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1. Materials and Methods  

Chemicals and Materials.  Palladium (II) Chloride [PdCl2 ≥99% ], Copper (II) Chloride [CuCl2 

≥99.99%], Triton X-100 [t-Oct-C6H4-(OCH2CH2)xOH, x= 9-10 <3% Polyethylene Glycol], 

Sodium Borohydride [NaBH4 ≥99.99%], Polyvinylpyrrolidone (PVP) [(C6H9NO)n, 40,000 MW], 

Sodium Iodide [NaI ≥99.5%] and 2-Propanol [ACS Reagent ≥99.5%] were purchased from Sigma 

Aldrich. Commercial Pt/C catalyst (40 wt% Pt, particle size 2 to 5 nm) were purchased from Alfa 

Aesar. Ethanol (200 proof) was obtained from Decon Labs, Inc. All reagents were used as received 

without further purification. The deionized water (18 MΩ/cm) was obtained from an ultra-pure 

purification system (Milli-Q advantage A10). 

Synthesis of Pd Nanowires. The protocol of Pd nanowires is adopted from literature.1 Details are 

noted below. 17.7 mg of PdCl2 was dissolved in 12 mL of water. 800 mg of PVP and 300 mg of 

NaI were added to the PdCl2 solution while stirring. The solution was then transferred to a Teflon 

container and autoclaved for 2 hours at 200 ℃. The product was collected by centrifuge and 

washed five times with a 50/50 v/v% of IPA/ethanol. X-rays powder diffraction (XRD) studies on 

the synthesized sample confirmed a lattice parameter of about 0.3890 nm matched well with a 

reference pattern for Pd PDF # 046-1043. Moreover, transmission electron microscopy (TEM) 

images showed the formation of nanowires (Figure S9). 

Synthesis of PdCu-A1 Nanowires. 0.1mL of Triton X-100 was diluted to 50 mL of water. 135 mg 

of CuCl2 was dissolved in 10 mL of water to prepare a 100 mM solution. 177 mg PdCl2 and 166 

µL HCl were dissolved in 10 mL of water and sonicated for half an hour to prepare a 100 mM 

solution of H2Pd2Cl4. 38 mg of NaBH4 was dissolved into 10 mL water (freshly) to prepare a 100 

mM solution. 48 mL of the Triton solution was added to an Erlenmeyer flask, which was then 

submerged into ice-bath water. 1 mL of prepared solution of CuCl2 and 1 mL H2Pd2Cl4 were then 

added to the flask, at which point the solution was magnetically stirred. Finally, 3mL of NaBH4 

solution was added. The solution continued stirring for 5 minutes and left the dispersed product to 

sit overnight. The PdCu-A1 nanowires were washed with a 50/50 % by volume water and ethanol 

mixture and collected by centrifugation.  

PdCu-A1 Nanowires suggested mechanism: PdCu-A1 NWs network was obtained from the 

reduction of H2PdCl4 and CuCl2 in the presence of NaBH4, mixed in a water solution containing 

Triton X-100. Pd and Cu reduced species arise and aggregate together to form PdCu nuclei. 

Simultaneously, hydrogen bubbles are generated due to the hydrolysis of NaBH4. The hydrogen 
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generation directs the growth of PdCu nuclei towards metallic nanocrystal formation around the 

hydrogen bubbles in a diffusion-controlled process that self-assembles with oriented growth of 

NWs, in agreement with previous findings.2,3 Finally, an interconnected NWs network is created 

shown in Figure S1. 

Preparation of PdCu-B2 Nanowires Catalysts. The as-prepared PdCu-B2 NWs were obtained 

electrochemically through a dealloying process in which 10 μL of the synthesized PdCu-A1 

nanowires were dropped onto a 5 mm diameter glassy-carbon electrode. The material was first 

activated through 120 cycles in a Cyclic Voltammetry (CV) process using a 0.5 M H2SO4 solution 

as an electrolyte (refer to CV measurements in electrochemical measurements). After the 

activation process, the material was maintained at a constant current density of 10 mA/cm2 for 10 

hours. At these conditions, a rearrangement of Pd and Cu atoms to a more ordered structure was 

observed to form the nanostructures designated as PdCu-B2 nanowires. After the transformation 

occurred, the sample surface was activated in a 0.5 M H2SO4 solution through 80 cycles in a CV 

process and proceed to test the electrochemical reactions.    

