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Abstract

Direct ethanol fuel cell (DEFCs) has been considered as one of the most promising energy conver-
sion devices for new energy electric vehicles and portable power sources. This is because ethanol
(C:Hs;0H) possesses many advantages as a fuel, including high energy density, wide fuel sources
and low price. Platinum (Pt)-based nanomaterials are one of the most widely used catalysts in
anodic catalytic reaction, but its low activity and reserves have hindered their commercial appli-
cation. Therefore, it is critical approach to design and prepare non-Pt based electrocatalysts for
the development of DEFCs. In recent years, palladium (Pd)-based electrocatalysts have attracted
more attention in ethanol oxidation reaction (EOR) because of its similar electronic and crystal
structure with Pt. This review mainly focuses on the research progress of liquid phase controllable
preparations of Pd-based nanomaterials, and the influence on the catalytic oxidation mechanism
of ethanol was also investigated based on the structure, morphology and composition of the mate-
rials.
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B B IR PRE R R, BRURVHFE H 25 DR PR35 Y1) 3 H ™ 5 . A fe] T 38 vt T 5 2E e IR
DA e v 285 1) R R B e 2% B RO M A B R R I B R PR R . 7E = AU BB R B e R B R, BARL L
(DEFCs) @& ¥4 ZRERIM S R B Wi e M Re R L B . TEA 2 IR i, B S RERR) st T
LI B R B R v BE VR AT AR AR SRR 3, AR KT RE IR B R ZE 1) 223 D2 —[1]-[6].
HAT, APty T H AL R ER AL 2R 1, 15 R S R R OB Ft FE AR R AL 1) 2 — o 48T, Pt 42
BRAE B DA A AL A KRR T, PRI BR 1) 1 Pt 78 B3 2Bkl e it o i Ak & B [7] 181 [9] [10] 6
IbAh, Pt Fl—% A0 BR(CO)Z [AMFAE R BCRIN 45 G ), W52 2] CO MR BT o5 4 HE A A i, T35
HAEL IR . R, HU(PA)H TS5 Pt HA KBNS AILE M, T P40 DL AR I BRAL 4 b, i
1 EAE LA AL (EOR) AT 4 %2 5V 1]

ST P YKL S, RS 2 BT B TR IE %A ZE AL EOR (& PR ANRS 2 P _E BUS Bk
J&, URAEPIA FEE RG] T EAIRSEERM ] 1) XK EOR W PEFAEZEMFSEME: 2) BT EOR
HilElfA CO W 7EHLZRTH, MM 8% Pd RIS, SEURMIRTEL, F15 Pd AR L
gt . T $m EOR &M, — 75T w] LA Pd A A0 5 A vE PEAL S B s MR TR, A e o
RN DR . —J7H, @il G Pd KigE EOR ihtE, Bl Pd 5HAMG A G, did s
Pd I HLTE5R, AR Ak S S AR o R 5 FL SR T s 25 B, T2 Pd A4k EOR FUE 1. PRt
ZAHb, MBI RN Pd GUKMRLS 5 — R Bh T 20 B CO Bl Homt A # b AR A R & o
TEX LG AAR R R, Pd 5 H AL S8 S Wi A b R E A 22 B985 SRS = A= 1 TR 2R b
S FLR TG VR S S5 A R, BTG Pd AL EOR WEMEMAENE . A SCIE T RIS . TSR 2
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ST, AR T P HEPRBPR TR & LA 2B LT LE R JE0 AR TR T AT IR .
2. WREL Pd EARAR

N SR, FRE ST AR Pd R SR AR, TS NSRRI R TS
HLVESE, A B rRR e MR S PR TR, O H AR I AR B 2 —[12]. (ERAE ST
WA R & A K EERFERIAERIEE, 7F EOR AT 25 Sl ik, M3 3 e b1 1 5 & Jm 9 Kok
TRSGEETH, HimEE R PERE . T X — R, AN AH& T BA Rk 41
AT SRR, AT RRGIK T (CNTSs),  9KRREF4E(CNFs) FIBRAKB(CNCs) [ 13] [14] [15]. e
WARI A BT, 550 Pd 9KARES C Z IRIAHEAEF 71, A BE AR i fE f b s e R e e k161

