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Highlights:
V' In-situ growth of HKUST-1 MOF within chitosan matrix

v' Improved resistance to hydrolysis by addition of graphene oxide
v' High CO; adsorption capacity reached (2.6 mmol.g™! at 298 K, 1 bar)
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Abstract

HKUST-1 MOF was crystallized within chitosan matrix to form xerogel beads using an in-situ
growth approach. Under mild conditions, CS@HKUST-1 xerogel beads exhibit high specific
surface areas (Sper) up to 923 m?.g™l. By further incorporating graphene oxide (GO) to form
ternary CS-GO@HKUST-1 xerogel beads, the HKUST-1 MOF structure remained stable for
up to two days in a water solution at room temperature, whereas the MOF powder and
CS@HKUST-1 xerogel beads underwent significant framework collapse within a day. CO2
adsorption measurements on these xerogel beads also show promising CO> uptakes, surpassing
2.5 mmol.g”! at 298 K and 1 bar. Moreover, these composites could be regenerated for more

than 10 cycles without any loss of quantity adsorbed.
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Introduction
Energy production predominantly relies on fossil fuels like oil, natural gas, and coal. However,

the increasing energy needs, driven by the population growth and industrialization, have led to
the depletion of these resources. This has in turn heightened environmental risks through the
intensive release of waste and greenhouse gases into the atmosphere, with carbon dioxide (CO2)
accounting for over 80% of greenhouse gases, making it the predominant origin of global
warning [1-3]. Thus, reduction of CO2 emissions, to contain the global warning most dramatic
effects, is no more an option. To date, CO; capture by amine or porous materials is one of the
main solutions developed as it is relatively simple to implement at large scale and it allows the
recovery and reuse of COz [4]. Zeolites [5], activated carbons [6], mesoporous silicas [7], and
metal-organic frameworks (MOFs) [8-10] are among the most promising solid adsorbents.
MOFs are formed by combining organic linkers and metallic (or metal oxide) precursors,
resulting in porous crystalline networks. They typically present larger pores than zeolites, high
surface areas, diverse chemical functionalities, and structural diversity [11-12]. These
characteristics justify their potential applications across various fields and position them
competitively compared to other porous materials [13].

Being synthesized in 1999 through the coordination of trimesic acid (H3;BTC) and copper ions
[14], HKUST-1 (known also as MOF-199) stands as one of the most investigated MOFs.
HKUST-1 is valued for its high specific surface area (that could reach up to 1800 m2.g™!), facile
synthesis using different processes [15-16], and the presence of open metal sites (OMSs) that
function as Lewis acid sites [17]. These characteristics collectively position HKUST-1 as a
leading candidate for gas adsorption applications, particularly for CO> capture however in dry
conditions [18-19].

For industrial applications of MOFs and facilitate their handlings, many strategies have been
proposed to prepare MOF solids as membranes, monoliths, pellets, granules, foams and beads,
starting from the as-made powder [20-23]. However, using as-synthesized MOFs often leads to
porosity loss and structural damage due to the application of pressure and the use of binders
blocking pores access. In contrast, the in-situ growth of MOFs over substrates such as
biopolymers allows easier shaping as porous films, monoliths, and microspheres [24], giving
nanocomposites in which the properties of the pristine MOF are preserved. Biopolymers such
as chitosan (CS) are attractive substrates because they are biocompatible, biodegradable, largely
available, and recognized for their easy gelation properties [25-26]. Moreover, the large
distribution of functional groups (especially NH> and OH) of CS enables effective interaction
with metal ions through weak bonding [24,27]. These highly-dispersed metal ions can further
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be used as precursors to grow MOF crystals in the presence of the adequate organic linker [28-
29].

On the other hand, MOFs chemical stability to hydrolysis, acids, bases, and other chemicals
also poses significant challenges. Among them, HKUST-1 is not stable when exposed to water
as it leads to the hydrolysis of the Cu-BTC bonds due to weak metal coordination bonds [30-
32]. To circumvent this issue, hydrophobization of the solids surface or the addition of a second
material to stabilize the MOF are currently investigated solutions [32-35]. For instance,
graphene oxide (GO), a single layer of graphite oxide, has been proposed as a nucleation site
for the growth of MOFs [36]. Especially, strong interfacial interaction between metal ions and
the functional groups of GO (carbonyl, carboxyl, and hydroxyl) is expected to strengthen the
hydrolytic stability of the resulting composite [37].

