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ABSTRACT

Titanium based metal-organic frameworks (MOFs)iateresting self-sacrificial precursors
to derive semiconducting porous nanocompositehifgrly efficient heterogeneous catalysis.
However, there is a lack of systematic and in-demptbchanistic understanding of the
pyrolytic conversion of MOF precursors into the ides functional composite materials. In
this work, TGA-MS and in situ STEM/EDX combined wvibther characterization techniques
were employed to investigate the evolution of tlracsural, physicochemical, textural and
morphological properties of NFMIL-125(Ti) pyrolysis at different temperatures am inert
gaseous atmosphere. In situ thermal analysis gFMH-125(Ti) reveals the presence of 3
rather defined stages of thermal transformationhim following order: phase-pure, highly
porous and crystalline MOP intermediate amorphous phase without accessiblesiyp >
recrystallized porous phase. The three stages dconr room temperature till 300 °C,
between 350-550 °C and above ~550 °C respectiltak/found that the framework of NH
MIL-125(Ti) starts to collapse around 350 °C, acpamed with the cleavage of
coordination and covalent bonds between organieig [QC-CsH3(NH2)-CO,)s and the Ti
oxo-cluster T§Og(OH)4. The organic linker continues fragmentation at 460causing the
shrinkage of particle sizes. The dominant pore sfZ&7 nm for NH-MIL-125(Ti) gradually
expands to 1.4 nm at 800 °C along with the forrmatib mesopores. The derived disc-like
particles exhibit an approximately 35% volume skaige compared to the pristine MOF
precursor. Highly crystalline N and/or C self-dopE@®, nanoparticles are homogeneously
distributed in the porous carbon matrix. The org)iBD tetragonal disc-like morphology of
the NH-MIL-125(Ti) remains preserved in derived N and@rdoped TiQ/C composites.
This study will provide an in-depth understandirfgtlee thermal conversion behavior of

MOFs to rationally select and design the derivetposites for the relevant applications.

Keywords:MOF; TiO,; Carbon; Nanocomposite; MOF derivative; Thermalaheposition
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1. Introduction

Metal-organic frameworks (MOFs) are exceptionallgrqus coordination polymers
fabricated by the formation of coordination bonddween organic ligands and inorganic
metal clusters (called secondary building units,USBwith highly crystalline reticular
networkst™ 2 Since the late 1990s, MOFs have been intensivelgstigated for a large
variety of applications such as gas separationstochge, energy storage and conversion,
batteries, fuel cells, optoelectronics, sensingestapacitors, drug delivery and cataly$t§!
Recently, several studies have reported solar-tighien applications of MOFs and derived
composite® " 12 1720 pegpite the extraordinary surface areas and hiystatlinity,
relatively moderate strength of coordination bobdsveen constituent organic linkers and
metal ions/clusters and poor semiconducting praggerestrict them to be directly used for
photocatalytic applicatioré:>! However, their unique properties such as ratigragisigned
structures, a large choice of morphologies, diveisgensions (0D, 1D, 2D and 3D, here D
stands for Dimensional) together with modifiabletteal properties make them excellent
sacrificial templates and precursors to derive Iyigfficient nanocompositdgh 22 2629
Actually, all MOFs can be carbonized under appaipripyrolysis conditions to obtain the
respective metal oxides, carbides, sulfides, idnd phosphides embedded in a porous
carbon matri¥?* %32 Similar to their parental precursors, tunable Md@fived composites
present great opportunity and challenge at the semgedue to the multivariate parameters of
design and synthesis. Therefore, it is desirablentterstand the individual parameter in this
complex transformation process at the atomic sa&eious studies have demonstrated that
pyrolysis temperature plays the most crucial rolehie rational design and optimization of
desirable properties of MOF derivativéy. 3" 32% Recently, in a review Leet al.
summarized the experimental works on mechanissiglrs of the transformation of MOFs

and coordination polymers into functional nanodutes including porous metal oxides,
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porous carbons and compositésit was reported that the intrinsic nature of métak is the
key parameter that determines the phase of denwdls or compounds, and the organic
linkers, as well as the synthetic conditions of plaeent MOFs, are the factors that affect the
possible morphology, composition, degree of gragdiibn and porosity of the derived
carbond*!  Although a few studies attempted to carry outsitu investigations of the
decomposition processes of MOEs>® 3"lthe change of crystallinity, morphology, textural
and physicochemical properties of MOF during pys@yis still a fundamental issue to be
addressed. Therefore, it is of utmost importancdutther understand the transformation
mechanisms of the MOF reticular structures, thelutm of porosity and simultaneous
recrystallization of the metal species in the degivcomposites, so that to optimize the

pyrolysis condition for high performing nanomatésia

For instance, titanium-based BHMIL-125(Ti) is one of the most common and stable
MOFs which comprises §0g(OH), octamers SBUs interconnected with each six 2-amino
terephthalic acid [(@C-CsHa(NH,)-CO,] organic linkers through coordination borfifs.
Though it is a stable 3D disc-like polymeric stuwret with high surface area and accessible
metal sites for photocatalytic reaction, the ingight photogeneration of electrons and poor
charge transfer circumvent the material to be tliyatsed as an efficient photocatal$f§t**
3941 However, pyrolysis under suitable conditions céord derived TiQ nanoparticles or

