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Chapter 3

Monodisperse Pt3Co Nanoparticles as a
Catalyst for the Oxygen Reduction Reaction:
Size-Dependent Activity

Monodispcrse Pt3CO nanoparlicles with size controlled from 3 to 9 om have been

synthesized through an organic solvothcrmal approach and applied as

elcctrocmalysls for the oxygen reduction reaction. Electrochemical study shows that

the Pt3CO nanoparticlcs arc highly active for the oxygen reduction reaction and the

activity is size-dependent. The optimal size for maximal mass activity was

established to be around 4.5 om by balancing the electrochemically active surface

area and specific activity.

The contents of this chapler have been published: C. Wang, D. van deT Vlict, K.C. Chang, H.

You, D. Strmcnik, J. $chluclcr, N.M Markovic and V.R. $Iamcnkovic, J Phys. Chem. C, It3

(2009) 19365
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3.1 Introduction

Alloy nanoparticles (NPs) have attracted increasing interest due to their superior

performance in magnetic lJ-5J, optical l6-9J and catalytic l10-14J applications.

Particularly, Pt alloys with transition metals (MPt with M = Fe, Co, Ni, etc.) have

becn found to be highly active for oxygen reduction, the troublcd cathodc rcaction

in fuel cells. [15,16] This has initiated a lot of efTarts in synthesis of Pt-based alloy

catalysts, which arc usually in the form of Pt3M NPs dispersed in a high surface

area carbon matrix. The approaches mostly include co-precipitation of metal salts in

aqueous solution [17, 181, impregnation of transition metals into Pt/carbon catalyst

p 9, 201, and electrodeposilion. [211 Despite the progress in preparing various types

of alloy catalyst, synthesis of catalysts with monodispcrse and size-controlled alloy

NPs is yet challenging in the literature. On the other hand, the particle size efTcet is

known to play an important role in catalysis, particularly in the case of

e1ectrocatalysts comprising NPs. Not only the activity but also the reaction

mechanism and selectivity have been reported to be dependent on the catalyst size.

[22-271 Contrary to the extensive study on conventional Pt/carbon catalysts, size

dependent activity has not been well investigated for Pt alloy catalysts [28, 29],

which yet requires monodisperse alloy NPs of controlled size, composition,

structurc and uniform shape. [25]

3.2 Experimental

Wc use PtJCo as an example for systematic studies of size-dependent catalytic

activity for the oxygen reduction reaction (ORR). Monodisperse PtJCo NPs were

synthesized through an organic solvothermal approach modified from previous

publications 130, 311, which has been demonstrated as a robust method for

preparing monodisperse alloy NPs with size control and homogeneous

compositions. [1-13, 321. Electrochemical properties were compared to the

commercially available state-of-the-art Pt/carbon catalyst supplied by Tanaka.

Platinum acetylaeetonate, Pt(acach, was reduced by 1,2-tetradecanediol in the

presence of I-adamantanecarboxylic acid (AeA) and a large excess of oleylamine,

while Co was introduced by thennal decomposition of cobalt carbonyl, CO2(CO)8

(figure 3.la and seetion 3.5). Adding CO2(CO)8 at difTerent temperatures gave CoPt)
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NPs of various sizes. Figure 3.1 b-e show representative transmission electron

microscopy (IEM) images of CoPt NPs of 3, 4.5, 6 and 9 run obtained by adding

CO2(CO)s at 225, 200, 170 and 145 °C, respectively. The control of size in this case

has been reported to be due to a balance between the rates of nucleation and growth.

[31] Energy-dispersive X-ray spectroscopy (EDX) analysis of the NPs shows the

atomic ratio between Co and Pt is equal to 1:3 (figure 3.5). More experimental

details are given in section 3.5.
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Figurc 3.1. (a) Schcmatic Ulustration of thc synthctic routc fol' monodispcrsc CoPt3 Ps. (b)
- (e) TEM images of as-synthesized 3,4.5,6 and 9 nm CoPt3 Ps.
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3.3 Results and Discussion

Figure 3.2a shows X-ray diffraclion (XRD) pallems of the as-synthesizcd COPI)

NPs. AlIlhe XRD patterns correspond to a face-centered cubic (fee) CoPt) crystal.
[30, 311 As the NP sizc increases, the XRD peaks become sharper; indicating the
increase of cryslalline size in the NPs. Crystalline sizes can further be calculated
from the XRD patterns according to the Scherrer Equation, as shown in figure 3.2b.

