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SUMMARY

ELECTRODEPOSITION OF Ni-Pt ALLOY FOR HIGHLY ACTIVE CATALYSTS
TOWARD METHANOL OXIDATION REACTION

The development of highly active and low-cost catalysts is still a challenge for application and
commercialization of the direct methanol fuel cell. Incorporation of a non-noble metal into Pt catalyst
reveals an efficient route for improve electrocatalytic property with reduced Pt amount. Therefore, this
work was focused on preparation of NiPt bimetallic catalyst using electrodeposition method. The effect
of deposition potential on electrocatalytic activity for methanol oxidation reaction was investigated.
The introduction of Ni metals allows improving electrochemical surface area up to 37.7 cm’.mgp;’ and
thus increase ECSA about 4 times with respect to Pt catalyst (9.3 cm®.mgpi!). Chronoamperometric
study demonstrated that NiPt bimetallic catalyst the deposited potential at -300 mV/(Ag-AgCl)
exhibited highest catalytic performance (32.9 mA.mgp:') and excellent stability (same catalytic activity
before and after chronoamperometric experiment).

Keywords: electrodeposition, Pt-Ni alloy catalyst, methanol oxidation reaction, fuel cell,
electrochemical surface area.

1.MO PAU

Pin nhién liéu sir dung methanol tryc tiép kha nang tai tao, qua trinh luu giit, van chuyén
(DMFC) duoc biét dén nhu 1a cong nghé hidu va phan phdi d& dang hon vi & thé long c6 thé
qua hang dau trong cac cong nghé pin nhién sit dung co so ha tang nhiéu liéu sin co cia
liéu st dung mang dién ly polymer (PEMFC) nhién lidu diesel [2,%]. Do vay st dung truc tiép
sir dung nhién liéu long tryc tiép nho kha ning methanl 16ng nhu 1a ngudn nhiéu liéu khong
san xudt ra nang luong dién truc tiép tur yéu cau phai xay dung thém co so ha ting mai,
methanol long c6 mat d§ nang luong cao. So giam chi phi va tang kha nang canh tranh cta
voi cac ngudn nhién liéu khic ammonia, ngudn nhiéu liéu day hira hen nay trong twong
hydrazine, formaldehyde, carbon monoxide, lai.

formic acid, methane, propane, methanol 16ng Pay 1a linh vuc nghién ctru trién vong, tuy
la nguén nhién li¢u c6 gid tri mit d0 nang nhién viéc thuong mai hoa rong rdi DMFC doi
lwong cao thir 2 chi sau hydrogen [']. Ngoai ra hoi sy dau tu nghién ciru giai quyét nhidu van
st dung nhién liéu methanol 16ng mang lai mot dé chinh phai ddi mat: (i) xuc tac lam dién cuc
s6 loi thé canh tranh so v6i nhiéu liéu anode va cathode c6 gia thanh cao tuy nhién
hydrogen dang khi nhu ngudn nhiéu liéu ré, c6 hoat tinh xtc tac van con thap so voi sy mong
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doi; (i) dong hoc phan Gng oxi héa methanol
MOR xdy ra chdm, cin nghién ctru loai xiic tac
hoat tinh cao va c6 thé hoat dong & nhiét do
cao hon; (iii) vAn dé& nhiém chéo methanol tir
anode sang cathode c6 thé gdy nhidm doc va
giam hoat tinh xtic tac cathode trong phan ung
khr oxy ORR; (iv) gid thanh mang Nafion
tuong ddi cao khoang 800 — 2000 USD/m?; (v)
mang polymer thuong mai khong loai bé hoan
toan sy khuéch tan methanol tir anode sang
cathode. Trong cac vAn dé duoc néu ra, hoat
tinh xtc tac cta anode 13 nhan t6 quan trong
trong DMFC. Cho dén nay xuc tac Pt van la
loai xtic tac co hoat tinh cao cho MOR. Biét
rang Pt 1a kim loai quy c6 gia thanh cao,
nghién ctru phat trién hop kim trén co so Pt két
hop v&i mot hay nhidu kim loai khong quy
hiém khéc co gia thanh thap hon 13 mot trong
nhiing giai phap dugc cac nha khoa hoc quan
tam [4,%,9]. Ngoai ra mot trong nhitng van dé
mAau chdt c6 ¥ nghia quyét dinh dén hiéu qua
su dung cua xtc tac trong qua trinh MOR d6 1a
hién tugng ngd ddc xic tac boi cac nhém CO,
mdt san pham trung gian. Viéc sir dung kim
loai thir 2 mang lai nhiéu hiéu qua khac nhau:
(i) giam khdi lugng Pt gia thanh cao trong xtic
tac; (ii) sy c6 mat kim loai thir 2 co thé sinh ra
hiéu mg dong vén, thay doi tinh chat dién tu,
hiéu tng xtc tic ludng kim c6 thé lam giam
nhe hién tugng nghd ddc xuc tac boi CO; tir do
6 thé cai thién dang ké hoat tich xtic tac cho
MOR. Nhiéu nghién ctru cho thiy rang hi¢u
qua xuc tic MOR duogc ting dang ké khi sir
dung thanh phan thu 2 1a kim loai PtRu [7,%],
PtSn [%,'9], PtMo [','?], PtW ["3], PtOs ['],
PtMn ['3], PtNi ['®] hay oxide kim loai PtRuO,
PtSn0O,, PtCeO,, PtWO;, PtTiO,, PtMnO,,
PtIrO,, PtMoy, PtNiO, PtCo304 [6].

