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MO DAU

Trong bdi canh nhu ciu ning luong toan cau ngay
cang gia ting cung voi cac van dé nghiém trong lién quan
dén 6 nhidm moi truong va bién d6i khi hau, viéc phat trién
cac cong nghé chuyén hoa va luu trit nang luong bén viing
dang trd thanh mdt trong nhitng dinh hudng nghién ctru
quan trong hién nay. Hydrogen duoc xem 1a ngudn ning
lugng sach déy tiém nang nho mat do nang lugng cao, kha
nang tai tao va khong phat thai khi carbon trong qua trinh
stt dung. Tuy nhién, phan 16n hydrogen hién nay van duoc
san xudt tir nhién liéu hoa thach, gay tiéu tén nang luong va
phat thai lvong 16n khi nha kinh [1]. Do d6, viéc phat trién
cac phuong phap san xuat hydrogen xanh hiéu qua, tiét
ki€ém nang lugng va than thi€n vdi moi trudng co6 v nghia
khoa hoc va thyc tién dic biét quan trong.

Trong sb cac cong nghé hién nay, dién phan nudc
duoc danh gia 13 mot trong nhirng giai phap trién vong dé
san xuat hydrogen sach. Tuy nhién, qua trinh dién phan
nuée truyén théng thuong bi han ché boi phan Gng giai
phong oxygen tai anode c¢6 dong hoc chim va yéu cau thé
hoat dong cao, lam gia tang muc ti€u thu nang luong cua
toan hé dién phan. Dé khic phuc han ché nay, viéc thay thé
phan tng giai phong oxygen bang phan tng oxi héa cac
hop chat hitu co c6 ngudn gdc sinh khéi dang thu hat sy
quan tim manh m& trong nhirng nim gan day [2]. Pic biét,
phan g oxi hoa glucose khong chi gitip giam dién thé van
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hanh cua h¢ dién phan ma con tao ra cac hop chét ¢ gia tri
gia ting nhu gluconic acid va glucaric acid, md ra tiém ning
mg dung trong céng nghiép hoa chat, thuc pham va duge
pham [3].

Hi¢u qua cua cac hé dién phan phu thudc dang ké
vao dac tinh ctia vat liéu xtic tadc dién hoa. Trong nhirng nam
gan day, cac vat liéu trén co so kim loai chuyén tiép nhu
Cu, Ni, Co, Fe, Mn va CeO: da dugc nghién ctru rdng rai
nho gia thanh thap, trit lwong phong phu va kha nang thé
hién hoat tinh xtc tac tot trong moi trudng kiém. Pong thoi,
cac chién lugce nhu diéu khién ciu tric nano, ky thuat giao
dién va k¥ thuat tao khuyét tat dang mé ra nhiéu hudng tiép
can m&i nham nang cao hi¢u suit va do bén cua vat liéu xac
tac dién hoa. Bén canh do, viéc phat trién cac vat liéu xac
tac dugc tong hop truc tiép trén nén din dién ba chiéu nhu
nickel foam (NF) ciing cho thiy nhiéu wu diém trong viéc
cai thién kha ning truyén dién tich va ting cuong hiéu qua
xuc tac dién hoa.

Mic du da dat duoc nhiéu két qua dang cha ¥, viée
thiét ké cac hé xuc tac dién hoa co céu trac tdi wu, dd bén
cao va kha nang hoat dong hiéu qua cho cac qua trinh dién
phan ghép cip phan g hitu co van con 1a thach thirc 1én.
Dic biét, mdi lién hé gitra diéu kién téng hop, cAu tric vat
lidu, khuyét tat bé mat va tinh chat dién héa van can dugc
tiép tuc nghién cru nham dinh huéng phat trién cac hé vat
lidu xtic tac hiéu suit cao phuc vu cho cac cong nghé nang
luong bén viing trong tuong lai.
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Trén co s& do, chung t6i chon dé tai luan an:
“Nghién ciru tong hop chit xic tic dién héa Cu, Ce, Mn
trén nén nickel foam cho qua trinh san xuat hydrogen
va oxi héa cac hop chit hiru co”

Chuong 1

TONG QUAN TAI LIEU

1.1. CO SO CUA QUA TRINH TACH NUOC PIEN
HOA
1.1.1. Phan &ng dién phin nudc
1.1.2. Phan ing dién phin nwéc trong méi trudng kiém
1.1.3. San xuat hydrogen két hop véi phan ng oxi héa
cac hop chit hiru co
1.2. VAT LIEU XUC TAC PIEN HOA
1.2.1. Tong quan vé vt liéu xuc tac dién héa
1.2.2. Vit li€éu xuc tac dién héa trén co sé Cu
1.2.3. Vat liéu xic tac di€én hoa trén co s¢ CeO;
1.2.4. Vit liéu xuc tac dién héa trén co sé Mn
1.2.5. Vit liéu céu tric nano trén nén Nickel Foam (NF)
1.2.6. Chit diéu huéng ciu triic trong tong hop vat liéu
xuc tac dién hoa
1.3. PHAN UNG OXI HOA PIEN HOA GLUCOSE
1.3.1. Xic tac trén co sé kim loai quy
1.3.2. Xiic tac trén co sé kim loai chuyén tiép
1.3.3. Chuyén hoéa dién héa glucose két hop sian xuat
hydrogen

Chuong 2

NOI DUNG VA PHUONG PHAP NGHIEN CUU
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2.1. NOI DUNG NGHIEN CUU
— Nghién ctru téng hop vat lidu xac tac dién hoa
Cu/Cu0/NF-Gly va tng dung vat li¢u xuc tac trong phan
mg oxi hoa dién hoa glucose két hop voi phan tng giai
phoéng hydrogen.
— Nghién ctru tong hop vt liéu xic tic dién hoa Ce@NF—
GA va tng dung vat li€u xtc tac trong phan ung oxi hoa
dién hoa glucose két hop voi phan ung giai phong
hydrogen.
— Nghién ctru tong hop vt lidu xuc tac dién hoa Mn@NF
va ung dung vat liéu xtc tac trong phan tng oxi hoa di¢n
hoa glucose két hop v6i phan tng giai phong hydrogen.
2.2. THUC NGHIEM
2.2.1. Héa chit
2.2.2. Tong hop vit lidu xic tac dién héa trén co sé cac
kim loai chuyén tiép
2.2.3. Khio sat hoat tinh xiic tac ciia cAc méu vat li¢u da
téng hop
2.3. PHUONG PHAP NGHIEN CUU
2.3.1. Cac phuong phap nghién ciru dic trung vat liéu
2.3.2. Cac phuwong phap do dién héoa

CHUONG 3. KET QUA VA THAO LUAN
3.1. NGHIEN CUU TONG HOQP VAT LIEU Cu/Cuz0O
TREN NEN NICKEL FOAM UNG DUNG CHO PHAN
UNG OXI HOA GLUCOSE KET HQP SAN XUAT
HYDROGEN
3.1.1. Céc dic trung ciu tric ciia vt liéu
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3.1.1.1. Giin d6 nhiéu xa tia X (XRD)

Cu0 4 Ni(OH),
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Hinh 3.1. Giin dé XRD ciia NF, Cu/Cu;0/NF,
Cu/Cu0-Gly va Cu/Cu;O0/NF-Gly

Mau Cu/Cu2O/NF-Gly thé hién cac dinh nhidu xa
duoc xac dinh 10 tap trung tai 43,3°, 50,4° va 29,6°, 36,4°,
42,3°, 61,2°, tuong tng voi cac mat (111), (200) cua Cu va
(110), (111), (200), (220) cua cac hat bat dién Cu2O [175].
3.1.1.2. Hién vi di¢n tir quét (SEM)

Mau Cu/Cu2O/NF-Gly chimg kién toan bo pham vi
bao phul ciia cac hat bat dién nhan, 1a hinh thai dién hinh
cua cac hat Cuz0 (Hinh 3.2D).

