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High cobalt oxide concentrations were able to shield the microporous silica network from

excessive structural rearrangement during harsh hydrothermal testing
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Highlights:

* Hydrothermal stable microporous cobalt silica xetegwere successfully
prepared demonstrating less than 25 % surfacel@safter exposing to a harsh
condition of 75 mol% vapour at 550 °C for 40 h.

* The hydrothermal stability of the xerogels was higtiependent of the cobalt
concentration.

* High concentration of cobalt oxides can shield siica network from further

condensation reaction, conferring improved hydnotiae stability.
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Abstract

The hydrothermal stability of the cobalt oxide calixerogels was comprehensively
investigated, including the effect of Co/Si molatio (0.00-0.50), vapour content (0—75
mol%), exposure time (0—100 h) and temperature{250 °C). Physicochemical properties
of the xerogels were characterized by nitrogen temp FTIR, solid-state?®Si NMR
(CP/MAS), micro-Raman, XRD and HR-TEM techniqueseTstructural characterization
indicated that increasing cobalt incorporation liiteid the degree of condensation in the
silica network, and that the formation of tricobi@troxide (Ce0O,4) nanocrystals in the silica
matrix was only observed in high cobalt loading pla®s (Co/Sik> 0.25). The hydrothermal
stability of the xerogels assessed byd¥rption was found to be strongly dependent on the
cobalt loading; particularly when the presence of@; in the silica matrices was implicated.
For the unstable xerogels (Co/Si < 0.25), the nadterstability was significantly decreased
by both vapour content and exposure time, resuitiran almost 90 % surface area reduction.
On the other hand, the high cobalt loading xero¢€ls/Si> 0.25) were found to contain
Co304 and were much more stable, losing less than 25 %urdace area and maintaining
microporous structure after exposing to a harshditiom of 75 mol% vapour at 550 °C for
40 h. A structural model is proposed whereby thieattooxide particles ‘shield’ the silica
matrix and inhibit the hydrolysis and condensatanthe silica in the pores walls. This
effectively limits the structural rearrangementtthgdrothermal treatment typically invokes

and therefore confers improved hydrothermal stigbili

Keywords: silica xerogels, hydrothermal stability, tricobtgtroxide (CgO,)
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1. I ntroduction

The silica sol-gel process represents a powerfel, symple approach to synthesise
functional materials for membranes, catalysts, msnsnd optical applicatiorts. This
process is versatile, with the ability to tailorustures with controllable pore sizes,
particularly around 3 to 5 A for molecular gas #ievseparation?® In this process, the
condensation reaction of silica alkoxides is inf@ith thus generating uncondensed species
known as silanols (Si—OH). Silanol moieties fregljerpenetrate one another as they are
forced into close proximifyduring the sol-gel process leading to gelation sitida film

formation.

From one perspective, this process is ideal agmtbgoenetration of silanol groups in the
silica matrix provides an ideal synthesis environtfer molecular pore size tailoring. On the
other hand, silanol groups are hydrophilic, andicail matrices undergo structural
rearrangement in the presence of waltgrarticularly within the first day of exposutkAs a
consequence, the pore sizes enlarge, leading fitectgal gas separation and loss in

membrane performancé.’®

To address the hydro instability of porous silicatnces, several groups have embedded
structural stabilising entities into the silica mmat These have included covalently bonded
templates?* *° carbonisation of cationic surfactalitand doping of metal oxides based on
nickel!” cobalt® ' and niobig€® The incorporation of metal oxides such as cobaly m
prevent thermally-induced movement of silanol gupsulting in rearrangement of the
silica network under hydrothermal conditidfighus rendering silica membranes hydrostable.
Nevertheless, many of the hydrothermal investigatimvolving silica membrane materials
reported in the literature were carried out undamditions of moderate temperatures and
generally at low steam concentrations. This isgaiBcant limitation regarding the current
body of literature, as there is no proof that psrsiica structures can withstand long term
exposures at high steam concentration and tempesatOf the limited work performed in
this area, the most significant studies showedadbhalt oxide silica membranes operating at
high temperatures (500 °C) gradually decline irfqrerance'® # Interestingly Battersby and
co-worker$? showed that the densification of the silica matrixurred for both cobalt oxide
silica and pure silica matrices, though the formeaintained microporosity after high
pressure exposure in an autoclave, contrary tarteso-macroporisity for the pure silica.

