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The inventive concepts disclosed relate to the production of 
green and blue hydrogen from hydrocarbons using visible 
light ( from a laser , lamp or sun ) and defect - engineered 
boron - rich photocatalysts . We demonstrate that the environ 
ment of the B atoms in the lattice can be tuned to favor the 
dehydrogenation of desired hydrocarbons on reaction sites 
under visible light . In addition to the hydrogen produced in 
gas form , carbon atoms are captured by the catalyst and 
form structures of potential higher value for future applica 
tions . Further study of the dark carbonaceous product 
revealed a graphitic aspect of the material . These findings 
highlight a new functionality of 2D materials for visible 
light - assisted capture and conversion of hydrocarbons , 
with great potential for green hydrogen production – ie , 
hydrogen produced from renewable energy and without 
the release of CO or CO2 . 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure 17 
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Figure 19 
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Figure 20 



Patent Application Publication Jan. 12 , 2023 Sheet 21 of 21 US 2023/0010709 A1 

Figure 21 
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PHOTOCHEMICAL TRANSFORMATION 
USING ENGINEERED METAL - FREE 
HEXAGONAL BORON NITRIDE 

BACKGROUND 

a hole carrier transport channel . Visible light absorption of 
the composite , and even electron absorption in some 
instances , were improved by the presence of h - BN . More 
over , it was proposed that formation of OH radicals could 
take place on h - BN nanoplates mixed with DS - 7 . [ 23 ] More 
recently , photocatalytic hydrogen evolution was studied on 
porous h - BN sheets with hydroxyl and secondary amino 
group functionalization at the edge , which demonstrated a 
bandgap reduction from 6 eV for commercial h - BN to 
-4.2 eV . [ 24 ] However , to date , photocatalytic processes in 
the visible range have not yet been reported in defect - laden 
h - BN ( dh - BN ) . Understanding the interaction of light , 
defects and environmental gases in h - BN is all the more 
important that similar defects are being considered to pro 
duce quantum emitters at room temperature under ambient 
conditions , without a clear understanding of the nature of the interplay . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0004 ] The patent or application file contains at least one 
drawing executed in color . Copies of this patent or patent 
application publication with color drawing ( s ) will be pro 
vided by the Office upon request and payment of the neces 
sary fee . 

[ 0001 ] Two - dimensional ( 2D ) materials have revealed 
fascinating behaviors since the discovery of graphene . [ 1 ] 
The ability to tune the bandgap of semiconducting 2D layers 
using large scale processing ( plasma , thermal treatment ) or 
local treatment has led to a myriad of fundamental studies 
related to electronic and optoelectronic properties . [ 2 ] As a 
result , hexagonal boron nitride ( h - BN ) , [ 3 ] transition metal 
dichalcogenides ( TMDs ) , [ 4 ] and other single atom - based 
systems such as borophene and stanene [ 5 ] are now consid 
ered as building blocks for the creation of functional mono 
layers and heterostructures with unique functionalities . [ 6 ] 
With the current understanding of their capabilities and lim 
itations , it is possible to enable material discoveries for 
applications including in biomedical research , [ 7 ] energy 
storage , [ 6a ] wearable devices , [ 8 ] optoelectronics , [ 2c ] 
highly sensitive detectors , [ 9 ] and hazardous molecules cap 
ture and conversion . [ 10 ] 
[ 0002 ] Despite these intense efforts , poor scalability 
remains a significant challenge hindering the rapid imple 
mentation of rationally designed structures for targeted 
functionalities in devices . [ 11 ] In addition , in their mono 
layer form , the materials are extremely sensitive to intrinsic 
and extrinsic defects as well as to perturbations from sub 
strate interactions and from environmental conditions . In 
graphene for instance , these engender important losses in 
electron mobility . Controlling such perturbations is difficult , 
which results in devices performing far below the theoreti 
cally predicted values . On the other hand , local electronic 
density changes observed at defect sites suggest that excit 
ing applications in quantum science and catalysis should be 
considered . Recently , defect - bound band edge states have 
led to the formation of quantum emitters [ 12 ] and highly 
reactive catalysts . [ 13 ] The design of catalysts exploiting 
local defects or dopants in 2D materials has the potential 
to improve the reactivity and selectivity of chemical pro 
cesses , including for industrial practices , leading in turn to 
better efficiency and sustainability . 
[ 0003 ] Defect engineering has been reported to improve 
reactivity of other 2D materials , such as TMDs , including 
the tailoring of molybdenum disulfide ( MoS2 ) edges , form 
ing a functional material with great promise for ammonia 
synthesis [ 13e ] and the hydrogen evolution reaction 
( HER ) . [ 13c ] Heterostructures are also expected to exhibit 
competitive performance , as in the case of MoS2 - reduced 
graphene oxide films for HER . [ 14 ] Even materials with 
well - established chemical inertness , such as h - BN , can be 
turned into interesting catalysts as seen in recent reports on 
propene hydrogenation [ 15 ] and CO2 reduction . [ 16 ] Various 
processes are being considered to introduce defects in h 
BN . [ 17 ] Mechanical milling of large amounts of h - BN has 
proven effective for catalysis . [ 13b , 15-16 ] Defects in the 2D 
lattice introduce states in the bandgap making it possible to 
tune the electronic structure of the material , and thus to 
enable photochemical processes occurring at specific wave 
lengths . [ 18 ] Over the years , h - BN has been found to 
enhance the photocatalytic activity of mixtures and compo 
sites with Bi2W06 , [ 19 ] gC3N4 , [ 20 ] Bi40512 , [ 21 ] TiO2 
[ 22 ] and DS - 7 , [ 23 ] acting as a hole carrier promoter or as 

= 

[ 0005 ] The present embodiments are illustrated by way of 
example , and not by way of limitation , in the figures of the 
accompanying drawings . 
[ 0006 ] The following figures are illustrative only , and are 
not intended to be limiting 
[ 0007 ] FIG . 1 is a ( a ) SEM image of the dh - BN powder 
positioned treated with the laser light . The lighter flakes cor 
respond to h - BN flakes with carbon matrix developing 
between the flakes . 
[ 0008 ] FIG . 2 shows the study of the composition of the 
reacted region , with infrared spectroscopy , indicating the 
presence of both h - BN and carbon bonds . 
[ 0009 ] FIG . 3 shows the effect of ball milling on the struc 
ture of h - BN . ( a ) TEM images of untreated h - BN showing 
regular stacks with the h - BN interlayer distance d = 3.4 Å . 
( b ) TEM images of milled h - BN ( referred to as dh - BN ) 
showing regions with disordered stacks . ( C ) XRD spectra 
of untreated h - BN ( black curve ) and dh - BN ( red curve ) . 
( d ) Raman spectra of untreated h - BN ( black curve ) and 
dh - BN ( red curve ) centered at 1368 cm - 1 , region of the E2g 
mode of h - BN in - plane vibrations . ( e ) FTIR spectra of 
untreated h - BN ( black curve ) and dh - BN ( red curve ) . 
[ 0010 ] FIG . 4 shows the XPS survey spectra ( a ) and HR 
spectra of B 1s ( b ) , N ls ( c ) , C 1s ( d ) , and O 1s ( e ) core 
levels for h - BN ( down spectra ) and milled h - BN ( labeled 
dh - BN ) obtained after 2 h of ball milling ( upper spectra ) . 
The HR spectra were fitted with sums of Voigt functions 
( solid black lines ) . 
[ 0011 ] FIG . 5 is a ( a ) schematic of the custom - made envir 
onmental cell designed to control the environmental gas , 
temperature and pressure during the reaction . ( b ) Represen 
tation of the environmental - controlled setup used to evalu 
ate the photocatalytic properties of dh - BN . 
[ 0012 ] FIG . 6 shows ( a ) Optical image of a dh - BN region 
after 532 nm illumination in presence of propene . The k 
mean ( k = 4 ) cluster map overlaid on the optical image indi 
cates the spatial variations of the fluorescence background 
of the Raman spectra collected from the center up to 70 um 
away from the center . The average spectrum of each cluster 

? 
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[ 0025 ] FIG . 19 shows the carbon formed by the solar light 
catalyzed dehydrogenation of methane . 
[ 0026 ] FIG . 20 shows a dual elliptical reactor with HID 
lamp illumination ( example 4 ) producing carbon and hydro 
gen in a flow configuration . The image has a green filter to 
reduce the intensity and allow image capture . 
[ 0027 ] FIG . 21 shows the carbon formation showing the 
presence of D ang G bands , indicative of the presence of 
small graphitic domains . ( top ) signature obtained on the car 
bon formed from the reaction on dh - BN under methane 
atmosphere with a laser illumination at 405 nm . ( bottom ) 
signature obtained on the carbon formed from the reaction 
on low - dimensional Boron under methane atmosphere with 
a laser illumination at 405 nm . 