Herein, we demonstrate that CS@HKUST-1 composites prepared via the in-situ growth route
under mild conditions allows producing robust self-standing xerogels (densified microspheres)
with high porosity following simple atmospheric drying. Moreover, the addition of graphene
oxide to form ternary CS-GO@HKUST-1 composites was undertaken and its effect over the
hydrolytic stability and the mechanical beads resistance was investigated. The preservation of

porosity of the binary and ternary composites were also tested by N2 and CO> adsorption.

Experimental details

Synthesis methodology. Composites were synthesized following an in-sifu crystal growth
method previously reported [28], with few modifications. CS@HKUST-1 binary composite
beads were synthesized as follow: firstly, an appropriate amount of Cu(NO3)2-:3H20 was
dissolved in 15 ml of distillated water. Under magnetic stirring, 0.5 g of CS and 0.8 ml of acetic
acid were then added. The mixture was kept under magnetic stirring (600 rpm) at 30 °C for one
night. Black CS@CuO beads were formed by coagulation of the viscous solution following its
dropwise addition into an alkaline solution of NaOH (4M, 60 ml). After magnetic stirring (50
rpm) for 1 h, the beads were washed with distillated water several times until the pH of the
elution solution becomes neutral, and then dehydrated by immersing them in three different
ethanol-water (E/W) mixtures for 20 min each, with increasing ethanol volume ratio (10%,
30%, 50%). The beads were then introduced into a solution of H3BTC (n(BTC)/n(Cu) = 0.76)
solubilized in 40 ml of a E/W mixture (50% v:v) for 48 h at 40 °C under a stirring of 50 rpm.
The resulting HKUST-1 containing beads were washed three times with 30 ml of a E/W mixture

(50% v:v) to remove the unreacted H3BTC. Finally, they were immersed in a E/W mixture
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(75% v:v) for 20 minutes before being stored in 20 ml of pure ethanol. These alcogels were
finally dried at room temperature for 24 h (main synthesis steps are presented in Figure S1).
The xerogels, showed in Figure 1, were referred to CS@HKUST-1[n(NHz):n(Cu)] with the
following molar ratios: [2:1], [1:1], [1:2] and [1:3]. Above this ratio, the spherical shape of the

resulting solids is lost as a result of inappropriate viscosity.

®OE &

Figure 1. CS@HKUST-1[n(NH2):n(Cu)] xerogels. From left to right: CS@HKUST-1[2:1],
[1:1],[1:2], and [1:3].

For comparison purpose pure chitosan (CS) and chitosan mixed with copper (II) nitrate
trihydrate (CS@CuO[1:2]) beads, in addition to pristine HKUST-1, were also prepared. GO
was incorporated into chitosan (CS)-based composites at the optimized [n(NH2):n(Cu)] ratio to
form ternary CS-GO@HKUST-1 composites (Figure S1). Details of syntheses and
characterization conditions are given in ESI.

Chemical stability tests. Chemical stability was evaluated by immersing 300 mg of beads in 8
ml of various solvents (water, acetone, ethanol, and DMF) at room temperature (20 + 2 °C) for
different durations (1-3 days, or 2 months). Following immersion, the composite beads were
retrieved and dried at room temperature before analysis.

CO:2 sorption tests. CO> sorption isotherms were determined under static conditions using a
Micromeritics ASAP 2020 system. The samples were first activated for one night at 393 K
under secondary vacuum, and the measurements were then carried out at 298 K. Additionally,
the 1sosteric enthalpy of adsorption of the leading composites were calculated from isotherms
measured at 273, 283, and 298 K. To assess the recyclability of the microspheres towards CO>
sorption, an activation step was conducted at 373 K under secondary vacuum for one night

between sorption measurements.