Hence, the incorporation of metal oxide into siliceatrices has been shown to improve
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hydrothermal stability. Despite these studies, €hés a paucity of comprehensive

hydrothermal investigations to fully understand hbese properties may be conferred.

This work systematically investigated the stabilitfy cobalt oxide incorporated silica
xerogel matrices under various hydrothermal treatroenditions, including harsh conditions
of high temperature and high water content, to ig@vJurther knowledge in the structure-
property-performance relationship. Sol-gel progegsvas used to synthesize cobalt oxide
silica xerogels containing a parametric increas€@fSi molar ratio from 0.00 (blank sample
— pure silica) to 0.50. The resultant xerogels wisgted under different hydrothermal
conditions as a function of water vapour conceiumnafl0—75 mol%), exposure time (20-100
h) and temperatures (250-550 °C). Finally, the oghemical properties of xerogel
matrices were characterized by nitrogen physisomptATR-FTIR, solid staté’Si CP/MAS
NMR, micro-Raman, XRD and HR-TEM techniques.

2. Experimental

Cobalt silica sols with a Co/Si molar ratio rangimgfween 0.00 and 0.50 were prepared
by a sol-gel method described elsewHgreBriefly, cobalt nitrate hexahydrate
(Co(NGy),-6H,0, 98 %, Sigma-Aldrich) was dissolved in a solutminhydrogen peroxide
(H20,, 30 wt%) and ethanol (EtOH, 99 %, AR grade). Thetune then was cooled down to
0 °C using an ice bath. Tetraethoxysilane (TEOSY9%luka) was added drop-wise and
stirred for 3 h to achieve a final molar ratio &52 80: 4: 0-2: 9 for the EtOH:,B: TEOS:
Co(NG;); - 6H,0: H,O; sol. The pH was measured between ~3.5 and 4 whiaebove the
isoelectric point of the silica particles (pH 143l the sols remained clear and transparent
during the sol synthesis which indicated that tbks svere stable and homogenous. The sol
was dried in an oven at 60 °C for 96 h. The driecbgels were ground into a fine powder
and calcined in an air atmosphere in a temperatomé-olled furnace at 630 °C for a hold
time of 2.5 h with heating/cooling rates of 1 °Cnmi The ‘as-synthesized’ materials are
hereafter denoted by XCoSi, where X is the moltao raf cobalt to silicon, e.g. 0.10CoSi for
the cobalt oxide silica xerogel with 0.10 Co/Sid&n00CoSi for pure silica.

Nitrogen sorption experiments were carried out dti@omeritics TriStar 3020 analyzer
after degassing under vacuum on a MicromeriticsP¥@p061 at 200 °C for a minimum of 6
h. The specific surface areas were calculated treradsorption isotherms via a multi-point
Brunauer-Emmett-Teller (BET) model. The pore volumas obtained from the amount

adsorbed at a relative pressure (P@® 0.95. Fourier transform infra-red (FTIR) spacivere

4
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collected with a Shimadzu IRAffinity-1 with a PiklIRacle diamond attenuated total
reflectance (ATR) attachment. Spectra were takesr avwavenumber range of 4000-500
cm . Peak fitting of the FTIR spectra was performeidgishe Fityk software (version 0.9.4).
The peak position and peak height were allowedaty between samples to achieve the best
possible fit.

Cross-polarization magic-angle-spining (CP/MAS) idstate *°Si nuclear magnetic
resonance spectroscopy (NMR) was performed on aanéer Il spectrometer (Bruker),
operating at 300.13 MHz fdH and 59.627 MHz fof°Si. The samples were placed in a 4
mm zirconium rotor and rotated at magic angle witlkkHz frequency. The spectra were
recorded using the SP-hpdec technique (single paitfe high power proton decoupling).
The parameters included 42 ms acquisition time sitbep width of 30 kHz; 2K data points
were collected. Cross-polarisation time was 5 mghkbower decoupling at 73.53 kHz was
applied using tppm15 scheme. Between 200 and 1&fissvere collected. The recycle time
was determined as 150 and 500 s, according todimple’s T. Peak fitting of the NMR

spectra was performed in a similar way as FTIR spec

Micro-Raman spectra were acquired using a Nicoleheyja XR dispersive Raman
spectrometer coupled to an Olympus microscope usiHg: Ne laser (633 nm) over 2000—
70 cm™. X-ray diffraction (XRD) was conducted on a BrukBB Advance fitted with
graphite monochromators using Cu-Kadiation at an operating voltage of 40 kV and
amperage of 40 mA. Full scans were collected 0@e8@ °d with a scanning rate of 3.2

s/step, with focused scans collected between 32281®ith a scanning rate of 30 s/step.

