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A B S T R A C T   

Photocatalysts based on heterostructure 2D materials show promising properties for the construction of opto
electronic devices for selective reduction of CO2 to methanol. In this sense, a fast and simple method to produce 
2D hexagonal hybrid BN nanosheets (h-BNNs) doped with graphene heterostructure by van der Waals in
teractions was developed. The method used plasma created by a Tesla coil. The Gr/h-BNNs hybrid material 
obtained presented a stacking structure containing h-BNNs and graphene layers. The structure included doping of 
carbon atoms along the h-BN edge structures. The doping of the h-BN nanostructure with graphene sheets, 
conferred adaptable optical properties to the semiconductor, resulting in band gap energy values favorable to 
photocatalysis. The reaction promoted selective reduction of CO2 to methanol, and synthesis of other products, 
such as formaldehyde and formic acid, due to multielectronic transfer processes.   

1. Introduction 

Two-dimensional (2D) layered composites are promising candidates 
for many technological areas, such as energy, catalysis, electronics, and 
mechanics [1,2]. Graphene (Gr) is currently one of the most famous 2D 
materials, attracting intense experimental and theoretical research ef
forts since isolated by Novoselov. According to Yankowitz [3], the het
erostructures of the graphene supports on with hexagonal boron nitride 
(hBN) open a new area in 2D materials research. Due to its electronic 
properties on hBN heterostructures, graphene may also be utilized to 
design novel devices, such as re-writable p-n junctions [4] and the me
chanical propriety, structural reinforcement and thermal conductivity 
[5] that this composite has. However, obtaining this material is of a 
great challenge, mainly due to the difficulty in exfoliating hBN. 

The 2D layered materials have good conductivity and superior 
electron mobility because of the presence of the 2D π-conjugated 
structure in graphene, providing an ultrafast electron transfer platform 
to facilitate the transfer and separation of photogenerated electrons and 
holes in the photocatalyst [6,7]. 

Photocatalysts based on 2D layered composite present unique 
properties, such as charge transport which are beneficial to enhance the 
photocatalytic performance, band gap tuning, and heterojunction for
mation [3,4]. In addition, the bond B-N in the hBN nanosheets (hBNNs) 
is an ionic structure, making the hBNNs more resistant to oxidation and 
to corrosion than the covalent C-C bond of graphene [8], increasing the 
durability of the material. 

The 2D photocatalyst materials have emerged as promising candi
dates for traditional semiconductors. These catalysts usually possess 
shorter carrier diffusion pathways, higher specific surface areas and 
conductivity, more vacancy-type defects, and exposed edges when 
compared to their bulk counterparts [9]. 

Photocatalytic reduction of CO2 in commercial products has attrac
ted attention to the scientific community to mitigate excessive green
house gas emissions by mimicking the natural photosynthetic process 
[10,11]. Higher efficiency and product, as a methanol, formate, and 
others yield can be achieved by designing a suitable photocatalyst with 
retarded recombination of photogenerated electron-hole pairs and suf
ficient potential for the reduction of CO2 [12]. This propriety is 
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beneficial for the separation of photogenerated carriers promoted by 
Gr/hBN materials, as well as for the adsorption and activation of CO2 
molecules [13]. 

In this sense, this work presents a clean, rapid and facile technique to 
synthesize graphene on h-BN during this nitride exfoliation by a Non- 
Thermal Plasma Source. The synthesized hybrid material exhibited op
toelectronic properties due to the nanometer-scale spacing between the 
2D layers. The photocatalytic reduction of CO2 to more valuable com
pounds was also investigated, revealing very promising results in terms 
of efficiency. 

2. Experimental 

The hexagonal boron nitride nanosheets doped with graphene were 
synthetized in one step by an adapted non-thermal plasma method 
developed by Souza et al. [14] coupled to a reaction vessel (Fig. 1). In 
this reactor, using h-BN ~1 μm, 98% Aldrich and cyclohexane Aldrich in 
ratio of 1:400 m/m and input 60kV arc with N2(g) flow between a 316 L 
steel electrode and another one made of mineral graphite, until there 
was no more liquid. The material was then collected and washed in 
mixture 1:1 of water and isopropanol, and the solid was filtered on a 
cellulose acetate membrane with pores of 200 nm. The powder obtained 
was dried. 