TiO,/C nanocomposite with modifiable crystalline phasadjustable energy band gaps,

functionalized porous carbon with high surface aned tunable porositié&: 2% 4244

Herein, we present an in situ investigation of iim@rconversion of NHMIL-125(Ti)
under an inert atmosphere. In situ STEM, TGA-MS &XRD reveal that the reticular
structure of NH-MIL-125(Ti) collapses at above 350 °C due to tiheaking of carboxylic
and coordination bonds between Ti oxo-cluster d&edNH-BDC organic linker. Followed
by an intermediate amorphous phase between 356%h8C, recrystallization of Tiltakes
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place at a higher temperature. At around 600 °CTihexo-cluster T¢Og(OH), in MOF
precursor transform into N and/or C doped Ji@noparticles homogeneously dispersed in
the porous carbon matrix. Simultaneously, the alfttagmentation of the organic linkers and
the formation of carbon starts at 450 °C that c&%s&o volume shrinkage of the MOF grain
at 800 °C, accompanied with the formation of hignaral porosity inside the grains with
relatively larger pore sizes. FTIR, Raman and Xp&sa confirmed that the chemical states
of constituent elements Ti, O, C and N graduallargde with an increase in pyrolysis
temperatures. Interestingly, the 3D tetragonal -tlisc morphology of NH-MIL-125(Ti)
remains preserved in the derived composites. Thidysmay provide new insights and
improved understanding to rationally select theofygis conditions to obtain optimized

MOF derived composites with desired propertiegdétevant applications.

2. Experimental section

All the chemicals for the synthesis of MMNIIL-125(Ti) were purchased from Sigma-

Aldrich and used directly without further purificat.
2.1. Synthesis of NHMIL-125(Ti)

NH,-MIL-125(Ti) was synthesized by direct mixing metheceported in the literature
with a slight modification® In a typical synthesis, 22.45 mmol of 2-aminotétaplic acid
was dissolved in a solution of 30 mL of dimethyif@mide (DMF) and 30 mL of methanol
(MeOH) in a 200 mL screw jar. Then, 5.5 mM (1.86)mETi(OBu), was slowly added into
the above solution and constantly stirred for 16utes before sealing and placing it in an oil
bath at 130 °C for 40 hours. The yellow color micystalline powder was collected by

centrifugation followed by washing twice with DMB temove the unreacted organic ligand



species. The same washing procedure was repeats times with MeOH for solvent

exchange. The obtained BHMIL-125(Ti) was finally dried in air at 70 °C ovaght.
2.2.Thermal annealing of NFHMIL-125(Ti)

As-synthesized NHMIL-125(Ti) was heat treated via one-step pyradysnder an argon
atmosphere at different temperatures from 200 @ °@ For each sample, 500 mg of NH
MIL-125(Ti) powder was loaded in an alumina boat glaced in the centre of a flow-
through quartz tube furnace. The quartz tube wagegouwith argon for 30 minutes after
inserting the alumina boat (with loaded samplegnisure that the oxygen free atmosphere is
established before starting the pyrolysis processler a constant flow (50 mL nifh of
argon, the ramp rate of the tube furnace was ser@tmin® and the dwell time at the target
temperature was 2 hours. A series of isothermedigtéd samples were prepared at pyrolysis
temperatures of 200, 300, 400, 500, 600, 700, 8@09®0 °CIn this work, the NHMIL-
125(Ti) derived TiQ/C samples are identified and discussed with rédpetheir respective

pyrolysis temperate.
2.3.Materials characterizations

The powder X-ray diffraction (PXRD) measurements as-synthesized NHMIL-
125(Ti) and the pyrolyzed samples were performedgua Bruker D8 instrument with Cu
Ka radiation (1.54 A at 40 kV, 40 mA). Each powdemsée was pressed gently on a glass
slide to make a smooth surface for PXRD measureri@&ermogravimetric analysis coupled
with a mass spectrometer (TGA-MS) was measured avitettler Toledo TGA/DSC 3 in
aluminium oxide pans (7L with lid) with sample amounts of 1 to 5 mg. Thergple was
heat treated in synthetic air (20 mL mjrWestfalen, 80% N 20% Q), with ramp rate 5
°C min* from 30 °C to 1000 °C. Before starting the heafingcess, the sample chamber was

purged with 20 mL mifisynthetic air for 15 min to establish a stabilizethosphere. For the



measurement under inert conditions, argon atmosepheas established (20 mL rifin
Westfalen, 99.996%) by purging the measurement bbearwith argon for 90 min at 30 °C
before starting the heat treatment to ensure tlatrteasurement chamber was completely
oxygen-free. The measurement was carried out ap reate 5 °C miit from 30 °C to
1000 °C. After the completion of both measuremémtsynthetic air and argon), another 15
min was used to stabilize the atmosphere insidarteasurement chamber. Volatiles were
analysed using a quadrupole mass spectrometer g&kSanalysis system “Thermostar” from
Pfeiffer Vacuum at base pressures-2f’ mbar in multiple ion detection mode. The device
was operated witQuaderasoftware package. The following m/z fragments waomitored:

