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Tém tit - Trong nghién ciru nay, dién cyc Mn-Graphene oxide
trén nén bot nickel (Mn-GO@NF) di duoc téng hop thanh cong
bang phuong phéap thuy nhiét va dugc tng dung cho phan tng
oxi héa dién hoa glycerol. Nho su két hop giita manganese va
graphene oxide, dién cuc Mn-GO@NF thé hién hoat tinh xtc
tac tot va do bén dién hoa cao trong méi truong kidm chura
glycerol. Dién cuc dat mat do dong 50 mA-cm? & dién thé
khoéng 1,61 V so v6i RHE va duy tri hoat dong 6n dinh trong
21 gio. Phén tich phé tré khang dién hoa cho thay dién cyc Mn-
GO@NF c6 dién tro truyén dién tich thdp hon, phan 4nh dong
hoc phan tng thudn loi hon. Ngoai ra, trong c4u hinh hai dién
cuc Mn-GO@NFIMn-GO@NF, hé dién phan yéu cu dién ap
khodng 1,96 V dé dat mat do dong dién 40 mA-cm2. Nhiing két
qua nay cho thiy dién cuc Mn-GO@NF c6 tiém nang tng dung
lam anode thay thé cho phan ung OER truyén théng trong cac
hé dién phan san xuit hydrogen.

Tir khéa - Manganese; graphene oxide; nén bot nickel; dién hoa
oxi hoa glycerol; san xuat hydrogen

1. Pat vin dé

Su can kiét ngay cang nghiém trong clia cic ngudn
nhién li¢u hoa thach, cting véi nhiing hé qua tiéu cyc déi
v6i khi hau va moi truong, di va dang thic ddy manh mé
qua trinh nghién ciru va phat trién cdc ngudn ning lugng
sach, bén viing va tai tao [1-3]. Trong bdi canh do,
hydrogen dugc xem 1a ngudn ning lugng day tiém ning
nhd mat d nang lugng riéng cao, qua trinh s dung khong
phat thai CO2 va kha nang tich hop linh hoat trong cac hé
thdng ning lugng [4-6]. Trong s6 cac cong nghé san xuat
hydrogen, di¢n phan nudc dugc danh gia la mot trong
nhiing con duong hiéu qua va trién vong nhét, dic biét
khi dugc két hop véi nguon dién tir nang lugng tai tao nhu
dién mat troi1 hodc dién gi6 [7-10]. Tuy nhién, hiéu sudt
téng thé cua qué trinh dién phan nudc van bi han ché dang
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ké boi phan tng tao oxygen (OER) tai cuc duong. Day 1a
phan tng c¢6 dong hoc cham, lién quan dén nhiéu budc
chuyén electron—proton va doi hoi dién thé 16n, din dén
muc tiéu thu nang lugng cao va lam gidm hi¢u suét tao
hydrogen [11, 12]. Bén canh d6, oxygen— san pham phu
ctia OER — nhin chung c6 gia tri kinh té thap, khong twong
xtng v6i chi phi nang lugng dau vao ctia qua trinh dién
phéan [13, 14].

Trong nhitng nim gan déy, viéc thay thé phan img OER
bang cac phan mg oxi hoa cac hop chét hiru co hodc sinh
khdi da noi 1én nhu mot hudng tiép can day tiém ning. Cac
chat nén nhu glucose, ethylene glycol, ascorbic acid va dic
biét 14 glycerol da dugc nghién ciru rong rdi nhd dién thé
oxy héa thap hon OER va kha ning tao ra cac san pham
phu co gia tri cao [15-18].
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Glycerol 1a mot san pham phu chinh ctia nganh cong
nghiép biodiesel, chiém khoang 10% khdi lugng san pham,
v6i ngudn cung ddi dao va gia thanh thap [19, 20]. Qua
trinh oxi hoa dién hoa glycerol (GOR) ¢6 thé tao ra nhidu
hop chit oxi héa c6 gia tri cao nhu glyceraldehyde,
dihydroxyacetone, glyceric acid, glycolic acid, lactic acid
va formic acid, dugc ting dung rdng rai trong cong nghiép
hoéa chat, dugc pham va my pham [21-23]. Do d6, viéc két
hop GOR v6i HER trong cung mot hé dién phan dugc xem
1a mét chién luoc trlen vong nham nang cao hiéu qua nang
lwong va tinh kinh té ctia qua trinh san xuét hydrogen.

Mic du, céc chét xtc tac dya trén kim loai quy nhu Pt,
Au, Pd va Ru thé hién hoat tinh va d6 chon loc cao d6i véi
cd GOR va HER, nhung gia thanh cao va tinh khan hiém
da han ché kha nang ng dung thuce tién cuia chiing [24,25].
Gan déy, cac chét xuc tac dya trén kim loai chuyen tiép
khong quy da thu hut sy quan tdm 16n nhd wu diém vé chi
phi thap, trit lugng phong phu va kha nang diéu chinh céu
trac dién tir [26-29]. Trong s6 do, _manganese 1a mot
nguyén t6 tiém nang nhd ton tai & nhidu trang thai hoa tri,
¢6 tinh oxi hoa—khtr linh hoat va kha nang tuong tac manh
v6i céc trung gian oxi hda cta rugu da chuc [30-32].

