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TOM TAT

Vit liéu khung hitu co — kim loai dang duoc xem la tién chat tiém nang trong ché
tao oxit kim loai c6 cau tric x0p. Trong d6, Prussian Blue (PB) duoc danh gid 1a loai
vat liéu tién chat quan trong cho viéc ché tao cac oxide kim loai cu trac x8p nho déc
diém mang tinh thé bén vitng va kha ning chuyén héa hinh thai hiéu qua bang qua
trinh xt ly nhiét. Trong nghién cttu nay, chung toi tong hop thanh cong PB ¢ bé
mdt tron, dang 1ap phuong hoan chinh, cac khéi phan tan va kha dong déu. Str dung
PB lam tién chat, bang qua trinh nung véi sw diéu chinh nhiét d6 thich hop, ching
toi thu duwgc vat liéu y-Fe20s ¢d ciu truc lap phuong x8p. Cac ciu tric lap phuong
dugc sdp xép tlr cac hat nano y-Fe20s ¢6 kich thude nho duoc hinh thanh do qué
trinh oxy hoa cac lién két —CN. Vat liéu c6 dién tich bé mat riéng cao, hé thong mao
quan phong pht va mé rét tiém nang trong nhiéu linh vuc quan trong nhw cam bién

khi, xtc tac, hdp phu.

Tw khéa: Prussian Blue, tong hop, oxide kim loai, vat liéu nano, vat liéu x&p.

1. MO PAU

Prussian Blue (PB) hay ferric hexacyanoferrate (Fes[Fe'(CN)s]s) mac du duoc
biét dén la mot trong nhitng vat liéu 1au doi nhat, nhung lai gay nhiéu sy quan tam tro
lai trong thoi gian gan day nho vao cdu tric x8p va hiéu sudt cam bién ddc dao cua nd
[1]. Vat liéu dya trén cdu triuc PB duoc ghi nhan ¢ hoat tinh dién hda cao va dugc ting
dung hiéu qua trong cac hé cam bién d€ phat hién nhiéu chat phan tich khac nhau do ¢
cdu truc mo va kha nang diéu chinh thanh phan ctia PBAs [2], [3], [4]. Bén canh d6, PB
c6 cdu tric 1ap phuwong tam mat (fcc), dong thoi cac cation kim loai c6 thé dé dang duoc
thay thé bang cac ion kim loai chuyén tiép khac nhu Co, Ni, Mn ma khong phé vé cau
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trtic tinh thé ban dau, do d6 tir PB ¢4 thé dé dang tdng hop cac dan xuét ctia né (Prussian
Blue Analogues, PBAs) vdi cac tinh chat dugc tang cuong [5], [6].

Cho tdi nay, da c6 nhiéu cac ti€p can khac nhau dé tong hop PB. Vi du, Wu va
cdng su bao cdo qua trinh tong hop cac hat nano lap phuwong PB c6 kich thude khac nhau
dudi sy hd tro cta séng siéu am. st dung tién chat Fels[Fe(CN)s]s trong moi truong
axit. Viéc kiém soat hinh dang va kich thuwdc ctia PB c6 thé dugc thuc hién thong qua sy
thay d6i cac diéu kién siéu am [7]. Trong sw da dang cach tiép can, nho qua trinh don
gian, diéu kién tong hop 6n hoa, thiy nhiét duoc xem la la phwong phap pho bién va
hiéu qua d€ tong hop co6 kiém soat kich thude va hinh thai tinh thé ctia PB [8]. Trong mét
nghién cttu gan day, PB da duwoc tong hop trong mdi truong nwdc mot cach don gian
nhung hiéu qua, 6n dinh va dé kiém soat cau tric, dong thoi ing dung xtc tac va quang
xtc tac ctia PB trong xt ly nudce ciing dwgc nghién cttu, khang dinh tiém ning ctia cau
triic khung m¢ ctia Prussian Blue [9]. Bén canh d6, d€ khai thac t6i da tiém nang ctia cdu
triic x8p Prussian Blue, cdc nha khoa hoc da tap trung vao bién tinh PB véi nhiéu thanh
phén chttc ndng khac nhau cho viéc cai thién hiéu nang cua vat liéu trong cac ing dung
cam bién va xtc tdc. Rodrigues va cong s da két hop PB véi polymer dan (polyaniline)
d€ tang hiéu sudt cam bién d6i véi khi NHs (4 ppm/150 gidy) ¢ nong d6 rat thap [10].
Ngoai ra, cac vatliéu PB bién tinh da dwoc tiing dung hiéu qua trong nhiéu linh vye khéc,
nhu cam bién dién hoa va sinh hoc (glucose, H20z2), xtic tac va dién xuc tac, luu trie va
chuyén hoa nang luwgng (pin ion kim loai), cho thay kha néng cai thién dang k& d6 nhay,
dd chon loc va d6 on dinh cta vat liéu trong cac diéu kién lam viéc khac nhau [3], [11],
[12]. O mot nghién cttu khdc, Manivannan va cong s¢t da dua thanh cong cac hat nano
vang (Au) vao 16i cia cau trtc di thé 3D x0p Prussian blue/Fe20s (PBFHM-Au), cai thién
tinh xtic tac ddng ké'so véi vat liéu composite Au/Fe20s chi gén trén bé mit thong thuong
[13].

