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MO DAU

Trong bdi canh céng nghiép hoa hién dai hoa, van dé dn mon kim loai
dang tr¢ thanh thach thirc 16m ddi voi nhiéu linh vyc then chdt nhu co s& ha
tang, giao thong van tai, cong nghiép dau khi va hang hai. Theo uéc tinh cia
cac td chirc quéc té, thiét hai kinh té do an mon kim loai hang ndm chiém
khoang 3-4% GDP toan cdu, trong dwong hang nghin ty USD. Diéu nay da
thac déy vi€c phat trién va nghién cuu thé hé vat liéu nano wu viét nham dua
ra cac giai phap chong dn mon hiéu qua va bén viing cua thoi dai.

Cac phuong phap chéng an mon truyén théng nhu son phu chira
cromat, ma kém hay st dung chit tc ché dn mon vo co dang dan boc 16
nhimg han ché dang ké. Pic biét, cac hop chéat crom hoa tri sau (Cr®) du co
hiéu qua bao vé cao nhung lai tiém an nguy co giy ung thu va 6 nhiém moi
truong nghiém trong. Trong khi do, vat li¢u zinc oxide (ZnO) thong thuong
tuy an toan hon nhung lai c6 do bén kém trong moi trudong acid hodc kiém
manh, dong thoi kha ning phan tan trong cac hé nén polymer con han ché.

Trudc thach thirec do, vat li¢u nanocomposite g-CsNy-ZnO ndi 1én nhu
mot giai phap day htra hen nho sy két hop tdi wu giita graphitic carbon nitride
(g-C3Ny) va ZnO. Vit liéu nay sé hiru nhiéu vu diém vuot trdi: kha ning tao
rao can vat Iy va hoa hoc hiéu qua nho cAu triic nano déng nhat, tinh 6n dinh
nhiét va quang hoc cao, cuing kha nang chéng oxy hoa manh. Pic biét, g-C3Ny
khong chi dong vai trd nhu chat mang phan tan ZnO ma con gép phan cai
thién dang ké d6 bén co hoc va kha ning chiu mai mon cua 16p phi. Xu
huéng nghién ciru hién nay tap trung vao viéc t6i uu hoa ty 1é thanh phan,
phuong phap tong hop, ciing nhu kha nang tich hop vat liéu nay vao cac hé
nén polymer khac nhau dé mo rong pham vi tmg dung.

Tai Viét Nam, mot qudc gia c6 dudng bd bién dai va khi hau nhiét d6i
am dic trung, viéc irng dung vat li¢u nano g-CsN4-ZnO trong bdo v¢ chéng an
mon cang c¢é ¥ nghia thuc tién to 1én. Cac nghién ciru tién phong tai mot sd
truong dai hoc va vién nghién ctru da budc dau ghi nhan hi€u qua bao v¢é vuot
trdi clia vat lidu nay d6i voi thép cacbon trong mdi truong nudc bién nhan tao,
mo ra trién vong ng dung trong cac linh vuc then chét nhu dong tau, cau

cang, gian khoan dau khi va co s¢ ha tang ven bién.
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Epoxy 1a nhya nhiét rin quan trong trong linh vic 16p phti nhd do bam
dinh cao, tinh bén héa hoc va kha ning bao vé nén kim loai tot. Tuy nhién,
han ché 16n cta n6 1a d& hinh thanh khe ntt vi mo, dan dén xam nhap cua ion
Cl- va an mon thép nén. Pua hat nano nhu ZnO, TiO,, g-C3N4 vao nhua
epoxy s& ting kha ning can trd khuéch tan cua nude va ion dn mon vao nén
epoxy, tang do bén co hoc, d6 bam dinh va kha nang chéng nut cua 16p phu
epoxy. Tuy nhién, chua c6 nhiéu cong trinh danh gia tac dong cta chat hoat
dong bé mit trong qua trinh tong hop g-C3N4-ZnO va tac nhan bién tinh g-
C3N4-ZnO dén tinh nang bao vé dn mon cia 16p phu epoxy, dic biét trong
diéu kién thuc té.

Xuat phat tir nhu cdu thyc tién va xu hudng phat trién khoa hoc vt liéu
hién dai, luan van cao hoc ndy tip trung vao nghién ctru ché tao 16p phu
nanocomposite trén nén nhya epoxy va phu gia nano g-C3N4-ZnO. Tir d6, hoc
vién xac dinh, danh gid mot s6 tinh chat co hoc, hinh thai cau trac va kha

nang chong an mon cua 16p phu nay.



Chuong 1. TONG QUAN NGHIEN CUU

1.1. Tong quan vé g-C3N4

Céc dang tht hinh cua carbon nitride (C3N4) thudng duge tim thy véi 7
pha: C;Ny4 18p phuong, C3Ny4 gia lap phuong, a-C;Na4, B-C3N4, g-htriazine, g-
o-triazine va g-h-heptazine. O diéu kién thudng, graphitic carbon nitride (g-
C3Ny) duogc coi 1a pha 6n dinh nhét trong tit ca cac dang thu hinh cta carbon
nitride [1, 2]. Cau tric cua g-C3Ny4 thudng duge coi 1a tién hoa tir cac hop chat
c6 lién két truc tiép gitta C-N, urea va ethylenediamine, thong qua cyanamide,
melamine va cac din xudt polymer cta chiing, dan dén céc cu trac duwa trén
triazine hoac heptazine, nhu duoc thé hién trén Hinh 1.1. Pon vi ciu tric co
ban cua né (basic structural unit-BSU) c6 thé 1a nhéan triazine hodc nhéan
heptazine, ca hai déu phang, dé cac san pham polymer cudi ciing c6 thé 1a cdu
trac 16p. Pidu nay giai thich tai sao nhiing san pham polymer nay duogc goi 1a
"graphitic" carbon nitrides. BSU, entweder triazine hoic heptazine, 1a phang
nhung khong nhét thiét duoc lién két véi cac BSU lién ké trong cung mot mat
phang, noi cach khac, cac BSU lién ké c6 thé dé& dang quay, dan dén sy kho
khin trong viéc co tht ti xa trong cau trac ca trong mat phang va vudng goc

v6i mit phang.

(a) (b)

triazine tri-s-triazine (heptazine)

Hinh 1.1. Céu trac g-C3Ny dua trén don vi s-triazine(a) va tri-s-triazine(b) [3]

g-C3N, giéng nhu 13 mot polymer di vong dugc hinh thanh bang
cach thay thé mot phan nguyén tir carbon trong khung graphite bang cac di t6
nitrogen. Do d6, g-C3;N,; bao gdm cac mit lién hop m cta cic nguyén tir

carbon va nitrogen lai héa sp?, twong tu nhu cacbon graphit. Tuy nhién,
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khoang cach gitra hai 16p cua g-CsNy l1a khoang 0,326 nm va dac khit hon
khoang 3% so v&i sap xép cua tinh thé carbon graphite. Diéu nay 1a do thay
d6i su dinh coi cua cac electron va ting cuong lién két giita cac 16p khi thay
thé cac nguyén tir carbon bang cac di td nitrogen. Trong cing mot 16p, qua
trinh polymer hoa cua cac don vi tri-s-triazine dan dén sy hinh thanh cac don
16p g-C3N, thong qua cau ndi 14 cac nguyén tir Nsp® trén mdi don vi tri-s
triazine, déng thoi tao thanh cac 15 hong giita ba don vi tri-striazine gan nhau
nhat voi khoang cach trung binh khoang 0,675 nm. Nhiét d tong hop c¢6 anh
huong dén cau trac 10p, dong thoi do rong ving cam phu thude vao cau tric
xép chong cia g-C3Ny, hay chinh 13 sy phy thudc cia ning luong ving cam
vao hang s6 mang [4]. Tinh chat ctia g-C3N, rat da dang. N it tan hodc khong
phan tng v&i cdc dung moi thong thuong nhu nude, ethanol, toluene,....
Ngoai ra, g-CsN4 c6 do bén hoa va do cung cao, bén nhiét, chéng dn mon tot
[5].
1.2. Tong quan vé cac phwong phap tong hgp va irng dung cua g-C3Ny4
g-C3Ny 1a vat liéu dugc ciu tao tir hai nguyén t6 phd bién trong tu
nhién 1a carbon (C) va nitrogen (N) voi ty 18 mol x4p xi 3:4. Thanh phan don
gian va nguyén liéu dé kiém nay giGp qua trinh tong hop g-C:N, trd nén dé
thuc hién. Pac biét, vat li¢u nay hoan toan than thi€n véi moi trudong va khong
gdy doc hai cho sinh vat. Véi cdu trac polymer ban din, g-C3;Ny co thé dé
dang duoc bién tinh thong qua cac phuong phap tong hop da dang nhu: dong
trung hop voi ciac monomer tuong thich, kiém soat do cong bé mit, thiét ké
ciu tric nano dic biét hodc sir dung k¥ thuat tao khuon dé thu duoc vat liéu
c6 dién tich bé mit 16n va hoat tinh xtc tac cao.

Nhom nghién ciru ctia Zhang va cong su [6] di tién hanh tong hop vat
liu g-CsNy tr cac tién chat khac nhau bao gdm urea, thiourea va
dicyandiamide. Két qua nghién ctru chi ra rang qua trinh hinh thanh g-C3Nj
chu yéu dién ra thong qua co ché polymer héa. Giai doan chuyén hoa tién
chat véi urea va thiourea, cac phan tir ndy trai qua qua trinh cong va ngung tu
dé chuyén doi thanh melamine con véi dicyandiamide thi tryc tiép ngung tu
thanh melamine. Khi nhiét d6 ting dan, cac phan tir melamine sip xép lai tao
thanh cac don vi tri-s-triazine. Cac don vi nay tiép tuc trung hop v6i nhau dé

hinh thanh mang ludi polymer g-C;N4 hoan chinh [6].



Theo nghién ciru cia Wang va cong su [7], qua trinh hinh thanh cau
tric 16p cta g-C3Ny tir melamine bao gdm nhiéu giai doan chuyén hoa nhiét
dong luc hoc phuc tap. Cac don vi cdu trac co ban nhu triazine va tri-s-
triazine dugc tao thanh thong qua qua trinh loai bé phan tir NH; tir cac hop
chét trung gian nhu melam, melem va melon. Pac biét, sy polyme hoa céc
don vi ndy & nhiét do cao dan dén sy hinh thanh mang ludi lién két cong hoa
tri bén virng, tao nén cAu tric tim phéng dac trung cia vat liéu g-CsNa.

Trong nhiéu nam, g-CsN4 1a mot chit ban din hitu co da khong duoc
cht y dén cho dén khi nghién ciru mang tinh budc ngoat ciia Goettmann vao
nam 2006 [8] ching minh kha ning xuc tac di thé khong kim loai ciia vt liu
nay. Ké tir 6, g-C3Ny4 dé tro thanh tAm diém nghién ctru voi hang loat Gmg
dung da dang trong linh vyc xtc tdc quang hoa va cong ngh¢ nang luong.
Trong linh vuc quang xuc tac, g-C3Ny4 thé hién hiéu sudt 4n tuong trong san
xuat hydrogen tach nudc quang hoa tao khi Hy; giai phong khi O,; phan hity
cac chat 6 nhiém nhu NOy [9], formaldehyde [10], ...; khir CO, thanh nhién
ligu; xtc tac phan g hoa hoc.

Bén canh d6, g-C3N, con md ra tiém nang 1on trong phéan tich dién
héa va luu trir nang lugng, bao gom: cam bién sinh hoc; chuyén d6i quang
dié€n; pin tich dién; siéu tu di€n va vat li€u luu trlt hydrogen. Nho ciu trac ban
dan 6n dinh, kha niang hap thu 4nh sang nhin thay va tinh than thién méi
truong, g-CsN, tiép tuc 1a vat liéu tiém ning cho cac tmg dung bén viing trong
tuong lai.

Vit liéu g-C3N4 ngay cang duoc quan tdm trong linh vuc chéng an mon
kim loai nh¢ nhitng dac tinh wu viét nhu do bén hoa hoc cao, kha nang chiu
nhiét t6t va cau tric ban dan dic biét. Khi duge két hop vao cac hé thong 16p
phu, g-C3N4 hoat dong nhu mot rao can vat ly hiéu quda, ngan chan sy xam
nhap cua cac tac nhan an mon nhu oxygen, hoi 4m va ion chloride. Kha ning
hép phu manh trén bé mat kim loai giap hinh thanh 16p mang bao vé thu
dong, dong thoi dic tinh quang xuc tac cla vat liéu con mé ra huéng tng
dung méi trong cac hé théng bao vé chéng dn mon c6 kha niang tu phuc hoi
dudi tac dung cua anh sang. Nhitng wu diém nay khién g-C3N, tré thanh tng
vién tiém nang cho cac giai phap chéng dn mon thé hé méi, dic biét trong cac

moi trudng khic nghiét nhu moi truong bién hodc cong nghiép hoa chat.



1.3. Tong quan vé ZnO

ZnO 1a mot oxide ban dan dugc hinh thanh tir 2 nguyén t6 Zn nhom 1B
va O nhom VIA. ZnO kich thudc nano hién 1a mdt trong nhiing vat li¢u nano
quan trong, thu hut sy cha y dac biét tir gig1 khoa hoc va cong nghi¢p. Cung
v6i TiO, va SiO», nano ZnO nam trong nhom ba vat li¢u nano dugc san Xuét
hang loat v&i san luong cao nhat. Nho viing ciAm rong va nang luong lién két
manh, vt liéu nay sé hitu nhiéu tinh ning wu viét, md ra tiém ning ung dung
da dang. Ttr linh vuc my pham (chat chdng ning), ning luong tai tao (pin mit
troi), dén cam bién, xuc tac quang hoc hay thiét bi dién tir, nano ZnO déu thé
hién vai tro then chot, gop phan thuc day nhiéu nganh cong nghé hién dai.

Zinc oxide két tinh & ba dang chinh: luc giac wurtzite, cdu trc tinh thé
1ap phuong gia k&m va cau tric dang khéi mudi loai NaCl, trong d6 cau triic
luc giac wurtzite 1a dang 6n dinh va pho bién nhat. Anion oxygen va cation
zinc hinh thanh mot khéi t&r dién va c6 thé mé ta don gian nhu mot s6 cac mat
phang khac nhau cta hé toa do luc giac ion O> va Zn* chum vao nhau theo
truc (Hinh 1.2) [11].

(a) (b) (c)

Hinh 1.2. Céu trac ZnO: a) rocksalt; b) zinc blende; ¢) hexagonal wurtzite [11]

Nano ZnO ton tai ¢ dang bot tring va gan nhu khong phan tan trong
nuée, khi nung trén 300°C, né s& chuyén sang mau vang nhung sau khi lam
lanh thi tré lai mau tréng. Vit liéu nay c6 tinh ban dan loai n nho céc khuyét
tat tu nhién, két hop véi dd linh dong dién tir cao (~200 cm?/Vs), phu hop cho
ung dung di¢n to¢ va quang hoc. ZnO con c6 nhi¢t d0 néng chdy cao
(~1975°C), d6 cung co hoc 1én (md dun Young ~140 GPa), va kha ning dan
nhiét tot (~50 W/m-K). ZnO 1a mot oxide ludng tinh, c6 kha ning phan Gng
voi ca acid va base. Trong mdi trudng acid, ZnO tan dé dang tao thanh cac

mudi kém tuong tmg, vi du nhu phan tng voi HCI tao ZnCl, va nuée. Trong
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moi trudng kiém manh, ZnO tan tao thanh cac ion zincate (vi du: [Zn(OH)4]*
trong NaOH).

