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Synthesis of Two-dimensional PdIr, Alloy Nanosheets for Enhanced
Alkaline Hydrogen Evolution Reaction Performance

TAO Qingmei, CHENG Hao, DENG Peifeng, ZHANG Weichen, WANG Yunxing,
LIU Jialun, CAO Xuye, YANG Zhenzhen", ZHANG Genlei"
(School of Chemistry and Chemical Engineering , Hefei University of Technology , Hefei 230009, China)

Abstract In recent years, the electrochemical hydrogen evolution reaction (HER) has emerged as a promising
approach for sustainable hydrogen production. Among various catalysts, Pd-based materials are regarded as one kind
of the most promising alternatives to Pt-based counterparts. However, the excessively strong adsorption of hydrogen
intermediates on Pd surfaces limits their HER efficiency. In this study, the two-dimensional Pdlr, alloy nanosheets
was synthesized via an organic-precursor decomposition method. The formation of the alloy structure effectively
modulates the electronic configuration of Pd, thereby enhancing its alkaline HER performance. Electrochemical
measurements show that the Pdlr, alloy nanosheet catalyst achieves an overpotential of only 19 mV at a current
density of 10 mA/cm® and a Tafel slope of 51.4 mV/dec, significantly outperforming commercial Pt/C and commercial
Pd/C catalysts. In addition, the catalyst exhibits excellent long-term stability, with a voltage decay of only 63 mV
over 136 h(average decay rate of 0.46 mV/h). Notably, the decay voltage remains within 10 mV over the final 116 h,
demonstrating superior stability compared to the reference catalysts.
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UL ILH4ER, G A R AN AT P A BRI A 2o B T G S B BRBE IR AL AR S () B H 2558
PR, FFA R ISRE R Y HAR Y. AR A RE R . WS R 2 0T, gk 21
o B R R A SR IR . BT, WA ARFESNIKE . WaME 3. H, a8
Az it B B AN A COLHERL, A7 B T8 aias h A S fik e B bR, WAz 80 260 ASRaE
B, Kl A B T2 RGP LU T 5 ] F A R IR A A, AR L & S i i T s
rz

FLRT, 40 (PO JEAEAL RPN ST O (HER) A& PSR O0 B HL A 0S-SR, ZEBRIE B8
T, TR KRB e Bt i A O 454 11, PeIkfi b /) HER YEREA S TR S F i~
B, L B I BAS ™ B 1 29 1 AR SE bR A 7 v i RS R 2 R, I & s T L AIRBAR A Pk
FEL A A 0 X 41 st L i K o SR AR B R AL AR LA B U FEARZ RO R, Pd SRR A
RERS IR R 1 /K A 25 A0 A0 W PR B, ZERE HER rb J2 B0 L A 8 P gy, ELHSORHSAR T P,
P2 2032 JEE 1 W, Chen 257 il 45 19 PrPd- A 4 (HEA) AL S AE R AT S0 P R B AR
SRR AL APERE . S Pd BRI A DL AR, BFFE A5 8O T i AR TR A BRI e D 4
FIFRIERRAC R SR . AR T, 4 2D)YK A MR LA 3R RNt RBIS B & mk
AT J5 TR 1 52 B ST S0 oK R 3R ) SR AT VT P RO B S SR RN, DI AR K i i
TR JuAh, M TAEG M —ZE R = 4Rkl , bR R A A 230 | Wi 71 Ll 5
TR RS, e r AL ST B Y2 2

MBTE S B HLIERF , S8PEA B (9 HER 38 5 56 A OCH SN AP IR : 15, KAk A U 25
SR, R ST TR s S, RS SRR, B R XA RS S Ak b A
F4) W o 5 B 2 LD AR S 242 Rk, SO B 5 A 30T ) PR BE (AL, ) 5 B0 R i HER M AL M RE Y i 2
B X F Pd SRR, P EEAT I R G SR A, S B TR AT A 0 6 0 e R B A L
BRFDRIXEE , DATIT i T v s, 2 TS L 700 PR RS ek R A S8R 70, e ix — [l , 55 & 41k
AR AR IE B — Rl oA i SR s 0 il g 5SS Rl 4 JE 4y, nIEE Pd (L 45, Ak S b Al
IR BERE , FAIC HER (9 2h Jy 24 et , i AR E4RFF HER 15ERY. 40, Lin 52058 R 72 U0 S,
AR K 24 T PdRu, A S 9K IR . Z AL 7E HER "R R0 H 35. 6 mV B R sy, HF AR K
1K 40 h T FAS LA P R B S A ARG E v . LA SR A AL R 2 2 T PdRu, A 4 443 1A
AL FAH EAE T . 2% 2 sR 30 (DFT) THE R B, A 454 8 (HBE) 2 BT, MR IR T T
HER TG .

