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In this study, we have investigated the effect of alloying on the modification of d-band 

vacancy and oxygen reduction reaction (ORR) activity of PtPd and PtCu nanorods (NRs). 

PtCu and PtPd NRs with various ratios can be prepared successfully by a facile formic acid 

reduction method. The number of unfilled d-states (HTs) value of Pt nanoparticles is 

decreased due to the formation of NRs, and further decreased due to the alloying with 

different metals. For Pt3Pd NRs, the HTs value is as low as 0.3056, suggesting that they have 

lower unfilled Pt d-states, and more d-band electrons transfer from Pd to Pt, leading to 

higher ORR activities than that of Pt/C. Besides, the electron transfer number (n) of Pt3Pd 

NRs toward ORR is 3.7, meaning that they complete the O2 reduction to water and have low 

hydrogen peroxide production during the ORR. As a result, the correlation between HTs and 

ORR performance of PtPd and PtCu NRs highlights that the one-dimensional (1-D) structure 

and the electronic modification effect from Pd to Pt result in the excellent ORR activity and 

durability for Pt3Pd NRs synergistically. 

 

1. Introduction  

Polymer electrolyte membrane fuel cells (PEMFCs) with the 

advantages of low operating temperatures in the range of 60 and 100 

°C are promising candidates for applications of portable power 

sources, electric vehicles and transportation applications.1-5 

However, a potential loss about 300 mV caused by sluggish kinetics 

for oxygen reduction reactions (ORR) retards the commercialization 

of PEMFCs. Therefore, the state-of-the-art Pt catalyst has been 

alloyed with other metals to form Pt alloys in order to enhance the 

ORR activity and to reduce the use of Pt.6 Besides, recent 

developments have shown that Pt catalysts with one-dimensional (1-

D) structures such as nanowires and nanorods (NRs) exhibit 

additional advantages associated with their anisotropy, unique 

structure, or surface properties to their catalytic activity.7,8 It is found 

that when compared to zero-dimensional (0-D) structure, 1-D 

nanomaterials can have smooth crystal planes and balance the 

interface between exposed Pt atoms and the oxygen adsorbents, 

resulting in a superior ORR activity and improved durability for 

long-term applications. A great deal of effort has been devoted to the 

chemical synthesis of such 1-D Pt nanostructures.9 However, to the 

best of knowledge, few reports have focused on the effect of alloying 

on the ORR performance of 1-D Pt alloys from the view point of 

electronic modification. It has been reported that the ORR 

enhancement for (111) surface of Pt3M (M=Ni or Co) is caused by 

the modification of Pt d states from the subsurface M.10 The main 

origin of the weakened Pt-O bonding is due to the suppression of Pt 

surface-states near the Fermi level. The sub-surface M modifies the 

electronic structure of the Pt surface layer and tunes the surface 

chemical reactivity.   Based on the molecular orbital point of view, 

the changes in the coupling strength between oxygen 2p and Pt-d 

states modify the oxygen-metal bonding.10 Nevertheless, such 

modification for 1-D electrocatalysts has not been reported yet.  

In this study, the modification of Pt d-states for carbon supported 

PtPd and PtCu NRs with different ratios has been elucidated. The 

NRs are prepared by the formic acid method (FAM) and the 

correlations between the number of unfilled d-states (HTs) and ORR 

performance are investigated by X-ray absorption spectroscopy 

(XAS) and linear sweep voltammetry (LSV). Besides, the structures, 

surface compositions, and morphologies of the prepared NRs are 

analyzed by X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), and high resolution transmission electron 

microscopy (HR-TEM), respectively. 