ZnO ndi bat nhu mot vat lidu da nang voi ing dung da nganh nho céc
dac tinh dién-quang ddc ddo. Trong nong nghi€p, nano ZnO dugc coi la gidi
phap dot pha nho hoat tinh khang khuan manh, giup kéo dai thoi han st dung
thuc pham va nang cao an toan vé sinh. Linh vuc m§ pham tan dung kha ning
tan xa UV uu viét ciia nano ZnO dé phét trién kem chéng ning lanh tinh,
trong khi nganh gdm st img dung tinh chat diéu chinh hé sé gidn nd nhiét va
tao hiéu img quang hoc (bong/mo) cho san pham. Shailesh K. Dhoke va cong
su [12, 13] da dua nano ZnO c¢6 kich thudc dudi 50 nm vao trong 16p phu
alkyd va 16p phu alkyd-silicon. Két qua cho thay khi dwa ZnO véi ham luong
rat thap (dudi 0,3 %), kha nang chong an mon, chng triy xudc va chéng mai
mon cua 16p phu cling da duogc cai thién. Bén canh do, sy c6 mat ctia nano
ZnO khong lam anh hudéng dén do trong quang hoc cua 16p phi ma con lam
tang d6 bén ciia polymer va 1am giam qua trinh 130 hoa.

1.4. Tong quan vé g-C3Ns-ZnO

CAu trac phu gia nano g-C3N4-ZnO 13 mot hé vat licu lai két hop gitra
graphitic carbon nitride va zinc oxide, thuong duoc thiét ké dé ting cuong
hiéu suét xuc tac, kha niang hap thu anh sang va tinh on dinh. Trong cau tric
nay, cac tim g-C3Ny co ciu tric 10p graphite mém, gidu nitrogen, tao diéu
kién cho vi¢c phan tan déng déu cac hat nano ZnO 1én bé mit hodc gifta cac
16p. Su két hop nay tao thanh cac 10p tiép xtc di thé giup cai thién qua trinh
tach dién tir - 15 trong dudi anh sang. Cac nhom chire trén bé mat g-CsNy (nhur
-NH,, =N-) ciing ¢6 thé twong tac voi ZnO, on dinh cdu trac va tao cac vi tri
hoat dong méi. Tuy theo ty 1& phdi tron va phuong phéap tong hop (vi du:
nhiét phan, thuy nhiét, hoac sonochemical), kich thudc hat ZnO va do day 16p
g-C3N, ¢6 thé duoc didu chinh dé t6i wu hoa tinh chit quang xtc tac, nhu kha
nang phan hily chét hitu co hodc san xuat hydro. Khi dugc tich hop trong 16p
pht, g-C3N4 hoat dong nhu tac nhan hap phu ion CI va phén tan dién tich, lam
cham sy hinh thanh pin &n mon. Céc electron kich thich tir g-CsN4 ¢ thé két
hop voi O; tao ra gbe O, , gdp phan tc ché vi sinh vét bién giy an mon sinh
hoc. Khi két hop ZnO va g-C3Ny hinh thanh di thé giira hai ban dan, trong d6

ZnO doéng vai trd mang chan vat 1y va gia cuong co hoc, g-C3Ny4 bo trg trong



hap phu ion CI va ting kha ning str dung anh sang kha kién. Su cong huong
nay gitp 16p phu co tinh chéng dn mon vuot trdi trong nude bién, giam mat
dd dong dn mon va tang dién tr¢ phan cuc so voi tung vat liéu riéng 1€. Hinh
1.3 cho thiy g-C3N4-ZnO téng hop duoc van cé cdu tric 16p véi cac hat nano
ZnO xen k& trong céac 16p g-C3N, [14]. Tir Hinh 1.3a va 1.3b, ¢ thé quan sét
duogc cac 16p mong dang tAm, phan bd ngiu nhién, dic trung cho ciu trac cia
vat liéu nén hai chiéu. Trén bé mit cc 16p nay co sy hién di¢n cua cac hat tdi
hon, phan tan khong déng déu, dugc cho 13 cac hat nano ZnO. Hinh anh
HRTEM (Hinh 1.3¢) cho thiy cac hat c6 kich thudc nanomet phan b trén
nén 16p mong, tuy chua rd rang vé ranh gidi tinh thé, cho thdy vat liéu c6 thé
ton tai & dang v6 dinh hinh hoac ban két tinh. Hinh 1.3d cung cép thém béng
ching vé su hién dién cua céac hat tinh thé véi khoang cach mat tinh thé do
duoc 1a 0,252 nm, phu hop véi mit (101) cua ZnO. Ngoai ra, anh nhiéu xa
SAED ¢ goc trén bén phai hién thi cac vong nhiéu xa i rac, xac nhan cau

trac tinh thé ctia pha ZnO trong composite.

Hinh 1.3. Hinh TEM (a—d) va HR-TEM (c—d) tir composite g-C3N4/ZnO
(75 %) — thé hién 1 cdu tric 16p g-C3Ny xen k& véi hat ZnO dinh hinh va vi
tri tinh thé ZnO trén bé mat g-CN [14]
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Nhiéu phuong phap khiac nhau di duoc st dung dé ché tao
nanocomposite ZnO/g-C;N4 thong qua phuong phap nung don gian, st dung
zinc acetate va urea lam tién chat cho ZnO va g-C3N4, twong tng [15, 16].
Yue va cong su [17] dd bao cdo ZnO/g-C3Ny duge tong hop tir dicyandiamide
va zinc chloride. Zhu va cong sy [18] d3 diéu ché thanh céng nanocomposite
ctia ZnO va g-C3N, tir dicyanamide va zinc nitrate bang quy trinh nung. Bén
canh d6, phuong phap hoi luu va phuong phap ngung tu hoi hdi luu 1an luot
dugc gioi thiéu bdi Wang va cong su [19] va Park va cong sy [20].

Vit liéu nano g-C3;N4-ZnO dugc tng dung rong rai nhd kha nang quang
xuc tac manh, tinh on dinh cao va gia thanh thap. Trong xur Iy mdi truong, nd
phan huy hi¢u qua cac chit hitu co doc hai nhu thudc nhudm, phenol, va
khang sinh dudi 4nh sang kha kién nho co ché Z-scheme gitp tang hiéu suét
tach dién tir - 10 trong. Trong xUr 1i moi truong va chéng khuan, vai phu g-
C3N4-ZnO cho thay hoat tinh quang xtc tac an tuong dé loai bé thude nhuom
methylene blue, hoat tinh quang xtc tac khang khuan tuyét voi dbi véi
Staphylococcus aureus (S. aureus) va Escherichia coli (E. Coli) [21].

1.5. Tong quan vé 16p phii epoxy/g-C3Ns-ZnO

Lép phit epoxy/ g-CsNu-ZnO 1a sy két hop uvu viét giita nén polymer
va h¢ vat li¢u lai gitta g-C3;Ny4 va zinc oxide. Viéc tich hop cac tam nano 2D
c6 dién tich bé mat riéng 16n va do bén co hoc cao nhu g-C3Ny gitip lap day
cac khuyét tit cau trac trong nén polyme, ting cuong hiéu tng rao can [22].
Bén canh d6, su két hop gitra g-C3N, (vat liéu quang xuc tac) va ZnO (chat
ban dan, khang khuan) mang lai cho 16p phil cac tinh ning thong minh nhu tu
lam sach, khang khuan va phan hity cac hop chat hitu co dudi tac dong cia
anh sang [23, 24]. Hé vat liéu lai gitp mé rong ving hap thy anh sang sang
vung kha kién, ting hiéu suit quang xuc tac. Lép phu c6 d6 6n dinh nhiét cao
(chiu dugc nhiét do tir 300 - 400°C) va kha nang khang tia cuc tim Xuét sic
nho dac tinh hép thu photon cua ZnO, gitip bao vé nén epoxy khoi bi 1ao hoa
khi sir dung ngoai troi [25, 26]. Cu triic 16p cua g-C3Ny két hop voi kha niang
lap day céc 16 réng vi md ciia hat nano ZnO tao nén mdt rao can kép ngin
chin sy khuéch tan caa O,, Clva H,O. Theo Liu va cong su [26], ham luong
2 %kl g-C3N4-ZnO giup giam mat d6 dong in mon cua thép carbon xudng
con 2,17x107 A/em? trong dung dich NaCl 3,5%, thap hon gan 2 bac so véi
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mau dbi ching. Hiéu timg cong hudng giira tim nano g-C3N, va hat nano ZnO
gitip cai thién dang ké cac chi sd co 1y (Bang 1.1). Tinh chét co hoc cua vat
lidu phii epoxy/g-C3sN4/ZnO duoc cai thién rd rét so véi epoxy thuin nhd su
két hop dong thoi cua cac pha nano g-CsN4 va ZnO. Khi bd sung riéng 1&
0,5 %kl g-CsN4, do bén kéo cua vat lidu tang khoang 14%, trong khi moé dun
dan hoi ting dén 32%, cho thay kha ning ting cimg dang ké do sy tuong tac
tbt gitta g-C3N4 dang 10p va nén polyme. Pdi v6i ZnO, hiéu qua ting cuong
co hoc con ndi bat hon véi do bén kéo ting 30%. Pic biét, khi phdi hop hai
thanh phan nay trong vat liéu lai g-C3N4/ZnO, céc tinh chat nhu do bén kéo,
mo dun dan hoi va dd bén udn dat gia tri cao nhat. Sy cong hudng giita tim g-
C3N, va hat ZnO gitip phan tan tmg suat tot hon, ngan chin sy phat trién cia
vét nut, tir d6 nang cao kha ning chiu luc va chéng bién dang cta 16p phu.
Piéu nay chimg minh rang vat liéu lai g-C3N4/ZnO 1a giai phap hiéu qua trong
viéc nang cap d6 bén co hoc cho 16p phi epoxy [26].
Béang 1.1. Tinh chét co hoc cua vat liéu phu [26]

Vatliéu |DPobén  |[Modun |Dobén |[Modun | Ghichu
phu kéo (MPa) | dan hdéi | udn (MPa) | udn (GPa)
(GPa)

Epoxy ~30 ~2,47 ~55 ~2,0 Nhua

thuan epoxy
khong bd
sung vat
liéu nano

Epoxy + ~34 ~3,25 ~65 ~2,6 Tang

0,5 %kl (+14%) | (+31,6%) cuong nho

g-C3Ny g2-CsN4
dang 16p

Epoxy + ~39 ~3,10 ~68 ~2.,8 ZnO giup

0,5 %kl (+30%) gia tang

ZnO d6 bén
nho mang
ludi hat
nano
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Epoxy +5 | ~43-45 ~3,40— ~70-75 ~3,0-3,2 | Hi€u tng
%kl g- 3,50 cong
C5N4/ZnO hudng, vat
liéu lai
cho hiéu

qua co hoc

cao nhat

Nghién ctru cia Kumar va cong su vé kha ning chdng in mon cua 1p
phu epoxy (PE) phii 1én thép cacbon trong méi truong mubi (3,5% NaCl) six
dung phu gia nanocomposite tir graphitic carbon nitride (GCN, hay g-Cs;N4)
va ZnO (Hinh 1.4) [27]. Khi thém nanocomposite GCN-ZnO vao epoxy, 16p
phu hap thu nudc it hon so véi epoxy thuan, tirc 1a kha nang ngdm nudc bi
giam. Trong dung dich NaCl 3,5 %, céc thir nghiém dién hoa cho thay 16p phu
chtra nanocomposite c6 kha nang tao rao can tdt hon, bao vé bé mat thép tbt
hon so voi 16p PE khéng c6 nanocomposite. Cu thé, viéc bd sung
nanocomposite 1am giam sy xAm nhdp ctia mudi va nude vao 16p pha, lam
gidm dong dn mon va tang dién trd phan cuc hoac dién tré mang phu cua 16p
phu. Két qua thu dugc tong trd |Z| ting 23 béc, trong do:

« Epoxy thuong: ~10° Q-cm?
« Epoxy + g-C3N4/ZnO: 10*-10° Q-cm?

=> Tang 100-1000 1an kha ning chéng an mon.

Quan sat bé mit sau 250 gio phun mudi, 16p phtt chira g-C3N4/ZnO:
min, it 15 rdng, it vét nirt va khong c6 bong troéc mang. Lép phu epoxy khong

chtra phu gia nay xuat hién nhiéu blistering, niit gdy, rd manh.



12

PE/ZnO PE/GCN PE/GCN-ZnO

Hinh 1.4. Hinh anh ciia cic nén thép véi cac 16p pha khac nhau sau 250 gio
phun mubi [27]

C6 thé thdy, viéc tong hop va img dung nanocomposite g-CsN+ZnO va
tmg dung vao 16p phu hitu co chdng n mon dién hoa c6 tiém ning 16n. Tuy
nhién, c6 it cong trinh nghién ctru vé tong hop hé nano g-C3N,4-ZnO sir dung
chat HPBM va ung dung vao 16p phu hitu co.

Tai Viét Nam, di c6 mdt s6 cong bd vé tong hop va timg dung g-C3N4/ZnO
trong phan hiy nhu¢m. Nhém nghién ctru ¢ Truong Pai hoc Quy Nhon [28]
d3 téng hop thanh cong vat liéu composite ZnO/g-CsN, Két qua cho thay
nang luong ving ciAm cua vat lidu composite 13 2,79 eV, thap hon so v&i ZnO
(3,25 eV) va cao hon so v&i g-CsN4 (2,70 eV) (Hinh 1.5). Vat liéu thu dugc co
hoat tinh quang xuc tac cao hon dang ké so voi ZnO hay g-C3N,. Vat lidu
Zn0-g-C3N, di dugce tong hop boi Nguyén Thi Huong [29] cling cong su va
g dung trong phan hay khang sinh tetracycline véi hiéu suat phan hay dat
t6i 92,6 % sau 60 phit tiép xtic dudi anh sang mat troi, gip nam 1an so voi g-
C3N,, dong thoi duy tri hidu qua cao (> 80 %) sau nhiéu chu ky tai st dung
(Hinh 1.6, 1.7).
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Hinh 1.5. Nang luong ving cAm cta vat liéu composit g-C3N4/ZnO [27]
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Hinh 1.6. Hiéu suét phan huy khang sinh tetracycline sau 60 phut tiép xuc
dudi dnh sang mat troi cia ZnO/g-CsNy [28]
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Hinh 1.7. Hiéu suét sau nhiéu lan tai sir dung cua ZnO/g-CsNy [29]

Nhin chung, tai Viét Nam c6 nhiéu nghién ctru d3 tong hop va khao sat
Zn0/g-C3N, (chu yéu cho quang xtc tac va xu Iy nude); nghién ctru dua truc
tiép vat lidu nay vao 16p phu epoxy chéng dn mon trong méi truong bién con
han ché.

1.6. Tong quan vé chat hoat dong bé mit

Chét hoat dong bé mat (HPBM) la cac hop chét ludng tinh gdm mot
dau wa nude va mot dudi ky nudc. Dya trén ban cht dién tich ciia nhom dau
phan cuc, chit hoat dong bé mit duoc chia thanh bdn nhoém chinh: anion,
cation, khong ion va ludng tinh [30]. Nho kha nang 1am giam strc cing bé mit
va diéu chinh tuong tac gita cac hat, chat HDBM dugc tng dung rong ri
trong tong hop vat lidu nano va cong nghé 16p phi.. Trong qua trinh tong hop
hat nano, chit HDBM dong vai tro 1a chét tao cAu tric, chat dn dinh va chat
kiém soat qua trinh phat trién tinh thé. Cac phéan tir chit HPBM c6 thé hap
phu chon loc 18n cic mit tinh thé khac nhau, tir d6 anh hudng dén téc do tao
mam, sy phat trién tinh thé, kich thudc hat va hinh thai vat liéu [31]. Dong
thoi, chdt HDBM hép phu trén bé mit gitp giam ning lugng bé mit va han
ché hién tuong két tu ctia cac hat nano, gop phﬁn cai thién do 6n dinh cua hé
phan tan [32].

