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Abstract 

Synthesized palladium-coated iron-iron oxide (Fe@FeOx/Pd) nanoparticles (NPs) using the 

successive salt reduction method are tested for their activity and stability toward formate oxidation 

(FO) and electrochemical CO2 reduction to formate (eCO2RF). The experimental results for FO 

show a current density at 0.12V vs. Ag/AgCl2 16 times higher than for Pd that could be sustained 

at a value of 1.65 mA/cm2 for more than 1h. Furthermore, the same catalyst displays a higher 

current density with a faradaic efficiency (FE) of 95.6 % toward the eCO2RF, and exhibits a lower 

degree of CO adsorption. The iron-iron oxide interaction with the overlayer palladium is 

characterized by TEM/EDX, XPS/UPS, Mössbauer spectroscopy, and electrochemical techniques 

such as cyclic voltammetry (CV) and chronoamperometry (CA). NMR is used to estimate the 

amount of formate produced by the eCO2RF. A positive binding energy shift of the Pd 3d peak 

and the upshift of the d-band center as measured by XPS compared to monometallic homemade 

Pd NPs confirm that the electronic perturbation of the catalyst surface plays a major role in 

enhancing the performance of Fe@FeOx/Pd for both FO and eCO2RF. Furthermore, the work 

function as measured by UPS for the Fe@FeOx/Pd material is lower than that for monometallic Pd 

confirming a change in chemical properties of the catalyst surface. Finally, Mössbauer 

spectroscopy is used to determine the composition, structure and nature of all sites of the Fe@FeOx 

substrate before use and the perturbation of their intrinsic properties by the Pd overlayer.  This 

change in intrinsic properties of the Pd coated material provides additional explanations for the 

electrochemical improvement measured for this catalyst toward both FO and eCO2RF. 

Keywords: Iron/iron oxide-palladium, TEM, XPS, UPS, Mössbauer, CV, CA, NMR, formate 

oxidation and electrochemical CO2 reduction. 
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1 Introduction 

The increasing demand for more efficient portable electronic devices such as smartphones, 

digital cameras, iPads, and computers requires the development of more efficient small power 

sources. An efficient direct formate fuel cell (DFFC) could serve as such a power source [1-6]. 

Furthermore, a fuel cell combined with an electrochemical CO2 reduction unit, which produces 

formate will allow the development of a quasi-regenerative small power source. As a fuel, formate 

is attractive because it is a liquid at room temperature, relatively inexpensive and can safely be 

stored. Moreover, it can be easily oxidized with a theoretical potential reaching 1.45 V, which is 

higher than the ones for methanol and ethanol fuel cells [7]. However, to make it a valuable 

alternative to other power sources, more efficient catalysts need to be developed. The commonly 

used catalysts for formate oxidation are precious metals such as platinum (Pt) and palladium (Pd). 

A Pd-based anode is extremely active for the electro-oxidation of formate and single cells using 

Pd as catalyst yield a reported maximum power density of 591 mWcm-2 [8]. However, Pd is 

expensive, deactivates quite rapidly with operation time, and shows poor stability due to poisoning 

species like carboxyl and carbon monoxide. Efforts have been made to prepare bimetallic catalysts 

alloying Pd with other metals, such as Au and Cu as a way to enhance the activity toward formate 

oxidation (FO) [9-10]. In this work, the synthesis of a Pd-based catalyst involving Fe, which is one 

of the most abundant metals in the Earth’s crust and is inexpensive, is used as supporting material 

for the development of a Pd-based bimetallic catalyst. Fe@FeOx/Pd catalyst shows high activity 

and stability toward both oxidation of formate and reduction of CO2 and displays promise toward 

the interconversion between formate and carbon dioxide allowing the development of an improved 

sustainable and regenerative energy-storage system. The oxidation of formate by Fe@FeOx/Pd 

produces HCO3
- at nearly neutral pH as a product that equilibrates with CO2 (aq), which can then 
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be electrochemically reduced to formate. This latter conversion will contribute to the reduction of 

the amount of CO2 released in the atmosphere, which is linked to climate change as demonstrated 

by Anderson’s Earth System Models [11]. Therefore, Fe@FeOx/Pd NPs could be used in both a 

DFFC and a CO2 reduction unit to generate electricity without producing a net CO2 emission, 

which would be very appealing technically and commercially as suggested by Vo et al. [12].  