High-resolution transmission electron microscopyR{HEM) was performed on a
JEOL2100 equipped with an energy-dispersive X-nagcgoscopy (EDS) accessory. TEM
grids were prepared by drop-casting an aliquotesbgel ethanol suspension onto a holey

carbon film and air-dried before examination.

Hydrothermal treatment (HT) of the as-synthesizedogels (0.00-0.50 Co/Si) was
conducted in a customized rig (see Fig. 1). Thepwrature of the furnace was controlled by
a PID temperature controller. The water flow rataswcontrolled by a Bronkhorst flow
controller and was preheated to 200 °C in the vaporThe carrier gas flow rate §Nwvas set
to 40 ml min’. The xerogels were placed inside the quartz tubeate and tested under
different hydrothermal conditions (Table 1) to istigate the effect of water vapour content

(10—75 mol%; with equivalent water flow rates 02-6.4 g h'), exposure time (20—100 h)
5
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and temperature (250-550 °C) on the structuralasarfproperties which were evaluated

based on the Nsotherm profile and surface area.

Flow meter
N, <
Vaporizer
Water
reservoir
—D><G— C _l
Furnace

Liquid flow controller

Figure 1: lllustration of customized hydrothernmesttrig

Table 1: Hydrothermal test conditions of the astisgsized cobalt silica xerogels

Samples Temperature Vapour content Time Water flow rate
P (°C) (mol%) (h) (g )
550 10 20 0.2
25 0.6
50 1.8
. 75 54
XCoSi
(X=0.00, 0.05, 550 25 138 0.6
0.10, 0.15, 0.25
and 0.50 of Co/Si) ~ °°0 75 2 5.4
350
550
3. Results and discussion:

3.1  Assynthesized xerogels before hydrothermal treatment

The FTIR spectra of the as-synthesized xerogelstaen in Fig. 2(a). The spectra agree
well with previously reported FTIR investigations silica-based materiafé: ?° The bands
near the wavenumber region of 1220 and 1080 correspond to the longitudinal optic (LO)

and the transversal optic (TO) modes of the asymaenstretching vibrations of siloxane



Page 9 of 24

RSC Advances

groups (Si-O-Si), respectivelyIn addition, the peak centered at 800 tmas assigned to
the symmetric stretching vibrations of the sameugs3® A shoulder peak centered at 950
cmitcan be attributetb the Si—Ostretching vibration of the Si-OH.Also shown in Fig.
2(a), the peak around 670 Trvas allocated to the vibrational stretching moafe8o(I11)-O
bonds in tricobalt tetroxide (G0.).?® ?° The formation of C¢D, was clearly influenced by
the cobalt loadings. At low Co/Si molar ratio (CokS 0.25), no cobalt species can be
detected by FTIR which is in good agreement withores published elsewhef®.?° The
presence of G, can only be observed in the high cobalt loadinggels; in 0.25Co0Si and

0.50CoSi, especially.
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Figure 2: (a) FTIR spectra of the as-synthesizedgeds and (b) Ratio of silanol (950
cmY) peak area to siloxane (1070 ¢jrpeak area as a function of Co/Si molar ratio

One interesting observation in the spectra wasctireelation between a systematic
redshift of the Si—-O-Si TO mode with increasing &omolar ratio. Specifically, the
frequency of this vibrational mode shifted from 820cm™ for 0CoSi to ~1045 cm for
0.50CoSi possibly due to an increased interactetwéen the silica and the cobalt oxides.
Furthermore, the peak intensity of the silanol bardeases as a function of Co/Si molar
ratio by visual inspection. Therefore, the bandatirey to the silanol (950 cr) and siloxane
(1070 cm?®) groups were decomposed to estimate and comperdetjree of condensation

between the xerogel matrices; where a low silandibxane ratio correlates to a high
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degree of condensation. Fig. 2(b) shows the peaék i@tio of silanol peak over the siloxane
peak as a function of Co/Si molar ratio. The ratmreases linearly from 0.03 for 0.00CoSi to
0.35 for 0.25Co0Si, reaching 0.41 for 0.50CoSisltlear that the addition of cobalt into the
silica matrix increases the concentration of hyditp silanols with respect to the siloxane

groups. In another words, the degree of condensatas reduced by the cobalt incorporation.