These sizes are quile close to those observed by TEM, implying the single
crystalline nature of individual NPs, which is also consistent with the high

resolution TEM image analysis in the previous reports. [30, 311
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Figul'l' 3.2. (a) XRD pllltl'l'nS of CoPtl NPs of \'al'ions sill's showing thl' typital pl'aks of
CoPt] ITyslllls in fcc phase. (b) CI1'stallinl' sin's of CoPtl NPs as calt:ulatl'd fmm thl' XRD
pattl'rns at:l:ol'ding to thl' Schl'ITel" Equation.
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The as-synthesized NPs were supported on carbon black (Tanaka, - 900 m2/g) via a
colloidal-deposition approach 1331 by mixing the NPs and carbon in chlorofonn
suspension, followed by sonication. Organic surfactants were removed by heat
treatmcnt of the NPslcarbon mixture in an oxygen-containing atmosphcrc at 185°C.
[34] The obtained catalyst was then dispersed in deionized water by vigorous
sonication, and the formed suspension was pipetted on a glassy carbon (GC)
electrode (6 mm in diameter). The ratio of Pt in the catalyst was tuned to 28%, and

the loading of Pt on the GC electrode was controlled at 9 ~g/em2di>k, with the
exception of9 nm particles, which had a loading of l2l-lg/cm2di>k in order to reach
the appropriate diffusion limiting current based on the disk geometry. After drying

under a flow of argon, the GC electrode was immersed into 0.1 M HCl04 for
e1ectrocatalytic measurements, which \\'as carried out in a three compartment
e1eetroehemical cell with a Pt wire as counter and nn Ag/AgCI as reference

electrode. All potentials in this report are given versus reversible hydrogen
electrode (RH E), and readout currents are corrected for the ohmic iR drop. 135, 40J

The cyelic voltammogram (CV) was collected in Ar saturated solutions with a scan
rate of 50 mV/s at 20°C, and ORR activity was measured by rotating disk electrode
(ROE) method with a scan rate of 20 mV/s at 60°C. The electrochemieal surface

area of the catalyst was evaluated from the charge of under potentially deposited
hydrogen (Hupd) and CO stripping (figure 3.6 and 3.7), and used to normalize the
measured electrode current for the calculation of specific activity, which is given as
the kinetic current density at 0.9 V (figure 3.8).

Figure 3.3a shows the voltammograms ofCoPticarbon NPs of various sizes. As the
sizc of NPs incrcascs from 3 nrn to 9 nm, thc Hupd region (0.05 V < E < 0.4 V vs.

RHE) shrinks, resulting in the decrease of specific surface area from 692 to
277 cm2/mgl'l (figure 3.3b). Spccific actidties (at 0.9 V vs. RHE) measured with a

rotation rate of 1600 rpm and a scan rate of 20 mV/s are also depicted in figure
3.3b, showing an asccnding trcnd as the NP size increases. The specific activity of

9 nm CoPtiearbon is over two times higher than measured for 3 nm COPI)/carbon
NPs. The two opposite trcnds in specific surface area and specific activity lend to a
volcano-shape behavior m size-dependent mass activitIes, as shown m figure 3.3c,
and therefore, the maximum mass activity has been observed for 4.5 nrn PtlCo NPs.
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Figure 3.3. (a) CVs of CoPt3 Ps of different sizes. (b) Specific activities at 0.9 V vs. RHE
al'e measured with a scan rate of 20 mV/s and I'ot:ltion rate of J600 rpm (black); and
specific surface areas (red) of CoPt:Jcarbon catalysts. The elTor of specific activities was
estimated to be in ±10% according to 3 measurements for each sample. (c) Mass activities of
CoPt:Jcarbon catal}'sts.

Even though particle size effect for the Pt catalyst has been well documented in

literature [22-27], and xplained in terms of the surface geometry and associated

electronic properties, disputations yet exist. For example, Watanabe et al. claim no

size effect observed in their combinational electrochemical and 195Pt EC-NMR

study. [36 Despite a lack of consensus, it is generally accepted that the mechanism

of the Pt size effect is fulfilled through enhanced adsorption of oxygenated species

(0' and OH"eIs, etc.) in smaller particles, due to the decrease of average coordination

number [26], and consequently more pronounced oxophilic behavior. Oxygenated

species adsorbed on low-coordinated Pt surface sites (steps, edges, kinks) inhibit the

ORR. [23] The first systematic study of bimetallic alloy particles presented here

shows that particle size effect is also reflected in the case of CoPt3 NPs. A careful
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analysis of the voltammograms presented in figure 3.3a shows that both the
oxidation peak (- 0.9 Y) in the anodic scan and the reduction peak (- 0.8 Y) in the
cathodic scan exhibit a negative shirt of -30 mY from 9 to 3 nm CoPt). Our
expcrimcnts indicate that the smaller NPs are oxidized at lower potential, which
corresponds to enhanced adsorption of oxygenated species and thus decreased ORR
activity.
The results presented here show about 3-fold enhancement in the ORR (figure 3.4

and table 3.1) between synthesized CoPt3/earbon (6 nm) and commercially
available Pt/carbon (6 nm) catalysts. The enhancement has been ascribed to the
modification of the Pt surface electronic structure by alloying with 3d transition

metals. [37-391 The improvement factor is in line with that observed for extended
surfaces, [131 implying that the synthetic approach and treatment procedures
developed here do produce a homogeneous alloy and highly active monodisperse

catalysts with controllable size. Compared with Pt alloy catalysts prepared by
conventional approaches such as impregnation and co-precipitation [15-19,241, the

improved activity for Pt-bimetallic NPs developed here is due to the unique
chemical solution synthesis, which generates alloy nanoparticles with more
homogeneous elemental distribution and better mixing of alloying components,

which was found to be crucial in determining the elcctronic/adsorption/catalytie
properties. [12, 13]

