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* Production of Renewable Fuel through Photoreduction of CO,
Utilizing Graphene/TiO, Nano-Photocatalyst
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Grafting of Polymer onto Hydroxyl-Functionalized Hexagonal Boron
Nitride Nano sheets via Surface-Initiated Redox Polymerization: As

Thermal-Conducting Nanomaterials

Mehdi Salehirad!, Mir Mohammad Alavi Nikje, Leila Ahmadian-Alam,
Farzaneh Hashemi-Nasr

Abstract: A post-polymerization method for hexagonal Boron Nitride (h-BN) has been developed to
produce functionalized h-BN nanosheetes. Thus, h-BN nanosheets was functionalized with di-tert-butyl
peroxide to yield active sites for modification of the h-BN nanosheets by direct graft polymerization. Then,
polymer/h-BN hybrid nanosheets were prepared by redox polymerization of acrylamide (HBN-g-PAM),
initiated onto the surfaces of hydroxyl functionalized nanosheets. Synthesis and modification of h-BN
nanosheets were characterized by fourier transform infrared (FTIR) and thermogravimetric analysis (TGA).
FTIR and TGA results indicated that polyacrylamide was successfully grafted onto the h-BN nanosheets.
The grafting efficiency of PAM polymer onto the h-BN nanosheets was estimated from TGA thermograms
to be 19%. The post-polymerization can create a flexible grafting layer that provides strong interfacial
interaction with the polymer matrix. It is expected that post-polymerization provides good compatibility
and a good dispersion of h-BN nanosheets in polymer matrix and enhances superior performance

nanocomposite.

Introduction

There has been considerable interest, driven by the long lifetime and thermal management of
electronic devices, to develop new generation of electronics packaging and replace the
conventional materials used in many electronic devices [1]. In recent years, polymer composites
are known as one of the best candidates for packaging applications due to their low costs as
well as their litheness [2]. In this case, the performances of polymer composites as electronic
packaging materials is affected by their thermal conductivity, electrical insulating and
coefficient of thermal expansion (CTE) properties. Recently, conventional filled polymeric

materials have attracted considerable attention in the current

!Chemistry and Process Group, Niroo Research Institute, Tehran, Iran
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electronic devices packaging. However, the achievement of durable polymer-based packaging
that improves the thermal management, mechanical and adhesion properties needs considerable
improvements.

In organic—inorganic hybrid materials approach, nano dimentional materials are used to modify
polymeric packaging in order to improve their performance and make them ideal candidates for
electronics packaging applications. This is achieved through induction of the continuous
thermal transport pathway in polymer matrix and also improved mechanical, thermal and
adhesive properties of polymers [3,4]. Ceramic fillers [5,6], carbon-based fillers [7,8] and so
forth have been used numerously to prepare polymeric packaging as advanced thermal interface
materials (TIMs) due to their high intrinsic thermal conductivity, specific surface area in
combination with simple surface modification by both physical and chemical processes and
also commercial availability of these fillers. Nowadays, hexagonal boron nitride (HBN) fillers
have attracted attention due to their higher thermal conductivity and lower CTE compared to
conventional fillers [9,10]. To improve the interaction between nanofillers and polymer matrix,
preparation of organic/inorganic hybrid materials as an effective support through post-
polymerization of fillers with a polymer shell is gaining interest [11,12]. Covalent grafting of
polymers onto filler surfaces is widely accomplished using various grafting method such as
“grafting from”, “grafting to” and “grafting through”. The present work is the development of
the surface initiated redox polymerization to prepare functionalized h-BN nanosheets as
thermal-conducting materials to create hybrid materials with new properties.

Materials

Hexagonal boron nitride (70 nm, Lower Friction), acrylamide (AM, 99% from Sigma), cerium
(1V) ammonium nitrate (CAN, 99.99% from Sigma-Aldrich), sulfuric acid (98% from Aldrich),
di-tert-butyl peroxide (DTBP, 95% from Sigma-Aldrich), N-methyl-2-pyrrolidinone_(NMP,
97% from Sigma-Aldrich) and hydrogen peroxide solution (30 % (w/w) in H20 from Sigma)

were used as received without further purifications.

