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Abstract

The catalytic activity of hexagonal boron nitride (hBN) is not yet well understood but it
seems to be related to hBN hydroxylated sites. A good understanding of those sites and how they
are produced is a key step to reveal the true nature of hBN catalytic activity. Here, we report a set
of thermal treatments to produce a diversity of hydroxylated sites, as well as a method to remove
the boric acid produced by hBN decomposition. We found that some of the boric acid dehydrates
on the surface of hBN to produce a borated hBN (hBNO) characterized by an FTIR peak at 1090
cm™ and an XRD shift due to the variation in the planar distance. When characterizing the
thermally treated hBN, the storage of the sample changed the borate’s hydration degree and
modified both the XRD pattern and the FTIR spectrum. When stored in a humid environment,
boric acid peaks are visible; but when stored in a dry place they are absent. The methods
established here are a solid basis for the manufacture, purification and characterization of hBN by
thermal treatments, showing how the process can be designed to generate various functional
groups on its surface.

The thermally treated hBN was also evaluated as a support for Pt during partial oxidation
of methane (POM) for the production of syngas. POM is a promising alternative to steam
reforming of methane (SRM). POM is an exothermic reaction that requires lower temperatures
and less energy than the endothermic SRM. The weaker interaction between Pt and hBN leads to
a higher reducibility of Pt, which makes it more active than, for example, Pt/Al>O3. In this work
we synthesized several Pt catalysts on thermally treated hBN and tested its activity for POM. We
discovered that Pt/hBN is more active than Pt/Al,O3. The most active catalysts are those where

boric acid is present on the surface of hBN before the Pt impregnation. The catalysts prepared this



way feature Pt particles on a borated hBN, which makes the Pt-support interaction even weaker,
increasing its catalytic activity.

Finally, the oxidative dehydrogenation (ODH) of ethane was evaluated on thermally
treated hBN. The catalytic activity of hBN using the ODH reaction was evaluated on hBN heated
with an O2/C;He/N2 stream (activated hBN) vs a 100% N> stream (non-activated hBN: hBN*).
hBN* catalyzed the catalytic dehydrogenation (CDH) of ethane when the temperature was higher
than 160 °C. At 160 °C or below, hBN* was activated and the ODH reaction took place. The
catalytic activity of hBN for the ODH reaction increased significantly when the thermal treatment
was followed by a sonication step and a separation by centrifugation (labeled as hBNO). This
sample showed a borated layer characterized by an FTIR vibration at =1190 cm™'. We concluded
that there are several active sites on hBN catalyzing the ODH reaction, all of them involve oxygen
and requires activation or preparation of the catalyst. Future work is needed to explore the nature

of these active sites for the design of hBN based catalysts.
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seems to be related to hBN hydroxylated sites. A good understanding of those sites and how they
are produced is a key step to reveal the true nature of hBN catalytic activity. Here, we report a set
of thermal treatments to produce a diversity of hydroxylated sites, as well as a method to remove
the boric acid produced by hBN decomposition. We found that some of the boric acid dehydrates
on the surface of hBN to produce a borated hBN (hBNO) characterized by an FTIR peak at 1090
cm! and an XRD shift due to the variation in the planar distance. When characterizing the
thermally treated hBN, the storage of the sample changed the borate’s hydration degree and
modified both the XRD pattern and the FTIR spectrum. When stored in a humid environment,
boric acid peaks are visible; but when stored in a dry place they are absent. The methods
established here are a solid basis for the manufacture, purification and characterization of hBN by
thermal treatments, showing how the process can be designed to generate various functional
groups on its surface.

The thermally treated hBN was also evaluated as a support for Pt during partial oxidation
of methane (POM) for the production of syngas. POM is a promising alternative to steam
reforming of methane (SRM). POM is an exothermic reaction that requires lower temperatures
and less energy than the endothermic SRM. The weaker interaction between Pt and hBN leads to
a higher reducibility of Pt, which makes it more active than, for example, Pt/Al>Os. In this work
we synthesized several Pt catalysts on thermally treated hBN and tested its activity for POM. We
discovered that Pt/hBN is more active than Pt/Al,O3. The most active catalysts are those where

boric acid is present on the surface of hBN before the Pt impregnation. The catalysts prepared this



way feature Pt particles on a borated hBN, which makes the Pt-support interaction even weaker,
increasing its catalytic activity.

Finally, the oxidative dehydrogenation (ODH) of ethane was evaluated on thermally
treated hBN. The catalytic activity of hBN using the ODH reaction was evaluated on hBN heated
with an O2/C;He/N2 stream (activated hBN) vs a 100% N> stream (non-activated hBN: hBN*).
hBN* catalyzed the catalytic dehydrogenation (CDH) of ethane when the temperature was higher
than 160 °C. At 160 °C or below, hBN* was activated and the ODH reaction took place. The
catalytic activity of hBN for the ODH reaction increased significantly when the thermal treatment
was followed by a sonication step and a separation by centrifugation (labeled as hBNO). This
sample showed a borated layer characterized by an FTIR vibration at =1190 cm™'. We concluded
that there are several active sites on hBN catalyzing the ODH reaction, all of them involve oxygen
and requires activation or preparation of the catalyst. Future work is needed to explore the nature

of these active sites for the design of hBN based catalysts.
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Chapter 1 - Introduction

Hexagonal boron nitride (hBN) has been studied widely for its chemical, mechanical and
electrical properties, but recently it has shown a surprising catalytic activity for the ODH of
alkanes' ™. Some studies also have shown that hBN increases the Pt activity for certain reactions
when used as a support due to its weaker Pt-support interaction. In this work we will explore hBN,
its properties, its catalytic behavior and its active role when used as a catalyst support. To do that
we will modify hBN by thermal treatments and characterize the product. Then we will use hBN to
support Pt and evaluate the Pt activity on thermally treated hBN using the partial oxidation of
methane reaction, so we can compare it to Pt/Al,Os. Finally, we will evaluate the hBN activity as
a function of the thermal treatment to search for the nature of the hBN active sites using the

oxidative dehydrogenation of ethane.

Oxidative dehydrogenation of hydrocarbons

The market for olefins, especially propylene and ethylene, is growing”. The global ethylene
market, for example, was valued at USD 146.3 billion in 2019 and the demand for these building
block chemicals is expected to continue in the near future®’. The production of olefins is currently
done industrially by cracking and catalytic dehydrogenation®; however, these reactions present

911 "The main

several problems such as coke formation and high temperature requirements
problem is to activate the C—H bond and, using the same conditions, prevent further oxidation to
COx'2. Oxidative dehydrogenation (ODH) is an alternative to the traditional olefin production
methods. ODH is exothermic, which is an advantage over dehydrogenation which is endothermic.

Table 1-1 presents the details for the general reactions and a comparison of reaction enthalpies for

the case of propane, showing that dehydrogenation of propane is endothermic (A,H,qg =



124.27 kJ /mol) and ODH is exothermic (A, H,qg = —117.57 kJ/mol). The formation of water in ODH,

instead of hydrogen in dehydrogenation, favors the reaction

13,14

Table 1-1 Dehydrogenation and oxidative dehydrogenation (ODH) general reactions and

thermodynamic comparison for propane.

Dehydrogenation Oxidative dehydrogenation (ODH)
General 1
. ChHypyp 2 CiHyy + Hy 1.1 CoHopniy + =0, > CuHyy + H,0 1.2
reaction 2
Example: 1
C3Hg — C3Hg + H, 1.3 C3Hg + -0, » C3Hg + H,0 14
Propane 2
Heat of . .
. Aergg = 124.27 k]/mol Aergs = _117.57 k]/mol
reaction

The exothermicity of ODH allows the use of lower temperatures compared with catalytic
dehydrogenation, preventing the formation of coke. Amongst ODH catalysts, vanadium and
molybdenum are the most prominent. Vanadium is more active than molybdenum'>'®. However,
the selectivity for this system is still low !”. Recently a new catalytic system based in hexagonal
boron nitride (hBN) was reported to show a selectivity as high as 70% at 52% conversion of
propane to propene!'®.

In the following sections the role of vanadium, the most active metal oxide catalytic
system, and boron nitride, a new promising alternative for highly selective ODH, will be analyzed

and compared to understand the details of its activity, synthesis and reaction mechanism.

Vanadium for ODH reactions
Understanding the active sites and reaction mechanisms for ODH is a key factor in the

design of new catalysts. The role of the support, the vanadium coverage, vanadium phase structure



and many other factors affects the catalyst behavior. Supported vanadium oxide catalysts consists
of a vanadia phase with isolated VOy (Figure 1-1a) and polymerized VOx (Figure 1-1b) on an
oxide support. The polymerization degree is a function of vanadium loading. Above the monolayer
coverage V2Os crystallites are formed 2.

There are three different bond types in the two structures presented in Figure 1: V=0, V-O-V
and V—O—Support. The V=0 bond is not involved in the rate determining step. The V-O—V bond
is not critical for activation of the alkanes. The catalytic active site is associated with the V—O—
Support bond. 2.

The general mechanism of ODH reactions seems to involve only one active site?! and four
steps. The exact mechanism differs between studies, but the next four steps are generally

accepted?:

O
O
O
O

Figure 1-1. Monomeric (a) and polymeric (b) structure of vanadium deposited on a support.

1 Alkane absorption
C-H bond cleavage to produce the alkyl species

Reaction of the alkyl species with oxygen to produce the alkene

AW

Cyclic reduction/oxidation of the catalyst

One of the key steps for the ODH reaction is the activation of the C—H bond (step 2 in the

list above). When using a transition metal oxide catalyst, there is evidence that supports the



abstraction of a hydrogen by a metal oxo bond as the mechanism for the activation of the C—H
bond?. For ethane, the reaction is as follows:
C2H6 + O:V(O - )3 - C2H5- + HO — V(O - )3

Then the C,Hg radical is released to form ethylene by losing a hydrogen atom.

Hexagonal Boron Nitride for ODH reactions

Hexagonal boron nitride (h-BN) was generally considered chemically inert, but it shows
surprisingly high selectivity for the production of alkenes by the ODH reaction®*. An ethylene

selectivity of 95% at a 11% ethane conversion®

or a propylene selectivity of 79% with a 12%
propane conversion’® have been reported, as well as other advantages as a more uniform
temperature profile in a fixed bed reactor compared with y-ALO3, for example?’.

The high selectivity of h-BN for the production of olefins by the ODH reaction could be
explained by a reaction mechanism where O—O attached to the armchair side of the h-BN is the
active site (BOON). In Figure 1-2 propane is absorbed on the BOON site of h-BN. One of the
hydrogens in propane is abstracted by the active site, breaking the O—O bond and forming a BOH
species. Propane forms a bond with the other oxygen to give NOCH—(CH3): species. The stability
of the NOCH—(CH3); intermediate could be the reason for the high selectivity compared, for
example, with the metal oxide catalysts where the C3H; intermediate is not stable. Figure 1-3
presents the mechanism for the production of ethene from ethane using BOON sites in h-BN. After
the formation of the intermediate the other carbon also loses a hydrogen. Then, the product desorbs
and the catalyst is regenerated by oxygen?®.

The previous mechanism is based on the BOON active sites, which are formed in the

armchair edge in h-BN. However, the most frequently exposed edges in h-BN are zig-zag



terminations®-*. If this is the case, an alternative mechanism should be proposed to explain the
catalytic activity of h-BN. An option is to allocate the active sites in the zig-zag B edge (Figure
1-4). If that edge is hydroxylated (BOH) it could be activated with oxygen to form BOOB and
water. Next, the BOOB site will activate the C—H bond to produce BCH>CHj3 (if ethane is being
reacted) and BOH. If there is oxygen present the formation of water and ethene is the next step. If
oxygen is not present, hydrogen and ethane will be the products 3'.

