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Hybrid Effects in Graphene Oxide/Carbon Nanotube-Supported Layered Double
Hydroxides: Enhancing the CO, Sor ption Properties

Martina De Marco,® Robert Menzel,*® Salem M. Bawaked,* Mohamed Mokhtar,"® Abdullah
Y. Obaid,*" Sulaiman N. Basahel,*Y and Milo S. P. Shaffer *”

a. Department of Chemistry Imperial College London, South Kensington Campus, London SW7 2AX, U K.
b. School of Chemistry, University of Leeds, Leeds, LS 9TJ, UK

c. Department of Chemistry, Faculty of Science, King Abdulaziz University, Jeddah, Saudi Arabia.

d. Surface Chemistry and Catalytic Studies Group, King Abdulaziz University, Jeddah, Saudi Arabia.

Graphene oxide (GO) and multi-walled carbon nanotubes (MWCNT) have been previously used
independently as active supports for Layered Double Hydroxides (LDH), and found to enhance the
intrinsic CO, sorption capacity of the adsorbents. However, the long-term stability of the materials
subjected to temperature-swing adsorption (TSA) cycles still requires improvement. In this contribution,
GO and MWCNT are hybridized to produce mixed substrates with improved surface area and
compatibility for the deposition of LDH platelets, compared to either phase alone. The incorporation of a
robust and thoroughly hybridized carbon network considerably enhances the thermal stability of
activated, promoted LDH over twenty cycles of gas adsorption-desorption (96% of retention of the
initial sorption capacity at the 20" cycle), dramatically reducing the sintering previously observed when
either GO or MWCNT were added separately. Detailed characterization of the morphology of the
supported LDH, at several stages of the multicycle adsorption process, shows that the initial morphology
of the adsorbents is more strongly retained when supported on the robust hybrid GO/MWCNT network;
the CO, adsorption performance correlates closely with the specific surface area of the adsorbents, with

both maximized at small loadings of a 1:1 ratio of GO:MWCNT substrate.
1. Introduction

Layered double hydroxides (LDH) are lamellar hydroxides of the family of hydrotalcites (HT), with
general formula (M>* M>*, (OH)))*"(A™ym NH,0)*, where M**, M’* and A™ most commonly
represent Mg2+, AI** and COs™ respectively (Brucite), although many other compositions occur.'
Brucite-like sheets of octahedrally-coordinated divalent cations (typically Mg®*) undergo a partial
substitution by the trivalent cations (typically AP, generating a net positive charge that is balanced by

the intercalated anions (typically COs>). The intrinsic properties of these compounds have stimulated

* corresponding author. Tel: +44 20 7594 5825. E-mail: m.shaffer @imperial.ac.uk.
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interest in a diverse range of applications, including as catalysts (aldol condensation, epoxidations,
alkene isomerisations reactions, etc.),2 biomedical Vectors,3’ * flame retardants,5 adsorbents’® and
nanocomposite reinforcements.” In particular, the Mg/Al LDH family (with Mg: Al ratios of 2 and 3) has
been extensively studied in the past years, and recognised as an excellent composition for CO,
adsorption applications.8 The gas adsorption properties are manifested after thermal treatment of the
material, that evolves into an active mixed metal oxide (MMO) form with finer particle size and
increased surface area compared to the original structure. The associated progressive dehydroxylation
and decarbonation of the structure generates the basic sites responsible for the subsquent (acid-base
type) interaction with the CO, molecules.’ Compared to known low temperature CO; solid adsorbents
(such as zeolites, activated carbons, and metal organic frameworks), thermally-activated LDH typically
manifest a lower intrinsic specific CO, adsorption capacity, but can operate at higher temperatures.10 On
the other hand, they manifest faster adsorption kinetics and much better regenerability than other high
temperture solid adsorbents (such as lithium zirconates and calcium oxides)."' LDH are frequently
supported on high surface area substrates in order to improve adsorption capacity and stability over
prolonged use, aspects that still hamper practical industrial implementation.

Amongst the materials tested as supports in these applications, carbon nanostructures (CN), including
carbon nanofibers (CNF),12 multi walled-carbon nanotubes (MWCNT)13’ " and graphene oxide (GO),IS’

'® have shown the most promise, particularly compared to more conventional systems based on alumina

17, 18 1 19, 20 1 21
9 9

or zeolites. These carbon allotropes exhibit an intriguing combination of mechanica therma
and electrical®® characteristics, as well as high aspect ratios and surface areas,” which make them
suitable for preparing robust, porous and high surface supporting networks.** Activated carbons are a
possible alternative high surface area substrate,” ** but tend to have relatively inaccessible slit
micropores that are readily blocked by LDH deposition.”” The use of LDH/ nanocarbons composites has
been considered for a wide range of applications,zs’ * but here we focus on CO, sorption. Mg/Al LDH
platelets loaded dilutely on CNF (up to 90 wt% carbon), were reported to manifest an order of
magnitude increase in the CO, adsorption capacity compared to the unsupported Counterparts.12
Oxidized MWCNT were subsequently adopted as supports,'® where the acidic surface was used to drive
nucleation of the positively-charged LDH platelets through electrostatic interactions; once activated,
these MWCNT-LDH exhibited significant enhancement of the first-contact gas adsorption capacity
compared to the unsupported material. In addition, an improvement in the multicycle stability was