DEFINITIONS 

a 

is presented below the image . The variation of the maximum 
intensity of the spectrum is plotted as a function of distance 
( white curve above the cluster map ) and compared to the 
laser beam profile ( green curve ) . ( b ) Raman spectra col 
lected at four points in the reacted region , exhibiting signs 
of soot - like formation , are deconvoluted using D1 , D3 , D4 
and G bands as detailed in Table 2. The presence of an addi 
tional band at 1450 cm - 1 , indicating the presence of CH2 
groups , is marked by black arrows . 
[ 0013 ] FIG . 7 shows ( left ) powder of dh - BN after propene 
dehydrogenation by mechanochemistry and ( right ) soot for 
mation on dh - BN pressurized with propene after illumina 
tion with visible ( 532 nm ) laser light . 
[ 0014 ] FIG . 8 is a comparison of the Raman signature of 
h - BN pressurized with propene before ( red ) and after light 
exposure ( yellow ) , and dh - BN pressurized with propene 
before ( blue ) and after light exposure ( green ) . 
[ 0015 ] FIG.9 is a laser beam profile showing the Gaussian 
shape in horizontal and vertical direction . 
[ 0016 ] FIG . 10 shows Raman ctra of the white powder 
collected about 500 um from the center of the dark region 
showing the signature of dh - BN is maintained some dis 
tance away . 
[ 0017 ] FIG . 11 shows XPS survey spectra ( a ) and HR 
spectra of B ls ( b ) , N Is ( c ) , C 1s ( d ) , and O 1s ( e ) of dh 
BN after exposure to propene ( bottom spectra ) and dh - BN 
exposed to propene after laser illumination ( 532 nm , 
25 mW ) for a duration of 30 min ( upper spectra ) . The HR 
spectra were fitted with sums of Voigt functions ( solid black 
lines ) . 
[ 0018 ] FIG . 12 shows Raman spectrum collected at the 
same location under propene ( signal is comparatively too 
low to resolve the D and G features ) and after pumping 
out propene from the chamber . 
[ 0019 ] FIG . 13 shows the role of temperature on the reac 
tions observed under 473 nm and 532 nm illumination . 
[ 0020 ] FIG . 14 shows Raman spectra pre- and post - expo 
sure of dh - BN to laser illumination ( 532 nm , 25 mW ) under 
air ( a ) , propane ( b ) , and CO2 ( c ) . 
[ 0021 ] FIG . 15 shows Raman spectra collected in the dark 
region formed after illumination at 532 nm of dh - BN under 
CO atmosphere . ( a ) Two spectra collected at the center ( i ) 
and slightly off - center ( ii ) in the dark region . The presence 
of additional bands at 1795 cm - 1 ( C = 0 ) and 3460 cm - 1 ( 0 
H ) are marked by black arrows . ( b ) Analysis of the 900 
1800 cm - l region of the spectra containing the D and G 
bands of the carbonaceous material using deconvolution 
with the D1 , D3 , D4 and G bands as detailed in Table 2 . 
The presence of an additional band at 1450 cm - 1 ( the black 
arrow ) . 
[ 0022 ] FIG . 16 shows the effect of light magnification of 
the time required for the formation of the carbonaceous 
material exhibiting the Raman bands described in FIG . 4 . 
Highest magnification ( 50x objective ) decreased the time 
in half . Magnification also impacts the dimension of the 
dark area . 
[ 0023 ] FIG . 17 show Chromatograms from gas sampled 
from sources 1 and 3 as well as a control . Samples were 
analyzed by gas chromatography with thermal conductivity 
detection and argon as a carrier gas . 
[ 0024 ] FIG . 18 shows focused laser irradiation ( top ) and 
solar ( bottom ) both enable hydrogen and carbon production 
over defect - laden boron nitride and boron rich materials . 

?? 
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[ 0028 ] Unless defined otherwise , all technical and scienti 
fic terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs . Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice or testing of the invention , the preferred 
methods and materials are now described . All publications 
mentioned herein are incorporated herein by reference . 
[ 0029 ] The methods and techniques of the present inven 
tion are generally performed according to conventional 
methods well known in the art and as described in various 
general and more specific references that are cited and dis 
cussed through the present specification unless otherwise 
indicated . 
[ 0030 ] The use of the word “ a ” or “ an ” when used in con 
junction with the term “ comprising " may mean “ one ” , but it 
is also consistent with the meaning of “ one or more ” , “ at 
least one ” , and “ one or more than one ” . The use of the 
term “ or ” is used to mean “ and / or ” unless explicitly indi 
cated to refer to alternatives only if the alternatives are 
mutually exclusive , although the disclosure supports a defi 
nition that refers to only alternatives “ and / or ” . Throughout 
this application , the term “ about " is used to indicate that a 
value includes the inherent variation of error for the quanti 
fying device , the method being employed to determine the 
value , or the variation that exists among the study subjects . 
For example , but not by way of limitation , when the term 
“ about ” is utilized , the designation value may vary by plus 
or minus twelve percent , or eleven percent , or ten percent , or 
nine percent , or eight percent , or seven percent , or six per 
cent , or five percent , or four percent , or three percent , or two 
percent , or one percent . The use of the term “ at least one " 
will be understood to include one as well as any quantity 
more than one , including but not limited to , 2 , 3 , 4 , 5 , 10 , 
15 , 20 , 30 , 40 , 50 , 100 , etc. The term “ at least one ” may 
extend up to 100 or 1000 or more , depending on the term 
to which it is attached ; in addition , the quantities of 100 / 
1000 are not to be considered limiting , as lower or higher 
limits may also produce satisfactory results . In addition , the 
use of the term “ at least one of X , Y , and Z ” will be under 
stood to include X alone , Y alone , and Z alone , as well as 
any combination of X , Y , and Z. The use of ordinal number 
terminology ( i.e. , " first " , " second " , " third " , " fourth " , etc. ) is 
solely for the purpose of differentiating between two or 
more items and is not meant to imply any sequence or 
order or importance to one item over another or any order 
of addition , for example . 
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[ 0031 ] As used herein , the words " comprising ” ( and any 
form of comprising , such as " comprise " and " comprises ” ) , 
“ having ” ( and any form of having , such as “ have ” and 
" has ” ) , “ including ” ( and any form of including , such as 
“ includes " and " include ” ) or " containing " ( and any form 
of containing , such as " contains ” and “ contain ” ) are inclu 
sive or open - ended and do not exclude additional , unrecited 
elements or method steps . The term “ or combinations 
thereof ” as used herein refers to all permutations and com 
binations of the listed items preceding the term . For exam 
ple , “ A , B , C , or combinations thereof ” is intended to 
include at least one of : A , B , C , AB , AC , BC , or ABC 
and , if order is important in a particular context , also BA , 
CA , CB , CBA , BCA , ACB , BAC , or CAB . Continuing with 
this example , expressly included are combinations that con 
tain repeats of one or more item or term , such as BB , AAA , 
AB , BBC , AAABCCCC , CBBAAA , CABABB , and so 
forth . The skilled artisan will understand that typically 
there is no limit on the number of items or terms in any 
combination , unless otherwise apparent from the context . 