A third alternative is a modified zig-zag B edge in h-BN with BOB and BOH groups
(Figure 1-5). In this case the active site is a BOOB site in a zig-zag BOB edge. The dominantly
exposed zig-zag B edge and the co-existence of BOB and B-OH groups was confirmed via multiple

techniques (EELS, XPS, MAS NMR and IR)%.
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Figure 1-2. Proposed mechanism for hydrogen atom abstraction from propane by the active site
(BO-ON) on the armchair edge of h-BN?S.
Despite the lack of information about the exact mechanism and the nature of the active

sites for h-BN catalytic activity, there is agreement in the role of oxygen and alkane in the



activation of h-BN. FTIR spectra show a typical OH vibration peak around 3400 cm™. In a study®
h-BN was hydroxylated using a 1 M sodium nitrite solution to impregnate h-BN and then
calcinated at 560 °C. The product was then treated at 530°C with 5 vol % H2O/N> to form hBOH
(hydroxylated boron nitride). The obtained sample was exposed to C>Hs/N2, CoHe/O2/N2 and
H>O/N> and FTIR was measured over time. When only ethane and nitrogen flow through hBOH
there is no change in the OH peak and no ethene is produced. Under ethane, oxygen and nitrogen
flow, the OH peak intensity decreases over time and ethene is produced, showing that there is an
interaction of oxygen with the OH group in the reaction of ethane. Finally, when water and nitrogen
is flowed through the catalyst, the intensity of the OH peaks are recovered. This means that the
OH could be regenerated®. In other words, the active sites are structurally stable; they are not

destroyed or changed irreversibly during the reaction.
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Figure 1-3. Production of ethene from ethane over h-BN in BOON sites on the armchair edge?®.
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Figure 1-4. Proposed mechanism for the production of ethene from ethane over h-BN in zig-zag
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Figure 1-5. Proposed mechanism for the production of ethene from ethane over h-BN in zig-zag

BOOB sites formed in a modified B edge in h-BN%,



In summary
Boron nitride is functionalized and the OH groups are detected using FTIR?’.
Ethane does not react with functionalized boron nitride unless oxygen is present?.
During the reaction of ethane using hydroxylated boron nitride in the presence of
oxygen, the OH peak weakens over time?>.
The peaks are quickly recovered by flowing water/N; at 590 °C%.

Boron nitride cannot be hydroxylated quickly using water vapor at 590 °C3>34,

Conclusion: The ethane reaction does not destroy the active sites (OH groups) because the
OH peaks are easily recovered when water vapor is flowed through the spent material. What is
happening, apparently, is a change in the structure of the active sites; that change makes the OH
peak disappear, but the active site is there and its original structure can be recovered with water

vapor.

Activation, intermediates and selectivity

Even though the structure of the active sites on hBN is not yet well understood, the higher
alkene selectivity shown by hBN during ODH reactions, compared to vanadium, could be
explained by a more stable intermediate (Table 1-2). The intermediate formed during the ODH on
hBN is an hBN-alkane intermediate, similar to the one formed in the alkane dehydrogenation
reaction on metallic catalysts (metal-alkane). These intermediates are more stable than the radical

formed when vanadium is used to catalyze the ODH reaction (Table 1-2)*"*>%*,



Table 1-2 Activation steps and intermediates on metallic and hBN catalysts.

Dehydrogenation ODH / vanadium ODH / h-BN

Adsorption of propane and  Hydrogen abstraction by ~ Adsorption of propane and

g activation of the C-H bond  metal oxo bond activation of the C-H bond
=
-% C,HgS + S — C,HsS C,Hg + OV (0 =) C,Hg + hBNO + hBNO
<
- C,Hs + HOV(O —); — C,HshBNO + HhBNO
o Metal-alkane Radical intermediate hBN-Alkane
=
= C,HsS C,Hs C,HshBNO
:
=
[Sami
lol S: Active sites on metal-based catalyst
/IN e
OV(0 —)y: ¢ ° o hBNO: Active site on hBN

Partial oxidation of methane, metallic catalysts and hBN

The catalytic activity shown by hBN for the ODH of alkanes is well known, but there are
other properties of hBN (and hBN related, such as B>0Os) that are worthy of further study, such as
its behavior as a catalyst support®> ¥, An important reaction for this study is partial oxidation of
methane (POM). The natural gas production in the US increased more than 50% in the last 10
years®. Converting methane, the main component in natural gas, to syngas is a key step in its
exploitation chain®. There are several reaction pathways to achieve this, such as: Steam reforming

of methane (SRM, Eq. 1.5), Dry reforming of methane (DRM, Eq. 1.6) and Partial oxidation of



methane (POM, Eq. 1.7)*!. SRM is the most widely used method to produce syngas industrially.
Both SRM and DRM are endothermic reactions that require high temperatures. This causes some
undesirable effects such as coke formation in DRM. POM is an exothermic reaction, which makes
it energetic favorable requiring lower temperatures and reduced energy costs*>**. In addition, the
H»/CO ratio produced by POM is about 2, which makes it ideal for the further production of
methanol or Fischer—Tropsch synthesis**. Other details of POM for syngas production have been

reviewed in detail***#7,

SRM: CH, + H,0 - CO +3H, AH°® = 228 kJ/mol 1.5
DRM: CH, + CO, - 2CO + 2H, AH° = 247 kj/mol 1.6
POM: CH,+1/20, - CO +2H, AH°®= —22.6 kj/mol 1.7
Combustion CH, + 20, - CO, + 2H,0 AH°® = —801 kJ /mol 1.8
WGS CO + H,0 = CO, + H, AH® = 41kJ/mol 1.9

POM does not take place directly through Eq. 1.7, but through a first complete combustion
step (Eq. 1.8) followed by steam (Eq. 1.5) and dry (Eq. 1.6) reforming. The water-gas shift reaction
(WGS) (Eq. 1.9) is also involved*® 2. For Pt catalysts on Al,O3; the Ho/CO ratio decreases with
temperature®, but if hBN is used to support Pt, the weaker Pt-hBN interaction> could play a key
role in this behavior because the Pt activity is increased by a higher Pt reducibility on hBN
compared to Al,O3*,

This is in keeping with past studies that demonstrated that reduced sites are required when

Ni is used for POM>%7 and for Pt when used for hydrocarbon oxidation>®*. The hydrophobicity

10



of the hBN support, opposed to the widely used hydrophilic oxide supports, could also be a key

factor affecting the Pt activity towards a higher CO production®.

Hexagonal boron nitride functionalization

Several methods had been developed to hydroxylate h-BN. Once hBN is hydroxylated its

catalytic activity changes. In the next sections some of the most common methods are described.

Thermal treatment

Cui et al.>? treated hBN with air at 1000 °C and hydroxyl groups were detected using FTIR
spectroscopy. They suggested that the hydroxyl groups formed in the boron zigzag edge, but there
is no evidence to support it. Xiao et al.’! used humid air at 850 °C to produce hydroxylated boron
nitride. In this case hBN reacts with water to produced hydroxylated boron nitride, boric acid and
ammonia. Jin et al.%? treated hBN at 600 °C with dry air. Previous work found that h-BN is stable
below 800 °C in the presence of air up to 8 h*?, but when treated at 600 °C for 144 h a layer of
oxidized hBN (hBNO) formed on the surface of the material. The presence of hydroxyl groups
was confirmed by a 3200 cm™ peak in the FTIR spectra. Raman shifts and XRD patterns also
confirmed the oxidation of the hBN®?,

It is important to point out the differences between the edge hydroxylated boron nitride
produced by Xiao et al. ® (confirmed by EELS) using humid air at 850 °C and the surface
hydroxylation (confirmed by HRTEM) produced by Jin et al. %2 at 600 °C in air. These results
suggest that the hydroxylation of hBN can be tuned by choosing an appropriate method to obtain

edge or surface functionalization.
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Sonication

Sonication is an easy process to hydroxylate h-BN. The simplest method is to sonicate hBN
with water. In this case the defects in boron nitride are susceptible to hydrolysis, causing the defect
to propagate and generating a “cutting” of large hBN sheets into smaller ones. This process ends
up with the hydroxylation of the edges and the exfoliation of the h-BN to produced boron nitride
nanosheets (hHBNNS). The exfoliation is attributed to the hydrolytic cutting of hBN sheets, on one
hand, and the polarity of the solvent, which interacts with the surface of h-BN and facilitates the
peeling of the sheets, on the other . Wu et al.** used a similar approach but instead of water, they

used nitric acid to sonicate h-BN and produced hydroxylate boron nitride.

Mechanical methods

Ball milling is used to generate shear stress on the surface of the h-BN particles, leading to
peeling of h-BNNS. When milling is assisted by a solution of NaOH, the hBN is hydroxylated
during the cutting that takes place when hBN reacts with OH- ions. Edge hydroxylated hBNNS
are obtained with this process®’.

Another mechanical method used to exfoliate hBN is quenching. In this method hBN at
800 °C is immersed into liquid nitrogen until liquid nitrogen gasifies completely. The heated hBN
is thermal expanded, and this expansion causes the van der Waals forces between layers to weaken.
When h-BN is immersed into liquid nitrogen (-196 °C) the exfoliation occurs due to a dual effect:

a curling process and an exfoliation triggered by nitrogen expansion®.
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Chapter 2 - Experimental setup

The experimental setup described in this section was design to study the catalytic activity
of hBN based materials. Pt/hBN for partial oxidation of methane and hBN for oxidative
dehydrogenation of ethane were used. The activity was evaluated in terms of reacted moles of
reagent per mole of active site (for POM on Pt/hBN) or per gram of catalyst (for ODH on hBN)).

All catalytic experiments were evaluated in a quartz tubular reactor (internal diameter = 12
mm) with a continuous flow operating at near atmospheric pressure. The catalyst was packed into
the reactor between quartz wool. The reactor tube was encased in an electrically heated tube
furnace with a PID temperature controller connected to a coaxial thermocouple (Figure 2-1).
Before each run, the metallic catalysts (Pt/Al2O; and Pt/hBN) were activated by reduction in H>
flow during 30 min at 550 °C. Then, the catalyst was purged with N2 and heated to the reaction
temperature. The reactor effluent gases were analyzed by an on-line gas chromatograph (SRI
8610C GC) equipped with a silica gel column connected in series with a Molsieve MS13x 6
column and two detectors, TCD and FID. A methanizer converted carbon monoxide and carbon
dioxide to methane to give greater sensitivity. The conversion and selectivity were calculated on a

carbon basis, except for H selectivity, which was calculated on a hydrogen basis (Equations 2.1,

2.2 and 2.3).
Mo — 10
Conversion (%) X, = L LOU  100% 2.1
Niin :
Carbon Atom .
n; Zi
S; = Lout X —100% 2.2
Selectivity (%) nalkane,in - nalkane,out Zalkane )
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Hydrogen Atom i out h;

S, = — X n 100% 2.3
Selectivity (%) nalkane,m nalkane,out alkane

In equations 2.1, 2.2 and 2.3:

X;: Conversion of i

n;: Molar flow rate of i

Si: Selectivity of ;

z;: Number of carbon atoms in i
h;: Number of hydrogen atoms in i

The subscript alkane refers to the feeding hydrocarbon (methane or ethane)

7 | chromatograph | o

[ ]
I B -.:L
@ r

% Temperature |
4| Gas 0J ( -E contriller i .:L
{ N

Figure 2-1. Experimental setup. Gases are feed at controlled rates using mass flow controllers
(MFC). The furnace temperature is measured by a thermocouple (temperature transmitter: TT) and
controlled by a PID controller. The temperature of the downstream gases from the reactor is

controlled by a temperature controller (TC) connected to a thermocouple (TT).
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Pt catalyst preparation

The Pt/hBN catalysts were prepared using the wet impregnation (WI) method with an
aqueous solution of chloroplatinic acid hexahydrate (HoPtCls 6H>O) from Sigma-Aldrich. The
hBN support (Alfa Aesar, 325-mesh powder 99.5% purity) was suspended in water (1 g/100 mL)
for 1 h using an ultrasonic bath sonicator. Then the Pt precursor solution was added and stirred for
2 h without sonication (wet impregnation samples) or with sonication (sonochemical wet
impregnation samples). The mixture was dried overnight at 110 °C followed by calcination in a
tubular furnace for 4 h with a heating ramp of 5 °C/min.

The incipient wetness impregnation method (IWI) was also tested with a solution of
H>PtCls 6H20 in methanol, but the Pt dispersion was much lower than the dispersion obtained

with WI in water. Due to the lower dispersion the water WI was used for all the samples.

Pt catalyst experiments

The experiments using the Pt catalysts were performed using Pt pellets. Pellets were
prepared applying a 1000 psi pressure to a catalyst sample for 60 seconds. Then pellets were
crushed and sieved to a size between 300 um and 500 pm.

After the H> reduction for 30 minutes and the N> purge, the reactor was heated to the
reaction temperature. once that temperature was reached, the N> stream was switched to
N2/CH4/O». After 10 minutes of reaction at the reaction temperature the first sample was injected
to the GC and then one injection was made every 30 minutes. After each injection, the temperature
was changed between 500 °C and 900 °C in 100 °C steps. Each temperature was chosen randomly
to prevent any effects associated to a linear temperature increase. For each experiment we repeated

the sampling for each temperature 3 times.
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hBN thermal treatments

Thermal treatments took place in a Lindberg Blue M tubular furnace. For the humid air
treatments, a water bubbler at room temperature with a diffuser was used to saturate the air stream
before the furnace inlet. hBN850 was treated at temperatures from 600 °C to 950 °C with humid
air. For the samples treated a 600 °C the thermal treatment did not change hBN significantly in
short periods of time (less than 10 h), so we tried 60 h and 144 h.