AR SR A MR R fer i 45 T e ELRASE 19 4 P, & 440K B AR, 1 3% 49 7 15 ol
(TEM) . X HTHR A7 5T (XRD) . X S48 6 H FHE3E (XPS) &5 T Bt B 50 S 45T 17 RAE . (81
i, REEE I M m T 408 Pr, (SR RTINS, LU AU T R, 12
D4 JE W SE PR A A L R R S Rl A AL R P g . RIS R A, I AR A R
(AG=-0.27 eV) BT BIARE , FLXPK AR B A BR A RAFIIEHEE R, ok, Pd 5 e B A 4205 nl
Vi T i Pd 0] e 7% 8, (8 Pd 4b Foitl 7R, DN ITRR AR 00 B o B, 32 g AR TE % . 720 HER
W, 4k Pdl, B 4 9K AR AL R B O S 00 r Ak 2R MR BE L E 10 mA/em?® B IR 2 B R 193 B AL
19 mV, Tafel %K 51. 4 mV/dec, & T R A (c-PyC) FEDI ALK (c-Pd/COAEALF] . 1LAL, 7EK
K136 h 2R P, 2R A0 3 B A7 A 2R 63 mV, P FE N 0. 46 mV/h, L 1Y
FaE .

1 SLEIGERSH

1.1 KK 5

LN AK [ Tr(acac) ,, 4ERE 97% | A ZBE P EAE [ Pd (acac),, 4l 95% 1, L ifghr T4 A F
fit BR B (KNO,, 2l 99%) . & A L4 (KOH, 4l 98%) . £ 1% (CH,CH,0OH, 4l 98%) . T b 1k
(c-PUC, Pt ME20% ) AR ALK (c-Pd/C, Pd BT/ H05%) , B2 AARE BRA A s LT
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K280, 055 wS/em) 5 AN, 99%), B _FICUAR) .

CHI660E BRI HL b~ T AR, B RAEALEAT FR S H] 5 JEM-1400Flash %135 5 HE - 2 5455 (TEM) F11
JEM-2100F 755 73R 75 5 o 7 B U5 (HRTEM) R L £ 19 RE B (B X TR RE T (EDS), HARHL 7
PR 2s4t s K-Alpha B X SFFZOGH F BRI (XPS) , 3218 Thermo Fisher 23 F] ; D/max-2200 %Y X S 2417 5
{L(XRD), HAFE/NF] ;3 Dimension Ieon 577 ik (AFM) , £ 5 4 & 50/ )

1.2 EEFHEE

121 Z#Pdlr 44240 K F o9& R B5E, FREL1S. 00 mg Ir(acac),. 4. 66 mg Pd(acac),f139. 32 mg
KNO, & T 25 mLEE#FH [Pd(acac), 5 Ir(acac), IWEE /R FE A 1:2], A 12 mL ZBEF1 2 mL 5 817K 1EH
A, MBS, AR ATIRIARA R . K2R T 55 CC N ESS A, FE KT EARTE Y 5, 155
ATIRMARY A . B AR B T, 78 Ar SRR 300 “CHBERE 90 min. JOW 25 oG HARS I B =R,
FIE AR =9 - 7K CIRRR L 2 1D IR A B0 D VR PR, TR JOK S Ok s — Ik, 15 3 B k)
K. BT FIAFTIRARH PA 5 I (R HER 122, BEZAEERIC N P, 590K A

