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Environmental problems caused using fossil fuels and carbon dioxide emissions have greatly affected not only social and
ethical issues but also economic systems since the Paris Agreement, and values in the world are about to change drastically. In
response to these changes, many scientific and technological studies have been conducted. Photocatalysis as one of them is
expected to be a clean technology to produce hydrogen fuel, conversion of harmful components such as carbon dioxide, and
decomposition of pollutants such as dyes in water. In recent years, various methods have been proposed to improve photocatalytic
performance. High-pressure torsion (HPT) processing has been shown to improve the activity of conventional photocatalysts and
has shown tremendous potential as an effective method for synthesizing new highly efficient photocatalysts. This method can
successfully improve the activity by introducing large lattice distortion, oxygen vacancies, nitrogen vacancies, high-pressure
phases, and heterojunctions to increase light absorption, narrow the band gap, align the band structure, reduce electron-hole
recombination, and promote electron-hole separation. In this paper, we present recent findings on the improvement of

photocatalytic efficiency by HPT treatment and discuss the parameters that lead to such improvements.

Keywords: photocatalysis, water splitting, oxygen vacancy, nitrogen vacancy, heterojunctions, high-entropy materials

1. FLU&IC JOMBEC X BB TIE, ST ST REEDS DOBE

WA, HERRBAL B LEE 72 & DA 70 BRI fa i 12
IO, KFEREOTEALRE TN L v ) — SRR
O, ZRAbLRE R EOHRET ZAOHIE. BEKBOF
EIHLE DR EOFEAERT HLEITELNT
vz Mo SRR I, AT RE 2 KRBT R oL —
AFAL T, IO ORBEERISHILT 2 720D HF) %
WG TH 5 P e oEREIE. JEIREIC X B EITK
& EBALRE (L Ky 2 ZAKS) ORHEICH 5. Jefildft
DOFRMTIX, BT L IELEZNENAH L TEICKIG &
BALROS AR S ) B mEsm L ko Bl L
RELH S O Ta e ARSI N,

KPICHEEFET A% (F—F¥ IV B, AFL 4L
YU, 7Yy FLy KB4 E) OO KISIZEE
FAE5T 5 W, B X B RSRIIE. KEAD
BT L BEANOMALAE T NS B b X 5 CO,
LA TIE, SEBHEE T2 CO, # —R{LEkE (CO). F
/2 (HCOOH). kA7 NVFe F (HCHO), 2% /) —
) (CH;OH). *% » (CH,) 7 oot - AR
ANOLEPNZE G 5, St X B EFE S KR
CO, B~ Z 21X la. 1b. 1c IR T, Jbfil
Wi, Ny R¥y v 7, rEORIS % 71/N—9 5
)7 Ny NACE, 8] 2RI BOGY & WX L CiE



BERALYMTICL 28HEA - Sy b o E—hfhli

Pmduc:§ 02
Dye 02
(a

Dye
) Product
Product
Dye
Product? @
OOH
Dye Hzo
ho
W (b)
T
o
©
s
L 0
w
I
Z 423
w
>
=
2
@
=
w
< ©) o Reduction o,
z ve®
= .CO,/HCOOH
R -€0O,/CO
COLE CO,/CH,0
% 0.3 2H‘J‘H2
z o *'CO,/CH,OH
¢ 12 .. CO,/CH,
> "0,/H,0
2 H0
=
w OxidationO? * e

1 Jefillific & 5 @K% (a) JKRME (b) U CO, Z&H ()

HAL9 A EEME. BS B ER., BT & IELoRE
AR OIS TR — 350 O DOFHE
REOLENH L W, 52, EILEmE, K X b,
B, SEME D . UM A IR 2B EE TR &
VELZENTHZ By Co5BHoMEIL, LKl
TuL AL LT, SO R A 1R S 72014
T R FEO K A RO 5 2 & Th B, TIO, T
710 [10-12]‘ g—C3N4 [13-15]‘ WO, [16—18]‘ SrTiO3 [19-21]\
GaN-ZnO " 1 X O BiVO, 227 13, ofil ikt 32454 |
KRR & OB R R S - b AL %0
D —EHThH b TNHTNTONAEDORY= L, 2
FLICIZ T 72 L72A o T IS O HF1
B L OB, Z U200 U COBMBEETE 2 M s+
BI04 RIS STz, ZeflE A B0 i
A B Xy K= g 2o B BRSO
TR B v — MEEOFE WY TR F-E
o W) e LS, e PRI B AR e FEEE LT
XN TWDE, TEN—VY 7. Ny Ry v T2k
WAHZE TR ES LR BN TETH S
75, EE. FREAEEI SR W

VIR AR Z 9 EEA LY (HPT : High-pressure
torsion) 1. BTy b ¥ —t 53 v 7 A% EICERE
229, gHF =L, i, F /RS TR, AT aES,
BT EA L, e R otilish =2 SE3 54
T2 LTHRHASN TS, HPT #id, F—
Yo7 Ll CEE Bl S b E T L IEILOFEEE
HEZRT EELDICHERTH 5. HPT 137~ OFR
1B X OBREIWD/NY FXx v 7 &4 S8l
WREZ M F &5 2D TE 55, MESH, KEEK
BLOTBALRFELRIFH SN TV 5, F 213 Tio,
7Zn0 [47]‘ A1203 [48]‘ MgO [49]‘ 710, [50]‘ SiOz [51]‘
LiTaO, ®*, CsTaO, "%, BiVO, "*. GayZnON; " (2
KT LMEB DD L, X5, HPT id. KFEAK, B
F 5 A, CO,ZE 1 @ 72 ® O TiHFZINDTaO,, ®% %
TiZtHfNbTaON; % %2 @ > b a ¥ — 2Bty
DEHERITEI LT B, %720 TiO,-ZnO " %
TiZINbTaWO,, * 22 ¥ o 2 TR @ > b u ¥ —HEek
DOANT UEETEBUIFI L. KRR ER R E K o il
BWERmEIELIELRENT VD,

KR T, HPT 25k 4 2otk o a2 1. B
W&, WA - IEfLo . BBE) - PR EE, o=
1252 BB OWTHET 50 T EZZLOERK,
SERIEAR, BIEME. AT oA BTy PO —-
YT Iv I AREEREZE L. LRSI KEA., BEE
HER CO, Z 7 EDFEEEE O FiZonwTF &
D7z,

2. mERBLY (HPT) &EICDWT

SPD (Severe plastic deformation) 70t Ak, —f%
IS, BRI B X OB RE RV AR MEAS 1A 1 L 72 8 ek 1
(UFG: ultrafine grained) # & 0"/ sk 2 RS
Bzl fiifiansg B, SPD I2id, 1935 42 Bridgman
WD TN L7 HPT HEZ2IE L., B4 R HERH
B, CoHETIREETORLYEEZMZ ST & T,
K4 EFOMEHIRE BHOTALFRIELT L
NTE Do HPT #:Tld. B 10mm o IR G R Y
F72030) v 7R Y 2EET T2 007 Y EVREIC
WAL, 7VELEREVICAESETETE S, M2 12
HPT OB %R § o dFHIMb B2 EAMOT A ()
3. UToRXTHETEX 2 9

g 2mrN 0
L

ZZTy v Ny hiEENENIRE 2213 &~ 7 Oulah
SOWHiEE. HBE WHOBSTH L,

HPT B35 SR OB L Ic i 2., #i4s)E ofgiql
BA- FFRMAD AT =T v 7 T sy
MR OBIEZER 2 E12E v ST B 7 HPT
WA IS, MIZERE, AL, BER 2Lt 2



# 1EF - Saeid Akrami - Parisa Edalati - Kaveh Edalati

Torsion

=

Upper Anvil

Pressure

>_<§_

Pressure

Sample

Lower Anvil

2 HPT FEOAX

EORMOEA, Ny REx v TOAME, BEREMED A
AR ST\ b, HPT B, i TR <
THeWHECH 2 BRILIRe £ T 3 v 7 ADOWMMWEIZE
Hc&xz ", 5397 A HEEERA T v iEE
PHAET D720, &F L i LT HPT % O R ki
BANEL Do EHIT, O XD LESOREMIE, 2
LR e EORMORELBEEXTERT 52 L2k
DT Iy 7 AEERERER N LS L2 L0 TE D,
COEHIET Iy AL RICHBEIF STV
LH. HPT 23t 5 3 v 7 A0k, Fitk. #iEc &z
FTEEBIZIOWTOXMIIE SN TWE, E112, Hx
LR R EELAICHPT MR SN2 T I v 7 A
EZ OB O— B2 R T, HPT WLEE S 7z L.
by, B (ty. sothhows I v 7 A,
flfe, AHZSRE. EARAREE. SBTESA. FFEAEME. NV
F¥x v TR, JeFEE, e, Vo a1t v
T, B E L Sl oVnWTHRLNT WD, F 72,
HPT #Ed, BAa BT H LT I v 7 20
ERIZDTEHENTWABEZ LRG0 5,

3. AMBEOEREX DXL

JefliE S Tl liE T OE 29T 2 I L CTIE
FLEHEL . SO O(RER IR E) L CET - IEfLEM
EEERT 5. 2 LT, BF ¥ ) 7Lk o FmE
WCBEI L. ®EMISHEA LU EINT 5, 2Ok
X, OBAMEOKE T, BOIENSEM L BN
{7z AU, RICHUG & LG O 05 %0 2
NN B 51, RO EICUS & BRLROG 0 R
T 2T X OVHMIE T AR ORI H 5 & & |
Tut AN frbi s Y, BICKE TIRME T by 7
EVEOWRT Vv v EF L, BILRG Tl fmEay
RMAENVBORTF Vv UBET L, 72, Bi%
Bl Hid, BT L IEILOSEEREH A . £ O/
AR BWI ENEEFNL, 22 Tlk. £4232
DA DN T, ZDIERE R NEE R ND

31 HEEIC KD BEDDE

el X B EES R TIE, EERREE & MR O 2
OB D, HERBETIE. K 1allRmkd &9, (mE
TR ICENENpR S N E T L EfLIc L > T
FNEESREINL, —F . MERE T REFOE
TR0, LB LTO, FVHINVEERL, 200, F
THNPOREGHET D, F LT, O, TV A NVIFAER
S L CEITAE R 2 B A Y i T,
K lalZRd £9Hic, ELPH0 & Kie LT -OH % /£
L. -OH 7 ¥ Vpsa s & JUt L CRRALAE B & A=
%3 %o

3.2 SRR DR

el AR TiZ, B b IZRT X 92, (EEROE
FHRICKISIZSBIN L CTH, 24K L. &7 HOI1IESL
DBALISICEMLTO, ZHEET 5 " 12 ALtD
JEfEE Tk, KOGIRIIITHOIT ., BICKIOAERIL SIS
DELLNIZREEIND 720D, BFRIELEZAERT 572
DIBEF R DI L 2 2 DD — R TH Do A
5 ) — )& AgNO; 1E, ZNZIO0MIEEIC X 2K &1k
FOERIZ X bR LBEAITH 5.