CH3OHpuik + Pt 2 Pt-COuqs + 4H' + 4 (eq.
1)

H,O + Pt > Pt-OHus + H  +e (eq. 2)

Pt-COaq + Pt-OHags > CO2 + 2Pt + H + &
(eq. 3) 7
So vai cac oxit kim loai ké trén, Ni(OH), dugc
biét dén mot xtc tac hidu qua trong viéc phan
giai H,O trong mdi truong kiém vuot tréi hon
['7,'8]. Trong méi truong kiém Ni(OH), s& bi
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oxi hoa thanh hop chit NiO(OH) theo phuong
trinh (eq. 4). Ngoai ra, mot sd nghién ctru ciing
chi ra ring Ni(OH), cho phép cai thién hoat
tinh xtic tac cia Pt va mot sb kim loai chuyén
tiép st dung cho qua trinh khir H,O sinh
hydrogen [!°,2].
Ni(OH), + OH" - NiO(OH) + H,O + ¢
o (eq. 4)

Nham tong hop hé xtc tac ludng kim NiPt, ¢
hai phuong phap chi yéu dwoc cac nha khoa
hoc tap trung nghién ctru: (i) khir hoa hoc va
(i) khtr dién hoa. Trudc tién trong phuong
phap khir hoa hoc, céc tac nhan khir phd bién
duogc sir dung nhu NaBHs, acid ascorbic, natri
citrate cung véi chit hoat dong bé mat
polyvinyl pyrrolidone (PVP) [?!,22,23,2425]. Cac
nghién ctru tong hop NiPt bing phwong phap
khur dién hoa co thé ké dén: xtc tac NiPt ciu
tric 18i-vo [%°], da 16p [*7] trén vat liéu dién cuc
Ti sir dung khung 6ng ZnO; xic tac NiPt x4p
trén nén aluminium [%], NiPt kich thuéc nano
trén nén dién cuc carbon thiy tinh bién tinh
graphene [°]. Vat liéu NiPt téng hop duoc
phai dugc phu vat 1y bang cach phan tan va
nho giot bé mat dién cuc, khir dién hoa don
gian hon cho phép khur tryc tiép tir cac dan
xudt ion Ni2* va Pt* bang dién tr va vat liu
téng hop dugc ¢ thé dung ngay cho cac thir
nghiém hoat tinh xtic tac. Ngoai ra uu diém
nira cta tong hop dién héa do 1a khong phai
tinh khiét vat liéu khir hoa hoc trong dung dich
mat nhiéu thoi gian va ton kém.

Chinh vi cac 1y do trén, phuong phap khir dién
héa duogc lwa chon dé téng hop h¢ xuc tac NiPt
trén nén dién cyuc carbon thity tinh mg dung
nghién ctu phan ung oxi hdéa methanol. Bao
cao nay thyc hién nhim khéo sat sy anh hudng
dién thé khur 1én qué trinh tong hop xuc tac
NiPt, danh gia mic do cai thién hoat tinh xtic
tac Pt khi co mat Ni qua cac thong sé dién tich
hoat
(electrochemically active surface area ECSA),

bé mat riéng Pt héa dién hoa
cuong d6 dong qua trinh oxi héa MeOH, do
bén xuc tac.

