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Abstract

:

Palladium catalysts have attracted widespread attention as advanced electrocatalysts for the formic acid oxidation (FAO) due to their excellent electrocatalytic activity and relatively high abundance. At present, electrodeposition methods have been widely developed to prepare small-sized and highly-dispersed Pd electrocatalysts. However, the customary use of surfactants would introduce heterogeneous impurities, which requires complicated removal processes. In this work, we reported a two-step electrochemical method that employed square-wave potential treatment (SWPT) to modify electrodeposited Pd particles without the use of capping agents. Under the SWPT with a mixed frequency, Pd particles show significantly reduced size and more dispersed distribution, exhibiting a high mass activity of 1.43 A mg−1 toward FAO, which is 4.6 times higher than the counterpart of commercial Pd/C. The increase in electrocatalytic activity of FAO is attributed to the highly developed surface of palladium particles uniformly distributed over the support surface.
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1. Introduction


Palladium (Pd) electrocatalysts shows great significance in many applications including the fields of electrocatalytic oxidation of several organic molecules and reduction of oxygen, metal-air batteries, and fuel cells [1,2,3,4,5,6,7] due to the excellent electrocatalytic activity and relatively high abundance (compared to platinum (Pt)) [8,9]. In order to fully utilize Pd metal and improve its catalytic performance, great efforts have been devoted to reducing the particle size of Pd electrocatalysts to increase active exposed faces [10,11,12,13]. However, with decreasing particle size, the surface energy of electrocatalysts will increase, leading to severe aggregation of the small particles and thus reduction of total surface energy in the preparation process [14,15].



To date, several methods have been developed to control the size of electrocatalysts, including wet impregnation and chemical reduction [16,17,18], microemulsions [19], sonochemistry [20], microwave irradiation [21,22], and sputtering electron-beam deposition [23], etc. Compared to these methods, the electrodeposition method has special advantages such as low cost, rapid deposition rate, easy-to-operate procedure, high purity, and in-situ formation of the product [24,25,26,27]. Unfortunately, it is difficult to obtain particles which are of ideal size and distribution via commonly used galvanostatic and potentiostatic electrodeposition method because of limited controllable parameters [28]. Adding various capping agents to the electrodeposition electrolyte is a general tactic to address this issue. Capping agents could stabilize the highly reactive nanoparticles (NPs) surfaces to avoid aggregation and dissolution [29,30]. Nevertheless, the addition of the capping agents may introduce heterogeneous impurities and generally requires complicated post-treatment to remove them, which potentially hinder their electrocatalytic activities [31]. Pulse electrodeposition is another considerable strategy to regulate the size and distribution of particles because of variable controllable parameters [28], and lots of reports have focused on the pulse electrodeposition of nanoscale electrocatalysts. For example, Pt nanodendrites with a size of 100 nm could be prepared by the pulse electrodeposition method, and the Pt nanodendrites showed better methanol conversion performance with higher turnover frequency (TOF) than that of electrocatalysts with hemispherical and flower-like structures [32]. Hsieh et al. [33] utilized the pulse electrodeposition method to prepare Pd nanoclusters on graphene-based electrodes for proton exchange membrane fuel cells, and the average size of clusters is 100−150 nm. Moreover, Orest et al. [34] developed Pd NPs with a size below 100 nm by the pulse electrodeposition method. The Pd NPs were deposited on the surface of n–Si (100) substrate in dimethyl sulfoxide (DMSO) solutions of Pd(NO3)2 and the average particle size is 75 nm. Despite the achievements made in the pulse electrodeposition, it is still challenging to obtain nanoparticles with both small size (<50 nm) and highly-dispersed distribution.