16 (NH,), 17 (NH), 18 (HO), 28 (CO) 30 (NO), 44 (CHand 46 (NQ). Fourier-transform
infrared (FTIR) spectra of the NHMIL-125(Ti) and pyrolyzed samples (200-900 °C) wer
recorded using a Bruker Optics Tensor-27 FTIR spewtter. The samples for FTIR were
prepared by mixing with KBr and pressed in the fasmpellets. The Raman spectra of
selected samples were recorded by employing Remish&ia Reflex Raman System
RL532C, Class 3B in a range from 20 to 2000"amith 1 % laser power. Scanning electron
microscopy (SEM) images were taken by using theNdva Nanolab 600 FIB. In situ
scanning transmission electron microscopy (in SITEM) images and energy dispersive X-
ray elemental mapping (EDX) of NHMIL-125(Ti) were carried out by using a Jeol 2100
FEG equipped with a spherical aberration correadperating at 200V in conventional
TEM and in bright-field STEM (BF-STEM) or high-amglannular dark-field STEM
(HAADF-STEM) modes with a resolution of 0.hin. STEM-EDX mapping was performed
using a JEOL Silicon Drift Detector (DrySD60GV: sen size 60 mf) with a solid angle of
0.6 srad. In situ STEM annealing under argon wasecthout using a Protochips Atmosphere
gas cell used as TEM holder. The sample was plaetdeen the two SiN membranes of the

micro-electrical-mechanical systems (MEMS). Thegemature and the gas flow in the cell



were finely controlled by the gas delivery manifoBefore the analysis, the sample was
dispersed in dichloromethane and drop-casted onSihe membrane acting as a heater
element. The in situ experiment was done at athersp pressure under argon. The sample
was pre-heated from room temperature to 300 °C avithte of 10 °CSand then to 800 °C
with a rate of 10 °C mih The surface chemical analysis (X-ray photoelecgpectroscopy,
XPS) of selected samples was performed brydbold-Heraeus HS 10 spectrometer using a
non-monochromatized Af;, source (1486.7 eV). The analyzer was operatedrattant pass
energy of 100 eV leading to an energy resolutiothva full width at half-maximum
(FWHM) of ~1.1 eV. The energy scale of the spectra was cedday using the C1s main
signal (284.6 eV, amorphous carbon). Specific sa@rfareas and pore size distributions
(PSD) of the composites were measured bgdption at 77 K on ®uantachromeutosorb
iQ2 ASiQwin apparatus equipped with a microporet fbx 10°° bar) via the conventional
volumetric technique. Before the, Norption analysis, the samples were evacuatedddeda
at 180°C for 6 hours under vacuum. The PSD of the meassastples was calculated based
on the adsorption branch of isotherm data by noatldensity functional theory (NL-DFT)

model.

3. Results and discussion

3.1. Composition and structural properties

Thermogravimetric analysis coupled with mass spewttry (TGA-MS) was performed
under oxidative (synthetic air) atmosphere as a®lin inert atmosphere to study the thermal
properties of NEMIL-125(Ti). Though the thermal decomposition oHNMIL-125(Ti) in
synthetic air proceeds faster than in the inerbargtmosphere, suggesting the complete

transformations of MOF precursor in air during thethermic processes, both TGA curves



(Fig. 1a and b) show a similar four-stelz4) decomposition pattern of NHMIL-125(Ti).
Under oxidative conditions in synthetic air, in gga(l), NH,-MIL-125(Ti) experiences
around 15 % weight loss at temperatures below 208 to the removal of the residual free
solvent molecules of MeOH and DMF from the poreswadl as the surface absorbed
moisture (HO), which is confirmed by the observed MS signdisg.( 1c) with mass
fragments of m/z = 18 (water), 30 (NO) and 44 ¢Cfoom partially oxidized DMF. In stage
(2) at temperatures below 280 °C, removal of thedtediDMF together with the partially or
fully oxidized DMF products including Cand some free amino groups like carbamates or
amides contribute to around 13 % of weight lossstép 8) at above 350 °C up to 470 °C, a
major weight loss event which can be assigneddgaldtomposition and oxidation of organic
linkers of the framework constituents, accompangth the formation of metal oxide
particles and non-volatile macromolecular carbooasespecies, as confirmed in Fig. 1¢c by
the emission of C@ NO,, NO, NH; and HO. In step (4), the formed small amount of non-
volatile macromolecular carbonaceous species atieeiuoxidized and only TiQis left as a
residue. It is important to note that the temperin Fig. 1a and b is plotted on the right
hand side of Y-axis, time is plotted as the X-aasl the temperature program is in solid and
dotted black line respectively. Moreover, both T&K measurements in synthetic air and
argon atmosphere were carried out via a similat hpdemperature program from 30 °C to
1000 °C with a ramp rate 5 °C rfinThe only difference between the temperature mogr
in synthetic air and in argon is the stabilizatione at initial stage in synthetic air is only 15
minutes, but the stabilization time in argon isrBihutes to ensure the complete removal of

air/oxygen in the sample chamber.
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Fig. 1. TGA of NHx-MIL-125(Ti) (a) in synthetic air and (b) in arg@tmosphere. The MS of
NH2-MIL-125(Ti) (c) in synthetic air and (d) in arg@mosphere. The solid and dotted black
lines in Fig la and b represent the temperaturggrano in synthetic air and argon
atmosphere, respectively. The horizontal and \artizey dotted lines are only guide to

suggest the temperature at a particular point.

Similar weight loss events are also observed fop-NH_-125(Ti) thermolysis under
argon atmosphere, but the TGA curve exhibits meds Wweight loss at each step and the
weight loss event occurs at a relatively higherpgerature, clearly suggesting the impact of
the temperature and gas atmosphere on the theehalior of NH-MIL-125(Ti). In argon
atmosphere, as presented in Fig. 1b, s3ms(different from that in synthetic air and shows
only a small weight loss which may attribute to ¢lsEomposition and thermolysis of organic
linkers of the framework constituents via decarbiatign, decarboxylation, dehydrogenation

and even oxidation, indicating the pronounced fdaromeof non-volatile carbonaceous phases
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together with TiQ. These intermediate non-volatile carbonaceousiepastowly decompose
in step #) with increasing temperature up to 1000 °C, allgyvcluster migration towards

TiO, nanopatrticle crystallization and transformatioraoforphous carbon.

