus volumes of
ultramicropores in Figure 3c clearly demonstrates that the CO, uptake at 1 bar correlates strongly
with the volume of ultramicropores, which is consistent with previous studies [58,59]. These results
suggest that formation of large amounts of ultramicropores and N-doping structure in the porous
carbons are efficient approaches to reach a high CO, adsorption capacity. Based on these reported
data, it is estimated that 1 ton of biopolymer-based porous carbon could capture up to 50 kg of CO, at
real conditions for postcombustion capture of CO; (0.15 bar, 40 °C) from flue gas. Apart from CO,
adsorption capacity, CO,-over-N; selectivity and heat of adsorption (Qst) of CO; are both important
for industrial CO, capture. Notably, the physically activated carbons have much higher CO,-over-N,
selectivities (26-47) than those of the chemically activated carbons (5.4-25), because the former contain
narrow (ultra-)micropores while the latter usually have broad pore size distributions and possess large
amounts of meso- and macropores, and thus, reduce the molecular sieving effects. All these porous
carbons have moderate Qs; (CO;) values of 20-41 kJ/mol, revealing that physical interactions govern
the adsorption of the CO, molecules on the carbon materials. Compared to chemical adsorption,
physical adsorption significantly speeds up the adsorption kinetics and facilitates regeneration of the
sorbents under swing adsorption conditions [60].
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Table 1. A summary of biopolymer-based porous carbons and their textural properties, CO, uptake, CO,/N, selectivity and heat of adsorption. Other selected

sorbents (porous polymer, metal-organic frameworks (MOF), zeolite) are also included for comparison.

CO, Uptake (mmol/g) ¥

Sample Biopolymer Activating Agent SBET (mz/g) Vmicropores (sz’/g) . S¢ Qst (kJ/mol) Ref.
1bar 0.15 bar
CA800 Cellulose N2 496 0.17 3.56 - - - [54]
CF-700 Cellulose N» 499 0.193 2.846 - 28.7 27.2 [47]
CF-750 Cellulose N» 494 0.193 3.271 - 264 24.5 [47]
CF-800 Cellulose N, 540 0.209 3.664 - 27.6 25.1 [47]
CF-850 Cellulose Ny 452 0.174 3.189 - 279 25.7 [47]
CF-700-act Cellulose CO, 599 0.229 3.395 - 35.1 29.5 [47]
CF-750-act Cellulose CO;, 696 0.267 3.792 - 36.7 31.0 [47]
CF-800-act Cellulose CO, 863 0.334 4.192 - 47.1 37.8 [47]
CF-850-act Cellulose CO, 1018 0.393 4416 - 39.2 334 [47]
LCN-1 Lignin KOH 2922 1.22 8.64 32 - 40.0 [56]
LCN-2 Lignin KOH 2779 1.10 8.56 3.03 - 32.5 [56]
LCN-3 Lignin KOH 1631 0.60 4.92 1.88 - 41.0 [56]
L2600 Lignin KOH 1277 0.59 5.3 1.3 - - [53]
L2600P Lignin KOH 2224 0.91 7.3 2.3 - - [53]
MAC-E-7 Lignin KOH 1674 0.60 6.0 1.8 15.0 30.0 [51]
MAC-E-8 Lignin KOH 2875 - 3.7 0.9 16.0 - [51]
MAC-S-7 Lignin KOH 1380 0.45 3.8 1.1 11.0 - [51]
MAC-S-8 Lignin KOH 1706 - 2.1 0.5 11.0 - [51]
HACS-1 Hemicellulose KOH 1276 0.49 3.75 0.68 - - [50]
HACS-2 Hemicellulose KOH 1397 0.54 5.31 1.44 - - [50]
HACS-3 Hemicellulose KOH 1764 0.49 5.00 1.37 - - [50]
HACS-4 Hemicellulose KOH 2431 0.83 5.63 1.16 - - [50]
HACS-5 Hemicellulose KOH 3062 0.83 4.78 0.85 - - [50]
LHPC-700 Lignin KOH 1788 0.49 8.2 248 21.8 28.6 [55]
LHPC-850 Lignin KOH 2957 0.56 7.6 2.26 15.6 284 [55]
LHPC-1000 Lignin KOH 1075 0.21 6.5 2.07 13.5 27.3 [55]
PPC-850 Lignin KOH 2396 0.79 6.7 1.97 10.8 27.6 [55]
Cell-N, Cellulose N, 859 0.32 3.00 0.82 - - [49]
Cell-CO, Cellulose CO, 1364 0.37 342 1.02 - - [49]
AC-4-700 Cellulose KOH 2370 0.96 (0.37) 5.80 1.48 54 20.0 [16]
LAC2600 Lignin KOH 1157 0.54 44 - 24.5 - [52]
LAC2700 Lignin KOH 1551 0.72 74 - 25.0 - [52]
LAC2800 Lignin KOH 1924 0.87 6.5 - 20.5 - [52]
CC-AC-N, cellulose N, 500 0.15 2.64 1.30 32.6 31.5 [48]
DAC-AC-N, Dialdehyde cellulose Ny 455 0.15 (0.11) 3.21 1.66 40.5 26.8 [48]
CLC-AC-N,  Cross-linked cellulose N, 393 0.13 (0.11) 3.39 1.82 418 299 [48]
DAC-AC-CO, Dialdehyde cellulose CO;, 1241 0.40 (0.29) 5.52 1.96 284 32.1 [48]
CLC-AC-CO;  Cross-linked cellulose CO;, 832 0.29 (0.24) 497 2.29 329 28.5 [48]
MOP A-B1 378 0.11 2.68 1.20 68 29.0 [61]
Cu-TDPAT 1938 0.93 10.1 2.60 300 422 [62]
Zeolite 13 ¢ 616 0.34 4.80 3.50 - - [63]