 

2. Characterization 

TEM images were taken on an FEI T12 operated at 120 kV. High resolution TEM images 

(HR-TEM) was taken on an FEI TITAN operated at 300 kV. Energy-dispersive X-ray 

spectroscopy (EDS) mapping, bright field, and high-angle annular dark-field scanning 

transmission electron microscopy (BF and HAADF-STEM) were acquired by JEOL Grand ARM 

operated at 300 kV. Samples for atomic resolution STEM and TEM images measurements were 

prepared by dropping 10-20 μL of the respective nanowires samples in ethanol dispersed onto 

carbon-coated copper grids (Ted Pella, Redding, CA) for TEM images. Al grid (Ted Pella, 

Redding, CA) was used for EDS analysis, BF, and HAAD STEM imaging. XRD spectra were 

collected on a Panalytical X'Pert Pro X-ray Powder Diffractometer with Cu-Kα radiation. The X-

ray photoelectron spectroscopy (XPS) spectra were obtained on a Kratos AXIS Ultra DLD 

spectrometer with an Al Kα X-ray radiation (1486.6 eV) for excitation. The XPS samples were 

prepared by drop casting a concentrated solution of our catalyst materials into a piece of silicon 

wafer (5-8 mm) until full coverage of the surface. The concentration of catalysts was determined 
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by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Shimadzu ICPE-9000) 

as well as EDS coupled in a ZEISS Supra 40VP scanning electron microscope (SEM).  

 

3. Electrochemical measurements  

Electrochemical experiments were performed on a three-electrode cell at room temperature. 

Saturated mercury/mercury sulfate (Hg/HgSO4) and mercury/mercury oxide (Hg/HgO) were used 

as reference electrodes during hydrogen evolution reaction (HER) in acidic and alkaline media 

respectively, whereas silver/silver chloride (Ag/AgCl) was used as the reference electrode during 

formic acid oxidation reaction (FAOR). A carbon (graphite) rod was used as the counter electrode. 

A glassy carbon rotating disk electrode (RDE) coated with the corresponding catalyst was the 

working electrode. All potentials are reported referenced to the reversible hydrogen electrode 

(RHE). 

 

3.1 Hydrogen evolution reaction 

The catalyst ink was prepared by mixing 1 mg of the overall catalyst with 1 mL of ethanol 

solution containing 16 μL of Nafion (5 wt%) with 15 min ultrasonication time. Then, 10 μL of 

catalyst ink was dropped onto a 5 mm diameter glassy carbon electrode (Pine Research 

Instrumentation), this set up was maintained for all catalysts tested (40%Pt/C, Pd NWs, PdCu-A1 

NWs, and PdCu-B2 NWs). Estimation of loading is based on overall Pd:Cu ratio within catalyst 

determined by ICP-AES, which loading is about 0.84:0.16 (atomic ratio) for PdCu-A1, whereas 

for PdCu-B2 the loading is about 0.56:0.44 (atomic ratio) for Pd and Cu, respectively. The ink was 

dried under an infrared lamp, then the electrode was ready for the electrochemical test. Commercial 

Pt/C catalyst was used as the baseline catalyst for HER in acid and alkaline media, and a similar 

procedure as described above was used to conduct the electrochemical measurements. For our 

tested materials for HER (40% Pt/C, Pd NWs, PdCu-A1 NWs, and PdCu-B2 NWs) the loading 

was established to be 51 μg/cm2 based on the overall catalyst. CV measurements were conducted 

in a N2 saturated 0.5 M H2SO4 for acid conditions, and 1 M KOH for alkaline conditions solution 

between 0.05 to 1.1 V vs. RHE at a sweep rate of 100 mV/s. HER measurements were conducted 

in an N2 saturated 0.5 M H2SO4 or 1 M KOH solution at a sweep rate of 20 mV/s. The impedance 

of each solution was tested on a Princeton VersaSTAT 4 electrochemistry workstation. The 
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solution resistances measured via impedance test are 4.6 Ω and 5.1 Ω for 0.5 M H2SO4 and 1 M 

KOH, respectively. The above values are used for post-test iR correction results. 