Bén canh viéc lya chon vat liéu xuc tac phu hop, thiét
ké dién cyc ciing dong vai trd quan trong trong viéc nang
cao hiéu suat dién hoa. Bot nickel (nickel foam, NF) véi
cAu tric xép ba chiéu, 46 dan dién cao va do bén co hoc
tdt, da duoc st dung réng rai lam gia do cho cac dién cuc
dién hoa [33-35]. Ngoai ra, viéc két hop cac chat xic tac
kim loai v6i vat liéu carbon dan dién nhu graphene oxide
(GO) ¢6 thé cai thién dang ké dién tich bé mit hoat tinh,
tang cudong kha ning truyén electron va nang cao do on
dinh trong qua trinh van hanh lau dai [36, 37]. Trén co s&
do, trong nghién ctru nay, dién cyc trén co s& Mn da dugc
téng hop thanh cong bing phwong phap thuy nhiét don
gian, trong d6 manganese dugc neo gilt va phan tan trén
nén NF dugc bién tinh bing GO (Mn-GO@NF). Pién cuc
Mn-GO@NF thé hién hoat tinh oxi héa glycerol cao, dat
mat d6 dong 50 mA-cm tai dién thé 1,61 V (so v6i RHE),
df)ng thoi cho thiy d6 6n dinh trong thoi gian 21 gio ¢ dién
thé 1,56 V (so v6i RHE). Nhing ket quéa nay cho thay
Mn-GO@NF la mét ting vién day trién vong cho dién cyc
anode trong cic hé dién phan glycerol hd trg sin xuét
hydrogen, hudng tdi cong nghé¢ nang lugng xanh hiéu qua
va bén viing.

2. Vit liéu va phuong phap nghién ciru
2.1. Héa chit

Céc hoa chit nhu potassium permanganate (KMnOy),
potassium hydroxide (KOH), hydrochloric acid (HCI),
glycerol (C3Hs(OH)3) dugc cung cdp bai Sigma-Aldrich.
Graphene oxide (GO) duoc tong hgp bang phuong phap
Hummer. T4m bot nickel (nickel foam — NF) dugc mua
tir Beijing Beike 2D Materials Co., Ltd. Nudc cét (v6i do
din dién <0,1 pS-cm™) duge sir dung trong qua trinh thi
nghiém.

2.2. Téng hop dién cwe Mn-GO@NF

Dién cuc Mn trén nén NF duoc tong hop bang phuong
phap thuy nhiét. Trudce tién, 0,06 g KMnO4 va 1,0 mL
dung dich GO (1 mg'mL™") dugc phan tan trong 40 mL

nude cat va khudy lién tuc trong 2 gid. Sau do, hdn hop
dung dich trén cung v6i tim NF da duoc xtur 1y sach (co
kich thudc 3,5 cm x 3,5 cm) duoc dit vao teflon c6 dung
tich 100 mL dé tién hanh thuy nhiét tai 160 °C trong
16 giod. Sau khi phan tmg két thuc va dugc lam nguoi dén
nhiét d¢ phong, tAm NF duoc léy ra va ria sach 1an luot
v6i ethanol va nuéce cat dé st dung cho cac thi nghiém
sau. Mau dién cuc thu duogc duge ki hiéu Mn-GO@NF.
Ngoai ra, dé so sanh, mau Mn@NF dugc tong hop theo
quy trinh nhung khong thém GO va NF duoc sir dung lam
mau d6i chimg.

2.3. Phwong phdp phan tich ddc trung

Céu truc tinh thé ctia vat liéu tong hop dwoc dic trung
bang phuwong phap nhiéu xa tia X (X-ray diffraction - XRD,
Smartlab, Rigaku). Hinh thai bé mat va thanh phan cac
nguyén té ciia vat lidu dugc quan sat bang phuong phép
kinh hién vi dién tir quét (scanning electron microscopy-
SEM, Tescan) két hop v6i phd tan xa ning luong tia X
(energy-dispersive X-ray spectroscopy - EDX, Bruker).
2.4. Phuwong phdp dién hoa

Céac déc tinh dién hoa cua vat liéu dugce khao sat trong
hé ba dién cuc trén thiét bi dién hoa CORRITEST (Trung
Qudc). Trong d6, Hg/HgO dugc dung lam dién cuc so sanh
(RE), dién cyc platinum lam dién cuc dbi (CE), va dién cuc
tong hop doéng vai trd 1a dién cyc lam viée (WE). Dién tich
bé mit hoat dong clia cac dién cuc duge c0 dinh 1a 1 cm x
1 cm. Cac thi nghiém duoc tién hanh trong dung dich KOH
1,0 M va dung dich KOH 1,0 M chira glycerol 0,1 M. Tét
ca cac gid tri thé dién thé dugc hiéu chudn theo thé
hydrogen thuan nghich (RHE) bang phuong trinh sau:
Esngigo) + 0,059 x pH + E%tignigo) (1)