2. THU'C NGHIEM

2.1. Héa chit



Céc héa chat NiCl,, HoPtCls, MeOH, H,SOs,
KCl ¢6 @6 tinh khiét cao dugc cip cap tir cac
hang Sigma, Merck. Nu6c deion cung cip tir
hé chung cat nuéc Milli-Q Integral 3.

2.2. Thiét bi va qua trinh do di¢n héa

Céc qua trinh dién héa dugc do su dung thiét
bi dién hoa CIMPPS (Zahnner) véi hé¢ 3 dién
cuc gém dién cuc carbon thuy tinh (GCE),
dién ctre ddi Pt, dién cuc so sanh Ag/AgCL
bién cuc carbon thuy tinh GCE dugc 1am sach
bing cach mai trén gidy nham silicon carbide
(Struers 2400, 4000), siéu 4m lan lugt trong
EtOH, H,O trong 5 phut. Sau d6 dién cuc GCE
dugc hoat hoa bang cach quét thé tuan hoan
(10 vong) tir 0 dén 1,80 V/Ag-AgCl, van téc
quét v = 50 mV.s! trong dung dich 0.5 M
HzSO4,

Xuc tac Pt hoac NiPt duoc téng hop trén dién
cuc GCE bing phuong phap ap dién thé
cathode trong khoang -300 dén -600 mV véi
thoi gian 5 phuat trong dung dich dién ly KCl
0,1 M c6 chira HoPtCls 2,5 mM hoidc H,PtClg
2,5 mM + NiCl, 20 mM. Sau khi téng hop,
dién cuc bién tinh dugc rua sach béng nudc
khir ion, dé khé & nhiét do phong.

Hoat tinh xuc tac Pt/NiPt téng hop trén dién
cuc GCE do trong dung dich H>SO4 0,5 M ¢6
hodc khong MeOH 0,5 M bang phuong phap
quét thé vong tudn hoan va 4p thé do dong
(chronoamperometry).

Dién tich bé mat hiéu dung dién hoa (ECSA)
duoc tinh thong qua tin hi€u di¢n hoa dic trung
qué trinh hap phu va giai hip H2 khi quét CV
trong dung dich H2SO4, gia thiét dién tich qua
trinh hip thy phan tir Hy cho mot cm? Pt 1a 210
uC.cm2. Khdi lugng Pt phii 1én bé miat duoc
tinh théng qua lugng dién tich trao ddi ctia qua
trinh phu Q theo phuong trinh.

ECSA = QH2/210*mpt va mp; = Mthpt/ZF
Trong d6 Qmu2 1a lugng dién tich cua qua trinh
hap phu va giai hap H, (uC), My 12 nguyén tir
khéi cua Pt 195.1 g.mol”!, Qp luong dién tich
trao d6i qua trinh phu (C), z 1a sé dién tir trao
d6i va F 1a hang s6 Faraday 96495 C.

3. KET QUA VA THAO LUAN

3.1. Tinh chit dién héa ciia din xuit Pt** va
Ni2+
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So v6i CV trong khi khéng c¢6 ion Pt**, CV cho
hai tin hi¢u khtr tai -0,3 va -0,48 V/Ag-AgCl
khi quét dién thé theo huéng khir 0,5 dén -0,5
V. Hai tin hiéu khir dugc cho lién quan qua
trinh khtr ion Pt [3°3']: tin hiéu khit E = -0,3 va
0,48 V dugc cho lan luot lién quan dén quéa
trinh khtr ion Pt*" thanh ion Pt**, khir ion Pt**
thanh Pt (Hinh 1 Ab). Tin hiéu CV chi thay d6i
rat it khi quét trong dung dich Pt* va Ni*.