M2 Ir(acac ), il Pd (acac), IBORHE , SREFHE LIRS, T8 T RV EE /R LU Pdlr 74
QK AR . 2 Ir(acac ), Fl Pd (acac ), FIBOEHE 4351124 15. 00 F19. 33 mg[ Pd(acac), 5 Ir(acac), [ EE /R
FEoh 1 L], RS FE il Pl 5 90K F s 2S480RkE 730 15. 00 1 3. 11 mg (BEJR LN 1:3) 1), i
FERESRIT N Pl S a4 K
122 Pd4ik K tha K FREL10 mg Pd(acac), 120 mg KNO, B T 25 mLEEARH, A 12 mL 25
2 mL BB FKVERIRGER, 85 2 50 20, TR RS RTIRIARES . PR RCE T 55 CTF 78
TN E LS &, B AR Y5, MRl A . S, Bz R E T, 7 ArUR
T 300 CHULFE 90 min. FFRMIAR HRRHZZRE, ¥ W CRE-K (R 2: DIR B
BLD TR, FEFTOK QB OUEE—IK, BIASE] PAd 40K AL
123 4k F B AR I8k A fEARRI & B k5 PA 9k 7 AR, R RN 0 454 15 mg
Ir(acac), 130 mg KNO,.

1.3 TEEREIFH&

HERMFREL 2. 0 mg Bk 2 AL 7], 55 30 wL Nafion 7 —FIIACH 0. 2 mL Z 10, 8 mL 2= F /K4
BTR AW, HA A0 FE 30 min, JE RIS AR SRK . B3, 0 pLizS8/Ki iR T4 itk 3
BB TR F A (B2 3 mm, JUATHEIFR 0. 07605 em?) K, T55 CFUET, BIfS3) TAEHLHL .

1.4 HBLZFERER

SRS = A RS, AR AL TR, EaEAT AT A A2z, D28 (0 A 046 1 4 e R AT
(JUATTEIFR 0. 07605 em?) hy TAEHM , 4fH1 He/He,CL HiME 2 H R , Bl s AR g X sl . B
frdyi kA E (s, RHE)=E (vs. Hg/Hg,Cl,)+0. 244+0. 059xpH %% #f g o] 1 S0 H B (RHE) AR . 3%,
R, SR APEFRR 2632 (CV)LE 1 mol/L KOH LR AR XM AL 70 E A 7 Ak 2406 Ak, S AETE R 0~0. 5V
(vs. RHE) , #5324 100 mV/s. R AL MR 2 2 (LSV) R4S i AL 7 9 HER g, H AN
1 mol/L KOH Y& , F4 735l 9 0~0. 5 V(vs. RHE), F43 %0 5 mV/s. M8 LSV i #1415 3
Tafel BF% . 18 1 HL Ak 22 A8 T BB IS (KIS ) B 2 4 A 390 26 T %) fL A A5 3 5 W A& A 108, D000 3 el
5107°~10° Hz, #RME A 5 mV. RH CV I A A0 550 i DU 2 B 25 (Cy) , A A X [E] 2 0. 1~0. 3 V
vs. RHE, 2K H 20, 40, 60, 80, 100 mV/s.

2 ZFHRE5TR

21 EUFINFIEERIE. SHRE

KA HLRT SRR e A i 4 PAdIr & 29K R FEG G RE Y, KNOLE R SRR A & #4 5 B AR
FH. 4nScheme 1 fi7n, ££55 CF THRELS M fE s, KNO, 1 5ET HIE B 4k R BB ; BiJS , A
Y Pd (acac), il Ir(acac ) , B SR B F KNO B e Ti . 76 300 °CF Ar S AUBerd FE b, W A i DR 44
PR T R IR B Pl 54, S TR —4EIEA0 . Jmilad OB /KR AR DTk is 2
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Scheme 1 Schematic illustration of the synthesis process of two-dimensional PdIr alloy nanosheets

