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1. Introduction 
 

   A wide range of devices that consume electricity are used frequently by 

people all over the world. With the continued growth of the world’s 

population, it is reasonable to assume that the share of energy consumption 

devoted to electronic devices will continue to increase, especially in the near 

future. For this reason, it is important to attend to the ways in which energy 

can be generated. Looking upon the use of gas, mazut, oil, and radioactive 

materials to generate electricity in recent history, we can now affirmatively 

say that it is not the best way to generate electricity in the long-term. The 

pollution that these fuels produce has already greatly impacted the ecological 

system of our planet. Green energy sources release much smaller amounts of 

harmful compounds, and some release none at all. Furthermore, they can 

withstand the political and financial pressure exerted by some gas and oil 

suppliers. This capability provides a powerful argument in favour of green 

energy nowadays. Intensive studies are therefore being done to develop and 

improve new clean sources of energy, such as solar cells, fuel cells (FCs), 

wind stations, solar systems, geothermal stations, hydroelectric and wave 

power plants, biomass power plants, and so forth. Due to these studies, 

various fuels based on hydrogen, bacteria, alcohols, or formic acid (FA) 

appeared to be candidates for environment-friendly energy sources [1-3]. 

 

1.1 Fuel cells 
 

   Effective electrochemical energy producers such as FCs have been used 

already in space programs, and it is only a matter of time until this technology 

becomes a reliable helper not only on our planet but also on other planets to 

generate electricity for life support. Another powerful argument for this 

technology is that it can convert energy from chemical reactions into 

electricity at an efficiency of up to 90% [4]. This thesis focuses on direct 

formic acid fuel cells (DFAFCs), specifically on the preparation and 

investigation of anodes for them, as one type of FC technology. This type of 

FC uses FA as fuel. The anode part has been chosen as the main research 

interest for its high impact on the energy generation process. FA is promising 

fuel because of its relative non-toxicity at low concentrations in case of 

proper storage at room temperature (it is used as a preservative agent in food 

production), non-explosivity, and its low working temperature (it can be 

effectively oxidized on the surface of the catalyst at room temperature), as 

well as because of its limited fuel-crossover effect (the process of penetration 
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of some part of the fuel through the membrane without decomposition due to 

the repulsion between HCOO- in FA and sulfuric group in the surface of 

membrane) [5-7]. It can be produced in numerous ways nowadays: from 

methyl formate, formamide, carbon dioxide [8,9], and others [10]. 

   FA may not be ideal for application as a source of energy in the 

transportation sector (Fig. 1), but it may represent a competitive energy 

source for portable devices, large-scale factories that produce FA as a by-

product, or in energy storage systems (because of its relatively high energy 

density [2104 Wh/l]) [11].  

 

1.2 Principles of direct formic acid fuel cells  
 

   The idea of using metals in a chemical reaction leading to acid dissociation 

for generating power was first proposed by Christian Schœnbein [12]. 

William Robert Grove later published an article with the first working stack 

of FC that produced some current: “A shock was given which could be felt 

by five persons joining hands, and which when taken by a single person was 

painful” [13]. One end of each electrode was immersed in a container of 

sulfuric acid. The main goal of his experiment was to combine hydrogen and 

oxygen with the help of platinum electrodes to generate electricity. Since that  

 

Fig. 1. A team of researchers from the Leibniz Institute of Catalysis 
have recently created a method of hydrogen extraction from FA. 
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time, different types of FCs have been developed1 [14].   

  Presently, polymer electrolyte membrane fuel cell (PEMFC)s typically 

operate with the help of the Nafion® polymer membrane as a proton 

conductor. This constructional innovation has significantly helped to reduce 

the size of the FCs. The construction of the FC consists of a negatively 

charged electrode (anode), a positively charged electrode (cathode), and a 

thin proton-conducting polymer electrolyte membrane between them. FA is 

oxidized on the anode, and oxygen is reduced on the cathode. Protons are 

transported from the anode to the cathode through the electrolyte membrane, 

and electrons are carried to the cathode over an external circuit. On the 

cathode, oxygen reacts with protons and electrons, forming water and 

producing heat. Both the anode and the cathode contain a catalyst to speed up 

the electrochemical processes. The schematic construction and both the half-

cell reactions are depicted in Fig. 2. 

   At the anode side, FA catalytically decomposed to the 2H+ and 2e− via a 

dehydrogenation reaction: 

 

                        𝐻𝐶𝑂𝑂𝐻(𝑙) → 2𝐻+ + 2𝑒− + 𝐶𝑂2(𝑔)                          (1.1) 

_ 

 

 

 
__________________________  

  1Additional information about the main types of FCs is mentioned in Table 1, in the thesis. 