The degree of condensation of the silica networls father investigated by cross-
polarization magic-angle-spining (CP/MAS) solidtst&€Si NMR (Table 2). See Fig. S1 in
the Supplementary Information for a peak decompd$®ldR spectrum of 0.10CoSi, as an
example. In these samples, the typicdl(Q% Q®and ) species of the Sidtetrahedron
were all observed and in good agreement with liseeavalues r{ represents the number of
tetrahedral bonding neighbout8)The total concentration of @nd J species (silanols)
increased from 11 % for 0.10CoSi to approximatéy?® for 0.50CoSi at the expense df Q
groups (siloxanes). These results are consistehtthe FTIR findings.

Table 2:2°Si NMR CP/MAS peak centers (ppm) and peak areaerarations (%)

2 3 4
Samples Q Q Q
Center Area Center Area Center Area
0.10CoSi -90 5 -99 6 -113 89
0.25CoSi -91 6 -102 12 -116 82
0.50CoSi -90 7 -101 16 -115 77

To further probe the chemical structure of the gets, Raman spectroscopy was carried
out. Fig. 3 shows the Raman spectra of all thegadreamples. For 0.00CoSi, the bands at
~430 , 800, 1070 and 1180 cthwere assigned to the Si-O-Si vibrational modesrof
amorphous silica netwofk.Ascribed as defects, D1 and D2, the narrow bahd€@0 and
~650 cm* were attributed to the three- and four-membered structure of the silica
network, respectivel§* In all cobalt-incorporated silica xerogels thebaracteristic Raman
bands of silica were masked by a broad emmisiotregt around 1200 ¢t This emission
may be attributed to fluorescence caused by cadradt coordinated with the silica matrix. In
the 0.25CoSi and 0.50C0Si spectra, intense peaksdt cm* (Fog), 480 cm’ (E;) and 690
cm ™t (A along with peaks of lesser intensition at 5207c(R.,) and 618 cni (Fzg) were

32,33

assigned to the vibrational models of;Op, which is consistent with the FTIR results.
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Figure 3: Raman spectra of the as-synthesized &kxo@\) 0.00CoSi, (B) 0.05CoSi, (C)
0.10CoSi, (D) 0.15CoSi, (E) 0.25Co0Si, (F) 0.50CoSi

The presence of tricobalt tetroxide was furtherficored by XRD (Fig. 4). Diffraction
peaks at 31.3, 36.9, 44.9, 55.7, 59.5 and 654 c@responding to the crystal planes (220),
(311), (400), (422), (511) and (440), respectivalgre assigned to face-centred cubic spinel
tricobalt tetroxide (JCPDS 42-146%).The cobalt silica xerogel samples were typically
amorphous, characterized by a broad peak at ~22aftfibuted to the silica matriX. As
shown by the inset in Fig. 4, a close examinatibthe (311) reflection over the 32-436°2
region indicated that nanocrystalline £0g (<10 nm) was present in the 0.25CoSi and
0.50Co0Si xerogels but not in the 0.10CoSi samptevéver, the greater intensity of the (311)
reflection in 0.50CoSi showed that the concentratb CaO, was significantly higher than
that of 0.25Co0Si, which is in good agreement whi $pectroscopic results shown previously.
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Figure 4: XRD patterns of as-synthesized xerogatslang-time accumulation scans
between 32 and 44 §2egion in the inset.

