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Proton exchange membrane fuel cells (PEMFCs) 
have been developed as an alternative power source 
for various portable and stationary applications due to 
their low emission, convenient operation at low tem-
perature, and high energy efficiency.  At the cathode 
of a PEMFC, oxygen molecules react with the protons 
permeating through the membrane to form water on 
a Pt or Pt alloy catalyst.  The electroreduction of oxy-
gen on the cathode in acidic solutions is always a slow 
reaction.  It is important to know the atomic distribu-
tion and alloy extent of participating elements in indi-
vidual bimetallic nanoparticles, because these factors 
also influence the intrinsic catalytic activity toward the 
targeted reaction.  Herein, we propose a chemical deal-
loying mechanism for Pt–Co bimetallic alloys and es-
tablish its relationship with the catalytic activity toward 
oxygen reduction through electrochemical analysis.

The Co K-edge XANES spectra measured at various 
chemical dealloying times are shown in Fig. 1(a).  The ab-
sorption at 7,709 eV corresponds to a 1s to 3d electronic 
transition of Co metal.  The absorption hump at 7,725 eV
corresponds to a 1s to 4d transition of a cobalt foil. 

The intensities of the absorption hump from different 
samples are higher than cobalt foil for various chemi-
cal dealloying times and this might result from the 
nano-sized effect or the presence of a Co-oxide.  The Co  
K-edge Fourier-transformed EXAFS spectra are plotted in  
Fig. 1(b), where the peaks at 2.5 Å and 2.7 Å corresponds 
to the Co-Co and Co-Pt first shell coordination, respec-
tively.  Furthermore, if Co-oxide exists, a peak at 1.9 Å 
should normally appear in the FT-EXAFS spectra.  How-
ever, the results in Fig. 1(b) clearly confirm the absence 
of Co-oxide in Pt-Co/C nanoparticles at various chemical 
dealloying times. 

The Pt L3-edge XANES spectra measured at differ-
ent chemical dealloying times are shown in Fig. 2(a).  
The absorption at 11,564 eV corresponds to 2p3/2 to 5d 
electronic transition of a Pt metal and the magnitude of 
the absorption hump is known as the white line, which 
reflects the orbital occupancy of 5d electronic state.  The 
intensity of white line should increase with decreas-
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The chemical dealloying mechanism of bimetallic 
Pt–Co nanoparticles (NPs) and enhancement of their 
electrocatalytic activity towards the oxygen reduction 
reaction (ORR) have been investigated on a funda-
mental level by the combination of X-ray absorption 
spectroscopy (XAS) and electrochemical measure-
ment.  Structural parameters, such as coordination 
numbers, alloy extent, and the unfilled d states of Pt 
atoms, are derived from the XAS spectra, together 
with the compositional variation analyzed by line-
scanning energy-dispersive X-ray spectroscopy (EDX) 
on an atomic scale, to gain new insights into the 
dealloying process of bimetallic Pt– Co NPs.  The XAS 
results on acid-treated Pt–Co/C NPs reveal that the 
Co–Co bonding in the bimetallic NPs dissolves first 
and the remaining morphology gradually transforms 
to a Pt-skin structure.  From cyclic voltammetry and 
mass activity measurements, Pt–Co alloy NPs with a 
Pt-skin structure significantly enhance the catalytic 
performance towards the ORR.  Further, it is observed 
that such an imperfect Pt-skin surface feature will col-
lapse due to the penetration of electrolyte into layers 
underneath and cause further dissolution of Co and 
the loss of Pt.  The electrocatalytic activity decreases 
accordingly, if the dealloying process lasts for 4 hr.  
The findings not only demonstrate the  importance of 
appropriate treatment of bimetallic catalysts, but also 
can be referred to other Pt bimetallic alloys with tran-
sition metals. 
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Fig. 1: (a) Co K-edge XANES spectra and (b) FT-EXAFS spectra at the Co 
K-edge of the 30% Pt-Co/C at different chemical dealloying times.

ing occupancy in 5d orbital.  Figure 2(a) 
shows the white line intensities for all 
samples are lower than that of a Pt foil.  It 
could be caused by alloying of Co with Pt 
leading to a high electron density around 
Pt atoms and the Pt d-band vacancy 
thus decreased.  The Pt L3-edge Fourier-
transformed EXAFS spectra at the various 
chemical dealloying times are depicted in 
Fig. 2(b), where the peaks corresponding 
to first Pt-Co and Pt-Pt coordination shells 
appeared at 2.7 Å.

