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Abstract Graphene quantum dots are a class of carbon nanoparticles with tunable quantum properties, making
them suitable for optical, non-electrical, biosensing, and energy applications, particularly in solar cells. In this
study, these nanomaterials were functionalized using a simple, rapid, and convenient method with ammonium
hydroxide as a nitrogen source. Nitrogen agents were added to graphene quantum dots at concentrations of 0, 2, 4,
and 6 mol/L. To characterize the products, Raman spectroscopy, FTIR analysis, photoluminescence (PL), and UV—
vis absorption measurements were performed. Surface morphology and interlayer spacing were examined using
high-resolution transmission electron microscopy (HRTEM). FTIR results confirmed the presence of C—C and C—
O bonds in the graphene quantum dots and indicated the formation of C—N and N—H bonds associated with nitrogen
incorporation. Raman spectroscopy showed a relatively high ID/IG ratio in the functionalized samples,
approximately 20% higher than in the pristine sample, reflecting the creation of structural defects. The increase in
UV-vis absorption intensity also suggests the presence of nitride-like species on the surfaces of the graphene
quantum dots. Photoluminescence studies in the excitation wavelength range of 320-420 nm revealed a strong
emission peak around 500 nm, accompanied by enhanced fluorescence. These improved optical properties indicate
that nitride-functionalized graphene quantum dots are promising nanoscale carriers for solar cells, optoelectronic
devices, grating-sensor-based systems, and energy technologies, with the potential to enhance both efficiency and
stability.

Keywords:

Graphene Quantum Dots,
Nitrogen Doping,
Ammonium Hydroxide,
UV-Vis Absorption,
Photoluminescence

https://doi.org/10.30501/jamt.2025.549469.1341 URL: https://www.jamt.ir/article 238538.html

1. INTRODUCTION

In recent years, graphene quantum dots (GQDs)
have emerged as a novel member of the carbon family,
introducing significant advancements in materials
science. GQDs have attracted attention due to their high
surface-to-volume ratio, low toxicity, excellent water
solubility, good electrical conductivity, favorable
chemical properties, biocompatibility, and remarkable
optical characteristics. These properties have led to their
application in various fields, including electrochemical
cells, supercapacitors, sensors, displays, and biomedical
and pharmaceutical applications (Bacon, Bradley, &
Nann, 2014)Ref1.

One approach to enhancing the properties of GQDs
is through doping, which involves introducing desired
elements into the structure or on the surface of the
quantum dots, thereby creating favorable modifications
in their properties (Tian, Tang, Teng, & Lau, 2018)

Ref2. Elements such as boron, nitrogen, sulfur, and
phosphorus have been incorporated into GQDs to
improve their optical, electronic, and chemical
characteristics (Lee et al., 2022 Ref3: Wu & Zhao,
2015; Xu et al., 2017 Ref4). Functionalization can be
achieved through chemical, electrochemical, physical,
optical, biological methods, or a combination thereof.

2. MATERIALS AND METHODS
GQDs were synthesized using L-glutamic acid as the
carbon source via pyrolysis at 220°C for 60 seconds,

following the method of (Tian et al., 2018) Ref2.
Ammonium hydroxide was employed as a nitrogen
source for functionalization. In this procedure, GQDs
were mixed with ammonium hydroxide at
concentrations of 0, 2, 4, and 6 mol/L in a 1:1 weight
ratio and stirred for 10 minutes at ambient temperature
using a magnetic stirrer, resulting in nitrogen-
functionalized GQDs. High-resolution transmission
electron microscopy (HRTEM) was used to examine the
surface morphology, structure, and lattice parameters of
the nitrogen-doped GQDs. Raman spectroscopy was
performed to analyze structural changes in pristine and
nitrogen-functionalized =~ GQDs.  Fourier-transform
infrared (FTIR) spectroscopy was conducted to identify
functional groups and confirm successful nitrogen
incorporation. Ultraviolet—visible (UV-vis) absorption
and photoluminescence (PL) spectroscopy were
employed to characterize optical properties and evaluate
the effect of nitrogen content on GQD performance.

3. RESULTS AND DISCUSSION

The examination of functional groups in the FTIR
range of 500—-14,000 cm™ shows that in the ON sample,
the C=C and C=0 bonds (carbon and oxidation groups)
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at 3000, 1500, and 1680 cm™, respectively, confirm the
formation of graphene quantum dots. In the 4N sample,
the presence of stretching C-N and bending N-H
vibrational modes at 1246 and 2896 cm™', respectively,
confirms the presence of nitrogen functional groups in
graphene quantum dots, and C—N in the region of 1250—
1000 cm™ indicates the success of nitrogen
functionalization. The groups containing oxygen and
nitrogen also suggest high aqueous solubility and
stability of the products in solution.