Synthesis of hydroxyl-functionalized boron nitride nanosheets (FHBN)
Hydroxyl functionalized boron nitride nanosheets were prepared by using previously reported
method [13]. Boron nitride nanosheets (0.2 g) were dispersed in NMP (20 ml) through

v
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sonication for 3 h. The supernatant was collected by centrifuge and then dried in a vacuum oven
at 80 ° C. The exfoliated HBN nanosheets (0.1 g) were dispersed in 20 ml of NMP and then
added to a flask containing 30 ml of DTBP. This suspension was stirred for 20 h at 120 ° C
under N2 atmosphere. After centrifuging, the tert-butoxy-functionalized HBN was washed with
ethanol, chloroform and dried under vacuum. Afterwards, the tert-butoxy-functionalized HBN
was dispersed in H2SO4 (35 ml) through sonication for 45 min. The bath experiment was run
by slow addition of hydrogen peroxide solution (10 ml) and the suspension was stirred at room
temperature for 2 h. After centrifuging, the hydroxyl-functionalized HBN nanosheets were

washed with chloroform and water and then dried under reduced pressure at 50 °C.

Synthesis of polyacrylamide-grafted boron nitride nanosheets (mMHBN)

The redox graft polymerization method was performed in a 100 ml lab reactor which was placed
in an oil bath thermostated at the desired temperature. FHBN (0.4 g, dispersed in 12 ml of 1 N
HNOs solution) was dispersed in AM monomer solution (1.2 g, 0.017 mol, dissolved in 3 ml
distilled water) and then the reactor was degassed and back-filled with nitrogen gas three times
and left under N2. The bath experiment was run by adding CAN (40 mg, 0.07 mmol) and the
reaction temperature was raised to 70 °C and stirred for 2 h. The obtained suspension was
diluted by adding an excess of water. After centrifuging, the modified HBN nanosheets were

washed with water three times and then freeze-dried for further use.

Characterization

Fourier-transform infrared spectroscopy (FTIR) was done on a Bomem FTIR instrument by
averaging 32 scans with a wave number resolution of 4 cm™. Thermogravimetric analysis
(TGA) measurements were done on a PL

thermogravimetric analyzer (Polymer Laboratories, TGA 1000, UK). Samples of about 10 mg
were analyzed from ambient temperature to 600 °C at the heating rate of 10 °C/min under
nitrogen atmosphere. Field emission scanning electron microscopy (FESEM) (Zeiss SUPRA
35VP) was used to examine the morphology of HBN nanosheets. Transmission electron
microscopy (TEM) was used to directly visualize HBN after post-polymerization. Bright field
TEM images were recorded on a Philips EM 120 transmission electron microscope at an

accelerating voltage of 150 kV.
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Results and discussion

The synthetic routes of hydroxyl-functionalized HBN nanosheets (FHBN), polymer-grafted
HBN nanosheets (mHBN) and iron oxide nanoparticles modified boron nitride hierarchical
nanostructure (FeNPs-mHBN) are shown in scheme 1.

a b }
m \0- L‘_"“- ‘-{_ \ NH2 - &‘_"‘D-“‘_Lkii

ot CEEERGEOTe o S SERTIRT
W H,S0,, H,0; - 7“- fﬁ. T.-‘.‘- \ (

SCHEME 1. Structure of HBN nanosheets before and after graft polymerization of AM a)
HBN, b) FHBN and c) mHBN.