The main difference of TGA-MS of Nl-MIL-125(Ti) in synthetic air and under argon
originates from the nitrogen-containing speciesotpeat processing the precursor sample
NH2-MIL-125(Ti) in synthetic air, the -NKfunctional group in the MOF (from NMBDC) is
oxidized to NQ with m/z = 30 and 46 in step (3); while under argdgmosphere, NHMIL-
125(Ti) precursor does not completely change thdaton state of the amino groups since
radical NH species (m/z = 16) were observed at up to 570-f¢ (d). Meanwhile, the -NH
group can also be eliminated as Nih/z = 17), as shown in Fig. 1d. It is worth ngtitnat
under argon atmosphere, the m/z = 30 is attribtaedO, which may be derived from the
NH,-containing organic component being partially oxedl by the presence of oxygen-
containing —COOH groups in the organic linker. Basn the TGA-MS, the potential
thermal decomposition mechanisms of NWIL-125(Ti) and a putative reaction equation

under both atmospheres are proposed in Fig. 2.

It is worth noting that TGA is a dynamic charactation technique that uses a
progressive increase of heat processing temperatuthe samples, which can provide
important information on the stability and the esios of volatiles species during the heating
up process. However, the progressive heating pgaoeSGA-MS analysis may result in the
incompletion of the decomposition events of samplegen if the process is
thermodynamically favored, which may cause delay@adpletion of the events in TGA-MS
analysis. This is in contrast to other charactéomatechniques such as PXRD measurements
which were carried out on the isothermally treateaimples. Inevitably, the exact
temperatures of weight loss and decomposition eveld@rived from TGA and XRD
techniques may not be unambiguously comparableeitfesiess, the decomposition of MOF
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framework at a certain temperature windows canigeoan useful indicative information of

decomposition process, which are vital to suppdmt tesults obtained from other

OTi
@0
®C
ON

MeOH CO,* +CO% +H,0% + NOA +TiO,

N,/ O,
NHo-MIL125 (Ti) grieq NH2-MIL125 (Ti) gesolvated
Ar

OMF CO,* +CO% +H,0% + NOA + NH2 +C + TiO,

characterization techniques.

Fig. 2. A proposed scheme of thermal decomposition andtipetreaction products of NH

MIL-125(Ti) under synthetic air and argon atmosghieased on the TGA-MS results.

The powder X-ray diffraction (XRD) patterns wereoeded at ambient temperatures
for all the samples. Fig. 3a clearly confirms thia precursor NHMIL-125(Ti) sample at
room temperature (RT) is a highly crystalline stawe. The main peaks appeared @to?
6.7°, 9.7° and 11.6° correspond to the simulated XRttern of MIL-125(Tif*® In this
structure, six N+BDC organic linker molecules interconnect the nkaof u-OH corner-
shared TdOg(OH), metal clusters, forming disc-like tetragonal 3-dmmmional reticular

structures shown in Fig.%: * Upon high-temperature pyrolysis under an argoroaphere,
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the XRD patterns of those heat treated samples #@dnto 900 °C show that the NHWIL-
125(Ti) network structure is stable up to 300 C@set inFig. 3a). The decrease in peak
intensity of sample heat treated at 300 °C mightdbated to the partial decomposition and
the reorganization of the MOF structure due to ti@oving of hydroxo groups and the
partial breaking of -NK bonds, as confirmed by TGA-MS results in Fig. Tal &. The
structure of the MOF precursor is completely decosel at above 350 °C and it forms
amorphous Ti@ from Ti oxo-cluster and porous carbon matrix franganic linkers. The
XRD peaks for samples heat treated at 400 and 60€hdw no trivial peaks of NAMIL-
125(Ti) and the formed Ti©Onanoparticles, suggesting the complete collapsévViOfF
structure and the formation of the intermediate nous phase of Tixand carbon. Only a
small hump at aroundd2of 26’ represents the formation of amorphous carbon. Mewyet
pyrolysis temperature of 600 °C, the resulting danghows poorly crystalline anatase 7iO
with a broad peak emerges &t & 25.2. The structure of NHMIL-125(Ti) is stable up to
300 °C, but it disintegrates above 350 °C, followleg the recrystallization of Ti©
nanoparticles above 550 °C. Increasing the heategsing temperature from 700 to 800 °C,
well crystalline anatase and rutile peaks are ofeskat ? of 25.3 and 27.4in the resulting
samples respectively. However, the rutile phasg0id °C treated sample becomes relatively
more prominent compared to the anatase phase aallly fihighly crystalline rutile phase
dominates in the sample obtained at 900 °C withpteta disappearance of the anatase phase
of TiO,. Moreover, as shown in Fig. 3b, with the increabéhe heat treatment temperature
from 700 to 900 °C, a small shift of the diffractipeak for rutile phase of TQowards
higher @ can be observed in these MOF derived well crys&lliO, nanoparticles sample.
This shift in peak positions of rutile phase can diibuted to the modification of the

crystalline structure by nitrogen and/or carborf-deped into the Ti@ lattice, where both
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carbon and nitrogen species are derived from the-BIBC organic linkers in the parental

MOF precursof*® 4"

a B =] NH ML) [ Rutle TiO,
£ A= Anatase :
ARG R = Rutile :
: T E 200 :
. . 8 10 12 H
Y : H o 900 °C| — .
e : : 26/ = :
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Fig. 3. (a) PXRD patterns of NHMIL-125(Ti) heat treated from room temperature JRG
900 °C. Inset shows the XRD patterns of AMIL-125(Ti) heat treated at selected
temperatures. (b) Highlighted rutile Ti@eaks show the shift of peak positions due to the

modification of the crystalline structure.

