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Resumo 
 

A eletro-oxidação de ácido fórmico vem sendo discutida por muito tempo na literatura, em 

particular, a natureza do intermediário ativo no caminho direto tem sido debatida. 

Recentemente alguns grupos relataram novos aspectos deste processo por meio da análise da 

oxidação de ácido fórmico e sua dependência com o pH da solução. Mas tem que ser 

considerado que todos os processos superficiais dependem no pH e na temperatura também. A 

maioria dos estudos, no entanto, foi realizado sob condições convencionais, ou seja, próximas 

ao estado de equilíbrio termodinâmico. Alternativamente, o sistema pode ser estudado longe 

do equilíbrio pelo controle da corrente. Nessas condições a oxidação de moléculas orgânicas 

pequenas sobre platina pode apresentar a formação de padrões e mostrar comportamentos 

oscilatórios. Pelas condições drasticamente diferentes é possível alcançar um melhor 

entendimento da complexa rede da reação, que fica escondido em experimentos 

convencionais. Dessa maneira, a dependência do pH de oxidação de ácido fórmico na 

voltametria cíclica foi revisitada e  estendida a uma ampla região de temperatura e condições 

oscilatórias. Algumas observações adicionais podem ser obtidas, que podem ser confirmadas 

pela espectroscopia de absorção no infravermelho intensificada pela superfície na 

configuração de reflexão total (ATR-SEIRAS) e espectroscopia de reflexão differencial: a) a 

dependência do pH, como relatada anteriormente, pode ser reproduzida, reforçando a 

proposição do formiato como espécie ativa mais provável, invés do ácido fórmico; b) em 

meio ácido um terceiro caminho ao lado dos caminhos direto e indireto poderia ser ativo; c) 

padrões oscilatórios foram encontrados em meio alcalino e evidenciaram o caráter bloqueante 

de espécies oxigenadas como responsável pela formação de padrões; d) geralmente, todos os 

processos envolvidos direta ou indiretamente, podem ser muito propensos a variações 

pequenas no pH e na temperatura da solução, de modo que a atividade deles pode mudar 

significativamente e o sistema apresentar resultados diferentes sob condições similares. 

Adicionalmente, os estudos foram estendidos à oxidação de metanol, que permitiu uma visão 

diferenciada da adsorção das espécies carbonáceas e oxigenadas, as quais principalmente 

poderiam ter caráter inibitório. Apesar disso, como os resultados mostraram sob algumas 

condições, uma interação efetiva de ambas espécies via o mecanismo de Langmuir-

Hinshelwood pode ocorrer, e o caminho direto da oxidação pode mostrar uma atividade mais 

alta e os padrões oscilatórios desaparecem. Observou-se ainda que o ácido fórmico produzido 

como subproduto parcialmente oxidado poderia ter um papel importante na reação da eletro-
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oxidação de metanol. Por fim foi encontrado que não apenas ajustamentos como a ligação de 

platina com ouro pode melhorar o desempenho do catalisador pelos efeitos eletrônicos e 

ligantes, mas também modificações no conteúdo da solução, como a oxidação simultânea do 

ácido fórmico e metanol poderiam permitir um aumento no desempenho. Em ambos os casos 

a formação de CO pode ser suprimida, que o processo mais ativo, notadamente a oxidação 

direta do ácido fórmico, é mais pronunciada. Resumindo, este trabalho pôde dar mais 

entendimento na oxidação de ácido fórmico e metanol e mostrou algumas perspectivas para 

trabalhos futuros, que poderia melhorar o desempenho de células combustíveis de ácido 

fórmico direto (DFAFC) e células combustíveis de metanol direto (DMFC). 
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Abstract 
 

The electro-oxidation of formic acid remained under discussion for a long time in literature, 

where especially the active intermediate in the direct oxidation pathway was discussed 

controversially. Recently some groups reported new insight by the analysis of the formic acid 

oxidation in dependence on the bulk solution pH. But it should be considered, that all surface 

processes, like surface oxidation, anion adsorption as reported in literature, may depend on 

pH and temperature as well. Yet, the majority of the studies are carried out under 

conventional conditions, which are close to the thermodynamic equilibrium. On the other 

hand the system can be driven far from equilibrium by controlling the current, conditions 

where the oxidation of small organic molecules over platinum may undergo pattern formation 

and show oscillatory behaviour. Due to the drastically different conditions one may get a 

better understanding of the complex reaction network, which remains hidden in conventional 

experiments. Thus, the pH dependence of formic acid oxidation was revisited under steady 

state voltammetry and extended to a wide temperature range and oscillating conditions. Here 

insight could be given in various points, which could be confirmed by the analysis of the 

adsorption layer on the Pt surface under oscillating conditions by Surface Enhanced InfraRed 

Adsorption Spectroscopy in Attenuated Total Reflection configuration (ATR-SEIRAS) and 

differential reflectance spectroscopy: a) the pH dependence, as reported earlier, could be 

reproduced and strongly suggests formate rather than formic acid as most active species, 

which has no contribution to the formation of oscillation patterns; b) in acidic media a third 

pathway beside direct and indirect ones may be active; c) newly found oscillation patterns in 

alkaline media revealed the site blocking character of adsorbed water species as possible 

origin for pattern formation; and d) generally, all surface processes, which are directly or 

indirectly involved, can be very susceptible to small variations in the bulk solution pH and 

temperature, that their activity can change significantly and the system emerge different 

results under similar conditions. The alloying of Pt with Au showed the reported suppression 

of CO formation, what lead to a more effective formic acid oxidation and changes in the 

oscillation pattern. Further effort was done to extend the study to methanol oxidation, which 

allowed a differentiated view on the adsorption of carbonaceous and oxygenated species, 

which may have mostly inhibiting character. Yet, as the results showed under some 

conditions, an effective interaction of both species via Langmuir-Hinshelwood mechanism 

can be realized, that the direct oxidation pathway can undergo higher activity and oscillation 
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patterns may cease. It could also be found, that the produced formic acid as partially oxidized 

by-product may have a crucial role in the reaction network of the electro-oxidation of 

methanol. At last it could be found, that not just adjustments like alloying of platinum with 

gold can enhance the catalyst performance by electronic and ligand effects, but also 

modifications in the solution content, such as simultaneous oxidation of formic acid and 

methanol allow an increasing performance. In both ways the formation of CO can be 

suppressed, that the most active process, namely the direct oxidation of formic acid is more 

pronounced. In summary, this work could give deeper insight in the oxidation mechanism of 

formic acid and methanol and showed up some perspectives for future works, which may 

improve the performance of Direct Formic Acid Fuel Cells (DFAFC) and Direct Methanol 

Fuel Cells (DMFC).  
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1.General introduction 
 

The most basic principles of pattern formation and self-organization are 

presented in this chapter, that are obligatory to find patterns in any 

electrochemical system, aside the fundamental electrochemistry of platinum 

in aqueous solution. 
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Self-organization and pattern formation are processes aspects in man-made or natural 

phenomena, such as crime [1], economy [2] and traffic [3] or brain activity [4], structure 

formation [5] and swarms [6], respectively. Probably the most famous example in chemistry 

might be the Belousov-Zhabotisnky (BZ) reaction [7], but most of the self-organizing systems 

can be found in electrochemical systems like metal dissolution (see Figure 1) [8,9], oxidation 

and reduction of sulphur species [10,11], hydrogen peroxide reduction [12–14] or the 

oxidation of small organic molecules [15–19]. These systems can also undergo current and 

potential oscillations under some conditions. 

Figure 1: Snapshots (96x96 nm
3
) of 3D phase-field simulations highlighting the solid–liquid 

interface and compositional domains at the early stage of dealloying. Copied from [9].  

 

The first report of dynamic instabilities dates back 200 years ago [20]. Since then the 

studies of self-organization and pattern formation have helped to provide a better 

understanding of electrochemical systems and have contributed much insight in related 

surface processes. Due to the underlying competition of all contained species on active 

surface sites, the solid/liquid interface is sensitive to instabilities in the non-linear dynamics, 

that self-organization is a common process in electrochemistry. The evolution of all related 

subunits in time and space obeys the non-linear dynamics of the Butler-Volmer theory and 

determines the involved processes in pattern formation [21]. Under conditions in 

thermodynamic equilibrium all parameters will approach a time-independent value of a 

minimum of energy and a maximum in total entropy, which leaves the system in the most 

unorganized, possible state. Yet, as the word ”self-organization“ predicts, the system 

undergoes organization, which automatically means a decrease in entropy. The second law of 

thermodynamics just allows an increasing entropy for open partial systems far from 
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thermodynamic equilibrium with the ambient. The exact controlling of the intrinsic 

parameters such as current or potential can drive the system away from equilibrium, which 

allows the possibility to learn more about the evolution of the dependent variables in this 

environment, that remain hidden in conventional experiments close to the thermodynamic 

equilibrium and makes electrochemical oscillators a perfect model system to elucidate more 

of the non-linear kinetics of complex reaction mechanisms. 

1.1 The electrochemical interface 
 

An electrochemical system generally consists of two conductively connected 

electrodes, called working and a counter electrode, which are both in contact with a solution. 

All electrochemical reactions of interest take place in the phase boundary of the solid 

electrode and the liquid phase as electrolyte on the working electrode. Thus, the 

characterization and study of this interface is a crucial objective to understand more about the 

nature of the applied system. Generally, the electrochemical processes involve the adsorption 

of the reactants on the surface to implement a charge transfer and close the electrical circuit 

between electrode and reference electrode. The region, where related processes take place is 

called the electrochemical double layer and can be described in the easiest way by the 

Helmholtz model [21]. 

The easiest model to describe adsorption is named after Langmuir, where adsorbates 

are treated as rigid spheres like in an ideal gas, adsorbing with a maximum coverage of one 

monolayer. Consequently, no other interactions than between the surface and the particle are 

taken into account in this model. It is well known, that such a treatment is just valid for low 

coverages and simple structured adsorbates, meanwhile attractive or repulsive interactions 

between the adsorbates or particles in the interface become more important as concentration 

and complexity in the studied system increase. Other simulations like the Frumkin or Temkin 

model may be more applicable in such a case. On the basis of this general introduction some 

important examples should be described in the following.  

1.2 The adsorption of water and ions on platinum (Pt) 
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Since conventional studies of electrochemical processes are carried out in aqueous 

solutions, water is very present near the electrode due to an exceedingly high concentration 

and likely to influence the investigated reaction dynamics. Since water is known to show very 

strong intermolecular interactions via hydrogen bonds, the surrounding environment of the 

adsorbing molecules plays an important role as well and has to be included in any studies of 

the metal-water interface. As it is reported in literature, the strength of water adsorption 

strongly depends on the nature of metal surface and the surface orientation, but generally 

chains and ice-like structures can be found on the surface [22–24]. During cyclic voltammetry 

these structures are mainly found in the so-called double layer region, where the orientation of 

the water molecules and adsorption strength strongly depends on the potential [25,26]. The 

voltammetric response of platinum in a 0.5 M K2SO4 solution with additional H2SO4 or KOH 

to adjust the pH, as desired, are plotted in Figure 2: 

Figure 2: Steady state voltammograms of Pt in 0.5 M K2SO4 + x M H2SO4/KOH, pH 1.02 

(black), 13.12 (red). The grey and red boxes indicate the double layer region. 

 

As it illustrates, the double layer region, where water and anions are adsorbed, are influenced 

significantly by the bulk solution pH and is reduced in alkaline media. As Osawa and co-

workers found by surface enhanced infrared adsorption spectroscopy in attenuated total 

reflection configuration (ATR-SEIRAS), the water orientation changes from a tilted 

configuration with hydrogen atoms slightly in direction to the surface in the region of 
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overpotential deposited hydrogen to a more flat configuration at low overpotentials and a 

icelike structure in the double layer region [26]. This interpretation also suggests a potential 

dependent hydrogen bonding, which is rather weak at low overpotentials, where one lone pair 

of the oxygen interacts with the Pt surface and is less available for hydrogen bonds. On the 

other hand hydrogen bonds become very important in the double layer region, where the 

found configuration allows a strong interaction with the overlying molecules in a bilayer 

model. At more negative and positive potentials beyond the double layer region water 

reduction, hydrogen adsorption, water and surface oxidation take place, respectively, as 

shown in equation 1-4, whose onset potentials also strongly depends on the pH. 

 

                            H
+
 + e

- 
+ *  ⇌  Had (1) 

                          H2O + e
- 
+ *  ⇌  Had + OH

-
 (2) 

      H2O + 2 * → HOad + e
-
 + H

+
 + * → Oad + 2 e

-
 + 2 H

+
 (3) 

          OH
-
 + 2 * → OHad + e

-
 + * → 

 
Oad + 2 e

-
 + 2 H

+
 (4) 

The asterisk in each equation represents the necessity of one adsorption site on the Pt surface, 

where the reaction takes place. In the potential range between ~0.7 to ~1.2 V the surface 

oxidation passes through several states, which involve so-called place-exchanges of the 

adsorbed oxides with surface atoms to the subsurface and the deactivation of the Pt surface 

[27]: 

Figure 3: a)-f) Different stages of the surface oxidation of Pt. Copied from reference [27].  
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Meanwhile hydrogen adsorption and desorption appear in the reversible, characteristic shape 

(see Figure 2), oxide formation and reduction show a potential hysteresis due to the 

irreversibility of the place-exchange processes [27–29]. Especially the surface oxidation 

shows a significant shift to more negative potentials in alkaline media due to the facilitated 

formation of surface oxides in that media [30], decreasing double layer region. Due to the 

poor conductivity of pure water with a resistance of 18.2MΩ cm electrolytes are used to 

enhance the charge transfer between working and counter electrode. As Strmcnik et al. 

reported, the adsorption of cations also has a crucial role in the solid/liquid interface of 

platinum, which is susceptible to the size of the present alkali ion in solution. Thus, all cations 

adsorb physically, but meanwhile the smaller Li
+
 and Na

+
 get physically adsorbed directly on 

the formed surface oxides, the Cs
+ 

and K
+ 

interact rather via the surrounding hydration shell 

[31].  

