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BRI [ A R o

1b AR LA PACL O TSR . AT AR 540
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RE % 76 A A0 5 I 18] N 45 5 B Al 45 R R R
(NH,),PdCl, éis Ao [E 1d 9 %5 4 18 1 3k 44 % AR 1) oW
TEE, AT LA 52 210k R 30350 2 BLRE 1) RBR0E , RiAe A
1~5 pm, 73 B4

2 /AR NH,CL FE T i 4% [ (NH,,),PdCl, 13X 4
AR IO TE S AR AR 40 A o ] 2a 9 NH,CIIK 5 g/L
I 1] £ 1) 25 A6(NH,),PACL, 7T 3R 44Ky K SEM E 3R, 7] LA
KRR BA RUF /B, B4 2 ILROK 2 2R TE
B, BRIE R . AL 2a B4 AT DA SE B0k R 3K 1
FHRE , AFAERR A, 3% 0 PR N E WS 25 1 R vpr , 2 1HI 45
(1) (NH,),PdC1, ¥ 5 % H 19 /K 28 SRR, 98 5 B i 1)
(NH,),PdCL, it 74 Ff 0 A Kt it o 1 2a, 9 NH,CLHK i
5 g/L i 1] 4% (1) 5540 (NH,),PAC, BT SRR A FRIREA% 50 A
AL, B4R AR LE 0.5~4.5 pm, 02N 1.73 um, 2 B
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Fig.1 Schematic diagram of spray drying (a); SEM morphology of untreated PdCl, powders (b); XRD pattern (c) and SEM morphology (d) of the
(NH,),PdCl, powders prepared by spray drying
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B2 AS[F NH,CR BEI5E 55 T 45 il # (NH,),PAC, BT R SEM TS KR 1343 A1
Fig.2 SEM morphologies (a—c) and particle size distributions (a,—c,) of (NH,),PdCl, precursors prepared by spray drying with different NH,Cl
concentrations: (a, a,) 5 g/L, (b, b,) 10 g/L, and (c, ¢,) 20 g/L

il & WO R bR AR S. BI2b N NH,CLIRFE 10 g/ BRI R A R ST o0 A EL e85, AR 23 A 7 1.0~6.5 pm, T
I i 4 PR 55 AL T IR AR K SEMUTES, MR B2 RS kA% 92.22 nm (B 2b ). & 2¢ 9 NH,CIIKFE 20 g/L It
WA BRI , BRI BER  , AH H B/ 8o ik AT R I 4 H11 2% 10 Z AL T IR AR K SEM T3, 82 21120 A BRI
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JREL - A SR K IR A B KR A% (R 80K &85 o A e [ BT
B 1 NH,CL IR J 82 i (NH,),PdCl, 45 &, 5 80 oK
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3.1.2  ORITR IR Z A Pd A LA LG B R

3 N NH,CLI#K ¥ 5 /L 300 C i b i J5 45 21 Pd
K3 XRD B, Gl i 5 bRk XRD R 56t b, 3500 A 55
Pd, [0 3777 4548, To 2 A1, % W (NH,),PdCL, 7E 300 C T
BB N e SR FON R Pd &8 -

Kl 4 97 7] NH,CL#K B2 1 SR 408y AR AE 300 CJBbeid
JE 452 Pd B ) SEM JE SR AR A2 0 AT B . MK da~dc i
Af LA 52 2 Pd R EEAR 4k 2K T AT IR RIS, 350
FERTE , B S5 R LT I R R oK B RO 5 44
I, BT 0BRE I (NH,),PAC, 3 iR i 45 77 AR K B I S,
AR E AR, 2 Rk A 0B Py 30 R 3 T = A K
HHFLIECY, {45 5 2% Pd TR 3 R OK 2 = 4R 900K 1 22 41
Bo AHF N PR AR HEAT T HE R AR, #0230 45
R LR ERL, SRS R A R 1R M4k, A
IF) (1 I 3 A Ky AR M 096 548 5 A5 21 ¥ P RURE (19 T 5 5%
NH,CUR FE 1 225 52 . &l 4a 9 NH,CLIK B 5 g/L 1l 9K

— Pd
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e
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K3 300 CHEkeit )5 Pd K ¥ XRD P
Fig.3 XRD pattern of Pd powders obtained by calcination and
reduction at 300 °C