3.3 AR KD CO, Eif

ez X B CO, ZHTIE, (ZEHOEF L MEF
WOKOBALTER S22 by HY) 25 Mlci
RY LI, CO. CHy F Mo ALK FED A Iz D
NS A B A e RIT BS54 il X % CO,
BHRORAO AT v Tk, BiERE~D CO, 55T D
WHETHY. KIINIRT L), BEREA. kR,
REBAO 3 >OATREZ S ), Zhso Co, N
E— Nid, JBflEc X 25 CO, 2o ISR % JeE§
%o BIZAE, BRFRIETFHOCRBEERE & BAIAS & 9 2 Bk R
TR R - R, PRAER E L CEFE®RT =4 v
NS, AERIE L CFEPER ENE 125, ik
FHERNFE— FTlE, RE LR T &
LTWwWah7zd, BUSIZE D B IVERF VIV T D h IIVHER
AN, SEREA~D CO, DWHEAT v TOH, £
7 B CERSA R 5, CO, DHETIZIE, £
12 G) HIUNRVERE () RAVAT Ve FER (i)
70 & X VREED 3R H B LS S TW BT,
INLH3IOORBOIBHEFK2IIRT, THOREK
Tl WELZCO, LEBFORINICLY CO,” TP A
WISELWHERM E b, WV VEETIE, CO,”
X CO (2% #: X, CO. CH,. CH,. CH,OH 7% i
ENb, ZOREETIE, KEOBRMDPFELREEHEXTH
bo RIVATIVTFE FREKTIZ, CO,” % -COOH 2%
X, HCOOH, CH;OH. CH, 2"l &b, 2D
BT, CO, IZHEF 7213 O RALF & LTl
AT 5. 720 HIEBHEETIE. CO,” OERFET 1



BERALYMTICL 28HEA - Sy b o E—hfhli

F1 HPTMIE SNzt T3 v 7 AL ZOFELTECEHEMICHE T2 E42 30—

Materials | Investigated properties and application | Reference
Photocatalysis
TiHfZrNbTaO,, Photocatalytic activity for CO, conversion 72(Akrami et al.)
TiZrHfNbTaOsN5 Photocatalytic activity for CO, conversion 56 (Akrami et al.)
BiVO, Photocatalytic activity for CO, conversion 53(Akrami et al.)
TiO,-11 Photocatalytic activity for CO, conversion 73(Akrami et al.)
MgO Photocatalytic activity for dye degradation 49(Fujita et al.)
SiO, Photocatalytic activity for dye degradation 51(Wang et al.)
v-ALO; Photocatalytic activity for dye degradation 48(Edalati et al.)
Zn0O Photocatalytic activity for dye degradation 47(Razavi-Khosroshahi et al.)
TiZrHfNbTaOgN; Photocatalytic activity for hydrogen production 74(Edalati et al.)
710, Photocatalytic activity for hydrogen production 50(Wang et al.)
CsTaO;, LiTaOs Photocatalytic activity for hydrogen production 52(Edalati et al.)
GaN-ZnO Photocatalytic activity for hydrogen production 54(Edalati et al.)
TiH{ZrNbTaO;, Photocatalytic activity for hydrogen production 55(Edalati et al.)
TiO,-ZnO Photocatalytic activity for hydrogen production 57(Hidalgo-Jimenez et al.)
TiO,-11 Photocatalytic activity for hydrogen production 46(Razavi-Khosroshahi et al.)
TiZtNbTaWO,, Photocatalytic activity for oxygen production 58(Edalati et al.)
Reviews
Oxides Review on HPT of oxides 48(Edalati)

Review on HPT 63(Edalati and Horita)

Phase transformation

Si0,, VO, Phase transformation 75(Edalati et al.)
TiO, Grain coarsening and phase transformation 76(Edalati et al.)
71O, Phase transformation by ball milling and HPT 77(Delogu)

71O, Allotropic phase transformations 64(Edalati et al.)
TiO, Plastic strain and phase transformation 78(Razavi-Khosroshahi et al.)
BN FEM modeling of plastic flow and strain-induced phase transformation 79(Feng et al.)

BN Coupled elastoplasticity and plastic strain-induced phase transformation 80(Feng and Levitas)
Electrocatalysis

TiO,-11 Electrocatalysis for hydrogen generation | 76(Edalati et al.)
Photocurrent

Bi,0; Enhanced photocurrent generation 81(Fujita et al.)
TiO,-11 Visible light photocurrent generation 82(Wang et al.)
Dielectric properties

BaTiOs Optical and dielectric properties 83(Edalati et al.)
CuO Dielectric properties 84(Makhneyv et al.)
Bandgap investigation

Zn0O Bandgap narrowing | 85(Qietal.)

Optical properties

Y,05 Optical properties 86(Razavi-Khosroshahi et al.)
CuO, Y;sFes0,,, FeBO; Optical properties and electronic structure 87(Gizhevskii et al.)

Cu,0, CuO Middle infrared absorption and X-ray absorption 88(Mostovshchikova et al.)
CuO, Y;3FesO,, FeBO; Optical properties 89(Telegin et al.)

Mechanical properties

a-A1203

Microstructure and mechanical properties

69(Edalati and Horita)

Fes3.3Niz5B2o.2,
CoagoFes59Cri5.4S103B 172

Microstructure and mechanical properties

90(Permyakova and Glezer)

Lithium-ion batteries

Fe;04 Lithium-ion batteries | 91(Qian et al.)
Microstructural features

Zn0O Plastic flow and microstructural instabilities 92(Qietal.)
YBa,Cu;0, Microstructural investigation 93(Kuznetsova et al.)
Feq1,Cry7Mn; 3Ny Microstructural features 94(Shabashov et al.)




# 1EF - Saeid Akrami - Parisa Edalati - Kaveh Edalati

Carbon Coordination

GO D@
Mixed Coordination

B3 SR O CO, WAk

%72 CO,” DRFFEF 1 A HERALTF & LTl
DORMMICEAAES L TV D, ZHEEATE— F T,
CO, FOMFRIE T O AABERE RS L T b,
7)) F X VBT, SRR O EIRE DR 720
C, DERIZIEBEADRD 255, W OO S I1Z
E0 CEAPERENL, ZORKETIE, CO,” 29
VIVT PV HOC: I2Z# &, CH,0. C,H,0,.
C,H,0. CO. CH, KT %50 TNHTNTOREKIZ
BT, CO, DWAE & il AL IE G O SRV % F 3%
FTHIZODEELZNT XA =5 THY), THIFHBEZLD
R EA TS EDOW L OPOENIEIC X > Tifb s v
BRETHD N,

4. HPT OXREERADE
F2IRT LI, FE HPTES LTI v 7 AD
e 2 A R S 2 E A BE L HIEEN TV S,
SIS TR T MR T 2 SIRERT I B LR T R AN
Y RF vy TOMAE, EDGHEETORILE ORI, &

#2 CO, mcitg 7

TN FHEEOKES), BT L ELOFRKEEORD, €
F - IEILO 5 - BE)OARME 2 &S, HPT L - &5k
Lot omiEtE2 3725 LTwWh, Thbid, BE
Zeil, EREILEEKR. BIEM. AT uESE. 5 b
0¥ —HOIEBUER LT %0 UF BRI SHT L 72w

4.1 BRRZEFL DA

MEFREORER L. RSWE 2055 - G e 2
W E LT, £ EETFO N T vy A M E LT
YEHT 5 720 MR O e IR & e wBr 52 %,
=77y D NV 7\ AFTET AR ZEILIE, TS T
L& LTl & O REEZ IR T S 2 MESH 5,
F 7o, BERZEFLIIAME T4 & (niEns o M2 K FRIREE 2 T
L. WEOBTHEYZILSEDLZ ETHRFENSTF
Fx v TxWPr LN D 5. HPT WELHZ O
FZRILOEKIL. EFEEEILE (EPR). X #OLET
56 (XPS). 7~ virt, mEEEHENE (DSC).
X #EPT (XRD) 7% E OB O 50 2 & - TREW
ENTwp W69 X512 HPT QLB (A A0 e
SENDHMBEOEATEND DI AT EE, ik L
TOMEFEZLILOTNC & 2 W HUE DRI % 737§ 97502,
HPT THLEE L 72 96fliE o 9 5. ALO, ' MgO ',
Zr0, *%. Si0, ®".| LiTa0, "%, CsTa0,; ", BiVO,;
. R 2L & 0 SEliE % B e 7Rk T &
bHo I, WHEZT L IZHNT 5,
Dy-ALO;: NV FFEx v FOKRE W (~9eV) #ifsk
RTH Y. S Z R S v, B HEEHE T,
BEFEZEILOTIZL D, y-ALO, DNV FFx v 7
A HIFEI E THA T A2 EDRBERTWE W,
y-ALO; IZHPT Z# 5 2 & T, MZEEILIEM &

Carbene Pathway

Formaldehyde Pathway

Glyoxal Pathway

(1)CO; +e™ = CO3

(1) CO, +e~ — CO3

(1) COz + e~ - COy

(2)CO3 +e + H* - CO+OH"

(2)CO; + H* —*COOH

(2) CO; +e + H* —» CHOO™

(3)CO+e™ - CO*

(3)'COOH +e” + H' - HCOOH

(3) CHOO™ + H* — HCOOH

(9)CO " +e + H* - C+OH"

(4) HCOOH + e~ 4+ H* - H,00C*

(4) HCOOH + e~ — HOC"

(5)C+e + H" = CH"*

(5) HCOOH; + e~ + H* — HCOH+ H,0

(5) HOC* + OH™ — CszOz

(6) CH® + e~ + H* - CH,

(6) HCOH + e~ — H,C"0~

(6) C,H,0, + e~ + H* - H30,C,°

(7)CH, + e~ + H* — CH;3

(7) H,C*0™ + H* — H,0HC"

(7) H30,C," + e~ + H* - C,H,0,

(8)CH; + e~ + H* — CH,

(8) H,0HC" + e~ + H* — CH;0H

(8) C2H402 +e + H+ =¥ H30C2.+ Hzo

(9) CH3 + OH™ — CH;0H

(9) CH;0H + e~ + H* - *CH; + H,0

(9) H;0C," + e~ + H* = C,H,0

(10) “CH; + e + H* - CH,

(10) C,H40 + h* = H;0C," + H*

(12)CH; + e + H' - CH,




BIERU YL L 2 EEA - mr >y b E— el

. JEFEN Y RE Y THEA L, bl b2 2
EDPIRENT WS, HPT ILIRZOFREHI K32 DSC 45
M (M4a) I2RF, 530K ICE— 2723 HET 22 &5
B EILOBBIEENTVD T EAREN TS, HPT
LR ER L, B EHEEE L X~ T 5 2.5eV Dk
NY REY v IHE SN, TIO, & [0 iE M THEI
BHETOO -4 3 v B @HES RGBT EZ R LT
w5 (M4b).