Trong linh vuc 16p phu hitu co, chit HDPBM duoc st dung nham cai
thién kha ning phan tan clia cac hat nano trong nén polymer. Sy phan bb dong
déu cua chat don gitp giam khuyét tat cdu trac, ting d6 dic khit cua 16p phu
va nang cao kha ning can trd sy khuéch tan cta nudc, oxy va cac ion dn mon

[32]. Bén canh d6, chdt HDBM con c6 kha ning ting cuong tuong tac tai giao
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dién gitra hat nano va nén polyme, tir d6 cai thi¢n tinh chit co hoc va do bén,
kha nang chéng an mon cua 16p phu [33].

Trong s6 cac chit HDBM dugc st dung phd bién,
cetyltrimethylammonium bromide (CTAB) 1a chit hoat dong bé mit cation co
kha nang hép phu manh Ién bé mait oxide kim loai va cai thién dang ké do
phan tan ctia hat nano [34]. Sodium dodecyl sulfate (SDS) la chit HDBM
anion thuong duogc st dung dé 6n dinh hé phan tan thong qua co ché déy tinh
dién [35]. Trong khi do, poly(vinyl alcohol) (PVA) la polyme khong ion c6
kha nang on dinh hat theo co ché can trd khong gian (steric stabilization),
gitip han ché sy két tu trong qua trinh tong hop va tng dung [35].

Do d6, viéc khao sat anh huéng cua PVA, SDS va CTAB dén qua trinh
hinh thanh hat g-C3N4/ZnO ciing nhu hiéu qua bao vé chéng dn mon cua 16p
phu epoxy 12 can thiét nham lam r6 moi quan hé gitta kha ning phan tan hat
nano trong 16p phu dudi tac dong ciua chat HDBM va tinh ning bao vé chéng
4n mon cho nén thép cua 16p phu.

1.7. Tinh cap thiét ciia nghién ctru

% L6p phu epoxy van ton tai vi khuyét tat, tao diéu kién cho ion Cl- xAm
nhdp va gay an mon.

% Trong nuédc: Vat liéu g-CsN4/ZnO hién chil yéu duoc nghién ctru cho
quang xuc tac va xu 1y nude, chua duoc khai thac nhiéu trong 16p phu
chéng an mon.

< Anh huong cua cac chat hoat dong bé mit (CTAB, SDS, PVA) dén kha
nang phan tan hat va hiéu qua chéng an mon chua dugc nghién ctru hé
théng.

% Cac nghién ctu danh gia do bén chong an mon dai han trong moi
truong nudce bién con han ché.

1.8. Muc tiéu bai luin van

% Ché tao phu gia nano g-C3N,/ZnO bang phuong phap héa hoc sir dung
cac chat HDBM khéc nhau.

% Ung dung 1am phu gia trong nén nhya epoxy => cai thién kha ning bao

v¢, chong an mon cho nén thép trong moi truong nude bién.
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Chuong 2. POI TUQNG VA PHUONG PHAP NGHIEN

2.1. Héa chit, dung cu

Cac hoa chat dugc st dung trong qua trinh lam bai luan thac si cua hoc vién

dugc trinh bay trong Bang 2.1.

Bang 2.1. Danh sach hoa chét sir dung

Héa chit Nguon goc b t.i;nh Hang
khiet
Urea Trung Qudc 99% Thermo Fisher
Scientific
Zinc nitrate hexahydrate My 98% Thermo Fisher
(Zn(NOs3),.6H,0) Scientific
Cetyltrimethylammonium | My 98% Thermo Fisher
bromide (CTAB) Scientific
Sodium dodecyl sulfate | My 99% Thermo Fisher
(SDS) Scientific
NaCl Viét Nam 99,5% Thermo Fisher
Scientific
dung dich ammonia Viét Nam 25% Thermo Fisher
Scientific
Ethanol Trung Qubc 99.,5% Xilong
Nitric Acid Viét Nam Nong do Thermo Fisher
65% Scientific
Acetone Trung Qudc 98% Xilong
Poly(vinyl alcohol) (PVA) | My 99% Thermo Fisher
Scientific
Nhuya epoxy My Ham lugng | Dow
chat ran 74-
76%
Chat dong ran goc amin Singapore Chi s6 Epochem
9024 amine 310 £
20 mg
Xylene Trung Qudc 99,9% Xilong
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2.2. Quy trinh ché tao 16p phii epoxy/g-C3Ns-ZnO
2.2.1. Ché tao g-C3Ny tir tién chat urea
Quy trinh tong hop g-C3Ny tir tién chat urea duoc tham khao tir nghién
curu cua Ke Li va cong su [36].
< Budc 1: Urea dugc boc kin béi nhiéu 16p gidy nhom va nung & 550°C
trong 4 gid v4i gia téc nhiét 6°C/phit (Hinh 2.1).

b f w’\, o A

Hinh 2.1. Géi urea trong gidy bac, cho vao chén nung va dit trong 10 nung

< Budc 2: Dé ngudi mau vé nhiét do phong.

< Budc 3: Thu mau khoi gidy nhom, rira 3 lan bang dung dich HNO;
0,1N. Sau d6 rira bang nudc cat dén moi trudng trung tinh.

< Bu6c 4: Sdy mau & nhiét do 80°C dén khi mau c6 khdi luong khong
doi.

% Budc 5: Thu mau va nghién min dé thu dugc bot mau vang nhat (Hinh
2.2).
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Hinh 2.2. Bot g-C3Nj
2.2.2. Ché tao g-C3N4-ZnO sir dung cac chat HDBM khac nhau
Quy trinh tong hop hat g-C3Nu/ZnO sir dung/khong st dung chét
HDBM duoc thuc hién dya trén phuong phap két tia két hop nung nhiét duoc
tham khao & cac bao céo trong cac nghién ctru trude day vé vat liéu composite
g-C3N4/ZnO [37-39].
< Budc 1: Can 5,94g mudi Zn(NO3),.6H,0O va hoa tan hoan toan trong
10ml nuéc cat. Sau d6 thém 100ml dung dich NH; pH 10 vao, khudy
déu hon hop trong 30 phit.

< Budc 2: Thém tir tir 1g g-C3N4 vao dung dich mubi zinc. Tién hanh

khuay tir trong 30 phit & 70°C dé thu duoc huyén phu.

¢ Budc 3: Thém 0,4g cht hoat dong bé mit vao hon hop trén, khuéy tur

trong 60 phut & 90°C. Sau d6 ha xubng 70°C va khudy tiép trong 60
phut.

< Budc 4: Thém 1ml dung dich HNO; 2M vao hdn hop va 3ml dich chiét

bd hon, khuay & 70°C trong 12-15 gio.

% Budc 5: Li tam thu phan ran, rira phan rin voi ethanol/nude 50/50 %/%

3 -5 lan.

< Budc 6: Say kho chat ran trong ti sdy d6i luu khong khi & 90°C va cho

vao chén nung.

% Budc 7: Nung chit ran & 500°C trong 5 gid, sau d6 dé ngudi va thu

mAu, bao quan trong dng eppendorf.

Céac mau g-C3Ny-ZnO véi chét hoat dong bé mat khac nhau gém CTAB,
SDS, PVA va mau dbi chirmg 13 mau khong cho chat hoat dong bé mit duoc
ché tao theo cac budc ¢ trén. Mot s6 hinh anh tong hop hat g-C3N4-ZnO duoc
trinh bay trén Hinh 2.3.
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Li tAm thu phan ran Cho phan ran ra dia petri dé dem di say

: - ! [ ! ' h
Mau sau khi nung Mau san pham g-C3;N4-ZnO
Hinh 2.3. M6t s6 hinh anh ché tao g-C3N4-ZnO bing phuong phap hoa hoc
Cac mau thu duge dugc ky hi¢u lan luot 1a CZ-0, CZ-SDS, CZ-CTAB
va CZ-PVA tuong tng voi cac hat CZ tong hop khong c6 chat HDBM, sur
dung SDS lam chit HDBM, sir dung CTAB lam chit HDBM va sir dung
PVA lam chat HDBM.
2.2.3. Quy trinh ché tao 16p phi epoxy/g-CiNs-ZnO
< Budc 1: Cho 5,4 g dung mdi xylene vao lo thuy tinh, sau d6 bo sung
ham lugng phu gia g-C3N4-ZnO, g-C;N4, hodc ZnO) theo ty 1¢ dung
moi/hat 13 20:1 nhu chi tiét tai Bang 2.1. Hon hop dugc dem di siéu 4m
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trong 30 phut, két hop khudy tir lién tuc trong 30 phut dé dam bao céac
hat nano dugc phan tan so bo.

Budc 2: B sung tir tir 18 g nhya epoxy vao hé phan tan trén. Qud trinh
ddng hoéa hdn hop duoc thuc hién qua cic giai doan xen ké&: rung siéu
am (30 phut), khudy tir (60 phut), tiép tuc rung siéu am (30 phut) va
cubi cung 1a khudy tir trong 2 gio nham dam bao nhya epoxy va céac hat
nano hoa tron hoan toan vao pha dung maéi.

Budc 3: Thém chit dong rin vao hdn hop, sau do6 tién hanh khudy co
hoc bang may khudy tir trong 10 phat dé kich hoat qua trinh phan g
hoa hoc.

Budc 4: Str dung thudc gat mang chuyén dung dé tao 16p phu ¢ do day
mang udt 150-250 pum trén cac bé mit nén bao gém: tdm kinh, lam
kinh va tim thép. Riéng dbi v6i bé mit thép, trude khi phit can duge xi
Iy 1am sach bang dung moi va mai bang gidy nham.

Budc 5: Cac mau do do bén uén duge chuan bj bang cach gat mang

truc tiép trén cac tam thép mong kich thude 2 x 10 cm.

Dé dam bao tinh khach quan va dg tin cdy cua so liéu, mo1 mau 16p phu

duoc
Toan

Vién

ché tao lap lai it nhat 3 1an. Céc tinh chat duoc do 1ap lai tdi thiéu 3 lan.
b qua trinh thuc nghiém va danh gia dac tinh vat li¢u duogc tién hanh tai
Khoa hoc vat liéu (KHVL) — Vién Han 1am Khoa hoc va Cong nghé

Viét Nam (VAST). Bang 2.2 trinh bay ty 1¢ thanh phan va ky hiéu cic mau

16p phu nghién ctru.
Bang 2.2. Thanh phan va ky hiéu mau epoxy/g-C3N4-ZnO
g- g-
- -C3Nu-
g- g C3N4— C3N4— g3t
o Epoxy | ZnO C3Ns- Zn0 -
TT | Ky hiéu mau CsNy Zn0O- | ZnO -
(g) (2) ZnO CTAB
(2) © PVA | SDS ©
g g
(& | (2
1 EP 18 0 0 0 0 0 0
2 EPZ 18 0,27 | 0 0 0 0 0
3 EPC 18 0 |0,27 0 0 0 0




22

4 |EPZC 18 0 0 | 027 0 0 0
5 |EPZC-PVA 18 0 0 0 0,27 0 0
6 | EPZC-SDS 18 0 0 0 0 0,27 0
7 | EPZC-CTAB 18 0 0 0 0 0 0,27

Céc hinh anh minh hoa va mau thyc t& duoc trinh bay tir Hinh 2.4 dén
Hinh 2.6.

Hinh 2.4. Hinh anh cac mau epoxy chira phu gia g-C3N4-ZnO. Tir phai sang

trai: EP, EPZ, EPC, EPZC, EPZC-PVA, EPZC-SDS, EPZC-CTAB

Hinh 2.5. Hinh 4nh mau 16p pha epoxy/g-CsN4-ZnO trén nén thép




Hinh 2.6. Hinh anh cic mau 16p phu epoxy/g-C3N4-ZnO trén nén kinh (a),
mau 16p phtl trén nén thép (b) va mau 16p phu trong khudn dé do tinh chit co
hoc (¢)

2.3. Phuwong phap nghién ciru
2.3.1. Cac phwong phap xéc dinh cac dic trung, tinh chit, hinh thai ciu
truc cia hat nano g-C3:N4-ZnO

2.3.1.1. Phé hong ngoai

Cac miu CZ duoc ghi pho hong ngoai (IR) trén thiét bi phd hong ngoai
Nicolet 1S10 cua My tai Vién KHVL, VAST ¢ nhi¢t do phong trong khodng
budc song 400-4000 cm™ voi sb 1an quét 13 16 1an, do phan giai 1a 8 cm'™.
Pho IR duoc ghi dudi dang duong cong phu thudc phan trim truyén qua vao
s6 song (1/X) hay budc séng ctia biic xa.

2.3.1.2. Phwong phdp phan tich kich thwdc hat nano va thé Zeta

Céc hat CZ duoc phan tan trong nudc cat v6i ty 1 0,01g/10ml bang thiét
bi rung siéu TPC-15H (c6 tan sb rung 30kHz, cong suat 150W). Xac dinh
phan bd kich thudce hat va kich thuéce hat trung binh ctia mau hat duogc tién
hanh trén thiét bi phan tich ¢& hat nano va thé Zeta Horiba SZ-100Z2 (Nhat
Ban) tai Vién KHVL, VAST.

2.3.1.3. Phwong phdp hién vi dién tir quét phit xa trwong (FESEM)

Cac mau hat CZ duoc chup anh FESEM trén thiét bi FESEM S4800
(Hitachi, Nhat Ban) tai Viéen KHVL, VAST.