observed over twenty continuous cycles of gas adsorption-desorption.13 The improvements were
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attributed to a reduction in the LDH particle size and an associated increase in the basic site
concentration available for gas adsorption.”® Subsequently, 2 - 30 wt% of a GO substrate was found to
be even more effective than the other CN for improving the CO, adsorption performance of LDH;'® !
the improvement was attributed to the two-dimensional geometric compatibility of the GO nanosheets
with LDH platelets. Small loadings of GO were found to be most promising, with benefits plateauing at
higher concentrations due to apparent restacking of the carbon sheets. However, it is not clear whether
the GO only promotes multicycle stability or also first-contact adsorption Capacity.16’ 32 In addition to the
use of a support, the CO, adsorption capacity of LDH can be improved by doping with alkali metals.****
The benefits of alkali metal promotion have been confirmed with both CNF-LDH* and GO-LDH'®
materials; in general, residual sodium from the LDH synthesis may remain in the LDH, resulting in a
significant enhancement of the first-contact adsorption Capacity.16 Whilst the literature identifies
consistent trends for the adsorption capacity of CN-LDH hybrids, the absolute capacities vary due to the
specific adsorption conditions adopted, including adsorption temperature and pressure, presence of
water, concentration of carbon support and degree of doping.

Overall, the multicycle stability of CN-LDH still has considerable scope for improvement; for instance,
for the best materials reported so far (GO-LDH), the loss of CO, adsorption performance over 20 cycles
of gas adsorption-desorption under dry conditions remained a significant 15 - 40% (though improved
compared to the 50 - 60% loss for pure LDH).'® ! Despite their promise, neither MWCNT nor GO are
ideal supports: MWCNT, though offering a mechanically strong network for LDH deposition, require
higher loadings to match the performance improvement provided by GO, as the surface area is not as
intrinsically high, and the geometry less well matched. Increased CN loading negatively impacts the
overall cost and weight of the final sorbent. On the other hand, GO alone has poor network forming
ability, limiting benefits even at modest carbon loadings due to restacking of the sheets.

Recently, hybrid GO/MWCNT systems have been reported to exhibit interesting synergistic effects in
certain applic21tions.35'38 Most studies focus on improvements in the properties of electrochemical double
layer (EDLC) supercapacitors using hybrid GO/CNT electrodes, compared to carbon nanotubes (CNTs)
and GO used independently.”’ 40 Hybrid GO/CNT electrodes have also been found to offer superior drug
and gas sensing performance.*’ GO/CNT hybrids are compatible chemically due to the n-m attractions
between basal planes and the hydrogen bonding between acidic functional groups.40 Geometrically,
CNTs act as spacers between the graphene sheets, preventing restacking and agglomeration. The

enhanced overall surface area of the structure facilitates the access of electrolytes (for electrochemical
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applications) and may improve the transport of gases (in adsorption applications). GO can help to form
intimately mixed hybrid structures by acting as a dispersing agent for unoxidized-SWCNT* or
MWCNT*,

In principle, hybridized GO/MWCNT constructs are appealing as LDH supports, but have not yet been
thoroughly studied because of the complexity of the resulting three-phase mixture (GO/MWCNT/LDH),
although some recent reports have indicated promising potential for the use of hybrid graphene/nanotube
systems to support LDH for catalytic (NiFe-LDHs)* or electrochemical (NiAl-LDH)" applications. Our
aim was to explore GO/MWCNT hybrids in more detail, and specifically in the context of CO, sorption,
in order to overcome the limitations identified for LDH supported on either GO or oxidized MWCNT,
separately. We promoted the material with a small amount (5 wt%) of potassium to improve the absolute
performance and avoid variations due to low loadings of adventitious alkali metal. The materials were
tested for CO, adsorption properties, and were fully characterized to understand the deactivation

mechanism over several temperature-swing (TS) adsorption-desorption cycles.
2. Experimental
2.1 Materials

For this work, CVD-grown, multi-walled carbon nanotubes (MWCNT) were purchased from ARKEMA
(Graphistrength), with an average diameter of 10 - 15 nm. Graphene oxide (GO) was purchased as single
layer water dispersion of 10 mg mL™" (flake size 0.5 - 2.0 um and size 0.6 - 1.2 nm) from ACS Materials.
Mg(NO3),:-6H,0 (99%) and AI(NO3)s-9H,0 (98%) were purchased from Sigma-Aldrich; NaOH, H,SO4
(95%), HNO3 (65%), Na,CO3 and K,CO3 were purchased from VWR international. Polycarbonate (PC)

membranes were purchased from Millipore (HTTP Isopore membrane, pores diameter 0.45 um).
2.2 Oxidation of MWCNT

In a typical oxidation procedure, 17.5 mL of concentrated H,SO4#/HNO; (3:1 mixture) were added for
every 500 mg of MWCNT. The mixture was stirred and refluxed for 30 min at 120 °C. After cooling,
MWCNTs were vacuum-filtered over a 0.45 um PC membrane, and base-washed with 1L of
0.01 M NaOH. The base washing procedure assists the removal of molecular oxidation debris (also

known as carboxyated carbonaceous fragments, which are thought to be related to humic or fulvic
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:':1cids),46 produced during the oxidation treatment.”” *® In this work, only oxidized MWCNT were used,

and will be referred simply as to ‘MWCNT".
2.3 Synthesis of Mg/Al LDH

LDH platelets were synthesized by co-precipitation method; typically, aqueous solutions of
Mg(NO3), 6H,O and AI(NO3); 9H,0O (0.1 and 0.05 mol respectively) were mixed and co-precipitated
onto a basic solution of NaOH and Na,COs (0.35 mmol and 0.09 mmol respectively). The resulting
white suspension was heated for 24 hours at 60 °C under vigorous stirring. The precipitate was filtered
using a PC membrane and washed with 1 L of water at 60 °C, in order to completely remove residual

sodium. The samples were then dried for 24 - 48 hours at 100 °C.
2.4 Preparation of the CN supports

