Special Issues on the Development of the Hydrogen Technology Chain

Petroleum Research

Petroleum Research, 2025(April-May), Vol. 35, No. 140, 18-20
DOI: 10.22078/pr.2024.5437.3418

Synthesis of High-surface-area Carbon- and
Oxygen-doped Boron Nitride for Enhanced
Hydrogen Physisorption Capacity

Farshid Farzaneh!, Hajar Ghanbari', Hosein Sarpoolaki', and Mohammad Golmohammad?*

1. Ceramics Group, School of Metallurgy and Materials Engineering, Iran University Science & Technology, Tehran, Iran.

2. Renewable Energy Department, Niroo Research Institute, Tehran, Iran
mgolmohammad@nri.ac.ir

DOI: 10.22078/pr.2024.5437.3418

Received: April 20, 2024

Introduction

Hydrogen can be stored through physical or chemical
absorption processes, or by chemical reactions within
materials. Physical absorption offers significant
advantages over chemical absorption and chemical
reactions, including high absorption rates, high
release rates, excellent reversibility, and high cycle
stability. However, the absorption capacity of these
materials is usually relatively low. These desirable
characteristics make the design of hydrogen sorbents
based on physical absorption mechanisms promising
yet challenging. Surface properties of the material
such as specific surface area (SSA), pore volume, and
hydrogen adsorption energy are key factors governing
the hydrogen absorption capacity for each physical
sorbent [1]. A higher specific surface area provides
more surface sites for hydrogen molecule adsorption,
while hydrogen adsorption energy indicates the
interaction energy between hydrogen molecules and
the material surface during the hydrogen absorption
process, or in other words, higher absorption capacity
per unit surface area. One important approach in
developing hydrogen storage materials is to strive
for materials with higher specific surface area and
larger open pore volume. However, the limitation in
increasing the specific surface area of a material has
constrained the effect of surface area on absorption
capacity to a surface area of around 3800 m?g.
Nevertheless, comparisons of results obtained from
hydrogen physisorption on carbonaceous materials
indicate that in many cases, carbonaceous materials
with a specific surface area below 1000 m*g can
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exhibit higher hydrogen storage capacity than
materials with a surface area exceeding 3000 m?/g
[2]. Therefore, the focus should be on increasing
the enthalpy of physical adsorption up to 20 kJ/mol,
which theoretically can be achieved by introducing
cooperative bonding, ionization, polarization, and
irradiation to host materials, as well as by considering
the hydrogen spillover effect [3]. Boron nitride is one
of the materials that has been studied experimentally
and computationally for hydrogen storage applications
[4]. Compared to corresponding carbon materials,
nanomaterials based on boron nitride exhibit unique
thermal stability and chemical resistance, which
enhance their recyclability and lifespan [5].

Materials and Methods

The precursor material for synthesizing doped boron
nitride involves using guanidine carbonate (CAS:
593-85-1) as a nitrogen and carbon source, along with
boric acid (CAS: 10043-35-3) as a boron and oxygen
source. The initial materials, with a total weight of
15 grams and a molar ratio of 1:5.1 (boric acid to
guanidine carbonate), were dissolved in deionized
water at a temperature of 80°C. The solution was then
mixed using a magnetic stirrer and subsequently dried
at this temperature. Next, the material was completely
dried at 160°C, and the resulting solid blocks were
ground using a mortar and pestle. These ground blocks
were placed in an aluminum boat within a nitrogen-
hydrogen atmosphere (5% hydrogen, purity 99.99%)
passing through a furnace at a flow rate of 50 mL/min.
The material was heated at temperatures of 1000°C and



1500°C for 3 hours to undergo carbothermal synthesis
of boron nitride. The unreacted boric acid was removed
from the final product through two cycles of washing
with hot water followed by filtration under vacuum.
The product was then prepared for characterization.

Results and Discussion

In Fig. 1, the X-ray diffraction (XRD) pattern and
Raman spectroscopy results for the synthesized
boron nitride at temperatures of 1000°C and 1500°C
are displayed. For the boron nitride synthesized
at 1000°C, the XRD pattern shows peaks
corresponding to the crystalline planes of hexagonal
boron nitride. However, the intensity ratio of the
(002) to (011) peaks in this sample is lower than
the similar ratio in conventional hexagonal boron
nitride with an extended lattice. These observations
suggest that synthesis of boron nitride at 1000°C
may lead to the formation of a phase with a different
crystalline structure or distinctive characteristics
compared to regular hexagonal boron nitride. The
results of Raman spectroscopy analysis on the
sample synthesized at 1000°C show a broad peak
at wavenumber 1338 cm!. The broadening of the
Raman peak indicates the presence of a wide range
of bonds in the synthesized sample, each contributing
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with different bond energies and bond distances,
resulting in various Raman shifts. As a result of the
accumulation of these diverse bonds, a broad peak has
emerged in the Raman spectrum [6].

Fig. 2 displays the results of Fourier Transform
Infrared (FT-IR) spectroscopy and UV-Visible (UV-
Vis) spectroscopy analysis of the boron nitride
synthesized at 1000°C. The FT-IR spectrum analysis
shows absorption bands corresponding to boron-
nitrogen bonds. Multiple peaks are clearly observed
in the infrared spectrum, indicating the presence of
various bonds within the material. The FT-IR spectrum
exhibits peaks associated with bending and stretching
vibrations of nitrogen-boron bonds at wavenumbers
of 800 cm™ and 1350 cm’, along with other peaks
related to carbon and oxygen atoms doped into the
boron nitride structure. The UV-Vis spectrum also
displays peaks with wavelengths in the range of 190-
205 nm. These peaks indicate the presence of a wide
energy gap in the synthesized boron nitride material.
Since the band gap of hexagonal boron nitride is close
to 6.0 eV, the absorption in the UV range signifies a
small change in the band gap energy of the synthesized
boron nitride, calculated to be higher than 6.1 eV for
this material.
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The curve indicated by circles depicts the gas desorbed
upon decreasing relative pressure. From this graph,
the presence of a hysteresis curve of type H3, closely
resembling type H4, can be observed [7]. Such
hysteresis indicates gas adsorption on sheet-like crystal
surfaces with slit-shaped pores. In other words, due to
the non-uniform stacking of boron nitride sheets during
synthesis at a constant temperature, pores resembling
slits have formed between adjacent sheets. While this
structure is partially observable from microscopy
images, nitrogen adsorption and desorption analysis,
which provides precise information about the
material's bulk properties, suggests the potential for
extrapolating microscopy images to the entire material

[8].

Conclusions

In the present research, boron nitride was
successfully synthesized and characterized using
tools such as scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, and nitrogen adsorption-desorption
analysis. The key results obtained in this study are
listed below:

A) Oxygen and carbon doping using a nitrogen-
hydrogen atmosphere was effectively performed
during the synthesis of boron nitride, enabling in situ
doping.

B) The formation of doped boron nitride structure
and the presence and concentration of oxygen and
carbon dopants within the boron nitride structure were
identified and quantified using precise techniques such
as Raman spectroscopy, Fourier-transform infrared
spectroscopy (FT-IR), and X-ray photoelectron
spectroscopy (XPS). The results indicate that boron
nitride with a surface area of 300 m2/g, accompanied
by oxygen and carbon dopants at atomic percentages
of 16% and 6% respectively, were identified.

