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a b s t r a c t 

Although great advances have been achieved in the field of fuel cells, the lack of cost-efficient electro- 

catalysts is still the grand challenge impeding the practical application of fuel cells. To this end, rational 

design of efficient multicomponent electrocatalysts with both high activity and stability is highly momen- 

tous for fuel cell reaction. Herein, a facile approach to controllably engineer trimetallic hexagonal PtCuCo 

nanocrystals (NCs) as highly active and durable liquid fuel electrooxidation catalysts is reported. Impres- 

sively, after the incorporation of Cu and Co into Pt, the electronic structures of Pt remarkably modified, 

leading to the enhancement of electrocatalytic performances. The optimized hexagonal PtCuCo NCs were 

demonstrated to display outstanding activities of 4926.4 and 3519.9 mA mg −1 for the electrooxidation 

of ethylene glycol (EG) and glycerol, in comparison with Pt/C catalysts. The greatly improved activity of 

hexagonal PtCuCo NCs is ascribed to the highly exposed surface active areas and the electronic effects 

among Pt, Cu, and Co. More importantly, the trimetallic hexagonal nanocatalysts also display great dura- 

bility with little variations in composition, structure, and activity, showing an advanced class of nanocat- 

alysts for fuel cells and beyond. 

© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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. Introduction 

The rational fabrication and development of advanced tech-

ologies for highly efficient energy conversion devices is attractive

o relieve energy crisis [1–3] . In numerous innovative strategies,

irect fuel cells, with the features of high efficiency, clean, and en-

ironmental friendliness, show great promise as ideal technologies

or the transition to a hydrogen based economy [4–6] . Unfortu-

ately, some drawbacks related to the electrocatalysts such as high

ost, sluggish reaction kinetics, and poor durability have severely

indered their practical application [7–9] . To this end, intensive

ffort s have been devoted to the construction of ideal electrocata-

ysts with both high activity and durability. As the most promising

atalyst for fuel cells reaction, noble-metal Pt material has

ttracted massive research attentions over decades, while its ex-

rbitant price and scarcity have limited its future development in

uel cells [10–12] . To this end, improving Pt utilization is demon-

trated to be an efficient approach for promoting their intrinsic
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ctivity and durability, which is meaningful for the development

f fuel cells technology. 

Regarding improving Pt utilization, many strategies have been

eveloped. Among them, alloying Pt with other earth-abundant

etals has been generally regarded as a feasible method [13–15] .

n one hand, the incorporation of earth-abundant metals can re-

uce the cost of electrocatalysts, on the other hand, benefitting

or the synergistic and electronic effects, the newly-generated Pt-

ased multicomponent nanocatalysts can display greatly enhanced

lectrocatalytic performances [16–18] . In addition, the introduction

f other metals is also favorable for breaking the C 

–C bonds of al-

ohol molecules during the oxidation reaction. More importantly,

fter the incorporation of other metals, the d-band center of Pt will

ownshift [19,20] , which thus promote of catalytic performances to

 higher level. 

Besides the compositions, the electrocatalytic performances of

t or Pt-based nanocatalysts also greatly rely on their structures

ince the electrocatalytic reaction usually takes place on the sur-

ace of catalyst, and the nanocatalysts with unique morphology

an expose highly active facets and abundant surface active sites

21–23] . Accordingly, multicomponent Pt-based catalysts with fas-

inating nanostructures such as hollow [24,25] , nanowire [26] ,
ights reserved. 
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Fig. 1. (a–d) The TEM images of hexagonal PtCuCo NCs with different magnifications. (e) SEM–EDX and (f) PXRD patterns of PtCuCo NCs. 
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and dendrite [27] have been well designed and engineered. And

the electrochemical measurements have revealed that well-defined

nanocatalysts bounded with high surface areas possess substantial

enhancement in both catalytic activity and stability [28,29] . Among

them, the hexagonal nanostructure with abundant surface active

areas is attractive to greatly enhance the electrocatalytic activity

because of its abundant kinks, ledges, and atomic steps on the sur-

face [30] . 

