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Abstract:   

      This doctoral thesis concerns the preparation of anodes with Pd-based catalysts. 

Anodes were deposited on a support surface with magnetron sputtering. The prepared 

samples were tested in a direct formic acid fuel cell (DFAFC) station. Polyaniline, 

graphene oxide (GO) and reduced graphene oxide (RGO) have been additionally 

investigated as promising support material for polymer membrane fuel cells (FCs). A 

scanning electron microscope (SEM) and a transmission electron microscope (TEM) 

were used to observe the morphological differences between the prepared samples. 

Elemental composition and chemical states on the anode part were studied through X-

ray photoelectron spectroscopy (XPS). 

   The results show that the power density of the prepared anodes with 3 nm of 

palladium thickness is lower only by 30% in comparison with chemically prepared 

catalysts. The highest power density results were achieved for the monometallic Pd-

based sample prepared via hot pressing and further heating inside the FC station during 

testing. The bimetallic palladium-copper anode indicated power density comparable 

with the previous sample. For CV measurement, a home-made FC station was applied 

together with the potentiostat.  

   Thermal and chemical (based on hydrogen peroxide) treatment methods applied for 

the anodes have been proposed and investigated for activation of the active surface. 

The enhanced catalytic efficiency observed after the application of these methods is 

attributed to the decrease in the content of metal oxide forms, carbon-oxygen groups, 

and PdCx surface contamination, which were also investigated. 
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1. OVERVIEW 

 

1.1 Aims and structure of the dissertation  

 

     

  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].  

   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 in space 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 

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

investigation of anodes for them, as one type of the FC technology. The anode part has 

been chosen as the main research interest for its high impact on the energy generation 

process. This type of FC uses FA as a fuel. FA is promising fuel because of its relative 

non-toxicity (it is used as a preservative agent in food production) and its low working 

temperature (it can be effectively oxidized on the surface of the catalyst at room 
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temperature), as well as because of its limited fuel-crossover effect (the process of 

penetration of some part of the fuel through the membrane without decomposition  due 

to the repulsion between HCOO- in formic acid and sulfuric group in the surface of 

membrane) [5,6]. FA may not be ideal for application as a source of energy in the 

transportation sector, 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]) [7]. Anodes in 

DFAFCs that react with FA have dual path mechanism – dehydrogenation and 

dehydration. Dehydration reaction involves the additional appearance of intermediates 

[8]. These intermediates are produced due to the dissociation of FA and as a result of 

reactions to nearby molecules [9]. This involves the degradation speed of the catalyst. 

More detailed description of this is presented in Section 1.3. Until now, palladium-

based catalysts have proven among the best catalysts in DFAFCs [10]. Designing Pd-

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

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

activity [11-13]. At the same time, the bulky structure of the Pd-complex can better 

resist the accumulation of CO-intermediates on the anode surface [14-15].  

   To concretize the theme of this research, four main tasks have been studied to 

increase the effectiveness of the anode part.  

   The first is based on the idea of increasing the surface area of the catalyst. One of 

the ways to increase its area is to apply an additional conductive support layer with a 

large surface. For this purpose, polyaniline (PANI) support has been tested. A scanning 

electron microscope (SEM) investigation showed that the increased surface area 

implementation of the additional PANI layer made considerably impacted the final 

appearance of the spherical Pd-based structures’ surface. This investigation is detailed 

in Section 3.1.2. In addition, graphene-based materials that widely applied in various 

applications and different fields have been studied. Graphene oxide (GO) and reduced 

graphene oxide (RGO) forms were measured to gain a deep understanding of the best 

way to prepare them for application as conductive chemically stable sublayer on the 

anode (see Section 3.1.3).   

    The next aim was to minimize the number of expensive catalysts without decreasing 

their effectiveness. By tuning the catalyst loading, their efficiency has been tested. 

Parameters such as deposition rate and distance between sample and target were the 

same in the surface-formation process. The thickness of the catalyst has varied from a 
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few nanometres to hundreds of nanometres. Surprisingly, after recalculation of the 

results to the weight of the catalyst, the power density of the sample with the lowest 

amount of catalyst showed the best results. Obtained samples were tested by means of 

SEM and X-ray photoelectron spectroscopy (XPS) (see Section 3.2). FC power 

characteristics were measured at a specially prepared home-made FC station, detailed 

in Section 3.4.  

   The third task was to increase the productivity of the Pd-based catalyst by combining 

it with another effective catalyst for FA dissociation. It has been shown earlier that the 

binary noble metal alloy exhibits long-term stability at high FA concentrations [16-

18]. For this purpose, a bimetallic combination of the Pd-Cu catalyst was prepared. 

The data obtained for this type of the sample indicated one of the highest power density 

results. From this reason, it is possible to say that bimetallic combination may have 

competitive implication in the DFAFCs. More detailed information concerning this 

experiment is presented in Section 3.3.  

   The final task was to investigate the possibility of reducing contaminants from the 

surface, such as oxygen groups (hydroxyl-OH, carbonyl C=O, and carboxyl COOH) 

and PdCx phase. 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 

into a higher reaction rate for CO oxidation. The carbide phase forms and disappears 

reversibly, switching at the stoichiometric ratio for CO oxidation [19]. Oxygen groups 

can appear from the water molecules and the air at each step of the catalyst production 

and their measuring.  

   The thermal-treated process was studied as the main possibility to decrease the 

number of the interfering molecules (see Section 3.3.2). The results of these studies 

were compared with those for untreated samples to offer a more precise interpretation 

of the obtained data (see Section 3.3.3). In order to understand sample behavior under 

different working temperature conditions, the thermally treated sample was tested. 

Surprisingly, the catalyst was most active after the sample was cooled from 50 °C to 

room temperature (see Section 3.4.2). In addition, an alternative chemical treatment 

method proposed for cleaning anode surface. This method is based on the quick and 

easy implementation of peroxide acid for reducing the amount of the PdCx phase on 

the surface. More detailed information can be found in Section 3.3.4.  
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   For thorough characterization of the samples, SEM, transmission electron 

microscope (TEM), and XPS techniques were mainly applied. The results for the 

chemical composition of samples before and after the application of FA have been 

compared by means of XPS. For these purposes, a detailed fitting procedure of these 

spectra were provided. SEM and TEM images gave additional information about 

correlations between catalyst loading and surface morphology. The results were 

measured at the home-made FC station and additionally tested by means of the 

potentiostat.  

   These results provide evidence that magnetron sputtering, together with treatment 

methods, is a promising approach for the preparation of anodes for DFAFCs. 

 

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 [20]. 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” [21]. 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 time, different types of the FCs have been developed [22]. Table 

1 presents a brief description of each type. To better understand their context, they 

have been divided here into two main parameters: type of electrolyte and operational 

temperature. Presently, PEMFCs 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 main working principles of this 

type of FC are discussed in further detail below. 

   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 
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electrochemical processes. The schematic construction and both half-cell parts are 

depicted in Fig. 1. 

 

Types of Fuel Cells Description 

Alkaline fuel cells 

Concentrated KOH (85 wt%) takes a role as the electrolyte for 

high-temperature operation (<250 °C) in such FCs. In case of 

low-temperature operations (<120 °C), less concentrated 

electrolyte (35–50 wt%) uses. The electrolyte is retained in a 

matrix (usually asbestos), where a wide range of 

electrocatalysts can be used. 

Polymer electrolyte 

membrane or 

proton exchange 

membrane fuel 

cells 

Such FCs use a thin (<50 µm) proton conductive polymer 

membrane as the electrolyte. Various types of catalysts, 

mainly based on noble metals, are used for hydrogen 

dissociation. Operation temperature is typically between 25 

°C and 80 °C. 

Phosphoric acid 

fuel cells 

Phosphoric acid with a concentration of about 100% is used in 

such FCs as the electrolyte. The matrix used to retain the acid 

is usually SiC, and the electrocatalyst in both the anode and 

cathode part is platinum. Operating temperature is typically 

between 150 °C and 220 °C. 

Molten carbonate 

fuel cells 

This type of FC has the electrolyte composed of a 

combination of alkali (Li, Na, K) carbonates retained in a 

ceramic matrix of LiAlO2. Operating temperatures are 

between 600 °C and 700 °C, where the carbonates from a 

highly conductive molten salt, with carbonate ions providing 

ionic conduction. 

Solid oxide fuel 

cells 

This type of FC uses a solid, nonporous metal oxide, usually 

Y2O3-stabilized ZrO2, as the electrolyte. These cells operate at 

800 °C to 1000 °C, where ionic conduction by oxygen ions 

takes place. 

Table 1. Different types of fuel cells and their descriptions. 
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 At the anode side, FA catalytically decomposed to the 2H+ and 2e− via a 

dehydrogenation reaction: 

 

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

 

   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 [23, 

24]. It has been documented that the intermediate reactions on the active centres of the 

anode in DFAFC have the following form [25]: 

                                        

 

 

  

 

                                       𝐻𝐶𝑂𝑂𝐻(𝑙) → 𝐻2𝑂(𝑙) + 𝐶𝑂𝑎𝑑𝑠(𝑔)                           (1.2) 

                         

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

   

   These intermediates are produced as a consequence of a FA dissociation reaction 

[26]. Formed protons go through the membrane to the cathode. Electrons, in turn, go 

Fig. 1. Schematic representation of direct formic acid fuel cell working 

process. 
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via an external circuit to the cathode, where they react with oxygen and H+ to produce 

water: 

 

                                             4𝐻+ + 4𝑒− + 𝑂2 ↔ 2𝐻2𝑂                                            (1.4) 

 

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

through it, making FC a source of electrical energy. 

   FA can be produced in numerous ways nowadays: from methyl formate, formamide, 

carbon dioxide [27,28], and others [29]. Compared with other types of fuels, FA’s 

considerable benefits should be mentioned, such as its non-explosivity, non-volatility, 

and relative non-toxicity at low concentrations, in case of proper storage at room 

temperature [30].  

 

1.3 Catalysts in Direct Formic Acid Fuel Cells 

 

   According to the [31], a catalyst is a substance that causes or accelerates a chemical 

reaction without itself being affected. Almost all metals in the periodic table can be 

used as catalysts [32]. Nevertheless, the catalysts that are most commonly used, due to 

their effectiveness, consist of transition metals that have unfilled d-band.  

   Currently, Pd-based anodes were reported as among the best electrocatalysts in 

DFAFCs due to their excellent CO-tolerance [33]. When intermediates appear, 

complications are added to the process of reaction interpretation. As such, the 

dissociation selectivity of the catalyst becomes essential. The main factors that can 

involve the formation of reaction products are how they can transform and react with 

the surroundings. As an intermediate in the case of FA dissociation, not only CO but 

also formates (HCOOads) appear and play an important role in anode poisoning [34]. 

Information about the appearance of by-products is importantly affected in the process 

of catalyst design.  

   To better explain steps that occur in a heterogeneous catalysis, a summary is 

presented below [35,36]: 

   1. Bulk mass transport of the reactants to the active sites. This step includes such 

factors as the hydraulic diameter of the channels in the FC, so-called meander, flow 

turbulence, the pore size of the catalyst and carbon cloth, and the size and shape of the 

catalyst particles. 
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   2. Adsorption of one or more reactants onto the surface. This step take place when 

the reactants reach the active sites and chemisorb there. At this case the chemisorption 

can be dissociative, and the adjacent active sites can have the same or different origin. 

The chemisorbed species react, and the kinetics generally follows an exponential 

dependence on temperature: exp(
−𝐸2

𝑅𝑇
), where E2 is the activation energy of 

chemisorption, T is the temperature, and R is a gas constant. 

   3. Reaction on the surface. The reaction may proceed through one or more sequential 

steps in which different intermediates are formed. The intermediate with the highest 

energy profile represents the rate-limiting step. Once the reaction passes this barrier, 

the products of the reaction is formed and react with the surface and its environment. 

The kinetics of this step also depends exponentially on the temperature and the 

activation energy E3 as in the previous step. 

   4. Desorption of products from the surface. The product(s) desorb(s) with the 

kinetics that depends exponentially on the temperature, with activation energy E4. 

   5. Diffusion of the reaction products away from the surface. Desorbed product(s) 

diffuse through the network of pores to reach the outer surface of the catalyst with 

kinetics and activation energy similar to those in step 1. 

   According to the aforementioned model it is possible to implement it to the FA. After 

the FA molecules adsorb on the surface of the catalyst, they are dehydrated or 

dehydrogenated by the metal. Dehydrogenation leads to the creation of the formate 

intermediate HCOO, while dehydration causes the appearance of anhydride 

(OCHOHCO) and formate. Afterward, decomposition of anhydride helps to desorb 

CO2, H+, and CO. Decomposition of formate leads to the production of CO2 and 

hydrogen compounds. By-products of the dissociation reaction are partly evacuated 

with the help of the fuel flow. Those who were not evacuated continue to react with 

the surroundings. All this information must be considered in the steps of choosing the 

substrate, catalyst morphology, and modeling of the FC. 

   Many techniques have been found acceptable for preparing the anode part of FCs: 

fabricating layers using a mixing procedure with catalyst particles [37], screen printing 

[38], spray coating [39], inkjet printing [40], sputter deposition [41], dual ion-beam 

assisted deposition [42], electrodeposition [43], reactive spray deposition [44], pulsed 

laser deposition [45], and others. 
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    Nowadays, the most popular way to manufacture an anode catalyst is to use 

chemical methods. An example of such a method with the Pd catalyst on the GO 

substrate is as follows [46]: 

- GO is dispersed in ethylene glycol and sonicated for 1 h. 

- After that, K2PdCl4 is introduced to the solution with magnetic stirring for 15 

min.  

   To successfully deposit catalyst particles from their salts, the solution must include 

reducing agents, stabilizers, and complexing agents. Despite the popularity of 

electroless planting method, a factor such as the harmfulness of the chemicals applied 

during the preparation and their further utilization should be considered. 

  The magnetron sputtering technique does not typically require additional chemicals 

during the sample-preparation process. Another advantage of this technique is the 

possibility of precise control of the sputtering method, allowing for tuning of the 

structure and catalyst amount on the working parts (this technique is further discussed 

in Section 2.2). 

 

1.4 Ion conductive membrane 

 

    The Nafion® ion conductive membrane, which is mainly used for the PEMFCs, 

contains sulfonic acid, which uses a proton-hopping form of transport. Hydrophilic 

sulfonic acid groups line up in channels through which protons and cations pass (see 

Fig. 2). This lining up saves much space instead of using electrolytes and allows very 

compact FC stacks to be made. Nevertheless, one of the main disadvantages of 

applying membrane nowadays is that when it works in the FC, it has to be hydrated to 

be permeable. Furthermore, in some cases, it is essential to increase its mechanical, 

diffusional, or selectivity properties. For such purposes, additional components can be 

added inside the membrane, or special treatment procedures can be applied [47]. In all 

experiments mentioned at this work, no further treatments were applied to the 

membrane, with the exception of its activation pretreatment.  
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   The activation procedure applied for the Nafion® membrane included standard 

boiling of it in the low-concentrated sulfuric acid. The procedure went as follows: 

- Boil the membrane in H2O2 3% solution, during 1 hour under 80 °C. 

- Rinse with distilled H2O and boil for 1 hour in distilled H2O. 

- Boil in 0.5 M concentrated H2SO4 for 1 hour. 

- Rinse with distilled H2O and boil in distilled water under 80 °C. 

   The activation procedure for the Nafion® membrane has been applied before each 

experiment to avoid its influence on the measurement process. 

 

1.5 Types of the anode substrate 

 

   The electrocatalytic activity of catalysts has a strong correlation with the nature of 

their support. 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 [48]. It should also be porous to enhance the mass transport of FA and its 

by-products after the dissociation reaction, basically for CO2. Each size of the pores 

brings various benefits. The pore sizes are standardized by IUPAC (International 

Union of Pure and Applied Chemistry) to the <2 nm (micropores), between 2 and 

50 nm (mesopores), and >50 nm (macropores). Materials with micropores could be 

Fig. 2. Chemical structure of Nafion® membrane. 
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the best variant because they have the most surface area, but they cannot be used due 

to the products of the dissociation reaction and the liquid nature of the FA.  

   Carbon-based materials, namely carbon cloth (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.  

   The main steps of the fabrication process of making carbon fibre involve 

temperatures up to 1200 °C for graphitization in the inert atmosphere with further 

graphitizing at a temperature around 2000 °C to add conductivity to the obtained cloth. 

Additional steps in its production procedures are described here [49]. An SEM image 

of the CC material used in the experiments is illustrated in Fig. 3. 

      Among other materials that can be used as support, GO flakes and RGO flakes 

have inordinate advantages thanks to their remarkable mechanical, electrical, thermal, 

and chemical resistance properties. Like the 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 is to obtain GO flakes [50-52]. 