The FTIR spectra recorded with heat pretreated kevgs ambient temperatures (Fig.
4a) show the change of the chemical states of thana: linkers NH-BDC and the Ti-O
metal clusters upon thermal processing of,MHL-125(Ti) from RT to 900°C. In the as-
prepared NBMIL-125(Ti) precursor, a large stretching band eved at around 3400 ém
corresponds to the presence of Nidnctional groups of the organic linker and theH-O
stretching of residual solvents including methamaold water. As the heat processing
temperature increases, the intensity of this baaduglly decreases due to the breaking of

NH, functional groups and the evaporation of the redicdolvents. This minor stretching

14



band retains in samples obtained at a temperaigrehthan 400 °C due to the surface
adsorbed moisturé® **' A shoulder peak at 1710 €nin pristine NH-MIL-125(Ti) can be
ascribed to the stretching modes of —-COOH functigraups coordinated with Ti oxo-
cluster® ®Y The characteristic vibrational bands of carboxylatker appear at around 1534
and 1426 cm.Pt 2 Moreover, the peak at around 12557coan be attributed to the C-N
stretching modes of the aromatic amine grﬁﬂpn pure 2-amino-terephthalic acid (H
BDC), the vibrational modes are observed at ar@4@, 1710 and between 1540-1250'cm
is also corresponded to MHC=0 (carboxylate) and C-C benzene ring respdgtiv8 These
vibrational bands remain unchanged up to 300 °@firrning that no major structural change
occurs in NH-MIL-125(Ti). However, the intensities of these pegradually decrease upon
heating and almost disappear in samples obtainaedate 400 °C due to the breaking of the
carboxylate bridges and coordination bonds betwdésiBDC linkers and the Ti (octahedra)
metal cluster. Although —-COOH and —Bklgroups may break and evaporate, the aromatic
rings in the organic linkers transform to carbomasematerials and still have the benzene
ring groups in the carbon materials. Above 400 dGtrong band at around 1615 and 1385
cm’ can be ascribed to the stretching vibrational reasfe—C=C in the aromatic ring and
bending vibrational modes of C-O-H respectivelyeThbrational bands between 800-400
cm’ correspond to the O-Ti-O bon@¥. Similar to the carboxylate modes, these vibrations
show no trivial variation up to 300 °C, confirmitige stability of the MOF structure. With an
increase of carbonization temperature to 400 °€sdhsharp peaks disappear, accompanied
by a broad shoulder band that can be attributedhéo formation of amorphous T3O
However, a broader peak of crystalline Ti€n be observed at around 630%cim samples
obtained at above 500 ¢! In accordance with the XRD results, this slighftsh the peak
position (at around 630 ¢thof TiO, in samples obtained at temperatures from 500 60°@0

could be ascribed to the transformation of crystalpphase from anatase to rutile and the
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changes of the local chemical environment of sTiAnoparticle&'® *°! The changes in the
chemical states of T#dand carbon in the pyrolyzed samples were furtheestigated by

Raman spectroscopy and X-ray photoelectron specipys

b NH,-MIL-125(Ti)
10 ——800°C
_ 2, ——500°C
S _ 200 °C
) S
= S, / D 5
g = L/\/\/\__/\L
= i s
[%2]
E c
c 9
© £
|_
T T T T T T T T T T T T T T
4000 3000 2000 1000 400 100 500 1000 1500 2000

Wavenumber [cm™] Wavenumber [cm™]

Fig. 4. (a) FTIR spectra of heat treated NMIL-125(Ti) from RT to 900 °C; (b) Raman

spectra of selected samples heat treated at 200r&6ge), 500 °C (black) and 800 °C (blue).

In Fig. 4b, the Raman spectra of selected heatettesamples are presented. The
samples obtained at 500 and 800 °C showEfi) vibrational modes of Tipat around 154
cm*andE, vibration modes between 350-700 tnespectively>* > The peaks appearing at
1258 and 1424 cthin the heated treated NHIL-125(Ti) at 200 °C can be assigned to the
symmetric stretching and bending modes of Ti-O-Te€amer rings in the metal clusters,
while the peaks appeared at around 1492 and 1630comespond to the C-C and N-H
vibration modes of the organic linker (MBDC)** “®! However, pyrolyzing at a higher
temperature, these peaks disappear and two signagaks of D and G bands of carbon are

observed in both samples obtained at 500 °C and®’800’he D band (breathing modes of
16



spf hybridized carbon atoms in hexagonal rings) sigsithe amorphous carbon whereas the
G band (bond stretching of all Sptoms in hexagonal rings and chains represents the
graphitic carbon) appears due to the formationasfocrystalline carboli®> °® The D band
appeared at 1368 ¢fin the sample obtained at 500 °C which shifted364 cnt* in the
sample obtained at 800 °C. Likewise, the G band etserved at 1595 ¢hin sample 500

°C whereas it appeared at 1617 cfor the sample 800 °C respectively. The blueshii
band can be ascribed to the electronegative N iumadtzation, the formation of surface
defects, oxygen-related defects and the diamored{i®-C) sp bonding in amorphous
carbon®® The intensities of D and G bands suggest thatocadbtained from the pyrolysis

of NH,-MIL-125(Ti) up to 800 °C is amorphous with littigraphitizatiorf®”" *® These

observations were further confirmed by XPS redefit¥)