B KNO MR, $RASFIRS 1) —HEA &K A

K TEM Xt Frifil £ 1) Pdlr & G AL FDE SIS 7 3RAE . W 1(A)~(C) F7R, Pdlr,, PdIr, Fl PdIr ff#
AT 2 S TR AR f — AR GNOK R TS, SRS R R B AA ) T AR SR PR T e RN oK R 454 .
i XRD 3 WAL F B AR SE M . AN 2 7, Pdle, & 4 B4 FIAE 20=40. 24° F146. 88° 4b M 3 B 52 0 4
AEAT S0, 3 6 R F (111) F1(200) f 1T . 3 P ASA77 5 06 (4 67 B A T BT Ir (PDF#46-1044, 40. 12°
F146. 66° ) FIHLT Pd(PDF#46-1043, 40. 66° F147. 30° ) B FRMERT ST 22 [d] , FESZ T Pdlr, AL FI H A 4
ShRE, MHAEWIRD 42 8 AY T Ay R & . 28000, Pdlr, F1 PdLr, #E Ak 3 76 40 3T B9 A7 5 A0 07 B o WL 85 3]
AR AT S0 . S5 SR, Pdlr,, Pdlr, 1 Pdlr, &5 &AL IE S S SR ZE M DR FE— 0, RAELEH B
k.

1
LN}
i . g PdIr,
1
-—...__...-/’!T\-._i..___ Pdlr,
[N 1
b i Pdlr;
" !
| “ | I(PDF#46-1044)
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Fig.2 XRD patterns of PdIr,, PdIr, and PdIr,

K FH TEM Fl AFM X PdlIr, &5 & UKL FIRTE S HEA T T 3 — 25 3RAE . Wi 3(A) o, fifhsR S 8
LRI ZGEGK IR . X 50 P, 40K R R 1) RSF Ge it 45 53R, 9K i~ e 1) RSy
194.5 nm [ 3(B) |, AFM MK ZBHYK R IR EE 290 4. 53 nm [ 3(COFI(D) |, FRBL T Pdlr, & 440K
A HAEE R . SR HRTEM SHEALT A O ZE A 71— 20 AL, il 4(A) iR, AL
TS B0 23 4 LT T %) s 2R X IR 4.(A) A X3 B4 7 R R e [ 4B ) T, a0 320 375 06 1) A
40, [l M 0. 223 nm. Z{EA T 85 Ir(PDF#46-1044, 0. 222 nm) FI#JF Pd (PDF #46-1043, 0. 225
nm) A (111) g A A1 EE 22 8], i —2ESE Tk b Pd 5 B R T & 4450 . koAb, fem i X 4ok
BE(EDS) TCZE A T 4553280, Pd, n fl C TCE ALK B BS54 E 4(C) ).
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Fig.3 TEM image(A), lateral size distribution histogram(B), AFM image(C), and corresponding height
profile(D) of PdIr, alloy nanosheets
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Fig.4 HRTEM image(A), enlarged HRTEM image of the region marked in (A)(B), and TEM image(left)
and TEM-EDS elemental mapping images of Pd, Ir, C and overlap(C) for the PdIr, alloy catalyst

K XPS HE— 2L 3 M7 1 Pdlr, & A GRMEAL TR | 4l Pd AL AR AL e 4 A1 50 A9 2 Tk 27 20 5 L T
K. BS(A)ERT Pl & G AURAEALHH Pd,, 19 XPS SR . 28 T OB RBUA R, Pd,, XPSTE AT 2)
fift Ry B BE-HIE 524001 3d, F1 3ds, UG, S0 B FP PA 4Rl . 4@ 25 PO (i e, 9@ 4 @ 4 ) RN 43
FALI Pa (L1 @06, V)8 T 42Jm Pd R & AP B . 2 IS 5420 510 61. 88% 138, 12%. ff:
T EG, 2l PA AL A7 PAC AN P I RH R, AR B 50 5500 81. 32% A1 18. 68%. {HARTE R
J&, Pdln, & & m A P RILE G 68 (335. 95 e V) AHE T46 Pd H 42 )R A P W25 5 8 (335. 65 V) 1] = 45
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Fig.5 High-resolution XPS spectra of Pd,, for the PdlIr, alloy catalyst and pure Pd catalyst(A) and Ir,, for
the PdlIr, alloy catalyst and pure Ir catalyst(B)
FRET WAL 1 0.30 eV. [&15(B) N Pdlr, &G AT Ir, Y XPS T . 520 IefEALTRIZE R, PdIr, 545
H e SR WAL S PR S (R 1) DL e — A TR . HAR TR, A& P &EES N GEEN
61.85 eV, Hali Infitfbiilh &8 A T (454 RE N 62. 03 eV) MIRES A RE T WA 1 0. 18 eV. Rk 8
P FI4 8 245 1 4545 BEAA i A% TR P il 4 B0 AL R LA e ARTE AT, OF B th B RS P ] 6 25
IR THR . L TR RS P AL T ol 7R, INIMSEEL 1 X5 Pd L T-25 1 AR 4%, A1)
T RAARAE A 7R RS 20 ) A P R B i 2 ) e e B LA )
22 RLFMERE
RHBRE = HIARAAZR , L 1.0 mol/L KOH MW HIARIR , 558 1 — RSV BBtk Ha fit /K AT
PERE , BIAVTAL 1A Pd/Ir FEBIHEALR BOHEALEBE . LSV MINREE R 6 (A)FI(B) ], Lffes
Pd/Ir BE/RHE A 1: 2065, JLHER PERERAE.