The samples treated at 850 °C or higher were treated for 3 h, 6 h or 9 h. The thermal
treatments at temperatures equal or higher than 850 °C for periods longer than 6 h produced a
significant decomposition of hBN. We measured the decomposition by looking at the FTIR
spectrum and at the XRD patterns. All samples were heated from room temperature at 10
°C/minute. After the treatments, with the objective of removing some products of the partial
decomposition of HBN, samples were purified with humid air for 24 h at 600 °C.

hBNO was produced using humid air at 850 °C for 3 h, dry air at 850 °C for 2 h and dry
air at 600 °C for 5 h. After the thermal treatments hBNO was suspended in deionized water (100
mL of water/g of hBN), sonicated for 4 h in a bath sonicator and centrifuged at 1000 rpm for 30
min. After the centrifugation the liquid phase was dried at 110 °C overnight and thermally purified

using humid air at 600 °C in the furnace for 24 h.

hBN experiments

The experiments with thermally treated hBN were carried out at temperatures from 560 °C
to 610 °C in steps of 10 °C. The catalysts were used in their powder form. The reactor was heated
up to 580 °C with a stream of N2/C2He/Oz, then the reactor was kept at that temperature for 10

minutes before the first injection to the GC. After the first injection the temperature was kept at
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580 °C for the next 5 injections (one every 30 minutes). This “activation period” was necessary
for some hBN samples to reach their full activity. After the activation period the temperature was
changed randomly to one of the values established for the experiment (560, 570, 580, 590, 600 or
610 °C) to cover the whole range. Each experiment was repeated 2 more times.

For the stability tests we used a temperature of 580 °C. The injections to the GC were made
every 30 minutes and the temperature and all other variables were constant during the whole

experiment.

Pt dispersion

The Pt dispersion was evaluated in a AMI-200 Catalyst Characterization System using an
oxygen pulse chemisorption technique. The chemisorbed oxygen was determined by adding the
difference between each oxygen peak area and the area of the peak once the sample was saturated
(the consecutive pulses did not change). The sum of the areas was then transformed in oxygen
molecules by a comparison with an oxygen pulse calibration (repeated 10 times) at the end of the

experiment using a known amount of oxygen.

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed to identify the functional
groups attached to thermally treated hBN. FTIR spectra were collected using a Thermo Nicholet
Nexus 670 operating in diffuse reflectance mode with a DTGS detector. The samples were diluted
in FTIR grade KBr supplied by Alfa Aesar. The amount of sample used was 0.1 g diluted in 0.3 g

of KBr. This ratio was tuned to prevent the saturation of the detector, which happens if too much
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sample is used, and also prevent the signal to become weak, which happen if the sample is diluted
too much.

All samples were collected in the 500 cm™ to 4000 cm™ range with a resolution of 1 data
point / 2 cm™. For the “Details on hBN activity for ethane oxidative dehydrogenation” section
(Chapter 5) all fourier-transform infrared (FTIR) spectra were collected using a Cary 630 FTIR
operating in ATR mode with an MCT detector. All samples were collected in the 500 cm™ to 4000

cm’! range with a resolution of 2 data points / cm™.

X-Ray powder diffraction

X-ray powder diffraction (XRPD) patterns were collected with a Rigaku MiniFlex II at 30
kV, 15 mA and 10° <260 < 60°. Prior to the measurements of the XRPD patterns, the samples were
dehydrated overnight at 110 °C in an oven. For some samples a “wet” spectrum was obtained by
exposing them to a water saturated atmosphere overnight at room temperature before the
measurement. Those samples were labeled as “wet”. All the samples were crushed with a pestle

and mortar before each measurement.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to evaluate the microstructure detail on
the materials surface. The main goal with this technique was to determine if the morphology of
hBN was preserved after the treatments and catalyst synthesis. SEM performed with a SEM-FID
ZEISS Crossbeam 340 equipped with energy dispersive X-ray spectroscopy microprobe EDS
Oxford Aztec, Silicon drift 80 mm?. Three images were taken for each sample at magnifications

of 500x, 1000x and 5000x.
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Chapter 3 - Modification of Hexagonal Boron Nitride by Thermal

Treatment!

Kubelka-Munk

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm-!

Figure 3-1. FTIR for thermally modified hBN and its chemical structure.

Hexagonal boron nitride (hBN) is attracting a lot of attention in the catalysis field due to
its activity and selectivity in the oxidative dehydrogenation (ODH) of hydrocarbons!'™. The
superior thermal and mechanical properties of hBN make this material suitable for many
applications®” ", but at the same time make it difficult to modify it to introduce active catalytic

sites. Thermal treatments (heating hBN at a given temperature for a given time in a controlled

! This chapter is based on a manuscript submitted to the Journal of Materials Science

19



atmosphere) are known to be a feasible way of functionalizing hBN326162 and previous studies
claim this method adds hydroxyl groups to the edges*? and surface®® of hBN. Thermal treatments
are preferred to other methods that require adding exogenous compounds which contaminate the
sample’®’!. Thermal treatments are also much simpler compared to synthesis methods which,
instead of modifying hBN, use a synthesis method to produce a hydroxylated hBN from, for
example, graphitic carbon nitrides and boric acid’>.

Boron nitride hydroxylation also occurs during the induction period of ODH reactions.
When a mixture of ethane and oxygen reacts on pristine boron nitride, the ethane conversion
increases over time, as does the B-OH FTIR signal at 3200 cm™ peak®. However, selectivity to
ethylene is generally higher if hBN has previously been hydroxylated!. Curiously, the FTIR peak
for B-OH is present at 3400 cm™ in this case. The discrepancy in the wavenumber of the FTIR
peaks for B-OH has been noted in other studies. Some assign the 3200 cm™ peak to hydroxylated
hBN (hBNOH)**627374 and others assign a 3400 cm™! peak to h(BNOH and the one at 3200 cm™ to
boric acid®!"’?. Unlike metal-based catalysts, the active sites of hBN are not clearly identified and
cannot be measured yet, but in terms of reactivity, both OH groups, the one at 3200 cm™ and the
one at 3400 cm™') appear to be catalytically active'?®. In some cases, an additional signal shows
up in the FTIR spectra after a thermal treatment due to oxygen doping of hBN. This peak is around
1100 cm™! due to N-B-O vibrations” 7%,

Here, several thermal treatments are used to produce a variety of functionalized hBN
materials with hydroxyl groups and oxidized surfaces. Boric acid is produced as a byproduct due
to hBN decomposition during the treatments. Those meterials are characterized using FTIR and
XRD spectroscopy to reveal the nature of the functional groups added to hBN. In order to increase

the reactivity of hBN, humid air is used**. This allows for functionalization at shorter times and
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lower temperatures than those required in the absence of water. Additionally, a purification method
is developed to remove the boric acid produced during the treatment due to the decomposition of
hBN. As a final step, a sonication method to disperse the particles, followed by centrifugation,
allowed us to separate the most stable water suspended particles, which showed a FTIR peak at
1090 cm™!, assigned to the B-N-O vibration. This suggests the formation of a borated hBN by the
dehydration of boric acid on the surface of hBN. The goal of this study is to show that hBN can be
functionalized in a variety of ways by changing the thermal treatment temperature, time and

humidity.

Experimental

Reagents
Hexagonal boron nitride was supplied by Alfa Aesar as a 325-mesh powder 99.5% purity.
Boric acid was supplied by Acros Organics with a 99.99% purity. All reagents were used as

supplied for all the thermal treatments.

Thermal treatments

Thermal treatments took place in a Lindberg Blue M tubular furnace. For the humid air
treatments, a water bubbler with a diffuser was used to saturate the air stream before the furnace

inlet.

Sonication and centrifugation

In a typical procedure, the sample was sonicated in a bath sonicator using deionized water

(100 mL of water per gram of sample). After the sonication time the samples were transferred to
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50 mL conical-bottom centrifuge tubes and centrifuged for 30 minutes at 1000 rpm. After

centrifugation the upper 35 mL of liquid were collected and dried overnight at 110 °C.

Characterization

Fourier-transform infrared (FTIR) spectra were collected using a Thermo Nicholet Nexus
670 operating in diffuse reflectance mode. The samples were diluted in FTIR-grade KBr supplied
by Alfa Aesar. The FTIR results presented here are representative of multiple repeat trials: at least
two samples for each treatment.

SEM images were obtained using a Hitachi S-3500N with Pd sputter coating on all
samples.

X-ray powder diffraction (XRD) patterns were collected on a Rigaku MiniFlex II at 30 kV,
15 mA and 10° <260 < 60°.

Prior to the measurements for the FTIR spectra and XRD patterns, the samples were
dehydrated overnight at 110 °C in an oven with ambient air. For some samples a “wet” spectrum
was obtained by exposing them to a water saturated atmosphere overnight at room temperature
before the measurement. Those samples were labelled as “wet”. For both techniques, all the

samples were crushed with a pestle and mortar before each measurement.

Thermal treatments
Samples were thermally treated at temperatures ranging from 650 °C through 950 °C. After
studying the effect of different temperatures and the humid or dry atmosphere, a set of temperatures
were chosen to run the complete set of experiments presented here (650 °C, 850 °C, 900 °C and

950 °C). Temperatures lower than 800 °C are not effective to change the material in a short period
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of time. A temperature of 600 °C was used to evaluate the effect of a long thermal treatment at

low temperatures.

Results and Discussion

In this study, we applied several thermal treatment protocols to hBN. Each protocol
consisted on a series of steps grouped in 3 categories: Treatment, Post treatment and Storage. The
first one is the thermal treatment itself. Its objective is to introduce hydroxyl groups to hBN, as
well as cause other changes that will be discussed later. The second one is the post treatment. Its
objective is to remove impurities generated during the thermal treatment, especially boric acid. It
consists of a lower temperature thermal treatment followed by sonication and centrifugation. The
third one is the storage of the samples after synthesis. Storage is not part of the hBN modification
process, but samples stored in different environments gave different results, so this step was
included as part of the protocol.

Treatment and storage are always present in every protocol, but some samples were not
subjected to post treatment. Table 3-1 summarizes the available steps with a nomenclature and

examples to name the protocol.

Table 3-1. Nomenclature for the hBN treatment protocols

Treatment (TT) Post treatments (PT) Characterization
D: Dry air T: Thermal D: Dry air D: Dried overnight at 110 °C
H: Humid air H: Humid air Y: Time in h W: Overnight exposure to a
X: Temperature in °C X: Temperature in °C water saturated atmosphere at
Y: Time in h S: Sonication and centrifugation room temperature

N: Sonication time in h
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Table 3 1. Nomenclature for the hBN treatment protocols, Continued

Nomenclature

TT:(D/H)X-Y PT(T/S)(D/H)-Y-SN C:(D/W)

Example

First TT with H air at PT with H air at 550 °C for 24 h Characterization after overnight
850 °C for 6 h. Second followed by S for 4 h and dryingat110 °C.

TT with D air at 950 °C centrifugation.

for 3 h.

TT:H850-6 PT:TH550-24-S4 C:D

TT:H850-6 PT:TH550-24:S4 C:D

Heat Treatment of hBN

The morphology of the materials was evaluated using SEM images (Figure 3-2). Most of
the samples did not show any morphological change after the treatment compared with the staring
material (hBN shown in Figure 3-2a). The only exception was hBN treated at 950 °C with humid
air and sonicated for 18 hours (Figure 3-2b) which is showing a morphology similar to the one in
Figure 3-6 (Inset a) due to the presence of a boron oxide phase.
The first sample evaluated was hBN treated at 950 °C in dry air for three hours with a 18 h
sonication post treatment (
Figure 3-3a). There is a peak in 3213 cm™ in the FTIR spectrum. This peak is assigned to an OH
vibration, probably from boric acid produced during hBN decomposition®-’? (hBN + 3H,0 —
NH; + B(OH)3). A relatively wide peak also appears at 1090 cm™'. This peak is assigned to
oxidized hBN (hBNO). Additional experiments later in this work will support this assignment.

Next, pristine hBN was treated at 900 °C with water-saturated air (
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Figure 3-3b) followed by a post treatment at 310 °C and sonication. The goal of the low
temperature post treatment is to remove some of the boric acid from the sample by a displacement
of the equilibrium between the dehydrated form of boric acid, B2Os, which has a high boiling
point, to a hydrated species with a lower boiling point (Reactions 3.1 and 3.2)”°. By keeping a
humid atmosphere, the hydration of the boron compounds is promoted, while the low temperature

prevents decomposition of hBN, resulting in a net reduction of the boric acid content in the sample.