C) The authors suggest that increasing the temperature
and adjusting the hydrogen content in the furnace
atmosphere can serve as tools to control the
concentration of dopants within the boron nitride
structure.

These findings demonstrate successful synthesis
and detailed characterization of doped boron
nitride, highlighting the potential of temperature
and atmosphere adjustments for tuning dopant
concentrations in boron nitride structures.

References

1.

Revabhai, P. M., Singhal, R. K., Basu, H., &
Kailasa, S. K. (2023). Progress on boron nitride
nanostructure materials: properties, synthesis and
applications in hydrogen storage and analytical
chemistry. Journal of Nanostructure in Chemistry,
13(1), 1-41.

Bosu, S., & Rajamohan, N. (2024). Recent
advancements in hydrogen storage-Comparative
review on methods, operating conditions
and challenges. International Journal of
Hydrogen Energy, 52, 352-370, doi: 10.1016/].
ijjhydene.2023.01.344.

Li, W, Jiang, L., Jiang, W., Wu, Y., Guo, X., Li,
Z., Yuan, H. & Luo, M. (2023). Recent advances
of boron nitride nanosheets in hydrogen storage
application. Journal of Materials Research and
Technology, 26, 2028-2042., doi: 10.1016/.
jmrt.2023.08.035.

[4] Zhang, H., Liu, Y., Sun, K., Li, S., Zhou, J.,
Liu, S., Wei, H., Liu, B., Xie, L., Li, B. & Jiang,
J. (2023). Applications and theory investigation of
two-dimensional boron nitride nanomaterials in
energy catalysis and storage. EnergyChem, 5(6),
100108., doi: 10.1016/j.enchem.2023.100108.
Dethan, J. F., & Swamy, V. (2022). Mechanical
and thermal properties of carbon nanotubes and
boron nitride nanotubes for fuel cells and hydrogen
storage applications: A comparative review of
molecular dynamics studies. International Journal
of Hydrogen Energy, 47(59), 24916-24944., doi:
10.1016/j.ijhydene.2022.05.240.

Kumar, E. M., Sinthika, S., & Thapa, R. (2015).
First principles guide to tune h-BN nanostructures
as superior light-element-based hydrogen storage
materials: role of the bond exchange spillover
mechanism. Journal of Materials Chemistry A,
3(1), 304-313, doi: 10.1039/c4ta04706k.

Chen, Y., Zhang, P., Jiao, L., Chen, G., Yang, Y.,
Chong, H., & Lin, M. (2022). High efficient and
selective removal of U (VI) from lanthanides by
phenanthroline diamide functionalized carbon
doped boron nitride. Chemical Engineering
Journal, 446, 137337. doi.org/10.1016/j.
cej.2022.137337.

Weng, Q., Zeng, L., Chen, Z., Han, Y., Jiang, K.,
Bando, Y., & Golberg, D. (2021). Hydrogen storage
in carbon and oxygen Co-doped porous boron
nitrides. Advanced Functional Materials, 31(4),
2007381. doi.org/10.1002/adfm.202007381.



of na® . .
FA-As azmino NP+ Cuignsd )l 3 (525958 VP 0,lous ;,M,; apg 3 allio

9y U 6 )9ld 0 pnij drwigl dolivfg

Qjﬁ_wﬂg&;lqe.\_aygogﬁ.\gﬁg}z_w
29 = 4 setind Yo 059 e Lo
O399 I (50 348 0 gm0
' gy (> 9" oo S dozxe (6 i sl il 48 a3
Ol oy el pl Canio g ple olStils «(55,9llie g Slge  cwiige 0aSiils -

Olpl et s ey oty « pdyaod slass,il og,5 -V

VYN YA fl VEYTo Y)Y sl s s

LXVOCS

9 Al joad 2 o i 515 39 sLaJySe (S iz (55, Gl st Sl
Wl 03l Sl )d.;l.s S w)lf Sod o a8 Ll lacul ST g S slaps! cusil> 0, S
WS LSl 3ls ) 5eeST 5 S slapsl oo i oims w5 LSy o J S s 48 G by Arnsd
ool 05y gl g el oo )0 ( K ok =S Jslge o St 3l (S0 i sles a5 Jls o ol ceal 6l
Ol 30 09— oo jeminy s LSl 5l o) S ags al s a4 e Lo ol as ailesls i e rag sy e
samail dny (el (59, 510 )5S paall jmti Ly 9 5 )0 (5T g ()8 ol 50,5 g0 5 sl sl (ig
ul_u;)‘ oolai_wl L‘)B—lu\)}-w)a.&_w osls w ‘)5_'4‘.1.0 u_l‘ a4 ] 00 X9 EL’Z'.:‘ 0)5)d_db 9 u)9)_u.s Jaj_l.?m
&8 gl piwedl Com sola i (ol W (glwoslel posig; g ol Ho plajee Plosl L S e duwl 5 o auilsS
e o gy (35S 5 Sam SaS Ly Ly gyt AXRD) Sl 5550 s 5] a5
Ve e mYg ool ol 05y pras g 00l i Cidge Lo Voo v C o gled jo jemay i Sloras a5 a0 il
lm 63U L e (eSOl 95 ol s ooyl g5L8 U] 2=l mlpedle ol T ALY e by e
WS ML Iy Slsio slael jo e i sloanisn S (lul,) mwaad cul s lastiwl JL5S1:8e a0y s

CA-»J‘ 0d— u»)|)_?35)_.fo)|m|/\\/5?u_u))m OQLA u_:l )Q 0 usb w;juﬁj‘)‘w

YU o5 9 e (ilxiuo gil o il 4393 (JUSTHRD H33 i (39 )0 (59 3ud i 15l Ol

Sl Jggamott
mgolmohammad@nri.ac.ir Seig Sl ol
(DOI: 10.22078/pr.2024.5437.3418) : Jiuzus awlis



5 Sl e |y (So5d i Bgsle bl
sla Sy Ll 03,8 5Kl il Lo (e o
d-8le o s\(SSA) o}_g.s é.la_w d—slo ools C.‘a_w
= Sl galS Jalse (g i 5551
o 2l e 6l g e i e )b
oolis 51 (6 yimien obaa 5V o3y rbaw [T ol
WS o ol 590 sl sSlge i sl |,
oddsLis (ig 0 i (g5, a5 Jb o
gh— 5 0390 s e S22 65,
00 Osle 4 b 9,0 wdi anl g s sl
Jlo o=l b ol i L Ol e gz g YL
mz/g Sgd> Ao J..?vl?w »)‘9_9 e o}_gj cla_.w u.a...»‘;’i‘
u_»_‘é).'a u,u_:‘)S‘ Q—")"L"" ! 00 Sgd—mo YA«

Ol o g &l 48 w48

Bl iy gl ity Al ST o D
Sloaol cwody m ol awslie (o oren
(S 2z dlee 1 (g y0mn (S QA
L o=oyS olss goasio o)l j0 a5 v o lis
0ye>d bbb a il o Ve v e g 0 e
Yo ojmg g Lo Sl 51 (6 ,5VL (59 )00
by oo Ay A IR o=z Yoo m¥g
RIS ST Y PPN C3{ IR [ B COUNIWP VIS S G0N
O ygm0dy ot O—.‘.‘ 4SS ol Y+ kl/mol s u_i;)..s
Folass slatiSilos (8o Ly wlgi oo s L0
Sy am Al g ki3 L gl )M geliisn
OSee (g b e 5l Gizmed 9 Laje
Sl 45 Sl slse 5l (S g i 0] 0p s
PBalejl wlddlhas 550 (35,00 0,23 3 )8
Slyo L acaslio po [ el ad 51,8 Slowlbxe
5 =l ol ey Syl Blie oS
Wl oo (L (69,8 4y asie  gleed Cnglio
OSos |y Lol ye Jobo g 8Ll bl 05 gy 45

