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Nghién ciru tong hop va danh gia hoat tinh xic tac dién hoa da chikc ning ciia NiCoP
dang céu tric tim nano cho phan @ng tach nwéc tong thé
Nguyén Anh Dirc”
Khoa Dién tir - Vién thong, Truong Dai hoc Dién lyc,
235 Hodang Quéc Viét, phwong Nghia D6, Ha Noi, Viét Nam
Ngay nhén bai 29/4/2026; ngay chuyén phan bién 5/5/2026;
ngay nhan phan bién 2/6/2026; ngay chap nhan ding 15/6/2026

Cic chit xtic tac dién héa dwa trén kim loai chuyén tiép gia ré cé tiém ning thay thé Pt,
Ir va Ru trong dién phin nwéc nho chi phi thap va ngudn cung it han ché hon. Tuy
nhién, viéc phat trién chit xic tic da chirc ning hoat déng hiéu qua cho ca phan vng
thoat khi H, (HER) va O, (OER) vin la thach thirc. Nghién ctru nay trinh bay phwong
phap tong hop cic tim nano NiCoP tryc tiép trén nén bot Ni ba chiéu (NiCoP/NF) dé
1am chit xic tiac cho qua trinh dién phan nwéc tong thé trong mdi truwong kiém. Hinh
thai va cdu tric ciia vit liéu dwoc xac nhin bing SEM va XRD. Trong dung dich KOH
1,0 M, NiCoP/NF thé hién hoat tinh tét d6i véi ca HER va OER, véi qua thé 1an ot 13
89 (tai mat do dong dién 10 mA cm™) va 350 mV (tai mat d¢ dong dién S0 mA cm™?) so
v6i RHE. Pién cuc ciing cho thiy dd bén hoat dong cao trong ca hai phan wng. Khi sir
dung NiCoP/NF lam chit xiic tic da chirc ning cho dién phan nwéc tong thé, hé chi cin
dién ap 1,54 V dé dat mat d6 dong 10 mA cm, dong thoi duy tri d6 on dinh cao. Két
qua cho thay, NiCoP/NF la vit liéu trién vong cho cic hé dién phan nwéc kiém hiéu qua
va chi phi thap.
Tir khéa: dién phan nuwéc, kim loai phosphide, ning lwong Ha, tich nwéc toan phan, xiic
tac da chirc nang.
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Abstract:

Low-cost transition-metal-based electrocatalysts are promising alternatives to Pt-, Ir-,
and Ru-based catalysts for water electrolysis owing to their lower cost and greater
abundance. However, the development of bifunctional electrocatalysts capable of
efficiently catalysing both the hydrogen evolution reaction (HER) and the oxygen
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evolution reaction (OER) remains a significant challenge. Herein, this study reports an
effective strategy for synthesising NiCoP nanosheets directly on three-dimensional Ni
foam (NiCoP/NF) as a bifunctional electrocatalyst for overall water splitting in alkaline
media. The successful formation of the NiCoP/NF nanosheet structure was confirmed
by SEM and XRD analyses. In 1.0 M KOH, the as-prepared NiCoP/NF electrode
exhibited high catalytic activity toward both HER and OER, requiring overpotentials
of 89 and 350 mV versus RHE, respectively, to achieve current densities of 10 and 50
mA cm™. The electrode also demonstrated high operational stability for both reactions.
Remarkably, when NiCoP/NF was employed as a bifunctional catalyst for overall water
splitting, the electrolyser required a low cell voltage of only 1.54 V to reach 10 mA cm™
while maintaining high long-term stability. These results highlight NiCoP/NF as a
promising electrocatalyst for efficient and low-cost alkaline water electrolysis.

Keywords: bifunctional catalyst, electrocatalyst, H, energy, metal phosphide, overall
water splitting, water electrolysis.

