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Preparation of Honeycomb—structured AuPt,, Electrocatalyst by Dynamic
Hydrogen Bubble and Sacrificial Cu Templates for Oxidation of Formic Acid
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Abstract Improving the performance of electrocatalytic formic acid oxidation is the key issue to develop high-performance
direct formic acid fuel cells (DFAFC). Pt-based and Pd-based materials are the important electrocatalysts for formic acid
oxidation. Micro/nano-porous metal materials are widely concerned in the electrochemistry field due to the high specific
electrode-surface area. The dynamic hydrogen bubble template (DHBT) method has been widely used for preparing the
three-dimensional honeycomb-like porous nano-metals (3DHPNMs). However, as far as we know, the use of a sacrificial
metal template to prepare the 3DHPNMs with improved performance for the electrocatalytic oxidation of small organic mol-
ecules has not been reported. Herein, a three-dimensional honeycomb-like porous nano-AuPtCu (3DHPN-AuPtCu) compo-
site was electrodeposited on a gold-plated glassy carbon electrode (Au,,/GCE) by the DHBT method, followed by anodic
stripping of Cu to yield a 3DHPN-AuPtc,/Au,,/GCE. The relevant modified electrodes were characterized by cyclic voltam-
metry (CV), metallographic microscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy and induc-
tively coupled plasma-atomic emission spectrometry. The SEM results clearly revealed that the use of the sacrificial Cu tem-
plate can modulate the metal-honeycomb structure, and the 3DHPN-AuPtc,/Au,,/GCE can thus possess the better mi-
cro/nano-porous structure and the improved electrocatalytic performance than a Cu-template-free 3DHPN-AuPt/Au,;,/GCE.
In our opinion, the simultaneous electrodeposition of Cu can intervene in the electrodeposition of Au and Pt, and thus a new
structure with more active sites exposed and the electrocatalysis performance improved can be obtained after the anodic
stripping of electrodeposited Cu. As a result, the 3DHPN-AuPtc,/Au,,,/GCE exhibited high anti-poisoning nature and high
stability, because many discontinuous Pt atoms on this electrode can suppress the formation of adsorption-state CO,4s during
the electrocatalytic oxidation of formic acid. The electrocatalytic oxidation peak current density on 3DHPN-AuPtc,/
Au,/GCE in 0.5 mol/L aqueous H,SO, containing 0.2 mol/L HCOOH was 12.5 mAscmp, > (CV, —0.3~1.0 V, 50 mV/s),
which is superior to the control electrodes and many reported Pt-based electrocatalysis electrodes. The suggested double-
template method for preparing honeycomb-structured micro/nano-porous metal materials with improved performance has the
potential for wider electrocatalysis and electroanalysis applications.

Keywords dynamic hydrogen bubble template; sacrificial Cu template; honeycomb-structured AuPtc, electrocatalyst; for-
mic acid oxidation
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B 1 GCE (A, A fl Ay), Auu/GCE (B, By, B, 1 F), 3DHPN-AuPtCu/Au,./GCE (C, Cy, Cs, C3 1 G), 3DHPN-AuPtc,/Au,,/GCE (D, Dy, D,, D; Al H)1
i FEH 0.2 mol/L HCOOH +0.5 mol/L H,SO, /KA R H 0.2 V fE HLAL A 4113 1200 s /& 3DHPN-AuPte,/Auy/GCE (E, Ey, Ez, Es F1 D) SEM B EDS
ERES

Figure 1 SEM images and EDS results of bare GCE (A, A; and A»), Au,,/GCE (B, By, B; and F), 3DHPN-AuPtCu/Au,./GCE (C, C,, C;, C; and G),
3DHPN-AuPte/Auy/GCE (D, Dy, D5, D; and H) and 3DHPN-AuPtc/Au,/GCE (E, E,, E, E; and I, after 1200 s catalytic test at 0.2 V in stirred 0.2 mol/L
HCOOH+-0.5 mol/L H,SO,)

0.5 mol/L. 3 mol/LL

100 ' £ 100i0m

1005um 100 um

Bl 2 Au,/GCE 7£% 20 mmol/L HAuCl,+0.3 mmol/L H,PtCls+1.5 mmol/L CuSO, IR KR E(0.5, 1,2, 3,4, 5, 7 51 9 mol/L) H,SO, /K&, 1E

—4V FHYIR 200 s, FARE L Cu 5K MM &
Figure 2 MM pictures of Au,,/GCE after electrodeposition at —4.0 V for 200 s in 0.5, 1, 2, 3, 4, 5, 7 or 9 mol/L H,SO, containing 20 mmol/L HAuCl,
+0.3 mmol/L H,PtCls+ 1.5 mmol/L CuSOy, and then anodic stripping of Cu

(B SR S L. B B O N, PHARA 1 Cu® "2 S50 (VE WK S7 R HTR).