EY

CulCu,O/NF-Gly

Cu/Cu,0-Gly

Intensity (a.u.)
v

Cu/Cu,O/NF

I & N —

Hinh 3.2. Anh SEM ciia NF (A), Cu/Cu;0/NF (B),
Cu/Cu;0-Gly (C) va Cu/Cu0/NF-Gly (D)
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3.1.1.3. Hién vi di¢n tir truyén qua (TEM) va hién vi dién
tie truyén qua dp phan gidi cao (HR-TEM)

Quan sat hinh thai ciia mau Cu/CuO/NF-Gly thay
cac hat tinh thé c¢6 hinh bat dién rd rét, phan b rat déng déu
trén bé mat. Hon nita, anh HR-TEM ciing chimg minh céc
vién mang riéng biét v6i khoang cach gitta cac mat phang
la 0,18 nm, 0,20 nm va 0,17 nm, tuong Gng vo1 cac mat
phang (200), (111) ciia Cu va (211) cua Cu20 (Hinh 3.5B)
[225], [226].

Hinh 3.5. Hinh dnh TEM (A), HR-TEM (B) va phé
EDS (C-F) cua Cu/Cu;0/NF-Gly

3.1.1.4. Quang phé dién tir tia X (XPS)

(A) Nz (B) o pg||(©)

k T T T T T = T T =
890 880 870 860 850 950 240 930 540 536 532 528
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Hinh 3.8. Pho XPS ciia Ni (A), Cu (B) va O (C) ciia
Cu/Cu;O0/NF-Gly
Pho XPS Cu2p cua vit liéu Cu/Cu2O/NF-Gly c6 thé
duoc dién giai thanh hai trang thai héa hoc (Hinh 3.8B).

6



DPinh chinh tai 932,3 eV dugc gan cho cac trang thai oxi hoa
Cu(0) va Cu*, trong khi tin hiéu cuong d6 thip hon tai 934,1
eV dugc quy cho trang thai oxi héa Cu(Il). Phoé XPS Ols
cua Cu/Cu2O/NF-Gly dugc phan tach thanh hai dinh chinh,
xuét hién tai 530,30 eV va 531,3eV c6 thé duoc quy cho
mang tinh thé CuxO c6 ngudn gdc tir O, oxygen hip phu
(Hinh 3.8C). Sy tip trung dinh nhé & 532.,5 eV c6 thé duoc
quy cho cac phan tir H,O dugc hap phu [183].

3.1.1.5. Phé hong ngogi bién déi Fourier (FTIR)
va phé Raman

(A)[cuicu,0INF-Gly

B)[ Jomr

-0
cufy-o

Cu/Cu,0/NF-Gly

Cu/Cu,0-Gly

Intensity (a.u)

CulCu,0INF CulCu,0-Gly

Transmittance (a.u.)

Cu/Cu,0/NF

—r——T T T T —T T
3500 2500 1500 500 1000 1500 2000
Wavenumber (cm*1) Raman shift (cm*1)

Hinh 3.10. Phé FTIR (A) va cic phé Raman (B) ciia cdc
méu Cu/Cuz0/NF-Gly, Cu/Cu:0-Gly, Cu/Cu;O/NF va
NF

Phé FTIR ciia mau Cu/Cu,O/NF-Gly (Hinh 3.10A)
xuat hién cac peak tai 1742 cm™' va 1363 cm™', duoc gan
cho dao dong dic trung cua lién két Cu—O; ngoai ra, peak
tai 1228 cm ! cho thdy sy hién dién cta dao dong lién két
Cu—Cu [77].

Phé Raman cua vét liéu Cu/Cu2O/NF-Gly (Hinh
3.10B) c6 céc peak tai 218 cm™! va 630 cm™! ddc trung cho
lién két Cu(I)-0, va peak tai 1510 cm™' quan sat duoc trén
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phé Raman cta Cu/Cu0-Gly duoc gan cho dao dong cua
lién két Cu—O [240], [241].
3.1.1.6. Pho hiiy positron (PAS)
Bing 3.3. Cdc thanh phan thoi gian song positron va
cuwong do twong wng thu dwoc tuw phép do PAL cung cdc
tham s6 S va W diic trung tir phép do DB

x T1 T2 T3 I I, I
M S \%\%
u [ns] sl | [nsl | [%] | (%] | [%l

NF 0,121 0,278 0,931 71,3 27,9 0,80 10,4688|0,1629

Cu/Cu,0-Gly 0,129 0,309 0,722 51,4 47,9 0,70 10,4841|0,1429

Cu/Cu,O/NF 0,138 0,307 1,412 63,8 35,9 0,29 10,4712|0,1572

Cu/CuyO/NF-

Gly 0,134 0,288 0,882 67,7 31,7 0,56 10,4636/0,1665

Dbi véi mau Cu/Cu,O/NE-Gly, gia tri 11 dat khoang
0,134 ns, cao hon so véi NF (khoang 0,121 ns), cho théy
cac khuyét tat don (mono vacancies) 1a cc trung tim bay
chiém wu thé trong mau nay [254].

Phé Doppler mé rong (DB) (Hinh 3.11B) cho thay
cac mau chua glycerol déu cé gia tri S thip nhét, minh
chtng cho vai trd ciia glycerol trong viéc 6n dinh bé mat
Ni, han ché hoa tan Ni** va giam sy tao thanh 16 rong 16n,
tir d6 tao ra bé mit déng nhét va mat do khuyét tat thfip hon.

Phé phan b dong lugng electron (EMD) st dung
mau HTNF 1am mAu tham chiéu (Hinh 3.11D) cho thay su
gia ting xac sudt huy positron véi electron 4s trong mau
Cu/Cu20/NF-Gly c6 thé bét nguén tr s hién dién cua cac
lién két Cu-Ni. Hon nita, phé EMD cua vt liéu t6 hop
Cu/Cu2O/NF-Gly cho thiy cac tin hieu EMD manh hon
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twong ung v4i sy huy positron véi eo(2s) (PL ~ 10.1073
moC), eo(3p) (PL ~20,3.10% m,C) va eni(3p), cho thay mat
d6 lién két Ni-O—Cu cao hon so v6i mau Cu/CuO/NF
[261].

CulCu;OINF-Gly ﬁ’l

v
/"% CulCu,0-Gly

0460 0465 0470 0475 0480 0485
S

1w ecyldsriL T eol2s)
X I

T g
i cma3p)l | w2
e2p) i :
| 54 a,w‘-.r'ﬁ:.::
s

Ratio to Si

°

°
>

IR IR DT S R A S 2 PP ICQE
Hinh 3.11. Dic trung khuyét tit va trang thii electron
clia cdc vat liéu nghién ciru

3.1.1.7. Ly thuyét ham mdt dp (DFT)
Pbi v6i nhém Cu/Ni(111), do ban kinh nguyén tir
ctia Cu va Ni trong duong nhau (1an luot 12 128 pm va 124

pm [262]), viéc pha tap Cu vao vi tri khuyét cua Ni la thuan

loi va tao nén cac cau trac on dinh.
Cu@Ni(111

Hinh 3.12. Céu tritc nhin tiv trén xuéng ciia hat nhom
céu tricc kha di ciia hé Cu/Cu0/NF
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Céc tinh toan DFT cho thdy CuxO/Ni(111) 1a céu
trac 6n dinh nhat v6i niang luong hinh thanh bé mat thap
nhat, dat 0,43 eV/A2, va nang luong lién két giira 16p Cu20
va bé mat Ni(111) vao khoang 0,8 eV.
3.1.1.8. Ly thuyét ham mdt dp (DFT)
3.1.1.8. Vai tro diéu hwéng ciu triic cia glycerol trong
qua trinh hinh thanh vat li¢éu Cu/Cu,O/NF-Gly

Qua trinh tong hop vat liéu Cu/Cu0 trén nén NF co
st dung chat diéu huéng cau truc glycerol duoc mé phong
nhu Hinh 3.15.

