
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17435  | https://doi.org/10.1038/s41598-023-44351-9

www.nature.com/scientificreports

Fe–Pd nanoflakes decorated 
on leached graphite disks 
for both methanol and formic acid 
electrooxidation with excellent 
electrocatalytic performance
Amir Mojarrad 1, Reza E. Sabzi 1,3* & Masoud Faraji 2,3*

This paper introduces a unique and simple method for fabricating of inexpensive electrocatalysts 
for use in direct methanol fuel cells. The leached Fe1–Pd1 NFs/graphite (leached Fe1–Pd1/graphite) 
disk electrode was successfully obtained via uniform dispersion of Zn powder into the matrix of 
commercial graphite powder (98%), pressing under optimized pressure followed by the treatment 
in H2SO4 solution containing Fe+2 and Pd+2 cations, leading to the partial leaching out of Zn from 
graphite matrix, as well as partial electroless substitution of Fe–Pd nanoflakes with Zn metal. Based 
on the morphology studies, binary Fe–Pd nanoflakes with a large surface area uniformly dispersed on 
the leached graphite disk. The leached Fe–Pd/G disk showed the exceptional electrocatalytic activity 
toward methanol and formic acid oxidation without electrocatalyst poisoning being observed, in 
contrast to the leached Pd/graphite and leached Fe/graphite disks. This is due to the high surface area, 
and synergistic effect of Pd and Fe. The findings of this work may be used for the mass manufacture 
of graphite-based disks for commercial fuel cell applications using available graphite powders. The 
linear range of washed Fe1–Pd1/G electrocatalyst for measuring methanol was about 0.1–1.3 M, and its 
detection limit was calculated at about 0.03 M. Furthermore, the linear range of the nanocatalyst for 
measuring formic acid was about 0.02–0.1 M, and its detection limit was calculated at about 0.006 M.

Numerous studies looking at the electrocatalytic characteristics of platinum group metals and their alloys on 
carbon substrates have been carried out recently. Investigating the electrocatalytic characteristics of this type of 
nanocatalysts in fuel cells has been one of the most significant applications1,2. However, commercialization has 
not been suitable for these catalysts in terms of their high cost. Furthermore, these catalysts are easily poisoned by 
impurities, and anodic reaction products. Therefore, the use of new platinum-free catalysts, especially using the 
metal alloys, is of particular importance, both in terms of cost reduction and resistance to poisoning caused by 
intermediates3–5. It was tried to improve the electrocatalytic properties of fuel cell and solve its limitations. Shape 
and composition engineering of palladium-based materials at the nanoscale improves the catalytic activity and 
stability of direct alcohol fuel cells6,7. There are many methods used to prepare palladium-based electrocatalysts 
that are effective for the oxidation of alcohols, and methanol. Methods, such as synthesis of palladium colloids, 
sol–gel, microemulsion, electrodeposition of films, nanowires and palladium nanoparticles are considered such 
methods8–11. Compared to platinum, palladium is an attractive alternative electrocatalyst, so researchers have 
developed electrocatalysts based on the palladium metal for the oxidation of alcohols in alkaline environments. 
Instead of platinum, cheap metal alloys such as iron and palladium were used in fuel cell anodes. Pure formic 
acid is a colorless, toxic, corrosive and completely soluble in water, ether and alcohol. This material is used as a 
chemical intermediate, solvent and disinfectant. This substance is mostly used as a preservative and antibacterial 
in animal feed12,13. Formic acid is only carboxylic acid that can participate in addition reactions with alkenes. 
Numerous studies on the oxidation of formic acid have been undertaken recently, demonstrating its critical 
relevance14,15. Although the nanostructure is one of important features of catalyst, it is not a sufficient feature 
for the high activity or stability of catalyst. Other important factors, such as morphology, shape, distribution 
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of metal particles and materials used as a substrate are necessary to improve the electrocatalyst behavior in the 
oxidation of alcohols16–18. Unlike conventional catalysts, nanocatalysts can have improved properties in terms 
of their leached structure, and therefore high surface area. It is used as a substrate for making nanocatalysts19. 
Given their large specific surface area, low density, and cheap cost, leached bimetallic nanostructures have 
recently attracted a lot of attention20–23. Palladium-based bimetallic catalysts exhibit better catalytic activity than 
palladium, according to research. The cost of manufacturing the catalyst may be decreased while the catalytic 
activity of the electrocatalyst is increased by alloying palladium with other transition metals. Additionally, the 
catalyst’s electrocatalytic activity is influenced by a number of variables, including its size, shape, geometric effect, 
synergistic impact, etc24,25. In addition to reducing the amount of palladium used, alloys based on palladium also 
exhibit greater electrocatalytic activity. To increase the activity of novel palladium-based electrocatalysts, several 
attempts have been made26,27. Combining palladium with other transition metals, such as Fe, Cu, Cd, Ni, Co, Mn, 
and Sn, is one tactic that might be used28–30. Additionally, compared to commercial Pd/C catalysts, PdCu, PdAg, 
PdAu, and PdNi bimetallic catalysts shown much greater catalytic activity and stability in the electrooxidation 
of formic acid and methanol31–34. The efficacy and stability of electrocatalysts for the methanol oxidation pro-
cess are enhanced by iron, a low-cost alloy metal with great strength. Fe–Pd alloys with various nanostructures, 
including spheres, rods, core-shells, leaves, and ultra-thin wires, have drawn a lot of attention among alloys based 
on palladium because of their excellent catalytic performance in reactions involving the oxidation of ethanol, 
oxygen reduction, and dechlorination35,36. According to excellent electrocatalytic performance of Fe–Pd com-
posite towards electro-oxidation of various materials reported in pervious literatures, in this work, deposition 
of Fe–Pd nanoflakes onto porous graphite disks for both methanol and formic acid electrooxidation was carried 
out36,37. It is proved that the porous substrates with high surface area for deposition of electroactive material for 
electrocatalytic oxidation/reduction was important, where porous substrates can significantly increase active 
sites38,39. In this work, porous graphite disks for deposition of electrocatalyst material was fabricated via uniform 
dispersion of Zn powder into the matrix of commercial graphite powder (98%), pressing under optimized pres-
sure followed by the leaching of Zn metal in Sulfuric acid solution as well as H2 bubbling40. In this research, the 
linear range of washed Fe1–Pd1/G electrocatalyst for measuring methanol is about 0.1–1.3 M, and its detection 
limit is calculated at about 0.03 M. Also the linear range of the nanocatalyst for measuring formic acid is about 
0.02–0.1 M, and its detection limit is calculated at about 0.006 M.

