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Chapter 1: Introduction

Section 1: Introduction to 2D materials

A. Graphene

Graphene is a bidimensional (2D) material which has a hexagonal layer structure. Due
to its exceptional optical and electronic properties (conductor), it had a tremendous
impact[1] on several fields of science, especially for applications in electrical and
semiconductor industry. However, for further/future applications in these industries,
tunability of the bandgap is essential, which is not possible with graphene which calls for
better materials than graphene.

B. Boron carbon nitride

Boron carbon nitride, referred to as BCN, is a novel hybrid material composed of earth
abundant elements and synthesized using readily available and economical precursor
sources of boron, carbon and nitrogen. It’s structure is similar to that of graphene but is
more versatile than it in terms of tunability of bandgap and optical properties [3]

Most of the pioneering research on BCN is being done by the research group of Dr.
C.N.R. Rao. Their work suggests that BCN has a multitude of applications ranging from
optical to semiconductor to PEC (photoelectrochemical) cells. The remarkable
properties of BCN are attributable to its constituent elements boron, carbon and
nitrogen, which are similar in sizes but differ in properties. The unusual combination of
these three elements renders BCN suitable for various applications [4], and its
properties can be tuned based on the elemental ratio in which B, C, and N are
combined

2H;BO; —2 B,0; + 3H,0
CO(NH,), —— NH; + HNCO
B,O; + 2NH; + 2C — 2BCN + 3H,0

B,O; + 2NH; + 4C—2- 2BC,N + 3H,0

Figure 1 Synthetic scheme of BCN as reported in ref [5]
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Inspired by the work of Dr. CNR Rao, we tried to synthesize BCN using a readily
available source of carbon: industry grade paper which has 50 — 60 % of carbon by
weight. A similar synthetic approach was followed as reported by Dr. CNR Rao (fig 1)

[5].

C. Covalent organic frameworks (COFs)

Covalent organic frameworks (COFs) belong to the class of crystalline organic
polymers, constructed using simple organic units linked together via strong covalent
bonds. COFs gained importance very recently and their properties are being explored.

Early works and reports utilized the chemistry of condensation reactions to form COFs
containing Boronate and Schiff base linkages [6] (reaction between aldehyde and
amine) and vyielded corresponding COFs which are robust and stable in various
conditions.

Figure 2 Connolly representation of ISERP-COF3 [7]

Unlike typical polymers, COFs are less dense, form predesignable and predictable
crystalline geometries whose porosity can be tuned based on the choice of organic
monomer units. Most COFs are synthesized using aromatic rich building blocks, that
form planar 2D structures which then stack on one another forming a 3D network (fig 2)
which renders COFs with high surface areas and porosities [8]. As a result, COFs are
promising candidates for applications requiring high surface area and porosity.
Moreover, the surface functionalities on the COFs can be readily modified using simple
chemistry, which could then catalyze a multitude of reactions [8]

12



Section 2: Photoelectrochemical water splitting

Photoelectrochemical water splitting has attracted a broad range of research groups as
it has the potential of utilizing and converting sunlight (abundant in nature) into chemical
energy, generating Hz, which can be used to meet the increasing energy demands of
the growing population in the world. A schematic of water splitting mechanism is shown
in the (fig 3)

Hydrogen
evolution site

’
’
’

'
e —— &

4‘ CB. A 4 r

A
¥ Ve T
0O, " €«—— h* p
A Photocatalyst
Oxygen /’
evolution site

Figure 3 Schematic of hydrogen evolution and oxygen evolution occurring on a photocatalyst [9]

To date, noble metals (Pt) and oxides of some noble metals (IrO2) have proven to be
the best candidates for the water splitting reactions: hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). However, they are prone to photo-corrosion and
suffer from issues such as high cost of making and turnover ability.

Recently, alternative materials, were widely explored for their ability to catalyze the
water splitting, Some of them which captured a huge attention are 2D layered semi-
conducting materials of high surface areas such as TiOz [10], BCN [11], MoS2 [12]
Birnessite [13] and their composites [14]. These materials are made up of earth
abundant elements and are economical. They are easy to synthesize and modify to be
used as photoelectrocatalysts for water splitting. However, the performance of these
materials is modest due to the sluggish kinetics of electron transfer processes during
water splitting. Hence, major research on developing better photoelectrocatalysts is
being carried out to address this issue.