DETAILED DESCRIPTION 

[ 0032 ] It was found that dehydrogenation of hydrocarbons 
occurs in the presence of defects under visible illumination , 
forming a dark carbonaceous product . Analysis of this mate 
rial with X - ray photoemission spectroscopy and Raman 
spectroscopy suggests the activation of sp3 , sp2 , and sp car 
bon by the combination of defects and light , followed by the formation of hydrogen , cyclic organic compounds , hydroge 
nated carbon , and polycyclic aromatic hydrocarbons with 
high fluorescence , which are gradually converted to graphi 
tic crystallites . Continued growth can be controlled to obtain 
carbon materials . Measurements carried out at different tem 
peratures , laser powers ( above 16 mW ) and exposure dura 
tions show similar products at the illumination site . Similar 
phenomenon was observed when pressurizing defect - laden 
h - BN with carbon monoxide ( CO ) . These findings highlight 
a new functionality of defect engineering in h - BN and 
boron - rich materials for visible light - assisted capture and 
conversion . This discovery can enable the low temperature 
production of hydrogen from hydrocarbon source and other 
applications such as sensing or quantum devices . 
[ 0033 ] The conversion of hydrocarbons is important for 
numerous applications , including the petroleum and bio 
based industries . Conversion is comm nmonly done using cata 
lysts , which are made of precious metals . The use of pre 
cious metals as catalysts presents several limitations includ 
ing their costs and their limited availability . In addition , 
traces of metals are often found in the products of reactions 
taking place on these catalysts , which can be harmful to the 
environment and to humans . However , it is very challenging 
to overcome such leaching from metal - based catalysts . 
[ 0034 ] This disclosure provides a new way to use visible 
light to activate a chemical reaction in presence of a metal 
free catalyst . The system presented constitutes a heteroge 
neous catalyst as the catalyst is the solid phase and the reac 
tant is in gas phase . The products of the reaction of hydro 
carbons with the boron - rich materials such as 2d - boron and 
defect - laden h - BN catalyst include a gas that is being 
released together with the formation of a carbonaceous 
structure on the catalyst surface . Commonly , the synthesis 
of carbon materials requires significantly higher amount of 
energy and time . The process described in this invention 

does not require high temperature or special reagents / pre 
cursors that would leave impurities in the final structures . 
The catalyst being metal - free leads to the formation of struc 
tures that can only contained C with potential traces of B 
and N , none of which are toxic to humans or the environ 
ment . This carbon capture allows to release hydrogen in gas 
form . 
[ 0035 ] Currently industrial hydrogen is produced through 
steam reformation at high temperatures . The by - product of 
this process is the greenhouse gas carbon dioxide . This dis 
covery allows hydrogen production at low temperatures and 
produces carbon as a by - product with no release of green 
house gases or pollutants . 
[ 0036 ] Defect engineering , especially but not limited to 
2D materials , provides new opportunities for heterogeneous 
catalysis . Hydrogenation of propene and reduction of car 
bon dioxide ( CO2 ) can be achieved on metal - free hexagonal 
boron nitride ( h - BN ) using mechanochemistry , while struc 
tural engineering of h - BN and boron with induces photoca 
talytic activity in the ultraviolet range for hydrogen 
evolution . 
[ 0037 ] In some embodiments , the effect can be obtained 
with visible illumination including with a laser , lamp , solar 
illuminator , or directly under the sun . 
[ 0038 ] The presence of hydrogen is detected in the gas 
formed in the chamber . Analysis of the carbonaceous mate 
rial with X - ray photoemission spectroscopy , X - ray spectro 
scopy and Raman spectroscopy suggests the presence of 
graphitic crystallites and amorphous carbon . Measurements 
carried out at different temperatures , laser fluence and expo 
sure durations show similar products at the illumination site . 
[ 0039 ] It uses Boron - based catalyst which is obtained by 
introducing defects in a fairly abundant material . This has 
the potential to lower the cost of catalysts by circumventing 
the need for noble metals such as Pt or Pd . The photocata 
lytic conversion takes place in the visible range , which 
makes it possible to design processes taking advantage of 
solar illumination in the future . Importantly activity is 
observed near the solar maximum of 500 nm . The dehydro 
genation of hydrocarbons obtained in this process produces 
hydrogen as a product . The hydrogen produced is free from 
contaminants such as higher polyaromatic compounds , car 
bon dioxide or carbon monoxide which are common in reac 
tions carried out at higher temperatures on conventional cat 
alysts . The carbon material formed during the reaction 
present the advantage of being impurity - free . Tuning the 
process of reaction ( nature of the gas , pressure , temperature , 
etc ) can be used to vary the properties of the carbon material 
for desired applications . 
[ 0040 ] Hydrogen production is achieved at ambient tem 
peratures with solar illumination , making it potentially 
applicable for large - scale production of hydrogen in solar 
farms . Since only visible and UV light is required , heat 
can be co - harvested for simultaneous steam generation . 
The new photocatalyst can be used for the capture and con 
version of methane to : 

[ 0041 ] a . Eliminate emission of methane gas , a high 
greenhouse capacitygas ( 40x that of CO2 ) 

[ 0042 ] b . Generate carbon and blue hydrogen from pet 
roleum extraction and processing 

[ 0043 ] c . Produce carbon and green hydrogen from 
sources such as landfills and manure ponds . 

[ 0044 ] The environment of the B atom can be further 
modified for new targeted reactions supplanting precious 
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metal - based catalysts in refineries . The carbon material 
formed can find applications in energy materials ( batteries , 
supercapacitors ) , solar cells , sensors , devices used in nanoe 
lectronics , composite materials for automobile , sporting 
good , construction , etc. 

materials with a band centered at 1335 cm - 1 and the second 
centered around 1600 cm - 1 . The D + G band was also 
observed in the 2500-3100 cm - 1 range . 

Example 2 

EXAMPLES 

Example 1 

[ 0045 ] Here a light - assisted synthesis method is reported 
to produce arrays of aligned carbon fibers with tunable 
dimensions . This contrasts with conventional fabrication of 
carbon materials , which often require high temperature , 
without the possibility to align or position the structures on 
demand . Infrared spectra collected on the carbon product on 
the catalyst show that the material contains a composite of 
dh - BN with carbon activated molecules . 

[ 0052 ] The effect of illuminating h - BN and dh - BN with 
visible light on the interaction with propene , propane , CO , 
CO2 , and air are reported . Carbonaceous material is formed in presence of propene or CO adsorbed on dh - BN under 
excitation with visible light . The effects of laser exposure 
time , laser power , and temperature on the reactions observed 
with propene are elucidated . The spectroscopic signatures 
obtained with micro - Raman spectroscopy and X - ray photo 
electron spectroscopy ( XPS ) reveal the mechanisms at play 
during these photo - induced reactions . 

1. Experimental Section / Methods 

Methods 

[ 0046 ] Catalyst preparation . Defect - laden h - BN ( dh - BN ) 
was prepared from pristine h - BN powder by ball milling . 
Before milling , moisture was removed from the commercial 
pristine powder was dried in vacuo at 400 ° C. for 12 h . After 
this step , all manipulations of the powder were carried out 
under argon environment . Ball milling was performed in a 
mixer / mill and zirconia vials sealed with silicone O - rings 
2.0 g of h - BN was milled using a 19.05 \ -mm - diameter zir 
conia ball weighing - 26.6 g ( ball to powder ratio of 12.8 : 1 ) 
for 120 min . Freshly produced dh - BN was loaded in the 
argon - filled environmental chamber . 
[ 0047 ] Conversion for hydrogen production . dh - BN is 
pressurized under propene ( 276 kPa ) at room temperature 
using an environmental chamber . A 532 - nm laser at laser 
power of 15 to 200 mW was focused on the powder using 
various objectives ( 10x , 20x , 50x LD ) for a given time of 
exposure ( from few seconds to several hours ) . Electron 
microscopy . The morphology of the powder was evaluated 
by scanning electron microscopy ( SEM , Hitachi ) . 
[ 0048 ] In situ Raman spectroscopy and analysis . Raman 
spectra were collected on confocal optical microscope 
( WITec Alpha 300RA with 532 - nm laser excitation ) using 
a 100x objective ( Zeiss ) , 600 lines / mm grating and charge 
coupled device ( CCD ) detector . The excitation laser was 
maintained at a low laser power of 5.7 mW to prevent acti 
vating any reaction in the chamber during the measurement . 
[ 0049 ] The k - means cluster analysis was carried out in the 
WITec Project Four software . The algorithm computes the 
distance from each spectrum to each centroid and assigns it 
to its closest centroid . The clustering was used to partition 
the spectra collected in the hyperspectral image by consider 
ing the intensity of their fluorescence background and the 
nature of the Raman bands in each spectrum . For this , the 
dataset was not normalized . 