Chronopotentiometry test was performed in the samples in a N2 saturated 0.5 M H2SO4 or 1 M 

KOH solution at a constant rotation disk of around 1600 r.p.m. by applying a constant current of 

2 mA. Exchange current density was obtained from extrapolated linearly from the Tafel slope at 0 

V. 

 

3.2 Formic acid oxidation reaction 

The catalyst ink for FAOR was prepared in the same way as in the HER procedure with 

the difference that this time 20 μL of catalyst ink was dropped onto a 5 mm diameter glassy carbon 

electrode (Pine Research Instrumentation). Loading was established to be the same for all the 

palladium-based materials (10% Pd/C, PdCu-A1 NWs, PdCu-B2 NWs) resulting in the loading of 

82 μg/cm2 (Pd mass normalized) for all the catalysts. Once again, the estimation of Pd loading is 

based on the overall Pd ratio within catalyst determined by ICP-AES. The ink was dried under an 

infrared lamp, then the electrode was ready for electrochemical test. Commercial Pd/C catalyst 

was used as the baseline catalysts for FAOR, and a similar procedure as described above was used 

to conduct the electrochemical measurement. CV measurements were conducted in a N2 saturated 

0.5 M H2SO4 between 0.0 to 1.2 V vs. RHE at a sweep rate of 100 mV/s for 120 cycles. FAOR 

measurements were conducted in a N2 saturated 0.5 M H2SO4 + 0.5 M HCOOH between 0.0 to 

1.2 V vs. RHE at a sweep rate of 50 mV/s. Stability tests were measured by cycling the material 

in the same conditions for 120 cycles. Chronoamperometry curves were also conducted for 5000 

seconds at 0.4V in a N2 saturated 0.5 M H2SO4 + 0.5 M HCOOH solution. All the measurements 

were conducted at room temperature. 

 

3.3 Electrochemically active surface area  

The electrochemically active surface area (ECSA) was measured by CO stripping and 

compared with the ECSA measured by hydrogen adsorption-desorption and Pd-O measurements 

obtained from the CV curves. For the CO stripping voltammetry measurements, working 

electrodes coated with different catalysts were firstly immersed in a CO saturated 0.5 M H2SO4 

solution for 5 min, and then the CO stripping voltammetry was recorded respectively between 0.05 

to 1.3 V vs. RHE at a sweep rate of 25 mV/s. ECSA calculation based on hydrogen adsorption-
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desorption and Pd-O regions was performed in N2-saturated 0.5 M H2SO4 solution at a scan rate 

of 100 mV/s. The amount of charge exchanged during hydrogen adsorption and desorption are 

obtained from CV curves and corrected for the double-layer charge, following the equation, ECSA 

= [(Qads+Qdes)/2]/(0.21*MPd, Pt). All the measurements were performed at room temperature and 

curves were normalized by the total mass of the loaded metal (Pt or Pd) based on ICP-AES 

analysis. 

 

4. DFT Calculations 

4.1 Structural models 

We carried out DFT calculations, for the following systems:  

• PdCu-A1 (Pd84Cu16),  

• PdCu-B2,  

• compressed PdCu-B2,  

• Pt,  

• Pd, and  

• Cu.  

For PdCu-A1, we employed a model consisting of 30 Pb and 6 Cu. Although this ratio of 5:1 is 

not exactly 84:16 (5.25:1), it represents the best balance between matching the experimental ratio 

and computational cost. Thus, we refer to this model as PdCu-A1 computationally. This PdCu-A1 

system has an fcc structure with 4 layers of 3x3 (111) surface. According to the experiment, this 

alloy leads to a Pd skin. Thus, our final model consists of 1 Pd top layer and 3 mixed Pd and Cu 

layer. Accordingly, the ratio of Pd and Cu in the mixed layer is 21:6=3.5:1, which is randomly 

mixed to represent the experimental PdCu random FCC phase.  

The PdCu intermetallic B2 phase was simulated using 4 layers of the 3x3 (110) surface.  