The results of Raman spectroscopy in the 1200—1800
cm™' region show that in the ON sample, the D and G
peaks appear at 1350 and 1580 cm™!, respectively. In this
analysis, the D peak is attributed to defects in the
structure, and the G peak indicates graphitic sp? bonding
states. In the 6N sample, more defects and irregularities
are introduced due to the presence of nitride agents in
the graphene quantum dot structure, and the formation
of N—C or N-N bonds causes the D and G peaks to shift
to higher wavenumbers. Therefore, the disruption of the
edges of the carbon atoms due to the presence of
nitrogen in the network, and the changes resulting from
the interaction between nitrogen atoms and the carbon
structure, cause the peaks to appear in different regions.
This is observed in Figure 4, where the 6N sample shows
greater intensity than the ON sample. The increase in the
spectral background and the slight changes in the G-
band shape indicate a change in the electronic order and
the sp? (graphitic) structure of the system.

Structural studies and morphology images by
HRTEM show uniform morphology and distribution of
nitride-functionalized graphene quantum dot particles.
The particle distribution is nearly uniform in size, with
more than 100 particles measuring 5 nm identified after
analysis.

In the absorption spectroscopic evaluation of the ON
sample, the sample exhibits an absorption peak in the
range of 230-240 nm, corresponding to the m—7*
transition of the C=C double bonds in the graphene
quantum dot structure. In the functionalized sample, a
weaker peak appears around 300 nm, attributed to the
n—n* transition associated with nitrogen-containing
groups. The significant increase in the absorption
intensity of this sample confirms the presence of the
nitride agent and the modification of the electronic
structure of the GQD.

The intrinsic fluorescence emission of the ON sample
exhibits a peak of moderate intensity, attributed to the
presence of defect centers and functional groups, such
as —OH and —COOH. In the 6N sample, with increasing
nitrogen content and the presence of nitrogen-containing
functional groups, the emission peak shifts to longer
wavelengths. Nitrogen functional groups also increase
the emission intensity. The presence of nitrogen in the
graphene m-graphene quantum dot layer introduces new
defects that enhance the fluorescence emission.

4. CONCLUSION

e The chemical functionalization of graphene
quantum dots using an ammonium hydroxide
source was successful.

e Both pristine graphene quantum dots and the
functionalized samples exhibit the characteristic D
and G bands in Raman spectroscopy.

e FTIR analyses indicate the presence of C=C and
C=0 bonds in graphene quantum dots, along with
C-N and N-H functionalities associated with
nitrogen groups.

e HRTEM reveals the spherical morphology of
nitrogen-functionalized graphene quantum dot
particles, with the highest frequency corresponding
to particles approximately 5 nm in diameter.

e The presence of nitrogen groups on the surfaces of
graphene quantum dots provides the basis for the
creation of additional light-absorption centers,
leading to an increase in absorption intensity.

e Investigation of photoluminescence properties
shows that nitrogen groups enhance emission
intensity and stabilize the fluorescence, with
Sample 4N, the optimized sample, exhibiting the
best optical properties.

ACKNOWLEDGEMENT

This article is an excerpt from the PhD thesis in
Materials Science at Malek Ashtar University of
Technology. The authors acknowledge the financial
support provided by the university.

REFERENCES

1-  Bacon, M., Bradley, S. J., & Nann, T. (2014). Graphene quantum
dots. Particle & Particle Systems Characterization, 31(4), 415-
428. https://doi.org/10.1002/ppsc.201300252

2- Tian, P ,Tang, L., Teng, K., & Lau, S. (2018). Graphene

quantum dots from chemistry to applications. Materials today
chemistry, 10, 221-258.
https://doi.org/10.1016/j.mtchem.2018.09.007

3-  Lee, S. Y., Kwon, M., Raja, I. S., Molkenova, A., Han, D.-W.,
& Kim, K. S. (2022). Graphene-based nanomaterials for
biomedical imaging. In Multifaceted Biomedical Applications of
Graphene (pp. 125-148): Singapore: Springer Singapore.
https://doi.org/10.1007/978-981-16-4923-3 7

4-  Wu, X., & Zhao, J. X. (2015). Fabrication of highly fluorescent
graphene quantum dots using L-glutamic acid for in vitro/in vivo
imaging and sensing. Proceedings of the North Dakota Academy
of Science, 69, 27A-27A .

https://link.gale.com/apps/doc/A434223475/AONE?u=anon~9d
acSeSf&sid=googleScholar&xid=20f6cadc



https://doi.org/10.1002/ppsc.201300252
https://doi.org/10.1016/j.mtchem.2018.09.007
https://doi.org/10.1007/978-981-16-4923-3_7
https://link.gale.com/apps/doc/A434223475/AONE?u=anon~9dac5e5f&sid=googleScholar&xid=20f6ca4c
https://link.gale.com/apps/doc/A434223475/AONE?u=anon~9dac5e5f&sid=googleScholar&xid=20f6ca4c

