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Alloyed Pt—Ru Nanoparticles Immobilized on Mesostructured Nitrogen—Doped
Carbon Nanocages for Efficient Methanol Electrooxidation

Li, Danqin Zhang, Zhiqi Zang, Pengyuan Ma, Yanwen Wu, Qiang Yang, Lijun
Chen, Qiang Wang, Xizhang* Hu, Zheng
(Jiangsu Provincial Lab for Nanotechnology, Key Laboratory of Mesoscopic Chemistry of MOE, School of Chemistry and
Chemical Engineering, Nanjing University, Nanjing 210023, China. High-Tech Research Institute of
Nanjing University (Suzhou), Suzhou, Jiangsu 215123)

Abstract Direct methanol fuel cells (DMFC) have attracted extensive attention as ideal candidates for automotive and
portable applications owing to the fascinating advantages such as high conversion efficiency, environmental friendliness,
safety, wide sources of methanol, and simple cell structure. Electrocatalysts are one of crucial factors limiting the perfor-
mance of DMFC. Nowadays, precious Pt-based catalyst, in spite of costliness and scarcity, is the most popular catalyst for
methanol oxidation reaction (MOR) at anode due to the much better performances than those of the non-Pt catalysts. But
there exists some shortcomings such as poor CO-tolerance and durability. Pt alloying with other metals, e.g. Ru, is an effec-
tive strategy to improve the catalytic performance. In addition, the support with a large specific surface area (SSA), high
conductivity and suitable porous structure, such as sp* carbon, could lead to high dispersion, high utilization and stability of
Pt-based nanoparticles, also favorable for MOR. Recently, by in situ MgO template method, we reported the unique 3D hier-
archical carbon-based nanocages featured with ultrahigh SSA, micro-meso-macro-pore coexistence, good conductivity and
easy doping, which exhibited excellent electrochemical performances. Herein, taking the advantages of nitrogen-dopant an-
choring function and unique mesostructures of hierarchical N-doped carbon nanocages (ONCNC), we report the Pt-Ru elec-
trocatalysts immobilized on hNCNC (Pt-Ru/hNCNC) prepared via modified microwave-assisted ethylene glycol (EG) reduc-
tion method. The so-constructed Pt-Ru/hNCNC catalysts with ca. 30 wt% loading and tunable atomic ratio of Pt to Ru have a
highly homogeneous dispersion of metal nanoparticles with the average size of ca. 3 nm. The alloying Pt-Ru/hNCNC cata-
lysts demonstrate good CO-tolerance, high MOR activity and durability, superior to those of the counterparts of Pt/hNCNC
and commercial PtRu/C. The good electrochemical performance can be ascribed to the synergistic effects of the bifunctional
effect due to introduction of Ru, small size and high dispersion of metal nanoparticles induced by the large SSA and nitrogen
participation of hNCNC, and multi-scaled hierarchical pore structures beneficial to the mass transportation. These results
proposed a potential strategy to develop the high-performance Pt-based MOR catalysts based on the novel mesostructured
hNCNC.

Keywords direct methanol fuel cell; electrocatalyst; mesostructured; nitrogen-doped carbon nanocages; Pt-Ru alloy nano-
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1 5|18

