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Graphene oxide (GO) and multi-walled carbon nanesubMWCNT) have been previously used
independently as active supports for Layered Doilbjdroxides (LDH), and found to enhance the
intrinsic CQ sorption capacity of the adsorbents. However, Itg-term stability of the materials
subjected to temperature-swing adsorption (TSA)esystill requires improvement. In this contributjo
GO and MWCNT are hybridized to produce mixed subesr with improved surface area and
compatibility for the deposition of LDH plateletsympared to either phase alone. The incorporafien o
robust and thoroughly hybridized carbon network siderably enhances the thermal stability of
activated, promoted LDH over twenty cycles of gdsaaption-desorption (96% of retention of the
initial sorption capacity at the 2@ycle), dramatically reducing the sintering presity observed when
either GO or MWCNT were added separately. Detadbdracterization of the morphology of the
supported LDH, at several stages of the multicgdsorption process, shows that the initial morpglo
of the adsorbents is more strongly retained whe@paued on the robust hybrid GO/MWCNT network;
the CQ adsorption performance correlates closely withsiecific surface area of the adsorbents, with
both maximized at small loadings of a 1:1 raticc@®:MWCNT substrate.

1. Introduction

Layered double hydroxides (LDH) are lamellar hyddes of the family of hydrotalcites (HT), with
general formula (M1,M®*, (OHYL)*"(A™ymnH:0)", where M*, M®* and A™ most commonly
represent Mg, AI** and CQ* respectively (Brucite), although many other conitpmss occur:

Brucite-like sheets of octahedrally-coordinatedatbnt cations (typically Mg) undergo a partial
substitution by the trivalent cations (typically’8l generating a net positive charge that is baldye

the intercalated anions (typically GQ. The intrinsic properties of these compounds hstimulated

* corresponding author. Tel: +44 20 7594 5825. Bknmma shaffer@imperial.ac.uk
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interest in a diverse range of applications, iniclgdas catalystgaldol condensation, epoxidations,
alkene isomerisations reactioneic.),” biomedical vector$, * flame retardants,adsorbenfs and
nanocomposite reinforcemeritin particular, the Mg/Al LDH family (with Mg:Al rtios of 2 and 3) has
been extensively studied in the past years, andgresed as an excellent composition for ,CO
adsorption applicatiofsThe gas adsorption properties are manifested #fesmal treatment of the
material, that evolves into an active mixed metalde (MMO) form with finer particle size and
increased surface area compared to the originattaste. The associated progressive dehydroxylation
and decarbonation of the structure generates tbe #es responsible for the subsquent (acid-base
type) interaction with the COmolecules. Compared to known low temperature £$lid adsorbents
(such as zeolites, activated carbons, and metahardrameworks), thermally-activated LDH typically
manifest a lower intrinsic specific G@dsorption capacity, but can operate at higher éeatpres? On

the other hand, they manifest faster adsorptioetkdia and much better regenerability than otheh hig
temperture solid adsorbents (such as lithium zatem and calcium oxideS).LDH are frequently
supported on high surface area substrates in @odenprove adsorption capacity and stability over
prolonged use, aspects that still hamper pradticaistrial implementation.

Amongst the materials tested as supports in thpgkcations, carbon nanostructures (CN), including
carbon nanofibers (CNE},multi walled-carbon nanotubes (MWCNT)'*and graphene oxide (G&),

16 have shown the most promise, particularly compéwedore conventional systems based on alumina
or zeolites:” *® These carbon allotropes exhibit an intriguing cioration of mechanicdf 2°thermal**
and electric&f characteristics, as well as high aspect ratios amthace areaS, which make them
suitable for preparing robust, porous and highaaefsupporting network4.Activated carbons are a
possible alternative high surface area subsfrat®, but tend to have relatively inaccessible slit
micropores that are readily blocked by LDH deposifi’ The use of LDH/ nanocarbons composites has
been considered for a wide range of applicatf8r’s,but here we focus on GG@orption. Mg/Al LDH
platelets loaded dilutely on CNF (up to 90 wt% cax}p were reported to manifest an order of
magnitude increase in the GQdsorption capacity compared to the unsupportashtegparts?
Oxidized MWCNT were subsequently adopted as suppowhere the acidic surface was used to drive
nucleation of the positively-charged LDH platel¢isough electrostatic interactignsnce activated,
these MWCNT-LDH exhibited significant enhancemefttiee first-contact gas adsorption capacity
compared to the unsupported material. In additeom,improvement in the multicycle stability was

observed over twenty continuous cycles of gas atisordesorptiort> The improvements were
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attributed to a reduction in the LDH particle siaad an associated increase in the basic site
concentration available for gas adsorptidGubsequently, 2 - 30 wt% of a GO substrate wasddo

be even more effective than the other CN for imjsrgthe CQ adsorption performance of LDH 3

the improvement was attributed to the two-dimersi@eometric compatibility of the GO nanosheets
with LDH platelets. Small loadings of GO were fouiedbe most promising, with benefits plateauing at
higher concentrations due to apparent restackirtheotarbon sheets. However, it is not clear whethe
the GO only promotes multicycle stability or alésttcontact adsorption capactfy>?In addition to the
use of a support, the G@dsorption capacity of LDH can be improved by dgpiith alkali metal$® 34

The benefits of alkali metal promotion have beenficmed with both CNF-LDE* and GO-LDH®
materials; in general, residual sodium from the LDH synthessy remain in the LDH, resulting in a
significant enhancement of the first-contact adsonp capacity® Whilst the literature identifies
consistent trends for the adsorption capacity oflNH hybrids, the absolute capacities vary duehto t
specific adsorption conditions adopted, includirds@ption temperature and pressure, presence of
water, concentration of carbon support and degreemng.