AN S Wt

1. Specific Surface Area
2. Kubas Interactions

R W) 90 )9.’..\.:)....; ).....M.:

Aodo
o e Vo =l Gl e Oga—e 55
Oso= @l oy Gl Y (65,1 Jas 035
otz 5 Y lglb e glaills olagls Lzl
S8 Jeld) 09 SUsS sl g a0 s ISl
Ol 5 Loy, 500 5 65318 Loy ,00e (ale
sla Sy 5l ol ((Ysb Jolpd o (el
DT ecalyls 1y Jloas! 65,51 Jal> S sl o3
= i B G VL g S5 aS s
Oly—e) 508 et g (Lo )3 1) (339 9=
2 8550 65 (e (B 0)ls (Oloe Jlos
E=o90 =l 45 sl b (g0 (im0
3 S—=Soe §ilwo S 5o Ay bl e
O3grmp Cmmlion ol (o> (B A
ol gV sl s g (ol sloales ol |
30 ol olgs 3l eolaiwl L (g3lwe psd slaans] s
5 Ol S3lwo w35 3g—ed (5 lart S ST Sl
Jsie slaop)l5 8,5 715 0 L (39,0 03 23
5 o= A ) (Sl g o S
osliiwl (sl (—amg Looje (5SSl Al
3 ez Sl 5,5l Jsl> Glgeas (59,02
G 50 S iy o, iy Al L3S 4 e
sl 039,02 (§3lwo 225 palie 5 Sls— 55,
03> dx g g 0 jlowo ;S lao (il ca
1 ollne Lo pmid Sy lalll wilat_ailyis oo
plgols glaaslolw anwgi caoncl jo o il ails
O399 3l S Yy cnd b Ly g aisaeS
O IS sebar V] el e eal o
(S oz gleanld 5ok 5l Gl
Slg—e 590 (gl slo STy Lo g oleerd
R e N V3 SCREREE Ry
adoxr 5l g 2B Ll plood slo STy
e G rdpeais n U ilwslil s i ce
2’5—“-’“’ az Slasl o LYl Glas > gl s
o=l ol o S s Sly e ol a8l
O3 slaoile =k s dhe Lo Shyg



ot o 3
PA-As axivo AF+F Culgmd)l 9 (29958 VF+ o5l :U-);/
<

3 Om)S ol g jeas Lol YD G i A
eu_)‘):09)1$ ;L_JOQJS u.u)‘]_f )y )L\.>L_~.:
g o3los (9 S e etz i Ol
O Slalg 4 ag0 sloapsl Jola ioren
chale pooleh Gl ol Bl Ay sloa
3 Gilmwo 38 izman o Slools i Laayge
w90 5 Dol s 5 s e Lal el 00ms 55
S5l 9 s5m i Slobaglh JLala jo ()5 (o
3 039 J9Nge Dz (o g Slge y DA
U_" 5 ...\_iloo)f )y ‘S:L»_wl.‘?u &9)4_3 ‘) Lm))_m
Sy i g5l TN e an SOy ioliél caslllas
=l oo (5155 00« Kao YAA 5l Les isl3dl
] ST 00,5 il a Mg o 4 ST (6,500
asols Las DFT Slewlre b 7] Ko § g
2 V990 A £95 A 3,0 Cdr Sl A S
)L.\_O.n sua_ll} BN B .o)b ‘Si»_..u )9_>~.\J).A...> )LOLMJ
T=77 slowos 1o (=55 LYIY 5l jmaS (59 0 i
chz>odba s oo o ba wlxe K
FON LY 03l LS5 (39 0 ol jomd> )3 (39,02
Omzred (el 4l o8l T=77K slos (o S
G 35 TOIY 5 VL olie (ol g pem o
J}l_w).a)_f).o)l_) [\V] u‘)&wsgjwa_: ol 00
S Ay S ma v Jold jemas s 3l sasly
gl jaldl> jema i sl £/ kl/mol  aie i
L ool g0 Hems s sl AkI/molf s (65,5l 4
DAL 6o 5 il ailos S auloes oy 5uuS]
T]}ﬂ}a x_L».oL».:O 9 DFT d)uw )‘ ool l_:
SF—w H5mdy o (g dw sl L lu aolie 4y
LQA.JL: i\ ‘>|O)J O S| l_: 03— <909 Qa_n.‘>
Joge (30,5 —dad Ly (5uST g a5 0ls lis

W A .‘}'.‘._:“ g_JA_> u&_n‘ Lg)_]aa &—3)5—*04‘ )95")"
A Ssysba s o lii |y (5900 JeSge

A0 )5 0 A 590 Joled

s,

gh— o 69 SlaSile 3525 (izren
(oS e A Sams (39500 Jo-Sge 9 55
9= sl gl ;o (i sladion 9929 Jdoas

IA] el oot 5o (5515 55ty 09,0
Se—w sl (9,5 il (Sl 490 oa
A 50 g Lo e sloapdl adlge jo 500
Jome amazg b ool JUST138e jama 208 sk
Sla—el Lo (=gl Jooz 55 0395 5 59— slaps
dae b 05 sl il odgl V9 O (o]
3,1y slaeS a nloo S ] il 8 sl
039 slaesl L sp? slasisy a5 09t Ll
S9) Oisy—d i 5l e S35 5 s
25— sl slaa oo s il (0 S sl
JoNge @az Gl g s JBS L 5o G395 9
Lo )l (3590
Slnlore 5loolinl L V] o5 g 5.0 - ] el

I

00— d..»_wbu ‘r!uw.: —

L) 0o iz ols5 DFT e b o)l
O399 JgSJge 00 L5 4S5 0l ;0 g 00,5 (w2
3 Ui BNC a ¥ SS G, b g0 (59, a—lys o0
eV L5 N eV odgasme 0 iz (65,0 Lo (ol VY
ot yodle Nig— iz H, Js-Sge o (ol <YV
s (GEMC) 5,15 ceign sl jlmannds zls
boes 9 igp 5 Cdm )b a S a ey s
b sy 39 LVIFA am wslss o (YAAK) L]
o1 89,9 ;5| DFT clwlne SeaSay [V 7] ol 1aa
Vgl jomd 7 65,51 BB 5 s Sl ass = )5
sladssse i 65,5l Gimlidl s adlllae 1) 4y 9o
Sy aled S ()l Sz 0,05 sl 1) 56
b s Gl Lol i VY] oK
A5 LS L oad 09 p9m s Slomaogil
&2y 50 oS ek Jold alisie VL 188
o B slajlS sl 1) (s amBlse 5 55
o=l yo ailes ST d sl suid g Dlorasgil Ly g
2—a i S )b St Al ey
bl o0 555 Laayg