N, sorption was carried out to investigate the effgictobalt loading on the surface
properties and porosity of the bulk xerogels; int@otr characteristics for understanding of
the membrane material’s molecular sieving micrastme. Figure 5 shows the,dorption
isotherms (Fig. 5(a)), BET surface areas (SA) am polumes (Fig. 5(b)) for the xerogels.
The isotherm for 0.00CoSi was indicative of a dansgerial with negligible surface area and
pore volume. Notably, it was observed that the Sdrption isotherms of all the cobalt-
incorporated silica xerogels, except the 0.50Ca8nde, exhibited typical Type | profiles
with very strong initial adsorption at low part@essures (P#x 0.3) followed by saturation;
characteristic of microporous materials. When tleéSCmolar ratio reached 0.50, the sample
displayed both microporous-mesoporous texture: ratiso saturation was achieved above
0.7 P/R following the multilayer adsorption, with the cl@iy condensation leading to a
small hysteresis loop at 0.5 B/R the desorption stage. All of the cobalt-incagied silica
xerogels had similar specific surface areas of ~24@ " and total pore volumes of ~0.12
cm® g without any appreciable differences. The average ize diameter for 0.05 to
0.25Co0Si samples was calculated at ~1.7 nm whhiesOt50CoSi sample gave a mesoporous
structure at ~ 2.5 nmThe average pore size variation was not signifiedter hydrothermal
treatment, though the total pore volume decreaBked. densification process was therefore

attributed to the loss of micropore volume. Cleathe incorporation of cobalt significantly

10
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increased the surface area accessible t@dwpared to the pure silica, similar the results

observed elsewherg.*®

100 300 0.20
o
B g -, 250 .
o o F0.15 g
e £ 200 e
L 60 s o
o [0)
§ —O— 0.00CoSi o 150 ; - 0.10 £
S 40 1 —O— 0.05CoSi 8 IS
° —— 0.10CoSi 5 100 s
wn st
o) —— 0.15CoSi — + 0.05 n?
£ 20 —— 0.25C0Si W £
g —/— 0.50CoSi
0 +———TOOOO-0-0-0-0-0-0r0-0— 0 . . . ; : 0.00
0.0 0.2 0.4 0.6 0.8 1.0 00 01 02 03 04 05 06
Relative pressure (P/P) Molar ratio (Co/Si)

Figure 5: (a) N adsorption (solid line) and desorption (open sgtsibisotherms and (b)
BET surface area (circle) and pore volume (triangfehe as-synthesized xerogels (lines are

provided as a guide only)

As the molar ratio of Co/Si was increased from 0td00.25, a dramatic change in the
material’s morphology was observed by high-resolutiransmission electron microscopy
(HR-TEM) as shown in Fig. 6. Whilst no cobalt smscivere detected spectroscopically or by
diffraction in 0.10CoSi, the micrograph presentadFig. 6(a) indicates small clusters of
nanoparticles (<5 nm) distributed through the ailitetwork. The larger nuclei of cobalt
reduces the transmission of the beam comparedéocsittton atom producing a darker
shading in the micrograph signifying that these apamticles are comprised of a cobalt
component. Upon increasing the Co/Si molar rati®.2b, large hexagonal-shaped crystals
ca. 20 nm in width were observed (Fig. 6(b)), comsueate with the detection of
nanocrystalline Cg, during characterisation. As seen by the small aeéectron
diffractogram (SAED) inset in Fig. 6(b), these paAes were crystalline, with interplanar
distances of 0.46 nm (111) and 0.24 nm (311) whigtee with existing literature (JCPDS
42-1467)3" 38

11
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Figure 6: HR-TEM micrographs of (a) 0.10CoSi and(qI25CoSi as-synthesised xerogels
with an SAED of the corresponding particles (inset)

3.2  Assynthesized xerogels after hydrothermal treatment

Figure 7 presents the change in surface area ofdaiogels after hydrothermal treatment
as a function of water vapour content from 10 tar®8% at 550 °C for a fixed exposure time
of 20 h. The specific surface areas of all samplese observed to be reduced after
hydrothermal treatment. It can clearly be seen that surface area loss was strongly
dependent on the Co/Si molar ratio and water vapouatent. Firstly, xerogels with Co/Si
molar ratio less than 0.25 were found to be exthgmestable, as reflected in the isotherm
profiles (Supplementary Information Fig. S2). Howeva much more hydrothermally stable
structure was observed in 0.25Co0Si and 0.50CoS2. [&@tter only produced small surface
area losses of 7.4 and 10.5 % after 25 and 75 ma®r vapour treatments, respectively.
The isotherm profiles of these treated samples ¥oened to be indifferent to that of their as-
synthesized counterparts, thus confirming that diydirmal treatment had not negatively
impacted on the material’s microstructure. Frons thvestigation, it can be concluded that
the vapour content had only a small effect on figa bobalt-incorporated samples (0.25CoSi
and 0.50CoSi) despite their chemical constituentsitaining a significantly higher

concentration of surface silanol groups.