Classification numbers: 2.4, 2.9

1. Pit van dé

Nhu cau cip thiét ngay cang gia ting do khing hoang ning luong va cic van dé moi
truong toan cau da thuc ddy nghién ctru vé cac mé hinh ning luong sach va bén viing. Trong
bdi canh dé, hydro (Hz), véi mat do nang luong cao va dic tinh dot chay khong phat thai,
dugc xem 1a mot trong nhitng tru cdt quan trong ciia hé théng ning luong trong tuong lai.
Phén tach nudc bang phuong phap dién hoa dé san xuat Hy va 02 duoc xem 13 mot trong
nhitng chién luoc hiéu qua va c6 thé md rong kha niang luu trit va van chuyén ning luong,
nhd wu thé chuyén ddi ning luong dién thanh ning luong hoa hoc va dé dang tich hop vai
cac ngudn ning lugng tai tao nhu ning luong mit troi va gié [1]. Phuong phap dién phin
nudc thong thudng bao gdm hai ban phan ng 1a phan tng thoat khi O» (OER) va phéan tng
thoat khi Ha (HER), thudng yéu cau cac chit xuc tac dé giam qué thé can thiét cho qua trinh
tao H» va Oz [2]. Hién nay, cac chat xtc tic c6 hiéu suat cao nhét cho phan mg dién phan
nude van 1a cac vat liéu trén co so cac kim loai quy, dién hinh nhu Ru va Ir cho phan tng
OER, cung v6i Pt cho phan itmg HER [3]. Tuy nhién, viéc ing dung rdng rai cac vat li¢u nay
bi han ché nghiém trong do trit lugng khan hiém va chi phi cao. Truéc nhitng thach thirc do,
cac nha khoa hoc gan ddy da tap trung vao viéc tim kiém va tong hop cac chét xtc tac dién
hoa co chi phi thap, dé ap dung trong cong nghiép, ddng thoi c6 thé ning cao hiéu suit dién
phan va giam qua thé. Bén canh d0, cac chét xuc tac dang bot/hat truyén théng thuong can
su dung chit két dinh dé ¢ dinh 1én dién cuc, diéu nay co thé 1am suy giam hoat tinh xtc tac
va do bén cua thiét bi [4]. Vi vay, viéc tim kiém cac dién cuc khong str dung chat két dinh,
vira hiéu qua vé chi phi vira ¢6 hoat tinh cao cho ca HER va OER, dang thu hit nhiéu sy quan
tam. Céac dién cuc dang nay con giup don gian hoa céu tric ciing nhu thiét ké cua hé dién
phéan tach nude sinh khi Ho.
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Nhiéu nghién ctru di tap trung vao viéc phat trién cac chat xtc tac thay thé khong st
dung cac kim loai quy, ¢6 ngudn doi dio trong tu nhién, nham Gng dung cho qua trinh dién
phan nuéce, bao gdm cac oxit kim loai chuyén tiép, (oxy)hydroxide, phosphide, chalcogenide,
carbide va cac vat liéu lai [5-7]. Trong sb d6, cac phosphide kim loai chuyén tiép nhu Ni,P
va CoP d3 duoc nghién ciru rong rai nhu nhimg tng ctr vién tiém ning thay thé cho chat xuc
tac kim loai quy nho dic tinh dan dién tt, hoat tinh xuc tic cao, dd bén tot va chi phi thép
[8]. Hoat tinh xtc tac ctia cac phosphide kim loai chuyén tiép duoc cho 1a tir sy twong tac toi
wu gitta nguyén tir P va cac chét trung gian phan tng, tao ra cac vi tri hoat dong thuén lgi cho
qua trinh hap phu proton [9]. Tuy nhién, cic phosphide kim loai don pha van thé hién hiéu
suat kém hon so voi cac chat xtic tic c6 ngudn gdc tir cac kim loai quy [10]. Gan day, NiCoP
d4 noi 1én nhu mot chat xuc tac hiéu qué cho phan tmg HER nho hoat tinh cao va dé dan dién
t6t [11]. Sy phdi hop & cap d6 nguyén tir gitta Ni va Co cho phép diéu chinh cu tric dién tir
cua cac vi tri xuc tac, trong khi viéc pha tap P mang lai tinh din dién kiéu kim loai cho vt
liéu [12]. Nhiéu dang ciu tric nano NiCoP khac nhau nhu tdm nano (nanosheets) [13],
thanh/day nano (nanorods/nanowires) [14], nén nano (nanocones) [15], khdi 14p phwong nano
(nanocubes) [16], dng nano (nanotubes) [17] va hat nano [18] di dugc téng hop bang cac
phuong phéap khac nhau va cho thay hiéu suat xtic tac nang cao dang ké. Mic du hiéu suat
dién xtc tac cua NiCoP da dugc chirng minh trong nhiéu nghién ctru, vi¢c phat trién céc dién
cuc tu d (self-supported) c6 kha nang két hop dong thoi dién tich bé mat hoat dong 16n, kha
nang van chuyén dién tich nhanh va d6 6n dinh co hoc cao van 1a mét huong tiép can déy
htra hen. Trong bdi canh do, cac nén dan dién ba chiéu nhu bot Ni d3 thu hit nhiéu su quan
tam nho cdu trac x6p lién thong, do dan dién cao va kha niang déng vai trod truc tiép nhu bo
thu dong. Dac biét, viéc truc tiép phat trién cac tAm nano NiCoP trén nén bot Ni khong chi
loai bo nhu cau sir dung chit két dinh ma con tao ra cdu tric phan cap 3D véi dién tich bé
mit riéng 16n, kha nang van chuyén dién tich nhanh va khuéch tan chét phan ung thuan loi.
Céu triic tAm nano siéu mong gitp toi da hoa sb luong vi tri hoat dong, trong khi khung x6p
ba chiéu cua bot Ni dong vai tro nhu mot bo thu dong hiéu qua va bén co hoc. Do do, viée
tich hop cac tam nano NiCoP truc tiép trén bot Ni dugc ky vong s€ mang lai hiéu suat dién
xuc tac tot cho ca qué trinh HER va OER, thong qua hiéu tng cong hudng giira cu tric nano
hai chiéu va nén dan dién ba chiéu.