Result and discussion

Binary composites (CS@HKUST-1). Powder XRD patterns (Figure 2a) of the binary
CS@HKUST-1 xerogels all exhibit the characteristic Bragg peaks of HKUST-1, providing
strong evidence of the successful crystallization of MOF particles grown within the chitosan
matrix [28]. Unlike the sharp and narrow reflections observed in the case of the pristine

HKUST-1 powder, the xerogels XRD patterns present broader peaks which could indicate the
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formation of smaller HKUST-1 particles confined inside the CS beads as already observed [29].
In the case of CS@HKUST-1[1:3], additional peaks at 26=18.1°,28.5°,31.1°,36.7° and 43.0°
are observed. Most of them are attributed to the presence of unreacted Cuz0 (see Figure 2a)

[38], others may correspond to the formation of a copper-trimesate complex.
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Figure 2. (a) PXRD patterns and (b) FTIR spectra of CS@HKUST-1[n(NH2):n(Cu)]
composites. * = Cu20, * = attributed to copper-trimesate complex.

The successful crystallization of HKUST-1 within chitosan was further confirmed by FTIR
spectroscopy analyses (Figure 2b and S2). One can observe the bands related to RHN-C=0
(amide I at 1651 cm ') and NH, (amide II at 1584 cm!) functionalities characteristics of
chitosan [39], and a broad band (3010-3660 cm ') assigned to N-H of CS and O-H vibrations
common between CS and HKUST-1 (from physisorbed H>0) [40]. Moreover, all composites
display typical bands of HKUST-1 like Cu-O stretching vibration bond at 730 cm ! and
trimesate (BTC) bands detected between 730 and 1700 cm !, with peaks around 1366 and 1646
cm ! being ascribed to the stretching vibration of C=0 bonds [41]. The slight shift of NH»
vibration bands towards lower wavenumbers with the increase of MOF loading suggests a
transfer of electron density from NH> to the metal site in HKUST-1 (NH2 — Cu) [42]. This
confirms the intimate interplay between the biopolymer and both the metal and the linker of
HKUST-1 during crystallization.

After drying under air, the xerogel beads volume shrank at different rates depending on the
[n(NH2):n(Cu)] ratio (Figure S3). As shown in Table S1, unlike pure CS beads displaying a
dramatic shrinkage up to 62%, the CS@HKUST-1 composites retain better their initial shape
and dimensions. The shrinkage value varies with the HKUST-1 loading, ranging from 44% for
the lowest HKUST-1 content (ratio [2:1]) down to 23% for CS@HKUST-1[1:3]. Composite
beads with copper oxide embedded in the chitosan matrix (CS@CuO[1:2]) have also been
prepared similarly. As shown in Figure S4, a significant diameter shrinkage (60%) of the beads

is observed after drying, similar to that observed for pure chitosan beads. Thus, the presence of
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copper oxide does not prevent shrinkage, while the growth of HKUST-1 particles within CS
beads improves the shape stability and enables better resistance against the capillary forces
occurring on the open porous network of chitosan during air-drying.

The typical thermal behavior under air of the prepared samples is shown in Figure S5. The first
weight loss observed at about 120 °C corresponds to the removal of residual solvents. The
second weight loss event, observed at nearly 200 + 15 °C, is assigned to the beginning of
chitosan degradation [43], while a third weight loss stage observed starting at about 300 °C
corresponds to the combustion of the trimesate linker and the formation of CuO [44]. Complete
degradation of chitosan ends at about 400 °C for the composites and at 610 °C for pure chitosan
beads. Based on the dehydrated HKUST-1 formula [Cu3(BTC):], and the final residue (CuO)
content, the original amounts of HKUST-1 within the composites can be estimated (Table S2),
and about 63 wt.% of HKUST-1 could be loaded within the chitosan xerogels with no trace of
impurity (for the CS@HKUST-1[1:2] ratio). In the case of CS@HKUST-1[1:3], the 73.4 %
loading found from TGA is overestimated due to the presence of an additional Cu-based phase.
SEM analyses (Figures 3 and S6) of CS@HKUST-1[1:2] show crystals of about 16 um with a
octahedral shape typical of HKUST-1. The crystals are uniformly dispersed within the beads
while their outer surface is mostly particles-free. By decreasing the amount of copper
(n(NH2):n(Cu) > 1:2), beads cross-sections show embedded HKUST-1 particles (Figure S6).
On the other hand, increasing of the amount of copper (CS@HKUST-1[1:3]) results in the
growth of HKUST-1 crystals, not only within the spheres but also at their external surface
(Figure S6). Moreover, in the latter material, the size of the crystals at the surface is smaller
(2.5 um) than in the core (7 um). This may arise from increased nucleation kinetic at the surface
thus forming more but smaller crystals. EDS analysis of copper, carbon, oxygen and nitrogen

reveals a uniform distribution of all these elements within the beads (Figure S7).