12
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Figure 7: BET Surface area of the xerogels as etifm of Co/Si molar ratio and vapour
content at 550 °C and 20 h.

Further examinations into the temporal effect aradewvapour concentration were also
performed. Fig. 8 shows the surface area losseokéinogels after being subjected to 25 or 75
mol% vapour for different exposure durations. THea of exposure time had a significant
impact on the structural stability of xerogels,tgadarly in samples with low cobalt loadings
(Co/Si< 0.25) in the 25 mol% vapour condition. lig.F8(a), the greatest loss in surface area
can be observed for 0.15CoSi. This sample appdareé quite stable after 20 h treatment
with only a surface area loss of 13 %, but suffeaad80 % loss after 100 h of treatment.
Under the same treatment conditions, a greateacirdirea loss was induced after 20 h for
0.05CoSi and 0.10CoSi, reaching a maximum of c&&8ter 100 h treatment. These results
indicate that 0.05CoSi and 0.10CoSi were more gikde to hydrothermal densification,
especially when compared to 0.25CoSi and 0.50Cd#¢hwboth reported less than 15 %

surface area loss after 100 h.

The effect of vapour content was more enhanceth®i”5 mol% water vapour treatment
as shown in Fig. 8(b). A similar trend can be obsérin this investigation whereby cobalt
concentration again played a major role. It isregéing to point out that the surface area loss
of all of the xerogels after 20 h treatment wasroned by the results from the 100 h
treatment in 25 mol% vapour. This is not surprisasgthis treatment condition is considered
to be extremely harsh, and meets the expectatitimeahaximum industrial condition for wet
gas separation. Under this treatment conditiony dR5CoSi and 0.50CoSi exhibited a

13
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minimal degree of hydrothermal densification evetera40 h treatment, which was
detrimental for 0.05Co0Si, 0.10CoSi and 0.15CoSicdntrast, the incremental losses of the
samples’ surface area between 20 and 40 h treaimém 75 mol% vapour condition (Fig.
8(b)) were only found to be between 5-10 % forsalnples. This could be explained by an
equilibrium state establishing after the xerogedumate with vapour causing rapid
densification within 20 h exposure, whereby onlyrginaal densification occurs with further

temporal exposure.

100 A
—— 100 h —— 40 h
L -0O— 20h —0O— 20h
2 80 1
©
)
4]
8 60 -
£
0
w
ti 40 4
om
G
3
o 20 A
il
—\
(a) 0 (b)
0

00 01 02 03 04 05 0600 01 02 03 04 05 06
Molar ratio (Co/Si) Molar ratio (Co/Si)

Figure 8: Surface area loss of the xerogels fo{dah&5 and (b) 75 mol% vapour content as a

function of Co/Si molar ratio and exposure tim&%® °C (lines are provided as a guide only)

As shown in Fig. 9, the effect of temperature oa xlerogels at constant water vapour
condition and exposure time (250, 350, and 550780n01% vapour; 20 h) trended similarly
to those of previously discussed treatment conhtidrrespective of treatment temperature
the densification was most severe in samples \witively low cobalt loading when treated
with 75 mol% water vapour, whilst only marginal fdiiences were observed for 0.25CoSi
and 0.50CoSi. These results suggest that the effdgtdrothermal treatment on the xerogels
investigated in this study was not strongly depends the exposure time (Fig. 8(b)) or
temperature (Fig. 9) under such high vapour caomsti(75 mol%).

14
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Figure 9: Surface area loss of xerogels as a famctf Co/Si molar ratio and temperature at

75 mol% vapour and 20 h (lines are provided asidegonly).