As shown in the scheme 1, the hydroxyl functional groups onto the HBN nanosheets are
activated with CAN via a redox polymerization method and generated radical active sites for
further modification of the HBN nanosheets. The successful preparation of FHBN and mHBN
were confirmed by FTIR and TGA analysis. The FTIR spectra of HBN, FHBN and mHBN are
shown in Fig. 1. The absorption peaks at 1397 and 816 cm™ are attributed to in-plane B—N

stretching vibration and out-of-plane bending vibration, respectively [13]. For FHBN sample,
the absorption band of around 1,080 cm™ can be assigned to the C-O bond. The characteristic
vibration bands of the hydroxyl stretching band appeared at 3400 cm™ (Fig. 1), indicating that
grafted-tert-butoxy groups onto the surface of HBN nanosheets have been successfully
converted to hydroxyl groups [13]. The characteristic bands of the polyacrylamide can be
observed in FTIR spectrum of the polymer-grafted HBN nanosheets (Fig. 1). For HBN/PAM
hybrid nanosheets (mMHBN in Fig. 1), the carbonyl stretching band at around 1,657 cm™ has
overlapped with the B-N bands of HBN nanosheets. The characteristic band at around 3,420
cm! can be assigned to the NH band [14]. The aliphatic C—H bands have appeared at about
2,850-2,930 cm™ [14]. Consequently, the FTIR spectra showed that the PAM polymer has been

successfully grafted onto the surface of the HBN nanosheets.
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FIGURE 1. FTIR Spectra of HBN and modified HBN nanosheets.

Fig. 2 shows TGA thermograms of the pristine and modified HBN nanosheets. For mHBN
nanosheets, a rapid weight loss was observed at around 320 °C which could be related to the
degradation of grafted PAM onto the

surface of HBN nanosheets. The difference between the weight loss for the pristine HBN
nanosheets and modified HBN nanosheets is attributed to the amount of organic moieties. From
the TGA curves in conjunction with the graft

polymerization recipe, grafting percentage (Equation 1) and conversion of polymerization
(Equation 2) were calculated to be 19 and 6.3% for mHBN [49].

G (%) = (mzoo Mg/ meoo)X100 1)

Where m2oo and meoo indicate the residual weights of the sample used in the TGA at 200 °C
and 600 °C, respectively. The conversion of graft polymerization, which is defined as the ratio
of the amount of grafted polymer to the initial amount of the monomers used, is then calculated
by Equation 2 [15].

|:G (%) :| xW
100 S
x100 =

WM WM (2)

Where Wnm and Ws indicate initial weights of the monomer and FHBN nanosheets used in

G xW,
Conversion(%)= -5

the graft copolymerization, respectively. The results obtained from TGA and FTIR analysis

indicate that the polyacrylamide is grafted onto the surface of HBN nanosheets.
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FIGURE 2. TGA thermograms of HBN and modified HBN nanosheets.

SEM micrograph was used to detect the morphology and particle size of HBN and mHBN
nanosheets before and after graft polymerization as shown in Fig. 3. The SEM images (Fig. 3a)
showed flake-shaped nanoparticles approximately 70 nm in length for the HBN in the quite
uniform distributions. SEM images of polymer-grafted HBN nanosheets showed no change in
the nanoparticles morphology after graft polymerization; however, the average nanosheets
length increased from 70 to 300 nm while the thickness decreased (see also AFM results). This
observation showed an increase in aspect ratio (flake length divided by thickness) of modified
HBN nanosheets. The ability to synthesize high aspect ratio nanoparticles is an important
objective in nanocrystal synthesis, as this parameter can influence various properties. Using a
high aspect ratio nanofiller is also a key factor to obtain high performance nanocomposites,
because interfacial adhesion between nanofiller and polymer matrix is controlled by the aspect
ratio of the nanofillers. A Large interfacial area of polymer/nanofiller in combination with their
surface interactions by both physical and chemical interaction can improve nanocomposite
properties. The large surface area of HBN nanosheets and their flake shape allows easy stacking
to form agglomerates. Therefore, the aggregation somewhat remains unchanged during

functionalization of the HBN nanosheets.
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FIGURE 3. SEM Micrographs of: al) HBN, b1 and b2) mHBN nanosheets modified by

surface-initiated redox polymerization.