The best fitting parameters calcu-
lated from the Co K-edge and Pt L3-edge 
EXAFS spectra at various chemical deal-
loying times are summarized in Tables 1 
and 2.

Before chemical dealloying begins, 
the coordination number of the Co-Co is 
2.4 and the heterometallic coordination 
of the Co-Pt is found to be 7.0.  The cor-
responding bond lengths are 2.512 Å and 
2.705 Å, respectively.  From the Pt L3-edge 
EXAFS spectra, the coordination numbers 
for Pt-Co and Pt-Pt are calculated to be 
2.7 and 8.8, respectively.  The correspond-
ing bond lengths are 2.705 Å and 2.722 Å, 
respectively.  The total coordination num-
bers for Co and Pt absorbing atoms can 
be obtained from ΣNCo-i (= NCo-Pt + NCo-Co) 

and ΣNPt-i (= NPt-Pt + NPt-Co) separately. 
Before chemical dealloying starts, ΣNPt-i 

is larger than ΣNCo-i, indicating that the 

Fig. 2: (a)Pt L3-edge XANES spectra and (b) FT-EXAFS spectra at different 
chemical dealloying times.

Table 1: Best fit parameters of Co absorbing atoms obtained from the analysis of the Co K-edge and Pt L3-edge EXAFS spec-
tra at different chemical dealloying times.

                         Rj                         σj
2 (×10-3)             Eo    

Co-Co         2.4 (±0.6)         2.512 (±0.025)         6.0 (±3.3)         −12.3         0.009
Co-Pt 7.0 (±0.7) 2.705 (±0.008)  7.3 (±1.0)   5.1

Co-Co  0.4 (±0.2)  2.512 (±0.041)  4.9 (±2.8)    −9.6 0.019
Co-Pt  9.1 (±0.4) 2.706 (±0.007)  7.8 (±1.0)  2.8

Co-Pt 9.3 (±0.4) 2.704 (±0.006) 6.8 (±0.8)  2.8 0.010

Co-Pt 5.2 (±0.3) 2.702 (±0.005) 1.7 (±0.6)  3.5 0.027

[a]N: coordination number; Rj (Å): coordination distance; σj
2 (Å2): a mean squared disorder for the bond distance; 

E0 (eV): inner potential correction; R-factor: residual error.

Initial step (t = 0 min) 

t = 15 min   

t = 2 hr

t = 4 hr 

(Å2) (eV)(Å)
Chemical dealloying time       Shell                   N        R-factor
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commercial Pt-Co nanoparticles have a Co-rich in shell 
and Pt-rich in core structure, since atoms present on the 
surface have fewer neighbors than those in the core. 
After chemical dealloying for 15 min, the homometallic 
coordination number of Co (NCo-Co) reduces consider-
ably to 0.4, where as the heterometallic bonding (NCo-Pt) 
increases slightly to 9.1.  The corresponding bond lengths 
RCo-Co and RCo-Pt are found to be 2.512 Å and 2.706 Å, 
respectively.  The decrease in the Co-Co coordination 
number after chemical dealloying implies that there are 
generally less Co atoms neighboring to a Co atom.  Simi-
larly, the coordination numbers for Pt-Co and Pt-Pt are 
found to be 2.6 and 8.8, respectively.  When the chemical 
dealloying continues for 2 hr, the coordination number of 
the Co-Pt is 9.3 and the bond length is 2.704 Å, whereas 
the structural parameters of Co-Co are no more detect-
able.  On the other hand, the coordination numbers of 
Pt-Co and Pt-Pt are 2.5 and 8.8, with corresponding bond 
lengths 2.704 Å and 2.724 Å, respectively.  The increase 
in coordination number of Co-Pt bonding indicates the 
dissolution of the surface Co takes place faster than that 
of an underneath Co and the Co-Pt bonding is more re-
sistant to the dissolution than the Co-Co bonding.  The 
number of platinum atoms exposed to the outer surface 
of nanoparticles will increase due to the dissolution of 
the surface Co.  Based on the EXAFS spectral analysis, it 
is observed that Co dissolves gradually and it indicates 
that Pt-Co nanoparticles have undergone a structural 
transformation.  It is supposed that a surface feature like 
Pt-skin might be present during the chemical dealloying 
process.  When the chemical dealloying continues for 4 hr,  

the coordination number of Co-Pt drops to 5.2 with a 
bond length of 2.702 Å.  It implies that the number of 
platinum atoms surrounding a cobalt atom decreases 
and the Pt-skin might have been collapsed.  At this stage, 
the coordination numbers of Pt-Co and Pt-Pt are 1.4 and 
10.3, respectively.  The corresponding bond lengths are 
2.702 Å and 2.726 Å respectively.