The changes in chemical states of the constituements such as Ti, O, C and N of
selected samples during the pyrolysis of the,INHL-125(Ti) were investigated by the X-
ray photoelectron spectroscopy (XPS). The T23nd Ti 2p,, peaks for sample NFMIL-
125(Ti) heated at 200 °C appear at 458.8 and 46d.iespectively (Fig. 5a). The difference
in binding energiesAEgg) of Ti 2p2 and Ti 2pz is 5.9 eV, confirming the presence of
Ti(IV) chemical state in Ti oxo-clustéf! However, Ti 2g, and Ti 2p), peaks for samples
obtained at 500 and 800 °C appeared at around 4B8@164.6 eV respectively. The small
shift in Ti 2p, towards lower binding energy and the changedis e upon thermal
decomposition may be attributed to the formationTé®, nanoparticle€? although one
cannot rule out this shift in the binding energy Tf 2ps, might also be due to the
incorporation of N and/or C atoms in Ti@rystal lattice substituting the’Cas well as the
formation of Tf* chemical state§®>®! The O & spectra (Fig. 5b) of NHMIL-125(Ti) heat
treated at 200 °C can be deconvoluted into two peppeared at 531.9 and 531.6 eV which

refer to the characteristic peaks of oxygen atomsTi oxo-cluster and C=0 bonds
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respectively®! However, in sample heat treated at 500 °C, the Pehks appeared at 531. 3
and 530.2 eV, which can be attributed to the OHugsoon the carbon surface and the
signature peak of Ti-O in TiDlattice respectivel{f® ¢! These peaks appear at 531.2 and
530.1 eV in the sample obtained at 800 °C withighsbroadening. It confirms the growth of

oxygen-related defects in Ti@attice!®* 8

. NH_-MIL-125 (Ti NH_-MIL-125(Ti

a Ti2p AW b o1s SMIAZS
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Fig. 5. XPS spectra of (a) Ti 2p, (b) O 1s, (c) C 1s at)d\ 1s of selected heat treated NH

MIL-125(Ti) at 200 °C (orange), 500 °C (black) a8@D °C (blue).
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The deconvoluted peaks of C 1s (Fig. 5¢) in,NMHL-125(Ti) heated at 200 °C appear
at 284.8, 286.2 and 288.4 eV which correspond fdgpridized C=C, C-O-C bonds and the
0O-C=0 of organic linker respectivelyy: 5% I At 500 °C the structure of NFMIL-125(Ti)
completely collapsed and the organic linker tramafd into the amorphous carbon. The C 1s
peaks of this sample (500 °C) appeared at 284882&d 288.2 eV attributed to C=C, C-O
and O-C=0 bonds respectivél.”” However, in sample obtained at 800 °C, the C kkpe
were shifted to 284.2, 285.1 and 287.7 eV whichcet@ the modification in the surface
chemical state of carbon species. It is worth mptivat with an increase in the heat treatment
temperature from 200C to 500 and 800C, the peak intensity for C 1s in the obtained
samples decreased gradually, due to the less ammbnspecies remaining in the samples. It
is also interesting to observe that the samplemdédeat 800 °C showed a significant decrease
in the intensity of the Sphybridized C=C bond with a simultaneous increasthé intensity
of the C-C bond (inset in Fig. 5¢) compared togample obtained at 500 #&.%* ®IThis is
due to the growth of defects in carbon matrix arelformation of oxygen vacancies as well
as a decrease in O 1s intensities with the incredsthe pyrolysis temperature. This
observation is in very good agreement with Ramawtsp in Fig. 4b. The N1s peaks in NH
MIL-125(Ti) heated at 200 °C (Fig. 5d) appeared380.9 and 402 eV, which can be
attributed to the N of the amine functional grouNH,) attached to the organic linker of
NH,-MIL-125(Ti)."" " Above 380 °C, the amine functional group (J)idleaves off from
the linker (NH-BDC) by breaking of C-N covalent bond under inatmosphere as
confirmed by TGA-MS, which frees the N atoms thah gotentially be doped into TiO
lattice as well as functionalize the surface of peeous carbon. The intensity of N 1s peaks
significantly decreased at high temperature indigathat most of the N evaporates in the
form of NO, under oxidative environment and in the form of JMH; under an inert

atmosphere, as confirmed by TGA-MS results. Theoealuted N 1s peaks in the sample
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obtained at 500 °C appeared at 400.4 and 398.3veh can be assigned to the pyrrolic N
species and the pyridine-like N atoms presentetiérporous carbon matrix respectivily.
3. 7 However, heating the sample to 800 °C under aoraegmosphere, along with the
pyrrolic and pyridine peaks, a new peak emerge89étl eV (inset in Fig. 5d) due to the
substitution of N into the TiPlattice. Valentinet al. reported that XPS N 1s core levels
appear between 396-397 eV due to the substitutidrdbpants in TiQ representative of the
Ti-N bondsl™ This substituted N atoms replace oxygeR Y@ TiO, crystal lattices with N
atoms signifying the formation of Ti-N bonds. Thds&raband states lie just above the
valence band of Tithat narrows down its energy band §4pBased on these observations,
it can be assumed that in the intermediate amoppbase of pyrolyzed NFMIL-125(Ti)
sample obtained at 500 °C under an argon atmospiteserelatively difficult to introduce
the dopants such as N atoms into J&this temperatures. However, pyrolysis of NWL-
125(Ti) under appropriate high temperature condgjcsuch as heat treatment of NWIL-
125(Ti) at 800 °C, can readily modify the energyndaaps and the chemical properties of

the derived composites. The XPS results for alkeleenents are summarized in Table S1.
3.2. Textural properties