==
—
uEv
P 4
. 2 =
. 3 Thay nhiét

Ni foam Cu/Cu,0/NF-Gly

@ Cu(NO,),.3H,0 © glycerol ‘_ Cu/Cu,0

Hinh 3.15. So' d6 mé phéng qud trinh tong hop
Cu/Cu;O0/NF-Gly
Mau tong hop khong c6 glycerol trai qua qua trinh sup
d6 vé mit ciu triic bat ngudn tir phan tng hoa hoc giira
cation Cu** (E’ =+0,34V) va kim loai Ni (

Cu?"/Cu

E’, =-0,25V), nhu thé hién trong Hinh 3.2. Piéu nay

Ni“" /Ni
danh diu mot budc tién trong qua trinh tong hop vat liéu
gbc Cu trén nén NF thong qua mot phuong phép tong hop
don gian.
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Qua trinh thay nhiét
Glycerol
Cu(NO;);.3H0,
H,0

Qua trinh thay nhiét

Cu/Cu,O/NF-Gly

—
Cu(NO,);.3H0,
H,0

NF CU/CU,OINF N LS

Hinh 3.16. Anh chup vit ligu sau qud trinh thiiy nhiét c6
va khong co glycerol

3.1.2. Ung dung cia vit liéu xic tac trong phan &ng oxi
héa dién héa glucose két hop sian xuit hydrogen.
3.1.2.1. Phan wng gidi phong hydrogen ¢ cathode (HER)

(")

600 (B) 407(C) = cucuonraly
E  cucuoGly

=N 2
1 s
Ngee

e

@
8
2

N
5
H

—— CulCu;O/NF-Gly
—— CuiCu;0-Gly
—NF

Overpotential (mV)
Overpotential (mV)

Current Density (mA.cm?)
3
8

jec’
Lo

T o
0.2 cult

T
0.6

Gly 0.4 X . | 12
Electrocatalysts Log| J(mA.cm?)|

Hinh 3.17. Puwong cong LSV (A), qud thé tai cdc mit dé
dong dién dic trung (B) va dp doc Tafel (C) ciia cdc vit
liéu xiic tic da tong hop

Pién cuc Cu/CuO/NF-Gly vuot troi so voi cac mau
con lai va chi yéu cau mot qua thé nho (m10) 12 82,23 mV dé
dat mat do dong — 10 mA.cm™2.

Ngoai ra, Hinh 3.17C cho thay hé sb Tafel cua vat
lidu Cu/CuO/NF—-Gly 12 156,0 mV.dec ™!, thap hon dang ké
s0 v6i cac mau Cu/Cu,0-Gly va NF. Biéu do Nyquist cua
dién cuc Cu/CurO/NF—Gly cho thiy vong ban nguyét nho
hon dang ké so v6i cac mau so sanh (Hinh 3.18A), chimg
minh 13 rang kha ning thic day qua trinh truyén dién tich.
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Bén canh d6, mau Cu/CuO/NF-Gly con duy tri dién thé —
0,19 V so voi RHE trong sudt ba gior (Hinh 3.18B), cho thay
d6 bén cao clia chat xuc tac nay trong cac ing dung HER.
Dién cuc Cu/CuxO/NF-Gly dat gia tri dién dung 16p kép 1a
36,3 mF.cm2, cao hon khoang 11 va khoang 28 1an so voi
dién cuc NF tran va Cu/Cu0—Gly (Hinh 3.19).

J& e I L e I (o

& CuiCu,ONF-Gh CulCu;OMF-Oly
- CwCy.0-Gly A CuiCu.0-Gly
* NF o NF

pre
A,

204 P
-

-
‘
.
.
i La
», H :
10+ ? ] +
]
13 1 é ‘
] o
. 018 V'vs. RHE o] et
"y T - = i
0

8

Z" (Ohm.cm?)
Current Density (mA cm?)
)

g
g
.

A4z (Acm?)

'S
S
g

3 o 002 004 006 008 0.10
Scan rate (Vs')

Hinh 3.18. Pic trung EIS, d bén dién héa va Cdl ciia
cdc vit ligu xic tic di tong hop
3.1.3.2. Phan wng oxi hoa glucose ¢ anode
Pién thé 1,30 V so vi RHE can thiét dé dién cuc
Cu/CuO/NF-Gly dat dugc mat dd dong dién 10 mA.cm™
nam trong s6 cac gia tri thap nhat da duoc cong bd.

20 40 1 2
Z (Ohm em?) Time (h)

100 1.4!

(A) 1B ©) -
E —— CuICu,0/NF-Gly . Cu;Cu,O/NF»G\y 5 ¥ Cu/Cu,0/NF-Gly
§ 804 — cucu,0-0ly i 1-40 : E:CuZO-GIy % 0.0006 7| A Cu/Cu,0-Gly 3
€ —NF z @@“‘ » T @ NF
< 60 ¢ 135 ‘“@”& g e
5 g ® < 00004 o
g 40 F 130 S
€ z ] <
S 3¢

H 2 .
£ 20 3 ] 0
H 20 2 S1.25 <

L T T T 1. LBAAL LSS LRSS LA RALL R T

T T T
0.8 16 0 0.02 0.04  0.06 0.08

Hinh 3.21. Pwong cong LSV (A), Pé déc Tafel (B) va
Cdl cia cdc vt liéu xiic tic da tong hop (C)
Chét xtc tac Cu/CuO/NF-Gly cho gia tri do déc
Tafel nho nhat (155 mV.dec ™), cho thdy dong hoc phan ting
oxi hoa glucose ctia mau nay dién ra nhanh chong. Ngoai
ra, mau con duy tri duoc hoat tinh sau 3 gid phan ung.
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Gié tr1 dién dung 16p kép thu dugc cua dién cuc
Cu/CuO/NF-Gly 1a 7,7 mF.cm 2, cao hon khoang 3,5 va 7
14n so vé6i dién cuc NF tran va Cu/ Cu0-Gly.

Puong cong Nyquist thu dugc cua dién cuc
Cu/Cu20/NF-Gly cho thiy hinh ban nguyét nhé hon rd rét
50 v6i cdc mau Cu/Cu,0-Gly va NF nguyén ban.

1.0
A) R o J(B) cucu0nrGy@ i 200 1 em?
2 Culcu0INF-Gly “i"E;— - B oo Pl (O] .70 mmol Hair'-coy
0.8 +-A-Cu/Cu,0-Gly E 60- — KOH+Glucose E
5 160
TR 37 T g
Eos & 2, £ £
g K] 2, 2 40 2 1207
Soal 4@ 2 g
= > a 3 8o
N £ 201 5
0.2 g | £ a0
o
o © o @1.7Vvs. RHE
T T T T T T T T T T T T T T
1.0 20 3.0 40 05 0 05 10 15 20 25 0 2 4 6 8 10 12
Z' (Ohm cm?) Cell Voltage (V) Time (h)

Hinh 3.24. Ddc trung EIS va hiéu sudt dién phén
glucose cua dién cuc Cu/Cu;0/NF-Gly

CAu hinh hai dién cuc duogc lép rap s dung cac dién
cuc Cu/Cu,O/NF-Gly lam ca cyc duong va cuc am. H¢
thong (—)Cu/CuzO/NF—Gly" Cu/Cu2O/NF-Gly(+)chi yéu
cau dién thé thap 12 1,21 V va 1,64 V so véi RHE dé dat
mat d6 dong 10 va 50 mA.cm 2 (Hinh 3.24B). Do 6n dinh
ctia chét xuc tac dién kép Cu/Cu,O/NF-Gly, duoc danh gia
0 1,7 V so vé1 RHE, cho théy mat do dong di¢n gidm nhe
sau mdi chu ky (Hinh 3.24C).
3.1.2.3. Nghién ciru co' ché phan tng

Céc tinh toan DFT di duoc thuc hién nham khéo sat
cac dic tinh cau triic va ning luong ciia cc trang thai trung
gian quan trong trong phan ung oxi hoa glucose (GOR) va
phan g giai phong hydrogen (HER) trén céc cau triic nay.
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Hinh 3.26A cho thdy sy 6n dinh cia R-HC(OH)O*
trén Cu/Ni(111) ¢6 dugc 1a nho lién két O—Cu. V& qua trinh
giai phong hydrogen (HER) tai dién cuc am, Hinh 3.26D
cho thay mutrc do di chuyén cua hydrogen va kha ning tao
thanh H, trén CuO/Ni(111) thidp hon so voi trén

