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ABSTRACT

With growing concerns about increasing CO; emissions and their deep impact on society, it has become necessary
to shift from our reliance on fossil fuels toward clean energy that can be sourced from renewable energy. Among
various hydrogen production technologies, green hydrogen produced through water electrolysis using electricity
from renewable energy sources is considered the best solution due to its high energy density and zero CO,
emissions. In water electrolysis, electrocatalysts are used at the cathode for the hydrogen evolution reaction (HER)
and at the anode for the oxygen evolution reaction (OER) to speed up the electrochemical reactions and enhance
the efficiency of the water-splitting process. This article provides a detailed description of the basic principles of
a water electrolyzer and the main processes that occur within it, while also highlighting its advantages and
limitations. In addition, this also includes the work carried out by our research group, in which NisTeOs catalysts
were synthesized using a urea-hydrolysis-assisted hydrothermal method and subsequently subjected to thermal
treatment at different calcination heating rates. In this study, for the first time, the effect of thermally induced
lattice strain on the structural, morphological, optical, and electro-catalytic properties of NizTeOs was investigated,
in order to understand the improvements in oxygen evolution reaction (OER) performance. The catalyst prepared
at a slow calcination rate (1 °C/min, NTO1) formed NiOs octahedral units, which exhibited high strain and
minimal lattice distortion. As a result, this catalyst demonstrated excellent OER performance, achieving a low
overpotential of only about 345 mV at a current density of 10 mA/cm? and a minimal Tafel slope of about 67.8
mV/dec, compared to other prepared catalysts with higher lattice distortion. Additionally, NTO1 showed excellent
stability at a current density of 10 mA/cm? for 24 hours and maintained its morphology over a long time. This
result confirms the robustness and long-term stability of this catalyst under steady-state OER conditions.

Keywords: Electrocatalyst, Oxygen evolution reaction, Hydrogen evolution reaction, Lattice strain,

Hydrothermal process
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Tekdll 7, fSraeh aioTHEaET Sitereh faskfa (lattice strain) Ie9=T
B ThdT 81 ST % AT, Sun et al. 7 ST 3 400 °C W
Hfewe fohT T 110, & Afereraw Srere farefa aram mm, e
INOTEET 35 OER Tty ITH 851 §9 901 o ¥ A
SIEII NP (63 mV) TAT G charge transfer resistance
ot 3@r TN[10]1 g uRemm Swnar ® f e qowe ®
iEdT & I AfeH T OER Uik 7 gi-fefes =T it
RT3 Wl 81 374T:, ST shi OER TIiarfer ot shfewrer
g grn forifora Afew v ot siftrert it wHeT ST 2

B & W, Ik W AT 9 8 I Serh fehfa (thermally
induced lattice strain) ED H{ETcHe, ®UTcHe, JeRRE aem
TAFZ RS 0T T TS 3T ST i ST g6k ATEAd &
SRR HTFEASH gallegy™ fua (OER) wfafafer s s & fere,
T NizTeOg(NTO) IR 1 I IFAT ETgeIeared-
et grgg e faft gro foran[3] | sk vama, fafimr dfdn e
R ure-faafam Sieenym fFm mem it S =
°C/fiFMe, NTO1) W TR {3 7T 3 # steafires fashd Niog
TG SIS AT = A1 st 6T fomfor 53Tl 38 I
I 3cHT OER e yaf¥fd foram, fem 10 mA/cm? 3 e s
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T 345 mV T HH ST T T 67.8 mV/dec
T =T TFA ST STH g, S fren Afew ffa arer s
SR T T | S 8| 36 Afdfh, NTO1 7 10 mA/em?
ST G SFed T 24 ¥ Tk FEu Ye et ST T aeiT i 99 qeh
At TR 1 oft GUETT Tl e o OBR o SR feer
e § R IpE R (Stability) T e
(Durability) =T SHTIT T 2