Overall, the multicycle stability of CN-LDHtill has considerable scope for improvement; for instance,

for the best materials reported so far (GO-LDHg litss of CQ adsorption performance over 20 cycles
of gas adsorption-desorption under dry conditicg®ained a significant 15 - 40% (though improved
compared to the 50 - 60% loss for pure LB)* Despite their promise, neither MWCNT nor GO are
ideal supports: MWCNT, though offering a mecharicatrong network for LDH deposition, require
higher loadings to match the performance improveémeovided by GO, as the surface area is not as
intrinsically high, and the geometry less well nhatd. Increased CN loading negatively impacts the
overall cost and weight of the final sorbent. Oa tther hand, GO alone has poor network forming
ability, limiting benefits even at modest carboadogs due to restacking of the sheets.

Recently, hybrid GO/MWCNT systems have been repotteexhibit interesting synergistic effects in
certain applicationd>® Most studies focus on improvements in the properif electrochemical double
layer (EDLC) supercapacitors using hybrid GO/CNécalodes, compared to carbon nanotubes (CNTS)
and GO used independently*®Hybrid GO/CNT electrodes have also been foundfer superior drug
and gas sensing performari¢€5O/CNT hybrids are compatible chemically due te #tht attractions
between basal planes and the hydrogen bonding eetaeidic functional groupS. Geometrically,
CNTs act as spacers between the graphene sheet@nfing restacking and agglomeration. The

enhanced overall surface area of the structurdittdes the access of electrolytes (for electrodbam
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applications) and may improve the transport of ggseadsorption applications). GO can help to form
intimately mixed hybrid structures by acting as iapdrsing agent for unoxidized-SWCRfTor
MWCNT*®,

In principle, hybridized GO/MWCNT constructs arepapling as LDH supports, but have not yet been
thoroughly studied because of the complexity ofrgsilting three-phase mixture (GO/MWCNT/LDH),
although some recent reports have indicated promsotential for the use of hybrid graphene/nanetub
systems to support LDH for catalytic (NiFe-LDFfsyr electrochemical (NiAl-LDHY applications. Our
aim was to explore GO/MWCNT hybrids in more detaild specifically in the context of G@orption,

in order to overcome the limitations identified 10DH supported on either GO or oxidized MWCNT,
separately. We promoted the material with a snmatunt (5 wt%) of potassium to improve the absolute
performance and avoid variations due to low loasliofjadventitious alkali metal. The materials were
tested for CQ@ adsorption properties, and were fully characterite understand the deactivation

mechanism over several temperature-swing (TS) atieardesorption cycles.

2. Experimental

2.1 Materials

For this work, CVD-grown, multi-walled carbon nanbés (MWCNT) were purchased from ARKEMA
(Graphistrength), with an average diameter of 18 Am. Graphene oxide (GO) was purchased as single
layer water dispersion of 10 mg ml(flake size 0.5 - 2.4m and size 0.6 - 1.2 nm) from ACS Materials.
Mg(NOs)2- 6H,0 (99%) and AI(NQ)s- 9H,O (98%) were purchased from Sigmédrich; NaOH, HoSOy
(95%), HNQ (65%), NaCOs; and KCO; were purchased from VWR international. Polycarber{RC)

membranes were purchased from Millipore (HTTP Isepoembrane, pores diameter O.48).
2.2 Oxidation of MWCNT

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

known as carboxyated carbonaceous fragments, wdnehthought to be related to humic or fulvic
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acids)?® produced during the oxidation treatm&hf? 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 prcipitation method; typically, aqueous solutions of
Mg(NOs), 6H,O and AI(NQ)s; 9H,O (0.1 and 0.05 mol respectively) were mixed aneprazipitated
onto a basic solution of NaOH and #8&; (0.35 mmol and 0.09 mmol respectively). The resglti
white suspension was heated for 24 hours at 60nterwigorous stirring. The precipitate was filtbre
using a PC membrane and washed with 1 L of waté0&C, in order to completely remove residual
sodium. The samples were then dried for 24 - 48saul00 °C.

2.4 Preparation of the CN supports

Aqueous solutions (1 mg rif) of GO and MWCNT were mixed at 300 rpm for 4 hoar SO/MWCNT
ratios of 1:0 (pure GO), 10:1, 3:1, 1:1, 1:3, 16l &:1 (pure MWCNT). The mixed solutions were then

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

MWCNT-supported-LDH (MWCNT-LDH) and GO-supported HXGO-LDH) were prepared using
the following procedure. 100 mL of a 1 mg thisolution of either MWCNT or GO were vacuum-
filtered over a 0.4wm PC membrane until the desired low volume of carbalution was obtained. The
MWCNT- (GO-) wet paste was then transferred to @ bl round bottom flask and 9.9 mmol of NaOH
and 2.5 mmol of N&CO; added. Subsequently, 1.4 mL of a salt solution af(WDs), 6H,O and
Al(NO3)3 9H,O (2.8 mmol and 1.4 mmol respectively) was adddgk flesulting black suspension was
aged at 60 °C for 12 hours, under vigorous stirrifige sample was filtered and dried as explained

above for the preparation of unsupported LDH.