In this work, physical and chemical information on the synthesized materials are obtained by TEM 

and EDX. The electronic interaction between Fe@FeOx and the overlayer Pd metal is measured 

by XPS/UPS. The latter techniques probe the binding energy of the Pd and Fe signals for the 

homemade Pd and the synthesized Fe@FeOx, and for the Pd coated Fe@FeOx, their d-band center 

positions, and their changes in work function. The activity and stability toward FO and eCO2RF 

are measured by CV and CA, respectively. 57Fe Mössbauer spectroscopy is carried out to provide 

supplemental information on the oxidation state, bonding property, and magnetic property of the 

Fe@FeOx/Pd catalyst to support its electrochemical enhancement compared to that of the 

homemade Pd NP catalyst. Finally, nuclear magnetic resonance spectroscopy (NMR) is used to 

estimate the amount of formate produced from the electrochemical reduction of CO2 for the 

synthesized Fe@FeOx/Pd catalyst. 

2 Experimental 

2.1 Materials. Iron(II) sulfate heptahydrate (FeSO4.7H2O, 99%), palladium (II) chloride 

(PdCl2, 99%), polyvinylpyrrolidone (PVP, the average molecular weight = 55000), sodium 

borohydride (NaBH4), titanium (Ti) foil, and phenol (C6H5OH, 99%) were purchased from Sigma 

Aldrich. Hydrochloric acid (HCl, 36.5 %) was purchased from J.T. Baker.  Deuterium oxide (D2O, 

99.9%) and sodium 2,2-dimethyl- 2-silapentane-5-sulfonatedss (DSS, 97%) were purchased from 

Cambridge Isotope Laboratories. 



 5

2.2 Preparation of the 0.5 M H2PdCl4.  443.5 mg of PdCl2 was added into 5.0 mL of 1.6 M 

HCl solution. Then, the mixture was shaken at 80oC until PdCl2 was fully dissolved. 

2.3 Synthesis of Iron@Iron Oxide Nanoparticles. A synthesis method for Fe@FeOx NPs 

that was first proposed by Scott and co-workers was modified in this study as follows [27]: 8.0 mL 

of a 0.625 M FeSO4ꞏ7H2O aqueous solution was mixed in 10 mL of 2 M PVP methanol solution 

(in repeating unit). The light-yellow solution was stirred with a glass stir rod rigorously for 1 

minute. 2.0 mL of a 1.82 M NaBH4 aqueous solution was then added dropwise to the mixture, 

which resulted in the immediate reduction of the starting reagents into a thick black liquid.  The 

solution was stirred for 3 minutes.  0.15 mL of 0.5 M H2SO4 was then added followed by the 

addition of 0.05 mL of 1 M glacial acetic acid to neutralize the remaining NaBH4.  Finally, the 

solution was centrifuged at 3400 rpm and then washed twice with methanol. 

2.4 Coating of the Iron/Iron Oxide Nanoparticles. The Fe@FeOx NPs were dispersed into 

methanol and 133 μL of 0.5 M H2PdCl4 was added. The new solution was shaken for 30 seconds 

and then sonicated for 30 min to facilitate the galvanic displacement process. The solution was 

centrifuged at 3400 rpm and rinsed twice with methanol.  The wet product was placed in a vacuum 

desiccator to dry. 

2.5 TEM Characterization. The Fe@FeOx and Fe@FeOx/Pd NPs catalysts were imaged by 

TEM (FEI Technai G2 20 twin) and their particle sizes were analyzed by ImageJ software. 