The thickness change of HBN nanosheets after modification was monitored by AFM images.
Images of HBN and mHBN reveal a good distribution of nanosheets with uniform thickness.
As shown in Fig. 4a, most of the HBN is approximately 60-80 nm thick. In the case of the
mHBN sample (Fig. 4b), AFM images showed a high degree of exfoliation and sheet thickness
of about 4 nm. Additionally, the AFM results show that the interlayer space of HBN

nanosheets is governed by the length of the grafted polymer onto the HBN nanosheets and

efficiency of HBN modification.

Height (hm)
- o - ~n w
N TP S

slow [um]

100
Offset (nm)

2

1
fast [um]

FIGURE 4. AFM images of: a) HBN and b) mHBN.
It is suggested that several HBN nanosheets may form a core with PAM shell existing around
the HBN nanosheets. The functional groups on the surface of hydroxyl-functionalized HBN

can provide a starting platform for polymer grafting; the high grafting density makes a polymer
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shell that improves the strong interfacial interaction between the polymer matrix and the HBN.
It is expected that post-polymerization provides good compatibility and a good dispersion of
nanosheets in polymer matrix and enhances the superior performance of the resulted
nanocomposite samples. In addition, it is expected that modified HBN nanosheets as a thermal
transport material can induce the

continious thermal transport pathway in the polymer matrix and improve the thermal
conductivity of polymer-bsed nanocomposites.

Conclusion

We have developed a new and straightforward procedure to prepare polymer-grafted h-BN
nanosheets with high aspect ratio. Polymer-grafted h-BN nanosheets were prepared by graft
polymerization initiated from surface of hydroxyl-functionalized h-BN nanosheets. FTIR
analysis was carried out to grafting polymerization identification. Also, Successful grafting of
AM monomer onto the surface of hydroxyl-functionalized h-BN nanosheets was confirmed by
TGA results. The grafted amounts of polymers were calculated from TGA thermograms to be
19% for h-BN nanosheets. AFM and SEM images confirm the successful grafting of

polyacrylamide onto the surface of hBN nanosheets.
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Production of Renewable Fuel through Photoreduction of CO>

Utilizing Graphene/TiO2 Nano-Photocatalyst

Afsanehsadat Larimi', Mohammad Kazemeini, Farzad Bastan, Farhad Khorasheh and

Hossein Jamali Gandomani

Abstract: The photoreduction of CO, to produce renewable solar fuel known as artificial photosynthesis attracted a
lot of attention during the last two decades due to the global warming issue caused through increasing CO; and shortage
of fossil fuels resources. In this study, in order to enhance photocatalytic process of CO; under visible light, TiO.-
graphene nanocomposite utilized. A series of G/TiO; photocatalysts with different graphene (G) content (1, 5 and 10
wt.%) were prepared and tested for the reduction of CO,. XRD, BET and TEM analyses employed to characterize the
catalyst while the corresponding reaction carried out at ambient temperature (25°C) in a continuous flow reactor.
Results revealed that, photoreduction of CO; in the presence of G/TiO; photocatalyst enhanced and the amount of
products (methanol and formic acid) strongly depended upon the G content. One concluded that, 10 wt.% G/TiO;
sample was the optimum photocatalyst with the maximum concentration of 38 and 72 pmol/gc.: after 10h of reaction

duration for the methanol and formic acid, respectively.