PR A B3 J5 S5 PRy R SO T 5, B e i J5 1) Pd 45
R4k AT /T IRAAR K TGS, 4 BOPE LT, BRI B2 i, A
Pl Hh T DAY A 00 5% 31 = R G0 K R G, M R ) LR TH
M 36.4 m*/gs MWKl 4a, 1] LLE H P RSORL I RS 23 A 1E
0.5~2.5 um, “F %Ki 24 1.27 um. [ 4b N NH,CI i &
10 /L BF Pd B3 A T2 350, 4 e 3 J& 1) Pd UKL Ay 2 Bk
T BRI B ey, 0 B tE . T T NH,CR K, %
(R A i S BUR R IR, = 49K B 22 1 AL
B 38 %2, K48 2 A 7E 0.5~3.5 pm, PR R4 N 1.57 um
([ 4b) , EL 0 N 39.1 mYg. & 4c N NH,Cl K &
20 g/L i P A (B0 TS, B T3 AL S Ak B in N =it

Frequency/%

0 05 10 15 20 25
Partical Size/um

0
30 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 00 1 2 3 4 5 6
Partical size/um

Partical Size/um

4 300 ‘CHBUFRIE S5 A R NH,CLR BT B4R 75 31 Pd K ) SEM TE 35 RiAZ 23 A7
Fig.4 SEM morphologies (a—c) and particle size distributions (a,—c,) of Pd powders obtained by calcining and reducing precursors with different
NH,CI concentrations at 300 °C: (a, a,) 5 g/L, (b, b,) 10 g/L, and (c, ¢,) 20 g/L
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Table 1 Specific surface area of Pd powder obtained by precursor
system of calcination and reduction with different NH,Cl

concentrations at 300 °C

NH,CI concentration/g-L™ Specific surface area/m” g

5 36.4
10 39.1
20 28.7

K JBEpert 22 7= 45 2 SR FE R, 3 BUATUZAK , A B
RALIRIE 2, AR DISCHEGUR B BRI 4R 3 7 2R B
PRSI BRI, SRR, 928.7 m7/g.
BB, P RO (RLAR 3 A B B8 5 7E 0.5~6.0 pm, P ¥ Ri4%
9 1.84 um (Bl 4c) . 458K, (NH,),PdCL, 7 Bk A48 K
FEAGRIR B T 28 300 “CIBUeeids 7 AT LU 21 = 4E g
KA QA I SRERTE PA RS -

AW FEXS AN [R] NH,CUK FE 1) 25 A0 i 3R Aok R gEAT 1
B v AR BIF AL T MR T K P R SO T S )
oA . 1 5 R A NH,CLIR B 5544 B 3440 o 78
400 CHBbeit J5 13 2 Pd ¥ (1) SEM JE3 . &l 5a 3 NH,C1
WIS g/L1F 3] Pd Ky RO TESR , 5 300 Cid JRE 3R 43 1)
Pd M AH LG, = 4E 9K R AE 4% S THIRL JE H DR L T Bk
AN KR 7N SR, ARLATS A7 — 308 3 R DR 5 T B A 1)
TES, I B T kA T 5. 18] 5b 9 NH,CLIK 2
10 g/L 433 PAd Ky (O TS0, = 4EQ0 K B 2248 400 “C it
JRIRFE TR, — UORL KK, AL 3 I, 3R45 308 (1 25
BRI PA KL, KIA2 29 1 um. 24 NH,CIIKE 4 20 g/L i,
400 C #1451 PA Ky BT NH,CLUK B L &y, Ko i S 4k
HRE TR A5 = e 90K 2R AE il AR, FHE 8 K
KRR 22 1) 3508 A /N BRG] Se B . SRR, Y
B IE FE T 21 400 CHE, = 4EghK B 2B B e , 35 IR
(1) Pd J5 1 7R B e i F v BB A K, A SRR K, JikE

PR , 25T BRECE TH PA F

DAL bt , SR FH Vs 55 M 485 B MR i JiR mT i) 459 70 i 1R 4
ISEBRIE PA AR RL . B AR I35 ¥ NH,CLK B 2 35
S M 15 55 T J4 4 45 (NHL,) PAC, BT 9 A48 R DA K B b 3
JEAF 2 Pd # 1) 2 BUHE IO TS . 28 3 T 7 mT DA o2
AR S H M NH,CLR BETE 5~10 /L, 5%l B2 4 il
TE 300 “CHF, 5 F T il % i Lb R 1 AR ERTE = 49k &
ZEPA K
3.2 HHREBRAS UMK EMRINFIF