The FTIR spectra of the treated xerogels exposétb@°C, 75 mol% vapour and 40 h
are shown in Fig. 10. All spectra exhibited chaggstic vibrational modes of siloxane and
silanol groups typical of a silica network. Interegly, it can be observed that the peak
maxima position of the Si-O-Si TO vibrational madeall treated samples was detected at
the same frequency, ~1045 ©mn comparison, the change in the frequency f ltind for
the treated samples was only observed for the loivalt incorporated xerogels (0.05CoSi,
0.10CoSi and 0.15Co0Si) whereas the position of thisd was unaffected for 0.25CoSi and
0.50CoSi. Similarly, the peak intensity of the sdhgroups (950 cil) for 0.25C0Si and
0.50Co0Si was higher than that of 0.05CoSi, 0.10Go®i 0.15Co0Si, although the change
between pre- and post-treatment was neglible ih ease. The presence of tricobalt tetroxide
(~670 cm?) was again only observed in 0.25CoSi and 0.50Gnfgesting that GO
remained as a stable phase during the hydrothdrestiment. This was also confirmed by
the Raman spectra of the corresponding treatedgglrdSupplementary Information Fig.
S3).
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Figure 10: FTIR spectra of the xerogels exposdsb®°C, 75 mol% vapour and 40 h.

To further probe the silica structure evolutiorg theated xerogel powders of 0.10CoSi
(unstable) and 0.25CoSi (stable) were analysed®8y CP/MAS NMR (Supplementary
Information Fig. S4). The percentage variation df €pecies populations of the treated
xerogels compared with the as-synthesised xeragealsown in Fig. 11. This variation was
determined from the area difference of the decomghgseaks associated with each Q
species before and after hydrothermal treatmentarge increase of the “Qgroup was
observed for the 0.10CoSi sample after treatmatditating further condensation took place
during treatment. This conjecture is clearly supgbrby the loss in both the?’@nd @
groups whereby the silanol groups underwent cragsly to form the fully condensed
siloxane species. On the other hand, only a mihange in the ®species was observed for
0.25CoSi, albeit with a small decrease in tegf@up which had predominately converted to
the @ specie. This suggests that the structural reagraegt of the silanol and siloxane
groups was minimal; hence the material was morblestarhese findings are in good

agreement with the hydrothermal results of the gelsvia N sorption.
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Figure 11: Percentage variation of decomposed peskof the silicon Qspecies between
the as-synthesised and the treated xerogel saif@pl&sCoSi and 0.25CoSi)

3.3 Discussion

From the hydrothermal investigations of the as{sgsised CoSi xerogels, it was clearly
discerned that both 0.25Co0Si and 0.50CoSi outpeedrthe xerogels with lower cobalt-
incorporation over all testing conditions. It isdely accepted that the instability of silica is
due to the hydrolytic attack by water moleculeslieg to restructuring of the silica matrices.
19 This conjecture is often pitched by the degrebyafrophilicity associated with the silanol
groups on the surface in the literature; the mgrdphilic silanol groups on the surface the
greater the susceptibility to hydrolysis. Neverdissl the silanol groups are important for the
pore size tailoring of the silica network in cregtia molecular sieving pore structure. In this
xerogel investigation, it was noteworthy that thelitothermally stable xerogels (0.25CoSi
and 0.50C0Si) had a relatively high silanol rat® determined from the FTIR arfdSi
CP/MAS NMR results. Meanwhile, xerogels with a lovedanol ratio were not observed to
produce a hydrothermally stable structure. Theegfdhe hydrothermal stability cannot

strictly be related to the silanol ratio in thisea
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Figure 12: Scheme of the interaction between cabatte (CqOy) and silica network.

It was interesting to observe a correlation thabgels with low cobalt concentrations
(0.05Co0Si, 0.10CoSi and 0.15CoSi) had undetectablealt species and concurrently
demonstrated hydrothermally unstable matrices. @ mesults strongly implicate that £,
was a responsible factor in maintaining the stmadtstability of the matrices in this work, as
suggested by its stabilising influence on membratested under mild hydrothermal
conditions™’ '8 %1 2Despite of all these studies, the mechanism bettiied experimental

observation is still not well understood or expéaln

It is believed that a strong physical bonding iattion between the cobalt oxides and the
silica matrix is responsible for the improved hyttiermal stability. As depicted in Fig. 12,
the bonding interaction between the cobalt oxidecis (COy) and the oxygen atoms of
the silanol groups and siloxane bridges is onlysfiids where these groups are in close
proximity in the matrix. Indeed, when more coba#dsaincorporated, a higher concentration
of CoOy is expected inside the silica matrix; especialljs@ which correlated with the
improved hydrothermal stability in this study. Tlmseraction was most evident in the FTIR
results (Fig. 2(a)) where a significant redshifthe asymmetric Si—O-Si stretching vibration
was observed with increasing cobalt concentra8milar behaviour has also been reported
by Parler et ai® and Clapsaddle et &l for cobalt oxide silica and iron oxide silica sysis,
respectively. This behaviour has been hypothestpecelate to a reduction in the bond
strength of the Si—O-Si vibration as a result ofhange in the dipole moments of the