Fig. 2. Schematic representation of direct formic acid FC 

working process. 
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  Catalysts on the anode oxidize FA with the 2H+ and CO2 formation. 

However, some FA can be oxidized with CO formation that blocks active 

centres on the anode [15]. It has been documented that the intermediate 

reactions on the active centres of the anode in DFAFC have the following 

form [16]: 

    

𝐻𝐶𝑂𝑂𝐻(𝑙) → 𝐻2𝑂(𝑙) + 𝐶𝑂𝑎𝑑𝑠(𝑔)   (1.2) 

 

𝐶𝑂𝑎𝑑𝑠(𝑔) + 𝐻2𝑂(𝑙) → 𝐶𝑂2(𝑔) + 2𝐻+ + 2𝑒−      (1.3) 

 

    As a result, some loading connected to the outer circuit will cause electrons 

to pass through it, making FC a source of electrical energy. 

   Anodes in FCs that react with FA have dual path mechanism – 

dehydrogenation and dehydration. Dehydration reaction involves the 

additional appearance of intermediates [17]. These intermediates are 

produced due to the dissociation of FA and as a result of reactions to nearby 

molecules [18]. This involves the degradation speed of the catalyst. Until 

now, palladium-based catalysts have proven among the best catalysts in 

DFAFCs [19]. For the tests of the anodes, a specially prepared home-made 

FC workstation was built (see Fig. 3 and Fig. 4). The main parts of this system 

are listed in Table 1. 

Fig. 3. Photo of the DFAFC station with its components. 
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Number Description 

1 anode and cathode parts  

2 pneumatic cylinder   

3 Kantal heating element 

4 Tubes 

5 Manometer 

6 peristaltic pump (Longer Pump® BT 300-2J)  

7 DC loader 

8 measurement board USB-6003 (National 

InstrumentsTM)  

9 computer  

10 dc power supply 

11 oxygen cylinder 

12 nitrogen cylinder  

13 Nafion® humidifier 

14 tubes for the FA delivering 

Table 1. Description of the main parts of the FC station from Fig. 3. 

Fig. 17. Photo of the pneumatic cylinder with the fuel cell 

(FC) inside. 

 

Fig. 4. Photo of the pneumatic cylinder with the fuel cell (FC) inside. 
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 1.3 Support materials overview 
 

   The electrocatalytic activity of catalysts has a strong correlation with the 

nature of their support. For this reason, support investigation influence was 

additionally provided. It is never a trivial task to choose the right substrate, 

especially considering all the parameters it should satisfy. Among the most 

important demands for the substrate are high electronic conductivity, good  

porosity, durability, effective diffusivity to liquid fuel, chemical stability, and 

corrosion resistance in an acidic environment [20]. It should also be porous 

to enhance the mass transport of FA and its by-products after the dissociation 

reaction, basically for CO2.   

   Carbon-based materials, namely carbon cloth Elat® (CC), achieve all the 

goals mentioned above, and for this reason, have been used to support 

electrocatalysts in DFAFCs in all of the experiments conducted during this 

study. Furthermore, an advantage such as flexibility simplifies the work with 

it in the laboratory. A scanning electron microscope (SEM) image of the CC 

material used in the experiments is illustrated in Fig. 5.  

   For the preparation of the anodes, the raw CC was cleaned with distilled 

water, dried, and cut into rectangles to form a conductive layer.  

   Among other materials that can be used as support, graphene oxide (GO) 

flakes and reduced graphene oxide (RGO) flakes have inordinate advantages 

thanks to their remarkable mechanical, electrical, thermal, and chemical 

resistance properties. Like carbon cloth, graphene is a form of carbon. It is 

atomically thin and has 2-dimensional sheets with sp2 hybridization. 

However, obtaining graphene sheets without defects and additional 

contamination is presently difficult. One possibility to overcome this problem 

Fig. 5. The surface of CC recorded by the SEM technique. 
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is to obtain GO flakes [21-23]. These may be synthesized by various methods. 

The main disadvantage of such an approach is that GO consists of sp2 and sp3 

carbon-containing abundant oxygen groups. Following the treatment 

methods, RGO flakes can be synthesized from GO. The main difference 

between these flakes is that obtained RGO sheets have much more graphene-

“like” material, with improved properties and minimal defects and maximum 

graphene domains because of the elimination of the oxygen groups2.  

   In addition, the support influence of polyaniline (PANI) on catalyst 

formation was investigated. Among the main benefits of this polymer, its high 

chemical stability and electrical conductivity, low cost, and facile synthesis 

should be mentioned. Different polymerization methods applied during the 

PANI synthesis (chemical or electrochemical) influence the final structure of 

the synthesized products. It can form a porous or chain-like structure (so-

called nano-fibril structure) [24]. This can be achieved by changing the type 

of electrolytes or oxidants taking part in the reaction during PANI formation. 