flln, Zhang 50708 I EACBEE AR, Bl H T 250 A SBERAPKIE(CN) . DA O AT 82BNk
FEANENEAR, ¥ Pd GUKBURL LI b, R T B 2 O HESR G5 M b SE 3804 1) Pd 36 AR RECL KL 1) [17]6
HAL MRS IR 25 IR R, AL SRR LR R, Pd NPs 19395143 80 DL A AL 57 1)
SRR, HAR ORI I K Pd AR (PA/CN) S PA/RGO LA K Pd/C fEALFAREL, PA/CN i1k
FIZERINME VAW PR EOR B FLVB5 AT 34 2411.5 mA-mg ', I B 1 A& . Btk 4, A T i
— IR A TR AR E M, B BRI B AN BIP)E T E 18] [19], LA A AbER.
TEAGEESE[20] 21 A BB E A, SRR IR E L RAS . SRR AR s B T AR T
Skl gty ar MRk o S5 A RE, TR m AL T [22].
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Figure 1. (a) Schematic illustration of synthesis for Pd/CN; (b) SEM image of Pd/CN; (c) CV curves of

Pd/CN, Pd/RGO and Pd/C in 1 M KOH + 1 M C,HsOH [17]

[ 1. Pd/CN Hi(a)& B~ EEF(b)IHEEBEE; (c) PA/CN, PA/RGO F1 Pd/C £ | M KOH + 1 M C,H;0H
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TEB R H AN TR BCE LA VB IR T, Yao 25 N\ RAWEE Tkl 17— o 8 i S A
175(GO) L7 WKL A1 H2-8 (ZIF-8)fsk, FHH HIBLets B L A B A A S|IGHEK(ZGC) (WK 2) [23].
ZGC AI{EH Pd GOKBRL AL, T CBEE AR BI(EOR). 5 HABAM B LG, 1XAHIE ZGC FiLK
B 1) g SR EH m AP AORILE, BB R AR A5t T2
M PENL AL, AL S BB T BE 2 123 1A] s 2) MR = 44500 T DUEE S AL IR SREEFI 2R s 3) A
AR GRS A R TR G IR L T 5 THAE IS /2 . LG ZGC BB A 7 7 S AL4s
¥4, H Pd/ZGC FAEALFIIC B A AL 15 (2490 mA-mg ") T PA/ZIF (1494 mA-mg ') Pd/rGO (1232 mA-mg ")
1 PA/C (467 mA-mg ). FETLL LW, PA/ZGC HA 5 M B ALt RE v I R R O 450, 7R B 3%
CEEWR R (DEFCs) 1 2L A T 8 14 B FH T 5

@) 0:. ) 3000
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Figure 2. (a) Schematic illustration of synthesis for Pd/ZGC; (b) CV curves of Pd/ZGC, Pd/ZIF, Pd/rGO and
Pd/Cin 1 M KOH + 1 M C,H;OH [23]

[& 2. (a) Pd/ZGC BIE R ~EE; (b) PA/ZGC, Pd/ZIF, Pd/rGO #1 Pd/C #£ 1 M KOH + 1 M C,HsOH
RO IAMR R Bh kB[ 23]

3. Pd B EHARMH

KA SR CER AL Pd 99KkM kL, TS B RCRILR 1 Pd A S90RMEL. ATiE—D
P Pd AL (AT PR ARG e P, B FC N S HAh 2@, #9140 Ru [24]. Sn [25] Ag [26]. Au [27]-
Co 281 & K Z 47y Pd EW & B =& B ML 7.

3. _tE&&

TERAVIRER Pd HEA SMEPURA RIS, BF AN SR TE PSSR EEAE b, I Pd AT B PtPd
W4 A AL . Pd TCER IR AT PAREAR Pt (7 &, 36 0) UINGE 2 BE S8k FE )F 4 co »tF
Pt [IERALAEFH o Ren 55 2% R I B IE J32:, 7RI A0 AT 5207 (RGO) il 4%t PtPd & & 9K AIRL[29].
SLIGHE TR, BT A B PLPA/RGO LTS 84 8 Pt 8L Pd LM L, X 2B A0 I N LA o s 44
e IE ARSI