Aiming to achieve cost-efficient multicomponent Pt-based

nanocatalysts and boost the commercial development of fuel cells,

here we report the successful design of fascinating hexagonal

PtCuCo nanostructures in the mild reaction conditions. Abundant

atomic steps, ledges, and kinks on the surface of hexagonal nanos-

tructures help the PtCuCo nanocatalysts expose more active sites

for EG and glycerol molecules. Impressively, it was demonstrated

that the as-obtained trimetallic PtCuCo hexagonal NCs could ex-

hibit unexpectedly high catalytic property towards EG oxidation

reaction (EGOR) and glycerol oxidation reaction (GOR), with the
ass activities found to be 4926.4 and 3519.9 mA mg −1 , which

re 4.2 and 4.9 times greater than those of Pt/C catalysts. More

ignificantly, the long-term electrochemical tests have also demon-

trated its outstanding durability with extremely high retained ac-

ivity, showing a variety of promising well-defined electrocatalysts

or fuel cells. 

. Experimental section 

.1. Preparation of hexagonal PtCuCo NCs 

The hexagonal PtCuCo NCs were prepared according to a

ilder wet-chemical method similar to previous method [31] .

n the standard synthesis of hexagonal PtCuCo NCs, 10 mg

t(acac) 2 , 2.1 mg CuCl 2 ·2H 2 O, 3.4 mg Co(acac) 2 , 36.5 mg hexade-

yltrimethylammonium bromide (CTAB, 99%), 7 mL oleylamine

OAm, CH 3 (CH 2 ) 7 CH = CH(CH 2 ) 7 CH 2 NH 2 , 70%), and 2 mL octadecy-

ene (ODE, > 98.0%) were added to a vial (volume: 30 mL). After
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Fig. 2. (a and b) TEM images of PtCo NCs and (c) their SEM–EDX patterns. (d and e) TEM images of PtCu NCs and (f) their SEM–EDX patterns. 

Fig. 3. (a) PXRD patterns of PtCu and PtCo NCs. (b) XPS spectra of (b) Pt 4f, (c) Cu 2p, and (d) Co 2p. 
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Fig. 4. (a) CV curves of PtCuCo, PtCu, and PtCo NCs, as well as Pt/C catalysts towards EGOR at the scan rate of 50 mV s −1 . (b) The corresponding histogram of mass activities 

of these electrocatalysts. (c) Initial, 200th, 300th, 400th, and 500th CV curves of PtCuCo towards EGOR and (d) its corresponding histogram of normalized current percentage 

and retained mass activities. (e) Durability comparison of PtCuCo, PtCu, and PtCo NCs, as well as Pt/C catalysts towards EGOR and its corresponding histogram of normalized 

current percentage and retained mass activities. 
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the vial has been capped, the mixture was then ultrasonicated for

30 min. The vial was then transferred to an oil bath to heat form

room temperature to 200 °C for another 5 h. The resulting products

could be collected by centrifugation (10,0 0 0 rpm) and washed with

ethanol/cyclohexane mixture. The syntheses of PtCu and PtCo NCs

were similar to hexagonal PtCuCo NCs except for the addition of

Co(acac) 2 and CuCl 2 ·2H 2 O, respectively. 

2.2. Characterization 

The compositions of the catalysts before and after electrochem-

ical measurements were determined by the inductively coupled

plasma atomic emission spectroscopy (ICP-AES, 710-ES, Varian).

The morphologies and sizes of samples were determined by trans-

mission electron microscope (TEM) (Tecnai G220, FEI America)

at 200 kV. And the samples were prepared by dropping ethanol

dispersion of products onto carbon-coated copper TEM grids us-

ing pipettes. The SEM energy dispersive X-ray (EDX) images were
aken with a HITACHI S-3700 cold field emission scanning electron

icroscope operated at 15 kV. The powder X-ray diffraction (PXRD)

atterns were collected using an X’Pert-Pro X-ray powder diffrac-

ometer equipped with a Cu radiation source ( λ= 0.15406 nm). X-

ay photoelectron spectroscopy (XPS) was conducted on a Thermo

cientific ESCALAB 250 XI X-ray photoelectron spectrometer. 