Ol 5 )55 5.
Laaygs cdale alidl Slowbre olallas ,o [V ]



a5 1
Py | B B PSS B P JRIUUS SRR VI 3%
DAl ciloas (5))58 Ve v Cas Lo iy
o | (6 S0 i Sl pae dy ;oxie 550
..\_u])_e b = ol ea i gla=as
IS Ojg—ot |y angs slaps! aslgy 4 o w
‘-9)—"’ - )‘ J‘-*Su-‘d‘“ ES By SERVRVOR )L:>l_...; PR
Ll S 5 ceS ol S0 B, bl
Slallas oojls Hemas 705y ange slaps! o b

(S

)—‘aL> R 3—"-0 Ll oslo u_,‘ §9y = oo
el 00 00l ul—"“’ \ JS‘A—? 39 4_,“_,[_9_‘, 6‘)—.’ s

Ol ) Jsoz o 3l (laghy slaosls alie
s —So e Lo Al g, ml jo 4 S a2
sloos Gioldl es ( mlalsi > (g5l ;o
6;)_239Q)L~>|_~.:4_’u‘9_:‘50 Vooo oCl_’).u_w
LGSt g oS Lo oand 090 o i Slodo
Slarys Gl (95 090 Bl (o HoLaien
oolit ol bl e L ja il g Lol
YL elhale bas Sl s ol ol oul
S e g Ve 'C gls o S ang
4S9 s Slmio 95U 5l JSie [lisluy, 4o

Sl oals il sl 6,50 K jsh

e 0D (290 593y Y S

ST L o s sl e s i (55,
aS Jb o ol oo a il Y+ Y/# kl/mol  —sie
A=Y« kl/mol o5 yo i jlade Lol aises slm
9= i 03lo 8, Slae 585 il 00l Ao
0y 0,5 o0 3z ool lyieay JLSsSTSe
0= 9 OS] (Gl angs e wlods (39,08
@i Slulxe Dlalllas )3 jo s 4B o
JUNIUL SUPSIIC R0 S 'Y PRFLIW] WIS N
5 e pem i 3 STl oS 005 o
(0=t 9 Sy Sl GS6l8) (509331 5l calosss
S g gl 5l Bloul g adgl olys s S Ly
o=l 5l aiges e Lasilos S eolaiwl 190, S g (sl o
o=l asloa b osls il ) Joos o La gk
b ) STy ()8 sloaps] sl La b,
W2y ol Lo S e i il o ls 6,55
> 9 E9 (A ly Soaluoge i 50 s Jdoas
S Sred 9 F > 00d o) slayls
0dd 9o slapsl lafe ;ot ATy Seii—w
L._.LQJ 5 Ol am ojlasl (Bl A waie s A ;e
ehows (alpedle Y] el oa i islwy,
30 Sladlas 5l g lmas ;o 00 g0 o Lalw as
e i lSel e C s ol b slales
Sl 5l Leayg g3 (o0 Oyl ol

JerignsS Shgs oSl 9 05 b o 09y i S Sl 275 SloRRgR 590 ) J9ux

&z ol s (M/g) o4 g law

o] (O) Lo gl slge

[va] 69,5 Sl IS .

U)?)"“" q-- 0)3‘—&)9.3.\#.4‘ \

[y-] ESECIRTET 5.

0395 A-- R vpyeR Y

[vy] Jlseie 0 ,09l5T vE.

L))ﬁ)"‘“" .- }Sjlf—ojjl—u_{ﬁ)y.\?m‘ Y

[vv] €S zghaw 0,09l5T SA

0539540 oo | Sl gk S yponnd | ¥

[vy] Jodsiieg Sle slosgs Y10 f

S oo | Sk ypand | 0

W£W-¥F

035! Ab- keSS gaens! 4

0395 .- 0,5y g2l \¢

059092 59y Yoo

R A ETE epyew A




ot o 3
PA-As axivo AF+F Culgmd)l 9 (29958 VF+ o5l “:u-))'/
<

FESEM, TESCAN, Czech Republic, Vega micro-)
EDS, Oxford In-) oles—o 3 JUI ol ,_ona, (scope
r—winb  (struments, UK, AZtec X-Max 20
L~ (Raman, Horiba, Japan, Xplora plus) L,
gh— =Sl YAD nm zos Jobo 4 (5,5
BET, Micromet-) (59— wdzly g iz Lo 054
UV-) sl iwcads (rics, USA, ASAP 2020
T 9,8 il (Vis, BRAIC, China UV-2100
FT-IR, Perkin Elmer, USA, Spectrum) 4,48 J—o.5
XPS,) Sl 55 oy5,—Slgish i wiinks (RX 1
SPECS, Germany, CenteNo surface characterization
o9y 0)lsz b il sa i pbaak i (platform
VS s ghaax s 5y 8

el 0 a5l a_oMS> g0y

olaly (il 5 Sl 95 3l 3BT mols
C slabes ;o ood Ficw Heu0 s 5l sas] Cwoa
ol oo ool ioled VO ISCE 0 V0 TCgVeee
20 08 Fis jom 5 Sl 95 G N
s )k Do glaSy e C sl
Coad Jlz ol Ly aps o plas 1) JLsS 150
CYY) almbo oy (¢-F) Glmto Sy Gu
55155 5t 3 s o 255
500 gla egh jo 4Bl anwgy aS S Ly oyl
Hislw ad) samo s lis 950 il Lol e
30 e i JUeS e Silois slaciel [0 jemas s

[ —_— s il ollas
a3 P2
- | 00 Sis i Voe °C g Yoo
; 19+ °C g Aeps o S s
\\//

4
=/ \.¥

FENTIUER

OBl Gl o9y il iige Sonis (sl
&5) g0 6L_bw4‘ Juol..w 6)L~.>L..w 4 ‘;Lwé
L.g Q)L.O; B Lg)L»}Lw)J) w)){)u}) XPS 5EDS
D 9 olaly (w3 JUTXRD (5508 5 JUI
S5 o)

o5 9 OeST L 00l 093 Hod i i 50
Ols—eds (V-AD-0AY :CAS ', 0) aules ol S
—S ) Smm sl 9 S 5 OF9 S e
Oe—S1 9 ye— i (le—eay (F-Y0O-) - - FY:CAS
a_:lw; )|)_3 sola__ul S y9—0

(r]yo S 9 VO g O)9 4= ‘5)_,&] L) d._Js‘ »)ls_n
30 Pl b pmailss ol ,S an SO jguaawl 110
9 ombline 3o (59, e C glas ;0 05g0 Ol
Gy Lod e jo Pl 5l sy 0,5 Sl
gLnls \ee 0C LS‘LA\) )b ools o u_w‘ od_ni
)‘ o OA_AT [SEWA LY C;L:eoBJS 9 ol S i
G olinegll SaB jo (sbie ol o il 5
D39 (o> H0) (390 sBm (g yhaned]
O+ mL/min 55 joe S 0,05 ,0 (19/29 o5l
L}A_As‘j)ﬁ_lamcb ATARES 0C3 Yooo OC 6LA~))05
o3l &yl > Y h Saeds ¢ jgnus yis Jlo 59,5 Jiw
Js_.«a?u o ao]_ii w_.S\j g_i_:)j.: M‘ Woloa—i
O obdas e sol o] D3 oS

= oo Bl hy) S5 dmy jemds sy
oo 35S ¥ L (XRD, Bruker, USA, D8) S5
c\’ l-’& Y 9 oéem)d ‘\/(BfA CH Jﬁ—b 4_5

I VO PN S TS PV V| UL NN SONEEE S

VO "Cog Veve loo o oo aidlu jas s 5JUT g jiw ol 8o loz b ) S



Ol o g &l 48 w48

—— BN-1a--
——— BN-y. ..