Experimental sections
Materials and methods
Powdered graphite (98%), Powdered Zn, Iron (II) chloride (FeCl2), Iron(II, III) oxide (Fe3O4),, Formic acid 
(HCOOH), sulfuric acid (H2SO4 98%), Sodium hydroxide (NaOH), hydrochloric acid (HCl 37%), Oleic acid 
(C17H33COOH), Sodium Citrate(Na3C6H5O7), ethanol (C2H5OH 99.7%), Palladium chloride (PdCl2) and metha-
nol (CH3OH 99%) were purchased from Merck (Darmstadt, Germany). The production of graphite disks included 
the use of the CARVER type 3925 hydraulic press machine, which was manufactured in the United States. In 
addition, electrochemical measurements were conducted using an Iranian SAMA 500 electroanalytical instru-
ment manufactured in Isfahan. Throughout the whole of the investigation and for all solutions, a solvent con-
sisting of double-distilled water, sourced from the DD Water Company in Iran, was used. In all experiments, a 
three-electrode system, including a leached graphite disk working electrode with an average cross-sectional area 
of 0.09 cm2, a platinum auxiliary electrode, and a reference electrode saturated with Ag/AgCl (Azar Electrode 
Company, Iran) was used.

Fabrication of the leached and non‑leached graphite disks
To prepare graphite disks, 0.7 g of graphite powder was mixed with 0.3 g of Zn powder, and it was ground in 
a porcelain mortar for 15 min to make the mixture uniform. Using a press machine to apply 18,000 Pascal of 
pressure to the mixed powder, a graphite disk with a one-centimeter diameter and 0.3-mm height was produced. 
The graphite disk was then heated in an electric furnace for 12 h at 150 degrees Celsius. Two hours of soaking 
in a 1 M sulfuric acid solution increased the electrode’s surface area by dissolving some Zn on the disk’s surface, 
making it porous. The manufactured graphite disks were rubbed with sandpaper to conduct electrochemical 
experiments and measure the cross-sectional area of electrodes encased in plastic coverings. The cross-sectional 
area of the electrodes was determined to be 0.09 cm2. The non-leached graphite disk was made in the absence of 
Zn, as well as the leached graphite disk based on the above method. In the next step, nanoparticles containing 
Fe and Pd were easily deposited on the porous graphite disk surface via the electroless method.

Fabrication of the leached(porous) Fe–Pd/G electrocatalyst
For preparing leached Fe–Pd/graphite (porous Fe–Pd/G) electrocatalyst, a mixture of 0.02 M of Fe3O4 and 0.005 
M of PdCl2 was prepared in HCl solution under sonication for 30 min to obtain the source of uniform Pd+2 and 
Fe+2 solution. Then, to deposit Fe and Pd nanoparticles on the surface of graphite disks, the prepared previous 
leached (porous) graphite disks were placed inside Pd+2 and Fe+2 solution for 1.5 h. The reactions performed in 
the electroless process are presented in below, where Pd+2 and Fe+2 can be reduced by extra Zn available in the 
surface of porous graphite disk.

Zn + Pd2+
(

aq
)

↔ Zn2+ + Pd (s), �E0
Reaction = +1.747,

Zn + Fe2+
(

aq
)

↔ Zn2+ + Fe (s), �E0
Reaction = +0.32.
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Finally, the obtained electrodes were washed with distilled water to remove the remains of chemical substances 
stuck to the surface of electrode.

Results and discussion
X‑ray diffraction (XRD) and X‑ray photoelectron spectroscopy (XPS) analysis
XRD analysis was repeated. Figure 1 shows X-ray diffraction pattern of leached Fe–Pd /G electrocatalyst, which 
confirms the presence of Fe2O3-Pd nanoflakes in fabricated electrocatalyst. The peaks observed at angles 26° 
and 55° are related to the reflection of graphite, and Zn, respectively41,42. Observed weak peaks at angles 41°, 
46° and 68° can be attributed to crystalline structure of Pd (111), Pd (200) and Pd (220), respectively43. Fe (200) 
contributes to the peak at angle 23. Different crystalline structures of Fe2O3 are responsible for the diffraction 
peaks at 23, 33, 34.5, and 59, respectively44. The XRD analysis may have detected additional peaks due to the 
usage of other raw materials to produce commercial graphite. X-ray photoelectron spectroscopy (XPS) was used 
to get a better read on the Fe–Pd/G electrocatalyst’s chemical make-up. As can be seen from Fig. 2, A doublet 
peaks centered at 335.1 and 340.3 eV are assigned to Pd045,46. Four significant peaks were observed in Fe–Pd/G 
electrocatalyst at the binding energies of 710.7, 725.2, 707, and 720 eV, which can be ascribed to Fe+3 (2p3/2), 
Fe+3 (2p1/2), Fe0(2p3/2), and Fe0(2p3/2), respectively47. The presence of Fe(III)-O species can be attributed to 
Fe2O3, FeOOH, and Fe3O4, showing freshly prepared Fe(0) has an envelope of iron oxides47.

Investigating the morphology of the synthesized electrocatalysts
Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM) methods were used to 
examine the surface morphology of produced electrocatalysts, as shown in Fig. 3 SEM pictures acquired from 
electrocatalysts (a) non-leached graphite (b) the leached graphite (c) The non-leached graphite electrode was 
shown as Fe1–Pd1/G. Figure 3a There is no porosity, but the leached graphite disk in Fig. 3b clearly shows the 
porosity due to the placement of graphite disks in sulfuric acid and the Zn dissolving on the surface of the 
graphite disks, which increases the porosity. For the oxidation process, methanol was added to the solution 
containing the electrode. In Fig. 3c, the compact, and non-leached structure of the leached Fe1–Pd1 /G disk can 
be seen, completely covered by the Fe–Pd layer. SEM findings show that a highly leached catalytic surface for 
use in methanol electrooxidation was produced due to the deposition, and substitution of iron with zinc in the 
base medium. TEM picture of the surface of the graphite electrode treated with Fe–Pd nanoflakes is shown in 
Fig. 3d. Based on the TEM data, the fabricated nanocatalyst has an average particle size of 40 nm, resulting in 
increased active surface area. The results of the the Brunauer–Emmett–Teller (BET) study showed a larger spe-
cific surface area. BET isotherm and Barrett, Joyner, and Halenda (BJH) (Barrett, Joyner, and Halenda) analyses 
of the pore size distribution of a leached and non-leached graphite disk are shown in Fig. 3e,f. The surface area, 
volume, and pore diameter of the leached graphite were greatly enhanced after its treatment in sulfuric acid, as 
shown in Fig. 3e,f and (Table 1)48.

Investigation of electrocatalyst hydrophilic properties
Porosity is created, and the electrode’s surface area increases, boosting the hydrophilic characteristic. Parts (a) 
and (b) of Fig. 4 show the computed contact angles of distilled water with the leached and non-leached graphite 
disk electrode surfaces, respectively. Due to the difference of 11 degrees in the average contact angles between the 
two electrodes, 64 degrees for the non-leached graphite electrode and 53 degrees for the leached graphite elec-
trode, it is discovered that the modified leached graphite electrode has hydrophilic properties and surface area. 
Decreasing the contact angle of electrode can significantly improve the electrocatalytic activity of the electrode 
due to increase the wettability for electrooxidation of methanol molecules dissolved in water48.