.3. Electrochemical measurements 

For the typical electrocatalytic reaction, a standard three-

lectrode cell was used for performing all the tests. Before the

lectrochemical measurement, we loaded the catalysts on carbon

lack (Vulcan XC72R carbon, C) by sonication and washed with

cetic acid at room temperature twice. To prepare a catalyst-

oated working electrode, the catalyst was dispersed in a mix-

ure of solvents containing isopropanol and Nafion (5%) to form

 0.20 mg Pt mL −1 suspension. A 10 μL isopropanol dispersion of

amples on carbon (0.20 mg mL −1 ) was deposited on a glassy
Pt 
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Fig. 5. (a) CV curves of PtCuCo, PtCu, and PtCo NCs, as well as Pt/C catalysts towards GOR at the scan rate of 50 mV s −1 . (b) The corresponding histogram of mass activities 

of these electrocatalysts. (c) Initial, 20 0th, 30 0th, 40 0th, and 50 0th CV curves of PtCuCo towards GOR and (d) its corresponding histogram of normalized current percentage 

and retained mass activities. (e) Durability comparison of PtCuCo, PtCu, and PtCo NCs, as well as Pt/C catalysts towards GOR and its corresponding histogram of normalized 

current percentage and retained mass activities. 
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arbon electrode to obtain the working electrodes. As for the elec-

rochemical tests, the sample-coated glassy carbon electrode, a sat-

rated calomel electrode, and a Pt wire were selected as working

lectrode, a reference electrode, and a counter electrode, respec-

ively. The EGOR and GOR tests were conducted in the CHI760e

lectrochemical workstation in the solution of 1.0 M KOH + 1.0 M

G and 1.0 M KOH + 1.0 M glycerol at room temperature, respec-

ively. For comparison, the commercial Pt/C (20 wt%, 2–5 nm Pt

anoparticles) purchased from Johnson Matthey (JM) Corporation

as selected as the reference catalyst. The mass activities were

ormalized with respect to the Pt amount on the electrodes. Be-

ides, continuous 500 cycles CVs with the reference electrode of

g/HgO have also been conducted for evaluating their durability.

he electrochemical impedance spectroscopy (EIS) has also been

onducted to further study the charge transfer efficiency at the

lectrode and electrolyte interface. 

. Results and discussion 

Experimentally, we prepared trimetallic PtCuCo NCs via a facile

o-reduction method using CTAB as surfactant agents in the pres-

nce of OAm solution. The PtCuCo NCs were first characterized by
EM. As displayed in TEM images in the Fig. 1 (a)–(c), the prod-

cts consisted of uniform six-armed starlike NCs with a high yield

ver 90%. To better visualize the structure of the as-prepared prod-

cts, the higher-resolution TEM images were also obtained. As seen

n Fig. 1 (d), most of the NCs were observed as six-armed stars

ith the diameter around 11.9 nm (Fig. S1), indicating the presence

f hexagonal PtCuCo NCs. According to the SEM-EDX ( Fig. 1 (e))

nd Table S1, we can infer that the atomic ratio of Pt/Cu/Co is

1.7:23.2:25.1, being consistent with the results from ICP-AES (50.9:

4.1: 25.0). Moreover, the PXRD patterns were also obtained to in-

estigate their structures. As shown in Fig. 1 (f), the PXRD patterns

f PtCuCo NCs display the typical face-centered cubic (fcc) struc-

ure, well matching with the previously reported fcc Pt [32] . Re-

arkably, the PXRD patterns of PtCuCo showed slight shift in com-

arison with standard Pt, Cu, and Co, revealing the formation of

lloy phase in such hexagonal PtCuCo NCs [33,34] . 