In acidic solutions anions undergo either weakly physio- or strong chemisorption, 

depending on their interaction with Pt surface and go in the order from weak to strong for 

ClO4
-
 < SO4

2-
 < HPO4

2-
 < Cl

-
, just to mention some prominent examples, and also interact 

with the surrounding water environment [32]. As it is shown in literature, adsorbed anions 

may also influence the structure of the water layer and compete with oxide formation or any 

other oxidation or adsorption process for active surface sites [26]. Despite the possibly lower 

presence of anion and cation due to the lower concentration compared to water in the 

electrochemically double layer, it can be concluded, that their adsorption may have a crucial 
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influence on any (non)faradayic process, that takes place in the electrolyte-platinum interface 

and have to be considered in the analysis of reaction mechanism. Besides the described 

effects, the accumulation of anions may lead to a phase transition in the adsorption layer, 

which leads to a higher order of the adsorbates and manifests itself in an immediate increase 

of the measured current in the potentiodynamic profile of highly ordered, monocrystalline 

surfaces. In the case of Pt this is especially the case for sulphate adsorption on the Pt(111) and 

Pt(100) terraces [33–35]. A phase transition has also been reported by Fujitani et al. and 

Kibler et al. for the adsorption layer formate in bridge-bonded configuration on Cu(111) and 

Au(111), respectively [36,37]. This fact may be of crucial importance, since the role of 

bridge-bonded formate has been under debate in literature recently, which will be explicated 

and discussed below. 

1.3 Dynamic instabilities and oscillations in electrochemical 

systems 

 

Any system, where an initial parameter x changes by time t, can be called dynamic 

and is described by a differential equation: 

dx

dt
 = f(x)                         (5) 

Differential equations can contain useful information, that help to understand the studied 

phenomena, if the fundamental equation is unknown, which can be understood by the analysis 

of fixed points xf, defined as f(x) = 0. Since differential equations can be difficult or 

impossible to solve, even for one-dimensional systems, the function f(x) can be simplified by 

the application of a Taylor series at x=c, which transforms equation 5 to  

dc

dt
 = f(c) (+ 

𝑓´(𝑐)

1!
(𝑥 − 𝑐) +

𝑓´´(𝑐)

2!
(𝑥 − 𝑐)2 +

𝑓´´´(𝑐)

3!
(𝑥 − 𝑐)3 + ⋯ )    (6)                    

and further simplified by Lyapunov theorem claiming the close vicinity of every point as 

linear [38]. In that way all derivatives in the Taylor series are eliminated or neglected in that 

way, what is expressed with the brackets in equation 6. 

Figure 4: a) Fixed points in the flow field of f(x), b) position of stable (dashed black line) and 

unstable fixed points (red solid line) in dependence on parameter a. 
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This linear stability analysis is used to characterize the type of the fixed points. There 

one has to differentiate between stable, half-stable and unstable fixed points, which are 

marked in Figure 4 in an exemplary case and will be further explained in the following. As 

the arrows in Figure 4a) indicate, a negative value results in a flow to the left and a positive to 

the right by definition. Thus, the fixed points are either unstable (saddle), where any small 

divergence from the fixed point will lead away to the next stable one (node), meanwhile the 

flow field always goes in the direction to the stable fixed points [38,39]. In the case of half-

stable fixed points the flow flied leads to the fixed point on one side, meanwhile it leads away 

from it on the opposite side, respectively. If a parameter “a” varies, the flow changes 

accordingly and leads to the convergence/divergence of the fixed points. This can result in the 

change of a saddle and node to a half-stable fixed point or in their creation/annihilation at the 

so-called saddle-node bifurcation [38,39]. Figure 4b) highlights the increasing separation of 

saddles and nodes as the parameter “a” gets more positive, if the flow field in Figure 4a) 

changes accordingly. 

Another kind of bifurcation is the Hopf bifurcation, where one has to distinguish between the 

supercritical and subcritical type. A few examples for a differential equations of third order 

are plotted in Figure 5:  

Figure 5: a)-c) differential equations of third order dx/dt = ax-x
3
. a) a > 0, b) a = 0, c) a < 0. 



 
27 

 

As the transformation in dependence on parameter a demonstrates, until a critical value of ac, 

the type of the fixed point does not change and just the quantitative approach is smoother in 

comparison of Figure 6a) and b). The situation changes qualitatively, as the bifurcation point 

is passed at ac, where the centred fixed point becomes unstable, two stable ones are created 

(Figure 6c)) and mark the position of a stable cycle [38]. 

Figure 6: a) position of fixed points from Figure 5a)-c) in dependence on a supercritical Hopf 

bifurcation and phase diagram for b) a ≤ ac and c) a > ac. 
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This phenomena is known as supercritical Hopf bifurcation, where the bifurcation and phase 

diagram are displayed in Figure 7. It highlights the transition from the node to the limiting 

stable cycle and the unstable saddle point.  

Figure 7: a) position of fixed points for a subcritical Hopf bifurcation in dependence on a and 

phase diagram for b) a ≤ ac and c) a > ac. 

 

This type of bifurcation is typical for oscillating systems, which evolve with gradually 

increasing amplitude, as the bifurcation point is passed [38,40]. In a subcritical Hopf 

bifurcation, plotted in Figure 7, the situation is quite different, where the node jumps to a 

stable circle of nonzero radius, at the bifurcation. On the other hand, the circle remains as the 

crititcal value is passed from positive to negative until another bifurcation point is passed, 

where the stable circle changes back to the fixed point. Both “hard transitions” occur due to 

the unstable circle between the stable fixed points, where any oscillation will occur or die 

with the amplitude changing immediately from zero to non-zero and vice versa [38,40]. The 

above introduced bifurcation theory shall be used and elaborated in a more practical point of 

view in the following to outline its importance in electrochemical systems. 

As it is fixed by Kirchhoff´s law in equation 7,  

i =  iC(φ) +  iF(φ)            (7) 

the complete current i, which is set by the voltage E from the potentiostat and passes through  

Figure 8: a) Circuit of an electrochemical cell connected to a potentiostat applying the 

potential E and φ as potential drop at the double layer. b) possible branches for the current I 
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passing  the resistance of the system RS and the faradaic impedance ZF  or the double layer 

capacitance CDL at the working electrode. 

 

the common branch with the resistance of the system RS (in Figure 8 red), is equal to the sum 

of the currents, which pass through each branch of the part representing the working electrode 

(green (1) and blue (2) branches in Figure 8a) and b). As it has already been discussed in the 

previous chapter, the electrical circuit in an electrochemical system can be closed by 

adsorption/desorption processes resulting in capacitive currents iC via branch 1), which 

establish the double layer between adsorbates and surface and its capacitance CDL reactive 

processes in the double layer iF. On the other hand currents can flow via branch 2), which 

occur due to faradaic oxidation and reduction reactions and are represented by the impedance 

ZF.Meanwhile iC can be represented by the double layer charging, which depends on its 

capacitance CDL and the time dependent change of the potential E, iF can be described simply 

as the potential dependent current flowing through the faradaic impedance ZF, that equation 7 

can be transformed to equation 8, 

                                                    i = CDL
dφ

dt
+iF(φ)           (8) 

where in potentiodynamic and –static experiments the total current is replaced by the fraction 

of the difference of the applied potential E and the potential drop at the working electrode φ, 



 
30 

divided by the systems resistance RS, which shall not be discussed deeply and is are not scope 

of this work. The linear stability analysis of the system is realized by the introduction of a 

small perturbation δE and the evaluation of iF with the linear term of a Taylor series, what 

changes equation 8 to equation 9, which can be transformed to equation 10: 

                                                          CDL
dδφ

dt
= −

𝜕iF

𝜕φ
δφ                   (9) 

                                                        CDL
dδφ

dt
= −ZF

−1δφ               (10) 

Since the total current is kept constant in galvanostatic measurements, it becomes zero in 

equation 9. In equation 10 it becomes clear, that a positive growing perturbation is realized, if 

the faradaic impedance is negative and manifests the occurrence of possible potential 

oscillations in a potential range, where a negative differential resistance determines the 

current flow in the electrical circuit, which forms the shape of a N (N-NDR) as shown in 

Figure 9a). It should also be noted, that the equation 10 does not include the resistance RS, but 

a theoretically infinite resistance can be assumed as characteristic feature [39,40]. For the 

purposes of this thesis especially the first is to be considered as the main responsible 

parameter for the NDR, what can be caused for example by the accumulation of an inhibiting 

adsorbate on the surface, as the overpotential increases [39]. A schematic example of a N-

NDR is displayed in Figure 9a), which shows the shift of the potentiodynamic curve with 

increasing resistance, for example, by adding an external, serial resistance, to a distorted 

shape, what results in two saddle-node bifurcations and the change from mono- to bistability 

and two possible states in the same potential region, shown in Figure 9c) [41]. In which state 

the system will be, is dependent on the initial conditions. As the arrows indicate the instable 

part between the limiting potentials E1 and E2 is not accessible in the experiment and the 

current changes rapidly between the stable states and manifests itself in a hysteresis. If the N-

NDR is partly hidden by simultaneous process (HN-NDR), just a part of the potentiodynamic 

curve follows the N-NDR, as displayed in Figure 9b) [39,41].  

Figure 9: Current-potential curves for the case of a) N-NDR, b) HN-NDR and c) bistability. 
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So far the non-linear dynamics have been described for the one-dimensional 

dependence of current and potential, which is limited to the phenomena of bistability. If 

current-potential response in the NDR region does not just depend on potential or current, but 

on at least one other parameter θ, dynamic instabilities can evolve oscillating behaviour and 

thus, current or potential oscillations. An example for such an additional degree of freedom is 

the potential dependent adsorption of an activating species, which lowers the coverage of the 

inhibitor partly or completely and liberates the active surface sites. Figure 10 illustrates the 

coupling of all involved parameters, where the central autocatalysis of the potential is to be 

stressed particularly and manifests itself under galvanostatic conditions in the following way. 

The interaction in the positive cycle is the same, as it has been described in the previous 

section of bistability, where any slightly positive change in the potential leads to decreasing 

current [39]. Since the system is forced by the galvanostat to maintain the applied current by a 

sufficient charge transfer via the double layer, the potential and thus, the activity of all 

electrochemical processes have to increase. The negative feedback loop responds accordingly, 

where the parameter θ suffers a positive response due to the increasing potential, which itself 

causes and increasing current. The enhanced activity reduces the potential and closes the 

negative loop [39]. The described interaction is known in literature as activator-inhibitor 

system with the inhibition processes being slower than the activation [39,40]. 

Figure 10: Feedback loops of an oscillating electrochemical reaction. 
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1.4 HN–NDR oscillators and impedance spectroscopy for their 

stability analysis 
 

As mentioned above, the existence of a NDR region and a sufficient, external resistance are 

crucial for the emergence of oscillatory behaviour besides the dependence on more than one 

degree of freedom. In the case galvanodynamic and -static conditions with in theory infinite 

resistance, any HN-NDR oscillator will undergo potential oscillations in the NDR region. But 

since it can be (partly) hidden as in this case by the potential dependent coverage of the 

inhibiting species θ, they will appear on a branch of positive slope in the current-potential 

curve, where the coverage of the responsible species for the HN-NDR decreases. As shown in 

Figure 11, potential oscillations start, as the curve passes a Hopf bifurcation point and grow in 

amplitude. If the limiting cycle hits the unstable part of current-potential curve, the only 

attractor is the stable branch. Hence, the oscillations cease and the potential jumps rapidly to 

higher overpotentials. 

Figure 11:  Real (black) and theoretical response (red) potentiodynamic response of an HN-

NDR system in the NDR region.  
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The impedance spectrum usually is plotted in the Nyquist diagram in Figure 12, which show 

the imaginary against the real impedance of the system measured at different frequencies. 

Figure 12: Typical potentiostatic impedance spectrum for a HN-NDR system. Pt in 0.2 M 

HCOOH + 0.5 M H2SO4 at 0.85 V vs. RHE. 
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HN-NDR oscillators show a characteristic spectrum, as plotted in Figure 12. How the 

impedance spectra evolve in a cyclic voltammogram with a HN-NDR is shown in detail in 

Figure 13.  

                 Figure 13: Representative impedance spectra in the potential region of a HN-NDR 

oscillator along the potentiodynamic profile. Copied from [42] 

 

The Nyquist plots exhibit positive, real impedance at small frequencies and first quadrant 

behaviour due to the positive slope in the potentiodynamic curve, where the slow, inhibiting 

process dominates the response of the system. The negative resistance is just visible, as the 

frequency increases in the intermediate range and the spectrum enters the second quadrant. In 

that frequency range the faster response of the process with the NDR characteristic overcomes 

the inhibition and reveals the Hopf bifurcation point and the necessary external resistance to 

find oscillating response in the system, as the curve intersects the x-axis (ω = ωH). Thus, in 

the low potential region the response in the impedance spectrum is mainly positive, but can 

show negative impedance at low frequencies at potentials closer to the Hopf bifurcation point. 

Beyond the bifurcation point, the cycle in the spectrum flips back, showing first quadrant 

behaviour and remains like this until high overpotentials, where the Pt surface oxidation is the 

dominant process and oxygen evolution starts. 