.-
.-

....
.-

.-

.nm
Co~/C

4.5nm
Co~/C

6nm
PlIC

o

4

Figun' 3.4. Sprcific IIctivif)' III 0.9 V \"S. RHE, 60°C IInd 1600 rpm for CoPtyclIl"bon clltlll)'SIS
compan'tl to 6 Olll Pt/carbon catalpls.
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3.4 Conclusion

In summary, wc have synthesized size controlled monodisperse CoPt} nanoparticles

ranging from 3 nm to 9 nm, and applied them as eleetroeata[ysts for the oxygen

reduction reaction. The organic solvothermal approach has proven to be a powerful

method for synthesis of high-quality alloy nanoparticles with superior performance

in eatalyzing the cathodic fuel cell reaction. Systematic study of the Pt-bimetallic

alloy catalysts comprising nanopartieles of various sizes reveals that the ORR
activity of CoPt} is size-dependent and decreases with the particle size. By

balancing the specific surface area and activity, the optimal size for the maximum

in mass activity was established 10 be around 4.5 nm. In a quest to control the size,

shape, and composition of nanoparticles, the strategy and trends reported in this

study may be generalized to other systems and utilized to guide the future

development of advanced functional nanomaterials.

3.5 Appendix

3.5.1 Synthesis of PlJCo nanoparticles
In a typical synthesis of 4.5 nm Pt}Co NPs, 0.16 mmol Pt(acach was dissolved in

[0 ml oleylamine and 5 ml benzyl ether, in the presence of [ mmol 1

tetradecanediol, 2.8 mmol I-adamantanecarboxylic acid. The formed solution was
heated to 200 vC under Ar flow. 0.25 mmo[ cobalt carbonyl dissolved in I ml

dichlorobenzene was added inlO this hot solution under the Ar atmosphere. After 30

minutes, the solution temperature was raised to 260°C and kept in reflux for 30

minutes. After the reaction, the solution was cooled down to room temperature. 40

ml iso-propanol and 20 ml ethanol were added to precipitate NPs, followed by

centrifuge (6500 rpm, 6 minutes). The collected product was dispersed in 10 ml

hexane for further applications. Electrochemical properties of synthesized NPs were

compared to the commercially available state-of-the-art Pt/carbon catalyst supplied

by Tanaka.
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3.5.2 Characterization
The TEM images (figure 3.1) and EDX spectrum (figure 3.5) were collected on a

Phi lips CM 30 TEM cquipped with EDX functionality. The EDX analysis covered a

large area of the nanopartic1e assembly (> I ).lm x I).lm, over thousands of

particles). XRD pallems (figure 3.2) were collected on a Rigaku RTP 300 RC

machine. Crystalline size in the NPs were calculated by the Seherrer equation for

the (Ill) peak after background correction of the spectrum (0.94 waS used for the

Schcrrer constant).

",.
IW \..A. )V \J J\

loll U' '.11 1.11 I .... Ll.11 IU'

Flgo!"... 3.5. [DX sfl ...ctrum of Pt3Co NPs confirming th ... atomic ratio b('O\·c...n Co and Pr is
<'qual to 1:3.

3.5.3 Electrochemical Measurements

The c1ectrochemieal measurements were conducted in a three-compartment

e1cctrochemical cell with a rotating dise electrode setup (Pine) and potentiostat

(Eeoehemie Autolab 302). A saturated AglAgCI electrode and a Pt wire were used

as reference and counter e1cctrodes, respectively. 0.1 M HCI04 was used as

electrolyte. Details about sample preparation and loading were presented in the text.
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figure 3.7. CO stripping of 3 nm Pt3Co/carhon catalyst measured at 50 mV S·I. The
dashed cunoe is the blank CV recorded right after CO stripping. The co\'Cragc of

I
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CO calculated by Sco = Q is 94%.
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Figure 3.8. Polarization curves for 6 nm Pt and Pt3Co/cal'bon catalysts measured at (a) 20·C
and (b) 60·C with 20 mV S-I at 1600 rpm. Kinetic cUlTent density was obtained by

.!. 1 +_1_ J lk
k ,whel'e the surface area WllS obtllined fl'om the

Ilk 1difJ staface area
cv llS shown in figurc 3,6 and CO stl'ipping CUI'VC in figuI'c 3.7.

Table 3.1. Summllry of electl"Ochemical mcaSUl'cments fOI" Pt lllld Pt Co/clll'bon catlllysts.

3nm 9 1.848 1.62 1176

PhCo

4.5 nm 9 1.344 2.68 1414

Pt3Co

6nm 9 0.998 3.14 1233

Pt3Co

9nm 12 0.987 3.43 998

Pt3Co

6nm 9 0.981 0.97 374

Pt
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