B WO B AR, WO A I SR R B A 2.2 3DHPN-AuPtc,/Au,./GCE LERERRIE LR
R TR P SR IN 3R DL g A9 X A4 F B SDHPN- PRSI RIS HUERALTEREATR
AuCwAuy,/GCE L, TG E] Au Ml Cu IR CVATIM by iiiFe, 14880 F. LL 0.2 mol/L HCOOH+0.5
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Figure 3 (A) CV curves on GCE (a), Au,/GCE (b), 3DHPN-Au/Au,/
GCE (c), 3DHPN-AuPt/Au,;/GCE (d) and 3DHPN-AuPtc/Auy,./GCE (e,
8th cycle) in 0.5 mol/L aqueous H,SO,; (B) CV curve on 3DHPN-
AuPtCu/Auy/GCE in 0.5 mol/L aqueous H,SO4. Scan rate: 50 mV/s

mol/L H,SO, 7K ) FR R H A £ S84 0 FL LA 5
(CV, —0.3~1.0V, 50 mV/s) N & Habx, Mtk 74
[d]. 3DHPN-AuPtCu HEUTRR &AL TR AL/ )L At
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AR IR BE HAuCL R B3 I 34 0, HAuCl, R B3
% 20 mmol/L JG#aT . HRREILIEHFEE HPtClg
RGN, ¥ 0.3 mmol/L JE#a T FaE. HERA
LU HERE CuSO, WREEHG NI A M0, ¥52 1.5 mmol/L
JE A TR, XEETRKE CuSO, 28 KA IR,
JGE 8 Cu FAARIAE H AT 3DHPN-AuPtc, FiH 55 Rl e 2k
PR A3 i 2. PP IR S 06 L 3 o 0] PE AW 3 HH FRLAE P TE S
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{1ty 4014, Vg B % E 43 5l /& 3DHPN-AuPY/Auy,/GCE
Ptc,/Au,/GCE. Pt/Au,,/GCE F! Nafion/Pt/C/Auy,,/GCE
1 1.79. 2.9, 3.1 1 11.7 %, 1fi 3DHPN-Aw/Auy,,/GCE
H1 3DHPN-Auc,/Au,,/GCE X} F R AL 1 AL AE FHAR 55.
DA b 45 RAESE TR A DHBT U U AR 7T ) 46
HH ¥ 1 B g 1 LR 4R 7E 3DHPN-AuPtc,/Auy,/GCE
., HCOOH [¥%Ak Bt i At 4%, FAR A R )
BETET Pt R = AR AL MBh e, AN e 00 ) Fi 7K
W TR, Au R RN A AR DY 5
Bk EL#, 3SDHPN-AuPte,/Auy,/GCE HAT 5 H ) P e fi
WEMNEREGR 1).

K2 BAIBTERIE, 7050075 58 1 A FE G ARAEAS
(7 FRLE T HRL PR A S YR N T BB A FEIK COgs PRI PRV
H, @i S9 FizR. Nafion/Pt/C/Au,,/GCE, Pt/Auy,/GCE
HI Ptey/Auy/GCE BI7ES— B IR Z) 0.55 V AbH I
COyqs MRV (B — BB TE I )P4, X =
AN R B TR B S K I E S AR T AE B T COugs
FAAR. X = ANHARSE 0.2 mol/L HCOOH+0.5 mol/L
H,SO, 7KW H 1 A A FE ARSI 77 2E COugs T2 T AL
5354 0, 0.3 1 0.5 V. 3DHPN-AuPt/Au,,/GCE A
3DHPN-AuPtc,/Auy,/GCE | 55 — 8 1E 49 It R W % 2
COqqs SAAGIE, W] BRI FYRR 1) LM AL S TL AT B S
itz

%% T 3DHPN-AuPtc,/Au,,/GCE I F R HL
WM PERE AR E PE. Wil S10A P, & HItE T
i HER 0.2 mol/L HCOOH-0.5 mol/L H,SO, /K
Hh, 7E0.2 VALIE AT HLAR 1200 s, 50 H AR A 1) FL g 3
AT, WET 500 s J5 R A0 HRL IR HE 2R 1 3 el 2
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Figure 4 CV curves on Pt/Au,,/GCE (a), Ptcs/Auy/GCE (b), 3DHPN-Au/Au,,/GCE (c), 3DHPN-Auc,/Au,,/GCE (d), 3DHPN-AuPt/Au,./GCE (e),
3DHPN-AuPtc,/Au,/GCE (f) and Nafion/Pt/C/Auy./GCE (g) in 0.5 mol/L aqueous H,SO4 (A) or in aqueous 0.5 mol/L H,SO,4+0.2 mol/L HCOOH (B).