Conditions far from equilibrium are intrinsic for the oscillating regime of the electro-

oxidation of small organic molecules and a striking difference to conventional 
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electrochemical methods like steady-state voltammetry and chronoamperometry. The time-

dependent evolution of the coverage and the reaction rates of all surface processes can reveal 

more information and insight in the reaction mechanism and the complex network of all 

interfacial reactions [43–48] and show higher conversion efficiency [49]. Particularly, the 

adsorption of carbonaceous and oxygenated species along the oxidation of HCOOH and 

H3COH on Pt are essential variables that contribute to the instability. Their analysis and 

understanding are difficult, but are crucial to improve the performance for an economic 

application in fuel cells. Moreover electrochemical oscillations along the oxidation of small 

organic molecules are found to evolve slowly in time compared to the oscillation cycle, 

although all experimental parameters are fixed. This phenomena was called drift and can be 

seen as aging process of the surface, which occurs to the irreversible place-exchanges of 

adsorbed oxides with Pt surface atoms [50–52]. Since HCOOH and H3COH are oxidation can 

be seen as models for oxidation of C1-C3 molecules, it is possible to get more information 

about other reactions as well.  
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2.The electro-oxidation 

of small organic 

molecules 
 

This chapter contains the general chemistry of formic acid and methanol and 

the general state of the art in the electro-oxidation of both molecules over 

platinum under potentiodynamic and chronopotentiometric conditions. 
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Since the beginning of last century the energy consumption has increased 

tremendously and lead to the dependence of the industry nations on the limited fossil 

resources. Especially, the oil crisis in the 70s had pointed out that dependence, what initiated 

the research for renewable energy resources and alternative methods for energy conversion. 

The awareness of drastic human impact in the changing climate augmented the desire for 

more sustainability. Besides solar, wind and water energy, the technology of fuel cells got in 

the focus of science. A fuel cell converts the complete chemical energy in electrical energy, 

what can be realized by the application of hydrogen and its oxidation to pure water. Yet, the 

energy to break the molecule bond in a hydrogen molecule requires much energy, 4-5 eV 

[53,54] and a catalyst to enhance the reaction rates, where precious, noble metals like 

platinum and palladium showed the best performance [55] and make the application of fuel 

cells under that conditions economically inefficient. Besides the lack of a cost-efficient 

catalyst, hydrogen is rare in its elementary form, its production, storage and usage is 

expensive, complicated and/or dangerous. Moreover the majority of hydrogen is produced by 

steam reforming [56]:  

                                                 CnHm + nH2O → nCO + (n +
m

2
)H2         (11) 

As it can be seen in equation 11, the reaction produces CO, what acts as strong catalytic 

poison and declines the activity of fuel cells. Consequently, much effort has been done to find 

improvements for the catalytic performance of the electrode, to circumvent the adsorption of 

CO and to put small organic molecules, such as formic acid and methanol, as natural 

candidates for an application in focus as well. As Capon et al. has already foreseen in his 

review on formic acid oxidation 45 years ago, still more efforts are needed for the fuel cells to 

become a promising alternative to conventional combustion engines [57]: 

This short review has highlighted the many difficulties encountered in investigations 

of catalytic behaviour of possible fuel cell electrode materials. It is clear, that there 

can be no short answer to the problem of how organic molecules interact with the 

electrode surface and that agreed solutions will only be arrived at through many 

separate studies, each of which contributes some small piece of information or 

clarifies some point of disagreement. 

The following sections shall give a short overview on the current state of the art in formic acid 

and methanol oxidation over platinum from a general point of view and in steady state 

voltammetry and oscillating conditions. 
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2.1 Electro-oxidation of formic acid 
 

Methanoic acid, common name formic acid (HCOOH), is a colourless, pungent 

smelling liquid, which naturally occurs mainly in ants and thus, has its name from the latin 

word for ant “formica”. Chemically it is the easiest representatives of the carboxylic acids 

with the molecular structure asin Figure 14 [58]: 

Figure 14: Formic acid in two mesomere structures in a) and b). 

 

Since HCOOH is a derivative of water, where one hydrogen atom is replaced by a formyl 

group, it can also form hydrogen bondings with for example water molecules from its 

hydration shell or itself. Such dimerization is well known from all carboxylic acids and is to 

be considered especially at high concentrations [58]. HCOOH is the most acidic one in the 

class of carboxylic acid, whose corresponding, weak base is called formate and with a pKA of 

3.75 generally classified as weak acid. Consequently, shifting the pH by stronger acids or 

bases will keep formic acid/formate in its protonated/ deprotonated state. The concentration 

profile of the acid-base equilibrium is plotted in pH dependence in Figure 15, where it can be 

seen, that in strong acidic media formic acid is the dominant species and the molar fraction of 

formate is close to zero. This changes in the pH region around the pKA, where the molar 

fraction of both species converge and at pH>4 the molar fraction of formate exceeds the one 

of formic acid to almost 1. As it is indicated by the red box in Figure 14, formic acid can also 

be seen as hydrogen carrier, which can be oxidized by transfer of two electrons via the 

breaking the O-H and C-H-bond. As theory [59] and experiment [60] show, the acidic 

hydrogen can be abstracted easily, meanwhile the cleavage of the C-H-bond requires more 

energy and is the rate-limiting step in the oxidation of HCOOH to CO2. Generally, it is well 

accepted in literature, that electro-oxidation of HCOOH takes place via a dual pathway 

mechanism with the common product carbon dioxide (CO2), which was introduced by Capon 

and Parsons [57,61,62]. The so-called indirect pathway shows sluggish reaction kinetics, 
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where adsorbed carbon monoxide (COad) was confirmed as poisoning intermediate [63–65], 

formed via the dehydration of HCOOH: 

HCOOH → H2O + COad               (12) 

Figure 15: Molar fractions of formic acid (black) and formate (red) vs. bulk solution pH. 

 

It is well reported, that COad occurs in linear, bridge and multi-bonded configurations, which 

changes in dependence on its coverage [66]. On the other hand the active intermediate in the 

direct pathway remained under debate for a very long time, where many possible candidates 

like COOHad [67], HCOOHad [68], HCOOad in bi- [66] and monodentate configuration [59] 

and some dimer species [69] were discussed controversially in literature. Yet, the recent 

literature agreed, that the most active species rather is formate than formic acid, even under 

acidic conditions, where its presence is significantly lower [70–75]. Surprisingly, few studies 

can be found on the mechanism in the indirect pathway despite its great impact on the 

reaction kinetics. Besides the consideration of HCOOad as precursor for COad [73,76,77], 

Zhong et al. recently suggested a simultaneous formation of COad and CO2 from a complex 

network of formic acid and water in the solid/liquid interface [78,79]. The steady state 

voltammograms of formic acid (HCOOH) oxidation in acidic and alkaline media are plotted 

in Figure 16a) and b). As it can be seen the reaction shows 3 characteristic peaks in both 

solutions, which can be attributed to the same electrochemical processes. Thus, formic acid 

oxidation becomes active at ~0.3 V, where it takes place under the influence of other surface 
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processes like anion, water and particularly CO adsorption, which overcome the activity of 

the direct oxidation pathway at the peak maximum I and are responsible for the following 

current decrease until peak II appears. It can be seen very clearly, that the inhibition is much 

more pronounced in alkaline media, where just the very beginning of peak I and II is visible 

due to the stronger and earlier adsorption of hydroxide (see section 1.2). This effect also 

explains the appearance of peak II, which coincides with the beginning of the surface 

oxidation and the consequent removal of COad via Langmuir-Hinshelwood mechanism: 

COad + O(H)ad → CO2 + 2 e
-
 (+ H

+
)              (13) 

Due to the slow kinetics even at high overpotentials, the contribution to the total current is 

below 0.1%. at 0.6 V [80], emphasizing the great domination of the direct oxidation pathway 

in the oxidation mechanism. As Osawa and co-workers revealed by ATR-SEIRAS, a 

diminishing CO coverage results in a higher presence of HCOOad in 0.5 M H2SO4 [66,81], 

whose role in the oxidation mechanism as active or rather spectator species is not completely 

clear yet. The following region of low current densities coincides with the potential range of 

surface oxidation in the basic voltammogram (Figure 2), where direct pathway is blocked by 

adsorbed oxygenated species.  

Figure 16: Steady state voltammogram of formic acid oxidation in 0.5 M K2SO4 + x M 

H2SO4/KOH, a) pH 1.02 and b) 13.12. The dashed lines indicate the steady state 

voltammogram in the used electrolyte, shown in Figure 3. Scan rate 0.05 V s
-1
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As the oxide layer is lifted in the back scan at ~0.8 V, the voltammogram evolves through to 

high current density region III due to the unhindered HCOOH oxidation on Pt showing its 

possible activity. The comparison of Figure 16a) and b) the current densities in alkaline 

solution are close to the level of the bare electrolyte. Furthermore peak III and peak I do not 

show a hysteresis as in the acidic conditions, but rather reversible behaviour, what suggests 

similar conditions and a significantly lower influence of COad. Yet, the emergence of the latter 

is evident in the small peak II. This behaviour can be explained by the easier surface oxidation 

in high pH solutions and points out the susceptibility of the direct oxidation pathway to 

suppression by competing adsorption processes. As Joo et al. reported recently, the coverage 

of COad as also of HCOOB decrease with increasing pH [72] and illustrates the manifold 

impact of the bulk solution pH, what shall be discussed in detail in section 6. Due to the 

region of negative differential resistance in the potentiodynamic profile which is hidden by 

the high presence of COad, HCOOH oxidation generally fulfils the conditions to undergo 

potential oscillations. Their emergence is already well known from many publications and 

was studied under the influence of various parameters like temperature [50,82], surface 

orientation [83], composition of the electrode surface [44,45,84] or bulk solution [46,85,86] 

and current density [81].  

Figure 17: a) Potential oscillations of 0.2 M HCOOH in 0.5 M K2SO4 (pH 1.02), b) dE dt
-1 

vs. 

E of the oscillation pattern. 
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Figure 17a) and b) display the characteristic profile of the potential oscillations of 

HCOOH oxidation on Pt in acidic 0.5 M K2SO4 (pH 1.02) and the related derivative against 

the potential, respectively. Potential oscillations are born via a subcritical Hopf bifurcation 

and die at the end of the time series by passing a saddle-loop bifurcation point, where the limit 

cycle collides with the fixed point in the oxygen evolution region and the potential evolves to 

high overpotentials (not shown) [82]. As it can be seen, the oscillation profile remains most of 

the time in the lower potential range, where COad is accumulated on the surface, until the 

potential increases and surface oxidation becomes active to remove the inhibitors from the 

surface as in equation 13, what results in a fast potential drop and a new oscillation cycle. In 

the derivative in Figure 17b), positive values represent the poisoning rate along the oscillation 

cycle, which find a maximum at ~0.7 V, meanwhile negative values stand for the rates in 

liberation rates. The two times smaller poisoning rates indicate the basic activator-inhibitor-

system with a slow inhibiting and fast reactivation process. 

2.2 Electro-oxidation of methanol 
 

The name methanol (H3COH) is the abbreviation for methyl alcohol, which comes 

from the Greek words methy = “alcoholic liquid” and hulē =”wood” indicating its former 

acquisition from the distillation of wood [87]. It is the simplest alcoholic compound, shown in 

Figure 18, where the characteristic hydroxyl group is linked to methyl group, that it can be 

seen as water derivative like formic acid: 

Figure 18: Molecular structure of methanol. 

 

However, the methyl group polarizes the O-H bond less than a carbonyl group, that hydrogen 

bonds with water or itself play a minor role in aquatic solutions of methanol. Also due to that 

fact, its acidity (pKA =15.5 [88]) is negligible and its addition does not influence the bulk 

solution pH, contrary to HCOOH. Since H3COH just contains one oxygen atom, the 

integration of an oxygen atom is required along the oxidation to CO2.  
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Figure 19: Steady state voltammogram of the electro-oxidation of 1 M H3COH over Pt in 0.5 

M K2SO4. a) pH 1.02, b) pH 12.97. Scan rate 0.05 V s
-1

.  

 

Consequently, it is not surprising, that the steady state voltammogram of H3COH oxidation on 

Pt (Figure 19) takes place exclusively in the potential region, where the surface oxidation is 

active, independently on the pH. This fact is a striking difference to the oxidation of HCOOH 

(see Figure 16) and crucial to understand the oxidation mechanism. It should be especially 

noticed, that the change of the bulk solution pH has the contrary effect on the oxidation 

activity than it appears in formic acid oxidation and the current densities is found to be higher 

by one order of magnitude at pH 13 [89]. The oxidation mechanism in Figure 20 highlights 

the most important steps. The first initial steps consist of the cleavage of the C-H bonds and 

the adsorption of several, carbonaceous species, which lead to the formation of COad (dashed 

arrows). Adsorbed surface oxides can undergo either a place-exchange, as indicated in the left 

bottom or oxidize the formed adsorbates via Langmuir-Hinshelwood mechanism in the 

reaction steps 1-4, where the black arrows mark the direct and indirect pathway. In the dual 

pathway mechanism of methanol formyl (CHO) and hydroxymethylidyne (COH) are 

discussed in literature as crucial intermediates for both pathways [90–93]. These oxidation 

processes include the formation of the partially oxidized by-products formaldehyde (not 

shown) and formic acid (reaction step 1) in the interfacial double layer, from where they can 

diffuse either into the solution or back to the surface to become further oxidized (reaction 5). 
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It should be especially noticed, that this reaction is the only one which does not include 

necessarily a oxygenated species as reaction partner via the direct oxidation of formic acid. 

Figure 20: Reaction mechanism of the electro-oxidation of methanol. Copied from [94]  

 

Due to the potential dependent water adsorption hidden by the adsorption of COad among 

others, the electro-oxidation of H3COH counts to the class of HN-NDR oscillators as HCOOH 

oxidation [95]. Thus, potential oscillations in H3COH oxidation on Pt, exemplary shown in 

Figure 21a) together with the dEdt
-1 

profile vs. E in Figure 21b), evolve by passing a 

supercritical Hopf bifurcation and at their end the collision of the limiting cycle with the 

stable branch of a saddle point [96–99].  

Figure 21: a) potential oscillations of 1 M H3COH in 0.5 M K2SO4 (pH 1.02), b) dE dt
-1 

vs. E 

of the oscillation pattern. 