BB P AR LV (DMFC) B i B i 3 3 %
B RAT ARG B B B SRR R I 5 e ERVR
2 I EE A fE BRARA AR, PR SRS A )
TR DMFC [ PH AR & AE F B 44K S (MORY),
I H K PYC AL, PYC AL S M, (EfEER
EVEZE. YL CO HEREIMREAE, I, TFRMEME
PERE S P CO HHEERE BRI AR PR UT IR i A0 7R o B 22
# Pt 5HAMEERUE. Sl WP culf. Mol %) &
ST 0 A S AT RE 5 A PR R A, i
TRE AR PERE. b, Pt-Ru #E Ak 77 R B A A0 5 ) H 4
AT AT R AFIIPT CO hERRE T2 0E. &8
Ru 5] NBERS 25 358 Pt AL CO AALIBLFH fE
LTS PR FOB AR R, X H TR 2 B2 Pt-Ru
AL b 25 1 B AW S REH LRI AR 1A (1 45 f A
P RE AR Pt AL MOR PEBEI 5 — A XO& %,
A AAR R B DL L KRR &4 8-
ARM AR I AFLESH. XS IEE AT & B Kokl 1
TERAAR I I S o0 [EE J/NRAR S 380 s
KI5 RN R LS, ek S
MEALTERED L BRATRL B SRIE 2. AW EE .
S PELT BUE R RE S5 LR A FLSE R 5 TR
5 TR, M EEMERE MOR LTI H H
Ak, WY EIOSI SRR B
PO BRI IRYK SR PASE AR B R SN
F R T BEE A RGN e 7 05, AR AL TE AR 1 2
B, VA 4R - AR R LA, AT A AR R A
FEC ML BRATMI AT MW SUR B, T A B K
(NCNTs)HEATAT AT T AL EE, 3 3T f 46 () £ Bl Syt
ALK Pt LGSR T(Pt. Pt-Co. Pt-Ru 25) 15 5] 7 # 7
NCNTs . XL ib 7 I 7 72 MORP A4
EJF(ORR) P AL PERE. SR1M, NCNTs LR A —
BN 200 mPeg ™!, FEBREERRAA PRGN, i, &
TR ALE T JE A, MgO #biiE 4 th T BA LR i
F(>1000 mPeg ). FHMELF. BFL-AFL-RALILESE
REAE V) 3 SR S5 MBS K T8, 78 REVR G AL ANAE A 5 07 T
DL R B0 AR S PA A A5 R 1 R B A B AN
KIE(ANCNC) M H AR, 8 ik 4 Bh 0 — Bk Ji vE
Pt-Ru & &Y0KRLT 5 i Tz gk, AT Pt.
Ru [ J5 7 Eb. X S0 2 B H A 5 MOR 4L 544
AfasE vl R REFIIHT CO Hife /1, LT PYhNCNC
AL PERU/C(20 wt%)Z X B 41 {4 1k 751).

2 HR5HE
LA hNCNC Jugkff, i s Bh £ — ik Jiigok
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Pt-Ru & & 9KKL 770 BLE hANCNC ik b, &8t
SRR 30 wit%, I S BOEHL AR n(Pt) © n(Ru)
IR L. R A SR S TR R TR Ok
(ICP-AES)ill ik 45 B £ W, Pt/hNCNC. Pt,Ru/hNCNC.
PtRu/hNCNC. PtRu,/hNCNC 1 Rw/hNCNC H {4 @ &
TR 29.2. 29.5. 28.9. 29.1 A1 29.5 wt%, =
NEEMALFI n(P) @ n(Ru)PFR R AR 2.0 :
0.9.1.0: 1.1 f1 1.0 : 2.1. RAIEK n(Pt) © n(Ru)¥) i
)& L SRR .

& 1 /& hNCNC #: 441 Pt-Ru/hNCNC ZFIEAL 7
SERIRAESE JE. 3 5 H T B (TEM) K3 T B4
BE(SEM)IE F R, hNCNC 22 FLERIEAIZE ), R
P2 40 nm S OGOKIERE R GIK . 2E 4 e T
BT K aEBE M2 6~8 JERREMIK, AR R
UF (B o). %00 B — Mot B 45 Ui 4 R0 5L 4 A ith 26,
hNCNC Hffl. /9L RALILAE, RN 1230
mPeg !, HPMALR L8 0.6 nm, FERE 5L
HIFL, MFLURSTZ) 35 nm, 352K H 28 N 25 B F 8 1] 3
L RSFRT 50 nm [ RFLE SR B 2 HEAFLRIERIR
AL HE AR L (B 1d)242527 3% hNCNC 1 787 b 2 T A A
TE&BYPUKR TR B, 2 RES AL WEF T
RS2 5 R NP R AR, &5 kA R T %
B, X = AP FEAR A AL OB AT, TEM 4551 &
7~ Pt Al PtRu 44K K- RST 2958 3 nm, 35957 173 BU7E
hNCNC Efi(& 1b, lc). F5 ¥ TEM(HRTEM)Z: F %
7N, PtRu GKRLF [ S THI A FE A 0.223 nm, Hh4l Pt (1)
(111)[H A1 #E(0.230 nm)B&/NE 1b, 1c), XZ KN Ru 1)
JRF242(1.34 A)EL Pr(1.39 Ay, TERLE &G 154
B B4 /N, X-5F AT EHE (XRD) B, 7T 39.7°. 45.4°,
67.4°F0 81.1° KT 54 Vg AT VA J& N TH 00 327 4584 Pt (1)
(111)s (200). (220)F1(311)FhTHI(E 1e); A4 Ru &
IR0, A5 AT T ) A A, B IRl
Ru fAT5HIE. XRD A1 HRTEM 45 54iFs2 T Pt #1 Ru (R4
SA(El 1b, 1c, le). XRD AT 26° BT B K AT S U
AV JE A 22 1) (002) AT, 5B hNCNC BA RIEFHA
BILFRRE.