Figure 3: SEM cross-section images of (a-b) CS@HKUST-1[1:2] and (c-d) CS@HKUST-
1211,

Of note, it has been reported that the drying step (vacuum oven, freeze drying, supercritical
CO») strongly affects the final porous structure of the composite, and consequently its catalytic
and adsorptive performances [25,29]. Indeed, following classical drying under air, the textural
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properties of the resulting xerogels are significantly lower than when CO- supercritical drying
(aerogels) or freeze-drying (cryogels) were used, the two latter preserving an open porosity
[29,45]. N2 physisorption isotherms (Figure 4 and Table S3) reveal that only CS@HKUST-1
with n(NHz):n(Cu) ratio < 1 (MOF loadings > 63 wt.%) give composites with a significant
porosity at 77 K. For lower MOF loadings, the HKUST-1 particles are completely embedded
by the chitosan matrix, resulting in significant pore blocking, as observed from SEM. The
absence of porosity in the case of CS@CuO[1:2] and CS xerogels is also expected due to the

consequent shrinkage of the beads observed after drying and the absence of microporosity.

CS@HKUST-1[1:2] and CS@HKUST-1[1:3] are mostly microporous, as characterized by type
I isotherms [46], even if a second lower uptake from p/po = 0.8 with CS@HKUST-1[1:2]
indicates the presence of interparticular mesopores from 35 nm leading to capillary
condensation (Figure S8). The specific surface areas (measured up to 849 and 1033 m2.g™! for
[1:2] and [1:3], respectively) are higher than those of most CS@MOF composites previously
reported, whatever the drying route used (Table S4). When taking the MOF loadings into
account (Table S2), these surface areas even reach 1343 m2.g"}mor) for CS@HKUST-1[1:2].
For comparison, the specific surface area of pristine HKUST-1 prepared in the same conditions
(low temperature and atmospheric pressure) reached 1555 m?.g™!, similar to classical HKUST-
1 obtained under solvothermal conditions [47]. Moreover, the pore sizes distribution of these
composites (Figure S8) were practically the same as those of HKUST-1, with a monomodal
distribution at around 12.0-12.4 A (pores < 10 A not probed by our apparatus). Thus,
accessibility to the microporous network of HKUST-1 is only slightly reduced by the presence
of the CS matrix.

20
o 15 |
[]
€
E —
g 01 i
= —
o
S ——— HKUST-1 Powder
§ 5 ——— CS@HKUST-1[1:3]
= ——— CS@HKUST-1[1:2]
——— CS@HKUST-1 [1:1]
0 0.2 04 0.6 0.8 1

Relative pressure (-)
Figure 4. N> physisorption isotherms of HKUST-1 and the CS@HKUST-1 xerogels with
different CS@HKUST-1 ratio, measured at 77 K.
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Besides the drying method, other key parameters can affect the porosity of the composite beads,
and are related to the type of chitosan (low-to-high molecular weight, deacetylation degree) and
its concentration, the concentrations of NaOH and acetic acid, the time of conservation of the
beads in the alkaline solution, solvent exchange, and the molar ratio BTC/Cu [48-49]. In
addition, the synthesis temperature may also play a crucial role. For instance, in the case of
HKUST-1 powder, a lower synthesis temperature was found to prevent the formation of
impurities such as Cu20 [16,50].