2.3.1.4. Phwong phdp tin xa ning luong tia X - mapping

Phé Energy-Dispersive X-ray Spectroscopy (EDX) — mapping cia mau
hat CZ duoc ghi bang dau do Horiba 7593-H (Kyoto, Nhat Ban) tich hop
trong hé thong kinh hién vi dién tir quét phat xa truong FESEM S4800, Vién
KHVL, VAST.
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2.3.1.5. Phwong phdp nhiéu xqa tia X

Gian d6 nhiéu xa tia X (XRD) ctia cdc mau hat CZ dugc ghi trén thiét bi
D8-Advance (Bruker, buc) tai Vién Hoa hoc, VAST vo1 tia CuKa va bude
quét tir 0,01° dén 0,02° trong dai quét goc 2theta tir 10 dén 70°. Phuong trinh

Scherrer dung dé tinh kich thudc tinh thé ciia cac mau:

K-A

D=5 s®

Trong do:
D: Kich thudc tinh thé trung binh (nm hoic A).
K: Hang s6 dang
A: Budc song cua tia X st dung (nm)
B: Do ban chiéu rong cta dinh nhiéu xa (radian)
0: Goc nhiéu xa (radian)
2.3.2. Cac phwong phap xac dinh cac diic trung, tinh chit, hinh thai cau
truc cua mang son nanocomposite
2.3.2.1. Phé hong ngogi
Cac mau 16p pha epoxy/g-CsN4-ZnO duoc do/ghi phd trén thiét bi phd
héng ngoai Nicolet iIS10 cia My tai Vién KHVL, VAST & nhi¢t do phong
trong khoang budc song 400-4000 cm™' véi s6 1an quét 1a 16 1an, do phan giai
la8cm?.
2.3.2.2. Kinh hién vi soi noi
Anh hién vi soi ndi ctia cac mau 16p phu epoxy/g-C3N4-ZnO duogc ghi
trén thiét bi kinh hién vi soi n6i Olympus SZ61 (Nhat Ban) tai Vién KHVL —
VAST.
2.3.2.3. Phwong phdp xdc dinh d cirng con lic
Do cimg ciia cac mau 16p phi epoxy/g-CsN4-ZnO duge xac dinh bang
thiét bi ERICHSEN (pendulum damping tester), model 299/300 cua (D)
theo tiéu chuan TCVN 2098:2007 tai Vién KHVL — VAST.
2.3.2.4. Phwong phdp xdc dinh dé bén va dap
Do bén va dap cua cac mau 16p phu epoxy/g-CsNy-ZnO duoce do trén
may VARIABLE TESTER IMPACT, model-304 (CHLB Duc) theo ti€u
chuin TCVN 2100-1:2013 tai Vién KHVL — VAST.
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2.3.2.5. Phwong phdp xdc dinh dp bén bam dinh
D6 bén bam dinh cta cac miu 16p phu epoxy/g-C3N4-ZnO duoc xac
dinh trén thiét bi Elcometer F510-20 theo tiéu chudn ASTM D4541 béng
phuong phép kéo dut (pull-off test) tai Vien KHVL — VAST.
2.3.2.6. Phwong phdp xdc dinh dp bén uon
Do bén udn cua cac mau 16p phu epoxy/g-CsN4-ZnO duoc xac dinh
trén thiét bi danh gia d6 chiu udn trén truc Elcometer — model 1500 theo
TCVN 2099-2013 tai Vién KHVL — VAST.
2.3.2.7. Phwong phdp xdc dinh dé bén cao xwéc
Do bén cao xude cla cac mau 16p phu epoxy/g-CsNy-ZnO duge xac
dinh béng thiét bi Elcometer 3000 Motorized Clemen Unit theo tiéu chuin
ISO 1518-1 tai Vién KHVL — VAST.
2.3.2.8. Phwong phap xdc dinh dp bong
Do bong cua cac mau 16p phil epoxy/g-CsNy-ZnO duge xac dinh bang
cach do kha nang phan xa anh sang ctia bé mat dugc son phu. Khi goc giita tia
t6i va tia phan xa 1a goc 60°. Po bong ctia 16p phu duoc do bang thiét bi do do
bong Erichsen model 205 tai Vién KHVL - VAST.
2.3.2.9. Phwong phdp xdc dinh sw thay d6i mau sdc
Sy thay doi mau sdc ctia cac mau 16p phu epoxy/g-CsN4-ZnO duoge
xac dinh theo tiéu chuan ISO 2470 trén thiét bi Color-Tec PCM+ (M¥) tai
Vién KHVL - VAST.
2.3.2.10. Phwong phdp xdc dinh géc tiép xiic
Géc tiép xtic ciia cac mau 16p phit epoxy/g-C3N4-ZnO duge xac dinh
trén thiét bi OCAS50 (M¥) tai Vién KHVL - VAST.
2.3.3. Phuong phap xéc dinh kha niing chdng in mon
Cac miu dé do dién hoa dugc chuin bi bang cach phu 16p phu 1én cac
bé mat thép. Sau d6, bé mit 16p phu di dugc xir Iy duoc gin trén cac dng
PVC (c6 dudng kinh 42 mm va chiéu cao 15 cm). Cac mau dugc dé on dinh
trong 7 ngdy trudc khi d6 dung dich NaCl 3,5%. Hinh 2.7 trinh bay hinh anh

chuan bi mau dé do dién hda va cac mau trong qua trinh do di¢n hoa.



Hinh 2.7. Hinh anh cac mAu mang son trén nén thép dugc gan dng PVC dé do
dién hoa

Pic tinh bao vé chdng dn mon cua cic 16p phu duge danh gia thong
qua phép do tong tré dién hoa (Electrochemical Impedance Spectroscopy -
EIS) sir dung thiét bi Metrohm DropSens (Tay Ban Nha) (Hinh 2.8) véi cac
dién cuc tuong tu nhu trén gém dién cuc Ag/AgCl, dién cuc Pt va mau thép
pht mang son (Hinh 2.9). Cac thong sé do bao gom:

+ Dai tan s6: 100 kHz - 10 mHz

+ Bién do dién ap xoay chiéu: 30 mV

+ Thé do: Thé mach ho

Hinh 2.8. Thiét bj do dién hoa Metrohm DropSens (Tdy Ban Nha)
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Hinh 2.9. Hinh anh hé do dién hoa 3 dién cuc
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Chuong 3. KET QUA VA THAO LUAN

3.1. Pic trung, tinh chit, hinh thai cdu triic ciia hat g-C3N4-ZnO tong hop
sir dung cac chit hoat dong bé mit khac nhau

Phé IR ctia mau hat CZ tong hop bang phuong phap hoa hoc véi cac
chit hoat dong bé mit khac nhau dugce trinh bay trén Hinh 3.1. Két qua cho
thdy pho IR xuit hién ddy du cac dinh dao dong dic trung cho g-C:N, va
ZnO. Cac dinh hap thy trong khoang s6 song 541 — 545 cm™! xuat hién o tat ca
cac mau. Pay 1a dao dong kéo gidn dic trung cua lién két Zn-0, x4c nhan sy
ton tai cua pha oxit kém trong ciu trac composite. Pinh hap thu sic nét &
khoang 806 cm™! dic trung cho dao ddng ctia don vi triazine trong mang ludi
g-C3N,. O mau CZ-0 va CZ-PVA, dinh nay bi dich chuyén yéu hon so véi
mau CZ-CTAB, cho thdy g-C3Ny c6 thé co do tinh thé hoa khac biét. Ving
hép thu trong khoang 1200 — 1650 cm™ dic trung dao dong kéo gidn cia cac
di vong chura nito (C=N va C-N) trong g-C;N4.Cac dinh quanh 1320 — 1390
cm” 1a minh chtng cho sy hién dién ctia khung céu triic carbon nitride.
Cuong do dinh ¢ mau CZ-CTAB va CZ-SDS manh hon hin, cho théy su
tuong tac tot gitta chait HDBM va pha hitu co g-C3N4. Ving 3000 — 3400 cm'!
xuat hién dinh rong 13 dao déng cua nhom -NH (con du trong g-C3Ny) va
nhom -OH tir nuée hap phu.

Viéc thém chat HDBM d4 1am thay d6i dang ké mot s6 dinh so v6i pho
IR ctia CZ. Véi mau CZ-0, cac dinh dic trung cua g-CsN4 mo nhat hon, cho
thay trong diéu kién khong c6 chat HDBM, hai thanh phan c6 thé bi phan tach
pha hodc g-CsNy4 bi cudn lai, 1am gidm tin hiéu hép thu h6ng ngoai. DPéi véi
mau CZ-CTAB (chat HDBM cationic) va CZ-SDS (chat HDBM anionic), tir
pho IR ciia hai mau nay nay c6 thé quan sat duoc cac dinh dic trung coa g-
C3N, (ving 806 cm™ va 1320 cm™) rd rang va manh hon nhiéu so véi mau
tring (CZ-0). Piéu nay 1a do CTAB va SDS gitip phén tan tét cac 16p g-C3Na,
ngan chan sy tai két tu cua cac tim nano, déng thoi tao diéu kién cho su hinh
thanh lién két chit ché hon véi cac hat nano ZnO. Pinh mdi tai sb song 2047
cm’' xuat hién manh ¢ hai mau nay c6 thé lién quan dén cac dao dong ciia cac
nhém chirc bé mit duoc kich hoat hodc sy thay doi trong cau trac lién két noi
tai cia g-C3Ny khi c6 sy hién dién cua cac ion HDBM. Phé IR ctia miu CZ-
PVA (chat HDBM la polymer trung tinh) kha twong doéng v6i mau trang CZ-
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0. Piéu nay cho thdy PVA c6 vé chi dong vai tro 1a chét bao phu vat 1y yéu,

khong lam thay d6i siu ban chét lién két héa hoc ciia hé g-C3N4/ZnO nhu cac

chat HDBM dang ion.
o — T W
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Hinh 3.1. Phé IR cta mau hat CZ tong hop bang phuong phap hoa hoc véi cac chat

hoat dong bé mit khac nhau.
Bang 3.1. Kich thuéc hat trung binh, d6 da phan tan (PI) va thé Zeta cta cac

mau g-C3N4/ZnO tong hop véi cac ham luong mudi zine khac nhau khi co va

khong nung
i - Kich thudc hat Thé Zeta
STT Ki hiéu mau PI
trung binh (nm) (mV)
1 g2-C3Ny 618,3 + 3,89 0,603 +0,04 | -39,2+3,70
2 CZ-0 250,95 £19,73 0,385+0,01 | 17,35 +4,60
3 CZ-SDS 7197,70 £ 1065,33 | 0,912+0,05 | 4,20+ 1,27
4 CZ-CTAB 1207,00 +331,35 | 0,476 +0,05 | 13,55+1,06
5 CZ-PVA 412,65 £ 42,36 0,477+0,02 | 16,75+ 6,15

Bang 3.1 trinh bay két qua kich thudc hat trung binh, d6 da phan tan

(PI) va thé Zeta cua cac miu g-C3N4/ZnO tong hop voi cac ham luong mudi
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zinc khac nhau khi c¢6 va khong nung. C6 thé thdy chat HDBM c6 anh huong
dang ké dén trang thai tdp hop cta hat. So sanh kich thudc hat trung binh ctia
cac mau cho théy khi khong co chdt HDBM, hat ¢6 kich thude nho nhét, co
thé do co ché két tua tu nhién. Kich thuéc hat cia mau CZ-SDS tang vot mot
cach bat thuong kém theo chi sé da phan tan PI rat cao (0,912). Piéu nay cho
théy SDS (anionic) gay ra hién tuong két tu manh hodc tao thanh cic cum hat
khong dong déu trong hé nay. Mau CZ-CTAB c6 kich thudc hat 1én hon CZ-
0 nhung c6 chi s6 PI thap (0,476), cho thiy cac hat du 1én nhung c6 d6 dong
déu nhat dinh. Mau CZ-PVA c¢6 kich thuéc hat nhé hon so véi mau CZ-
CTAB va CZ-SDS, cho thay cac hat c6 do phan tan t6t hon. Co thé quan sat
théy SuUr sa léng ctia méot s hat kich thuée 16n trong mau CZ-CTAB va CZ-
SDS khi phén tan trong nudc nhu trén Hinh 3.2. Mau CZ-0 va cic mau dung
CTAB, PVA c6 PI nam trong khoang 0,3 — 0,5, cho thay hé c¢6 do phan tan &
muc trung binh. Riéng mau dung SDS kém dong nhét véi chi s6 PI cao nhét
(0,912 + 0,05). Mau g-C3Ny ¢6 thé Zeta Am manh (-39,2 mV). Khi két hop véi
ZnO, thé Zeta chuyén cta hé g-C3N4/ZnO (CZ) chuyén sang duong. Mau CZ-
0 c6 thé Zeta dat 17,35 mV, cho théy mau c6 do bén tinh dién & mirc trung
binh. Mau CZ-SDS c¢6 thé Zeta 1a 4,20 mV. Gia tri nay tién gan vé 0, giai
thich tai sao mau nay c6 kich thudc hat 16n nhat (~7,1 um). Khi thé Zeta thap,
luc déy tinh dién yéu, dan dén cac hat d& dang va cham va két tu lai v6i nhau.
Mau CZ-CTAB c6 thé Zeta dat 13,55 mV. CTAB la chdt HDBM cationic
nhung lai [am thé Zeta thép hon mot chut so véi CZ-0, ¢6 thé do su che lép

cac vi tri tich dién trén bé mat ZnO.

RN |
asee

8

Hinh 3.2. Hinh anh cac mau CZ tong hop bang phuong phap hoa hoc véi cac chat
hoat dong bé mit khac nhau khi phan tan trong nudc, tr trai sang phai: CZ-0, CZ-
PVA, CZ-SDS, CZ-CTAB
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Gian d6 XRD ctia mau ZnO trén Hinh 3.3 xuét hién céc dinh nhiéu xa
cuc ky sdc nhon va co cuong do rit cao tai cac gbc 20 khoang 31,7°; 34.,4°
36,2° 47,5°% 56,6° (Xem Bang 3.2). Céc vi tri nay hoan toan trung khop voi
cdu trac luc phuong Wurtzite cia ZnO (theo thé chuan PDF 01-071-
6424).Trong cac miu lai g-C3N4-ZnO c6 va khong co chit HDBM (Hinh 3.3),
cac dinh dic trung cia ZnO vén xuét hién ddy du, ching to pha tinh thé ZnO
da duogc hinh thanh thanh cong trén nén carbon nitride. Trong ca hai mau lai
hoa, ngoai cac dinh ciia ZnO, con quan sat thiy vai hoic dinh nho tai ving
goc thap (20 ~ 27°), day 1a tin hiéu caa mit phang (002) tir cau tric 16p cla g-
C3N,. Su hién dién dong thoi cua ca hai hé dinh khang dinh vat liéu thu duoc
1a composite lai hoa thuc sy, khong phai 1a hdn hop vat 1y don thuan. Viéc su
dung CTAB mang lai nhitng cai thién ro rét vé mat ciu trac tinh thé: Cac dinh
pho sic nét hon chimg t6 hat ZnO dugc hinh thanh c6 d6 tinh khiét va trat tu
cdu tric cao hon mau khong dung chit HDBM. CTAB dong vai trd dinh
huéng, gitip cac tinh thé ZnO phat trién dong nhat trén bé mat cic tim g-

C3Ny, han ché su von cuc vo dinh hinh (thé hién qua duong nén sach hon).
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Hinh 3.3. Gian ¢4 XRD cua ZnO, CZ-0 va CZ-CTAB
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Bang 3.2. Cac thong sd tinh toan tir gian d6 XRD cuia mau g-C3Na, CZ-0 va CZ-

CTAB
d-
x , FWHM
TT Mau 20 (°) | spacing ©) D (nm)
(A)
1 ZnO 36,25 2,476 0,20 41,8
2 CZ-0 36,20 2,479 0,40 20,9
3 CZ-CTAB | 36,22 2,478 0,32 26,1

Gia tri d-spacing ctia ca 3 mau dao dong 6n dinh trong khoang 2,476 -
2,489 A, hoan toan khdp voi khoang cach miat phang (101) ciia cau triic ZnO
Waurtzite tiéu chuan. Viéc lai hoa v6i g-C3N, hay thém CTAB khong 1am thay
d6i thong s6 mang co ban cua ZnO, ching t6 pha tinh thé ndy duoc hinh
thanh rat 6n dinh. Mau ZnO tinh khiét ¢ kich thudc tinh thé 16n nhat (41,8
nm) do cac hat ZnO duoc tu do két tinh ma khong bi can trd boi vat liéu nén
hay chat hoat dong bé mat. Mau khong dung HDBM c6 kich thudc tinh thé
giam di mot nira (20,9 nm). Piéu nay cho thay sy hién dién cua cac tim nano
g-CsNy dong vai tro nhu mot "vat can" vat 1y, han ché sy phat trién quéa mirc
clia cac mam tinh thé ZnO trong qua trinh nhiét phan. Mau diung CTAB ¢6
kich thudc tinh thé 16n hon mot chut so vi miu khong HDBM (26,1 nm) va
cac dinh pho sic nét hon. CTAB déng vai tro 1a tac nhan dinh hudng cau tric,
gitip cac nguyén tir sap xép trat ty hon, ting cudng do tinh thé nhung van duy
tri duogc kich thudc nano si€u min.