Trudc khi do, phép do von-ampe vong (cyclic
voltammetry - CV) dugc thyc hién dé kich hoat vat liéu véi
tbc do quét 50 mV-s! trong 20 chu ky. Phép do quét thé
tuyén tinh (linear sweep voltammetry - LSV) duogc thuc
hién do vdi toe d6 quét 5 mV-s™ trong khoang dién thé tir
0 dén 1 V. Quang phd tré khang dién hoa (electrochemical
impedance spectroscopy - EIS) duoc do trong dai tan sd tir
0,1 Hz-100 kHz v&i bién dd 10 mV tai hiéu dién thé 1,51
V (so v6i RHE).

Dién tich bé mat hoat dong dién hoa (ECSA) duoc xac
dinh thong qua cac phuong phép quét CV & cac toc do quét
khac nhau tir 10 dén 100 mV-s™' trong ving khong xay ra
phan Ung Faraday, theo phuong trinh sau:

ECSA=Ca/Cs 2)

Trong do, Cq la dién dung 16p kép va C; 1a dién dung riéng
(dugc iy bang 40 pF-cm? dbi véi cac dién cuc trén nén
nickel).

Phép do cell voltage (CV) duoc thuc hién trong céu
hinh hai dién cuc, trong d6 Mn-GO@NF duoc st dung
d{“)ng thoi 1am dién cuc d6i va dién cuc lam viéce. Khoang
cach giira hai dién cyc 13 5 cm. B9 on dinh cua dién cuc
tong hop dugc danh gia thong qua phép do dong theo thoi
gian (chronoamperometry - CA) tai dién thé 1,56 V so véi
RHE trong thoi gian 21 gid. Dé dam bao tinh lién tuc va
han ché su suy giam nong do glycerol trong qua trinh phan
ung, dung dich dién ly dugc thay méi sau moi 3 gio.

E(s ruE) =
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3. Két qua va thao luin
3.1. Dac trung hoa ly ciia vt li¢u dién cuc
3.1.1. Pdc trung cau triic

Phé nhiéu xa tia X ctia cic mau tong hop dugc trinh bay
nhu Hinh 1. Hai dinh nhiéu xa manh tai gia tri 44,5° va
51,9° dwoc gan cho cic mat tinh thé (171) va (220) ctia kim
loai Ni [38, 39]. Ngoai ra, cdc dinh cua B-Ni(OH), cling
dugc tim thiy trong gian do cta cic miu Mn-GO@NF va
Mn@NF [40, 41], cho thdy sy hinh thanh 16p hydroxide
trén bé mat Ni foam trong qué trinh tong hop. Pang chu y,
khong quan st thiy cac dinh nhiéu xa dic trung cua cac
pha manganese oxide trong mdu Mn-GO@NF, cho thiy
manganese co thé ton tai & trang thai vo dinh hinh hoac
phan tan tdt trén bé mat dién cuc.
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Hinh 1. Phé nhiéu xa tia X ciia cdc mdu tong hop

3.1.2. Hinh thdi bé mat

Anh hién vi dién tir quét (SEM) ctia cac dién cuc tong
hop dugc trinh bay trong Hinh 2 cho thay su khac biét rd
rét vé hinh thai bé mit cta cac mau. Pbi v6i miu Mn@NF,
bé mat dién cuc tré nén g6 ghé hon, ¢6 thé lién quan dén
su hinh thanh cac pha hydroxide kim loai nhu B-Ni(OH):
va céc hop chit chira manganese trong qua trinh tong hop.
Nguoc lai, & mau Mn-GO@NF, sy hién dién cua GO tao
nén 16p vat liéu phan bd tuong ddi dong déu trén bé mat
dién cuc va gop phan kiém soat qué trinh hinh thanh cac
vt lidu hoat tinh nhu B-Ni(OH). va céc hop chat ctia Mn.
Nho cdu triic mang hai chiéu va tinh ua nuéc, GO khong
chi ngan sy Kkét tu cua cac oxit Mn ma con cai thién kha
ning dan dién cua vat liéu, tir 46 gitp tang dang ké dién
tich bé mat dién héa va mat do tdm hoat tinh.