To test this hypothesis, CS@HKUST-1[1:2] was prepared at room temperature (CS@HKUST-
1(25)) and at 80 °C (CS@HKUST-1(80)) after addition of the organic linker solution to
CS@Cu beads (synthesis details are given in ESI). Indeed, when the synthesis temperature was
increased to 80 °C, the XRD diffractograms (Figure S9) revealed several additional Bragg
reflections observed at 26 = 10.2°, 27.3° and 37.7°, whereas a pure phase of HKUST-1 is
observed at lower temperatures. Nitrogen sorption isotherms (in Figure S10) also underline
significant differences between the composite prepared under mild conditions (Sger = 849 and
923 m?.g™! at 40 °C and 25 °C, respectively) and the reflux-prepared composite (80 °C - Sprr =
524 m?.g’!). Thus, a mild synthesis temperature is recommended to prepare such CS@HKUST-

1 composites.

Ternary composites (CS-GO@HKUST-1). Following this, composites containing graphene
oxide (GO) were considered. GO was successfully prepared following the Hummers method,
as demonstrated by PXRD, FTIR and Raman spectroscopy (Figure S11), and then incorporated
into the CS@HKUST-1 composite synthesized at the optimal temperature and CS:Cu ratio (see
ESI).

(@)

CS-GO@HKUST-1

(b)
CS@HKUST-1(25)

CS@HKUST-1(25)
1 l ‘n. Al‘l .AJ A 3RS e e
HKUST-1 powder
HKUST-1 powder
ll l-llll..ll N A A "

10 20 20 40 50 4000 3500 3000 2500 2000 1500 1000 500
20 (°) Wavenumber (cm™')

CS-GO@HKUST-1

Intensity (a.u.)
Transmitance (%)

Figure 5. (a) PXRD patterns and (b) FTIR spectra of pristine HKUST-1, CS@HKUST-1(25)
and CS-GO@HKUST-1 xerogels.
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The efficient synthesis of composites containing the HKUST-1 crystalline phase was evidenced
by the characteristic Bragg peaks of HKUST-1 observed by PXRD (Figure 5a). As in the case
of CS@HKUST-1(25), SEM images of the CS-GO@HKUST-1 ternary composites reveal well-
dispersed HKUST-1 octahedral particles within the beads (Figure S12). Furthermore, SEM
analysis confirms the presence of graphene oxide sheets within the ternary xerogels (see flakes
surrounded with red circles - Figure S12). FTIR spectrum aligns with PXRD results and is
comparable to the FTIR spectra of CS@HKUST-1 xerogels (Figure 5b). Raman spectroscopy
(Figure S13a-b) shows the emergence of not only the characteristic bands of HKUST-1 through
Cu-Cu vibration bonds at 495 cm™!, two bands at 1000 and 1615 cm™ assigned to benzene cycle
C=C bonds, stretching vibrations of C-H at 820 cm™ and of -COO at 1460 and 1544 cm™ [51],
but also the presence of D (1353 cm™) and G (1594 cm™) bands characteristic of GO and
indicating its successful incorporation within CS-GO@HKUST-1 composite. Furthermore, the
observed flakes have a similar Raman signature as GO sheets (Figure S13b). N2 physisorption
isotherms (Figure S14) demonstrate a slight decrease in specific surface area and pore volume
following the addition of GO (878 instead of 923 m2.g™!), in line with its content in the xerogel
beads.

Chemical and mechanical stability of binary and ternary systems. The HKUST-1 MOF is
known for its low resistance toward hydrolysis, especially under high relative humidity (RH >
80 %) and low temperature (< 100 °C), where its structure is rapidly hydrolyzed into a dense
hydrated copper trimesate phase following the breakage of the metal-ligand bonding by water
molecules [52-54]. Notably, temperatures above 100 °C significantly inhibit the hydrolysis
process [54]. In the presence of liquid water (20 mol.% relative to the amount of HKUST-1),
HKUST-1 may remain structurally stable during short-term exposure (< 24 h). However,

prolonged exposure also resulted in irreversible alterations [34].

@) CS@HKUST-1 - wate (b)
| CS@HKUS CS-GO@HKUST-1 - day 3
= CS@HKUST-1 - DMF S
< s CS-GO@HKUST-1 - day 2
2 ﬁ CS@HKUST-1 - acetone 2
) 7]
2 c CS-GO@HKUST-1 - day 1
g A CS@HKUST-1 - ethanol g
c £ A
HKUST-1 powder l HKUST-1 powder
T Y PO D VT T B O Y PO A
10 20 30 40 50 10 20 30 40 50
26 (°) 20 (°)
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Figure 6. Powder XRD patterns of (a) CS@HKUST-1[1:2] soaked for two months at room
temperature in chosen organic solvents and for one day in water, and (b) CS-GO@HKUST-

1[1:2] soaked in water up to 3 days at room temperature.