2.6 XPS and UPS Analyses. XPS spectra were obtained on a Kratos AXIS-165 using a 

monochromatized AlKα X-ray anode (1486.7 eV) and pass energy of 40 eV. The spectrometer 

was calibrated against the Ag 3d5/2 and Au 4f7/2 peaks at 368.3 and 84.0 eV, respectively. The 

samples were gently Ar+ sputter at 4kV.  UPS data were collected with a He lamp source which 
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produces a resonance line He I (21.21 eV) by cold cathode capillary discharge. A bias of -9.25 V 

was applied to the sample to shift the spectra out of the nonlinear region of the analyzer. The 

energy resolution was determined at the Fermi edge of a clean Cu foil to be better than 150 meV. 

2.7 Mössbauer Measurements. Measurements were performed at different temperatures with 

a constant acceleration Mössbauer spectrometer, a 512 multichannel analyzer (Halder Electronic 

Gmbh), and a 50 mCi source of 57Co in Rh maintained at 25oC. Mössbauer spectra were collected 

in transmission mode. The 50 mCi source of 57Co in Rh matrix was maintained at room 

temperature and mounted at end of a Mössbauer velocity transducer. The spectrometer was 

calibrated with a 25 μm foil of α-Fe at 25oC. Analysis of the Mössbauer spectra consisted of the 

least-square fitting of data with a combination of a single line, two-peak quadrupole components 

(doublets) and, when present, six-peak magnetic hyperfine components (sextets). To fit the 

experimental data that give rise to the broadened spectra induced by the structural disorder, the 

Voigt-based fitting method of Rancourt and Ping [15] for quadrupole splitting distribution (QSDs) 

and magnetic hyperfine fields (HFDs) was used. 

2.8  Electrochemical Characterization. Electrochemical measurements were performed 

using a BASi EC EpsilonTM potentiostat and a standard three-electrode cell. For our three-

electrode cell, Pt mesh was used as a counter electrode, Ag/AgCl (3.5 M KCl) electrode as the 

reference electrode, and a rotating glassy carbon with our synthesized catalysts was used as the 

working electrode. The electrochemical formate oxidation measurements were performed in 0.5 

M KHCO3 + 0.25 M HCOOK electrolyte solution via cyclic voltammetry (CV) experiments at a 

scan rate of 20 mV/s. The eCO2R measurements were also performed in 0.5 M KHCO3 after 

bubbling CO2 gas into the electrolyte for 30 mins via CV tests at a scan rate of 20 mV/s. The 
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electrochemical active surface area (ECSA) was determined using the Pd-oxide stripping peak and 

used to normalize the current densities [13-14]. 

ECSA ሺcmଶሻ ൌ  
ொ

ସଶସ ఓ஼/௖௠మ  (1) 

where Q is the charge obtained by intergrading the area of the Pd-oxide reduction peak obtained 

by CV scans performed in 0.5 M H2SO4. Ti foil was coated with Fe@FeOx/Pd NPs to make the 

working electrodes for the 4 and 20 hours long CA experiments of eCO2RF. NMR was then used 

to estimate the amount of formate produced during the long-term CA measurements. The 

measurement details and data (Figure S1) are given in the Supporting Information. 

3 Result and Discussion 

3.1 TEM images and Chemical mapping. Figure 1 shows TEM images of the synthesized 

Fe@FeOx NPs and the Pd coated Fe@FeOx/Pd material. The average particle size for the core-

shell Fe@FeOx structure is about 9.5 ± 2.0 nm as determined by ImageJ software as shown in 

Figure 1a. The dark center region is pure Fe and the lighter color is FeOx shell with a thickness of 

about 2.0 nm as shown in the insert. The TEM image of the Pd coated Fe@FeOx material is 

displayed in Figure 1b.  The image shows that the Fe@FeOx particles are covered by a thin layer 

of Pd. The Pd coated Fe@FeOx NPs size is about 11.7 ± 1.7 nm. The size difference between the 

Fe@FeOx and Pd coated Fe@FeOx suggests that the Pd thickness is relatively thin.   
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Figure 1. (a)TEM images of Fe@FeOx NPs with an average size of about 9.5 nm and insert 

detailing the core-shell structure of Fe@FeOx and its oxide layer, and (b) TEM images of 

Fe@FeOx/Pd NPs with a size of about 11.7 nm. 