[ 0053 ] Materials preparation . Pristine h - BN powder was 
dried in vacuo at 400 ° C. for 12 h to remove moisture and 
stored in an argon - filled glovebox . All manipulations of the 
powder were performed under inert conditions in an argon 
filled glovebox . Plastic tools were used to prevent any con 
tamination from metal . Ball milling was performed in zirco 
nia vials sealed with silicone O - rings and a custom clamping 
mechanism . A mixer / mill was utilized to supply the 
mechanical force . Standard batches consisting of 2.0 g of 
h - BN and one 19.05 \ -mm - diameter zirconia ball weighing 

26.6 g ( ball to powder ratio of 12.8 : 1 ) were milled for 
120 min under inert conditions . Freshly produced dh - BN 
was loaded in the argon - filled glovebox for Raman analysis 
without any further processing . 
[ 0054 ] Transmission electron microscopy ( TEM ) charac 
terization and analysis . The morphology of the powder was 
evaluated by TEM ( FEI Tecnai F30 ) . The interplanar spa 
cing was measured using Image ) . 
[ 0055 ] X - ray diffraction ( XRD ) characterization and ana 
lysis . The crystalline structure of the flakes was evaluated 
with XRD ( PANalytical Empyrean ) , equipped with a 
1.8 KW copper X - ray tube radiation source . Collection 
was set to 2 s per step . Measurements were carried out 
from 10 to 90 ° with a step size of 0.05 ° . The strain ? in h 
BN and dh - BN was estimated on the basis of the Scherrer 
algorithm using the tangent equation : = V ( B2exy - B25td ) ) 
4tan , where Bexp and Bstd refer respectively to the experi 
mental ( sample ) and the reference ( standard ) broadenings 
( in radians ) estimated using the integral breadth method 
( using the ratio of the peak area over its height to estimate 
the width ) and is the Bragg angle . 
[ 0056 ] In situ Raman spectroscopy and analysis . h - BN 
and dh - BN powders were packed into 2x2 mm2 wells of 
1 mm depth , in an inert atmosphere glovebox before being 
sealed in a custom flow cell to maintain inert conditions . 
Once transferred out of the glovebox , the cell was pressur 
ized with the desired gas ( propene , CO , propane , CO2 , H2 ) 
at 276 kPa . Pressure and temperature were monitored 
throughout the experiment . Temperature control was 
achieved using a heater , operating in the temperature range 
between 24 ° C. ( referred to as room temperature ( RT ) 
herein ) and 80 ° C. , inserted in the body of the chamber in 
proximity of the chamber containing the powder . When 
increasing the temperature , measurements were performed 
after thermal equilibrium in the chamber was reached , as 
monitored from the temperature sensor . When illuminating 

€ 

7 

Results 

[ 0050 ] The first step after synthesis of the fibers was to 
investigate their morphology . In FIG . 1 the morphology of 
the dh - BN powder after carbon growth is depicted . 
[ 0051 ] Further analysis of the carbon material was per 
formed with infrared spectrosocopy , as shown in FIG . 2 . 
Additionally , Raman spectra collected in the core of the col 
umns exhibited the representative D and G bands of carbon 
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h - BN with visible light to study the photocatalytic reactions , 
laser light was focused on the powder using a 10x objective 
( Zeiss , N.A. = 0.2 ) , unless otherwise mentioned . The envir 
onmental chamber was designed with a sapphire window to 
allow optical imaging and Raman spectroscopy measure 
ments . Measurements were performed on confocal optical 
microscopes ( WITec Alpha 300RA for excitation at 
532 nm and HORIBA LabRAM for excitation at 473 , 633 , 
785 and 1064 nm ) . The excitation laser was maintained at a 
low laser power of 5.7 mW to prevent activating any reac 
tion in the chamber during the measurement . A 50x long 
distance objective ( Zeiss , N.A. = 0.55 ) was used to focus 
the excitation laser and collect the scattered light . Rayleigh 
scattering was filtered using a notch filter before reaching 
the spectrometer . After being dispersed by the grating ( 600 
lines / mm ) , photons were collected for an integration time of 
5 s with the charge coupled device ( CCD ) detector . 10 scans 
were averaged for each measurement . Curve fitting to eval 
uate the spectral components was carried out with Fityk 
1.3.1 after background removal of the constant noise ( 581 
cts ) and Gaussian smoothing with standard deviation ( SD ) 
of 2 . 

electron microscopy ( TEM ) ( FIGS . 4a , b ) , X - ray diffraction 
( XRD ) ( FIG . 4c ) , Raman and infrared spectroscopy ( FIGS . 
3d , e ) . Typical TEM images of the flakes found in the pow 
der before ( FIG . 3a ) and after milling ( FIG . 3b ) indicate a 
reduction in the lateral dimensions of the h - BN flakes ( from 
~ 3.5 um to -0.5 um ) after ball milling , in agreement with 
previous work . [ 13b ] High - resolution ( HR ) TEM images 
revealed a typical interplanar distance d of 3.4 Å in ordered 
stacks of untreated h - BN , which corresponds to the d - spa 
cing of h - BN . [ 25 ] After milling , similar interplanar dis 
tances could be observed , though the regions were signifi 
cantly smaller with some distinct curves , suggesting a 
highly disordered state in the material ( FIG . 3b ) . 
[ 0060 ] XRD measurements confirmed that changes in the 
morphology of the flakes are accompanied by structural 
changes ( FIG . 3c ) . The XRD spectrum of h - BN exhibits 
bands corresponding to the ( 002 ) , ( 100 ) , ( 101 ) , ( 102 ) , 
( 004 ) , ( 103 ) , ( 104 ) , ( 110 ) , ( 112 ) and ( 006 ) orientations , in 
agreement with the ICDD pattern ref . 01-085-1068 . Signifi 
cant decrease in amplitude and broadening of the ( 002 ) peak 
in dh - BN is attributed to a decrease in the size of crystalline 
domains due to milling . In addition , the asymmetric broad 
ening of the diffraction peaks ( as shown particularly for the 
two prominent peaks of the ( 002 ) and ( 100 ) reflection 
planes ) indicates the presence of ordered dislocations after 
milling . [ 26 ] 
[ 0061 ] The crystallite size L of dh - BN can be estimated 
from the full width at half maximum ( FWHM ) B of the 
( 002 ) diffraction peak with the Bragg angle ( 13.3 ° ) , and 
the wavelength à ( 1.5406 Å ) of the Cu Ka radiation using 
the Scherrer equation L 0.9 à ! ( cost ) . [ 27 ] Our data 
suggest a decrease in the crystalline planar domains from 
L 33.2 nm ( strain of 0.43 % ) in pristine h - BN to L = 
11.8 nm ( strain of 1.42 % ) in dh - BN after 2 h of ball milling . 
We note that this remains an estimation of the crystalline 
domain size as other factors such as stress and strain or lat 
tice imperfections and impurities could also affect the peak 
width . 
[ 0062 ] Furthermore , the broadening of the E2 , vibrational 
mode ( i.e. , in - plane phonon vibrations of the B and N atoms 
in opposite directions ) of h - BN at 1368 cm - 1 with constant 
center position ( FIG . 3d ) indicates a decrease of the crystal 
lite size rather than changes of the stress / strain state due to 
milling . This is in agreement with the study by Ding et 
al . [ 13b ] in which an incremental broadening of the band 
was observed when increasing the duration of milling pro 
cess from 30 to 120 min . Such a broadening was previously 
attributed to the presence of defects [ 13b ] and decrease in 
crystalline domain sizes . The infrared active vibrations of 
the lattice were studied with Fourier transform infrared 
( FTIR ) spectroscopy ( FIG . 3e ) . The FTIR spectrum of h 
BN shows two prominent peaks at 758 and 1340 cm - 1 , 
which respectively stem from the Alu out - of - plane B - N - B 
bending vibration and the Elu in - plane B - N stretching 
vibration of the sp2 bonded h - BN . [ 28 ] The milling treatment 
leads to a blue shift of these characteristic vibrations ( to 786 
and 1355 cm - 1 , respectively ) as a result of bonds shortening 
due to the compressive stress ( pressure increase during ball 
milling ) of the material . Besides , the FTIR spectrum of 
milled h - BN ( labeled dh - BN hereafter ) revealed no charac 
teristic signatures of B - N - 0 ( around 960 and 1165 cm - 1 ) and 
B - O - H ( around 1100 cm - 1 ) vibrations , [ 29 ] most likely 
thanks to the very short exposure of the fresh dh - BN powder 
to air before the measurement . 