3 I rmmn —~—
:)
<
T T T T T T
8- Veoo Vo - Yoo Yo - Yoo Yo -

€M™ zgo sas

R W) 90 )9.’..\.:)....; ).....M.:

S

Ao
T T T
Y- £ - A-

@0) ol assly

VO ¢ Cgleve Cslalod yo oyt je i diges 3 el (otmciuds (0 g [YO] Sl g5 5 (3l (55! ()l annlie ¥ S

Sladigy an byoye goso due ;0 OAo 5 a6
(Frimacdeb gl )0 aes o L ) (e 9 55
bl )l o sasie slacsSy 0925 (95 £
0d 0ls i lad ools j0 39290 foiie slanisn L
SLaSy 498 Jmsd € (il ol
Slpdigy (iS5 —ted Sl 4 by e
Aveem? gloagge sae ;0 1) jom 9 G598
by 6500 slaSy Lo ol ,—ea AYO- cm”
SIS 53 00 B 093 (ST 9 )5 slapsl 4
29— el Ll ool olai Ty a0 S
=z Job L]y (mlocsy o il 3-S5
Loy ol s oo L Y012 nm oojly yo
29 3 Gty $5 BB dg2g eaams i
5900y A gian Lo a8 Lol 5ol sosd yw
5 o Ghpon Je—ame ;0158 SL JLSS S
O edz bl Pl A eV A Sy o) K
Slom 50 Sz g8 i onima LS (il B 95 Al
Ol Sl A el ond s e S (65 51 BB
i AV el sos aule £V Y €V 51 ,5YL sols
SeS L ol zw JsS 1380 jemay s LSl
9 (e JoaS (g (9 SN 0 gSg S
s (i) F S el 48,8 15 4 el
59 60 Y dged 5 edal Cwody 9Swg,Sie
=l il o e es o imlei 1)V e e e TC sl
A pgil L ooz o 4 O g0y ()3 slaosgs

iload ool oyl

A g (g9 Oyg—ods Sloris (o O le ay
aladl o, Olsio s d5—as g Slaal o
Leoad i jomi i sl ol (oSlos ) (mimon
slsl 5l ylss glay )l aas jo Loy sl am amgs
Ve TC gl o amdl o, Slsas (6, tegils
=S cewl VO ¢ TC o onld Fiw adgel L auslie
slod j0 00y diiged bl wids  JUI
VYA em! zgs o0c )0 ppp g S V0o C
el i Sy sl e i
o3l S92y ormsLts Loy 500 Lo 3—lhas
03— i ddges 4o Eaiie sladigy | (glos xS
Gsm J2led g atem 51 S e 4 el
Wl oo ) Tglaie laca i Ll (gl iio
S e sLnipey Sy e S i 3
Simal3dl Lo [78] el ool gy g0 S
S Sl il i 5 slas
Gk 3 00+ € slas s JLisSlsSa i
T d0s Ay S0 Sy S s sl 5Ll
4 by e So ol il sasl 0994 VYEY om!
Lol JUgST350 90 55 mpobhs LS By 5l
YL ol el misiinh 5T E
aile (o, L amnlie o slhaakin by, o
sl eyl ¥ IS el Syl 5y iy
il g 4558 J oS g b (el
Voo 0 sles ;o 00l 3l joan s Ghbil i Sy
s &g b el 36 s e ot



of na® . .
FA-A+ doxivo NP+ F Caiiguadyl 9 05299,8 N+ oylois (2 A G&&BRMW

Vay

T T T T T T T T T T T T T T T
Y. Y. 120 O - $ee Yoo A-- Q.. Feoo Yo - Yoo Yo Yoo \o- - Neoo O -

(M) zge Jsbo €M) zge sae

Ve TC Lo 50 0ud i o i (bt 3 e 595 (riwcil (5 4558 Jro Eimg B (il (LI Y SIS

T O35 o
| em—

°C Gl_m) 3o od._w).»_'._w)j_:d.)).'.:; 399— C.‘a_»:)‘ ol Cwdds ‘é_....ug) ‘F)BJASJ‘ uﬁg—“’sfiﬁ‘é )_>5La.> (Csun.ﬂ—”f JL»:
U_Sg“a_;).: gj)—m&))—"&“—“’u:‘b wj)d._: 4_35,0.3)0 03— @LMJL»..UJ)—@LJ-C ‘FAJ‘J_AAS(Oj Yoo

ASged O Og—>90 )_@L\.c o lale u_.il.m 9 L.AJ; QS’L‘"’"“—”" ;4_5).: ‘Q)—.{‘)-E"B)L‘ JRCCEIW- V- EN J_»LQ
u|9_..cd..: u)j)_u.! 9 9= 4Lu.o U_’l B A_:b)f uw)‘)j L Y8 W) u_.a.’ EDS )_,JL»" A.L_wjé\.: m.\_A" Sy
01y e i oole ol oims Bt iml ¥ IS 0 5 g e iUl sS g S LS
T 5l G S (6 ebdy 0 lo sols il LLGS LU, o =b)) jetaieds .ocul oo ools Lis (9)

sl 00l oSS aie g0 ) 5l ool 30 ©odin >lg jlases i lize slaciand L



ol S9=e) jom S jolis j5d 385 osnlie
5 (Y (=51 3a2) (459, «(F (o3l d02) )5 (B
b el (g, LA (il d0e) (5enS]
2,5 ool wl dges jload z L slayg,iSdlgigd
S =29y oSl 555 09 =Sl sd (il
S e 5 Adgel (e Ul gl 5B
03 ol jalie 5l S o Sl bl ploe b la e
5= 09 =Slgisd (rwib logei O ISt o
Ve 10 sles o oad 3w jo 7 5l e S
s bl jpmam IS8 ) 3 aes e Al
el S algts )5 5 DS (59 5
ol ol Is Jlota gl jlead a5 Loy xSl
2 05sl s iSH o poodle el aLixda |5

Ol o g &l 48 w48

OFmST 5 03905 ymolis amy by po aigad jloads
o e oSyl L il sa ST 5
=80 ,0las «CASAXPS I3 8ls 5 al gy Loy
sl oa b gl el paie ez 0l IS
olid |y jaie Jlaz 51 S0 o (S WS oo

.A_Q\Jsc

R W) &9 )9.’..\.:)....; ).....M.:

IYF 5 G 5 O3S 5 05 SLadygs (e
53 bt ailoas Lol | sasms Sty olis ;|
09 S oy YL Jloiolanaog Ly as ol
Sl Jloiol L anlie ;o S jolie )3 o
o Ul cds ool oty 51 0 Sl 55
—obis je—a> i > 0 Lsaas EDS P94
Sle 9l cos (g5 (mal A oo Dlmilone g
L ail ools )0 99250 yolic asllao gl ai8s
imled jebaieay Sl adlie s g2y (-
EDS g, ;| eoal cwsds olosi 3 JUT L5

oSl 55 n 09 SlE R il e (s, b
ey Gy ol am el (S ol (oS olie
emlaags jomdo (o) aslos gl adlio il o
S92 45 e i (Seel s 00le 0 S j0lie
L el oad Bl (459,03 5 9 Se—w —olis

o=l g5 4l 1o miwal Jolae sla s,
=y n Ol 48 glassSay ol (inly < Bs ol s
Ols—eds o5 chale Ly ooloo o yolie (ol j5am
Gl L el m3¥ 1] oS lai 1y s g el