Herein, we reported a two-step electrochemical method for obtaining Pd NPs with ideal size and distribution. Pd particles were deposited on carbon paper by constant current electrodeposition at first, and then they were treated with square-waves of different frequencies (<100 Hz) in the H2SO4 solution. The effect of modification time and frequency of square-wave potential treatment (SWPT) on the size and distribution of electrodeposited Pd particles was systematically investigated. Eventually, Pd NPs with remarkably reduced size and highly-dispersed distribution (Pds-Mixed) were obtained via an optimized mixed-frequency SWPT. Compared with the samples without SWPT or single-frequency SWPT, Pds-mixed exhibits superior electrocatalytic activity towards formic acid oxidation (FAO). The excellent catalytic performance of Pds-mixed is attributed to its reduced size and more dispersed distribution. This work provides a significant insight into the development of clean and in-situ preparation methods for electrocatalysts with high electrocatalytic activity.




2. Results and Discussion


2.1. Characterizations Results


Figure 1 shows the typical scanning electron microscope (SEM) images of the surface morphologies of the Pd particles electrodeposited on the carbon paper substrate. At a constant deposition current density of −0.15 mA cm−2 in 5 mM PdCl2 and 0.5 M H2SO4, the Pd particles are featured with irregular polyhedron morphology and their sizes range from 200–300 nm (Pds–Des, Figure 1a). Moreover, few sharp edges could be observed on the surface of the particle (Figure 1b). Although single Pd particle could be identified on the surface of carbon paper, most of the particles still cluster together to form larger particle aggregates. The chronoamperograms’ responses during the galvanostatic electrodeposition of Pd on the carbon paper substrate are shown in Figure S1. From the enlarged-scale image of the curve, it can be seen that the initial potential shows drastic change which may be related to the nucleation process at first. Following the rapid change, the curve features a stable current plateau with a voltage of approximately 0.06 V (vs. mercury sulfate electrode (MSE)), which corresponds to the growth process [35,36]. It is known that the whole electrodeposition progress is controlled by both the mass transfer of Pd2+ ions from the bulk solution toward the electrode (diffusion process) and the reduction reaction on the electrode (activation process). At a low current density (−0.15 mA cm−2), the anisotropy of the particle growth process leads to the appearance of irregular polyhedron structures. Moreover, Figure S2a–d show the morphologies of Pd particles under different deposition parameters. As the electrodeposition current density is changed to −0.3 mA cm−2 (2700 s), the low-magnification SEM image (Figure S2a) shows the Pd particles aggregate to form a layered structure, and few gaps between particles can be observed. This aggregated structure greatly reduces the specific surface area of the electrocatalyst, and may further affect the electrocatalytic performance. In addition, the high-magnification SEM image (Figure S2b) shows these Pd particles exhibit irregular shapes with some sharp edges and tips. As the electrodeposition current density is shifted to −0.05 mA cm−2 (2700 s), the size of Pd NPs reduces drastically, and Pd NPs are difficult to observe in the SEM images (Figure S2c,d). Although the Pd NPs with smaller sizes are beneficial to enhance the mass electrocatalytic performance due to the higher specific area, a low Pd loading amount would make it insufficient to support the practical application because of the small areal catalytic current. In summary, the Pd electrocatalyst with small size, ideal distribution, and reasonable loading amount at the same time is hardly obtained by simply adjusting the electrodeposition current. Therefore, the square-wave potential treatment (SWPT) is applied to electrodeposited Pd particles, and its influence on the particle size and other aspects which are closely related to the catalytic performance of the Pd electrocatalyst is investigated.