   At this work, preference was given to the chain-like structure, which was 

formed on the CC surface. The reason for this preference was based on the 

greater mechanical stability of the nano-fibrils and its uniform coverage on 

the CC.  

2. Results and Discussion 
 

     Oxidation of FA in DFAFCs can be limited not only by the factor of 

catalyst purity but also by its morphology. Anode surface area has a 

significant effect on catalytic activity. Any heterogeneous catalyst with the 

ideal chemical composition may show insufficient results if the surface area, 

porosity, and other textural characteristics are not optimized.  

   It has been shown that Pd is currently one of the best widely-used catalysts 

for FA electrochemical oxidation in DFAFC. A wide range of bimetallic 

catalysts (including AgPd, AuPd, CoPd, FePd, NiPd, PdPt, PdSn, etc.) has 

been investigated in recent times for use as the anode in DFAFCs. Designing  

Pd-based catalysts (bimetallic, ternary) or other active catalytic compounds, 

including core/shell structures, is a promising way to achieve increased 

catalytic activity [25-27]. At the same time, the bulky structure of the Pd-

complex can better resist the accumulation of CO-intermediates on the anode 

surface [28-29]. 

__________________________ 
    2 Its complementation was tested only in chemically prepared anodes, that’s why it hasn’t been 

added to this thesis.  Detailed discussion and fitted spectra measured by X-ray photoelectron 

spectroscopy (XPS) can be found in Chapter 3.1.3 of the thesis. 
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   Many techniques are acceptable for preparing the anode: electrodeposition 

[30], reactive spray deposition [31], pulsed laser deposition [32], and others. 

   Nowadays, the most popular way for manufacturing anode catalysts is 

based on chemical preparation. However, it is necessary during the anode 

synthesis, and also when utilizing the catalysts, to take into account the 

relatively high cost of the chemicals are applied.  

   In this study, dc magnetron sputtering technique was used for the 

preparation of anodes for DFAFCs. One of the main reasons for this choice 

was based on the fact that magnetron sputtering is one of the least expensive 

techniques. Typically, it doesn’t need additional chemicals during the sample 

preparation process. Another advantage was the possibility to precisely 

control the sputtering process for an expensive catalyst. Sputtering was 

carried out in pressure less than 4 x 10-1 Pa. Before deposition was started, 

the chamber of the magnetron system was evacuated up to 5 x 10-4 Pa. Ar 

was used as working gas in the chamber throughout all experiments. 99.99 % 

purity target of palladium and copper were used as a sputtering source. 

   The main studied samples taking part in this work are listed below: 

 

• PANI/CC sample was prepared chemically by dissolving PANI in 

the solution of FA. CC was used as a surface for polymer formation. 

A more detailed process of PANI chains formation on CC is written 

in chapter 3.1.2. 

• Pd/PANI/CC sample prepared in the magnetron by sputtering Pd 

atoms on the surface of PANI chains. The PANI substrate was 

attached to the CC surface. The rate of the sputtering was set to 0.62 

nm/sec. 

• Pd sample with 40nm of Pd thickness. The sputtering rate was set 

to 0.62nm per second. Pd sample was additionally tested after H2O2 

treatment (Pd after H2O2 sample). The Pd300 sample referred to 

the Pd sample that was heated up inside the magnetron chamber at 

a temperature of 300 °C for 10 min. 

• PdCu, PdCu200, and PdCu300 correspond to the sample with Cu 

on top of the Pd/CC sample. The rate of the Pd sputtering was set 

to 0.62 nm/sec. In addition, it was heated up to 300 0C for 10 

minutes. Numbers here indicate the annealing temperature that was 

applied. 

• P1, P2, and P3 samples were prepared with different loading of Pd 

on the CC surface. It corresponds to the 3nm, 100nm, and 600nm 

respectively. The sputtering rate was set to 1nm per minute. 
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• Ref is the sample with Pd layers on CC that was measured just after 

synthesis in the magnetron. The sputtering rate was set to 1nm per 

minute. 

• RefFC sample with Pd layers on CC measured after FA reaction. 

The sputtering rate was set to 1nm per minute. 

• Pdmet  is the metallic Pd standard of 99.99% purity that was used in 

the XPS studies. Before measuring in XPS it was sputtered by the 

argon source. 

• Pd/CC For this sample, the Pd loading was set to 176 µg cm-2. The 

sample was heated inside the magnetron chamber. After that, it was 

pressed inside the FC with the cathode part and the Nafion 212 

membrane. The temperature was set to 70 oC for 7 hours inside the 

FC in the presence of an Ar atmosphere. Further measurements were 

provided at RT, at 50 oC and again at RT after cooling. 