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

the co-precipitation of the Mg and Al salts, untlasic conditions. The name of the samples inclutles:
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type of substrate (GO, MWCNT or hybrid GO/MWCNT); 2) numbers in brackets, indicating the relative
proportion of GO and MWCNT3) subscript numbers, indicating the weight percentage (wt%) of carbon
substrate (GO, MWCNT or GO+MWCNT) in the sampler Example, GO/MWCNT(1:3)-LDH
refers to a material containing 50 wt% of a hylkcadbon substrate constituted of GO and MWCNT

mixed in a ratio 1:1.

CN-LDH samples were doped with an aqueous solutibiK,CO; by a modified incipient wetness
procedure. 1.5 mL of aqueous®O; (0.48 M, 5% to LDH mass) were added to a fixed d@of LDH

and stirred for 4 hours before drying in vacuumroge100 °C for 24 hours.
2.6 Calcination of CN-LDH

Prior to CQ adsorption measurements, CN-LDH were calcinedtubalar quartz reactor (5 cm internal
diameter), for 4 hours at 400 °C, under a 100 mi’roff nitrogen flow. Freshly calcined samples were
submitted immediately to CGOadsorption measurements, or used within a dayvtodastructure
reconstruction driven by spontaneous adsorpticatrabspheric moisture and GG@~urther conditioning

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

Multicycle CO, adsorption measurements were performed within A TR&rkin EImer 4000) equipped
with a CQ gas line. The sample was heated from 25 ° to @08t°10 °C mift under a nitrogen flow of
60 mL min*, and held for 2 hours. Temperature was then deeteto 300 °C and the gas feed was
switched to a premixed gas of 20% £/} and held for 1 hour. The multicycle stability dfet
adsorbents was assessed by performing repeatesl atepQ adsorption at 300 °C for 1 hour and
desorption at 400 °C for 30 minutes, under nitrogéme flow rate was kept constant at 60 mL ™in
throughout the experiment. Adsorption capacitiesewealculated from the change in mass of the
adsorbents before and after the adsorption stes fm@sponse was corrected by subtracting the
equivalent data from a blank empty TGA crucibleprder to take into account mass fluctuations due t
change in gas density and viscosity at the feedcbwand throughout the adsorption. Under the

operating conditions, the fluctuation of the blavks negligible.

2.5 Measurements and characterization
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Thermogravimetric analysis (TGA) was performed gsstnMETTLER TGA/DSC1 machine (Mettler-
Toledo International, Beaumont Leys Leicester, URypically, 2 mg of sample were first dried at
100°C under nitrogen for 20 min and then heategh ft60° to 800° at 10°C mihin 20 mL min™ of air.
X-ray diffraction (XRD) was carried out with a PAN#acal X'Pert Pro Multi Purpose Diffractometer
(Cu K, radiation) in reflection mode, with angle6j2varying between 5 ° and 80 °. Transmission
electron microscopy (TEM) images were obtained df@L 2010, operating at 200 kV. Samples were
prepared by dispersion in isopropanol (0.01 mg'nof CN-LDH, and allowing a drop to dry onto a
holey carbon copper grid (300 mesh, Agar Scieftiffcanning Electron Microscopy (SEM) images
were collected using a Gemini 1525 FEGSEM, fittedhwan Oxford Instruments INCA energy
dispersive X-ray spectrometer (EDS). Raman spemps characterisation was carried out on a
Renishaw InVia Confocal Raman microscope (Renispéy Wotton-under-Edge, UK). The system
calibration was performed using an integrated@iliwafer prior to measurement; Raman spectra were
obtained using a green laser (wavelength 532 ntensity 1 %, 10 seconds) in edge mode (2400
lines mm® diffraction grating); for the determination of the/lg ratio, Raman mapping was performed
in StreamLine acquisition mode ed. 10 um intervals on an area of. 500 um? for an acquisition of
1600 independent spectra between 1220 — 2700 using a green laser (wavelength 532 nm, 2.33 eV)
1% laser power, 10 s of exposure. The elementalposition of the adsorbents was measured by
inductively coupled plasma-optical emission spestopy (ICP-AES) in a PerkinElmer Optima
2000 DV apparatus. The carbon component of [(TNH samples was combusted in TGA; the metal
residue was dissolved in 5 mL adua regia for 24 hours. 2 mL of the digested solution weitated to

20 mL in deionized water, and submitted to analysisogen adsorption and desorption isotherms were
measured using a Micromeritics Tristar 3000 apparan 50 mg of CN-LDH samples, dried at 100°C
and held overnight under,Nbrior to adsorption measurements. Specific surtaeas were calculated
according to the Brunauer—-Emmett-Teller (BET) emumtThe pore-size distribution of the samples

was calculated from desorption branch using thedBatJoyner—Halenda (BJH) method.