Mot hudng nghién ctru tha vi dugc nhiéu nha khoa hoc quan tam 1a st dung PB
va PBAs lam tién chat dé€ tong hop oxide kim loai cau tric nano véi d6 x6p cao. Hu va
cong sy da gioi thiéu mot phuwong phap mdi dé ché€ tao cac hat nano PB rSng thong qua
phan tng tu &n mon c6 kiém soat [14], tit d6 st dung PB cau tric rong lam tién chat d&
téng hop oxit sat nano xdp siéu thuan tir voi cau tric rong bén trong bang qua trinh
phan huy nhiét [15]. Zhang va cong su [16] ché tao cac hop lap phuong phan cap FexOs
kich thudc micro véi nhiéu cau tric vo khac nhau bang cach nung cac vi 1ap phuwong PB
dong nhat trong khong khi ¢ cac nhiét do khac nhau. Cau tric nano 1ap phuwong Fe20s
x0p duoc cdu tao tir cac hat nano min da duoc ché tao thanh thong qua su phan huy PB
0 nhiét do cao [28]. Nhom ctia Lou da bao cao su chuyén d6i cau trac tir PBA Ni-Co
dang 1ap phuong thanh cac nano I6ng oxit hdn hop Ni-Co théng qua xtt Iy bang amoniac
o nhiét d6 phong, sau d6 nung trong khong khi [17].

Tuy nhién, viéc kiém soat va duy tri duoc cdu tric xp ctia PB sau khi nung van
con nhiéu thach thac. Trong nghién ctru nay, chung to6i da dé xudt mot quy trinh don
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gian, on dinh, chi phi thap d€ tong hop Prussian Blue va tiing dung cau trac lap phuong
x0p ctia nd vao ché tao vat liéu oxit kim loai cdu tric xdp, nham tang cuong dién tich bé
mat va cai thién nhiing han ché da duwoc néu ra mot cach hiéu qua.

2. PHUONG PHAP NGHIEN CcUU

Tat ca hoa chat bao gom kali hexaxyanoferrat (II) (KsFe(CN)e.3H20),
polyvinylpyrrolidone (PVP) va dung dich HCI 0,1 M déu duoc mua tir Sigma-Aldrich
va st dung truc tiép ma khong qua tinh ché thém. D€ tong hop tién chat hat nano
Prussian Blue (PB), can 0,11 g KsFe(CN)6.3H20 va 3,8 g polyvinylpyrrolidone (PVP, K30,
MW ~ 40000) r6i dem hoa tan trong 50 mL dung dich HCI 0,1 M bang mdy khudy tir
trong 30 phat. Chuyén dung dich mau vang déng nhat thu duoc vao binh thuy nhiét
Teflon dung tich 100 mL va dem 1 & 90 °C. Sau 24 gio, rita hon hop mau xanh tham
nhiéu [an bang nudc va ethanol, sdy ¢ 80 °C trong 24 gio, ta thu duoc tién chat hat nano
PB. Nung tién chat PB thu duoc ¢ 500 °C trong 4 thoi gian khac nhau: 3 gio, 4 gio, 5 gio
véi téc dd gia nhiét 2 °C/phtt trong mdi treong khong khi d€ tién hanh khao sat thoi
gian nung t6i wu.

3. KET QUA VA THAO LUAN

Hinh théi ctia PB duwoc déc trung bang SEM va TEM trinh bay trén Hinh 1 va 2.
Anh SEM & c4c do phong dai khac nhau ¢ Hinh 1 cho thay vat liéu Prussian Blue duoc
hinh thanh chi yéu véi hinh thai 1ap phwong tuong d6i dong déu. Anh SEM d6 phéng
dai thap (Hinh 1a), c6 thé quan sat thdy s6 luwong 16n cac hat PB phan bé day dac trén
toan bo bé mat mau. Cac hat c6 hinh 1ap phrrong kha dong nhat va kich thudc phan bd
twong d6i hep. Trong khi d6, anh SEM ¢ d6 phong dai cao hon (Hinh 1b) cho thay rd
hon hinh thai bé mat va cdu tric hinh hoc cta cac hat PB. Cac hat ¢6 dang lap phuong
véi canh va goc ré nét, bé mit tron va kich thude ndm trong khoang 200 — 300 nanomet.