= 

[ 0057 ] The k - means cluster analysis was carried out in the 
WITec Project Four software . The algorithm computes the 
distance from each spectrum to each centroid and assigns it 
to its closest centroid . The clustering was used to partition 
the spectra collected in the hyperspectral image into 4 clus 
ters by considering the intensity of their fluorescence back 
ground as it is important to the reaction process . For this , the 
dataset was not normalized . Each cluster was extracted as 
field mask . The masks were overlaid with 4 different colors 
to represent the spatial variation of the data . The masks were 
also used to calculate the average spectrum of each cluster 
for comparison 
[ 0058 ] Fourier transform infrared ( FTIR ) spectroscopy . 
FTIR spectra were collected in air on samples freshly 
removed from the flow cell to limit the interaction with air . 
The interferometer of the FTIR spectrometer ( PerkinElmer 
Spectrum 100 series ) was set for a spectral resolution of 
4 cm - 1 . The powder was pressed on the diamond - coated 
ZnSe prism of the attenuated total reflection ( ATR ) prism 
using the mechanical knob with force gauge . All spectra 
were collected as averages of 10 scans . X - ray photoelectron 
spectroscopy ( XPS ) . BEs were studied using an X - ray 
photoelectron spectrometer ( Thermo Scientific Escalab Xi 
+ ) with an aluminum radiation source . The spot size was 
200 um , and the investigated energy range spans from 0 to 
1350 eV . Charge compensation was used for all scans . Three 
scans were averaged for the survey spectra , with a step size 
of 0.5 eV and a dwell time of 20 ms . The high - resolution 
( HR ) XPS spectra were recorded using energy step of 
0.05 eV and a dwell time of 50 ms . 10 scans were averaged 
for each element range . Measurements were calibrated 
using a gold sample with reference to the Au 4f7 / 2 and Au 
4f5 / 2 lines respectively located at 84 and 87.67 eV ( when 
using the Al Ka radiation ) , [ 30 ] according to the Doniach 
Sunjic method [ 56 ] 

- 

a 

a 

a 

2. Results and Discussion 

a 
[ 0059 ] Introduction of defects in h - BN . h - BN was milled 
for 120 min to introduce a similar concentration of defects 
as in previous work by Ding et al . [ 13b ] The resulting 
changes in morphology were examined by transmission 
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[ 0063 ] Nature of defects introduced by ball milling . The 
effect of milling on the B - N lattice was investigated further 
with XPS . The XPS survey scans of untreated h - BN and dh 
BN powder are displayed in FIG . 4a . For h - BN , one can 
distinguish prominent lines corresponding to boron and 
nitrogen 1 s core levels respectively at about 190 and 
398 eV , as well as KLL Auger transitions of B ( 1310 eV ) 
and N ( 1105 eV ) . [ 30 ] In addition , the h - BN spectrum dis 
plays no signature of carbon but a weak feature of 0 1 s 
around 532 eV . After ball milling , the photoelectron spec 
trum exhibits a significant increase of the O 1 s intensity , 
and O KLL Auger transitions ( 978 , 999 , and 1015 eV ) . 
[ 0064 ] The increase of oxygen content ( from 1.6 to 7 at . % ) 
in dh - BN could be interpreted as a result of the sole contri 
bution of adsorbed oxygen due to exposure to air during the 
cell transfer to the XPS analysis chamber ( and to a much 
lesser extent due to residual oxygen in the glovebox during 
the milling ) . However , the dh - BN spectrum exhibits a very 
weak C 1 s core level signal ( ~ 2 at . % ) due to adsorbed car 
bon contaminants ( C - C and C - H bonds ) , also present in air 
during the sample transfer to the XPS chamber . Hence , the 
increase of oxygen intensity observed for dh - BN is likely 
related to chemisorbed rather than adsorbed oxygen . Finally , 
it is worth noting that the B / N atomic ratio slightly increased 
after ball milling from 1.1 to 1.7 , suggesting that N vacan 
cies are likely preferentially formed as a result of ball 
milling . 
[ 0065 ] To gain better insight into the chemical properties 
of dh - BN , narrow scans were performed of B 1 s , N 1 s , C 
1 s , and O 1 s photoelectron lines as depicted by the normal 
ized intensities presented in FIGS . 4b - e ( open circles ) . 
These HR spectra were deconvoluted into sums of Voigt 
( Gaussian - Lorentzian ) functions ( solid black lines ) . 
[ 0066 ] Evidence of visible photocatalytic activity of dh 
BN . First , the photocatalytic activity of dh - BN under pro 
pene atmosphere was studied . Propene hydrogenation and 
CO2 reduction over dh - BN have been achieved with 
mechanochemistry . [ 15-16 ] DFT calculations indicated that 
both nitrogen and boron vacancies , boron substitution and 
Stone - Wales defects can weaken olefin bonds , although N 
vacancies were found to be more active . [ 15 , 40 ] Few studies considering propane dehydrogenation have also been 
reported on defect - laden h - BN . [ 41 ] In the experiments , the 
powder was placed in a custom - designed environmental 
control cell ( FIG . 5a ) pressurized with propene ( 276 kPa ) 
at room temperature ( 24 ° C. ) . The excitation laser was 
focused on the powder through a sapphire window as 
shown in FIG . 5b . Raman spectra of dh - BN were collected 
for about 60 min under laser power of 25 mW . The Raman 
signature of h - BN pressurized with propene remained 
unchanged under exposure . It retained its single narrow 
peak at 1368 cm - l corresponding to the E2g mode . On the 
other hand , a significant change in the Raman spectrum was 
observed when illuminating dh - BN in presence of propene . 
The fluorescence background of the spectra increased over 
time until the single band at 1368 cm - l could not be distin 
guished , followed by the appearance of two prominent 
bands around 1329 cm - 1 and 1580 cm - 1 indicative of a car 
bonaceous material . Accordingly , the visual inspection of 
the area under illumination revealed a significant darkening 
of the powder ( FIG . 6 ) . We note that previously reported 
propene hydrogenation on dh - BN did not result in any sig 
nificant darkening of the powder ( FIG . 7 ) . 