To quantify differences in the white line intensity 
between the catalyst and a reference platinum foil, a 
method originally developed by Mansour and later mod-
ified by Reifsnyder was adopted.  The fractional change 
in the total number of unfilled d-states (fd) of the sample 
compared to the number in the reference foil can be for-
mulated as equation (1):

                     ƒd =                                             (1)

After subtracting the platinum foil data from the 
catalyst data, the resulting curves were then numerically 
integrated between −10 and 14 eV for both L2( A2)- and 
L3( A3)-edge.  The areas are normalized by multiplying 
with the X-ray absorption cross section at the edge jump 
(σ).  Values of 117.1 cm2/g and 54.2 cm2/g were used for 
the absorption cross section at the platinum L3- and L2-
edges, respectively.  If the number of unfilled d-states in 
the reference material (hTr) is known, the number of un-
filled d-states in the sample (hTs) can then be calculated 
by equation (2). 

                            hTs  =  (1+ ƒd ) hTr              (2)   

Table 2: Best fit parameters of Pt absorbing atoms obtained from the analysis of the Pt L3-edge and Co K-edge EXAFS spec-
tra at different chemical dealloying times.

Rj                         σj
2 (×10-3)           Eo 

Chemical dealloying time       Shell                   N

Pt-Co 2.7 (±0.1)         2.705 (±0.003)         7.3 (±0.3)          7.8 0.009
Pt-Pt 8.8 (±0.2) 2.722 (±0.001)  5.7 (±0.1)   3.1

Pt-Co  2.6 (±0.1)  2.706 (±0.003)  7.8 (±0.3)   7.3 0.019
Pt-Pt  8.8 (±0.1) 2.723 (±0.001)  5.3 (±0.1)  1.0

Pt-Co 2.5 (±0.1) 2.704 (±0.006) 7.8 (±0.7)  8.0 0.010
Pt-Pt 8.8 (±0.2) 2.724 (±0.002) 5.5 (±0.1)  0.6 

Pt-Co 1.4 (±0.1) 2.702 (±0.007) 4.0 (±0.6)  8.2 0.027
Pt-Pt 10.3 (±0.3) 2.726 (±0.002) 6.4 (±0.2)  0.8

[a]N: coordination number; Rj (Å): coordination distance; σj
2 (Å2): a mean squared disorder for the bond distance;

E0 (eV): inner potential correction; R-factor: residual error.

Initial step (t = 0 min) 

t = 15 min   

t = 2 hr

t = 4 hr 

(Å2) (eV)(Å) R-factor

A3σ3 + 1.11 A2σ2

A3rσ3 + 1.11 A2rσ2
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Figure 3 gives the unfilled d-states of Pt in the Pt-Co 
nanoparticles calculated at different chemical dealloying 
times.  The number of unfilled d-states relates to factors 
like morphology, particle size, and alloy extent.  When 
the chemical dealloying process starts, the bonding of 
Co-Co starts to dissolve (see Table 1).  The particle size 
will decrease in the course of chemical dealloying, and 
the coordination number of Co-Pt bonding increases in 
the 2 hr of chemical dealloying.  Consequently, the num-
ber of unfilled d-states of Pt increases from 1.532 to 1.548 
due to smaller particle size and become Pt-rich surface. 

Until chemical dealloying for 4 hr, the number of unfilled 
d-states of the surface platinum drops from 1.548 to 
1.523 and is lower than the value at 2 hr.  The decrease of 
unfilled d-states of surface Pt at 4 hr could be caused by 
a significant morphological change, such as collapse of 
Pt-skin.