N KLL|

vo

[OAH

N1s

B1s

LW.\J 5

02s

€V) SS9 555

Voo 'Cogled 1o 00y diged 5 Gl g3 5 (9, 8015598  omimcads e & S

oSl $ i 09 lggd (il (govie ) gl Glae posle )3 39290 polie (el S Y Jgu

(%.at) W) <99 BN 4.:9.0.: ‘SJLI-Q.A.AM )AJL)—‘

C (6]

B N

ZIYY YV/fa

FAAY AR

1. Auger Electron



ot o 3
PA-As axivo AF+F Culgmd)l 9 (29958 VF+ o5l “:u-))'/
<

Iy =o3l S s 4 S jo Lol a2 o
sl Ly Slawen ;o waslosls lois sols o
Lol oaos “—"“*—9; 2GSty G =
u)s)_‘...,p_,l/m/ ‘ p.g‘_wl_ac)j_’d‘)_la‘
QJ.A_MS‘ l_: 39— le—b“\"}'-’ 9 Sl 00 ‘S:l_mL».w
ST LEY a S5 ,ieS ppw Lo osls o 5
Lo 5e i sloesl SIAVY ay S0y Sloa i
OS5 L dsm )0 S AY0 A ST05 s e L adien
JL.Q.»}‘ OMQQLW Sy9—0 u_:‘ load ‘S:Lw‘.».w
e =l Sl o adlge )5 )8 9555 YL
9= sk JEE L an 0 S el oy )5 Ly as
Wg—dee iRl S o e e slags
6L®..\.'5_..> @LMJLM po—c )L'aa." d_sL]a.o ug‘fog)l.c
OFaST (Sl 5l s 5 5eST L (59 0

Sl (5055 gy 59

fod wigm
C-(C,H)
-] cnN
¢ (C=0)OH
3]
o)
2
y. ]
¥
X
hANR
gy

©€V) Ngm 35,8

Vo e (835

©V) Ngm 55,9

g3, alie

S aes o plis Joaz ol j0 050 DLedbl
boo ool glwlls ole 5l —317VE 5 s

N 0 S O [P PRSI G |

=31 18 5l i <EDS l sae] c oty oleowd
o3lo ;0 ¢y ST a3l TNV A S0 g S
5 059 y=lp Cod a a g Lo ol 05 =
Sy 0 B e s ek Sl o 50—
039 elsn 5o Lsdae eS| sLapil 45
S| g Jaisl iz iled ol
= 00l ;0 00l Bb jeuuST sl LalBl o
g alon Loyl col b j5 laieas o)l 59>y
S50 e gz 31 S o Sl bl pled b
GV ee s "C lod j0 00ds Fuw dbges ;0 asllas
Yo zo—2s Lo Slgip 09 —Slgigd (miwicl
oy iUl slmcSen, IS sl 00 ol

Dimlei |y 59530 o5l ez 51 S e Is Jlis

Yo Mg @55 Ll
B-O, B-O OYY.OA

xg Y- 4
™

ie]

N
;3 Vo

x
-

T

=

A_/\’M‘“N"P""W’thf\"/
0"7 b\'\' DT'/\ bY

€V) Ngm 55!

.

Yo W 35
B-N YAA/ ) <
¥-4 C-N Yaann

C-NH; f--/5v

©V) Ngw 55!

(o Ols dal: Lo e sealpnly slo cove ol oo Y zgog (Sl 555 5,—Slgigd il e # JSeii
Bls (s Nls (z Cls



Ol o g &l 48 w48

LgL(b.\.:}u f—w su_:‘f05>l$ [Y?] ..\_tlJL;o u.._,l)_e‘
09— Slgigh (ol o Stlpaly Lo e
00—y QLAJ Y JﬁA_> )») Yl_, CHS l_> w_i"y).)
()Y Js5i o Voo s "C gl o oud 3w

() aoz olas ( JSi oml jo cwl as ools i les
oS = lilas coi Cis 55 pme caimo s

D2 oo Ghmled cmnd jlid m 158l ST s sl

0dl dzly 315 0, Lo oud s b ovie g

PR X A Y S alS 31 o

(S

) &
H3 95 (i imad (s—iovie 3929 S
oz [TV el ssalian LB HA g4 a0 Sooys
39y 35 @i Slio samslid ()
S5 log 5 (Slhi> Ly S slammio (o sl
Gloos iolidl pae Jdoay o o ey .ol
ST (—blys Loy s Slmio pw 25y
055 St o (Sl g aslass 51,8, K008y s,
Sz Sl ool 0g 294y joloe Ao g0 (b
85— S alad 5l ool o L LSl o

ol oamliie 0B 55 0ol Cwoas

R W) &9 )9.’..\.:)....; ).....M.:

Siar— slaesl S omb (el p 4 amr s L
oab plwlid olie J5 5l jo— Lo amlie o
39— slonsl IV g —iored 5 00l o
Slawsl 1OV g L aslin [0 55, (Slaon
Ol Oleoe Ho— slapsl SBlbl s (59—
Ol ayss (ly—edy (S| gLl o
Omizred Sg—ad Gl ) (59, adlge po Il
S oSty )5 slapsl an by ye sl jloged
o= 9o b p—ST sladion (ot 7
45 oo b e o0 led ) g L
ook SEELw )3 (9284 (ST 5 )5 Lo
RS (el )0 a5 Wiload a8 55 i
=l Lo 2SN Jlos—od crizmon s 15 (05 )13
Sl am oS sloapsl 4 aed o s (S
L =l Yt g sl ol (m)S-00)S oS
Slmio 13 5y odhE el sl 5l laassls
o dzg b sl oys0 g0 alools LSS a0 i
5= 65 Sllome Ly oale a5 10 (65,531 0le
Sl 0a 00l s i e gl Ja gy
oS Olime il L 4 e sl as VA
5 Jlim g s Sl 4 oa B 5 g
= =818 LS o S slaest )l mleasals

YU o205 L mS0lgi

(1) oo pluls OlS 5 JS 5l cuS 5

C-(C,H) C-N | (C=0)-OH | B-0,B=0

B-N

B-O BN | CN | CNH;

AARd AN UArd \VI§F

Y¥/Y

YY/VY Y¥IA? AFA </AN

(M) gxozs el

R TR

T T
s Ve

A oyi ye

CIMTIZ) Lz CueS

PPy s lus

Vooo Coglos jo 00l i ey s Ol e o3l b ol )0 ohg haw Ioged (g (59, wdle-ods cove (AIY JSCh



ot o 3
PA-As axivo AF+F Culgmd)l 9 (29958 VF+ o5l :U-);/
<

ol 3l (g J—doa ol sloayse 5 550 0
Jglae lyrgzs 5 ooliiul Kl a5 _slic oyl
S—io oy oSGl 95 4l Sy (plnlis
@llid 5o alse e 5l WS (o0 azge
595t bl ST aiz e ol Y gm0
Sr5—= =958 Sl sSg Se 00t s
Jols S5 Lol plaois 3BT (sl (o
St i Jlo =l L eiload w e 55 50
O—pe Bl 8 Gy e s o
cole o wimen g Y c B | Joa XPS ;LI
g oo Sgdxe 00l a4 S ol Lol
oo 3 i e ol Sl o e
Sy o0 Ly S (I e dad g by o
Slely (e s 5o sbdas i g 5l ool
A0S 3BT sod 3t cLnaiged 51 35 slows
s g Ul ocis ol mals JUs> e 40 5
Sty |) 65583 (6 S Azt ol oo Bl
(ST DLz 53 05 (o Sloiniay izren 0]
s s Jyil)S sl gy Sl 008 el
SlwoaisS 5 L cnlite 5 e (a0 L
Dot O3g—p B (Gl i3S SloJs—ueS
Hyare iz 50 3gb aSlw s by glsjes
Lo (oS 5 09,5 9o i sl lp s
Az ey Gl 0y o D jgmo a5 Sy o
Salys ;o d el e bl &ysoa g0