PR T 55 T 5 B MBI il SRR TE ) 4% FLAh B iR 4
J Je B S KA R (388 P, ASHIE 7R FH B A ) 4% 2 8
B NH,C1#K i 5 o/L MRS I B2 300 °C L 73 79 il % 1 Pt.
Ir.Ru. IrRu. PtNi Al PtNiCo £ i . & 6a~6¢ N 1E Fli% 77
A B Pt I Ru OB A IR OUL T S5, DB A mg DLIE B 4
WL B, 22055 -1 A1 300 C B be it J5 45 2 ) Pt Ir  Ru
KRR35 R ZEERTE 1) = 4G oK B 4R g 4, BRIE B v, R L
RMEEARERIDKALIE, 7T DU 2 = 49K & 22 1)
T KiAZ 7 A 7E 1~5 pmeo & 6a,~6¢, 43 A Pt-Ir Ru —
YEYK B LR RE ) XRD BIRE , B A5 177 565 W #5 0T LA Pt
Ir.Ru AR XRD R J756f BE, B 73 BL40, To A% AH , AT BLIE B
Pt.Ir«Ru PR R LI i 4 o

7a y IrRu F i RO TE S . B o aT DA %% 2
IrRu N ZRERTE R4, 7 HOPE LT, B = 4E 9K e 450,
HEWMEARENGRILIA . A0 K 7a v #
IrRu KL ¥ 34T T EDS JGE T 40 B7 , 45 R 7b Firoi
P AT 401, Ir 70 3R Ru 7o 5 240 50 L 93 A 26 40K B 2R 454
FL BRI CE R B 7c v IrRu & &8 7K ¥ XRD
P . AP 7c HmT RN AT TR BT BP0 ] R T O N
GER . WA HoAh kg IE RN ET e A TNE . B7d N
11 4% PONTBE S RO TE . A B 7d HH AT 001 PEN 49 I
I, RRERIEH R, BRIEA KERNPEKRILE. B 7e
N PENG B TEM 55 . AP om0 1) = 4k 4%
KB ZREER T . P 768 PN B4 ) XRD B . I
TE AR VARV I RS 1 BRI ] V3 AR TR A0 2.7 2548,

1 pm

5 400 CHBrkeid S Pd B i) SEM B
Fig.5 SEM morphologies of Pd powders obtained by calcination and reduction with different NH,Cl concentrations at 400 °C: (a) 5 g/L,

(b) 10 g/L, and (c) 20 g/
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Fig.6. SEM morphologies (a—c) and XRD patterns (a,—c,) of 3D-nano-framework materials: (a, a,) Pt, (b, b)) Ir, and (c, ¢,) Ru

—— IrRualloy

Intensity/a.u.

— PtNi alloy

Intensity/a.u.

20 30 40 50 60 70 80
26/(°)

K7 IrRu &< [ PINi A = 4E0K 1 ZEM RHK SEM T3 . EDS JU 3R 1 234 J2 XRD &1
Fig.7 SEM morphologies (a, d), EDS element mappings (b), XRD patterns (c, f), and TEM morphology (e) of IrRu alloy (a—c) and PtNi alloy

(d—f) 3D-nano-framework materials

A HoAh s 0, TEWIAR AN B C g VA . BEAh, 1 8a~8d 7
7 4 PENiCo #: i ¥ WOWL 2 35t TEM [ 7 A XRD B 3
M AT, PINICo 3~ B A R4 B 70 ik, TR T =
HEANAR B AR LG R, HARAI Al 2 AR SR R 1 AF
56 3% ) B AH [] 5 4 o0 SZTT E5 4 . 18] 8en 8T 3 i A

PtNiCo & 4 M 7 1) e 7 % - A5OR 515 1) e L A
el EIRT A, 7R R R BRI T %G SR )
JiR 7 HE 1 25 ¥ R T C 375 4589, I XRD B — 2. X
PtNiCo & &M A#4T 7 EDS e R 1 /04, H 45 S %] 8¢
Jim. HET AL, PN A Co 762 2450 (73 A 7E 90 K
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24(°)
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0.22 nm 2 nm . J.“ 3 500 nm
1500 — 1500 -
1200 h 1 ——Pt black ]
—— Pt black PtNiCo alloy
—— PtNiCo alloy
g 300 - 1000 F 1000
‘on
5
é 400 + N 500
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S ——aa 1 i
0.0 0.4 0.8 Pt black PtNiCo alloy 0 1000 2000
E/V (vs Ag/AgCl) t/s