@MgO: y-ALO; MUK €T I v 7ifiigfhTHh 5
MgO (& HPT JLEIZ & ) W bR L Ny R ¥ v v
7 DAL (7.8eV > 5 3.9eV) %R L Twp W
HPT LE L 72 MgO (&, S/ TTATF L 70—
BT OGS RIEREEEEZ R LT b (3 BRI 55%
R o T OMBHI BT BEERZEILOEKIE. Mg 2p O
XPS I L o TIRZ AV F—~DY 7 b AR SN
CEDPLBBHEINT VS, £/, 20X %7 MEL
FIins 235 EA % K& {35 (§4bb, HPT ¥ —
YEEBRT) JETIOVEEL RS,

® Zr0, : ZrO, b HPT |2 & o TE ik o3 ze g, & i
ATHIENTELLT IV I ATHD ™ ZoME
DNy By v 7id. HPT BOMEZEILOTEBIZ LD
51eV 2 5 4.0eV 2P L TWw i, Fex RimETO
HPT L4 DR Lo A% . EPR 4FI2 & 1) [X 4¢
RS g7 7275 =200 — 27 OB RFEZIL
O xR L. HPT LR E % B2 L RO
BAMEEE NS Z EAb o7z, [M4d 12 HPT 12X 5
Zr0, ORFEFEA MBS A E LT b 2 LA
b TIUIFERZEILORE Z 5 2 L Tl iE
M LTSI EERLTWS,

@ Si0, : AL HPT FECTHIITL L7t el iG55
RENTWES B Big, N FE v v 72 9eV Tk
WINAMER T X 5 L pE SN Tz Z o eHE. HPT
MBEIZE Y NY R¥ vy 7H28eV T T 1), Ehi
BETTOO -3 v BOESBEEINS L >T
WAL ZEDPIRENT VD,

(® LiTaO; B & U CsTa0; : LiTaO; & CsTaO; ix., Jfifil
B K A RFEAE G EZ RS Y v ¥ IVERIER T T A
4 N THhbH, HPT LI L 2 B ZefLAE %, W R
ELNYFFEYy IO E D (LiTaO, 1 4.7 = 4.2eV.
CsTaO; 13 4.7 — 3.6eV) . 7K F K 0 i Pk A1) b
THIEPRENTHE B,

® BiVO, : /N FE ¥ v 7O/NE Wiz, CO, ZH o
el & U CEAEER SRTWE, —H T, BFEEAL
DFFEEEIE | AZER O EAER WV & v ) RIED S
Ho HPT MLHEIZ X ), FRIRZEFL L A& T-E A % [F]IHf |23
ATHIET, RS 2O0MERERENTVNE B,
XPS 2 HEIHE L7-HPT © ¥ — » EatEe 3 & X e 12
AT L) ICBRZEILEE AT 5 2 L ARENTTW
bo F70 HALIZART L9112, HPT LBRIC & 2 R

HIZ &b, BiVO, o JtfiltiEgEIC L ) CO, D CO ~DZ%E
PEEATKIFIZA LS 5 2 EATRENT W 5,

(a) oA

5
g
3
2
'S
§
=
Temperature (K)
® 23 o,

[ HPT: P=6GPa Tio,
ol T=T723K, N=4

AC/Cy per Area (m

[ HPT
* Raw Powder
0 30 80 90 120

Time (min)

(c)

Zr0,-3%Y,0; HPT:P=6GPa,N=2

&
[1x10 T=673K
M
T=413K
[T=3TK =300k
=T ) rowde )

1.96 1.98 2.00 2.02 2,04
g factor

Intensity (a.u.)

-
o
-

Zr0; - 3% Y,0,
HPT: P=6GPa. N=2
—a— Raw Powder
—a— T=300K
—— T=473K
—»— T=6T3K

5]

H, Generation
(gmolim
5 8 8

8

0 30 60 90 120 150 180

Time (min)

(e) BIVO,
HPT: P=6 GPa, T=300 K

Oy /(0L +0y)

0 1 2 3 4
Number of Turns, N

BiVO,

20+
HPT: P=6 GPa, T=300 K

CO Production

Time (h)
4 HPT WLELIC X A BEEILOIER & LS Eom s (a)
7-ALO, ® DSC AT B LU (b) v—%3 Y B4rfEd TiO, &
D™ (¢) ZrO,3 wt% Y,0; ® EPR A7 PV (¥
BYLEIREE) (d) ZrO,-3 wit% Y,0; DYk 22 4 pli i (e)
BiVO, OmE#Ez2iLikrE., (f) BiVO, Dyt X 5 CO, — CO
L (NI2y— 8 B



# 1EF - Saeid Akrami - Parisa Edalati - Kaveh Edalati

4.2 B3 - TABEESHERDER

BREEAbE, BRIEWICH AT Y RE Yy v 7N E
7o, HERLAEE LTI s hCwnid, 2otk
BT BRI S B BRI HEM AL E LT
X, OBMBEELZ T S5 2 s S Tw s Y
L2 L. GagZnONg % HPT JL¥E9 % &, AN
RS, BT L IEILOTFE AR L. il s
B2 ARSI Twa B, [ 5a 13 HPT L
Hit2D GagZnONg @ EPR A7 MV TH D, KD g
777y —d31.958 ThbHI LI, BRELD ORI
BHRHEFTEPER SN2 L 2 RTIHERO—DOTH
D.g 7727 %—=72006TdHsbZ LI HPTUHIZ L >
THEFZEREIUSEEAITR ENZZ EEZRLTVE, 2D
MEHZ HPT 12 & ) SRR RAEAT L L. N
¥ v v 7H2.7eV 205 2.4eV 1234 L. LI A
) kL. SRIMEIEE T CothlokE A R s S h
7oo [ARFZEIZ LY ZZILofiE (EmE 21300 7) (12
Mz T, 2ot (FHEfLE LI EAE) ADbHE
WIS E R 525 2 EDTRENT WD, THHDZEL
HEmIE, EFLELOBEEETLTIE R, RSO
PEERAL L L CHERE T A L ST E B ZOMELYD
HPT ML EOET L EILOF/HEZ R &L LI
IV K Sb RS &) HPT B D7 + MV I Ay
YV ABRE R R RAICHIHIT A 2 LD RETH H T LA

(a) TS T
3 HPT: N=3, T=300K, P=8 GPa

>

&

0 1.958

=]

g AN Raw Powder
” . 2.006

& 2x10° a.u.

1.8 1.9 2.0 21 2.2
g Factor

(b) L Ll T L] L

W [ HPT:N=3,T=300K P=8GPa
L

.éh L il |]-| a2 1 r .= 4_
g pli ety 22|
E E o u.LL-- —-‘H‘.LJ___FF&
- ; Raw

0. |5000 W Powder

400 500 600 700 800
Wavelength (nm)
5 HPT WLFEE# Ga,ZnONg @ (a) EPR A7 ML, (b) 7 +
PVIA YLy RAARZ MV (G HPTREL L 72714 A7 D
L S O E) BV

IRENT WA,

4.3 BEHEDRZEK

HPT LB IR S E D EEATH b 720, HEREHR
FIEMH OB D L BB RSN D 5. LD DI,
WH L KRR KRGS EIRIE AT 5720, #i5k
P ToOEmBE &L L T, RETHIEHR I AT
RS H 5o RGO & 16 OMBEAFH DB 7
E RIS, SEMHOEK L ZEET b/-69 2L
AR ENTWD W BaTiO, (EH -7 ™,
TiO, (7 + % — BIEJ fh—#H5 i Tio-1D) “.Y,0; (31
Jih—BaNE) B Zn0 (v SN - E L T
i) B7Si0, (FA3E—a—4 4 b)) BV i3 HPT MLH %
IZEEAHANOER 2R LWL OOt TH b, =
NoEOMEDH 5. TiO, X ZnO O FEMHOIERK L. K
TR CO, ¥, R & Ot o |k
COhNDERESN TS, [M6a, 6blzZFNEh
TiO, & ZnO OEJ7 - BEME. ¥ 6¢. 6d IXZFNZFi
HPT LB D TiO,-11 = EAH & 53 -ZnO SEAH O TR
B 6e. 6f13Z 24 TiO, & ZnO O Y fil it P i) _F 12
545 HPTRE O EZBIZOWTRLZZLDTH b,
TiO, & ZnO E# b — k2 i Th 5 720, F /1
EBLXOLEHREIZLY . F—230 M RARHY & i
FTIFEEZEOLH LWV ) 2 -2 a Y ERELL
HPT OIS HIC Y 28 EEETH B 77,

HPT JLELZ X 2 5EE TiO-I (2o v N ) HoJE
W . TiO, DBWIR AR & (kL Twp B
TiO, DI EE D S KM F 72135k eIt L, N F
Fx v 71 3.1eV 5 2.5V I L, iHET T
R E 2 R T L D I o TWwhe HPTMLEZE DN )L
7 RGO L 2 BHAEGOMBEL RIS 2729012,
HPT LB L 72308 2 7 = — VILEL L 72 & & A, JGfilift
WM EEROFEENE SIZHINL TWw b TiO,-1I 28
e S NG Z & T, MREILOFAERCHBEIR 2 S fho
ZRIZ OB SN AHHS, LT TREA. BINET
T CO, DO NAEEERES R SN TS (X 6e)o

ZnO @ HPT WL X ) SIEAEHTR S, Eh
WHEWN Y FFEx v 7FA53.0eV 5 1.8V IZHT D,
AR O RIER A E L 72 ¥ ZonNy FEY
THEREE, B FERIE T M STz, BRRZELL
EHMBER T L EOEEME &S HPT LB S 7z
ZnO X, TTHOET THpBEIc L 20— 4 3 V%R
L. ZOWEMHIZEE D% BT 5 Ll Ed 5 2 VR E
nTnws (He6f),

4.4 ~NFOBEAEDOEK

AT O, 2 DORL DM E 72T R L L REAO
HMAGHREIZ L > TR SN L ZHEMERCTH L, B
M) 7IIANTOESEZEMTLIENTE, TOK



BIERU YL L 2 EEA - mr >y b E— el

3l TIO I

Rutile
{Tetragonal)

5
or Anatase
st (Tetragonal)

Pressure (GPa)
e

l'tl 100 200 300 400 500 600 700
Temperature (°C)

(b) a 10
w ¢ Rocksalt-ZnO
o
(L]
=&
& i
e /
[}

o Y
& o
n -’ N~
"0 500 1000 1500 2000 2500

Temperature (°C)

e \\__ _ Anatase [1_111-‘-.
= > ]