K] 2 /& Pt-RwhNCNC R FIMENA) X S+
RE(XPS). PUhNCNC [ Ptaf 5 4HiE n] & A P 4L,
SIS RET PHOYRI PHIDIIFG 4f5, Fl 4fo(FE 2a)8Y,
RuwhNCNC ] Ru3p A&4HE AT /& 9 Ru(0)F1 Ru(IV)¥)
R 2b)PY, X PN 4 R A PH(O)AT Ru(0) (5 £ 5,
5 HRTEM F1 XRD 25 AH—2 (K 1b, 1c, le), RITER
WARBh 2 W B AR, Pt Al Ru #h AE# A 20t 5
FREM 48, X G R VIRE 1K Pt 4F A1 Ru 3ps, K40
P4, BEE Pt-Ru &40 Ru & B G0, Pt 4f o5
TR, Ru 3p WS TH i, Pt Af [45 & RSB H) 2 45 4 B
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Bl 1 hNCNC #4k % Pt-RwhNCNC AL FIBI 45 4E. (a~c) hNCNC. Pt/hNCNC F1 PtRu/hNCNC [ TEM f8 /5. 7 b #4468 HRTEM, (a, c)
K17 T A K9 SEM. (d) hNCNC 50U -G SR AN AL AT 1 28, (e) P-RuhNCNC R FUHE S K] XRD A741E. 1~5 %I F PYhNCNC-
Pt,Ru/ANCNC. PtRu/hNCNC. PtRuyhNCNC F1 Ru/hNCNC( T [F])

Figure 1 Structure characterizations of Pt-Ru/hNCNC catalysts and support. (a~c) TEM images of hNCNC, Pt/hNCNC and PtRu/hNCNC. The
top-right insets are HRTEM images and the bottom-right ones of (a, ¢) are SEM images. (d) Plots of N, adsorption-desorption isotherms and pore size
distribution. (e) XRD patterns. 1~5 correspond to Pt/hNCNC, Pt,Ru/hNCNC, PtRu/hNCNC, PtRu,/hNCNC and Ru/hNCNC (the same below)
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1 Ru 3p it
Figure 2 XPS spectra. (a) Pt 4f spectrum of Pt/hNCNC. (b) Ru 3p spectrum of Ru/hNCNC. (¢, d) Pt 4f and Ru 3p spectra for the series of Pt-Ru/hNCNC

catalysts
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o4 hNCNC f 3R 1 90 KR T 1 35 51 4y B R (B b,
02] lc). CO HA Ak V& ¥ T U6 F AT (Eonser) FH I FELAVE (E o) A
001 i—— T PYhNCNC 1) 0.50 Fil 0.59 V K i i # 2 %1
0.4] 0a PL,RWhNCNC f¥] 0.28 F1 0.44 V; #—3800 Ru & &,
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Bl 3 CO-ikxtke. Sc@AELyn RS —FE —AMER, A
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Figure 3 Cyclic voltammetry (CV) curves of the first (solid line) and
second (dashed line) CO stripping in 0.5 moleL ' H,SO, at the scan rate
of 20 mVes .

i ERRS 749 0.2 eV, 1 Ru 3ps, K45 & BEH B B 1
(Bl 2c, 2d). Pt 4f F145 & B w2 U5 T Pt A1 Ru & &4t
ORI AT RS B d A O A A RE RSO