2. Experimental 

2.1 Preparation of catalysts 

 Carbon supported PtPd and PtCu NRs with metal loading of 50 wt% 

and different ratios were prepared via the FAM. In brief, aqueous 

solutions of H2PtCl6 (Alfa Aesar) and metal precursors (Cu(NO3)2 or 

Pd(NO3)2) with different ratios were blended and deposited 

separately at 340 K onto the commercial carbon black (Vulcan XC-

72R). In a typical synthesis, a controlled amount of carbon black was 

added to the aqueous solution of H2PtCl6 and HCOOH at room 

temperature. The solution of H2PtCl6 and carbon were first mixed 

and reduced by formic acid for 72 h, and then the second metal 
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precursor (Cu(NO3)2 or Pd(NO3)2) was reduced by formic acid for 

another 48 h. The as-deposited catalysts were subsequently dried at 

340 K for 24 h. The prepared NRs with the Pt/Cu ratio of 5/1, 3/1, 

and 1/5, and Pt/Pd ratio of 3/1, 1/1, and 1/3 are named as Pt5Cu, 

Pt3Cu, PtCu5, Pt3Pd, PtPd, and PtPd3, respectively. 

2.2 Characterization of catalysts 

The phases and structures of the catalysts were characterized 

with a XRD using Cu Kα radiation operated at 40 kV and 40 

mA, and performed in a 2θ range from 20 to 80o at a scan rate 

of 30 min-1. The morphologies of the catalysts were analyzed 

by HR-TEM operated at a voltage of 200 kV. The XPS 

(Thermo VG Scientific Sigma Probe) using an Al Kα radiation 

at a voltage of 20 kV and a current of 30 mA can be utilized to 

identify the surface compositions and oxidation states of the 

catalysts. 

 The electrochemical measurements were conducted using a 

CHI700 a potentiostat and a classical electrochemical cell with 

a three-electrode configuration. 5 mg of electrocatalysts in 

isopropyl alcohol and Nafion solution (5 wt%, DuPont) were 

ultrasonically dispersed and dropped on a glass carbon 

electrode rotating disc electrode (RDE) (0.196 cm2 area). The 

saturated calom elelectrode and Pt plate was severed as the 

reference and counter electrode, respectively. A 0.5 M HClO4 

(perchloric acid) aqueous solution was used as the electrolyte, 

and saturated with high-purified O2 at room temperature. All 

potentials in this study referred to normal hydrogen electrode 

(NHE). Prior to each electrochemical measurement, the 

electrodes were cycled several times between 0 and 1.2 V, to 

produce clean surfaces at a scan rate of 50 mV s-1 and a 

rotational rate of 1600 rpm. Oxygen reduction current of 

negative-going scans was measured by LSV with a scan rate of 

5 mV s-1 and a rotation rate of 1600 rpm. The accelerated 

durability tests (ADT) which were used to characterize the 

electrochemical stability and performance of the catalysts were 

obtained in the potential range of 0.6 to 1.20 V with the applied 

scan rate of 50 mV s-1 under N2 atmosphere for 1000 cycles.  

The cyclic voltammetry (CV) can be applied to determine the 

electrochemical surface area (ECSA) of catalysts based on the 

hydrogen adsorption/desorption region. The CV tests were 

conducted from 0 to 1.20 V at a sweeping rate of 20 mV s-1 

under N2 atmosphere. The ECSA was calculated by measuring 

the areas of H desorption between 0.05 and 0.4 V after the 

deduction of the double-layer region. By using the charge 

passed for H-desorption, QH, the ECSA of Pt can be calculated 

using the following equation:                                                 

ECSA �
��

�.
�
                                                                         (1)                                            

where QH, the charge for H-desorption (mC/cm2); and 0.21, the 

charge required to oxidize a monolayer of H2 on clean Pt.  

 The kinetic current density (Ik) was calculated based on the 

following equation: 

I
 �
���

����
	                                                                              (2)                                                                                                                                    

where I, Ik, and Id are the experimentally measured, mass 

transport free kinetic and diffusion-limited current density, 

respectively.  

 For each catalyst, specific activity of ECSA (SA) and mass 

activity (MA) were obtained when Ik was normalized to the 

ECSA and Pt loading, respectively.11 

 Besides, the same experiment at 400, 900, 1600 or 2500 

rpm was conducted to identify the electron transfer numbers (n) 

per oxygen molecule of catalysts during the ORR based on the 

Koutecky–Levich equation shown in Eq. (3).12,13 
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                                               (3)  

where β is equal to 0.62nFAD2/3Cv−1/6. 