Aqueous solutions (1 mg mL™) of GO and MWCNT were mixed at 300 rpm for 4 hours at GO/MWCNT
ratios of 1:0 (pure GO), 10:1, 3:1, 1:1, 1:3, 1:5 and 0:1 (pure MWCNT). The mixed solutions were then

filtered on PC membrane until a wet carbon paste was obtained, and used directly for LDH deposition.
2.5 Deposition of LDH on CN substrates

MWCNT-supported-LDH (MWCNT-LDH) and GO-supported LDH (GO-LDH) were prepared using
the following procedure. 100 mL of a 1 mg mL™ solution of either MWCNT or GO were vacuum-
filtered over a 0.45 um PC membrane until the desired low volume of carbon solution was obtained. The
MWCNT- (GO-) wet paste was then transferred to a 100 mL round bottom flask and 9.9 mmol of NaOH
and 2.5 mmol of Na,COj; added. Subsequently, 1.4 mL of a salt solution of Mg(NOs), 6H,O and
AI(NO3)3 9H,0 (2.8 mmol and 1.4 mmol respectively) was added. The resulting black suspension was
aged at 60 °C for 12 hours, under vigorous stirring. The sample was filtered and dried as explained

above for the preparation of unsupported LDH.

The same procedure was applied for the preparation of hybrid GO/MWCNT-LDH materials. In order to
achieve a homogeneous hybridization of MWCNT and GO, the corresponding aqueous solutions were
mixed in the desired amounts (typically for a total volume of 200 mL) for 4 hours at room temperature.
The mixed solution was then filtered as described previously, and transferred to a round-bottom flask for

the co-precipitation of the Mg and Al salts, under basic conditions. The name of the samples includes: 1)
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type of substrate (GO, MWCNT or hybrid GO/MWCNT); 2) numbers in brackets, indicating the relative
proportion of GO and MWCNT; 3) subscript numbers, indicating the weight percentage (wt%) of carbon
substrate (GO, MWCNT or GO+MWCNT) in the sample. For example, GO/MWCNT(1:1)so-LDH
refers to a material containing 50 wt% of a hybrid carbon substrate constituted of GO and MWCNT

mixed in a ratio 1:1.

CN-LDH samples were doped with an aqueous solution of K,COs; by a modified incipient wetness
procedure. 1.5 mL of aqueous K,CO; (0.48 M, 5% to LDH mass) were added to a fixed 100 mg of LDH

and stirred for 4 hours before drying in vacuum oven at 100 °C for 24 hours.
2.6 Calcination of CN-LDH

Prior to CO, adsorption measurements, CN-LDH were calcined in a tubular quartz reactor (5 cm internal
diameter), for 4 hours at 400 °C, under a 100 mL min™ of nitrogen flow. Freshly calcined samples were
submitted immediately to CO, adsorption measurements, or used within a day to avoid structure
reconstruction driven by spontaneous adsorption of atmospheric moisture and CO,. Further conditioning

(2 h, 400 °C, 20 mL min’! of nitrogen flow) occurred in the TGA before measurement.
2.7 CO, adsor ption measurements

Multicycle CO, adsorption measurements were performed within a TGA (Perkin Elmer 4000) equipped
with a CO; gas line. The sample was heated from 25 ° to 400 °C at 10 °C min™ under a nitrogen flow of
60 mL min™', and held for 2 hours. Temperature was then decreased to 300 °C and the gas feed was
switched to a premixed gas of 20% CO,/N, and held for 1 hour. The multicycle stability of the
adsorbents was assessed by performing repeated steps of CO, adsorption at 300 °C for 1 hour and
desorption at 400 °C for 30 minutes, under nitrogen. The flow rate was kept constant at 60 mL min™
throughout the experiment. Adsorption capacities were calculated from the change in mass of the
adsorbents before and after the adsorption step. This response was corrected by subtracting the
equivalent data from a blank empty TGA crucible, in order to take into account mass fluctuations due to
change in gas density and viscosity at the feed switch and throughout the adsorption. Under the

operating conditions, the fluctuation of the blank was negligible.

2.5 Measurements and characterization
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Thermogravimetric analysis (TGA) was performed using a METTLER TGA/DSC1 machine (Mettler-
Toledo International, Beaumont Leys Leicester, UK). Typically, 2 mg of sample were first dried at
100°C under nitrogen for 20 min and then heated from 100° to 800° at 10°C min~" in 20 mL min™" of air.
X-ray diffraction (XRD) was carried out with a PANalytical X Pert Pro Multi Purpose Diffractometer
(Cu K, radiation) in reflection mode, with angle (20) varying between 5 ° and 80 °. Transmission
electron microscopy (TEM) images were obtained on a JEOL 2010, operating at 200 kV. Samples were
prepared by dispersion in isopropanol (0.01 mg mL™ of CN-LDH, and allowing a drop to dry onto a
holey carbon copper grid (300 mesh, Agar Scientific). Scanning Electron Microscopy (SEM) images
were collected using a Gemini 1525 FEGSEM, fitted with an Oxford Instruments INCA energy
dispersive X-ray spectrometer (EDS). Raman spectroscopic characterisation was carried out on a
Renishaw InVia Confocal Raman microscope (Renishaw plc, Wotton-under-Edge, UK). The system
calibration was performed using an integrated silicon wafer prior to measurement; Raman spectra were
obtained using a green laser (wavelength 532 nm, intensity 1 %, 10 seconds) in edge mode (2400
lines mm™" diffraction grating); for the determination of the Ip/Ig ratio, Raman mapping was performed
in StreamLine acquisition mode at ca. 10 pm intervals on an area of ca. 500 um? for an acquisition of
1600 independent spectra between 1220 — 2700 cm™, using a green laser (wavelength 532 nm, 2.33 eV)
1% laser power, 10 s of exposure. The elemental composition of the adsorbents was measured by
inductively coupled plasma-optical emission spectroscopy (ICP-AES) in a PerkinElmer Optima
2000 DV apparatus. The carbon component of CN-LDH samples was combusted in TGA; the metal
residue was dissolved in 5 mL of aqua regia for 24 hours. 2 mL of the digested solution were diluted to
20 mL in deionized water, and submitted to analysis. Nitrogen adsorption and desorption isotherms were
measured using a Micromeritics Tristar 3000 apparatus on 50 mg of CN-LDH samples, dried at 100°C
and held overnight under N, prior to adsorption measurements. Specific surface areas were calculated
according to the Brunauer—-Emmett—Teller (BET) equation. The pore-size distribution of the samples