“Anatase [121] __‘\ Tio,Al

Anatase [001] 7=~~~ 4

/ Anatase e N
[201] i Rutife 2111, .
L)

(d) Nano ZnO s wumml
2| HPT:N=3,T=25°C ¥ Rockssl|
= oo e o oveme ®
2
£
o
8
"

g Raw Powder
=

20 30 40 50 60 70 B0
Bragg Angle, 20 (deg.)
(&) 43 Anatase TiO,
i APT: P=6 GPa, N=3: Anneal: T=773 K
s E Anneal
T B
‘g o
e E
a o
o
o —
Time (h)
() * Nano ZnO !
¥ HPT:N=3,T=25C  p.gcpa
£  Under Visible Light s
@
% o P=3GPa
3. i o—a—o—5
S 4T
om

e
Time (min)

6 HPT ALEC & 1A Sz @M £ 2 6t s 1 m
F (a) TiO, o ™, (b) ZnO ®#E ¥, (¢) TiO,-1I &
FEAL % &t TIO, DRSS T1% 7. (d) v v v e
&6 Zn0 O XRD 7u 7 7 A4V ¥ (e) UV FT® HPT
WE 3B LT = — VO TIiO, 12 & 5 CO, 2 . () VIS
FTo HPT L ZnO o1 — 4 3 » B s 7

B COEBICETHEITEHENS BV, AF oS,
BT L IEfLOs3EE 2 R L, St o K m~ DR E) % [
Lad, RIexRESEL, 612, FRE 2 KIEICH
Hl9 2 PR wiako X912, HPT MLERA R o Hizid,
y-ALO; @ 375 2T ARAR Y, Zr0, @ B - 1575 5
HIBY Si0, @ a—4 A b -3 Y e 200k
OHONIAT OHEERRIIELHMERELZ KT ODDH
%o F 72 TiO,-ZnO HAMRICHPT 2@ L CAT 1
BAZAER L., B X 2 KkEERZRILL 72600 &
550, g7 Emry hu -t Td 5 TiZINbTaWO,,
W10 FEEOA~TFaY Y 7 va yERAER L, WL
BROBME I X AmEEFETORALH L Y, T
S5A&TOREIZBWT, HPT 12X > THHK S 724
5. TiO,-ZnO HAKICOWTHA T2 X H 12, )
TS TR 2 A2 T 5 7o DI T - RS EEE
WA A M LTHETAZ LN TE S,
TiO,-ZnO : WL DOWZETIE, Jaflk FZHMEO R F
0y 7 il < & % TiO, & ZnO % &1L &+, HPT = [
WTATFOESEAER LS, ZofFEE, MT7all
RT LA, BT - B HEA AT 57201297572
LDTHA, HPT MIIZ X V)| Ti0,-ZnO ~7 T4 L
HHZ S . EIEAHDT B 4 RO N T O A DT
DHEFRE N T Wb, Ti0,-ZnO 2 YRy @ XRD 7
0774 ME, M7b®XHI2TIO, & ZnO D 5 DD HE
R AMOFEAEZR L TWAH, HPT MLHLh, HEHKDL
W ST RDGHEI T L CHmL. Ny F¥ vy v 7ig
3BLCISHEIOHPT ¥ — v ICBWTEFNZEN 3.2 eV
75 26eVBEIU1.6eVICHEELIEMHRINTY
%o F7-. HPT WERZIITE T & IEFLO T A& HIE DR
FHICHH S NS HPT ¥ — v $%2 15111235 2 & T,
BTG, BRIIE, FEAOMRI2SE SNz, Ly
L 15 WO¥4a. FEFIT/NS 2RI S, Kdbid
AEND, BERSWE 3 R TR S N3
RO L A KREEREIME T LTS (K 7c),
3 RICHULER L - AL, UV IBET T o RREA
MEDD 25 fFORFEERmE LTV,

45BIY NOE— - E5IVIADERK

WLy OV — kT 3Iv A, AL 5O
DEHFAEREL, BET Y POE—215R R:
SHER) LVEVHEBoZETHL P cnso
RN, BVieElk, KTFE. BEOXK,. SwiReT
YROE—Dko, Bie RIS Tng He 1)
FNHIE, VF T A4 L &M TS g 1SN0 S
ﬁﬂﬁ% [55,56,72]‘ x__}\O__j(-_ JV/\OT‘/ 7 [111-113]‘ ;%){?%E’ﬂi [114-116]‘
BT — 5 vy W b 2, hTLEEH SN
MOTITo7-ELy ha— - v 5 3 v 7 ANk~
OIS, EREM RO 72 2 A3 L L Ciifid 5 b D
LHALTWS, i35 X912, BRLY TiZtHfNbTaO,,.



# 1EF - Saeid Akrami - Parisa Edalati - Kaveh Edalati

TiZINbTaWO,, & FE22/t#) TiZrHfNbTaON; 1 HPT (2
FoTtalaniEmny bt — - k53397 AT, K
12 X B KRFAER. CO, 2, O, AFRIZFIH SN T
Who d0 & d10 OFE TELE & FF o R L e ER a2 b
B iiE 2 R 2 b, 52o0d0hFF >~
RTINS OmE % R L 72,

O TiZrHfNbTaO,, : HPT #: & SR LIc X o TER &
N7z, HahE & S5 o 2 DO % #O TiZrtHINbTaO0,,
BTy hu =Rty (HEO) X, TiO,. ZrO,. HfO,.
Nb,Os. Ta,05 7% & OB IR LY (X 8a) & ik

(a)
v s Eg : .Electmn Transfer 2H,
cB N f
e CcB ', Reduction
e | T,
4H* + de-
Zn0
Tio,
2H,0 + 4h* h\;B e
Dxldatlun = VB
s do, Hole Transfer
(b) T L) T v, T . T . T T o Wuruﬂe
TiO, - 50 mol% Zn0 v Rocksalt
o O = - © Anatase
Q k HPT: P=6 GPa, T=300K A Rutie
2 LT - mow e (¢ TiO,-l
@ o, ||®@Y
k=] %0 0 %
5 N =15, y=410
E 7
®
g | N=3, y=80-
=2
‘ ‘ ’ Raw Powder, y=0
I.II J 1IJ i Iy. 1 4
3 i i r | — I i 1 r 1 P r ) ) ..

20 30 40 50 60 70 80 90 100
Brag Angle, 20(deg.)

1.2 T T T T T T T
TiO, - 50 mol% ZnO N=3, y=80"1
1.0 HPT: P=6 GPa, T=300K

0.8

0.6 [
0.4} Raw Powder, y =0

0.2 0

Hydrogen Production (umol/m?)

N=15y =410 |
0 1 2 3 4
Time (h)

7 AT OEETEEOUMENC X 2 KFER

(a) ~NTF UL % &S TiI0-Zn0 BAKOE T /N Y FHED
B, (b) HTP EIZAEH XRD %L, (c) HPT L)
BRARIC X A0k FE AR (NIZHPT 0% — v 5) &7

0.0

L CENERIEEZR L2 B ZofEHizid, M9a
IR LIS, BRI 2 ORI EGE LT
720 EH 1. REWRLMETH 2 7 ) & — LT TIiO,
R BiVO, L L TRV T+ VI A v bV ATRIE R
KL, ZT®HEO CTIZET & IEILOFKEEIMLN T &
ARLTWA P, 551z, ok, BIMET T
E@om% A, KFEXAEKL. CO, & CO LM
AHEME % 7R L TV 72, TiZrtHINDTaO,, DK FZB L O
COE&@@LT%&—%ﬂﬁQ%BNQJD%<\
Ny Fv— 7 cd 5 TiO, (HA7 = o V)it
P25) LIZIZFE U TH o 720 & OB KR
FiM, My Mo E—MHOERIZLY) ., B LIELO
THEAMEAE S I, ZTOFREETWA L2 L IRRL T
W5,
@ TiZtHINDTaON; : /Ny F¥ v v 7By bo¥—
e 251t (HEON) TiZrHfNbTaON; (3. HPT ALH %
2L - AL LA L7z ", 2 ® HEON &, %t
LTy hu ¥ —FER b I RER L & IR L T L
CEWHIRINERZ R L (K 8a), 1.6eV &) vy
FF¥v v 7E, kLG SN TW DI E AL DMRE L
WO/ FE Y v 77X D v, 2@ HOEN I
Ny F<— 7t cd 5 HEO * TiO, (HAT7T oy
VAL P25) L HEIL T, BT L IEILOFEEGENEL
A&, HEROIEIHEIIL 72 Y &512, M 8b
WRT L9112, CO, B FRERMICHAE SELEVKRT
YIXNVERLIZ TOMEHE, b AR ERE LY
el 1 O THh B GagZnONg & 1) & EWistE T, %
PARIRE T CkFEEAER L7 (K 8), 72, HEO %
TiO, (HA7 = o Y V48 P25) (X8d) 7 &, XHAT
WG SN TV DT RTONMEE L ik L T, CO, &
2B B KA D 72 ) ONABEEAE N & RS
ﬂto_mHKmmt%ﬁﬁﬁmmL (EON=ANS /2
BT - EILDBEORES S RWFREE, KE CO,
@W%'x%~ﬂ?émwﬁﬁﬁﬁhtﬁtfwé%®
EEZOLNDL, T, KO IIRT X H I, T HEON
CR2ODOMPBHEREL, A v —T 24 A RFLT
WhHIZEL, BWEEICFS L TWwE EEZ LN,
@ TiZrNbTaWO,, : HEO T & 5 TiZtNbTaWO,, |&.
HPT & 2 b EiRmibic X o caasnsz B, 4t
Fidk LA, HANE 2 M. ERS2HEET 5 FEEOM
EN0EDOANTFOESEFH > Tz, T OMEHL, 2.3-
28V E VI ERWINY FEY v 7| BT 5 0 Rk
LD DBOSEE R L 720 ZOMEHIAT S
RIMAT LI LT, WHDLIRST T ol C X B RS
R L 72,



BIERU YL L 2 EEA - mr >y b E— el

(a)
El
s
@
(%]
g | PR
£ |l - = TiZrHfNbTa0;;
E i . — TiZrHfNbTaOgN,
=4l i TR
200 300 400 500 600 700
Wavelength (nm)
(b) 8
3
S 6f
o
)
E LA HEON n
HEO
<
" P25 TiO, A

600 1200 1800 2400 3000
=]
Wavenumber (cm )

—_—
2]
—

150

2

TiZrHfNbTaON,

120

GagZnONg

H, Generation (umol/m
3

30
00 : :
0 1 2 3 4 5
Time (h)
(d) 15F
- 12
-2 9r
=
E o
)
R ¢ P25 TiO,
oL oBEK o
0 1 2 3 4 5