 The typical spectra of X-ray absorption near edge spectroscopy 

(XANES) for various alloy catalysts were obtained in fluorescence 

mode at the BL17C1 and BL01C1 beamlines at the National 

Synchrotron Radiation Research Center (NSRRC). The incident 

beam was monochromated using a double crystal monochromator 

equipped with a Si (111) crystal. A Si monochromator was 

employed to adequately select the energy with a resolution ∆E/E 

better than 10-4 at the Pt LII-edge (13273 eV) and Pt LIII-edge (11563 

eV). In general, all the catalysts were dispersed uniformly on the 

tape and prepared as thin pellets with an appropriate absorption 

thickness (µx=1.0, where µ is the absorption edge and x is the 

thickness of the sample) so as to attain the proper edge jump step at 

the absorption edge region. In order to acquire acceptable quality 

spectra, each XANES measurement was repeated at least twice and 

averaged for successive comparison. Moreover, the ionization 

chamber filled with different mixing gases such as Ar, N2, He or Kr 

was used to detect the intensities of the incident beam (Io), the 

fluorescence beam (If) and the beam finally transmitted by the 

reference foil (Ir). 

3. Results and discussion 

 The XRD patterns of Pt5Cu, Pt3Cu, PtCu5, Pt3Pd, PtPd, and 

PtPd3 NRs are compared in Figure S1 in supporting 

information (SI). The diffraction peak at 2θ ~ 25o is attributed 

to the XC-72R carbon support. The peaks of Pt3Pd NRs located 

at 40.21, 46.54, and 68.11°, are characteristics of face-centered 

cubic (fcc) structure, corresponding to the (111), (200) and (220

 ) planes, respectively, which are shifted positively from those 

of Pt at 39.28, 45.67, and 66.57o (JCPDS 88-2343). The 

diffraction peaks of Pt3Cu located at 40.09, 46.54, and 67.86o 

are shifted toward higher angles, too, indicating the formation 

of Pt3Cu alloy (JCPDS No. 48-1549). The addition of Cu or Pd 

with smaller atomic size than Pt results in the contraction of Pt 

lattice parameter and positive shifts in the diffraction peaks. 

Based on the Vegard’s law and the lattice constant equation,14 

the lattice constant of Pt3Cu and Pt3Pd NRs is about 0.3844 

and 0.3913 nm, respectively, suggesting that the degree of 

alloying about 100 % of prepared NRs is achieved by the FAM. 

Besides, the chemical compositions of PtCu and PtPd NRs 

determined by ICP-AES are listed in Table S1, which implies 

that the PtCu and PtPd NRs with the desired Pt/Pd or Pt/Cu 

ratios can be successfully prepared by FAM through 

appropriate control of amounts of the precursors. 

 A XPS analysis is used to characterize the chemical states 

of Pt3Cu and Pt3Pd NRs, as shown in Figure S2. The Pt 4f 

spectra in Figure S2 (a) and (b) demonstrate two pairs of 

asymmetric peaks, indicating the different oxidation states of 

Pt. In Figure S2 (a), the peaks of Pt noted at 70.80 and 74.10 eV 

are attributed to Pt 4f7/2 and Pt 4f5/2, respectively, meaning that 

the Pt in Pt3Cu catalyst is the metallic state. On the other hand, 

the binding energy of Cu 2p3/2 and Cu 2p1/2 located at 935.4 and 

955.3 eV is ascribed to metal Cu, which is higher than that of 
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metallic Cu. Hence, the positive-energy shift of Cu suggests the 

formation of Pt3Cu alloy, which is consistent with the XRD 

results. Besides, the binding energies at about 944.6 and 963.4 

eV indicate the presence of CuO because Cu is easily oxidized 

at ambient conditions.15 For the XPS spectrum of Pt3Pd NRs 

displayed in Figure S2 (b), the Pt in Pt3Pd NRs is also in the 

metallic state. Additionally, the surface atomic ratios of 

elements in both NRs are investigated by XPS and listed in 

Table S1. The results show that the ratio of Pt3Cu and Pt3Pd 

NRs are both about 3:1, similar to the bulk ratio, suggesting 

that NRs prepared by FAM have homogeneous structures 

without surface segregation. 