These may be synthesized by various methods. The main disadvantage of such 

Fig. 3. The surface of Elat® carbon cloth recorded by the scanning electron 

microscope technique. 
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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 groups.   

   In this study, GO and RGO oxide were measured by means XPS and SEM support 

material without additional testing in the FC. More detailed information about the 

obtained data is written in Section 3.1.3. 
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 2. EXPERIMENTAL 

 

   The principles of main techniques used for anode’s characterization, preparation and 

synthesis are explained in this chapter. A complex of materials that have been used for 

the creation of the main working parts of the FC station and FCs with its brief 

description can be found below. 

 

2.1 Materials 

 

      As a source of sputtering, Cu and Pd targets with 99.9% purity were applied. 

Carbon cloth and PANI were used as conductors for electrons. A Nafion® humidifier 

was used for additional humidification of oxygen on the way to the cathode. As a 

cathode part, carbon cloth with platinum black powder on it were applied. Teflon parts 

were used to fix units in the FCs made from graphite while anodes have been tested. 

FA was delivered to the anode with the help of chemically inert tubes. For the fixation 

of anode and cathode parts in the FC station, nitrogen was delivered to the pneumatic 

cylinder Rexroth® via pressure regulators. To separate anode and cathode in the FC 

compartment, the Nafion® membrane was applied. Membrane was activated according 

to procedure described on page 10. Hydrogen peroxide was applied as a chemical 

activator only in the anode side. The technical specifications of the materials are 

presented in Table 2.  

2.2 Magnetron sputtering technique 

 

      As was mention earlier, magnetron sputtering was the primary technique applied 

for the creation of the anodes in this work. Sputtering technology was first discussed 

in the literature by Sir W. R. Grove in 1852 [53]. For the presented experiments, it 

consists of the deposition process of catalytically active elements and compounds to 

obtain the required structure and morphology on a carrier (i.e., being desirably porous, 

in case of the anode). In each case, it is essential to find the optimal combination of 

different parameters such as sputtering power, working gas pressure, distance between 

target and sample, and so forth. This task is often difficult, and much time can be 

required to achieve effective structures. However, magnetron sputtering has been 

proven an effective technology for producing anodes with a predictably low amount 

of catalyst, due to the material’s well-controlled sputtering parameters. Previously, this 
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Table 2. List of the main materials applied for the construction of the experimental 

setup. 

 

method has been successfully used in hydrogen FCs for membrane electrode assembly 

(MEA) creation [54, 55].  

   Nowadays, the typical loading of Pd for the chemically prepared anodes is around 

0.5–8 mg/cm2. In this work, emphasis has been placed on the investigation and 

comparison of the results for Pd and Pd/Cu catalyst on a carbon cloth with various 

loadings (from a few micrograms up to hundreds of micrograms) deposited by 

sputtering. The correlations obtained between the maximum-power characteristic of 

FC and minimal catalyst loading have been analysed to prepare more efficient anodes. 

To deepen the understanding of the changes in structural and chemical properties for 

Name Description 

Oxygen purity of 4N5 

Nitrogen purity of 5N0 

Palladium target 99.9% of purity, Safina, Kurt Lesker 

Copper target 99.9% of purity, Kurt Lesker 

Carbon cloth 356 microns, Fuel Cells Etc. Co, USA 

Polyaniline synthesized in the Institute of Macromolecular 

Chemistry, CZ 

Formic Acid with 85% and 99% of purity, Sigma-Aldrich®, 

USA 

Nafion 212 50.8 micrometers, Fuel Cells Etc. Co, USA 

Hydrogen peroxide with 30% of concentration, Alfa Aesar® 

Sulfuric acid 99% of purity, Alfa Aesar® 

The cathode (Platinum 

Black) 

4 mg/cm2 on Elat®, Fuel Cells Etc Co, USA 

Nafion humidifier Perma Pure Co, USA 

Graphite 99% of purity, Alfa Aesar® 

Polytetrafluoroethylene Teflon, Du Pont Co, USA 

Chemically stable tubes Pharmed®, CZK 
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Pd and PdCu anodes during their formation, additional investigation was completed. 

A schematic illustration of this technique can be found in Fig. 4. The basic working 

principles of magnetron sputtering are recorded below. 

   Different magnetron setups can have various vacuum pumps, such as diffusion, 

scroll or rotary ones. This system, consists of a vacuum chamber pumped by means of 

turbomolecular and scroll compressor. Depending on the experimental demands, 

pumping can proceed until a pressure on the order of 1 × 10−4 Pa or lower is achieved. 

Afterward, an inert gas is introduced into the vacuum chamber. During the sputtering 

process, the cathode part (target) and the sample are situated in front of each other 

(schematic illustration of this process can be found in Fig. 5). The ions of the working 

gas are accelerated towards the target, which consists of the material for the deposition, 

initiating the sputtering process. The target is sputtered, and the sputtered atoms reach 

the substrate surface (the sample); the process of surface formation begins.  

   In the experiments described at this thesis, a deposition was carried out at room 

temperature of the substrate using Ar as a working gas. The deposition rate of Pd-

based catalysts varied depending on the experiment: from 1 nm per minute for samples 

referred to as P1, P2, and P3 to 0.62 nm per second for PdCu, Pd300, Pd/CC and  

Pd/PANI/CC samples. The samples defined as temperature treated were annealed 

inside the magnetron chamber under the vacuum of 1 × 10−4 Pa. The pressure inside 

the vacuum  

Fig. 4. Schematic illustration of the sputtering system. 
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chamber was precisely controlled by a series of mechanical and electromechanical 

valves.  

   The schematic illustration of the system for depositing anodes is described in Fig 6. 

The amount of the outgoing gas from the chamber passing through the vacuum pumps 

(depicted as P1 and P2 on the Fig.6) was controlled by the electromechanical valves 

managed via a laptop (depicted as L).   

   To obtain information about pressure in the chamber, baratrones (depicted as B) that 

were connected to the L and gas controlling system (i) have been used. The gas 

controlling system was managed by the internal software that enable to change flow 

of the inert gas mix of the gases inside the vacuum chamber. A water-cooling system 

was connected to the magnetron to cool it during the deposition process. The DC 

power supply has been used in the sputtering system for all experiments (C1) and for 

the heating of the Kanthal® element (C2).  

  

 

Fig. 5. Schematic representation of the sputtering process. 
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   For the thermal treating of PdCu, Pd300, and Pd/CC, a special holder was 

constructed (see Fig. 7). It consisted of the Kanthal® (FeCrAl) spiral as a heating 

element (depicted as 3), joined to the one pair of connectors (depicted as 4) with the 

Long Wei® power supply. The sample was put on the surface depicted as white area 

2, fixed there by the holders. After increasing the power on the supplier, the spiral 

started to hit the surface under the sample, namely the sample holder (depicted as 2). 

For the precise temperature control, the NiCr-Ni thermocouple (depicted as 1) was 

connected to the surface of the sample holder. The data obtained from the 

thermocouple were collected by means of the multimeter (depicted as M on the Fig. 6) 

throughout another pair of joints (depicted as 4 on the Fig. 7). Spiral and the 

thermocouple were put in the ceramic rings to avoid electrical contact with the working 

environment. The maximum temperature reached up to 400 °C during preparation tests 

under the vacuum. The photo of the sputtering system can be found in Fig. 8.    

Fig. 6. Schematic illustration of the system for depositing anodes. 
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Fig. 7. Photo of the sample holder with a modified heating part. 
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Fig. 8. a) Photo of the magnetron sputtering system of own construction during the 

sputtering process; b) photo of the whole sputtering system. 
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2.3 Anode characterization techniques 

 

2.3.1 Introduction 

 

     For the measurement of the characterization parameters of the main parts of FCs, 

different techniques and methods can be applied. Each has certain advantages and 

disadvantages in data-collection procedures. Nevertheless, after applying such a 

combination of techniques as SEM, TEM, and XPS, it is possible to deepen the 

understanding of the surface formation and interpret main chemical processes that take 

place in the anode formation, its degradation or the influence of the oxidation process. 

For the examination of the anode behavior under the real conditions, the FCs and the 

FC station were constructed. A more detailed explanation of the main physical 

principles of the technique applied within this thesis for characterizing anodes is given 

below. 

 

2.3.2 X-ray photoelectron spectroscopy (XPS) 

 

    

   XPS, also known as electron spectroscopy for chemical analysis (ESCA), reveals 

spectra that convey important information about the studied surface. After the 

interpretation of XPS spectra, it is possible to determine the composition, obtain 

quantification information, and characterize the chemical states of elements of the 

sample surface.  

   The process of measuring starts after the application of high accelerating potential 

(up to 15 kV) to the cathode inside the x-ray source. Afterward, electrons are released 

from the hot filament at high velocity and collide with a metal target, the anode. These 

interactions produce soft X-rays. The photons with particular energy from an X-ray 

source irradiate the surface of the sample. This interaction with surface atoms leads to 

the formation of photoelectrons (if they have enough energy to leave the surface), 

which are emitted from the measured sample. After this emission, photoelectrons are 

transfer into a lens system. This system helps to focus the photoelectron beam into the 

entrance aperture of the analyser. Analyser consist of two concentric electrodes, 

typically hemispherical or cylindrical shape, connected to a suitable potential. After 

the photoelectron enters the analyser, only those with the determined energy can reach 

the exit slit. The main function of the analyser is to separate photoelectrons with 
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desirable energies from others. The detection of the passing photoelectrons is provided 

by the channeltron (electron multiplier). The multiplier increases the signal until a 

measurable current pulse is obtained. The system collects pulses and transforms them 

into a graph using the special software on the computer.  

   A schematic illustration of the XPS system can be found in Fig. 9.  

   Since the energy of an X-ray with a particular wavelength is known (for Al Kα hυ = 

1486.7 eV), and the kinetic energy of electrons is measured, the binding energy 

(BE) of the photoelectrons from the sample is determined from the following equation: 

                                             

                                            𝐸𝑏 = ℎ𝜐 − (𝐸𝑘 + 𝜑)                                             (2.1) 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

    

    

 

 

 

Fig. 9. Schematic illustration of the X-ray photoelectron measuring system. 
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where Eb is the BE of the electron, hυ is the energy of the X-ray photons being 

used, Ek is the kinetic energy of the measured photoelectron, φ is the work 

function correction factor for the instrument and correlates to the minimum energy 

required to eject an electron from an atom. Each type of element in the measured 

sample has characteristic BE that helps to identify it among the others. Photoelectron 

lines of elements that can be in different chemical states have complex shape. This 

effect complicates the interpretation of the obtained data. For this reason, the 

evaluation of photoelectron lines has to be performed by fitting procedure in order to 

obtain information about the chemical state of an element. Factors such as inelastic 

collisions of photoelectrons, recombination,  recapture, or trapping in various excited 

states within the material can reduce the number of escaping photoelectrons. This 

reduction can also complicate the fitting of obtained spectra. For the interpretation of 

the obtained spectra, software such as KolXPD1.8, XPSPeak4.1 [56], Fityk, and 

MultiQuant have been applied. The obtained fitted spectra can be found in Section 3. 

   Notably, one of the main disadvantages of this technique is that the measurements 

should be provided in ultrahigh vacuum conditions because of scattering of the emitted 

photoelectrons when they contact with atoms and molecules in the residual 

atmosphere. The vacuum system that connects to the main chamber of the XPS is the 

same as in the case of the magnetron sputtering system. 

   In the frame of the present work, measurements have been provided in two  

models of XPS: 

 - the AXIS Supra photoelectron spectrometer (Kratos Analytical, UK), shown in Fig. 

10, and 

 - the ADES 400 photoelectron spectrometer (VG Scientific, UK), shown in Fig. 11. 

Fig. 10. Photo of AXIS Supra photoelectron spectrometer, 

produced by Kratos Analytical, UK. 

https://en.wikipedia.org/wiki/Work_function
https://en.wikipedia.org/wiki/Work_function
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  Evaluations of the elemental composition and the chemical state of the anode surface 

in the experiments described in this work were made mainly by the AXIS Supra 

photoelectron spectrometer. The incidence angle of the monochrome AlKα radiation 

for the measurements was set to 54.4°, and the photoelectron emission angle was 

αout = 0°, with respect to the surface normal. The hemispherical electron energy 

analyser operated in the constant pass energy mode, and the value of the pass energy 

was set to 10 eV during the high-resolution recording of the spectra.  

   The ADES-400 spectrometer was used at the beginning of the research to obtain GO 

and RGO spectra. The measurements were performed here by using MgKα radiation 

source (hν = 1253.6 eV).  

   More detailed information about the XPS technique can be found here [57]. 

 

 

 

 

Fig. 11. Photo of the ADES 400 photoelectron spectrometr, produced by VG 

Scientific, UK. 
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2.3.3 Scanning electron microscopy (SEM) 

 

   The main difference between the SEM and the light microscope is that the SEM uses 

electrons to generate the image. The wavelength of electrons is much smaller than 

light, which increases its resolution.  

   The basic working principles of this technique are provided below. 

   Electrons are produced in an electron gun (the cathode) by either thermal emission 

or by field emission. The electrons are then focussed into a narrow beam by a series 

of electromagnetic lenses in a column that is placed under the high vacuum conditions. 

Samples are mounted and placed into a chamber evacuated to a low vacuum. After 

that, the position of the electron beam that reached the surface is controlled with the 

help of scan coils. The focus of the electron beam that interacts with the measuring 

surface can be controlled by a few main parameters (operating parameters of the 

electron gun, apertures, and lenses). After the beam is focussed, it scans along the 

surface of the sample. The main effects that appear after beam interaction are as 

follows:  

- Secondary electrons: These electrons appear when the transfer of the energy 

from the incident electron flux is sufficiently high to allow excited electron 

leave from the sample surface. In such a situation, an electron that leaves the 

surface is called “secondary.” This kind of electron is measured from a depth 

Fig. 12. Photo of the scanning electron microscope 

e-LiNe, produced by Raith, DEU. 
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of up to a few nanometres. For this reason, such a method is very sensitive to 

surface conditions and is suitable for investigating surface morphology. 

- Electron backscattering: This type of process occurs when an electron from the 

incident electron beam elastically backscatter after the interaction with the 

sample. The number of backscattered electrons is dramatically sensitive to the 

mass number of the studied surface. Therefore, this method of investigation 

can be applied when the material contrast is required. The maximum depth 

appropriate for the interpretation is up to several tens of nanometres under the 

surface.     

- X-ray emission: Another important effect that appears after an electron 

interacts with the surface is the emission of the X-rays. This emission can be 

divided into the characteristic X-ray generation and Bremsstrahlung. The first 

explains the characteristic X-ray generation that produces by the sample atoms. 

The second appears when the electrons decelerate because they are deflected 

by another charged particle, typically the atomic nucleus. The information 

depth of the emitted X-radiation is usually a few hundreds of nanometres. 

    After a suitable mode of investigation is chosen, appropriate detectors gather 

information from the electron/photon flux and convert formed current into electronic 

impulses. To obtain the SEM spectra image, these signals should be converted 

typically by a special software with the computer. More detailed information about it 

can be found here [58].  

   The SEM was used to characterize the surface morphology of the P1, P2, P3, 

CC/PANI, CC/PANI/Pd, CC/Pd300, CC/Pd, CC/Pd/Cu, and CC/Pd/Cu300 samples. 

For this purpose, the e-LiNE workstation has been applied (see Fig. 12).   

 

2.3.4 Transmission Electron Microscope  

 

   The TEM technique is widely applied to characterize the morphological, crystalline 

and elemental composition of the thin specimens. The electrons in TEM are generated 

by the cathode and accelerate towards the anode. The incident beam scatters according 

to the sample and the amplitude and phase of the electron wave change. The image is 

formed after the focussed beam of electrons with high energy penetrates a thin 

specimen. It magnifies and focusses on an imaging device (it can be a fluorescent 
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screen or a charged-couple device, to convert signals to a digital value). The contrast 

of the obtained image defines a difference in the electron densities in the image plane.  

This technique can work in the bright and dark field modes. Some areas of the sample 

scatter or both absorb and scatter electrons, and darker fields appear in the final image, 

while other sample regions with the unscattered (transmitted) electron beam is selected 

with the aperture. This transmitted electron beam corresponds to the brighter fields in 

the image appearance. In dark field mode, the unscattered electron beam is excluded 

from the aperture, and the areas with no electron scattering are depicted as black in the 

image. These modes can be changed for better interpretation of crystal defects, lattice 

dislocations, particle size, and so forth. 

   TEM measurements for GO and RGO samples were carried out with a high-

resolution SEM, STEM Hitachi 5500, in a transmission mode. 

 

2.3.5 Electrochemical impedance spectroscopy  

 

   It is always important to understand how the electrochemical processes that occur 

inside the fuel cell together with the changing physical parameters outside affect the 

experiment. It is known that the ideal resistor has the following main properties: 

• It follows Ohm’s law. 

• Its resistance is independent of the changing frequency. 