Scan rate: 50 mV/s

R UG P AEER R TR AR AL S AL T R

Table 1 Electrocatalytic formic acid oxidation peformance of some typical Pt-modified electrodes

Catalyst fabrication Investigated solution Scan rate/(mVes ') SECA/(mAscmp, ) Reference
PtCu@PdIr 0.1 mol/L HCOOH 0.5 mol/L H,SO4 50 1.46 [34]
Pt/CeO,_NBs 1 mol/L HCOOH+-0.1 mol/L HCIO,4 50 4.52 [35]
PtiAu/NG 0.5 mol/L HCOOH+0.5 mol/L H,SO4 50 15 [36]
PtCu/C 0.25 mol/L HCOOH 0.5 mol/L H,SO4 50 1.07 [37]
np-Augg sPtos 0.5 mol/L HCOOH 0.5 mol/L H,SO4 50 10.2 [38]
Pt-around-Au/C 0.5 mol/L HCOOH+0.5 mol/L H,SO4 50 1.48 [39]
3D porous AugPt; 0.5 mol/L HCOOH 0.5 mol/L H,SO, 50 7.53 [20]
NPG-Pt 0.5 mol/L HCOOH+0.5 mol/L H,SO4 50 10.6 [40]
Pt;Pd-Pt 0.5 mol/L HCOOH+0.1 mol/L H,SO4 20 1.03 [41]
PtAgCu@PtCu 0.5 mol/L HCOOH+0.1 mol/L H,SO4 50 2 [42]
3DHPN-AuPt/Au,,/GCE 0.2 mol/L HCOOH+0.5 mol/L H,SO4 50 6.9 This work
3DHPN-AuPtc,/Au,./GCE 0.2 mol/L HCOOH 0.5 mol/L H,SO4 50 12.5 This work

SECA: specific electrochemical surface area of Pt; NBs: nanoboxes; NG: N-doped graphene; np: nano porous; NPG: nanoporous gold.

(8, Y%es Y 9= (100/Iy) X (dI/d1),> 005, T (dI/d1),= 5005
N AR R IR 2 R, 1o 9 NHEZRME X A E Hy
fI 4] 40 . 6 L N 3DHPN-AuPte,/Au,,/GCE
(0.0032%¢s ') < 3DHPN-AuPt/Au,;,/GCE (0.02%s )<
Ptcy/Au,/GCE (0.035%¢s ') <Pt/Auy;,/GCE (0.042%¢s ")
< Nafion/Pt/C/Au,,/GCE (0.068%ss '), ##] 3DHPN-
AuPtc,/Auy,/GCE [ RAELIERESASE. W& S10B it
N, SR 200 FE 5, 3DHPN-AuPte,/Au,,,/GCE (1] CV
e Fp gL e AT R B W AG MBI 94%, FA4 500 Bl - v
85%, AP AR BE IR U (BT a4 RE ) AR e k.

3 4

B2, Eid DHBT MUTHESR XSRS, fil#% 7 AA
EETE Pt HARTHIARY) 3DHPN-AuPte /Au,/GCE. # 5t

334 http://sioc-journal.cn

© 2020 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

T EFRACE BTSN AL RE R S IR S . AR
3DHPN-AuPtc,/Auy,/GCE AR & i F R B M AL Sk
WEPE, T & R IR AR 2 CARGE R Pr LA
FR. X % TR AR B R A RIS T A TR L
e % < SR AR 1 2 LA B AR SRS .

4 SERSY

IR R AL L B AR A % DL AN 5 R
WG, o3 R G B AR WAL B AR . S,
FHARRD ARAT B LB, 7 AL 806 K (0.03~0.05 um)4il
JCIT B, HAKIYE, FHRIRAEHZIK ., LR A 2K
HA 3 min. 2RJA E LR TRIRBTIRIS UE 15 s, 15
R AR P, BEE =R WS A, M amE
T 0.5 mol/L HySO, KM AT AL 249R e, 2 134
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Rz AfE CV L ED(—1.0~1.0 V, 50 mV/s). FH#
HLH B T 2.0 mmol/L K4Fe(CN)g=+0.10 mol/L Na,SO4 7K
WP AT AL RIE(CY, —0.1~05 V, & 50
mV/s), Fe(CN)e ™ H X 48 A J 06 14 g 0 i 37 5 7 75
mV PAP, RENZIES IR AR T v T,