Section 3: Introduction to surface analysis
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A. Brief description of Ultra-high vacuum (UHV)

Based on the pressure regimes, vacuum is classified into

(a) Low vacuum (LV) (1-1*10°2 Torr)
(b) Medium Vacuum (MV) (1*10-3- 1*10°° Torr)
(c) High vacuum (HV) (1*10-5- 1*10°" Torr)

(d) Ultra-high vacuum (UHV) (< 1*108 Torr)

According to the kinetic theory of gases, under ambient temperature and pressure
conditions, more than Avogadro number (6x10%%) gas particles collide and stick to
surface area of 1 cm? in second. Hence under these conditions the collision flux, the
total number of molecules colliding a surface area of 1 cm?in one second will be 6x10%*
particles/ (cm? s?) assuming the sticking probability to be one. Hence the time required
for the formation of one monolayer on the surface of the material, which is inversely
proportional to collision flux and pressure, is in the order of 1 ns. To increase the time
for the formation of monolayer and study the surface phenomena precisely, the
monolayer formation time should be increased. This can be achieved by analyzing the
materials in ultra-high vacuum and cryogenic conditions (fig 4), where most of the kinetic
energy of the particles decreases drastically, and the monolayer formation time
increases to 10 seconds [2] facilitating the study of pristine material devoid of any
adsorbed impurities.

=

Figure 4 Schematic of analyte-sorbent ineterface at ambient and ultrahigh vacuum conditions
respectively. (www.orsayphysics.com)

There are specialized vacuum pumps used to generate ultra-high vacuum and they
are:
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(a) lon pump
(b) Cryogenic pumps
(c) Turbo molecular pumps

(d) Diffusion pumps

In the present work, a turbo molecular pump is used to generate ultra-high vacuum.
Turbo molecular pumps are efficient in generating ultra-high vacuum compared to
others [15]. Also, they can be started and stopped in under an hour. The turbo
molecular pump is backed by a mechanical pump which is connected to the system, to
maintain the outlet pressure of the turbo molecular pump below 100 mTorr.

B. Temperature programmed desorption as a surface analytical technique

Temperature programmed desorption (TPD) is an experimental technique widely used
in the field of surface analysis and catalysis. This technique allows one to study the
interaction of gases/analytes of interest with material surfaces and examine the
active/binding sites. TPD experiments provide an insight into the mechanism of
adsorption, desorption that occurs on the solid surfaces and explore the possibilities of
any surface reactions that could take place when the material interacts with the analyte
of interest. Moreover, reactions that are temperature dependent can be studied using
TPD technique and the kinetics of such reactions can be monitored and enhanced[16].
These examples prove that TPD can be effectively utilized in various fields of science

Many theories like Redhead analysis, leading edge and complete analysis have been
developed to calculate the energy of desorption of the gas molecules on the solid
surfaces. The effectiveness and versatility of TPD experiments have been reported in
the Borguet group. In a typical TPD experiment, a small amount of the sample is
directly placed in a vacuum chamber. The analyte of interest is then allowed to interact
and equilibrate with the material, adsorb on to the surface of the material. The sample is
then heated up gradually, at a programmable linear rate and the desorbed species are
monitored as a function of temperature and time. Detection of desorbed species is
made using mass spectrometer (MS), and detection of surface bound species can be
made using Fourier transform infrared (FTIR) spectrometer.

In the Borguet group, TPD-MS and FTIR were extensively used to study carbonaceous
materials such as SWCNT [17], HOPG [18] and their interactions with simple polar
(acetone), non-polar (propane, n-heptane) and industrially relevant gases (CO2, NHz3).
Especially the studies conducted on SWCNT suggest that molecules adsorbed
endohedrally have the effective IR cross section reduced compared the molecules
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adsorbed exohedrally. This leads to the idea of shielding/screening of molecules in

SWCNT [19].

A schematic of sample holder (fig 5), TPD-MS (fig 6), TP-IR (fig 7) used in the following

study are shown below.

Heating | 9N
reservoir

Cu wire

- TC

Sample_ |- W-Mesh

e

(e e e

Figure 5 Schematic of sample holder used
for temperature programmed studies

Section 4: Present work

windows

lon gauge

Gas inlet
(dosing/ leak
valve)

windows

Sample (top)
UHV

Gas inlet
(dosing/leak
valve)

Figure 6 Schematic of instrument used for
TPD-MS studies

Figure 7 Schematic of instrument used for TP-IR studies

The ultimate goal of our study was to understand how water splitting occurs on the
surfaces of our materials by determining

(a) mechanisms of adsorption and desorption,
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(b) specificity and selectivity in interactions between water and metal
nanoparticles and their clusters,

(c) the role of BCN, COF as a system by itself and as a support for metal
nanoparticles (MNPSs) to catalyze the photoelectron chemical water splitting.