• AC current and voltage signals are in the same phase. 

   Unfortunately, electrochemical cells do note behave linearly, as an ideal resister 

would. To understand their behaviour better, impedance measuring can be applied.  

   To measure the electrochemical impedance of the electrochemical cell, the AC signal 

(from 1 to 10 mV) is used. Due to the small potential, the system behaves as pseudo-

linearly resistor. In the case of such behaviour, the current response to a sinusoidal 

potential is sinusoid whereas frequency is shifted in phase. Afterward, the obtained 

current signal is measured. Impedance shows the ability of a circuit to resist the flow 

of electrical current. Impedance spectroscopy can be controlled galvanostatically 

(GEIS – Galvanostatic Electrochemical Impedance Spectroscopy) or can be voltage-

controlled potentiostatically (PEIS – Potentiostatic Electrochemical Impedance 

Spectroscopy). 
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   In the experiment detailed in Section 3.4, before thermally dependent measurement, 

the sample was additionally tested to obtain information about the inner resistance of 

the cell.  

   For a deeper understanding of the dissociation reaction processes, and to test the 

work station under varied temperature conditions, the Pd/CC sample was measured 

with the use of an SP-150 (BioLogic Science Instruments, France) potentiostat (see 

Fig. 13).  

 

 

Fig. 13. Illustration of the potentiostat SP-150, produced by Lambda System, PL. 

 

 

2.4 Fuel cell measuring system 

 

   The process of studying anodes in the FC station started with the creation of the FC 

prototype. The design was modified from a concept taken from the literature [59]. By 

means of the AutoCAD software, drawings of the one-stack have been prepared (see 

Fig. 14). Graphite was applied as a main material for the construction.  

   One of the most important parts of the FC is the serpentine (meander) flow field. It 

is responsible for the delivery of the reactants to the catalyst surface, transfer of their 

by-products after dissociation, catalyst contact with the membrane, behavior of the 

fuel flow, and more [60]. The configuration of the flow channels was created by means 

of the rotary cutter in the programmed milling machine according to the drawings. The 

obtained cathode and anode parts were assembled and tested for impermeability (see 

Fig. 15). Delivery of the FA to the anode was made through the chemically resistant 

tubing system to the anode part of FC via a peristaltic pump. Oxygen was transferred 

directly from the atmosphere to the cathode part without an additional supply system. 
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   For the first tests, a specially prepared membrane electron assembly (MEA) was 

applied. It consisted of the Pd catalyst (4 mg per cm2) on the anode side, and Pt/CC 

catalyst with (2 mg per cm2) on the cathode. Anodes were chemically prepared by the 

spray-coating method and sandwiched together with Nafion 212 membrane via the 

hot-pressing method [61]. The results of the testing together with the reference MEA 

(that was purchased additionally from Fuel Cell Etc Co.), showed the importance of 

precise control of such parameters as the temperature of the FC during the tests, steady 

pressure in the whole anode and cathode surfaces, constant amount of the oxygen, and 

FA that goes to the FC.  

   Furthermore, another method of anode preparation was selected. For such purposes, 

a home-made FC workstation was built (see Fig. 16 and Fig. 17). The main parts of 

this system are listed in Table 3. 

 

Fig. 14. Fuel Cell drawings made by AutoCAD software. 
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Fig. 15. Photo of home-made fuel cell (FC): a) two anode and cathode parts 

connected; b) photo of cathode part with membrane electron assembly; c) and d) 

plates that were additionally constructed to obtain higher power results based on 

meander changes. 

 Fig. 16. Photo of the fuel cell (FC) 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 3. Description of the main parts of the FC station from the Fig. 16. 

  

Fig. 17. Photo of the pneumatic cylinder with the fuel cell (FC) inside. 
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   The central part of this system consisted of the two graphite plates (50 × 40 mm) of 

anode and cathode with the specially prepared serpentines. These parts were connected 

to form a FC. More detailed information about them can be found in Fig. 18. The FC 

was sandwiched between two stainless steel plates with a surface area of 12 cm2 within 

4 bar of constant total pressure. This was achieved using a pneumatic cylinder with N2 

as the working gas that goes through the tubing system from the pressure vessel. The 

pressure inside the cylinder is controlled by the series of valves and measured with the 

manometers. After pressing anode and cathode parts with MEA inside of it, the whole 

system is sealed. After that, humidified oxygen is supplied to the cathode (4 mg/cm2 

of PtB on carbon cloth) by the Nafion® tubes. The flow rate in the cathode inlet is 

typically set to the 0.2 l/min. Higher oxygen flow rates were used during the test, in 

order to ensure that the cell’s working conditions would not be limited by oxygen 

transport on the cathode side. Delivery of FA to the anode is carried out with a 

peristaltic pump through the chemically resistant tubes. For the experiments, FA with 

different concentrations was obtained by dilution with deionized water.  

 

 Fig. 18. Photo of the fuel cell (FC) for the measuring with the serpentine flow 

field incorporated into graphite plates and its composition. 
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   To provide thermal-dependent experiments, the DC power supply is connected to 

the Kantal element. To obtain IV curves, loading was mainly provided by the 2 kOhm 

potentiometer. The data of such measurements were automatically transformed and 

saved in the computer via a USB-6003 measurement board and a specially prepared 

software made in the LabVIEW® (see Fig. 19 and Fig. 20). The maximum working 

area of the catalyst was about 3 cm2 for this construction. Schematic illustration of the 

whole measurement system is depicted in Fig. 21. 

  

 

Fig. 19. Schematic illustration of the program prepared for the (FC) station by 

LabVIEW® software. 

   

 

Fig. 20. The graphical interface of the program prepared for measuring IV curves. 
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Fig. 21. Schematic illustration of the fuel cell (FC) test station experimental setup. 

 PR - pressure detectors. The red line is the Kanthal heating element. 
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    3. RESULTS 

3.1 Support influence 

 

3.1.1 Introduction 

 

   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 the 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. The support structure and nature can have a great impact on the process 

of catalyst formation. For this reason, support investigation influence was provided. 

All samples measured in this section can be found in Table 4. 

 

Samples  Description 

 

PANI/CC 

This sample was prepared chemically by dissolving polyaniline 

(PANI) in the solution of formic acid (FA). Carbon cloth was 

used as a substrate. 

Pd/PANI/CC This sample consists of an additional Pd catalyst that was 

deposited on the PANI/CC sample by magnetron sputtering. 

GO 

Commercial GO platelets (Iran). Additionally, it was mixed and 

boiled with 20% HCl for 1 h. Then, it was eluted with 

deionized water. Afterward, it was mixed and boiled with 50% 

hydrazine solution under reflux for 1 h. Finally, the sample was 

rinsed with distillate water to obtain stable filtrate pH and dried. 

RGO Commercial reduced GO platelets (Iran). 

GOp 

This sample was synthesized by modified Hummer’s method 

from Graphite ACROS (water suspension of GOp was washed 

thoroughly with deionized water until the pH value of the 

filtrate was ∼6). 

GOpl 
The GOp sample was additionally prepared in a solvent on a 

Teflon plate with a thin overlayer of 100 nm thickness. 

RGOp 

This sample was prepared from GOp suspension (300 ml) by 

mixing 50 ml of 50 wt% solution of hydrazine hydrate. After 

that, it was boiled under reflux for 30 min. The reaction mixture 
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was then cooled to room temperature, washed with deionized 

water until the pH of the filtrate was ∼7 and dried. 

GOph 

This sample was synthesized by modified Hummer’s method 

from Graphite ACROS. It was prepared using a homogenizer 

(600 ml of the suspension of GOp [concentration in water of 

0.6 wt%] was treated for 15 min within ultrasonication by 

means of Hielscher UP400S homogenizer with 400 W power). 

RGOph 

This sample was prepared from GOph suspension (300 ml) by 

mixing 50 ml of 50 wt% solution of hydrazine hydrate. After 

that, it was boiled under reflux for 30 min. The reaction mixture 

was then cooled to room temperature, washed with deionized 

water until the pH of the filtrate was ∼7 and dried. 

Graphite 

ACROS 

Graphite standard sample with 99 wt.% purity (AcrosOrganics, 

USA, 325 mesh) 

Table 4. Description of the samples investigated in Section 3.1. 

  

3.1.2 Polyaniline support influence 

 

   PANI has been researched extensively in many studies as a conductive polymer that 

can be used as a substrate in PEMFCs. It has an intrinsic conductive property, which 

makes it a unique material for numerous industries (see Fig. 22).  

 

 

Fig. 22. Molecular structures of polyaniline. 

   

      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 
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a porous or chain-like structure (so called nano-fibril structure) [62]. 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. 

The process of PANI synthesis on the CC surface is described below. 

   Carbon cloth substrate (Elat®) was used as a surface for polymer formation without 

further treatment. Synthesis of PANI was provided by dissolving 0.004 mol L–1 aniline 

in a solution of 5 mol L–1 FA and 6.4 mol L–1 NaCl. Afterward, it was mixed with the 

ammonium peroxydisulfate (0.004 mol L–1) solution. Then, an aniline polymerization 

oxidation reaction in the presence of carbon cloth for one hour under 0° C was 

provided.  

   After the aniline was polymerized, it was diluted by 100 ml of 5 mol L–1 FA and left 

for the next 24 hours. The final product was filtered and washed in a solution of 5 mol 

L–1 FA. Then, the PANI suspension was obtained with a concentration of 3 wt.%. 

Finally, the solution containing isolated PANI chains was synthesized. Obtained 

chains (nano-fibrils with diameters of ~ 20 nm) were deposited on a 4 × 3 cm2 carbon 

cloth sheet. A representative SEM image of the carbon cloth with PANI chains on it is 

presented in Fig. 23a.  

   After obtaining the PANI/CC anode substrate, 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. 23b. 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. 23b, individual Pd grains with a diameter ranging from 

4 nm up to 14 nm have been created. From this result it can be 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 [63]. In this regard, this sample was measured in the FC station as a 

promising anode, and by means of the XPS (see Fig. 24).  
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   Fig. 23. SEM images of anodes prepared for DFAFCs with a) polyaniline (PANI) 

support loading on carbon cloth and b) previous sample with Pd catalyst on top 

made by magnetron sputtering.  
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Fig. 24a. XPS spectra of N1s line fitted for PANI chains on carbon cloth. 

 

 
 

 

 

 

    

   

 

 

 

 

 

 

 

 

 

 

Fig. 24b. XPS spectra of C1s line fitted for PANI chains on carbon cloth. 
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   In Fig. 24a, N1s photoelectron spectra from the PANI nanofibrils can be observed. 

All spectra here have been fitted after background subtraction using the Shirley 

method. The Gaussian-Lorentzian method was applied during fitting procedures. XPS 

Peak4.1 was used in all fitting operations [56]. As can be seen from the photoelectron 

lines, N 1s spectra consist of four peaks that contribute to imine (=N−), amine (−NH−), 

protonated amine (-NH2
+), and protonated imine (=NH+) formations. During the 

examinations of the obtained spectra, all values were calibrated to the C 1s peak with 

a BE of 284.4 eV. The C1s core level spectra can be deconvoluted in 4 peaks (see Fig. 

24b). The first is attributed to the neutral C-C or C-H bonds, the backbone of the 

polymer. The second corresponds to the neutral C-N and C=N nitrogen atoms on the 

surface of the CC. The next peak can be attributed to the carbon atoms bonded to the 

polaronic and bipolaronic type of the nitrogen atoms. The final peak corresponds to 

the carbon atoms connected to the oxygen, C=O/C-O. The appearance of these 

functional groups is assigned to the formation of benzoquinone and hydroquinone as 

degradation products together with the high signal from the CC surface.    

   Fig. 24c shows fitted spectra obtained from the Pd catalyst surface that was deposited 

on a nanofibrils-based substrate. As can be seen here, PdCx phase has a remarkable 

area on the formed catalyst surface. Furthermore, the high contribution of the oxides 

Fig. 24c. XPS spectra of Pd3d line fitted for Pd/PANI complex on carbon 

cloth. 
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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 3.4.2. A more detailed discussion of PANI chains can be found 

here [64]. 

    

 

3.1.3 Graphene Oxide and Reduced Graphene Oxide platelets support  

 

   Graphene-based substrates are probably among the most promising of all conductive 

and chemically stable ones that can be used as a support in the anode-preparation 

process. Such materials as graphene were firstly prepared by Novoselov et al., using 

the mechanical exfoliation method (by repeated peeling) of small mesas of highly 

oriented pyrolytic graphite [65]. Graphene has the same structure as the layer of 

graphite and consists of the one-atom-thick planar sheet of sp2-bonded carbon atoms 

(bond length 1.421 Å) that are densely packed in a honeycomb crystal lattice [66]. Due 

to the unique properties of obtained material, it can be applied in various applications. 

However, an effective way to achieve its mass production has yet to be found. The 

most popular methods of graphene production are based on the reduction of GO, 

mechanical exfoliation [65], epitaxial growth [67], direct chemical reduction [68], 

electrochemical [69], and thermo-chemical methods [70]. The electronic properties of 

graphene materials can vary with the number of layers and for a number of layers of 

about 10, they resemble that of graphite.  

    In the FC anodes, the catalyst surface should be as large as possible. For these 

reasons, more detailed study of GO flakes (consisting of GO layers bulk together with 

the distance between themselves up to 1 nm) and RGO platelets (mainly because of its 

large specific surface and high electric conductivity) as future support that can play a 

significant role in enhancing the productivity of the FC was provided.  

   The quantification results of the commercial samples together with samples that were 

synthesized using a “wet” chemical method from the graphite obtained from the XPS 

spectra can be found in Table 5.          

   The XPS spectra (C 1s and O 1s lines) were recorded in the UHV using the ADES-

400 spectrometer (VG Scientific, UK) equipped with a hemispherical analyser and X- 
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Table 5. The atomic concentration calculated for the samples investigated in Section 

3.1.3. 

 

ray excitation source. Measurements were carried out using Mg Kα radiation 

(hν = 1253.6 eV, anode voltage U = 10 kV, emission current I = 20 mA).  

      The C 1s and O 1s spectra were recorded under the pass energy Ep = 20 eV. The 

wide scans were measured with Ep = 100 eV. The X-ray incidence angle was set to 

70°, and the photoelectrons emission angle was set to αout = 0°, with respect to the 

surface normal. The sample denoted as GOpl was placed using Ag paste on the Si 

wafer. Other samples were dissolved in a solvent, placed on the Si wafer and dried. 

After that, they were inserted into the XPS chamber. The results of the measurements 

after the fitting are presented in Fig. 25. More detailed information containing the 

fitting of measured samples by XPS can be found there.  

Sample 
Concentration (at.%) 

O C S Ca 

GO 30.3 69.7 - - 

RGO 25.8 73.0 - 1.2 

GOp 30.4 67.5 2.1 - 

GOpl 32.4 67.6 - - 

RGOp 8.6 88.2 3.2 - 

GOph 28.0 72.0 - - 

RGOph 12.1 85.3 2.6 - 

Graphite ACROS 4.4 95.6 - - 
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   The TEM images show the intensity of electrons attenuated by GO and RGO 

platelets from different thicknesses. The sheet-like morphology with different  

transparencies of the investigated area of about 2 × 2 μm (scale bar: 1 μm) and 

1.0 × 1.0 μm (scale bar: 0.5 μm) respectively, can be found in Fig. 26. Dark areas 

indicate the thick stacking nanostructure of several GO or graphene layers, or both, 

with some amount of oxygen functional groups. The higher transparency areas indicate 

much thinner films of a few layers of GOs or RGO resulting from stacking 

nanostructure exfoliation. The significantly larger surface area of the high 

transparency of delaminated graphene layers (of about one up to a few layers thick) is 

shown by the RGO sample contrary to GO sample, indicating layer delamination due 

to reduction. Concerning GO implementation in the anode-preparation process, it is 

possible by decreasing the amount of GO layers to stabilize the physical and chemical 

properties of the suppositional substrate.  

   At this work accents were made mainly at achieving highest power results due to the 

combination of sputtering parameters, types of the catalysts and finding effective 

catalyst cleaning methods. For these reasons information obtained concerning the  

 

Fig. 25. Results of C 1s and O1s spectra fitting C and O chemical groups for 

XPS spectra recorded for GO and RGO commercial platelets.  
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measured samples mentioned in this chapter helped in the further anodes prepared 

chemically for DFAFC (by mixing catalyst together with GO or RGO platelets).   

 

3.2 Anodes with different amount of Pd 

 

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

importance of preparing layers as thin as possible to decrease the price of the anode 

was investigated. In this regard, correlations between the thickness of a prepared 

catalyst and its activity have been studied.  

   Five samples with different concentrations of Pd catalyst on CC were prepared using 

a non-reactive direct current (DC) magnetron method. Ar was used as working gas 

during sputtering. Afterward, it was measured by XPS and SEM, and its activity was 

tested in the FC station. Additional treatment procedures were not applied to these 

samples. 