After sonication, the 1090 cm™! peak appears even bigger than in the treatment at 950 °C.

HsBO; = HBO, + H,0 3.1
2 HBO, = B,0; + H,0 3.2

Figure 3-2. SEM images for thermally treated hBN. a) Untreated hBN; b) TTD950-

3 PT:S18 _C:D; ¢) TT:H900-3 PT:H310-10 S4 C:D; d) TT:H850-3 PT:H310-10 S4 C:D; e)

TT:H850-3 PT:D600-5S4 C:D and f) TT:850H-6 _C:D
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If there is an equilibrium between hydrated and dehydrated boron species in the thermal
treated hBN samples, it means that XRD patterns for a sample with dehydrated boron species
(stored at 110 °C after the treatment) will not exhibit boric acid peaks. On the other hand, the XRD
pattern for a sample with hydrated boron species (stored in a water-saturated atmosphere at room
temperature) will show the boric acid peaks. To test the impact of these storing methods, the XRD
patterns were measured for a hBN sample treated at 850 °C for 6 h under humid air (TT:850H-6)
when the sample was stored in a dry environment (TT:850H-6 C:D) and when it was stored in a
humid environment (TT:850H-6_C:W) (Figure 3-4). As expected, the dry sample appears almost
boric acid-free in Figure 3-4 because the boron species are dehydrated and the XRD pattern for
B203 is not visible in the presence of hBN. On the other hand, the wet sample clearly shows the
boric acid pattern (PDF No: 01-072-3608) mixed with the one for hBN. These data demonstrate
that a simple change in the sample preparation could hide the presence of boric acid and lead to
erroneous conclusions.

The FTIR peaks at 2213 cm™ appeared when hBN was treated at 850 °C for 3 h with humid air (
Figure 3-3c), but there was no significant change in the FTIR spectra when hBN was treated with
humid air at 650 °C (

Figure 3-3d) even after 60 hours of treatment.
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Figure 3-3. FTIR spectra for thermally treated hBN at a) 950 °C, b) 900 °C, c) 850 °C and
d) 650 °C
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Figure 3-4. XRD patterns for thermally treated hBN. The same sample was measured dry and wet,

giving different results due to the equilibrium between the hydrated and dehydrated borate species

Boric acid removal

As described above, thermal treatment in air at temperatures above 850°C with humid air
led to formation of boric acid, as identified in both FTIR and XRD spectra. To further understand
the role of boric acid in thermally treated hBN samples, boric acid removal was studied by treating
an hBN sample at 850 °C for 6 h in humid air. XRD patterns were measured for the sample at
different times during the boric acid removal treatment at 600 °C for several hours. Figure 3-5a
shows the XRD patterns along with identified peaks for hBN (PDF No: 01-085-1068) and boric
acid (PDF No: 01-072-3608). Both boric acid peaks are expanded in Figure 3-5b and Figure 3-5c.
As seen in Figure 3-5b and Figure 3-5c, the boric acid peaks diminish over time, indicating that
there is a reduction of the boric acid content with post treatment time. The XRD data was used to
estimate the boric acid content of each stage of the post treatment using the reference intensity

ratio (RIR) method and the trend is typical for a first order dynamics (dCg,/dt = aCpy, were a is
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a rate constant and Cp, is the boric acid concentration in the sample). Setting the initial
concentration of boric acid equal to Cp 40, the dynamic equation can be solved to give: Cg4/Cpa0 =

e~ 0124t 1fa 24 h treatment is used, this equation predicts that 95% of boric acid will be eliminated

from the sample.
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Figure 3-5. XRD pattern of a thermal treated hBN sample at 850 °C plus a post treatment at 600
°C with humid air (TT:850-6 PT:TH600-t). The plot shows the evolution of boric acid content

with time. a) Complete pattern. b) and c¢) zoom in on the boric acid signal.
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Figure 3-6. Percent of remaining initial boric acid content (%IBA) during post treatment of a

thermal treated hBN sample. Inset: hBN SEM images before (a) and after (b) post treatment

Post Treatment of Thermally Treated hBN

The impact of post treatment of the thermally-treated hBN samples was studied by
subjecting a sample that had been thermally treated at 850 °C for 3 h with humid air to post
treatment at 600 °C with dry air for 5 h. The FTIR spectra were measured before and after a 4
hours sonication final step as shown in Figure 3-7. An FTIR spectrum was measured with a dry
sample to minimize the boric acid peak at 3200 cm™ and better show other peaks between 3000
cm™ and 4000 cm!. The peaks for this sample show a variety of boron species on treated hBN.
The peak at 1090 cm™ is much stronger after the sonication-centrifugation step and there are

overlapping peaks near 3300 cm™ (Figure 3-7).
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Figure 3-7. Borated hBN after boric acid dehydration on its surface.

To understand these results a deconvolution of the FTIR spectra between 2900 cm™ and
3800 cm! is presented in Figure 3-8. The deconvolution unveiled four peaks: 3600 cm™!, assigned
to OH groups attached to B203**; 3400 cm!, assigned to OH groups attached to hBN®-"2; 3000
cm’!, assigned to hydrogen bonding of B2O3 species with the OH groups®* and 3200 cm™ assigned
to boric acid and hBN concerted hydroxyl groups®’. The 1090 cm™ peak is assigned to N-B-O
vibrations”>’®. The simplest explanation that we can give to fit all these results involves a partial
decomposition of hBN to boric acid followed by dehydration of boric acid on the surface of hBN

and the formation of a borated hBN species. The details are presented below.
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Figure 3-8. Deconvoluted FTIR spectrum of Figure 3-7. The 3600 cm™! peak is assigned to
OH groups attached to BO3**. The 3400 cm™! is assigned to OH groups attached to hBN®!-72,
The 3000 cm™! peak is assigned to hydrogen bonding of B2Os species with the OH groups

34 The 3200 cm™! could be boric acid or hBN concerted hydroxyl groups®.

Boron nitride dehydration and borated hBN formation
When hBN is decomposed into boric acid and ammonia, the boric acid could dehydrate on
the surface of hBN to form borated hBN. For example, if 5 molecules of boric acid lose 4 molecules
of water on the surface of hBN, the reaction will be:
hBN + 5B(0OH); — 4 H,0 + hBN(B504,H,)
where hBN (B5041 H,) is borated hBN (Figure 3-9). A similar result was obtained before
for borated alumina®'. In general, for any given amount of boric acid molecules (n) being
dehydrated on the surface of hBN, the resulting product will be:

hBN + n B(OH)3 - (n - 1) H20 + hBN(Bn02n+1H2)
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Figure 3-9. Borated hBN after boric acid dehydration on its surface

This borated hBN explains all the peaks present in Figure 3-7 and Figure 3-8 and its structure is
similar to the borated alumina found in another study¢. In addition, the presence of borated hBN

explains why in Figure 3-7 the peak at 1090 cm’!

is much stronger after the sonication-
centrifugation. Borated hBN will be more stable in water than hBN due to hydrogen bonding
between its framework oxygen and water. When borated hBN is centrifuged, the resulting
centrifuged liquid sample is richer in borated species than the original sample that contained both

borate and non-borated hBN. To prove this point, two suspensions of the same mass of hBN and

thermal treated hBN (hBN850-6h) were made by sonicating the suspensions and then spinning
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them in a centrifuge for 30 min. The thermal treated hBN suspension contains 3 times more solids
than the pristine hBN (

Figure 3-10).
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Figure 3-10. Suspensions of hBN and thermal treated hBN. The thermal treated suspension

contains three times more solids due to the formation of hydrogen bonds with water

Additional support for the hypothesis that borated hBN is formed is shown in Figure 3-11.
A shift to a smaller 20 angle in the hBN [002] plane suggests that the hBN surface is oxidized,
causing an increase in the crystal plane spacing (Inset of Figure 3-11shows the peaks normalized

to equal height showing the left shift).
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Figure 3-11. A left shift in the XRD pattern peak characteristic of the hBN 002 plane caused
by an increase in the crystal plane spacing due to hBN oxidation (Inset: peaks normalized

to equal height showing the left shift)

Conclusions

This work shows how different thermal treatments can be used to hydroxylate hBN and
how the final material can be tuned by changing the treatment temperature, time, atmosphere and
post treatment. Boric acid is extensively formed when hBN is treated in humid air at high
temperatures, but it can be removed by a thermal post treatment at low temperature using air
saturated with water. This prevents hBN particles reaggregation or loss of material, which can
plague alternative methods such as filtration. Furthermore, boric acid can dehydrate to B2O3 at
high temperatures, ultimately forming hBNO. These materials form more stable suspensions in
water than pristine hBN. Finally, XRD and FTIR analysis can be complicated by the formation of

boric acid if thermal treated hBN samples are stored in a humid environment. Analysis of samples
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stored in a dry environment demonstrate the absence of boric acid and the presence of B2Os. This

is an important consideration to take into account when characterizing thermally treated samples.
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Chapter 4 - Syngas production on a Pt/hBN catalyst: the role of the

support

CH,

\ 1. Thermal treatment >

2. Pt deposition (WI)

Figure 4-1. Production of syngas on a Pt/hBN catalysts. The hBN support was thermally treated

before the Pt impregnation.

Natural gas production in the US has increased more than 50% in the last 10 years®.
Converting methane, the main component in natural gas, to syngas is a key step in its exploitation
chain*’. There are several reaction pathways to achieve this, such as: Steam reforming of methane
(SRM, Eq. 4.1), Dry reforming of methane (DRM, Eq. 4.2) and Partial oxidation of methane
(POM, Eq. 4.3)*'. SRM is the most widely used method to produce syngas industrially. Both SRM
and DRM are endothermic reactions that require high temperatures. This causes some undesirable
effects such as coke formation in DRM. POM is an exothermic reaction, which makes it energetic
favorable requiring lower temperatures and reduced energy costs*>*. In addition, the H»/CO ratio

produced by POM is about 2, which makes it ideal for the further production of methanol or
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Fischer—Tropsch synthesis**. Other details of POM for syngas production have been reviewed in

detaﬂ40,45—47

SRM: CH, + H,0 - CO + 3H, AH°® = 228 kj/mol 4.1
DRM: CH, + CO, » 2CO + 2H, AH° = 247 kj /mol 4.2
POM: CH,+1/20, - CO +2H, AH°®= —22.6 kj/mol 4.3

POM, however, has some disadvantages. The reaction mechanism is proposed to be a two-
step reaction®®; a total combustion first step and then dry and steam reforming to produce syngas
in addition to the water gas shift reaction**. Such mechanism causes a temperature gradient in the
catalyst bed because combustion is highly exothermic and the subsequent reactions are
endothermic, leading to a difficult temperature regulation due to the formation of hot spots,
especially when low thermal conductivity supports are used (i.e. Al»O3) causing catalyst
deactivation®®. The higher conductivity of hBN (125 W/m/K) will distribute the energy better than
AlO3 (23 W/m/K), reducing the hot spots®*#. Moreover, the weaker interaction between Pt and
hBN could improve the catalytic activity of Pt, such it does with other metals*®, because the metal—

368385 and also affects the metal

support interaction is generally negative for the catalyst activity
particles shape®®.

In this work Pt/hBN catalysts are prepared using a variety of thermal treated hBN supports.
The goal of the thermal treatments is to change the interaction between Pt and hBN, which strongly
affects the Pt activity. Most of the thermal treatments applied produce boric acid due to the
decomposition of hBN. This boric acid interacts with the Pt precursor during the catalyst synthesis,

so removal of boric acid in different stages of the catalyst synthesis is evaluated and compared

with untreated hBN or untreated hBN doped with boric acid. Catalytic tests evaluate the effect of
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such treatments on catalysts activity, selectivity and H,/CO ratio compared with a regular Al,O3
catalyst. We focus our attention on the Pt/support interaction, how this interaction can be modified

by changing the synthesis method, and how the interaction affects the activity of the catalyst.

Experimental section

Reagents
Hexagonal boron nitride was supplied by Alfa Aesar as a 325-mesh powder 99.5% purity.
Boric acid was supplied by Acros Organics with a 99.99% purity. All reagents were used as

supplied for all the thermal treatments.

Thermal treatments
Thermal treatments took place in a Lindberg Blue M tubular furnace. For the humid air
treatments, a water bubbler with a diffuser at room temperature was used to saturate the air stream

before the furnace inlet.

Characterization
Fourier-transform infrared (FTIR) spectra were collected using a Thermo Nicholet Nexus
670 operating in diffuse reflectance mode. The samples were diluted in FTIR grade KBr supplied
by Alfa Aesar.
X-ray powder diffraction (XRPD) patterns were collected with a Rigaku MiniFlex II at 30
kV, 15 mA and 10° < 20 < 60° using a copper source with a wavelength of 1,54 A.
Prior to the measurements for the FTIR spectra and XRD patterns, the samples were

dehydrated overnight at 110 °C in an oven. For some samples a “wet” spectrum was obtained by
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exposing them to a water saturated atmosphere overnight at room temperature before the
measurement. Those samples were labeled as “wet”. For both techniques all the samples were
crushed with a pestle and mortar before each measurement.