Nghién ciru khéc chi rang tin hiéu khir Ni2* r4

kho phat hién khi quét CV.
PtCle> + 2e” 2> PtCls* + 2CI° (eq. 5)
PtCly> + 2¢” > Pt +4CT (eq. 6)

—
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Hinh 1: CVs dién cuc GCE, vén toc v = 50
mV.s™! trong dung dich KCI 0,1 M: vong quét
ddu tién (a) khong cé kim logi, (b) H:2PtCls 2,5
mM, (c) H:PtCls 2,5 mM + NiCl; 20 mM;

3.2. Tong hgp GCE bién tinh NiPt
(GCE/NiPt)

Qué trinh bién tinh GCE duoc thyc hién bang
cach ap dién thé -300, -400, -500 va -600
mV/Ag-AgCl trong khoang thoi gian 5 phut
trong dung dich ¢6 chaa ion Pt*" hodc Pt*" va
Ni2*. Cac dién cuc bién tinh l1an luot dugc ki
hi¢u GCE/Pt300, GCE/NiPt300,
GCE/NiPt400, GCE/NiPt500 va GCE/NiPt600.
Trong qué trinh bién tinh GCE tai cac dién thé
khac nhau, cudong d¢ dong dién duoc ghi lai
nhu trong (Hinh 4A). Nhan thdy ring dong
chuyén qua dién cuc GCE cang ting khi thém
Ni vao dung dich Pt (TN1 & TN2 trong Bang
1), cang ting khi dién thé bién tinh cang am.
Két qua nay hoan toan 1a hop 1y, khi tai cing
dién thé tang nong do ion dan dén ting dién
tich, hodc dién thé cang 4m ting dién tich



chuyén qua dién cyc (TN2, TN3, TN4 & TN5
trong Bang 1). Ngoai ra dya vao dudng phu
thuoc I-t, tong lugng dién tich Q chuyén qua
dién cuc trong qua trinh bién tinh tinh duoc
trong Bang 1. Sau khi trir dién tich 16p kép Qui,
dién tich trao d6i cho qué trinh khir ion Pt** va
ion Ni**. Dién tich clia qua trinh pht Qg tai cac
dién thé khac nhau duoc tinh toan thong qua
qua trinh pht chi c6 Pt.
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Hinh 2:. Puong phu thudc I-t cii qud trinh bién
tinh GCE véi boi Pt hodc NiPt tai dién thé
khac nhau;

3.3. Tinh chét dién héa cac GCE/NiPt

Sau khi bién tinh cac dién cuc GCE duoc khao
sat trong dung dich HaSO4 0,5 M dé danh gia
hoat tinh xuc tac Pt khi c6 Ni & cac dién thé
khir khac nhau (Hinh 3). Két qua CVs cho thdy
cac GCE bién tinh cho tin hiéu dic trung cua

qué trinh oxi héa Pt-oxide/Pt va hap phu/giai
hap hydrogen. Dua vao lugng dién tich chuyén
qua ciia qua trinh hip phu/giai hip hydrogen,
dién tich bé mit riéng hoat hoa xuc tac Pt
(ECSA) duoc tinh toan nhu trong Bang 1. Biét
réng Qp: tai cac dién thé khac nhau dugc tinh
toan thong qua thi nghiém chi co Pt. Két qua
cho thay rang: (i) su c6 mat Ni lam tang ECSA
c6 nghia tang hoat tinh xuc tac cua Pt; (i) khi
dién thé cang am thi lugng Ni bién tinh cang
tang trong khi d6 lwong Pt hiu nhu khong thay
d6i (dugc xac dinh tir thi nghiém cac dién thé
bién tinh khac nhau cho dung dich chi ¢ Pt);
ECSA cang ting 1én dén 37,7 m2.gPt"! cho dién
cuc GCE/NiPt600 tang khoang gép 2 va 4 lan
so véi GCE/NiPt300 va GCE/Pt300. Tiép dén
cac dién cuc GCE bién tinh duge khao sat hoat
tinh xuc tdc cho MOR trong dung dich H>SOa.
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Hinh 3: CVs dién cuc GCE bién tinh trong
dung dich HySO4 0,5 M, v = 100 mV.s™!