9 i g Loy joy b Bl (a5
(9) (S9N 9Sm See 92 (el S
el Sl 5 (9 S5 (il
5 aslllas 355 (59— @iy 5 oia oL,
Sty 7ol G e 235 3 Shaax i

ilod s e ypd Aalol o i 2gh il H0 cu
Oly—reds ol oo (3939 ()59 i el (Gl
00— 9 jgmidy iy Sl (S il S

FENTIUER

s SLedlbl aS ()59, dzly- i 5 JUT Ll
oyl aas oo 4l sl plas Ly L)l yo
ol 3 Sy 55y Son sl omposd 5
29y o5y g Sojlil (izman [3]
055 g 33 BET g, 5l eolaiwl Ly ooy
aS cwlosle s Yoo mYg as S0 |y dSges
PR SRVCR RPN BV TN B PRUREL AW ¢
GBSt el e s Slio joa>
simles 1y ol ojlasl Ly cnls )0 05y o
A S0y olal b alyas wlwl o) 1 aes o
Wl Ol o slad L cwls o as Y- A
il Sl ool 059w 1) g o i
25 s S s e s Sl agl mol
ok B Lo () g ST Lo ou g
st i sy &5 JLaion,S s oJUisS1iSa
oila Lu g s 5o adgl slg— sl oslanul Ly
Ly, e g 51,5l oy el b oVl
e (Olas slaiel o con 5ol Ly g g0
sl relenS 5 D5z il iie ol on s
90 sl algy a s la Sog38l 51 eola il
09— s=bYs a (S o)lg i A |y 005l
2 i g a4zl 518 GLailS e o s
Sl sloml 4y ;o (2 STly Soalidga

O30 035 yhnail jo oS STL Lol slal5
slapl clale ol oy sy (A STy
rhwds 4> g5 L ool ) oo i |y ag
og= LSl ;0 05250 (e sladisy 9 YL o5
i sl el G Gle—ea w Tl e
S8 adlas 0550 g 0 35 sla oo (S5

=

Sy

u‘b‘.w "'w 9 "w.hg): du&:«g‘bg.\m



63l_> . ‘ . . \ .o °C GLAQ )\) u S‘
D Lt e e R e P
CA—?'S \00 N °C 6‘—90 )‘) )L’\}L») O—,’,‘ 4_3 OJ‘Q

Ol o g &l 48 w48

Ot gl Ewlond (o) 2 b 59 pisna]
e (59,9 (Sal> yawall 4 S Jl 0w o
S5 L sl o0 izl o Ladygs Laas 4y
oil8l 51y (ol Ll b ey jea i
oS e lw slangs slagsl Vo 'C Lo Lo
Simldlas o es oo slpiin Ba gl Kloa s
45 (0,55 yhadl ;3 (59,0 i 5 Lo Glajee
slaggs e ble S sl S5 )l plos o
g QLS et LSl )0 O5ST g )5

09_...: a_Jlas (i _wn )j_m\.a)...u A"’)jl" 9 o)_;j

P18 g SUlS

=95 gy e g XPS (459 8 o=y

R W) 90 )9.’..\.:)....; ).....M.:

St Ggom 5 Lo o Sty ST S L
9 D9 ooliiwl dgs (508 aie (0958l A
e r=Selr (Bl (bl e 52 sslo Haned]
Yl (mles jo ksl jlanes Lol 29—
el el ol 3 1 (Voo s C) Joloze sla o,
29> 9 09l 093 je—d i Sl Sl (@
S 3 S g ST slaaygs o bale
B sl lnl Lo (il &g ay joy 5
ey Freieb ) (il Gy
= 09— o598 (il g 4y Joas
oleid zols ailoa s (6 ,Sojlail 5 olwlis W SOl
g Voo m¥g ojmg o Lo jeiy 5l a0
5 OS] sloags Lol oo 5 (gomgs LSl
Je i S (hgram o3l 17 917 Lo e (08
o0 Jh Sy Sl g Gl esle i 5l

slois, Lo awlie 005 g zh

) L)_" . |
l_g )5_:..\3)“ ué)j \7’90 6‘)_: 00— oolaz_wl 4.\1_.....,0

el YU b 5 5 S
5 oS Lo ea b g JLSSTSe e i (2

DO ,_5"5,0 )_:JJU >_w.>"' 29 )

&l
[1]. Baker, J., Guler, M., Medonna, A., Li, Z., & Ghosh, A. (2025). Analysis of large-scale (1GW) off-grid
agrivoltaic solar farm for hydrogen-powered fuel cell electric vehicle (HFCEV) charging station. Energy
Conversion and Management, 323, 119184, doi: 10.1016/j.enconman.2024.119184.
[2]. Moradi, R., & Groth, K. M. (2019). Hydrogen storage and delivery: Review of the state of the art technologies
and risk and reliability analysis. International Journal of Hydrogen Energy, 44(23), 12254-12269, doi: 10.1016/j.
ijjhydene.2019.03.041.
[3]. Revabhai, P. M., Singhal, R. K., Basu, H., & Kailasa, S. K. (2023). Progress on boron nitride nanostructure
materials: properties, synthesis and applications in hydrogen storage and analytical chemistry. Journal of
Nanostructure in Chemistry, 13(1), 1-41.
[4]. Bosu, S., & Rajamohan, N. (2024). Recent advancements in hydrogen storage-Comparative review on
methods, operating conditions and challenges. International Journal of Hydrogen Energy, 52, 352-370, doi:
10.1016/j.ijjhydene.2023.01.344.
[5]. Li, W., Jiang, L., Jiang, W., Wu, Y., Guo, X., Li, Z., Yuan, H. & Luo, M. (2023). Recent advances of boron
nitride nanosheets in hydrogen storage application. Journal of Materials Research and Technology, 26, 2028-
2042., doi: 10.1016/j.jmrt.2023.08.035.
[6]. Zhang, H., Liu, Y., Sun, K., Li, S., Zhou, J., Liu, S., Wei, H., Liu, B., Xie, L., Li, B. & Jiang, J. (2023).
Applications and theory investigation of two-dimensional boron nitride nanomaterials in energy catalysis and
storage. EnergyChem, 5(6), 100108, doi: 10.1016/j.enchem.2023.100108.
[7]. Dethan, J. F., & Swamy, V. (2022). Mechanical and thermal properties of carbon nanotubes and boron nitride
nanotubes for fuel cells and hydrogen storage applications: A comparative review of molecular dynamics studies.
International Journal of Hydrogen Energy, 47(59), 24916-24944, doi: 10.1016/j.ijhydene.2022.05.240.
[8]. Panigrahi, P. K., Chandu, B., Motapothula, M. R., & Puvvada, N. (2024). Potential benefits, challenges and
perspectives of various methods and materials used for hydrogen storage. Energy & Fuels, 38(4), 2630-2653, doi:
10.1021/acs.energyfuels.3c04084.