Introduction

Since the last few decades, photocatalysis played a significant role in reduction of atmospheric CO>
concentration considered to be the most crucial concern regarding global warming issues as well
as to overcome the health problems of human beings. Despite these facts, approximately more than
80% of the world’s energy supply derived from combustion of the fossil fuels causing pollution
and contributing to the greenhouse effect. However, in a recent atmospheric concentration
inclination, carbon dioxide (CO2) declared a primary greenhouse gas amongst those gases such as
methane (CHa4), chlorofluorocarbons (CFCs) and nitrous oxide (N20) threatening a meaningful role
in global warming for this species. Moreover, CO> raised various environmental harms associated
with human activities and currently considered a key environmental challenge for the world [1].
On one side, key emission sources of CO> considered mostly due to the burning of fossil fuel such
as oil, natural gas, coal etc. not only accelerating the greenhouse effect but also damaging the
human activity generating about 37 Giga tones (Gt) of CO2 emissions each year. About 30 Gt of

this came from the energy-related emissions. Burning 1t of carbon in fossil fuels released more
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than 3.5t of carbon dioxide [2]. Due to such adverse effect, the Earth’s surface temperature risen
by approximately 0.6K in the past century, with particularly significant warming trends over the
past two decades. On the other hands, depletion of the fossils fuel worldwide dramatically on the
rise every year because of strong energy demands of human being. Consequently, to fulfil this
demand and prevent the global warming, many strategies planed by numerous researchers,
scientists, and investigators during the past several decades. Therefore, CO> reduction to valuable
compounds or chemicals known as the most widely used solution to overcome these issues and to
provide energy for future progeny simultaneously.

The initial work on CO2 photocatalytic reduction through various photocatalysts under UV light
radiation carried out by Inoue et al [3]. This not only provided a new glimpse and excitement as
well as encouraged various studies further boosting such technology. In addition, this technology
extensively studied for reduction of CO> to valuable fuel products owing to its advantageous. These
included; (i) input energy consumption considered very low, (ii) profitable products formed and
(iii) utilized renewable energy made it more challenging. Different photocatalysts, oxides and non-
oxides, such as titanium dioxde (TiO2), cadmium sulphide (CdS), zinc sulphide (ZnS), silicon
carbide (SiC), tungsten oxide (WQ3s), iron oxide (Fe203), zirconium oxide (ZrOz), gallium oxide
(Ga203), zinc oxide (ZnO) and magnesium oxide (MgO2) used extensively for photocatalytic
reduction [4]. Amongst all above-mentioned materials, titanium dioxide (TiO2) particularly
considered noteworthy due to its unique properties. Wide band-gap TiO photocatalyst (3.2eV)
known as the most convenient candidate for these applications. Additionally, this material
respected as an environmentally friendly one showing a good oxidation power, strong resistance to
chemicals and photocorrosion, non-toxicity, superior charge transport properties, needed a low
operational temperature, low cost and significantly low energy consumption [5]. In order to
enhance the photocatalytic activity of this oxide; several approaches including; doping with
transition or noble metals as well as mixing with another metal oxide taken into considerations [6].
Wang and et al. [7] showed that 5 wt.% TiO2 encapsulated by reduced graphene oxide (rGO)
nanosheets was the optimum photocatalyst due to achieving maximum CO yield (> 700 umol/g-
cat/h). Tan et al. [8] revealed that, the reduced graphene oxide-TiO prepared through simple
solvothermal method displayed better photocatalytic activity than TiO or graphite oxide alone.
Graphene hybrids with metal oxides, metals and polymers recently developed for various
applications [9]. Nanocrystal growth on graphene sheets considered an important approach to
produce nanohybrids. This attributed to the controlled nucleation and growth leading to optimal

\T2
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chemical interactions and bonding between nano-crystals and graphene sheets in turn causing very
strong electrical and mechanical coupling within the hybrid. In this study, G-TiO2 photocatalysts
with various content of G were prepared in order to investigate the optimum G loading for

photoreduction of CO..

Materials and method

All materials purchased from Merck and were of analytical grade. Graphene-TiO> with different
Graphene content (1, 5 and 10 wt.%) prepared by the hydrothermal method in this research and
named 1G/TiO2, 5G/TiO2 and 10G/TiO, respectively. First, the graphite oxide solution prepared
by ultrasonication and mixed with different dosages of TiO2. Then, the mixture placed into a
Teflon-lined autoclave and oven-heated to 120°C for 3h. The final products collected after
centrifugation and drying.