The N sorption isotherms of selected samples includsgrapared NHMIL-125(Ti)

and samples heat treated at 200 °C, 500 °C and@0&re measured at 77 K to access their
surface areas and pore size distributions (PSDg FBD is calculated by the NL-DFT
method based onNadsorption branch data. The NMIL-125(Ti) exhibited type-I isotherm
(Fig. 6a) with high adsorption below relative pregs(p/p) of 0.1 due to the capillary filling
of micropores. The adsorption and desorption isatBeare reversible without obvious
hysteresis loop, signifying the presence of predamily uniform micropores. The activated
NH.-MIL-125(Ti) exhibits a total surface area of 1468 g* with dominated microporous
surface area, a pore volume of 0.6°gthand pore diameter of 0.7 nm (Fig. 6b), which is in
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good agreement with literature repdifs*® The sample heat treated at 200 °C showed a
small hysteresis loop above relative pressure)@0.4 without obvious loss of its porous
characteristic. This sample possesses compardblestwface area to its precursor NMIL-
125(Ti). However, it exhibited relatively decreasedicroporosity, accompanied with
remarkably increased mesoporosity which contribtiwed5% of total surface area of this
sample. The emergence of mesopores and relatiighehpore volume might be due to the
removal of residual solvents like DMF/MeOH and wauted organic linkers sitting in the
pore cages. Moreover, defect creation by harsimtéleactivation is a known phenomenon in
MOFs!® Interestingly, the total surface area of the samgitained at 500 °C dropped
dramatically to 157 fg*, due to the disintegration of the crystalline feamork and the
collapse of the porous structure, but one canretaut that the pore windows are blocked by
the organic residue which prevents flom accessing the pores during the gas sorption
measurement. In this sample, the pore volume iscetito 0.11 cfig™ and the average pore
diameter is increased to 1.0 nm. However, withrthér increase in heat process temperature
to 800°C, the obtained sample contains fully recrystadliZéO, nanoparticles and pyrolyzed
carbonaceous species with accessible porosity.tdia¢ BET surface area of this sample
obtained at 800 °C is 315" with a relatively decreased microporosity. Thisnpée
displays a pore volume of 0.32 £gi* and pore diameter of 1.4 nm respectively. Obvigusl
the pore diameter of this sample (8@) gradually increases with the formation of refaly
larger pores at higher temperatures. As confirmgdT®&A-MS and HRTEM, with the
increase of pyrolysis temperature, Ti species iat Heeated NRMIL-125(Ti) tend to
aggregate and form TpOnanoparticles due to the shrinkage of the framkevadrhigher
temperature which is accompanied with the formatibporous carbon matrix. The textural

properties of the precursor and heat treatment lesmgre summarized in Table 1. It is
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evident that the BET surface area, pore volumepamd sizes of the derived composites can

be finely tuned by optimizing the pyrolysis condits.
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Fig. 6. (a) N gas sorption isotherms and (b) PSD of as-prepakedMIL-125(Ti) (red) and
samples heat treated at 200 °C (orange) 500 °Ckpknd 800 °C (blue). The full and the

empty symbols indicate the adsorption and desarpBotherm branch, respectively. The

PSD was derived from the adsorption isotherm branch

Table 1

Textural properties of as-prepared and heat tredk&dMIL-125(Ti).

Surface area (hg™) .
NH-MIL-125(Ti) — Total Micropore (F::‘r)r:geg‘.’l‘)"”me Pore(:rf;meter
surface area surface area

RT 1465 1336 0.60 0.7
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200 °C 1435 784 0.76 0.7

500 °C 157 12 0.11 1.0

800 °C 315 47 0.32 1.4

3.3. Morphology

The in situ scanning transmission electron micrpgcd®&TEM) images in Fig. 7 show
that heating NRMIL-125(Ti) in an argon atmosphere up to 300 °G ha apparent effect on
the structural change and size of the crystalliidse selected particles remained almost
unchanged with a particle width of 0.90 um and appiathickness of 0.34 um. However, as
the heat processing temperature exceeds 350 °Q\NkheMIL-125(Ti) reticular structure
gradually loses the periodicity/crystallinity asggested by XRD and TGA-MS results, and
initiates the emission of volatile species fromamng linker NB-BDC. It inevitably causes
the shrinkage of the particle with a width of 0j7¢h and apparent thickness of 0.29 um at
around 450 °C, along with the disintegration of thetal cluster BOg(OH), and organic
linker [O,C-CsH3(NH2)-CO;J6. Further increase of heat treatment temperatureeab50 °C,
the concurrently progressive evaporation of vaasipecies together with the formation of
carbon occur for the organic linker, accompanietthwiore migration of metal cluster within
the lattice. As a result, with the recrystallizatiof the metal species, the anatase phase of
TiO, appears, which is confirmed by PXRD (Fig. 3a).shewn by TGA-MS in Fig. 1b and
d, during the carbonization of NHMIL-125(Ti) under argon, the residual species evape
in the form of CQ, NO,, NH; and HO leaving TiQ nanoparticles and amorphous carbon. At
550 °C, along with the recrystallization of Li@ccessible porosity in carbon grains is in situ
formed from the organic linker precursor, with aigrwidth of 0.68 um and apparent

thickness of 0.27 um. Further increase of heatrtreat temperature to 700 °C, the grain size
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of the particles continues to shrink to a widttDd#4 um with apparent thickness of 0.24 pum,
along with the enlargement of the micropores a$ agethe gradual growth of mesopores. At
800 °C, the size of the sample exhibited approxahged volume shrinkage of 35 % and the
selected particle possess a width of 0.58 um arapparent thickness of 0.23 um (Fig. 71)
compared to the pristine NHMIL-125(Ti). The shrinkage of the particles withet gradually

increased pyrolysis temperature and the preservaiiothe general morphology of the

precursor are clearly demonstrated via this sefi¢ise in situ STEM investigation.