siloxane bridged’ However, an increasing interaction between thgdGCand the silica must
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play an important role in preventing the siloxam&dpes from hydrolytic attack by water

molecules even at extremely harsh hydrothermalitiond550 °C, 75 mol%, 40 h).

To further understand the mechanism behind hydnothkestability, a structural model is
proposed as shown in Fig. 13. Due to the low camagon of CQOy in the 0.05, 0.10 and
0.15CoSi samples (Fig. 6(a)), a smaller degreehgsipal interaction with the silica surface
would be expected. In addition, the small degrethigfinteraction would barely be detected
by the change in the siloxane bridge vibrationralcated in Fig. 2(a). Hence, the internal
silica surface (i.e. surface of the micropores) cmqal to water molecules during
hydrothermal treatment would be much greater ancgereasceptible to hydrolysis, leading to
further condensation and densification. As such,xXérogels lose a considerable proportion
of their initial surface area and pore volume (>%80naximum reduction). This is supported
by the?Si CP/MAS NMR study presented in Fig. 11 and thdrbghermal results. In other
words, the densification leading to pore shrinkafeghe silica matrix must have brought
them closer within the pores. Therefore, an in@dgshysical interaction between ,Cgand
the silica is expected and was observed in the FSpé&ctra (Fig. 10) by a redshift in the
siloxane bridge vibrations to ~1045 €mfor 0.05C0Si, 0.10CoSi and 0.15CoSi. This
constitutes a significant shift of 44 chwavenumbers.

Meanwhile, when the cobalt concentration reachedlitecal threshold (Co/Sk 0.25),
crystalline CgO, particles were clearly detected (Fig. 4 and 6(F))r these samples,
0.25Co0Si and 0.50CoSi, the presence ofdzan the silica matrices and their strong physical
interaction with the silica matrix provided superibydrothermal stability. As shown
schematically in Fig. 13, this interaction was eaged to be much stronger and long range
due to the large patrticle size of crystalline;Gpand possibly also other forms of untraceable
CoOy. Despite a smaller degree of densification obse(8A and PV < 25 % maximum
reduction), the majority of the silica matrix in yscal interaction with the GO, was
“shielded” from hydrolysis. Therefore, only a smalbncentration of & groups was
condensed in forming the3@pecies after the hydrothermal treatment and stractural

integrity was maintained throughout the variousrbyftermal exposure conditions.
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Figure 13: Proposed model for the structural axtutal evolution of 0.10CoSi (unstable)

and the 0.25CoSi (stable) xerogel samples pre asthydrothermal treatment.
Conclusions:

Cobalt silica xerogels were synthesized via solpgetessing, incorporating a systematic
increase of Co/Si molar ratio (0.00-0.50). The degof condensation of the silica network
and the formation of tricobalt tetroxide (§tn) were governed by the cobalt-loading. High
cobalt-loading samples (0.25CoSi and 0.50CoSi) yred greater concentrations of silanol
groups and nanocrystalline €& as evidenced by FTIR’Si CP/MAS NMR, micro-Raman
and XRD. CgO,was the only detected crystalline phase in thessihatrix and it was not
observed in the xerogels with a low cobalt-load@®5CoSi, 0.10CoSi and 0.15CoSi).

The results of hydrothermal investigation revedhet 0.05CoSi, 0.10CoSi and 0.15CoSi
were susceptible to the treatment conditions wWig5CoSi and 0.50CoSi maintained their
structural integrity under a full range of treatrheonditions. Furthermore, it was shown that
the hydrothermal stability of the xerogels was dioéctly associated with the concentration
of hydrophilic silanol groups. Meanwhile, the maiky’ stability correlated well with the
presence of GO, in 0.25CoSi and 0.50CoSi. A structural model wasppsed which
explained that the interaction between@pparticles and the silica matrix confers improved
hydrothermal stability.
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