 

Additional bright field HRTEM images and their associated chemical mappings of Fe-L2,3, O-K 

and Pd-M4,5 are shown in Fig.2. The elemental mappings in Fig. 2a confirm the core-shell structure 

of the synthesized Fe@FeOx nanoparticles. Fig. 2b displays the chemical mapping of Fe and Pd 

and emphasizes the mode of growth of Pd showing full coverage of the Fe@FeOx support. 

 

Figure 2. HRTEM images and their associated chemical mappings showing a) the core-shell 

structure of the Fe@FeOx NPs and b) the distribution of Pd (blue) covering the Fe@FeOx NPs 

(green). 
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3.2 XPS and UPS Analyses. XPS spectra of both Pd 3d5/2 and Fe 2p core levels for Fe@FeOx 

NPs, Fe@FeOx/Pd, and homemade Pd NPs are shown in Figure 3. The Fe 2p spectrum for 

Fe@FeOx displays peaks attributed to metallic Fe0 (2p3/2 at ~707 eV) and FeOx. Furthermore, the 

deconvolution of the oxide peak indicates the presence of Fe2+ (peak at BE ~710 eV), Fe3+ (peak 

at BE ~712 eV), and some mixture of Fe2+ / Fe3+
 (peak at BE ~715 eV). The assignment of a weak 

peak at BE = 720 eV is ambiguous since both the Fe0 2p1/2 and the Fe3+ satellite are at that same 

energy. The spectrum for Fe@FeOx/Pd shows a quasi-absent peak at 720 eV, a reduction of the 

amount of Fe0 and Fe2+, and a slight increase in Fe3+ species as indicated by the change in relative 

atomic percent concentration (At%). Although no BE shift is observed for Fe0 a small negative 

shift is measured for both Fe2+ and Fe3+.  

The Pd 3d5/2 spectra for both the Fe@FeOx/Pd material and homemade Pd NPs are shown in Figure 

3b.  A small positive BE shift is measured between the Fe@FeOx/Pd material and the homemade 

Pd NPs. This energy shift suggests that electrons transferred from the Pd to the FeOx modifying 

the electronic property of the Pd surface.  This energy shift corolates with the negative shift 

measured for Fe2+ and Fe3+ species. The closest related study is the one by Spiridis et al. of Au 

deposited onto a 20-40 nm Fe3O4(001) film revealing a charge transfer from the Au clusters to the 

support (positive shift of the Au 4f7/2) leaving positively charged Au clusters, which was also 

confirmed by their Mössbauer analysis [15].   
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Figure 3. XPS spectra of (a) Fe 2p for Fe@FeOx and Fe@FeOx/Pd NPs and (b) Pd 3d for  

homemade Pd and Fe@FeOx/Pd NPs. 

 

The XPS valence band (VB) shown in Figure 4 is used to determine the d-band centers for all three 

samples given by the normalized first moment:  

𝜇ଵ ≡
׬ ேሺாሻா ௗா

ಶ
ಶಷ

׬ ேሺாሻ ௗா
ಶ

ಶಷ

    (2) 

The different features seen in the VB spectrum of Fe@FeOx NPs are mostly attributed to Fe2+ and 

Fe3+ components as described by Fujii et al. in their XPS study and cluster-model calculation of 

iron oxide films grown by NO2 assisted molecular bean epitaxy (MBE) [17]. The VB spectrum is 

also in relatively good agreement with the data obtained by Schedel-Niedrig et al. for an ultrathin 

film of iron oxide deposited onto Pt (111), and those measured and calculated by Sherwood et al. 

for Fe and its oxides [18-19]. The VB for both the Pd monometallic and the Fe@FeOx/Pd catalyst 

are also shown in Figure 4. The d-band center shifts from 2.45 eV for Pd to 2.59 eV for the 

Fe@FeOx/Pd. This energy shift away from the Fermi level confirms charge transfer from Pd to 

FeOx, in agreement with the shift observed for Pd 3d5/2 core level and the Fe species due to the 

(a) (b)
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combination of both the strain and the electronic (or ligand) effects. As the d-band center shifts 

away from the Fermi level, the adsorption strength of intermediates on the surface of the catalyst 

is expected to weaken [20], which leads to the modification of the overall reaction rate [21].  