Trong bao cdo nay, tac gia da phat trién cac tim nano NiCoP truc tiép trén nén bot Ni
(NiCoP/NF) thong qua phuong phap thuy nhiét, kem theo qua trinh phosphide hoa. Vat li¢u
NiCoP sau khi tong hop dugc ddnh gia hinh thai, ciu tric, dong thoi danh gia diac diém dién
hoa va hoat tinh xuc tac ddi v6i phan tmg tach nudc toan phan nham danh gia hiéu qua hiép
déng cua vat liéu.

2. Hoa chat va phwong phap nghién ciru

2.1. Héa chit

Nickel(II) nitrate hexahydrate (Ni(NO3)2-:6H20, 98%), cobalt(Il) nitrate hexahydrate
(Co(NO3)2:6H20, 98%), urea (NH2CONH2, 99%), sodium hypophosphite monohydrate
(NaH2PO>-H>0, 99%) va ammonium fluoride (NH4F, 98%) dugc mua tir Sigma-Aldrich.
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Potassium hydroxide (KOH, 85%) dugc tir Macklin. Nudc khir ion (DI) dugce st dung trong
sudt cac thi nghiém. Tat ca cac hoa chat dugc sir dung ma khong can tinh ché thém.

2.2. Phwong phdp téng hop vt liéu NiCoP dang tém nano

T4m nano NiCoP trén nén bot Ni (NF) 3D dugc tong hop bing phuong phap thuy
nhiét va qua trinh phosphide hoa. Trudce tieén, CoNi-LDH (hydroxide 16p kép, layered double
hydroxides) duoc tong hop bing cach hoa tan 0,058 g Ni(NOs),-6H,0 (0,2 mmol), 0,058 g
Co(NO3)2-6H20 (0,2 mmol), 0,06 g NH2CONH: (1,0 mmol) va 0,0223 g NH4F (0,6 mmol)
trong 50 ml nudc khir ion, sau d6 khudy trong 30 phat dé thu dugc dung dich dong nhét.
Dung dich ndy duoc cho vao binh phan tng thuy nhiét bang thép khéng gi 161 Teflon (100
ml), cung voi miéng NF (2 cmx5 cm) da dugc lan luot 1am sach bé“tng acid HCI, ethanol va
acetone, sau d6 gia nhiét & 120°C trong 12 gid. Sau khi phan ing hoan tit, mau dugc dé
ngudi tu nhién vé nhiét dd phong, sau d6 dugc lay ra, rira sach bang nudc khir ion va say kho
qua dém & 60°C.