Figure 1 depicts the LSV for the Pt/C and various NRs in 

O2-saturated 0.5 M HClO4 solution at 1600 rpm. The curves 

exhibit two distinguishable potential regions in which the 

diffusion limiting region is between 0 and 0.65 V and the mixed 

kinetic-diffusion control region is between 0.7 and 1.0 V.16,17 

Notably, the slight difference in limiting current density may be 

due to the varying degrees of catalyst dispersion and Pt loading 

on the working electrode.18,19 In Figure 1, the onset potentials of 

Pt3Cu and Pt3Pd NRs are more positive than that of 

commercial Pt/C. The Pt3Cu and Pt3Pd NRs exhibit 

comparable ORR performances in the first cycle, which are 

better than Pt/C. Furthermore, Table S2 summarizes the Ik at 

0.85 V (Ik085) of Pt/C and various NRs. It can be seen that 

among all catalysts, Pt3Pd has the highest Ik085 and Pt NRs have 

higher Ik085 than Pt/C. Besides, the ECSA of Pt/C and various 

NRs calculated by QH are listed in Table S2. Due to the size 

and compositional effect, except Pt5Cu, Pt and Pt alloys NRs 

have lower ECSA than Pt/C. However, with regard to the SA085 

values, in which Ik085 is normalized to the ECSA, the 1-D 

nanomaterials truly show its merits when compared with 0-D 

nanomaterials. As compared in Table S3. The SA085 of Pt, 

Pt3Cu, and Pt3Pd NRs is 5.66, 18.02, and 21.63 µA/cm2 H Charge, 

which is 1.6, 5.0, and 6.0 higher than that of Pt/C catalyst, 

respectively, and are better than that of the 1-D Pt alloys 

reported previously.9,20 Besides, Figure 2 shows the comparison 

of LSV results for Pt/C, Pt, Pt3Cu, and Pt3Pd before and after 

ADT. The specific activity after 1000 cycles of ADT (SA085-1000) 