 

 

Figure 4. XPS valence band spectra for Fe@FeOx, Fe@FeOx/Pd, and homemade Pd NPs. 

 

Figure 5 exhibits the HeI secondary electron cutoff for Fe@FeOx, Fe@FeOx/Pd, and Pd. A change 

of -0.40 eV in the work function for the Fe@FeOx/Pd catalyst compared to the homemade 

monometallic Pd is measured. This change is important due to the sensitivity of the work function 

to any chemical change of a surface property; its measurement can give valuable insight into the 

condition of the Pd surface. Theoretical studies by Schleifer et al., Pacchioni et al., Jiang et al. and 

Kiejna et al. demonstrate a relationship between work function and surface chemical structures [22 

– 25]. The change in work function is mainly due to an electrostatic effect, a charge transfer, and 

a lattice mismatch effect. Kiejna et al. calculated the change in work function for Pd covered Fe3O4 

(111) by DFT and DFT+U to be -0.67 eV, which is in relatively good agreement with our 
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experimental result [25]. Although studies of dielectric films and highly ionic materials deposited 

on metals have been theoretically investigated, experimental studies on the work function change 

induced by a deposited metal on a different metal or metal oxide are unfortunately quasi-inexistent. 

More important, the theoretical study by Jiang et al. of Pd-based bimetallic surfaces demonstrates 

that there is a correlation between the following three parameters: d-band center, surface electron 

flow out, and work function [24].  

In the present study, the decrease in the work function of Fe@FeOx/Pd correlates with the increase 

of the d-band center, which suggests a charge transfer from the Pd overlayer to the Fe oxide in 

agreement with our XPS Pd 3d and VB measurements. The electron deficiency at the surface of 

Fe@FeOx/Pd material could result in a significant change in its electrocatalytic performances (i.e., 

both FO and eCO2RF) compared to that of monometallic Pd.  

To investigate further the effect of coating Fe@FeOx NPs with Pd, Mössbauer spectra of Fe@FeOx 

and Fe@FeOx/Pd obtained at room temperature are compared. 

 

Figure 5.  HeI spectra of secondary electron cutoffs for Fe@FeOx, Fe@FeOx/Pd and Pd NPs,  

the inset displays the Fermi energy region for all three NPs. 
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3.3 Mössbauer Measurements. Mössbauer spectroscopy probes changes in the energy levels 

of an atomic nucleus in response to its environment [26]. Mössbauer spectra of both the Fe@FeOx 

NPs and the Fe@FeOx/Pd catalyst were acquired at temperatures ranging from 298K to 4K.  Figure 

6 focuses on the spectra measured at 298 K. The interaction between Pd and its support is discussed 

to understand further the activity improvement measured for the Fe@FeOx/Pd material toward 

both the electrochemical formate oxidation and CO2 reduction.   

 

Figure 6.  Mössbauer spectra for the Fe@FeOx and Fe@FeOx/Pd NPs obtained at room  

temperature. 
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The room temperature spectrum for Fe@FeOx NPs displays three doublets (D1 for Fe2+, D2 and 

D3 for Fe0) and two sextets (S1 and S2) components. The paramagnetic component is described 

as the superimposition of elemental subspectra D2 and D3 whose low-value hyperfine parameters 

(CS and ) differ respectively from those of the doublet D1. The larger values of CS and  for D1 

are attributed to the Fe2+ state whereas the small one to Fe0 state. The magnetic component 

constituted of two sextets is typically due to the superparamagnetic behavior of the material.   