 

2.1 Polyaniline support influence 
  

      PANI has been researched extensively in many studies. This polymer has 

an intrinsic conductive property, which makes it a unique material for 

numerous industries (see Fig. 6).  

 

 
Fig. 6. Molecular structures of polyaniline. 

 

    

   In this study, CC was used as a surface for polymer formation without 

further treatment. A representative SEM image of the CC with PANI chains 

on it is presented in Fig. 7a.     

   After obtaining the PANI/CC anode, the sample was inserted into the 

chamber of the magnetron. An SEM image of Pd/PANI/CC synthesized and 

deposited complex is depicted in Fig. 7b. Higher magnification of the Pd 

adatoms deposited on individual PANI chains is presented in the right upper 

corner of the SEM image.  

   As can be seen from Fig. 7b, individual Pd grains with a diameter ranging 

from 4 nm up to 14 nm have been created. From this result it can be 
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concluded, that catalyst formation was found to be successful because of the 

surface of the overlayer that increased due to the spherical formations on it. 

   It was shown earlier that the spherical shape of the catalyst obtained by 

chemically prepared anodes has a lower amount of PdCx phase [33]. The 

PdCx phase or so-called palladium carbide occurs when C atoms incorporate 

into the surface of the Pd catalyst. Its formation can be based on CO exposure 

above a certain temperature (the Pd catalyst expose to hydrocarbons and 

carbon dissolves into it). At the same time, the presence of a surface oxide 

can involve a higher reaction rate for CO oxidation. The carbide phase forms 

and disappears reversibly, switching at the stoichiometric ratio for CO 

oxidation [34]. In this regard, this sample was measured in the FC station as 

a promising anode, and by means of the XPS (see Fig. 8). 

 

 

Fig. 7. SEM images of anodes prepared for DFAFCs with a) PANI 

support loading on CC and b) previous sample with Pd catalyst on top. 
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   As can be seen here, PdCx phase has a remarkable area on the formed 

catalyst surface. Furthermore, the high contribution of the oxides can be 

found in this figure, which is also negatively involved in the active surface 

area of the catalyst.  

   Additional investigation of these samples was provided via the FC station 

and can be found in Section 2.5.  

 

 

2.2 Anodes with different amounts of Pd 
 

   Nowadays, the price of palladium is higher than that of gold. For this 

reason, the importance of preparing as thin as possible catalyst to decrease 

the price of the anode was investigated. In this regard, correlations between 

the thickness of a prepared catalyst and its activity were studied.  

   The samples were analysed using a micro-focussed, monochromatized Al 

Kα source in the XPS. XPSPeak4.1 software was used to analyse the spectra.  

   The characterization of P1, P2, and P3 samples was carried out after the FC 

test and 2 weeks of aging. To get more insights regarding the process of the 

sample aging, additional samples were investigated just after synthesis 

(denoted as “Ref”). Similar samples (denoted as “RefFC”) were created and 

additionally oxidized in FC before XPS measurement, see Fig. 9. 

Fig. 8. XPS spectra of Pd3d line fitted for Pd/PANI complex on carbon cloth. 
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   From the above-mentioned results, it is possible to draw further primary 

conclusions. The most important factors influencing the decreasing catalytic 

efficiency are as follows:  

 - surface morphology, related to the active surface area;  

 - contaminations (appearing during anode-preparation procedures and 

changing the electronic properties of the catalyst together with those that 

appear on the catalyst surface after FA dissociation and with the by-products’ 

reactions) [35-39]; and 

- the interstitial PdCx content, which forms on the surface of Pd layers from 

the residual gases in a chamber, at the Pd/CC interface and after FA 

dissociation, which may significantly alter the bulk and surface structure of 

Pd.  

   Sample P3 showed the highest catalytic activity, as related to the highest 

active surface area, see Fig. 10c and the lowest PdCx content, see Fig.9. 

Despite the high content of PdCx phase, the results for electric power 

recalculated for Pd loading per 1 mg for the sample P1, in comparison with 

carbon support decorated with Pd nanoparticles prepared chemically [36], 

show lower catalytic activity by only about 30%.  

   In Fig. 10, the right upper corner includes a multiplied image of the sample. 

As can be seen here, only a slight difference in their morphology is observed. 

The formation of the grained surface with an average size of 1 µm can be 

found only in Fig. 10c, with the increase of catalyst loading.  

   The above-mentioned results suggest that a distinct failure to form a large 

surface area during catalyst loading led to the decrease of FC functionality 

and the increase of the catalyst amount per cm2. One of the main reasons for 

Fig. 9. Graph of at.% concentration of different chemical  states in a) Pd 

3d5/2-3/2 and b) C1s photoelectron lines, calculated for P1, P2, P3, Ref 

and RefFC samples after XPS measurements. 
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this commonality during the formation of Pd layers was that the same 

experimental parameters were applied. Different Pd loadings were obtained 

by varying only the time of magnetron sputtering. 