To study the effect of time and frequency in the SWPT process on the morphology of Pd particles, samples were firstly deposited at a current density of −0.15 mA cm−2 on the carbon paper, and then they were treated with the SWPT between 0.6 V and −3.2 V at different frequencies in 1 M H2SO4. Figure 2a,b show SEM images of Pd particles with the SWPT at a frequency of 10 Hz for 5 h (Pds–10 Hz). Pd particles can be rarely observed in Figure 3a,b after the SWPT. This indicates that the SWPT at a frequency of 10 Hz would lead to the dissolution of Pd particles in the H2SO4 solution compared to Figure 1. Figure 2d,e show SEM images of Pd particles treated with the SWPT at a frequency of 90 Hz for 5 h (Pds–90 Hz). The size and distribution of large Pd particles are similar to the counterpart of Pds–Des. However, it is interesting to note that a large number of tiny Pd particles appear on the surface of the carbon paper, which is not observed in the images of Pds–Des and Pds–10 Hz. In addition, the Pd loading of both samples decreases after the treatment. The reason is that the amount of dissolved Pd is higher than the amount of Pd deposited on the carbon paper during the SWPT.



The SWPT on Pd particles consists of oxidation process and reduction process in an aqueous electrochemical system. When the upper potential EU is applied, the Pd particles on the carbon paper are oxidized to dissolved Pd2+ ions, which would diffuse to the bulk solution during the process. When the lower potential EL of the pulse square wave is applied, the deposition of Pd2+ ions in solution with the nucleation and growth of Pd particles on the carbon paper occur. The deposition process and the dissolution process are related to values of EU, EL, frequency, and ions concentration [37,38,39]. Limited by the low Pd2+ ion concentration of the solution, the rate of deposition is lower than that of dissolution under the selected SWPT potential (as shown in Figure 2c). Therefore, the Pd loading is lowered after a complete EU–EL process. Under the condition of the low frequency (10 Hz), the time of the EU process in a single pulse on Pd particles is longer than that of the high frequency (90 Hz). Therefore, there is more time for the dissolved Pd2+ ions to diffuse throughout the bulk H2SO4 solution at 10 Hz than that at 90 Hz, which leads to a lower deposition rate with the same EL. As a result, most of the Pd particles are dissolved when the square wave of 10 Hz is applied for long enough, which causes Pd particles to be rarely observed on the carbon paper. By contrast, the diffusion of Pd2+ ions is much less at 90 Hz with a shorter time of EU in a single wave. Therefore, more dissolved Pd2+ ions could be reduced during the EL process, and thus the morphology of particles does not change significantly in the whole process (as shown in Figure 2e). Moreover, the appearance of small Pd NPs in Figure 2d and e is due to the increment of the frequency of SWPT. These deposited Pd NPs with small size are difficult to maintain under low-frequency SWPT due to the strong dissolution effect during the EU process. As a result, they are hardly observed at the sample after SWPT with a frequency of 10 Hz in Figure 2a,b. Therefore, a mixed-frequency SWPT method is designed, whose purpose is to combine the characteristics of strong modification (dissolution) at the low frequency and the ability to retain tiny particles at the high frequency.



Figure 3a,b show SEM images of Pd particles treated with SWPT at a frequency of 10 Hz for 4 h and 90 Hz for 1 h (Pds–Mixed). Interesting changes occur on Pd particles on the carbon paper. Pds–Mixed exhibits smaller particle size which significantly decreases to 20−50 nm in comparison with that of Pds–Des (200−300 nm). Moreover, the number density of Pds–Mixed is also much higher. Compared to samples after SWPT of singe frequency (Pds–10 Hz and Pds–90 Hz), the sample after the mixed-frequency treatment remains fine particles while eliminating large-size particles. Figure 3c,d show transmission electron microscope (TEM) and high-resolution transmission electron microscope (HRTEM) images of Pds–Mixed. The size of Pd NPs in Figure 3c is around 35 nm, which is consistent with the SEM result. Moreover, the HRTEM image in Figure 3d presents the detailed crystal structure of the Pd nanocrystals. The well-defined fringes show periods of 2.25 Å and 1.95 Å, which is in good agreement with the (111) and (200) lattice of Pd, respectively.