BEE D FLIIABIER N, KR 2 (K88 e RPAIE I AT LS Pd A& IFTE AL Pd B X0UE @ 9RARL, 78
EOR i R B 2 s AL IS 1 . Wang 25 DABRET4E(CFO) MR, 753 E i & S — ) PdCo 92K
EIEHINTA), TR E I Z B AL 7(PdCo NTAs/CFC) (W& 3) [30]. W5t %8, 5 Pd NTAs/CFC
FIFE Pd/C fiEALFAIAHEL , PACo NTAs/CFC RINAL 7 I ML AL TE 1 A AR E 1 . SHHE #2142, PdCo NTAs/CFC
BA R, EARRRZRRREEIIES . 2 A RS F, L EOR it LR AE .
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Figure 3. (a) Schematic illustration of synthesis for PdCo NTAs/CFC; (b) SEM image of PdCo NTAs/CFC; (c) CV
curves and (d) CA curves of PdCo NTAs/CFC, Pd NTAs/CFC and Pd/C in 1 M KOH + 1 M C,HsOH [30]
3. PdCo NTAs/CFC H(a)& B~ EEF(b)33$H B $RE] ; PdCo NTAs/CFC, Pd NTAs/CFC #1 Pd/C £ 1 MKOH + 1 M

C,HsOH Hrfh (o) fEERMA 22 2k B A0 (d) 3B R SR R 22 (8] [ 30]

TEA R Pd HEXUE J@ ML IR b, BTN GORT DA & AR B S M IR ), i =48 5 4 Y 2%
(NWs) Z0KRTE. GUKER . GORBR B SE /255 (31] [32] [33]. JFHA RGBT U BL, Pd HXE )R
TSNS 45 /6% BEOR MREA B & IR . fEiX e B gh iy rh, =4kt &8 M S M i T3 m L3R i
L AR L S, 2RI EATA) 2 90 . Fu 233 R — 4RIk A T =4k Pd-Ag &)@ N 48 45
}J(3D Pd-Ag BANWs) [34]. @& 4 fiow, @it H$5 ABTHTE 70K 3D Pd-Ag BANWs HAVRIEZ LR,
— B HE S R RAE R P, Pd-Ag BANWSs [ 28 5514 /& el & B A0 KoRL 1RG4 20 o e P e T LAk
B, 3D Pd-Ag BANWSs 7EB M 7 26 L HE LE R Mk Pd/C AR 5771 B8 47 1 W A v I R R S 1k o X T RE S 1
T Y 1 IR 255 235 R TE A P T R v R DA A e A TR 4 RE LR e RS, TEIRT Ag NPT DA R0 1 45
Pd [ FF25H1), HEmickss Pd AL RE .

32. = TRETE

=IECE Zn A ST REIR F Pd S FIMEAGIEE, N HEZ LA SIRE T, RHZ IR
Xt Pd IR FIRER, ARt BRI PR R R e M. BTk, REMAEEITRA =0
BE LT A S MIELFINT EOR TEESSN . I, Zhao Z5RF 5T @it —HH 4 T B2 A 4.0 nm I =7C
HUVER B (PACuCo) & & 9K LR (L% 5) [35]. WRFLZE SRR, = ofltish & &arKkEsem T SREETIE A i
L AL R RS PE(MA) o Pds; CugCog NWss FR 5 R 1H(7.45 A-mg ™)/ 52 #k Pd A1 P/C (1) 8.5 1%
A 12.4 £ I HiE A7 B AR e 2L A B S AN S5 H R AR 25 R BH T Pd3 Cug Cog NWs £ =ifs e PR 1)
SR SALER AN 3 58 . PACuCo — G HEALTRI MR FIATLIIZE T L3R 1HI 7 RS RN 2R THI BB AL S A7 HE . Stk
[FIfF, K1 Cu Fl Co FLAFR T — AN SCHER 2, X% Cu Al Co B R & I K 7= 28 V5 M A g
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Figure 4. (a) SEM image and (b) TEM image of 3D Pd-Ag BANWSs; (c) CV curves and (d) CA curves of Pd

NWs, Pdg;Agss, PdspAgso, Pds3Age; BANWSs and Pd/C in 1 M KOH + 1 M C,HsOH [34]

[& 4. 3D Pd-Ag BANWs FU3IH SR EIFA(b)iIESTERERE]; Pd NWs, Pdg;Agss, PdseAgse, PdisAgs; BANWs

# Pd/C #£(c)] M KOH + 1 M C,Hs;OH HBFEIRA R th Lk B A0 (d) BT e TR Bh 2k B[ 34]
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Figure 5. (a) TEM image of Pd;;CusCog NWs; (b) CV curves and (¢) CA curves of PdCuCo NWs, Pd
nanoparticles and Pd black in 1 M KOH + 1 M C,HsOH; (d) In situ FTIR spectra of Pd;;Cus;Cog NWs for
EOR in 1.0 M KOH + 1.0 M C,HsOH [35]