Energy dispersive X‑ray (EDX) elemental analysis and mapping
Figure 5A shows the results of EDX elemental analysis performed by the leached Fe1–Pd1 /G nanocatalyst. As 
can be seen in Fig. 5A, the above nanocatalyst is composed of the elements zinc, iron and palladium, carbon and 
oxygen. The percentage of elements used in the leached Fe1–Pd1/G electrocatalysts is 1.99% iron, 7.44% zinc, 
0.63% Pd, 48.19% oxygen and 41.75% carbon. Based on EDX results, using Pd (0.63%) less than Fe (1.99%) is 

Figure 1.   X-ray diffraction spectrum of the leached Fe1–Pd1/G electrocatalyst Loaded on a graphite substrate.
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approximately (1:3), reducing the cost of making the leached Fe1–Pd1/G electrocatalysts, and this cost reduction, 
along with the simplicity of making electrocatalysts from the main advantages of making the above catalyst are 
for the oxidation of methanol. Figure 5B shows the elemental mapping of (a) C, (b) O, (c) Pd, (d) Fe, (e) Zn 
and (f) C/O/Pd/Fe/Zn from (a to f), respectively. Based on the figure, the elements Pd and Fe are well observed 
on the graphite substrate dispersed, which increases the catalytic activity of leached Fe1–Pd1/G electrocatalyst.

Figure 2.   XPS measurement of the Fe–Pd /G electrocatalyst.
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Optimization of the leached Fe–Pd/G electrocatalyst for methanol electrooxidation
Figure 6A shows the cyclic voltammograms of the leached Fe–Pd/G electrocatalysts with various Fe and Pd ratios. 
By comparing cyclic voltammograms of electrocatalysts (a) the leached Fe1–Pd1/G, (b) The leached Fe2–Pd1/G, (c) 
The leached Fe/G, (d) The leached Fe1–Pd2/G and (e) The leached Pd/G in 1M NaOH current density recorded 
by above catalysts from (a to e) are 14.27 mA, 10.77 mA, 8.52 mA, 6.02 mA and 4.54 mA, respectively. Higher 
current density of methanol oxidation by electrocatalyst is observed. The leached Fe1–Pd1/G is in terms of its 
non-leached structure and the synergistic effect of Pd and iron, which indicates the higher catalytic activity of 
leached Fe1–Pd1/G electrocatalysts than other catalysts. Furthermore, the leached Pd/G is a weak catalyst for 
methanol oxidation compared to the leached Fe1–Pd1/G. Our major goal in developing Fe–Pd alloy electrocata-
lysts is to boost the modified electrode’s sensitivity for methanol detection thanks to the iron alloy’s synergistic 
effects. Increases Pd resistance to poisoning by catalytic surfaces49. In fact, the combination of iron and palladium, 
known as the electrode catalytic activity, performs a catalytic function to enhance the electrocatalyst sensitiv-
ity for methanol detection50. In other words, at the surface of the graphite electrode modified with Fe–Pd alloy 
nanoparticles, the electron transfers rate rises and the anode current increases for the oxidation of methanol. 
Compared to the electrocatalysts discussed above, the leached Fe1–Pd1/G catalysts exhibit a higher current 
density, which typically indicates an increase in the catalyst’s active surface area for methanol oxidation. This 
increases the catalytic activity of the leached Fe1–Pd1/G and the efficiency of direct methanolic alkaline fuel 
cells. Based on Fig. 6A, using the ratios of (1:1) palladium to iron for the oxidation of methanol shows a higher 
electrocatalytic activity than other electrocatalysts, so to make a catalyst for the oxidation of methanol, the ratio 
of (1:1) palladium to Iron was selected. The comparison of the sensitivity of the leached electrode made for the 
oxidation of methanol with the electrodes prepared by previous researchers is given in (Table 2), which shows the 
higher sensitivity of this electrode compared to other electrodes. Then, the oxidation peak of formic acid appeared 
at low potential, which indicates the higher efficiency of this electrode. Figure 6B shows the cyclic voltamograms 
of methanol oxidation by the electrocatalyst leached Fe1–Pd1/G in (a) 1 M NaOH and (b) (1 M NaOH + 1 M of 
methanol). In curve 6(a), there is no anode peak in the absence of methanol, according to Fig. 6B. In curve 6(b), 
methanol anode peaks (forward and reverse) due to methanol oxidation, at 0.18 potentials, respectively, are there, 
but they are not noticed, and only a Pd reduction peak at the (− 0.1) volts potential is visible. Moreover, 0.45V, 
with a broad-shoulder anode peak in the positive scan in the potential range from − 0.4 to 0.4V, is related to an 
increase of 1 M of methanol in the electrolyte. reverse peak scan mainly in terms of the removal of carbon species 
in the forward scan not completely oxidized is related to the oxidation of newly adsorbed chemical species51.

Behavior of the leached Fe1–Pd1/G electrocatalyst for oxidation of methanol
Comparing cyclic voltammograms of Fe1–Pd1/G, Pt/C electrocatalysts for the methanol oxidation is shown in 
Fig. 7A. As can be observed, Fe1–Pd1/G electrocatalyst compared to Pt/C electrocatalyst for methanol oxidation 
showed a higher current intensity, which indicates better performance of Fe1–Pd1/G electrocatalyst compared to 
Pt/C electrocatalyst for methanol oxidation. Furthermore, cyclic voltammograms of Fe1–Pd1/G, G/Zn electrocata-
lysts for methanol oxidation were studied.as can be seen in Fig. 7B, for non-porous G/Zn electrocatalyst, which 

Figure 2.   (continued)
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lacks Fe–Pd. No peak for methanol oxidation was observedwhich indicates the lack of effect of Zn on methanol 
oxidation. Cyclic voltammograms of the leached Fe1–Pd1/G nanocatalyst oxidizing methanol at various scan 
speeds are shown in Fig. 8A. As can be observed, by raising the scan rate from 10 to 100 mV/s, the methanol 
oxidation-related Faraday current and non-Faradi current have both grown, which has caused the anodic peaks 
to become broader. The peak potential of methanol oxidation and the current density rise by increasing scanning 
speed in Fig. 8A. Additionally, because of excess kinetic voltage, the peak of the methanol oxidation potential 
changes to greater positive potentials as the scan rate increases56. The left-hand corner of Fig. 8A displays the 

Figure 3.   SEM images of electrocatalysts (a) non- leached graphite, (b) The leached graphite, (c) The leached 
Fe1–Pd1/G (d) TEM image of leached Fe1–Pd1/G electrocatalyst, (e) BET N2 adsorption–desorption isotherm (f) 
BJH pore size distribution.
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curve of variations in the peak anode current intensity with the root of the scan rate. This figure illustrates the 
linear connection between the anode current density and the root of scan rate, with a correlation coefficient of 
0.9634, showing the diffusion-controlled regulation of electrode reaction process. Figure 8B related to leached 
Fe1–Pd1/G nanocatalyst shows the linear changes of anodic nose potential of methanol electrooxidation due to 
the logarithm of potential scan rate, the slope obtained for the said line is 169/dec mV. Considering na = 1 and 
based on following equation, Tafel slope, and the approximate value of α are obtained as follows:

b = 2× 169 = 338mV/dec, na = 1, α = 0.83, na(1− α ) = 59/388 = 0.17.