The spectrum of the Pd coated Fe@FeOx NPs shows a significant change in the lineshape.  It can 

be easily fitted with one singlet and two quadrupole doublets (magnetite and Fe0).  We can observe 

the disappearance of the doublet corresponding to the Fe2+ site when the spectrum of Fe@FeOx/Pd 

NPs is compared to the spectrum of Fe@FeOx NPs.  Another effect due to the presence of Pd on 

the Mössbauer spectrum measured at 298 K is the absence of relaxation phenomenon observed for 

Fe@FeOx NPs with the presence of broad sextets typical of the superparamagnetic effect. 

Therefore, coating Fe@FeOx NPs with a Pd overlayer appears to modify the magnetic properties 

of the Fe@FeOx substrate at 298 K through charge transfer, changing the overall oxidation state 

of Fe, particle sizes, and system from superparamagnetic state (Fe@FeOx) to paramagnetic state 

(Fe@FeOx/Pd).  

Since the nuclear hyperfine structure in isotope probe (57Fe) that is measured results from the 

perturbation to the nuclear levels of the Mössbauer transition, Mössbauer spectroscopy is a 

sensitive probe of local electronic structure and by extension, of the local crystallographic, 

magnetic, and chemical environments. The disappearance of Fe2+ site could be explained by its 

oxidation coupled with the reduction of Pd2+ to Pd0 during Pd film formation as observed by 

XANES in agreement with Yao et al. [27]. The absence of superparamagnetism at room 
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temperature for the Fe@FeOx/Pd catalyst could be due to a chemical interaction between Pd and 

Fe species as already observed with XPS. 

 

3.4 CV and CA measurements. Figure 7 shows CV results for homemade Pd and for 

Fe@FeOx/Pd in 0.5 M KHCO3 and 0.25 M HCOOK solution at a scan rate of 20 mV s-1 under N2 

flow obtained at room temperature (a) and CA data of the same catalysts in the same electrolyte 

(b) for investigating their performances toward the FO. According to Figure 7a, the current density 

measured at potential 0.12 V vs. Ag/AgCl is 16 times higher for Fe@FeOx/Pd than for homemade 

Pd. CA measurements conducted at the same potential also show improved stability of the 

bimetallic catalyst, sustaining higher current density than the monometallic Pd for more than 3600 

s as seen in Figure 7b. These measurements reveal the electrochemical superiority of the 

Fe@FeOx/Pd NPs toward the oxidation of formate compared to that of homemade Pd NPs.  

 
 

Figure 7. (a) Room-temperature CV results for Fe@FeOx/Pd and Pd NPs in 0.5 M KHCO3 +  

0.25M HCOOK at a scan rate of 20 mV/s under N2 atmosphere, and (b) CA measurements at a 

fixed potential of 0.12 V of the same nanoparticles in the same electrolyte. 

 

(a) (b) 
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Figure 8 displays CV data for both catalysts (i.e., Fe@FeOx/Pd and Pd) in CO2 saturated (pH = 

7.2) 0.5 M KHCO3 electrolyte for investigating their electrochemical reduction performance.  A 

significant increase in current density at a potential of -0.75 V vs. Ag/AgCl is measured for the 

Fe@FeOx/Pd catalyst compared to that of the homemade Pd catalyst (1.65 mA/cm2 vs. 0.02 

mA/cm2). At the potential of -0.75 V, the product of the eCO2R is expected to be mostly formate 

with a minimum production of CO. The insert in Figure 8 exhibits the CV data obtained for the 

Fe@FeOx catalyst under similar conditions. A negligible current is measured in the potential 

region where formate is produced. To determine the faradaic efficiency (FE%) of Fe@FeOx/Pd 

and homemade Pd toward eCO2RF, CA measurements were conducted for 4 hours at -0.75 V vs. 