3. Resultsand discussion

Initially, the hybrid substrates were analyzed withdepositing LDH platelets; mixed substrates were
prepared at different GO/MWCNT ratios of 10:1, 3ti1, 1:3, 1:5, and compared to the pure GO (1:0)
and MWCNT (0:1) forms. In the XRD patterns (Fig.ld)e intensities of GO (11.3 °) and MWCNT

graphitic carbon peaks (25.8 °) reflect their igaroportions in the substrates. The mean medsure
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thickness of the dried GO stacks was calculatenh fioe width of the interlayer reflection using the
Scherrer equatioff. Although hybrid GO/CNT materials have been regestudied?® °* *'the degree

of GO delamination, at different GO/CNT ratios, et been reported systematically. The pure GO
sample restacks on drying to an average 33 layewever, on hybridizing with MWCNT at an
optimum 1:1 ratio, the average number reduces tgp 8n 4 layers (Table 1). Hybrids with similar
degree of GO layering (4 - 32 sheets) have beeviqusly prepared by controlled LbL assembly,
however, the level of exfoliation reached in thegemt work is attributed only to the spontaneous
interactions between the GO and MWCNT. This impdbggfoliation, retained within the dried hybrids,

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

within their structure.

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

exfoliation (number of layers, left axis) and sfiecurface area (frg™, right axis).

Tablel
XRD calculated thickness of GO stacks, interlaysacing and nuber of layers. Overall specific sw@fareas of
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. GO (002) GO stack thickness Interlayer spacing GO layers S
GOMWENT oy (0.1 nm) (nm) #01)  (mg)

MWCNT / / / / 90.34 +0.4

1:5 n/e / / / 73.71+0.1

1:3 12.67 3.€ 0.7C 5.1 126.63 £ 0.7

1:1 12.9¢ 2.4 0.7C 3.5 127.16 £ 0.5

3:1 12.1¢ 4.¢ 0.7C 7.1 101.72 £ 0.3

The 10:1 11.3¢ 19.2 0.7¢ 247 49.66 £ 0.1
GQC 11.3¢ 26.1 0.7¢ 33.t 23.41+05

addition of a proportion of the increasingly exétéd GO raises the average surface area, reaching a
maximum for the 1:1 hybrid (127g™"). The synergistic improvement in surface area rfixed
materials can be attributed to the MWCNT actingpecers for the GO sheéldprming a network that
evenly supports the high surface area exfoliatedl&®@rs (SEM, Fig.S1b). Similar results have been
observed previously for GO/MWCNT hybrids prepareithvmixing approache¥, although the surface
areas reported are generally lower due to postegsieg reduction of GO, for use in electrodes. As a
control, solid GO powder was added into a MWNCTpsusion to produce a phase separated network,
with a distinctly different appearance (Fig.SBRA traces of the mixed substrates reflect theadéfiices

in their compositions (Fig.S1a); the weight loss280 °C of highly concentrated GO systems is
associated with the removal of the surface oxide®] systematically disappears for the lower
GO/MWCNT ratios.

Initially, the effects of hybridizing LDH with CN @re explored using three key examples as the carbon
supports: GO-, MWCNT-, and the optimal GO/MWCNT (&:fixture; in each case 50 wt% LDH was
combined with 50 wt% CN, to form the samples term&®s,-LDH, MWCNTs,-LDH, and
GO/MWCNT(1:1)0-LDH, respectively. TGA profiles of these samplesl @f a reference unsupported
LDH control (Fig.S3b) confirm the presence of thepected carbon and LDH componehtsthe
estimated proportions (wt%, Table 2) match the maiioadings, assuming that the combustion
residues of each phase are simply additiverom ICP analysis, the average Mg/Al ratio of #se
synthesized CM-LDH materials was determined as 2.1 + 0.1, wh&chery close to the nominal ratio
of 2; the mean potassium doping was found to be+®14 %, (Table2), confirming the
straightforward nature of the synthesis processe TBH content is essentially determined by the

proportion of salt precursors to nanocarbon, dugetr quantitative conversion. The XRD patterrhef t



252
253
254
255
256
257
258
259
260
261

262
263
264
265

266

267
268
269
270
271
272
273

unsupported LDH reference (Fig.S3a), exhibits tkpeeted features, with narrow, symmetric and
strong lines at low 2 angles, and weaker lines at high values. The (A reflections (003), (006),
(009) are easily recognized, as well as the twtectbns of (110) and (113), clearly distinguished
between 60 ° and 63 ° (JCPDS No. 14-191). The baflaction (003) at 11.8 ° falls approximately at
the same @ angle as the GO layer spacing (11.4 °), althobhghQO peak is weak and tends to diminish
further after hydrothermal treatment (LDH synthesisditions)'> due to elimination of the oxidative
debris. The graphitic carbon (002) at 26.3 ° idait®nl from the other peaks. For &NLDH, the (003)
peak broadens compared to the unsupported samgibde(Z). This effect can be attributed to a reduced
crystallite size in the stacking directiotrdirection) from 22 nm for pure LDH to 5.7 - 15 rfar CNs¢-

LDH, due to CN modifying the nucleation/growth cétimhs®* *°

Table2
Summary table of samples composition, morphololgaracteristics and G@dsorption properties.
2 LDH platelet thickness calculated from the (0083 by Scherrer equatichgas adsorption capacity relative to

the F'adsorption cycle.