7e-VvV c(\f'f ﬂ'ﬂLf.) J‘ c‘)w A\Y 092 wr“m.:“ 6[.&6)}{.5) J‘}A MM

423,&:3 ‘5‘.&‘5J‘9L25‘9:|y MLZLAJ

& & &
Journal Homepage: www.jamt.ir oty shy b=,
B JA\S 643\.5.6
- Z . ws . e o e of. afw
P ol b g, 8 518, p 05548 Jele Oy 50
YUJL.“>| f.au ceﬂ‘_g-\i‘”l-e Loyl u\éjlél mr
Il g el S e oSl 3l po puenligo 0lSil o5 5350 (5 il !
Il gzl S o oKl c3l g0 puenligeo 0dSCiils calevel |
e BB e gl S ol Sl ol Wsa oS des 0 S SL3SL o8 318 el B e ASr e (S azesey b0

b adshe onse @5l 5 e gl S (SOl (sos gl Gl el S
SOt 5w s hay S el bodespyl Bl ash cnl 3 Lsde g
Y o slie 53 055 5 Jele Ol e 1l glate sy sl oS 13 Jole (035 25 i Ol ,\iL,SJ)JcAC}é}AI
Qlly (i Jpame Gla Sy L3 Gln G A3 GBS 1S a3l S BB @ &y Jse ? 5 Y
b g Dlomis 4ol 5l b romen (23S ol UV-vis Clor 5 PL il ) g8 FTIR 3JUT
55155 bl 3525 C=0 5 C=C FTIR s 55 i oy HRTEM Vb S5 s b gy Sl s S
5> ID/G e 03 Vo Olely i s 458 oAb 15 0555 sl Jole ) pm N-H3 CN 5 031 S
Omman LS oo Aol ol le Sl sbal se LT 55 Olis 4 carly D3m0 b aglin 53 0l Jale & 50
Sl Ao 0L L Sl Bl S 318 sl a) i Jalse spam ol DA Olge 1
St S opb pleosl BB B L VYN e (S S slagsadsb B o (il ) 53
slisls Jole 31,8 Loyl sS LLE das o Ol alissug ($555 polsm Aas e OLIS | Orvenm 5055 (58
(S S bbb (gady s sladgle 5o 55 db b Jul 50 Olgsar VL Jeudly 5 s 20
Ml 5 ea3l SRl o pe S e 5 lan s 8 A Sl 5 o8 e S wl DS

Ly gl s Shas

https://doi.org/10.30501/jamt.2025.549469.1341 URL: https://www.jamt.ir/article 238538.html

VECEAVN Y sl oS
VR OANE 1 S5 5L

VECE/ /08 adad 5

:Lhaj._;-\:.ls

S esslS b
D335 Jole

ALS 5548 55 s
R A e ol
rileie sl 5

S ol ol L3 Jle e ml Caee YL

dode —)

Bacon et al., 2014; Chen et al., 2018; ) s ¢ 5 Jle 5,5

.(X.Lietal.,2015; Tian et al., 2018; Zheng & Wu, 2017
L) o s s s B3 S J3 L S slaes!
L u;;ﬁ: VJ‘ aor by iVl S s sty (ASle fous

)wﬂbfwds.)whbw \) o.,\.\i.b“j::.h Sp? QLA.SL:.A}

Bl cpl 558 o T (63 508 iyl 55 it 8 slag s I

Olgen "l S agnlS bl gode YV 03 LT s

Tislass 5 Tl b s bep S eslils Sl gl e
L slpe 5 ke Glbis 53 g S ST 5 s Cass
S o Sl a3l § el S bl (Tian etal., 2018)
S Llodd |55 Cogeras (1S o) WY Kl s
(sl sl Wsa 5 S a3 (1S sl ge a5 sama
e 4 g Sl tabez 5l 5 ol s (Shs l

3. Novoslov

1. Graphene Quantum Dot (GQD)
2. Gayam

Shalg Losdms 10K lboge
J‘/}A L;W./L\.é‘ A s 4/.;..4/ S L}’M ﬁL{.{L’/} 4J/j{—; “J/j'i-; “J/Jf/héw

h.r.baharvand@gmail.com : )Kaf\:.;


mailto:h.r.baharvand@gmail.com
http://www.jamt.ir/
https://doi.org/10.30501/jamt.2025.549469.1341
https://www.jamt.ir/article_238538.html

FEVY (V0¥ 50l) F Goslad OF (goy0 ta iy slasy ol 5 ol 5o aaldad /00 Ken 5 (5 LS mr £4

355 2 man (P 5V S S p S 5 O o]
Uoos @osol 5l i Y0¥ e L0355
Gl a e S bled an 50l xSl Y/00 5l
Ple S (el pland Lsn G S 53 05,5
S el S b Al 3 (S a4 e 055 A
5,8 o 15 il 3 plils Copen b el fuate
il Jale S o 5lS BB G5 S sla S5 cnl il
PSS bli S o s BI3 (s 2 Ol Al pa
Slaad cpras oo 510,55 Jdoa b i sl Jale
Ll bie S alitn cbin 550 bl 5 Ly
b S Sl Jlad 3y o g T s 03550 el
sad g s s 3 lge latas cpledes 3 558 555 o
Kauret) 555 o0 4o e JUS 58 5 lag 5L o o5 5
Blobe 05548 Dslite bl .(al., 2018; Tian et al., 2018