of Pt/C, Pt, Pt3Cu, and Pt3Pd listed in Table S3 is 2.21, 3.57, 

5.70, and 17.81 µA/cm2 H Charge, respectively. The degradations 

of the SA are due to the dissolution, Ostwald ripening and 

aggregation of the metals and carbon corrosion during 1000 

cycles. These may not only decline the performance but change 

the morphology of the catalysts. However, the SA retention 

value during ADT is higher for Pt NRs when compared to Pt 

nanoparticles, as listed in Table S3. It is precisely found that the 

value of SA085-1000/SA085 of the Pt/C, Pt, Pt3Cu, and Pt3Pd is 

60.88, 63.07, 31.63, and 82.34 %, respectively. The high SA 

retention value during ADT of Pt NRs as compared to Pt/C 

catalyst may be attributed to their preferential exposure of 

certain crystal facets and less surface defects bearing,21 

implying that 1-D nanomaterials are less vulnerable to dissolve 

in acidic media than 0-D materials. Moreover, the SA085-

1000/SA085 is inevitably changed due to the alloying with the 

second metal, in which the Pt3Pd and Pt3Cu NRs show the 

highest and lowest value, respectively, suggesting that Pd and 

Cu have opposite effects on ECSA for Pt.  For Pt3Pd, the SA 

retention is about 82 %, implying that alloying of the second 

metal such as Pd with Pt to form 1-D nanostructure can 

enhance the ORR performance, maybe owing to the electronic 

modification effect from Pd and 1-D structure synergistically.9 

Figure 3 shows the HRTEM images for Pt, Pt3Cu, and 

Pt3Pd NRs before and after ADT. In Figure 3 (a), (b) and (c), 

the as-prepared NRs are well-dispersed on carbon support with 

a length of 10-20 nm and a diameter of 3.41 nm on average, 

suggesting that the carbon-supported Pt and PtM NRs can be 

prepared successfully by the FAM. After ADT, owing to 

carbon corrosion and Pt aggregation and migration,22 the 

morphologies of the Pt and Pt3Cu NRs become spherical as 

displayed in Figure 3 (d) and (e). However, rod-like structure 

can still be clearly seen in Figure 3 (f) for Pt3Pd NRs after 

ADT, meaning that they have better anti-dissolution property 

than Pt3Cu and Pt NRs, which may be one important reason for 

the high SA retention during ADT as described in Figure 2 and 

Table S3. Moreover, the stability of Pt3Cu and Pt3Pd NRs can 

be investigated by the CV scans before and after ADT as shown 

in Figures S3 and S4, respectively. For the as-prepared Pt3Cu, 

the CV shows initially a hydrogen adsorption/desorption 

regime between 0.06 and 0.40 V, implying the presence of Pt 

atoms on the surface of NRs and a very broad current peak at 

0.6 and 0.80 V, attributed to the dissolution of surface Cu.23 

After 1000 cycles of ADT, the hydrogen adsorption/desorption 

as well as the Cu peaks become small and insignificant, 

suggesting that Cu may dissolve and Pt may migrate and 

aggregate during ADT. In addition, for as – prepared Pt3Pd 

NRs, the peaks between 0.06 and 0.4 V for Pt and those 

between 0 and 0.25 V for Pd are merged.24 Pt and Pd oxides 

formation and reduction occur at about 0.7-0.8 V in the anodic 

and cathode scans, respectively.24 After ADT, hydrogen 

adsorption/desorption peaks for Pt do not change obviously, 

and the oxide formation and reduction peaks become weak, 

suggesting that the Pt3Pd have high stability during ADT when 

compared with Pt3Cu. 

 In order to evaluate the electron transfer number (n) of Pt/C, 

Pt, Pt3Cu, and Pt3Pd NRs during the course of ORR, the 

polarization curves recorded at different rotational speeds in 

O2-saturated 0.5 M HClO4 are provided in Figure 4 (a), (b), (c), 

and (d), respectively. Their corresponding Koutecky-Levich 

plot that drawn against the inverse current (I-1) as a function of 

the inverse square root of the rotation rate (ω-1/2) is exhibited in 

Figure 4 (e).25 The calculated n values of Pt/C, Pt, Pt3Cu and 

Pt3Pd listed in Table S3 are approximately 4.0, 3.7, 3.3, and 

3.7, respectively, implying that Pt and Pt alloy NRs almost 

complete the reduction to water and have a low hydrogen 

peroxide production during the ORR.26 

 The HTs values, which are related to changes in d-band 

vacancy and reflect the extent of d-band occupancy,27 are 

obtained from the Pt LII and LIII white lines of XANES in order 

to investigate the alloying effect on the electronic modification 

of the NRs. The fractional change in Pt HTs relative to the 

reference material (fd) can be estimated:28 

fd�
�∆A3�1.11∆A2 

�A3�1.11A2 r
																											                                      (4)                                                                                       

∆A
 � �A
" # A
$ 		and			∆A% � �A%" # A%$ 	                    (5)                            

where A2 and A3 represent the areas under LII and LIII 

absorption edges of the sample (s) and reference (r) material. 