Ag/AgCl in CO2 saturated 0.5 M KHCO3. Based on their corresponding 1H-NMR data (shown in 

SI Fig. S1), the FE% values were determined to be 95.6% and 91.6% for Fe@FeOx/Pd and 

homemade Pd, respectively. This result is in very good agreement with the value of 97% obtained 

by Klinkova et al. on Pd at -0.82 V vs. Ag/AgCl [28]. However, the activity of our Fe@FeOx/Pd 

toward CO2 reduction into formate is much higher than their best Pd sample (Pd NPs enclosed by 

high-index facets). Under similar conditions, the starting current density of the Fe@FeOx/Pd 

sample used in this study at -0.75 V vs. Ag/AgCl is about 56 times higher than the current density 

measured at -0.82 V vs. Ag/AgCl by Klinkova et al. These CV and CA results for Fe@FeOx/Pd 

and the high FE value indicate that the modification of the surface electronic property of Pd surface 

by the presence of Fe@FeOx significantly improves its eCO2R activity toward formate production.    
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Figure 8. Cyclic voltammograms for homemade Pd and for Fe@FeOx/Pd NPs in CO2 saturated 

0.50 M KHCO3. The green region represents the range of potential for producing formate via 

CO2 reduction. The insert displays a CV data for Fe@FeOx NPs measured in the same 

electrolyte. 

 

Finally, Figure 9 displays data for generating formate from CO2 via eCO2R and oxidizing this 

CO2-derived formate to produce electricity. This process simulates the regenerative fuel cell 

concept. Figure 8a shows the CA experiment of Fe@FeOx/Pd conducted for 32 hours in CO2 

saturated 0.5 M KHCO3. Because the potentiostat used is unable to record continuously CA data 

for more than 4 hours, the 32-hour measurement had to be restarted manually producing current 

gaps. Similarly, the electrolyte had to be replenished generating spikes denoted with stars. During 

the first 28 hours, the Fe@FeOx/Pd working electrode was operated under the eCO2R operation 

mode by applying -0.75 V vs. Ag/AgCl for reducing CO2 into formate. In order to verify that 

formate was produced via eCO2R, the CA experiment was stopped briefly at 20 and 24 h to perform 

CV scans (shown in Figure 9b). At t = 28 h, the cell operation mode was switched to operate for 4 

hours under the formate oxidation mode (i.e., direct formate fuel cell operation mode) by applying 

-0.067 V vs. Ag/AgCl for oxidizing the CO2-derived formate (shown in Figure 9a). These 
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measurements demonstrate that Fe@FeOx/Pd is a promising bifunctional electro-catalyst for the 

development of a sustainable energy system capable of storing intermittent renewable electrical 

energy into chemical energy by converting CO2 into formate and oxidize this CO2-derived formate 

to produce electricity. 

 

Figure 9. (a) 32 hours CA conducted in CO2 saturated 0.5 M KHCO3 at a potential of -0.75 V vs.  

Ag/AgCl.  At t = 28 hours, a potential of -0.067 V vs. Ag/AgCl was applied to oxidize the CO2- 

derived formate (Note that the current spikes are caused by the replenishment of the electrolyte  

and current gaps by the restart of the CA). (b) CV scans were performed at t = 20 and 24 hours 

during the CA measurement. 

 

4 Conclusion 

The Pd coated core-shell Fe@FeOx catalyst prepared via the successive salt reduction method 

display a high catalytic activity and stability toward the interconversion of formate and CO2. The 

analytical techniques utilized to investigate this bimetallic nano-catalyst demonstrate that the Pd 

surface electronic properties are modified by the underlying Fe@FeOx substrate resulting in higher 

activity and stability for the Fe@FeOx/Pd toward both the electrochemical CO2 reduction to 

formate and oxidation of formate. We demonstrated that this bimetallic catalyst exhibits a two 
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orders of magnitude increase in current density at -0.75V and a 95.6 % FE toward formate 

production from the electrochemical reduction of CO2. In addition, it displays a 16 times higher 

current density than that for the homemade Pd catalyst toward the formate oxidation. Therefore, 

this bimetallic catalyst shows promise for the development of sustainable and regenerative fuel 

cells, which will combine a direct formate fuel cell and a CO2 reduction unit into a single 

regenerative energy system. 
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