.,.\\\é‘ Au ®AUNPs @PtNPs @CuNPs
&
(] ( ]
3DHPN-AUPtCU S ey
e _

electrodeposition
3DHPN-AuPtCu/Auy,/GCE
HCOOH CO,+2H*+2e-

\J

3543

%

3DHPN-AUPtg,/Au,,/GCE

Au,/GCE

B 5 il % 3DHPN-AuPtc,/Au,,/GCE [ E
Figure 5 Illustration of the preparation of 3DHPN-AuPtc,/Au,/GCE

3DHPN-AuPtc,/Auy,/GCE il Wikl 5 fis, fEkan
. (1) % GCE BT 2.0 mmol/L HAuCl,+0.5 mol/L
H,SO, ', KA 2 855(1.1~0 V, Bkih % 0.25 s)
HLUTRL 400 s, 19 Auy/GCE, it 2e s 2k in & S11A
iz, 2)% Auy/GCE BT 20 mmol/L HAuCl,+1.5
mmol/L CuSO,+ 0.3 mmol/L H,PtClg+5 mol/L H,SO, .
fRWH, —4 V B 200 s, 5 3DHPN-AuPtCu/
Au,,/GCE, Hiti i thZwEl S11B frn. HEEK
L s SR T R 2L B AR Sa R, AR, 7247
P& AR TH R GCE b L2 R UTTAR AuPtCu Mk LU G
(106 55 TS, B fa I R AL TR R R S, Wik
Auy/GCE. HRHE BRATTHE H 1) i 3 5 16 i B L3 ), ax
Al R AR GCE RINPURHI & B A s & 7
BUN ATZE SIS, B DAE LR il R 47 ()44 55 4
JEZE R 2. (3)¥ 3DHPN-AUPtCu/Au,,/GCE &+ 0.5
mol/L H,SO, /K&, 0.6 V FRAM A HI4H 200 s, 15
3DHPN-AuPtc,/Au,,/GCE, Hilif 2k S11c
Fis.

& T 6 NAFEIR AR, (1)~(3): Auy/GCE 4
WIHES 0.3 mmol/L H,PtClg. 20 mmol/L HAuCL, A1 20
mmol/L HAuCl,+0.3 mmol/L H,PtClg ff] 5 mol/L H,SO,
KEBWF, —4 VvV HEL T I 200 s, il 5
Pt/Au,,,/GCE, 3DHPN-Auw/Au,,/GCE #1 3DHPN-AuPt/
Au,/GCE. (4)~(5): Au,/GCE 43 HI7E# 0.3 mmol/L
H,PtClg+1.5 mmol/L CuSO, 1 20 mmol/L HAuCl,+1.5
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mmol/L CuSO, If] 5 mol/L H,SO, /KIF T, 1EHAL—4 V
THPU 200 s, SR 50 03472540 T 3DHPN-AuPtc,/
Au,/GCE ] Cu BHFRVE Y, #1145 Ptew/Au,,/GCE
3DHPN-Auc,/Auy,,/GCE. (6)41 T il # Nafion-Pt/C/Au,,/
GCE. 0.5 mg FikAk PY/C (Pt 5 H 20 BUN 20%) 4L
BON 1 mL FBAEK AR 408 1 h, B 10 L BV T
Au,,/GCE RMFZFIRMIET, FE 4 uL FEESECH
0.5%%] Nafion Z BV T ARERH, =R+, KA
CV 7%(—0.3~1.5V, 50 mV/s)7E 0.5 mol/L H,SO, F1 Ak
Fra Bk, HE CV M EI.

FiT A HEAL 22 SR B P 7E CHIG60A Ha Ak 2 T A ul (B g
JRAE) BT, RAW M =Mk A8, TIERAER
3.0 mm )3 IR AL AR S A R B AR, TR ok FAR
(SCE)YNZ: LL i), X HEMCNE 22 ). BT s AL 3540
XFF SCE. SKH ICX41M 18 & &A1 B (WL ok 5ok
SR RESMBEME . BT B (SEM)MlRE
HHUN X SEOGISEDS)LKAET EDS FH Nava
Nano SEM230 %437 & S 494 Fi 1~ S AU B% (FEL USA)_Lidk
7. ICP-AES & 7F HUEHE & 55 5 1R - i 7 R 5 ek
{X(ICP-AES Baird, USA)_E#4T.

HAuCl*4H,0. H,PtClg*6H,0 F1 CuSO4+5H,0 #JI
H KA 57 HCOOH. K4Fe(CN)ge3H,0+ H,SO4n
Nafion ¥ VA1 AL PY/C (Pt & 43 B0N 20%) 14 H
[ 25 5 B AR R A R AR 43 B 4l
g B A ORI K 2R A Mili-Q R 4f K
(Millipore, =18 MQecm). BT SLIGIITE =R N kT,
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