Cu/Ni(111) va Ni(111).
a8 - g

A)

-

Binding energy (eV)

-0.90 Cu@Ni(111)
16 © 4.0

3 s . s ’

> - - 2 30 = <

2 ]
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£ 00e” Cu@Ni(111) & - Cu@Ni(111) “o
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Hinh 3.26. Két qud tinh todn DFT cho qud trinh GOR va
HER trén cdc bé mdt xuc tdac
3.2.NGHIEN CUU TONG HQP VAT LIEU XUC TAC
CeOx GAN TREN CAC LOP NANO B-Ni(OH), TREN
NEN NICKEL XOP UNG DUNG TRONG SAN XUAT
HYDROGEN THONG QUA PHAN UNG OXI HOA

GLUCOSE
3.2.1. Cac dic trung ciu tric cia vat liéu
3.2.1.1. Phé nhiéu xa tia X (XRD)

Ph6 XRD clia mau Ce@NF-GA thé hién cac tin hiéu
dic trung c6 thé gan cho pha P-Ni(OH). [287], [288],
[289].
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Hinh 3.29. Gidn d6 nhiéu xa tia X (XRD) (A), phéng dai
twong trng ciia gidn do XRD (B) ciia cic miu sau tong
hop

3.2.1.2. Hién vi di¢n tir quét (SEM)
Vit li¢u Ce@NF-GA thé hién mot hinh thai dac biét
v6i su hinh thanh ctia cac tAm nano (Hinh 3.31A—C).

) % L0 / §

CpsleV

15

5 10
Energy [keV]

Hinh 3.31. Anh SEM (A-C), phé EDX (D) va bin dé
phén b6 nguyén té (E-H) ciia méu Ce@NF-GA
3.2.2.3. Hién vi di¢n tir truyén qua (TEM) va hién vi dién

tik truyén qua dg phan gidi cao (HR-TEM)
Anh TEM va HR-TEM ciia mau Ce@NF-GA cho
thdy rd rang ciu trac tdm nano (Hinh 3.33). Cac khoang

15



cach mang tinh thé 0,25 nm va 0,27 nm c6 thé gan cho cac
mat (110) va (100) cta tdm nano p-Ni(OH), [290], [291],
[292].

S | Ce@NEGA

Hinh 3.32. Anh TEM (A) va HR-TEM (B) ciia mdu
Ce@NF-GA

3.2.2.4. Quang pho Raman

Ph6 Raman ctia mau Ce@NF-GA ghi nhan sy dich
d6 yéu ctia dinh Raman Fg vé 440 cm ™' (Hinh 3.36A), cho
thdy sy hinh thanh cac hat CeO; kich thudc nhé va tuong
tac gitta CeO2 va cac pha chira Ni [299], [300], [301]. Ngoai
ra, cac dinh dang chu y tai 296 cm™', 486 cm ™! va 3574 cm™
I'¢6 thé 1an luot duge gan cho dao dong kiéu E cua mang
tinh thé Ni-OH, dao dong kéo dai Ni-O va dao dong d6i
xtng cia nhom —OH trong B—Ni(OH): [290], [302]. Pac
biét, dinh tai 619 cm ™' ¢6 thé dugce gan cho twong tac Ni-
O—Ce [303], [304].

] (8)

( Ce0,, ¥<
-0 stretc!

Intensity (a.u.)
Intensity (a.u.)

0 300 400 500 00 700 500 1000 1500 2000 2500 3000 3500
Raman shift (cm'") Raman shift (cm*')

Hinh 3.35. Phé Raman ciia méu Ce@NF-GA
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3.2.2.5. Ky thudt quang phé dién tir tia X (XPS)
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Intensity (a.u.)
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Hinh 3.37. Phé XPS tong quan (A) va phé XPS tip
trung vao Cls (A), Ce3d (B), Ni2p (C), va Ols (D) cua
cdc mau dwoc tong hop

Hinh 3.37B thé hién phan tich tich dinh Ce3ds» ctia
mau Ce@NF-GA. Dinh tai 903,2 eV dugc gan cho trang
thai oxi hoa Ce*”, trong khi bon dinh tai 898,2; 900,7; 907,1
va 916,5 eV dugc gan cho trang thai Ce*" [305], [306],
[307]. Phd Ni2p ctia miu Ce@NF-GA bao gém ba thanh
phan chinh (Hinh 3.37C). Pinh tai 853,2 eV duoc gan cho
kim loai Ni [310], trong khi céc dinh tai 855,5 va 857,1 eV
twong g véi trang thai oxi hoa Ni* va Ni** [311], [312].
Ph6 Ols ciia miu Ce@NF-GA (Hinh 3.38D) duoc tach
thanh ba dinh tai 529,8; 530,8 va 532,6 eV, lan luot dugc
gan cho oxygen mang tinh thé, oxygen c6 lién két kém va
cac phan tir H2O hap phu [313], [314].
3.2.1.6. Vai tro diéu hwéng ciu tric cia glycerol va
acetic acid trong qua trinh hinh thanh vt liéu Ce@NF-
GA
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Qua trinh téng hop dién cuc CeOx/B-Ni(OH)./NF
giau khuyét tat duoc thue hién théng qua phuong phap thiy
nhiét mot budc, bao gdm su tham gia ctia cht nén NF, nhu
dugc mod phong trong Hinh 3.38.

Hinh 3.38. So' d6 mé phéng qud trinh tong hop miu
Ce@NF-GA
béng cht y, su hién dién cua cac phan tir glycerol va
acetic acid tao ra hi¢u ting cong huong, thuc déy su hinh
thanh cac tim nano giau khuyét tat trén khung NF.
3.2.3. Ung dung ciia vit liéu xic tac trong phan &ng oxi
héa dién héa glucose

(A) 14

N

131v

s

E— Co@NF-GA
B Ce@NF-G
" 8 Co@NF
W Ce@NF
— NF

Current density (mA-cm2)

N & O ®

0
10 11 12 13 0 10 20 30 40 50 60 70 80
Potential (V vs. RHE) 2’ (Ohm-cm?)

Hinh 3.40. Duwong cong LSV (A), dac trung EIS cua cdc
méu vit liéu xiic tdc da tong hop

Mau Ce@NF-GA can dién thé thap 1a 1,31 V so véi

RHE dé dat dwgc mat do dong dién 1a 10 mA.cm2 (Hinh

3.40A). Mau Ce@NF—GA thé hién dién tr& chuyén dién
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tich thap nhat, chimg t6 kha ning dan dién va chuyén tai
dién tich vuot troi, co thé bat nguén tir cAu triic tAim nano
CeOy/B-Ni(OH), giau khuyét tat (Hinh 3.40B).
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Hinh 3.41. H¢ sé Tafel ciia cdc vit ligu xiic tdc sau tong
hop tai toc 6 quét 0,1 mV.s™
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20 — KoH

Current density (mA.cm?)
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T 01 T T
o1 2 3 4 5 67 8 9 10 15 20
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Hinh 3.43. Hiéu sudt dién phin GOR ciia vt ligu xiic
tic Ce@NF-GA

Xic tic Ce@NF-GA duy tri ¢ 6n dinh tot voi su
suy giam mat d6 dong sau 3 chu ky lién tiép (twong duong
khoang 9 gid van hanh) (Hinh 3.43A). Ngoai ra, mau
Ce@NF-GA cho tbc dd tao hydrogen lan luot 1a 0,15 va
0,8 mmol.cm™2.h™" tai 1,30 V va 1,56 V so véi RHE, tuong
mg v6i hiéu suat Faraday xap xi 100%. Hon nita, cap dién
cuc té bao dién hoa Ce@NF-GA || NF yéu cau dién ap 1,61
V dé dat mat do dong 10 mA.cm2 trong tng dung GOR,
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thip hon dang ké so voi phan tmg OER (1,85 V), nhu thé
hién trong Hinh 3.43B.
3.2.4. So sanh hiéu suit xtc tac ciia cac vat liéu da tong
hop
Trén co sé phuong phap tong hop ndy, bén hé vit

liéu khac nhau da duogc phat trién, bao gém: (1) hé
Cu/Cu20/NF-Gly véi ciu tric di thé kim loai—oxide, (ii) hé
CeOy/B-Ni(OH)2/NF véi cau trac dang tdm nano Ni(OH)»
giau khuyét tat oxygen, (iii) hé Ce@NF véi pha CeOs phan
tan trén nén NF, va (iv) h&¢ Mn@NF véi cau trac nano soi
MnOOH bao phii bé mit nén. Két qua so sanh duge trinh
bay trong Bang 3.10.