To study the morphology transformation mechanism during the modification process with a mixed-frequency, the influence of SWPT at a frequency of 10 Hz with different modification times on the surface morphology of Pds–Des was investigated. Figure S3 shows typical SEM images of the surface morphologies of Pd particles after SWPT at a frequency of 10 Hz for 2 and 4 h. When the treatment time reaches 2 h, Pd particles exhibit a cubic-like morphology (Figure S3a,b). In addition, the size of most particles also reduces compared to that of Pds–Des, which reduces from 200−300 nm to 50−100 nm. Previous studies found that the change in the shape of noble metal particles were related to the adsorption of oxygen (O). During the treatment process, periodic redox reactions occur on the surface of the Pd, which means that O is repeatedly adsorbed and desorbed on the surface [40,41]. Moreover, O is more likely to be adsorbed at the Pd(100) crystal plane, making this crystal plane of Pd dissolve more slowly than other crystal planes, thereby most Pd particles exhibit cubic-like morphology. Moreover, when the time of SWPT at a frequency of 10 Hz is extended to 4 h, Pd particles on the carbon paper can be rarely observed (Figure S3c,d). This indicates that most of the original Pd particles have been dissolved after 4 h.



Briefly, SWPT with a mixed-frequency efficiently combines advantages of two SWPT processes at the low and high frequencies. The SWPT process demonstrates the excellent effect of refining size and improving distribution on Pd particles, and the average Pd particle size significantly decreases from 200−300 nm to about 35 nm finally (schematic diagram of the whole process is shown in Figure 4). Furthermore, the degree of the particle agglomeration in the Pds–Mixed is also decreased compared to Pds-Des, which is expected to be advantageous for the catalytic performance of Pd electrocatalyst.



Figure 5 shows X-ray diffraction patterns (XRD) of carbon paper, Pds–Des, Pds–10 Hz, Pds–90 Hz and Pds–Mixed. It can be seen that Pds–Des, Pds–90 Hz and Pds–Mixed exhibit a similar pattern. Except for diffraction peaks at 54° (corresponding to the (004) plane of carbon), all other peaks are attributed to typical diffraction peaks of Pd. These peaks appear at 40°, 46°, 68°, 81° and 86°, which are related to the Pd(111), (200), (220), (311) and (222) facets, respectively. Moreover, XRD patterns of these three samples exhibit the growth orientation of the (111) crystal plane, which is because the surface free energy (γ) of three low index surfaces has a relationship of γ{111} < γ{100} < γ{110} [42]. Besides, Pds–10 Hz shows a similar pattern to carbon paper, which is due to the fact that most Pd particles are dissolved on the sample with SWPT at 10 Hz for 5 h. In addition, the relative peak intensity of the characteristic peak of Pd(111) of Pds–Des, Pds–90 Hz and Pds–Mixed compared to the (004) peak of carbon shows a gradual decrease trend, which is consistent with SEM results. Furthermore, the size of Pd particles in Pds–Mixed is 15 nm from the calculation of the XRD result, which is less than 35 nm (TEM result). This indicates that electrodeposited Pd particle is not dense, which is composed of several smaller particles.




2.2. Electrochemical Results


To understand the effect of the size and the distribution of Pd particles on the electrocatalytic activity of electrocatalysts, Figure 6a shows the cyclic voltammograms (CVs) of different samples in the 0.5 M H2SO4 solution at a scan rate of 50 mV s−1. Besides, for the purpose of comparison, the CV curve of the commercial Pd/C (10 wt.% Pd loading) is obtained. To reveal the mass activity, all current is normalized by the Pd loading. As shown in Figure 6a, Pds–Mixed exhibits the largest area of oxygen adsorption peak (0.3−0.7 V, vs. saturated calomel electrode (SCE)). The oxygen adsorption peak is related to the electrochemical surface area (ECSA) of an electrode, which is an important parameter to evaluate the performance of an electrocatalyst. In general, a larger ECSA indicates a higher active surface area, and it can be calculated with the following equation [43]:


ECSA = Q/(0.424 × Pdm),



(1)




where the Q is the total charge for the O adsorption, the Pdm is the Pd loading on the electrode, and 0.424 mC cm−2 is the specific charge for a monolayer of O on Pd.