The HTs value of Pt can be evaluated using the following 

equation: 

HTs	�	�1�fd 	HTr                                                                  (6)                            

 It has been reported that the ORR performance of PtxCo1-x 

nanoparticles is related to their Pt d-band vacancies.29 The ORR 

activity enhancement order is Pt1Co1/C > Pt1Co3/C > Pt3Co1/C 

>E-TEK20% Pt/C and variations in HTs follow the order Pt3Co1 

> Pt1Co3 > Pt1Co1. It is suggested that the HTs is affected by the 

alloying extent calculated by the coordination numbers from 
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XAS. In this study, the HTs values calculated from A2 and A3, 

which represent the areas under Pt LII and LIII absorption edges, 

respectively, are listed in Table S4. The catalysts with the lower 

HTs imply lower unfilled d-states, weaker bonds, less Pt oxide 

formation, less pronounced white line, leading to the promotion 

of ORR kinetic.9 As shown in Table S4, when compared with 

Pt/C, HTs of Pt is decreased due to the formation of NRs, 

meaning that the change of morphology results in the electronic 

modification effect. Moreover, HTs can be further decreased due 

to the alloying with different metals. For Pt3Cu and Pt3Pd NRs, 

their HTs value is as low as 0.3081 and 0.3056, respectively, 

suggesting that they have more d-band electrons transfer from 

Pd or Cu to Pt, leading to higher ORR activities than Pt/C. 

Moreover, Figure 5 exhibits the correlation between SA085 and 

HTs for various Pt alloy NRs to better understand their 

relationship. As mentioned above, the NR with lower HTs 

stands for lower unfilled d-states and better SA085. It can be 

observed from Figure 5 that, the SA085 value goes down when 

HTs value of the NR increases, and for the Pt3Pd NR with the 

lowest HTs value, its SA085 is the highest, which may be related 

to the electronic modification effect of Pd to Pt with the Pt/Pd 

ratio of 3/1.  

4. Conclusions 

In this study, the carbon supported PtPd and PtCu NRs with 

different ratios can be successfully prepared by FAM and their 

correlation between the number of unfilled Pt d-states and ORR 

activity is elucidated. The HRTEM images show that the as-

prepared NRs are well-dispersed on carbon support with 

lengths and diameter of 10-20 and 3.41 nm on average, 

respectively. The HTs value extracted from XANES can be used 

to measure the d-band vacancy of Pt, which is strongly related 

to their ORR performance. HTs value of Pt nanoparticles is 

decreased due to the formation of NRs, and further decreased 

due to the alloying with different metals. For Pt3Pd NRs, the 

HTs value is as low as 0.3056, suggesting that they have lower 

unfilled Pt d-states, and more d-band electrons transfer from Pd 

or Cu to Pt, leading to higher ORR activities than Pt/C. After 

ADT, the SA085-1000 of the Pt, Pt3Cu, and Pt3Pd is 1.6, 2.6, and 

8.1 times higher than that of the Pt/C. Besides, the electron 

transfer number (n) of Pt3Pd NRs toward ORR is 3.7, meaning 

that they complete the O2 reduction to water and have low 

hydrogen peroxide production during the ORR. As a result, the 

correlation between HTs and ORR performance of PtPd and 

PtCu NRs highlights that the 1-D structure and the electronic 

modification effect from Pd to Pt lead to the excellent ORR 

activity and durability for Pt3Pd synergistically.  
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Figure 1 LSV results for Pt/C and various NRs in 0.5 M HClO4 saturated with highly 

purified O2. 
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Figure 2 LSV recorded in 0.5 M HClO4 saturated with O2 of Pt/C, Pt, Pt3Cu, and 

Pt3Pd NRs before and after ADT. 
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Figure 3 HRTEM images for as-prepared (a) Pt, (b) Pt3Cu, and (c) Pt3Pd NRs, and 

(d) Pt, (e) Pt3Cu, and (f) Pt3Pd NRs after ADT tests. 
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Figure 4 The LSV recorded in 0.5 M HClO4 saturated with O2 at different rotational 

rates as indicated for (a)Pt/C, (b) Pt, (c) Pt3Cu, (d) Pt3Pd catalysts, and (e) the 

Koutecky-Levich plot at E = 0.4 V. 
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Figure 5 The comparison in SA085 and HTs of as-prepared Pt, Pt3Pd, Pt3Cu, PtPd, 

Pt5Cu, PtPd3, and PtCu5 NRs.  
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