For comparison, PtCo and PtCu NCs were also prepared through

he same method except for the introduction of CuCl 2 ·2H 2 O and

o(acac) 2 . The TEM was also employed to characterize their mor-

hologies. As displayed in Fig. 2 (a) and (b), some highly uniform

tCo nanoparticles with irregular shapes were obtained, and the

DX spectrum showed that the atomic ratio of Pt/Co was 75.4: 24.6
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Fig. 6. Representative TEM images of carbon black supported hexagonal PtCuCo 

NCs (a and b) before and (c and d) after 500 cycles electrochemical tests. 

Fig. 7. Representative TEM images of commercial Pt/C catalysts (a and b) before 

and (c and d) after 500 cycles electrochemical tests. 
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( Fig. 2 (c)), indicating the successful preparation of PtCo NCs. With

regard to PtCu NCs, as seen in Fig. 2 (d) and (e), the products con-

sisted of many five-armed starlike nanoparticles and some small

size nanocubes. Moreover, the atomic ratio of Pt/Cu was measured

to be 54.2: 45.8 ( Fig. 2 (f)), indicating the complete reduction of

Pt(acac) 2 and CuCl 2 ·2H 2 O. These results have suggested that both

the addition of CuCl 2 ·2H 2 O and Co(acac) 2 is highly significant for

the successful preparation of hexagonal PtCuCo NCs. 

To characterize the crystalline structures of the as-prepared

PtCo and PtCu NCs, the PXRD patterns of these two types of nanos-

tructures were also acquired. As seen in Fig. 3 (a), the PXRD peaks
f PtCo located between standard Pt (PDF-#87-0640) and Co (PDF-

01-1255), suggesting the formation of PtCo alloy [35] . Similarly,

he PXRD peaks of PtCu located between standard Pt (PDF-#87-

640) and Cu (PDF-#04-0836), also revealing the presence of PtCu

lloy in the PtCu NCs [36] . 

To better study the properties of the hexagonal PtCuCo NCs, we

ave also employed the XPS to trace their surface chemical compo-

itions. Fig. 3 (b) displays the XPS spectra of Pt 4f, it can be found

hat Pt 4f shows mainly the metallic state on the surface. More

nterestingly, compared to the pristine Pt 4f (71.0 and 74.4 eV for

t 4f 7/2 and Pt 4f 5/2, respectively) (Fig. S2), the Pt 4f in PtCuCo

Cs displayed a positive shift to the higher binding energy of 71.5

nd 74.8 eV, respectively. These results suggested that the incorpo-

ation of Cu and Co into Pt greatly change the electronic structure

f Pt, which is a significant factor for improving the electrocatalytic

ctivity [ 37 , 38 ]. As for Cu 2p, its XPS spectra can be well deconvo-

uted into two sets of peaks (Cu 2p 3/2 and Cu 2p 1/2) ( Fig. 3 (c)).

emarkably, the results revealed that the surface Cu in PtCuCo NCs

s mainly in metallic state, indicating the complete reduction of

uCl 2 , while the presence of some weak Cu (II) peaks is ascribed

o the surface oxidation of Cu species in air [39] . Fig. 3 (d) showed

he spectrum of Co 2p, which included two pairs of spin-orbit dou-

lets arising from 2p 1/2 and 2p 3/2, as well as two shakeup satel-

ites. Apart from the metallic states, the other two well fitted peaks

or 2p 3/2 could be ascribed to the Co 3 + ( ≈780.6 eV) and Co 2 + 

 ≈782.7 eV), respectively [40] . 