The dry material was characterized by transmission electron micro
scopy (TEM) using a JEOL JEM-2100 electron microscope, operated at 
200 kV. The X-ray diffraction (XRD) were obtained using a diffractom
eter model Miniflex II, with Cu kα radiation source of 0.15406 Å, set at 
2θ range 2–90◦, with 2 min–1 scan speed, and the graphene load in h-BN 
matrix was determined using a Shimadzu Thermogravimetric analysis 
(TGA) 51H/TA-60WS. The Raman spectra was collected using Horiba 
Scientific MacroRam Raman spectroscopy equipment with laser 785nm. 
The Fourier transform infrared spectroscopy (FTIR) was performed on 
an attenuated total reflection (ATR) accessory (MIRacle with a ZnSe 
Crystal Plate Pike®) installed on a Nicolet® 6700 FTIR spectrometer 
equipped with a cooled MCT detector with N2 liquid. 

The optical properties were measured using a Shimadzu UV-Vis NIR 
UV-3101PC spectrometer with an integrating sphere module ISR-3100 
to obtain the UV-Vis spectra by diffuse reflectance. The samples were 
dispersed in BaSO4 cells, and the spectra were obtained in a configura
tion of slit width of 12 nm, in a range between 200-600 nm, and a 
collection interval of 0.5 nm. 

The photocatalysis experiments were performed in a reactor pre
sented by Yovanovich et al. [15], with a gas inlet for adapted gas 
diffusion layers, where a medium-pressure mercury (254 nm, 8 W) and 

xenon (65 W) lamp were used to provide UVC-visible and white light 
irradiation. The 10 mL min–1dry CO2(g) flow passed through the carbon 
diffuser support, produced with 40 mg of carbon Vulcan (Cabot ®) and 
agglutinated with a 2% PTFE suspension (DuPont TM 30). The 
porous-thin layer of the photocatalyst was prepared by mixing the 
composite (20 mg) with 2% PTFE suspension (DuPont TM 30) for 1 h 
until the water interface was observed. The quantification of methanol 
was obtained by Boyaci’s method with Raman spectroscopy [16,17]. 
The standard curve was constructed with methanol with a concentration 
range of 0.005-1.000 mol L–1. The intensity of the methanol in the 
standard curve was 28.9115 + 84.1535[methanol] with a correlation 
coefficient of 0.945. 

3. Results and discussion 

The XRD pattern of the material obtained is presented in Fig. 2A in 
comparison with the h-BN starting powder. The diffraction peaks rela
tive to the planes of the BN hexagonal phase (002), (100), (101), (102), 
(004), (110), and (112) were at 26.7o, 41.6o, 43.7o, 54.9o, 76o, and 
82.2o, respectively (JCPDS card 34-0421). The (002) peak of the exfo
liated BN presented a shift to ~ 0.1o less positive 2θ in comparison to the 
h-BN raw (Fig. 2B), according to the literature [14,18]. This result 
suggests the expansion of the interplanar distance for (002) and the 
exfoliation in the c direction. 

In Fig. 2C, the XRD pattern was plotted on a logarithmic scale, to 
investigate the formation of graphene on h-BN material. According to 
the graphene crystallographic pattern, there is evidence of nanoflakes 
stacking and crystalline size in the graphene crystalline plane, and it can 
be observed in the (002) and (100) planes at 2θ ~ 22.6◦ and 25.1◦, in 
addition to the corresponding plane h-BNNSs [19,20]. 