was calculated from desorption branch using the Barrett—Joyner—Halenda (BJH) method.

3. Resultsand discussion

Initially, the hybrid substrates were analyzed without depositing LDH platelets; mixed substrates were
prepared at different GO/MWCNT ratios of 10:1, 3:1, 1:1, 1:3, 1:5, and compared to the pure GO (1:0)
and MWCNT (0:1) forms. In the XRD patterns (Fig.1a), the intensities of GO (11.3 °) and MWCNT

graphitic carbon peaks (25.8 °) reflect their relative proportions in the substrates. The mean measured
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thickness of the dried GO stacks was calculated from the width of the interlayer reflection using the

d,42’ 5051 the degree

Scherrer equation.49 Although hybrid GO/CNT materials have been recently studie
of GO delamination, at different GO/CNT ratios, has not been reported systematically. The pure GO
sample restacks on drying to an average 33 layers; however, on hybridizing with MWCNT at an
optimum 1:1 ratio, the average number reduces to only 3 -4 layers (Table 1). Hybrids with similar
degree of GO layering (4 - 32 sheets) have been previously prepared by controlled LbL assembly,”
however, the level of exfoliation reached in the present work is attributed only to the spontaneous

interactions between the GO and MWCNT. This improved exfoliation, retained within the dried hybrids,

is reflected in the specific surface areas calculated from N, adsorption-desorption measurements (Fig.1b
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and Table 1). The pure MWCNT have a higher surface area than the pure GO, as they are less prone to
restacking/repacking; however, their intrinsic potential surface area is lower due to the multiple shells

within their structure.

Fig.1. a) XRD patterns of GO/MWCNT substrates at different compositions; b) correlation between GO

exfoliation (number of layers, left axis) and specific surface area (m*® g, right axis).
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. GO (002) GO stack thickness Interlayer spacing GO layers S
GO:MWCNT (°) (£0.1 nm) (nm) (£0.1) (mglgl)

MWCNT / / / / 90.34 £ 0.43

1:5 n/a / / / 73.71 £0.19

1:3 12.67 3.6 0.70 5.1 126.63 +0.72

1:1 12.95 2.4 0.70 3.5 127.16 £ 0.51

3:1 12.16 4.9 0.70 7.1 101.72 £0.32

The 10:1 11.38 19.2 0.78 24.7 49.66 +0.19
GO 11.33 26.1 0.78 33.5 23.41 £0.59

addition of a proportion of the increasingly exfoliated GO raises the average surface area, reaching a
maximum for the 1:1 hybrid (127 m’ g"). The synergistic improvement in surface area for mixed
materials can be attributed to the MWCNT acting as spacers for the GO sheets,” forming a network that
evenly supports the high surface area exfoliated GO layers (SEM, Fig.S1b). Similar results have been
observed previously for GO/MWCNT hybrids prepared with mixing approaches,’” although the surface
areas reported are generally lower due to post-processing reduction of GO, for use in electrodes. As a
control, solid GO powder was added into a MWNCT suspension to produce a phase separated network,
with a distinctly different appearance (Fig.S2). TGA traces of the mixed substrates reflect the differences
in their compositions (Fig.S1a); the weight loss at 200 °C of highly concentrated GO systems is
associated with the removal of the surface oxides, and systematically disappears for the lower
GO/MWCNT ratios.

Initially, the effects of hybridizing LDH with CN were explored using three key examples as the carbon
supports: GO-, MWCNT-, and the optimal GO/MWCNT(1:1)- mixture; in each case 50 wt% LDH was
combined with 50 wt% CN, to form the samples termed GOso,-LDH, MWCNTsp-LDH, and
GO/MWCNT(1:1)s0-LDH, respectively. TGA profiles of these samples and of a reference unsupported
LDH control (Fig.S3b) confirm the presence of the expected carbon and LDH components;"” the
estimated proportions (wt%, Table 2) match the nominal loadings, assuming that the combustion
residues of each phase are simply additive."”” From ICP analysis, the average Mg/Al ratio of the as-
synthesized CNso-LDH materials was determined as 2.1 + 0.1, which is very close to the nominal ratio
of 2; the mean potassium doping was found to be 5.1+ 0.14 %, (Table?2), confirming the
straightforward nature of the synthesis process. The LDH content is essentially determined by the

proportion of salt precursors to nanocarbon, due to near quantitative conversion. The XRD pattern of the
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unsupported LDH reference (Fig.S3a), exhibits the expected features, with narrow, symmetric and
strong lines at low 20 angles, and weaker lines at high 20 values. The (00l) reflections (003), (006),
(009) are easily recognized, as well as the two reflections of (110) and (113), clearly distinguished
between 60 ° and 63 ° (JCPDS No. 14-191). The basal reflection (003) at 11.8 ° falls approximately at
the same 20 angle as the GO layer spacing (11.4 °), although the GO peak is weak and tends to diminish
further after hydrothermal treatment (LDH synthesis conditions),”” due to elimination of the oxidative
debris. The graphitic carbon (002) at 26.3 ° is isolated from the other peaks. For CNso-LDH, the (003)
peak broadens compared to the unsupported sample (Table 2). This effect can be attributed to a reduced
crystallite size in the stacking direction (C-direction) from 22 nm for pure LDH to 5.7 - 15 nm for CNjs-

LDH, due to CN modifying the nucleation/growth conditions.'* "

Table?2
Summary table of samples composition, morphologic characteristics and CO, adsorption properties.
* LDH platelet thickness calculated from the (003) peak by Scherrer equation. ® gas adsorption capacity relative to

the 1% adsorption cycle.