 

 

 

Fig. 10. SEM images of Pd on CC with different Pd loading. The amount of 

sputtered Pd on CC: (a) 3.6 µg (P1); (b) 120 µg (P2); (c) 720 µg/cm2 (P3). 

2.3 Thermal and chemical treating effects 

   

    The Ping Hong et al. have shown that a combination of different catalysts 

together can resist the formation of by-product and enhance the stability of 

the anodes [40]. To achieve these results, magnetron sputtering has been used 

to add the Cu on the surface of the Pd catalyst. Such spread metal as Cu has 

been chosen due to its effectiveness towards FA dissociation, previously 

shown by Jongwon Yang et al. [41].  

   One of the effective methods to enhance the effectiveness of the prepared 

sample is based on the annealing of the bimetallic catalyst. For a better 

understanding involving the temperature treatment of the sputtered surface, 

an additional investigation was completed for the specially created PdCu 

sample. This sample denoted as PdCu25–PdCu500, was heated step-by-step 

in the vacuum chamber in the AXIS Supra photoelectron spectrometer under 

high vacuum conditions. Temperature treatment of the sample started at room 
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temperature and increased at intervals of 10 °C. The maximum peak of the 

temperature was set to 500 °C. During the increase of the temperature, XPS 

spectra were measured to detect any changes in the chemical states on the 

surface. This experiment was also applied to obtain optimal heating 

temperatures that can be used in the magnetron chamber for sample 

preparation.   

   The obtained results show that remarkable surface segregation of Cu (from 

5  to 2 at.%) and carbon (from 60 to 33 at.% ) appears at temperatures above 

200 °C, see Fig. 11. The Pd content increased from 13 to 47 at.%. The results 

of the measurements applied for the PdCu25–PdCu500 sample show 

decreases in the PdCx phase from 26 to the 9 at.%. At the same time, the 

metallic phase of a studied sample increases from 60 to 75 at.%. From these 

results, it can be concluded that decreasing the amount of contamination on 

the surface of the sample will obviously bring a positive effect to the anode 

prepared with the help of sputtering, while the sample is treated by heating.  

   The above results indicate that annealing of the samples is preferable and 

should be applied during the preparational process. For these reasons, the 

Pd/CC sample was prepared with additional heating under pressure less than 

2 × 10−2 Pa and a temperature of 300 °C inside the magnetron vacuum 

chamber. 

   It is also important to understand the impact of the FA on the sample. For 

this reason, the sample was measured by XPS before and after tests at the FC 

station. Obtained results from the XPS measurements show that the PdCx 

phase decreased from 29 to 21 at.%. At the same time, the metallic phase 

increased from 52 to 64 at.%. These data showed that thermal heating can 

positively affect resistance to degradational effects after using the sample in 

the FC. 
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   To deepen further examine the morphology changes on the surface of 

Pd/CC and Pd300/CC samples, they were additionally measured in an SEM. 

Fig. 11. Comparison of the amount (in at.%) of Pd, Cu, C and O under 

different temperature conditions. 
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The resultant images are depicted in Fig. 12. Here, the formation of Pd 

clusters with an average size of about 12 nm can be found in Fig. 12a. Such 

formation was a result of an increasing rate of magnetron sputtering up to 

0.62 nm/sec together with changing the geometry of the experiment. The 

necessity of increasing the surface area appears as one of the key parameters 

to enhance the power density of the anode; from this point of view, steps for 

the additional formation of Pd clusters have been applied for further 

sputtering. 

   Another sample depicted as Pd300/CC, that was thermally treated to 300 

°C shows the characteristic fusion of Pd atoms with the decreasing of the 

surface area, see Fig. 12b. At the same time, the appearance of the separate 

chains with canals leads to the increase of the active surface and resistance to 

the deactivation of the catalyst with by-products of the FA decomposition.   

   Due to the high impact of the temperature treatment procedure on the 

morphology of the samples, anodes with further additions of Cu on top of the 

Pd catalyst were investigated. An SEM image of the sample without 

additional heating, depicted as PdCu/CC, can be found in Fig. 13a. The 

sample depicted as PdCu300/CC was heated to 300 °C. The SEM image of it 

is shown in Fig. 13b. In the right upper corner of each image, the same sample 

with magnification up to 100, 000× can be found. 

   From Fig. 13a it can be seen that the surface is rather rough and is 

continuous, without deep canals. It should also be mentioned that after 

reacting with FA, some parts of the Cu can dissolve, and the form of the 

surface will change. As can be seen from Fig. 13b, after the thermal treating, 

segregation of the sputtered catalyst occurs. The islands of PdCu alloys with 

an average size of 50 nm appear on the Pd surface. This segregation affected 

the increase of the active surface area of the catalyst together with its 

resistance to the deactivation of the catalyst.  