The ECSA calculation results are shown in Figure 6b. The ECSA of Pd/C, Pds–Des, Pds–10 Hz, Pds–90 Hz and Pds–Mixed are 21.5 m2 g−1, 23.3 m2 g−1, 39.6 m2 g−1, 57 m2 g−1 and 75.7 m2 g−1, respectively. This shows that Pd particles with smaller size and more dispersed distribution have higher ECSA.



The measurement of electrocatalytic performance toward FAO was carried out in a 0.5 M H2SO4 + 0.5 M HCOOH solution. As shown in Figure 6c, the peak current density of Pds–Mixed for FAO reaction reaches 1.43 A mg−1, and the counterpart of Pd/C, Pds–Des, Pds–10 Hz, Pds–90 Hz are about 0.31 A mg−1, 0.59 A mg−1, 0.74 A mg−1 and 0.99 A mg−1, respectively. The peak current density of Pds–Mixed also stays on high levels compared to state-of-the-art Pd-based electrocatalysts in terms of catalytic current density toward FAO (from Figure 6d and Table S1). Moreover, the redox peak of Pds–Mixed at about 0.24 V (vs. SCE) is ascribed to the direct dehydrogenation reaction (Pd + HCOOH → Pd + CO2 + 2H+ + 2e−) [44,45]. This reaction mechanism indicates less production of CO, leading to a higher energy conversion efficiency and less catalyst poisoning. The onset potential (the value when the current density of a sample reaches 0.1 A mg−1) also characterizes the catalytic performance of Pd electrocatalysts, especially from a kinetics point of view [46]. It can be seen that the onset potential of Pds–Mixed is significantly lower than that of Pds–Des in Figure 6c, which illustrates that Pds–Mixed has more facile kinetics of FAO. The improved electrocatalytic performance of Pds–Mixed could be attributed to its small size and highly-dispersed distribution, which provides abundant active sites for electrocatalysis. By comparison, SEM and TEM images of Pd/C are shown in Figure S4. Obviously, the commercial Pd/C has smaller particle size (<10 nm. Figure S4c), which indicates larger physical surface area. However, the extra contact resistance and the increased “dead surface” due to the introduction of a polymer binder (Nafion) during the dripping method have a negative effect on the electrocatalytic activity [47]. Instead, the polymer binder is avoided during the electrochemical method in the present work, and Pd particles are all in the electrochemically active sites in the process of nucleation, growth, and modification. This leads to a larger ECSA, which results in a higher catalytic current density of electrocatalyst. Besides, the difference in diffusion restriction between commercial Pd/C and Pd/carbon paper is another factor affecting the electrocatalytic activity of FAO. Compared to Pd NPs localized in the volume of the formed porous layer on Pd/carbon paper, diffusion restriction of commercial Pd/C within the bulk porous layer is serious, which significantly affects the continuous contact between the reactant and Pd catalyst. This leads to a decrease of electrocatalytic performance for commercial Pd/C.



Figure 7 shows the chronoamperometric (CA) curves of FAO on all samples in 0.5 M H2SO4 + 0.5 M HCOOH solution. The initial current densities of Pds–Mixed, Pds–90 Hz, Pds–10 Hz, Pds–Des, Pd/C are 1.35 A mg−1, 1.04 A mg−1, 0.77 A mg−1, 0.63 A mg−1 and 0.79 A mg−1, respectively, which is close to the peak current densities toward FAO in Figure 6c. Moreover, the current densities of samples sharply decrease at the very initial stage which is related to the double-layer charging. Subsequently, controlled by the diffusion process, there is a gradual decay of current density owing to the consumed electroactive species near the electrode surface. [36]. When the test time reaches 1000 s, the current densities of Pds–Mixed and Pds–90 Hz are 0.24 A mg−1, 0.20 A mg−1, respectively, which are much higher than that of other samples The oxidation current densities of Pds–Mixed and Pds–90 Hz decreases to 18% and 19% of their initial value, which are also higher than other samples (about 2–7%). This indicates that by carefully designing the SWPT process, the size, morphology, and distribution of Pd NPs could be refined at the same time, thereby improving the electrocatalytic performance and stability of the Pd electrocatalysts.