[ 0067 ] To investigate the properties of the newly formed 
carbonaceous matter on dh - BN , Raman spectra was first 
collected using a higher magnification objective ( 50x with 
long working distance ) . Representative spectra of h - BN and 
dh - BN , pre- and post - exposure to the 532 - nm - laser light , are 
provided in FIG . 8. The laser beam profile displayed in FIG . 
9 shows the Gaussian - like power distribution at the surface 
of the sample during the reaction . In the same graph , we 
plotted the radial profile of fluorescence maximum intensity 
extracted from each spectrum along the radius of the region 
to illustrate the luminescence change with the distance to the 
center of the reacted region . Accordingly , Raman spectra 
collected along the radial direction of the reacted region 
exhibited different signatures indicative of the progress of 
the reaction . This can be seen on the Raman map rendered 
by k - means cluster analysis of the spectra collected in the 
region , 70 um from the center of the dark region ( FIG . 6a ) . 
This variation with distance from the center indicates that 
the progress of the reaction ( i.e. , the nature of products the 
reaction yields as it evolves ) is affected by the laser inten 
sity . Though this is not a direct monitoring of the reaction 
intermediate , it reveals the different stages of the reaction . 
Thus , spectra collected at the periphery of the dark region 
exhibited very different fingerprints than those collected at 
the center of the region ( FIG . 6 ) . Furthermore , we found that 
dh - BN was affected by the photo - induced process beyond 
the change in color , and even beyond 200 um from the 
edge in some cases . Initial analysis of the Raman spectra 
suggests that the center of the dark region exhibits a signal 
with two prominent bands around 1329 cm - 1 and 1580 cm 
1 , consistent with the D and G bands of carbonaceous mate 
rial , respectively . Coking and soot arise from the formation 
of complex carbonaceous materials commonly described as 
the product of incomplete combustion or dehydrogenation 
of hydrocarbons , and can be composed of agglomerated 
small particles , regions with various levels of crystallinity , 
and amorphous domains . Raman spectroscopy has been 
extensively used to characterize soot and coking products 
present in atmospheric , astrophysics and combustion sys 
tems , though applied deconvolution processes have a signif 
icant impact on the calculated parameters . [ 42 ] Finer analy 
sis of Raman spectra of carbon species was performed 
following previously reported deconvolution procedures , 
[ 42a ] using one Lorentzian line shape for the G center at 
~ 1590 cm - 1 ( representing the E2g mode of graphitic - like 
structure ) , and three line shapes to deconvolute the D 
( " defect ” ) band centered around 1355 cm - 1 ( activated by 
the presence of defects in the sp2 aromatic network for car 
bon structures ) as shown in FIG . 7b . The three sub - bands 
were labelled D1 , D3 and D4 modes D1 and D4 are related 
to the Alg symmetry of the lattice and indicate disordered 
graphitic lattice . Di has been assigned to disorder at gra 
phene layer edges while D4 is related to polyenes and impu 
rities . D1 and D4 were fitted with Lorentzian functions . D2 
was not observed in the data presented here . D2 is generally 
centered at ~ 1620 cm - 1 and also indicates disordered gra 
phitic lattice but relative to the E2g mode , indicative of sur 
face graphene layers . This suggests that the crystallites are 
likely too small to observe this type of structural disorder . 
D3 is ascribed to amorphous carbon . It was fitted with a 
Gaussian line shape to represent the statistical distribution 
of the amorphous carbon in the system . 
[ 0068 ] The lateral dimensions of the graphitic crystalline 
domains ( La ) , the percentage of amorphous domains and the 
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level of hydrogenated carbon were estimated from the 
deconvolution results . Calculation of La from Raman spec 
tra has been the subject of numerous works in the literature . 
For instance , Herdman et al . discussed two regimes to con 
sider when calculating Lg from the intensity ratio ID / IG of D 
and G bands . [ 46 ] Here we use Knight and White's formula 
to estimate the crystallite size of graphitic domains from the 
area ratio of G and D1 bands La = 4.4 AgAdi , following 
previous work discussed by Je Seong et al , [ 42b ) which 
showed that values obtained from this calculation were in 
good agreement with the size of crystallites measured by 
TEM . 
[ 0069 ] Amorphous domains are mostly composed of poly 
cyclic aromatic hydrocarbons ( PAHs ) , which can serve as 
precursors to graphene layer growth . The amount of amor 
phous carbon can be estimated from the intensity ratio 103 
Ig , though we note some reports indicating a lack of consis 
tency with this parameter . The luminescence background is 
indicative of hydrogenated carbon . [ 47 ] It originates from 
the radiative combination of electron - hole pairs in localized 
states by sp2 clusters . The intensity ratio IPL / IG of PL signal 
and G band has been used to determine the variation in 
hydrogenated carbon content in soot . Here we estimate IPL 
by measuring the highest intensity in the spectra in the 2800 
3500 cm - l range . 
[ 0070 ] As shown in FIG . 6a , the chemical map rendered 
by k - means analysis of the hyperspectral map of the region , 
using 4 clusters , clearly shows the progression of the reac 
tion . The fluorescence background of the spectra obtained in 
the reacted region increased significantly compared to the 
signature of dh - BN . The fluorescence was consistently the 
highest at the edge of the dark region ( yellow spectrum in 
FIG . 6a ) . In this region , the high level of fluorescence was 
accompanied with the disappearance of D and G bands . The 
spectra exhibited features comparable to previously reported 
signatures of small PAHs such as anthracene . [ 48 ] Compar 
ison of spectra collected at increasing distances from the 
center ( Raman spectra of FIG . 6b ) shows that the size of 
the crystallite decreases slightly from 2.5 nm at the center 
to 2.3 nm at 10 um , 2.2 nm at 20 um and 2.1 nm at 30 um 
away from the center . We note the increase of a small band 
at 1450 cm - 1 when getting closer to the edge , corresponding 
to the presence of CH2 groups . At 40 um ( i.e. , the edge of 
the dark region ) and beyond , the D and G bands were no 
longer present , similar to the blue region in FIG . 7a . This 
is in agreement with the estimated content of amorphous 
carbon of 17 % at the center of the dark region and of 43 % 
in the outer layer of the region ( at 30 um and 40 um ) . From 
the unreacted region to the center of the dark region , one can 
see that hydrogenated carbon evolves into small , disordered 
structures , which continue to grow to form crystallites with 
lateral dimensions up to few nm in the condition of the 
experiments considered herein . We confirmed that 500 um 
away from the center of the powder , which retained its white 
color , the Raman signature corresponding to dh - BN was 
retrieved ( FIG . 10 ) . 
[ 0071 ] The composition of the region was analyzed 
further with XPS . FIG . 11a shows the corresponding XPS 
survey spectra for propene - exposed dh - BN before and after 
illumination . After exposure to propene , the XPS survey 
spectrum is quite similar to that of dh - BN ( FIG . 11a ) . How 
ever , the B 1 s HR spectrum shown in FIG . 11b exhibits 
three peaks at 189.2 , 190.1 , 191.4 eV . The peak at 
190.1 eV corresponds to B - N bonds associated with B - N3 

sites with a slight shift toward low BEs ( with respect to the 
value of dh - BN before exposure to propene ) , probably due 
to the presence of more carbon atoms in the surrounding of 
B - N3 groups . The peaks located at 189.2 and 191.4 eV can 
be ascribed to C - B - N and B - N - C chemical environments of 
boron , respectively . [ 38 ] 
[ 0072 ] Accordingly , the N 1 s narrow scan yields the spec 
trum of FIG . 11c which highlights N - B - C bonds at 396.5 eV 
[ 24 ] and N - B bonds at 397.9 eV in agreement with the Bls 
spectrum . Indeed , for the propene - exposed dh - BN , the dif 
ference between the BE of this component ( 397.9 eV ) and 
that ascribed to B - N bond ( 190.1 eV ) is consistent with the 
value for BN which remains at about 207.7 eV . [ 36b ] In addi 
tion , the N 1 s spectrum shows a peak at 399.1 eV presenting 
a shift of +1.2 eV with respect to the N - B BE and hence can 
be associated to N - C bonds from N - BC2 or N - B2C 
sites . [ 36a ] 
[ 0073 ] The C 1 s spectrum displayed in FIG . 4d shows two 1 
major peaks located at 283.6 and 285.3 eV . The first peak 
( 283.6 eV ) corresponds to C atoms bonded to B ( in agree 
ment with the deconvolution of the B 1 s photoelectron 
spectrum ) while the second peak ( 285.3 eV ) is consistent 
with C - N bonds ( in agreement with the N 1 s spectrum ) . 
However , the latter is quite broad ( 2.6 eV FWHM ) , which 
is likely the result of contributions of C - C and C - H bonds 
from air adsorbed contaminants . These XPS measurements 
evidence that the nature of the catalytic reaction under visi 
ble illumination is different from the behavior observed 
when dh - BN is only exposed to propene , for which the che 
mical environments remain similar to non - exposed dh - BN , 
except for the saturation of dangling bonds mainly with car 
bon species ( from propene ) instead of oxygen ones ( from 
air ) . In addition , no obvious signatures of the propene 
were revealed by XPS for propene - exposed dh - BN , which 
means that such an exposure yields adsorbed propene mole 
cules on the surface of dh - BN , which are then evacuated 
under the ultra - high vacuum of the XPS chamber . 
[ 0074 ] After illumination of propene - exposed dh - BN 
using the 532 - nm - laser ( ~ 25 mW ) , the XPS survey spec 
trum depicted in FIG . 12a shows a clear increase of the car 
bon and oxygen signatures when compared to propene 
exposed dh - BN . In addition to the B - N - C peak located at 
191.3 eV , the B 1 s HR spectrum of FIG . 12b shows a pro 
minent increase of the C - B - N peak ( 189.6 eV ) correspond 
ing to a larger amount of carbon atoms bonded to boron . The 
N 1 s HR spectrum ( FIG . 11c ) is composed of two major 
peaks located at 397.3 and 398.7 eV . The BE of the first 
peak ( 397.3 eV ) is consistent with that of N - C bonds relative 
to the graphitic and pyridinic Natoms ( N - Cz and N - C2 sites ) 
[ 49 ] as well as that of N - B - C bonds which can arise from 
graphitic carbon bonded to BN . The second peak ( 398.7 eV ) 
refers to N - B bonds of h - BN . Thus , the Nis spectrum sug 
gests that , after laser illumination , the nitrogen atoms have 
three different surrounding chemical environments : an 
environment consisting of boron atoms ( i.e. , N - B3 sites of 
hexagonal BN ) , an environment consisting of carbon atoms 
( i.e. , graphitic N - Cz and pyridinic N - C2 sites ) , and an envir 
onment composed of both boron and carbon atoms ( i.e. , N 
BXCY sites ) . 
[ 0075 ] The deconvoluted C 1 s HR spectrum ( FIG . 11d ) 
highlights three features at 283 , 284.3 , and 286.5 eV . The 
first band ( 283 eV ) originates from C - B environments , in 
agreement with the B 1 s photoelectron spectrum . The 
peak at 284.3 eV can be assigned to the C - C bonds originat 