Tiép theo, mau NiCo-LDH/NF va 1,5 g NaH,PO»-H,O duoc dit vao hai thuyén s
riéng biét tai hai vi tri khac nhau trong 10 nung dng, trong d6 NaH,PO2-H,0O duoc b tri &
phia dau ngudn khi di vao. Qu4 trinh xtr Iy nhiét duoc thuc hién & 350°C trong 2 gid véi toc
d6 gia nhiét 5°C/phat dudi dong khi Ar. Sau d6, vat liéu thu duoc sau khi dé ngudi dén nhiét
do phong dugc ky hi¢u 1a NiCoP/NF. Pé so sanh, cac tim nano Ni-LDH/NF cling dugc téng
hop theo quy trinh twong tu nhu NiCo-LDH/NF, ngoai trir viéc khong st dung mubi
Co(NO3)2-6H-0.

2.3. Pdc truwng ciu tric vit liéu

Hinh thai va cu triic vi mo cta cac chét xtc tac dugc tong hop da duoc quan sat trén
kinh hién vi dién tir quét (SEM, model JISM-IT800, JEOL). Cac pha tinh thé duge xac dinh
bang k¥ thuat do nhiéu xa tia X (XRD, Bruker D8 Advance, Ka-Cu: 1,5406A).

2.4. Ddc trung dién hoa

Tat ca céc thi nghi¢m dién hda trong nghién ctru nay dugc thyuc hién trén hé dién hoa
BioLogic VSP-300 potentiostat. Cac phép do phan img HER va phan tmg OER dugc tién
hanh trong cAu hinh ba dién cuc, st dung dung dich KOH 1,0 M lam chét dién giai. Pién cyc
lam viéc 13 mau NF d3 phu xtc tac truc tiép. Thanh than chi va dién cuc Hg/HgO lan luot
dong vai tro 1a dién cuc d6i va dién cyuc tham chiéu. Cac dudng cong phan cuc dugc quét véi
tde do quét 5 mV s! va dugce hiéu chinh sut 4p iR. Gia tri dién tré dung dich (Rs) duoc xac
dinh tir phd trod khang dién hoa (EIS) va duge st dung dé hiéu chinh dién thé theo phuong
trinh Ecorrectea=Erne-iR. Toan bd gia tri dién thé dugc chuyén doi vé thang dién thé hydro
thuan nghich (RHE), theo phuong trinh Erur=Engne0+0,098+0,059xpH. Pho EIS dugc do
trong dai tan s6 tir 0,1 Hz dén 100 kHz. Gi4 tri Ca duoc do bang cach phan tich dudng cong
CV ¢ toc d6 quét khac nhau. Bing cach biéu dién db thi AJ/2 (trong d6 AJ=J.-Je, v6i Ja va Je
lan luot 1a dong dién anot va catot) tai dién thé 1,08 V (so v&i RHE) theo téc d6 quét (v), gia
tri dién dung 16p kép (Car) duge xéac dinh theo phuong trinh: Ca=AJ/2v.
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3. Két qua va ban luan

Hinh 1 minh hoa so dd quy trinh téng hop cac tim nano NiCoP/NF. Bot Ni dugc str
dung 1am khung d& 3D dé hinh thanh tién chit NiCo ddng nhat théng qua phuong phép thuy
nhiét don gian. Sau do, vat liéu NiCoP/NF dugc tong hop bang qua trinh phosphide hoa tién
chat NiCo, sir dung NaH>PO» lam ngudn cung cap P & 350°C trong 2 gio.

Thay nhiét

Bot Ni NiCo-LDH/NF NiCoP/NF

Hinh 1. Quy trinh tong hop cic tim nano NiCoP/NF tir tién chat NiCo-LDH/NF.