3. Materials and Methods


3.1. Reagents and Materials


The following chemicals and materials are all commercially available and were used as received: PdCl2 (from Adamas Reagent Co.,Ltd., Shanghai, China), H2SO4 (from Tianjin Jiangtian Chemical Technology Co., Ltd., Tianjin, China), HCOOH (from Real&lead Chemical Co., Ltd., Tianjin, China), carbon paper (TGP-H-060, 0.19 mm thickness, from Toray), the commercial Pd/C (10 wt.% Pd, from Aladdin Industrial Corporation, Shanghai, China). Deionized water was obtained from an ultrapure system (18.2 MΩ cm, Milli-Q).




3.2. Reagents and Materials


Prior to use, the carbon paper was ultrasonically washed in ethanol, acetone and ethanol in turns, followed by being cleaned in deionized water by sonication and dried with a nitrogen stream. Pd particles were electrodeposited on the carbon paper by the constant current electrodeposition in 5 mM PdCl2 and 0.5 M H2SO4 at −0.15 mA cm−2 for 2700 s (Pds–Des). The electrodeposition was performed on an electrochemical workstation (IviumStat) with a three-electrode cell. A piece of carbon paper with an exposed geometry area of 1 cm2 was used as the working electrode. A mercury sulfate electrode (MSE) and a Pt plate were used as the reference and the counter electrode, respectively. After electrodeposition, the sample washed with deionized water was treated with the SWPT between 0.6 V and −3.2 V in 1 M H2SO4 solution. SWPT was performed on a bipolar DC power supply (NF BP4610) with a two-electrode cell. Pds-Des and a carbon rod acted as working electrode and the counter electrode, respectively. Moreover, a homogeneous suspension was prepared by mixing 10 mg of Pd/C, 970 μL of isopropanol, and 30 μL Nafion and dispersing using an ultrasonicator for 10 min. Then, 40 μL of the resulting suspension was dropped onto a previously cleaned surface of glassy carbon by micropipette and dried at room temperature. This electrode is called the Pd/C electrode which will be subsequently used as a substrate for the catalyst. The palladium mass fraction of electrolytically obtained Pd/carbon paper material was 0.3 wt.%, in which the weight of Pd and carbon paper (1 cm2) was 0.038 mg and 12.5 mg, respectively. The corresponding sample was composed of Pd particles treated by SWPT at a frequency of 10 Hz for 4 h and 90 Hz for 1 h. The palladium mass fraction of Pd/carbon paper samples treated by SWPT at 10 Hz and 90 Hz was 0.2 wt.% and 0.4 wt.%, respectively.




3.3. Reagents and Materials


To investigate the size and distribution of all samples, relevant characterizations were performed with a field emission scanning electron microscope (Hitachi S4800) and a high-resolution aberration-corrected transmission electron microscope (JEOL ARM200F). X-ray diffraction patterns were obtained on an X-ray diffractometer (D8 Advanced) with Cu Kα radiation. The amount of Pd loading on samples was calculated by the result of inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7700s). All electrochemical tests were carried out on the electrochemical workstation (IviumStat). A three-electrode system was also used, where prepared samples were used as the working electrode, a saturated calomel electrode and a Pt plate were used as the counter electrode and the reference electrode, respectively. The ECSA of samples was calculated from steady CV at 50 mV s−1 in 0.5 M H2SO4 solution. The electrocatalytic activity toward FAO was characterized by CV in 0.5 M HCOOH + 0.5 M H2SO4 at a scan rate of 50 mV s−1. All the solutions were deaerated with high-purity N2 gas (99.999%) for 30 min before use and throughout the test.