The compressed PdCu-B2 phase was simulated by compressing the PdCu-B2 by 3% to match the 

experimental cell.  

Pt was simulated by 4 layers of 3x3 (111) surface.  

Pd was simulated by 4 layers of 3x3 (111) surface.  

Cu was simulated by 4 layers of 3x3 (111) surface. 

 

4.2 Details of the DFT calculations. 

The quantum mechanics (QM) calculations were carried out using the VASP software, version 

5.4.4.4–6 We used the Perdew, Burke, and Ernzerhof (PBE) flavor7 of density functional theory 
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(DFT) with the post-stage DFT-D3 method to correct for London dispersion (van der Waals 

attraction) with Becke-Johnson damping.8 

The projector augmented wave (PAW) method9 was used to account for core-valence interactions. 

The kinetic energy cutoff for plane wave expansions was set to 400 eV, and reciprocal space was 

sampled by the Γ-centered Monkhorst-Pack scheme with a grid of 3×3×1. The vacuum layer is at 

least 15 Å above the surface.  

The convergence criteria are 1 × 10-7 eV energy differences for solving the electronic wave 

function. The Methfessel-Paxton smearing of second order with a width of 0.1 eV was applied. 

All geometries (atomic coordinates) were converged to within 1 × 10-2 eV/Å for maximal 

components of forces.  

The GBRV10 ultrasoft pseudopotentials (USPP) were used, with a plane wave cutoff of 544 eV 

(20 a.u.). All other settings are similar to those in VASP calculations.  

The Gibbs free energies were calculated at 298 K and 1 atm as outlined in equation (S1): 

298

0

DFT ZPE solv vG H T S E E E C dT T S= −  = + + + −                       (S1) 

where EDFT is the DFT-optimized total energy, EZPE is the zero-point vibrational energy, Esolv is 

the solvation energy.
298

0

vC dT is the heat capacity, T is the temperature, and ΔS is the entropy.  

Gas-phase molecules such as CO were treated using the ideal gas approximation, whereas 

adsorbents were treated in the harmonic approximation. The solvation was treated implicitly using 

the CANDLE method11 with the JDFTx simulation package to obtain results in a constant applied 

field.  
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5. Supporting Figures 

  

Figure S1. Schematic illustration of the formation of PdCu-A1 nanowires. 
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Figure S2. HAADF-STEM images (a, e) and EDS map images (b-d, f-h) of PdCu-A1 nanowires. 

The green square in (a, e) indicates the area where the EDS map is obtained. 
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Figure S3. The size distribution of nanowires structures based on atomic resolution STEM images. 

PdCu-A1 nanowires show an average size of 5.0 nm for tips and junctions (a), and an average size 

of 3.5 nm at the body (b). PdCu-B2 nanowires show an average size of 6.7 nm for tips and junctions 

(c), and an average size of 5.4 nm at the body (d). 
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Figure S4. XRD spectrum of PdCu-A1 NWs. 
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Figure S5. XPS spectra of PdCu-A1 NWs (a, b), and PdCu-B2 NWs (c, d). 
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Figure S6. BF and HAADF-STEM images of PdCu-B2 NWs showing the ordering structure. Each 

row of atoms exhibits different contrast, indicated by the pink and yellow arrows, respectively.  
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Figure S7. (a) BF of PdCu-B2 NWs at tips and junctions, evidencing as an example of the ordering 

structure. (B-C) HAADF-STEM images of different areas within PdCu-B2. (b) showing B2-phase 

at the exterior and A1-phase at the inside area of the PdCu-B2 NWs. (c) Image exemplifying B2 

phase at the tips, and both exhibiting d-spacing of around 0.205nm and 0.289 nm corresponding 

to (110) and (100) planes, respectively. Compared to ICSD #166154 which shows Cu0.6Pd0.4 

with a (100) lattice spacing of 0.296 nm, 0.289 nm suggests a compressive strain of ca. 2.4% (d) 

Image of A1 phase at the body of PdCu-B2 NWs with a d-spacing of 0.222 nm corresponding to 