The molar ratio XCo/XPt of the bulk sample can 
be derived from the edge jumps of Co K-edge and Pt 
L3-edge in XANES spectra shown in Fig. 1(a) and Fig. 2(a), 
respectively.  When the chemical dealloying begins, the 
molar ratio XCo/XPt is found to be 0.39.  At the chemical 
dealloying time, t = 15 min, the molar ratio decreases 
greatly to 0.29.  This suggests that cobalt dissolves into 
the sulfuric acid solution.  When the chemical dealloying 
continued for 4 hr, the molar ratio XCo/XPt remains almost 
same as the value observed at 2 hr of chemical dealloy-
ing.  It is noted that the measurements only revealed 
the bulk composition of samples, but the actual surface 
composition on NPs surface might have changed.  In the 
course of corrosion, the particle size of the nanoparticles 
observed by TEM becomes smaller and its distribution 

remains quite uniform from the TEM 
data at different chemical dealloy steps.  
As cobalt dissolves, less cobalt exists on 
the surface of the Pt-Co nanoparticles.  
The morphology left behind might be 
similar to Pt-skin.

Recently, we explored several pa-
rameters from X-ray absorption data 
required for the quantitative charac-
terization of the structure of bimetal-
lic nanoparticles.  In general, Pobserved 

(= NPt-Co/ΣNPt-i) can be represented as 
the ratio of the scattering atoms “Co” 
coordination number around absorb-
ing “Pt” atoms (NPt-Co) to the total coor-
dination number of absorbing atoms 
(ΣNPt-i = NPt-Co + NPt-Pt). The parameter 
Pobserved provides the quantitative infor-

mation on probability that a Pt atom bonds with a Co 
atom.  In other words, it represents the Pt distribution in 
the nanoparticles.  Similarly, Robserved (= NCo-Pt/ΣNCo-i) can be 
represented as the ratio of the scattering atoms “Pt” co-
ordination number around absorbing “Co” atoms (NCo-Pt)
to the total coordination number of absorbing atoms  
(ΣNCo-i = NCo-Co + NCo-Pt).  The parameter Robserved provides the 
quantitative information on probability that a Co atom 
bonds with a Pt atom.  In other words, it represents the 
Co distribution in the nanoparticles.  Once Pobserved and 
Robserved are known, the extent of Pt alloying (JPt) and Co 
alloying (JCo) in the Pt-Co bimetallic nanoparticle can be 
conveniently estimated by equation (3) and (4), respec-
tively. 

JPt =  Pobserved / Prandom  × 100%              (3)  

JCo =  Robserved / Rrandom × 100%              (4)

The parameters Prandom and Rrandom are the ratios cal-
culated for perfectly alloyed bimetallic nanoparticles. 
They can be derived from the molar ratios of Co and Pt in 
Pt–Co bimetallic nanoparticles as represented in Table 3.

In addition to total coordination numbers ΣNPt-i 

and ΣNCo-i, the introduced structural parameters Pobserved, 
Robserved as well as JPt and JCo can be deduced accordingly 
and tabulated in Table 3.  In general, the lower the Ji 
value is, the more serious is the segregation of ‘i’ atoms in 
nanoparticles (here ‘i’ means either Pt or Co).  In the pres-
ent study, the bonding of Co-Co is dissolved first while 
the coordination number of Co-Pt bonding is increased. 
After Pt–Co nanoparticles are exposed to the chemical 
dealloying for 2 hr, the alloy extent of Co (JCo) increases 
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Fig. 3: (a) Hydrodynamic voltammograms recorded at 1mVs−1 for the ORR 
at different chemical dealloying times.  (b) Mass activity measured at  
0.9 V (RHE) at different chemical dealloying times.
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with increasing JPt and this observation indicates well-
scattered Pt and Co atoms in Pt-Co nanoparticles.  This 
ensures a better catalytic performance in the oxygen re-
duction reaction. 

Although, the measurements and calculations from 
EXAFS offered some insights into the morphological 
transformation during the chemical dealloying process, 
the findings require further evidences about electro-
chemical properties of Pt-Co nanoparticles.  To this end, 
the cyclic voltammetry of the Pt-Co/C catalysts exposed 
to different chemical dealloying times in 0.5 M sulfuric 
acid solution was conducted at a scan rate of 5 mVs−1 

(cyclic voltammograms not shown here).  From the mea-
sured cyclic voltammograms, the surface area of Pt can 
be calculated from the hydrogen desorption peaks.  The 
measured surface area of Pt decreases significantly from 
2 to 4 hr and it shows that the Pt-skin structure might 
have collapsed due to the effect of chemical dealloying. 