Hinh thai ctia vat li¢u dugc x4c dinh tir kinh hién vi dién tir quét SEM. Anh SEM cho
thay tién chat Ni-LDH/NF va NiCo-LDH/NF c¢6 cau tric tim nano dan xen, dugc sap xép
dong déu va moc thang dung trén bé mat bot Ni (hinh 2A, 2B). Sau qua trinh phosphide hoa,
hinh thai tim nano cua vt liéu vin dugc bao toan (hinh 2C). O d6 phan giai cao hon c6 thé
théy réng bé mit vat liéu NiCoP/NF trd nén thd rap hon so véi tién chat NiCo-LDH/NF ban
dau. Piéu nay co thé cho thay rang qua trinh phosphide héa da dién ra hiéu qua ma khong
lam anh huéng dén cdu tric hinh thai cta vat liéu. Hon nita, phan tich phé tan xa tia X ning
lugng (EDS) trong hinh 3 cho thay su phan b6 dong déu cua Ni, Co va P trén ving duoc khao
sat. Két qua ndy chtirng minh di téng hop thanh cong vét liéu NiCoP/NF. Cau tric tim nano
dugc phat trién trén nén bot Ni 3D duogc du doan mang lai di¢n tich bé mit hoat dong 16n,
gilp gia tang ) lugng vi tri hoat dong, déng thoi tao diéu kién thuan loi cho su tiép xuc voi
dung dich dién ly.
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Hinh 2. Anh SEM ¢ @9 phén giai khiac nhau ciaa vat liéu (A) Ni-LDH/NF, (B) NiCo-
LDH/NF va (C-D) NiCoP/NF.
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Hinh 3. Anh SEM va ban d6 phin bo cic nguyén to trong ciu tric (EDX-elemental
colour mapping).
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CAu trac tinh thé cta vat liéu dugce danh gia thong qua phan tich nhidu xa tia X (XRD),
nhu trinh bay trong hinh 4. Gian d6 XRD cua tat ca cac miu déu hién thi ba dinh nhiéu xa
dac trung tai goc 20 tai 44,7, 52,0 va 76,7°, phu hop véi vi tri xuét hién céac dinh nhiéu xa cta
Ni kim loai qua d6 xac nhan sy hién dién cta bot Ni [19]. Pdi v6i mau tién chat Ni-LDH/NF,
cac dinh nhiéu xa tai 18,8, 33,8, 39,0 va 60,1° tuong trng vo1 cac mat phéng (001), (100),
(002) va (110) cua pha Ni(OH), (PDF# 014-0117). Khi pha tap Co vao cdu trac Ni-LDH,
cuong do cac dinh nhiéu xa tai 33,8, 39,0 va 60,1° suy gidm dang Kké, trong khi dinh tai 18,8°
van dugc quan sat rd. Pang chu ¥, sy dich chuyén cta dinh nay vé phia goc 26 thap hon cho
thdy su gidn né mang tinh thé, qua d6 chirng minh sy pha tap Co thanh cong vao ciu tric Ni-
LDH [20]. Sau qué trinh phosphide hoa tién chat NiCo-LDH, vét liéu NiCoP/NF xuét hién
cac dinh nhidu xa dic trung tai 41,0 va 47,3°, tuong (mg vé&i cac mat phang (111) va (201)
ctia pha NiCoP (PDF #71-2336) [21]. Pong thoi, cac dinh dic trung ctia Ni-LDH va NiCo-
LDH bién mét hoan toan, cho thay sy chuyén pha hoan toan sang NiCoP. Két qua nay khang
dinh sy chuyén do6i thanh cong tir tién chét hydroxide sang pha phosphide NiCoP thong qua
qua trinh phosphide hoa.

o
o

— NiCoP/NF
— NiCo-LDH/NF
— Ni-LDH/NF

N
N

Ni(OH), PDF#014-0117

+ NiC
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Hinh 4. Gian d0 nhiéu xa tia X (XRD) ciia Ni-LDH/NF, NiCo-LDH/NF va NiCoP/NF
anh bén trai 1a mo ta phin phéng to géc 20 (15-22°).

Hoat tinh xuc tac cho phan tmg HER cua vat liéu xuc tac dugce danh gia trong dung
dich KOH 1,0 M béng c4u hinh ba dién cuc tiéu chuan. Hinh 5A trinh bay cac duong cong
phan cyc thu duoc tir phép do quét thé tuyén tinh (LSV) véi téc dd quét 5 mV s™'. Dién cuc
NiCoP/NF thé hién qua thé thép, chi 89 mV (so v6i RHE) tai mat do dong dién 10 mA cm?,
vuot troi so v6i cac mau ddi ching nhu NiCo-LDH/NF (204 mV) va Ni-LDH/NF (243 mV),
cho théy hoat tinh HER duoc céi thién rd rét. Cu thé, NiCoP/NF yéu cAu cac qua thé 1an luot
1a 89, 141 va 180 mV dé dat mat do dong dién 10, 50 va 100 mA cm? (hinh 5B), chtng to
kha nang xuc tac hiéu qua ¢ mat do dong dién cao. Pé lam rd dong hoc phan ung, cac duong
Tafel 1ap tir dudng cong phan cuc LSV nhu thé hién trong hinh 5C. NiCoP/NF cho thay do
dbc Tafel nho, dat 54,8 mV dec™!, thap hon so véi cac mau NiCo-LDH/NF (111,5 mV dec™)
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va Ni-LDH/NF (118,9 mV dec™), cho thiy dong hoc HER dugc cai thién dang ké. Bén canh
d6, d6 bén hoat dong xuc tac 1a mat tieu chi quan trong dé danh gia tiém nang ing dung thuc
tién. Két qua do thé theo thoi gian (hinh 5D) cho thay, dién cuc NiCoP/NF c6 thé van hanh
6n dinh & 10 mA cm® trong hon 10 gid, v6i muc suy giam chi khoang 10 mV, khang dinh d
6n dinh dién héa vuot troi ciia vat liéu.