The Raman spectra of the composite and h-BN raw (Fig. 3A) showed 
the E2g band of boron nitride at 1349 cm–1 for the raw material and 1351 
cm–1 for the composite. The significant decrease in the intensities, 
resulting from the weaker interactions between the hBN layers due to 
the exfoliation, and is observed a blue shift of 2 cm–1 in this band, more 
one indicative of hBN exfoliation. In addiction the full width at half 
maximum (FWHM) of the E2g band higher than reference material 
indicated the formation of hBNNs structure with few layers [21,22]. The 
graphene was identified in the bands D1 (1319 cm–1), D2(1629 cm–1), 
D3(1501 cm–1), D4 (1202 cm–1) and G (1593 cm–1) [23] convoluted 
with the E2g of h-BNNs. The intensity of the D-band higher than G-band 
suggests the graphene are nanoflakes [24] and the ratio of the ratio of 
ID1/ID2 = ~ 6.4 indicated vacancies in the hexagonal structure [25]. 

The FTIR spectra shown in Fig. 3B revealed two main characteristic 
bands of h-BN at ~ 1370 cm–1 (E1u mode) and ~ 817 cm–1 (A2u mode) 
[26], which convoluted in the bands at ~1645 cm–1 (C=O) and at 1448 
cm–1 (–OH) ascribed to the oxygen-containing functional groups pre
sented on Gr/hBNNs [27]. It is commonly reported a band at ~3268 
cm–1 for the h-BN exfoliated material, which corresponds to the hy
droxyl group (-OH), that appear due to large amounts of defects, such as 
vacancies [28,29]. 

The XRD pattern indicated a low load of graphene on the h-BNNs 
substrate, and was confirmed by the ratio of the mass loss observed in 
the TGA analysis in function of the temperature. The TGA curve is used 
to describe the oxidative thermal stability of the material. Fig. 4 shows 
the mass-change (% initial mass) of the Gr/h-BNNs composite as a 
function of temperature. Initially, the TGA curve showed a small drop in 
mass, which can be attributed to loss of water molecules. From that 
point ahead, a more significant drop in mass was observed, with the 
combustion of graphene sheets in an oxidizing atmosphere, which 
occurred up to a temperature of approximately 650◦C. Above this tem
perature, the mass was stable due to the presence of h-BN, which has 
been described in the literature to have thermal stability of up to 1000◦C 
[30,31]. Based on the TGA results, the ration of 9:1 for was determined 

The TEM images served to confirm the nanostructure properties of 
the Gr/h-BNNs hybrid material. Fig. 5A and B show the arrangement of 

Fig. 1. Non-thermal plasma generator coupled to a reaction vessel with 
cyclohexane, nitride-BN and N2(g) flow for hybrid Gr/hBNNs nano
film production. 

P.V.R. Gomes et al.                                                                                                                                                                                                                             



Applied Materials Today 29 (2022) 101605

3

the material, revealing the homogeneity of its thin nanosheets h-BN and 
the graphene heterostructure. Furthermore, the material with nano
crystalline structure was formed from stacks of sheets (Fig. 5G). The h- 
BN and graphene nanosheets tend to stack alternately, resulting in a 
nanostructured hybrid material consisting of building blocks producing 
independent layers. 

Fig. 5C presents the details of the material nanostructure. The high- 
resolution TEM images Fig. 5D showed the stacking of ultra-thin nano
sheets forming mono- and/or multi-layer blocks. The FFT pattern in
dicates that these layers have a d-spacing of approximately 0.3463 nm 
relative to the crystallographic plane (002). The stacking of planar 
structures of h-BN and graphene, by van der Waals interactions, was 
characteristic in the hybrid structures of the Gr/h-BNNs [32,33]. Fig. 5E 
shows the stacking of approximately 21 layers, and from the FFT 
pattern, we confirmed the nanostructure presence of interplanar fringes 
with a distance between the atomic planes of 2.116 Å indicating a 
crystalline plane (001). The material heterostructure composition of 
self-assembled blocks by layers of h-BN and graphene (Fig. 5F) were 
stacked alternately in one direction. The FFT pattern shows stacked 

two-layers hexagonal lattices, where they have a rotational angle be
tween them of about 19◦. Furthermore, the structure of the hybrid solid 
extended laterally by bonds of the h-BN structure with the graphene, by 
the edge sewing. 