2.4. TgraraTate sarent s Hyu:

TTHTT WSWOT 9T H, 1 mmol Ni (NO,),.6H,0 T uiasti=r
it 7 30 mL STRITESS (DI) STet H quia: e form Tl
39 9414, 0.33 mmol HgOg Te T 1 mmol JRAT TS I 30
mL DI STeT & ST 77| RIR ST oot sht 31o & firerr fram
AT 2 M NaOH ST 1 forereie a1 SuRi stk firsror =t pH 7 foham
| 9 1€, AIT fIera 7 100 mL &THdT Il ST TH-aaTs
AT AT § T T3 T 371X 180 °C W 12 ¥ ek 7H
fomam | SitSiaia shT STk 9 § H 3 ATIHT ook ST &
% TTE, SANRAT § UTH ITE T TTHIT (centrifugation) ST
ST foharT 72| 38 a1e STIfat i g2 o e T 3ears
DI ST 3 TRHTE & T 8 3 oI I T T QT T g
TRAT| $H T, TH G TS T 600 °C T 2 5 T a1
fopam T, e 78 W R NigTeOg (NTO) =T STH
g Wﬁ%&?mqﬁ&'aﬁ (ramp rates) R f3ha T,
3T 1, 3, 5, 7 3R 10 °C ¥ el 374 I8 Hfewes NTO
1SS I AT NTO1, NTO3, NTO5, NTO7 3R NTO10 19
fem em




Z-fasTw e 4 3 9 A 038

2.5. Torera TETate (Ferg IR eReT) HTT:

Tt fora-TeT e Ao s Er iRt J AT diede
¥ gafsSIq Agien ARe  foeq-Temfe e i ST
A TU dH-3oagIe Hit-mmee § foram mm 3w faen § w
Ag/AgCl Tt g (ST 3M KCI HIRH & €q8 2) & daxf
TGS & ®Y T, Pt R I FHIS SAFLIE 6 ®Y H, TTerehdl
geage W feuifee form o 3are @t w1 seagre % w9 §
I IM KOH I3 %l Seiagicisge & &9 § SMie fopa

00 1

TR o, v ua e fig

R QIO 3 T T fererer™ st v ot o T, gerereiense s
T OIS § SIS o g KCl 3T STR-37R W g1
SHftreTtt ST TR T I TR =l 4R % T 10 mg
NTO % 120 | STEHIIITES 3Teehiad 3T 5 Wl 5% A &
| F Wl ok TR feetTd gU Bt # freiferd foram mam saeh
TG, TR TATET 1 WITeTeeh ehet B W gid-hree fopam
R JoRIH e § g @

a b . (4
(a) ) R @ Misave 022{(c) e
o NTOL @ NI > @ N
:5",. NTO2 ~4T0 :::: § 0204 o ~TOS e
: —NT0S f.- @ NTOIN = 5 . o~ 2 Nt - 51 i’
£ N1uT = g = % E 0.18{ @ Nrowe 2
> — NN S .y 4" 2 - o
=z = 420 %) ’ - - o
= 1% E -1 B i w X &
$ £ e E e U
s - P E e
2 %Ann y A : . S e
Ea z = . Foul o 473F
-] - = - PO e
o] o1l @ ‘J_,,_ar V2% b
2 "
" ~ = = . 010
12 1.2 14 1. Lo L 15 I 04 s DN Lo 14 L6 ¥} 40 60 S0 100 120 140 1sh

Potential (V vs RHE)

log | (mA/em’)

Scan rate (mV/s)

TR 4. (a) | mV/s 3T T TR T ST AT (1 M KOH) H @t I ScSiehi o Teruardl skl (b) et wife (c) forgrd feeadiar

gTie@ar (Cdl) wie [3]

Tt IR FoRT T SEERT 1 ATRR T A (LSV) =—IFad
T & (~1 mV/s) W T afifkerfarn o o mam 3w et
gffspar mifer iR et Seias fafafer s aom 1wk dofieT 2,
S8 eI (vs RHE) 3R €W ¥9cd (mA/cm?) &
STV o AT 2l ST § TehTaT ST HehdT ol 36 (e wiie i
6 TieRter % |y fhe 36T T N = b log j + a, STET N
SERIIIRI T ST 2, b THA BT 2, a $EE T, 3T j &RT
Hcel ol gRiaT 2I[11,12]