Scanning electron microscopy was performed with a SEM-FID ZEISS Crossbeam 340
equipped with energy dispersive X-ray spectroscopy microprobe EDS Oxford Aztec, Silicon drift
80 mm?. All samples were coated with Pd.

The Pt dispersion was evaluated in a AMI-200 Catalyst Characterization System using an
oxygen pulse chemisorption technique. The chemisorbed oxygen was determined by adding the
missing oxygen in each pulse before reaching the saturation stage characterized by constant

consecutive pulse areas.

Catalyst preparation

The Pt/hBN catalysts were prepared using the wet impregnation method with an aqueous
solution of chloroplatinic acid hexahydrate (H2PtCls 6H>O) from Sigma-Aldrich. The hBN support
(Alfa Aesar, 325-mesh powder 99.5% purity) was suspended in water (1 g/100 mL) for 1 h using
an ultrasonic bath sonicator. Then the Pt precursor solution was added and stirred for 2 h without
sonication (wet impregnation samples) or with sonication (sonochemical wet impregnation
samples). The mixture was dried overnight at 110 °C followed by calcination at 375 °C in air using

a tubular furnace for 4 h with a heating ramp of 5 °C/min.

Catalytic activity

The catalytic activity was evaluated in a quartz tubular reactor (internal diameter = 12 mm)

with a continuous flow operating at near atmospheric pressure. The catalyst was pelletized and
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packed into the reactor between quartz wool. The reactor tube was encased in an electrically heated
tube furnace with a PID temperature controller connected to a coaxial thermocouple. Before each
run, the catalysts were activated by reduction in H> flow during 30 min at 550 °C. Then, the catalyst
was purged with N> and heated to the reaction temperature. The reactor effluent gases were
analyzed by an on-line gas chromatograph (SRI 8610C GC) equipped with a silica gel column
connected in series with a Molsieve MS13x 6 column and two detectors, TCD and FID. A
methanizer converted carbon monoxide and carbon dioxide to methane to give greater sensitivity.
The conversion and selectivity were calculated on a carbon basis, except for Ho selectivity, which

was calculated on a hydrogen basis.

Result and discussion

The Pt/hBN catalysts and their support, hBN, were characterized by XRPD (Figure 4-2).
The diffraction pattern of the support confirms the presence of the hexagonal phase of BN
(reference pattern 01-085-1068). The impregnation of Pt (reference pattern 01-087-0642) and the
thermal treatment did not change the support significantly. However, there is boric acid present in
the thermal treated catalyst hBN850* (reference pattern 01-072-3608). Both catalysts, Pt/hBN850
and hBN850* are the same sample but the XRPD pattern for the first one was measured after the
calcination step, while the second one was exposed to a water saturated atmosphere overnight
before the measurement. By doing this, the presence of boric acid was revealed because the
calcination process dehydrates it to boron trioxide®” (which is not visible with XRPD). This
explains why there is no evidence of boric acid in Pt/hBN850. But if Pt/hBN850 is exposed to
humid air the boron trioxide rehydrates to boric acid” (Pt/hBN850P*), which is visible in the

XRPD pattern. We also developed a method to remove boric acid from the samples by heating
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them at 600 °C with humid air. There is no presence of boric acid in Pt/hBN850* after the

purification step. This sample is denoted as Pt/hBN850P* and is shown in the inset in Figure 4-2.
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Figure 4-2. XRPD patterns for hBN support, Pt catalysts right after calcination (Pt/hBN850) and
after overnight exposure to a water saturated atmosphere (Pt/hBN850%*). (Inset: Same catalysts

after removing the boric acid).

Morphological analysis of the samples was performed by Scanning Electron Microscopy
Figure 4-3a is a general view of the material. Due to the layered structure of hBN, most of the
particles are thinner along the [002] direction. The thickness of the particles is between 50 nm and

1 um, as shown in Figure 4-3b.
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Catalytic activity

The activity of various Pt/hBN materials was tested for POM. As a comparison, 1%
Pt/Al,O3 from Alfa Aesar was also tested under the same conditions. Figure 4-4 shows the
turnover frequency (TOF=molar flowrate/active sites, the active sites were calculated using the
dispersion determined by oxygen chemisorption and the catalyst loading. For the products, the
molar flowrate is the flow rate out of the reactor, for methane, the flowrate is the consumed
methane) results for the Pt/AlO; reference and Pt on thermal treated hBN at 850 °C for 6 h
(Pt/hBN850). The Pt dispersion determined by O> pulse chemisorption was 22 % for Pt/Al,O3 and
16 % for Pt/hBN850. As shown in Figure 4-4a, methane TOF is on average 60% higher for

Pt/hBN850: at 700 °C the difference is the highest with a 73% higher TOF for Pt/hBNS850.

Figure 4-3. SEM for Pt/hBN catalyst. a: General view; b: detailed view

The CO and H; production are shown in Figure 4-4b and Figure 4-4c. The CO selectivity
1s 90% for Pt/A12O3 and 87% for Pt/hBN850 at 700 °C. The expected H2/CO ratio for POM is =2
(Eq. 4.3). At all temperatures, the production of H» is favored by Pt/Al,O3 keeping the ratio higher

than 2, especially at low temperatures (Figure 4-4d). For Pt/hBN850 the ratio is 1.8 at 500 °C and
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~2.1 after 700 °C. At low temperatures there is a lot CO2 being produced, ~60% CO, selectivity
at 500 °C and =25% at 600 °C for both materials. It is generally believed that POM does not take
place directly through Eq. 4.3, but through a first complete combustion step (Eq. 4.4) and steam
(Eq. 4.1) and dry (Eq. 4.2) reforming. The water-gas shift reaction is also involved*>2. At reaction
temperatures below 700 °C the H>/CO ratio is higher than that above 700 °C for Pt/Al,O3 (Figure
4-4d), similar to previous results obtained by other researchers*®. But for PthBN850 the opposite
is true. This is a clear indication that the hBN support is changing the Pt activity to favor the
reactions producing more CO and less Hz by, for example, pushing the water gas shift (WGS, Eq.
4.5) reaction towards the production of CO or favoring the DRM reaction (Eq. 4.2). The weaker
Pt-hBN interaction plays a key role in this behavior. The Pt activity is increased by a higher Pt
reducibility on hBN compared to Al,Os°*, This is in keeping with past studies that demonstrated
that reduced sites are required when Ni is used for POM>%*7 and for Pt when used for hydrocarbon
oxidation®®*. The hydrophobicity of the hBN support, opposed to the widely used hydrophilic
oxide supports, could also be a key factor affecting the Pt activity towards a higher CO
production®. This was confirmed in a separated experiment where we used Pt1%/Al,O3 and
Pt1%/hBN850 to catalyze the SRM reaction (Figure 4-5). Even though the Pt/hBN catalysts was
more active for the POM reaction than the Pt/Al,O3 catalyst, for the SRM reaction the most active
catalyst was Pt/AbO3 (in terms of methane consumption and hydrogen production). Probably the

88-90

water dissociation step during the SRM reaction was slowed down by the hBN hydrophobicity,

causing the lower activity.
Combustion CH, + 20, - CO, + 2H,0 AH° = —-801 kJ/mol 4.4

WGS CO+ H,0 = (C0,+H, AH°=41kJ/mol 4.5
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Figure 4-4. Methane TOF for Pt deposited on hBN treated at 850 °C with humid air for 6 h
(Pt/hBN850) and Pt/Al>O3. (a) Methane consumption. (b) CO production. (c) H> production. (d)

H>/CO ratio.

In a search for a higher Pt dispersion a sonochemical wetness impregnation method (SWI)°'~%* was
used. But, when using thermal treated samples with SWI the conversion for those catalysts was
significantly lower (

Figure 4-6a). The sonication of hBN in water have shown to cause its hydrolysis. An oxygen atom
from water attacks a B-N bond near to a defect site and propagates from there®. The binding

energies of Pt clusters on hBN defects, such as B or N monovacancies or BN divacancies, are 4 —
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5 times higher than those in the defect free surface of hBN®*. We first thought this to be the cause
for the lower activity of the materials produced by the sonochemical method: more defects will
produce stronger Pt-hBN interactions, lowering the catalytic activity. But sonication itself does
not cause our catalysts to be less active, as noted in

Figure 4-6b. Lower activities are the result of having boric acid and the Pt precursor

together during the sonication stage in the sonochemical method.
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Figure 4-5. TOF and H: production on Pt/Al,O3 and Pt/hBN850 for the steam reforming of

methane reaction compared to the partial oxidation of methane reaction.
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When using untreated hBN to synthesize Pt/hBN catalysts, WI and SWI produced catalysts with
similar activity (

Figure 4-6b). This lower activity for sonicated samples was the result for every thermal

treatment we tried. The cause of this phenomenon remains undetermined but the key factor
affecting the sonicated samples is the remaining boric acid on the samples after the thermal
treatment.
The role of boric acid in the catalyst behavior was further investigated. We developed a method to
remove the boric acid present in the thermal treated samples by heating them at 600 °C for 24 h
with flowing humid air. When the boric acid is removed after the thermal treatment and before the
catalyst synthesis (Pt2%/850-P in

Figure 4-6¢) the conversion is lower. From this, we conclude that when boric acid is added
to the support before the catalyst synthesis, it plays an active role in the catalytic activity of
Pt/hBN3¢. A similar effect was reported before for Pt/Al,O3. When boric acid was added to the
catalyst before Pt the activity increased, when boric acid was added after the Pt (after the catalyst

synthesis), the activity decreased”.

Figure 4-6d is a summary of the activity of Pt catalysts as a function of the temperature of
the thermal treatment. A temperature of 850 °C for 6 h improve the catalyst activity compared with
untreated hBN, but a 650 °C treatment for a 60 h results in a less active catalyst. Additional details
related to the role of boric acid in the catalytic activity of Pt was discovered by removing boric
acid after the catalyst synthesis using humid air at 600 °C for 24 h. By doing this the conversion
increased respect to the same sample without boric acid removal (Figure 4-7a). This shows that

the presence of free boric acid (boric acid that can be removed by the thermal treatment with humid
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air) is detrimental for Pt activity, but the boric acid taking part in the Pt/hBN structure (Pt on a

borated hBN surface®®), increases the catalytic activity. It is not the boric acid itself interacting

with Pt that increase the activity, but the Pt deposited on a borated hBN surface®.
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Figure 4-6. Methane conversion on Pt catalysts for: a. Pt on thermally treated hBN at 650 °C for

60 h with humid air (Pt2%hBN-650: WI, Pt2%hBN-650-S: SWI); b. Pt on untreated hBN (Pt/hBN:

WI, Pt/hBN-S: SWI); c. Pt on thermally treated hBN at 850 °C for 6 h with WI without boric acid
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removal (Pt2%/hBN-850) and with boric acid removal after the thermal treatment (Pt/hBN-850-

P). d. Comparison of treatments.
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Figure 4-7. Methane conversion on Pt catalysts for Pt on untreated hBN and hBN treated at 850
°C with humid air for 6 h. a: Sample used after calcination without purification (Pt2%/hBN-850-
U) and with boric acid removal after the catalyst synthesis (Pt2%/hBN-850-); b: Pt on untreated
hBN using wetness impregnation with water (Pt2%/hBN-WI) and incipient wetness impregnation

with methanol (Pt2%/hBN-IWI).

For all the Pt/hBN samples, wetness impregnation with water as a solvent was preferred to
synthesize the catalysts because using incipient wetness impregnation with methanol produced
poor catalysts (Figure 4-7b) due to the aggregation of Pt particles on the surface of hBN caused
by the absence of mesoporosity. Other studies found that the dispersion of some metals is better

inside the pores”®.
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For a deeper understanding of the role of boric acid we prepared a sample with 10% weight
boric acid and 90% untreated hBN The two compounds were mixed and crushed in a pestle and
mortar and heated overnight at 180 °C. After that, the same procedure was followed as before to
produce a Pt/hBN catalyst. These samples confirmed that the presence of boric acid during SWI
(Pt2%/hBN+B(OH)3-S in Figure 4-8a) is causing the catalyst to be less active compared to
WI(Pt2%/hBN+B(OH)3 in Figure 4-8a). Additionally, those samples had a much lower Pt
dispersion (=6%) compared to Pt on a thermal treated hBN (16%).