 

In that case, the oscillations die out the stable branch at lower overpotentials than 1 V. 
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Contrary to formic acid oxidation, the saddle point does not always lie in the oxygen 

evolution, that the end of the oscillations can be seen before the end of the potential time 

series in the oxygen evolution. Contrary to HCOOH oxidation, the potential can also show 

patterns different types of period-1 patterns, called S- and L-type, and of higher period than 1 

as well, which usually evolve from period-1 oscillations [100,101]. The period-1 oscillation 

of H3COH oxidation at pH 1 have a higher frequency by at least one order of magnitude and 

visit just a higher potential range, which lies in the region, where surface oxidation becomes 

active. This fact can be explained again by the requirement of oxygenated species in the 

methanol oxidation. The dEdt
-1 

profile also shows drastic differences to the one from Figure 

19b), where the cycle appears more reversible and ten-fold lower poisoning and liberation 

rates. An analysis of the oscillation behaviour of H3COH oxidation and its comparison to 

HCOOH oxidation will be worked out in further detail in section 6. 

2.3 The electro-oxidation of formic acid and methanol on Pt-

based electrodes 
 

Pt electrodes are well reported in literature to show the best catalytic activity in the oxidation 

of small organic molecules. Yet, as the previous sections described, Pt suffers significant 

poisoning due to the adsorption of carbonaceous species, mainly COad, which is one reason 

amongst others, that more research is to be done for an successful and cost-efficient 

application of fuel cells as energy converter. Thus, a vast amount of publications has already 

been reported on literature, which studied the oxidation of formic acid and methanol on bi- 

and ternary Pt electrodes [102–105], which goes beyond the scope of this work. Thus, a short 

introduction should be given here and a more theoretical approach in chapter 5.1 to introduce 

the application of PtAu alloyed nanoparticles in formic acid oxidation to review the literature 

on this topic briefly. In general, different approaches can be found in literature to enhance the 

activity of Pt anodes in the oxidation of small organic molecules: a) the alloying of Pt with 

more oxophilic metals, like Ruthenium, to facilitate the formation of surface oxides, that 

carbonaceous adsorbates can be removed more easily via Langmuir-Hinshelwood mechanism 

[106], b) the alloying with metal, that show less or no CO formation and are more selective to 

the direct oxidation pathway, such as Pd or Au [107,108], c) the treatment of Pt electrodes 

with metals, that facilitate and enhance the direct oxidation [109]. 
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3.Objectives 
 

This chapter presents the main objectives, which were addressed in this 

work. 
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As it was mentioned in the previous section, recent studies on the pH dependence on 

formic acid oxidation by cyclic voltammetry could give a deeper understanding on the 

reaction mechanism and indicated weakly adsorbed formate as the most active species in the 

direct oxidation pathway. In this work the study of the steady-state voltammetry of formic 

acid oxidation was extended to a wide pH and temperature range and also by 

chronopotentiometry on Pt as well as on PtAu alloyed nanoparticles of different content. 

Furthermore formic acid oxidation was studied independence on these parameters under 

oscillating conditions in galvanodynamic and –static experiments, which have been able to 

give more insight in the active surface processes along the oxidation of small organic 

molecules, as stated above. The made interpretations could be verified by the analysis of the 

coverage of the Pt surface in oscillation mode by ATR-SEIRAS and differential reflectance 

spectroscopy. Besides the study of the electro-oxidation of formic acid, cyclic 

voltammograms and chronopotentiometry of methanol oxidation were also performed in pH 

and temperature range to get better understanding on this complex reaction network. 

Moreover measurements were also carried out with H3COH in the batch to study the 

solid/liquid interface of HCOOH oxidation in dependence on the temperature. Summarizing, 

both systems were studied under the mentioned conditions close and far from the 

thermodynamic equilibrium to get more information on all important surface processes and 

the influence of them on each other and pointed out the crucial impact of other processes 

which are not directly involved in the oxidation mechanism, like anion adsorption. 
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4.Materials and methods  

 
 

This chapter addresses all equipments and materials used in this work. 
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4.1 The electrochemical cell 
 

All voltammetric and galvanostatic measurements were carried out in two-compartment, 

three-electrode glass cell (Figure 22), equipped with two Pt foils of 0.30 cm
-2 

and 1.2 cm
-2 

as 

working (WE) and counter electrode (CE), respectively (roughness factor: 1.2, estimated by 

the charge of hydrogen monolayer, 210 µC cm
-2

), and an as prepared reversible hydrogen 

electrode (RHE) as reference (RE). In the pH range of 0-2 and 13-14 RE contained the same 

electrolyte as the electrochemical cell. For the other pH range a solution of pH around 0 or 14 

used.  

Figure 22: Schematic electrochemical cell used for all measurements. 

 

Before entering the cell WE and CE underwent flame annealing in a butane flame for about 

30 s. Afterwards electrochemical annealing by cyclic voltammetry (CV) of at least 1000 

cycles of 1 Vs
-1

 in the basic electrolyte in the potential range between 0.05 and 1.45 V was 

used done to ensure the reproducibility of the surface. The initial characterization of the 

system was done in a CV at 0.05 Vs
-1 

out in the same potential window. The measurements 

were carried out with an Autolab potentiostat/galvanostat PGSTAT 30, and the temperature 

controlled with a thermostat bath MA-184 by Marconi. Solutions were prepared using 

sulphuric acid (97.3%, J.T. Baker), potassium hydroxide (99.99%, Sigma-Aldrich), potassium 

sulphate (99.0%, Sigma-Aldrich), formic acid (98%, Sigma-Aldrich), methanol (99.97%, J.T. 

Baker) and Milli-Q-water (18.2 MΩ cm). The pH of each solution of electrolyte and RHE was 
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determined with a pH-meter Marconi MA-522. Before each experiment the solution was 

purged with argon (99.996%, White Martins) for at least 5 minutes. Afterwards the electrode 

was put in a solution of 0.4 M K2SO4 with the identical pH, containing 0.2 M HCOOH or 1 M 

H3COH. Another CV at 0.05 Vs
-1

 was performed to check the reproducibility of the 

characteristic features the voltammogram of formic acid oxidation on platinum before any 

further procedure. All potentials in this work refer to the RHE scale and were corrected by the 

Nernst-equation: 

 

E = E0 +
RT

nF
(

aox

ared
)            (14) 

 

with E and E
0
 as potential and standard potential, R the ideal gas constant, T the temperature, 

n the transferred electrons, F the Faraday constant and a the activities of oxidized and reduced 

species. In the applied system the equation can be transformed to: 

 

E = −0.059pH                                (15) 

 

Since the potential also depends on the temperature as illustrated in equation 16, 

 

  (
∂E

∂T
)

p
=

∆SH

F
                                     (16) 

with ΔSH as the deposition entropy of hydrogen on platinum. Conway et al. determined this 

value as 83.6 and 6.7 J mol
-1

 K
-1

 in acidic and alkaline solution, that the potential temperature 

dependence is 0.84 and 0.07 mV K
-1

, respectively [110]. The potential displacement by the 

temperature can be corrected accordingly. 

4.2 Alloyed platinum-gold nanoparticles 
 

The synthesis and characterization of all applied PtAu NPs as well as the preparation of the 

working electrodes is reported elsewhere [111]. 
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4.3  Surface enhanced infrared adsorption spectroscopy in 

attenuated total reflection configuration (ATR-SEIRAS) 
 

As it is shown in Figure 23, the experimental set-up in the ATR-SEIRAS is slightly different 

to the conventional three electrode electrochemical cell. Meanwhile the CE was a Pt wire of 

significantly larger area than WE a similar RE was used, where the latter was linked via a 

Luggin capillary to the WE. WE was a Pt film (26 cm
-2

, roughness factor 6.5) deposited on a 

silicon (Si) prism, as reported elsewhere [112,113]. In ATR configuration the IR beam comes 

from the source and passes polarisator, before being reflected by two mirrors and the WE on 

the way to the detector. Along the reflection on the electrode surface, the interaction of IR 

photons and adsorbates is amplified via an electromagnetic and chemical mechanism, 

according to the election rules [114]. Due to that fact, ATR-SEIRAS is a powerfull technique 

to probe the IR active species on and near the surface in a qualitative and quantitative way. 

Thus, the experiments were performed with a Nicolet 470 FTIR spectrometer equipped with an 

MCT detector, using unpolarised light. The background spectrum consisted of 100 

interferograms taken in the bare electrolyte at 0.1 V before each measurement. Each 

measurement spectrum along the potential time series of formic acid oxidation consisted of a 

single interferogram, collected with a spectral resolution of 8 cm
−1

 in the kinetic mode, with a 

time resolution of 140 ms.  

Figure 23: Schematic set-up for the ATR-SEIRAS. 
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All preparation experiments were carried out with a EmStat3 Potentiostat from PalmSens, 

meanwhile a galvano-/potentiostat from EG&G Princeton Applied Research was used for the 

chronopotentiometric measurements. 

4.4 Differential reflectance spectroscopy 

 

The experimental set-up for the differential ultra-violet reflectance spectroscopy is 

demonstrated in Figure 24: 

Figure 24: Schematic set-up for the differential UV reflectance spectroscopy. 

 

The UV photons come from the source (deuterium lamp, Hamamatsu, 150 W) pass through a 

monochromator (PhotonTechnology International), which is fixed at the desired wavelength, 

and are reflected on the electrode surface, before they reach the detector. All shown 

measurements were performed with a Pt(111) single crystal and a wavelength of 250 nm. To 

ensure a reproducible focus of the beam, the positions of electrode and detector were adjusted 

at a wavelength of 520 nm (tungsten lamp, Hewlett Packard, 100 W). The differential spectra 

were calculated as −log(Rsample/ Rreference), where Rreference and Rsample are the reference and 

sample spectra, respectively. 
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5.Electro-oxidation of 

formic acid on PtAu 

nanoparticles (NPs) 

 
 

This chapter shows the investigation of the electro-oxidation of formic acid 

on Pt nanoparticles alloyed with Au in different content by under 

voltammetric and oscillating conditions.  Electronic and ensemble effects 

in the PtxAuy nanoparticles demonstrated a crucial influence on the 

oxidation activity. 
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5.1 Introduction 
 

The word “nano” originates form the greek word “υαυοσ” (“nanos”, = dwarf) and is 

used as prefix in the metric system to denote a factor of one millionth. Thus, nanotechnology 

refers to the treatment of matter in the range of nanoscale in at least one dimension, typically 

1 to 100 nm. The application of nanomaterials has gained much importance in the last decades 

and also plays an important role in catalysis and energy conversion (see [115–118] and 

references in there), due to their high surface-to-volume ratio, less material consumption 

compared to bulk material and tunable properties [115]. Characteristic properties of the 

nanostructures strongly depend on the synthesis methods and parameters, which are not yet 

fully understood. This topic is beyond the scope of this work and shall not be discussed in 

further detail. As already mentioned, Pt and Pt-based catalysts are promising candidates for an 

application in fuel cells, but further studies are required to reduce the surface poisoning due to 

carbonaceous adsorbates and tailor a cost-effective electrode for the oxidation of hydrogen or 

small organic molecules. A possible way to enhance the performance of the electrode is to 

combine Pt with other metals, which can reduce the formation/adsorption of COad.  

Generally an electron bound to an atom can be treated as a particle in a box, where the 

energy eigenvalues E of the distinct states in s-, p-, d- and f- orbitals can be calculated by the 

Schrödinger equation. The result is an energy diagram of all possible states as in Figure 25a). 

The combination of atoms in molecules, clusters and bulk material then leads to the addition 

of all states to the valence and conduction band, separated by the band gap (Figure 25b),c)). 

As in the case of metals at least the last occupied state by electrons, the Fermi level, lies in the 

energy range of unoccupied states, as in Figure 25d). Thus, the valence band overlaps with the 

conduction band and the electrons in the metal can move freely like a gas, what is the reason 

for the high conductivity of metals. The density of the electronic states and the Fermi level are 

characteristic features of a catalyst and are important to understand its activity. Since the d-

band electrons determine the chemistry of the transition metals, such as Pt, the electronic 

structure of the valence band of the d-orbitals is crucial. CO adsorbs vertically via the C- atom 

on Pt and shows a strong interaction with its d-band via the σ-bonding and a back-donation 

from the metal to the antibonding π
*
-Orbital of CO [119]. As it has been shown by Nørskov 

and co-workers, the electronic characteristics of the d-band of each metal can change 

significantly due to alloying with other metals and also the adsorption behaviour of CO 

[120,121]. Besides this electronic effect on the band structure each metal of the alloy will 
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undergo strain effects changing the lattice parameters in the surface composition along the 

alloying process, which influence each other and the catalytic activity [121].  

Figure 25: Energy level diagrams of a) an atom, b) molecule and the energy bands of 

multiatom compositions like in the case of c) a semiconductor and d) a metal. 

  

It is reported in literature, that the alloying of Pt with Au shifts the d-band centre of Pt from -

2.25 to -1.8 eV, what strengthens the adsorption bond of CO and results in higher 

overpotentials required for its oxidation [122]. Yet, one has to differentiate between the 

adsorption of CO from solution or the gas-phase and its formation along the oxidation of 

small organic molecules. As Cuesta reported, three contiguous Pt atoms are required as 

adsorption site for CO formation [77]. On the other hand the direct oxidation pathway 

requires less adsorption sites, that a decrease in the electro-active area of Pt adsorption sites 

has a lower impact on the active pathway. The adsorption of ad-atoms and alloying changes 

the surface composition of the electrode, which has an impact on the reactions in the double 

layer region, known as ensemble or third body effect [123]. Since Au is known to be selective 

to the direct oxidation pathway of the oxidation mechanism of formic acid and does not show 

any sign of CO formation [76], its alloying with Pt is a promising approach to enhance the 
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catalytic activity of Pt-based electrodes [122,124,125]. Since Au impacts the CO and OH 

formation via electronic and ensemble effects, as described above, PtAu alloys have also 

demonstrated a promising performance in formic acid and methanol oxidation [124–126]. 
 

Yet, to the best of our knowledge, the performance of PtAu alloyed NPs has not been studied 

far from equilibrium, but might provide further insight in the surface processes in formic acid 

oxidation. 