   The PdCu300/CC sample was measured additionally by means of XPS 

before reaction with the FA inside the FC and after this treatment. The results, 

obtained from the fitting curves showed that the amount of PdCx phase 

decreased from 50% to 29% after use in the FC. In turn, the metallic phase 

increased from 33% to 57%. I-V curves obtained from the FC test showed 

that the power density of this anode grew up to 4.5 mW in comparison with 

the Pd300/CC. 
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   The sample denoted as Pd/CC (PdbeforeFA and PdafterFA) was studied 

before and after reaction with the FA. No additional treatment was applied 

during the experiments on it. The sample was measured in XPS, and obtained 

data were fitted. Here, in the above-mentioned sample, the amount of PdCx 

contamination increased from 31% to 33%. At the same time, a metallic 

phase of palladium decreased from 47 % to 44.9%. These results demonstrate 

that the studied sample degraded after its reaction with the FA.  

    The author supposes that due to the 3% H2O2 solution treatment of the 

palladium-carbon cloth system, a ligand such as carbon monoxide, which 

bridges metals (both metals bound to C), can react with peroxide. For this 

Fig. 13. SEM images of PdCu/CC anodes prepared by magnetron 

sputtering before a) thermal treatment up to 300 oC denoted as PdCu and 

b) PdCu/CC sample after thermal treatment denoted as PdCu300. 

Images with the magnification of 100 000 x can be found in the top right 

corner. 

 

Fig. 12. a) SEM images of Pd-based anodes before thermal treatment denoted 

as Pd and after b) thermal treatment to 300 °C denoted as Pd 300. Images 

with a magnification of 100 000× can be found in the top right corner. 
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reason, after using Pd/CC anode in the FC, it was washed in H2O2. The results 

of the measuring in the XPS for this sample showed a decrease of the PdCx 

phase from 33% to 20%, and the metallic phase increased from 44% to 65%.    

   These results showed that oxidation of Pd samples by H2O2 is more efficient 

than by FA, whereas oxidation by FA leads to more enhanced modification 

of the Pd300 sample surface, in contrast to the PdCu300 sample. 

 

2.4 Comparison of the PdCx appearance at the anodes 
 

   To deepen the understanding of the changes in the PdCx phase that occurred 

in the main samples presented in this work, XPS fitted graphs were 

normalized and compared. Fitted spectra of these samples are presented in 

Fig. 14. The calculated results for this phase are shown on the right-hand side 

as a percentage of the total Pd content. More detailed observation of them is 

presented in further sections. 

    For an examination of the detailed spectra, all values of BE were 

referenced to the C 1s peak at 284.4 eV. The Pd 3d spectra, submitted to 

Shirley background subtraction, were fitted using the Gaussian-Lorentzian 

asymmetric functions to the metallic components with the use of XPS 

Peak4.1 software [42]. The values of Pd 3d BE for metallic Pd [43,44], PdCx 

[44,45], Pd-C=O [46], PdO, PdO2 [47] and PdCx [44,45] were obtained from 

data in the literature. 

   Calculated results of PdCx contamination obtained from the XPS 

measurements are shown in atomic percentage at the end of the legend, see 

Fig. 14. This figure reveals that the treatment of Pd samples (Pd and Pd300) 

with FA and with H2O2 leads to decreasing content of Pdmet, in contrast to the 

PdCu sample, where increased content of Pdmet is observed. The ratio of PdCx 

and palladium oxides to metallic Pd decreases due to the reduction of 

palladium oxides to metallic Pd and the segregation of carbon in the PdCx 

solution into the bulk.  

   Due to the reaction with the atmosphere, some amount of contamination 

appeared on its surface. In a comparison of the Pd/CC, Pd300/CC, and 

PdCu300/CC samples, the best treatment results were achieved for the 

Pd300/CC sample after reaction with FA. Furthermore, in the case of the 

Pd/CC sample that was additionally washed in hydrogen peroxide, a decrease 

of PdCx contamination of about 13% was found. This result demonstrates that 

such an effect of chemical treatment can help to decrease undesirable 

chemical compositions from the catalyst surface.  
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Fig. 14. The Pd 3d5/2–3/2  XPS spectra recorded from the surface of the 

thermally and chemically treated anodes. The PdCx phase content is 

indicated as a percentage of the total Pd content, on the right-hand side. 
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2.5 Fuel cell tests of prepared samples 

 
   Apart from the purity of the FA and flow rate of the air are many additional 

factors that can influence FC efficiency such as overpotential (it is a 

difference between the experimental voltage and the thermodynamically 

prescribed voltage of the half reactions at each electrode), the kinetics of the 

electrochemical reaction (appears both on the anode and cathode parts), 

internal electrical and ionic resistance, difficulties in getting the reactants to 

reaction sites, internal current losses (stray current), and crossover of 

reactants. By tuning these characteristics, it is possible to increase greatly the 

working characteristics of the anode and cathode parts and, consequently, 

increase the power of FCs.     