Pt CO haAE 112 B E MOR R4k 7775 At ) B E 45
Fr. RH CO-JliF&(CO-stripping)iZ: % %2 | Pt-Ru/hNCNC
RAVEAL T I AL S R A (ECSA) R L B CO 1)
AE), AR 3 MK 1 fos. SRR, £-0.2
V LA HEBLE PRI, F 0.25~0.65 V X[AHBL T
CO Afbig, i Pt iG ML sS4 CO (. 28
TR, W T AR, %A I CO HAE,
Vi HATE 26 — [T, ORI CO DA e At %
B, WEVEAL SR LURER (B 3). WE 1 TR LA, BEE
Ru &8 M 0 B In%] 100%, ECSA M 28.1 m’eg ' ¥k F|
46.1 m*g !, & TR 20% PtRu/C [ 21.2 m?g !, 5T
R RIUEALFTT CO-FEIR AL AL 3 4000

Table 1 Electrochemical data from CO-stripping and methanol oxida-
tion for catalysts

CO-stripping MOR
Sample Eonsel Epeard ECSA/ I/ I/l
\4 \4 (m’g )  (mAemg ")

Pt/hNCNC 0.50 0.59 28.1 127.7 0.99

Pt,Ru/hNCNC 0.28 0.44 29.6 208.2 1.58
PtRu/hNCNC 0.25 0.41 344 224.7 1.64
PtRu,/hNCNC 0.25 0.42 36.6 163.7 2.24
Ruw/hNCNC 0.26 0.42 46.1 — —
PtRu/C ¢ 0.26 0.36 21.2 148.1 2.05

“ G JRAEREN 20%I176 ] PtRu/C 4L 7(E-TEK).
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Eonset B Epeqie /DIE SR E] 025 A1 0.42 V, 55 Ru/ANCNC
1 0.26 F1 0.42 V #24. XULHIFE Pt fEALFIF 5] Ru
JE REEAE AR LA Nl SE A A £ FR CO, BER
EEATIIPT CO HEEREST, 24 n(PY) @ n(Ru)=1 : 1 B}
KILH T &58 1 CO ZFREES]. PT CO HEERE I 5
AT Pt-Ru & &AL B X BEML AP 4,
KRR 2 (CV) RIS B (-7t — b RAE &R
BT MOR fEALIEHERI AR e, 45 R A 4 FioR.
e IE AT RS, 76 0.65 V /24 LG T & T F
A HIR A FEARICON L), fER AR R, 1£0.45
V BRI A 53— AN A I i D 18] = 4 (CO Al
K CO WA Ik E AL (e S B AR e A 1),
Ru/hNCNC ¥ FH HEAME M, 5 3Cke R — 2"
42)P% FHPE 4a FIZR 1 LAE TS0, fEALTR MOR fi b
WYL FE N PtRu/hANCNC>Pt,Ru/hANCNC >
PtRuy/hNCNC > PtRu/C>Pt/hNCNC, ' PtRu/hNCNC
] MOR 3520 47k PtRu/C [ 1.5 f%. Pt-Ru/hNCNC
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H,S0, ¥

Figure 4 MOR performances. (a) CV curves at the scan rate of 50 mVe
s '. (b) Chronoamperometric (I-f) curves at a constant voltage of 0.6 V.
Electrolyte: N,-saturated 1.0 molsL ™" methanol and 0.5 mol-L™" H,SO,
solution
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F7E hNCNC R If 13551 53 B /R4, (2)hNCNC |2
RESFALGEWERN T 25 )k N &L 1la~
1d). —fM S, I/L, LA, RaaETIPT co Faae
JIEREFUOP 3R 1 Iy L B AT A, B Ru RN,
Iy/I, fE M P/hNCNC 9 0.99 KIE$HE = £ PtRu,/hANCNC ]
224, iZ#aH S CO-BikrM4E R —2E 3). K 4b &
PtRu/hNCNC. Pt/hNCNC FliV. PtRu/C HEALFIZE 0.6 V
TH AL T 1 ik, BEAE R RIREK, (A0 7 1 HAk 250
PEXA A RIFE R B, X nl 3 BT 0k B R 9
FEUO H MOR i % FE (I % 4 PtRWhNCNC >
PtRu/C>Pt/hNCNC (/& 4b), 5 MOR &Pt —F (K 4a).