5.2 Initial characterization and performance in HCOOH 

oxidation 
 

The structure characterization of the NPs can be found elsewhere [111]. Due to surface 

segregation the Pt/Au ratio in the nanoparticle can differ at the surface, which will influence 

the electrochemical performance [127–130]. The obtained results from X-ray photoelectron 

spectroscopic (XPS) measurements showed an enrichment of Pt, which leads to a bigger 

Pt/Au ratio at the surface (see Table 1) [111]: 

Table 1: Estimated Pt/Au ratios from XPS. 

Pt/Au ratio Pt3Au PtAu PtAu3 PtAu9 

determined 5.56 1.75 0.39 0.14 

nominal 3 1 0.33 0.11 

 

XPS also revealed, that the binding energy of the Pt 4f7/2 core level decreases up to 0.7 eV in 

dependence on the Au content, what may be the result of a charge transfer between Pt and Au, 

probably due to an electronic effect, indicating an alloy formation, which could be verified by 

X-ray diffratometry [111]. 

Figure 26 shows the electrochemical response of the prepared electrodes with the 

different NPs in the steady state voltammograms in 0.5 M H2SO4. As it can be seen, the Pt 

NPs showed the well-known shape of the voltammogram with the underpotential deposition 

of hydrogen in the potential region I from 0 to 0.4 V, the double layer region between 0.4 and 

0.8 V and the surface oxidation >0.8 V, whose reduction takes place in Peak II. Meanwhile 

the double layer region did not change on all nanoparticles, due to low affinity of hydrogen to 

Au, the electro-active area of the NPs decreases regarding the hydrogen adsorption and results 

in the diminishing peaks in region I. The peaks II and III at ~0.7 V and ~1.2 V stand for the 
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reduction of the previously formed surface oxides at >0.8 and >1.25 V on Pt and Au, 

respectively, which also show a clear dependence on the relation of Pt and Au. In that way 

Peak II declines and Peak III increases in activity according to the increasing Au content, as it 

was reported earlier by Breiter and Woods, which corresponds to the sum of charges of both 

surface compositions [130,131]. Thus, the electro-active area of Pt can be calculated by 

integration of the hydrogen region I and a surface charge of 210 µC cm
-2

, which allowed the 

normalization of the measured currents to the active Pt area. The slightly negatively shifting 

peak potential of the Pt reduction suggests a stronger adsorption of oxygen on Pt due to an 

electronic effect of Au, as it was already indicated in the XPS. Due to the shift in the d-band 

centre (see above) closer to the Fermi level, adsorbates like OH and CO form stronger bonds 

on the surface and require more negative overpotentials for their cleavage. 

Figure 26: Steady state voltammograms of the graphite-supported NPs in 0.5 M H2SO4. Scan 

rate 0.05 V s
-1
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Yet, the potentiodynamic profiles of the NPs in Figure 27 show an ambiguous behaviour in 

formic acid oxidation. On the one hand the poor activity of Au in formic acid oxidation causes 

a decrease of the catalytic activity, since the electro-active area diminishes. On the other hand 

the alloying of Au with Pt demonstrates an ensemble and electronic effect, which can improve 

the performance of the electrode due to an enhancement of the direct oxidation pathway, as 

the changing profile in Figure 27 demonstrates [125,132].  The steady state voltammogram of 

formic acid oxidation over the Pt NPs in Figure 27 shows the well-known profile of formic 

acid oxidation, as it is known from Pt bulk electrodes and described in section 2.1, which also 

is clearly discernible on Pt3Au [66,76]. It depicts the strong inhibition of HCOOH oxidation 

by COad, manifesting itself in the seen hysteresis. As the lower steady state voltammograms in 

Figure 27 demonstrate, the alloying of Au has a significant impact on formic acid oxidation, 

which results in the increasing activity at Peak I. Thus, the current density increases with the 

presence of Au, where the PtAu3 showed the highest values. The overall poor activity of 

formic acid oxidation on PtAu9 is an indication, that the alloying effects are not the 

determining factor anymore, but rather the small electro-active area on the low Pt surface 

atom content.  

Figure 27: Steady state voltammograms of the graphite-supported NPs in 0.5 M H2SO4 + 0.05 

M HCOOH. Scan rate 0.05 V s
-1

. The asterisks indicate the onset potential of the formic acid 

oxidation, defined as the potential (see text).  
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The higher oxidation rates of formic acid at Peak I are concomitant with a decreasing current 

density of Peak II due to the consequently lower presence of HCOOH in the electrochemical 

double layer in this potential range. Yet, the occurrence of Peak II in each profile indicates 

CO adsorption, blocking active surface sites, which are freed by the beginning Pt oxidation. 

Summarizing, these results suggest the effective suppression the dehydaration (indirect) 

oxidation pathway by the ensemble effect of Au in the PtAu alloys, which decreases the 

availability of required adsorption site for COad formation. This interpretation finds further 

confirmation in the declining hysteresis with increasing amount of Au and the more reversible 

formic acid oxidation. The onset potential of formic acid oxidation was calculated as the 

potential, where the current density exceeds 5% of the baseline, which is illustrated with the 

asterisks in Figure 27. Its exact values are noted in Table 2: 

Table 2: Estimated onset potentials under the conditions applied ([HCOOH] = 0.05 mol l
-1

, 

[H2SO4] = 0.5 mol l
-1

, 25 °C). 

Eequilibrium / V 0.038     

 Pt Pt3Au PtAu PtAu3 PtAu9 

Eonset / V 0.445 0.348 0.258 0.218 0.297 

 

The found negative shift of over 0.2 V is another, clear evidence for the enhanced formic acid 

oxidation due to two reasons. Firstly, the afore mentioned, stronger interaction with 

adsorbates by an electronic effect may be relevant for the adsorption of the active 

intermediate in the direct oxidation pathway. Thus, the rate-determining step in that pathway 

is facilitated, that a lower overpotential is required for a successful oxidation. The electronic 

effects may have further influences, which put the dehydrogenation (direct) pathway in 

favour, but the results do not allow more conclusions in that point. Secondly, hydrogen 

underpotential deposition requires a pure Pt adsorption site with at least 2 other Pt atoms, 

which decreases because of the ensemble effect in the PtxAuy alloys [133]. Since formic acid 

oxidation can take place on a Pt-Au site, this effect is less pronounced here. 

5.3 Chronopotentiometry 
 

As the results from the potentiodynamic and surface characterization pointed out, the 

Au presence in the alloys influences the electro-oxidation of formic acid in various ways. 

These were further analysed by galvanostatic measurements. The distinct current densities 
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were determined by the normalization of the oscillating region, as reported elsewhere [82]. 

Figure 28 displays the potential time series of all applied nanoparticles in 0.2 M HCOOH + 

0.5 M H2SO4, carried out with 0.2 as normalized current density. As it can be seen, the 

increasing presence of Au causes a drastic decrease in the time scale of the series. This effect 

is related to the diminishing active Pt surface sites, which sustain the applied current density 

via the direct oxidation pathway of formic acid oxidation and maintain the potential 

oscillations via the afore described mechanism until the surface is completely deactivated by 

the described place-exchange and inhibiting adsorption processes. 

Figure 28: Potential time series of the NPs (a) Pt, b) Pt3Au, c) PtAu, d) PtAu3, e) PtAu9) in 0.2 

M HCOOH + 0.5 M H2SO4 with the highlighted first (red) and last, complete oscillation cycle 

(green) and f)- h) their corresponding derivatives against the measured potential on the right. 

Applied, normalized current density 0.2.    

 

At that point the potential increases rapidly to overpotentials above 1.2 V, where oxygen 

evolution accomplishes the demanded charge transfer. Since the electrode can suffer severe 

damage by its underlying processes, the measurement was cut at that potential. Due to surface 

segregation and the consequent enrichment of Pt at the surface, which was indicated by XPS, 

potential oscillations on Pt3Au appear with a similar profile like on the Pt NPs, as it was 

described in the introduction and is well-known from literature [16]. Some differences were 

found, which become even more clearly visible on PtAu. Characteristic values of the all found 

oscillations are shown in Table 3. 
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Table 3: Oscillation parameters obtained from Figure 28. 

 Pt Pt3Au PtAu 

Amplitude / V 0.54-0.81 0.54-0.86 0.44-0.87 

Frequency / mHz 3.9 4.8 2.4 

Size of the oscillation region / s 5200 4600 1700 

Min/Max dE dt
-1

 /mV s
-1

  -4.0/5.4 -8.3/22 -150/360 

 

The increasing amplitude, where especially the upper potential limit shifts more positively, 

which is related to the electronic effect of Au and causes a stronger adsorption of 

carbonaceous and oxygenated species. A higher overpotential is required to activate their 

reaction via Langmuir-Hinshelwood mechanism. Once a sufficiently high potential is reached, 

the surface liberation becomes more effective and faster and leads to a steeper change from 

high to low potentials. The derivatives in Figure 28f)-h) emphasize the potential change dE/dt 

against the measured potential E along the oscillation cycle, where a positive and negative 

values reflect poisoning and liberation rates of the surface, respectively. The increasing 

amplitude can be seen here very well in the widening of the circle due to the positive potential 

shift of the maximum potential and the higher potentials of the maximum rates on Pt3Au, 

which increase by one order of magnitude. Besides these effects, the potential oscillations on 

PtAu also show a significant, negative shift of the oscillation minimum by 0.1 V, which 

increases the amplitude further, and must be related to the ensemble effect of Au in the alloys. 

The lower COad coverages ease the oxidation of formic acid, that a lower overpotential is 

needed to sustain the applied current density. It should be especially noted the changing 

profile of the oscillations, where a significant poisoning just takes place in a very short time 

scale and at least 25 times faster auto-cleaning rates on PtAu compared to Pt, which clearly 

show up the enhanced catalytic activity of Pt due to the alloying of Au. Due to the more 

pronounced ensemble effect with an increasing Au presence, no oscillations were found 

anymore on PtAu3 and PtAu9. As it has been reported previously, the mean potential in the 

oscillation pattern is dislocated positively slowly along the time series [50,52], what has been 

assigned a place-exchange process of adsorbed oxygenated species to the subsurface, as 

described by Conway [28]. Oxide formation is negligible on Au in the visited potential range, 

that mainly Pt surface atoms undergo this process and become deactivated. Since the Pt on the 

surface is less present at higher Au content, this phenomenon is less present in the oscillations 

on alloyed NPs. Yet, the poor catalytic activity of Au regarding formic acid oxidation also 
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diminishes the electro-active area that the oscillation region collides earlier with the unstable 

branch of the HN-NDR and ends up faster in the oxygen evolution. The oscillation frequency 

can give an idea about the rates in the effective interaction of adsorbed carbonaceous and 

oxygenated species, but in the comparison of the alloyed with the Pt NPs no clear trend could 

be observed, what may be related to the complex influence of various processes and effects. 

The oscillation on Pt and PtAu showed an induction period, which is the time in the time 

series until the oscillations start, which, surprisingly, was not found on the Pt3Au NPs. 

5.4  Partial conclusions 

 

Bimetallic NPs of PtAu alloys of different ratio were investigated for the catalytic 

electro-oxidation of formic acid under voltammetric and oscillatory conditions. The NP 

characterization by XPS, steady state voltammetry and CO stripping (not shown, but reported 

in reference [103]) suggest an active electronic effect in the alloyed NPs, which strengthens 

the bondings of adsorbates and leads to potential shift of COad oxidation by 0.2 V more 

positively. Nevertheless, the alloying of Au showed a significant enhancement of the NP 

performance, particularly of PtAu and PtAu3 NPs, which manifests itself in higher current 

densities and smaller onset potentials in formic acid oxidation. Both can be attributed to the 

electronic and ensemble effect, which leads to an improved adsorption of the active 

intermediate in the direct oxidation pathway on the Pt surface atoms and an effective 

suppression of COad formation via the indirect pathway, respectively. The profile of potential 

oscillations on Pt, Pt3Au and PtAu with an increasing amplitude, a diminishing oscillation 

region and the changing limiting cycle as well as their missing on PtAu3 and PtAu9 confirmed 

these interpretations. Especially the poisoning in the dE dt
-1

 profile, which increase by more 

than one order of magnitude on PtAu compared to Pt reflect the electronic effect of Au, 

meanwhile reactivation rates increased due to the ensemble effect. Therefore, all results point 

out an improved, long lasting, stable performance of the Pt surface due to the presence of Au 

and give further information about the required characteristics of a tailored catalyst for a 

successful application in fuel cells and energy conversion.  
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6. Temperature and pH 

dependencies of 

voltammetric 

response and 

oscillations 

In this chapter the studies of the electro-oxidation of formic acid and 

methanol on Pt in a wide range of the bulk solution temperature and pH are 

discussed. The principle result was the indication, that formic acid is 

oxidized via three independent pathways, where the oxidation in the most 

active pathway takes place via weakly adsorbed formate. It could be 

revealed, that this mechanism also has a crucial role in the electro-

oxidation of methanol. The existence of potential patterns strongly 

depends on the activity of that main pathway, besides the pH and 

temperature dependent formation and interaction of carbonaceous and 

oxygenated adsorbates.  
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6.1 Introduction 
 

As was mentioned briefly in section 2, much endeavours have been done to better 

understand the mechanisms of the oxidation of small organic molecules and make an 

application in fuel cells profitable. Thus, a vast amount of publications on this topic exists in 

literature, as found in web of knowledge: 

Table 4: Publications with the oxidation of the relevant molecule in the title and fuel cell as 

topic, listed in the database “web of science” in all years.  