   For a better understanding of the correlations in dissimilar catalyst loading, 

differences in their power density were compared. Obtained results for these 

samples were recalculated for 1 mg of Pd and can be found in Fig. 15. For 

extrapolated results, the power density of the P1 anode was close to 40 

mW/mg, despite the high content of PdCx phase. This catalytic activity of the 

sample was lower by only about 30%, in comparison with the Pd 

nanoparticles prepared by chemical reactions [see 48 and references 

therein]. 

 

 
Fig. 15. Dependence of the power density on current for the catalyst of 

different Pd loading recalculated per 1 mg of Pd with the amount of the 

catalyst 3.6 µg (P1), 120 µg (P2) and 720 µg/cm2 (P3). 

 



20 
 

   The sample, based on the PANI-chains substrate (Pd/PANI/CC), showed a 

maximum power density of about 2 mW/cm2, see Fig. 16. Such an increase 

in the resulting power in comparison with the P1-P3 samples can be explained 

by the increased surface area and the form of the Pd catalyst. For extrapolated 

results, the power density of the Pd/PANI/CC anode was close to 45 mW/mg. 

   I-V curves and power density results for anodes with the same Pd loading 

after recalculation for the mg of the catalyst and presented in Fig. 17 and 

Fig.18. Here, the power density of PdCu300 anode increased up to 4.5 times 

in comparison with the Pd300/CC anode. For the Pd/CC sample (before and 

after chemical treatment), an increase of power density up to 10 times 

appeared. Chemical treatment of the Pd catalyst with H2O2 noticeably 

improves the performance of the catalyst due to the decreasing PdCx content 

and the number of oxygen groups. The Pd/CC after H2O2 sample showed 

even better power results in comparison with the sample that was heated 

(Pd300).  

 

 

 

 

 

Fig. 16.  Polarization curves of the anode for Pd-based PANI/CC surface 

prepared and measured in home-made FC station under room temperature 

after H2O2 treating. Pd loading was set to 44 µg/cm2. Maximum specific 

power is depicted as red curve and voltage black curve. 
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Fig. 17. Dependence of maximum specific power (red curve) and 

voltage on current (black curve) in DFAFC for: (a) Pd/CC after 

thermal treatment to 300 °C in the magnetron chamber (Pd300), (b) 

Pd/CC after chemical treatment in H2O2, (c) a Pd/CC untreated sample, 

and (d) PdCu/CC thermally treated to 300 oC in the magnetron 

chamber. The samples were measured in the fuel cell station at RT. 
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Fig. 18. The power density versus current density per 1 mg of Pd for Pd-

based catalysts measured in the DFAFC station. 

  

   The power curves for three different temperature-combination steps for the 

Pd/CC sample were additionally tested. These measurements are presented 

in Fig. 19. Here, the first test that was made at room temperature was defined 

as Pd_RT. The second one was measured at a temperature around 50 °C and 

denoted as Pd_50. The last one was denoted as Pd_RT_50, measured after 

increasing the temperature to 50 °C under room temperature. Surprisingly, 

the results indicate that the greatest activity of the anode was achieved after 

cooling the Pd/CC sample from 50 °C to room temperature. The maximum 

power density of 56 mW/mg of the Pd was achieved.   

   A conclusion that can be drawn from these results is that the best results 

among all samples were obtained for Pd/CC sample after its previous 

measurement at 50 °C. This result indicates even better performance than that 

for the bimetallic PdCu sample after heating being heated to 300 °C. 

However, the maximum power density for the PdCu300 sample was (P = 51 

mW mg−1) and is comparable to the most effective measurements mentioned 

in this work. That result was achieved after creating a PdCu alloy system that 

can force the desorbing process of CO or CO2 ligands and products of the FA 

dissociation from the metal surface. Furthermore, the ligand effect, which 

occurred after the addition of Cu, caused changes in the band structure by 

tuning the activation energy of the transition metal (due to the shifting of the 

d-bands). That tuning influenced the strength of binding between Pd atoms 

and adsorbate molecules, and as a result of the activity of the dissociation 

process. The results also show that heating of the sputtered Pd samples up to 

300 °C can increase its catalytic stability for FA dissociation products. 
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Fig. 19. The power density versus current density per 1 mg of Pd for Pd/CC 

anode that was heated inside the magnetron chamber. After that, it was 

pressed inside the FC with the cathode part and the Nafion 212 membrane. 