5. (a) Pds;Cug Cog NWs BI3ESTREEE]; PdCuCo NWs 1 Pd Z4K4FF0 Pd black Z£ 1 M KOH + 1 M
C,H;OH HE(b)EIMA = Hh 2k B 70 (o)1 BT ERSARIZ Bl 5 (d) Pd3 CugCog NWs BORALLISMETEE[35]
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WAk, Ly S5 FF R 1 —Fh 8 R0 75325, A )\ o 5k FR R S 1K 4 (DODAC) AR , LA Z.8%/H,0
RG], G T B ESFLE A BRI AL =48 PdAgCu NfLEIFRMNSs) (WL 6)
[36]. Jir& M PAAgCu MNSs A AT LIS AA I i 2 RS (A 21 ) 104 nm), 1 Hi&w] PAAE 0 R LA
% (PdAgCu, PdAgPt, PdAgFe, PdPtCu 1 PdCuRu). Uk, &4k &AL A =& 8 A FL IR 1 R
RONHRAE T —FhET SR vk . SRIREE IR, “FIEAE A 36 nm [f) PAAgCu MNSs 7£ LB AL B R 3
I GG (4.64 Amg "), FRRIEMER IR SHI 1.1~1.7 1%, Z&rk Pd/C 19 5.9 £ . @itsh 120t
FE I, PAAgCu MNSs [ FLAE AL BE R R TIP3 T2 R RO A% IO FE AR AL RIS 487 o OIE ST HE K 22 4
J& MINS GHRARE A5 (4 RS 350 ] DUOA & BTG T2 N A A KA AR — a6 1 1
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Figure 6. (a) Schematic illustration of synthesis for PdAAgCu MNS; (b) TEM image of PdAgCu MNS; (c) Mass activities of
Mass activities of PAAgCu MNSs with different sizes and commercial PdB in 1 M KOH + 1 M C,HsOH [36]

[E 6. PdAgCu MNS B(a)& R EEF(b)EFHERE; (o)A ER~TH PdAgCu MNS FiE PdAB 7£ 1 M KOH + 1 M
C,H;OH @y RRE5EMEE30]

=IEE Zn A SR BARE CREEAL I R EEL T Zon A S, (BREE 2 &R EEH
AL AR RE, W KORIG NG BT, RAE KL 4. kel W, =Josli 2 06 6
BTG B A e ik — B (A 55 .
4. Pd-EREUME SHKAH

IRZHFIE & B A5 Pd BIP E1E H e A 2 = Pd B A0 RIFE C B AL P AL R
Wﬂﬁu, Shu %ﬁﬁﬁ%u CuzO fl\}[ﬁsky‘j*ﬁ*ﬁy EEE}J’(&%%% Pluronic P123 (E020P070E020)E/‘Jﬁ5% T’
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SR FH H A 2 B 45 S ) 2% R 7 A R R K 45 8 CuO/Pd AL FTI(HLN CuO/Pd) [37]. KA FIHH Ha e
P AELLH] HLN CuO/Pd AR TR 5 25 M HEAT RAE, 3B RSH— M BE R K 451 . HLN
CuO/Pd AL GBI A 5 1) £ B S A A T s R A s 1 R AR 75 % 23 ) A ik Pd/C 1 Pd
black 1) 5.9 £ 5 10.8 fi5. L It[FEIFS, HLN CuO/Pd fE{LFIX CO HAMFMHEIMIEHLE 7). 25 E
fiTid, HLN CuO/Pd AL B A 35 i s AL 2 A v, 5 IR LR 10 7 BRI TR g K 5 44 DL R
Pd 5 CuO #fAZ MM EAER, T LU R FE AT/ 5T, ik Pd RIH B F458, 2
o AL EOR g .

(a)

Pd> P

o ; ®
%Og \.....

CuZO CuO

O #®

Cu,0 mesoporous sphere HLN CuO/Pd
(d)

o

—Cu0/Pd
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Figure 7. (a) Schematic illustration of synthesis for HLN CuO/Pd; (b) SEM image of HLN CuO/Pd; (c) CV
curves of HLN CuO/Pd, Pd/C and Pd black in 1 M NaOH + 1 M C,HsOH; (d) CO stripping measurements on

HLN CuO/Pd and Pd/C catalysts recorded in 1 M NaOH solution [37]
[& 7. HLN CuO/Pd Hi(a)& B /nEEF(b)F AR E; () HLN CuO/Pd, Pd/C FA Pd black #E 1 M NaOH +
1 M C,Hs;OH HHIFEIMR R IIZEE]; (d) HLN CuO/PdO A Pd/C 7E 1 M NaOH HfY CO RIZESLIR[37)