8 PtNiCo = 4EIKE ZEA KL K] SEM JESL . STEM fi 1 FEFATE W14 18 )1 . XRD P L (# BLH-48 46 EDS JC 3 [0 70 A7 - HUAL S AL TR B S AL

St e e g i 2

Fig.8 SEM morphology (a), STEM-HADDF images (b—c), XRD pattern (d), Fourier transform patterns (e-f), and SEM morphology and corresponding

EDS element mappings (g) of PtNiCo alloy with 3D-nano-framework structure; CV curves (h) and CA curves (j) of commercial Pt black

and PtNiCo alloy with 3D-nano-framework structure; peak oxidation activity of Pt black and PtNiCo alloy at 0.65 V (i)

gk b A R TE AT g5 ELCRAART T
% TR & R G 8 & S KA k) B E A 1,
K H AL 26 S H0nT B ] 4 R AR R o =4
K ZEA R
3.3 HIRASZHMKTRMBIMEERIE

N T UE B A RO R S A, 2 RS B AR A ) ) AR
v 13, 3% FH Pt 5 08 4 J8 Ni AT Co & S AL I RE o 83
A\ Ni Fl Co R A 80Hb FEAG AR AL 771 Pe 1) &, 1 31 AR
FAS R B . BEAR , TN Ni AT Co V1 = 4 g K15 2 45
Y, B 1AL A RUE - BRI F 2, R PEINiCo JE A%
B[V, B SRR M, DUTE = HEGK B 2L 451
FMJE KT Pt Ni Al Co J& B I P FIAEFH , A it —
e PERE . BRIUL, AT 9T IE ¥ PINICo = 4E 4 K & 242
PARE, HEAT 7 Rk Fi it S R R S A e A s 3K

N T SSIER R b, X6 7 F P SR AR AT R AR AL AL
T IR, AN A 7T 1 % 1 PENICo = 4 9 K1 22 44 k)
ik e EE . 7 0.5 mol-L™ H,SO, ¥4 W 3 47 1 14 71
WAL R 150 mV/s, Wk B K -0.2~1.0 V. 7
0.5 mol-L™' H,SO,+0.5 mol-L™' CH,OH Hfif ¥ h (&AM

ARESD , BL 50 mV/s B FEIE 2, -0.2~1.0 V B HL 30
» 3 A PINICo = 4E 40K B B2 A RLFN B FH Pe 2 11
B AL B AL CV 2L, 0 /B8] 8h T . MK 8h. 81 7 41, 78
0.65 V /e A L 1 I AL A0 0, AR BIE 5 1) 4% 1) PENICo 4
KA RE B A A0 S A P RE 2 B Pe B IR 6.5 %, ok
PtNiCo & 4 AT F Pt 28 S04 F B L R0 %% B 40 ) oM 1117
F1170 mA/mg(Pt). bk, 7£0.4~0.5 V Z A HIL T 55 4k
(R S U, 3 2 PR A A S AL 2 ) P2 ) CO I AL
W, — R v ) 7 ) SEC AR R /) 3 A A 7R ) e 2 P
47, DR 0 P R D6 72 4 4R A 06 B P 4R 0 ) B (/L) 7T
DAVE B BT EEVE I AP 3R , 1/, 60N 350 O B0 25 1 B e, 1 7 )
PN AL RS B MR . B 7T R BLASHT 7T 1 % PtNiCo
(9 1/1,790.84, 75 F Pt BB (¥ 1/1, 9 1.2, AE B 1 PtNiCo 49K
MELRAE M PEE. &5, 7 0.5 mol' L™ H,SO,+
0.5 mol-L™' CH,OH HIAAE f CBUSHURDIRZS ) %o 2 P ik,
FU e PEEAT T IR, FUHEHY 0.65 V5 SR FH V1B FLR
E(CA), MR 2000 s, W1FE 8 s o Al 01, ZE AN MR L
FE i, PINiCo = 4K B ZLA B HL It 25 B — Bz it 7
F 7 I Pt BB ARALF , W PINICo & & = 4E 40K B 286 B)
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HAEMRS R EME. 255, R AR 7S] % 1 PINiCo —
YE K B ZEAERLAE AL A v M oz A T 7 P
ML RRBL T AR PR A AR M L UE W SR AT A
25 J7 AT )% I REA S IR & )8 B S AR AL
4 2 i