Molecule Meth-

anol 

Eth-

anol 

Formic 

acid 

Formal-

dehyde 

Ethylene 

glycol 

Acetic 

acid 

Acetal-

dehyde 

Number of 

publications 

2408 998 561 50 132 4 4 

 

As Table 4 highlights, the majority of the literature is focused in methanol and ethanol 

oxidation, which may be the most promising candidates. Studies on the other, listed molecules 

amongst others have their relevance, since they appear as intermediates in the oxidation 

mechanisms of the formers and the understanding of their oxidation mechanism will help to 

give further insight or can be applied as fuel as well. Especially formic acid oxidation is 

investigated for this reason. Yet, most of the data have been carried out in acidic media  and 

few literature existed on another pH range [89,134–138]. Systematic studies on the electro-

oxidation of formic acid in a wide pH range were just published recently and allowed a deeper 

understanding [70,72,74,75]. But to the best of our knowledge, no study on the oscillatory 

regime of small organic molecules had been published regarding the pH effect. 

6.2 Formic acid oxidation 

 

The steady state voltammograms of formic acid oxidation on Pt in 0.4 M K2SO4 + x M 

H2SO4/KOH + 0.2 M HCOOH (pH =1.02 and 13.12) are plotted in dependence on the bulk 

solution temperature in Figure 29. The characteristic profile, as described in section 2.1, can 

be seen at all temperatures with an increasing current density in all peaks. This behaviour is 

common for most of chemical and biological systems due to an enhanced diffusion and 
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mobility. Thus, the reaction rate is known to increase 2-4 times with the temperature. In the 

same way the seen NDR region increases in pH 13, especially at higher temperatures. The 

small hysteresis in pH 13 and the shifting peak maximum to lower overpotentials indicates a 

minor role of the dehydration pathway and COad formation and the more determining 

adsorption of water, whose potential dependent adsorption is responsible for that phenomena 

(see also section 1.3). A similar behaviour was found above on the PtAu alloyed NPs and 

thus, related to the same reasons, although the origin is completely different. To verify this 

effect, measurements were carried out in a wide pH range, where its change was negligible. 

 

Figure 29: Positive (notation 1) and negative (notation 2) sweeps of the steady state 

voltammogram in (a) 0.4 K2SO4 + x M H2SO4 (pH 0.25), and (b) y M KOH (pH 13.86); with 

formic acid concentration of 0.2 M in the temperature range between 10 and 50 °C. Scan rate 

0.05 V s
-1 

 
 

The maximum current densities of all characteristic peaks from the voltammetric response of 

formic acid oxidation on Pt are plotted in Figure 30 together with the molar fractions of 

formic acid and formate against the bulk solution pH. As the Figure depicts, the current 

density of all peaks follow the profile of molar fraction of formate in very good agreement 

until pH ~12, where its oxidation is strongly inhibited by adsorbed water and oxides. As such, 

as the pH increases from pH 0 on, the current density increases slightly until the pKA of 
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formic acid/formate at 3.75. At that point all currents become several times higher compared 

to pH 0, which can be seen especially in the cathodic scan, where the peak current increase by 

almost one order of magnitude and reaches an adumbrated plateau in the pH range of 5 to 11, 

where measurements were just partly possible due to the non-negligible changing pH in the 

interface caused by the produced protons from the oxidation. This dependence is consistent 

with the recent literature and strongly suggests formate as the main active species in the 

dehydrogentation pathway even under acidic conditions, where it occurs in minor molar 

fraction [72,73,75]. Surprisingly the activity in the back scan also revealed a linear slope of 

1.18 +/- 0.08 mA cm
-2

 per pH unit in the region 0-4. This part does not fit exactly the pH 

dependence of the concentration of formate, which just changes slightly and nonlinearly and 

leads to the conclusion of an active side pathway. The current data do not allow any 

interpretation on the nature of active species, but it can be assumed, that formic acid and/or 

bridge-bonded formate may have a crucial role, which are very present under that conditions. 

Since bridge-bonded formate always is present under conditions, where formic acid oxidation 

takes place, it has been considered as a candidate as an intermediate [59,66,68,69,76,111,139–

142]. As Kibler et al. found, bridge-bonded formate adsorbs on Au(111) in chains and show a 

phase transition, as the coverage is 0.25 monolayer. At this point a current jump in the cyclic 

voltammogram was observed, which can be attributed to a catalytic effect due to formate 

adsorption [37]. Recently, Gao et al.  reported DFT calculations, which reveal a monodentate 

form of adsorbed formate as a possible, active species in the oxidation mechanism of formic 

acid, which has been confirmed by Vilaplana et al., where the neighbouring adsorbed 

formates play a stabilizing role and catalyse the oxidation of that species to CO2 [59,69,73]. It 

seems likely, that the oxidation via monodentate formate is the active side pathway, which is 

especially visible in the acidic pH range, where solvated formate is only present in very low 

concentration. An additional effect may be attributed to the more unfavoured sulphate 

adsorption in the pH range from 0 to 4 and the higher competition with the adsorption of 

oxygenated species, which lead to lower sulphate coverages and more available active Pt sites 

for the direct oxidation pathway [143]. It should also be noticed, that currents of peak I 

overcome peak II at pH 11, which suggest the constantly decline of the CO coverage. Several 

reasons may play a role here: Firstly, due to the favoured direct pathway, less formic 

acid/formate is available to undergo the indirect oxidation. Secondly, the formation of 

HCOOB also decreases, which is seen as precursor for CO and may be strongly related to 

thirdly, the more negative surface charge at higher pH. A more negatively charged surface 

repels the negative oxygen atoms of formate, may be responsible for the slower HCOOB and 
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COad formation and forces formate in C-H down configuration, which is considered to be the 

active one in the direct pathway [72,73]. 

 

Figure 30: Influence of the solution pH on the current peaks described in Figure 29: I 

(triangles, forward sweep), II (circles, forward sweep), and III (squares, backward sweep). 

Molar fractions of solution HCOOH and HCOO
-
 are also given in right y-axis. Grey areas 

depict the pH windows where potential oscillations were found (see below). Remaining 

conditions as in Figure 29. 

 

Formic acid oxidation was further analysed by galvanodyamic measurements in each applied 

solution to probe the existence of potential oscillations, which are shown in Figure 

31.Potential oscillations were found in acidic media between pH 0 and 4, where it should be 

especially noted that this is the pH region below the pKA. This result suggests, that formic 

acid is the responsible precursor for the appearance of oscillations in that media, which appear 

in the known shape, at similar current density range and after a short induction period until the 

potential rises sharply to high overpotentials. Unexpectedly, potential oscillations also 

occurred under those conditions in the solution of pH 12 (Figure 31) at lower potentials and 

just at the beginning of the measurement. It can also be seen, that at pH 11 and 12 higher 

current densities can be applied where the potential remains between 0.5 and 0.8 V, what 

indicates a more active formate oxidation sustaining the applied current and confirms the 

afore made interpretations. On the other hand only low currents can be applied in strong, 
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alkaline media, where the potential meets the oxygen evolution very fast. This behaviour 

demonstrates the poor activity of formate oxidation under those conditions due to the strong 

inhibition. 

 

Figure 31: Galvanodynamic measurements of 5 µA
 
s

-1
 of 0.2 M HCOOH in 0.4 M K2SO4 of 

different pH. 

 

Figure 32 shows galvanodynamic measurements of formic acid oxidation with different scan 

rates between 1 and 500 µA s
-1

 at pH 1 and 13. As it has been reported earlier by Feliu and 

co-workers, the scan rate can have a significant influence on formic acid oxidation and 

allowed further insight in its oxidation mechanism [142]. Thus, it was found, that a faster 

potentiodynamic scan rate results in more pronounced adsorption processes due to the lower 

probability of a successful oxidation of formic acid in the changing time window in each 

voltammetric cycle. Yet, under galvanodynamic conditions the system is constantly far away 

from equilibrium independently on the scan rate, which cannot be compared to the previous 

publication. To the best of our knowledge no results have been published, which study the 

influence of the scan rate on formic acid oxidation in galvanodynamic measurements, which 

drives the system away from equilibrium in a different time scale. As Figure 32 shows, the 

scanning velocity also is a crucial parameter under galvanodynamic conditions and has a 

strong influence on the oscillation characteristics. Thus, the number of oscillation cycles 

decreases at faster scan rates and can even cause their disappearance, as seen in alkaline 
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media (Figure 32b)) and the oscillation frequency in both media. Besides this effect, the 

visited current range changes drastically, which is an important point to consider, since the 

galvanodynamic measurement is used for the normalization of the oscillation region and the 

determination of applied currents for further studies in chronopotentiometry [82]. 

 

Figure 32: Galvanodynamic measurements of 0.2 M HCOOH in 0.4 M K2SO4 of a) pH 1.02 

and b) pH 13 of different scan rates. 

 

From the mechanistic point of view, a high oscillation frequency stands for a faster adsorption 

of COad and (H)xOad as well as an effective interaction of these adsorbates and their removal. 

Consequently, the highest frequency can be found at 1 µA s
-1

, where the longest time scale is 

visited. As the scan rate increases, the system is forced to maintain higher currents in a shorter 

time window and the main active surface process is put in favour. In that case this reaction is 

the direct oxidation pathway of formic acid oxidation, which is responsible for the most 

charge transfer. With a more active direct pathway the adsorbed species and their reaction 

become less pronounced, what explains the lower frequencies and the longer high and low 

potential parts in one oscillation cycle. The more active dehydrogenation of formic acid can 

provide more charge and allows higher current densities to be applied. Since CO is less 

produced in alkaline solutions, the disappearance of the oscillations at faster rates is the 

consequence. The lack of CO enhanced not only the direct pathway, but also the adsorption of 

(H)xOad. So (H)xOad accumulates fast on the Pt surface besides the formate oxidation without 
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a noticeable removal what causes a fast increase of the potential to a small plateau at ~0.6 V 

and a faster end of the profile in the oxygen evolution, compared to pH 1. 

 

To study the pH effect on the oscillation regime of formic acid oxidation, the 

oscillation region in a galvanodynamic measurement of 5 µA s
-1

 was normalized in each 

solution. 100% of the oscillation region was considered as the current region, where the 

potential visited the range between 0.4 V and the last oscillation cycle. After the 

chronopotentiometric profile was carried out at 0.1 (black), 0.5 (red) and 0.9 (green) 

normalized current densities. The potential time series are shown for pH 1, 3 and 12 in Figure 

33. All series were performed for 750 s, except for pH 12, if the limiting cycle was not 

reached before, where the potential was cut off at 1.2 V. Since Figure 33a) and b) show the 

known profile of potential oscillation along formic acid oxidation, the instabilities are 

supposed to come from the described surface reactions in section 2.1. At pH 1 and 3 an 

increase of the applied current density results in a lower time scale, higher mean potential and 

oscillation frequency (in the case of pH 3 even the lack of potential oscillations). This effect 

was already found in the galvanodynamic studies and attributed to a more active formic acid 

oxidation, the concomitantly smaller CO adsorption and a faster coverage of the Pt surface by 

oxides. 

 

Figure 33: Galvanostatic time-series for the electro-oxidation of formic acid in 0.4 K2SO4 + 

0.2 M HCOOH + x M H2SO4/ M KOH solution at (a) pH 1, (b) pH 3, and (c) pH 12. 

Temperature 25 °C. Normalized current density 0.1 (black), 0.5 (red) and 0.9 (green). 
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Consequently the known potential oscillations were just found after a long induction time or 

are not present at all at high applied currents. Surprisingly, another family of potential 

oscillation of lower amplitude between 0.1 and 0.4 V occurred in pH 12. The conditions to 

find this family seem to be unstable, that their oscillation region does not last long and their 

profile undergoes a constant transition from a small to a more pronounced high potential part. 

To the best of our knowledge, this type of oscillation has not been reported in literature yet 

and there is no information about the underlying mechanism. The small amplitude suggests a 

small change in the electrochemical interface like the oxide coverage for example by a 

slightly active CO formation. Other candidates for such a change might be formate or 

produced protons, which could react with (H)xOad-species via Eley-Rideal mechanism. 

Deeper insight in the pH effect on the potential oscillations is shown in Figure 34. As the 

graphs demonstrate, the known potential oscillations are limited to pH 0-4, whose oscillation 

region decreases and frequency increases from pH 0 to 2. Both facts can be attributed to the 

facilitated oxide formation by the higher pH. The behaviour changes dramatically at pH 3, 

where potential oscillations are hardly present and are not found at any other acidic pH 

studied. The reason for that effect lies in the changing molar fraction of formate beyond the 

pH region pKA, which also was the reason for the several times more active formic acid 

oxidation and smaller coverage of COad (see above). Figure 34e) and f) display representative 

oscillations in alkaline media, which are of lower frequency and amplitude than in acidic 

solutions. It can also be seen, that the oscillation characteristics and the profile is very 

susceptible to changes in the applied parameters, like bulk solution temperature and pH or the 

applied current. This result points out the strong influence of all applied parameters on the 

complex electrochemical interface, which seems to change from pH 12 to 13, where 

oscillations show lower frequency and amplitude. A detailed overview of the temperature and 

pH effect is given in Figure 35, where the oscillation frequency is plotted as function of the 

temperature for all solutions of different pH in a) and vice versa in b). As the graph depicts, 

all found oscillations in the low pH range increase in frequency in a wide temperature range, 

whereupon overcompensation is found at high temperatures in pH 3. This phenomena has 

been reported previously for 0.5 M H2SO4 and was related to the different dependence of 

adsorbed surface oxides in the parallel pathways of CO oxidation and the place exchange 

process on the temperature [50,82]. Since the adsorption of carbonaceous and oxygenated 

species depends strongly on the applied parameters, such as surface orientation and defects, 

concentration of organic and ionic species amongst others, it is likely, that the 
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overcompensation region was not visited in the applied range and may occur at higher 

temperatures under these studied conditions [83,85,144,145]. 

 

Figure 34: Potential time-traces for the electro-oxidation of formic acid in 0.4 M K2SO4 + 0.2 

M HCOOH + x M H2SO4 of normalized current density 0.5 and 25°C with pH (a) 0.25, (b) 

1.02, (c) 1.99, and (d) 2.98; and x M KOH, and (e) pH 11.96, normalized current density 0.1, 

25 
o
C, and (f) pH 13.12, normalized current density 0.5, T = 50 

o
C. 