However, water is very hard to pump out of the vacuum chamber, a lot of energy and
time are required to get rid of excess water in the system. Hence as a first step, the
work presented here encompasses the synthesis of BCN and COFs (DC-1, DC-2, DC-
3, DC-4, DC-5), study and analysis of interactions of, COFs (DC-3, DC-4), with chief
industrial analytes (COz), some simple polar and non-polar laboratory chemicals
(acetone, hexane) and molecules whose chemical properties are similar to water
(methanol). The results will give an insight into the basic processes like adsorption,
desorption occurring in these materials and help to make improvements and design
superior materials for water splitting applications.
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Chapter 2: Materials, methods and experimental conditions

Section 1: Synthesis of materials

A. Synthesis of Pulp:

Pulp was synthesized by soaking lab grade tissue paper, in a 1:1 mixture of Dimethyl
Formamide (DMF) and H20. This was done to exfoliate the fibers of the paper. The
solution was stirred for 15 mins and left undisturbed for 2 days. The resulting exfoliated
pulp was taken out by draining the liquid mixture into appropriate waste container. The
pulp was allowed to dry and was grinded into tiny bits using a household grinder. The
resulting material was used as a source of carbon (fig 8). After many hit and trials, 5 g
of pulp was found to be the minimum amount of pulp required to form some visible
remnants in the reaction crucible after the reaction is performed.

Figure 8 Image of pulp obtained using lab grade tissue paper

B. Synthesis of boron carbon nitride using pulp:

Pulp was taken in a 100 ml round bottom (RB) flask and sufficient amount of water was
added to it. The RB flask was sonicated for 20-30 mins and the contents are transferred
to a high temperature crucible and thoroughly mixed with boric acid and urea. Prior to
the addition of urea and boric acid they were grinded together in a mortar and pestle to
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enhance the surface area of the reaction. After sonication, the liquid was evaporated in
a rotary evaporator. Water was added to the reaction crucible and the resulting mixture
was warmed at 333 K (393 K in the case of DVSDO04) to form a thick slippery liquid and
then the crucible was heated in a tube furnace at 1173 K for 10 hours under N2
atmosphere. After cooling to room temperature, the reaction mixture was heated in an
excess urea medium at 1203 K for 3 hours. A schematic of synthetic procedure of BCN
is shown in (fig 9)

0]
HO._ _OH Source of carbon
>NHy B ~  BxCyNz
H,oN

OH Pyrolysis @ 900 Celsius
Figure 9 Synthetic scheme of boron carbon nitride

The amounts of pulp, urea, and other chemicals utilized for the synthesis of BCN, are
reported in Table 1.

Pulp | Boric | Urea |MeOH | H20 Sonication | Drying Pyrolysis Name of
(9) acid (9) (mL) | (mL) time temperature | temperature | sample

(9) (hrs) (K) (K) obtained
2 0.3 3.6 0 40 1 333 553 None
5 0.3 3.6 0 40 1 333 1173 DVSD-01
5 0.3 3.6 40 40 1 333 1173 DVSD-02
5 0.3 3.6 40 40 2 393 1173 DVSD-042

Table 1 Synthesis conditions of BCN samples (amounts of chemicals, solvents, temperatures of reaction). 0.3 g
CTAB was used in exfoliation of pulp in the synthesis of DVSD04. Sample DVSDO03 was synthesized following the
reported method [5]
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Figure 10 Images of obtained samples DVSD-01, DVSD-02, DVSD-03, DVSD-04

The reactions yielded black powder as seen in (fig 10). Many variations in the
composition of precursors and synthetic scheme were done to obtain porous BCN.
CTAB was used in case of DVSD-04 to exfoliate the pulp.

The obtained samples were activated at 393 K overnight before performing any
adsorption or BET studies.

C. Synthesis of COFs DC-1,2.3

The COFs DC-1,2,3 are synthesized following a reported method [8]

2,4,6-Tris(p-formylphenoxy)- 1,3,5-triazine (100 mg, 0.23 mmol), 1,4 diaminobenzene
(48 mg, 0.46 mmol), were dissolved in 5 mL of 1,4 dioxane. 5 mL of mesitylene was
added to the reaction and the contents were homogenized by stirring. Later, 0.5 mL of 3
M acetic acid was added and the Pyrex tube was flash frozen in liquid nitrogen bath.
The empty space in the Pyrex tube was evacuated and the tube was sealed by
maintaining N2 atmosphere. The tube was placed in oven and the temperature was
maintained at 393 K.

D. Synthesis of DC-4

DC-4 has been synthesized by following similar method as reported in [8] but 1,4
diaminobenzene is replaced with hydrazine. 2,4,6-Tris(p-formylphenoxy)- 1,3,5-triazine
(100 mg, 0.23 mmol), hydrazine (15 mg, 0.46 mmol), were dissolved in 4 mL of 1:1
mixture of mesitylene and ortho dichloro benzene. To the reaction mixture 4 mL of
ethanol was added, and the contents were homogenized by stirring. Later, 0.5 mL of 3
M acetic acid was added and the Pyrex tube was flash frozen in liquid nitrogen bath.
The empty space in the Pyrex tube was evacuated and the tube was sealed by
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maintaining N2 atmosphere. The tube was placed in oven and the temperature was
maintained at 393 K.