Time (h)
K8 mryhut— - tJ3v s ZAOEBMILE B 72 0l
#E0EE (a) TiZrHfNDTaO,,. TiZrHfNbTaO4N; 5 X UF TiO,.
7Zr0,. HfO,. Nb,Os. Ta,0s 7 & B b4 o 54k w]
WA~z bV ™ (b) P25 TiO, & L 72 TiZrHENBTaO,,,
B L O TiZrtHINbTaON; DL ARAMR 7 — 1) 2541 2 )
7 P IVIZB VT, 665cmT & 2350cm™ @ ¥ — 7 p3FEH o
CO, (LW B & OB 2 =3 . () GaZnONg & It
# L 7= TiZrtHINbTaON; T Ol 12 & 2 k#5647, (d)
P25 TiO, & Hi L 7= TiZrtHfNbTaO,,. 3 £ U° TiZtHfNbTaO,N;,
ORI X B CO, 5 CO Zsif 5

1. -é“-i.ﬁ.
SR N

ECCn2l )

K9 HPTMELZX YAl ENBLy bo— - +£53y
7 ADERGERT%  (a) 6% & TiZIHINDTa0,, 7,
(b) MM E FCCHBLIOZENEOATUEE Y &
TiZrHfNbTaO(N; ™

5. TEHERE

JEREE L X B kA 5 OKFERE, CO, ORIl
EWANOLEWH, BEKFOFEWEOFRE. (EkDfbE
HFHIfb > THATE 2 WMEEROEV271) — > 7o
Y ATHAb, TNHOHBIIH LA, ¥
R¥ry 7H <. KnxHz 5Ny FHEE&EDS#HY) T,
BT L IEFLOBSGEMMEC . BREESE W L 05E
FNb. EETIE, BEAQALY (HPT) #EI2Xh, &
FEF R HBEBOWEEAGEEZ AT L2 TEL LD
X%k o7ze TOJEE. MEHIIFRICHWOTALEET
EMA ZOH. F/5Ef. BRI, BTFOTA N
FOEEFEAT L, 52, HPT 3EEMPeE T v
FEE—MEERT A LN TE S, HPT A5G
SO BASSICREE) L7z £ LB HO—2F, HHEED
LR RS LT, W OO - iS04
WARRICEATESLZ ETHb, HPT 13, FHBIIN
DI, BFENY ¥ Y v Tomd. BTN MgED
. BT L IEILOSHEE - BEIOEE, BT & EILO
PG A O £ - OpiEEE 2 L3¢5 2 &
VRS N7z F7o, HPT . KRFEER. BRREA.
CO, ZHIZm W2 /R T/~ b ¥ —EDuflo
EANZERLL 726

HPT TR S 726 S WiEE L R T 00,
FOENEALD A F = X XDV TIL, FEFHFHEZ v
7eE LR DMENLETH L, T2, HPT FETRGES



# 1EF - Saeid Akrami - Parisa Edalati - Kaveh Edalati

N7zl R, LR AVNS (L RIMFEE A S
WL HEOREPHES N TS, HPT i,
EHEASCEL Y ba €= 2 LAt e LW
FLVEZBIV 225, 4. 2o o8 L il s KR
T 27201203, O AFEEZHVLLEND 5,
HEIC, TED T — Ry =2 — I VAo ERED
5. HPT 2560 5 B I B R LB A & & 23R &
No, /oo N Ty b E—EOWFERMISICE L T
MR TE LD TVRLOTHEE ISR T S\ 120

%!n

i

TR L RO —F xS, AKRAMI K Y P.
EDALATI ~O 7k v 71 7 R TAER B BT 5E8 5 R o
BEFEMLIZDLDTH S, L LAKBEFED LK.
EDALAT SCEFRHFA R e B B4 JP19H05176 &
JP21H00150, JP22K18737) O— B % 52\ 7 Fhti L 72
WHRTH D, Wl S LTy = ThF2HAT
I u Y VR AHIC TRMETA V7. 2 IR LR
LEF5,

BENH

[1] Gaya U.L, Abdullah A.H., Heterogeneous photocatalytic
degradation of organic contaminants over titanium dioxide:
A review of fundamentals, progress and problems,
Journal of Photochemistry and Photobiology C:
Photochemistry Reviews, 9 (2008) 1-12. DOI: 10.1016/
j.jphotochemrev.2007.12.003

[2] Ma Y., Wang X., Jia Y., Chen X., Han H., Li C., Titanium
dioxide-based nanomaterials for photocatalytic fuel,
Chemical Reviews, 114 (2014) 9987-10043. DOI:
10.1021/cr500008u.

[3] Tong H., Ouyang S., Bi Y., Umezawa N., Oshikiri M., Ye J.,
Nano-photocatalytic materials: possibilities and challenges,
Advanced Materials, 24 (2012) 229-251. DOI: 10.1002/
adma.201102752

[4] Akpan U.G., Hameed B.H., Parameters affecting the
photocatalytic degradation of dyes using TiO,-based
photocatalysts: a review, Journal of Hazardous Materials,
170 (2009) 520-529. DOI: 10.1016/j.jhazmat.2009.05.039

[5] Maeda K., Photocatalytic water splitting using
semiconductor particles: History and recent developments,
Journal of Photochemistry and Photobiology C:
Photochemistry Reviews, 12 (2011) 237-268. DOI:
10.1016/j.jphotochemrev.2011.07.001

[6] Tu W., Zhou Y., Zou Z., Photocatalytic conversion of CO,
into renewable hydrocarbon fuels: state-of-the-art
accomplishment, challenges, and prospects, Advanced
Materials, 26 (2014) 4607-4626. DOI: 10.1002/
adma.201400087

[7] Ajmal A., Majeed 1., Malik R.N., Idriss H., Nadeem M.A.,
Principles and mechanisms of photocatalytic dye
degradation on TiO, based photocatalysts: a comparative
overview, RSC Advances, 4 (2014) 37003-37026. DOI:
10.1039/C4RA06658H

[8] Ni M., M.K.H. Leung M.K.H., D.Y.C. Leung D.Y.C.,
Sumathy K., A review and recent developments in
photocatalytic water-splitting using TiO, for hydrogen
production, Renewable and Sustainable Energy Reviews,
11 (2007) 401-425. DOI: 10.1016/j.rser.2005.01.009

[9] Ola O., Maroto-Valer M.M., Review of material design
and reactor engineering on TiO, photocatalysis for CO,
reduction, Journal of Photochemistry and Photobiology C:
Photochemistry Reviews, 24 (2015) 16-42. DOI: 10.1016/
jjphotochemrev.2015.06.001

[10] Chakrabarti S., Dutta B.K., Photocatalytic degradation of
model textile dyes in wastewater using ZnO as
semiconductor catalyst, Journal of Hazardous Materials,
112 (2004) 269-278. DOI: 10.1016/j.jhazmat.2004.05.013

[11]Lin Y.G., Hsu Y.K., Chen Y.C., Chen L.C., Chen S.Y.,
Chen K.H., Visible-light-driven photocatalytic carbon-
doped porous ZnO nanoarchitectures for solar water-
splitting, Nanoscale, 4 (2012) 6515-6519. DOI: 10.1039/
C2NR31800H

[12] Zhao J., Liu B., Meng L., He S., Yuan R., Hou Y., Ding Z.,
Lin H., Zhang Z., Wang X., Long J., Plasmonic control of
solar-driven CO, conversion at the metal/ZnO interfaces,
Applied Catalysis B: Environmental, 256 (2019) 117823.
DOI: 10.1016/j.apcatb.2019.117823

[13] Wen J., Xie J., Chen X., Li X., A review on g-C;N,-based
photocatalysts, Applied Surface Science, 391 (2017) 72-
123. DOI: 10.1016/j.apsusc.2016.07.030

[14] Ye S., Wang R., Wu M.Z., Yuan Y.P., A review on g-C;N,
for photocatalytic water splitting and CO, reduction,
Applied Surface Science, 358 (2015) 15-27. DOI:
10.1016/j.apsusc.2015.08.173

[15] Yuan X., Zhou C., Jin Y., Jing Q., Yang Y., Shen X., Tang
Q., Mu Y., Du A.K., Facile synthesis of 3D porous
thermally exfoliated g-C;N, nanosheet with enhanced
photocatalytic degradation of organic dye, Journal of
Colloid and Interface Science, 468 (2016) 211-219. DOL:
10.1016/j.jcis.2016.01.048

[16] Liu Y., Ohko Y., Zhang R., Yang Y., Zhang Z., Degradation
of malachite green on Pd/WO; photocatalysts under
simulated solar light, Journal of Hazardous Materials, 184
(2010) 386-391. DOI: 10.1016/j.jhazmat.2010.08.047

[17] Wang F., Valentin C.D., Pacchioni G., Doping of WO, for
photocatalytic water splitting: hints from density functional
theory, The Journal of Physical Chemistry C, 116 (2012)



BERALYMTICL 28HEA - Sy b o E—hfhli

8901-8909. DOI: 10.1021/jp300867j

[18] Wang H., Zhang L., Wang K., Sun X., Wang W., Enhanced
photocatalytic CO, reduction to methane over
WO;:0.33H,0 via Mo doping, Applied Catalysis B:
Environmental, 243 (2019a) 771-779. DOI: 10.1016/j.
apcatb.2018.11.021

[19] Huang S.T., Lee W.W., Chang J.L., Huang W.S., Cho S.Y.,
Chen C.C., Hydrothermal synthesis of SrTiO; nanocubes:
characterization, photocatalytic activities, and degradation
pathway, Journal of the Taiwan Institute of Chemical
Engineers, 45 (2014a) 1927-1936. DOI: 10.1016/;.
jtice.2014.02.003

[20] Iwashina K., Kudo A., Rh-Doped SrTiO; photocatalyst
electrode showing cathodic photocurrent for water splitting
under visible-light irradiation, Journal of the American
Chemical Society, 133 (2011) 13272-13275. DOL:
10.1021/ja2050315

[21] Shan J., Raziq F., Humayun M., Zhou W., Qu Y., Wang G.,
Li Y., Improved charge separation and surface activation
via boron-doped layered polyhedron SrTiO; for co-catalyst
free photocatalytic CO, conversion, Applied Catalysis B:
Environmental, 219 (2017) 10-17. DOI: 10.1016/j.
apcatb.2017.07.024

[22] Hagiwara H., Kakigi R., Takechi S., Watanabe M.,
Hinokuma S., Ida S., Ishihara T., Effects of preparation
condition on the photocatalytic activity of porphyrin-
modified GaN:ZnO for water splitting, Surface and
Coatings Technology, 324 (2017) 601-606. DOI: 10.1016/
j.surfcoat.2016.10.054