Figure 3.   (continued)

Table 1.   BET isotherm and BJH pore size distribution analysis of the leached and non- leached graphite disk.

Sample BET surface area (m2/g) Average pore diameter (nm) BJH pore volume (cm3/g)

Non-the leached graphite 2.14 15.226 0.013

The leached graphite 6.05 38.212 0.046
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By using the slope of the graph above and using Laviron’s theory, the number of electrons involved in the 
oxidation of methanol can be calculated:

The adsorption charge measured from the voltammogram of leached Fe1–Pd1 /G electrocatalyst is used to 
estimate the active site density by the following equation57:

In this equation, SD is mass-specific site density, N is Avogadro number (6.023 × 1023 sites per mol), n is the 
number of electrons, F is Faraday constant (96,485 C.mol−1), and s is the geometric area of leached Fe1–Pd1/G 
electrocatalyst electrode (0.09 cm2). The estimated active site density per unit cm2 of catalyst at different scan 
rates for leached Fe1–Pd1 /G electrocatalyst electrode is shown in Fig. 8c.

The temperature effect in the methanol oxidation process as an important factor was investigated58,59. The 
cyclic voltammetry approach was used to examine the effect of temperature on the methanol oxidation by the 
leached Fe–Pd/G nanocatalyst in (0.2 M methanol + 1 M NaOH) at temperatures of 25, 30, 35, 40, and 45 degrees 
Siliceus concurred. Figure 9A shows that when the temperature rises from 25 to 45 °C, the peak’s height rises as 
well, indicating that the rate of methanol oxidation has risen. Moreover, it may be said that a reduction in load 
transfer resistance has resulted from a rise in temperature. Additionally, Fig. 9B provides an Arrhenius curve 
for the methanol oxidation using the leached electrode Fe–Pd/G. The activation energy value for methanol oxi-
dation was found to be 2.46 kcal/mol using the Arrhenius diagram’s slope. In addition of catalytic activity, the 
long-term stability of electrocatalysts is a significant criterion for evaluating their practical use60,61. The cyclic 
voltammogram of the leached Fe1–Pd1/G electrocatalyst was obtained after 200 cycles and compared to the ini-
tial cycle in order to assess the stability of the electrode and its resistance to Carbon monoxide (CO) poisoning. 
Compared to the first cycle, the forward peak current density in cycle 200 is decreased by about (0.3 mA) as 
seen in Fig. 9c, indicating excellent activity and durability of the leached Fe1–Pd1/G electrocatalyst for methanol 
oxidation in alkaline media.

The chronoamperometric (CHA) curves for all fabricated disks are shown in Fig. 10A in (1 M NaOH + 1.0 M 
methanol) at a constant potential of − 0.2 V for 300 s. As can be seen from the figure, all fabricated disks possess 
high peak current density at the beginning of the CHA test, attributing to the double layer charging process of 
the available huge active sites on the disk surface. As time passes in CHA test, current density was significantly 
reduced for all electrocatalyst disks which can be attributed to occupy and block the active sites on surface of 
disks due to toxic species specially CO derived from methanol electrooxidation. Finally, the current density was 
almost remained stable, assigning to constant diffusion of methanol species from bulk to surface disk. As can 
be seen from the Fig. 10A, the leached Fe1–Pd1/G electrocatalyst-disk exhibits greater stable current density 
(14.23 mA cm−2) compared to other fabricated disks for the electrooxidation of methanol, showing its higher 
durability against CO poising effect58,62.

Figure 10B shows plot of current density against the t1/2 of CHA test for leached Fe1–Pd1/G electrocatalyst-
disk, where diffusion coefficient can be calculated. The diffusion coefficient of methanol in aqueous medium 
can be calculated using the following equation, which is known as Cattrell’s equation. In Cottrell’s relation, I: 
current intensity in amperes, n: number of exchanged electrons, F: Faraday number, C: concentration of elec-
troactive compound in t: time in seconds, D: diffusion coefficient in A: electrode surface area in is. Using the 
Cottrell equation and the slope of the flow diagram in terms of time, the diffusion coefficient of methanol (D) 
was obtained 7 × 10−4 cm2.s−1.

In electrochemical systems, the kinetics of electrode reactions can be studied using electrochemical imped-
ance spectroscopy (EIS)63. In 1.0 M NaOH and 1.0 M CH3OH at 0.20 V, typical Nyquist plane plots of the 

Ep = E0 + (2.303 RT/αnF) log
(

RTK0/αnF
)

+ (2.303 RT/αnF) log v 0.169 = 2.303 RT/αnF, α = 0.83, n = 0.72.

SD(active site per cm2) =
Integrated CV area(A.V)× N(sites per mol)

n× scan rate(v.s−1)× F(C.mol−1)× s(cm2)

I = nFACD1/2.π−1/2t−1/2
→ D = 7× 10−4cm2.s−1.

Figure 4.   Drop test images related to electrocatalysts (a) non- leached graphite and (b) The leached graphite.
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as-prepared bare graphite (a), leached Fe/G (b), leached Pd/G (c), and leached Fe1–Pd1/G (d) electrocatalysts 
are shown in Fig. 11A. It has been known that charge transfer resistance of electrocatalysts is determined by the 
semicircle’s diameter35. The diameter of the impedance arc on the leached Fe1–Pd1/G electrocatalyst is much 
less than that of other electrocatalysts, as can be shown. By using Zview software and fitting the EIS data, the 
electrical equivalent circuit was discovered according to Fig. 11B. The constant phase element (CPE), Rs and Rct 
show electrode double-layer capacitance, resistance of the solution as well as electrodes and the charge transfer 

Figure 5.   (A) EDX analysis of the leached Fe1–Pd1/G electrocatalyst loaded on the graphite substrate (B) 
elemental mapping (a) C, (b) O, (c) Pd, (d) Fe, (e) Zn and (f) C/O/Pd/Fe/Zn.
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Figure 6.   (A) Cyclic voltammograms of electrocatalyst the leached Fe–Pd/G with different ratios of Fe and Pd 
in (1 M NaOH + 1 M methanol) with a potential scan rate of 20 mV/s. (B) cyclic voltammograms of the leached 
Fe1–Pd1/G electrocatalyst in (a) 1 M NaOH and (b) (1 M NaOH + 1 M methanol) with a potential scan rate of 
20 mV/s.