E. Synthesis of DC-5

DC-4 (500 mg) was thoroughly mixed in a 20 mL aqueous solution of boric acid (0.15 g)
and urea (1.8 g). The mixture was warmed at 60 °C to form a thick slippery liquid which
was dried at the same temperature. The dried mixture was transferred to a crucible and
placed in a tube furnace. The tube furnace was heated to 1173 K for 10 hours under N2
atmosphere. After cooling the contents to room temperature, the resulting powder was
heated to 1203 K for 3h in an excess urea atmosphere.

The resulting COFs and BCN were activated at 393 K overnight before performing any
adsorption and BET studies. This approach yielded us a crystalline BCN compared to
the previous method.

Table 2 summarizes the synthetic scheme, BET surface are, solvents used to disperse
the COFs.

Name of Synthetic scheme and properties Solvent(s) to BET surface
the material disperse the area
COF
DC-1 « Synthetic scheme; reaction time: 3
days THF, EtOH 408.5 m?/g
. Poresize=22A
OCHO .

DC-2 « Synthetic scheme; reaction time: 5
days THF, EtOH 408.5 m?/g

CHO

DC-3 « Synthetic scheme; reaction time: 7 408.5 m?/g
days THF, EtOH
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DC-4 « Synthetic scheme THF, EtOH, DMF
. Poresize=22A 2000 m?/g
« reaction time: 7 days

CHO

DC-5 « Synthetic scheme mentioned THF, EtOH
(BCN) above 180m?/g
. Size of major pore= 12 A

Table 2 Summary of synthesized materials, their properties and details

Section 2: Description of temperature programmed studies

A. Temperature programmed desorption — mass spectrometry

Temperature Programmed Desorption coupled to Mass Spectrometer (TPD-MS)
detection system is used to study the chemical species that desorbs from the surface of
materials upon heating at a known rate. Using this technique, we can obtain the
following information:

a. ldentification of masses of molecular fragments desorbing from the surface upon
heating

b. Detect the presence of multiple adsorption sites, for adsorbed gas molecules, on
the materials (presence of multiple peaks during the desorption)

c. Determine the energy of adsorption of each adsorption site present on the
material

d. Determine the kinetics of desorption process

e. Detect any irreversible transformations taking place, upon adsorption and during
desorption, on the surface of the material

The TPD-MS experiments are performed in a stainless-steel vacuum chamber,
designed and developed in the Borguet group. The chamber is pumped by a turbo
molecular pump (Leybold turbovac 151) backed by a mechanical pump provides a base
pressure in the range 10° — 10°%° Torr after bakeout. A tungsten (W) mesh (AlfaAesar,
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100 mesh, 150 x 150 mm, 0.001-inch wire diameter) is cut into a 1.0 x 0.5 in rectangular
mesh. The tungsten mesh is connected to copper wires fixed by nickel clamps. The
sample manipulator is cooled down using a liquid nitrogen dewar which allows cooling
of the samples to cryogenic temperatures (100 K). Heating up to 1400 K is possible and
has been reported. However, heating up to 473 K was performed in our experiments,
keeping in mind the stability of the materials that have been used. Gases are dosed
onto the material at cryogenic temperatures by backfilling the chamber through a leak
valve (Varian and Duniway).

After the desired dosage is completed, the pressure in the chamber is allowed to
recover to base pressures, TPD spectra are recorded while heating the material at a
constant ramp rate (usually 2 K/s). The pressures inside the chamber are monitored
using an ion gauge. To heat the sample, direct current from AEHR (10- 100) is driven
through the W-mesh. Temperature of the W mesh is monitored and controlled using a
K-type thermocouple spot welded to W- mesh. Residual gas analyzer (RGA 300
Stanford Research systems) is used to monitor the masses of the desorbed species.
Custom made LabVIEW programs were used to control and monitor temperature,
dosing and record the TPD-MS profiles.

B. Temperature programmed— Infrared spectroscopy

Infrared spectroscopy was used to study the temperature dependent changes in surface
functionalities of the sample and identify changes in vibrational modes of the sample/
adsorbed molecules. A stainless-steel vacuum chamber was used to record FTIR
spectra under UHV conditions. The vacuum chamber is positioned into the sample
compartment of a Bruker Optics Tensor 27 series FTIR spectrometer, which is coupled
to a DTGS (Deuterated TriGlycine Sulfate) detector operational in the region 12000 cm-
1400 cm™. In this work, all our spectra were recorded in the region: 4000 cm- 400
cm® with a resolution of 4 cm™. The design of the sample holder used in FTIR studies
is similar to the sample holder used in TPD-MS studies and allowed a cooling of the
samples to cryogenic temperatures (100 K). Heating up to 1400 K can be achieved but
considering the sample stability temperatures up to 473 K were employed in the interest
of sample’s stability. The sample manipulator used for the infrared studies rests on a Z
stage which is used to adjust the relative height of the sample with reference to the
infrared beam. The height of the sample is set accordingly to maximize the interaction
between sample and the infrared beam. In our experiments, the background is bare
tungsten mesh. The reference spectra are the infrared spectra of COF, coated on the
tungsten mesh, taken at 100 K (see appendix for further information). During the
analysis, all adjustments to the infrared spectra, manual baseline correction and
spectrum subtraction, were applied using Bruker OPUS software
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Section 3: Sample preparation & experimental procedure for temperature
programmed desorption studies