[23]Maeda K., Takata T., Hara M., Saito N., Inoue Y.,
Kobayashi H., Domen K., GaN:ZnO Solid solution as a
photocatalyst for visible-light-driven overall water
splitting, Journal of the American Chemical Society, 127
(2005) 8286-8287. DOI: 10.1021/ja0518777

[24]Ohno T., Bai L., Hisatomi T., Maeda K., Domen K.,
Photocatalytic water splitting using modified GaN:ZnO
solid solution under visible light: long-time operation and
regeneration of activity, Journal of the American Chemical
Society, 134 (2012) 8254-8259. DOL: 10.1021/ja302479f

[25] Gao S., Gu B., Jiao X., Sun Y., Zu X., Yang F., Zhu W,
Wang C., Feng Z., Ye B., Xie Y., Highly efficient and
exceptionally durable CO, photoreduction to methanol
over freestanding defective single-unit-cell bismuth
vanadate layers, Journal of the American Chemical
Society, 139 (2017) 3438-3445. DOI: 10.1021/
jacs.6b11263

[26] Sun S., Wang W., Li D., Zhang L., Jiang D., Solar light
driven pure water splitting on quantum sized BiVO,
without any cocatalyst, ACS Catalysis, 4 (2014) 3498-

3503. DOI: 10.1021/cs501076a

[27] Zhou B., Zhao X., Liu H., Qu J., Huang C.P., Visible-light
sensitive cobalt-doped BiVO, (Co-BiVO,) photocatalytic
composites for the degradation of methylene blue dye in
dilute aqueous solutions, Applied Catalysis B:
Environmental, 99 (2010) 214-221. DOI: 10.1016/j.
apcatb.2010.06.022

[28] Huang Y., Li H., Balogun M.S., Liu W., Tong Y., Lu X., Ji
H., Oxygen vacancy induced bismuth oxyiodide with
remarkably increased visible-light absorption and superior
photocatalytic performance, ACS Applied Materials &
Interfaces, 6 (2014b) 22920-22927. DOI: 10.1021/
am507641k

[29]Lei F, Sun Y., Liu K., Gao S., Liang L., Pan B., Xie Y.,
Oxygen vacancies confined in ultrathin indium oxide
porous sheets for promoted visible-light water splitting,
Journal of the American Chemical Society, 136 (2014)
6826-6829. DOT: 10.1021/ja501866r

[30]Yu H., LiJ., Zhang Y., Yang S., Han K., Dong F., Ma T,
Huang H., Three-in-one oxygen vacancies: whole visible-
spectrum absorption, efficient charge separation, and
surface site activation for robust CO, photoreduction,
Angewandte Chemie International Edition, 58 (2019)
3880-3884. DOI: 10.1002/anie.201813967

[31]DiJ., Song P., Zhu C., Chen C., Xiong J., Duan M., Long
R., Zhou W., Xu M., Kang L., Lin Bo, Liu D., Chen S., Liu
C, LiH, Zhao Y., Li S., Yan Q., Song L., Liu Z., Strain-
engineering of Bi;,O,Br, nanotubes for boosting
photocatalytic CO, reduction, ACS Materials Letter, 2
(2020) 1025-1032. DOI: 10.1021/acsmaterialslett.
0c00306

[32] Feng H., Xu Z., Wang L., Yu Y., Mitchell D., Cui D., Xu X.,
Shi J., Sannomiya T., Du Y., Hao W., Dou S.X.,
Modulation of photocatalytic properties by strain in 2D
BiOBr nanosheets, ACS Applied Materials & Interfaces, 7
(2015) 27592-27596. DOI: 10.1021/acsami.5b08904

[33]Sa B., Li Y.L., Qi J., Ahuja R., Sun Z., Strain engineering
for phosphorene: the potential application as a
photocatalyst, The Journal of Physical Chemistry C, 118
(2014) 26560-26568. DOI: 10.1021/jp508618t. Sa B., Li
Y.-L., Qi J., Ahuja R., Sun Z., Strain engineering for
phosphorene: the potential application as a photocatalyst,
The Journal of Physical Chemistry C, 118 (2014) 26560-
26568. DOI: 10.1021/jp508618t

[34] Li Y., Wang W.N., Zhan Z., Woo M.H., Wu C.Y., Biswas P.,
Photocatalytic reduction of CO, with H,O on mesoporous
silica supported Cu/TiO, catalysts, Applied Catalysis B:
Environmental, 100 (2010) 386-392. DOI: 10.1016/j.
apcatb.2010.08.015



# 1EF - Saeid Akrami - Parisa Edalati - Kaveh Edalati

[35] Pauporté T., Rathousky J., Electrodeposited mesoporous
ZnO thin films as efficient photocatalysts for the
degradation of dye pollutants, Journal of Physical
Chemistry C, 111 (2007) 7639-7644. DOI: 10.1021/
jp071465f

[36] Puangpetch T., Sreethawong T., Yoshikawa S., Chavadej
S., Hydrogen production from photocatalytic water
splitting over mesoporous-assembled SrTiO; nanocrystal-
based photocatalysts, Journal of Molecular Catalysis A:
Chemical, 312 (2009) 97-106. DOI: 10.1016/j.molcata.
2009.07.012

[37]1Cao S., Shen B., Tong T., Fu J., Yu J., 2D/2D heterojunction
of ultrathin MXene/Bi,WO, nanosheets for improved
photocatalytic CO, reduction, Advanced Functional
Materials, 28 (2018) 1800136. DOL: 10.1002/adfm.201800136

[38] Moniz S.J.A., Shevlin S.A., Martin D.J., Guo Z.X., Tang J.,
Visible-light driven heterojunction photocatalysts for water
splitting - a critical review, Energy & Environmental
Science, 8 (2015) 731-759. DOI: 10.1039/C4EE03271C

[39] Uddin M.T., Nicolas Y., Olivier C., Toupance T., Servant
L., Miiller M.M., Kleebe H.J., Ziegler J., Jaegermann W.,
Nanostructured SnO,-ZnO heterojunction photocatalysts
showing enhanced photocatalytic activity for the degradation
of organic dyes, Inorganic Chemistry, 51 (2012) 7764-
7773. DOI: 10.1021/ic300794j

[40] Etman A.S., Abdelhamid H.N., Yuan Y., Wang L., Zou X.,
Sun J., Facile water-based strategy for synthesizing MoO;_,
nanosheets: efficient visible light photocatalysts for dye
degradation, ACS Omega, 3 (2018) 2193-2201. DOI:
10.1021/acsomega.8b00012

[41]TuW., Zhou Y., Liu Q., Tian Z., Gao J., Chen X., Zhang H.,
Liu J., Zou Z., Robust hollow spheres consisting of
alternating titania nanosheets and graphene nanosheets
with high photocatalytic activity for CO, conversion into
renewable fuels, Advanced Functional Materials, 22
(2012) 1215-1221. DOI: 10.1002/adfm.201102566

[421Yu J., Q L., Jaroniec M., Hydrogen production by
photocatalytic water splitting over Pt/TiO, nanosheets with
exposed (001) facets, The Journal of Physical Chemistry
C, 114 (2010) 13118-13125. DOL: 10.1021/jp104488b

[43] Kuvarega A.T., Krause R.-W.M., Mamba B.B., Nitrogen/
palladium-codoped TiO, for efficient visible light
photocatalytic dye degradation, The Journal of Physical
Chemistry C, 115 (2011) 22110-22120. DOI: 10.1021/
jp203754j

[44] Lee G.J., Anandan S., Masten S.J., Wu J.J., Photocatalytic
hydrogen evolution from water splitting using Cu doped
ZnS microspheres under visible light irradiation,
Renewable Energy, 89 (2016) 18-26. DOI: 10.1016/j.

renene.2015.11.083

[45] Liu B., Ye L., Wang R., Yang J., Zhang Y., Guan R., Tian L.,
Chen X., Phosphorus-doped graphitic carbon nitride
nanotubes with amino-rich surface for efficient CO,
capture, enhanced photocatalytic activity, and product
selectivity, ACS Applied Materials & Interfaces, 10
(2018) 4001-4009. DOI: 10.1021/acsami.7b17503

[46] Razavi-Khosroshahi H., Edalati K., Hirayama M., Emami
H., Arita M., Yamauchi M., Hagiwara H., Ida S., Ishihara
T., Akiba E., Horita Z., Fuji M., Visible- light-driven
photocatalytic hydrogen generation on nanosized TiO,II
stabilized by high-pressure torsion, ACS Catalysis, 6
(2016b) 5103-5107. DOIL: 10.1021/acscatal.6b01482

[47] Razavi-Khosroshahi H., Edalati K., Wu J., Nakashima Y.,
Arita M., Ikoma Y., Sadakiyo M., Inagaki Y., Staykov A.,
Yamauchi M., Horita Z., Fuji M., High-pressure zinc oxide
phase as visible-light-active photocatalyst with narrow
band gap, Journal of Materials Chemistry A, 5 (2017b)
20298-20303. DOI: 10.1039/C7TA05262F

[48] Edalati K., Review on recent advancements in severe
plastic deformation of oxides by high-pressure torsion
(HPT), Advanced Engineering Materials, 21 (2019b)
1800272. DOI: 10.1002/adem.201800272

[49] Fujita 1., Edalati K., Wang Q., Arita M., Watanabe M.,
Munetoh S., Ishihara T., Horita Z., High-pressure torsion
to induce oxygen vacancies in nanocrystals of magnesium
oxide: Enhanced light absorbance, photocatalysis and
significance in geology, Materialia, 11 (2020a) 100670.
DOI: 10.1016/j.mtla.2020.100670

[50] Wang Q., Edalati K., Koganemaru Y., Nakamura S.,
Watanabe M., Ishihara T., Horita Z., Photocatalytic
hydrogen generation on low-bandgap black zirconia
(Zr0O,) produced by high-pressure torsion, Journal of
Materials Chemistry A, 8 (2020b) 3643-3650. DOI:
10.1039/C9TA11839]

[51] Wang Q., Edalati K., Fuyjita I., Watanabe M., Ishihara T.,
Horita Z., High-pressure torsion of SiO, quartz sand: Phase
transformation, optical properties, and significance in
geology, Journal of the American Ceramic Society, 103
(2020a) 6594-6602. DOL: 10.1111/jace.17362

[52] Edalati K., Fujiwara K., Takechi S., Wang Q., Arita M.,
Watanabe M., Sauvage X., Ishihara T., Horita Z., Improved
photocatalytic hydrogen evolution on tantalate perovskites
CsTaO; and LiTaO; by strain-induced vacancies, ACS
Applied Energy Materials, 3 (2020a) 1710-1718. DOI:
10.1021/acsaem.9b02197

[53] Akrami S., Murakami Y., Watanabe M., Ishihara T., Arita
M., Guo Q., Fuji M., Edalati K., Enhanced CO, conversion
on highly-strained and oxygen-deficient BiVO,