Bdng 1. Tinh todn gid tri dién tich va ECSA twong g qud trinh bién tinh GCE

Thi Dién thé . ECSA
n N Q Qrt Qni nPt nNi , i
nghiém | bién tinh (mC) Qa (mC) (mC) (mC) (nmol) (nmol) (m*.gPt
(TN) | (mV) D)
1 -300, Pt 5,387 0,020 5,367 0 13,9 - 9,3
2 -300, NiPt | 6,687 0,020 5,411 1,256 14,0 6,5 19,5
3 -400, NiPt | 9,025 0,166 5,529 3,330 14,3 17,2 23,9
4 -500, NiPt | 11,473 0,365 5,564 5,544 14,4 28,7 25,4
5 -600, NiPt | 15,083 0,415 5,527 9,141 14,3 47,4 37,7
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3.4. Hoat tinh xtc tac oxi héa methanol
Nghién ctru hoat tinh xtc tac cho MOR cua céac
GCE bién tinh bi CV cho thiy ring, sy co
mit Ni cho phép cai thién déang ké hoat tinh
x0c tac cua Pt. Dya vao tin hiéu oxi hoa MeOH
tai dién thé khoang 0,75 V, hoat tinh xuc tac
ctia GCE/NiPt300 ting khoang hon 32 lan so
véi GCE/Pt300. Béi véi GCE/NiPt, trong
khoang -300 dén -600, hoat tinh xuc tac dat
cuc dai 88,5 (mA.mgp") tai -400mV, sau do6
lai giam con 60,4 va 28,3 cho dién thé khir -
500 va -600mV.

Theo tinh toan ti 1€ mol ctia Pt va Ni dugc trinh
bay trong Bang 1. Nhan thy rang luong Pt phu
hau nhu khong thay doi dang ké theo dién thé,
c6 gia tri khoang 14 nmol. Nguoc lai ham
luong Ni cang ting khi thé cang am, ham

lwong Ni lan lwot tr 6,5; 17,2; 28,7 va 27,4
nmol. Dua vao ti 1€ Ni/Pt, nhan théy réng hoat
tinh xuc tac Pt chi tang khi ham lugng Ni nho
hon hodc xap xi bang Pt, nguoc lai giam khi
ham lwong Ni gdp 2 lan Pt. Hoat tinh MOR
theo thur tu: Pt300 < NiPt600 < NiPt300 =
NiPt500 < NiPt400.

Tiép dén hoat tinh xuc tac dé nghién ctru bang
cach do dong tai dién thé oxi hoa methanol
(chronoamperometry), két qua cho thay hoat
tinh xuc tac tang theo thr ty NiPt600 < Pt300
< NiPt500 < NiPt400< NiPt300 (tinh theo
dong 1 dat 6n dinh sau khoang 100 s). Hoat
tinh xtic tac cao nhat NiPt300.

Table 1. Hoat tinh xiic téc cdc dién cuc bién tinh déi véi MOR

Hoat tinh MOR Cutng do
. oat tin
bién cyc ECSA (m?.gPt") | Epeak (mV) i : I/1y dong xuc tac |
(mA.mgp)
(mA.mgPt)
GCE/Pt300 9,3 760 1,69 0,59 2,2
GCE/NiPt300 19,5 745 55,3 1,13 32,9
GCE/NiPt400 23,9 720 88,5 1,71 21,5
GCE/NiPt500 25,4 702 60,4 2.19 3,55
GCE/NiPt600 37,7 685 28,3 2.10 1,43
350 (A‘) ‘ ‘
—— GCE/Pt300 240 ' ' ' ' ! !
300 —— GCE/NiPt300 220(B)
250 GCE/NiPt400 200+ —— GCE/Pt300
—— GCE/NiPt500 1804 —— GCE/NiPt300
~ 2001 GCE/NIPt600 160 GCE/NiPt400
g — 1404 —— GCE/NiPt500
= 1504 < 120] GCE/NiPt600
100+ =100
80
504 ) 604
0_ /_,f_—:‘ e ———— :8<
50 +— ; ; ; ; ; ; : : = - ; :
00 02 04 06 08 10 0 0 100 200 300 400 500 600
E(V/Ag-AgCl) T(s)

Hinh 4: (A) CVs ciia cdc dién cuc GCE bién tinh, v = 50 mV.s-1; (B) I —t ciia GCE bién tinh khi dp
dién thé Epeak MeOH trong H.SO4 0,5 M + MeOH 0,5 M.