1) BB NH,C1#R £ 1136 K, 25 A6.(NH,),PdCI, #; K ) °F
BIRifR RIUBE RS, BRI SR P, R 22 . Y
NH,CLIR FE 2 5~10 g/L B, il % (1) 5 A4 (NH,),PdCI1, #7 K
LA BT BRI RN R4 AR 20 B

2)7E 300 CAB R8I J5 I EER Xof m BRAA T 3 B A 4k K
TEF, TESR R RIRTE , B = 4E9RE B4, LR AR
T 28~40 m'/g. MbAL, MR GEdE B T A2 400 CHE, =4
YK BB R VR IR I PA R AR R S AR
Ko, AW R KK, FURLAR RS | T % 1 PA A
I HBCR I B 4 4E 300 °C I, 75 1) i) 46 v bb 2 T AR 2
BRIE = 4E9KE 22 Pd Ky -

DRI T = 4EGK B SR A5/ I Pt Ir Ru IrRu.
PtNi 1 PtNiCo #1174 J8 S & S ¥ 1Ak, IE 1% 77 V518 1l %%
Hihk g ka4 F R EEAE.

A PNICo 4K A4KBE (1117 mA/mg(Pt) FEEAE AL S Ak
P BE 2 7 H Pt 22 (170 mA/mg(Pt) [ 6.5 15, I 11
SRR AR E 1, UF B SR FH AR 9 ) 4% 5 v T o) %
R REAR S R &R A S AR
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Preparation and Application of Platinum Group Metals and Alloy Nanomaterials

Chen Xiangping, Zhao Panchao, Pi Hemu, Lei Chi, Wang Jiao, Zhou Na, Zhang Bosheng, Cao Qigao
(Institute of Electronic Materials, Northwest Institute for Nonferrous Metal Research, Xi’an 710016, China)

Abstract: Pd, Pt, Ir and Ru powders and IrRu, PtNi and PtNiCo alloy powders with 3D-nano-framework structure were successfully prepared by
spray drying method combined with calcination and reduction using noble metal salt as raw material and ammonium chloride (NH,CI) as pore
making agent. The effect of NH,Cl concentration on the morphology of atomized powder was studied. It is found that with the increase in NH,Cl
concentration, the average particle size of atomized (NH,),PdCl, powder shows an increasing trend, the sphericity gradually decreases, and the
dispersion becomes worse. The effects of calcination temperatures on the morphology of palladium powder were studied. It is found that
palladium powder reduced by calcination at 300 °C has an inherited effect on the precursor shape. Due to the nano-pores left by the gas spilling
during calcination, palladium powder has a spheroidal 3D-nano-framework structure and a large specific surface area (28—40 m*g). When the
calcination temperature rises to 400 °C, the 3D-nano-framework is gradually broken to form dense Pd powders. Therefore, when the concentration
of NH,Cl is 5-10 g/L and the calcination temperature is controlled at 300 °C, it is conducive to the preparation of spherical 3D-nano-framework
platinum group metal powders with high specific surface area. In addition, Pt, Ir, Ru, IrRu, PtNi and PtNiCo platinum group metals and alloy
powders with 3D-nano-framework have been successfully prepared using the optimal preparation parameters, which proves that the method is
universal in the preparation of other platinum group metals and alloys. Finally, in order to prove the feasibility of the synthetic materials, the
catalytic methanol oxidation reaction of the PtNiCo 3D-nano-framework materials prepared in this study was tested in fuel cell anode. The results
show that the catalytic methanol oxidation performance of PtNiCo nanomaterials (1117 mA/mg(Pt)) is 6.5 times higher than that of commercial Pt
black (170 mA/mg(Pt)), and it also has excellent anti-toxicity and stability. It is proved that excellent performance of platinum group metal alloy
nano-catalyst could be achieved by the preparation method in this study.

Key words: platinum group metal; nano-framework; spray drying; micro-nano powders
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