5ol gdme JT 5 Sdme 53055 280 SlS 5 a1l
J13055 25 3l e NH3 S el (NaNO2, NaNO3, lacs 2
Jurrssl 0355 Aol Sk ST el b ols) T
Sl 5l DS 5 mman ol 055,20 38 5 (05550
Kauretal.,) coul ol 35158 053 20 &l e Ol
b3l (eS8 S astls bl 2018
S5 6058 (Rt bt S (et Slaiss
(o0l 5o sla s, 5 (Adl) (oS 5 Sl fao b s el s
Sblele ssken slend sy Olecplys pd e s lele
Gib3l Ygome 53,15 3,08 wsle o 5l (6305 low 058
bls clﬂ-ﬂ S hn sy se Jole (oland Gla STy
S ol Sl pemes 35S e U3 GHS sl

Sadegh Hassani & Samiee, ) "ol o jiws 53 5 01350 coslas

.(2021; Tian et al., 2018

Sl 53 0558 S SR Cambgn 5 055 0 Ls 50

S 56 5 e Jolse 5l 315 asnl S blE oz yuNad
2 s pl Sl Jpame pland 5 (b (ol
D15 s AU bt 5 S (o8 Slosast
CSsm 5 am 03 Uos a5 Jole 5 cn S Ols gladisy

.JJ‘J b)}j\cdfjf\}s_}r&u\;ﬂ

ble s glons Sl s s ool b 4 e
S oS IE L g5 ko a 13550 315 el
SO s el (o s by LS )
(Tian et al., 2018) 5,3 55
ol 2 s s P8 essls bl s el
Al s SbS Az e Sl She el (S s abed
Calta 5 il B ol s sk iy 5551 S
ol Ao same IS S GS a3l BB S S
SAeds Glad sl ) )3 Lot oS ol (o pe ol
«(X. Li et al., 2015) gl ) «(Khan & Kim, 2019)
Durodola et ) Laji,iﬁlm' «(S. Zhang et al., 2016) Laj_<w>
(Ranjbar Navaziet al., 2017) &5 Cawe «(al, 2022

Chung et al., ) ;s 5 (Badiei et al., 2014) CSW 5 g

4> 9 Lb 5,58 (2021; Moniri Javadhesari et al., 2022

Dls Jdsar osle (pl S o 55 a0 1) Oldies 51 (6 5km
5 LSt il bosast e lass S 03
o2l Bl 5 s S ol el Sl e oS s S
PSS 58S BB ol Sl gla sy el Sl 5
Ol Db als 5 sl SMal sl 5 JSs S G b
sl s, 5l S (Tian et al., 2018) das o Fo edle mhaus
role 035 3l bl S el BlE ol s
55l BE e 5 sl 55 (058 b Jole) Jais ) 5o
st Sla Sis 5 ol Ol Sin 5 Sl 1S
Oli wl,lS (Tian et al, 2018) 35 sbwl ol s 1)
055 «(Leeetal., 2022) 4 ozl dlises jolie das 0
Afsharipour et al., ) 5 5,5 (Xu et al., 2017) ,aud Y
3ot oskany IS e silS BB Sl s 6 5 (2022

OL«:-' wj.f@)y &:Jlm'“* 5 'rM“'.: C_,.wl er.i: })‘j uﬂ‘)}

F S5 Lo el s Coson jole pl s, das e
Chen et al., 2018; Tian et ) Coul ol plnil o 5o L ]

.(al., 2018
PSS eslS BlE @bl Ye) e s Lol
Kauret) s S 513 o) 3550 5 A5 (s 25 84,05 Jule
Sl ¢ osls Jgd 53 0 S U055 20 & sle (al., 2018

sae) Sl o:ﬁﬁiﬁﬁ.&.@\)wjb Rl st sae

3. Pyriidnic
4. Quaternary

1. Graphene Quantum Dots (GQD)
2. Pyrrolic



Ve Fe-VV ‘(\Y'f j:iL.’.> “ﬂ 65)Lm:1 c\f So 92 4.:3}.;:4_ 6&6}}\3}}\}4 MM/O‘)&«A}L;# ra.f

Pyridinic M
B '
L% + i
‘._N a
T
H

Quaternary
N

Pyrrolic M TI

H
DS esslS LE 53 035 58 Gladisy Canss ) JSS
O35 Jaw i ol )l uls
S slses S sl 05,8 05 yls Wsas deal Sl 8
ghe ol s il S 1w &S 3l s )
LS IS BB o g oo ey s 15l o ibie
O5s5 s 0l s Jale jslaeds cnlin Loyl 10 ol s

S ol dizee il ol (Wu & Zhao, 2015) wily 1ls

PE ol n posatr elie G OgSU
Bl ol 5 el Sal SIS e Sl oSy (31,5 e 5518
03l 48 80 g LS g el e ) s
Som PSS b e Sl e G
SY /Y o) Siss bele il pslie 50 O ganlj s S
Sl ol w35 3 s () Jse ?
Sl 5 hele ey S bl 0 by uilaia g
Jolo CBle bl psn alaly IS o ki e 8lS
andls Jlsa |y Slap sl S 315 sl s i o G55 A