The temperature was set to 70 oC for 7 hours inside the FC in the presence 

of an Ar atmosphere. Further measurements were provided at RT, at 50 oC 

and again at RT after cooling. 

  

   

   The Pd/CC after treatment in H2O2 showed better catalytic performance 

than did the thermally treated Pd300 sample, where a decrease in the 

contaminants on the Pd surface was observed. Chemical treatment of the 

surface using H2O2 can facilitate the cleaning process of the Pd-based anodes 

due to the decreasing PdCx content and the number of oxygen groups. 

Decreasing the number of CO molecules from the surface of the Pd catalyst 

leads to a decrease of the PdCx phase as one of the main reasons for catalyst 

degradation. 

   The application of treating methods and binary catalysts together with the 

implementation of an additional substance (PANI chains) can increase the 

active area of the anodes and provide hope that such a method as magnetron 

sputtering can be successfully applied for the preparation of anode parts in 

DFAFCs. 
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   3. Summary 
 

   This thesis has focussed on the synthesis, treatment, characterization, and 

application of anodes for DFAFCs. The catalyst surface of the anodes was 

deposited using a DC magnetron sputtering source. Investigation of the 

samples was made with the use of SEM, TEM, and XPS methods. In addition, 

catalyst activity was measured in a home-made FC station and by means of 

the potentiostat. The most important results were collected and presented 

below.   

   Anode catalysts with different Pd loadings (3.6 µg, 120 µg, and 720 

µg/cm2) were prepared on a CC without additional support for further electro-

oxidation of FA in DFAFC station. The structural and chemical 

characterization show that the catalytic efficiency depends strongly on the 

surface morphology (the surface area increased after the sputtering conditions 

were changed), on the active area surface (which decreases after some 

working period of FA oxidation), and on the amount of PdCx phase and 

oxygen (hydroxyl -OH, carbonyl -C=O and carboxyl -COOH) groups. 

Poisoning of the catalysts due to the formation of the PdCx phase during the 

preparation and utilization of the anode material may be an issue that needs 

to be solved or mitigated in order to increase the working ability of the 

catalyst. It should also be pointed out that the occurrence of the PdCx phase 

during the FA dissociation can lead to a reduction in the power density. An 

electrochemical examination showed that a catalyst loading of 720 µg 

produced slightly higher electrocatalytic activity than did catalyst loadings of 

3.6 µg and 120 µg/cm2. However, after recalculation, the power density of 

the 3.6 µg sample was close to 40 mW per 1 mg of Pd.  

   XPS studies have shown that H2O2 treatment can decrease PdCx 

substoichiometric phase and increase the Pd metal component on the surface 

of the catalysts. Chemical changes due to the temperature-treated samples 

showed that the PdCx phase decreased after reacting with FA, in comparison 

with the untreated Pd sample. Samples that were washed in hydrogen 

peroxide or were heated up to 300 °C after reaction with FA showed a 

reduction of contaminants and an increase in the Pd-metal phase.   

   After adding PANI chains on the surface of carbon cloth, the surface area 

of sputtered samples was increased. After sputtering in the magnetron Pd 

catalysts to its surface, sui generis spherical conglomerates of Pd atoms from 

4 nm–14 nm in diameter were obtained. The I-V curves show an increase in 

power density for the sample that used PANI support. This increase was 

caused mainly by the changes in morphology after this support was applied.  
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   Samples that were prepared with an additional Cu loading on top of the 

catalyst showed an increase in current by as much as three times, in 

comparison with samples with a monometallic Pd loading without additional 

treatment. The maximum power density for the PdCu300 sample was 

P = 51 mW mg−1 and is comparable with the best result presented in this 

work. That was achieved after creating a PdCu alloy system that can force 

the desorption process of CO or CO2 ligands and products of the FA 

dissociation from the metal surface. The results additionally showed that 

heating of the sputtered Pd samples up to 300 °C can increase its catalytic 

stability toward products of the FA dissociation. 

   The sample named Pd/CC was heated in the vacuum chamber (Pd_RT_50), 

pressed together with the membrane and the cathode under 70 °C in the inert 

atmosphere, and measured after heating to 50 °C under room temperature; 

this sample yielded the maximum power density of 56 mW per mg. This 

result is the best and most stable among others presented in this work.  

   All above-mentioned results exhibit potential advantages of using bi-

metallic catalytic compounds in the future and provide evidence that 

magnetron sputtering, together with treatment methods, is a promising 

approach for the preparation of anodes for DFAFCs. 

 

   The results indicate that future studies should aim to  

• increase the surface area of the catalyst, 

• reduce the contaminations on the active sites, and 

• increase the effectiveness of the catalyst through preparation with 

magnetron sputtering. 
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