4. Conclusions


Pd NPs were successfully fabricated on carbon paper substrate using a two step electrodeposition–SWPT method without the use of capping agents. The influence of frequency and modification time of SWPT on the particle size and distribution of Pd NPs were systematically investigated. Tiny Pd NPs (<10 nm) are formed after SWPT with high frequency, while SWPT with low frequency mainly leads to the dissolution of the Pd particles. By adjusting the parameters of SWPT, the size and distribution of Pd particles could be effectively controlled. Pd NPs prepared via mix-frequency SWPT (Pds-Mixed) exhibit an optimal mass activity of 1.43 A mg−1 toward FAO, which is 4.6 times larger than that of commercial Pd/C. Moreover, it retains the highest current density (0.24 A mg−1) after 1000 s of CA test. The improved electrocatalytic activity of Pds-Mixed is attributed to the increment of ECSA originating from Pd NPs uniformly distributing on the carbon paper surface. These Pd NPs consist of intergrown Pd crystallites of a smaller size.
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Figure 1. (a) Low-magnification scanning electron microscope (SEM) image and (b) high-magnification SEM image of Pd particles electrodeposited for 2700 s at −0.15 mA cm−2 (Pds−Des). 
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Figure 2. (a) Low-magnification SEM image and (b) high-magnification SEM image of Pd electrodeposited at −0.15 mA cm−2 for 2700 s on carbon paper and then treated by square-wave potential between 0.6 V and −3.2 V for 5 h with a frequency of 10 Hz in 1 M H2SO4 solution (Pds−10 Hz); (c) the corresponding schematic diagram of Pd2+ ions movement during a complete EU–EL process at 10 Hz; (d) low-magnification SEM image and (e) high-magnification SEM image of Pd particles electrodeposited at −0.15 mA cm−2 for 2700 s and then modified by square-wave potential between 0.6 V and −3.2 V for 5 h with a frequency of 90 Hz in 1 M H2SO4 solution (Pds−90 Hz); and (f) the corresponding schematic diagram of Pd2+ ions movement during a complete EU–EL process at 90 Hz. 
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Figure 3. (a) Low-magnification SEM image, (b) high-magnification SEM image, (c) transmission electron microscope (TEM) image and (d) high-resolution TEM (HRTEM) image of Pd particles electrodeposited at −0.15 mA cm−2 for 2700 s and then treated by the square-wave potential of 10 Hz for 4 h and followed by 90 Hz for 1 h between 0.6 V and –3.2 V in 1 M H2SO4 (Pds−Mixed). 
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Figure 4. Schematic diagram of generation of Pds–Mixed. 
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Figure 5. X-ray diffraction patterns (XRD) image of different samples including carbon paper, Pds–Des, Pds–10 Hz, Pds–90 Hz, Pds–Mixed. 
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Figure 6. (a) Cyclic voltammograms of Pd/C, Pds–Des, Pds–10 Hz, Pds–90 Hz, Pds–Mixed in N2-saturated 0.5 M H2SO4 solution at a scan rate of 50 mV s−1. (b) Calculated ECSA values based on the cyclic voltammograms (CV) curves in (a). (c) Mass activity of Pd/C, Pds–Des, Pds–10 Hz, Pds–90 Hz, Pds–Mixed in 0.5 M HCOOH + 0.5 M H2SO4 solution at a scan rate of 50 mV s−1. (d) Comparison between Pds–Mixed and state-of-the-art Pd-based electrocatalysts in terms of catalytic current toward formic acid oxidation (FAO). 
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Figure 7. Chronoamperometric curves of FAO on Pd/C, Pds–Des, Pds–10 Hz, Pds–90 Hz, Pds–Mixed in 0.5 M HCOOH + 0.5 M H2SO4 solution at 0.15 V for 3000 s. 
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