Bing 3.10. So sdnh cdc di¢n thé can thiét cho mdt dp

dong dién 10 mA.cm™ doi véi cdc vit ligu xic tic dién

hoa da tong hop
Vit liéu xic tdc  Phdn ung Dung dich dién phan Di¢n thé
dién hoa
Ce@NF Oxi hoa urea KOH 1 M va Urea 0,33 M 1,41V

Cu/Cu20/NF-Gly  Oxi héa glucose KOH 1 M va Glucose 0,1 M 1,30 V

Ce@NF-GA Oxi hoa glucose KOH 1 M va Glucose 0,1 M 1,31V
Mn@NF Oxi hoa glucose KOH 1 M va Glycerol 0,1 M 1,35V
KET LUAN

Tur cac két qua nghién ctru dat dugc, luan an da lam ré mot
s6 dong gop khoa hoc quan trong trong viéc phat trién va
t61 wu hoa vat liéu xtc tac dién hoa trén nén nickel foam,
cu thé nhu sau:
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1. ba st dung glycerol trong phuong phap thuy nhiét don
gian dé téng hop thanh cong vat liéu Cu/Cuz0 trén nén NF
(ki hiéu Cu/CuO/NF-Gly) va thong qua phén tich cac két
qua dac trung vat liéu, da chung minh dugc vai tro diéu
huéng ciu trac cia glycerol. Khong chi 1a tac nhan then
chét thuc day su hinh thanh va phan b cta cac tAm hoat
dong xuc tac Cu va Cux0, glycerol con dong vai tro bao vé
nén NF va duy tri do bén ciu tric vat liéu. Pac biét, ban
chét giao dién cua vat li¢u duoc lam sang to thong qua sy
tdn tai cua cac lién két Cu-Ni va Ni-O—Cu, duoc chung
minh bang pho hity positron (PAS) va tinh todn DFT.

2. ba sir dung phdi hop glycerol va acetic acid dé tong hop
thanh cong vat lidu CeOx/B-Ni(OH), giau khuyét tat duoc
phan bd dudi dang cac tim nano trén nén NF (ky hiéu
Ce@NF-GA). Két qua khao sat bang cac phuong phap dic
trung vat liéu da thé hién vai tro cua glycerol 1a tham gia
diéu chinh qua trinh khir va gop phan tao khuyét tat oxygen,
trong khi acetic acid dinh huéng ting trudng tinh thé thong
qua h?ip phu chon loc, dan dén sy hinh thanh cac tAm nano
B—Ni(OH),. Sy hinh thanh lién két giao dién Ni-O—Ce cing
v6i mat do khuyét tat oxygen cao dugc xac nhan, gop phan
tao nén hé CeOx/B—Ni(OH)2 ¢6 ciu tric nano hai chiéu va
tuong tac lién pha hiéu qua. Cach tiép can nay thé hién mot
hudéng thiét ké vat liéu mai, cho théy cAu trac va khuyét tat
ctia vt lidu c6 thé dugc hinh thanh va diéu chinh ngay trong
qua trinh tong hop nho cac chét diéu hudng cu tric c6 bd
khung va nhém chuce hiru co.
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3. Ca hai loai vat liéu nay déu 1a xuc tac co hiéu qua cho
phan ng oxi hoa dién hoa glucose dong thoi giai phong
hydrogen. Vit liéu Ce@NF-GA chi yéu ciu dién thé 1,31
V so v6i RHE dé dat mat do dong 10 mA.cm™. Ngoai ra,
Ce@NF-GA thé hién kha ning van chuyén dién tich cao va
d6 6n dinh t6t trong 3 chu ky hoat dong lién tiép, mang lai
hiéu suat Faradaic cao (~100%) d6i voi qua trinh san xuét
hydrogen. Pién cuc Cu/CuO/NF-Gly thé hién hoat tinh
xtc tac dién héa vuot troi d6i véi ca HER va GOR, qua dé
c6 thé duoc Xép vao nhom nhirng vat li¢u c6 hiéu suét tot
nhat di duoc cong bd. Pang chi ¥, xuc tic Cu/CurO/NF—
Gly cho thiy dién tich bé mat hoat hoa dién hoa (ECSA) rat
16n cung kha ning truyén dién tich duogc cai thién dang ké.
Khi vat liéu duoc sir dung dong thoi 1am cathode va anode,
n6 dat téc do giai phong hydrogen 1én dén 2,75 mmol.h
'.em 2, twong Gng v6i hiéu suat Faradaic (FE) dang cha y 1a
100,1% trong hé san xuat hydrogen két hop oxi hoa glucose
tai 1,7 V so véi RHE. Ngoai ra, h¢ (+) Cu/Cu,O/NF-Gly ||
Cu/Cu0/NF-Gly (-) yéu cau dién thé thap, 1an luot 14 1,21
va 1,64 V dé dat mat do dong 10 mA.cm 2 va 50 mA.cm 2
cho phan ng oxi hoa glucose ¢ anode va phan ung giai
phéng khi hydrogen ¢ cathode.

Pay 1a mot hudng tiép can méi trong tong hop vat
ligu xuc tac dién hoa, dua trén viéc sir dung cac tac nhan
hitu co nhim diéu chinh ciu tric nano, trang thai oxi hoa
vamat do khuyét tat cua vat liéu. Bén canh do, cac dic diém
hinh thanh va tuong tac giao dién cua h¢ vat li¢u cling dugc
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phan tich, qua d6 cung cap thém co s& cho viéc hiéu co ché
hoat dong va cho thiy kha ning tmg dung trong cac hé san
xuat hydrogen tiét kiém nang lugng két hop oxi héa cac hop
chat hiru co. Nhitng két qua ndy c6 ¥y nghia khoa hoc va
thuc tién.
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INTRODUCTION

In the context of growing global energy demand and
increasing environmental and climate challenges, the
development of sustainable energy conversion and storage
technologies has become a major research priority.
Hydrogen is widely recognized as a promising clean energy
carrier owing to its high energy density, renewability, and
carbon-free utilization. However, most hydrogen is
currently produced from fossil fuels, resulting in high
energy consumption and significant greenhouse gas
emissions [1]. Therefore, developing efficient and
environmentally friendly routes for green hydrogen
production is of great scientific and practical importance.

Among available technologies, water electrolysis is
considered one of the most promising methods for clean
hydrogen production. However, its efficiency is limited by
the oxygen evolution reaction (OER), which exhibits
sluggish kinetics and requires a high overpotential.
Replacing the OER with the electrooxidation of biomass-
derived organic compounds has emerged as an attractive
strategy [2]. In particular, glucose oxidation can reduce the
cell voltage while simultaneously producing value-added
chemicals such as gluconic and glucaric acids, which are
widely used in the chemical, food, and pharmaceutical
industries [3].

The performance of electrolysis systems largely

3



depends on electrocatalytic materials. Transition metal-
based catalysts, including Cu, Ni, Co, Fe, Mn, and CeOx,
have attracted extensive attention because of their low cost,
abundance, and high catalytic activity in alkaline media.
Meanwhile, nanostructure, interface, and defect
engineering have provided effective approaches for
enhancing catalytic activity and durability. Direct growth
of catalysts on three-dimensional conductive substrates
such as nickel foam (NF) further improves charge transfer
and electrocatalytic performance.