   Descriptions of the samples investigated in this section are presented in Table 6. 

 

 

 

 

 

 

 

 

Fig. 26. Comparison of GO and RGO platelets recorded using TEM technique. 
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Samples  Description 

P1 Pd layers on the CC surface with the 3nm of catalyst thickness. 

P2 Pd layers on the CC surface with the 100nm of catalyst thickness. 

P3 Pd layers on the CC surface with the 600nm of catalyst thickness. 

Ref The sample with Pd layers on CC measured just after synthesis. 

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

Pdmet 
The metallic Pd standard of 99.99% purity was used in the XPS 

studies.  

 

Table 6. Description of the samples investigated in Section 3.2. 

 

3.2.1 X-ray photoelectron spectroscopy studies of the anodes 

 

      The AXIS Supra photoelectron spectrometer (Kratos Analytical, UK) was used to 

perform XPS measurements during the sample investigation. The samples were 

analysed using a micro-focussed, monochromatized Al Kα source. The kinetic energy 

of the electrons was measured using a hemispherical energy analyser operated in the 

constant energy mode (CAE) at 10 eV pass energy for elemental spectra. XPSPeak4.1 

software was used to analyse the spectra.  

   The XPS 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.  

   The wide scans showed the contribution of palladium, carbon, and oxygen, with O 

1s spectra overlapping with the Pd 3d3/2 spectrum. After the quantification of the 

elemental content from the wide scan, changes in the surface chemical states were 

investigated in more detail from the C 1s, O 1s, and Pd 3d5/2–3/2 photoelectron lines. 

The content of oxygen was evaluated after correcting the O 1s spectra for overlapping 

Pd 3d3/2 spectra, accounting for the ratio of Pd 3d5/2–3/2 and Pd 3p3/2 spectra intensities 

recorded from the clean Pdmet. The surface quantification results are listed in Table 7. 

   From the aforementioned results, it can be seen that the content of carbon on the 

surface of the Pd catalysts exceeded that on the metallic Pd standard (i.e. the carbon 

content was between 20.8–61.5 at.%). The content of oxygen ranged from 18.1–27.1 

at.%. The metallic standard showed the content of carbon on its surface in the range of  
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Sample 
at.% wt.% 

Pd C O Pd C O 

Pdmet 87.7 10.7 1.6 98.4 1.3 0.3 

P1 27.8 54.1 18.1 75.9 16.7 7.4 

P2 41.8 39.3 18.9 85.2 9.0 5.8 

P3 54.2 20.8 25.0 89.9 3.9 6.2 

Ref 22.9 61.5 15.6 71.1 21.6 7.3 

RefFC 16.6 56.3 27.1 61.4 23.5 15.1 

 

Table 7. The atomic and weight concentrations of elements for Pd standard and Pd 

magnetron layers surfaces. 

 

10 at.%. The lowest content of oxygen was observed for the sample after synthesis 

(denoted as “Ref”) (i.e. 15.6 at.%). In contrast, after an FC test, only the sample 

denoted as RefFC showed an oxygen content of 27.1 at.%, whereas for the P1–P3 

samples, it was 18.1–25.0 at.%.        

    For a detailed examination of the spectra, all the BE values of the C1s peak were 

calibrated to the C 1s peak at 284.4 eV. The Pd 3d, C 1s, and O 1s spectra were 

submitted to Shirley background subtraction [71] and fitted using the Gaussian-

Lorentzian asymmetric functions to the metallic components with the use of XPS 

Peak4.1 software [56]. The BE values for the fitting of Pd 3d spectra for the Pdmet 

phase [72,73], PdCx phase [73,74], Pd-C=O [75], PdO and PdO2 [76] were obtained 

from the literature. After comparison with the literature data oxygen groups for the C 

1s spectra [77], O 1s spectra [78] and H2O [79-81] with specific BE were fitted. In the 

photoelectron graphs, the specific Pd 3p peak overlaps with the O 1s spectra. Despite 

this complexity, the Pdmet and Pd oxides were also fitted (the BE corresponded to the 

literature data [82,83]). The Pd 3d, C 1s and O 1s spectra recorded from the P1, P2 and 

P3 catalyst layers are shown in Fig. 27. A comparison of the fitted spectra obtained 

from the sample just after synthesis and for the sample after the FA oxidation can be 

found in Fig. 28.  

   The atomic concentrations of Pd chemical states (metallic Pd, PdCx and/or Pd=C=O, 

PdO and PdO2), carbon chemical state and oxygen groups resulting from the fitting of 

C 1s and O 1s lines are listed in Table 8 (Pd 3d), Table 9 (C 1s) and Table 10 (O 1s).  
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   The Pd 3d spectra recorded for the P1–P3 samples indicated metallic Pd, a large 

amount of PdCx phase separated by 0.6–0.7 eV from metallic Pd [73,74], adsorbed 

C=O [75], PdO at BE of 336.3 eV, and PdO2 at 338.0 eV [76]. Since O 1s/Pd 3p3/2 

spectra did not indicate a large amount of C=O [75], the predominant contribution of 

Pd 3d5/2 spectra at 335.6–335.7 eV (see Table 8, Fig. 29) resulted from the PdCx phase. 

This phase was mainly formed during the magnetron sputtering process, due to the 

presence of carbon cloth support or CO residuals in the vacuum chamber.  

 

 

 

      

 

 

 

Fig. 27. Fitting curves of photoelectron spectra of Pd 3d5/2-3/2, C 1s and O1s 

lines recorded for P1, P2 and P3 samples of Pd-based anodes with different 

catalyst loading. Samples were prepared by magnetron sputtering. 
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   The number of Pd oxides resulting from the fitting of Pd 3d spectra (Table 8) agreed 

with the results of the O 1s spectrum fitting (Table 10), as did the number of oxygen 

groups resulting from C 1s spectrum fitting (Table 9) and O 1s spectrum fitting. 

Samples P1, P2, and P3 after aging and FC tests differed in the amount of PdCx, Pd 

oxides and oxygen groups (Tables 8–10, Fig. 29). 

 

Table 8. Atomic content of Pd chemical state resulting from the fitting of the XPS 

Pd3d5/2–3/2 spectra for the investigated samples.  

  

   

 

Sample 

Chemical state of Pd – Pd 3d5/2 

Pdmet (at.%) BE 

= 335.0 eV 

PdCx/C=O (at.%) 

BE = 335.65 ± 0.05 

eV 

PdO (at.%) BE 

= 336.3 eV 

PdO2 (at.%) BE 

= 338.0 eV 

P1 3.0 21.9 0.3 2.7 

P2 17.7 19.4 1.7 3.1 

P3 24.8 12.5 11.3 5.6 

Ref 5.8 12.8 2.4 2.0 

RefFC 4.7 10.4 0.6 0.9 

Fig. 28. Fitted curves of photoelectron spectra of Pd 3d5/2-3/2, C 1s and O1s lines 

for Ref and RefFC samples. 
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Table 9. The atomic content of carbon chemical states resulting from the fitting of the 

C1s photoelectron spectra. 

 

 

   Table 10. The atomic content of oxygen chemical states resulting from the fitting of  

the O 1s spectra. 

 

   The greatest amount of PdCx phase, observed in sample P1, resulted from the surface 

and the interface of the Pd/CC. It is possible that particles are sometimes covered with 

an amorphous carbonaceous shell from the synthesis process. 

 

Sample 

Chemical state of C - C 1s 

PdCx  

(at.%) 

BE=283.8 

eV 

C sp2 

(at.%) 

BE=284.4 

eV 

C sp3 

(at.%) 

BE=285.3 

eV 

C-OH 

(at.%) 

BE=286.3 

eV 

C=O 

(at.%) 

BE=287.4 

eV 

C-OOH 

(at.%) 

BE=288.6 

eV 

P1 2.7 35.7 6.9 3.7 2.6 2.6 

P2 1.9 27.9 3.3 1.7 3.0 1.4 

P3 1.8 12.2 2.7 0.4 2.4 1.3 

Ref 1.8 41.7 10.1 4.0 2.4 1.5 

RefFC 0.3 21.8 14.0 10.9 4.0 5.4 

 

 

Sample 

Chemical state of O - O 1s  

PdO 

(at%) 

BE= 

529.1 eV 

PdO2  

(at.%) 

BE= 

529.8 eV 

C=O (at.%) 

BE= 

531.050.05 

eV 

C-OH 

(at.%) 

BE= 

532.9 eV 

C-OOH 

(at.%) 

BE= 

531.9 eV 

534.2 eV 

H2O (at.%) 

BE= 

535.2 eV 

- 538.20.2 eV 

P1 0.3 2.7 2.5 3.7 2.5;2.5 0.1 – 4.0 

P2 1.7 3.2 3.1 1.8 1.4;1.4 0 – 6.2 

P3 9.1 4.6 1.9 0.3 1.0;1.0 0.8 – 6.3 

Ref 2.0 1.6 2.0 3.3 1.3;1.3 1.1 – 3.1 

RefFC 0.6 0.8 3.8 10.3 5.1;5.1 0 – 1.4 
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Fig. 29. 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. 

 

With increases in the thickness of the Pd layers, the following results were observed: 

(i) A decreasing content of the PdCx phase is a result of attenuation of the signal from 

the Pd/CC cloth interface (see Fig. 29a); (ii) a decreasing content of C-OH, C-OOH, 

and C=O groups (see Fig. 29b) is accompanied by increasing content of Pd oxides 

(PdO > PdO2) (see Fig. 29a), indicating the highest surface activity for oxidation in 

the aged sample P3.  

The sample investigated just after a FC measurement (RefFC) indicated a decreasing 

amount of Pd oxides and composition of the PdCx phase (x= 2.6%), accompanied by 

an increasing number of oxygen groups (C-OH > C-OOH > C=O) (see Fig. 29b). This 

resulted from the reduction of Pd oxides to metallic Pd by FA and the formation of 

PdCxHy phase, confirmed elsewhere [86], due to the presence of hydrogen provided in 

the electro-oxidation reaction in FA. The above process could finally lead to a decrease 

in the composition of PdCx phase and the attachment of other oxygen-hydrogen species 

to the surface of the catalyst. The water appearance on the sample surface corresponds 

to the 535.2 eV BE and 538.20.2 eV BE. These energies correspond to the adsorbed 

water and water in a liquid and gas phase [82,86-88]. Aged samples (P1, P2, P3) 

indicate a more substantial amount of water at the surface, in contrast to samples after 

synthesis (Ref) and after the FC test (RefFC) (Table 10). 

   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:  
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 - 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) [89-93]; and 

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

gases in a chamber, at the Pd/Elat® interface and after FA dissociation, which may 

significantly alter the bulk and surface structure of Pd.  

   Sample P3 showed the highest catalytic activity (see Section 3.4.2), as related to the 

highest active surface area (see Fig. 30) and the lowest PdCx content (Table 8 and 9, 

Fig. 29). Despite the high content of PdCx phase, the results for electric power 

recalculated for Pd loading per 1 mg for the sample P1 (see Section 3.4.2), in 

comparison with carbon support decorated with Pd nanoparticles prepared chemically 

[90], show lower catalytic activity by only about 30%. In this regard, the development 

of new catalysts for DFAFCs prepared with the help of magnetron sputtering may 

represent an alternative warranting further study. 

 

3.2.2 Scanning electron microscope studies of the anodes 

 

   The morphology of the anode surface determines a wide range of properties. It can 

influence the characteristics of adsorption and capillarity, heat and electrical 

conductivity, mechanical strength, permeability, and so forth. In Fig. 30, images 

obtained via the SEM technique for the P1–P3 samples are presented. The right upper 

corner of each image includes a multiplied image of the sample. As can be seen here, 

only a slight difference of their morphology observed. The formation of the grained 

surface with average size of 1 µm can be found only in Fig. 30c, with the increase of 

catalyst loading.  

   The above-mentioned results suggest that a distinct failure to form 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 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. 
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Fig. 30. 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).  
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3.3 Treatment of anode surface 

3.3.1 Introduction 

 

    

   As mentioned earlier, Pd-based catalysts mainly oxidize FA via the direct pathway, 

but some amount of FA is still oxidized via the indirect pathway. Consequently, CO 

and PdCx accumulate over Pd-based catalysts and reduce the time-stability of the 

effective FA decomposition and the selectivity of the catalyst. This process depends 

on such factors as the type of catalyst and the reaction conditions, including FA purity, 

temperature, pH value of the fuel during the reaction, and the pressure between the 

anode plate and the cathode.  

   Relatively thick Pd-complex could resist the accumulation of poisoning molecules 

that are chemisorbed strongly on the surface of metallic catalysts where they block the 

active sites [26]. When the anode does not have a bulky structure, contaminations can 

rather quickly block active centres where decomposition reactions occur. At the same 

time, preparation of Pd-based binary, ternary, core/shell, or more complex catalytic 

structures with the low surface area of the expensive catalyst can increase the surface 

activity towards dissociation reaction and decrease costs for its production. As shown 

earlier, the contamination of the catalyst surface in chemically prepared samples is 

much lower than that in the case of samples prepared by magnetron sputtering 

discussed here [37,93]. Hence, there are at least two clear courses of further 

investigation:  

 - modify and increase the surface protection of the monometallic catalyst, and 

 - modify and increase the surface protection of bimetallic system via physical and 

chemical treatment methods. 

    Previously, effective methods to enhance the catalytic activity of the Pd surface via 

an ammonia solution was proposed [92]. It was also mentioned that there is 

opportunity to reduce metal oxides through hydrogen treatment [94].  

   In DFAFCs, the treatment of anodes before their electrooxidation or after to avoid 

the degradation process can crucially influence their power density and stability in 

contrast with direct hydrogen FCs. Earlier, other surface treatment methods were 

investigated to improve the activity of the catalyst in DFAFCs [95-97].  

   Based on the above-mentioned results, solving contamination problems may be the 

answer to the increasing the power density of DFAFCs. As such, together with surface 
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tuning, this investigation was focussed on finding ways to decrease this 

substoichiometric phase via thermo-chemical pretreatments. 

   The main descriptions of the samples investigated in this section can be found in 

Table 11. 
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Table 11. Description of the samples investigated in Section 3.3. 

 

 

 

 

 

Prepared 

sample 

A prepared sample 

marked according to 

the next step of the 

experiment   

Description 

Pd300 
Pd300 before FA 

    Pd300 after FA 

 

The sample was heated to 300 oC under high 

vacuum (2 x 10-2 Pa in an Ar atmosphere) inside 

the magnetron chamber. After that, the sample 

was measured before and after reacting with FA. 

PdCu300 
PdCu300 before FA 

  PdCu300 after FA 

The sample was heated to 300 oC under high 

vacuum (2 x 10-2 Pa in an Ar atmosphere) inside 

the magnetron chamber. After that, the sample 

was measured before and after reacting with FA. 

PdCu_XPS 

      PdCu RT_XPS 

      PdCu200_XPS 

      PdCu500_XPS 

The sample was measured at room temperature 

(RT) inside the XPS chamber under ultra-high 

vacuum conditions, at 200 oC and at 500 oC. The 

heating process was started from RT with 

intervals of 10 oC per minute. 

Pd 

 

 

Pd before FA 

       Pd after FA 

       Pd H2O2 

 

Samples were prepared inside the magnetron 

chamber without additional treatment. After that, 

they were marked as samples before reacting with 

FA, after reacting with FA and after reacting with 

H2O2. 

    Pd/CC 

           Pd_RT 

           Pd_50 

           Pd_RT_50 

For this sample, the Pd loading was set to 176 µg 

cm-2. The Pd/CC 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 fuel cell in the presence of an Ar 

atmosphere. Further measurements were provided 

at RT, at 50 oC and again at RT after heating the 

sample to 50 oC. 
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3.3.2 Thermal treating effect 

 

   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 [18]. 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. [10].  

   For the preparation of the anode, the raw carbon cloth was cleaned with distilled 

water, dried, and cut into rectangles with 2 cm2 of an active surface to form a 

conductive layer. The final result of this addition was the formation of catalyst 

bimetallic structure on the top surface. Sputtering was carried out at a pressure lower 

than 4 × 10−1 Pa. Before deposition, the magnetron chamber was evacuated up to 5 × 

10−4 Pa. Ar was used as working gas in all experiments. During all sputtering 

processes, a DC power source was applied for plasma generation. Purity targets of 

99.99% for the palladium and copper were used as a sputtering source. The thickness 

of deposited catalysts was measured ex-situ using SEM by a drop of varnish, which 

was removed after the sputtering process. This measurement provided information 

about a growth rate of Pd that was about 0.62 nm/sec, and 0.3 nm/sec for Cu catalyst. 

The nominal Pd thickness was 37 nm, with 18 nm for Cu, corresponding to 44 µg cm−2 

and 12 µg cm−2, respectively.  