GRS gy 9 3l g0 =Y
Lol Sl S o8 adsl e 51 1S el S bl
5 m LRas s eslizad L QI S oS e el
(Luo etal., 2018) L& juw (21K ;,jj dlas ulal
ShO5s s Gkl 038 bele pskear sl s
col) NHOH  plad Jsed b TlaS g sdme o sal
e Olseay (FO/+F g/mol Jse oo L Ol S o oS 2
sl DU iy opl 3 Al eslinad 035 50 oS s
Sk sl LoV g5y ced b RS

Lig 53 el ol osls 0L ) IS5 s S 5boles

DA (S sy 5l b 4l 5o 05550 S
al- bl o O Ol S S Sl b
S o513 L 0SS o5 0F 53 55,8 e 5l B s sae gy
Sl 53 O Sl L 3 S Jso 0)ls Lisy
B el a3 038 o B () QB Bl
S o Ul L S o) e L 0B Sl e s a8 S
g5 ol ol Sl s Al Sletle s &S glu S
lone 755 ) yon & 351 ST 0 e S 035 5
bbb s bdisy cpl 3,8 o U3 05555 5, pair
S P AU Pt PRSI LR G PR PIN [
L 055 o) eSS S Sl 5 Ay ol
23 il @3l Dy gty Sl 55 5l Mgy S ol ey
5250500 S W Rl (BIS el b Sl
S oS b 53 5 5l S L A L G Ky
G Caglie Gl BB s Ly gy ol Ssde
IR e (S S 5 o8 2l 2 0 sl S
(Kauretal.,2018) coul 5o oelaw slac Jlad o> Ol o0
S bl s 05 Jele das e Ol Olidss

Gl dalya)  pUle, B e (RIS
Censlie GRaS 5 (S Sl S gy o gn (53055
aa 51) OF oI 5 oo (ol 5 55 (55 el
Ly O sasl b1 & Can slie il 5 0 a3 S g0 Ll el
Sy et (So S 5 (608 Sl 2 g (s il
Kaur et ) 55 o plard o iSly 53 655508 ol
S50 Jols 31 e s5lsS bl (al 2018; Xu etal., 2017

cLﬁ)j):JULsgLALQ):L c&’lﬁ-j.ﬂ 6LAJ}LN‘LAJM‘)> LS"\i):':"
>J_3)l5 _9)\.) u,;.)_l.h) 3 d'lw.;) J.LJL,AJ (LED cuwuls_,:.‘)

..L;J‘.)

2. Ammonium hydroxide

1. Luo and et al



FEVY (V0¥ 50l) F Goslad OF (goy0 ta iy slasy ol 5 ol 5o aaldad /00 Ken 5 (5 LS mr VA

Je Kaes )\ oslaial l.; YC)"")P A.i‘)j.s Ji.LJ u}w;.&:.]a
sskwa FTIR 27 Bruker Tensor Spectrophotometer
3PS el BB e gl S ) 5 b
A ploil O 8l Jale Il an

Joe b TR e Dl Sl dadisad pla 0 03550
“J,Jlmg.a s o5 3 Camspec M350 spectrophotometer
i eslizal Ava-light-DH-S o&iws 51 eslizul L

oS 05 (IS anliss s N J g

(mol/lit) .\gL..SJJ.A.,ar_,.,Z_,aT Ol 50 & gad awlid
' ON
¥ 2N
¥ 4N
7 6N

o g bl Y
FTIR 4,8 JdS & pms b ormich 56T )Y

3 RS S b e Olk s S
FTIR 3l eslizal b Lol liasein (g 25 5005 Jale Il
03 sad s b has il (23S 18 LT 4
23 ule Glaes S s el sl esly OLIS Y IS

Z

9 C=C LSLA"L’}'% aS MDL;‘: QL.I»; Dre=Yeran CIIl_1 oJSMS

100
vy
L

Transmilancea (%)
=11 ]
I

40
=
e

|‘ C.0

{\. cH ll‘ /1€ \ i
SR / @\ o O |
o fc-n \__q_":j

e
Amine lH | fcu
A~ v

3500 3000 pspo 2000 1500 4000 500
Wavenumbertcm-1)

5 G dsn P 5 ¥ /Y @) 1 bslse LS 5 sdng s sal
A esjen baa (los 55 4835 Vo Ddeay eobliae s
s Jale 31 asmlS bl Opson olg Jsama
o303 0L LIS pll ol b Y ISCE s el Cney (s 2
olie bl sdiantle Glakisel pomen ol dd
3 okd (ISl a5 “\iL"Sﬁ)J":Af}:;)"T Bl

sl muu;w Y Jsd s Ll oledbl

o] (¢}
/\/\/\ synthesized
HO NH2 OH
Glutamic acid

Graphene Quantum Dot

%

Nitrogen Doped Graphene Quantum Dot
LS e s8S BE 35 s e 5 el b X K3
uJU.bl g:)jg.wj;.:d )‘ 4&.\.& ;)\Ju\ f.ﬁ\)kﬂ E) )L’I}LA WSl s
200Kv Schottky field laseie L 'YL T b S
blo vy, sbiea Ol il s eslatal emitter