BERALYMTICL 28HEA - Sy b o E—hfhli

photocatalyst, Chemical Engineering Journal, 442 (2022¢)
136209. DOI: 10.1016/j.c€j.2022.136209

[54] Edalati K., Uehiro R., Takechi S., Wang Q., Arita M.,
Watanabe M., Ishihara T., Horita Z., Enhanced photocatalytic
hydrogen production on GaN-ZnO oxynitride by
introduction of strain-induced nitrogen vacancy complexes,
Acta Materialia, 185 (2020b) 149-156. DOI: 10.1016/].
actamat.2019.12.007

[55] Edalati P., Wang Q., Razavi-Khosroshahi H., Fuji M.,
Ishihara T., Edalati K., Photocatalytic hydrogen evolution
on a high entropy oxide, Journal of Materials Chemistry A,
8 (2020c) 3814-3821. DOIL: 10.1039/C9TA12846H

[56] Akrami S., Edalati P., Shundo Y., Watanabe M., Ishihara T.,
Fuji M., Edalati K., Significant CO, photoreduction on a
high-entropy oxynitride, Chemical Engineering Journal.
449 (2022a) 137800. DOI: doi.org/10.1016/j.cej.2022.
137800

[57] Hidalgo-Jimenez J., Wang Q., Edalati K., Cubero-Sesin
J.M., Razavi-Khosroshahi H., Ikoma Y., Gutiérrez-Fallas
D., Dittel-Meza F.A., Rodriguez-Rufino J.C., Fuji M.,
Horita Z., Phase transformations, vacancy formation and
variations of optical and photocatalytic properties in TiO,-
ZnO composites by high-pressure torsion, International
Journal of Plasticity, 124 (2020) 170-185. DOI: 10.1016/
j-1jplas.2019.08.010

[58] Edalati P., Itagoe Y., Ishihara H., Ishihara T., Emami H.,
Arita M., Fuji M., Edalati K., Visible-light photocatalytic
oxygen production on a high-entropy oxide by multiple-
heterojunction introduction, Journal of Photochemistry and
Photobiology A: Chemistry, 433 (2022b) 114167. DOL:
10.1016/j.jphotochem.2022.114167

[59] Estrin Y., Vinogradov A., Extreme grain refinement by
severe plastic deformation: A wealth of challenging
science, Acta Materialia, 61 (2013) 782-817. DOI:
10.1016/j.actamat.2012.10.038

[60] Valiev R., Nanostructuring of metals by severe plastic
deformation for advanced properties, Nature Materials, 3
(2004) 511-516. DOL: 10.1038/nmat1180

[61] Bridgman PW., Effects of high shearing stress combined
with high hydrostatic pressure. Physical Review, 48
(1935) 825-847. DOLI: 10.1103/PhysRev.48.825

[62] Edalati K., Horita Z., Scaling-up of high-pressure torsion
using ring shape, Materials Transactions, 50 (2009) 92-95.
DOI: 10.2320/matertrans. MD200822

[63] Edalati K., Horita Z., A review on high-pressure torsion
(HPT) from 1935 to 1988, Materials Science and
Engineering: A, 652 (2016) 325-352. DOI: 10.1016/].
msea.2015.11.074

[64] Edalati K., Horita Z., High-pressure torsion of pure

metals: Influence of atomic bond parameters and stacking
fault energy on grain size and correlation with hardness,
Acta Materialia, 59 (2011) 6831-6836. DOI: 10.1016/
j.actamat.2011.07.046

[65] Starink M.J., Cheng X., Yang S., Hardening of pure metals
by high-pressure torsion: A physically based model
employing volume-averaged defect evolutions, Acta
Materialia, 61 (2013) 183-192. DOI: 10.1016/j.actamat.
2012.09.048

[66] Edalati K., Emami H., Staykov A., Smith D.J., Akiba E.,
Horita Z., Formation of metastable phases in magnesium-
titanium system by high-pressure torsion and their
hydrogen storage performance, Acta Materialia, 99
(2015b) 150-156. DOL: 10.1016/j.actamat.2015.07.060

[67] Edalati K., Fujita 1., Sauvage X., Arita M., Horita Z.,
Microstructure and phase transformations of silica glass
and vanadium oxide by severe plastic deformation via
high-pressure torsion straining, Journal of Alloys and
Compounds, 779 (2019a) 394-398. DOI: 10.1016/j.jallcom.
2018.11.086

[68] Edalati K., Horita Z., Mine Y., High-pressure torsion of
hafnium, Materials Science and Engineering: A, 527
(2010a) 2136-2141. DOI: 10.1016/j.msea.2009.11.060

[69] Edalati K., Horita Z., Application of high-pressure torsion
for consolidation of ceramic Powders, Scripta Materialia,
63 (2010) 174-177. DOL: 10.1016/j.scriptamat.2010.03.048

[70] Ikoma Y., Hayano K., Edalati K., Saito K., Guo Q., Horita
Z., Phase transformation and nanograin refinement of
silicon by processing through high-pressure torsion,
Applied Physics Letters, 101 (2012) 121908. DOI:
10.1063/1.4754574

[71] Edalati K., Bachmaier A., Beloshenko V.A., Beygelzimer
Y., Blank V.D., Botta W.J., Bryla K., Cizek J., Divinski S.,
Enikeev N.A., Estrin Y., Faraji G., Figueiredo R.B., Fuji
M., Furuta T., et al., Nanomaterials by severe plastic
deformation: review of historical developments and recent
advances, Materials Research Letters, 10 (2022a) 163-
256. DOI: 10.1080/21663831.2022.2029779

[72] Akrami S., Murakami Y., Watanabe M., Ishihara T., Arita
M., Fuji M., Edalati K., Defective high-entropy oxide
photocatalyst with high activity for CO, conversion,
Applied Catalysis B: Environmental, 303 (2022b) 120896.
DOI: 10.1016/j.apcatb.2021.120896

[73] Akrami S., Watanabe M., Ling T.H., Ishihara T., Arita M.,
Fuji M., Edalati K., High pressure TiO,-II polymorph as an
active photocatalyst for CO, to CO conversion, Applied
Catalysis B: Environmental, 298 (2021b) 120566. DOI:
10.1016/j.apcatb.2021.120566

[74] Edalati P., Shen X.F., Watanabe M., Ishihara T., Arita M.,



# 1EF - Saeid Akrami - Parisa Edalati - Kaveh Edalati

Fuji M., Edalati K., High-entropy oxynitride as a low-
bandgap and stable photocatalyst for hydrogen production,
Journal of Materials Chemistry A, 9 (2021) 15076-15086.
DOI: 10.1039/D1TA03861C

[75] Edalati K., Metallurgical alchemy by ultra-severe plastic
deformation via high-pressure torsion process, Materials
Transactions, 60 (2019a) 1221-1229. DOI: 10.2320/
matertrans.MF201914

[76] Edalati K., Wang Q., Eguchi H., Razavi-Khosroshahi H.,
Emami H., Yamauchi M., Fuji M., Horita Z., Impact of
TiO,-1I phase stabilized in anatase matrix by high-pressure
torsion on electrocatalytic hydrogen production, Materials
Research Letters, 7 (2019¢) 334-339. DOI: 10.1080/
21663831.2019.1609111

[77]Delogu F., Are processing conditions similar in ball
milling and high-pressure torsion? The case of the
tetragonal-to-monoclinic phase transition in ZrO, powders,
Scripta Materialia, 67 (2012) 340-343. DOI: 10.1016/j.
scriptamat.2012.05.031

[78]1Razavi-Khosroshahi H., Edalati K., Arita M., Horita Z.,
Fuji M., Plastic strain and grain size effect on high-
pressure phase transformations in nanostructured TiO,
ceramics, Scripta Materialia. 124 (2016a) 59-62. DOI:
10.1016/j.scriptamat.2016.06.022

[79] Feng B., Levitas V.I., Li W., FEM modeling of plastic
flow and strain-induced phase transformation in BN under
high pressure and large shear in a rotational diamond anvil
cell, International Journal of Plasticity, 113 (2019) 236-
254. DOLI: 10.1016/j.ijplas.2018.10.004

[80] Feng B., Levitas V.I., Coupled elastoplasticity and plastic
strain-induced phase transformation under high pressure
and large strains: Formulation and application to BN
sample compressed in a diamond anvil cell, International
Journal of Plasticity, 96 (2017) 156-181. DOI: 10.1016/
j-ijplas.2017.05.002

[81] Fujita 1., Edalati P., Wang Q., Watanabe M., Arita M.,
Munetoh S., Ishihara T., Edalati K., Novel black bismuth
oxide (Bi,0;) with enhanced photocurrent generation,
produced by high-pressure torsion straining, Scripta
Materialia, 187 (2020b) 366-370. DOI: 10.1016/
j.scriptamat.2020.06.052

[82] Wang Q., Watanabe M., Edalati K., Visible-light
photocurrent in nanostructured high-pressure TiO,-II
(Columbite) Phase, The Journal of Physical Chemistry C,
124 (2020c) 13930-13935. DOI: 10.1021/acs.jpcc.0¢03923

[83] Edalati K., Arimura M., Ikoma Y., Daio T., Miyata T.,
Smith D.J., Horita Z., Plastic deformation of BaTiO,
ceramics by high-pressure torsion and changes in phase

transformations, optical and dielectric properties, Materials

Research Letters, 3 (2015a) 216-221. DOI: 10.1080/
21663831.2015.1065454

[84] Makhnev A.A., Nomerovannaya L.V., Gizhevskii B.A.,
Naumov S.V., Kostromitin N.V., Effect of redistribution of
the optical spectral weight in CuO nanostructured
ceramics, Solid State Phenomenon, 168-169 (2011) 285-
288. DOI: 10.4028/www.scientific.net/SSP.168-169.285

[85]1Qi Y., Kauffmann Y., Kosinova A., Kilmametov A.R.,
Straumal B.B., Rabkin E., Gradient bandgap narrowing in
severely deformed ZnO nanoparticles, Materials Research
Letters, 9 (2021) 58-64.DOI 10.1080/21663831.2020.
1821111

[86] Razavi-Khosroshahi H., Edalati K., Emami H., Akiba E.,
Horita Z., Fuji M., Optical properties of nanocrystalline
monoclinic Y,0; stabilized by grain size and plastic strain
effects via high-pressure torsion, Inorganic Chemistry, 56
(2017a) 2576-2580. DOI: 10.1021/acs.inorgchem.6b02725

[87] Gizhevskii B.A., Sukhorukov Y.P., Nomerovannaya L.V.,
Makhnev A.A., Ponosov Y.S., Telegin A.V., Mostovshchikov
E.V., Features of optical properties and the electronic
structure of nanostructured oxides of 3d-Metals, Solid
State Phenomenon, 168-169 (2011) 317-320. DOI: 10.4028/
www.scientific.net/SSP.168-169.317