Hinh 1. Hinh anh SEM d¢ phan giai thap (a) va cao (b) cua tién chét PB.
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Dé quan sét 18 hon hinh thdi cta PB, chung tdi tiép tuc dic trung bang TEM,
duoc trinh bay trén Hinh 2. Anh TEM cho thay cac hat Prussian Blue duwoc hinh thanh
v6i hinh thai 1ap phuong twong ddi dong déu va cac canh tinh thé rd nét. Anh c6 sy khac
biét vé do twong phan gitta ving trung tam va phan ria cuia cac hat 1ap phuwong c6 thé
lién quan dén su thay doéi chiéu day vat liéu. Do PB thudc nhom vat liéu metal-organic
framework (MOF) hay Prussian Blue analogue (PBA), cau truc cta vat liéu von chira
nhiéu khoang rong va kénh khuéch tdn bén trong mang tinh thé, dan dén do twong phan
TEM thap hon so vdi cac vat liéu vo co dic thong thuwong. Két qua TEM xac nhan su
hinh thanh thanh cong ctia cac tinh thé Prussian Blue dang lap phuong.

Hinh 2. Anh TEM ctia PB.

Dé chuyén pha PB sang pha oxit sat can phai thuc hién qua trinh nung trong
khong khi. Vi vay, chung t6i thuc hién phan tich TG — dTG (Hinh 3) dé€ 1am r6 hon qua
trinh tién chat PB phan huy nhiét, tir 46 tim diéu kién nung phu hop. Két qua cho thay
qua trinh trai qua ba budc phan hay nhiét ddc trung, pht hop véi cdc bao cao trudc do
[18], [19]. Giai doan I ¢ dinh 96,98 °C trong khoang nhiét 30 — 150 °C; Giai doan II duoc
ghi nhan tai dinh 178,97 C trong khoang 150 — 220 °C va 6n dinh khdi luong trong mot
khoang nhé 200 - 270 °C, sau hai giai doan I vall, mau giam 12,89% khdi luong, nguyén
nhan duoc gan cho sy mat nudce trong cdu trac PB. Giai doan III xay ra tai dinh cuc dai
301,49 °C, lac nay khung Fe-CN-Fe bi phan huy va oxi héa cac nhém —CN-, khéi luong
giam dén 30,56% trong khoang nhiét 270 — 370 °C. Sau do, tit 370 °C tro di, duwong TG
gan nhu 6n dinh, xac nhan qua trinh giai phong cyanide két thiic, con lai san phdm cudi
cung la Fe20s. Phép do nay giup tinh toan tong khoi lwong hao hut kha 16n (43,45%), c6
nghia rang khi qud trinh nung trén 400 °C trd 1én, pha FexOs bén nhiét dugc hinh thanh,
san pham tao thanh c6 do 6n dinh cao.
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Hinh 3. Gian d6 tich nhiét TG — dTG cua tién chét Prussian Blue trong moi truong

khong khi.