3.4. Pj bén xiic tac GCE/NiPt

Sau khi thir nghiém hoat tinh xuc tac bang
phuong phap chronoamperometry (CA), hoat
tinh xtc tac sau khi do dong duoc kiém trai lai
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bang phuong phap CV (Hinh 5), két qua cho
théy GCE/NiPt300 c6 do bén cao, hoat tinh
xtc tac van duy tri nhu trude khi hoat dong.
Con lai cac dién cuc khac hoat tinh xuc tac




giam 10 — 30 % dya trén cuong d6 tin hié¢u oxi
hoéa methanol Iz

250

GCE/NiPt300
—— Before CA
—— After CA

200+

1504

uA)

3 1004

504

-50 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

E(V/Ag-AgCl)

Hinh 5: CVs, v =50 mV.s" ciia GCE bién tinh
trong H:SO4 0,5 M + MeOH 0,5 M truoc va
sau khi do hoat tinh xiic tdc bang phwong phdp
chronoamperometry I-t trong 10 phut.

4. KET LUAN

Xuc tac NiPt ¢6 thé d& dang tong hop duoc tir
phuong phép dién hoa. Két qua cho thiy ring
hoat tinh xtic tic MOR cua Pt dugc cai thién
dang ké khi c6 mat Ni. Dién thé t6i uu cho quéa
trinh tong hop xic tac NiPt 1a -300 mV, hoat
tinh xtc tac ting khoang 30 1an so vé&i xuc tac
Pt. Hon nita xic tic c¢6 dd bén cao khi lam
viéc, hoat tinh khong thay ddi sau khi 1am viéc
10 phut tai dién thé oxi hoa methanol. Két qua
chi ra rang khi ham lwong Ni cang cao, cho
phép tang ECSA, nhung khong tang hoat tinh
xuc tic MOR.

LOI CAM ON: Nhom nghién ctru cam on
Quy Nghién ctru Khoa hoc co ban
(NAFOSTED-104.06-2016.42) da tai trg cho
nghién ctru nay.

TAI LIEU THAM KHAO

1. Viswanathan, B., Scibioh, A. Fuel Cells:
Principles and Applications; Universities
Press: Hyderabas, India, 2006

2. Reshetenko, T. V.; Kim, H.-T.; Krewer, U.;
Kweon, H.-J. Fuel Cells 2007, 7 (3), 238.

3. Reshetenko, T. V.; Kim, H.-T.; Lee, H.;
Jang, M.; Kweon, H.-J. J. Power Sources 2006,
160, 925.

4. Environ, E., Zhao, X., Yin, M., Ma, L.,
Liang, L., Liu, C., & Liao, J. (2011).

108

Environmental Science Recent advances in
catalysts for direct methanol fuel cells, 2736—
2753. http://doi.org/10.1039/c1ee01307f

5. Tiwari, J. N., Tiwari, R. N., Singh, G., &
Kim, K. S. (2013). Recent progress in the
development of anode and cathode catalysts
for direct methanol fuel cells. Nano Energy,
2(5), 553-578.
http://doi.org/10.1016/j.nanoen.2013.06.009

6. Kakati, N., Maiti, J., Lee, S. H., Jee, S. H.,
Viswanathan, B., & Yoon, Y. S. (2014). Anode
catalysts for direct methanol fuel cells in acidic
media: Do we have any alternative for Pt or Pt-
Ru? Chemical Reviews, 114(24), 12397
12429. http://doi.org/10.1021/cr400389f

7. T. Maiyalagan, International Journal of
Hydrogen Energy 34 (2009) 2874.

8. S.J. Yoo, T.Y. Jeon, K.S. Kim, T.H. Lima,
Y.E. Sung, Physical Chemistry Chemical
Physics 12 (2010) 15240.

9. A.O. Neto, R.R. Dias, M.M. Tusi, M.
Linardi, E.V. Spinacé,
Sources 166 (2007) 87.
10. H.B. Hassan, Journal of Fuel Chemistry
and Technology 37 (2009) 346.

11. S.A. Lee, K.W. Park, J.H. Choi, B.K.
Kwon, Y.E. Sung, Journal of the
Electrochemical Society 149 (2002) A1299.

12. T.Y. Morante-Catacora, Y. Ishikawa, C.R.
Cabrera, Journal of
Chemistry 621 (2008) 103.
13. S.A. Lee, K.W. Park, J.H. Choi, B.K.
Kwon, Y.E. Sung, Journal of the
Electrochemical Society 149 (2002) A1299.
14.J. Huang, H. Yang, Q. Huang, Y. Tang, T.
Lu, D.L. Akins, Journal of the Electrochemical
Society 151 (2004) A1810.