 

It should also be noted, that the found potential oscillations in alkaline media appear instable 

and are limited to low and high temperatures at pH 12 and 13, respectively. As Figure 35b) 

shows, the frequency increases to the maximum at pH 2. Although the steady state 

voltammograms at all pH showed the characteristic hysteresis to some extent, indicating the 

presence of site blocking adsorbates like CO, which was reported earlier as well, no 

oscillations were found between pH 3 and 12 [72]. Potential oscillations in alkaline pH appear 

to be rather independent on the temperature, what may be related to the rather inactive CO 

formation at the studied temperatures. The frequencies lie on the same scale as for pH 0, 

where the surface is heavily blocked by adsorbed anions, CO and bridge-bonded formate. 
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Figure 35: Oscillation frequency (a) versus temperature for different pH values, and (b) versus 

pH for different temperatures. Normalized current density was 0.5 in all cases, except for pH 

11.96, which it was 0.1. 

 

At high pH values it was found that formic acid oxidation is heavily suppressed by surface 

(hydr)oxides and water adsorption, whose ample coverage far from equilibrium may be 

responsible for the potential instabilities. Thus, as it was mentioned before, the oscillation 

frequency is a measure for the interaction in the Langmuir-Hinshelwood mechanism, where 

high values represent a fast formation and removal of the involved species. If the involved 

species have to compete with other molecules or one exceeds the other in great amount, 

independently on the nature of the adsorbates, the oscillation frequency will decline. The 

dE/dt profiles in Figure 36 visualize the poisoning and liberation rates of the Pt surface in 

positive and negative values against the measured potential E, respectively. Thus, the positive 
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poisoning rates follow the pH dependence of the frequency, where the maximum rates are 

seen at pH 2 and decrease at pH 3 and pH 13. This dependence confirms the afore made 

interpretations and highlights the ambiguous behaviour of oxygenated species as inhibiting 

and freeing part in the oxidation mechanism of formic acid. Somehow, this behaviour cannot 

be seen for the negative part of the cycles, which might be related to somehow chaotic 

conditions in the liberation of the Pt surface and includes a significant error. 

 

Figure 36: dE/dt vs. E for the first oscillatory cycle of the potential oscillations from Figure 

34(a)-(d). Insert in (a) is a zoom view of results in a) for pH = 13.11. 

 

The performed measurements in a wide temperature range at all used solutions of 

different pH allow the calculations of the activation energy EA, which is plotted in 

dependence on the bulk solution pH in Figure 37. It has to be stressed, that the activation 

energies are apparent, which include processes, which are not related to formic acid oxidation. 

Thus, a relation of each energy to a process in the oxidation mechanism is difficult. Yet, 45 

and 50 kJ mol
-1

, obtained from the maximum current densities in anodic and cathodic scan 
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direction at pH 0 and 1, are in good agreement with the literature [50,82,146]. Since the peak 

maximum in both scan directions lie in a potential region, where CO coverage is rather low 

due to its oxidation or slow formation, these values may represent the activation energy of the 

direct, dehydrogenation pathway under the apparent conditions. The dependence of the 

activation energy in the back scan decreases to an indicated plateau at 33 kJ mol
-1

 in the pH 

range from 4 to 12 and significantly higher values in strong alkaline media, what reflects the 

results in Figure 30 and highlights the eased direct oxidation pathway in the medium pH 

range via formate as well as its inhibition at pH 13 and 14. On the other hand the anodic scan 

reveals a quite constantly increasing energy to ~60 kJ mol
-1 

at pH 11 and 12, what can be 

attributed to a more blocked formic acid oxidation by a higher concentration of oxides, being 

less removed by the decreasing CO formation. In contrast to voltammetric activation energies, 

the estimated ones under oscillating conditions undergo a great variation and show erratic 

behaviour especially at the borders of the region at pH 3 and 12. 

 

Figure 37: Apparent activation energy for the electro-oxidation of formic acid vs. bulk 

solution pH. Data obtained from the maximum currents at peak II (red circles), III (black 

squares) and from the oscillatory frequency (green triangles). Remaining conditions as in 

Figure 29 and 35. 

 



 
76 

Since along the potential oscillations the system undergoes, differently to steady state 

voltammetry, a constant change in the non-stationary surface condition and several surface 

processes are probed simultaneously, an erratic behaviour can be hardly avoided. Yet, some 

conclusions seem possible. The values between 60-100 kJ mol
-1 

in acidic solutions and 80 kJ 

mol
-1

 at pH 13 lie clearly above the energies of formic acid oxidation under voltammetric 

conditions. Due to the high applied current densities and the consequent oxidation far from 

equilibrium formic acid is oxidized under the influence of a significant surface coverage of 

either COad or (H)xOad, that this result seems reasonable.  Especially the negative activation 

energy of -20 kJ mol
-1 

at pH 12 is a clear indication of the contribution of other processes than 

the oxidation pathways of formic acid oxidation to the apparent activation energy and is the 

consequence of the instable oscillations in alkaline solution. 

6.3 Methanol oxidation 
 

As it was done for formic acid, methanol oxidation was studied in a wide temperature range in 

acidic and alkaline solutions (see also section 2.2) by steady state voltammetry and 

chronopotentiometry. Figure 38a) displays the steady state voltammograms of Pt in 2 M 

H3COH + 0.5 M H2SO4 between 10 and 50 °C, which show the well-known profile with one 

main oxidation peak anodic and cathodic sweep with peak maxima at ~0.9 and ~0.8 V, 

respectively, of increasing current density in dependence on the temperature [89]. In 

particular the small shoulder right before the peak in positive scan direction should be noticed, 

which is present in all voltammograms, but becomes clearly visible at high temperatures. The 

potential hysteresis between the peak maxima decreases with the temperature by 2.67 +/- 0.2 

mV °C
-1

 and can be attributed to a more reversible and favoured de-/adsorption of oxygenated 

species at high temperatures. This fact allows a more effective methanol oxidation at lower 

overpotentials in the anodic sweep and an earlier lifting of the Pt oxide layer at more positive 

potentials in the negative scan. Both leads to a smaller peak separation, as it is found in Figure 

38a). A deeper analysis of the temperature dependence of methanol oxidation is shown in the 

Arrhenius plots in Figure 38b) with special focus on potential range before the main oxidation 

peak in positive scan direction at 0.7 and 0.8 V, which also is the region, where potential 

oscillation can appear under galvanostatic conditions. The data at 0.8 V fit the indicated linear 

behaviour very well and refer to an apparent activation energy Eapp of 65 kJ mol
-1

, which is in 
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good agreement to previously reported values and may represent the overall activation energy 

of the direct oxidation pathway under the apparent conditions [89,147]. 

Figure 38: (a) The effect of temperature on the cyclic voltammograms of the electro-oxidation 

of methanol on platinum, (b) Arrhenius plots derived from the current densities at 0.70 (black 

circles) and 0.80 V (red triangles) of Figure 38a). 

 

On the other hand the plotted currents at 0.7 V display two clearly separated linear regions 

with the fast transition at 30 °C, which fit to an apparent activation energy of 107 and 22 kJ 

mol
-1

. Such a drastic change in the activation energy must be the result of a change in the rate-

determining step triggered by the temperature, which were suggested earlier in literature 

[148,149]. Meanwhile, small activation energies are rather related to diffusion processes, the 

high value of over 100 kJ mol
-1

 represents a sluggish process, which in that case is probably 

the electro-oxidation COad [150,151]. Geng et al. related this increase to a diminishing CO 

coverage, which consequently becomes more important at higher temperatures [152]. Since it 
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is concomitant with the removal of (Hx)Oad, which also acts as site-blocking species in the 

methanol oxidation, a slower formation of COad leads to a more blocked direct pathway by the 

oxides. This interpretation is supported by the decreasing peak distance in the cyclic 

voltammograms and can be seen in the calculated oxide coverage of Pt in 0.5 M H2SO4 in 

Figure 39. 

Figure 39: Temperature-dependent coverage of platinum oxides estimated by cyclic 

voltammetry in 0.5 M H2SO4. θOH calculated by the ratio between the charge associated to the 

oxide formation and hydrogen UPD charge (qOH / 2qH) as suggested in [152]. 

 

Figure 40a)-c) gives a good insight in the charge distribution in distinct anodic scan in the 

range of 0.50 to 1.10 V from Figure 38a), where the deconvolution peaks I, II and III fit the 

profile in very good agreement. As it can be seen in Figure 40g), the peaks are located at 

different potentials. Thus, although all surface processes of methanol oxidation can be 

assumed as active in that potential range, peak I may represent the effective removal of COad 

besides other carbonaceous adsorbates via the indirect pathway, meanwhile peak II and III 

can be attributed to the direct oxidation an the interaction of methanol with surface oxides, 

respectively. The different contribution of each process in dependence on the temperature is 

emphasized in Figure 40f), which shows the major part coming from peak III at low 

temperatures. On the other hand, above 30°C peak I and II grow in importance and the main 

charge is delivered via peak II. The same behaviour is found in Figure 40d), showing the 

kinetic rates as current density in the temperature range studied, where peak I comes from a 

rather sluggish reaction and peak II shows the most activity besides peak III, particularly at 

high temperatures. The derived apparent activation energies at the peak maxima, obtained 
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from the Arrhenius plot in Figure 40e), are for peak I, II and III result in 88 kJ mol
-1

, 67 kJ 

mol
-1 

and 40 kJ mol
-1

 , respectively, in good agreement with the literature [89]. 

 

Figure 40: a) – c): Deconvolution analysis of the main oxidation voltammetricpeak in the 

forward scan for three typical temperatures. Fitted peaks I (in red), II (in black) and III (in 

blue) are presented along with the cumulative fitted peak (dashed line). Original voltammetric 

peak is presented by the continuous black line. d) Current densities for the sub-peaks at 

different temperatures and the corresponding, e) Arrhenius plots. Temperature dependence on 

f) the distribution of charge, in percentage of the total charge of the original peak, and on g) 

the potential in which individual peaks are centred, Epeak. 

 

All demonstrated data confirm the made interpretation on the role of adsorbed oxygenated 

species in the oxidation mechanism of methanol and show the deconvolution peaks and the 

attributed processes as rate-determining steps at the particular potentials. The cyclic 
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voltammograms of methanol oxidation are plotted in Figure 41 for various pH, where the 

characteristic response on Pt is found in all profiles in similar shape. 

Figure 41: Steady state voltammograms of Pt in 0.4 M K2SO4 + 1 M  H3COH of different pH. 

a) 0.37, b) 1.02, c) 2.04, d) 3.03, e) 12.97, f) 13.76.  

 

Figure 42: maximum current density in anodic (black squares) and cathodic scan (red circles) 

vs. bulk solution pH. 
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As the different current density scales indicate, methanol oxidation strongly depends on the 

present bulk solution pH and increases in activity by two orders of magnitude from pH 0 to 

13. This dependence is highlighted in Figure 42, where the maximum current density in both 

sweeps undergoes a linear ascent of 1.24 and 0.624 mA cm
-2

 pH
-1

. Just in the most alkaline 

solution the current density does not fit the behaviour due to the high presence of hydroxide in 

the electrochemical interface. This dependence is in great contrast to formic acid oxidation 

(see Figure 30) and suggests significant differences in the oxidation mechanism. The constant 

increase until pH 13 also points out the great importance of active surface oxides in the 

methanol oxidation mechanism, which play a crucial role in the removal of strongly adsorbed 

inhibiting species, but as well in the direct oxidation pathway. For the initial characterization 

of potential oscillation region of methanol oxidation in dependence on the pH and temperature 

galvanodynamic measurements are plotted in Figure 43a) and b). As the graph depicts, the 

oscillation dynamics are conspicuously more complex than in formic acid oxidation. 

Meanwhile at the most acidic pH the existence of instabilities was just slightly visible, 

potential oscillations were found in the pH range from 1 to 3, where the size of the oscillating 

region SOSC, the frequency f and the shape of the oscillation cycle changes continuously. A 

very significant difference to formic acid oxidation is the fact that the oscillations do not  

Figure 43: Galvanodynamic measurements of 5 µA s
-1

 in a) 0.4 M K2SO4 + 1 M H3COH of 

different pH at 25 °C, b) 0.5 M H2SO4 + 2 M H3COH in a wide temperature range (pH 0.72). 
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necessarily end by the collision of the limiting cycle with the instable branch of the HN-NDR 

region and is not followed by the rapid potential increase to the region of oxygen evolution 

above 1.2 V. Instead the oscillations can also cease by a second supercritical Hopf bifurcation 

on the stable branch, as it was briefly mentioned in the introduction. In that case, the potential 

increases steadily until the end of the stable potential region. Since potential oscillations along 

methanol oxidation occur in the potential range of ~0.5 to 0.9 V in various types, which 

depend strongly on the applied current density chosen and might not appear in the 

galvanodynamics of Figure 43 due to their slow establishment, the current region in between 

these potentials was chosen as possible oscillation region for the normalization [82]. All 

oscillation patterns were found in the temperature range between 10 and 45 °C, the upper 

limit for the appearance of potential oscillations under the applied conditions, which are 

plotted in Figure 44. In general, potential oscillations can emerge in a great variety of 

families, which have been denoted previously as L- and S-type (see section 2.2). The latter is 

more present and classified in period-n (1
n
) oscillations with n as the number of subcycles in 

one period, where along the galvanostatic electro-oxidation of methanol mainly period-1 

oscillations emerge and eventually of higher period at the end of the instability region 

[101,153,154].  

Figure 44: Effect of temperature in the galvanostatic electro-oxidation of methanol 

(normalized current density 0.5). Electrolyte: 0.5 M H2SO4 + 2 M H3COH solution. 
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In that way, an increment in the temperature results in a higher frequency in the complete 

range and longer lasting oscillations until 30 degree. Beyond that distinctive temperature 

oscillations appear less and of smaller amplitude, which are indications, that the conditions for 

potential instabilities are diminishing and extinct at 45 °C under our applied conditions. 