TR IS-IRIEe dag W faga e aifar (saa o
FUTIEH (Cdl)) TR SR T FAFIhTHhe! Ufeked TLhHE THET
(ECSA) fuifa s o forg, fafir &5 &0 w indhufess et
T HTgfeeTen Aieed (CV) Tianie fomam e wsft Sciiert st feerar
I TS 1 oo o W (100 mV/s) T 500 =5
forw cv frarte whee foram mam ofie feeran i gfy s,
SRIFTAE RS 37T Aoy shIATaTe R} ardt gy oft =hY )
it STk THehel HTU G HIHCaIR S SUIRT shish foRT T

TR Tme T et T (V vs Ag/AgCl) B fow et LSV
it cv At @ fEfafaa dey &1 st e fafia
TIZSISH SIS (RHE) T s&eT |

ERHE = EAg/AgCl + 0.197 + 0.059 x pH

STet Ag/AgCl i AT &t 0.197 V 2

FreferRe Taier o1 SR STERAE R (1) 6 T0HT S o fag
o -

n= ERHE —1.23V
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2.6. Torera Tramataes forsywor aftorma:

woff TR T T ISR B OISO S W
SIS TTTehT o ST H STHeHRT STH T o 1T, iR-GETa LSV
ThT T I NTO1, NTO3, NTO5, NTO7 3T NTO10 % 3%a
witel s fersgwor foham mma, St foh ot 497  gwifenr T ]1 NTO1

FT 3%t a1 Ged #9 ~67.8 mV/dec uman @, S=fE
NTO3, NTO5, NTO7 3T NTO10 % % BT shATT: ~75.8
mV/dec, ~94.1 mV/dec, ~96.8 mV/dec 3t ~134.5
mV/dec W HA TA AEY TAFCRIT ONF F WY
SCHATIATAT &9 ¥ Heiferd 81T 8, ST 317 IcATh 6l g §
NTO1 ¥ dfiel SoIa i TAIaRoT il 7T S8k OER Wifdafafer
T guItar 2l

T SIS, I o U ST 0T o &9 H Seragihiahal! glaed
THE TRAT (ECSA) ol 37e2=1 oo 7, a1fer OER H Yeaed &9
T RTIHCT SCSIE o6 Wf5Ha TE &1 ol Jeaieh foha ST @kl ECSA
3 formga fewadiar enfear (Cdl) o sfar ety frefafad wftet
FRT T ST 2
mm:Q?S

STef Cs THae Hdg st iy enfear (Sspeciﬁc capacitance) 2
AR AT B gHAS Tqgl o [oTC e1iar (Cs) FH=I: 20—60
MF/cm? % sff=l BT 81 9 SR 5 Cs = 40 UF/om? 31 7 A7
e, i forfie Seet siteaTset ¥ forg weet weRTfiTa T 3 e
31 S FRIT Sl o1 ST @e & 8, e a1 1.0 em?
RI[13-15]




e @e ¥ 3E 9 A 038

T, Cdl 1 gt IR fopT T Iitent o fore fafir & s
eufes & d CV RS oteh TTe fora | i-Shurfees & o
ot we ffera forve dim or, denfelia amr s S s
ite 1 @Tet Cdl 31 3 SFFAT e et 2, S fof ferr 4 ¢ &
agTtar T R Genfel g uifes 3 Srenfeew amel &
Fruer ot o Sived 3w § e fomr mm

T f3T T ECSA A NTO1, NTO3, NTO5, NTO7 3R
NTO10 %mm: ~19.19 cm?, ~16.47 cm?, ~13.56 cm?,
~10.43 cn? 3 ~4.37 cm? ITCTTY NTO1 T He1d 37fereh ECSA
AT T8 wiiar @ o geehT S He T SterET wfR aee
SIS & WIS T IuAey &, o stfieprert R e

T T = 730NN L
Vg INOX

(a) =
a 5':15 @ NTOI0
5 30 £
g gm
z. 2 NTOIL ! o ATV v
FE
3 % 7T 3 1 % =
- Time thev)
g
-
‘5 e ¥ 1LAISY v RHY
&)
0
0 4 8 12 16 20 24
Time (hrs)