The optical properties of the hybrid material were determined by 
diffuse reflectance UV-Vis spectroscopy analyses. In order to investigate 
the optical energy bandgap of the hybrid film, the Tauc plot was used to 
determine the band gap energy of the semiconductor [34]. Graphene has 
very weak absorption edges in the range of 200-800 nm, while h-BN has 
strong absorption at a wavelength of approximately 218 nm [35]. Car
bon doping in boron nitride materials results in a composite with 
adjustable band gap energy. Fig. 6 shows the two absorption edges of the 
Gr/h-BNNs hybrid film. This result indicates the evidence of possible 
structures which was discussed earlier with the analyses of HR-TEM and 
XRD of the material. 

Furthermore, these results were able to confirm that the hybrid 
material presented a self-assembling nanostructure in layers of h-BN and 
graphene. This structure contributed to the greater stability of the 
composite due to the formation of small polar interlayer bonds, and 

Fig. 2. (A) X-ray diffraction of the layered Gr/h-BNNs, (B) h-BN raw material peak (002), (C) detail of plane graphene (002) with deconvolution.  
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possible defects in the structure of h-BN containing the carbon atoms 
[19,20]. 

The first absorption edge refers to a band equal to 4.41 eV for the 
material with a ratio of 9:1 (Gr/h-BNNs). This optical energy is a result 

of carbon doping sp2 in the h-BN framework domains. The second ab
sorption edge has an optical band gap equal to 3.53 eV, and according to 
the TEM image, the size of the hybrid film structure is on the scale of a 
few nanometers. The heterostructure materials built in atomic layers 
show a change in their electronic structure, as is the case of the Gr/h- 
BNNs hybrid film presenting two optical band gap values. This charac
teristic gives the material promising semiconductor properties. 
Furthermore, the optical energy of the material indicates the edge effects 
of graphene on the h-BN structure, forming a superlattice, which may 
imply the formation of heterostructures by a physical stacking process, 
as observed in the powder diffraction pattern [36]. 

The activity of this composite for CO2 conversion in methanol was 
evaluated by the immobilized catalyst in a thin porous layer on a carbon 
diffusion gas support with continuous dry CO2 flow to the interface 
photocatalyst/water. During the photocatalytic experiments, an aliquot 
of aqueous solution was collected and analyzed by FTIR to identify the 
species formed. In Fig. 7, the FTIR spectra of aliquots of aqueous solution 
of products obtained during the 60 min for each radiation source, and 
observed the band centered at 1082 cm–1, 1050 and 1030 cm–1 were 
attributed to methanol [16,37]. It was see band at 1267 cm–1 and 1172 
cm–1 corresponding to formaldehyde [38], however, in UVC irradiation 
when the methanol bands decrease. The formic acid is also viewed at 
1112 cm–1 [39]. 

The amount of methanol produced by photocalysis over Gr/hBNNs 
was shown in Fig. 8. This result depicts the yield of methanol obtained 
after 1 h of irradiation with UV and white light. After this time, 52µmol 
g–1 was obtained in visible light and a maximum of 47 µmol g–1 in 10 min 
with UVC light. As described by Karamian [40] the CO2 adsorbed on the 
photocatalyst surface upon receiving a charge of on electron, forms the 
anionic radical ⋅CO2

–, which in an environment rich in hydrogen species, 
such as water, can form methanol among other products (Fig. 8). The 
water is also activated by the photocatalyst where it provides hydrogen 
species. However, the high energy of the ultraviolet radiation also in
creases the production of ⋅OH species, and in excess, this species can 
degrade the products formed, returning to CO2. Fig. 9 when the reaction 
is carried out under ultraviolet light is notable the decrease the methanol 
obtained after 10 min. The control experiment without the photocatalyst 
was performed and did not exhibit activity for this reaction. 