Table 2.   Comparative performance of this as-prepared sensor and some others for the determination of 
methanol.

Catalyst Scan rate (mVs−1) Sensitivity (µA mM−1 cm−2) Potential peak V vs (Ag/AgCl) Ref

Pt/BGA 20 38.56 0.7 52

Pt/NGA 20 18.84 0.65 52

Pt-Fe/rGO 20 4.85  − 0.14 53

Pd/CNT-OH 50 3.55  − 0.18 54

FeCo@Fe@Pd/CNT-OH 50 20.55  − 0.15 54

NGN/Pt 50 8.16  − 0.06 55

NGN/Pd 50 1.75  − 0.16 55

NGN/PdPt 50 8.15  − 0.15 55

The leached Pd /G 20 3.89  − 0.03 This work

The leached Fe1–Pd1 /G 20 13.65 0.06 This work
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Figure 7.   (A) Cyclic voltammograms by Fe1–Pd1/G, Pt/C electrocatalysts of methanol oxidation in (1 M 
NaOH + 1 M methanol). (B) cyclic voltammograms by Fe1–Pd1/G, G/Zn electrocatalysts for methanol oxidation 
in (a) 1 M NaOH and (b) (1 M NaOH + 1 M methanol) with a potential scan rate of 20 mV/s.
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resistance on the electrocatalysts, respectively30. Also, according to relation of i0 = RT/FRct (T is temperature, R 
is the gas constant and F is Faraday constant), exchange current density (i0) is calculated. The below table shows 
a comparison of obtained electrodes in view of exchange current density (i0) and charge transfer resistance 
(Rct)64. As can be seen from the Table 3, leached Fe1–Pd1/G possess lower Rct and higher i0 compared to other 
electrodes, showing its good electrocatalytic activity compared to other electrodes which is in accordance with 
other electrochemical evaluations.

Behavior of different fabricated electrodes for oxidation of formic acid
Figure 12A compares the cyclic voltammograms of various fabricated disk-electrocatalysts in 0.1 M H2SO4 and 
0.1 M formic acid at a scan rate of 20 mV/s. As observed in Fig. 12A, the leached Fe1–Pd1/G disk-electrocatalyst 
has maximum electrocatalytic activity towards formic acid oxidation originated from nanostructure morphology 
and the synergistic impact of Fe–Pd alloy. In actuality, the combination of iron and palladium serves as a catalyst 
to boost the modified electrode’s sensitivity in oxidation of formic acid. Table 4 compares the sensitivity of the 
fabricated leached disk-electrocatalysts towards formic acid oxidation with other electrodes reported in previous 
works. As can be seen from the Table, the leached Fe1-Pd1/G disk shows more negative oxidation potential and 
higher current density towards formic acid oxidation compared to other previous electrodes. Figure 12B displays 
electrooxidation of formic acid on the leached Fe1–Pd1/G disk at various formic acid concentrations in 0.1 M 
H2SO4 and 20 mV/s scan rate. As formic acid concentration increases up to 0.1 M, the peak changes slightly to 
higher positive values, and the anode peak current density increases continuously, suggesting a large number of 
active nanocatalyst sites. The curve of current versus concentration at 0.1 M formic acid concentration is shown 
in Fig. 12C, displaying linear correlation between concentration and peak current density.

Conclusion
The porous Fe–Pd NFs/G coin was prepared using facile electroless deposition of Fe–Pd nanoflakes onto porous 
Zn-graphite coin obtained from pressed commercial graphite and Zn powders. The porous Fe–Pd NFs/G showed 
enhanced electrocatalytic activity and good stability toward methanol oxidation with high anti-CO poisoning 
capability compared with leached Pd/G and Fe/G disks. The anodic peak for oxidation of methanol on porous 

Figure 8.   (A) Cyclic voltammograms of methanol oxidation by leached Fe1–Pd1/G electrocatalyst at different 
scan rates of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mV/s respectively from (a to j) in (1 M NaOH + 0.3 M 
methanol). (B) Peak potential variation graph in terms of the logarithm of potential scan rate related to cyclic 
voltammograms for leached Fe1–Pd1/G electrode. (C) The estimated active site density per unit cm2 of catalyst at 
different scan rates for leached Fe1–Pd1/G electrocatalyst electrode.
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Figure 9.   (A) Cyclic voltammograms of methanol oxidation by the leached Fe1–Pd1/G nanocatalyst at 
temperatures of 25, 30, 35, 40 and 45 °C in (1 M NaOH + 0.2 M methanol) with a potential scan rate of 
20 mV/s. (B) Arrhenius diagram for methanol oxidation by the leached Fe1–Pd1/G nanocatalyst. (C) Cyclic 
voltammograms of methanol oxidation by the leached Fe1–Pd1/G electrocatalyst (a) 1 cycle (b) after 100 Cycle 
(c) after 200 cycles.

Figure 10.   (A) Chronoamperograms of methanol oxidation related to electrocatalysts (a) The leached Fe/G, (b) 
The leached Fe1–Pd1/G, (c) The leached Pd/G, (d) The leached Fe2-Pd1/G and (e) The leached Fe1-Pd2/G in (1 M 
NaOH + 1 M methanol). (B) Plot of current versus time at 1 M methanol concentration.
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Fe–Pd NFs/G electrode was almost two and three times higher than that of other electrocatalysts such as porous 
Pd/G electrode and porous Fe/G electrode, respectively. Compared to similar electrocatalysts, the materials used 
in the current disk are available, cheap and non-toxic. Therefore, the use of these disks will be very helpful in the 
direction of developing the use of non-fossil and clean energy systems. The results of this research can be used 
in industries related to new energy, in fuel cell systems, batteries and supercapacitors. Also, these nanocatalysts 
can be used in electrocatalytic processes to detect and measure drugs and biological species.

Figure 11.   (A) Nyquist plots of methanol electrooxidation on (a) bare graphite, (b) The leached Fe/G, (c) 
The leached Pd/G and (d) The leached Fe–Pd/G electrocatalysts in 1 M NaOH + 1 M methanol at an electrode 
potential of − 0.20 V. (B) Electrical equivalent circuits.

Table 3.   A comparison of obtained electrodes in view of exchange current density (i0) and charge transfer 
resistance (Rct).