Hinh 2. Hinh anh SEM ciia cdc vit liéu tong hop Mn-GO@NF
(a-b), Mn@NF (c-d), va NF (e-f)

3.1.3. Thanh phan nguyén té

Két qua phan tich phd tan xa tia X (EDX) (Hinh 3a—d)
cho théy, cac nguyén t6 Ni, Mn va O dwoc phén bd dong
déu trén toan bo bé mit dién cuc Mn-GO@NF, phan anh
su phui va gén két hiéu qua cua B-Ni(OH): va cac hop chat
clia Mn trén nén NF. Phd EDX (Hinh 3¢) x4c nhén su hién
dién ctia Mn trong vat liéu. Tuy nhién, nhu thé hién trong
Bang 1, ham lugng Mn trong mau Mn-GO@NF chi vio
khoang 0,05%, cho thdy Mn c6 thé ton tai chu yéu & dang
phan tan cao hodc ham lugng pha rét it, nim dudi gioi han
phat hién caa XRD. Diéu nay phu hop vai két qua nhiéu xa
tia X khi chi quan sat thiy cac dinh dic trung cua
B-Ni(OH),.
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Hinh 3. Hinh anh phan bé cac nguyén 16 Ni, Mn, O (a-d) va
phoé EDX (e) ciia mau Mn-GO@NF

Bing 1. Thanh phan cic nguyén 16 ciia Mn-GO@NF

Element Mass, % Atom, %
Carbon 7,79 25,87
Nickel 85,83 58,32

Manganese 0,05 0,03

Oxygen 6,33 15,78

Total 100,0 100,0

3.2. Hoat tinh xuc tdac dién hoa
3.2.1. Hiéu sudt xiic tac dién héa oxi héa glycerol

Hiéu suét xtc tac ctia cac vat liéu tong hop ddi véi phan
{mg GOR dugc khao sat bang cac phép do dién héa trong
hé ba dién cuc. Cac duong LSV do trong dung dich KOH
1,0 M chtra va khong chura glycerol 0,1 M dugc trinh bay
trong Hinh 4a. Trong mdi truong chi chira KOH, dién cuc
Mn-GO@NF can dién thé 1,75 V so v6i RHE dé dat duoc
mat do dong dién 50 mA-cm™. Khi c6 glycerol trong dung
dich, dién thé can thiét giam xuéng con 1,61 V so véi RHE
tai cung mat do dong dién. biéu nay cho théy qua trinh
GOR yéu cau dién thé thdp hon so véi OER.

Két qua so sanh hoat tinh ciia cic dién cuc tong hop
khac nhau & Hinh 4b cho théy dién cyc Mn-GO@NF c6
hoat tinh cao hon so voi Mn@NF va NF. Cu thé, tai mat
d6 dong 50 mA-cm2, Mn-GO@NF chi yéu cau 1,61 V so
v6i RHE, thdp hon so véi Mn@NF (1,67 V so véi RHE)
va NF (1,80 V so véi RHE). Két qua su két hop giita Mn,
B-Ni(OH),/NF va graphene oxide trong viéc cai thién hoat
tinh dién xuc tac c6 thé do su gia tdng mat d¢ tam hoat dong
va kha ning dan truyén dién tu.
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Hinh 4. D6 thi LSV ciia Mn- GO@ANF trong dung dich ¢6 va
khong co glycerol (a) va so voi cac mau tong hop khac trong
dung dich co chira glycerol (b)

3.2.2. Dién tich bé mdt hoat dong dién hoa

Dién tich bé mit hoat dong dién hoa (ECSA) cia cic
dién cuc dugce tinh thong qua phép do CV & céc tée do quét
khac nhau (tir 5 dén 100 mV-s™') trong vung khong xay ra
phan ung Faraday (Hinh 5a-c). Tt do déc ctia duong biéu
dién dong dién theo tdc do quét, cac gia tri dién dung 16p
kép (Ca) tuwong ting dugc xac dinh lan lwot 1a 1,47; 1,40;
1,20 mF-cm2 dbi véi dién cuc Mn-GO@NF, Mn@NF va
NF (Hinh 5d). Gia trj Cq cao nhat cia Mn-GO@NF phan
anh bé mat dién hoa 16m va su tang dang ké sb lwong vi tri
tam hoat dong xtc tac nho sy phan tan tdt cia Mn va
B—Ni(OH)z trén nén GO va NF.
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Hinh 5. o thi CV ciia cdc mau t6ng hop & cdc téc A quét khac
nhau tir 10 den 100 mV-s™ trong dung dich KOH 1,0 M +
Glycerol 0,1 M (a-c) va gid tri dién dung I6p kép (Cay) duoc
trich xuat tir cac do thi CV twong ung (d)

3.2.3. Kha nang truyén dién tich

Kha nang truyén dién tich cua cac dién cuc duoc phan
tich bang pho trd khang dién hoa (EIS). Nhu thé hién trong
bieu do Nyquist (Hinh 6a), Mn-GO@NF c6 ban nguyét
nho nhat voi dién tré truyén dién tich Ret = 3,3 Q, thap hon
13 rét so v6i NF (4,2 Q). Su suy giam Re: ndy cho thay 16p
phu Mn-GO gbp phan cdi thién kha ning din dién va thiic
day qué trinh truyen electron tai bé mat dién cuc, tur d6 lam
tang toc do phan ung GOR.