Két qua pho FTIR va gian d6 XRD cua vat liu g-C3N4/ZnO trong
nghién ctru nay phi hop véi cac cong bd qudc té trude ddy. Theo Shkir va
cong su [40], vat liéu g-C3N4/ZnO tong hop bang phuong phap nhiét thé hién
d6ng thoi dinh dao dong Zn—O tai khoang 500—-600 cm™ va cac dao dong dic
trung cuia khung heptazine g-CsNy4 trong vung 1200-1650 cm™!, tuong ty nhu
két qua quan sat dugc trong nghién ctru nay. Pong thoi, trén gian d6 XRD
xudt hién cac dinh nhiéu xa dic trung cua ZnO cAu trac wurtzite cung tin hi¢u
mit phang (002) ciia g-C3N, tai khoang 27°, ching minh sy hinh thanh thanh
cong di thé ZnO/g-C3N,. Su trong ddng nay cho thay vat liéu tong hop trong
nghién ctru ¢ cdu trGc tinh thé va thanh phan pha phu hop véi hé ZnO/g-
C3N, da duoc cong bd trén thé gisi [41].
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Anh FESEM cutia médu cta miu CZ-0, CZ-SDS, CZ-CTAB trén Hinh
3.4 cho thay cac hat ZnO c6 kich thudc kha nhé va dong déu, phan tan trén
nén céc tim nano g-CsNay. MaAu CZ0 c6 kich thudce hat ZnO kha nho, cAu trac
x6p nhung xuit hién sy két tu tuy nhién thanh cac cum nho (Hinh 3.4a). Piéu
nay phu hop véi s6 liéu kich thudc hat trung binh thip nhat trong bang 1a
250,95 nm. Cac hat CZ-0 c6 cac hat ZnO dang hinh cau hoidc da dién nho,
kich thuéc dao dong khoang 50-100 nm bam trén bé mit cac tim g-C3Na.
MaAu CZ-SDS c¢6 kich thude hat tang lén 1o rét. Cac khdi tinh thé co gbc canh
rd rang hon véi kich thude hat don 1¢ khoang 150 — 300 nm. Hién tugng két
tu thanh cac khéi 16n (micromet) 1a nguyén nhan chinh dan dén két qua do
DLS rat cao. Cac hat don 1¢ trén mau CZ-CTAB c¢6 kich thudc kha min,
khoang 60 — 120 nm. Tuy nhién, chiing tdp hop lai thanh cac chum bong xp,
tao ra cac "hat gid" c6 kich thudc 16n hon khi do trong dung dich.

Kich thuéc do bang DLS luén 16n hon SEM vi DLS do dudng kinh
thiy dong luc hoc ctia cdc cum hat trong dung méi, trong khi SEM quan sat
cac hat don 1¢ & trang thai kho. Do do, c¢6 su chénh léch gitra kich thudc hat
khi x4c dinh bang phuong phap SEM va DLS. Két qua FESEM va DLS cho
thdy CTAB gitp cai thién dang ké su phan bd ciia cac hat ZnO trén nén g-
C3N4. Mane va cong sy [42] ciing cho thdy CTAB c6 kha ning tach 16p va
phan tan hiéu qua cac tam g-C;3Ny, lam tang dién tich bé mat hiru hiéu va cai
thién su phan b ciia pha vo co trén nén carbon nitride. Cac két qua nay hoan
toan tuong doéng voi quan sat trong nghién ctru hién tai khi miu CZ-CTAB
cho hinh thai ddng nhat va tin hiéu EDX-Mapping & phan tiép theo phan bd
déu hon so voi mau CZ-SDS.

20x 50x
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Hinh 3.4. Anh FESEM cua mau CZ-0 (a), CZ-SDS (b), CZ-CTAB (c)

Quan sat o su thay d6i 16m vé hinh thai cua cac hat ZnO dbi véi mau
CZ-SDS. Cac hat ZnO phat trién manh vé kich thudc, tao thanh cac khéi da
dién c6 goéc canh 10 rét va kich thude 16n hon han so véi mau CZ-0. Su két tu
dién ra rit manh mg, tao thanh cac mang khdi dic khit. Hinh anh nay minh
ching cho sb liéu kich thudc hat vot 1én t&i 7197,70 nm va chi s6 da phan tan
PI cuc cao (0,912). Nguyén nhan 1a do SDS (anion) c6 thé da thiic ddy su phat
trién tinh thé ZnO theo céc hudng uu tién hoac gy ra hién tugng keo tu manh
do 1am giam thé Zeta xudng muc rat thap (4,20 mV), khién lyc dy tinh dién
khong con da dé duy tri trang thai phan tan. Hinh 3.4c cho thay hinh thai hat
CZ-CTAB c6 cau trac xdp va phan tan tot hon so v6i CZ-SDS. Cac hat nano
bam dinh trén cac 16p g-C3Ny tao ra céu tric dang béng x6p. Mic du kich
thudc hat trung binh do dugc 1a 1207 nm (16n hon CZ-0), nhung anh SEM
cho thy su phan bd cac cum hat nay kha dong nhét vé kiéu dang. Diéu nay
tuong tmg v6i chi s6 PI thip (0,476), cho thdy hé c6 do dong déu tt hon
SDS.
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Phé EDX Ngu’yén %Kkhoi %nguyén
lwgng tu

13,37£2,51 | 26,81+£3,47

4,88+0,25 8,49+0,98
30,01£2,43 | 45,39+0,87

51,7444,69 | 19,3£3,11

9,19+£2,05 20,02+3,8

5,08+0,26 9,54+0,31

28,86+0,31 |47,5+1,88
LR 56,87+2,29 | 22,93+1,88
5,73+0,45 14,05+0,19
NK 5,01+0,25 10,54+0,17
OK 25,26+3,74 | 46,38+3,80
. ZnK 64,00+4,44 | 29,03+3,83

Hinh 3.5. Phd EDX ctia mau CZ-0 (a), CZ-SDS (b), CZ-CTAB (c)

Hinh 3.5 trinh bay phé EDX va thanh phan cac nguyén té trong cac
mau CZ-0, CZ-SDS va CZ-CTAB. Phd EDX cta ca ba mau déu xac nhan su

hién dién cua cac nguyén t6 chinh cau thanh nén hé vat liéu gom zinc (Zn) va

oxygen (O) - dac trung cho pha ZnO con carbon (C) va nitrogen (N) - dac

trung cho pha nén g-C;N,. Su xuét hién dong thoi cia 4 nguyén to ndy & ca 3

mau khang dinh qua trinh téng hop da tao ra hé composite dung nhu thiét ké

ban dau. Hau nhu khong thiy su xuét hién cta cac vach pho la (tap chat), cho

thiy cac chit HDBM di duoc loai bo sau qua trinh nung dé lai cdu trac xbp

cho vat liéu thu duoc.

Ty 1& cac nguyén t6 thudng phan anh mirc d két hop tu nhién gitra g-
C3N, va ZnO. Déi v6i miu CZ-0, do khong co chat HDBM nén su phan bd
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cac hat ZnO trén nén g-CsN, c6 thé khong dong nhét cao, dan dén ty 16 Zn/C
bién thién tly vi tri quét phd. Di véi mau CZ-SDS, ham luong O cao hon do
nhom sulfate (-SO4>) trong SDS c6 thé dé lai ddu vét hodc thuc ddy qué trinh
hép phu oxy trén bé mit. Him luong Zn trong mau nay c6 xu hudng cao & cac
vung két tu 16n (nhu da thay trén SEM), cho thdy SDS thic day su phat trién
manh ctia pha v6 co ZnO. Miu CZ-CTAB c¢6 ham luong C va N 6n dinh hon
va rd nét. Piéu nay minh chtng cho viéc khung cdu trac g-CsN4 duge bao ton
tdt va khong bi che lép qua muc bdi su két tu cua céac hat kém oxide. CTAB
gitip phan tan tot cac 10p g-C3Na, dan dén trén ban d6 cac nguyén to nay xuét
hién dong déu hon trén toan bo bé mit mau khi quét EDX - Mapping.

Duya trén ty 18 mol giira nguyén tir Zn va C, c¢6 thé thiy mau CZ-0 co ty
16 mol ZnO/g-C3Ny 13 2,13/1, ty 1é nay khé gan so véi ty 1& mol theo 1y thuyét
ctia ZnO/g-C3Ny 12 1,84/1. Mau CZ-SDS c6 ty 1& mol ZnO/g-C3N, 1a 3,41/1.
Mau CZ-CTAB c¢6 ty 1& mol ZnO/g-C3N, 13 6,16/1. Dua trén két qua tinh
toan, c6 thé théy mot xu hudng thay doi o rét khi c6 sy mat clia cac chét
HDPBM. Ty 1é mol ZnO so véi g-C3N, ting dan tir mau dbi ching CZ-0 (2,13)
dén CZ-SDS (3,41) va cao nhit & CZ-CTAB (6,16). Piéu nay cho thdy cac
chat HPBM, dic biét la CTAB, c6 vai trd quan trong trong vi¢c thuc déy su
hinh thanh hodc 6n dinh pha v6 co ZnO trong ciu tric composite. Mau CZ-
CTAB c¢6 ty 1é ZnO cao nhat (gip hon 6 lan lugng g-C3Ny). Piéu nay giai
thich tai sao trén phd FTIR ctia mau ndy, cac dinh ctia ZnO va cac nhom chirc
tuong tac lai hién rd nét nhat. Su wu tién hinh thanh ZnO ddng déu gitip bao
phu tot bé mat pha nén. Mau CZ-SDS: Mic du ¢6 ty 1& ZnO kha cao (3,41),
nhung do thé Zeta thép (4,20 mV) va hién tuong két tu manh nhu da théy trén
SEM, luong ZnO nay khong dugc phan tan hiéu qua ma ton tai dudi dang cac
khéi 16n. Mau CZ-0 c¢6 ham lugng g-C3N4 cao nhét trong cac miu. Piéu nay
pht hop véi két qua kich thudc hat nho (250,95 nm), khi pha nén chiém wu
thé va cac hat ZnO chi diém xuyét trén bé mat ma khong gy ra su phat trién
khéi qua manh. Ngoai ra, mau CTAB cho ty 1& mol ctia ZnO/g-C3Ny 1a cao
nhat cé thé do cac ion duong CTA" ctia CTAB da twong tac véi cac dién tich
am trén bé mat cac tim g-C3Ny, gdy ra hién tuong tach cac 16p g-C3Ny day
thanh cac tAm nano mong hon. Khi cac 16p g-C3N, mong hon, dién tich tiép

xtc nhiét 16n hon, khién qua trinh thang hoa/phan huy dién ra dé dang va
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manh mé& hon so v&i dang khéi trong mau CZ-0. Pidu nay lam giam khoi
luong pha nén g-C3Ny trong san pham cudi cung, day ty 1& Zn/C 1én cao.

Két qua phan tich ban dd nguyén tir trén Hinh 3.6 cho thdy cac nguyén
td Zn va O phan bd trung khit 1én nhau, xac nhan su hinh thanh ddng déu cua
pha ZnO. Cac tin hiéu cua C va N (dai dién cho g-CsN4) dan xen chat ché véi
tin hiéu ctia Zn va O, minh ching cho vi¢c cac hat ZnO da bam dinh va phan
tan trén nén clia cac tim nano carbon nitride, tao thanh cdu tric dj thé
(heterojunction). Mau CZ-0 cho thay cac diém sang nguyén té phan bd kha
déu, nhung mat do tin hi€u Zn va O thua hon so vo1 cac mau c6 chit HDBM.
Tin hiéu Zn va O tap trung mat do cao tai mot s6 viung trén mau CZ-SDS,
tuong tmg v4i cac cum hat bi két tu 16n dd quan st thiy trén anh SEM. Diéu
nay cho thdy SDS (anionic) khong hd tro t6t cho viéc dan trai déu pha vo co
trén nén g-C3Ny. Tin hiéu Zn va O c6 do phil day didc va dong nhat nhat trén
toan bo bé mit mau. Cac diém sang phan bd min, khong bi vén cuc 16n, cho
thay CTAB (cationic) gitp dan trai cac hat nano ZnO cuc ky hiéu qua trén cac

1(')'p g—C3N4.

C O Zn N

(a)

CHKal_2 oKal ZnKat MKal_2

Hinh 3.6. Ban dd nguyén t6 ciia mau CZ-0 (a), CZ-SDS (b), CZ-CTAB (c)
Céc két qua phan tich thu dugc cho thiy CTAB la chdt HDBM thich
hop hon so véi SDS va PVA. Viéc SDS lam tang kich thudc hat CZ thu dugc
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c6 thé 1a do SDS 1a chat HDBM anionic, 1am giam luc day tinh dién giira cac
hat g-C3N, tich dién am. Piéu nay lam cho thé Zeta cia mau CZ-SDS gan voi
0 hon. Cac ion DS ctia SDS ¢6 thé hdp phu uu tién 1én cdc mit tinh thé nhat
dinh ctia ZnO trong qua trinh tong hop héa hoc, thiic ddy su phat trién cua
tinh thé theo céc hudéng cu thé, tao ra cac khdi da dién 16n thay vi cac hat
nano min. Su tuong tac giita SDS va tién chat mudi kém c6 thé lam cham qua
trinh tao mam nhung lai tao diéu kién cho qué trinh phat trién tinh thé dién ra
manh m& hon, dan dén it hat hon nhung moi hat c6 kich thudc 16m hon. Két
qua EDX-Mapping cho thay tin hiéu Zn va O & mau CZ-SDS tap trung thanh
cac viing mat do cao, khong trai déu nhu miu CZ-CTAB. Diéu niy cho thay
SDS khong hd tro tot viéc dan trai ZnO trén cic tim g-CsN4 ma nguoc lai, nod
khién cac hat ZnO c6 xu huéng két tu lai véi nhau, tao thanh cic cum 16n bao
pht cuc bo trén pha nén.

Trong khi d6, CTAB 1a chat HDBM cationic, trong méi truong tong
hop, céc phan tir CTAB mang dién tich duong (CTA") twong tac manh vdi bé
mat cac tim nano g-C3Ny von mang dién tich am. Su hép phu cua CTAB tao
ra mot 16p dém dién tich duong bao quanh pha nén, gitp dinh huéng va dan
trai cac hat nano ZnO (cling mang dién tich dwong) 1én bé mit g-CsN,4 mot
cach dong déu. Co ché nay khong chi ngan chin sy tai két tu cta cac tam
carbon nitride ma con tao ra luc déy tinh di€n gitra cdc cum hat, duy tri thé
Zeta & muc 6n dinh (13,55 mV) va chi s6 da phén tan PI thap (0,476).Két qua
1a miu CZ-CTAB sé hitu cau trac bong xbp voi dién tich tiép xuc giita hai
pha lon nhét, thé hién qua mat do tin hi€u Zn cao va déng nhét trén anh
Mapping.

3.2. Pic trung, tinh chat, hinh thai cdu tric cia 16p phii epoxy/g-C3N4-
ZnO
3.2.1. Pho hong ngoai bién déi Fourier (FTIR)

Hinh 3.7 trinh bay pho FTIR cta cdc mau 16p phi epoxy chira hat nano
g-C3N,-ZnO, trong d6 gém cac mau khao sat 1a epoxy (EP), ppoxy/ZnO
(EPZ), epoxy/g-CsN4 (EPC), epoxy/g-C3;N4-ZnO (EPZC), epoxy/g-CsNs-ZnO
(téng hop g-C3N4-ZnO dung PVA) (EPZC-PVA), epoxy/g-C3N4-ZnO (tong
hop g-C3N4-ZnO diung SDS) (EPZC-SDS), va epoxy/g-C3N4-ZnO (tong hop
g-C3N4-ZnO dung CTAB) (EPZC-CTAB).
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Hinh 3.7. Pho FTIR ctia cac mau 16p phi epoxy chira hat g-C3N4-ZnO tong
hop voi cac chat hoat dong bé mit khac nhau

Nhin chung, ph6 FTIR cia miu epoxy thuan (EP) thé hién rd cac dai
hép thu dic trung ciia mang ludi epoxy gbc Bisphenol-A sau khi dong ran. Cu
thé, dai hép thu rong tai 3349 cm™! ddc trung cho dao dong kéo dan cta nhom
hydroxyl, duoc hinh thanh chu yéu tir qué trinh m& vong oxirane trong phan
tmg doéng ran. Pinh hap thy tai 2924 cm™ twong Gng véi dao dong kéo dan
cua lién két C-H trong cac nhém aliphatic. Su hién di€n ctia vong benzen
trong cu trac duge minh ching qua cac dinh dao dong kéo dén cua lién két
C=C nhén thom tai 1606 cm™ va 1507 cm™', cling v6i dao dong udn ngoai mit
phang cua lién két C-H trén vong thom thé 1,4 tai 826 cm™'. Cac dinh hap thu
tai 1235 cm™ va 1036 cm™ lan luot dic trung cho dao dong kéo dan cua lién
két ete thom va ete mach thang.