Trén co so két qua phan tich TG — dTG, nhiét d nung 500 °C duoc lya chon dé
chuyén hoa tién chat Prussian Blue (PB) thanh Fe:0s. D€ khao sat anh hudng cta thoi
gian xt Iy nhiét d&én hinh théi vat liéu, cac mau duoc nung 6 500 °C trong khoang thoi
gian tir 3 dén 5 gio. Két qua SEM dugc trinh bay trong Hinh 4. C6 thé thay rang cau tric
1ap phuong dic trung caa tién chat PB van duoc duy tri sau qué trinh nung, cho thay sw
chuyén héa vat liéu dién ra theo co ché k& thita hinh théi (shape-preserved
transformation). D&i véi mau nung trong 3 gio (Hinh 4a,b), cac hat c6 dang 1ap phuong
dong déu, phan bd twong d6i day dac va van gitt duoc cac canh, géc sic nét. Tuy nhién
bé mat ctia hat trd nén kho rap, nhin gidéng nhu cac khoi xop. Khi tang thoi gian nung
1én 4 gio (Hinh 4c,d), hinh thai 1ap phrrong van duoc bao toan, tuy nhién bat dau xuat
hién hién tuong két tu gitta cac hat. Dong thoi, anh SEM d6 phan giai cao cho thdy mot
s0 hat 1ap phuwong ¢ dau hiéu sup d6 cuc bd tai cac gdc va canh, kem theo su xuéat hién
cta cac hat nano nho trén bé mat, dugc cho la hinh thanh tir qua trinh pha vo moét phan
cau trac lap phuong trong qua trinh nung kéo dai. Khi thoi gian nung tang 1én 5 gio
(Hinh 4e,f), mtic 6 phd huy cau trac tré nén ro rét hon. Mac du mot so hat van duy tri
duoc hinh dang 1ap phuwong ban dau, nhiéu hat da bi bién dang hodc phan ra thanh cac
hat nano nho, dan dén su gia ting dang ké s6 luwong cac hat thit cdp bam trén bé mat va
gitra cac khdi 1ap phuong. Nhitng két qua nay cho thay thoi gian nung c6 anh huéng
dang ké dén d6 on dinh hinh thai cta vat liéu. Trong sd cac diéu kién khao sat, mau
nung 6 500 °C trong 3 gio cho kha nang bao toan cau tric lap phuong tot nhat, dong thoi
han ché sy pha huy cdu trac va su hinh thanh cac hat th cap. Do d6, thoi gian nung 3
gio dugc lua chon la diéu kién t6i wu cho qua trinh tong hop FexOs ¢ cdu truc lap

phuong x6p.
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Hinh 4. Hinh anh SEM Fe:0:s véi thoi gian nung khac nhau: (a,b) 3 gio, (c,d) 4 gio va
(ef) 5 gio.

D€ quan sat rd hon cdu trac lap phuong x0p, chiing t6i phan tich TEM d6i véi
mau nung 3 gio, dwoc trinh bay trén Hinh 5. Qua hinh anh TEM c6 thé thay vat liéu co
cap trtc 1ap phuong x6p dwgc hinh thanh do cac hat nano Fe20s lién két véi nhau. Co
thé thdy ro cac khoang trdng trong toan b cau trac lap phuong cho thdy vat liéu c6 do
x0p rat cao. V6i cdu truc doc dao vat liéu sé rat tiém nang cho nhiéu tng dung quan
trong nhu xtc tac, hdp phuy, cdm bién khi vi ciu tric nay sé tao ra rat nhiéu tam hoat
dong, bén canh d6 cac chat muc tiéu dé dang tiép xtc véi cac tam hoat dong va ciing dé
dang giai phong cac san phdm sau phan tng.
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100 nm

Hinh 5. (a) Hinh anh SEM d6 phén giai cao; (b) Hinh anh TEM cua cac khoi nano -
FexOs xp sau thoi gian nung 3 gio.

Ph6 EDX (Hinh 6) ctia cdc mau véi thoi gian nung khac nhau déu cho thay sy
hién dién chu yéu cta hai nguyén t6 Fe va O, ching minh sy hinh thanh cua vét liéu
Fe20s sau qua trinh nung tién chat Prussian Blue. Dinh déc trung xuat hién tai khoang
0,5 keV duoc gan cho nguyén td O, trong khi cac dinh cuong d6 manh tai khoang 6,4 va
7,0 keV tuong ting voi cac murc chuyén tiép Fe Ka va Fe KB cua Fe. Két qua phtut hop véi
cac nghién ctru trudc day vé vat liéu y-Fe:Os dan xudt tir PB [20], [21]. Thanh phan
nguyén t§ cling cho thdy ca 3 mau déu cd ti 1é nguyén ti Fe/O ~ 2/3, cho thdy & thoi gian
nung 3 gio da hinh thanh pha Fe:0s hoan chinh.
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Hinh 6. Phd EDX ctia cic mau (a) 3 gio, (b) 4 gio, (c) 5 gio.

Ph6 hong ngoai IR trinh bay ¢ Hinh 7 ctia cdc mau 3 gio, 4 gio va 5 gio déu xuat
hién dai hdp thu rong tai dinh cuc dai 3421,72 cm™!, dwgc gan cho dao dong kéo gian cua
nhém —OH. Céac dinh nho xuat hién trong vung khoang 1382,96 — 1633,71 cm™ duoc quy
cho dao dong udn cua H-O-H. Céc dinh hap thu manh xuét hién trong vung 445,56 —
574,79 cm™ 1a dac trung cho sy hién dién cua lién két Fe—-O. Két qua phép do IR da xac
nhan sy hinh thanh thanh cong ctia y-Fe20s 6 ca ba mau thong qua dao dong diéc trung

cua lién két Fe-O.
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Hinh 7. Phé IR ctia cdc mau (a) 3 gio, (b) 4 gio, (c) 5 gio.