(A) o (B)
= NiCoP/NF 400 ]10mA cm? 374
50 === NiCo-LDH/NF [ 150mAcm? 350 12 B
- q N -2
- Ni-LDH/NF =300 [ 1100 mAcm 203 D2
£ -100 £ 243
(3] w@
< £ 200+ 180 20°
£ 150 S 141
- =
o
-200- 1007 89
-250 . . . 0- ;
-0.8 -0.6 -0.4 -0.2 0.0 NiCoP/NF NiCo-LDH/NF Ni-LDH/NF
E (V vs. RHE)
() (D)
*  NiCoP/NF 0,0
0,3] * NiCo-LDF/NF " S —
*  Ni-LDH/NF A
- m\ldec 0 -0.2- AE ~10 mV
2 e A T’
@ 0,2 b NI (330 14
5 AA 5 w @
«© A > 0,41
= 2
54 8 MV dec’ 0,61
0,0 : . Tai 10 mA cm™ NiCoP/NF
70,0 0,5 1,0 1,5 0 2 4 6 8 10
Log IJI (mA cm™) Thoi gian (gi®)

Hinh 5. (A) Pwong cong phan cwe ctiia Ni-LDH/INF, NiCo-LDH/NF va NiCoP/NF cho
qua trinh HER; (B) Biéu d6 so sanh qua thé tai 10, 50 va 100 mA cm2; (C) P doc Tafel
ciia Ni-LDH/NF, NiCo-LDH/NF va NiCoP/NF; (D) Kiém tra do on dinh ctia vat li¢u
NiCoP/NF & mat d) dong HER khong d6i 10 mA cm.

Déi véi phan ing OER, cac dudng phan cuc LSV trong hinh 6A cho thay, NiCoP/NF
thé hién hoat tinh vuot troi, dat 50 mA cm? tai qua thé khoang 350 mV (so v6i RHE), tdt hon
s0 v&i cac mau ddi chirng nhu NiCo-LDH/NF (370 mV) va Ni-LDH/NF (410 mV). Cu thé,
dién cuc NiCoP/NF yéu cdu cac qua thé 1an luot 1a 350, 390 va 450 mV dé dat mat do dong
dién 50, 100 va 200 mA cm? (hinh 6B), cho thay kha ning xtic tic OER hiéu qua. Ngoai ra,
NiCoP/NF thé hién d6 dbc Tafel thép nhét, dat 109 mV dec’!, nho hon dang ké so véi céac
mau NiCo-LDH/NF (117 mV dec) va Ni-LDH/NF (147 mV dec™), két qua nay cho thiy
dong hoc phan tng OER duogc cai thién ro rét (hinh 6C). Do bén hoat dong cua di¢n cuc
NiCoP/NF dugc danh gia & 10 mA cm? trong hon 10 gid. Két qua cho thiy dién ap chi ting
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khong dang ké theo thoi gian (khoang 8 mV), khiang dinh kha ning 6n dinh dién hoa vuot
troi cua vat liéu (hinh 6D).