LDH co, Rel X
Cwt% Cwt% Mg/Al K platelet Sger Vpores capacity
Sample (nom) (actual) (mol/mol)  (wt%) thicknes® (m*g™ (cr‘r:3 ') adsor_?ed 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 4.9 15 77.69+1.98 0.31 0.24+0.03 77
GOso-LDH 50 46 2.2 5.3 5.7 84.89£0.17 0.27 0.27 £0.02 65
COMWENTE:D 59 46 1.9 51 137 10351%0.36 041 0.49+0.01 96

A change in crystallinity may also contribute te theak width, although LDH crystallinity is usually
dictated by temperature, ageing time, pH and mixatg>* >*factors that were kept consistent between
batches. Peak broadening is much more noticeabladoGGQy-LDH sample than for MWCNz-LDH
(LDH platelet thickness of 5.7 nm and 15 nm, resipely); the two dimensional GO sheets should be
more compatible with the LDH platelets than the MMIC"®> The LDH platelet thickness of the
GO/MWCNTso-LDH hybrid (13.7 nm) is intermediate between G@d MWCNT-LDH. No crystalline

signal for the potassium carbonate promoter wasctkd, consistent with the low loading introduced
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(5%) and a homogenous distribution. In principleM'Ean help to confirm platelet thickness, but is
difficult to apply, with statistical significanceo tLDH supported on convoluted GO; qualitatively,
however, TEM (Fig.S4) indicates a similar LDH platethickness as the XRD results. SEM and TEM
images confirm an intimate association between Lhafticles and the carbon substrates, with LDH
aggregates covering the surface of the GO (Fig2MUVCNT (Fig.2b,e) and the hybrid (Fig.2c,f).
Importantly, the GO/MWCN{,-LDH hybrid manifests enhanced specific surface a@mpared to both
GOs0-LDH and MWCNTso-LDH (Table 2), continuing the trend identified aledfor the supports in the
absence of LDH (Fig.1). Previous work suggests tiat2D geometry of GO sheets may offer a more
compatible nucleation surface for the LDH platetétisowever, there is no evidence of selective growth
in the GO/MWCNT-LDH material. The similar conceriiom of oxygen functionalities (1 - 2 mmot'y

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

The properties of the GMLDH materials as C@®adsorbents were assessed over 20 cycles of gas
adsorption-desorption. All the samples manifestast fintrinsic CQ adsorption kinetics (Fig.3a),

achieving more than 80% of their equilibrium capaciwithin 30 minutes. Ciritically, the
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GO/MWCNTse-LDH hybrid exhibited the highest gas adsorptiopazty (0.49 mol C@kg'LDH),
more than twice the value of unsupported LDH (Grid CO; kg*LDH), and significantly higher than
LDH supported on GO and MWCNT independently (0.2@ 8.24 mol C@kg'LDH, respectively).
The first-contact adsorption capacity of the 40DH sample is higher than the MWCRHLDH one,

in accordance with previous resultsUnder these operating conditions, the GO/MWCNT sttale
alone has a negligible GGdsorption (0.02 mol C&kg* carbon) compared to the LDH component
(Fig.3a). Previous studies have also shown verydapacity on either raw or acid treated nanocarbons
and have ruled out any contribution potentiallwiag from residual catalyst particl&s.
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Fig.3. a) First-cycle C@adsorption profiles of unsupported/supported LDid &O/MWCNT (1:1) substrate, at
300 °C and By= 0.2 bar, after blank subtraction (pan+substrafejbstrate curve refers to mol g:lﬁg‘l of
carbon; b) normalized Gxdsorption capacity over 20 adsorption-desorptigies; ¢) multicycle profiles of
activated GO/MWCNT(1:1)-LDH and unsupported-LDH samples. Values are ligtethble 2
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The adsorption capacity of all the samples showeddgreproducibility among three repeated
measurements for each sample (standard deviatiorodf- 0.03 mol Cokg*LDH). The improved gas
adsorption capacity manifested by GO/MWGMNIDH can be attributed to the presence of the high
surface area hybrid support and the enhanced etecDH surface area, due to changes in cryst&a siz
and quality (Table 2). Smaller supported-LDH pletelare thought to have a higher concentration of
active edge sites, which were previously shownrtwipe the binding sites for G@dsorptior?. There is

a synergy between the MWCNT, which provide a robogén network, and the GO, which is
geometrically compatible with LDH.

f—

| 20t cycle
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Fig.4. SEM images of unsupported LDH materials: a) caldjrb) at the ZDcycle of gas adsorption-desorption;
¢) XRD evolution of unsupported LDH at differenagés of the adsorption-desorption test: as-syrsbagiAS),
calcined (C) materials, after 10, and after 20 €ycl

The regeneration and stability of the adsorbentsewsdso assessed by carrying out continuous
adsorption-desorption cycles under dry conditidfig.Bb-c). Unsupported LDH materials are known to
suffer from irreversible declines in the adsorpticapacity over cycling® due to chemisorption

phenomena and particle sinteritigihe present, unsupported LDH sample follows alamdecreasing
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trend to previous reports (Fig.3b,c), exhibitinkpss ofca. 50 % of adsorption capacity at theé™ycle.
This trend is associated with a progressive simgeaf the LDH platelets (SEM images, Fig.4), which
likely contributes to the loss of surface area hadic site availability. However, this poor multty
stability is mitigated by supporting LDH on eith@© or MWCNT, but only partially. In contrast, the
GO/MWCNT(1:1}0-LDH hybrid retains up to 96% of its initial G@dsorption capacity throughout all
the 20 cycles of testing. This exceptionally stdi#bavior has not been observed before for adsopti
under dry conditions, and suggests the preseneesyhergistic effect of the MWCNT and GO. The
presence of modest levels of dopants were prewialsiwn not to affect the multicycle stability diet
materials, but only the absolute capadtty.