LDH co Rel

Cwt% Cwt% Mg/Al K platelet Seer Vpores 2 capacity

Sample (nom) (actual) (mol/mol)  (wt%) thicknes® (m*g™ (cm®*g™ adsor_EJed 20" cycle

(mol kg~LDH)

(nm) (%)
LDH 0 0 2.2 5.1 22.8 49.31 £ 0.63 0.32 0.18 £0.02 50
MWCNTso-LDH 50 48 2.1 49 15 77.69 £1.98 0.31 0.24 £0.03 77
GOs-LDH 50 46 2.2 5.3 5.7 84.89 £0.17 0.27 0.27 £0.02 65
COMWENTE:Dk 50 46 1.9 51 137 103512036 041  049£001 96

A change in crystallinity may also contribute to the peak width, although LDH crystallinity is usually
dictated by temperature, ageing time, pH and mixing rate,”* > factors that were kept consistent between
batches. Peak broadening is much more noticeable for the GOso-LDH sample than for MWCNT;5,-LDH
(LDH platelet thickness of 5.7 nm and 15 nm, respectively); the two dimensional GO sheets should be
more compatible with the LDH platelets than the MWCNT."> The LDH platelet thickness of the
GO/MWCNT5o-LDH hybrid (13.7 nm) is intermediate between GO- and MWCNT-LDH. No crystalline

signal for the potassium carbonate promoter was detected, consistent with the low loading introduced
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(5%) and a homogenous distribution. In principle TEM can help to confirm platelet thickness, but is
difficult to apply, with statistical significance to LDH supported on convoluted GO; qualitatively,
however, TEM (Fig.S4) indicates a similar LDH platelet thickness as the XRD results. SEM and TEM
images confirm an intimate association between LDH particles and the carbon substrates, with LDH
aggregates covering the surface of the GO (Fig.2a,d), MWCNT (Fig.2b,e) and the hybrid (Fig.2c,f).
Importantly, the GO/MWCNT;so-LDH hybrid manifests enhanced specific surface area compared to both
GOso-LDH and MWCNTso-LDH (Table 2), continuing the trend identified above for the supports in the
absence of LDH (Fig.1). Previous work suggests that the 2D geometry of GO sheets may offer a more
compatible nucleation surface for the LDH platelets,13 however, there is no evidence of selective growth

in the GO/MWCNT-LDH material. The similar concentration of oxygen functionalities (1 - 2 mmol g”)

for both GO and MWCNT,">*” may dominate the nucleation process.
Fig.2. SEM and TEM images of a,d) GOso-LDH; b,e) MWNTs-LDH; c,f) GO/MWCNT(1:1)s5,-LDH samples.

The properties of the CNso-LDH materials as CO, adsorbents were assessed over 20 cycles of gas
adsorption-desorption. All the samples manifested fast intrinsic CO, adsorption kinetics (Fig.3a),

achieving more than 80% of their equilibrium capacity within 30 minutes. Critically, the
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GO/MWCNTs,-LDH hybrid exhibited the highest gas adsorption capacity (0.49 mol CO, kg'LDH),
more than twice the value of unsupported LDH (0.18 mol CO, kg"'LDH), and significantly higher than
LDH supported on GO and MWCNT independently (0.27 and 0.24 mol CO, kg"'LDH, respectively).
The first-contact adsorption capacity of the GOso-LDH sample is higher than the MWCNTs0-LDH one,
in accordance with previous results."” Under these operating conditions, the GO/MWCNT substrate
alone has a negligible CO, adsorption (0.02 mol CO, kg carbon) compared to the LDH component
(Fig.3a). Previous studies have also shown very low capacity on either raw or acid treated nanocarbons,

and have ruled out any contribution potentially arising from residual catalyst particles.’
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Fig.3. a) First-cycle CO, adsorption profiles of unsupported/supported LDH and GO/MWCNT (1:1) substrate, at
300 °C and Pcopo= 0.2 bar, after blank subtraction (pan+substrate). Substrate curve refers to mol CO, kg'1 of
carbon; b) normalized CO, adsorption capacity over 20 adsorption-desorption cycles; ¢) multicycle profiles of

activated GO/MWCNT(1:1)so-LDH and unsupported-LDH samples. Values are listed in Table 2
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The adsorption capacity of all the samples showed good reproducibility among three repeated
measurements for each sample (standard deviation of 0.01 - 0.03 mol CO, kg'lLDH). The improved gas
adsorption capacity manifested by GO/MWCNT;sp-LDH can be attributed to the presence of the high
surface area hybrid support and the enhanced effective LDH surface area, due to changes in crystal size
and quality (Table 2). Smaller supported-LDH platelets are thought to have a higher concentration of
active edge sites, which were previously shown to provide the binding sites for CO, adsorption.9 There is
a synergy between the MWCNT, which provide a robust open network, and the GO, which is
geometrically compatible with LDH.

| calcined

(200)
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Intensity (a.u)
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a9 20
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10 20 30 40 50 60 70
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Fig.4. SEM images of unsupported LDH materials: a) calcined, b) at the 20" cycle of gas adsorption-desorption;
¢) XRD evolution of unsupported LDH at different stages of the adsorption-desorption test: as-synthesised (AS),

calcined (C) materials, after 10, and after 20 cycles.