(A) 250 (B)
== NiCoP/NF [ ]50mAcm?
== NiCo-LDH/NF 6001F 7100 mA cm 550
200 | — Ni-LDH/NF [ d200mamm? g =
& E 450 aool | 410@0
E 150+ 24001 55025 | s70f ] I ]
< s
£100+ 'S
- 200
50 -
0 B T T 0 T T T
1,2 1,4 1,6 1,8 NiCoP/NF NiCo-LDH/NF Ni-LDH/NF
E (V vs. RHE)
() (D)
0.8 T NicoPNF
* NiCo-LDH/NF
*  Ni-LDH/NF (1T (S ———
— o AE ~8mV,
S I
-?:: 0,4 T ﬁ 1 ,4 i
3 S
G S
11} 1,2
0,3
. . 1.0 T2 10mA cm? NiCoP/NF
1,0 1,5 2,0 "0 2 4 6 8 10
Log I (mA cm?) Thei gian (gio)

Hinh 6. (A) Pudong cong phan cwe cua Ni-LDH/NF, NiCo-LDH/NF va NiCoP/NF cho
qua trinh OER; (B) Bang so sanh qua thé tai 10, 50 va 100 mA cm%; (C) P ddc Tafel
ciia Ni-LDH/NF, NiCo-LDH/NF va NiCoP/NF; (D) Kiém tra d$ on dinh ciaia vt li¢u
NiCoP/NF & miat do dong OER khong d6i 10 mA cm.

Dé 1am rd vai tro cua ciu tric tim nano phat trién trén nén bot Ni 3D trong viéc gia
tang dién tich bé mat hoat dong cho cac qua trinh dién xtc tac, chung t6i st dung phuong
phap dién dung 16p kép (Cai) nham udc luong dién tich bé mat dién hoa (ECSA) ciia cac miu
[22]. Gia tri Cai duge xac dinh thong qua phép do quét thé tuan hoan trong khoang dién thé
tir 1,02 dén 1,14 V (so v6i RHE). Khoang dién thé nay dugc lya chon nhim tranh sy anh
huéng cua dién dung gia phat sinh tir cic qua trinh oxy hoa - khir trén bé mat dién cuc [23].
Céc duong cong CV cua cac miu trong ving dugc trinh bay trong hinh 7A-7C. Két qua xac
dinh dién dung 16p kép Cai cho théy, vat liéu NiCoP/NF c6 gia tri Caidat 19,0 mF ¢cm™, cao
hon dang ké so v6i cac mau dbi chimg nhu NiCo-LDH/NF (5,7 mF ¢cm2) va Ni-LDH/NF
(3,8 mF cm?) (hinh 7D). Gia tri Cai cao ctia NiCoP/NF cho thay sé luong vi tri hoat dong
dién hoa ting dang ké. Két qua nay phu hop véi qué trinh chuyén pha tir hydroxide sang
phosphide, trong d6 cau triic tAm nano van duoc duy tri sau qua trinh phosphide hoa, dong
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thoi bé mat vat liéu tré nén thd rap hon nhu quan sat trong anh SEM. Sy thay ddi ndy gop
phan 1am ting dién tich bé mat dién héa, tao diéu kién cho nhiéu vi tri hoat dong hon va tir
d6 nang cao hiéu suat xuc tac.

(A)

=20 mV s

6 NiCoP/NF
1,02 1,056 1,08 1,11 1,14
E (V vs. RHE)
(C) —20mVs"
0.9 _s0mvs
0.6] =60 mV s
—  |=—80mvs'
£ 0,3{=—100mVs
o
< 4
§, 0,0
= .0,3
-0,6
09 Ni-LDH/NF
1,02 105 1,08 1,11 1,14
E (V vs. RHE)

(B)

1,51 =20 mV s’
w40 mV s’
1,0{=—60mV s
& —80mvVs"
— -1
<_E, 0,5{=—100mVs
<
E 0,01
5
-0,5-
-1,0+ NiCo-LDH/NF
1,02 1,05 1,08 1,11 1,14
E (V vs. RHE)
(D) Ao NiCoP/NF
3{ ® NiCo-LDH/NF o A
~ | Ni-LDH/NF \9‘5\, Pt
< 2 - A -
£ e
~ A
41 6,7 mF oM
@ .
...... e-iiRllme o E
0 [ = 3,8 mF cm2
20 40 60 80 100
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Hinh 7. Puong CV & cac toc dd quét khac nhau (A) NiCoP/NF (B) NiCo-LDH/NF va (C)
Ni-LDH/NF, (D) Gi4 tri Ca clia cic miu twong ng.