Hiéu sudt xtc tac dién hoa cua vat liéu Mn-GO@NF
tiép tuc dugc danh gia trong hé hai dién cuc nham mo

phong diéu kién hoat dong thuc té cua thiét bi dién phan su
dung phan tmg GOR dé thay thé phan tng OER truyén
thong. Trong cau hinh nay, ca anode va cathode déu dugc
ché tao tir vat lieu Mn-GO@NF, dung dich dién ly st dung
12 1,0 M KOH chtra 0,1 M glycerol. Két qua thé hién trong
Hinh 6b cho thay hé dién cuc d6i ximg Mn-GO@NF || Mn-
GO@NF chi yéu cau dién ap khoang 1,96 V dé dat mat do
dong 40 mA-cm™.
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Hinh 6. Quang phd tré khing dién héa (EIS) (@), duong LSV
dién ap trong hé hai dién cuc (b); va do bén cua vdt liéu trong
21 gio tai dién the 1,56 V so véi RHE (c)

3.2.4. Moi lién hé gitta hoat tinh va cdu tric

Sy két hop giita nén NF, GO va cac hop chat chira Mn
hinh thanh trong qué trinh thily nhiét lién quan dén sy cai
thién hoat tinh xuc tac dién hoa cta dién cuc Mn-GO@NF.
Két qua XRD va SEM cho thay sy xuét hién cia cac pha
hydroxide nickel cting vi Mn hodc cac hop chit cia Mn
trén bé mat dién cuc NF. Mic du, ham luvong Mn tuong dbi
thap (0,05 wt%), su hién dién ciia Mn 6 trang thai phan tan
cao c6 thé gop phan 1am thay ddi dic tinh bé mat va hd trg
qua trinh oxi hda glycerol. Bén canh d6, sy ¢c6 mat cia GO
6 thé giup han ché su két tu cua vat lidu trong qua trinh
tong hop dong thoi cai thién su phan bd ctia cac pha hoat
tinh trén nén NF. Két qua ECSA cho thiy, Mn-GO@NF c6
dién tich bé mat hoat dong dién hoa 16n hon, trong khi két
qué EIS cho thiy dién tro truyén dién tich thap hon so véi
Mn@NF va NF. Nhimng yéu t6 nay c6 thé gop phan nang
cao hoat tinh dién hoéa cua dién cuc Mn-GO@NF ddi véi
phan ung GOR.
3.2.5. Bé bén cuia dién cuc

Dé danh gia d6 6n dinh cua dién cuc Mn-GO@NF,
phép do dong theo thdi gian (CA) dugc tién hanh tai dién
thé 1,56 V so voi RHE trong tong thdi gian 21 gio. Trong
qua trinh do, dung dich dién ly duoc thay méi dinh ky sau
moi 3 gio nham han ché su suy giam nong d¢ glycerol va
duy tri diéu kién phan tng 6n dinh. Két qua do CA ¢ Hinh
6¢ cho thiy dién cuc Mn-GO@NF van duy tri dwoc mat do
dong dién tuong ddi 6n dinh trong sudt 21 gio phan tng.
Sy suy giam dong dién theo thoi gian co thé lién quan dén
qua trinh ti€u thu glycerol va su thay ddi bé mat dién cuc
trong qua trinh van hanh. Tuy nhién, dién cuc van thé hién
kha niang hoat dong bén trong méi truong dién ly kiém
chura glycerol.
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4. Két luan

Trong nghién cuu nay, dién cuc Mn trén nén NF

(Mn-GO@NF) di dugc téng hop thanh cong bing
phuong phép thity nhiét va thé hién hoat tinh xuc tac dién
hoéa tét ddi véi GOR trong moi truong kiém. Pién cuc
Mn-GO@NF dat mat d6 dong 50 mA-cm? tai dién thé
1,61 V (so v6i RHE), thap hon dang ké so voi Mn@NF
va NF. Ngoai ra, dién cuc duy tri do on dinh tdt trong
21 gio. Viée sir dung glycerol lam chét oxi héa tai anode
lam giam dién ap van hanh so v6i OER truyén thong.
Nhiing két qua nay cho thly Mn-GO@NF la vat li¢u dién
cuc tiém nang cho céc hé dién phan tich hop san Xuét
hydrogen xanh va chuyén hoa sinh khoi.

Loi cam on: Cong trinh néy QUqc tai tro boi BO Gido duc
va Dao tao trong khudn kho dé tai khoa hoc va cong nghé
cap B9, Ma so: B2024.DNA.03.

(1]

[11]

TAI LIEU THAM KHAO

D. Gayen, R. Chatterjee, and S. Roy, "A review on environmental
impacts of renewable energy for sustainable development,"
International Journal of Environmental Science and Technology,
vol. 21, no. 5, pp. 5285-5310, 2024/03/01 2024, doi:
10.1007/s13762-023-05380-z.

W. S. Ebhota and T.-C. Jen, "Fossil Fuels Environmental Challenges
and the Role of Solar Photovoltaic Technology Advances in Fast
Tracking Hybrid Renewable Energy System," International Journal
of Precision Engineering and Manufacturing-Green Technology,
vol. 7, no. 1, pp. 97-117, 2020/01/01 2020, doi: 10.1007/s40684-
019-00101-9.