The regeneration and stability of the adsorbents were also assessed by carrying out continuous
adsorption-desorption cycles under dry conditions (Fig.3b-c). Unsupported LDH materials are known to
suffer from irreversible declines in the adsorption capacity over cycling,'® due to chemisorption

phenomena and particle sintering.5 % The present, unsupported LDH sample follows a similar decreasing
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trend to previous reports (Fig.3b,c), exhibiting a loss of ca. 50 % of adsorption capacity at the 20" cycle.
This trend is associated with a progressive sintering of the LDH platelets (SEM images, Fig.4), which
likely contributes to the loss of surface area and basic site availability. However, this poor multicycle
stability is mitigated by supporting LDH on either GO or MWCNT, but only partially. In contrast, the
GO/MWCNT(1:1)s50-LDH hybrid retains up to 96% of its initial CO, adsorption capacity throughout all
the 20 cycles of testing. This exceptionally stable behavior has not been observed before for adsorptions
under dry conditions, and suggests the presence of a synergistic effect of the MWCNT and GO. The
presence of modest levels of dopants were previously shown not to affect the multicycle stability of the
materials, but only the absolute Capacity.16

To provide an explanation for this retained stability, the morphological evolution of LDH and CNsy-
LDH samples was studied, via XRD, SEM and Raman spectroscopy (Fig.5,6,7), at different stages of the
multicycle adsorption tests, specifically as-synthesized (AS), calcined (C), after 10 cycles and after 20
sorption cycles. Cycling adsorption-desorption tests on unsupported LDH caused the structure to
progressively lose surface area, likely due to continuous decarbonation, irreversible chemisorption
effects, sintering or carbon deposition.”® The calcined particles were found to sinter into larger
structures, as calculated from the width of the (200) peak of periclase in XRD (Fig.5, and Table in

Fig.S4), eventually halving the initial adsorption capacity.
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Fig.5. Graph of MMO particle size for calcined unsupported LDH and CNs,-LDH at different stages of the

multicycle adsorption process. The reduced slope of the curve evidences reduced sintering effects.
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The GOso-LDH material exhibits significant structural changes following the thermal cycling (Fig.6a).
On calcination, GO is thermally ‘reduced’ leading to restacking and the appearance of the (002)
graphitic peak at ~26.4 °; at the same time, peaks associated with free K,COj; appear, indicating that
some of the impregnated salt was associated with the lost GO oxygen moieties, as expected due to acid-
base interactions. By the 10" cycle, the intensity of the graphitic (002) peak is significantly decreased
and eventually lost by the 20" cycle, consistent with the disappearance of the characteristic G and D
bands from the Raman spectra, which are normally associated with graphitic structures (Fig.7a).
Previous work reported that heat treatments of Ni/Mn LDH/GO hybrids at high temperatures
(450 - 800 °C) in inert atmosphere caused gasification and removal of the graphitic material.”’ Here, the
temperature is modest, but apparently sufficient to cause a similar loss of the graphitic component. The
loss of carbon is supported by TGA (Fig.S5), showing that the carbon content in the GO-LDH material
drops from 46 wt% before cycling (Table 2) to ca 6 wt% afterwards. Towards the end of the cycling
experiment, the potassium redistributes into the periclase phase,”® indicated by the disappearance of the
initial K,CO3 peaks in XRD pattern (Fig.6a). The degradation of the GO substrate and associated loss of
support, allows the MMO particles to sinter, increasing their size as estimated from peak width (Fig.5
and S4), though at a slower rate than the pure LDH. These observations account for the 30% capacity
loss measured for GOso-LDH after 20 cycles. Although GO appears not to be an ideal substrate for
LDH, it slows the deactivation of the adsorbent due to sintering, both in rate and in extent.

For MWCNTs,-LDH (Fig.6b), the initial calcined structure is better retained over cycling compared to
GOso-LDH, as the carbon (002) and periclase (200) reflections are present in all the XRDs. Though
reduced in intensity, the XRD carbon peak and the typical Raman features of MWCNT are still detected
at the final adsorption cycle (Fig.7b). However, a more defective structure is confirmed by the increased
Ip/Ig ratio of the cycled sample (Table Fig.7d), and the partial loss of G band splitting. There appears to
be insufficient K,COs3, associated with the much smaller oxidized MWCNT surface, to nucleate separate
salt crystals. Overall, the MWCNT network is more robust than GO, unsurprisingly as only the surface
is initially oxidised, leaving a lower surface area and more perfect graphitic core that appears not to
gasify as readily as the GO. Thus, the sintering of the sorbent particles is reduced compared to
unsupported LDH and GOso-LDH (Fig.4 and 5). These observations are in turn reflected by the greater
retained adsorption capacity (75%) manifested by the MWCNTso-LDH sample in the last cycle.