Két qua do EIS cua céac vat li¢u dugc biéu dién trong hinh 8. Co thé théy, vat liéu
NiCoP/NF c¢6 phan ban nguyét nho nhat trong phd Nyquist so v6i cac mau dbi chimg. Puong
kinh ban nguyét nay phan anh dién trd chuyén dién tich (Re) tai bé mat dién cue, do d6 cho
thdy qua trinh truyén electron giira dién cuc va chat dién giai dién ra thuan loi hon. Diéu nay
ching t6 vat liéu NiCoP/NF c¢6 dong hoc chuyén dién tich nhanh, gitp thiic ddy qua trinh hap
phu va chuyén hoa cac chét trung gian phan tng, tir d6 cai thién hoat tinh dién xtc tac ddi
v6i ca phan tmg HER va OER. Két qua nay phu hop véi cac gia tri dién thé qua mic thap va
do doc Tafel nho quan sat duogc ddi vai dién cuc NiCoP/NF.
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Hinh 8. Phd Nyquist ciia vat liéu Ni-LDH/NF, NiCo-LDH/NF va NiCoP/NF.

Chung t6i ciing khao sat kha nang ung dung cta chat xuc tic NiCoP/NF nhu ca dién
cuc anot va catot trong hé¢ dién phan nudc hai dién cyc. Nhu thé hién trong hinh 9A, hé
NiCoP/NF . thé hién hiéu suit dién hoa an tuong, chi yéu cau dién ap té bao 1,54 V va 1,68
V dé dat mat do dong dién lan luot 1a 10 va 100 mA cm2. Két qua nay ciling vuot troi hon
mot s6 kim loai phosphide trong cting mét diéu kién so sanh tai 10 mA cm2, nhu (Ni,Co),P
NF (1,54 V) [24], NiCoP/NF (1,55 V) [25], NiCoP NR@NS (1,57 V) [26], NiCoP/NiO (1,71
V) [27]. Ngoai ra, NiCoP/NF ) con cho thdy do bén vuot trdi khi van hanh lién tuc ¢ mat
d6 dong 10 mA cm2 trong hon 20 gio, v6i khoang chénh léch thé khoang 15 mV (hinh 9B).

(A) 250 —— (B) 29
= NiCOP@NF,, ,
200
£ 1501 " AE ~15mV
< 1,68V b
£100 & 1,4
b Q
50 1,21
1,54V
0 T 1.0 Tal 10 mA Cm-2 NiCOP/NF(t_)
12 1,3 14 15 16 17 1,8 0 5 10 15 20
Dién thé (V) Thei gian (gio)

Hinh 9. (A) Pwong cong phan cuc LSV cia hé¢ NiCoP/NF . trong phan @ng tach nwéc
toan phan; (B) Po bén twong ng ciia hé NiCoP/NF ..
4. Két luén

Trong nghién ctru nay, vat liéu xtc tic NiCoP dang tim nano d3 dugc ché tao thanh
cong tryc tiép trén nén NF bang phuong phép thity nhiét két hgp véi qua trinh phosphide hoa.
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Céc két qua danh gia cho thay, vat liéu nay c6 hiéu qua xtc tac dién hoa cao cho cé hai phan
tmg HER va OER trong mdi truong kiém. Nho cdu tric phan cap dic biét, trong d6 cac tim
nano moc truc tiép trén nén Ni, vat liéu tao ra mat d6 vi tri hoat dong cao va tang cuong hi¢u
qua van chuyén dién tich, tir 46 ning cao hiéu suat dién xuc tac. Cu thé, dién cuc NiCoP/NF
NF thé hién hoat tinh tot d6i voi ca HER va OER, vé&i qua thé twong ung 1a 89 mV tai mat
do dong dién 10 mA cm™ va 350 mV tai mat 3o dong dién 50 mA cm™ (so voi RHE). Khi
duogc sir dung 1am chat xuc tac cho qua trinh dién phan nudc tong thé, hé NiCoP/NF . chi
can dién ap cell 1,54 V dé dat 10 mA cm?, ddng thoi duy tri d6 bén on dinh trong 20 gio.
Nghién ctru ndy dé xuit phuong phap hiéu qua dé tong hop chét xtc tic dyua trén phosphide
kim loai chuyén tiép, huéng dén san xuat hydro xanh qua dién phan nudc.
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