Diffractometer PANalytical X'Pert PRO equipped with conventional X-ray tube (Cu Ka radiation,
40 kV, 30 mA) used due to collective diffraction patterns. Transmission electron microscopy
(TEM) micrographs were obtained using a Zeiss EM900 transmission elec-tron microscope with
accelerating voltage of 80 keV. TEM images were analyzed using the Digital Micrograph software
package (Gatan, Inc.) with at least 100 particles imaged and analyzed for each sample to determine
the average diameter. In order to determine surface areas of samples, nitrogen adsorption-
desorption isotherms at liquid nitrogen temperature using a Coulter SA3100 instrument with 15min
of outgas at 150°C applied and The Brunauer-Emmett-Teller (BET) method used for surface area
calculation.

The reaction run in a double-walled quartz reactor equipped with three different light sources using
4.5L min™' CO,. Before the reaction, CO, purged into 1L of distilled water in order to remove
dissolved O». The light intensity of 254nm, 365nm and visible lights included 9.7, 5.3 and 1358
Wm~2, respectively. By circulating the water in the mezzanine of the reactor, the temperature
controlled. A Gas chromatograph (HP, G1800A) with a mass detector equipped with a capillary
column utilized. He as a carrier gas used to analyse the products. The mass detector heated up in
two different stages: (1) Heating from room temperature to 45°C by 4°Cmin! ramp and (2) reaching
150°C from 45°C at 30°Cmin! heating ramp.
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Results and Discussion

Figure 1 shows X-ray diffraction patterns and TEM images of G/TiO> samples. Major phase of
Anatase (PDF 21-1272) displayed in all samples. The graphene showed a peak at 20=26.50"
increasing in intensity with the amount of graphene in nanocomposites. BET surface area and pore
structure of the synthesized samples listed in Table 1. Clearly, by increasing of G content, the
surface area of photocatalysts increased attributed to a more effective dispersion of materials taken
place. TEM images reveal that all samples are in nano-size range with average particle size of

nearly 12 nm for all samples.
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Fig. 1. TEM images and XRD patterns of A) 10 wt.% G/TiO2, B) 5 wt% G/TiO>, C) 1 wt% G/TiO..

Table 1. BET-BJH results of the synthesized catalysts

BET

Surface area  Mean
Sample )

(m?/g) diameter (ni
1G/TiO: 5.73 30.689
5G/TiO2 5.95 31.664
10G/TiO2 6.08 42.265
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The efficiency of CO> reduction under G/TiO> with different G loading provided in Fig. 2. All
samples showed the production of formic acid and methanol as main products with the yield of the
former far greater than that of the latter. The reason that could be attributed to this phenomenon
would be the difference between the electron of HCOOH (6 electrons) and CH3OH (2 electrons).
According to Fig. 2, result revealed by increased G loading; the yield of formic acid and methanol
enhanced dramatically. This rationalized through the followings; the inhabitation of recombination
of the electrons and holes by transformation of the photo-irradiated electrons from TiO, to G
leading to superior charge transfer ability of the G. Moreover, through increasing of the G loading,
the BET surface area enhanced resulting in improved CO: reduction due to more active

photocatalytic reaction sites created.

100
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Fig. 2. Photocatalytic reduction of carbon dioxide under visible light irradiation by varies
graphene loading for G/TiO2 samples.
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Conclusion

In this study, different content of G (1, 5 and 10 wt%) in G/TiO2 photocatalyst prepared to
achieve highly active photocatalyst for reduction of CO, greenhouse gas towards energy
bearing products. These materials characterized through the XRD and BET techniques in order
to observe the physiochemical properties. It was shown that the 15wt.% G/TiO, was the
optimized species, in terms of providing the highest activity for the CO reduction to renewable
fuel. Moreover, this research revealed enhancement of the percentage of G in the catalysts
correspondingly increased the catalyst efficiency because of the higher charge transfer ability

and surface area created.
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