JERT R T DA R AR S Pd BEGOKIBUR 25 & A ARSI AR E5 1), e A A AR s
feE . fEMbIEAN b, —L8Bf A H R — P S B S (L S B IS B R TR 88 ” JEAHGN
KK He [38]5 % T — RV E B A ARDUREER 5 T I 7500 AR U B2 (OER)
W, S SCIRIERA, AT 4 Jm AP FE L RIRAY PR T 2 M d S, T GE TR
SR B I B 23 5 T OER g

FEUESERE -, Chen 25 NJEAT 1000 [39]. AR TE K HGE S B T JEd CuO, 40K 27 Pd 44
KZ(Pd NW) (Pd NW @ cCuO ) “ R IA)” RS . R85, RS AL %, HREMEERS Cuo,
JEFEAR N SRR CuOy, MR 2 CuO, AL Pd 992K Z(Pd NW @ cCuOy) (WL 8). idid HLfk 2
SEEHEATIAR, T LURBLEAT Pd-cCuO, S LTI L AT Pd-aCuO, SISk R 46 Pd K ifi EATIE 2L
B B R AR . I L OB REH, Pd-cCuO, FHH ) PA™ 25575 A PdsO,. I,
Pd NW@cCuO, #NAFIRILH A PiEErE. 48 BT, IXRURRER “88” JEXIMHGUK S MTE 2R AL
75 T B B B AR 5
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Figure 8. (a) Schematic illustration of synthesis for PANW@CuO; heterostructures with different Pd-O-Cu inter-
faces; (b) TEM image of PANW@cCuO,; (c) CV curves and (d) CA curves of PANW@cCuO,, PANW@aCuO,
and PANW in 1 M NaOH + 1 M C,HsOH [39]

8. (a) EBAE Pd-O-Cu FEM PINW@CuO, RREMME R TEE; (b) PANW@cCuO, HIIESTE
$8[E; PANW@cCuO,, PANW@aCuO, #1 PANW 7 1 M NaOH + 1 M C,Hs;OH R ay(c)fEERMA L2 Fhk B F1
(d)itFTER AR BhZR E [39]

5. Pd-ERSFEHUE AARKAH

H AT, 32 B PR 772k ot 4 B A K B A v R . — P BIRER S Pd 5 ES R &S,
DA 1 PR AR 2R T 57 S A B e 7 H ) 4 2 TR PRI AH LA FH o 53— iU A i e Pd AR Ak sl S S AL
R E A MRI40]. FenlAERSEENY), HPfE EOR 2 n] AR LI i 5523 (OH,y), A RT3t
— R ABR LI BE Pd RSP AR AR B S S R (B CO &)

fEMRZ A A, RS K EACBR(NI(OH) ) FE B A 5 1 RE 98 (L BE /K R B R TE i OH,gs %
L BRI Pd VS VERL AT E IR P CO SR =4, #Eimin] A3 & Pd MIPLEE A1 . R, Pd HaE&R
ALY 1) P R VE AR A2 B2 S . B, Li %5 A e 45 4 78 45 04 B (0 7K 487 92 A e 30 AR
% BT R T EOR M H SR A AL A[41]. % A AL i E AR LB KA Ni(OH), 44
KR, B K AL P A B AR A ERATTRR ) P 9K R R . B AR B, Ni(OH), (A7 3
BT REW A RIL(OH, )5y, W {Edt Pd A7 5 BRI R AL 2:F%, 325 EOR R k. Hifh2E
SLEEEREH], Pl 1) PA/Ni(OH),@C/NF 5 & i A4 77 7 B0 1 V5 r 28 JUL HR v PR 2k A R 2 PR AR
&

b4, Huang S5 B 7t 38 0 0 W A2 201046 7 AN OK 2% Pd JKL . JE S35 19 Ni(OH), 49K F DL A4 38
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Figure 9. (a) Schematic illustration of synthesis for Pd/Ni(OH),/rGO,; (b) SEM image of Pd/Ni(OH),/rGO,; (c) CV curves
and (d) CA curves of Pd/Ni(OH),/rGO,, Pd/rGO; and Pd/Cin 1 M KOH and 1 M C,HsOH; CO stripping measurements of (e)
Pd/C and (f) Pd/Ni(OH),/rGO in 1 M KOH; ATR-IR spectra of (g) Pd/rGO and (h) Pd/Ni(OH),/rGO in 0.1 M KOH with 0.1
M ethanol [42]
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