(111) plane. 
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Figure S8. (a, b) EDS spectra of PdCu-B2 NWs taken at different areas of samples, indicating 

that the concentration at the ordered areas of PdCu-B2 is Pd56Cu44. (c, d) HAADF images 

showing twin defects at the tips (c, blue circle) and junctions (d, red circle) on PdCu-B2 NWs. 
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Figure S9. Pd NWs (a, b) TEM and HRTEM images showing nanowires formation for pure 

palladium. (c) Pan Powder XRD spectra of Pd NWs, black lines represent the standard peak 

positions of Pd reference PDF # 046-1043. (d) Tafel plot in the acidic condition (0.5 M H2SO4).  
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Figure S10. CV profile for PdCu-A1 nanowires acquired in 0.5 M aqueous H2SO4 solution at a 

scan rate of 20 mV/s in the range of -0.2 to 1.2 V. PdCu-A1 NWs show strong proton 

adsorption−desorption peaks. A broad anodic peak at E ≈ 1.0 V corresponds to the formation of 

Pd−O and its corresponding cathodic peak at around 0.70 V for the reduction of Pd−O. The 

asymmetrical anodic and cathodic peaks at 0.21 and 0.26 V are assigned to underpotential 

deposition (UPD) hydrogen adsorption (UPD-Hads) and desorption (UPD-Hads des) from PdCu 

surfaces, respectively. The asymmetrical peaks at -0.03 and 0.11 V refer to H absorption and Habs 

desorption, and the final transient refers to HER. (Curve without iR) 
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ECSA – CO Stripping 

 

 

Figure S11. CV and CO-stripping curves of the (a) Pt/C, (b) Pd/C, (c) PdCu-A1 NWs, (d) PdCu-

B2 NWs, and (e) Pd NWs. All the CO-stripping curves were recorded at room temperature in a 

CO-saturated 0.5 M H2SO4 solution at a scan rate of 25 mV/s. The current densities were 

normalized by the total mass of the loaded metal (Pt or Pd) based on ICP-AES analysis.  
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ECSA – H2 and Pd-O 

  

Figure S12. CV of the (a) Pt/C, (b) Pd NWs, (c) PdCu-A1 NWs, (d) PdCu-B2 NWs, and (e) Pd/C. 

All CV curves were recorded at room temperature in a N2-saturated 0.5 M H2SO4 solution at a 

scan rate of 100 mV/s. The current densities were normalized to the mass of each noble metal (Pt 

or Pd) based on ICP-AES analysis. ECSA results were calculated from the H-desorption peak and 

Pd-O peak. 
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Figure S13. Overpotential measured in 1 M KOH at 50 mA/cm2 of the as-synthesized nanowires 

of Pd, PdCu-A1 NWs, PdCu-B2 NWs, compared with commercial Pt/C before (Pt/C: black 

solid) and after test in acidic conditions (Pt/C-cycled: black lines).  
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Figure S14.  Stability test comparing PdCu-A1 NWs with commercial Pt/C in 1 M KOH (a, b). 

(a) HER chronopotentiometry curves (b) Potential drop based on initial and end values. 
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Figure S15.  TEM and HR-TEM images of PdCu-B2 NWs after FAOR tested in 0.5 M H2SO4 + 

0.5 M HCOOH.  
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Figure S16.  Cycling of PdCu-B2 NWs in 0.5 M H2SO4 and 0.5 M HCOOH. 
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6. Supporting Tables 

Table S1. Electrochemical Active Surface Area (ECSA). 

 

Catalyst 

ECSA (CO 

stripping) 

(m2/g) 

ECSA (H2 

stripping) 

(m2/g) 

ECSA (Pd-O 

stripping) 

(m2/g) 

Pt/C 45 41 9 

Pd/C 35 35 7 

Pd NWs 5 4.3 0.8 

PdCu-A1 

NWs 
83 79 25 

PdCu-B2 

NWs 
116 111 41 
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Table S2. Comparison of the developed PdCu-B2 NWs with state of art Pd and Pt-based 

catalysts for HER. Note: all the data has been done in acid media (0.5 M H2SO4). 