3 g

FIFH hNCNC FS WS M RRE S 45 2 R [ 4 e
ER, ERATIHAL BRI A2 3 nm 1) Pt ZEGKK T
BISIH 1 7E hNCNC R, HiEM . @it ii4e pt.
Ru FI¥IF = LE, #1787 &% Pt-Ru/hNCNC &4t
A, IR E MOR vz E M & RIEFHIPT CO
hEHE ), BT PYhNCNC IRV PtRu/C 250 HE2H
fEALF]. Hodr, PtRWAhNCNC ff) H Ak 22 1 Re e i,
MOR 5L L PtRu/C [ 1.5 5. 157 s Ak 24 A
FEFET UL NHERMFEIER: (1) Pt-Ru & &ML 1)
MIEEMLHE]; (2) hANCNC s bR AR E B A F T
SIBYURRLT I B e SRR 98/ (3) hNCNC
(12 R RALEE A R TP AL 4. AR 5T R T
FIIFH hNCNC MURE (14 845 R RFIE T A e PR R ) £ 2
Pt 3£ 4 DMFC 1AL 7 1 i 5.

4 SKIERSY

4.1 ELFIHIE

KR A MgO Bt 2 il 2 hNCNC #4428 Hpk
K, ¥ 4 g WEEm SN B AE X, 75 100
scem [/ R, LA 10 “Comin ™' B3 E T+ 4 900 °C,
FISFI 22 L 60 plemin ™' A EE AREE 0.3 mL, {7 1
h, HRAHE, F 6 molsL ™' HCl K £ MgO BiAR, H
EETARRE G L¥E, 100 CT L, A
hNCNC.

FREX 50 mg [ hNCNC, JiA 50 mL Z —-F#(EG), #
7520 min, JERIE R, N BB ER A =
SACET W, BEJ1HEHE 60 min; AN 2 mL ) 0.2
molsL ™' NaOH/EG ¥R, #it#k 10 min; BNy,
7E 800 W i ThR FARIR 100 s, A EE R, F LM
EBE TR EVRG. UE 3 &, 60 CHEZE T, WG
hNCNC 7#E 4 30 wt% 4 g fi 3 &1 R 5] Pt-Ru/
hNCNC {1k,

4.2 ZE/FNRL S FRAE
¥ H TEM@EM-2100) . SEM(Hitachi S4800) .
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XRD(Panalytical X’Pert, Cu #E, 0.02 mm Ni JE€ ).
XPS(PHI 5000 VersaProbe). ICP-AES(Hitachi 180-80)3
TEMEAL TR IO TESR . SR AR Ry 800 B — it B i 2k
(Thermo Fisher Scientific Surfer Gas Adsorption Porosim-
eter) fEVR ZURFE(77 K)Mll &, FEMAE 300 CHLA 6 h
SSA FfL53 414 A Brunauer-Emmett-Teller (BET) /5
2. Horvath-Kawazoe (HK, <<2 nm)Al Barrett-Joyner-
Halenda (BJH, >>2 nm)Jy ¥ Ab BRIt S2 £ 8515 21).
4.3 fEHMEERIE

MOR P BEMIRAT CO-JHit Bk S50 2 75 = FLil Fi Ak 2
TAERE(CHIT60) 58 B, S Lb B AR AN XS FEAR 23 3] S T
AR ERAT Pt 22 AR, KRk TAR EARAESO AT B
F 50 nm 1] ALO; ¥ ¥, FETC/K ZEEHHEFE 5 min, H
SRBET. K 2 mg HEALTTI 70 HL 3 0.95 mL & 30% LR (1K
OEORKER, HAMIA 50 uL ) Nafion (5
wt%), I 20 min, FCHIAL 2 mgemL ™' B, FRE
BEFESRFE I 20 pL EIREAR, WUREIEAZY 3 mm KK
Wk CAERAR b, BB
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