J. L. Holechek, H. M. E. Geli, M. N. Sawalhah, and R. Valdez, "A
Global Assessment: Can Renewable Energy Replace Fossil Fuels by
2050?," Sustainability, vol. 14, no. 8, p. 4792, 2022. [Online].
Available: https://www.mdpi.com/2071-1050/14/8/4792.

N. A. Baharuddin, W. N. A. Wan Yusoff, A. J. Abd Aziz, and N. N.
Mohd Tahir, "Hydrogen fuel cells for sustainable energy:
Development and progress in selected developed countries," IOP
Conference Series: Materials Science and Engineering, vol. 1078,
no. 1, p. 012011, 2021/02/01 2021, doi: 10.1088/1757-
899X/1078/1/012011.

"An Introduction to Different Types of Hydrogen and Methods of
Green Hydrogen Production," in Legal Framework of Green
Hydrogen Production and Hydrogen Economy for Sustainable
Development, (Books of Research Collection, 2025, pp. 1-27.

G. F. Toki and M. K. Hossain, "Introduction to the Hydrogen Energy
Production and Fuel Generation," in Hydrogen Energy Production
and Fuel Generation, 2025, pp. 1-36.

H. Li, J. Guo, Z. Li, and J. Wang, "Research Progress of Hydrogen
Production Technology and Related Catalysts by Electrolysis of
Water," Molecules, vol. 28, no. 13, p. 5010, 2023. [Online].
Available: https://www.mdpi.com/1420-3049/28/13/5010.

L. Vidas and R. Castro, "Recent Developments on Hydrogen
Production Technologies: State-of-the-Art Review with a Focus on
Green-Electrolysis," Applied Sciences, vol. 11, no. 23, p. 11363,
2021. [Online].  Available:  https://www.mdpi.com/2076-
3417/11/23/11363.

A. Franco and C. Giovannini, "Recent and Future Advances in
Water Electrolysis for Green Hydrogen Generation: Critical
Analysis and Perspectives," Sustainability, vol. 15, no. 24, p. 16917,
2023. [Online]. Available: https://www.mdpi.com/2071-
1050/15/24/16917.

J.-T. Ren, L. Chen, H.-Y. Wang, W.-W. Tian, and Z.-Y. Yuan,
"Water electrolysis for hydrogen production: from hybrid systems to
self-powered/catalyzed devices," Energy & Environmental Science,
10.1039/D3EE02467A vol. 17, no. 1, pp. 49-113, 2024, doi:
10.1039/D3EE02467A.

X. Wang, H. Zhong, S. Xi, W. S. V. Lee, and J. Xue, "Understanding

[12

—

[13

—

[14

—

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22

—

[23]

24

[}

[25]

[26]

[27]

of Oxygen Redox in the Oxygen Evolution Reaction," Advanced
Materials, vol. 34, no. 50, p. 2107956, 2022, doi:
https://doi.org/10.1002/adma.202107956.

C. Rong, K. Dastatkan, Y. Wang, and C. Zhao, "Breaking the
Activity and Stability Bottlenecks of Electrocatalysts for Oxygen
Evolution Reactions in Acids," Advanced Materials, vol. 35, no. 49,
p. 2211884, 2023, doi: https://doi.org/10.1002/adma.202211884.

C. Cai et al., "Atomically Local Electric Field Induced Interface
Water Reorientation for Alkaline Hydrogen Evolution Reaction,"
Angewandte Chemie International Edition, vol. 62, no. 26, p.
€202300873, 2023, doi: https://doi.org/10.1002/anie.202300873.

C. Huang et al., "Recent progress and perspective of cobalt-based
catalysts for water splitting: design and nanoarchitectonics,"
Materials Today Energy, vol. 23, p. 100911, 2022/01/01/ 2022, doi:
https://doi.org/10.1016/j.mtener.2021.100911.

J. Wu, Z. Zhai, S. Yin, and S. Wang, "General Formation of
Interfacial Assembled Hierarchical Micro-Nano Arrays for Biomass
Upgrading-Coupled Hydrogen Production," Advanced Functional
Materials, vol. 34, mno. 6, p. 2308198, 2024, doi:
https://doi.org/10.1002/adfm.202308198.

Y. Yan et al., "Electrocatalytic Upcycling of Biomass and Plastic
Wastes to Biodegradable Polymer Monomers and Hydrogen Fuel at
High Current Densities," Journal of the American Chemical Society,
vol. 145, no. 11, pp. 6144-6155, 2023/03/22 2023, doi:
10.1021/jacs.2¢c11861.