The GO/MWCNT(1:1)so-LDH hybrid benefits from the presence of both types of CN. Whilst the GO is
reduced (no layer peak at 11.4°), the XRD pattern of the calcined hybrid is relatively little altered during
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subsequent cycling (Fig.6¢), and the graphitic Raman band is better retained compared to either pure
case (Fig.7c). In the GO/MWCNT(1:1)50-LDH hybrid, the MWCNT and the GO appear to act
synergistically. One possible explanation is that the large flat GO flakes, coated in LDH, provide a
barrier offering a degree of protection to the MWCNT, whilst the MWCNT maintain a network
scaffolding that limits sintering of the LDH/periclase that otherwise leads to exposure of the (reduced)
GO framework. The microstructure of the hybrid, shown in the SEM images (Fig.6c), indeed exhibits
much coarser plate-like features than the MWCNTSso-LDH, but more separated into discrete particles
than the GOso-LDH. This stable, hybrid support shows very little sintering of the periclase particles
(Fig.5 and S4), consistent with the excellent retention of the capacity (96%) across the 20 cycles.

a . oy N e ¥
) ‘ GO,,-LDH paD R ) 1 Calcined
% s - *-.- 3 o - A B :

* + 7 T
WMMMWWWW h"““www" W-'-NC

Intensity (a.u)
|

T T T T T
10 20 30 40 50 60
26

o
—

LJ\.J\/M.M.
M,..,,.,,,/\ e C

Intensity (a u)

T T T T T
10 20 30 40 50 60
26

(2]
——

GO/MWCNT(1:1),,-LDH

20

Intensity (a.u)

(P e

10 Z‘U ;‘g 4‘[} 5‘0 60
Fig.6. XRD patterns of a) GOs,-LDH, b) MWCNT;s,-LDH, ¢) GO/MWCNT(1:1)50-LDH at different stages: as-
synthesized (AS) and calcined (C) materials, after 10, and after 20 cycles of gas adsorption-desorption. (A) LDH
reflections, (*) graphitic carbon, (°) periclase, (+) potassium carbonate. SEM images of calcined samples and after

cycling 20 times.
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Fig.7. Raman spectra at Ay, Oof 532 nm of activated (calcined) materials and after 20 cycles of gas
adsorption/desorption for a) GOsp-LDH, b) MWCNT;5,-LDH and ¢) GO/MWCNT(1:1)s-LDH materials. Spectra

are normalized to the G mode at ca. 1575 nm. d) Table with calculated Ip/Ig ratios.

Having established a synergistic response, the influence of different ratios of GO and MWCNT on the
final CO, adsorption properties were explored at a range of GO/MWCNT compositions (1:5, 1:3, 1:1,
3:1). The GO/MWCNT substrate of composition 10:1 resulted in poor hybridization and low surface
area (see Fig.1), and was not investigated further. The other hybrid substrates were added to LDH at
various fractions (50, 30, 20 carbon wt%), producing supported hybrids denoted as
GO/MWCNTso-LDH, GO/MWCNTj35-LDH and GO/MWCNT,(-LDH, respectively. Lower loadings of
the inert supports are more appealing industrially speaking, since they reduce the size of the adsorption
units and limit the overall costs; in addition, the previous optimums for the pure GO and pure MWCNT
supports were at 50 wt% carbon, or less. Generally, these three phase hybrids were formed successfully

(XRD, Fig.S6). LDH grown on low GO/MWCNT ratio supports display broader XRD (003) peaks, and
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thus smaller platelet thickness in the c-direction (Fig.8a and S6), which is consistent with the formation
of a well hybridised material and the initial trends discussed above.

First contact CO, adsorption capacity and multicycle stability were assessed as previously, and
compared to BET surface area data (Fig.S7). The results can be summarized as follows: 1) the
adsorption kinetics for all the adsorbents is very fast, with 80% of the equilibrium capacity reached
again in the first 10 minutes of gas exposure (Fig.S8a,c,e); 2) regardless of the proportion of the support
added to the LDH phase, the highest intrinsic CO, adsorption capacity is always exhibited by LDH
supported on a GO/MWCNT substrate of composition 1:1 (Fig.8b-d); 3) LDH deposited on the
GO/MWCNT (1:1) substrate also manifest the highest surface areas within each set of carbon loadings;
4) for each set of samples, the CO, uptake trend is consistent with the BET surface area of the

adsorbents (Fig.8b-d).

Fig.8. a) Crystallite size of the adsorbents per support type. Specific surface area (m>g") and CO, uptake (mol
CO, per mass of LDH) vs support type for b) GO/MWCNTs,-LDH, c¢) GO/MWCNT;-LDH, d)
GO/MWCNT,y-LDH (values in Table S2). The error bars for the BET are very small (as indicated in the tabulated

data, Table S1), and mostly negligible on the scale of the plots.
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The specific surface area of the hybrids is related to the level of GO exfoliation/MWCNT intercalation
achieved, and reflects the results for the pure nanocarbon blends. The enhancement in the intrinsic
adsorption capacity (i.e. per mass of LDH) is important from a fundamental perspective; however, in
practical terms, it is also important to consider the adsorption capacity per mass of total adsorbent (i.e.
LDH+GO+MWCNT). The 3d plots of all the sorption data (Fig.9) confirm the optimum substrate
composition GO/MWCNT 1:1 (blue bars), and highlights that, across all the GO/MWCNT ratios, the
10-20 wt% (046 mol CO,kg"
GO/MWCNT(1:1)20-LDH hybrid), lower than previously used support fractions.'” '* This range takes

optimum carbon loading is between ads for the

advantage of improved dispersion and gas accessibility without increasing significantly the total mass of
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adsorbent. The existence of an optimum carbon loading, when normalising to the total mass of sorbent,
was reported previously both for the pure MWCNT-LDH (optimum at 35 — 50 wt% MWCNT)" and
pure GO-LDH (optimum at 5 - 10 wt% GO)"> systems. As expected, the optimum loading for the hybrid
GO/MWCNT-LDH falls between the two previous values, although much closer to the GO-LDH, due to
the greater specific surface area of GO once restacking is prevented. Once isolated, a relatively small
fraction of GO is sufficient to support all the LDH platelets. After 20 cycles (Fig.9b and S8), the
adsorption capacity per mass of adsorbent continues to exhibit a marked improvement for all
GO/MWCNT supported LDH samples compared to both pure LDH and LDH supported on only GO or
MWCNT (red bars). The optimum performance is still observed for equal proportions of GO and
MWCNT, for all contents of LDH. The capacity loss in the best cases, was only between 4% and 9%,

much lower than previous reports for other supported HT's, under dry conditions.