In this context, the chemical stability of the CS@HKUST-1[1:2] composite was evaluated after
soaking in different solvents at room temperature (see photograph, Figure S15). A prolonged
contact with organic solvents (acetone, ethanol, N,N-dimethylformamide) for two months does
not alter its structure (Figure 6a) nor its texture (Figure S16). However, in the presence of water,
the PXRD pattern drastically change after one day, leading to the appearance of new Bragg
peaks with some persisting peaks of low intensity attributed to HKUST-1 (Figure 6a). This
suggests a structural transformation into a novel unidentified crystalline phase, which could not
be assigned to a known compound from literature by analyzing trimesic acid-water-copper
systems in the Cambridge Structural Database (CSD) (using conquest version 2023.3.0). This
structural change appeared along with a significant loss of its porosity, > 94 % (Figure S16).
To understand this drastic structural modification, a comparison of PXRD patterns and IR
spectra of CS@HKUST-1 with those of HKUST-1 powder soaked in water in the same
conditions was performed. Figure S17 highlights that the PXRD pattern of HKUST-1 powder
after soaking in water for one day differs from that of the composite. This could be attributed
to the formation of different degradation products for the two materials, or that the MOF crystals
embedded in the chitosan matrix may not have reached the same stage of structural
transformation. The remaining surface area of the composite (approximately 55 m?.g') and
visible Bragg peaks of HKUST-1 support the latter hypothesis and this suggests that the MOF
has not undergone a complete degradation. In contrast, the pristine HKUST-1 powder has
nearly lost its entire porosity (0.6 m?.g!) together with a new set of PXRD signature (main
Bragg peaks located at 26 = 7.7; 8.9; 11.9; 21; 22.7 and 25.9 °) which has been previously
reported and attributed to a mixture of Cu(BTC)-3H>0 with a micropillar structure phase and a
1D coordination polymer [CuBTC(H20)s3]a [55]. The latter possesses a crystal structure
consisting on a chain-like structure built up from the infinite connection of copper centers
(square pyramidal geometry — CuO2(H20)3) through two carboxylate arms of the trimesate
ligands [56].

The emergence of similar vibrations bands, at 1224 and 1705 cm™, are however observed in the
FTIR spectra of CS@HKUST-1[1:2] composite and the HKUST-1 powder after soaking in
water (Figure S18), which are attributed to C=O and C—OH bonds of carboxylic acids [52,57].
The shift of symmetric and asymmetric stretches of carboxylate from 1373, 1449 and 1615, to
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1360, 1437 and 1609 cm™!, respectively, suggests a weakening of the corresponding bond (C-
O) following the substitution of the Cu-COO- interactions with stronger hydrogen bonds
involving water, ultimately reflected by the collapse of the HKUST-1 structure [34,57].
Moreover, the shift of -OH band from 3300 cm™ towards 3080 + 30 cm™! in both cases serves
as strong evidence for the protonation of carboxylate groups into carboxylic acids. Thus, FTIR
suggests that a major part of the materials undergoes structural transformation following
hydrolysis of copper-carboxylate bonding.

On the other hand, no structural change of HKUST-1 is observed for up to 2 days in water
(Figure 6.b) when GO is present within the composite beads. The same observation can be
drawn from FTIR spectra (Figure S19), revealing that all the characteristic vibration bands
remain similar in this condition. This is consistent with previous results where XRD patterns of
HKUST-1@{graphite oxide}-n (n = 2 to 10 wt.%) remained unchanged after being in the
presence of water for up to 10 h at room temperature [34]. The improved water resistance was
ascribed to the coordination between the oxygen groups in graphite oxide and cationic Cu?*
species in HKUST-1, which efficiently prevents the coordination bonds from being attacked by

water molecules.