Ocean olSaws bawss OF ;5 03500 Jole 5 o315 egulsS

a0 100

80

Transmilance %)
60 70

50

40

Amine H-H

1500 1000 2500 (2000 1500 1000

Wavenumber{cm-1)

AN(o 5 ON 503 (Al 30 B0 g0le il i ¥ S

3. UV-vis Spectroscopy
4. Photoluminescence

1. High Resolution Transmission Electron Microscopy (HRTEM)
2. Fourier Transform Infrared Spectroscopy (FTIR)



Intensity(au)

VY FEYY (VY 50l) O Goslad OF (goy05 1a iy slas sk 5 sl e anldas /01, Kan 5 (5 K8 =P

g eay Sl yBlS S Soles,l anls E2g il
53D LL s Ll &S boles ol by e esle Koy
ol Slap Bl S 1S e (555 el 5 s b LU
Ygonn 503 SP? Ly 55 ol o La palii o L ilad 53 S
05 55 5,8 o S 03081 oo 5 ol Ll L
AL A0AY em 5 VYO ki s 4G 3D S ON
Sle s ek bl s D Sy Ul s s e
9 3303, lacdl- asOlis G Sy 5 355 o sl
L b edil o 5 e ON €yas 3 ol C-C sladigy
IR RS a5l S BB bl s g 55 Jalse ) s
g NN L5 N-Cslaki e S5 pioman ol Bl
el b i slie 4G 5D Gkl s Sy sl
Sl gl e 5o 0n S slagsl slaad js Il -l by
Ont oS 5l U DR rmes 5 4GS 53 00
53 S Bl odd Compn o S bl 5 055 55 slags]
Jde L 6N S s e ol Lyl Sslize bl
g Gl 31355 o obalis ON & g 4 o (6 iy o
o 5o s SIS G Ll S s S o 5 b
b ilel 53 ml el el ot SP? bl 5 5 S
(Luo et al., 2018) "y} s (Wu & Zhao,2015) ' 55 ols,l S

7900
G

6900 D

5900 6N

4900

3000

2900

M
1900
1200 1300 1400 1500 1600 1700 1800

wavenumber{cm-1})
6N 5 ON & 505 33 53 Obol,y ewil el el ¥ Jss
Sl eslizal b bl il ol 51 (5 505 s 50
aesle 35 o3 5l Cancado adaly bl o 5 In/lg ol
g oo odalin Y Jsax 53 Ol m s A
In/lg =Cs3 x 1/La QD)

Y’~~~‘\O~~);%}Q(QW\J&MSU@;L;LAUJ?)C:O
LS o dol 1) 1S LeglsS bls 1Sa OFA em'!

N-H (el bl e 508 Wgs 54 .(Wu & Zhao, 2015)

33 el s S jsas saasOlis XYSeem? s

sl Q\.a(:j;;ljsvébf
)J ‘;-\9\ 6‘.&)‘}; ‘L;“\'.’.j::." ;M)\)JALQ d\;— R ‘))
J...sﬁ: “ Lyﬁ K_ov;j)—?d.’ oS .b}&:‘_;a R YY++ cm’! _5\/'?
Sl kg g ol 8ES el 5 C=C 2iS
YAQS cm 5 AYYS s sS4 e N-H 5 225 C-N
Aol 1S esmlS b s 1y 0558 sl ele sl
4> ;3 C-N 5 (Luoetal.,2018; Wangetal., 2016) LS 0

s Jele A0l 3 035 seelad ga s asLES Ve e v 21 YO om!
“Vovem! Colis b oe S ol 055,20 bu g Ol
S5 S Olarplys . nl =0 L2iS Kgw a0 by je VYoo
bla ;5 C=C S5 o by, VoA om™ s sddedalis
S 5o s Al e (s 2o sl Jale (31 ST e g3l S
Sles S Lpam Hs (JeSn S C=0 5 Ssboy,l C=C
PE s b el 5o O Jltie &8 ol e 35S
Jsay dis b 5 ol asl rals (318 esslsS
em? 3 C=C oman .Conl il (055 20 Jule 05l
s 3l = GBS N-H sl 353 o sdalie 55 YOV
35 el (laes S 5 pa s asolis FYVY em! s iswie o
Jols ey 8 ol sdijls ole 315 egnlss bl
53 ol 5 VL T C I SaasOLis 35 055 55 5 OS]
AL o sdalnsts Y guases J hos
Obl, orwadb —Y-¥

RS pslS BB bl Sl s p sk
a=b 3 bl il SIUT 51055 20 Jaw 5 ol s ele
sdalie ¥ SS 55 anler LA ealizal VYo —VAC e om!
5 ON) ol cJ>= o5 s Ol ewcid @Lﬁ g
LD bl o aglin o L (6N 4 ga3) 0uiyls oo
Loy SP? Sl oS s gl 5 sl als w
Ly oG Ll S s etil o op S 4K 51 SP? glak s
L s oS sl SP? slakiyy S byl w