0 700 0
00 LB I Pdir, (C

—100 > I Pdlr, —100
o % 500 W PdIr; &
5 —200f S 400 5 200
< 2 <
E, =300+ % 300 £ 300
> o =
200t
= 400 o 400

100
~500 L 1 I L 0 —500
0.5 04 —03 02 -01 0 10 100 500 0.5 04 —03 —02 -01 0
E/N(vs. RHE) Jeeo/ (MA-cm™) E/N(vs. RHE)
700 12
(D) MM PdIr, 030r® ¢ 11 [(F)=—e—PdIr;

= T mepiC 025 Lo ~ 10[ —e—oBUC
5 S00F  EEcPIC 2 o020l L o L o[ —e—cPdC
= 400 = 015k ) ; Tr
2 00t g RUC g $f
g g 0.10} “,’.Sm\],dec ? i :
S 200F 3 005F 2z ;i >

100 0 /dec < 2t 100 0

- 514mV/de pdin il EOES
—0.05 : - 0 . 10.5 M, .
10 100 500 0.8 1.0 12 1.4 20 40 60 80 100
Jeeo/(MA-cm~2) lg[j/(mA-cm™)] Scan rate/(mV-s™")

Fig. 6 LSV curves and overpotential comparison at 10, 100, and 500 mA/cm’ of PdIr,, PdIr,, and PdIr,
(A, B), LSV curves and overpotential comparison at 10, 100, and 500 mA/cm?*(C, D), Tafel plots
(E) and double-layer capacitance(C,) values(F) of the PdIr, alloy nanosheets, c-Pd/C, and c-Pt/C
HRGEWGE P, B G 9K R REAH OB HER PERE , 28 F R FHAE A% (c-Pd/C) FIRT FIAARR (c-PY/C)
ViR AR EA T EEIEC [ 6 (COAN(D) |, LSV RS SRR, Pdlv, & 4 90K F- AL A it
HLOZ (10 mA/em? HLH 85 R A3 L) AR 19 mV, B BAKTF ¢-PY/C(39 mV) Fll c-Pd/C(146 mV). [r]
I, 7E R IR (100 #1500 mA/em®) F , Pdlr, &8 40K F AR DR s O M AR TG 1, PEREIR T
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PRI Z LA . EARZE SRR, 78 PA B LRI 5 I A e U R LA 4, A BT 58 5 Pd A7
TEBME HER H ) 200G HE . B 6 (E) /R THEALHIAY HER 8h J1 24402 8 . dlad LSV ikt 540k
P15 PdIn, & 4 90K Fr fEAL ] 1 Tafel 88 51. 4 mVidec, KT ¢-PY/C(117. 8 mV/dec) il c-Pd/C
(157.9 mV/dec) , FRBZMEALFI A B HRAG RN 3 125 . il AL 2 SUZ - A3 T B sk
SETE R AL, RS T AR B AR TR WK 6 (F) B, PdIr, &4 9K B L S ¢ 1
J910. 3 mFlem?, Z)24 ¢-Pd/C(55. 6 mF/em?) (/) 18. 52%, &P AL 2A0G M i A B & /N T o-Pd/C. {HAET
HL A p=144 mV T, Pdlr, & 4 49K Fr 4650 59 L 3 %5 B2 100 mA/em®, e-Pd/C A A6 57 (1 H 3t 25 B2
9. 85 mA/em?, 2 C,VA—AL)5 BRI B E LB, PdIr, AL S BIAAE TG PR 20 o-Pd/C (1 554% , IS I Ir
B el n] B Pd IEAEALTR 0 SRS ML S IR PERE