-
N

ki
o

o

—
T ——cs-Go@HkusT-1[1:2
——— CS-GO@HKUST-1[1:2
1 ——Cs-Go@HKUST-1[1:2
—— CS-GO@HKUST-1[1:2

N

Fresh

(Water- 1 day)
(Water- 2 days)
(Water- 3 days)

N, sorption (mmol g-)
[o)] [o0]

N

—

0 02 0.4 0.6 0.8 1
Relative pressure (-)

[=}

Figure 7. N3 physisorption isotherms of CS-GO@HKUST-1[1:2] as-prepared and after soaking

in water for up to three days at room temperature.

Contrarily to CS@HKUST-1[1:2] and HKUST-1 that lost respectively 94 % and 99 % of their
initial Sger after 1 day of water soaking, CS-GO@HKUST-1 retained 54 % (474 m?.g’!) and
45 % (397 m* g of its initial Sper after water soaking for 1 and 2 days (Figure 7), respectively.
However, after 3 days, the characteristic Bragg peaks of HKUST-1 fully disappear (Figure 6b),
and new peaks arise (at 20 = 7.7, 12,18 and 18.8°), similar to those observed for CS@HKUST-
1[1:2] after one day in water (Figure 6.a). In line with this, the Sget decreased sharply down to
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4 m2.g! for CS-GO@HKUST-1. However, IR spectra remain almost unchanged (Figure S19)
displaying all the characteristic vibrations found for the fresh composite, with only a slight
change in their intensities [34].

Aside from preparing and shaping a material with enhanced textural and structural properties,
as well as improved thermal and chemical stability, it is also essential to ensure that the material
possesses adequate mechanical strength which is obviously a critical factor that affects its real
application. Therefore, five beads of CS@HKUST-1 and CS-GO@HKUST-1 xerogels were
subjected to compression tests, recording the value of 0.58 and 0.65 N until fracture,
respectively (Figure S20). While these values remain low in comparison to industrial catalysts
(>20N), it is worth noting that GO incorporation is not detrimental to the mechanical resistance
of the xerogels, but rather improves it slightly.

These results altogether show that the content of incorporated GO has a neglectable impact on
the structural and textural properties of HKUST-1 prepared by the in-situ growth strategy, while
it improves clearly its stability towards hydrolysis and slightly enhances the mechanical
strength of the composites. This is particularly noteworthy considering the holistic properties
that can be achieved with the introduction of graphene oxide.

CO: adsorption. CO; isotherms have been first measured at 298 K for CS@HKUST-
1[n(NH2):n(Cu)] xerogels (composites prepared at 40 °C) and are presented in Figure 8.a. There
is a clear dependency between the maximum CO: uptake and the Sger of the MOF-based
materials, with a maximal CO, uptake of 6.8 mmol.g™! for the pristine HKUST-1, which is in
good agreement with the literature [41]. This value decreases with lower contents of HKUST-
1 in the xerogels, from 3.07 mmol.g? for CS@HKUST-1[1:3] and 2.60 mmol.g" for
CS@HKUST-1[1:2]. At even lower MOF contents, neglectable CO- uptake is observed (< 0.1
mmol.g™!). Notably, the CO2 sorption capacity of the composites with high HKUST-1 contents
is significantly higher than most previously reported using similar composites, except for
CS@CPO-27-CO recently reported (up to 3.10 mmol.g™! at 298 K) (Table S5) [58]. The CO>
adsorption capacity of the ternary CS-GO@HKUST-1[1:2] is in line with its binary counterpart
(2.55 mmol.g™!. Figure S21b). Still, when taking into account the calculated MOF loadings, an
extra decrease of CO2 uptake of about 38.5-39.5% is observed as compared to the pristine
HKUST-1 powder, related to partial pore blocking induced by the chitosan. Additional CO>
isotherms (Figure S21a) measured with CS and CS@CuO[1:2] xerogels at 298 K show very
low amounts of CO> adsorbed (about 0.06 mmol.g!). These results confirms that CO
adsorption is predominantly dependent on the presence of the crystalline and microporous MOF

as well as its content, while CS and GO barely contribute to it.
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Figure 8. CO: adsorption isotherms (a) of HKUST-1 and the CS@HKUST-1 xerogels at 298
K and (b) of CS@HKUST-1[1:2] at 273 K (green), 283 K (red) and 298 K (black).