? The values in the parentheses are volume of ultramicropores calculated from the N, adsorption isotherms; b data collected at 273 K; ¢ Selectivity of CO,-over-Njy; 4Co, adsorption data
was recorded at 288 K. (-): data not available.



Nanomaterials 2019, 9, 103 10 of 13

10 10
) 5 3 8 .
3 8 3 8 e
£ € .
£ E =
< >
@ © Q
a e 8
8 3 c
§ 54 g4
2 8 g 44
o 24 o 24 ®
@ © o o
it « o -
o 8 O 34
0 i . - - - . 0 : : : : : T , , - - : -
0 500 1000 1500 2000 2500 3000 3500 00 02 04 06 08 10 12 14 005 010 015 020 025 030 035 040
BET Surface area (m’/g) Volume of micropores (cm/g) Volume of ultramicropores (cm®/g)
(a) (b) ()

Figure 3. Plots of (a) CO, uptake (1 bar, 273 K) versus BET surface area; (b) CO, uptake (1 bar, 273
K) versus volume of micropores; (c¢) CO, uptake (1 bar, 273 K) versus volumes of ultramicropores for
cellulose-, hemicellulose- and lignin-derived porous carbons.

5. Conclusions and Perspectives

This review highlights the utilization of the wood-based biopolymers cellulose, hemicellulose
and lignin as precursors to prepare sustainable and efficient porous carbons as CO, sorbents. Such
porous carbons can be manufactured at large scale in low cost for practical industrial applications
thanks to the abundance and low price of these biopolymers. The advantages of using such sustainable
porous carbons for industrial CO, capture include high CO, adsorption capacity, high physiochemical
stability, easy regeneration, fast adsorption/desorption rate, low operation cost and low manufacturing
cost. However, most of these porous carbons have COj-over-Nj selectivities that are lower than those
of other CO; sorbents, such as zeolite, MOFs and porous polymers. This limitation can be overcome
by tailoring the nanostructures of the porous carbons, for example, by introducing hetero-atoms
and CO,-philic species, formation of large amounts of narrow ultramicropores promoting the CO,
adsorption kinetics and/or thermodynamics. Intensive studies have been devoted to tailoring the
porosity of porous carbons by controlling the carbonization/activation conditions. However, the
relationship between the molecular structure of the biopolymers and the properties of the porous
carbons is still unrevealed. Future research could focus on such structure-property relationships in
order to gain control over the properties of biopolymer-based porous carbons at the molecular level
towards development of highly efficient CO, sorbents.
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