   To reveal the chemical state of Pd, Cu, C and O, the spectra of Pd 3d, Cu 2p, C 1s, 

and O 1s were fitted to various components accounting for the BE values from the 

literature: Cu(OH)2 [73,98], C 1s carbon groups [78], O 1s oxygen groups [74,75], 

water [81,83], and Pd 3p, metallic Pd, and Pd oxides [83]. 

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

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 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  
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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 4.5 to 1.8 

at.%) and carbon (from 60.9 to 32.5 at.% ) appears at temperatures above 200 °C (see 

Table 12 and Fig. 31). Pd content increased (from 12.6 to 47.0 at.%).  

   For additional analysis of data obtained from the XPS measurements, MultiQuant 

software was applied. This software additionally uses an algorithm based on the peak 

shape, peak intensity, and background of the spectra; it can help in the interpretation 

of the in-depth signal from the studied surface. This signal appears from the 

photoelectrons that lose some part of their energy on their way to the outermost surface 

region of the solid. The longer this path, the larger the fraction of the electrons that 

lose their energy. In the measured samples, with more than one overlayer, 

interpretation of this signal, the shape, and intensity peak were applied to justify the 

structure’s composition after the sputtering. The results of calculations made for the 

PdCu25–PdCu500 sample are written in brackets in Table 12. 

 

Samples 
Atomic content [at.%] (alloy composition) 

Pd Cu C O 

PdCu25 12.6 (Pd74Cu26) 4.5 60.9 22.0 

PdCu200 26.9 (Pd83Cu17) 5.4 53.6 14.1 

PdCu500 47.0 (Pd96Cu4) 1.8 32.5 18.7 

 

Table 12. The atomic content of the PdCu sample thermally treated in situ in the X-

ray photoelectron spectroscopy (XPS) chamber.  
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Fig. 31. Comparison of the amount (in at.%) of Pd, Cu, C and O under different 

temperature conditions. 
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   This information shows that the calculated speed of copper deposition was correlated 

with the calculated by the software. However, surface segregation that appears in the 

PdCu sample is relatively complicated process, and more information about it remains 

to be investigated [98,99].  

   Fitted spectra measured for the bimetallic PdCu25–PdCu500 sample measured in the 

XPS vacuum chamber can be found in Fig. 32.  

   The ration of Pd and Cu compounds obtained from the surface measuring is 

presented in Fig. 33a. Here, a remarkable decrease in the PdCx phase with respect to 

metallic Pd can be observed. At the same time, the amount of oxides stays almost the 
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Fig. 32. The results of fitting the Pd 3d5/2-3/2, Cu 2p3/2, C 1s and O 1s for the CuPd 

sample in situ, thermally treated in the XPS chamber. PdCuRT_XPS, PdCu200_XPS, 

and PdCu500_XPS correspond to the PdCu sample heated to temperatures of 25 0C, 

200 0C and 500 0C respectively. 
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same. It can also be noticed that the content of Cu2O and Cu(OH)2 decreases with 

increasing temperature (see Fig. 33b). Such oxygen groups as hydroxyl (-C-OH), 

carbonyl (– C=O), and carboxyl (– C-OOH) also undergo thermal reduction changes 

(see Fig. 34).  

   The results of the measurements applied for the PdCu25–PdCu500 sample show 

decreases in the PdCx phase from 26 to the 8.7 at.%. At the same time, the metallic 

phase of a studied sample increases from 60 to 74.8 at.% (see Table 13, Fig. 35). 

   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. Fig. 35 represents 

the atomic concentration of the heated PdCu25–PdCu500 sample.  
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Fig. 33. a) The ratio of Pd chemical states to metallic Pd resulting from the fitting of 

Pd 3d5/2-3/2  spectra and  b) the ratio of CuO chemical states to metallic Cu resulting 

from the fitting of Cu 2p3/2 spectra.  
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Fig. 34. Comparison of the amount (at.%) of PdCx, C sp2, C sp3, C-OH, C=O and C-

OOH chemical states for PdCu/CC sample. Results were calculated from the fitting 

of recorded XPS spectra. 
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Table 13. The atomic content of the Pd chemical state results from the fitting of the 

Pd3d5/2–3/2 photoelectron spectra in the investigated samples. The Pd ratio of atoms 

in PdCx and Pdmet states was calculated from Pd at.% concentration and can be 

found in Pd ratio column. 
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Fig. 35. Dependence of the amount (at.%) of Pdmet, PdCx, PdO, and PdO2 chemical 

states on temperature for the PdCu/CC sample. Concentrations were calculated from 

the fitting of recorded X-ray photoelectron spectroscopy (XPS) spectra. 

 

   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 as the main working area on the sample. For this reason, the sample 

was measured by XPS before and after tests at the FC station. Fitted spectra can be 

found in Fig. 36. 

   Information obtained from Fig. 36 shows that the PdCx phase decreased from 29 to 

20.5 at.% (see Table 14–15). At the same time, the metallic phase increased from 52.3 

to 63.6 at.%. These data showed that thermal heating can positively affect resistance  

Sample 

Chemical state of Pd - Pd 3d5/2  [at.%] 
Pd ratio 

[%] 

Pdmet 

(%) 

PdCx (%) 

BE=335.65±0.05 

eV 

PdO (%) 

BE =336.3 

eV 

PdO2  (%) 

BE=338.0 

eV 

PdCx Pdmet 

PdCu25 7.6 3.3 1.5 0.2 26 60 

PdCu200 19.5 3.7 3.2 0.5 13.7 72 

PdCu500 35.2 4.1 6.2 1.5 8.7 74.8 
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Fig. 36. Fitted curves of photoelectron spectra of Pd 3d3/2–5/2 recorded by X-ray 

photoelectron spectroscopy (XPS) for samples treated in 300 °C before using in fuel 

cell (FC) (left image) and after sample heating (right image). 

 

Sample 
at.% 

Pd C O 

Pd300beforeFA 27.9 54.0 18.1 

Pd300afterFA 19.1 48.5 32.4 

 

Table 14. The atomic concentrations (at.%) of Pd, C and O for investigated Pd300 

samples after subtracting background using the Shirley method. 

 

 

Table 15. The atomic content of Pd chemical state resulting from the fitting of the 

Pd3d5/2–3/2 photoelectron spectra in the investigated samples. The amount of PdCx 

and Pdmet phases calculated from Pdmet and PdCx at.% concentration can be found 

under Pd ratio column. 

 

to degradational effects after using the sample in the FC. I-V curves from 

electrochemical measurements for this anode can be found in Section 3.4.  

 To deepen further examine the morphology changes on the surface of Pd/CC and 

Pd300/CC samples, they were additionally measured in an SEM. The resultant images 

Sample 

Chemical state of Pd - Pd 3d5/2  [at.%] 
Pd ratio 

[%] 

Pdmet 

(%) 

PdCx (%) 

BE=335.65 

 eV 

PdO (%) 

BE =336.3 

eV 

PdO2  (%) 

BE=338.0 

eV 

PdCx Pdmet 

Pd300 

beforeFA 
14.6 8.1 4.1 1.1 29 52.3 

Pd300 

afterFA 
12.1 3.9 2.4 0.7 20.5 63.6 
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are depicted in Fig. 37. Here, the formation of Pd clusters with an average size of about 

12 nm can be found in Fig. 37a. Such cluster 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 (see Section 3.2).  

   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. 

37b).  

   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. 38a. The sample depicted as PdCu300/CC was heated 

to 300 °C. The SEM image of it is shown in Fig. 38b. In the right upper corner of each 

image, the same sample with magnification up to 100, 000× can be found. 

   From Fig. 38a 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. 38b, 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.  

 



62 

 

 

 

 

Fig. 37. a) Scanning electron microscope (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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    The PdCu300/CC sample was measured additionally by means of XPS before 

reaction with the FA inside the FC and after this treatment (see Fig. 39). The results,  

 

 

Fig. 38. 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. 
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Fig. 39. Fitted curves of photoelectron spectra of Pd 3d3/2-5/2 recorded by XPS for 

PdCu sample treated in 300 0C before using in FC (left image) and after this process. 

 

Sample 
at.% 

Pd Cu C O 

PdCu300beforeFA 1.2  21.5 35.0 42.3 

PdCu300afterFA 23.0 (Pd85Cu15) 4.1 41.0 31.9 

 

Table 16. The atomic concentrations (at.%) of Pd, Cu, C and O for investigated 

PdCu300 samples after subtracting background using the Shirley method. 

 

 

 

Table 17. The atomic content of the Pd chemical state resulting from the fitting of the 

Pd3d5/2-3/2 photoelectron spectra in the investigated samples. The amount of PdCx 

and Pdmet phase calculated from Pdmet and PdCx at.% concentration can be found 

under the Pd ratio column.  

 

obtained from the fitting curves of Fig. 39 depicted in Table 16–17, showed that the 

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

metallic phase increased from 33.3% to 56.9%. 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 (see Section 3.4). 

 

 

 

 

Sample 

Chemical state of Pd - Pd 3d5/2  [at.%] Pd ratio [%] 

Pdmet 

(%) 

PdCx (%) 

BE=335.65±0.05 

eV 

PdO (%) 

BE =336.3 

eV 

PdO2  (%) 

BE=338.0 

eV 

PdCx Pdmet 

PdCu300 

beforeFA 
0.4 0.6 0.1 0.1 50 33.3 

PdCu300 

afterFA 
13.1 6.7 2.6 0.6 29 56.9 
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3.3.3 The chemical treating effects 

 

The sample denoted as Pd/CC (PdbeforeFA and PdafterFA) was studied before and 

after reaction with FA. No additional treatment was applied during the experiments on 

it. The sample was measured in XPS, and obtained data were fitted. After using it in 

FC, the results were also fitted and compared by making quantitative analysis (see 

Tables 18 and 19). Here, in the above-mentioned sample, the amount of PdCx 

contamination increased from 30.9% to 33.3% (see Table 19). At the same time, a 

metallic phase of palladium decreased from 47.3 % to 43.9%. These results 

demonstrate that the studied sample degraded after its reaction with acid.  

    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 reason, after using Pd/CC anode 

in the FC, we washed it in H2O2. This sample was measured by XPS, and the recorded 

photoelectron lines were fitted (see Fig. 40). The results showed a decrease of the PdCx 

phase from 33.3% to 20%, and the metallic phase increased from 43.9% to 65.1% (see 

Table 19).    

   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 PdCu sample. 

 

Sample 
at.% 

Pd C O 

Pd before FA 47.5 30.9 21.6 

Pd after FA 32.1 50.6 17.3 

Pd after H2O2 23.5 43.2 33.3 

 

Table 18. The atomic concentrations (at.%) of Pd, C and O for investigated 

PdbeforeFA, PdafterFA and Pd samples chemically treated after subtracting 

background using Shirley method. 
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Table 19. The atomic content of the Pd chemical state resulting from the fitting of the 

Pd 3d5/2–3/2 photoelectron spectra in the investigated samples. Parts of PdCx and Pdmet 

phases in palladium atoms calculated from Pdmet and PdCx at.% concentration can be 

found under Pd ratio [%] column. 

 

 

 
 

 

    

 

 

 

 

 

Sample 

Chemical state of Pd - Pd 3d5/2  [at.%] Pd ratio [%] 

Pdmet 

(%) 

PdCx (%) 

BE=335.65

±0.05 eV 

PdO (%) 

BE =336.3 

eV 

PdO2  (%) 

BE=338.0 eV 
PdCx Pdmet 

PdbeforeFA 22.5 14.7 8.1 2.2 30.9 47.3 

PdafterFA 14.1 10.7 5.6 1.7 33.3 43.9 

Pdafter 

H2O2 
15.3 4.7 2.8 0.7 20 65.1 

Fig. 40. Fitted components of Pd 3d3/2–5/2 spectra recorded for a 

sample treated in hydrogen peroxide. 
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3.3.4 Comparison of the PdCx appearance at the anodes  

 

   To deepen understanding in the changes of 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. 41. 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 

[71], were fitted using the Gaussian-Lorentzian asymmetric functions to the metallic 

components with the use of XPS Peak4.1 software [56]. The values of Pd 3d BE for 

metallic Pd [73,74], PdCx [74,75], Pd-C=O [76], PdO, PdO2 [77] and PdCx [74,75] 

were obtained from data in the literature. 

   Calculated results of PdCx contamination obtained from data presented in Tables 10–

16 are shown in atomic percentage at the end of the legend in Fig. 41. 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 (see Tables 13–15, 17–19). The ratio of PdCx and palladium oxides 

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

segregation of carbon in the PdCx solution into the bulk.  

   The sample denoted as Pd300 was also additionally heated in the vacuum chamber 

of a magnetron. Afterward, it was measured in XPS. 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. More information about this treatment can be found in 

Section 3.3.4. 
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Fig. 41. The Pd 3d5/2–3/2 X-ray photoelectron spectroscopy (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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3.4 Fuel cell tests of prepared samples 

 

3.4.1 Introduction 

 

   Results of the measurements that have been provided on FCs with different design 

showing the importance of the applying continuous flow of air to the area of the 

cathode.  

   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). Among the most common of these factors are 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.    

   Previously, the dependence of potential changes on temperature have been studied 

for FCs with polymer membranes [100]. The equation that describes these correlations 

is depicted below: 

 

                                                     𝐸 = − (
∆𝐻

𝑛𝐹
− 

𝑇∆𝑆

𝑛𝐹
)                                               (3.4) 

 

where F is Faraday’s constant (96.485 C mol−1), n is the number of involved electrons 

(2), T is temperature (in K), ∆H is the heat (or enthalpy) of a chemical reaction, and 

∆S is entropy (the difference between entropy products and reactants). From this 

equation, it can be seen that increasing cell temperature results in a lower theoretical 

cell potential. However, practice shows that a higher cell temperature results in higher 

cell potential. Increasing of the cell potential occurs because voltage losses, mentioned 

above, decrease with an increase in temperature. The temperature of the FC during 

measurements was set to the RT (Room Temperature). However, certain experiments 

mentioned in this work include results after additional examination under different 

temperature conditions.  

   Descriptions of the samples investigated in this section are written in Table 20. The 

samples are denoted as P1, P2, and P3 and were prepared with a lower sputtering rate 
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in comparison to others. This circumstance was one of the main influences on layer-

by-layer Pd growth. For a better understanding of the correlations in dissimilar catalyst 

loading, differences in their power density were compared. All measurements 

discussed in this chapter were made in the FC station using O2 as a working gas at the 

cathode.  

     The anode sample with the Pd-Cu bimetallic phase on top of it, denoted as 

PdCu300, was studied in the FC station. It was heated inside the magnetron vacuum 

chamber, like a Pd300 sample, but has a catalyst with a bimetallic nature. This sample 

was measured to deepen the understanding of the differences between samples without 

a bimetallic structure. 

   The sample denoted as Pd300 was investigated in the FC to understand the effect of 

the annealing on the power density of the anode. The Pd/CC sample with the Pd 

loading of 176 µg cm−2 was thermally treated inside the vacuum chamber of the 

magnetron. Afterward, an MEA complex was created with hot pressing at 70 °C for 7 

hours in the presence of an inert atmosphere. The obtained MEA was measured in the 

FC station under different working temperatures. 

 

Samples  Description 

P1 

The sample prepared in the magnetron by sputtering Pd 

atoms on the surface of CC. The rate of the sputtering was 

set to 1 nm/min. The total amount of sputtered Pd on the 

surface was 3.6 µg.   

P2 

The sample prepared in the magnetron by sputtering Pd 

atoms on the surface of CC. The rate of the sputtering was 

set to 1 nm/min. The total amount of sputtered Pd on the 

surface was 120 µg.   

P3 

The sample prepared in the magnetron by sputtering Pd 

atoms on the surface of CC. The rate of the sputtering was 

set to 1 nm/min. The total amount of sputtered Pd on the 

surface was 720 µg.   

Pd300 

The sample prepared in the magnetron by sputtering Pd 

atoms on the surface of CC. The rate of the sputtering was 

set to 0.62 nm/sec. In addition, it was heated up inside the 

magnetron chamber under pressure less than 2 × 10−2 Pa and 

a temperature of 300 °C for 10 min. 

Pd after H2O2 

The sample referred to as Pd was used in the FC. Afterward, 

it was washed in hydrogen peroxide and tested once more in 

the FC. 

Pd 

The sample prepared in the magnetron by sputtering Pd 

atoms on the surface of CC. The rate of the sputtering was 

set to 0.62 nm/sec.  
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PdCu300  

The sample with Cu atoms on the Pd catalyst prepared by 

magnetron sputtering. CC was used as a substrate. 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. 

    Pd/CC 

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

Pd/CC 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 fuel cell in the presence of an Ar 

atmosphere. Further measurements were provided at RT, at 

50 oC and again at RT after cooling. 

Pd/PANI/CC 

The 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. 

 

Table 20. Description of the samples measured in Section 3.4. 