Despite significant ~ progress, developing
electrocatalysts with optimized structures, high stability,
and excellent performance for coupled organic
electrooxidation remains challenging. In particular, the
relationships among synthesis conditions, structural
characteristics, surface defects, and electrochemical
properties require further investigation to guide the design
of advanced electrocatalysts for sustainable energy
applications.

Based on these considerations, this dissertation
focuses on “Synthesis and Investigation of Cu-, Ce-, and
Mn-Based Electrocatalysts on Nickel Foam for
Hydrogen Production and Organic Compound
Oxidation”.

Chapter 1
LITERATURE REVIEW
1.1. FUNDAMENTALS OF ELECTROCHEMICAL
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WATER SPLITTING
1.1.1. Water Electrolysis Reactions
1.1.2. Water Electrolysis in Alkaline Media
1.1.3. Hydrogen Production Coupled with the
Electrooxidation of Organic Compounds
1.2. ELECTROCATALYTIC MATERIALS
1.2.1. Overview of Electrocatalytic Materials
1.2.2. Cu-Based Electrocatalytic Materials
1.2.3. CeO:-Based Electrocatalytic Materials
1.2.4. Mn-Based Electrocatalytic Materials
1.2.5. Nanostructured Materials on Nickel Foam (NF)
1.2.6. Structure-Directing Agents in the Synthesis of
Electrocatalytic Materials
1.3. ELECTROCHEMICAL GLUCOSE OXIDATION
1.3.1. Noble Metal-Based Catalysts
1.3.2. Transition Metal-Based Catalysts
1.3.3. Electrochemical Conversion of Glucose Coupled
with Hydrogen Production
Chapter 2

RESEARCH CONTENTS AND METHODOLOGY
2.1. RESEARCH CONTENTS
- Synthesis of Cu/Cu2O/NF-Gly electrocatalytic materials
and investigation of their catalytic performance toward
electrochemical glucose oxidation coupled with hydrogen
evolution reaction.
- Synthesis of Ce@NF-GA electrocatalytic materials and
investigation of their catalytic performance toward

5



electrochemical glucose oxidation coupled with hydrogen
evolution reaction.
- Synthesis of Mn@NF electrocatalytic materials and
investigation of their catalytic performance toward
electrochemical glucose oxidation coupled with hydrogen
evolution reaction.
2.2. EXPERIMENTAL SECTION
2.2.1. Chemicals
2.2.2.  Synthesis of Transition  Metal-Based
Electrocatalytic Materials
2.2.3. Evaluation of the Electrocatalytic Activity of the
Synthesized Materials
2.3. RESEARCH METHODS
2.3.1. Material Characterization Techniques
2.3.2. Electrochemical Measurement Methods
Chapter 3
RESULTS AND DISCUSSION

3.1. SYNTHESIS OF Cu/Cu:0 MATERIALS ON
NICKEL. FOAM FOR GLUCOSE OXIDATION
COUPLED WITH HYDROGEN PRODUCTION
3.1.1. Structural Characterization of the Materials
3.1.1.1. X-ray Diffraction (XRD) Patterns

The Cu/Cu.O/NF-Gly sample exhibited well-
defined diffraction peaks located at 43.3°, 50.4°, and 29.6°,
36.4°, 42.3°, and 61.2°, corresponding to the (111) and
(200) crystallographic planes of metallic Cu, and the (110),



(111), (200), and (220) planes of octahedral Cu-O particles,
respectively [175].
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Figure 3.1. XRD patterns of NF, Cu/Cu:0/NF,
Cu/Cu:0-Gly, and Cu/Cu:0/NF-Gly
3.1.1.2. Scanning Electron Microscopy (SEM)

The Cu/Cu:O/NF-Gly sample exhibited a surface
fully covered with smooth octahedral particles, which is the
characteristic morphology of Cu20 particles (Figure 3.2D).

e -

=

Figure 3.2. SEM imagesrof NF (A), Cu/Cu:0/NF (B),
Cu/Cu:0-Gly (C), and Cu/Cu:0/NF-Gly (D).
3.1.1.3. Transmission Electron Microscopy (TEM) and

High-Resolution Transmission Electron Microscopy
(HR-TEM)



The morphological observation of the Cu/Cu.O/NF—

Gly sample revealed well-defined octahedral crystalline
particles uniformly distributed over the surface.
Furthermore, the HR—TEM image demonstrated distinct
lattice fringes with interplanar spacings of 0.18 nm, 0.20
nm, and 0.17 nm, corresponding to the (200) and (111)
planes of Cu and the (211) plane of Cuz0, respectively
(Figure 3.5B) [225], [226]
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Figure 3.5. TEM image (4), HR—TEM image (B), and
EDS spectra (C-F) of Cu/Cu:0/NF-Gly.
3.1.1.4. X-ray Photoelectron Spectroscopy (XPS)
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Figure 3.8. XPS spectra of Ni (A), Cu (B), and O (C) for
the Cu/Cu:0/NF-Gly sample

The Cu2p XPS spectrum of the Cu/CuO/NF-Gly

material can be deconvoluted into two chemical states

(Figure 3.8B). The main peak at 932.3 eV was assigned to
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Cu(0) and Cu" oxidation states, whereas the lower-intensity
signal at 934.1 eV was attributed to the Cu(Il) oxidation
state. The Ols XPS spectrum of Cu/Cu2O/NF-Gly was
resolved into two major peaks located at 530.30 eV and
531.3 eV, which can be attributed to lattice oxygen in Cu.O
and adsorbed oxygen species, respectively (Figure 3.8C).
The small peak centered at 532.5 eV was assigned to
adsorbed H-O molecules [183].

3.1.1.5. Fourier Transform Infrared Spectroscopy (FTIR)
and Raman Spectroscopy
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Figure 3.10. FTIR spectra (A) and Raman spectra (B) of
Cu/Cu:0/NF-Gly, Cu/Cu:0-Gly, Cu/Cu:O/NF, and NF
samples

The FTIR spectrum of the Cu/Cu.O/NF-Gly sample
(Figure 3.10A) exhibited characteristic peaks at 1742 cm™!
and 1363 cm™!, which were assigned to the vibrational
modes of Cu—O bonds. In addition, the peak at 1228 cm™!
indicated the presence of Cu—Cu bond vibrations [77].

The Raman spectrum of the Cu/Cu.O/NF-Gly
material (Figure 3.10B) displayed characteristic peaks at
218 ecm™ and 630 cm™ corresponding to Cu(I)-O bonds,
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while the peak at 1510 cm™ observed in the Raman
spectrum of Cu/Cu.0O-Gly was attributed to the vibration
of Cu—O bonds [240], [241].

3.1.1.6. Positron Annihilation Spectroscopy (PAS)

Table 3.3. Positron lifetime components and their
corresponding intensities obtained from positron
annihilation lifetime (PAL) measurements, together with
the characteristic S and W parameters derived from
Doppler broadening (DB) measurements.

T T, T3 I L, Iz
Samples ms] | sl | sl |l |l |l | S| Y

NF 0,121 0,278 0,931 71,3 27,9 0,80 10,4688|0,1629

Cu/Cu,O-Gly 0,129 0,309 0,722 51,4 47,9 0,70 10,4841|0,1429

Cu/Cu,O/NF 0,138 0,307 1,412 63,8 35,9 0,29 10,4712|0,1572

Cu/Cu,O/NF-
Gly

For the Cu/Cu:O/NF-Gly sample, 11 increased to
~0.134 ns compared with ~0.121 ns for NF, indicating that
mono-vacancy defects were the predominant positron
trapping centers [254].

The Doppler broadening spectra (Figure 3.11B)
showed that glycerol-containing samples exhibited the

0,134 0,288 0,882 67,7 31,7 0,56 10,4636/0,1665

lowest S values, confirming that glycerol stabilized the Ni
surface, suppressed Ni** dissolution, and reduced large-
void formation, thereby producing a more homogeneous
surface with fewer defects.