To get further insight on the type of interaction governing such uptake, CO; isotherms of the
composite CS@HKUST-1[1:2] have been measured at different temperatures (Figure 8.b). As
expected, the CO2 adsorption capacity increases significantly as the temperature decreases (3.97
and 4.86 mmol.g™! recorded at 283 K and 273 K, respectively). Higher recorded CO> uptakes
following an increase of pressure and/or a decrease in temperature suggests that the adsorption
process between the adsorbate (COz) and the adsorbent (CS@HKUST-1) is controlled by
physical interactions [59]. Based on these isotherms, isosteric heats of adsorption were
calculated using Clausius-Clapeyron equation [59]. The average calculated isosteric heat (Qst)
of adsorption is about 27 kJ.mol™! (Figures S22-S23), comparable to the value obtained for
HKUST-1 powder and for other HKUST-1-based composites [29,53]. Moreover, obtained Qs
values (24-28 kJ.mol™!) are within the range of isosteric heat values typically reported for
capturing single-component CO> streams under swing adsorption processes at industrial scale
[60]. Furthermore, such a low value of Qs (< 40 kJ.mol™) suggests that CO, sorption within
CS@HKUST-1 is governed by weak physical interactions. This finding also implies that the
composite material can be efficiently reused through a simple regeneration process [18].

This supposed regeneration ability of CS@HKUST-1[1:2] was experimentally tested through
10 adsorption cycles at 298 K, with a simple reactivation at 100 °C under vacuum for one night
between two adsorption isotherms. As shown in Figure 9, the quantity of CO2 adsorbed remains
practically constant even after 10 cycles (2.68 mmol.g™! on average), without any observable
damage or alteration in beads morphology. For comparison, CS@ZIF-8 and CS@ZIF-67

composites have also shown good cycling stability, maintaining approximately 92% and 97%
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of the initial CO; adsorption capacity after 10 and 6 cycles, albeit at lower CO; sorption

capacities [61].

Quantity adsorbed (mmol.g)

Figure 9. CO: adsorption uptakes of CS@HKUST-1[1:2] at 298 K and 1 bar over 10 cycles.

The textural and structural properties of the CS@HKUST-1[1:2] composite before and after
COz sorption cycles were compared following an eleventh cycle of CO; adsorption at 1 bar (no
desorption). Great similarities between the powder XRD diffractograms (Figure S24.a) are
observed as well as the conservation of the bands positions and the absence of ammonium
carbamate bands in FTIR spectra (Figure S24.b) [65-66]. These characterizations indicate the
preservation of the structural properties of CS@HKUST-1[1:2]. The slight increase in specific
surface area (Sper) following the adsorption-desorption cycles (Figure S24.c) could be due to a
minor destruction of the polysaccharide skeletal caused by repeated activation at 100 °C. This

would result in fewer pores unblocking.

Conclusions
In summary, highly porous CS@HKUST-1 based xerogel beads were developed using the in-

situ growth strategy under mild conditions. In addition to n(NH2):n(Cu) molar ratio variation,
synthesis temperature was found to play a critical role on the specific surface area and the
crystalline purity of the resulting composites. Low temperature was found to be adapted for the
preparation of pure HKUST-1 phase within CS matrix, resulting in high surface area. As
HKUST-1 is highly sensitive to the presence of water, graphene oxide was incorporated at the
optimal conditions to prepare highly porous CS-GO@HKUST-1 composites (up to 878 m?.g™!)
with greatly improved water stability compared to pristine HKUST-1 and CS@HKUST-1. N2

adsorption proved that 45 % of the initial textural properties were retained after soaking CS-
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GO@HKUST-1 in water up to two days, while microporous structure entirely collapsed (-94
% of Sgper) for CS@HKUST-1 after only one day. Aside from enhancing chemical stability,
GO is also found to have a slight positive impact on mechanical beads resistance. The
performance of the prepared composites for CO2 sorption was also studied, and an average CO>
uptake of 2.68 mmol.g! could be reached at 298 K and 1 bar with CS@HKUST-1 beads while

preserving the same performances for more than 10 cycles of adsorption-desorption.
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