 

  The sample denoted as Pd after H2O2 was measured in the FC station to determine 

the effect of the chemical treatment on the anode surface. This treatment was found to 

be the alternative way to decrease the amount of PdCx, as mentioned in Section 3.3.4.  

   To better understand the effect that PANI provided to the catalyst, see Section 3.1.2, 

additional measuring in FC station for this sample was applied. 

 

3.4.2 Results of the measurement in the fuel cell station 

 

   The results of measuring the P1, P2, and P3 samples are shown in Fig. 42. As can be 

seen here, the rising power density due to the increase in catalyst loading takes place. 

The maximum power density was achieved for the anode with a 720 µg/cm2 Pd loading 

(sample P3). 
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Fig. 42. Dependence of the maximum specific power (red curve) and voltage on the 

current (black curve) in DFAFC for the Pd catalyst. The amount of the Pd catalyst 

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

 

   Such negligible differences in the morphology of the catalyst, mentioned in Section 

3.2.2, were the main reasons for the non-significant changes in FC efficiency.  
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Fig. 43. 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).  

 

 

   Obtained results for these samples were recalculated for 1 mg of Pd and can be found 

in Fig. 43. Surprisingly, 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 101 and references therein]. 

      Another sample, based on the PANI-chains substrate on the carbon cloth surface, 

showed a maximum power density of about 2 mW. The results of I-V curves for 

Pd/PANI/CC sample are depicted in Fig. 44. Such increase in the resulting power can 

be explained by the increasing surface area and the form of the Pd catalyst. The 

enhanced performance of this sample also can be explained as an electronic effect 

between PANI and the catalyst surface on it.  
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   Time-stability tests were performed in the FC to better explain the influence of 

degradation process on the anode part (see Fig. 45).  

   The anode surface with Pd layers on it (see Section 3.2) was tested for 5 min. Here, 

the degradation of the anode surface can be clearly observed by dropping the voltage 

curve in the graph. Graph oscillations may be caused by CO2 desorption from the 

catalyst surface. Step-by-step degradation appears because of the consequent blocking 

of activation centres by the products of FA dissociation.  

   To improve anode oxidation kinetics, decrease the degradation effects, and limit 

costs, there is an option to alter the electronic structure of the basic catalyst. This 

structure was altered in this work by adding Cu. At the same time, after some using 

period, a leaching of the alloyed parts occurs, and this anode loses this positive effect. 

Further investigations of this anode can be found in Sections 3.3.3. and 3.4.2. 

  

Fig. 44. 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. 45. Time-stability test of Pd/CC anode prepared for DFAFC without additional 

treatment. 

   The results of the FC measurements for DFAFC anodes with the same Pd loading 

are presented in Fig. 46 (anodes more detailly described under the figure). I-V curves 

from the FC test showed that the power density of PdCu300 anode increased up to 4.5 

times (see Fig. 46d) in comparison with the Pd300/CC anode. The sample denoted as 

Pd/CC was measured before and after chemical treatment in the FC station (see Fig. 

46c and Fig. 46b respectively). As can be seen here, 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. This treatment shows its high effectiveness in decreasing 

the amount of PdCx, especially with its high contribution and low amount of the 

catalyst. The Pd/CC after H2O2 sample showed even better power results in 

comparison with the sample that was heated (see Pd300). Power density results of 

these samples were recalculated for the mg of the catalyst and presented in Fig. 47. 
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Fig. 46. 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. 

   

   The polarization and the power curves for three different temperature-combination 

steps for the Pd/CC sample were additionally tested. These measurements are 

presented in Fig. 48 a,b. The sample was measured by means of the potentiostat. 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 was achieved (see Fig. 48).   

   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 
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PdCu300 sample was (P = 51 mW mg−1) and is comparable to the most effective 

measurements mentioned at 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 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. 

   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.  
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Fig. 47. The power density versus current density per 1 mg of Pd for Pd-based 

catalysts measured in the DFAFC station. 
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Fig. 48. a) I-V polarization curves of PEMFC with MEA based on magnetron 

sputtering of Pd for preparing the anode part. The same Pd/CC sample was 

measured at RT (marked as Pd_RT with black color). After that, the sample was 

heated and measured at 50 oC (Pd_50 depicted as green). After the heating, the 

sample was cooled once again at RT and measured (Pd_RT_50 depicted as red). b) 

The power density versus current for the Pd/CC sample measured in the DFAFC 

station. 

   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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4. CONCLUSIONS 

 

      

   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 an Elat® carbon cloth 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 
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used PANI support. This increase was caused mainly by the changes in morphology 

after this support was applied.  

   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. 

 

 

 

 

 

 

 

 

 

 



81 

 

   Bibliography 

 

    

1. G. Mohanakrishna, I. M. Abu-Reesh, R. I. Al-Raoush, Z. He, Cylindrical 

graphite based microbial fuel cell for the treatment of industrial wastewaters 

and bioenergy generation, Bioresource Technol. 247 (2018) 753. 

2. T. Yuan, H.-Y. Chen, X. Ma, J.-J. Feng, P.-X. Yuan, A.-J. Wang, Simple 

synthesis of self-supported hierarchical AuPd alloyed nanowire networks for 

boosting electrocatalytic activity toward formic acid oxidation, J. Colloid. 

Interf. Sci. 513 (2018) 324. 

3. M. Perez-Fortes, J. C. Schöneberger, A. Boulamanti, G. Harrison, E. Tzimas, 

Formic acid synthesis using CO2 as raw material: Techno-economic and 

environmental evaluation and market potential, Publications Office, (2016). 

4. M. E. Davis, A. Kartz, W. R. Ahmad, Rational catalyst design via imprinted 

nanostructured materials, Chem. Mater. 8 (1996) 1820. 

5. C-H. Chem, W-J. Liou, H-M. Lin, S-H. Wu, A. Mikolajczuk, L. Stobinski, 

A. Borodzinski, P. Kedzierzawski, K. Kurzydlowski, Carbon nanotube-

supported bimetallic palladium-gold electrocatalysts for electro-oxidation of 

formic acid, Phys. Status Solidi A. 5 (2010) 1160. 

6. S. Ha, R. Larsen, Y. Zhu, R.I. Masel, Direct formic acid fuel cells with 600 

mA cm(-2) at 0.4 V and 22 degrees C, Fuel Cells. 4 (2004) 337.  

7. J. F. Hull, Y. Himeda, W-H. Wang, B. Hashiguchi, R. Periana, D. J. Szalda, 

J. T. Muckerman, E. Fujita, Reversible hydrogen storage using CO2 and a 

proton switchable iridium catalyst in aqueous media under mild temperatures 

and pressures, Nat. Chem. 4 (2012) 383.  

8. K. N. Ahmad, A. M. I. N. Azam,W. N. R. W. Isahak, A. M. Zainoodin, M. S. 

Masdar, Improving the electrocatalytic activity for formic acid oxidation of 

bimetallic Ir–Zn nanoparticles decorated on graphene nanoplatelets, Mater. 

Res. Express. 7 (2020) 015095. 

9. K. Jiang, H.-X. Zhang,, S. Zou, W.-B. Cai, Electrocatalysis of formic acid on 

palladium and platinum surfaces: from fundamental mechanisms to fuel cell 

applications, Phys. Chem. Chem. Phys. 16 (2014) 20360. 

10. J. Yang, S. Yang, Y. Chung, Y. Kwon, Carbon supported palladium-copper 

bimetallic catalysts for promoting electrochemical oxidation of formic acid 



82 

 

and its utilization in direct formic acid fuel cells, Korean J. Chem. Eng. 37 

(2020) 176. 

11. H. Yan, Y. Jiao, A. Wu, C. Tian, L. Wang, X. Zhang, H. Fu, Hong, Fan Luo, 

Shijun Liao, Jianhuang Zeng, Synergism of molybdenum nitride and 

palladium for high-efficiency formic acid electrooxidation, J. Mater. Chem. 

A. 6 (2018) 7623.  

12.  Fariba Fathirad, Daryoush Afzali, Ali Mostafavi, Bimetallic Pd–Zn 

nanoalloys supported on Vulcan XC-72R carbon as anode catalysts for 

oxidation process in formic acid fuel cell, Int. J. Hydrog. Energy. 41 (2016) 

13220.  

13. Seungwon Yang, Jongwon Yang, Yongjin Chung, Yongchai Kwon, PdBi 

bimetallic catalysts including polyvinylpyrrolidone surfactant inducing 

excellent formic acid oxidation reaction and direct formic acid fuel cell 

performance, Int. J. Hydrog. Energy, 42 (2017) 17211.  

14. Kranthi Kumar Maniam, Volga Muthukumar, Raghuram Chetty, 

Electrodeposition of dendritic palladium nanostructures on carbon support for 

direct formic acid fuel cells, Int. J. Hydrog. Energy, 41 (2016) 18602.  

15. Ivanova N.A, Alekseeva O.K, Fateev V.N, Shapir B.L, Spasov D.D, Nikitin 

S.M, Presnyakov M.Y, Kolobylina N.N, Soloviev M.A, Mikhalev A.I, 

Grigoriev S.A, Activity and durability of electrocatalytic layers with low 

platinum loading prepared by magnetron sputtering onto gas diffusion 

electrodes, Int. J. Hydrog. Energy, 44 (2019) 29529.  

16. R. Larsen, S. Ha, J. Zakzeslo, and R. I. Masel, Unusually active palladium-

based catalysts for the electrooxidation of formic acid, J. Power Sources. 157 

(2006) 78. 

17.  W. J. Zhou and J. Y. Lee, Highly active core–shell Au@Pd catalyst for 

formic acid electrooxidation, Electrochem. Commun. 9  (2007) 1725. 

18. P. Hong, F. Luo, S. Liao, J. Zeng, Effects of Pt/C, Pd/C and PdPt/C anode 

catalysts on the performance and stability of air breathing direct formic acid 

fuel cells, Int. J. Hydrog. Energy. 36 (2011) 8518. 

19. O. Balmes, A. Resta, D. Wermeille, R. Felici, M. E. Messing, K. Deppert, Z. 

Liu, M. E. Grass, H. Bluhm, R. van Rijn, J. W. M. Frenken, R. Westerstro,  

S. Blomberg, J. Gustafson, J. N. Andersen and E. Lundgren, Reversible 



83 

 

formation of a PdCx phase in Pd nanoparticles upon CO and O2 exposure, 

Phys, Chem. Chem. Phys. 14 (2012) 4796.  

20. C. F. Schœnbein, On the mutual Voltaic Relations of certain Peroxides, 

Platina, and inactive Iron, Philos. Mag. 12 (1838) 74. 

21. W. R. Grove, On a Gaseous Voltaic Battery, Philos. Mag. J. Sci. 21 (1842). 

22. Frano Barbir, PEM Fuel Cells: Theory and Practice, Academic Press (2013). 

23. S. Uhm, H. J. Lee, L. Lee, Understanding underlying processes in formic acid 

fuel cells, Phys. Chem. Chem. Phys. 11 (2009) 9326. 

24. R. Zhang, H. Liu, B. Wang, Insights into the Preference of CO2 Formation 

from Decomposition on Pd Surface: A Theoretical Study, J. Phys. Chem. C. 

116 (2012) 22266. 

25. X. Yu, P. G. Pickup, Recent advances in direct formic acid fuel cells 

(DFAFC), J. Power Sources. 182 (2008) 124. 

26. G. A. El-Nagar, A. F. Darweesh, I. Sadiek, A novel nano-palladium complex 

anode for formic acid electro-oxidation, Electrochim. Acta. 215 (2016) 334. 

27. Y. Ji, S. Wang, Hydrolyzing methyl formate to produce formic acid by 

sending unhydrolyzed methyl formate obtained from tower top to recycled 

methyl formate material pump, and forming recycled methyl formate 

material, Patent № CN102617321-A. 

28. H. Hohenschutz, J. E. Schmidt, H. Kiefer, Preparation of formic acid, Patent 

№ US5206433A. 

29. J. Zhang, M. Sun, X. Liu, Y. Han, Catalytic oxidative conversion of cellulosic 

biomass to formic acid and acetic acid with exceptionally high yields, Catal. 

Today. 233 (2014) 77. 

30. J. M. Thomas, W. J. Thomas, Introduction to the Principles of Heterogeneous 

Catalysis, Academic Press, London, (1967). 

31. https://www.dictionary.com/browse/catalyst 

32. Julian R.H. Ross, Contemporary Catalysis, 2018. 

33. S. Zhang, M. Qing, H. Zhang, and Y. Tian, Electrocatalytic oxidation of 

formic acid on functional MWCNTs supported nanostructured Pd–Au 

catalyst, Electrochem. Commun. 11 (2009) 2249. 

34. A. Mikołajczuk, A. Borodzinski, P. Kedzierzawski, L. Stobinski, B. Mierzwa, 

R. Dziura, Deactivation of carbon supported palladium catalyst in direct 

formic acid fuel cell, Appl. Surf. Sci. 257 (2011) 8211. 

https://www.dictionary.com/browse/catalyst


84 

 

35. R. Richards, Surface and nanomolecular catalysis, 2006 CRC Press. 

36. C. Rice, S. Ha, R.I. Masel, A. Wieckowski, Catalysts for direct formic acid 

fuel cells, J. Power Sources. 115 (2003) 229. 

37. A. Malolepszy, M. Mazurkiewicz, L. Stobinski, B. Lesiak, L. Kover, J. Toth, 

B. Mierzwa, A. Borodzinski, F. Nitze, T. Wagberg, Deactivation resistant Pd–

ZrO2 supported on multiwall carbon nanotubes catalyst for direct formic acid 

fuel cells, Int. J. Hydrogen Energy. 40 (2015) 16724. 

38. N-C. Cheng, R. A. Webster, M. Pan, S-C. Mu, L. Rassaei, Sh-Ch. Tsang, F. 

Marken, One-step growth of 3–5 nm diameter palladium electrocatalyst in a 

carbon nanoparticle–chitosan host and characterization for formic acid 

oxidation, Electrochim. Acta. 55 (2010) 6601. 

39. S. M. Baika, J-H. Han, J-S. Kim, Y-Ch. Kwon, Effect of deactivation and 

reactivation of palladium anode catalyst on performance of direct formic acid 

fuel cell (DFAFC), Int. J. Hydrogen Energ. 36 (2011) 14719. 

40. S. Shukla, K. Domican, K. Karan, S. Bhattacharjee, M. Secanell, Analysis of 

low platinum loading thin polymer electrolyte fuel cell electrodes prepared 

by inkjet printing, Electrochim. Acta. 156 (2015) 289. 

41. M. E. Tague, J. M. Gregoire, A. Legard, E. Smith, D. Dale, R. Hennig, F. J. 

DiSalvo, R. B. van Dover, H. D. Abruna, High Throughput Thin Film Pt-M 

Alloys for Fuel Electrooxidation: Low Concentrations of M (M = Sn, Ta, W, 

Mo, Ru, Fe, In, Pd, Hf, Zn, Zr, Nb, Sc, Ni, Ti, V, Cr, Rh), J. Electrochem. 

Soc. 159 (2012) F880. 

42. M. S. Saha, A. F. Gulla, R. J. Allen, S. Mukerjee, High performance polymer 

electrolyte fuel cells with ultra-low Pt loading electrodes prepared by dual 

ion-beam assisted deposition, Electrochim. Acta. 51 (2006) 4680.  

43. A. M. Mohammada, G. A. El-Nagara, I. M. Al-Akraab, M. S. El-Deaba, B. 

E. El-Anadoulia, Towards improving the catalytic activity and stability of 

platinum-based anodes in direct formic acid fuel cells, Int. J. Hydrogen 

Energy. 40 (24) (2015) 7808.  

44. H. Yua, J. M. Rollerb, W.E. Mustaina, R. Marica, Influence of the 

ionomer/carbon ratio for low-Pt loading catalyst layer prepared by reactive 

spray deposition technology, J. Power Sources. 283 (2015) 84.  

45. S. Cuynet, A. Caillard, S. Kaya-Boussougou, T. Lecas, N. Semmar, J. 

Bigarre, P. Buvat, P. Brault, Membrane patterned by pulsed laser 



85 

 

micromachining for proton exchange membrane fuel cell with sputtered ultra-

low catalyst loadings, J. Power Sources. 298 (2015) 299.  

46. Huajie Huang, Xin Wang, Pd nanoparticles supported on low-defect graphene 

sheets: for use as high-performance electrocatalysts for formic acid and 

methanol oxidation, J. Mater. Chem. 42 (2012) 22533. 

47. J. Zaidi, T. Matsuura, Polymer Membranes for Fuel Cell, Springer. (2009). 

48. www.fuelcellsetc.com - official webside of Fuel Cells Etc Co. 