15. Y. Kang, C.B. Murray, Journal of the
American Chemical Society 132 (2010) 7568.
16 Z. Qi, et al., Journal of Power Sources 196
(2011) 5823.

17. Subbaraman, R. et al. Trends in activity for

Journal of Power

Electroanalytical

the water electrolyser reactions on 3d M (Ni,
Co, Fe, Mn) hydr(oxy)oxide catalysts. Nat.
Mater. 11, 550-557 (2012).

18. Subbaraman, R. et al. Enhancing hydrogen
evolution activity in water splitting by tailoring
Lip-Ni(OH)2-Pt interfaces. Science 334, 1256—
1260 (2011).


http://doi.org/10.1039/c1ee01307f
http://doi.org/10.1016/j.nanoen.2013.06.009
http://doi.org/10.1021/cr400389f

19. Yin, H. et al. Ultrathin platinum nanowires
grown on single-layered nickel hydroxide with
high hydrogen evolution Nat.
Commun. 6, 6430 (2015).

20. Danilovic, N. et al. Enhancing the alkaline
hydrogen evolution reaction activity through
the bifunctionality of Ni(OH),/metal catalysts.
Angew. Chem. Int. Ed. 51, 12495-12498
(2012).

21. Shan, A., Cheng, M., Fan, H., Chen, Z.,
Wang, R., & Chen, C. (2014). NiPt hollow
nanocatalyst: Green synthesis, size control and
electrocatalysis. Progress in Natural Science:
Materials International, 24(2), 175-178.

20. Fan, H., Cheng, M., Wang, Z., & Wang, R.
(2016).  Layer-controlled  Pt-Ni  porous
nanobowls with electrocatalytic
performance, 2, 1-12.

22. Shan, A. X., Chen, Z. C., Li, B. Q., Chen,
C. P., & Wang, R. M. (2015). Monodispersed,
ultrathin NiPt hollow nanospheres with tunable

activity.

enhanced

diameter and composition via a green chemical
synthesis. Journal of Materials Chemistry A,
3(3), 1031-1036.

23. Hu, Y., Wu, P., Zhang, H., & Cai, C.
(2012). Synthesis of graphene-supported
hollow Pt-Ni nanocatalysts for highly active
electrocatalysis toward the methanol oxidation
reaction. Electrochimica Acta, 85, 314-321.
24. Eid, K., Wang, H., Malgras, V., &
Alothman, A. (2016). Facile Synthesis of
Porous Dendritic Bimetallic Platinum — Nickel
Nanocrystals as Efficient Catalysts for the
Oxygen Reduction Reaction, (3), 1388-1393.
25. Ding, L. X., Li, G. R., Wang, Z. L., Liu, Z.
Q., Liu, H., & Tong, Y. X. (2012). Porous
Ni@Pt array
electrocatalyst with high activity and stability
for methanol oxidation. Chemistry - A
European Journal, 18(27), 8386—8391.

core-shell nanotube

109

26. Sheng-Hua Ye, Jin-Xian Feng, An-Liang
Wang, Han Xu and Gao-Ren Li. (2015). Multi-
Layered Pt/Ni Nanotube Arrays with Enhanced
Catalytic =~ Performance for  Methanol
Electrooxidation. J. Mater. Chem. A, 2015, 3,
23201-23206.

27.Raj, S. M. S.S.V, & Dmfc, A. M. O. R. A.
(2016). Mesoporous Pt — Ni catalyst and their
electro catalytic activity towards methanol
oxidation. Journal of Porous Materials,

28. Xiu, R., Zhang, F., Wang, Z., Yang, M.,
Xia, J, Gui, R, & Xia, Y. (20195).
Electrodeposition  of  PtNi  bimetallic
nanoparticles on three-dimensional graphene
for highly efficient methanol oxidation. RSC
Advances, 5(105), 86578-86583.

29. Deog-Su Park, Mi-Sook Won, Rajendra N.
Goyal, Yoon-Bo Shim, The electrochemical
sensor_for methanol_ detection_using silicon
epoxy_coated_platinum_nanoparticles, Sensors
and Actuators B 174 (2012) 45-50

30. Liu, H., He, P., Li, Z., & Li, J. (2006).
High surface area nanoporous platinum: Facile
fabrication and electrocatalytic
Nanotechnology, 17(9), 2167-2173.

activity.