Fig.9. CO, adsorption capacity per total mass of adsorbent at a) 1* cycle and b) 20" cycle, for all the samples.

The data show consistent trends across a large number of samples, confirming the hybrid effect.

The absolute CO, adsorption capacity of the CN-LDH hybrids, though greatly improved compared to
unsupported LDH, remains on an average 0.4 - 0.5 mol CO, kg™ adsorbent. This range is lower than
other types of commercially-available solid adsorbents, for example 0.1 - 5 mol CO, kg zeolite and

0.1 - 3.5 mol CO, kg'1 activated carbons, tested at their active temperature of 5 — 100 o 10 However, as

100
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noted in the introduction, CN-LDH materials can successfully operate at much higher temperatures

(200 — 400 °C), with good kinetics and potentially over long cycle lives. Moreover, they require low
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energy in regeneration (300 - 400 °C), as opposed to other high temperature solid adsorbents (LiZrOs
and CaO systems) which, although possessing higher adsorption capacities, can be regenerate only
above 600 — 800 °C, and manifest slower adsorption kinetics. The 20 cycles tested in this study were
selected to allow practical evaluation of a large number of hybrids, using a common range in the
scientific literature; clearly industrial evaluation would require extensive studies across a range of more
realistic conditions. Nevertheless, the 96 % retention of sorption capacity is a striking improvement over
previous studies (Fig.10), and the absolute amount gas sorption in the last cycle is also significantly
higher (0.42 mol CO, kg™ ads) than recent reports. It is worth noting that Meis et al. reported a stable
cycling behaviour of their CNF-supported LDH,'* but under wet conditions (wet CO, gas feed (83%
N»/12 % H,0/5 % CO,), which are known to obscure any specific stabilising effect of the support.*® In
the present case, the increased stability in dry-feed conditions can be directly attributed to the presence

of the carefully designed high surface area and robust substrates.

Fig.10. Summary of comparable data for recently reported Mg/Al CO; LDH materials: CO, adsorption capacity
retention (per mass of total adsorbent and relative to the 1" contact adsorption) at the 20™ adsorption cycle.
Examples considered include only materials tested under similar operative conditions (dry gas feed, 1 atm,

medium temperatures of 200-400 °C). “Mg/Al NO; LDH type, ° Mg/Al CO; LDH type.

4, Conclusions

The use of a hybrid GO/MWCNT support for Layered Double Hydroxides offers a clear synergistic
benefit in CO, adsorption applications. This synergy can be considered as a true “hybrid effect”,
highlighting the benefit of combining phases such that the mixed phase performs better than either pure
phase or a simple rule of mixtures. Compared to substrates consisting of a single nanocarbon species, the
mixed GO/MWCNT systems are more effective, more stable, and offer a higher specific surface area for
the active LDH material. Systematic investigation consistently identified equal proportions of GO and
MWCNT (ratio 1:1) as the optimum composition to maximize both accessible surface area and sorption
performance. Indeed, the surface area was found to correlate directly with the CO, uptake. Both
MWCNT and GO contribute to the surface area and can support the LDH platelets; however, the
primary role of the MWCNT is to form a compatible, robust network, preventing restacking of the GO; a
high degree of exfoliation is therefore retained in the GO phase, providing a large surface anionic area

with a 2d geometry, particularly suited to the nucleation and growth of smaller cationic LDH platelets.
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When exfoliated, GO sheets are a more efficient support than MWCNT. The presence of an open,
accessible, high surface area network stabilizes the final adsorbent, minimizing the deactivation and
sintering effects normally observed for unsupported LDH. Careful processing was required to generate
the intimate, uniform, three phase mixture that ensures an effective hybrid response. The best hybrid
identified (GO/MWCNT(1:1),-LDH) had an intrinsic adsorption capacity of 0.58 mol CO, kg'l LDH,
corresponding to 0.46 mol CO, kg'l of total adsorbent. The good performance per overall weight of
sorbent is particularly noteworthy, since many previous studies used much higher dilutions of LDH on
the support, increasing the weight significantly. Most strikingly, the intrinsic CO, adsorption capacity of
the hybrids was exceptionally consistent over repeated cycles of gas adsorption-desorption, even under
dry conditions, retaining up to 96% of the initial sorption capacity after twenty cycles, significantly more
than both unsupported LDH (50% retained) and previous reports for supported LDH (60 - 85%). This
type of hybrid sorbent may be considered, in the long term, for targeted pre-combustion carbon capture
applications, for instance in sorption enhanced water gas shift reactions and sorption enhanced methane
reforming, but may also be applied to smaller scale sorption problems. The improved performance of the
supported LDH is likely to be relevant to other known LDH applications, including as heterogeneous
bases for catalysis, as sorbents for the desulphurization of fuel,” and in pseudocapacitors.” In addition,
the concept of a GO/MWCNT hybrid network as substrate can be readily extended to other adsorbent
materials, particularly where problems of sorbent degradation over use are still present.” Other forms of
1d/2d hybrid materials can also be considered, drawing on the growing body of nanomaterial feedstocks

considered to be analogous to graphene/nanotubes.®'**
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