49. Tse-Hao Ko, Yuan-Kai Liao, Ching-Han Liu, Effects of graphitization of 

PAN-based carbon fiber cloth on its use as gas diffusion layers in proton 

exchange membrane fuel cells, New carbon Mater. 22 (2007) 97. 

50. B. Collins Brodie, On the atomic weight of graphite, Philos. Trans. Royal 

Soc. (1859) 249. 

51. W. S. Hummers Jr., R. E. Offeman, Preparation of Graphitic Oxide, J. Am. 

Chem. Soc. 80 (1958) 1339. 

52. Songfeng Pei, Hui-Ming Cheng, The reduction of graphene oxide, Carbon. 

50 (2012) 3210. 

53. W. R. Grove, On the Electro-Chemical Polarity of Gases, Phil. Trans. R. Soc. 

Lond. 142 (1852) 87. 

54. R. Fiala, M. Vaclavu, A. Rednyk, I. Khalakhan, M. Vorokhta, J. Lavkova, V. 

Potin, I. Matolinova, V. Matolin, Pt–CeOx thin film catalysts for PEMFC, 

Catal. Today. 240 (2015) 236. 

55.  A. Ostroverkh, M. Dubau, V. Johanek, M. Vaclavu, B. Smid, K. Veltruska,   

Y. Ostroverkh, R. Fiala, V. Matolin, Efficient Pt-C MEA for PEMFC with 

Low Platinum Content Prepared by Magnetron Sputtering, Fuel Cells. 18 

(2018) 51.                                                  

56. R. M. Kwok, XPS Peak Fitting Program XPSPEAK, ver.4.1, Department of 

Chemistry, The Chinese University of Hong Kong, rmkwok@cuhk.edu.hk, 

http://www.uksaf.org/software.html/.   

57. https://www.fzu.cz/en/oddeleni/department-of-optical-materials/working-

groups/electron-spectroscopy-laboratory-p-jiricek. 

58. J. I. Goldstein, D. E. Newbury, J. R. Michael, and N. W. M. Ritchie, J. H. J. 

Scott, D.C. Joy, Scanning Electron Microscopy and X-Ray Microanalysis, 

Springer (2017). 

59. P. Hurley, Build Your Own Fuel Cells, Good Idea Creative Services (2013). 

http://www.fuelcellsetc.com/
mailto:rmkwok@cuhk.edu.hk
https://www.google.cz/search?sa=X&biw=1304&bih=677&tbm=bks&tbm=bks&q=inauthor:%22Joseph+I.+Goldstein%22&ved=0ahUKEwjEtaDi_r7aAhXGJVAKHcg-DxEQ9AgILDAA
https://www.google.cz/search?sa=X&biw=1304&bih=677&tbm=bks&tbm=bks&q=inauthor:%22Dale+E.+Newbury%22&ved=0ahUKEwjEtaDi_r7aAhXGJVAKHcg-DxEQ9AgILTAA
https://www.google.cz/search?sa=X&biw=1304&bih=677&tbm=bks&tbm=bks&q=inauthor:%22Joseph+R.+Michael%22&ved=0ahUKEwjEtaDi_r7aAhXGJVAKHcg-DxEQ9AgILjAA


86 

 

60. V. Velisala, G. Naga Srinivasulu, Computational fluid dynamics study of 3-

pass serpentine flow field configuration on proton exchange membrane fuel 

cell performance,  Int. J. Ambient Energy. 41 (2020) 2162. 

61. N. M. Aslam, M. S. Masdar, S. K. Kamarudin, W. R. W. Daud, Overview on 

Direct Formic Acid Fuel Cells, APCBEE Proc. 3 (2012) 33. 

62. W. Li, M. Wan, Porous polyaniline films with high conductivity, Synthetic 

Met. 92 (1998) 121. 

63. B. Lesiak, M. Mazurkiewicz, A. Malolepszy, L. Stobinski, B. Mierzwa, A. 

Mikolajczuk-Zychora, K. Juchniewicz, A. Borodzinski, J. Zemek, P. Jiricek, 

Effect of the Pd/MWCNTs anode catalysts preparation methods on their 

morphology and activity in a direct formic acid fuel cell, Appl. Surf. Sci. 387 

(2016) 929. 

64. E. Tomsik, O. Kohut, I. Ivanko, M. Pekarek, I. Bieloshapka, P. Dallas, 

Assembly and Interaction of Polyaniline Chains: Impact on Electro- and 

Physical-Chemical Behavior, J. Phys. Chem. C, 122 (2018) 8022. 

65. K. S. Novoselov, A. K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S. V. 

Dubonos, I. V. Grigoriev, Electric field effect in atomically thin carbon films, 

Nature. 306 (2004) 666. 

66. Biraj Kr. Kakati, Anil Verma, Carbon-polymer composite bipolar plate for 

PEM fuel cell, Academic Publishing. (2011). 

67. C. Berger, Z. Song, T. Li, X. Li, A. Y. Ogbazghi, R. Feng, Z. Dai, A. N. 

Marchenkov, E. H. Conrad, P. N. First, W. A. de Heer, Ultrathin Epitaxial 

Graphite:  2D Electron Gas Properties and a Route toward Graphene-based 

Nanoelectronics, J. Phys. Chem. 108 (2004) 19912. 

68. S. Stankovich, D. A. Dikin, R. D. Piner, K. A. Kohlhaas, A. Kleinhammes, 

Y. Jia, Y. Wu, S. T. Nguyen, R. S. Ruoff, Synthesis of graphene-based 

nanosheets via chemical reduction of exfoliated graphite oxide, Carbon. 45 

(2007) 1558. 

69. C. Valles, C. Drummond, H. Saadaoui, C. A. Furtado, M. He, O. Roubeau, L. 

Ortolani, M. Monthioux, A. Pnicaud, Solutions of negatively charged 

graphene sheets and ribbons, J. Am. Chem. Soc. 130 (2008) 15802.  

70. L. Stobinski, B. Lesiak, A. Malolepszy, M. Mazurkiewicz, B. Mierzwa, J. 

Zemek, P. Jiricek, I. Bieloshapka, Graphene oxide and reduced graphene 

https://pubs.acs.org/author/Berger%2C+Claire
https://pubs.acs.org/author/Song%2C+Zhimin
https://pubs.acs.org/author/Li%2C+Tianbo
https://pubs.acs.org/author/Li%2C+Xuebin
https://pubs.acs.org/author/Ogbazghi%2C+Asmerom+Y
https://pubs.acs.org/author/Feng%2C+Rui
https://pubs.acs.org/author/Dai%2C+Zhenting
https://pubs.acs.org/author/Marchenkov%2C+Alexei+N
https://pubs.acs.org/author/Marchenkov%2C+Alexei+N
https://pubs.acs.org/author/Conrad%2C+Edward+H
https://pubs.acs.org/author/First%2C+Phillip+N
https://pubs.acs.org/author/de+Heer%2C+Walt+A


87 

 

oxide studied by the XRD, TEM and electron spectroscopy methods, J. 

Electron. Spectrosc. Relat. Phenom., 195 (2014) 145. 

71. H. C. Schniepp, J. L. Li, M. J. McAllister, H. Sai, M. Herrera-Alonso, D. H. 

Adamson, R. K. Prudhomme, R. Car, D. A. Saville, I. A. Aksay, 

Functionalized Single Graphene Sheets Derived from Splitting Graphite 

Oxide, J. Phys. Chemistry B. 110 (2006) 8535. 

72. M. Mohai, XPS MultQuant: Multimodel XPS Quantification Software, Surf. 

Interface Anal. 36 (2004) 828. 

73. C. D. Wagner, A. V. Naumkin, A. A. Kraut-Vass, J. W. Allison, C. J. Powell, 

J. R. Rumble, Jr., NIST Photoelectron Database, NIST SRD 20, ver. 4.1., 

online, PC. 

74. A. V. Matveev, V. V. Kaichev, A. S. Saraev, V. V. Gorodetskii, A. Knop-

Gericke, V. I. Bukhiyarov, B. E. Nieuwenhuys, Oxidation of propylene over 

Pd(551): Temperature hysteresis induced by carbon deposition and oxygen 

adsorption, Cat. Today. 244 (2015) 29. 

75. O. Balmes, A. Resta, D. Wermeille, R. Felici, M. E. Messing, K. Deppert, Z. 

Liu, M. E. Grass, H. Bluhm, R. van Rijn, J. W. M. Frenken, R. Westerström, 

S. Blomberg, J. Gustafson, J. N. Andersen, E. Lundgren, Reversible 

formation of PdCx phase and Pd nanoparticles upon CO and O2 exposure, 

Phys. Chem. Chem. Phys. 14 (2012) 4796.  

76. H. Kondoh, R. Toyoshima, Y. Monya, M. Yoshida, K. Mase, K. Amemiya, 

B. S. Mun, In situ analysis of catalytically active Pd surfaces for CO oxidation 

with near ambient pressure XPS, Cat. Today. 260 (2016) 14.  

77. L. S. Kibis, A. I. Titkov, A. I. Stadnichenko, S. V. Koscheev, A. I. Boronin, 

X-ray photoelectron spectroscopy of Pd oxidation by RF discharge in oxygen, 

Appl. Surf. Sci. 255 (2009) 9248.  

78. Y. V. Butenko, S. Krishnamurthy, A. K. Chakraborty, V. L. Kuznetsov, V. 

R. Dhanak, M. C. Hunt, L. Siller, Photoemission study of onionlike carbons 

produced by annealing nanodiamonds, Phys. Rev. B. 71 (2005) 075420. 

79. B. Lesiak, L. Stobinski, A. Malolepszy, M. Mazurkiewicz, L. Kövér, J. Tóth, 

Preparation of graphene oxide and characterisation using electron 

spectroscopy, J. Electron Spectrosc. Rel. Phenom. 193 (2014) 92. 



88 

 

80. B. Lesiak, P. Jiricek, I. Bieloshapka, Chemical and structural properties of Pd 

nanoparticle-decorated graphene – electron spectroscopic methods and 

QUASES, Appl. Surf. Sci. 404 (2017) 300. 

81. S. Yamamoto, H. Bluhm, K. Andersson, K. Kettler, H. Ogasawara, M. 

Salmeron, A. Nilsen, In situ x-ray photoelectron spectroscopy of water on 

metals and oxides at ambient conditions, J. Phys.: Condens. Mater. 20 (2008) 

184025. 

82. B. Winter, E. F. Aziz, U. Hergenhahn, M. Faubel, I. V. Hertel, Hydrogen 

bonds in liquid water studied by electron spectroscopy, The J. Chem. Phys. 

126 (2007) 124503. 

83. R. Toyoshima, M. Yoshida, Y. Monya, K. Suzuki, H. Abe, K. Mase, K. 

Amemiya, H. Kondoh, In situ ambient pressure XPS study of CO oxidation 

reaction on Pd(111) surfaces, J. Phys. Chem. C. 166 (2012) 18692. 

84. A. Jablonski, C. J. Powell, Practical expressions for the mean escape depth, 

the information depth and the effective attenuation length in Auger-electron 

spectroscopy and x-ray photoelectron spectroscopy, J. Vac. Sci. Technol. A. 

27 (2009) 253.  

85. S. Tanuma, C. J. Powell, D. R. Penn, Calculations of electron inelastic mean 

free paths. IX. Data for 41 elemental solids over the 50 eV to 30 keV range, 

Surf. Interface Anal. 43 (2011) 689. 

86. M. Bonarowska, J. Pielaszek, V.A. Semikolenov and Z. Karpinski, Pd-

Au/sibunit carbon catalysts: characterization and catalytic activity in 

chydrodechlorination dichlorodifluoromethane (CFC-12), J. Catal. 209 

(2002) 528. 

87. M. Bonarowska, A. Malinowski, W. Juszczyk, Z. Karpinski, 

Hydrodechlorination of CCl2F2 (CFC-12) over silica-supported palladium-

gold catalysts, Appl. Catal. B: Environ. 30 (2001) 187.  

88. S. Benkoula, O. Sublemontier, M. Patanen, C. Nicolas, F. Sirotti, A. Naitabdi, 

F. Gaie-Levrel, E. Antonsson, D. Aureau, F.-X. Ouf, S. Wada, A. Etcheberry, 

K. Ueda, C. Miron, Water adsorption on TiO2 surfaces probed by soft X-ray 

spectroscopies: bulk materials vs. isolated nanoparticles, Sci. Rep. 5 (2015) 

15088. 



89 

 

89. W. Vogel, Interaction of a nanosized Pd catalyst with active C from the 

carbon support: An advanced in situ XRD study, J. Phys. Chem. C. 115 

(2011) 1506. 

90. W. P. Zhou, A. Lewera, R. Larsen, R. I. Masel, P. S. Bagus, A. Wieckowski, 

Size effects in electronic and catalytic properties of unsupported palladium 

nanoparticles in electrooxidation of formic acid, J. Phys. Chem. B. 110 (2006) 

13393.  

91. M. Mazurkiewicz, A. Malolepszy, A. Mikolajczuk, L. Stobinski, A. 

Borodzinski, B. Lesiak, J. Zemek, P. Jiricek, Pd/MWCNTs catalytic activity 

in the formic acid electrooxidation dependent on catalyst surface treatment, 

Phys. Status. Solidi. 248 (11) (2011) 2516.  

92. M. Mazurkiewicz-Pawlicka, A. Malolepszy, A. Mikolajczuk-Zychora, B. 

Mierzwa, A. Borodzinski, L. Stobinski, A simple method for enhancing the 

catalytic activity of Pd deposited on carbon nanotubes used in direct formic 

acid fuel cells, Appl. Surf. Sci. 476 (2019) 806. 

93. J. Zhang, M. Chen, H. Li, Y. Li, J. Ye, Z. Cao, M. Fang, Q. Kuang, J. Zheng, 

Z. Xie, Stable palladium hydride as a superior anode electrocatalyst for direct 

formic acid fuel cells, Nano Energy. 44 (2018) 127. 

94. I. Bieloshapka, P. Jiricek, M. Vorokhta, E. Tomsik, A. Rednyk, R. 

Perekrestov, K. Jurek, E. Ukraintsev, K. Hruska, O. Romanyuk, B. Lesiak, 

Pd-catalysts for DFAFC prepared by magnetron sputtering, Appl. Surf. Sci. 

419 (2017) 838. 

95. W. L. Masterton, J. J. Demo Jr., Reduction of oxides by hydrogen: A 

quantitative experiment for general chemistry laboratory, J. Chem Educ. 35 

(1958) 242. 

96. A. Mikolajczuk-Zychora, A. Borodzinski, P. Kedzierzawski, B. Mierzwa, M. 

Mazurkiewicz-Pawlicka, L. Stobinski, E. Ciecierska, A. Zimoch, M. Opallo, 

Highly active carbon supported Pd cathode catalysts for direct formic acid fuel 

cells, Appl. Surf. Sci. 388 (2016) 645.  

97. W.  H. Saputera, J. Scott, N. Ganda,  G. K.-C. Low, R. Amal, The role of 

adsorbed oxygen in formic acid oxidation by Pt/TiO2 facilitated by light 

pretreatment, Catal. Sci. Technol. 6 (2016) 6679. 

https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
https://www.sciencedirect.com/science/article/pii/S2211285517307668#!
http://pubs.rsc.org/-/results?searchtext=Author%3AWibawa%20H.%20Saputera
http://pubs.rsc.org/-/results?searchtext=Author%3AJason%20Scott
http://pubs.rsc.org/-/results?searchtext=Author%3ANathania%20Ganda
http://pubs.rsc.org/-/results?searchtext=Author%3AGary%20K.-C.%20Low
http://pubs.rsc.org/-/results?searchtext=Author%3ARose%20Amal


90 

 

98. M. A. Newton, S. M. Francis, Y. Li, D. Law, M. Bowker, Copper-palladium alloy 

surface: I. Cu/Pd[85:15]{110}, surface structure and reactivity, Surf. Sci. 259 

(1991) 45.  

99. R. H. Bergmans, M. van der Grif, A. W. Denier van der Gon, H. H. 

Brongersma, Composition and structure of the Cu85Pd15(110)-(2x1) surface 

determined by low-energy ion scattering, Surf. Sci. 345 (1996) 303.  

100. D. P. Wilkinson, J. Zhang, R. Hui, J. Fergus, X. Li, Proton exchange 

membrane fuel cells: materials properties and performance, CRC Press, 2009. 