A. Sample preparation

To carry out the temperature programmed studies, the synthesized COFs DC-3 and
DC-4 were loaded onto the tungsten mesh. To coat the sample on the tungsten mesh,
roughly 10-20 mg of the sample is taken and dispersed in a suitable solvent (usually
DMF or EtOH) and sonicated for 10-15 mins. Then the sample is centrifuged for 10
mins @ 8000 rotations per minute. The supernatant is drained off carefully, using a
pipette, without disturbing the sample. The sample is then coated uniformly on the
tungsten mesh as shown in fig 11. To prevent quick drying of the sample on the
tungsten mesh, the choice of solvent is made in such a way that the solvent takes some
time to evaporate and sample adheres to the tungsten mesh (fig 5,6). The entire sample
manipulator is then taken carefully and inserted into the vacuum chamber sealed using
a copper gasket.

Figure 11 Sample manipulator with DC-4 coated on the tungsten mesh

To ensure appropriate connectivity of the tungsten mesh to the sample manipulator (fig
5), and avoid other unnecessary connections, the sample is tested for proper
functioning of the ramp rate and connections, prior to bake out, by generating ultrahigh
vacuum and cooling down to roughly between 100 K and 120 K and flash heating to 473
K at 2 K/s.

B. Process of bake out

Generally stainless-steel chambers are baked out in the temperature range 323 K — 373
K to get rid of moisture and contaminants adsorb in the parts of the chamber when it
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was opened to atmosphere. To achieve an effective pumping out of the adsorbed
impurities, bakeout into turbo molecular pump is done. All the electrical connections
and heat sensitive materials are excluded before starting the bake out process.
Reflective plates are used to cover the entire chamber, which have electrical
connections, to facilitate heating of vacuum the chamber. Heating tapes are also used
to achieve uniform heating of the chamber (fig 12). To maintain required temperature
and prevent heat loss to atmosphere, the reflective plates are insulated with Aluminum
(Al) tape. The temperature of the system at various spots of the system is monitored
using thermocouples for every 15 mins for the first one hour and the bakeout is
continued for 18 - 24 hours.

Figure 12 Image of bakeout of a vacuum chamber using reflective plates and heating tapes (not seen in the image)

C. Activation of the sample

After the bakeout process, the entire vacuum chamber is allowed to cool down to room
temperature. All the electrical connections are appropriately made then the IR chamber
is moved back into the IR cell and aligned. The detector residual gas analyzer is
connected to the TPD-MS chamber and the pressure is monitored. Activation of
samples is performed in order to obtain a clean surface of the material and make sure
that the material is ready to interact with the analyte of interest. All the samples are
activated to 473 K for 1 hour and changes in the sample and the system are monitored.

D. Experimental procedure
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o The analyte of interest is taken in a dosing flask and connected to the gas line to
which the leak valve is also connected. Freeze thaw of the analyte is performed
to increase the purity of the analyte present in the dosing flask.

o Adsorption of analyte:

o The sample is cooled to cryogenic temperatures using liquid N2
o Leak valve, attached to the vacuum chamber where the sample is present,

allows a specific amount/dosing of analyte to interact with the sample. The
desired Langmuir dose was performed by opening the leak valve for a
prescribed amount of time. (1 Langmuir = 10°® Torr-second) (refer
appendix for detailed calculations)

After the required dosage of analyte is performed, the leak valve is closed
and the pressure inside the chamber is allowed to restore to the
background/base pressure.

o Desorption:
o The sample is flash heated from 100 K to 473 K at 2 K/s.

IR spectra and mass spectra were recorded in the TP-FTIR and TPD-MS chambers
respectively during adsorption and desorption processes.

Chapter 3: Results and discussion

Section 1: Polar analytes

Methanol and acetone are chosen as polar analytes, to study their interactions with DC-
3 and DC-4. The interactions of acetone with various carbonaceous materials was
studied in the Borguet group and different adsorption sites for acetone adsorption on
CNT were revealed.

A. There appears to be no interaction of methanol with either DC-3 or DC-4.

DC-4: Infrared spectra of adsorption of methanol on DC-4 (fig 13), shows
no evidence of adsorption as the expected peaks for methanol in the
region 3500- 3000 cm* are absent.