Considering the unique hexagonal shape, abundant surface ac-

ive areas, as well as strengthened electronic effects, the newly

enerated trimetallic PtCuCo nanostructures should possess great

romising for serving as high-efficiency electrocatalysts toward

uel cells reactions [41] . To this end, EGOR and GOR have been se-

ected as the model reactions to examine the electrocatalytic per-

ormances of the engineered hexagonal PtCuCo NCs. Commercial

t/C catalysts were also employed for comparison. Fig. 4 (a) com-

ares the CV curves for the electrooxidation of EG on different

atalysts, as seen, the onset potential for PtCuCo NCs is 0.33 V,

hich is smaller than those of Pt/C (0.45 V), PtCu NCs (0.36 V),

nd PtCo NCs (0.39 V), indicating the better EG oxidation capability

f PtCuCo NCs. Electroactive surface areas (ECSA) that calculated

n the basis of hydrogen adsorption/desorption peaks are 48.5,

1.7, 38.6, and 54.3 m 

2 g −1 for PtCuCo NCs, PtCu NCs, PtCo NCs,

nd commercial Pt/C, respectively (Fig. S3). And the higher ECSA

f PtCuCo NCs thus confirmed the abundant surface active sites,

hich was significant for promoting their electrocatalytic perfor-

ances. The mass activities of different catalysts were normalized

o the masses of Pt on the surface of electrode, which have been

ummarized in Fig. 4 (b). Remarkably, the PtCuCo NCs show the

harp peak at 0.6 V (vs RHE) in the positive scan, which is as-

ribed to the electroxidation of EG, while the peak in the backward

0.6 V) is associated with the removal of carbonaceous species

such as CO) produced in the forward electrooxidation scan. The

ass activity of PtCuCo NCs is calculated to be 4926.4 mA mg −1 ,

hich is 4.2 times greater than that of commercial Pt/C catalysts

1161.2 mA mg −1 ). Besides the comparison with commercial Pt/C, it

lso shows higher electrocatalytic activity than that of some previ-

usly published works (Table S2). Moreover, benefitting from the

lectronic and synergistic effects between Pt and Cu (or Co), both

tCu and PtCo NCs also displayed greatly promoted electrocatalytic

ctivity of 3479.9 and 3157.6 mA mg −1 , respectively. In addition,

e have also examined the long-term stability of such PtCuCo

Cs since the durability is an important parameter for evaluat-

ng the electrochemical properties of the catalysts [42,43] , which

s significant for the practical application in fuel cells. As shown in

ig. 4 (c) and (d), the peak current densities of catalysts decayed

apidly over scan cycles in the initial period, being ascribed to par-

ial poisoning or dissolution of catalysts. Regardless of these, the
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Fig. 8. Nyquists of PtCuCo, PtCu, and PtCo NCs, as well as Pt/C catalysts in (a) 1.0 M EG + 1.0 M KOH and (b) 1.0 M glycerol + 1.0 M KOH solution at the potential of 0.8 V (vs 

RHE). 

h  

a  

a  

b  

a  

(  

d  

h  

m  

h  

a

a  

s  

a  

s

 

a  

w  

s  

e  

s  

e  

r  

a  

(  

i  

P  

(  

c  

F  

a  

c  

h  

a  

d  

h  

3  

h  

fi  

S  

t  

w  

i  

o  

E  

p  

m  

a  

c  

i

 

f  

i  

t  

P  

a  

s  

K  

g  

s  

t  

p  

c

4

 

s  

C  

s  

P  

a  

o  

a  

t  

t  

a  

o  

t

w  

c

A

 

U  

e  

a

S

 

exagonal PtCuCo nanocatalysts can also retain high mass activity

nd normalized current percentage of 2740.6 mA mg −1 and 55.7%

fter continuous 500 cycles CV. For comparison, the long-term sta-

ilities of other three types of electrocatalysts have also been ex-

mined via the successive 500 cycles CV. As seen in Fig. 4 (e) and

f), the normalized current percentages of all the electrocatalysts

ecreased fleetly with the increasing of cycles. Among them, the

exagonal PtCuCo nanocatalysts still possess the highest retained

ass activity and normalized current, which are 18.5 and 4.4 times

igher than those of Pt/C catalysts, whose retained mass activity

nd normalized current percentage founded to be 148.6 mA mg −1 

nd 12.8%, respectively. In addition, PtCu and PtCo NCs also pos-

essed greatly enhanced long-term stability with the retained mass

ctivities of 1419.8 and 868.3 mA mg −1 , both of which were much

uperior to commercial Pt/C catalysts. 