1pum

1pm

Fig. 7. In situ STEM images of samples obtained at a giylincreased heat treatment

temperature of NHMIL-125(Ti) under argon atmosphere.
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Furthermore, as shown in Fig. S1, the SEM imageshefheated treated samples
indicate that the overall tetragonal 3D disc-likerphology of NH-MIL-125(Ti) remains
preserved in the derived N and/or C doped f@Ocomposites. Simultaneously, well
crystalline anatase and rutile Ti@anoparticles are uniformly immobilized in the situ
formed porous carbon matrix which is further candd by in situ HRTEM and EDX
elemental mapping. The in situ HRTEM images of celé samples at three different
pyrolysis stages such as MMIL-125(Ti) heat treated at 200 °C, the intermeelia
amorphous phase at 500 °C and the fully carboneeltl crystalline phase at 800 °&e
shown in Fig. 8. No individual Ti or TiOnanoparticles are visible in sample heat treated a
200 °C (Fig. 8a and b), whereas amorphous or paoyistalline anatase Tighanoparticles
can be observed in sample heat treated at 500 itC &€ and d). However, in the sample
heated treated at 800 °C, well crystalline anatask rutile TiQ nanoparticles can be seen
homogeneously distributed on the surface and irtbiel@orous carbon matrix (Fig. 8e and f).
At 800 °C, the average Ty(article sizes are estimated around 20 nm anddatpacing is
calculated to be 0.33 nfi¥! From these observations, it is evident that al&d@ °C, TiQ
nanoparticles are recrystallized and form anatabasqy followed by a complete
transformation into the rutile phase at 900 °C. v&mionally, metal oxides tend to form
larger particles and agglomerates due to the smgtesffect when heat treated at above the
Tamman temperature, which is approximately halfhef melting point of metal specit8.
However, the thermal decomposition of MOFs startstig at temperatures typically lower
than the Tamman temperature of their constituenéinspecies (such as Ti). Therefore, once
MOF decomposes, the metal cluster transforms ggpeactive metal oxide nanoparticles. As
the pyrolysis temperature increases, larger pagiare formed at the expense of the smaller
nanoparticles. It is interesting to observe thallky-MIL-125(Ti) derived composites, the in

situ formed carbon matrix constrains the mobilifytlee metal species and prevents them
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from sintering and agglomeration, which resultainomogeneous distribution of the formed

metal oxide nanoparticles embedded in high surdaea porous carbon matrix.

Fig. 8. HRTEM images of selected samples of NMIL-125(Ti) heat treated at (a, b) 200 °C

(c, d) 500 °C and (e, f) 800 °C.

The representative in situ EDX elemental mappinfjgshe as-prepared NFMIL-
125(Ti) and 800 °C heat treated samples (Fig. @abarconfirm that the Ti, O and C species

remain homogeneously distributed throughout thelevkamples.
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Fig. 9. In situ EDX elemental mappings of samples (apMNHL-125(Ti) and heat treated at

(b) 800 °C.

4. Conclusions

In summary, TGA-MS and in situ STEM analysis in d@nation with in situ EDX elemental
mapping and several other characterization teclesiquere employed to investigate the
structural, physicochemical, textural and morphwalg properties of as-synthesized and
pyrolyzed NHB-MIL-125(Ti). Based on the experimental observagioheat treatment of
MOF, NH,-MIL-125(Ti) under argon atmosphere results in fbemation of the TiQ/C
nanocomposites via 3 stages in the following ordkase-pure, highly porous and crystalline
MOF - intermediate amorphous phase without accessibilesitp > recrystallized porous
phase. It is revealed that the NMIL-125(Ti) framework disintegrates around 350 °C
through dissociation of the organic linker,f@CsH3(NH,)-CO,]s and the Ti oxo-cluster Ti-
g0g(OH)4. As monitored by TGA-MS, the organic fragmentsdyialy evaporate in the form

of H,O, CO, CQ, NOk and-NH,/NHs. Moreover, N released via the cleavage of covalent
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bonds of -NH functional groups from the organic linker, not yrdelf-doped into TiQ
nanoparticles but also functionalizes the poroubara During the pyrolysis of N&MIL-
125(Ti), all the elements Ti, O, C and N remain bgeneously distributed in the porous
carbon matrix. Pyrolysis between 350 and 550 °C,mwrmediate amorphous phase is
formed without accessible porosity. However, pysdyabove 550 °C, the Ti species
recrystallize and form anatase TGianoparticles followed by the formation of well
crystalline rutile TiQ phase above 650 °C. Simultaneously, the carbomixnatiginated
from the organic linker undergoes subsequent deositipn and evaporation above 450 °C
causing the particle shrinkage and regeneratingesasdale porosity. Besides, the
decomposition of organic linkers triggers fusiontlod existed well-defined MOF pores into
larger and less defined mesopores. The grain sesnue to shrink and show about 35 %
volume shrinkage at 800 °C compared to the prigdd@#-. However, the overall morphology
of the NH-MIL-125(Ti) remains preserved in the derived FiO composites. This study
may provide new insights to rationally optimize thyrolysis conditions for MOF derived

composites to obtain the desired properties foreéhevant applications.
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Highlights:

A number of techniques used in the characterization of the MOF decomposition

process.

Some characterization techniques were carried out in situ to study MOF

decomposition.

MOF NH2>-MIL-125 (Ti) thermally decomposes to composites via 3 well defined

stages.

TiO,/C with devel oped mesopores maintains particle shapes with 35% sizes shrinkage.
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