Also, the infrared spectra (fig 14), mass spectra (fig 36; appendix), taken
during temperature programmed desorption of methanol suggests no
interaction with DC-4
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Figure 13 Infrared spectra of adsorption of methanol on DC-4 at 100 K, background pressure of 10-° Torr
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100 K= 473 K
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Figure 14 Infrared spectra of temperature programmed desorption of methanol from DC-4, dosed at 100 K and
background pressure of 10° Torr
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Figure 15 Infrared spectra of adsorption of methanol on DC-3 at 100 K, background pressure of 10° Torr
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Figure 16 Infrared spectra of temperature programmed desorption of methanol from DC-3, dosed at 100 K and
background pressure of 10° Torr

e DC-3: Infrared spectra of adsorption (fig 15) and temperature programmed
desorption (fig 16) of methanol on DC-3 show no sign of methanol
interaction with DC-3.

Hence, we conclude that the COFs DC-3 and DC-4 are not very good
sorbents for methanol. We speculate that methanol passes through the
pores of DC-3 and DC-4 without any affinity to the framework.

B. Acetone shows considerable interactions with DC-3 and DC-4.
e DC-4: The infrared spectra taken during adsorption (fig 17) and

temperature (fig 18) programmed desorption of acetone, show no peaks
corresponding to acetone.
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Figure 17 Infrared spectra of adsorption of acetone on DC-4 at 100 K, background pressure of 10-° Torr
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Figure 18 Infrared spectra of temperature programmed desorption of acetone from DC-4, dosed at 100 K and
background pressure of 10° Torr
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e These results suggest no interaction of acetone with DC-4. However,
mass spectra taken during the temperature programmed desorption of
acetone from DC-4 contradicts the above results (fig 19). Clearly, the
desorption intensity of mass fragment m/z= 43 (CH3O)*, which is the base
peak in the mass spectrum of acetone, increases with dosing. We
observe that desorption spectra for various dosing of acetone share a
common leading edge and the maximum temperature of desorption (Tmax)
is found to be 155 K. Also, a shoulder peak at 175 K becomes prominent
as the dosing of acetone increases more than 3500 L. The energies of
desorption of acetone are found to be using the redhead analysis
(described in appendix) and reported in Table 3. The two different peaks in
the mass spectra suggests the presence of multiple binding sites with
different binding energies.
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Figure 19 TPD-MS spectra of acetone (m/z=43) from DC-4 dosed at 123 K and background pressure of 10° Torr
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Figure 20 Infrared spectra of adsorption of acetone on DC-3 at 100 K, background pressure of 10-°
Torr

DC-3: The infrared spectra of adsorption of acetone on DC-3 (fig 20) show the
carbonyl stretching at 1700 cm™* whose peak intensity increases with dosing.
After 10,000 L dosing, DC-3 was dosed with 100 L of acetone to check for
any changes occurring in DC-3 due to the adsorption. It is clear from the
above spectra that acetone adsorption on DC-3 is reversible which is also
seen in the infrared spectra taken during the temperature programmed
desorption (fig 21A, 21B).
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Figure 22Infrared spectra of temperature programmed desorption of acetone from DC-3, dosed at 100 K and
background pressure of 10° Torr
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Figure 21 Zoom in at 1700 cm-1 in the Infrared spectra of temperature programmed desorption of
acetone from DC-3, dosed at 100 K and background pressure of 10-9 Torr
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Section 2: Industrially relevant gas: CO»

COz2 is a very important industrial gas, which also has a huge impact on the
environment. Also, temperature programmed studies of CO2 can be correlated to
BET isotherms of the material. Hence, we studied the interactions of CO2 with
DC-3 and DC-4

e DC-4: Mass spectra are taken during temperature programmed desorption of
CO2 from DC-4 (fig 23). Very little desorption is seen at the temperature 126
K. The energies of desorption are calculated using Redhead analysis and
reported in Table 3
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Figure 23 TPD-MS spectra of CO2 (m/z = 44) from DC-4 dosed at 100 K and background pressure of 10 Torr

e Although the infrared spectra of adsorption of CO2 on DC-4 suggests
promising features (fig 24) the spectra could not be interpreted completely and
requires further investigations. The two broad peaks, in the infrared
adsorption spectra of adsorption, spanning from, 3000 cm™ - 2500 cm™ and
2700 cm - 2500 cm implies that the adsorption of CO2 on DC-4 causes a
change in the framework
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Figure 24 Infrared spectra of adsorption of CO2 on DC-4 at 100 K, background pressure of 10° Torr

This reasoning is also supported by the infrared spectra taken during desorption
of CO2 and the changes that occurred seem to be irreversible as a function of
temperature (fig 25).
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Figure 25 Infrared spectra of temperature programmed desorption of CO2 from DC-4, dosed at 100 K and
background pressure of 10 Torr
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Absorbance Units

The broad peak spanning from 3000 cm™ - 2500 cm™ is absent during desorption
and the intensity of peak ranging from 2700 cm - 2500 cm™ increases with
temperature. These results suggest that