The electron momentum distribution (EMD) spectra

using HTNF as the reference (Figure 3.11D) revealed a
10



higher probability of positron annihilation with 4s electrons
in Cu/Cu.O/NF-Gly, suggesting the formation of Cu—Ni
bonds. In addition, stronger EMD signals associated with
eO(2s) (PL =10 x 1073 moc), eO(3p) (PL =20.3 x 1073 moc),
and eNi(3p) indicated a higher density of Ni-O—Cu bonds
than in Cu/Cu20O/NF [261].
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Figure 3.11. Defect characteristics and electron states
of the investigated materials.

3.1.1.7. Density Functional Theory (DFT)

Cu@Ni(111 CuOQNi 111 Cu20@Ni(111 Cu;0@Ni(111
. OO 0.0 04 % "

Figure 3.12. T op-view structures of two poss1ble
structural configurations of the Cu/Cu:O/NF system
For the Cu/Ni(111) system, because the atomic radii
of Cu and Ni are relatively similar (128 pm and 124 pm,
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respectively [262]), the incorporation of Cu into Ni vacancy
sites is energetically favorable and leads to the formation of
stable structures.

The DFT calculations revealed that Cu2O/Ni(111) is
the most stable structure, exhibiting the lowest surface
formation energy of 0.43 eV/A2, while the binding energy
between the Cu.O layer and the Ni(111) surface was
approximately 0.8 eV.
3.1.1.8. Structure-Directing Role of Glycerol in the
Formation of Cu/Cu:0/NF-Gly Materials

The synthesis process of Cu/Cu20 materials on NF
in the presence of glycerol as a structure-directing agent is
illustrated in Figure 3.15.

i o

Thay nhiét

Ni foam Cu/Cu,0/NF-Gly

@ Cu(NO,),.3H,0 © glycerol

Figure 3.15. Schematic illustration of the synthesis
process of Cu/Cu:0/NF-Gly
The sample synthesized without glycerol underwent
structural collapse due to the chemical reaction between
Cu?* cations and metallic Ni, as illustrated in Figure 3.2.
This finding represents an important advancement in the

12



synthesis of Cu-based materials on NF through a simple
synthetic approach.

Qua trinh thuy nhiét
Glycerol
z:n(Nog2 3H,0,

Cu/Cu,0/NF-Gly

Figure 3.16. Photographs of the materials after the
hydrothermal process with and without glycerol
3.1.2. Application of the Electrocatalytic Materials for
Electrochemical Glucose Oxidation Coupled with

Hydrogen Production

3.1.2.1. Hydrogen Evolution Reaction (HER) at the
Cathode

@
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A i
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Figure 3.17. LSV curves (A), overpotentials at
characteristic current densities (B), and Tafel slopes (C)
of the synthesized electrocatalytic materials.

The Cu/Cu:0O/NF-Gly electrode exhibited superior
performance compared with the other samples and required
only a low overpotential (nw) of 82.23 mV to achieve a
current density of 10 mA-cm™

12
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Furthermore, the Cu/Cu.O/NF-Gly catalyst
exhibited a Tafel slope of 156.0 mV-dec™!, markedly lower
than those of Cu/Cu.O-Gly and NF (Figure 3.17C). The
smaller semicircle diameter observed in its Nyquist plot
(Figure 3.18A) confirmed enhanced charge-transfer
kinetics. Moreover, the catalyst maintained a stable
potential of —0.19 V versus RHE for 3 h (Figure 3.18B),
demonstrating excellent HER stability. The double-layer
capacitance (Cdl) reached 36.3 mF-cm2, approximately 11
and 28 times higher than those of bare NF and Cu/Cu.O—
Gly, respectively (Figure 3.19)

A = (B) — curcw,  OINF Gly 0004 4(C)
30 “a- cuiCu,0mFoy = ® cucuomF.aly
&~ Cw/Cu;0-Gly ¥ E A CulCu,0Gly
= . NF 3 0.003
§ age £ T
= 20 5 w0
£ cd ¥ | — Joom .
o y ) £ o
LETE ? % < o.001]
£ 40 it ’
£ " dyeres
o] 3 0.19 V'vs. RHE o] eeaegga b 1
T T T
20 40 ] 1 2 3 0 00z 004 005 008 0.10
Z (Ohm cm?) Time (h) Scan rate (V.s)

Figure 3.18. EIS characteristics, electrochemical
stability, and Cdl values of the synthesized

electrocatalysts.
. . .
3.1.3.2. Glucose Oxidation Reaction at the Anode
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Figure 3.21. LSV curves (A), Tafel slopes (B), and
double-layer capacitance (Cdl) values of the synthesized
electrocatalytic materials (C)
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The Cu/Cu20O/NF-Gly electrode required only 1.30
V versus RHE to deliver 10 mA-cm™, among the lowest
values reported to date. It also exhibited the lowest Tafel
slope (155 mV-dec™), indicating fast glucose oxidation
kinetics, and maintained stable activity for 3 h.
Furthermore, its Cdl value (7.7 mF-cm™?) was
approximately 3.5 and 7 times higher than those of bare NF
and Cu/Cu0—Gly, respectively. The significantly smaller
Nyquist semicircle further confirmed enhanced charge-

transfer characteristics
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Figure 3.24. EIS characteristics and glucose electrolysis
performance of the Cu/Cu:0/NF-Gly electrode

A two-electrode configuration was assembled using
Cu/Cu2O/NF-Gly electrodes as both the anode and
cathode. The (—)Cu/Cu.O/NF-Gly || Cu/Cu.0/NF-Gly(+)
system required only low cell voltages of 1.21 V and 1.64
V versus RHE to achieve current densities of 10 and 50
mA-cm2, respectively (Figure 3.24B). The stability of the
bifunctional Cu/Cu2O/NF-Gly catalyst, evaluated at 1.7 V
versus RHE, showed only a slight decrease in current
density after each cycle (Figure 3.24C).
3.1.2.3. Investigation of the Reaction Mechanism
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DFT calculations were conducted to elucidate the
structural and energetic features of key intermediates
involved in the glucose oxidation reaction (GOR) and
hydrogen evolution reaction (HER). As shown in Figure
3.26A, the stability of the R—-HC(OH)O* intermediate on
Cu/Ni(111) is attributed to O—Cu bond formation. For
HER, Figure 3.26D indicates that hydrogen migration and
H: formation are less favorable on Cu2O/Ni(111) than on

Cw/Ni(111) and Ni(111).
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Figure 3.26. DFT calculation results for the GOR and

HER processes on different catalytic surfaces.
3.2. SYNTHESIS OF CeO, CATALYSTS ANCHORED
ON pB-Ni(OH): NANOLAYERS SUPPORTED ON
NICKEL FOAM FOR HYDROGEN PRODUCTION
VIA GLUCOSE OXIDATION
3.2.1. Structural Characterization of the Materials
3.2.1.1. X-ray Diffraction (XRD)

The XRD spectrum of the Ce@NF-GA sample

exhibited characteristic signals that can be assigned to the
B—Ni(OH): phase [287], [288], [289].
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Figure 3.29. X-ray diffraction (XRD) patterns (A) and
the corresponding enlarged XRD patterns (B) of the
synthesized samples

3.2.1.2. Scanning Electron Microscopy (SEM)

The Ce@NF-GA material exhibited a distinctive
morphology characterized by the formation of nanosheets
(Figure 3.31A-C).

A

Ce@NF-GA 2005

CpsleV

5 10
Energy [keV]

Figure 3.31. SEM images (A-C), EDX spectrum (D),
and elemental mapping images (E-H) of the Ce@NF-
GA sample.
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3.2.2.3. Transmission Electron Microscopy (TEM) and
High-Resolution Transmission Electron Microscopy
(HR-TEM)

The TEM and HR—-TEM images of the Ce@NF-GA
sample clearly revealed the nanosheet structure (Figure
3.33). The lattice spacings of 0.25 nm and 0.27 nm can be
assigned to the (110) and (100) planes of B—Ni(OH):
nanosheets, respectively [290], [291], [292].

(B)

Figure 3.32. TEM image (A) and HR—TEM image (B) of
the Ce@NF-GA sample.
3.2.2.4. Raman Spectroscopy

] (8)

( Ce0,, ¥Q
-0 stretc!