W.-J. Liu ez al., "Efficient electrochemical production of glucaric

acid and H2 via glucose electrolysis," Nature Communications, vol.
11, no. 1, p. 265,2020/01/14 2020, doi: 10.1038/s41467-019-14157-
3

D. Si, B. Xiong, L. Chen, and J. Shi, "Highly selective and efficient
electrocatalytic synthesis of glycolic acid in coupling with hydrogen
evolution," Chem Catalysis, vol. 1, no. 4, pp. 941-955, 2021, doi:
10.1016/j.checat.2021.08.001.

C. R. Chilakamarry, A. M. M. Sakinah, A. W. Zularisam, and A.
Pandey, "Glycerol waste to value added products and its potential
applications," Systems Microbiology and Biomanufacturing, vol. 1,
no. 4, pp. 378-396, 2021/10/01 2021, doi: 10.1007/s43393-021-
00036-w.

M. R. Monteiro, C. L. Kugelmeier, R. S. Pinheiro, M. O. Batalha,
and A. da Silva César, "Glycerol from biodiesel production:
Technological paths for sustainability," Renewable and Sustainable
Energy Reviews, vol. 88, pp. 109-122, 2018/05/01/ 2018, doi:
https://doi.org/10.1016/j.rser.2018.02.019.

E. Antolini, "Glycerol Electro-Oxidation in Alkaline Media and
Alkaline Direct Glycerol Fuel Cells," Catalysts, vol. 9, no. 12, p.
980, 2019. [Online]. Available: https:/www.mdpi.com/2073-
4344/9/12/980.

H. Wan et al., "Electro-Oxidation of Glycerol to High-Value-Added
C1-C3 Products by Iron-Substituted Spinel Zinc Cobalt Oxides,"
ACS Applied Materials & Interfaces, vol. 14, no. 12, pp. 14293-
14301, 2022/03/30 2022, doi: 10.1021/acsami.2c02215.

X. Liu et al., "Electrocatalytic synthesis of heterocycles from
biomass-derived furfuryl alcohols," Nature Communications, vol.
12, no. 1, p. 1868, 2021/03/25 2021, doi: 10.1038/s41467-021-
22157-5.

Y. Zhou, Y. Shen, and J. Xi, "Seed-mediated synthesis of
PtxAuy@Ag electrocatalysts for the selective oxidation of glycerol,"
Applied Catalysis B: Environmental, vol. 245, pp. 604-612,
2019/05/15/ 2019, doi:
https://doi.org/10.1016/j.apcatb.2019.01.009.

C. H. Lam, A. J. Bloomfield, and P. T. Anastas, "A switchable route
to valuable commodity chemicals from glycerol via electrocatalytic
oxidation with an earth abundant metal oxidation catalyst," Green
Chemistry, 10.1039/C7GC00371D vol. 19, no. 8, pp. 1958-1968,
2017, doi: 10.1039/C7GC00371D.

T. Guo, L. Li, and Z. Wang, "Recent Development and Future
Perspectives of Amorphous Transition Metal-Based Electrocatalysts
for Oxygen Evolution Reaction," Advanced Energy Materials, vol.
12, no. 24, . 2200827, 2022, doi:
https://doi.org/10.1002/aenm.202200827.
C. Liu, M. Hirohara, T. Maeckawa, R. Chang, T. Hayashi, and C.-Y.
Chiang,  "Selective  electro-oxidation of  glycerol to



https://www.mdpi.com/2071-1050/14/8/4792
https://www.mdpi.com/1420-3049/28/13/5010
https://www.mdpi.com/2076-3417/11/23/11363
https://www.mdpi.com/2076-3417/11/23/11363
https://www.mdpi.com/2071-1050/15/24/16917
https://www.mdpi.com/2071-1050/15/24/16917
https://doi.org/10.1002/adma.202107956
https://doi.org/10.1002/adma.202211884
https://doi.org/10.1002/anie.202300873
https://doi.org/10.1016/j.mtener.2021.100911
https://doi.org/10.1002/adfm.202308198
https://doi.org/10.1016/j.rser.2018.02.019
https://www.mdpi.com/2073-4344/9/12/980
https://www.mdpi.com/2073-4344/9/12/980
https://doi.org/10.1016/j.apcatb.2019.01.009
https://doi.org/10.1002/aenm.202200827

164

Phan Thj Hang Nga, Nguyén Chinh Chién, Trwong Lé Bich Tram, Nguyén Dinh Minh Tuén

(28]

[29]

[30

=

(311

[32]

[33]

[34]

dihydroxyacetone by a non-precious electrocatalyst — CuO," Applied
Catalysis B: Environmental, vol. 265, p. 118543, 2020/05/15/ 2020,
doi: https://doi.org/10.1016/j.apcath.2019.118543.

R.-Y. Fan et al., "Optimized Electronic Modification of S-Doped
CuO Induced by Oxidative Reconstruction for Coupling Glycerol
Electrooxidation with Hydrogen Evolution," Nano-Micro Letters,
vol. 15, no. 1, p. 190, 2023/07/29 2023, doi: 10.1007/s40820-023-
01159-6.