(a) Surface modifications can occur in DC-4 upon interaction with CO:2 leading to
change in vibrational modes of CO2 and/ or DC-4

(b) Temperature effects the stability of the framework of DC-4 after adsorption of
CO2

Experiments will be performed to study the surface modifications and address

the stability of DC-4 towards COs.
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Figure 26 Infrared spectra of adsorption of CO2 on DC-3 at 100 K, background pressure of 10 Torr

e DC-3: DC-3 shows no evidence of adsorption of COz2, which can be seen
in the infrared spectra of adsorption (fig 26). The carbonyl stretching at
1700 cm™ is absent in the infrared spectra of adsorption as well as
desorption (fig 27) and we suspect that CO2 has low affinity towards DC-3
compared to DC-4
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Figure 27 Infrared spectra of temperature programmed desorption of CO2 from DC-3 dosed at 100 K
and background pressure of 10° Torr

Section 3: Nonpolar analytes

Non-polar analytes such as butane, hexane and heptane are chosen for temperature
programmed studies. Butane being a small molecule is expected to easily pass
through the pores of DC-3, DC-4 (23 A) while hexane, heptane on the other hand
are larger than butane and are expected to be adsorbed more on the surfaces of
DC-3, DC-4.

e DC-3: The sp® C-H stretching at 2900- 3000 cm™ was present in the
infrared spectra of adsorption of butane and hexane (fig 28 and fig 29).
However, the intensity of sp3® C-H stretching of butane is lower compared
to the intensity of sp3 C-H stretching of hexane. These results support our
hypothesis and suggest that majority of the butane is going into the pores
of DC-3.

In the infrared spectra taken during desorption, the peak corresponding to
sp® C-H stretching of both the analytes (fig 30 and fig 31) decreases with
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increase in temperature. At highest temperature the spectrum recovers to
the initial spectrum which means that the adsorption of hexane on DC-3
surface is reversible.
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Figure 28 Infrared spectra of adsorption of butane on DC-3 at 100 K, background pressure of 10 Torr
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Figure 29 Infrared spectra of adsorption of hexane on DC-3 at 100 K, background pressure of 10° Torr
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Figure 30 Infrared spectra of temperature programmed desorption of butane from DC-3 dosed at 100 K and
background pressure of 10-° Torr
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Figure 31 Infrared spectra of temperature programmed desorption of hexane from DC-3, dosed at 100 K and
background pressure of 10° Torr
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Interestingly the intensity of sp3 C-H stretching taken during the desorption
of butane increases first and then decreases to same intensity with
increase in temperature. We suspect a screening effect for butane
adsorption in the framework of DC-3 due to its size but more experiments
have to be performed to confirm this.

e DC-4: Infrared spectra of adsorption of heptane on DC-4 (fig 32) also
shows sp® C-H stretching and the peak intensity increases with increased
dosing of heptane.
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Figure 32 Infrared spectra of adsorption of heptane on DC-4 at 100 K and background pressure of 10-° Torr.
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Figure 33 Infrared spectra of temperature programmed desorption of heptane from DC-4, dosed at 100 K and
background pressure of 10-° Torr

The infrared spectrum of desorption of heptane (fig 33) shows a decrease in
intensity of sp® C-H stretching with increase in temperature. However, the broad
peaks ranging 2300- 1700 cm™* could not be attributed to any vibrational
stretching of either heptane or DC-4 itself. This supports our hypothesis that
changes might occur in the framework of DC-4 upon interaction with analytes or
increase in temperature.
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Figure 34 TPD-MS spectra of butane m/z = 43 fragment dosed on DC-4 at 123 K and background pressure of 10-°
Torr
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Figure 35 TPD-MS spectra of hexane m/z = 57 fragment dosed on DC-4 at 123 K and background pressure of 10-°
Torr

Mass spectra taken during temperature programmed desorption of butane (fig
34), hexane (fig 35) from DC-4 are very interesting. Multiple peaks are seen in
both cases suggesting multiple binding sites for these molecules. As the dosing
of these non-polar gases increases, the number of peaks in the mass spectra

42



increases which means that multilayer adsorption of butane and hexane is

occurring on DC-4. The Tmax and energy of desorption are reported in Table 3

Analyte Temperatures of maximum Edes (KJ/mol)
desorption (K) calculated using Redhead
analysis
Acetone e 155 e 395
e 158 e 40.3
e 163 o 417
o 178 e 456
CO2 e 126 e 319
e 129 o 327
e 139 e 353
Butane e 159 e 40.6
e 169 e 43.2
e 176 e 451
e 198 e 509
o 208 e 536
o 240 e 62.1
o 245 e 635
e 261 e 67.8
Hexane e 168 e 43.0
o 173 o 443
e 180 e 46.2
e 202 e 520

Table 3 Temperatures of maximum desorption, energies of desorption of acetone, CO2, butane, hexane from COF
DC-4 calculated using Redhead analysis
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Chapter 4: Conclusion and future perspectives

In summary we have synthesized boron carbon nitride, with two different approaches,
one using lab grade tissue paper as a source of carbon and other by using COF DC-4
as a source of carbon. The former approach did not yield a crystalline, porous BCN but
the latter one did.