Y . .
FA-A+ axio N+ F Caing )l 9 033959 N Fe 0 ylocis ;,M,; gy Al

[9]. Weng, Q., Zeng, L., Chen, Z., Han, Y., Jiang, K., Bando, Y., & Golberg, D. (2021). Hydrogen storage in
carbon and oxygen Co-doped porous boron nitrides. Advanced Functional Materials, 31(4), 2007381, doi:
10.1002/adfm.202007381.

[10]. Lale, A., Bernard, S., & Demirci, U. B. (2018). Boron nitride for hydrogen storage. ChemPlusChem, 83(10),
893-903,doi: 10.1002/cplu.201800168.

[11]. Xu, Y., Zhang, Y., Zhang, F., Huang, X., Bi, L., Yin, J., Yan, G., Zhao, H., Hu, J., Yang, Z. & Wang, Y. (2024).
Carbon doping of B6N6 monolayer can improve its hydrogen storage performance effectively: A theoretical
study. International Journal of Hydrogen Energy, 50, 475-483. doi.org/10.1016/j.ijhydene.2023.07.216.

[12]. Talla, J. A., Al-Khaza’leh, K., & Omar, N. (2022). Tuning the electronic properties of carbon-doped double-
walled boron nitride nanotubes: density functional theory. Russian Journal of Inorganic Chemistry, 67(7), 1025-
1034, doi: 10.1134/S0036023622070178.

[13]. Wang, X., Zhao, T., Liu, C., Wang, X., & Zhang, Y. (2022). Molecular simulation of the O2 diffusion
and thermo-oxidative degradation mechanism of carbon-doped boron nitride nanosheets/BTDA-ODA polyimide
composites with high O, adsorption capacity. Surfaces and Interfaces, 33, 102246., doi: https://doi.org/10.1016/j.
surfin.2022.102246.

[14]. Shirodkar, S. N., Sayou Ngomsi, C. A., & Dev, P. (2023). Small Electron Polaron in Carbon-Doped Cubic
Boron Nitride. ACS Applied Electronic Materials, 5(3), 1707-1714. doi.org/10.1021/acsaelm.2c01743.

[15]. Taib, A. K., Johari, Z., Abd. Rahman, S. F., Mohd Yusoff, M. F., & Hamzah, A. (2023). Hydrogen gas
sensing performance of a carbon-doped boron nitride nanoribbon at elevated temperatures. PLoS One, 18(3),
€0282370, doi: https://doi.org/10.1371/journal.pone.0282370.

[16]. Matveev, A. T., Kovalskii, A. M., Antipina, L. Y., Klimchuk, D. O., Manakhov, A. M., Al-Qasim, A.
S., & Shtansky, D. V. (2025). Experimental and theoretical insights into enhanced hydrogen uptake by H2-
activated BNOC nanomaterials. International Journal of Hydrogen Energy, 97, 787-797, doi: 10.1016/j.
ijhydene.2024.11.399.

[17]. Tokarev, A., Kjeang, E., Cannon, M., & Bessarabov, D. (2016). Theoretical limit of reversible hydrogen
storage capacity for pristine and oxygen-doped boron nitride. International Journal of Hydrogen Energy, 41(38),
16984-16991, doi: 10.1016/j.ijhydene.2016.07.010.

[18]. Shayeganfar, F., & Shahsavari, R. (2016). Oxygen-and lithium-doped hybrid boron-nitride/carbon networks
for hydrogen storage. Langmuir, 32(50), 13313-13321, doi: 10.1021/acs.langmuir.6b02997.

[19]. Ma, C., Zhang, Y., Yan, S., & Liu, B. (2022). Carbon-doped boron nitride nanosheets: A high-efficient
electrocatalyst for ambient nitrogen reduction. Applied Catalysis B: Environmental, 315, 121574, doi: 10.1016/j.
apcatb.2022.121574.

[20]. Guo, J., Duan, Y., Wu, T., Zhang, W., Wang, L., Zhang, Y., Luo, Q., Lu, Q., Zhang, Y., Mu, H. & Wang,
D. (2023). Atomically dispersed cerium sites in carbon-doped boron nitride for photodriven CO2 reduction:
Local polarization and mechanism insight. Applied Catalysis B: Environmental, 324, 122235, doi: 10.1016/j.
apcatb.2022.122235.

[21]. Zhang, P., Chen, Y., Chen, Y., Guo, Q., Liu, Y., Yang, Y., Cao, Q., Chong, H. & Lin, M. (2023). Functionalized
hierarchically porous carbon doped boron nitride for multipurpose and efficient treatment of radioactive sewage.
Science of The Total Environment, 866, 161378, doi: 10.1016/j.scitotenv.2022.161378.

[22]. Jiao, L., Zhao, X., Guo, Z., Chen, Y., Wu, Z., Yang, Y., Wang, M., Ge, X. & Lin, M. (2022). Effect of y
irradiation on the properties of functionalized carbon-doped boron nitride reinforced epoxy resin composite.
Polymer Degradation and Stability, 206, 110167, doi: 10.1016/j.polymdegradstab.2022.110167.

[23]. Chen, Y., Zhang, P., Jiao, L., Chen, G., Yang, Y., Chong, H., & Lin, M. (2022). High efficient and selective
removal of U (VI) from lanthanides by phenanthroline diamide functionalized carbon doped boron nitride.
Chemical Engineering Journal, 446, 137337, doi: 10.1016/j.cej.2022.137337.

[24]. Liu, F., Han, R., Nattestad, A., Sun, X., & Huang, Z. (2020). Carbon-and oxygen-doped hexagonal boron
nitride for degradation of organic pollutants. Surface Innovations, 9(4), 222-230, doi: 10.1680/jsuin.20.00061.
[25]. Liu, Z., Zhang, M., Wang, H., Cang, D., Ji, X., Liu, B., Yang, W., Li, D. & Liu, J. (2020). Defective carbon-
doped boron nitride nanosheets for highly efficient electrocatalytic conversion of N, to NH,. ACS Sustainable
Chemistry & Engineering, 8(13), 5278-5286, doi: 10.1021/acssuschemeng.0c00330.

[26]. Kumar, E. M., Sinthika, S., & Thapa, R. (2015). First principles guide to tune h-BN nanostructures as
superior light-element-based hydrogen storage materials: role of the bond exchange spillover mechanism. Journal
of Materials Chemistry A, 3(1), 304-313, doi: 10.1039/c4ta04706k.

[27]. Liu, F., Nattestad, A., Naficy, S., Han, R., Casillas, G., Angeloski, A., Sun, X. & Huang, Z. (2019).
Fluorescent Carbon-and Oxygen-Doped Hexagonal Boron Nitride Powders as Printing Ink for Anticounterfeit
Applications. Advanced Optical Materials, 7(24), 1901380, doi: 10.1002/adom.201901380.

[28]. Berseneva, N., Gulans, A., Krasheninnikov, A. V., & Nieminen, R. M. (2013). Electronic structure of boron
nitride sheets doped with carbon from first-principles calculations. Physical Review B—Condensed Matter and
Materials Physics, 87(3), 035404, doi: 10.1103/PhysRevB.87.035404.