SHTHAT o, firer U vt fig

Hremm # OH) % a1y Sfires Tt Sia: G dvi gt € 3
OER ¥&¥i & eI Far 21

IE IR TIY AT & foh OER YaeH # gfg aet ECSA
G o SR T 7, dfceh Sifedis fifmar (Oxygen Vacancies)
Y UGG TEHTHS [T g1 ST IO il SIgat Tidfeh
TR (Intrinsic Activity) &1 Tewul aweH 21 a8
HArefiem-ffral & g dta OER it efiedt stfirforam wifesht
(Sluggish Reaction Kinetics) T JuTE T F A Bt 2, o
TROTHRET S e 7 SeergHTa o 2T 21

------------------------------------------------------------------------------------

040 \
200 5
l/"
“E ----- Tnitial Cycle ,":'
K 150 After S00 cyches )\'.'
< I3
U /
o~ J
£ 100 /
=
3 /
3 /
£ ™ /
=
< /
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o—
1.2 1.3 14 1.5 1.6 1.7 1.8 19

Potential (V vs RHE)

-
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o 5. (a) NTO1 3T NTO10 T SHIFTTEREAS 56 (b) 100 mV/sec T Hieft 3 500 =shi o o1 NTO1 T Torwget ferar a6
(¢) 3T (d) TE-OER NTO1 3IE T Ths-TESTH S [3]

3. TRerar i wenfres farsywor:

3G AT, os U oo hIAICRAfIss At 7 fewmn fr
NTO1 ¥ 1.575 V vs RHE W 24 52 dh @ 10 mA cm2 &l
TReR &I STear ST T, Sifeh NTO10 H &Ry ofea et ovmy
BT TN 38 3@, NTO1 5 500 CV HiEShal & ae
AR H shefel AT ST o AT ST SeAFg o (Hehel
Y& ST W@, | NTO1 (F 5 ¢ 311 5 d) S OER FE-SEM
S & et wretar & o ool THT aeh Heter o o off S B
wuTenen et it qf s 2113

44

B NizS2/MoS, BeUER o1 ot evezr foma, fem Ni
ferfirer e srqaTdt =61 ST fofe o7 T wregiede fafy
T AHAAEE e foram mm 5| 3R 1 e E
MoS, st €, oI &9 & Heht 5 SAidies nidta i
it w4 Afsha |rsel, I g FHET o1l Wi wmiE
GT=HTcHe Ud ®UTcHeh faRedrett =rr stesed foran ma, foed
I U o R H HeqUl SRR T §81 Ni % HHIERE &
FAFS T~ FTEAT § Uftac 819 a9 HER 3R OER €M1 % forg
[isHa Al T T § SeoieHia Jfs g 6 darer of fae
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W, NizS, % A1 & foreqa smerehar & gfig aom geiwga=r

$THE T TR IshaTcH 3id:fRametl (synergistic interactions) 3T
400
(a) 5 i
KN \‘\..\!'ﬂ 1
3“0 - L \I»\“.\r‘l.‘
° \l»\k\:l s

"~
3
=
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A A ' A A
1o 1.2 14 1.6 18 20
E (V vs RHE)
(C) @ NS 03
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4 s @
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g \'-“"’, s <
AW
'é kY o / AN
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"
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o A
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SHTHAT o, firer U vt fig

e firem i aer it 78, e HER 3T OER aHT Y

Afufsra mferht F germ & wF[16,17)
(b) S
wf M
e \I-\h\:ﬂl
o \l-\lu\-..-t_‘
19F @ Niwasyas
z
= I8
s
& ‘“.(-‘
-3 \'
B AR
@
é \
v det
1.6+ o W
tc.\
15+ as Y ¢
1.0 1.2 14 1.6 L8 0
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S0
P * mittsl
- 'S 2@ ¢ aler 1900 cyele
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= ; M -
x £
- £ 19
“0.2 H i
t S 1w
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e
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Tort 6. (a) Tt QoI o TTU IEERT Y LSV sk & HTEAW (1M KOH) H 5 mV/8ehe il T §U T (b) 2%l WiTed (STEaieRmEe sam
T SR 1 ATIGEH), (c) Forera fewadar anfeat (Cdl) wited, (d) Ni-MoS2-0.3 1 ShiMTaIeRIg! a1, ST 1M KOH 3Tcafers e wream
T 10 mA/cm?2 T TS Y 118, $9892- Ni-M0S2-0.3 =l LSV Rerar o1k 1000 CV TT5ehed 3 o1 50 mV/Ahg W [16]