The emerging nanomaterials formed by building blocks resulted in 
sets of light energy harvesting through their conductive properties, 
surface area and modified morphology. Hybrid film of Gr/h-BNNs 
constructed by van der Waals interactions gave birth to a material 
with high photocatalytic activity due to graphene doping on h-BN 
nanosheets. This photocatalytic enhancement was attributed to photo
generated electron-hole recombination, extended excitation wave
length, as a consequence of the increased reagents adsorption on the 
material surface. In this case, the Gr/h-BNNs hybrid material had optical 
properties that contributed to the promotion of active sites around the 
surface. 

The two energy absorption edges observed in the Gr/h-BNNs were an 
effect of the carbon atoms dopant presence adjacent to the laminar 
structure of boron nitride. This structural feature of the hybrid film 
resulted in the modification of the band structure giving high photo
catalytic performance to the semiconductor material, where energy 
levels were adjusted by chemical variations. In this case, the modifica
tion of the electronic band structure resulted in a new energy gap be
tween the valence and conduction bands, promoting a transfer of 
electrons from the semiconductor material for the activation of CO2 
molecules generating CO2

⋅– species. Furthermore, the chemical reaction 
was promoted on the semiconductor surface selectively by electrons 
with reducing power, leading to the formation of methanol in the 
presence of H2O, due to the selective oxidation capacity promoted by 
holes [32,41–43]. 

Fig. 3. (A) Raman and (B) FTIR spectra of BN raw and exfoliated BN.  

Fig. 4. The TGA graphic of the hybrid material Gr/h-BNNs in the temperature 
range of 30–900◦C. 
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4. Conclusion 

This work presented the development of 2D heterostructural mate
rials of boron nitride and graphene, based on a non-thermal plasma 
generator, a fast and accessible method for demands of mild conditions. 
The nanostructural properties of the hybrid nanofilm were determined 
by transmission imaging microscopy (TEM). The complementary XRD 
data showed the predominant h-BNNs pattern and low profile of gra
phene, this was in agreement with the TGA analysis. The hybrid for
mation of h-BN and graphene gave the material promising and 
adjustable optical properties, which were determined by diffuse reflec
tance UV-Vis spectroscopy analyses. The optical energy bandgap of the 
hybrid film was investigated using the Tauc plot to determine the band 

gap energy of semiconductors. The presence of two absorption edges of 
the material resulted in an energy gap between the valence and the 
conduction bands. A transfer of electrons from the semiconductor ma
terial promoted the activation of CO2 molecules generating CO2

⋅– species, 
a photocatalytic reduction of CO2 to more valuable compounds such as 
methanol. The hybrid nanofilm Gr/h-BNNs showed that methanol pro
duction activity about 52 µmol g–1 in visible light and a maximum of 47 
µmol g–1 in 10 min in UVC light. 

The manuscript was written through contributions of all authors. All 
authors have given approval to the final version of the manuscript. 

Fig. 5. TEM images of the hybrid material Gr/h-BNNs. (A, B and C) Homogeneity of thin nanosheets of h-BN and graphene; nanostructure details in 2 nm scale of the 
HR-TEM images in: (D) The edge of the Gr/h-BNNs layers with d-spacing about 0.346 nm and the FFT pattern of the (002) crystallography plane; (E) Stacking of 21 
layers by van der Waals interactions and the FFT pattern of the crystalline planes (100) and (002), and (F) Films of h-BN and graphene, and the FFT in the inset reveal 
layers stacking with a rotational angle of about 19◦. (G) Image of the nanostructure packing formed by the h-BN and Graphene layers include the carbon atom dopped 
in the h-BN structure. 
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Fig. 6. (A) UV-Vis reflectance spectra of the hybrid nanostructure Gr/h-BNNs, 
showing the absorption edge at 218 nm corresponding to an optical band gap 
4.41 eV, and the weak absorption edge at 3.53 eV due to an intermediate 
nanostructure formed by stacking layers of h-Bn and graphene. (B) The optical 
band gap energy spectrum. 

Fig. 7. FTIR spectra were taken from aliquot at 60 min under (a) UVC and (b) white light.  

Fig. 8. Schematic pathway of CO2 photoreduction reaction on Gr/ 
hBNNs material. 
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