Finally, we added boric acid (10% weight) to a sample of y-alumina and synthesized a Pt
catalyst by IWI. The Pt/A1203+B(OH)3 catalyst showed a higher conversion (Figure 4-8b), in
agreement with previous results*®*>. This confirms the active role of the Pt-support bond in the

catalytic activity of Pt.
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Figure 4-8. TOF for POM on Pt catalysts prepared with boric acid doped hBN (a) and Al>Os3 (b).
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Conclusions

Highly active catalysts for partial oxidation of methane (POM) can be produced using hBN
to support Pt. The higher activity of this catalyst, compared to Pt/Al>O3, relies on the weaker Pt-
support interaction, which increase the Pt reducibility. This higher reducibility also affects the
variation of the H>/CO ratio with temperature. The hBN supported Pt produces a stream with a
H»/CO ratio that is relatively constant (=2) with temperature, probably due to alterations in the
POM pathway: complete combustion followed by steam and dry reforming.

Thermal treating hBN at 850 °C with humid air before the Pt impregnation generates even
more active catalysts. When hBN is thermal treated, boric acid is formed. During the catalysts
synthesis this boric acid forms a borated surface and Pt is deposited on it, creating an even weaker
interaction with the support (Pt/Borated hBN). This result cannot be completely reproduced by
adding boric acid to hBN and then using it to synthesize the catalyst, even though the catalysts
created this way are more active than those produced only with hBN because the Pt dispersion is
much lower (around a third) compared with the thermal treated hBN.

Boric acid itself is detrimental for Pt activity. Borated hBN increases the activity of Pt, but
if there is “free” boric acid after the catalyst synthesis, it lowers the activity. This was determined
by removing the “free” boric acid after the catalyst synthesis using a purification step with humid

air at 600 °C.
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Chapter 5 - Details on hBN activity for ethane oxidative

dehydrogenation

Thermally Treated hBN

Figure 5-1. Oxidative dehydrogenation (ODH) of ethane on thermally treated hBN.

The market for olefins, especially propylene and ethylene, is growing’. The global ethylene
market, for example, was valued at USD 146.3 billion in 2019 and the demand for these building
block chemicals is expected to continue in the near future®’. The production of olefins is currently
done industrially by cracking and catalytic dehydrogenation®, however, these reactions presents

several problems such as coke formation and high temperature requirements® !, The main problem
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is to activate the C—H bond and, at the same time, using the same conditions, prevent further
oxidation to COx'?. Oxidative dehydrogenation (ODH) is an alternative to the traditional olefin
production methods. ODH is exothermic, which is an advantage over endothermic
dehydrogenation!>!4,

Recently a completely new metal-free catalyst was reported as active for ODH reactions.
Hexagonal boron nitride (hBN) is chemically inert, but it shows surprisingly high selectivity for
the production of alkenes by the ODH reaction®*. An ethylene selectivity of 95% at a 11% ethane

conversion®

or a propylene selectivity of 79% with a 12% propane conversion®® have been
reported, as well as other advantages such as a more uniform temperature profile in a fixed bed

reactor compared with y-A1203, for example?’.

hBN active sites

The high selectivity of hBN to produce olefins by the ODH reaction could be explained by
a reaction mechanism where O—O attached to the armchair side of the h-BN is the active site
(BOON). The alkane is absorbed in BOON site of h-BN. One of the hydrogens is subtracted by
the active site, breaking the O—O bond and forming a BOH species. The alkane forms a bond with
the other oxygen to give NOCH—(CH3)n species. The stability of the NOCH—(CH3)n intermediate
could be the reason for the high selectivity compared, for example, with the metal oxide catalysts
where the C,H,,,, intermediate is not stable?®. Finally, the product desorbs and the catalyst is
regenerated by oxygen®>2%.
The previous mechanism is based on the BOON active sites, which are formed in the

armchair edge in hBN. However, the most frequently exposed edges in h-BN are zig-zag

terminations®>*. If this is the case, an alternative mechanism should be proposed to explain the
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catalytic activity of hBN. An option is to allocate the active sites in the zig-zag B edge. If that edge
is hydroxylated (BOH) it could be activated with oxygen to form BOOB and water, then the BOOB
site will activate the C—H bond to produce BCH>CH3 (if ethane is being reacted) and BOH. If there
is oxygen present the formation of water and ethene is the next step. If oxygen is not present,
hydrogen and ethaylene will be the products®!. A third alternative is a modified zig-zag B edge in
h-BN with BOB and BOH groups. In this case the active site is a BOOB site in a zig-zag BOB
edge®®. Even nitrogen mono vacancies have been suggested as active sites for propane ODH®’.
There is also evidence suggesting that a BOx layer formed over boron containing materials
(B, B4C, TiB», NiB...) during ODH contains the active sites for this reaction’>. Some borated

3337.38 " as well as boron oxides

supports such as B>O3/Al,0; are selective for oxidation of alkanes
on silica”®. The active role of boron oxides in the catalysis field was also proved using a metallic
catalyst (Re207) deposited on B203/Al>0s3, the catalytic activity of the catalyst was improved by
reducing the strength of the Metal-Support bond®°. All these details, even though they are not
directly related to alkanes ODH, are valuable inputs due to the lack of more information related to
the catalytic nature of hBN.

The understanding of the active sites and reaction mechanisms for ODH is a key factor in
the design of new catalysts. Despite the lack of information about the exact mechanism and the
nature of the active sites for hBN catalytic activity, there is agreement about the role of oxygen in
the activation of hBN. Moreover, the active sites, once formed, appear to be structurally stable,
they are not destroyed or changed irreversibly during the reaction®.

The aim of this work was the study of different hBN materials for the oxidative

dehydrogenation of ethane. We wanted to show that there are different active sites on hBN

catalyzing the ODH of ethane reaction. We focused our attention on the catalytic activity of those

54



materials, how that activity change as a function of the thermal treatments and how the catalysts
behave along time. With that, we described the catalytic activity as a function of the active sites
generated with the different treatments with the goal of discovering new details related with the

active sites present on hBN.

Experimental Section

Reagents
Hexagonal boron nitride was supplied by Alfa Aesar as a 325-mesh powder 99.5% purity.

All reagents were used as supplied for all the thermal treatments.

Thermal treatments

Thermal treatments took place in a Lindberg Blue M tubular furnace. For the humid air
treatments, a water bubbler with a diffuser was used to saturate the air stream before the furnace
inlet. hBN850 was treated at 850 °C with humid air for 3 h and then purified with humid air for 24
h at 600 °C. hBNO was produced using humid air at 850 °C for 3 h, dry air at 850 °C for 2 h and
dry air at 600 °C for 5 h, after the thermal treatments hBNO was suspended in deionized water
(100 mL of water/g), sonicated for 4 h and centrifuged at 1000 rpm for 30 min. After the
centrifugation the liquid phase was dried at 110 °C overnight and thermally purified using humid
air at 600 °C in the furnace for 24 h (see details in Figure 5-2). For the reactions with hBN and
hBN* the materials were used without any treatment. The difference between hBN and hBN* is
that hBN* is heated up in the reactor with a N> stream, this prevents its activation. hBN is heated

up in the presence of O2/N2/C>Hs and it is activated during the heating period.
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Characterization

Fourier-transform infrared (FTIR) spectra were collected using a Cary 630 FTIR operating
in ATR mode. The purpose of the FTIR was to reveal the active sites present on the hBN materials
at each stage of the experiments (before and after treatment and before and after the reaction).

X-ray powder diffraction (XRPD) patterns were collected with a Rigaku MiniFlex II at 30
kV, 15 mA and 10° < 20 < 60° with a copper source and a wavelength of 1.54 A. The XRPD
patterns were used to evaluate the crystal structure of the materials and the presence of boric acid
by the RIR method.

Prior to the measurements for the FTIR spectra and XRD patterns, the samples were
dehydrated overnight at 110 °C in an oven. For both techniques all the samples were crushed with
a pestle and mortar before each measurement.

Scanning Electron Microscopy was performed with a SEM-FID ZEISS Crossbeam 340

equipped with energy dispersive X-ray spectroscopy microprobe EDS Oxford Aztec, Silicon drift
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Figure 5-2. Percent of remaining initial boric acid content determined using the reference
intensity ratio (RIR) method with the XRD pattens during post treatment with humid air at 600

°C. The initial sample was a thermally treated hBN sample.
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Catalytic activity

The catalytic activity was evaluated in a quartz tubular reactor (internal diameter = 12 mm)
with a continuous flow operating at atmospheric pressure. The catalyst was packed into the reactor
between quartz wool. The reactor tube was encased in an electrically heated tube furnace with a
PID temperature controller connected to a coaxial thermocouple. The reactor effluent gases were
analyzed by an on-line gas chromatograph (SRI 8610C GC) equipped with a silica gel column
connected in series with a Molsieve MS13x 6 column and two detectors, TCD and FID with
methanizer. For all reactions, except for those with hBN*, the reactor was heated from room
temperature with a stream of N»/O»/C2He (60:20:20). For hBN* the reactor was heated with a
stream of 100% Na, and once the reaction temperature was reached, O» and C2Hs, were added to

the stream.

Result and discussion

Characterization
The morphology of the materials was evaluated using SEM images (Figure 5-3 a-c).
Figure 5-3a shows untreated hBN, which is the starting material. Due to the layered structure of
hBN, most of the particles are thinner along the [002] direction. Figure 5-3b is hBNO before the
24 h purification. There is a material deposited on the surface of this sample. We attribute this to
boron oxide species formed during the thermal treatment. After the purification step (with humid
air at 600 °C for 24 h) the boron oxide compounds were removed from the surface of hBNO and

the morphology was revealed to be similar to hBN (Figure 5-3c)
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According with the XRD patterns the crystalline structure of hBN (PDF No: 01-085-1068)
was preserved after the thermal treatments (Figure 5-3d). A left shift in the hBN 002 plane for
hBNO suggests that the hBNO surface is oxidized, causing an increase in the crystal plane spacing.

FTIR spectroscopy for all samples is shown in Figure 5-4. The peak at <3200 cm™ is
assigned to boric acid formation or concerted hydroxyl groups®®. The peak at 1190 cm™! is assigned
to B-N-O vibration”>"8. Figure 5-4a shows hBNO before (hBNO) and after (\BNO-P) purification
with humid air. These samples are also shown in Figure 5-3b and Figure 5-3c. Contrary to the
SEM images, the FTIR spectroscopy is not showing a significant difference between these two
samples. We interpret that the boron compounds present in Figure 5-3b, and removed by the
thermal purification (Figure 5-3c¢) are not contributing significantly to the FTIR spectra. Thus, the
peaks shown in figure Figure 5-4 are a representation of the structure of hBNO.

Spent hBNO, however, has weaker peaks at 1190 cm™. The longer the reaction period the
weaker the peak. This is coherent with the results shown in Figure 5-11, the deactivation of hBNO
over time is explained by a change in its structure, characterized especially by the 1190 cm™! peak,
with a more pronounced reduction than the 3200 cm™ peak compared with the hBN characteristic
peak at 3160 cm™.

On the other hand, the 3190 cm™! peak is not present in hBN after 6 h of reaction (Figure
5-4b) but it appeared after the 50 h stability test. In this case hBN is also being deactivated over
time (Figure 5-11), but both peaks (<3200 cm™ and 1190 cm™') are more intense in spent hBN, a
result completely opposite to the one obtained with hBNO. The activity evidence shown in
selectivity profile (Figure 5-12) confirms that the deactivation of both materials is different, as
well as its initial activity (hBNO is more active). The differences between spent hBN and hBNO

after 50 h or reaction are more evident in Figure 5-4d, the FTIR spectrum for spent hBN is similar
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to hBNO before the reaction, but its activity is much lower (Figure 5-11). Finally, hBN850
(Figure 5-4c¢) thermally treated for 3h (hBN860(3h)) or 6h (hBN850(6h)) does not show the 1190
cm’! peak, neither before or after 6 h of reaction. The only difference between hBN850 and spent

hBN850 is a more intense 3200 cm™ peak of the latter.
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Figure 5-3. SEM images for untreated hBN (a), thermally treated hBN sonicated and
centrifuged: hBNO (b) and thermally purified hBNO (hBNO-P) (¢). (d) shows the XRD

patterns for the hBN materials.
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Catalytic activity for ODH

The catalytic activity for pristine hBN, thermally treated hBN (hBN850) and thermally
treated, sonicated and centrifuged hBN (hBNO) was evaluated for the oxidative dehydrogenation
(ODH) of ethane with a N2:02:C>Hg ratio of 60:20:20.