Besides the EGOR, the electrocatalytic performances of the

s-obtained PtCuCo NCs were further studied by GOR. The CV

as conducted in 1 M KOH and 1 M glycerol solution at the

can rate of 50 mV s −1 . Fig. 5 (a) shows the CV curves of differ-

nt electrocatalysts towards GOR. As seen in Fig. 5 (a) and (b),

imilar behavior was also found in the electrooxidation of glyc-

rol, in which the PtCuCo NCs displayed the highest peak cur-

ent density of 3519.9 mA mg −1 , which was about 4.86, 1.63,

nd 1.46 times greater than those of Pt/C (723.9 mA mg −1 ), PtCo

2160.9 mA mg −1 ), and PtCu (2414.8 mA mg −1 ), respectively. More

mportantly, we also found that the electrocatalytic activity of such

tCuCo NCs was also much higher than those of previous works

Table S3). Additionally, the successive 500 cycles CV were also

onducted to study their long-term stability. As is displayed in

ig. 5 (c) and (d), such PtCuCo NCs can also keep super high mass

ctivity of 1893.7 mA mg −1 after 500 cycles CV, and its normalized

urrent percentage was also measured to be 53.8%, which is much

igher than that of Pt/C (14.2%), PtCo (30.3%), and PtCu nanocat-

lysts (39.8%) ( Fig. 5 (e) and (f)). Moreover, the CA tests also in-

icated that such hexagonal PtCuCo NCs could also display the

ighest retained mass activities of 746.3 and 432.5 mA mg −1 after

600 s for EGOR and GOR, respectively, both of which were much

igher than those of Pt/C, PtCu NCs, and PtCo NCs, further con-

rming the great enhancement in long-term stability (Fig. S4 and

5). After long-term electrochemical measurements, the atomic ra-

io of Pt/Cu/Co determined by ICP-AES was 53.6:22.4:24.0, which

as almost the same with original one. Furthermore, after compar-

ng with recently published studies, we also find that such hexag-

nal PtCuCo NCs possess both enhanced long-term stability toward

GOR and GOR (Table S4). These results have highlighted the su-

erior stability towards GOR without remarkable composition, size,

orphology, and structure variations after the 500 cycles CV tests,
 f
s demonstrated by TEM characterizations ( Fig. 6 ). However, by

ontrast, the Pt/C catalysts faced serious aggregation during stabil-

ty measurement ( Fig. 7 and S6). 

The EIS tests were also carried out to study the charge trans-

er and electrochemical reaction process, which were conducted

n the 1.0 M EG + 1.0 M KOH and 1.0 M glycerol + 1.0 M KOH solu-

ions at the potential of 0.8 V (vs RHE). As shown in Fig. 8 (a), the

tCuCo NCs displayed the smallest diameter of semicircle arc (DIA)

mong all investigated electrocatalysts, suggesting the smallest re-

istance but fastest interfacial charge transport in 1.0 M EG + 1.0 M

OH solution [44] . Similar behavior could also be found in 1.0 M

lycerol + 1.0 M KOH solution ( Fig. 8 (b)), for which PtCuCo NCs pos-

essed the smallest DIA and best conductivity among these elec-

rocatalysts [45] . These results clearly demonstrate that the incor-

oration of Cu and Co into Pt endow them with both enhanced

onductivity and catalytic activity. 

. Conclusions 

In general, a novel class of trimetallic PtCuCo NCs has been

uccessfully engineered through a facile method. The presence of

uCl 2 and Co(acac) 2 in the reaction system is the key factor for the

uccessful construction of well-defined PtCuCo NCs. The hexagonal

tCuCo nanostructures can be readily employed as highly active

nd durable electrocatalysts for fuel cell reactions. Impressively, the

ptimized PtCuCo NCs showed a great enhancement in catalytic

ctivity for the electrooxidation of EG and glycerol, outperforming

he PtCu NCs, PtCo NCs, as well as Pt/C catalysts. The enhanced ac-

ivity of PtCuCo nanocatalysts is ascribed to the electronic effects

s well as the unique hexagonal nanostructure. We believe that

ur work would provide some significant opportunities for the ra-

ional fabrication of well-defined multicomponent nanostructures 

ith desirable functionalities for the practical applications of fuel

ells and beyond. 
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