Khi so sanh v6i mau gbc, phd FTIR cua tit ca cac hé composite (EPZ,
EPC, EPZC) déu c6 bién dang gan nhu tring khdp hoan toan véi hé nén EP.
Sy duy tri cac dai hap thu dic trung va viéc khong quan sat thiy su xuét hién
clia cac miii dao dong cong héa tri méi hay su dich chuyén dang ké cua cac
dai s6 song cho thiy qua trinh phdi tron cac chat don (ZnO, g-C3Ny, g-C3Ny-
ZnO) khong 1am bién dbi cdu trac hoa hoc mach chinh cua epoxy. Diéu nay

chi ra rang twong tac gitta pha phan tan va nén polyme chu yéu ding lai &



40

murc dO phan tan vat 1y va cac tuong tac lién phan tir yéu (nhu lyc van der
Waals hodc lién két hydro). Ngoai ra, cac tin hi¢u dao dong dac trung cua lién
két Zn-O bi che khuat boi cuong do hip thy manh ciia nén polyme hitu co do
ham luong chat don duoc sir dung trong hé tuong ddi nho. Tuy nhién, sy mé
rong nhe ving hip thu & 500-600 cm™ cho thiy cac hat nano di phan tan vao
nén nhya epoxy.

3.2.2. P cirng con lic

Po cling con lic ciia cac mau 16p phii epoxy chira hat nano g-C;Ni-
ZnO tong hop véi cac chat hoat dong bé mit khac nhau dugc thé hién trong
Hinh 3.8. Nhin chung, viéc dua cac hé hat don v6 co vao mang ludi polyme
déu mang lai hiéu Ung gia cudng, 1am ting d6 cing con lic cua tit ca cac hé
nanocomposite so v4i mau epoxy thuan (miu EP c6 do ctng con lic 1a 250 +
20,52). g-C3N, ¢6 kha ning gia cuong do cing clia nén epoxy tot hon dang ké
so vo1 ZnO. Trong nhom céc hé 16p phu chua hat lai g-CsN4-ZnO (nhém
EPZC), viéc str dung cac chat hoat dong bé mit khac nhau trong qua trinh
téng hop hat don da dan dén sy phan hoa 10 rét vé dic tinh do cing cila mang.

Cu thé, mau 16p phu EPZC-CTAB ghi nhan su gia tang vuot trdi vé
do cing con lac, dat gia tri cao nhat trong cac h¢ hat lai, lan luot 13 285,33 +
4,04 va 285,00 £ 6,66. Két qua ndy cao hon han so véi hé EPZC khong dung
chat hoat dong bé mat khi tong hop (266,00 + 8,72Ngugc lai, cac mau EPZC-
PVA va EPZC-SDS cho thiy d¢ cimg con lic chi dao dong trong khoang
266,33 + 6,43 dén 264,67 + 4,16. Gia tri nay chi trong duong, hodc tham chi
thap hon mot chut so vdi hé EPZC tong hop thong thudng khong ¢ chat hoat
dong bé mit.

Su gia ting d6 ctng cua 16p phu EPZC-CTAB c¢6 thé dugc giai thich
boi kha nang phan tan t6t hon ctia pha nano trong nén epoxy. Két qua nay
tuong doéng véi nghién ctru ciia Yan va cong su [43], trong d6 viéc bd sung
cac tim nano g-C3;N, phan tan dong déu giup tang do dic khit ciia mang
epoxy, han ché chuyén dong cua cac chudi polyme va cai thién cac tinh chat
co hoc cia mang phu. Khi cac hat nano dugc phan bd déng nhat, ung suét co
hoc duoc truyén tai hiéu qua hon giita nén polyme va pha gia cudng, tir d6

lam tang d0 cimg cua vat li¢u composite.
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Hinh 3.8. D¢ cung con lic cta cac miu 16p phu epoxy chita hat g-C3N4-ZnO
tong hop voi cac chat hoat dong bé mat khac nhau
3.2.3. Do bén bam dinh
Po bén bam dinh ciia cac miu 16p pha epoxy chira hat CZ tong hop
véi cac chat hoat dong bé mat khac nhau duoc thé hién trong Hinh 3.9 va
Bang 3.1.
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Hinh 3.9. D bén bam dinh ctia cdc mau 16p phi epoxy chira hat g-C3N4-ZnO
téng hop voi cac chat hoat dong bé mat khac nhau

Két qua trén Hinh 3.9 cho thay rd sy anh hudng phirc tap cia cac loai

chét don vo co va chat HDBM lén kha nang lién két cia mang phi epoxy véi

vat liéu nén. Mau epoxy thuan dat do bén bam dinh 1,61 + 0,56 MPa. Khi b

sung don 1é cac hat vo co nhu ZnO (mau EPZ) hoic g-CsN, (mau EPC), do

bén bam dinh syt gidm manh, chi con lan luot 12 0,75 + 0,16 MPa va 0,85 +

0,22 MPa. biéu nay co thé 1a do su két tu cta cac hat vo co tao ra céc khuyét
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tat tai bé mat phan cach, hodac do chung lam can tr¢ kha nang thdm w6t cua
nhua epoxy 1én bé mat nén.

Khi két hop tao thanh hé hat lai trong mau EPZC, d6 bam dinh duoc
phuc hoi dang ké 1én mtc 1,41 £ 0,11 MPa. Gia tri nay cao hon han so véi
viéc dung hat don don 1€, cho théy cAu trtc lai da cai thién tuong tac lién dién,
mic du van thap hon mot chiit so v6i nén EP nguyén ban.

Viéc sir dung cac chat HDBM khac nhau dé téng hop hat lai mang lai
nhitng két qua hoan toan trai nguoc. Viée stt dung PVA tao ra budc dot pha
khi d6 bam dinh tang vot 1én muc cao nhat, dat 2,20 + 0,41 MPa. Lop phu
EPZC-PVA vuot trdi hoan toan so voi ca mau EP géc. Su cai thién nay rat ¢
thé bat ngudn tir lwong 16n cac nhom hydroxyl (-OH) trén chudi mach PVA.
Céac nhom nay khong chi gitp phan tan hat don ma con tao ra mot mang ludi
lién két hydro day dac voi bé mit nén, hoat dong nhu nhirng "mé neo" hoa
hoc viing chic. Trai nguogc voi h¢ EPZC-PVA, hé¢ EPZC-SDS c6 d6 bén bam
dinh giam manh, chi con twong dwong mau EPZ (0,74 + 0,08 MPa). Lép dién
tich am va chudi ky nudc cua SDS c6 thé dd gy can tré luc twong tac giita
mang polyme va bé mit. H¢ EPZC-CTAB duy tri d6 bam dinh ¢ mirc kha
(1,21 + 0,13 MPa dén 1,44 + 0,56 MPa). Mic du CTAB gitip ting cudng
dang ké d6 cung con lic (nhu d3 phan tich ¢ biéu do trudc), ching lai khong
c6 dong gop tich cuc vao viée cai thién luc lién két bé mat nhu PVA.

Két qua trong Bang 3.3 ciing cho thiy cac miu 16p phu epoxy chira
hat g-C3N4-ZnO téng hop véi cac chat hoat dong bé mat khac nhau c6 kha
nang bam dinh t6t hon so véi mau 16p phu chira hat CZ tong hop khong co
chit HDBM.
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Bang 3.3. Két qua d6 bam dinh diém ctia cac mau 16p phu epoxy chira hat g-
C:3N4-ZnO tong hop véi cac chat hoat dong bé mit khac nhau
Mau D6 bam dinh diém Hinh anh

EP 1
EPZ 2
EPC 0
EPZC 2

EPZC-PVA 1
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EPZC-SDS 1

EPZC-CTAB 0

3.2.4. Do bén va dap

Do bén va dap ctia cic miu 16p phil epoxy chira hat CZ tong hop véi
cic chit hoat dong bé mit khac nhau duogc thé hién trén Hinh 3.10. Trai
nguoc voi xu hudng gia ting cua do ctng con lic, 46 bén va dap clia mang
ludi epoxy thuan lai dat gia tri cao nhat trong toan bo cac khao sat, 186,67 +
5,77 kg.cm. Viéc dua cac phu gia vo co (ZnO, g-C3N, hay hé hat lai) vao nén
polyme déu dan dén sy suy giam d6 bén va dap cua hé. Py 1a hién tuong rat
phé bién trong co hoc vat li¢u composite: cac hat vo co ciing dong vai tro la
cac diém tap trung ung sudt bén trong ciu triic mang. Dudi tic dong cia luc
va dap co hoc dot ngot o tdc dd cao, cac vi tri nay dé dang trd thanh diém
khoi phat cac vi nat, lam giam kha niang hap thy ning luong va d6 déo dai
téng thé cua mang ludi polyme. Viéc bd sung ZnO don 1¢ (miu EPZ) lam
giam nhe do bén va dap xubng 176,67 + 5,77 kg.cm. Khi st dung g-C3Ny
(mau EPC) hoic hé hat lai g-C3N4-ZnO (miu EPZC), gié tri ndy tiép tuc giam
xubng 166,67 — 173,33 kg.cm.
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Hinh 3.10. P9 bén va dap ctia cac mau 16p phu epoxy chira hat g-C3Ny-ZnO

tong hop voi cac chat hoat dong bé mat khac nhau
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Cac chat bién tinh duoc sir dung trong qua trinh tong hop hat lai cho
thay nhiing tac dong khac nhau 1én kha nang chiu va dap ciia hé mang son
epoxy. Mau EPZC-CTAB va EPZC-SDS c6 do bén va dap duogc cai thién nhe
so v&i hé hat lai khong bién tinh, dat mtc 176,67 + 5,77 va 173,33 = 11,55
kg.cm. Piéu nay chi ra ring CTAB va SDS ¢6 hiéu qua tét trong viéc ngin
chin su két tu cua cac hat g-C3N4-ZnO, gitp phén tan luc tic dong dong déu
hon trong mang ludi polyme. Pang chil y nhat 1a mau EPZC-PVA, hé 16p phu
nay ghi nhan do bén va dap thip nhit, chi con 156,67 + 5,77 kg.cm. Tuy
nhién, két qua nay hoan toan logic khi dat trong burc tranh tong thé. PVA tao
ra mang ludi lién két hydro cuc ky chit ché (gitip do bam dinh va chéng xudc
dat dinh), nhung chinh sy "khoa chat" nay lam han ché kha nang chuyén
dong/trugt cuc bd cua cac chudi mach polymer khi chiu luc va dap nhanh,
khién vt liéu trd nén gion cimg hon.

3.2.5. D) bong

Hinh 3.11 trinh bay do béng ctia cidc mau 16p phu epoxy chira hat
Z| tong hop véi cac chat HDBM. Két qua khao sat do bong cia cac mang phi
cho théy su hién dién va ban chit cta cac hat don vo co anh huong sau sdc
dén dic tinh quang hoc va hinh thai bé mit cua nén polymer. Lop phu epoxy
thuan, nhd qua trinh déng ran tao mang déng nhat va nhan min, thé hién do
phan xa anh sang xuyén tam tdt nhat véi do bong dat gia tri cuc dai, 167,3 £+
0,6 GU. bung nhu quy ludt chung cua vat li¢u composite, viéc dua bat ky
pha phan tan rin nao vao nén polymer (ZnO, g-C3;Ny hay hé lai) déu din dén
su sut giam do bong. Hién tuong nay xay ra do cac hat don lam gia tang do
nham vi mo tai bé mat 16p phi, khién anh sang t6i bi tan xa thay vi phan xa
dinh huéng. Pang luu ¥, mau s dung g-C;N4 don 1é (EPC) ghi nhan sy sut
giam d6 bong nghiém trong nhat, chi con 113,0 + 4,4 GU. Piéu nay c6 thé
dugc 1y giai boi ciu tric dang phién 2D dic trung ctia mang ludi carbon
nitride, d& dang tao ra cic go& hodc nép gap nho 1én khoi bé mat mang khi
phan tan. Khi két hop thanh hé hat lai g-CsN4-ZnO (EPZC), d6 bong dugc
phuc hdi mot phan 1én muc 135,0 + 1,0 GU, gan tuong duong véi mau ding
ZnO don 1¢ (EPZ — 134,3 + 4,0 GU), cho thiy cau trac lai da gitp cai thién

dang ké hinh thai bé mat so véi phién g-C3Ny tran.
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Hinh 3.11. D6 béng ctia cac mau 16p phi epoxy chira hat g-C3N4-ZnO tong
hop véi cac chét hoat dong bé mat khac nhau

Viéc ing dung cac chat hoat dong bé mit trong qué trinh tong hop pha
d6n dong vai trd quan trong trong viéc diéu hoa do bong ciia mang composite.
No6i bat nhat trong s6 cac mau khao sat 1a hé EPZC-PVA, ghi nhan d§ bong
cao nhit trong toan by nhom vét ligu composite, dat 144,0 £ 1,7 GU. Két qua
nay hoan toan déng nhét voi cac quan sat vé tinh bam dinh truéc d6: chudi
polyme PVA c6 do tuong thich cao vdi nén epoxy, giup céc hat lai phan tan
déng déu, ngan chan hién tuong két tu hat 16n ndi 1én bé mat, déng thoi hd tro
nhya nén thAm uét hoan toan ciu trac hat, tir d6 hinh thanh mot 16p mang
dong ran phang min hon. Trong khi d6, cac hé sir dung CTAB va SDS duy tri
d6 bong ¢ murc trung binh (dao dong tir 131,3 + 1,2 dén 1383 + 1,0 GU), cho
théy muc d6 kiém soat do nham bé mat & mic kha nhung chua dat hi¢u qua
toi uu nhu PVA.

3.2.6. Sw thay d6i mau sic

Sy thay doi mau sic ctia cac mau 16p phi epoxy chira hat CZ tong hop
voi cac chat hoat dong bé mit khac nhau duoc thé hién trén Hinh 3.12. Két
qua danh gia sy thay d6i mau sic (AE) cho thiy viéc bd sung cac pha phan tan
vb co co tac dong dang ké dén ngoai quan ctia mang phi so véi nén epoxy
thuan. Khi st dung chit don don 1¢, hat ZnO (mau EPZ) chi gay ra sy sai l1éch
mau sic khong dang ké véi AE dat 1,60 + 0,72. Nguoc lai, mau s dung g-
C3N, don 1 (EPC) lai ghi nhén sy bién d6i mau sic manh mé& nhat, day gi tri
AE tang vot Ién muc cuc dai 1a 9,23 + 0,39. Hién tugng nay Xuét phat tir mau

sic vang dic trung cua ban than vat liéu g-C3Ny, lam thay d6i dang ké do
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trong sudt va mau sic nguyén ban ctia nén nhya. Tuy nhién, mét hiéu Gng thu
vi da xay ra khi két hop hai thanh phan nay thanh hé hat lai g-C3N4-ZnO (miu
EPZC): gi4 tri AE sut giam manh xudng chi con 2,28 + 0,20. Piéu nay cho
thay cau tric lai da giup che day hiéu qua mau sic cua g-C3N, hodc cai thién
murc d0 phén tan, 1am giam thiéu su sai 1éch quang hoc cia mang.