Electrodes Rct i0(A)

Bare graphite 61Ω 4.2 × 10−4

Leached Fe2O3/G 14.5 Ω 1.7 × 10−3

Leached Pd/G 12 Ω 2.1 × 10−3

Leached Fe2O3-Pd/G 10.5 Ω 2.4 × 10−3
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Figure 12.   (A) Cyclic voltammograms of (a) The leached Fe1–Pd1/G, (b) bare graphite. (c) The leached Fe/G (d) 
The leached Pd/G electrocatalysts in (0.1 M H2SO4 + 0.1 M formic acid) with a potential scan rate of 20 mV/s. 
(B) Cyclic voltammograms of formic acid oxidation by the leached Fe1–Pd1/G electrocatalyst in different 
concentrations formic acid of 0, 0.02, 0.04, 0.06, 0.08, 0.1M respectively from (a to f) in 0.1 M H2SO4 with 
potential scan rate of 20 mV/s. (C) Plot of flow versus concentration at 0.1 M formic acid concentration.

Table 4.   Comparative performance of this as-prepared sensor and some others for the determination of 
formic acid.

Catalyst Scan rate (mVs−1) Sensitivity (µA mM−1 cm−2) Potential peak V vs. (Ag/AgCl) Ref

Pt/NGA 20 14.96 0.7 52

Pt/BGA 20 20.16 0.75 52

PtRu/C 20 4.5 0.7 65

PtPd/C 20 4.2 0.62 65

PtSn/C 20 3.5 0.63 65

Pd-black@CP 10 1.7 0.3 66

Pd-nanoarray@CP 10 10 0.6 66

EPPGE–MWCNT–PtFeOCPc – 9 0.25 67

Pd/C 50 0.75 0.2 68

PdAgNi/C 50 1.75 0.25 68

The leached Pd Nps/G 20 30.46 − 0.27 This work

The leached Fe1-Pd1 Nps/G 20 70.72 − 0.23 This work



15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17435  | https://doi.org/10.1038/s41598-023-44351-9

www.nature.com/scientificreports/

Data availability
The data produced and analyzed during the current study are available from the corresponding authors on 
reasonable request.

Received: 8 April 2023; Accepted: 6 October 2023

References
	 1.	 Wu, Z.-P. et al. Alloying–realloying enabled high durability for Pt–Pd-3d-transition metal nanoparticle fuel cell catalysts. Nat. 

Commun. 12, 859 (2021).
	 2.	 Meng, Q. H. et al. High-performance proton exchange membrane fuel cell with ultra-low loading Pt on vertically aligned carbon 

nanotubes as integrated catalyst layer. J. Energy Chem. 71, 497–506 (2022).
	 3.	 Jiang, L., Hsu, A., Chu, D. & Chen, R. Ethanol electro-oxidation on Pt/C and PtSn/C catalysts in alkaline and acid solutions. Int. 

J. Hydrog. Energy 35, 365–372 (2010).
	 4.	 Wang, H. et al. Pt decorated PdFe/C: Extremely high electrocatalytic activity for methanol oxidation. Int. J. Electrochem. Sci. 7, 

3390–3398 (2012).
	 5.	 Saravani, H., Mehdizadeh, K., Elyasi, Z., Javadian, H. & Douk, A. S. Growing nanoparticles to assemble a modern three-dimensional 

nanoarchitecture of Pt-Ru aerogel for advanced electrocatalysis. J. Mol. Liquids 384, 122047 (2023).
	 6.	 Farsadrooh, M. et al. Two-dimensional Pd-nanosheets as efficient electrocatalysts for ethanol electrooxidation. Evidences of the 

CC scission at low potentials. Appl. Catal. B 237, 866–875 (2018).
	 7.	 Hajnajafi, M., Khorshidi, A., Farsadrooh, M. & Gilani, A. G. Nanoscale engineering of building blocks to synthesize a three-

dimensional architecture of Pd aerogel as a robust self-supporting catalyst toward ethanol electrooxidation. Energy Fuels 35, 
3396–3406 (2021).

	 8.	 Singh, R. P. Potential of biogenic plant-mediated copper and copper oxide nanostructured nanoparticles and their utility. In Plant 
Nanobionics: Volume 2, Approaches in Nanoparticles, Biosynthesis, and Toxicity (ed. Singh, R. P.) 115–176 (Springer, 2019).

	 9.	 Singh, A., Kaur, N., Parmar, A. & Chopra, H. K. Handbook of Greener Synthesis of Nanomaterials and Compounds 3–36 (Elsevier, 
2021).

	10.	 Gago, A. S., Habrioux, A. & Alonso-Vante, N. Tailoring nanostructured catalysts for electrochemical energy conversion systems. 
Nanotechnol. Rev. 1, 427–453 (2012).

	11.	 Farsadrooh, M., Saravani, H. & Douk, A. S. Unique superstructure of Pd–Ir aerogel as a robust three-dimensional electrocatalyst. 
Int. J. Hydrog. Energy 47, 25638–25646 (2022).

	12.	 Bianchini, C. & Shen, P. K. Palladium-based electrocatalysts for alcohol oxidation in half cells and in direct alcohol fuel cells. Chem. 
Rev. 109, 4183–4206 (2009).

	13.	 Yaqoob, L., Noor, T. & Iqbal, N. Recent progress in development of efficient electrocatalyst for methanol oxidation reaction in 
direct methanol fuel cell. Int. J. Energy Res. 45, 6550–6583 (2021).

	14.	 Gunji, T. & Matsumoto, F. Electrocatalytic activities towards the electrochemical oxidation of formic acid and oxygen reduction 
reactions over bimetallic, trimetallic and core–shell-structured Pd-based materials. Inorg. Chem. 7, 36 (2019).

	15.	 Bao, Y., Liu, H., Liu, Z., Wang, F. & Feng, L. Pd/FeP catalyst engineering via thermal annealing for improved formic acid electro-
chemical oxidation. Appl. Catal. B 274, 119106 (2020).

	16.	 Mohanapriya, S. & Gopi, D. Electro-oxidation of alcohols-Recent advancements in synthesis and applications of palladium core-
shell nanostructured model catalysts. Renew. Sust. Energ. Rev. 148, 111211 (2021).

	17.	 Kozlovskiy, A. & Zdorovets, M. The study of the structural characteristics and catalytic activity of Co/CoCo2O4 nanowires. Compos. 
B Eng. 191, 107968 (2020).