Intensity (a.u.)
Intensity (a.u.)

Figure 3.35. Raman spectrum of the Ce@NF-GA
sample.

The Raman spectrum of Ce@NF-GA showed a
slight red shift of the Faog peak to 440 cm™ (Figure 3.36A),
indicating the formation of small CeO: particles and their
interaction with  Ni-containing phases [299-301].
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Additional peaks at 296, 486, and 3574 cm™* were assigned
to Ni-OH lattice vibrations, Ni—O stretching, and —OH
vibrations in B—Ni(OH)., respectively [290], [302]. The
peak at 619 cm™! further confirmed Ni—-O—Ce interactions
[303], [304].

3.2.2.5. X-ray Photoelectron Spectroscopy (XPS)
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Figure 3.37. Survey XPS spectrum (A) and high-
resolution XPS spectra focused on Cls (A), Ce3d (B),
Ni2p (C), and Ols (D) of the synthesized samples.

XPS analysis of Ce@NF-GA revealed mixed
Ce*/Ce* species in the Ce3d spectrum (Figure 3.37B). The
Ni2p spectrum (Figure 3.37C) confirmed the coexistence of
metallic Ni, Ni**, and Ni** species, while the Ols spectrum

525

(Figure 3.38D) was composed of lattice oxygen, surface
oxygen species, and adsorbed H-O [305-314].
3.2.1.6. Structure-Directing Role of Glycerol and Acetic
Acid in the Formation of Ce@NF-GA Materials

The synthesis of the defect-rich CeO,/p—
Ni(OH)2/NF electrode was carried out via a one-step
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hydrothermal method involving the participation of the NF
substrate, as illustrated in Figure 3.38.

CeO,@NF-GA

L)
| CHiCOOH Ce0;  BNi(OH)2

Figure 3.38. Schematic illustration of the synthesis
process of the Ce@NF—-GA sample.

Notably, the presence of glycerol and acetic acid
molecules generated a synergistic effect, promoting the
formation of defect-rich nanosheets on the NF framework.
3.2.3. Application of the Electrocatalytic Materials in the
Electrochemical Glucose Oxidation Reaction
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Figure 3.40. LSV curves (A) and EIS characteristics of
the synthesized electrocatalytic materials.
The Ce@NF-GA sample required a low potential of
1.31 V versus RHE to achieve a current density of 10
mA-cm? (Figure 3.40A). The Ce@NF-GA sample
exhibited the lowest charge-transfer resistance,
demonstrating its superior electrical conductivity and
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charge-transport capability, which may originate from the
defect-rich CeO,/B—Ni(OH): nanosheet structure (Figure
3.40B).
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Figure 3.41. Tafel slopes of the synthesized
electrocatalytic materials measured at a scan rate of 0.1
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Figure 3.43. GOR electrolysis performance of the
Ce@NF-GA electrocatalyst.

The Ce@NF—GA catalyst exhibited good stability,
showing only a slight decrease in current density after three
consecutive cycles (~9 h) (Figure 3.43A). It also achieved
hydrogen production rates of 0.15 and 0.8 mmol-cm™2-h™
at 1.30 and 1.56 V versus RHE, respectively, with a
Faradaic efficiency of nearly 100%.

Moreover, the Ce@NF-GA || NF cell required only
1.61 V to reach 10 mA-cm? for glucose oxidation,
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substantially lower than the voltage required for OER (1.85
V) (Figure 3.43B).
3.2.4. Comparison of the Catalytic Performance of the
Synthesized Materials
Based on this strategy, four material systems were

developed: (i) Cu/Cu.O/NF-Gly with a metal-oxide
heterostructure, (i) CeO,/B-Ni(OH)/NF comprising
oxygen-defect-rich B-Ni(OH). nanosheets, (iii)) Ce@NF
with dispersed CeO: phases on NF, and (iv) Mn@NF with
MnOOH nanofibers covering the substrate surface. A
comparison of their properties is presented in Table 3.10.

Table 3.10. Comparison of the potentials required to

achieve a current density of 10 mA-cm™ for the
synthesized electrocatalytic materials

Electrocatalytic ~ Reaction Electrolyte solution Potential
Material
Ce@NF Urea oxidation KOH 1 M va Urea 0,33 M 1,41V
Cu/Cu20/NF- Glucose KOH 1 M va Glucose 0,1 M 1,30V
Gly oxidation
Ce@NF-GA Glucose KOH 1 M va Glucose 0,1 M 1,31V
oxidation
Mn@NF Glucose KOH 1 M vaGlycerol 0,1 M 1,35V
oxidation
CONCLUSIONS

Based on the obtained results, this dissertation has
clarified several important scientific contributions related
to the development and optimization of nickel foam-based
electrocatalytic materials, as summarized below:
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1. Glycerol was employed in a simple hydrothermal method
to successfully synthesize Cu/Cu20O materials on NF
(denoted as Cu/Cu:0O/NF-Gly). Through comprehensive
material characterization analyses, the structure-directing
role of glycerol was clearly demonstrated. Glycerol not
only acted as a key agent promoting the formation and
distribution of catalytically active Cu and Cuz0 sites, but
also served to protect the NF substrate and preserve the
structural stability of the material. In particular, the
interfacial nature of the material was elucidated through the
existence of Cu—Ni and Ni-O—Cu bonds, as confirmed by
positron annihilation spectroscopy (PAS) and DFT
calculations.

2. The combined use of glycerol and acetic acid enabled the
successful synthesis of defect-rich CeO,/f—Ni(OH):
materials distributed as nanosheets on the NF substrate
(denoted as Ce@NF-GA). Material characterization results
demonstrated that glycerol participated in regulating the
reduction process and contributed to the formation of
oxygen defects, while acetic acid directed crystal growth
through selective adsorption, leading to the formation of —
Ni(OH)2 nanosheets. The formation of interfacial Ni-O—Ce
bonding together with the high density of oxygen defects
was confirmed, resulting in a CeOy/p-Ni(OH): system
possessing a two-dimensional nanostructure and effective
interfacial interactions. This approach represents a novel
material design strategy, showing that the structure and

23



defect characteristics of materials can be generated and
controlled directly during synthesis through the use of
organic structure-directing agents containing specific
frameworks and functional groups.

3. Both materials exhibited excellent catalytic performance
toward electrochemical glucose oxidation coupled with
hydrogen evolution. The Ce@NF-GA material required
only 1.31 V versus RHE to achieve a current density of 10
mA-cm 2. In addition, Ce@NF-GA demonstrated excellent
charge-transport capability and good stability over three
consecutive operating cycles, delivering a high Faradaic
efficiency (~100%) for hydrogen production. The
Cu/Cu2O/NF-Gly electrode exhibited outstanding
electrocatalytic activity toward both HER and GOR,
placing it among the best-performing materials reported to
date. Notably, the Cu/Cu2O/NF-Gly catalyst displayed a
very large electrochemically active surface area (ECSA)
together with significantly enhanced charge-transfer
capability. When employed simultaneously as both the
cathode and anode, the material achieved a hydrogen
evolution rate as high as 2.75 mmol-h?’-cm™,
corresponding to an impressive Faradaic efficiency (FE) of
100.1% in the glucose oxidation-coupled hydrogen
production system at 1.7 V versus RHE. Furthermore, the
(+) Cu/Cu20/NF-Gly I Cu/Cu2O/NF-Gly (—) system
required low cell voltages of 1.21 and 1.64 V to achieve
current densities of 10 mA-cm? and 50 mA-cm?2,
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respectively, for glucose oxidation at the anode and
hydrogen evolution at the cathode.

This work presents a novel approach for the
synthesis of electrocatalytic materials based on the use of
organic agents to regulate the nanostructure, oxidation
states, and defect density of the materials. In addition, the
formation characteristics and interfacial interactions of the
material systems were systematically analyzed, providing
further insight into the operating mechanisms and
demonstrating their potential applicability in energy-
efficient hydrogen production systems coupled with the
oxidation of organic compounds. These findings possess
both significant scientific value and practical importance.
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