  

Sample 

Catalyst 

Loading 

μg/cm2 

η 

at 10 

mA/cm2 

(mV) 

η 

at 50 

mA/cm2 

(mV) 

ECSA 

(m2/g) 

Tafel Slope 

(mV/decade) Reference 

PdCu-A1 

nanowires 
51 41.3 120 83 30 this work 

PdCu-B2 

nanowires 
51 19.7 90 116 27 this work 

Pd nanowires 51 231.2 340 5 55 this work 

Pt/C 

 
51 19.2 66 45 29 this work 

Pt/C cycled 

 
51 24.2 90 - 31 this work 

PdCu@PdNCs 140 68 ~ 120 NA 35 

ACS Appl. 

Mater. 

Interfaces. 

2017, 9, 

8151−8160 

Pd-Cu-S 

amorphous 
~ 660 58 ~ 120 NA 35 

J. Mater. 

Chem. A. 

2017, 5, 

18793 

MWCNTs@Cu   

@MoS2 
285 146 ~ 260 NA 62 

Journal of 

Power 

Sources. 

2015, 300, 

301-308 

Pd-CNx np 43 55 90 63 35 
ACS Catal. 

2016, 6, 

1929−1941 
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Table S3. Comparison of the synthesized materials in this work for HER in alkaline media.  

Sample Loading μg/cm2 

η 

at 10 mA/cm2 

(mV) 

η 

at 50mA/cm2 

(mV) 

Tafel Slope 

(mV/decade) 

Pt/C 

 
51 111.7 316.4 136 

Pt/C cycled 51 145.4 374.6 220 

PdCu-A1 NWs 51 167.9 303.7 219 

PdCu-B2 NWs 51 154.3 247.9 122 

Pd NWs 51 429.7 547.1 228 
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Table S4. Comparison of PdCu-B2 NW with state of art Pd based catalyst for FAOR.  

Catalyst Morphology 
ECSA 

(m2/g) 

Mass Current 

Density 

(mA/mgPd) 

Electrolyte Reference 

PdCu-B2 Nanowires 116 3735 

0.5 M H2SO4 

+ 0.5 M 

HCOOH 

This work 

PdCu-A1 Nanowires 83 2540 

0.5 M H2SO4 

+ 0.5 M 

HCOOH 

This work 

Pd/C commercial 35 527 

0.5 M H2SO4 

+ 0.5 M 

HCOOH 

This work 

PdCu-A1 

Alloy 
Nanosheets 139.8 1655.7 

0.5 M H2SO4 

+ 0.25 M 

HCOOH 

Adv. Mater. 2017, 

29, 1700769 

PdCu 
Nanoparticle / 

nanorods 
-- 2086 

0.1 M HClO4 

+ 0.1 M 

HCOOH 

J. Am. Chem. Soc. 

2017, 139, 

15191−15196 

Pd (Penta 

twinned) 
Nanowires 26.2 907.5 

0.5 M HClO4 

+ 0.5 M 

HCOOH 

ACS Appl. Mater. 

Interfaces. 2017, 9, 

31203−31212 

Pd/WO2.72 
Nanoparticle / 

nanorods 
-- 1618.3 

0.1 M HClO4 

+ 0.1 M 

HCOOH 

Nano Lett. 2017, 

17, 2727−2731 

Cu@Pd 

core-shell 
Nanowires 62.8 2197.88 

0.1 M HClO4 

+    2 M 

HCOOH 

Electrochimica 

Acta. 2014, 143, 

44–48 

PdCu Nanotripod 28.7 1580 

0.5 M H2SO4 

+ 0.5 M 

HCOOH 

Adv. Funct. Mater. 

2014, 24, 7520–

7529 

Pd3Fe 

Intermetallic 
Nanoparticle 21.3 696.4 

0.5 M H2SO4 

+ 0.5 M 

HCOOH 

Nano Research. 

2018, 11, 4686–

4696 

NiPd/rGO Nanowires 98.2 604.3 

0.5 M H2SO4 

+ 0.5 M 

HCOOH 

J. Mater. Chem. A 

2015, 3, 14001–

14006 

Cu@PdCu 
Nanotubes @ 

Nanoparticles 
72.8 1806 

0.1 M HClO4 

+    2 M 

HCOOH 

Nanotechnology. 

2016, 27, 495403 
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