Vai trd cta cac chét hoat dong bé mit trong vi¢c kiém soat mau sic
16p phu ciing duoc thé hién 1 rét. Cac miu sir dung PVA va CTAB cho thay
su sai 1éch mau séc & mutc 6n dinh va g.:?ln nhu tuong duong nhau, véi AE dao
dong trong khoang 2.50. Pang cha ¥ nhat 1a hé sir dung chét bién tinh anion
SDS (mAu EPZC-SDS), ghi nhan su thay doi mau sic thap nhét trong toan b
cac hé composite khao sat, véi AE giam xuéng dudi muc 1,00 (dat 0,69 +
0,34). Chi s6 AE < 1 trong hé do luong mau sac thuong duoc xem 13 gidi han
ma mét thuong rat kho nhéan ra sy khac biét. Do d6, hé EPZC-SDS gan nhu

bao toan dugc hoan toan mau sac nguyén thiy cua mang nhyua epoxy goc.

10

AE
w

2

1

, &= 2
EP EPZ

EPZC EPZC-PVA EPZC-SDS EPZC-CTAB

Hinh 3.12. Su thay d6i mau sic ctia cic mau 16p phu epoxy chira hat g-C3Ny-
V4:10) téng hop voi cac chét hoat dong bé mit khac nhau
3.2.7. Po bén udn
Bang 3.4 trinh bay két qua do bén udn cua cac mau 16p pha epoxy
chura hat CZ téng hop voi1 cac chit hoat dong bé mit khac nhau. C6 thé théy

cac mau déu co do bén uon tot, dat mirc 2 mm.
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Bang 3.4. Két qua d6 bén ubn cua cac mau 16p phu epoxy chira hat g-C3Ny-
ZnO téng hop voi cac chat hoat dong bé mat khac nhau

Méiu P§ bén udn (mm)
EP 2
EPZ
EPC
EPZC
EPZC-PVA
EPZC-SDS
EPZC-CTAB

\O NI ORI ORI ORI ORI O

3.2.8. Géc tiép xiic

Goc tiép xtic nudc clia cac mau 16p phi epoxy chira hat nano CZ tong
hop vo1 céc chét hoat dong bé mat khac nhau dugc thé hién trong Bang 3.5.
L6p phil epoxy nguyén ban thé hién goc tiép xuc 16n nhat trong toan bd cac
mau, dat mic xap xi trung binh 87,3° (goc trai 87,5°, goc phai 87,1°), cho
thay bé mit co tinh ky nudc twong ddi (ndm sat ngudng 90°). Khi bo sung cac
pha phan tan v co don 1, goc tiép xtic sut giam rd rét xudéng quanh mirc
81,1° dbi véi miu chira ZnO (EPZ) va 81,5° dbi véi miu chira g-CsNy (EPC).
Sy gia ting tinh wa nudc bé mat nay chil yéu bat nguodn tir ban chat phan cuc
va su hién dién cua céac vi tri wa nudc (nhu cac khiém khuyét bé mit hodc
nhoém hydroxyl bé mat) trén cac hat don v6 co, lam tang luc tuong tac tinh
dién va lién két hydro véi cac phan tir nudc. Khi két hop thanh hé hat lai g-
C3N4-ZnO (EPZC), gbc tiép xuc phuc héi nhe 18n muc trung binh khoang
83,3°, cho thay ciu tric lai phan nao lam che khuat hodc giam thiéu su phoi
bay cac vi tri wa nude so voi trang thai phén tan cta tung hat don 1€.

Ddac biét, viéc st dung cac chét hoat dong bé mat trong qué trinh téng
hop hé hat don lai di thic didy manh m& tinh wa nudc cta 16p mang
composite. Mau EPZC-PVA ghi nhan goc tiép xiic giam try lai mirc xap xi
81,5°. Hién tuwong nay hoan toan cé thé 1y giai duoc do chudi polyme PVA
chira mat do cao cac nhém hydroxyl tu do wa nudce, kéo theo ai luc véi nude
tai bé mat phan cach ran-10ng ting cao. Pang chu y nhét 1a hé sir dung chét

bién tinh anion SDS (EPZC-SDS), ghi nhan su sut giam goc tiép xuc xubng
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muc thép nhét trong tat ca cac khao sat, chi con khoang 77,5° (goc trai 77,8°,
goc phai 77,2°). Nguyén nhén 13 do ddu gbc phan cuc sulfate mang dién tich
am rat manh trong phan tir SDS d3 lam giam dang ké stc cang bé mat, khién
giot nudc dé dang lan toa va thAm w6t mang nhya.
Bang 3.5. Két qua goc tiép xuc cta cac miu 16p phu epoxy chira hat g-C3Ny-
Zn0O téng hop véi cac chét hoat dong bé mat khac nhau

. Goc tiép xtc nudc Hinh anh
Mau - -
Goc trai | Goc phai
EP 87,5 87,1
EPZ 81,4 80,9
EPC 81,0 82,0
EPZC 83,0 83,7
EPZC-
81,9 81,2
PVA
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EPZC-

77,8 77,2
SDS
EPZC-

81,8 81,1
CTAB

3.2.9. Hinh th4i ciu tric

Hinh thai cdu tric ciia cac mau 16p phu epoxy chita hat CZ tong hop
voi cac chat hoat dong bé mit khac nhau dugc thé hién trén anh hién vi soi
no6i (Hinh 3.13). C6 thé thay hinh thai phan tan cua pha ran phu thudc rat 16n
vao céu tric hat lai va ban chét cua chit hoat dong bé mat duogc st dung. Péi
v6i mang phu d6i chimg, nén epoxy thuan boc 10 cau tric dong nhat, nhin
min va trong sudt, khong xuét hién khuyét tat hay hat lo limg nao dang ké.
Khi b6 sung hat g-C3N4 don 1é (mau EPC), ta c6 thé quan sat rd sy hinh thanh
ctia cac dam két tu kich thudc 16n phan bd day dic trén mang. Hién tugng nay
Xuat phat tir ban chét céu tric 16p 2D cua vat ligu g-C3N4; nang lugng bé mat
cao va lyc twong tac Van der Waals manh khién cac phién vat liéu dé dang
xép chong va dinh két vao nhau trong qua trinh dong ran. Tuy nhién, su két
hop thanh hé hat lai CZ (miu EPZC) da cai thién dang ké hinh thai nay; cac
cum hat tré nén nho hon va phan b tan mac hon. Piéu nay ching té sy phat
trién cta cac hat ZnO trén bé mit phién g-C3;Ny4 da tao ra hiéu Gmg an ngir
khéng gian, pha v& luc hat tinh dién va ngin chin hiéu qua su xép chdng khit

cua cac 16p carbon nitride.
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Hinh 3.13. Anh hién vi soi ndi ctia cidc mau 16p pht epoxy chira hat g-C3Ny-
ZnO téng hop voi cac chat hoat dong bé mat khac nhau trén nén kinh.

Pang cha ¥ nhat 13 su bién d6i hinh thai khi c6 mit cac chat hoat dong
bé mit. Miu str dung PVA (EPZC-PVA) thé hién do phan tan vi mé hoan hao
nhat trong toan b cac hé composite: cac hat don hoa quyén déng déu vao nén
polyme, kich thudc hat v cing min va gan nhu triét tiéu hoan toan cac dam
két tu 16n. Su tuong thich tuyét voi nay, nho mang ludi lién két hydro phong
phu giita chudi PVA va nén epoxy, chinh 1a 10i giai thich truc quan nhét tai
sao h¢ EPZC-PVA dat do bong bé mit cao nhat va lyc bam dinh vuot troi
nhat. Nguoc lai, cdc h¢ st dung chit hoat dong bé mat dang ion nhu SDS
(EPZC-SDS) va CTAB (EPZC-CTAB) lai xuét hién tinh trang keo tu nghiém
trong, tao thanh cac chim den hodc nau sim kich thudc 16n, tho rai rac kha“ip
bé mat. Pic biét & mau EPZC-SDS, su két tu hat dién ra manh mé& nht, tao ra
cac diém tap trung Gng suit va rao can can tré sy thim udt cua nhua epoxy,
hé qua tat yéu dan dén viéc luc bam dinh ctia miu nay sut giam xudng mirc
thap nhat.
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Hinh 3.14. Anh hién vi soi ndi ctia cdc mau 16p phit epoxy chira hat g-C3Ny-

ZnO téng hop voi cac chit hoat dong bé mit khéac nhau tai vi tri dut gay sau
khi kéo.

Két qua quan sat mat cat dat gay bang kinh hién vi soi néi cung cip
nhing bang chimg vi md quan trong vé co ché pha huy va mirc d6 tuong tac
lién dién gitra pha phan tan va nén polymer. Hinh 3.14 trinh bay anh hién vi
soi ndi cta cac mau 16p phu epoxy chira hat CZ tong hop véi cac chat hoat
dong bé mat khac nhau tai vi tri dat gdy sau khi kéo. Pi voi mau epoxy
thuan (EP), bé mit dut gdy twong dbi phang va xuat hién cac nép gap dang
"van song" muot ma, day 14 hinh thai dic trung dién hinh cho co ché dut giy
gion cua vat liéu nhya nhiét ran déng nhat. Khi ¢c6 mit cac hat don don 1€, bé
mit pha hity ciia mau EPZ va dic biét 1a EPC tré nén gd ghé hon 13 rét, quan
sat thiy nhiéu ddm tring duc nho 1i ti phan bd trén mit cit ciia EPC, cho thay
su ton tai cua cac dam két tu 1am can tr va phan nhanh cuc by duong truyén
vét nut. O hé hat lai khong bién tinh (EPZC), cdu triic mat cit trd nén dong

nhét hon so véi EPC nhung van duy tri dugc d§ nham nhét dinh, phan anh sy
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truyén tai ing suat hiéu qua din dén do bén kéo cao nhat di dugc ghi nhan
truéc d6. Su hién dién cia cac chat HDBM da lam thay doi hoan toan hinh
thai duong truyén vét niit bén trong mang ludi composite. Pdi véi hé EPZC-
PVA, mit ct dat gay xuét hién mot mang ludi cac van song cuc ky day dic,
nho min va c6 xu hudng udn luon phirc tap. Cau trac nay minh ching cho
tuong tac lién dién vo cung chit ché (nhd mang ludi lién két hydro). Khi chiu
luc kéo tinh, vét nut khong thé lan truyén théng ma lién tuc bi lam léch va
phan nhanh khi va cham véi1 cac vi hat dugc boc PVA bam chat vao nén, tao
ra bé mat dut gdy c6 ciu tric vi mo rat phic tap.

Trai nguoc voi hé EPZC-PVA, cac hé EPZC-SDS va EPZC-CTAB c¢6
bé mit pha huy dic trung boi cac dudng van nut kéo dai, siu, thang va song
song v6i nhau chay xuyén sudt mat cat. Hinh thai nay chi ra rang vét nut lan
truyén rat nhanh va it bi can trd xuyén qua mang ludi polymer. Piéu nay hoan
toan phu hop véi gia thuyét vé su hinh thanh mot 16p phan cach yéu hoic su
déo hoa cuc bd, khién hat don khong phat huy dugc vai tro "chot chan" vét
nit, din dén md dun dan hodi cla cac miu EPZC-SDS va EPZC-CTAB sut
giam.

3.3. Kha niing chong in mon cia 16p phii epoxy/g-C3N4-ZnO

Gia trj tong tro khang & d6 thi Bode tai ving tan s6 thap (102 Hz) 1a chi
s6 quan trong nhat dé danh gia kha nang chong an mon cta 16p phu. |Z| cang
cao thi 16p pha c6 rao can t6t, ngin chin hiéu qua sy xAm nhip cia nudc va
cac ion CI" dén bé mit kim loai. 1Z| cang thap thi 16p pha di bi thAm w6t hodc
xuat hién cac 18 x0p, trd' thanh duong dan cho chat dién ly di qua. Hinh
3.15(a,b) thé hién biéu do BodeZ va BodePhase tir két qua pho tro khang dién
héa (EIS) ctia cdc mau sau 7 ngay ngadm trong dung dich NaCl 3,5%.
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Ttr d6 thi BodeZ (Hinh 3.15al va Hinh 3.15a2), miu tét nhat 1a EPZC-
CTAB con mau kém nhat 1a EP. Tai ving tan sb thap (102 Hz), gia trj IZ| cua
16p pha EPZC-CTAB cao nhat trong tat ca cac mau. Piéu ndy cho thiy chét
HPBM cation CTAB di giup cac hat CZ phan tan dong nhat, tir d6 lap day
cac 16 xbp trong nén epoxy. Diéu nay giup hinh thanh cu tric mang dic khit,
ngan chan sy thdm nhap cua cac ion CI" va nudc. PVA 1a mdt polymer phan
cuc tan trong nude va ¢ tinh wa nudc cao. Khi cho vao 16p pha chong tham,
né vo tinh tao ra cac "con dudng" din nude va ion Cl di vao bén trong mang
son nhanh hon. Sau 7 ngay ngam, PVA c6 thé khién 16p phu bi truong nd
hodc 1am yéu di cau trtc lién két ctia epoxy.