Sl ¢y G oLl Cads s el IS eyl

2. Luo

1. Wu



FEVY (V0¥ 50l) F Goslad OF (goy0 ta iy slasy ol 5 ol 5o aaldad /00 Ken 5 (5 LS = \Al

Jolse SIS sbar 15 il ol e 318 a3l S LB
Bl 5t kel 5 O 3 jhd o po il o ol
53 Dlns Sokea ils Jlisa 1y eSSl il
23 S e KlS e eyl S JUS A g sl s
esslsS bl Slys 830 s s cam s 5 Ol sl
Ll Wl Coms SRIP1 il s 38
(T. Zhang et al.. 2021) Lil 13 o310 sl saasolis
s Cancado akayl; (5,55 Slawlre oo ST O 542
@l 5l 36 Lo g sl SIUT 05 0T s Ol
IR I PSS RY
A 6oss SN Sy S polds ey YT
e

ble wlacsy, aslad 5 oobrle gla sy
S s HRTEM L 5 i 5313 Jule 315 o5l
(Al gal ph e sdalie aler l sdalls LB O
RS sl BE Sl mss s CHpS elaes
BIRSEY &I Orer LS e .xﬁ‘ls L s sdyls fele

Ol y3 e

(nm) (s <l la e 55100 La

U Sl )G 4D K wud o Iofls
(355 0 domlome

war sl S Col maad b 4l bl SCOL)

wjf J.k.r L OYYnm cw%’p L OJL‘.L:...A‘J)‘,A BK’;—NQ

Pyt
Cancado alal, Clasloes o] APIPRES
Ll 5 (nm) La awll
Ll » (nm) La IS ahand
el (v In/lc
HRTEM Cancado 4Jslxo & o
A VY VY E ON

I/lg Olpe 0350 Vi o8 555 g0 sdalie gyl dlin

o s Yo T3 g Ol eats ON & yas U aslio 3 6N & gad 5
Sl s eddsbl el sl s alie 352y sl
i 035 Sblele pomen Sl ki belse by
boaslie 53 OL3 2alS 4 et i Jolo b o318 e gl S

Frequency(%)
=

C)b.) c)l.b| JUJ" )‘.)j.o.: (CJ Sl = Z.L.DL@ (g_) caJujul)JAl& &:J‘.}¢j:.'\)s‘-)3\; be @)j: (gl.“ AN d.vj.a.v J:’.JL‘;" 0 JSa:v




V\c 9;—\/\/ c(\f"f ﬂl{) J‘ 65)L~i c\f’ 65)‘3; 4.23]..1:3' 6&6}}%}}\;;1 MM/O‘)&«A}&# V'lf

G*
Tr*
11
11
11
11
1
Energy ‘ : : H ‘ n
= 1
[ |
11
11 T
o

6% 0 (53,31 JUsl i Ol e P IS s 3
L3 W gane ssba 5505 6585 5 el s e
e UV S b 5300 m - ped pb L blze Gl
50 0% wn SVl sl s S Ol g e alie [ sba
s 555 g0 50T UV-Vis  wcib lawy a>lha
SV &S Iy 5l s o 5 oS Sl sadsh
gadsb 5 Sld Ol b s Jsems psba ™ wn st wm
sdalin S x>l 4 Sy UV-Vis Cab s Clo
SV 5 o3l LS 5 5 d ad Ul e sdle L4l e
3 d¥se O A gl G L Jll s
UV-Vis 3l eslatal b Wlg o 50 S se S5 OV
.(Hasan et al., 2019; Kaur et al., 2018) > ;. }:JLZT
Sl S apmlsS bl glawses Uv-Vis il
05 O Al polie Hglax 5 (gl xS sl fule
03 35 o0 odaline &S 5 boles ol sl esls GLS VIS

gl ol Sy Kb bdsl (Al S
P e s S JUsl 4 by e 45 Lies YFe-T¥enm
(sl 31 S sl bl b 55 C=C 48 55 slakisy
Sed 5 il Ky Kol fole & gad 53 oS J- s
sl sbes S 5lm oo n® Jsl 45 5ol sy Yoonm
Sdd a5 B Al Bl e 59 e 63y S (05 50
Sl Pal 5 b i Jole sl iped ol 5 ol
5o Olme sl S o b 1 Sl 3l S 313 s S
Khan & Kim, 2019; X. Li ) Xles S u,‘;:)\)f L selie @Lﬁ

(et al., 2015; Pillar-Little & Kim., 2017

3o T Sl do s oS ol el oS L sl s
.g;,»la.,\_in\:QLijc)bjA}J;US\ﬂ 3 e § S 031l
o 3)\.)\.!\ Ls C)bb L;.U\J,e w]'l..:..:_» EREES &;»}lj,‘.(_: 9 L;}JS
Slmits Aol ab g e L;b)\}é(p; Sleslanal b ooman