We first heated up pristine hBN under N> to prevent its activation by O»/C>He. Activation
of hBN is crucial for its catalytic activity and non-activated hBN (hBN*) is catalytically inert>?’,
After reaching the reaction temperature we change the Nz stream to N2/O2/C2Hgs. We expected
hBN* to behave similar to the homogeneous reaction (Reaction 5.2)'% and then, after an induction
period, to reach the same behavior shown by activated hBN. Surprisingly, hBN* did not activate
when the temperature was 570 °C or higher because the O> conversion was 100%. Only when the

reactor temperature was set at 560 °C or lower did the ODH reaction (Reaction 5.1) become
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predominant (hBN* was activated). On the other hand, the homogeneous reaction (Reaction 5.2)!°!
became important at 615 °C, 45 °C higher than the reaction on hBN*. The selectivity profile
confirms that the reaction taking place on hBN* was the catalytic dehydrogenation of propane
(Reaction 5.3) (Figure 5-5, Figure 5-6 and Figure 5-7) not the ODH reaction (Figure 5-8 and
Figure 5-9). The high hydrogen selectivity shown by hBN* (Figure 5-9) is another indication of
catalytic dehydrogenation. If Al,Os is used instead of hBN* the result is completely different. The
reaction on Al,Os is similar to the thermal dehydrogenation (Reaction 5.2) without the catalytic
effect caused by hBN*. This means that AlO; is certainly inert, but hBN* promotes the

dehydrogenation reaction when O2/C;Hs is feed.

Oxidative DeHydrogenation (ODH) C,Hg + 0, — C,H, + H,0 5.1
Thermal DeHydrogenation (TDH) C,Hy — C,H, + H, 5.2

C,Hy +2° — 2C" + 2H,
Catalytic DeHydrogenation (CDH) 5.3
2C*+ 0, — 2C0 + 27

The next step was to evaluate the catalytic activity of hBN, hBN850 and hBNO. At
temperatures higher than 590 °C the CDH reaction became significant, the ethylene selectivity
dropped favoring the production of CO (Figure 5-8) and the H» selectivity started to grow (Figure
5-9). Figure 5-10 shows the reaction rate (consumed ethane and produced ethylene) and Figure
5-8 and Figure 5-9 show the selectivity of the major products as a function of temperature. At
temperatures lower than 580 °C there is no significant difference between the activity of hBN and
hBN850 in terms of ethane consumed, but the reaction rate for ethane was significantly higher for

hBNO (Figure 5-10). Produced ethylene is also higher for hBNO below 580 °C (Figure 5-10)
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even though the ethylene selectivity is lower (Figure 5-8) because the lower selectivity is

compensated with the higher reaction rate. Moreover, hBNO shows a higher selectivity for CO

than hBN and hBN850 (Figure 5-8) but a lower selectivity for CO2 below 580 °C (Figure 5-9).
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Figure 5-8. Ethylene and CO selectivity for the ODH of ethane on hBN materials

Neigther hBNO or hBN850 needed activation, even when the samples were heated in a N2

stream the catalytic activity was the same, in contrast with hBN*.
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Catalyst stability

The stability of hBN and hBNO was tested at 580 °C for 50 h. The evolution of the reaction
rate over time is shown in Figure 5-11. After 50 h the ethane reaction rate for hBN was reduced
by 35%, the ethylene production by 48% and the CO production by 70%. For hBNO the ethane
reaction rate dropped 51%, the ethylene production 75% and the CO production 72%.

The selectivity profile (Figure 5-12) reveals a clear difference between hBN and hBNO in
terms of the evolution of the material over time, especially in terms of CO; selectivity. hBNO is
showing a pronounced increased CO: selectivity compared to hBN. Moreover, there is no
production of C2H> on hBN but there is a small amount produced on hBNO. Additionally, the
ethylene selectivity is almost constant for hBN but decreased significantly for hBNO. The CO
production rate was stable for hBNO during the first 12 h, meanwhile, for hBN it dropped 30% in
the first 4 h (Figure 5-13). Other studies have shown deactivation of hBN catalysts in ODH
conditions (propene yield from 28% to 8% in 24 h C3Hs/O2/He = 1/50/49 at 525 °C, for example)'®,
in those cases the activity was easily recovered. There is also evidence of deactivation when B2O3
was anchored on commercial cordierite and tested for ODH of propane, but not when it was
anchored to Si02!%. The authors suggested that commercial cordierite does not have enough M—
OH groups for B2Os to be attached. In our case, the XRD patterns and FTIR evidence suggests
that hBNO is a borated hBN. A possible structure for it is presented in Figure Figure 5-14b, in
contrast with the previously suggested modified N-edge? presented in Figure 5-14a. A significant
fraction of this borated hBN (hBNO) could be attached to non-hydroxylated hBN, causing its loss

at reaction conditions.
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Conclusion

Thermally treated hBN has a significantly different catalytic activity compared with
untreated hBN. The thermal treatment, followed by sonication and centrifugation, produced a
highly active material for the oxidative dehydrogenation of ethane (hBNO). The spectroscopic
evidence suggests that this hBNO is borated on its surface. This conclusion is supported by a peak
at 1190 cm™, assigned to B-N-O vibration, and a shift in the 002 plane peak shown by the XRD
pattern, due to a change in the plane separation caused by the borated surface. The 1190 cm™ peak
is also present in spent hBN after 50 h of reaction at 580 °C, but in this case the selectivity profile
shows that the reactions taking place on hBNO and hBN are different. Even though the hBNO
catalyst was significantly deactivated over time, similar to pristine hBN, our findings suggest that
active sites on hBN are diverse, and its understanding will contribute to develop better and more

stable catalysts.

69



Chapter 6 - Conclusions and future work

This work shows how different thermal treatments can be used to hydroxylate hBN and
how the final material can be tuned by changing the treatment temperature, time, atmosphere and
post treatment. Boric acid is extensively formed when hBN is treated in humid air at high
temperatures, but it can be removed by a thermal post treatment at low temperature using air
saturated with water. This results in the formation of hBN particles without reaggregation or loss
of material, which can plague alternative methods such as filtration. It was also shown that boric
acid can dehydrate to B2O3 at high temperatures, ultimately forming hBNO. These materials form
more stable suspensions in water than pristine hBN. XRD and FTIR analysis can be complicated
by the formation of boric acid if thermal treated hBN samples are stored in a humid environment.
Analysis of samples stored in a dry environment demonstrate the absence of boric acid and the
presence of B20s. This is an important consideration to take into account when characterizing
thermal treated samples.

Highly active catalysts for partial oxidation of methane (POM) can be produced using hBN
to support Pt. The higher activity of this catalyst, compared to Pt/Al>Os3, relies on the weaker Pt-
support interaction, which increase the Pt reducibility. This higher reducibility also affects the
variation of the Ho/CO ratio with temperature. The hBN supported Pt produces a stream with a
H»/CO ratio relatively constant (=2), probably due to the alterations in the POM pathway: complete
combustion followed by steam and dry reforming.

Thermal treating hBN at 850 °C with humid air before the Pt impregnation generates
catalysts even more active. When hBN is thermal treated, boric acid is formed. During the catalysts
synthesis this boric acid forms a borated surface and Pt is deposited on it, creating an even weaker

interaction with the support (Pt/Borated hBN). This result cannot be completely reproduced by
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adding boric acid to hBN and then using it to synthesize the catalyst, even though the catalysts
created this way are more active than those produced only with hBN because the Pt dispersion is
much lower (around a third) compared with the thermal treated hBN.

Boric acid itself is detrimental for Pt activity. Borated hBN increases the activity of Pt, but
if there 1s “free” boric acid after the catalyst synthesis, it lowers the activity. This was determined
by removing the “free” boric acid after the catalyst synthesis using a purification step with humid
air at 600 °C.

Oxidative dehydrogenation of ethane on hBN was evaluated. Thermally treated hBN has a
significantly different catalytic activity compared with untreated hBN. The thermal treatment,
followed by sonication and centrifugation, produced a highly active material for the oxidative
dehydrogenation of ethane (hBNO). The spectroscopic evidence suggests that this hBNO is
borated on its surface. This conclusion is supported by a peak at 1190 cm™, assigned to B-N-O
vibration, and a shift in the [002] plane peak shown by the XRD pattern, due to a change in the
plane separation caused by the borated surface. The 1190 cm™ peak is also present in spent hBN
after 50 h of reaction at 580 °C, but in this case the selectivity profile shows that the reactions
taking place on hBNO and hBN are different. Even though the hBNO catalyst was significantly
deactivated over time, as well as pristine hBN, our findings suggest that active sites on hBN are
diverse, and its understanding will contribute to develop better and more stable catalysts.

The active sites on hBN remained undetermined, but there are a lot of aspects already
revealed. The potential applications of hBN in the catalyst field are huge. The versatility showed
by hBN when thermally modified and its dual catalyst/support role, are promising aspects that

could be used to produce novel catalysts. More work is needed to explore different hBN
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functionalization techniques, how those techniques affect its catalytic activity and how that activity
could be maintained over time, due to the tendency of hBN catalysts to deactivate over time.

Future experiments could use our findings to obtain a deeper understanding of the active
sites by, for example, using hBN, hBN850 and hBNO with different oxygen/ethane rates. By
changing the oxygen rates to generate a dataset with the catalyst activity as a function of the oxygen
partial pressure, additional details could be revealed if the different active sites regenerate
different. This will be possible if the oxygen interaction with hBNO, hBN850 and hBN is different.
If that is the case, the XOH HOX sites (X = B or N) will be regenerated by oxygen to produce
XOOX sites (the active sites). We argue that this interactions will be different because the sites
are structurally different, specially the sites on hBNO, which are probably formed on a borated
hBN surface (hBNO).

Deactivation of hBNO is also a concern. Future experiments could use a higher N> dilution
and compare the deactivation with lower N> dilutions. If the deactivation does not change with the
N dilution, it means that it is purely thermally driven; if it changes, it is due to the reaction. In
other words, a higher N> dilution will slow down the reaction rate because the partial pressure of
the reagents will be lower. If this lower reaction rate reduces the deactivation, then it is the result
of the reaction, otherwise, the deactivation is a function of additional variables, such as
temperature. This experiment could be repeated to generate a plot of deactivation as a function of
reaction rate. The form of the plot will give information about the deactivation process, a linear
relationship will indicate a deactivation due to the reaction.

In additional experiments N2/O2/C2He¢/H20 could be use to determine if the deactivation is
caused by the water formed during ODH. If adding a small amount of water, just enough to saturate

the inlet stream at room temperature, accelerates the deactivation, this will be a clear sign that
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water causes deactivation. If this is the case the deactivation will a function of the reaction rate

because one of the products of the ODH of ethane is water.
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Appendix A - hBN functionalization

In this section you will find information related to hBN samples treated with
different techniques. The information presented here is for preliminary explorations, that

is why it was not included as part of the previous sections.

——TT:H850-2 _C:D

--------- TT:H850-2 _C:D FTIR Rep.

Kubelka-Munk

2,500 1,500 500
Wavenumber / cm-?

Figure A 1 hBN thermally treated at 850 °C for 2 h. The same sample was measured
twice to evaluate the repeatability of the FTIR equipment.

Quenching
Quenching consists in the immersion of hBN at 850 °C in liquid nitrogen. For each

quenching cycle hBN was heated at 850 °C at 10 °C/minute, once the temperature was
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reached it was hold for 5 minutes before throwing hBN in liquid nitrogen. After the

immersion, liquid nitrogen was vaporized at room temperature before the next cycle.

—TT:H850-2 _Q:2_C:D

--------- TT:H850-2 _Q:1_C:D

Kubelka-Munk

3,500 2,500 1,500 500
Wavenumber / cm-

Figure A 2 hBN thermally treated at 850 °C for 2 h and then quenched in liquid
nitrogen 1 (Q:1) or 2 (Q:2) times.

Figure A 3 shows the FTIR spectra for a thermally treated hBN sample. All the
spectra shown are for different stages of the treatment process. The first 3 lines are for
different number of quenching cycles. The TT:H850-1_Q4_S:10 min_Cent:20min_C:D

sample was sonicated for 10 minutes and centrifuged at 1000 rpm for 20 minutes, then
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the liquid was dried overnight at 110 °C. TT:H850-1_Q4_S:10 min_Cent:20min-Settled_C:D
is the precipitate of the centrifuged sample.

In this sample we can see that the precipitate (black line in

Figure A 3) looks just like untreated hBN. The quenched samples show the typical
3200 cm™ peak, and the sonicated and centrifuged (liquid part) sample shows the 1090

cm™' peak assigned to hBNO (borated hBN).