. 
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ing from graphitic carbon ( C - C3 sites in sp2 graphite ) [ 31a , 
50 ] and most likely from a contribution of C - H bonds . The 
broad peak at 286.5 eV could arise from the contributions of 
nitrogen surrounding environments ( i.e. , C - N and C - N - B 
bonds revealed by the N 1 s spectrum ) , of carbon surround 
ing atoms due to the C = C bonds with the sp2 hybridization , 
[ 51 ] and of oxygen surrounding atoms corresponding to car 
bonyl C = 0 ( in the range 287.4-288 eV ) and hydroxyl C - O 
bonds ( around 286.5 eV ) . [ 33 , 35 , 37 , 51b ] However , it 
should be noted that due to the broad width of this peak 
( 286.5 eV ) and the small corresponding carbon content , 
one cannot completely rule out the existence of a small con 
tribution of sp2 hybridized C = N bonds , [ 32b , 37 ] although 
such a contribution would be insignificant since its signature 
was not observed on the N 1 s spectrum . The Ol s HR scan 
( FIG . 11e ) can be decomposed into three peaks : one peak 
located at 530.2 eV related to O = C - C bonds and which is 
described as a characteristic peak of quinone oxygen , [ 52 ] a 
second peak located at 531.7 eV which can be ascribed to 
O = C bonds , and a third peak at 533.3 eV which can be 
attributed to 0 - C bonds of hydroquinone and O - H bonds 
of hydroquinone and adsorbed water . As mentioned above , 
the oxygen species predominantly result from exposure to 
air during sample transfer to the XPS chamber . Thus , the 
formation of C = 0 and C - OH bonds is an indication of the 
existence of carbon defect atoms ( C * ) within the formed 
graphitic domains prior to exposure of samples to air . 
Indeed , these carbon defects bring about the emergence of 
C - C * bonds with a peak located at about 285.5 eV . [ 32b , 53 ] 
This is confirmed by observations made in Raman confocal 
spectroscopy ( FIG . 12 ) . Thus , XPS measurements of illumi 
nated propene - exposed dh - BN clearly confirm the results of 
the Raman study exposed above since they revealed an aver 
aged signature of the different intermediate products of the 
reaction ( that were locally probed with Raman spectro 
scopy ) . The identified quinone compounds suggests that 
the light - induced activation of propene dehydrogenation 
upon dh - BN defects brings about the formation of ben 
zene - like molecules with carbon defect sites . As a result , 
the unsaturated benzene molecules form growing PAHs 
exhibiting enhanced photoluminescence , which in turn 
yield the formation of carbon domains for which the 
Raman spectra show a decreasing fluorescence background 
and more resolved G and D graphitic bands as the distance 
to the reaction center decreases . 
[ 0076 ] The reaction site is affected by laser exposure time 
and that increasing the laser power allows the reactions to 
progress faster with slightly increased area of the dark 
region , and more intense D and G bands at the center of 
the area . For instance , the formation of soot was observed 
in a few minutes when illuminating the powder with the 
532 - nm - light at a power of 100 mW focused on the sample 
with a 10x objective compared to about 30 to 60 min with 
25 mW . Without focusing the light , the formation of soot 
could not be observed , even after overnight exposure . This 
suggests that a threshold fluence of photons is needed to 
enable the photocatalytic reaction . On the other hand , the 
reaction can be activated at 532 nm or 473 nm illumination 
corresponding to an excitation above 2.33 eV ( FIG . 13 ) , 
whereas no sign of reaction was observed under 633 , 785 
or 1024 nm illuminations ( i.e. , for excitations below 2 eV ) . 
This indicates that the reaction also requires a sufficient 
photon energy to occur ( the energy threshold is then 
between 2 and 2.33 eV ) . These findings suggest that the 

catalytic reaction might consist of a multiple - photons ( two 
photons at least ) assisted process for which transformations 
have activation energies above 2 eV . Increasing the tempera 
ture of the chamber to 80 ° C. reduced the time it took for the 
reaction to occur to ~ 10 min , but the Raman signature of the 
center of the dark region was similar to that of the reaction 
carried out at room temperature ( 24 ° C. ) ( FIG . 13 ) . 
[ 0077 ] Evaluation of the photoreactive behavior of dh - BN 
in presence of other molecules . Different gaseous environ 
ments were considered to examine the conditions of the 
photo - induced process . First , exposing dh - BN to air prior 
to the pressurizing with propene prevented the reaction 
( FIG . 14a ) . The absence of reaction with propene in this 
case confirmed that one or more of the molecules in air pas 
sivate the reactive defects , as proposed by Nash et al . [ 15 ] 
Next , we studied the effect of replacing propene by propane 
( FIG . 14b ) , CO2 ( FIG . 14c ) , and CO ( FIG . 15 ) . Propane is 
the alkane counterpart to propene , and has been shown to 
undergo oxidative dehydrogenation in catalytic processes 
promoted by h - BN . [ 13a , 41b , 54 ] However , within the con 
ditions investigated , no significant change in the h - BN or 
dh - BN Raman signatures was observed when pressurizing 
the reaction chamber with propane followed by 532 - nm 
illumination . This confirms that our process is selective for 
the activation of unsaturated sp2 carbon - carbon bonds and 
not towards oxidative dehydrogenation reactions at sp3 car 
bons . Interestingly , CO yields interactions similar to the 
ones observed in presence of propene ( FIG . 16 ) . Raman 
spectra of the region confirmed the formation of a carbonac 
eous material at the site of illumination with characteristic D 
and G bands in the 1000-1800 cm - 1 range . Two small bands 
at 1795 cm - 1 and 3460 cm - 1 , indicative of C = 0 and O - H 
stretching vibrations , respectively , suggest the formation of 
carboxylic acid , though the signal is much lower in intensity 
than that for the soot - like material . Deconvolution of the 
Raman bands ( FIG . 15 ) indicates graphitic domains with 
dimensions La ~ 2.5 nm at the center of the area . Amor 
phous carbon was estimated at 27 % . We note the presence 
of hydrogen in the Raman band assignment which indicates 
residual hydrogen in dh - BN despite our best efforts to con 
trol the environment . Under the same conditions , CO2 did 
not display the same reaction to light , with no detectable D 
or G band forming at the illuminated site and no color 
change of the powder . 
[ 0078 ] In view of the results , one can reasonably assume 
that ball milling of h - BN forms point defects ( nitrogen 
vacancies ) and “ poly - vacancies areas ” ( peeled off parts 
that were detached from the BN sheet under ball milling ) . 
Thus , upon exposure to air , oxygen bonds preferentially to 
boron atoms in the VN sites or in the B - terminated edges of 
poly - vacancies areas , [ 17 ] which gives rise to B - O - B and B 
OH bonds , in turn preventing any reaction with propene or 
CO . However , when maintaining inert environments , 
milling - induced defects in h - BN act as reaction sites for pro 
pene , activating C = C under visible light . After initially sti 
mulating the dehydrogenation of propene , products includ 
ing poly ( alkene ) compounds ( e.g. poly ( propene ) ) or defects 
containing benzene - like compounds form , in agreement 
with recent work by Schulz et al , [ 55 ] and continue to grow 
yielding graphitic domains ( possibly inserted in BN ) . 
[ 0079 ] In addition , the photocatalytic reaction was shown 
to be laser - power- and wavelength - dependent . Thus , this 
reaction is most probably the result of two ( or more ) trans 
formations involving the absorption of two or more ) 
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photons , with sufficient energy ( above 2 eV ) . Increasing the 
laser power corresponds to increasing the incoming photons 
flux . This was further validated by changing the objectives 
from 10x or 20x to 50x , which yields faster reactions ( FIG . 
16 ) . We infer that the first transformation occurs after the 
absorption of the first photon and generates an intermediate 
product with a given lifetime . If a second photon is absorbed 
within this duration ( i.e. , within the intermediate product 
lifetime ) , the following transformation takes place , and 
such a sequential multiple - photon - assisted process gener 
ates the final carbonaceous product . 