)\J«.Z.AduﬁuL}QQZM)(J&b&(JfJP‘)SLLLMJD
W3 B3I w5 laged 53 S (g xSeslul d=+/FVnm

ol sl g}:“)lj'f ‘Q‘Jrjb‘jsuﬁ‘ﬁ

S gl i )y Y-Y
el Ve 5l xS sl L uj\; ool bl oyt
el s ool Gog Lol owsp skt iees Bl jans
Slagsedsb yesls 13 Sl b5 B (S e s L
LBl S8 (3 B3l e pa s wbla LT ) o sline
SRR S e 03 s Kl S i 5
el 5 e SV 655 o 4 e L0 5 S
4 glies 53 Jlhe 4 C2S5L 5 BLal (655l Osls s
FS el b 54 g SN Ol e Sl (65 51 ek
3 S adsb bl elisble Sie sl ol
53 Sl 5 spie sk ol Sow s el iy 5
BRSSPy c\ad G| Ol o S L plad sal
Sodiable 55 Vsane 5355 o a8 sl e & <2550
P FECPC I TE I ORSAIPE ST SRR TR Rt

g sn ok

R P e TSP TR A
o 0l s sl ij' Ol oo Yrr—Avenm C}«J}L
ol Sl Sl el Sl O okl Cdr b agas
o b le 5o 0 S Jisl Cid> s 55 0 YL e 4
b b LY sl s SIS o sl (6551 Ol s Sl
TS5 a0, s a5 slse plagd Sl s
Ao 3N glg e a0 S 50 sl se sla s S
oot Dbl G S Ul (S se Jlie 6555 sl
Hasan et al., 2019; Kaur ) 5,8 » &40 # I el
Aetal., 2018




FEVY (V0¥ 50l) F Goslad OF (goy0 ta iy slasy ol 5 ol 5o aaldad /00 Ken 5 (5 LS mr 7

242 T
35

25

Absorbance
%]

328

0.5

320 S420 520

Wavelength{nm)

220 620

720

Absorbance

4

ol

35 | 229

25

1.5

0.3

200 250 300 350

Wavelength{nm)

400 450

ON( 5 ON(C! (slad goi & by o o ib VK8

3,05 13 Lo gt slaw 3 3l o N 5 2N (sladi yoi
ol Dad 55 1y S SRl ON € pe b a5
S Sl AN Cgad 4 by e (C_A> Dl ges s o LA
AL s el O30 g Olpee b el sasOLLs
ool 5 als 1y Fees CPS saus (bl ol
350) Gk Glagsedsh Covn S LB Sl
4 feeonm &fu Cyd}b 00 &S Cawl (e gl FA-Y¥AW
Sl s K3 s 4 bl ey s Sl
LE e 550 BB o i Sl AU LS e el b
Sl 1 el 035 50 slaals Jdsa bl S e gl sS
L oS sl blo (S iS00 sl il e 055 55
JLisl e o &8 S sl Gl (65 5] sk 5 Las esS
S o3 rl s Gk zsed sb) 5S35 L Lo s s
Sz sedsb 55 N5 2N ON (slaspod sy « o
ls 3 (P —YAM 350) ek S T
Glaes S Hpam 5 oV I 5l L 6N & el s
Sk Glagsdsb sy Sy Sandse D555 Sl
S sl ble s e bulr (K550 3 4>L) fAnm
L phpel 5 e s GG Sl R e
oIS BB Tl 53 035 0 3 Ses0luss L5 e
U 4SS sl b e SV 5 s sla e (P S

Aled o Lo 8 1y el 5L

305 miaieh ) 5 V-0

o) 315 e stlS BB Sla Sy 5l rems b
53 PH 5 O geslidnS Olje (gl K5 o3 65100 cad &
S Sl ek b O e la S5 ple 5 osle jma
25558 Bl 5 PL ol ks s ool b3l LG PL (5, 55
Al (San ez o 5 ele 53 oS (g8 g5 4 RS
J'b:ﬂ\;fi}g;.a;.-%sjsj@tjscdﬁz‘gj\.u\k{La:uL;\s
(o gere i 48 Il s el LU 3 (o3l S eyl S bl
ole Jlitle 555 o glr (aBl5 5 S S S
I w4 Sl Sl lslge Gl b L5l a0 s ol
blo ula,sls o5 SIb conls é‘ﬁ)-’ (s S e 5k al
-5 - o oSl as se OV Lsas a3l S e g3l S
.(Kaur et al., 2018; Tian et al., 2018) L5l e ¥

SElS B il s 8 G Cesls e

ciliee pslie a5 (G sdsls hle slacpl S
S Sbpsedsb eagdee 53 A ISS 5 058RS
aslas 53 &S bokes ol sl esls OLES TY—FYenm
83550 53 (ON W god 53) I K3 15 505 53 5 53 0 odalie
(ol Sl S G 6 ol 70 dsb &6 ) ¥o 000 onm
sed=YAm 5 Ll sls oul Slue o Y2 enm s yde 5o
5028 S sy Jsa pa 058 e sdalie Yoo CPS
533dous 53 2l ds COOH- 5 OH- wils sle glass

by gaaS (5-A) 5 (G -A) sl als )15 e
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