O d6 thi BodePhase (Hinh 3.15b1 va Hinh 3.15b2), tai ving tan s6 thap
(dudi 10°), gbc pha c6 xu hudng giam xudng murc thap (0°-20°), thé hién su
chuyén dich tir cach dién sang tinh dn dién qua 16 x6p. Goc pha cia 16p phu
EPZC-CTAB ¢ tan s6 10 Hz rat thap (gan 0°), cho thdy nudc da tham vao.
Tuy nhién, khi két hop véi két qua tir d6 thi BodeZ, ta co thé thdy rang nudc
bi chin dung boi hat CZ két hop voi chadt HDBM CTAB, han ché tao thanh
dong ion lién tuc dé gy an mon. Pdi véi goc pha cua 16p phu EPZC-PVA
van duy tri khoang 20°. Tuy nhién, do gia tri |ZI cia mAu nay rat thap nén ta
c6 thé két luan réng mang da bi truong nd. Diéu ndy dan dén viéc tao ra cac
"tu dién gid" do su hép thu nréc manh mé cia PVA.
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Hinh 3.16. Pho EIS (dang (a) BodeZ va (b) BodePhase) ciia cdc mau epoxy tir
2 gio dén 43 ngay ngam trong dung dich NaCl 3,5%

Véi cac mau thé hién kha ning chéng dn mon tét sau 7 ngdy (trir mau
EPZC-PVA), két qua EIS cta chung tir 2 gio dén 43 gio ngdm trong dung
dich NacCl 3,5% duoc biéu dién bang do thi BodeZ va BodePhase trén Hinh
3.16 (a,b). Pdi voi dd thi BodeZ (Hinh 3.17a), gia tri tong trd & ving tan sb
thap (102 Hz) c¢6 xu hudéng giam dan khi thoi gian ngdm trong dung dich dién
ly tang 1én (tir 2 gio dén 43 ngay). Piéu nay chimng to sy thAm nhdp dan cia
cac tac nhan an mon (H,0, CI, O,) qua 16p mang polymer. O méiu d6i ching
EP tong trd ban dau kha cao nhung giam on dinh theo thoi gian. Mau EPZC-
CTAB duy tri goc pha cao (>80°) (Hinh 3.17b) va téng tré ving tan so thap
6n dinh sau 43 ngay ngim so v6i EPZC. Viéc thém cac chat HDBM gitip cai
thién dang ké d6 bén cua 10p phu va cai thién su phan tan cua cac hat

CZ gitp bao kin céac 16 hong trong nén epoxy.
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Hinh 3.17. Gia tri 1Zl100mn, cia cic miu epoxy theo thoi gian tir 2 gio dén 43
ngay ngam trong dung dich NaCl 3,5%

Gia tri tong tré khang tai tan s thap (1ZI tai 0,01 Hz) 1a mot chi sb tin
cdy dé danh gia hiéu suét rao can cua 16p phi. Két qua tir Hinh 3.17 cho thay
sau 7 ngdy ngdm, mau EPZC-CTAB duy tri gia tri (1Zlo,01 1) cao nhat, dat xap
xi 8 x 107 Ohm.cm?. Con s nay cao hon gp 10 lan so v6i miu epoxy nguyén
ban (8 x 10° Ohm.cm?). Lép phtt EPZC-SDS ¢6 dai gbc pha cao bi thu hep rat
nhanh. Ngay tir nhitng ngay dau, goc pha & ving tan sd trung binh di giam
manh, cho thdy SDS 1am mang d& bi phan cyc va dan ion. Xu hudng nay
tuong ddng v4i nghién ctru cia Liu va cong su [44], trong d6 16p phu epoxy
chta di thé ZnO/g-C3N, dang mosaic dat gia tri tong tré' cao hon hon 11 lan
s0 vOi epoxy nguyén ban nho hiéu Gmg rao can va su kéo dai dudng khuéch
tan cua cac tac nhan an mon. Tuong tu, El-Sabban va Deyab [45] cling bao
céo rang viéc két hop ZnO va g-C3N, trong hé phu epoxy gilip nang cao dang
ké dién trd chuyén dién tich va tong trd ctia 16p phtl nhd tao cdu tric lai hiru
co-vo co dic khit hon. Két qua cta nghién ctru hién tai hoan toan phu hop véi
xu huéng di dugc ghi nhan trén thé gidi, dong thoi khang dinh vai tro cua
CTAB trong viéc cai thién sy phan tan cua hat g-CsN4/ZnO va tang hiéu qua
chdng an mon cho nén thép ciia mang phu epoxy.
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KET LUAN VA KIEN NGHI

KET LUAN
Tong hop thanh coéng cac hat CZ c¢6 va khong c6 chait HDBM (CTAB,
SDS, PVA). Tir két qua FESEM va TEM, kich thuéc ctia hat CZ ¢ chat
HPBM nho, min (60-120 nm) hon so véi CZ khong c6 chit HDBM
(250,95 nm). Tuy nhién, cac hat c6 xu hudng két tu lai v&i nhau va tao
thanh cac hat véi kich thudce 16m.
Céac hat CZ giup cai thién mot s tinh chat co 1y ctia mang phu; mau
EPZC-CTAB cho do ctng cao nhét (~285), d6 phan tan tot va cau tric
mang dac khit hon.
L6p phit EPZC-CTAB c¢6 kha nang chéng an mon vuot troi, voi tong trd
|Z| dat khoang 10® Q.cm? sau 7 ngay ngam trong dung dich NaCl 3,5%,
cao gap khoang 10 lan epoxy thuan.
CTAB la chat hoat dong bé mat hiéu qua nhat trong nghién ctru, gitp ting
do phéan tan cia hat g-C3N4/ZnO, cai thién do dac khit cua 16p phu epoxy
va nang cao dang ké kha nang chong an mon lau dai cho nén thép.

KIEN NGHI

Ttr cac két qua thu dugc & trén cho thiy can mé rong danh gia vé hoat

tinh quang xudc tac tu lam sach va thur nghiém do bén thoi tiét (lao hoa gia téc)

dé c6 thé ing dung quy mo 10n trong thyc tién trong linh vuc chéng dn mon.



60

TAI LIEU THAM KHAO

[[]Maeda Kazuhiko, Wang Xinchen, Nishihara Yasushi, Lu Daling,
Antonietti Markus, Domen Kazunari, 2009, Photocatalytic activities of
graphitic carbon nitride powder for water reduction and oxidation under
visible light, The Journal of Physical Chemistry C, 113(12), 4940-4947.

[2] Teter David M., Hemley Russell J., 1996, Low-compressibility carbon
nitrides, Science, 271(5245), 53-55.

[3]Amirhossein ~ Alaghmandfard, @ Khashayar = Ghandi, 2022, A
Comprehensive Review of Graphitic Carbon Nitride (g-CsN4)-Metal
Oxide-Based Nanocomposites: Potential for Photocatalysis and
Sensing, Nanomaterials, 12(2), 294.

[4]Wee-Jun Ong, Lling-Lling Tan, Yun Hau Ng, Siek-Ting Yong, Siang-
Piao Chai, 2016, Graphitic carbon nitride (g-C;N4)-based photocatalysts
for artificial photosynthesis and environmental remediation: are we a step
closer to achieving sustainability?, Chemical Reviews, 116(12), 7159-
7329.

[5]Gillan Edward G., 2000, Synthesis of nitrogen-rich carbon nitride
networks from an energetic molecular azide precursor, Chemistry of

Materials, 12(12), 3906-3912.

[6]Jiang Z., Wan W., Li H., Yuan S., Zhao H., Wong P.K., 2018, A
hierarchical Z-scheme alpha-Fe;Os/g-CsNs  hybrid for enhanced
photocatalytic CO; reduction, Advanced Materials, 30(35), 1705512.

[7]Cao S., Low J., Yu J., Jaroniec M., 2015, Polymeric photocatalysts based
on graphitic carbon nitride, Advanced Materials, 27(13), 2150-2176.

[8]Ensafi A.A., Izadi M., Karimi-Maleh H., 2013, Sensitive voltammetric
determination of diclofenac using room-temperature ionic liquid-
modified carbon nanotube paste electrode, lonics, 19(1), 137-144.

[9] Goettmann F., Fischer A., Antonietti M., Thomas A., 2006, Chemical
synthesis of mesoporous carbon nitrides using hard templates and their
use as a metal-free catalyst for Friedel-Crafts reaction of
benzene, Angewandte Chemie International Edition, 45(27), 4467-4471.

[10] HuS.,Ma L., Li F., Fan Z., Wang Q., 2015, Construction of g-C;N./S-

g-CsNs4 metal-free isotype heterojunctions with an enhanced charge



61

driving force and their photocatalytic performance under anoxic
conditions, RSC Advances, 5(110), 90750-90756.

[11] Yu J., Wang S., Low J., Xiao W., 2013, Enhanced photocatalytic
performance of direct Z-scheme g-CsN4-TiO2 photocatalysts for the
decomposition of formaldehyde in air, Physical Chemistry Chemical
Physics, 15(39), 16883-16890.

[12] Borysiewicz M.A., 2019, ZnO as a functional material: a
review, Crystals, 9(10), 505.

[13] Dhoke S.K., Khanna A.S., Sinha T.J.M., 2009, Effect of nano-ZnO
particles on the corrosion behavior of alkyd-based waterborne
coatings, Progress in Organic Coatings, 64, 371-382.

[14] Dhoke S.K., Bhandari R., Khanna A.S., 2009, Effect of nano-ZnO
addition on the silicone-modified alkyd-based waterborne coatings on its
mechanical and heat-resistance properties, Progress in Organic Coatings,
64, 39-46.

[15] Meena P., Poswal K., Surela A., Saini J., 2022, Synthesis of g-
CsN4/ZnO hybrid nanostructures and investigation of photodegradation
activity against brilliant cresyl blue dye, Advanced Composites and
Hybrid Materials, 6.

[16] Suhag M.H., Khatun A., Tateishi 1., Furukawa M., Katsumata H.,
Kaneco S., 2023, One-step fabrication of ZnO/g-CsN4 composite for
visible-light photocatalytic degradation of bisphenol E, ACS Omega, 8,
11824-11834.

[17] Sharma V., Bashir S., Singh A., Kumar A., 2021, Comprehensive study
of antidiabetic drug Metformin as effective corrosion inhibitor for mild
steel in 1 M HCl, Journal of Molecular Structure, 1228, 129439.

[18] Zhang Y., Xu W., Hu Y., Wang Y., Li X., 2016, Graphitic carbon
nitride/ZnO hybrid nanocomposite: synthesis, characterization and
visible-light photocatalytic performance, Applied Surface Science, 387,
864-871.

[19] Xiang Q., Yu J., Jaroniec M., 2012, Graphene-based semiconductor
photocatalysts, Chemical Society Reviews, 41, 782-796.

[20] Yan S.C., Li Z.S., Zou Z.G., 2009, Photodegradation performance of g-



62

CsNy fabricated by directly heating melamine, Langmuir, 25(17), 10397-
10401.

[21] Hosseini-Hosseinabad S.M., Minaeian S., Tavakoli A., Sabaei M.,
Asadi H., Ghadiri M., 2022, Development of g-C3;N4/ZnO nanocomposite
as a novel, highly effective and durable photocatalytic antibacterial
coating for cotton fabric, Ceramics International, 49(4), 5492-5505.

[22] Sara Fazli-Shokouhi, Farzad Nasirpouri, Bahram Ramezanzadeh, 2025,
Smart epoxy coatings reinforced with g-C;N4/Clinoptilolite hybrid
nanofillers for corrosion protection and self-healing, Journal of Materials
Research and Technology, 38, 5554-5578.

[23] Mahmudul Hassan Suhag, Aklima Khatun, Ikki Tateishi, Mai
Furukawa, Hideyuki Katsumata, Satoshi Kaneco, 2023, One-Step
Fabrication of the ZnO/g-CsN4 Composite for Visible Light-Responsive
Photocatalytic Degradation of Bisphenol E in Aqueous Solution, ACS
Omega, 8(13), 11824-11836.

[24] Mahmudul Hassan Suhag, Aklima Khatun, Ikki Tateishi, Mai
Furukawa, Hideyuki Katsumata, Satoshi Kaneco, 2024, Visible Light
Induced Photocatalytic Degradation of Diclofenac in Aqueous Solution
Using Fabricated ZnO/g-CsN4 by Facile Calcination Technique, ACS
Omega, 9(45), 45090-45103.

[25] Fatma Nabhan, Eman M. Fayyad, Mostafa H. Sliem, Farah M. Shurrab,
Kamel FEid, Gheyath Nasrallah, Aboubakr M. Abdullah, 2023, ZnO-
Doped gCsNs Nanocapsules for Enhancing the Performance of
Electroless NiP Coating—Mechanical, Corrosion Protection, and
Antibacterial Properties, ACS Omega, 8(25), 22361-22381.

[26] Zi-Xiang Liu, Jing-Jing Tian, Ping Liu, Ji-Chang Liu, Jin-Ku Liu,
2024, Design and Synthesis of Mosaic ZnO/g-CsN4 Heterojunction
Materials with Excellent Anticorrosion Performance, Industrial &
Engineering Chemistry Research, 63(30), 13218-13229.

[27] Kumar A.M., Suresh Babu R., Gasem Z.M., 2020, Synergistic effect of
g-C3N4/ZnO nanocomposite on the corrosion protection performance of
epoxy coatings, Progress in Organic Coatings, 139, 105423

[28] H6 Van Hién, Nguyén Ngoc Vil, Lé Van Huén, 2024, Nghién ctru ché



63

tao va danh gid hoat tinh quang xtc tac xt ly mau xanh methylene cua
vat liéu nanocomposite ZnO/g-CsNa, Tap chi Khoa hoc Pai hoc Quy
Nhon, 18(4), 45-56.

[29] Vi Anh Tuin, Pham Quang Minh, Nguyén Thi TG Anh, Pao Thi Cam
Vi, Nguyén Thi Bich Hang, Nguyén Thu Huong, 2024, Tong hop vat liéu
Ag/Zn0/g-C;N, bang phuong phap nung don gian dé loai bo khang sinh
Tetracycline hydrochloride trong moéi truong nudc, Journal of Control
Vaccines and Biologicals, 4(1), 142.

[30]Rosen M.J, Kunjappu J.T, 2012, Surfactants and Interfacial
Phenomena, John Wiley & Sons, Hoboken, NJ.

[31] Wang Z.L, 2004, Nanostructures of zinc oxide, Materials Today, 7(6),
26-33.

[32]Myers D, 2005, Surfaces, Interfaces, and Colloids: Principles and
Applications, Wiley-VCH, Weinheim.

[33] Ramezanzadeh B, Attar M.M, Farzam M, 2011, A study on the
anticorrosion performance of the epoxy—polyamide nanocomposites
containing ZnO nanoparticles, Progress in Organic Coatings, 72(3),
410-422.

[34] Mourdikoudis S, Liz-Marzan LM, 2013, Oleylamine in nanoparticle
synthesis, Chemistry of Materials, 25(9), 1465—1476.

[35] Eastoe J, Dalton J.S, 2000, Dynamic surface tension and adsorption
mechanisms of surfactants at the air—water interface, Advances in Colloid
and Interface Science, 85(2-3), 103—144.

[36] Li K, Chen M, Chen L, Zhao S, Xue W, Han Z, Han Y, 2023, Synthesis
of g-C3;N4 Derived from Different Precursors for Photodegradation of
Sulfamethazine under Visible Light, Processes, 11(2), 528.

[37] Dong F, Zhao Z, Xiong T, Ni Z, Zhang W, Sun Y, Ho WK, 2013, In
situ construction of g-CsN4/g-CsNs metal-free heterojunction for
enhanced visible-light photocatalysis, ACS Applied Materials &
Interfaces, 5(21), 11392—-11401.

[38] Tian N, Huang H, He Y, Guo Y, Zhang T, Zhang Y, 2015, Mediated
growth of ZnO nanoparticles on g-CsNs nanosheets for improved
photocatalytic activity, Journal of Materials Chemistry A, 3(33), 17120-



64

17129.

[39] Alaghmandfard A, Ghandi K, 2022, A Comprehensive Review of
Graphitic Carbon Nitride (g-CsN4)-Metal Oxide-Based Nanocomposites:
Potential for Photocatalysis and Sensing, Nanomaterials, 12(2), 294.

[40] Shkir M, Ganesh V, Yahia 1.S, AlFaify S, Algarni H, Hamdy MS, 2020,
Facile synthesis of ZnO/g-C;N4s nanocomposites for enhanced
photocatalytic and antibacterial performance, ACS Omega, 5(9), 4501—
4512.

[41] Chebanenko M.I, Perekrestov R.V, Khoroshutin D.A, Tarasov A.B,
2022, Synthesis and Structure of ZnO-Decorated Graphitic Carbon
Nitride (g-CsN4) with Improved Photocatalytic Activity under Visible
Light, Inorganics, 10(12), 249.

[42] Ramezanzadeh B, Ahmadi A, Mahdavian M, 2019, Enhancement of
corrosion protection performance of epoxy coating through incorporation
of functionalized graphene oxide nanosheets, Corrosion Science, 160,
108066.

[43]Yan H, Zhang J, Qi G, Wang Y, Liu J, 2020, Enhanced corrosion
resistance and adhesion of epoxy coating by two-dimensional graphite-
like g-CsN4 nanosheets, Journal of Colloid and Interface Science, 579,
152-161.

[44] Liu ZX, Wang Y, Li H, Zhang X, Chen Y, 2024, Design and Synthesis
of Mosaic ZnO/g-CsNs Heterojunction Materials with Excellent
Anticorrosion Performance, Industrial <& Engineering Chemistry
Research, 63(31), 13741-13753.

[45] El-Sabban H.A, Deyab M.sA, 2023, Novel highly efficient ternary ZnO
wrapped PPy-NTs/g-CsN4 nanocomposite as an epoxy coating for

corrosion protection, Scientific Reports, 13, 21410.