Hinh 8 thé hién phd nhiéu xa tia X (XRD) ctia cac san pham vdéi thoi gian nung
khac nhau. Nhin chung, tit ca d&u cé cac dinh nhiéu xa xuat hién tai cidc mitc 20 khoang
300, 35°, 43°, 57° va 63° lan lugt dwoc quy cho cac mét tinh thé (220), (311), (400), (511)
va (440) cho thay su hinh thanh pha y-Fe20s ciu trtc spinel 1ap phuong déc trung, phu
hop véi gia tri chuan ctia maghemite theo thé JCPDS no. 39-1346. D&i véi mau nung 3
gid, cac dinh nhiéu xa ctia y-Fe205 xu4t hién 16 rang, ching té qua trinh chuyén pha tir
PB sang y-Fe20s da xay ra hoan toan. Tuy nhién, cac peak nhiéu xa ctia mau nung 3 gio
c6 cuong do thap, day la dic trung cua cac hat nano c6 kich thude. Khi tang thoi gian
phan ting 1én 4 gio va 5 gio, cac dinh nhiéu xa dai dién cho cac mat (311), (511) va (440)
trd nén sac nét hon va c6 cuong dd cao hon ching té do két tinh ctia y-Fe:0s duoc cai
thién dang ké, cting nhu sy hinh thanh cac hat nano c6 kich thudc 16n nhu quan sat o
SEM.
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Hinh 8. Phd XRD ctia cac mau véi thoi gian nung khac nhau: (a) 3 gio, (b) 4 gio va (c) 5
gio.

Tt két qua ctia cac phép do trén, c6 thé nhan thay rang thoi gian phan tng anh
huong nhiéu dén qua trinh hinh thanh hinh thai, cdu tric xdp va do két tinh ctia khoi
nano x8p y-Fe20s dan xuat tir Prussian Blue. K&t qua SEM va TEM da chi ra san pham
nung trong 3 gio thé hién hinh thai t6i wu nhat véi cac khoéi nano hinh lap phuong duoc
bao toan, twong d6i dong déu va mic do két tu thap nhat. Cac phép do EDX, IR va XRD
cting cho thdy su hinh pha y-Fe20s da xay ra hoan toan & thoi gian nung 3 gio. Vi vay,
ching t6i lya chon day la thoi gian nung tdi wu dé€ tong hop cau tric y-Fe20s 1ap phuong
x0p.

4. KET LUAN

Trong nghién cttu nay, PB duoc tdng hop bang phuong phép thuy nhiét va st
dung lam tién chat &€ diéu ché vat liéu y-Fe:0s 1ap phuong x5p. Bang cac phuiong phép
hién vi dién t& quét (SEM), hién vi dién t truyén qua (TEM), nhiéu xa tia X (XRD), ph&
héng ngoai (IR) va phd tan sac nang lwong tia X (EDX). Cac két qua SEM va TEM cho
thay vat liéu thu duoc do cac hat nano lién két tao thanh mang x6p ba chiéu véi hinh
thai khdi 1ap phuwong dac trung duoc ké thira tir tién chat PB. Két qua cho thdy qua trinh
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nung anh huwong nhiéu tdi hinh thai ctia vat liéu, voi thoi gian nung 3 gio ¢ 500 °C thu
duoc cdu truc 1ap phuong cé hinh thai tét nhat. Trong khi d6, voi su gia tang thoi gian
nung sé lam pha huy cau trac 1ap phwong. Véi ciu tric x6p ddc ddo vat liéu sé rat tiém
nang cho cac linh vuc xtc tac, hdp phu va cam bién khi.
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ABSTRACT

Metal-organic framework materials are considered promising precursors for the
fabrication of porous metal oxides. Among them, Prussian Blue (PB) has been
regarded as an important precursor for preparing porous metal oxide structures due
to its stable crystal framework and its ability to transform morphology through
thermal treatment effectively. In this study, we successfully synthesized PB with a
smooth surface and a well-defined cubic morphology, in which the particles that
were welldispersed and relatively uniform. Using PB as a precursor and applying a
calcination process with appropriate temperature control, we obtained porous cubic
v-Fe20s structures. These cubic architectures were assembled from small y-Fe20s
nanoparticles formed through the oxidation of -CN bonds. The obtained material
exhibited a high specific surface area together with an abundant and open pore
system, showing great potential for important applications such as gas sensing,

catalysis, and adsorption.

Keywords: Prussian Blue, synthesis, metal oxides, nanomaterials, porous materials.
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