To provide an explanation for this retained st&pilthe morphological evolution of LDH and GN
LDH samples was studieda XRD, SEM and Raman spectroscopy (Fig.5,6,7), féerdint stages of the
multicycle adsorption tests, specifically as-systhed (AS), calcined (C), after 10 cycles and a#@r
sorption cycles. Cycling adsorption-desorption dest unsupported LDH caused the structure to
progressively lose surface area, likely due to ioowus decarbonation, irreversible chemisorption
effects, sintering or carbon deposittnThe calcined particles were found to sinter in&mgér
structures, as calculated from the width of theOj2teak of periclase in XRD (Fig.5, and Table in
Fig.S4), eventually halving the initial adsorpticepacity.
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7 .
:
§°7 - N
w
@ 5+
S o
T 4
o e

. A
3{ e e
- R v

g g

14

U T T T
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Fig.5. Graph of MMO particle size for calcined unsuppdri.DH and CNy-LDH at different stages of the
multicycle adsorption process. The reduced slogbeturve evidences reduced sintering effects.
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The GQo-LDH material exhibits significant structural chasgfollowing the thermal cycling (Fig.6a).
On calcination, GO is thermally ‘reduced’ leading rtestacking and the appearance of the (002)
graphitic peak at ~26.4 °; at the same time, peasociated with free JO; appear, indicating that
some of the impregnated salt was associated wathodt GO oxygen moieties, as expected due to acid-
base interactions. By the "L@ycle, the intensity of the graphitic (002) pealsignificantly decreased
and eventually lost by the ‘QQ;yCIe, consistent with the disappearance of theradteristic G and D
bands from the Raman spectra, which are normalbpcated with graphitic structures (Fig.7a).
Previous work reported that heat treatments of NiIlNDH/GO hybrids at high temperatures
(450 - 800 °C) in inert atmosphere caused gasifinand removal of the graphitic materiaHere, the
temperature is modest, but apparently sufficierdaiese a similar loss of the graphitic componehe T
loss of carbon is supported by TGA (Fig.S5), shawimat the carbon content in the GO-LDH material
drops from 46 wt% before cycling (Table 2)da 6 wt% afterwards. Towards the end of the cycling
experiment, the potassium redistributes into thiclse phase® indicated by the disappearance of the
initial K,CO; peaks in XRD pattern (Fig.6a). The degradatiothefGO substrate and associated loss of
support, allows the MMO particles to sinter, ingieg their size as estimated from peak width (Fig.5
and S4), though at a slower rate than the pure LDié¢se observations account for the 30% capacity
loss measured for GQLDH after 20 cycles. Although GO appears not toadpeideal substrate for
LDH, it slows the deactivation of the adsorbent thusintering, both in rate and in extent.

For MWCNTse-LDH (Fig.6b), the initial calcined structure isttes retained over cycling compared to
GOso-LDH, as the carbon (002) and periclase (200) céfies are present in all the XRDs. Though
reduced in intensity, the XRD carbon peak and ypecal Raman features of MWCNT are still detected
at the final adsorption cycle (Fig.7b). Howevemare defective structure is confirmed by the insesh
In/lg ratio of the cycled sample (Table Fig.7d), andph#ial loss of G band splitting. There appears to
be insufficient kCO; associated with the much smaller oxidized MWCNTieee, to nucleate separate
salt crystals. Overall, the MWCNT network is moobust than GO, unsurprisingly as only the surface
is initially oxidised, leaving a lower surface araad more perfect graphitic core that appears mot t
gasify as readily as the GO. Thus, the sinteringthaf sorbent particles is reduced compared to
unsupported LDH and G@LDH (Fig.4 and 5). These observations are in taffected by the greater
retained adsorption capacity (75%) manifested ByMNVCNTs¢-LDH sample in the last cycle.

The GO/MWCNT(1:13o-LDH hybrid benefits from the presence of both ¢ CN. Whilst the GO is
reduced (no layer peak at 11.4°), the XRD pattéithe calcined hybrid is relatively little alteredring
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subsequent cycling (Fig.6¢), and the graphitic Ratand is better retained compared to either pure
case (Fig.7c). In the GO/MWCNT(1s8LDH hybrid, the MWCNT and the GO appear to act
synergistically. One possible explanation is the large flat GO flakes, coated in LDH, provide a
barrier offering a degree of protection to the MWIGCNwvhilst the MWCNT maintain a network
scaffolding that limits sintering of the LDH/perdsle that otherwise leads to exposure of the (refluce
GO framework. The microstructure of the hybrid, whan the SEM images (Fig.6c¢), indeed exhibits
much coarser plate-like features than the MWGNDH, but more separated into discrete particles
than the G@-LDH. This stable, hybrid support shows very litdatering of the periclase particles
(Fig.5 and S4), consistent with the excellent rigb@nof the capacity (96%) across the 20 cycles
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Fig.6. XRD patterns of a) G&-LDH, b) MWCNTs,-LDH, ¢) GO/MWCNT(1:1}-LDH at different stages: as-
synthesized (AS) and calcined (C) materials, dferand after 20 cycles of gas adsorption-desarp(ik) LDH
reflections, (*) graphitic carbon, (°) periclase) potassium carbonate. SEM images of calcined kagmd after