X. Han ef al., "Electrocatalytic Oxidation of Glycerol to Formic
Acid by CuCo204 Spinel Oxide Nanostructure Catalysts," ACS
Catalysis, vol. 10, no. 12, pp. 6741-6752, 2020/06/19 2020, doi:
10.1021/acscatal.0c01498.

J. Wang et al., "Manganese oxide-based catalysts for the sustainable
synthesis of value-added chemicals through oxidation processes: a
critical review and perspectives for the future," Green Chemistry,
10.1039/D3GC04117D vol. 26, no. 5, pp. 2365-2383, 2024, doi:
10.1039/D3GC04117D.

N.-N. Liang et al., "Arraying faceted manganese oxides for selective
ethylene electro-oxidation to ethylene glycol in aqueous
electrolytes," Nature Communications, vol. 17, no. 1, p. 290,
2025/12/06 2025, doi: 10.1038/s41467-025-66973-5.

G.-S. Tran, T.-G. Vo, and C.-Y. Chiang, "Earth-abundant
manganese oxide nanoneedle as highly efficient electrocatalyst for
selective glycerol electro-oxidation to dihydroxyacetone," Journal
of Catalysis, vol. 404, pp. 139-148, 2021/12/01/ 2021, doi:
https://doi.org/10.1016/j.jcat.2021.09.005.

C. Chen et al., "Engineering of Self-Supported Electrocatalysts on a
Three-Dimensional Nickel Foam Platform for Efficient Water
Electrolysis," Transactions of Tianjin University, vol. 30, no. 2, pp.
103-116, 2024/04/01 2024, doi: 10.1007/512209-024-00389-y.

S. Weng, Q. An, Y. Xu, Y. Jiao, and J. Chen, "In-Situ Formation of
NiFe-MOF on Nickel Foam as a Self-Supporting Electrode for
Flexible Electrochemical Sensing and Energy Conversion,"
Chemosensors, vol. 11, no. 4, p. 242, 2023. [Online]. Available:
https://www.mdpi.com/2227-9040/11/4/242.

[35]

[36

[}

[37]

[38]

[39

—

[40

[er

[41]

B. Lu et al., "Ni-P alloy@carbon nanotubes immobilized on the
framework of Ni foam as a 3D hierarchical porous self-supporting
electrode for hydrogen evolution reaction," International Journal of
Hydrogen Energy, vol. 46, no. 45, pp. 23245-23253, 2021/07/01/
2021, doi: https://doi.org/10.1016/j.ijhydene.2021.04.139.

V. Pasindu, P. Yapa, S. Dabare, and . Munaweera, "Multifunctional
transition metal oxide/graphene oxide nanocomposites for catalytic
dye degradation, renewable energy, and energy storage
applications," RSC Advances, 10.1039/D5SRA04806K vol. 15, no.
40, pp. 33162-33186, 2025, doi: 10.1039/D5RA04806K.

S. Z. Hussain, M. Thrar, S. B. Hussain, W. C. Oh, and K. Ullah, "A
review on graphene based transition metal oxide composites and its
application towards supercapacitor electrodes," SN Applied
Sciences, vol. 2, no. 4, p. 764, 2020/03/27 2020, doi:
10.1007/s42452-020-2515-8.

X. Hu, X. Tian, Y.-W. Lin, and Z. Wang, "Nickel foam and stainless
steel mesh as electrocatalysts for hydrogen evolution reaction,
oxygen evolution reaction and overall water splitting in alkaline
media," RSC Advances, 10.1039/CORA07258F vol. 9, no. 54, pp.
31563-31571, 2019, doi: 10.1039/CORA07258F.

S. Sun et al., "Nickel-foam-supported f-Ni(OH)2 as a green anodic
catalyst for energy efficient electrooxidative degradation of azo-dye
wastewater," RSC Advances, 10.1039/C8RA03039A vol. 8, no. 35,
pp. 19776-19785, 2018, doi: 10.1039/C8RA03039A.

Z. Qin, Y. Wang, X. Huang, W. Shen, J. Yu, and J. Li, "A Facile
Synthesis of Three Dimensional 3-Ni(OH)2 Composed of Ultrathin
Nanosheets for High Performance Pseudocapacitor," Journal of
Inorganic and Organometallic Polymers and Materials, vol. 30, no.
6, pp. 2089-2097, 2020/06/01 2020, doi: 10.1007/s10904-019-
01360-4.

Z. Wu, X.-L. Huang, Z.-L. Wang, J.-J. Xu, H.-G. Wang, and X.-B.
Zhang, "Electrostatic Induced Stretch Growth of Homogeneous f3-
Ni(OH), on Graphene with Enhanced High-Rate Cycling for
Supercapacitors,” Scientific Reports, vol. 4, no. 1, p. 3669,
2014/01/13 2014, doi: 10.1038/srep03669.



https://doi.org/10.1016/j.apcatb.2019.118543
https://doi.org/10.1016/j.jcat.2021.09.005
https://www.mdpi.com/2227-9040/11/4/242
https://doi.org/10.1016/j.ijhydene.2021.04.139