S IohIHeReT HTIHT & TaT =T fof Ni-MoS,-0.3 Fhaifse 4 3eehy
fgermafenss (bifunctional) Tifafarfer safifa 1 3689 10 mA cm™
T 9T Il W HER % f7T 74 mV @ OER % faT 260 mv
T ST ITH forar St T 551 6 (2) & fewmr @ R
HATH SAMIGRAT Tfrshl 1 Hehal sHAT: HER 3T OER % foig
131 mV dec™ qT 145 mV dec”! & T It gTedt & foem
e

T AR, Ni-M0S4-0.3 FARIE T 1000 Ik itehat <Iohi
o SN Iy eiehTiorer feerar wafdfa &1 (Feer 6 d) | 3 wmwr
gform g9ria & foF MoS, # Ni T GHIH SEeh! Scieh Tt
1 TTe &9 W ST €, Fored e e et fors o forg vk
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ST SRS TEeFTcrh e o &Y § T &1t 2[16,17]

4, ITETR

Tk T St i % foT, i egiee SNt @ fe
SR ST SATYF ST ST AETIH 2| T Tha=sT AT
T SR AT (TSTHSS) T SRS FHTEH H § T
2, St %3 farfiTe @ e T 31 5 Al % Srese, iy w9 &
AN, fehTaa 3 Theifolorel & Heifed g FHtfaar a7t
fefam =1 foromr =t €2 €1 36T % Wy, UARE TEEes RS atet
TR (CUHeseas), St 3wreft it 1 T e & 3t
qeeft T S HTAT H SuTer AW quT R-HAT s Iesed
3 ST o HTLOT o ATl STt T aTaT et 2, off oisft & e
AR L T 2 BTetifsh, Tgureseys H 37t off feshroma &
Geiftrg TaETd €, ey &9 8 3= pH uftfufo o tee
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foorar v @ T 21 T e, dedreh aiee ST
a7 JSHeeeds Aokl SATaETeRT # g
o SIS fosheq ST geT 1 fR oft, R wrsgeH
pefezrere o 7ot Ut TaT ST F o e dsureseys i
TS T 8 AT FATE, SOTTel! TehiehtoT T AT § st
Y Wt ot hisa et i sTreveear 2

FHIT, U T ¥ AT dTed Heet Seilehi o forehr Ut shisa
2, ST SeThTUT e TTGRIeT hl A oL Teh A AeiehTicreh Teid i
e ST Hoh| SRATIeHe: &Y &, gAY hfeaqyH 7 g fefa
SISED ﬁlifﬁ‘f (lattice strain) 3 NizTeOgq I3 T TTETHE,
®aTcH 3 OER Tafaftrt @@ gwme & gefdfa form 2
NizTeOg IO T HIH0 IAT-HETRIG FTggrama fafer gr
foRaT M NTO1 7 918 1 MR RR (345 mV) 3R et
@I (67.8 mV/dec) % |TI 3T OER Ya¥i waf¥fa fora, it
gt OER Teferfer 37t ofter getereie ST Tideh! sht i 21
NTO1 ¥ Taiftrss ECSA (19.19 cm?) UTIT 7T, ST OER WSk
% fu s o wfra wde & 1 qurldr 81 RTINS,
TT3fRTeh Aleemidl (CV) qT IRe-OER @&l-fAeieer 3 NTO1
6T HSfeet ST Icpw Feerar A1 gfe 1 F Ty, aform
AR € &1 & for Tedt ovm €3 e W ey NTO1 OER
% foTT waifom seiaeihe ietidsh JEi Y™ T 8, St NigTeOg
3 IO U et PRI st 7 Shfoeer wftfearfer it recaot
firehT 1 Y@iferd FAT 21 T8 SFTEAT I IO 3 THETA
fesTTg o forw worfifoes wrfesi wem s 2

3hh AN, NizSy/MoS, TSUEFR Tl THT S T
sAfufsrn & fore farmatcars SR & w0 o eregem forar mam
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TR o, v ua e fig

TAFZIHIRS foP2WoT & TaT = foh 3TFehferd Ni-MoS2-0.3
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