COFs DC-1, DC-2, DC-3, DC-4, were synthesized and studies on the interactions of
COFs DC-3 and DC-4 with various polar, non-polar and industrially relevant analytes of
interest, using temperature programmed techniques, were performed.

To the best of our knowledge, this is the first work that reports the usage of TPD surface
technique to analyze the interactions of COFs with various analytes.

From the temperature programmed studies we have seen that methanol doesn’t interact
with DC-3 and DC-4. On the contrary, polar analyte like acetone shows considerable
adsorption on DC-3 and DC-4.

CO2 shows very little desorption from DC-4 evident form the mass spectra taken during
desorption. No adsorption or desorption of CO2 is seen from DC-3 which is clear from
the infrared spectra taken during adsorption as well as desorption.

A screening effect is expected when butane interacts adsorbs within the pores of DC-3,
whereas hexane and heptane, whose size is more than the pore size of the COFs,
adsorb on the surface, interact strongly with the infrared radiation.

The overall performance of DC-3 and DC-4 as sorbents is commendable. However,
neat COFs (without any nanoparticles loaded) DC-3 and DC-4 are weak sorbents
compared to other porous materials such as MOFs (ref UiO-67), and layered materials
(such as CNT and graphite). Hence, as a next step, we plan to load noble metal (Pd)
and transition metal nanoparticles (Co, Ni) on these COFs which would increase the
number and the diversity of active sites on them. TPD techniques will be exploited to the
maximum possible extent to study the interactions of different sized nanoparticles with
the analytes of interest and the dependence of adsorption on the cluster size of
nanoparticles loaded on the COFs.

Theoretical calculations and simulations for the adsorption on neat COFs as well as
metal nanopatrticles loaded COFs will be done to support our hypothesis.

Finally, water adsorption and desorption kinetics will be studied using TPD techniques.
Our current experimental setup doesn’t allow the study and analysis of water as it
adsorbs everywhere in the system. However, theoretical modelling and simulations can
be done which would guide us and give an insight of the interesting mechanisms that
occur in these COFs and suggest which COF would be best suited for temperature
programmed studies.
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Chapter 6: Appendix

Infrared spectra of DC-3 and DC-4 coated on tungsten mesh, used as a reference

for spectrum subtraction.
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Figure 36 Infrared spectra of DC-3 on tungsten mesh, used as reference spectra for subtraction, taken at 100 K and

base pressure of 10° Torr
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Figure 37 Infrared spectra of DC-4 on tungsten mesh, used as reference spectra for subtraction, taken at 100 K and
base pressure of 10° Torr

Calculation of dosage of analyte from adsorption

Adsorption of any analyte is done by plotting the total pressure (Torr) of the system vs
time (sec) for which the dosing is performed. One Langmuir (1L) = 10 Torr-sec.
Hence the area under the graph of total pressure (Torr) vs time (sec) when divided by
10% Torr-sec gives us the dosing amount of the analyte in the units of Langmuir.
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Figure 38 An example of adsorption of 109 L dosing of an analyte at temperature 110 K and base pressure of 10°
Torr
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Figure 39 Desorption of MeOH from DC-4, dosed at 110 K and base pressure of 10 Torr

Redhead analysis

Redhead analysis is employed to calculate the energies of desorption of the analytes.

We have referred to the paper [20] and calculated the energies of desorption of analytes
from DC-3 and DC-4.

Rate of thermal desorption is an Arrhenius process and is determined in terms of
Polanyi- Wigner equation (fig 40)

dT B RT
Figure 40 Polanyi-Wigner equation to determine rate of thermal
desorption

Where,

T: Temperature; A: Pre-exponential (frequency) factor (s'l); B: Heating rate (K.s'l); O:
Surface coverage; n: Kinetic order of desorption; R: Gas constant (8.314 J.mol'l.K'l)
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There are a few assumptions made in the Redhead analysis model of desorption, which
yields a simple relation between Tmax, energy of desorption and pre-exponential factor,
which are:

a. Kinetics parameters of desorption are independent of surface coverage
b. Desorption follows first order kinetics

Incorporating the above conditions, the relation between Tmax, energy of desorption and
pre-exponential factor is derived

commonly chosen value
A=101s1

Tmax

BEqes = RTpax [In=—3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Estimated as ~ 3.46

Figure 41 Final equation of Redhead analysis used to calculate the
energy of desorption

Frequency factor A is chosen to be 102 s and the 2" term in the parentheses is taken
as 3.46. Using the above equation energy of desorption are calculated within 1.5%
error range of the accepted values.
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