6 TT:H850-1 _Q:2_C:D
5 |- TT:H850-1 _Q:3_C:D
TT:H850-1 _Q:4_C:D

£ o
= weeemeeeeee TT:H850-1 _Q:4_S:10min_Cent:20min_C:D
=3 ,
_E‘E TT:H850-1 _Q:4_S:10min_Cent:20min-SettledC:Dj
B 2 '
E
X 1

3,500 2,500 1,500 500
Wavenumber / cm-!

Figure A 3 hBN thermally treated at 850 °C for 1 h and then quenched in liquid
nitrogen for several cycles. Sonication and centrifugation were also applied at the
end of the last quenching cycle.
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Figure A 4 hBN thermally treated at 850 °C for 1 h and then quenched in liquid
nitrogen for 2 cycles. After the quenching, the sample was calcined at 550 °C for 2
h. The spectra show the samples before and after the calcination.

Thermal treatment with intermediate cooling
Figure A 5 shows an hBN sample treated at 850 °C with humid air. At 90 minutes
the sample was cool down to room temperature (TT:H850-1.5_C:D). The process was

repeated at 120 (TT:H850-2_C:D) and 334 (TT:H850-5.5_C:D) minutes.
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Figure A 5 hBN thermally treated at 850 °C. The sample was cool down to room
temperature at 90, 120 and 334 minutes to take a sample.

Figure A 6 shows a zoom in of the OH zone for these samples. Interestingly, the
longer the treatment the weaker the FTIR peaks. Due to this counterintuitive result, we
repeated the treatment taking samples at 1, 3 and 6 hours (Figure A 7). This time the
results were as expected, the FTIR peak was more intense the longer the treatment. A

repetition of this experiment was made to confirm the results (Figure A 8).
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Figure A 6 Zoom in of the OH region shown in Figure A 5.
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Figure A 7 hBN thermally treated at 850 °C. The sample was cool down to room
temperature at 1, 3 and 6 hours to take each sample.
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Figure A 8 hBN thermally treated at 850 °C. The sample was cool down to room
temperature at 1, 3 and 6 hours to take each sample.

Samples storage
To evaluate if the storage of the samples has a significant impact on the FTIR

spectrum, the same thermally treated sample was stored in three different environments

(Figure A 9).
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Figure A 9 hBN thermally treated at 850 °C for 9 hours. The sample was stored in a
closed vial in a desiccator (TT:850-9_C:Dessicator), in a closed vial in a drawer
(TT:850-9_C:Drawer) and in an open vial in an oven at 110 °C overnight (TT:850-
9_C:Oven).

hBN treatment stages

During the exploration of hBN modification by thermal treatments we tried
combining thermal treatments since boric acid was being produced. With the thermal
treatment combinations, we wanted to dehydrate boric acid, eliminated or convert it to a
borated layer using different combinations, such as the one shown in Figure A 10.

We also evaluated the effect of sonication after a thermal treatment (Figure A 11).
There were no significant changes with the sonication time, but the FTIR spectrum for the

sonicated samples is slightly different from the non-sonicated one.
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Figure A 10 hBN thermally treated at 850 °C for 3 hours in humid air and then post
treated in dry air for 2 h at the same temperature. A sonication step was performed
for 18 h. Samples were taken before and after the sonication.
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Figure A 11 FTIR for hBN thermally treated at 900 °C for 3 h in dry air. A sonication
step was performed for 4 h. Samples were taken each hour during the sonication.
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Boric acid identification

hBN was treated at 950 °C with dry air for 3 hours. The furnace outlet was
connected to a quartz tube were the gas stream was cooled down, so the vapors
deposited on the inner wall of the tube. The hBN samples were analyzed after the thermal
treatment and also after a post treatment with humid air at 310 °C and sonication. The

powder deposited on the tube wall was also analyzed using FTIR (Figure A 12).

6 TT:D950-3 _C:D
5
--------- TT:D950-3 _PT:H310-10_C:D

x 4
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=
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=
D 2
e
|
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0 s e T WS T S
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Figure A 12 FTIR for hBN thermally treated at 950 °C for 3 hours in dry air and then
post treated in humid air for 10 h at 310 °C. A sonication step was performed for
18 h after the thermal treatment. During the thermal treatment, a quartz tube was
placed in the furnace outlet, the powder precipitated there during the treatment
was also analyzed (Tube precipitate).

The presence of boric acid was determined by XRPD (
Figure A 13).
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Figure A 13 XRPD patterns for hBN thermally treated at 950 °C for 3 hours in dry
air and then post treated in humid air for 10 h at 310 °C. A sonication step was
performed for 18 h after the thermal treatment.

Thermal treatment and characterization by chemisorption

hBN was thermally treated at 900 °C for 3 hours in humid air and then post treated
in humid air for 10 h at 310 °C. A sonication step was performed for 4 h after the thermal
treatment. The presence of several functional groups was revealed by FTIR (Figure A 14).
In order to find the nature of those active sites we used chemisorption (Temperature
Programmed Reduction (TPR) and Oxidation (TPO)). We expected the active sites to react
and generate a signal in the thermal conductivity detector (TCD) due to the consumption
of hydrogen or oxygen. The treatment protocols are shown in Table A 1 and the potential

reactions in Table A 2.
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Figure A 14 FTIR for hBN thermally treated at 900 °C for 3 hours in humid air and
then post treated in humid air for 10 h at 310 °C. A sonication step was performed
for 4 h after the thermal treatment.

Table A 1 Steps for the analysis of h-BN samples using TPR and TPO.

Step Conditions Objective
1-Treatment | Ar-550 °C /60 min Water removal
2-Treatment | Oxygen-450 °C / 30 min Oxidation (to normalize sample)
3-TPR 10% H2/Ar. 40 °C - 800 °C. 30 min
hold
4-Pulse O2/He 400 °C Quantification of the oxygen
chem. absorption
5-Treatment | 10% Hz/Ar Reduction
400 °C/ 60 min
6-TPO 10% O2/He
50 °C - 800 °C. 30 min hold
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7-Pulse 10% Ha/Ar Quantification of the hydrogen
chem. 400 °C absorption

8-Calibration | Oz/He

9-Calibration | Hz/Ar

Table A 2 TPR/TPO analysis for h-BN treated at 850°C with humid air + sonication

centrifugation.

Step Condition Objective / Chemical paths /Results
s
1-Treatment Ar-550 °C / | Water removal
60 min
2-Treatment Oxygen- OH OH o—o0
. é I|3 R0, B/ \B :
450 °C/ 30 ‘-»:/ \T/ ST e NN .
min :
HO OHHO OH HO O0—0 OH
. 1220, \B/ \B/
I | > [L rL + H0
N\g/N N
3-TPR 10% Hz/Ar 0—o0 oH oH
[\ | |
or _ . Ho
40 °C - 800 N/B\N/B\N..-- — N TN
°C. 30 min 5 ' ' '
hold
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The result for the TPR is shown in Figure A 15 (with a repetition). There is not a

significant difference between this result and the TPR for untreated hBN (Figure A 16).

Therefore, we concluded that this technique is not conclusive. The reason could be a low

sensitivity of the equipment compared with the number of active sites found in treated

hBN.
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Figure A 15 TPR plot for functionalized h-BN with repetition.
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Figure A 16 TPR plot for untreated h-BN.

Oxygen pulse chemisorption and hydrogen pulse chemisorption did not give

conclusive results eighter (Figure A 17).
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Figure A 17 Oxygen pulse chemisorption (left) and hydrogen pulse chemisorption
(right) for functionalized h-BN.

Finally, the temperature programmed oxidation (TPO) also produce an arbitrary

result (Figure A 18).
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Figure A 18 Temperature programmed oxidation (TPO) for functionalized hBN.

Water adsorption by thermally treated hBN

hBN was thermally treated at 850 °C in humid air for 3 h and post treated at 600
°C for 5 h (Figure A 19). The sample was stored in a desiccator, once it reached the room
temperature it was exposed to the ambient atmosphere and weighted over time.
Untreated hBN was heated to 550 °C in dry air for 2 h, stored in a desiccator and then
weighted. We expected a difference between the weight variation for thermally treated
hBN (TT:H850-3_PT:H600-5_C:D) and untreated hBN (TT:D550-2) because the thermally
treated hBN should have more sites (functional groups) where water could be adsorbed.
The results confirmed the higher water adsorption by TT:H850-3_PT:H600-5_C:D (Figure

A 20).
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Figure A 19 FTIR for hBN thermally treated at 850 °C for 3 hours in humid air.
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Figure A 20 Weight variation in thermally treated hBN at 850 °C for 3 h (TT:H850-
3_PT:H600-5_C:D) and dried pristine hBN (TT:D550-2).
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Appendix B - Pt/hBN catalyst

In this section we preset the preliminary work we did as part of our explorations in

the search of a Pt/hBN catalyst. Figure B 1 presents a general overview of the different

catalysts we synthesized. The information presented here is terms of conversion and

selectivity, not in terms of TOF as in the previous chapters, this is because the dispersion

information was not determined for all the samples.
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Figure B 1 Pt catalysts synthesized during the exploration phase.
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Figure B 2 shows the methane conversion during the POM reaction on different Pt

catalysts. Figure B 3 and Figure B 4 show the CO and H: selectivity.

100 - S
JE— :".‘3._::-:: _____________
PR L S
90
80 PSTA i t
’

70
X
—
c
L2 60
(2]
-
S .

/
5 90 Ry
o M
o - - Pt1%/Al203-Standard
c s P4
s 40 ¥ 7/ %7 ® — Pt2%/Untreated-hBN-Water W
L e / rid
"q',' -~ P ¢ -~ -~ Pt2%/hBN-650-60h-Water WI
= 3 s ’/ - -8— - Pt2%/hBN-IWI-MeOH
[ 4 -~ - 4
e {,” - —e- - Pt2.2%/Quenched-hBN-Water Wi
- rd
20 % .z =2 — - — Pt2%/Untreated-hBN-Sonochemical
%’—,=""‘ - — & = Pt2%/850-6h-hBN-Water WI(Unpurified)
10 - & = Pt2%/850-6h-hBN-Water WI(Purified)
— & = Pt2%/850-6h-hBN-Water Sonochemical (Purified)
0 —e— P12%/850-9h-900-6h-hBN-WI (Unpurified)

500 600 700 800 900
Temperature / °C

Figure B 2 Methane conversion for the Partial Oxidation of Methane reaction on Pt
catalysts.
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Figure B 3 CO selectivity for the Partial Oxidation of Methane reaction on Pt
catalysts.

Preliminary insights
The catalysts showing the lower conversions were the ones synthesized using IWI

or Sonochemical WI.
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The removal of boric acid by a thermal treatment (in thermally treated hBN) before
the catalyst synthesis produced catalysts that led to a lower methane conversion
compared with the unpurified thermally treated hBN.

The thermal treatment at lower temperatures (650 °C) also produced a catalyst that

led to a lower methane conversion compared to the treatments at 850 °C.
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Figure B 4 H: selectivity for the Partial Oxidation of Methane reaction on Pt
catalysts.
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After these first observation we proceed to explore if the lower conversion was
related to a lower dispersion or to a lower catalytic activity comparing the TOF. The results

are presented in a previous chapter.
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Appendix C - Oxidative Dehydrogenation (ODH) of ethane

During the preliminary explorations to determine the catalytic activity of thermally
treated hBN, we used hBN pellets for the experiments. Before each experiment, pellets
were prepared applying a 1000 psi pressure to a catalyst sample for 60 seconds. Then
pellets were crushed and sieved to a size between 300 um and 500 um. The reason for
using pellets was to prevent the catalyst bed to generate an excessive pressure drop that
moved it out of place.

Figure Figure C 1 shows the ethane reaction rate on hBN materials:

hBN: Untreated hBN. hBN-R and hBN-R2 are repetitions with pristine hBN.
hBN-850-6h: hBN treated with humid air for 6 h. U means Unpurified, P
means purified with humid air for 24 h at 600 °C to remove the boric acid.
hBNO: Thermally treated hBN, sonicated and centrifuged.
hBN-Air-600-144h: hBN thermally treated at 600 °C for 144 h.

Figure C 2 and Figure C 3 show the ethylene and CO production rate for the hBN
materials. The main conclusion of this preliminary exploration was the variability of the
samples, the variations between hBN materials are similar to the variations between
experiments for a given material. We found the palletization to be the cause of this
variability, hBN is hard to pelletize consistently. To solve the problem, we switch to powder

samples and the repeatability improved. All the results presented in Chapter 5 are based
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in powder samples. To prevent the excessive pressure drop we changed the amount of

catalyst used from 0.2 g to 0.1 g. We also reduced the flow rate.
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Figure C 1 Ethane consumption for the ODH reaction on thermally treated hBN.
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Figure C 2 Ethylene production for the ODH reaction on thermally treated hBN.
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Figure C 3 CO production for the ODH reaction on thermally treated hBN.
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