[88] Mostovshchikova E.V., Gizhevskii B.A., Loshkareva N.N.,
Galakhov V.R., Naumov S.V., Ponosov Y.S., Ovechkina
N.A., Kostromitina N.V., Buling A., Neumann M., Infrared
and X-ray absorption spectra of Cu,O and CuO
nanoceramics, Solid State Phenomenon, 190 (2012) 683-
686. DOI: 10.4028/www.scientific.net/SSP.190.683

[89] Telegin A.V., Gizhevskii B.A., Nomerovannaya L.V.,
Makhnev A.A., The optical and magneto-optical properties
of nanostructured oxides of 3d-metals, Journal of
Superconductivity and Novel Magnetism, 25 (2012) 2683-
2686. DOI: 10.1007/s10948-011-1242-1

[90] Permyakova I., Glezer A., Amorphous-nanocrystalline
composites prepared by high-pressure torsion, Metals, 10
(2020) 511. DOI: 10.3390/met10040511

[91] Qian C., He Z., Liang C., Ji W., New in situ synthesis
method for Fe;O,/flake graphite nanosheet composite
structure and its application in anode materials of lithium-
ion batteries, Journal of Nanomaterials, 2018 (2018)
2417949. DOI: 10.1155/2018/2417949

[92]Qi Y., Kosinova A., Kilmametov A.R., Straumal B.B.,
Rabkin E., Plastic flow and microstructural instabilities
during high-pressure torsion of Cu/ZnO composites,
Materials Characterization, 145 (2018) 389-401. DOI:
10.1016/j.matchar.2018.09.001

[93] Kuznetsova E.I., Degtyarev M.V., Zyuzeva, 1.B. Bobylev
N.A., Pilyugin V.P., Microstructure of YBa,Cu;0,



BERALYMTICL 28HEA - Sy b o E—hfhli

subjected to severe plastic deformation by high pressure
torsion, Physics of Metals and Metallography, 118 (2017)
815-823. DOI: 10.1134/S0031918X17080099

[94] Shabashov V.A., Makarov A.V., Kozlov K.A., Sagaradze
V.V., Zamatovskii A.E., Volkova E.G., Luchko S.N.,
Deformation-induced dissolution and precipitation of
nitrides in austenite and ferrite of a high-nitrogen stainless
steel, Physics of Metals and Metallography, 119 (2018)
193-204. DOI: 10.1134/S0031918X 18020096

[95]Li X., Xie J., Jiang C., Yu J., Zhang P., Review on design
and evaluation of environmental Photocatalysts, Frontiers
of Environmental Science & Engineering, 12 (2018) 14.
DOI: 10.1007/s11783-018-1076-1

[96] Lu H., Tournet J., Dastatkan K., Liu Y., Ng Y.H., Karuturi
S.K., Zhao C., Yin Z., Noble-metal-free multicomponent
nanointegration for sustainable energy conversion,
Chemical Reviews, 121 (2021) 10271-10366. DOIL: 10.1021/
acs.chemrev.0c01328

[97] Habisreutinger A.S.N., Schmidt-Mende L., Stolarczyk
J.K., Photocatalytic reduction of CO, on TiO, and other
semiconductors, Angewandte Chemie International Edition,
52 (2013) 7372-7408. DOLI: 10.1002/anie.201207199

[98]Maeda K., Domen K., New non-oxide photocatalysts
designed for overall water splitting under visible light, The
Journal of Physical Chemistry C, 111 (2007) 7851-7861.
DOI: 10.1021/jp070911w

[99] Wang K., Lu J., Lu Y., Lau C.H., Zheng Y., Fan X.,
Unravelling the C-C coupling in CO, photocatalytic
reduction with H,O on Au/TiO,.: combination of
plasmonic excitation and oxygen vacancy, Applied
Catalysis B: Environmental, 292 (2021) 120147. DOI:
10.1016/j.apcatb.2021.120147

[100] Ful., Jiang K., Qiu X., Yu J., Liu M., Product selectivity
of photocatalytic CO, reduction reactions, Materials Today,
32 (2020) 222-243. DOL: 10.1016/j.mattod.2019.06.009

[101] Edalati K., Fujita I., Takechi S., Nakashima Y., Kumano
K., Razavi-Khosroshahi H., Arita M., Watanabe M.,
Sauvage X., Akbay T., Ishihara T., Fuji M., Horita Z.,
Photocatalytic activity of aluminum oxide by oxygen
vacancy generation using high-pressure torsion straining,
Scripta Materialia, 173 (2019b) 120-124. DOI: 10.1016/
j.scriptamat.2019.08.011

[102] Oses C., Toher C., Curtarolo S., High-entropy ceramics,
Nature Reviews Materials, 5 (2020) 295-309. DOI:
10.1038/s41578-019-0170-8

[103] Zhang R.Z., Reece M.J., Review of high entropy
ceramics: design, synthesis, structure and properties,
Journal of Materials Chemistry A, 7 (2019) 22148-22162.
DOI: 10.1039/C9TA05698]

[104] Xiang H., Xing Y., Dai F., Wang H., Su L., Miao L.,
Zhang G., Wang Y., Qi X., Yao L., Wang H., Zhao B., Li J.,
Zhou Y., High-entropy ceramics: Present status, challenges,
and a look forward, Journal of Advanced Ceramics, 10
(2021) 385-441. DOLI: 10.1007/s40145-021-0477-y

[105] Lun Z., Ouyang B., Kwon D.H., Ha Y., Foley E.E.,
Huang T.Y., Cai Z., Kim H., Balasubramanian M., Sun Y.,
Huang J., Tian Y., Kim H., McCloskey B.D., Yang W.,
Clément R.J., Ji H., Ceder G., Cation-disordered rocksalt-
type high-entropy cathodes for Li-ion batteries, Nature
Materials, 20 (2021) 214-221. DOI: 10.1038/s41563-020-
00816-0

[106] Nguyen T.X., Patra J., Chang J.K., Ting J.M., High
entropy spinel oxide nanoparticles for superior lithiation—
delithiation performance, Journal of Materials Chemistry
A, 8 (2020) 18963-18973. DOL: 10.1039/D0TA04844E

[107] Wang Q., Sarkar A., Wang D., Velasco L., Azmi R.,
Bhattacharya S.S., Bergfeldt T., Diivel A., Heitjans P.,
Brezesinski T., Hahn H., Breitung B., Multi-anionic and
-cationic compounds: new high entropy materials for
advanced Li-ion batteries, Energy & Environmental
Science, 12 (2019b) 2433-2442. DOL: 10.1039/C9EE00368A

[108] Albedwawi S.H., AlJaberi A., Haidemenopoulos G.N.,
Polychronopoulou K., High entropy oxides-exploring a
paradigm of promising catalysts: A review, Materials &
Design, 202 (2021) 109534. DOI: 10.1016/j.matdes.2021.
109534

[109] Qiao H., Wang X., Dong Q., Zheng H., Chen G., Hong
M., Yang C.P., Wu M., He K., Hu L., A high-entropy
phosphate catalyst for oxygen evolution reaction, Nano
Energy, 86 (2021) 106029. DOI: 10.1016/j.nanoen.
2021.106029

[110] Xu H., Zhang Z., Liu J., Do-Thanh C.L., Chen H., Xu S.,
Lin Q., Jiao Y., Wang J., Wang Y., Chen Y., Dai S.,
Entropy-stabilized single-atom Pd catalysts via high-
entropy fluorite oxide supports, Nature Communications,
11 (2020) 3908. DOL: 10.1038/s41467-020-17738-9

[111] Jin T., Sang X., Unocic R.R., Kinch R.T., Liu X., Hu J.,
Liu H., Dai S., Mechanochemical assisted synthesis of
high-entropy metal nitride via a soft urea strategy,
Advanced Materials, 30 (2018) 1707512. DOL: 10.1002/
adma.201707512

[112] Liang B., Ai Y., Wang Y., Liu C., Ouyang S., Liu M.,
Spinel-type (FeCoCrMnZn),0, high-entropy oxide: facile
preparation and supercapacitor performance, Materials, 13
(2020) 5798. DOIL: 10.3390/ma13245798

[113] Talluri B., Aparna M.L., Sreenivasulu N., Bhattacharya
S.S., Thomas T., High entropy spinel metal oxide

(CoCrFeMnNi);0, nanoparticles as a high-performance



# 1EF - Saeid Akrami - Parisa Edalati - Kaveh Edalati

supercapacitor electrode material, Journal of Energy
Storage, 42 (2021) 103004. DOIL: 10.1016/j.est.2021.
103004

[114] Bérardan D., Franger S., Dragoe D., Meena A.K.,
Dragoe N., Colossal dielectric constant in high entropy
oxides, Physica Status Solidi (RRL) — Rapid Research
Letters, 10 (2016) 328-333. DOI: 10.1002/pssr.201600043

[115] Zhou S., PuY., Zhang Q., Shi R., Guo X., Wang W., Ji J.,
Wei T., Ouyang T., Microstructure and dielectric properties
of high entropy Ba (Zr,,Tiy,Sn,,Hf,,Me,,) O; perovskite
oxides, Ceramics International, 46 (2020) 7430-7437.
DOI: 10.1016/j.ceramint.2019.11.239

[116] Zhou S., Pu Y., Zhao X., Ouyang T., Ji J., Zhang Q.,
Zhang C., Sun S., Sun R., Li J., Wang D., Dielectric
temperature stability and energy storage performance of
NBT-based ceramics by introducing high-entropy oxide,
Journal of the American Ceramic Society, 105 (2022)
4796-4804. DOI: 10.1111/jace.18455

[117] Li F., Zhou L., Liu J.X., Liang Y., Zhang G.J., High-
entropy pyrochlores with low thermal conductivity for
thermal barrier coating materials, Journal of Advanced
Ceramics, 8 (2019) 576-582. DOI: 10.1007/s40145-019-
0342-4

[118] Ren K., Wang Q., Shao G., Zhao X., Wang Y.,
Multicomponent high-entropy zirconates with
comprehensive properties for advanced thermal barrier
coating, Scripta Materialia, 178 (2020) 382-386. DOI:
10.1016/j.scriptamat.2019.12.006

[119] Zhang D., Yu Y., Feng X., Tian Z., Song R., Thermal
barrier coatings with high-entropy oxide as a top coat,
Ceramics International, 48 (2022) 1349-1359. DOI:
10.1016/j.ceramint.2021.09.219

[120] Akrami S., Edalati P., Edalati K., Fuji M., High-entropy
ceramics: review of principles, production and applications,
Materials Science and Engineering: R: Reports, 146
(2021a) 100644. DOI: 10.1016/j.mser.2021.100644