	18.	 Idumah, C. I. Novel trends in conductive polymeric nanocomposites, and bionanocomposites. Synth. Met. 273, 116674 (2021).
	19.	 Yang, Q. et al. Metal oxide and hydroxide nanoarrays: Hydrothermal synthesis and applications as supercapacitors and nanocata-

lysts. Prog. Nat. Sci. 23, 351–366 (2013).
	20.	 Mojarrad, A., Sabzi, R. E. & Faraji, M. Rational and low-cost preparation of Mo–Pd nanoalloys interconnected with porous graphite 

electrode as highly efficient electrocatalyst for glucose oxidation. J. Appl. Electrochem. 53, 861–874 (2023).
	21.	 He, S. et al. Considering critical factors of silicon/graphite anode materials for practical high-energy lithium-ion battery applica-

tions. Energy Fuels 35, 944–964 (2020).
	22.	 Xiong, Z. et al. A facile synthesis of 3D network PdCu nanostructure with enhanced electrocatalytic activity towards ethanol 

oxidation. J. Taiwan Inst. Chem. Eng. 75, 12–17 (2017).
	23.	 Mavrokefalos, C. K. et al. Electrochemically modified boron-doped diamond electrode with Pd and Pd-Sn nanoparticles for ethanol 

electrooxidation. Electrochim. Acta 243, 310–319 (2017).
	24.	 Li, Y. et al. Facile synthesis of bacitracin-templated palladium nanoparticles with superior electrocatalytic activity. J. Power Sources 

341, 183–191 (2017).
	25.	 Na, H. et al. A two step method to synthesize palladium–copper nanoparticles on reduced graphene oxide and their extremely 

high electrocatalytic activity for the electrooxidation of methanol and ethanol. J. Power Sources 288, 160–167 (2015).
	26.	 Zhang, L., Chang, Q., Chen, H. & Shao, M. Recent advances in palladium-based electrocatalysts for fuel cell reactions and hydrogen 

evolution reaction. Nano Energy 29, 198–219 (2016).
	27.	 Sarma, S. C. & Peter, S. C. Understanding small-molecule electro-oxidation on palladium based compounds–a feature on experi-

mental and theoretical approaches. J. Chem. Soc. Dalton Trans. 47, 7864–7869 (2018).
	28.	 Alfi, N., Yazdan-Abad, M. Z., Rezvani, A., Noroozifar, M. & Khorasani-Motlagh, M. Three-dimensional Pd-Cd nanonetwork 

decorated on reduced graphene oxide by a galvanic method as a novel electrocatalyst for ethanol oxidation in alkaline media. J. 
Power Sources 396, 742–748 (2018).

	29.	 Ekrami-Kakhki, M.-S., Saffari, J., Farzaneh, N. & Abbasi, S. Enhanced electrocatalytic activity of Pt-M (M= Co, Fe) chitosan sup-
ported catalysts for ethanol electrooxidation in fuel cells. J. Nanostruct 7, 292–308 (2017).

	30.	 He, Q. et al. PdMn and PdFe nanoparticles over a reduced graphene oxide carrier for methanol electro-oxidation under alkaline 
conditions. Ionics 26, 2421–2433 (2020).

	31.	 Ye, N., Jiang, Z. & Fang, T. Assembling the PdCu/rGO catalysts for methanol oxidation reaction in alkaline media by tuning the 
electronic structure. Electrochim. Acta 352, 136473 (2020).

	32.	 Zhang, J.-M. et al. Hydrogen co-reduction synthesis of PdPtNi alloy nanoparticles on carbon nanotubes as enhanced catalyst for 
formic acid electrooxidation. Int. J. Hydrog. Energy 42, 7226–7234 (2017).

	33.	 Ye, N., Bai, Y., Jiang, Z. & Fang, T. Component-dependent activity of bimetallic PdCu and PdNi electrocatalysts for methanol 
oxidation reaction in alkaline media. Int. J. Hydrog. Energy 45, 32022–32038 (2020).

	34.	 Huang, L. et al. PdAg@ Pd core-shell nanotubes: Superior catalytic performance towards electrochemical oxidation of formic acid 
and methanol. J. Power Sources 398, 201–208 (2018).

	35.	 Hosseini, J., Abdolmaleki, M., Pouretedal, H. R. & Keshavarz, M. H. Electrocatalytic activity of porous nanostructured Fe/Pt-Fe 
electrode for methanol electrooxidation in alkaline media. Chin. J. Catal. 36, 1029–1034 (2015).



16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17435  | https://doi.org/10.1038/s41598-023-44351-9

www.nature.com/scientificreports/

	36.	 Geng, D. et al. Pd x Fe y alloy nanoparticles decorated on carbon nanofibers with improved electrocatalytic activity for ethanol 
electrooxidation in alkaline media. New J. Chem. 44, 5023–5032 (2020).

	37.	 Eshghi, A., Behbahani, E. S., Kheirmand, M. & Ghaedi, M. Pd, Pd–Ni and Pd–Ni–Fe nanoparticles anchored on MnO2/Vulcan as 
efficient ethanol electro-oxidation anode catalysts. Int. J. Hydrog. Energy 44, 28194–28205 (2019).

	38.	 Luo, H. et al. Progress and perspectives in photo-and electrochemical-oxidation of biomass for sustainable chemicals and hydrogen 
production. Adv. Energy Mater. 11, 2101180 (2021).

	39.	 Garcia-Segura, S. et al. Opportunities for nanotechnology to enhance electrochemical treatment of pollutants in potable water 
and industrial wastewater–a perspective. Environ. Sci. Nano 7, 2178–2194 (2020).

	40.	 Kaur, P., Verma, G. & Sekhon, S. Biomass derived hierarchical porous carbon materials as oxygen reduction reaction electrocatalysts 
in fuel cells. Progress Mater. Sci. 102, 1–71 (2019).

	41.	 Tay, S. L., Wang, Y., Wei, X. & Gao, W. Effects of bismuth addition and electrodeposition processing on Zn-based coatings. Int. J. 
Modern Phys. B 29, 1540010 (2015).

	42.	 Howe, J. Y., Rawn, C. J., Jones, L. & Ow, H. Improved crystallographic data for graphite. Powder Diffr. 18, 150–154 (2003).
	43.	 Naresh, N., Wasim, F., Ladewig, B. P. & Neergat, M. Removal of surfactant and capping agent from Pd nanocubes (Pd-NCs) using 

tert-butylamine: Its effect on electrochemical characteristics. J. Mater. Chem. 1, 8553–8559 (2013).
	44.	 Farahmandjou, M. & Soflaee, F. Synthesis and characterization of α-Fe2O3 nanoparticles by simple co-precipitation method. Phys. 

Chem. Res. 3, 191–196 (2015).
	45.	 Zhenghong, G., Zhongchen, L., Fei, H. & Genhui, X. Combined XPS and in situ DRIRS study of mechanism of Pd–Fe/α-Al2O3 

catalyzed CO coupling reaction to diethyl oxalate. J. Mol. Catal. A Chem. 235, 143–149 (2005).
	46.	 Kubendiran, H. et al. Development of biogenic bimetallic Pd/Fe nanoparticle–impregnated aerobic microbial granules with poten-

tial for dye removal. J. Environ. Manag. 293, 112789 (2021).
	47.	 He, Y. et al. Highly efficient remediation of groundwater co-contaminated with Cr (VI) and nitrate by using nano-Fe/Pd bimetal-

loaded zeolite: Process product and interaction mechanism. Environ. Pollut. 263, 114479 (2020).
	48.	 Dadashi, R., Bahram, M. & Faraji, M. Fabrication of a solid-state symmetrical supercapacitor based on polyaniline grafted multi-

walled carbon nanotube deposit onto Created Vertically Oriented Graphene Nanosheets on graphite sheet. J. Energy Storage 52, 
104775 (2022).