Hydrodynamic voltammograms recorded at 1 mVs−1 for 
the ORR at different chemical dealloying times are shown 
in Fig. 3(a). 

As can be seen in Fig. 3(a) , the ORR activity differs sig-
nificantly, where the Pt-Co nanoparticles exhibit a better 
catalytic performance after 2 hr of chemical dealloying and 
a positive shift of 17.3 mV in half-wave potential com-

pared with the initial step.  However, after 4 hr of chemi-
cal dealloying, the cyclic voltammogram and ORR activ-
ity shows an inferior function of the catalyst.  Figure 3(b)
shows the mass activity of Pt-Co catalyst measured at 
0.9 V.  The mass activity increases considerably at deal-
loying time of 2 hr and it decreases after 4 hr.  When the 
catalyst is corroded in acid, the morphology of the Pt-Co 
nanoparticles gradually changes due to the dissolution 
of Co.  While the corrosion proceeds, Pt remains on the 
surface of the bimetallic catalyst and it becomes a “jag-
ged” Pt-skin.  This feature enables better utilization of Pt 
because more Pt atoms are exposed to outer surface and 
the active surface area increases.  Accordingly, the elec-
trocatalytic performance for oxygen reduction reaction 
increases significantly.  The results reported in Table 3 
shows that the higher alloy extent of Pt-Co nanoparticles 
favors the ORR efficiency.  The results from cyclic voltam-
mograms and mass activity agree with the variations in 
JCo and JPt, mentioned in the previous section.  The bet-
ter ORR performance is retained as long as the Pt-skin 
structure is stable, however, once the Pt-skin structure 
breaks (at chemical dealloying of 4 hr), the catalytic per-
formance drops accordingly.

By summarizing results from the XAS spectral analy-
sis and electrochemical analyses, a plausible explana-

Pt-skin
Initial step

PtCore-richCoShell-rich Collapse of imperfect Pt-skin
t = 4 hr

Pt-skin

Imperfect Pt-skin

Pt atoms
Co atoms

Pt-skin

Formation of Pt-skin due to 
dissolution of cobalt

Electrolyte permeates 
through imperfect Pt-skin 

t = 2 hr

Scheme 1: Schematic representation 
of structural changes of 
Pt-Co bimetallic nanopar-
ticles at various times of 
the chemical dealloying 
process.

Table 3: Total coordination numbers and alloy extent for Pt and Co estimated from EXAFS spectra during the chemical deal-
loying process.

Σ N P t - i       Σ N C o - i       P o b s d       R o b s d       J P t ( % )    J C o ( % )

11.5 9.5 0.24 0.74  85 103
11.4 9.5 0.23 0.96 101 124
11.3 9.3 0.23 1.00 104 127
11.7 5.2 0.12 1.00  56 128

Initial step (t = 0 min) 
t = 15 min   
t = 2 hr
t = 4 hr 

Chemical dealloying process(t)        
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tion of the chemical dealloying mechanism for Pt-Co 
nanoparticles is proposed and shown schematically in 
Scheme 1. 

It shows how the morphology of Pt-Co nanopar-
ticles evolves from a Pt-richcore–Co-richshell structure in the 
course of chemical dealloying process.  The characteristic 
Pt-skin feature exhibits a better catalytic performance 
and it will also be damaged if chemical dealloying lasts 
too long.  The existence of vacancies, tunnels, or perhaps 
voids in the clusters results in an imperfect skin.  We 
believe that during the chemical dealloying process elec-
trolyte passes through the imperfect Pt-skin into layers 
underneath and dissolves cobalt consequently.  It finally 
causes the collapse of the imperfect Pt-skin.  Proper an-
nealing enables the modification of the imperfect Pt-
skin.  It may improve catalytic activity and stability.  The 
findings have demonstrated the importance of appro-
priate treatment and could apply to other Pt bimetallic 
alloys associated with transition metals as well.  The find-
ings not only demonstrate the importance of appropri-
ate treatment of catalysts, but also can be referred to 
other Pt bimetallic alloys with transition metals.  We be-
lieve that by properly employing the chemical dealloying 
technique it can be further used to create Pt-skin in other 
Pt bi- or multimetallic alloys to enhance the electrocata-
lytic performance for the oxygen reduction reaction.

Experimental Station
EXAFS
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