cycling 20 times.
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Fig.7. Raman spectra ak .ser Of 532 Nm of activated (calcined) materials anderafO cycles of gas
adsorption/desorption for a) G&LDH, b) MWCNTse-LDH and ¢) GO/MWCNT(1:1-LDH materials. Spectra
are normalized to the G modecat 1575 nm. d) Table with calculategll; ratios.

Having established a synergistic response, theentie of different ratios of GO and MWCNT on the
final CO, adsorption properties were explored at a range@MWCNT compositions (1:5, 1:3, 1:1,
3:1). The GO/MWCNT substrate of composition 10:&uleed in poor hybridization and low surface
area (see Fig.1), and was not investigated furfhlee. other hybrid substrates were added to LDH at
various fractions (50, 30, 20 carbon wt%), prodgcirsupported hybrids denoted as
GO/MWCNTs¢-LDH, GO/MWCNT;3¢-LDH and GO/MWCNTBe-LDH, respectively. Lower loadings of
the inert supports are more appealing industrigblgaking, since they reduce the size of the adearpt
units and limit the overall costs; in addition, ghrevious optimums for the pure GO and pure MWCNT
supports were at 50 wt% carbon, or less. Genelthlgge three phase hybrids were formed successfully
(XRD, Fig.S6). LDH grown on low GO/MWCNT ratio supgs display broader XRD (003) peaks, and
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thus smaller platelet thickness in thdirection (Fig.8a and S6), which is consistentwite formation

of a well hybridised material and the initial trendiscussed above.

First contact C® adsorption capacity and multicycle stability wesssessed as previously, and
compared to BET surface area data (Fig.S7). Thaltsegan be summarized as follows: 1) the
adsorption kinetics for all the adsorbents is vist, with 80% of the equilibrium capacity reached
again in the first 10 minutes of gas exposure §8g,c,e); 2) regardless of the proportion of thgpsu
added to the LDH phase, the highest intrinsic, @@sorption capacity is always exhibited by LDH
supported on a GO/MWCNT substrate of compositioh (Eig.8b-d); 3) LDH deposited on the
GO/MWCNT (1:1) substrate also manifest the higlsestace areas within each set of carbon loadings;
4) for each set of samples, the CQptake trend is consistent with the BET surfaceaaof the
adsorbents (Fig.8b-d).

Fig.8. a) Crystallite size of the adsorbents per suppme. Specific surface area {g7) and CQ uptake (mol
CO, per mass of LDH)vs support type for b) GO/MWCNELDH, ¢) GO/MWCNTs-LDH, d)
GO/MWCNT,,-LDH (values in Table S2). The error bars for tHeTBare very small (as indicated in the tabulated
data, Table S1), and mostly negligible on the schtbe plots.
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412  The specific surface area of the hybrids is relaethe level of GO exfoliation/MWCNT intercalation
413  achieved, and reflects the results for the pureocamon blends. The enhancement in the intrinsic
414  adsorption capacityi.e. per mass of LDH) is important from a fundamentaispective; however, in
415  practical terms, it is also important to considex adsorption capacity per mass of total adsorfpent
416 LDH+GO+MWCNT). The 3d plots of all the sorption dafFig.9) confirm the optimum substrate
417  composition GO/MWCNT 1:1 (blue bars), and highlgtihat, across all the GO/MWCNT ratios, the
418 optimum carbon loading is between 10-20 wt% (0ntb CQO kg ads for the
419  GO/MWCNT(1:1b-LDH hybrid), lower than previously used suppordiions:® ** This range takes
420 advantage of improved dispersion and gas accagsiithout increasing significantly the total masfs
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adsorbent. The existence of an optimum carbon hgadvhen normalising to the total mass of sorbent,
was reported previously both for the pure MWCNT-LI¢ptimum at 35 — 50 wt% MWCNT) and
pure GO-LDH (optimum at 5 - 10 wt% GBkystems. As expected, the optimum loading fomtterid
GO/MWCNT-LDH falls between the two previous valuakhough much closer to the GO-LDH, due to
the greater specific surface area of GO once Hasigds prevented. Once isolated, a relatively $mal
fraction of GO is sufficient to support all the LDplatelets. After 20 cycles (Fig.9b and S8), the
adsorption capacity per mass of adsorbent contirtoegxhibit a marked improvement for all
GO/MWCNT supported LDH samples compared to botle jubH and LDH supported on only GO or
MWCNT (red bars). The optimum performance is stitiserved for equal proportions of GO and
MWCNT, for all contents of LDH. The capacity logsthe best cases, was only between 4% and 9%,

much lower than previous reports for other suppbkH&s, under dry conditions.

Fig.9. CO, adsorption capacity per total massadorbent at a) #' cycle and b) 20 cycle, for all the samples.
The data show consistent trends across a largeatnuwhisamples, confirming the hybrid effect.