EISH87R T HEA T 5 f A 0 AT A A e B sl 12, SR PPAl B 5 B TR i R ke g it T
KRGS W T(A) s, MEET e-PUC Fil e-Pd/C., Pdlr, &4 901K A HEAL T FE 0 H S5 /)N 1) v i
By, KA EA RO FIRFEB s 2% E7(B) R, Pdln, &2 90K A AL HA S i
BARBTR (TOF ) , 7EISHLAE K 144 mV A E] 2. 21 57, 23518 e-PY/C (1. 68 s7) Fl c-Pd/C(0. 18 s )ik 5]
B 1 3245 A2, 345, dE—UFsE T HAL S B ARAE AL TG

30
(A) . 55 [®) =144 mV
/ 2.21
201
20F ) .68
G ./ 2 15f
N
| o
- /o/ = 1ob
Vad —e—PdIr,
. —e—c-Pt/C 05F 0.18
0' \ s i i ==
10 20 30 PdIr, c-PY/C ¢-Pd/C

Z'IQ
Fig.7 EIS spectra(A) and TOF values(B) of the PdIr, alloy nanosheets, c-Pd/C and c-Pt/C
WA, DUE AR H A Tafel #4380 SRR AR . X EE 1 il 45 19 Pdle, &G 90K R fiAl50) 5 H A 4ol
() S HEmsE HER AL RN PERE . & TIEE TR PERES . XTS5 SRR, Pdln, 5B 90K
F AL 25 G YRR AL T IL S Ao

Table 1 Comparison of Tafel slopes and overpotentials at a current density of 10 mA/cm?

Catalyst Tafel slope/(mV +dec™) 7,/mV Ref.

PdIr, alloy 514 19 This work
FeCoNiCuPtlr HEA 54.5 21 [40]
Pi,,-Mn,0, 54 24 [41]
Ru@2D-NC-700 31 46 [42]
Pt,,-NiSe-V 52 45 [43]
S-NiFe,0, 61 80 [44]
P1@DG 53 37 [45]
Ru@V-Ru0,/CHMS 55.1 47 [46]
Ni;P,-Ru 54 56.7 [47]
Rh-NiFeO, 54 57 [48]
Ru 69 87.2 [49]

RS, i A Pd BT G LA B B P, 3G A0K A, Al SEBU Pd HL 25 A3
PAPE . 154 T, AR RIS P R 52T, SO s ik, s AbsrBHBTREAR, RIS A AR
WiRE TR .
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23 fEeFIRREN

R M PPAR S M REAE AL A S 5 — . SRS B, 76 10 mA/em? (O 1E 2 LT T
XHEACFI RS M T T RGP . W 8(A) FIR , 435 136 h i LA (B Wrfe e tEmli b, Pdlr,
B AWK A AR A A BT 63 mV, PRGN 0. 46 mV/h. (HARE RS, FEELLA]
Wi 265 21~ 136 h 3 E] (5 116 h) , 2 LA EEIR IR/ 10 mV, RBZAR 0 R4 L5 K g e
P 528 BB XT LAY S, e-Pd/CAE 14,5 h NG LA 2K T 65 mV, 1 ¢-PY/C 783 20 h B8 T
106 mV, (32 1 PdIn, AL FIZERT Ay Y S & L. i 8(B) R, MEAIFE 136 hitaf H A ik
A A LSV M2k B B ARk, E—2UESE T PdIr, & &AL S AR e M . HLZe R 1 it
J& , HEAE IR SR AT B B AR AR [ 1 8 (C)FI(D) .

0
(B) == Before
; 100k =——Aft
- . ;| 100 er
= E 200t
E <
2 E 300}
=y E
5} )
8 = 4004
Il ' 1 —-500 1 1 1 1
120 140 -05 -04 -03 -02 -0.1 0
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5 200 nm e “ 4] em:j
Fig. 8 Chronopotentiometry(CP) curves of PdIr, alloy nanosheets, ¢c-Pd/C and ¢-Pt/C at 10 mA/cm’*(A),
LSV curves(B) and TEM images(C, D) of PdIr, alloy nanosheets before(C) and after(D) stability
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