	49.	 Ghosh, S., Bysakh, S. & Basu, R. N. Bimetallic Pd 96 Fe 4 nanodendrites embedded in graphitic carbon nanosheets as highly efficient 
anode electrocatalysts. Nanoscale Adv. 1, 3929–3940 (2019).

	50.	 Haghnegahdar, S., Azizi, A. & Noroozifar, M. Preparation and electrocatalytic application of PdNPs–La2NiO4 nanocatalyst for 
methanol electrooxidation. J. Mater. Sci. Mater. Electron. 30, 14944–14953 (2019).

	51.	 Hosseini, J., Abdolmaleki, M., Pouretedal, H. R. & Keshavarz, M. H. Electro-oxidation of methanol catalysed by porous nano-
structured Fe/Pd-Fe electrode in alkaline medium. J. Iran. Chem. Soc. 13, 815–822 (2016).

	52.	 Çögenli, M. S. & Yurtcan, A. B. Heteroatom doped 3D graphene aerogel supported catalysts for formic acid and methanol oxida-
tion. Int. J. Hydrog. Energy 45, 650–666 (2020).

	53.	 Eshghi, A. & Sabzehmeidani, M. M. Platinum-Iron nanoparticles supported on reduced graphene oxide as an improved catalyst 
for methanol electro oxidation. Int. J. Hydrog. Energy 43, 6107–6116 (2018).

	54.	 Fashedemi, O. O. et al. Performance of Pd@ FeCo catalyst in anion exchange membrane alcohol fuel cells. Electrocatalysis 12, 
295–309 (2021).

	55.	 Wang, J. et al. Comparative study to understand the intrinsic properties of Pt and Pd catalysts for methanol and ethanol oxidation 
in alkaline media. Electrochim. Acta 185, 267–275 (2015).

	56.	 Toghill, K. E. & Compton, R. G. Electrochemical non-enzymatic glucose sensors: A perspective and an evaluation. Int. J. Electro-
chem. Sci. 5, 1246–1301 (2010).

	57.	 Dadashi, R., Bahram, M. & Faraji, M. Polyaniline-tungsten oxide nanocomposite co-electrodeposited onto anodized graphene 
oxide nanosheets/graphite electrode for high performance supercapacitor device. J. Appl. Electrochem. 53, 893–908 (2023).

	58.	 Mostashari, S. M., Dehkharghani, R. A., Afshar-Taromi, F. & Farsadrooh, M. A straightforward one-pot synthesis of Pd–Ag sup-
ported on activated carbon as a robust catalyst toward ethanol electrooxidation. Int. J. Hydrog. Energy 46, 9406–9416 (2021).

	59.	 Aricò, A. et al. Analysis of the high-temperature methanol oxidation behaviour at carbon-supported Pt–Ru catalysts. J. Electroanal. 
Chem. 557, 167–176 (2003).

	60.	 Yuda, A., Ashok, A. & Kumar, A. A comprehensive and critical review on recent progress in anode catalyst for methanol oxidation 
reaction. Catal. Rev. 64, 126–228 (2022).

	61.	 Lunkenbein, T. et al. Bridging the time gap: A copper/zinc oxide/aluminum oxide catalyst for methanol synthesis studied under 
industrially relevant conditions and time scales. Angewandte Chemie Int. Edn. 55, 12708–12712 (2016).

	62.	 Mostashari, S. M., Dehkharghani, R. A., Farsadrooh, M. & Afshar-Taromi, F. Engineering three-dimensional superstructure of Pd 
aerogel with enhanced performance for ethanol electrooxidation. J. Mol. Liquids 360, 119363 (2022).

	63.	 Gu, Z. et al. Preparation of PdNi nanospheres with enhanced catalytic performance for methanol electrooxidation in alkaline 
medium. Colloids Surf. A Physicochem. Eng. Asp. 529, 651–658 (2017).

	64.	 Hwang, D.-W., Yang, H. J., Bae, J. H. & Chung, T. D. Hierarchical Nanoporous Indium Tin Oxide Electrodes Based on Self-Assembly 
of Nanocubes. Available at SSRN 4395229.

	65.	 Çögenli, M. S. & Yurtcan, A. B. Catalytic activity, stability and impedance behavior of PtRu/C, PtPd/C and PtSn/C bimetallic 
catalysts toward methanol and formic acid oxidation. Int. J. Hydrog. Energy 43, 10698–10709 (2018).

	66.	 Zhou, Y. et al. Novel superaerophobic anode with fern-shaped Pd nanoarray for high-performance direct formic acid fuel cell. 
Adv. Funct. Mater. 32, 2201872 (2022).

	67.	 Plaza-Mayoral, E. et al. Pd–Au nanostructured electrocatalysts with tunable compositions for formic acid oxidation. ACS Appl. 
Energy Mater. 5, 10632–10644 (2022).

	68.	 Ulas, B., Caglar, A., Sahin, O. & Kivrak, H. Composition dependent activity of PdAgNi alloy catalysts for formic acid electrooxida-
tion. J. Colloid Interface Sci. 532, 47–57 (2018).

Author contributions
R.E.S. and M.F. worked as supervisors in producing idea, writing and editing this manuscript. We also reviewed 
the results and revised the manuscript.  A.M. as PhD students in this research work performed the experiments, 
and analyzed the data.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.E.S. or M.F.

Reprints and permissions information is available at www.nature.com/reprints.

www.nature.com/reprints


17

Vol.:(0123456789)

Scientific Reports |        (2023) 13:17435  | https://doi.org/10.1038/s41598-023-44351-9

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Fe–Pd nanoflakes decorated on leached graphite disks for both methanol and formic acid electrooxidation with excellent electrocatalytic performance
	Experimental sections
	Materials and methods
	Fabrication of the leached and non-leached graphite disks
	Fabrication of the leached(porous) Fe–PdG electrocatalyst

	Results and discussion
	X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analysis
	Investigating the morphology of the synthesized electrocatalysts
	Investigation of electrocatalyst hydrophilic properties
	Energy dispersive X-ray (EDX) elemental analysis and mapping
	Optimization of the leached Fe–PdG electrocatalyst for methanol electrooxidation
	Behavior of the leached Fe1–Pd1G electrocatalyst for oxidation of methanol
	Behavior of different fabricated electrodes for oxidation of formic acid

	Conclusion
	References