The absolute CPadsorption capacity of the CN-LDH hybrids, thougieatly improved compared to
unsupported LDH, remains on an average 0.4 - 01508 kg adsorbent. This range is lower than
other types of commercially-available solid adsatbge for example 0.1 - 5 mol GRg™ zeolite and

0.1 - 3.5 mol C@kg™ activated carbons, tested at their active tempezaif 5 — 100 °C° However, as
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0.42
—_ mol kg
'y =
2 0.23
- = 0.31
8 60 0.17 mol kg
= . mol kg
> T
E T 0.10
a 404 |0.10 imol kg
8 mol kg
)
o
©
© 20
o

0 I I 1 I T I
Pure LDH ALO,-LDH MWCNT-LDH ?GO-LDH PGO-LDH GO/MWCNT-LDH
(13,16, [13] [13] [31] (16] [this work]

this work]

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

(200 — 400 °C), with good kinetics and potentialyer long cycle lives. Moreover, they require low
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energy in regeneration (300 - 400 °C), as opposeatter high temperature solid adsorbents (LiZrO
and CaO systems) which, although possessing higtisorption capacities, can be regenerate only
above 600 — 800 °C, and manifest slower adsorgkioetics. The 20 cycles tested in this study were
selected to allow practical evaluation of a largember of hybrids, using a common range in the
scientific literature; clearly industrial evaluatiovould require extensive studies across a rangeooé
realistic conditions. Nevertheless, the 96 % ravandf sorption capacity is a striking improvemener
previous studies (Fig.10), and the absolute amgastsorption in the last cycle is also significantl
higher (0.42 mol C@kg™ ads) than recent reports. It is worth noting tMais et al. reported a stable
cycling behaviour of their CNF-supported LBHbut under wet conditions (wet G@as feed (83%
No/12 % HO/5 % CQ), which are known to obscure any specific staibijeeffect of the suppoff In

the present case, the increased stability in deg-fmonditions can be directly attributed to thespree

of the carefully designed high surface area andsbsubstrates.

Fig.10. Summary of comparable data for recently reportegdA1CO; LDH materials: CQ adsorption capacity
retention (per mass of total adsorbent and relativéhe f' contact adsorption) at the 2@dsorption cycle.
Examples considered include only materials testedeu similar operative conditions (dry gas feedhtrh,
medium temperatures of 200-400 °&Ylg/Al NO; LDH type,® Mg/Al CO; LDH type.

4, Conclusions

The use of a hybrid GO/MWCNT support for Layereduble Hydroxides offers a clear synergistic
benefit in CQ adsorption applications. This synergy can be cmmed as a true “hybrid effect”,
highlighting the benefit of combining phases suwt the mixed phase performs better than eithex pur
phase or a simple rule of mixtures. Compared tstsates consisting of a single nanocarbon spetties,
mixed GO/MWCNT systems are more effective, morélsteand offer a higher specific surface area for
the active LDH material. Systematic investigatimmsistently identified equal proportions of GO and
MWCNT (ratio 1:1) as the optimum composition to nmaize both accessible surface area and sorption
performance. Indeed, the surface area was foundotrelate directly with the COuptake. Both
MWCNT and GO contribute to the surface area and sgwport the LDH platelets; however, the
primary role of the MWCNT is to form a compatibtebust network, preventing restacking of the GO; a
high degree of exfoliation is therefore retainedhia GO phase, providing a large surface aniorea ar

with a 2d geometry, particularly suited to the mation and growth of smaller cationic LDH platelets
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When exfoliated, GO sheets are a more efficienpstpthan MWCNT. The presence of an open,
accessible, high surface area network stabilizesfittal adsorbent, minimizing the deactivation and
sintering effects normally observed for unsuppoit®di. Careful processing was required to generate
the intimate, uniform, three phase mixture thatuees an effective hybrid response. The best hybrid
identified (GO/MWCNT(1:1)-LDH) had an intrinsic adsorption capacity of 058! CO, kg™ LDH,
corresponding to 0.46 mol GRg* of total adsorbent. The good performance per divareight of
sorbent is particularly noteworthy, since many pras studies used much higher dilutions of LDH on
the support, increasing the weight significantlyog¥istrikingly, the intrinsic C@adsorption capacity of
the hybrids was exceptionally consistent over reggkaycles of gas adsorption-desorption, even under
dry conditions, retaining up to 96% of the inits&rption capacity after twenty cycles, significgntiore
than both unsupported LDH (50% retained) and presieports for supported LDH (60 - 85%). This
type of hybrid sorbent may be considered, in thmg lterm, for targeted pre-combustion carbon capture
applications, for instance in sorption enhancecewgas shift reactions and sorption enhanced methan
reforming, but may also be applied to smaller ssalption problems. The improved performance of the
supported LDH is likely to be relevant to other wmoLDH applications, including as heterogeneous
bases for catalysis, as sorbents for the desulmtion of fuel®® and in pseudocapacitotsin addition,

the concept of a GO/MWCNT hybrid network as sulstan be readily extended to other adsorbent
materials, particularly where problems of sorbesgrddation over use are still pres®rDther forms of
1d/2d hybrid materials can also be considered, idighan the growing body of nanomaterial feedstocks

considered to be analogous to graphene/nanoftibes.
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