101. X. Yu, P.G. Pickup, Mechanistic study of the deactivation of carbon 

supported Pd during formic acid oxidation, Electrochem. Commun. 11 (2009) 

2012.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



91 

 

List of Figures 

 

Fig. 1. Schematic representation of direct formic acid fuel cell working process…...6 

Fig. 2. Chemical structure of Nafion® membrane……………………………….……....10 

Fig. 3. The surface of Elat® carbon cloth recorded by the scanning electron 

microscope technique………………………………………………………………………..11 

Fig. 4. Schematic illustration of the sputtering system……………………………….….15 

Fig. 5. Schematic representation of the sputtering process……..……………...……….16 

Fig. 6. Schematic illustration of the system for depositing anodes………………….…17 

Fig. 7. Photo of the sample holder with a modified heating part……..………………...18 

Fig. 8. a) Photo of the magnetron sputtering system of own construction during the 

sputtering process; b) photo of the whole sputtering system……………….…………..19 

Fig. 9. Schematic illustration of the X-ray photoelectron measuring system………..21 

Fig. 10. Photo of AXIS Supra photoelectron spectrometer, produced by Kratos 

Analytical, UK.........................................................................................................…22 

Fig. 11. Photo of the ADES 400 photoelectron spectrometr, produced by VG Scientific, 

UK…………………………………………………………………………………………..…23 

Fig. 12. Photo of the scanning electron microscope e-LiNe, produced by Raith, 

DEU………………………………………………………………………………………..…. 24 

Fig. 13. Illustration of the potentiostat SP-150, produced by Lambda System, PL…..27 

Fig. 14. Fuel Cell drawings made by AutoCAD software……………………………….28 

Fig. 15. Photo of home-made fuel cell (FC): a) two anode and cathode parts 

connected; b) photo of cathode part with membrane electron assembly; c) and d) 

plates that were additionally constructed to obtain higher power results based on 

meander changes………………………………………….………………………….……..29 

Fig. 16. Photo of the fuel cell (FC) station with its components….…………….…….29 

Fig. 17. Photo of the pneumatic cylinder with the fuel cell (FC) inside……………..30 

Fig. 18. Photo of the fuel cell (FC) for the measuring with the serpentine flow field 

incorporated into graphite plates and its composition…..……………………………...31 

Fig. 19. Schematic illustration of the program prepared for the (FC) station by 

LabVIEW® software…………………………………………………………….…………...32 



92 

 

Fig. 20. The graphical interface of the program prepared for measuring IV 

curves…………….……………………………………………...…………………………….32 

Fig. 21. Schematic illustration of the fuel cell (FC) test station experimental setup. 

 PR - pressure detectors. The red line is the Kanthal heating element…………………33 

Fig. 22. Molecular structures of polyaniline…...…………………………………………35 

Fig. 23. SEM images of anodes prepared for DFAFCs with a) polyaniline (PANI) 

support loading on carbon cloth and b) previous sample with Pd catalyst on top made 

by magnetron sputtering…………….……………………………………………………...37 

Fig. 24a. XPS spectra of N1s line fitted for PANI chains on carbon cloth..…………38 

Fig. 24b. XPS spectra of C1s line fitted for PANI chains on carbon cloth………..…38 

Fig. 24c. XPS spectra of Pd3d line fitted for Pd/PANI complex on carbon cloth….….39 

Fig. 25. Results of C 1s and O1s spectra fitting C and O chemical groups for XPS 

spectra recorded for GO and RGO commercial platelets……………………………….42 

Fig. 26. Comparison of GO and RGO platelets recorded using TEM technique…….43 

Fig. 27. Fitting curves of photoelectron spectra of Pd 3d5/2-3/2, C 1s and O1s lines 

recorded for P1, P2 and P3 samples of Pd-based anodes with different catalyst 

loading. Samples were prepared by magnetron sputtering……………………….……46 

Fig. 28. Fitted curves of photoelectron spectra of Pd 3d5/2-3/2, C 1s and O1s lines for 

Ref and RefFC samples………………………………………………………………………47 

Fig. 29. 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……………………………………………………………………………..….49 

Fig. 30. 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)………………….….51 

Fig. 31. Comparison of the amount (in at.%) of Pd, Cu, C and O under different 

temperature conditions………………………………….……………………………….…56 

Fig. 32. The results of fitting the Pd 3d5/2-3/2, Cu 2p3/2, C 1s and O 1s for the CuPd 

sample in situ, thermally treated in the XPS chamber. PdCuRT_XPS, PdCu200_XPS, 

and PdCu500_XPS correspond to the PdCu sample heated to temperatures of 25 0C, 

200 0C and 500 0C respectively…………………………………………………………...57 

Fig. 33. a) The ratio of Pd chemical states to metallic Pd resulting from the fitting of 

Pd 3d5/2-3/2  spectra and  b) the ratio of CuO chemical states to metallic Cu resulting 

from the fitting of Cu 2p3/2 spectra………………………………………….……………..58 



93 

 

Fig. 34. Comparison of the amount (at.%) of PdCx, C sp2, C sp3, C-OH, C=O and C-

OOH chemical states for PdCu/CC sample. Results were calculated from the fitting of 

recorded XPS spectra……………………………………………………………………….58 

Fig. 35. Dependence of the amount (at.%) of Pdmet, PdCx, PdO, and PdO2 chemical 

states on temperature for the PdCu/CC sample. Concentrations were calculated from 

the fitting of recorded X-ray photoelectron spectroscopy (XPS) spectra……………...59 

Fig. 36. Fitted curves of photoelectron spectra of Pd 3d3/2–5/2 recorded by X-ray 

photoelectron spectroscopy (XPS) for samples treated in 300 °C before using in fuel 

cell (FC) (left image) and after sample heating (right image)…………………………60 

Fig. 37. a) Scanning electron microscope (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…………………………………………………………………….…….……………..62 

Fig. 38. 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……………………………………………………………….63 

Fig. 39. Fitted curves of photoelectron spectra of Pd 3d3/2-5/2 recorded by XPS for 

PdCu sample treated in 300 0C before using in FC (left image) and after this 

process…………………………………………………………………………..…………….64 

Fig. 40. Fitted components of Pd 3d3/2–5/2 spectra recorded for a sample treated in 

hydrogen peroxide…………………………………………………………………………...66 

Fig. 41. The Pd 3d5/2–3/2 X-ray photoelectron spectroscopy (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……………………………………………………………………………………………..68 

Fig. 42. Dependence of the maximum specific power (red curve) and voltage on the 

current (black curve) in DFAFC for the Pd catalyst. The amount of the Pd catalyst 

was 3.6 µg (P1), 120 µg (P2) and 720 µg/cm2 (P3)……………………………………..72 

Fig. 43. 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)………………………………………………………………73 

Fig. 44. 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. 



94 

 

Pd loading was set to 44 µg/cm2. Maximum specific power is depicted as red curve 

and voltage black curve…………………………………………….…….………………...74 

Fig. 45. Time-stability test of Pd/CC anode prepared for DFAFC without additional 

treatment……………………………………………………………………………………...75 

Fig. 46. 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……….……………………………………………………………………………………..76 

Fig. 47. The power density versus current density per 1 mg of Pd for Pd-based 

catalysts measured in the DFAFC station…………………….…………………………..77 

Fig. 48. a) I-V polarization curves of PEMFC with MEA based on magnetron 

sputtering of Pd for preparing the anode part. The same Pd/CC sample was measured 

at RT (marked as Pd_RT with black color). After that, the sample was heated and 

measured at 50 oC (Pd_50 depicted as green). After the heating, the sample was cooled 

once again at RT and measured (Pd_RT_50 depicted as red). b) The power density 

versus current for the Pd/CC sample measured in the DFAFC station…….………….78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 

 

List of Tables 

 

Table 1. Different types of fuel cells and their description……………………………...5 

Table 2. List of the main materials applied for the construction of the experimental 

setup.………………………………………………………………………………….….……14 

Table 3. Description of the main parts of the FC station from the Fig. 15.…...……...30 

Table 4. Description of the samples investigated in Section 3.1………………………..35 

Table 5. The atomic concentration calculated for the samples investigated in Section 

3.1.3…………………………………………………………………………………………... 41 

Table 6. Description of the samples investigated in Section 3.2………………………..44 

Table 7. The atomic and weight concentrations of elements for Pd standard and Pd 

magnetron layers surfaces.………………………………………………………………….45  

Table 8.  Atomic content of Pd chemical state resulting from the fitting of the XPS 

Pd3d5/2–3/2 spectra for the investigated samples.……………………………….……..…47  

Table 9. The atomic content of carbon chemical states resulting from the fitting of the 

C1s photoelectron spectra.……………………………………………………………..…..48 

Table 10. The atomic content of oxygen chemical states resulting from the fitting of 

the O 1s spectra.………………………………………………………….………………….48 

Table 11. Description of the samples investigated in Section 3.3.……..…………..…54  

Table 12. The atomic content of the PdCu sample thermally treated in situ in the X-

ray photoelectron spectroscopy (XPS) chamber. The PdCu composition was evaluated 

on the basis of the compositions of Pd and Cu………………………….…..…………...56 

Table 13. The atomic content of the Pd chemical state results from the fitting of the 

Pd3d5/2–3/2 photoelectron spectra in the investigated samples. The Pd ratio of atoms in 

PdCx and Pdmet states was calculated from Pd at.% concentration and can be found in 

Pd ratio column..…………………………………………………………………..…..…….59 

Table 14. The atomic concentrations (at.%) of Pd, C and O for investigated Pd300 

samples after subtracting background using the Shirley method.…………………..…60 



96 

 

Table 15. The atomic content of Pd chemical state resulting from the fitting of the 

Pd3d5/2–3/2 photoelectron spectra in the investigated samples. The amount of PdCx and 

Pdmet phases calculated from Pdmet and PdCx at.% concentration can be found under 

Pd ratio column.………………………………………………………………………..…….60 

Table 16. The atomic concentrations (at.%) of Pd, Cu, C and O for investigated 

PdCu300 samples after subtracting background using the Shirley 

method...……………………………………………………………………………..….….…64  

Table 17. The atomic content of the Pd chemical state resulting from the fitting of the 

Pd3d5/2-3/2 photoelectron spectra in the investigated samples. The amount of PdCx and 

Pdmet phase calculated from Pdmet and PdCx at.% concentration can be found under 

the Pd ratio column..……………………………..…………………….……………….…...64 

Table 18. The atomic concentrations (at.%) of Pd, C and O for investigated 

PdbeforeFA, PdafterFA and Pd samples chemically treated after subtracting 

background using Shirley method.……………………………………………….………..65 

Table 19. The atomic content of the Pd chemical state resulting from the fitting of the 

Pd 3d5/2–3/2 photoelectron spectra in the investigated samples. Parts of PdCx and 

Pdmet phases in palladium atoms calculated from Pdmet and PdCx at.% concentration 

can be found under Pd ratio [%] column..………………………………………...……..66 

Table 20. Description of the samples measured in Section 3.4. …………….………….71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 

 

List of Abbreviations 

 

AES          Auger Electron Spectroscopy 

BE            Binding Energy      

CC            Carbon Cloth 

CCM        Catalyst Coated Membrane 

DC            Direct Current 

DFAFC    Direct Formic Acid Fuel Cell 

FA             Formic Acid 

FC             Fuel Cell 

GEIS        Galvanostatic Electrochemical Impedance Spectroscopy  

GO            Graphene Oxide 

IUPAC      International Union of Pure and Applied Chemistry 

MEA         Membrane Electrode Assembly 

PEIS         Potentiostatic Electrochemical Impedance Spectroscopy 

PEMFC    Proton Exchange Membrane Fuel Cells 

RGO         Reduced Graphene Oxide 

RT            Room Temperature 

SEM          Scanning Electron Microscopy 

TEM         Transmission electron microscopy 

UHV         Ultrahigh vacuum 

XPS           X-ray Photoelectron Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 



98 

 

List of Publications 

 

   The present doctoral thesis is based on experimental work done from 2012 to 2018 

at the Institute of Physics at the Academy of Sciences in Prague, the Department of 

Surface and Plasma Science at Charles University, the Institute of Physical Chemistry 

at the Polish Academy of Sciences in Warszawa, and the Institute of Macromolecular 

Chemistry at the Academy of Sciences in Prague. This work aims to discern the 

principal ways to reduce the precious catalyst content in the anode part of the fuel cell 

(FC) and solve contamination problems that dramatically decrease direct formic fuel 

cell (DFAFC) power density as a part of polymer electrolyte membrane fuel cell 

(PEMFC) technology. 

   The main results of this work are repeated from the following original publications: 

1. I. Bieloshapka, P. Jiricek, M. Vorokhta, E. Tomsik, A. Rednyk, R. Perekrestov, K. 

Jurek, E. Ukraintsev, K. Hruska, O. Romanyuk, B. Lesiak. Pd-catalysts for DFAFC 

prepared by magnetron sputtering. Appl. Surf. Sci., 2017, 419, 838. 

2. B. Lesiak, P. Jiricek, I. Bieloshapka. Chemical and structural properties of Pd 

nanoparticle-decorated graphene—Electron spectroscopic methods and QUASES. 

Appl. Surf. Sci., 2017, 404, 300.  

3. L. Stobinski, B. Lesiak, A. Malolepszy, M. Mazurkiewicz, B. Mierzwa, J. Zemek, 

P. Jiricek, I. Bieloshapka. Graphene oxide and reduced graphene oxide studied by the 

XRD, TEM and electron spectroscopy methods. J. Electron. Spectrosc. Relat. 

Phenom., 2014, 195, 145.  

4. E. Tomsik, O. Kohut, I. Ivanko, M. Pekarek, I. Bieloshapka, P. Dallas. Assembly 

and Interaction of Polyaniline Chains: Impact on Electro- and Physical-Chemical 

Behavior.  J. Phys. Chem. C, 2018, 8022.  

5. I. Bieloshapka, P. Jiricek, Y. Yakovlev, K. Hruska, E. Tomsik, J. Houdkova, A. 

Malolepszy, M. Mazurkiewicz, Y. Lobko, B. Lesiak. Thermal and chemical activation 

methods applied to DFAFC anodes prepared by magnetron sputtering. Int. J. Hydrog. 

Energy, 2020.  

6. B. Lesiak, B. Mierzwa, P. Jiricek, I. Bieloshapka, K. Juchniewicz, A. Borodzinski. 

Effect of treatment at high temperatures on morphology of a carbon supported Pd 

catalyst investigated by X-ray diffraction and photoelectron spectroscopy aided with 

QUASES. Appl. Surf. Sci., 2018, 458, 855. 

https://www.researchgate.net/publication/312642431_Chemical_and_structural_properties_of_Pd_nanoparticle-decorated_graphene-Electron_spectroscopic_methods_and_QUASES?_iepl%5BviewId%5D=7kHmq36kVo5fq2ioRwZTjWOZF6W1ZRU3gxof&_iepl%5Bcontexts%5D%5B0%5D=prfhpi&_iepl%5Bdata%5D%5BstandardItemCount%5D=2&_iepl%5Bdata%5D%5BuserSelectedItemCount%5D=0&_iepl%5Bdata%5D%5BtopHighlightCount%5D=1&_iepl%5Bdata%5D%5BstandardItemIndex%5D=1&_iepl%5Bdata%5D%5BstandardItem1of2%5D=1&_iepl%5BtargetEntityId%5D=PB%3A312642431&_iepl%5BinteractionType%5D=publicationTitle
https://www.researchgate.net/publication/312642431_Chemical_and_structural_properties_of_Pd_nanoparticle-decorated_graphene-Electron_spectroscopic_methods_and_QUASES?_iepl%5BviewId%5D=7kHmq36kVo5fq2ioRwZTjWOZF6W1ZRU3gxof&_iepl%5Bcontexts%5D%5B0%5D=prfhpi&_iepl%5Bdata%5D%5BstandardItemCount%5D=2&_iepl%5Bdata%5D%5BuserSelectedItemCount%5D=0&_iepl%5Bdata%5D%5BtopHighlightCount%5D=1&_iepl%5Bdata%5D%5BstandardItemIndex%5D=1&_iepl%5Bdata%5D%5BstandardItem1of2%5D=1&_iepl%5BtargetEntityId%5D=PB%3A312642431&_iepl%5BinteractionType%5D=publicationTitle


99 

 

   Results from the following article where Mgr. Igor Bieloshapka is a co-author were 

not included in this work: 

7. O. Romanyuk, P. Jiricek, T. Paskova, I. Bieloshapka, I. Bartos. GaN polarity 

determination by photoelectron diffraction. Appl. Surf. Sci., 2013, 103, 091601.  

8. R. Perekrestov, P. Kudrna, S. Danis, M. Tichy, I. Bieloshapka, R. Vladoiu. 

Application of microcracked columnar TiO2 thin films deposited by DC hollow 

cathode plasma jet in dye-sensitized solar cells. J. Vac. Sci. Technol., 2017, 35, 

061307. 

https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=Y2rMUXZh1IJT9CsXpUY&page=1&doc=3&cacheurlFromRightClick=no
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=Y2rMUXZh1IJT9CsXpUY&page=1&doc=3&cacheurlFromRightClick=no
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=20&SID=C4Kt1jUyer8JEgZNJcQ&page=1&doc=1&cacheurlFromRightClick=no
https://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=20&SID=C4Kt1jUyer8JEgZNJcQ&page=1&doc=1&cacheurlFromRightClick=no