Example 3 

2 

resulting material exhibits photocatalytic activity for pro 
pene , propyne , allene , and cyclohexene reductive dehydro 
genation under illumination from the following sources : 

[ 0084 ] 1 ) 532 focused laser light at 20 and 100 mW 
( FIG . 18 ) 

[ 0085 ] 2 ) 405 nm focused laser light at 350 mW ( FIG . 
18 ) 

[ 0086 ] 3 ) 265 nm illumination with an array of UV 
LEDs producing 640 mW of light 

[ 0087 ] 4 ) 20000 lumen illumination from high intensity 
discharge lamps with a color temperature of 8000 K 
( FIG . 20 ) 

[ 0088 ] 5 ) Solar irradiation focused to a 1 cm2 spot by a 
7 “ x9 " Fresnel lens ( FIG . 18 ) 

[ 0089 ] 6 ) Solar irradiation focused to a 4 cm2 spot by a 
24 “ X36 " Fresnel lens ( FIG . 18 ) 

[ 0090 ] In another aspect of the disclosure , aluminum 
diboride is chemically etched to produce a highly defective 
boron - rich catalyst . The resulting material exhibits photoca 
talytic activity for methane reductive dehydrogenation 
under illumination from the following sources : 
[ 0091 ] 1 ) 405 nm focused laser light at 350 mW 
[ 0092 ] Carbon formation was observed all but case 3 
( FIGS . 19 , 21 ) . Hydrogen was measured by gas chromato 
graphy ( FIG . 17 ) with thermal conductivity detection in all 
cases . Additionally , hydrogen production was observed to 
be dependent on illumination in case 2 with hydrogen mea 
sured by a chemoresistive sensor . Hydrogen production 
ceased when laser was turn off and resumed when the 
laser was turn on again . 
[ 0093 ] In another measurement , low dimensionality boron 
was produced by chemically etching aluminum from alumi 
num diboride ( A1B2 ) The produced a material enriched in 
boron with small amounts of aluminum remaining . Etching 
can be realized by reaction with halogens , alkali metal 
bases , or strong acids . 

[ 0080 ] The conversion of hydrocarbons is important for 
numerous applications , including the petroleum and bio 
based industries . Methane is also a hydrocarbon that can 
be captured and converted with the process described here . 
A catalyst with high boron content was produced through 
chemical etching of aluminum diboride ( A1B2 ) at ambient 
temperature . The material produced had a reduced alumi 
num content . X - ray fluorescence analysis indicated a com 
position of AlB6.5 . The boron produced was non - equili 
brium 2 - dimensional boron in a puckered hexagonal 
structure . This resultant catalyst was active for methane 
dehydrogenation under 405 nm light illumination with 
only hydrogen and carbon realized . 
[ 0081 ] One embodiment provides a new way to use visible 
light to activate a chemical reaction without the need for 
noble metals . The system presented constitutes a heteroge 
neous catalyst as the catalyst is the solid phase and the reac 
tant is in gas phase . The products of the reaction of hydro 
carbons with the catalyst include a gas that is being released 
together with the formation of a carbonaceous structures on 
the catalyst , all at low temperature . 
[ 0082 ] Production of hydrogen from methane is currently 
the major commercial source of hydrogen and occurs 
through a steam reformation and water gas shift chemistry . 
In this process , in which steam and methane are reacted at 
high temperatures to produce hydrogen and carbon dioxide . 
Which produces gray hydrogen unless the resulting CO2 is 
captured . This process is energy intensive and requires high 
temperatures ( 800-950 ° C. ) and pressures ( up to 100 atm ) . 
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1. A method for of making carbon structures , the method 
comprising the steps of : ( i ) forming a reaction mixture by con 
tacting a heterogeneous catalyst with a hydrocarbon or carbon 
source in a chamber , and ( ii ) focusing an excitation laser on 
the reaction mixture under conditions that result in formation 
a carbon structure . 

2. The method of claim 1 wherein , the heterogeneous cata 
lyst at least partially comprises hexagonal boron nitride . 

3. The method of claim 2 , wherein the hexagonal boron 
nitride has at least one catalytically active defect on a surface 
thereof . 

4. The method of claim 3 , wherein the catalytically active 
defect is selected from the group consisting of Stone - Wales 
defects , B / N defects , boron substituted nitrogen , nitrogen 

substituted for boron , carbon substituted for nitrogen , carbon 
substituted for boron , boron vacancy , nitrogen vacancy , and 
combinations thereof . 

5. The method of claim 1 , wherein the heterogeneous cata 
lyst at least partially comprises a boron - rich solid such as 
boron produced through the chemical etching of metal 
borides . 

6. The method of claim 1 , wherein the heterogeneous cata 
lyst is substantially free of metals . 

7. The method of claim 1 , wherein the hydrocarbon or car 
bon source is selected from a group comprising of methane , 
ethane , propene , allene , propyne , cyclohexene , other higher 
molecular weight hydrocarbons , CO2 , CO , or air . 

8. The method of of claim 1 , wherein the chamber is pres 
surized up to 276 kPA . 

9. The method of claim 1 , wherein the light source com 
prises an excitation laser , a UV LED , a high intensity dis 
charge lamp , or a solar source . 

10. The method of claim 9 , wherein the light source is an 
excitation laser . 

11. The method of claim 10 , wherein the excitation laser has 
a wavelength from 380 nm to 750 nm . 

12. The method of claim 11 , wherein the wavelength is 
532 nm . 

13. The method of any of claim 12 , wherein the excitation 
laser has a power from 4 mW to 500 mW . 

14. The method ofclaim 13 , wherein the excitation laser has 
a power of 25 mW . 

15. The method of claim 1 , wherein the excitation laser has 
an objective of 4x to 50x . 

16. The method of claim 1 , wherein the heterogeneous cat 
alyst is exposed to the excitation laser for a period consisting 
of seconds to hours . 

17. The method of claim 1 , wherein the chamber has a tem 
perature of 24 ° C. to 80 ° C . 

18. The method of claim 17 , wherein the chamber has a 
temperature of 24 ° C. 

19. The method of claim 1 , wherein the carbon structures 
are primarily composed of graphitic carbon . 

20. The method of claim 1 , wherein the heterogeneous cat 
alyst at least partially comprises boron - rich solids consisting 
of low dimensionality non - equilibrium carbon . 

21. The method of claim 20 , wherein the boron has at least 
one catalytically active defect on a surface thereof . 

2 

* * 