Further details about the temperature impact are plotted in Figure 45 in the limiting cycles of 

the rates dE dt
-1

 together with the maximum and minimum values and potentials visited in one 

distinct, characteristic cycle. Meanwhile the potential limits are barely affected at the low 

range, 30 °C is again a crucial temperature, where the maxima and minima converge and 

confirm the poor conditions for oscillations at high temperatures and their decreasing 

amplitude. The comparison of Figure 45a) and b) shows, that the cycles become symmetric, 

what is equal to an improved reversibility, by the shift of the positive maxima to lower 

overpotentials.  

Figure 45: a) and b) rates of dE dt
-1

 as a function of E at different temperatures as indicated; c) 

upper (upward triangles, Emax) and lower limits (downward triangles, Emin) of electrode 

potential and d) the maximum (upward triangles) and minimum (downward triangles) rates of 

dE dt
-1

, during the oscillatory electro-oxidation of methanol as function of temperature. Data 

derived from Figure 44. 
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The maximum and minimum rates in the oscillation cycle increase until 30 °C, which is 

evident for an improving balance of surface poisoning and autocatalytic self-cleaning on the 

Pt surface. This behaviour can be explained by an increasing activity of all adsorption 

process, which play a role in the galvanostatic oxidation mechanism of methanol, mainly the 

formation of carbonaceous adsorbates. Yet, as it is emphasized in Figure 39, beyond 30 °C the 

surface oxidation becomes more important The result is a constant poisoning rate due to the 

higher coverage of oxides and a sharply declining negative rate, due to the lack of C-species, 

which get removed effectively in the more active, direct oxidation pathway and do not allow 

the formation of COad along the indirect pathway, necessary for the establishment of potential 

oscillations. Figure 46 compares the temperature effect on SOSC and f together with the 

maximum current densities for methanol and formic acid oxidation from reference 73.  

Figure 46: The effect of temperature on Sosc (full circles), f (full squares) and current densities 

obtained in voltammetric conditions (forward scan at 0.80 V vs. RHE) for the (a) the 

methanol galvanostatic oxidation and (b) formic acid galvanostatic oxidation[8] at IN = 0.5.  
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The Figure highlights significant differences between the oscillating oxidation processes, such 

as lower activity, shorter chronopotentiometric series and smaller activation energy from 5 to 

25 °C and rather independent SOSC. Yet the most drastic difference is the characteristic 

(over)compensation along formic acid oxidation, which was attributed to different 

temperature dependencies of oxide and CO adsorption on Pt and the changing impact of the 

surface deactivation by place-exchange processes [50]. The lack of any compensation along 

methanol oxidation is even more emphasized by the very similar temperature evolution of 

voltammetric current and oscillation frequency and apparent activation energies of 63 and 68 

kJ mol
-1

, which suggests similar rate-determining steps  under potentiodynamic and 

galvanostatic conditions, which is in obvious contrast to formic acid oxidation. This 

behaviour is related to the fact, that H3COH oxidation requires the adaption of an oxygen 

atom and its previous adsorption in any case and is active in the oxidation of various 

carbonaceous species to partially oxidized side products, meanwhile in formic acid oxidation 

is just a reaction partner in the second step of the indirect dehydration pathway. This general 

fact makes surface oxides rather spectator and inhibiting adsorbate along formic acid and 

active species in methanol oxidation. 

Further studies were carried out on this topic in the oscillating methanol oxidation in 

dependence on the bulk solution pH, which is plotted in Figure 47 for a normalized current 

density of 0.5. As the temperature, the pH also is an important parameter that determines the 

existence and characteristics of the potential oscillations in the electro-oxidation of methanol. 

Thus, the concomitant increment of hydroxide with the pH also results in a more active 

surface oxidation, what results in higher frequencies and the disappearance of oscillations 

before the end of the time series as seen in pH 2 or the complete lack of any oscillation at pH 

3. Differently to formic acid, no potential instabilities were found in alkaline media. Yet, 

since methanol has a poor acidic character, the concentration profile of methanol/methanoate 

has the same profile as the water/hydroxide equilibrium and the equivalence point at pH 7, 

what cannot explain the lack of oscillations at pH 3. On the other hand it conspicuous, that all 

oscillation parameters as well as their disappearance is very similar to the found dependence 

of formic acid oxidation, which suggests a crucial role of formic acid/formate in the oxidation 

mechanism of methanol, whose oxidation may be part of the direct pathway. Very similar 

results have been reported recently in phosphoric acid, but showed a more complex oscillation 

pattern, what may be related to the strong competition of phosphates with other species for 

adsorption sites [155]. 
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Figure 47: Potential time series of methanol oxidation in acidic 0.4 M K2SO4 + 1 M H3COH 

at 25 °C. a) pH 0.37, b) 1.02, c) 2.04, d) 3.03. 

 

The dE/dt profiles of the above time series are plotted against the visited potential in Figure 

48. Meanwhile the limiting cycles at pH 0 evolve slowly in time, what suggest barely 

changing coverages of poisoning species and their removal comparing each cycle, at pH 1 the 

rates increase fast and constantly (as indicated by the arrows) to their maximum at the end of 

the time series. In situ ATR-SEIRAS revealed a decline in the COad coverage in time [47]. 

Thus, the place-exchange of adsorbed oxides becomes more pronounced in time and may be 

responsible for the evolving patterns [51]. This behaviour is also found at pH 2, that similar 

initial conditions in this pH range can be assumed, but the dE/dt values decrease after their 

maximum and follow the decreasing trend as it was already found in the potential time-series 

and let anticipate the absence of any potential instability at pH 3. This result can be attributed 

again to changing conditions in general, not allowing the formation of oscillating behaviour, 

which is again very similar to formic acid oxidation. It leads to the conclusion, that formic 

acid is accumulated in the electrochemical interface, may impact the oxidation dynamics and 

put the direct oxidation pathway in favour. Since formic acid, at pH 2 in higher presence as 

formate than at pH 1 and 0, is produced by methanol oxidation at the surface, diffusion effects 

are less important than it may be the case in a bulk solution of formic acid, that a smaller 

surface concentration of formate may be sufficient to react via the most active pathway, as it 

was the case for formic acid oxidation as well.  
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Figure 48: dE/dt versus E profiles depicted in Figure 47 for pH a) 0.37, b) 1.02 and c) 2.04. 

 

It should be pronounced, that the lack of oscillations was assigned to the oxidation of formate 

in C-H-down configuration, which does not form COad and is oxidized rapidely to CO2 

instead. The analysis of the frequencies of all found oscillations along methanol oxidation is 

shown in Figure 49 on the temperature scale. Firstly it should be noticed, that no indication of 

any compensation effects was found in methanol oxidation in the studied pH range, 

differently to formic acid and the oscillation frequency undergoes a linear increase with the 

temperature, what emphasizes again the partially different role of oxygenated species in the 

two oxidation mechanisms. It can also be seen very clearly, that pH and temperature have a 

significant effect on the frequency and the existence of pattern formation as well. Thus, 

oscillations were just found at high and low temperatures in a solution of pH 0 and 2 or 3, 

respectively. Yet, in the complete pH and temperature range a constant increase in the 

oscillating frequency can be seen, what highlights the importance of diffusion of water for an 

effective surface oxidation and of methanol in the formation of poisoning adsorbates and 

active side products. This behaviour differs from the reported results in phosphoric acid 

solutions, where a decreasing frequency was found independently on the present bulk solution 

pH. As the authors suggest, a more pronounced impact of a stronger adsorption of phosphates 

may be the reason for the differences. 
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Figure 49: Frequencies of the oscillations of 1 M H3COH in solutions of 0.4 M K2SO4 of pH 

0.3 (black), 1.02 (red), 2.04 (green) and 3.03 (blue) against the temperature. Normalized 

current density = 0.5.  

 

The apparent activation energies derived from peak maxima and oscillation frequencies are 

summarized in Figure 50. Besides high energies at pH 0, the values are in the range between 

30 to 50 kJ mol
-1

, which are in range of reported values ([89] and references in there). The 

data show a constant incline in anodic scan direction, which was already found for formic 

acid oxidation in a distinct pH range and attributed to the more pronounced blockage of 

surface sites by the enhanced adsorption of oxides. The decreasing energy between pH 1 to 13 

for the cathodic scan can be seen in formic acid in the same range between pH 0 to 4 and 

related to the discussed, mechanistic aspects. It is not surprising, that these similarities appear 

here again and confirm the afore made interpretations of the important role of formic acid in 

the electro-oxidation of methanol. The fact, that the activation energy changes slower than for 

formic acid can be explained by the additional adsorption of other carbonaceous species than 

COad and the probably different mechanism of CO formation. On the other hand the apparent 

activation energies under oscillating conditions lie below the ones from steady state 

voltammetry, which is in absolute contrast to formic acid. This fact is again a sign, that the 

more active surface oxidation far from equilibrium eases the methanol oxidation, since the 

surface oxides act more as reaction partner than site-blocking species [49]. It should also be 
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noticed the smaller erratic behaviour comparing methanol and formic acid oxidation, which 

may result from the more independent and less susceptible surface coverage on the bulk 

solution pH and temperature. 

Figure 50: Apparent activation energy for the methanol oxidation vs. bulk solution pH. Data 

obtained from the maximum currents at in anodic (red circles), and cathodic sweep (black 

squares) and from the oscillatory frequency (green triangles). Remaining conditions as in 

Figure 41. 

 

6.4 Partial Conclusions 
 

The study of the electro-oxidation of formic acid and methanol in a wide temperature 

and pH range allowed a deep analysis of the catalytic response of both mechanisms. Formic 

acid oxidation showed a pH dependence which is in good agreement with the literature and 

indicated mechanistic change around the pKA of formic acid. Thus, the same intermediates 

can be assumed to be present and are found under oscillating and voltammetric conditions, as 

the following section shows and whose coverage depends on the applied parameters. This fact 

and the consideration of all obtained results lead to the conclusion, that solvated formate in 

the solid-liquid phase boundary is the reacting intermediate in the most active reaction 

pathway of both molecules. Besides a side pathway may be active, which showed a linear pH 
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dependence in acidic solutions, and may take place via the oxidation of bridge-bonded 

formate. It should be emphasized very much, that all data suggest a very important role of 

these pathways along methanol oxidation. These conclusions are supported by the pH 

dependent oscillation regime, which are limited to acidic solutions with a pH smaller than the 

pKA, where CO adsorption plays a major role. The similar pH dependence of the activation 

energies in acidic solutions draw that conclusion as well. On the other hand, steady state 

voltammetry also depicted significant differences, such as the lack of oscillation patterns in 

alkaline media along methanol oxidation and the different dependence of the potentiodynamic 

profiles in basic solutions. This fact must be clearly related to the different role of surface 

oxides, which are obligatory for methanol oxidation to CO2 via direct and indirect pathway, 

meanwhile a successful formic acid oxidation does not require a reaction partner. 

Consequently, oxygenated species are just necessary to oxidize COad to allow an efficient 

direct pathway of formic acid oxidation. Due to the diminishing presence of CO at pH >3, the 

character of surface oxides changes to an exclusively inhibiting adsorbate in that system. Yet, 

questions remains, like the origin of the newly found oscillation dynamics of formate 

oxidation in strongly alkaline solutions, which take place under the high coverages of (H)xO 

and low presence of COad or HCOOB.  
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7. Potentiostatic 

impedance 

spectroscopy 

 

 

 

In this chapter formic acid and methanol oxidation on Pt were studied in 

solutions of pH 1 and 13 by electrochemical impedance spectroscopy. In 

general the data confirmed the different dependence of formic acid and 

methanol on the pH and the concluded, different mechanistic aspects. 
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7.1 Introduction 
 

Generally, impedance spectroscopy is a powerful technique to study the electrical properties 

of the charge flow in solid and liquid materials and their interface [156]. Basic contributions 

were introduced for electronic circuits by Nyquist and Bode and extended to electrochemical 

systems by de Levie et al. [157–159]. Although Koper et al. could apply electrochemical 

impedance spectroscopy for the stability analysis in electrochemical systems, few works have 

been published about the study of the potential region of the HN-NDR and oscillations of 

formic acid and methanol oxidation [42,160,161]. A electrochemical impedance spectra (EIS) 

of the electro-oxidation of formic acid and methanol can be found in [148,162] and  

references in there, where Harrington and co-workers could relate mechanistic elements to the 

equivalent circuits in a wide potential range including the HN-NDR region. A direct 

comparison of the oxidation of formic acid and methanol has been performed by Wang et al., 

reporting different, potential dependent rate-determining steps and mechanisms [149]. The 

following sections show the detailed study of EIS in at distinct potentials in the oscillating 

regime of formic acid and methanol and in a wide pH range. 

7.2 Formic acid oxidation 
 

 Steady state voltammograms of formic acid oxidation at pH 1 and 13 on Pt are plotted 

together with the potentiostatic impedance spectra in the insets at various potentials in Figure 

51, indicated by the arrows. It was found, that spectra at more negative potentials than the 

peak maximum show a semicircle with initially first quadrant behaviour tending to the second 

quadrant, as the frequency increases. This result can be attributed to the availability of free 

surface sites, where the dehydrogenation of formic acid can take place and manifests itself in 

a positive slope in the voltammogram until 0.5 V, which is in agreement with the literature 

[162]. Yet differently to Harrignton and co-workers, who reported an increasing current until 

the peak maximum, the profile passes a maximum and a decreasing current until the main 

oxidation peak [162]. Formic acid oxidation depends on many applied parameters, which may 

be responsible, that the exact profile differs in that point. All impedance spectra demonstrate a 

very similar semicircle in this potential range, which tends more rapidly to the second 

quadrant, as the potential approximates the main anodic oxidation peak, that no significant 

changes in the electrochemical interface can be assumed in that potential region. Since higher 
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frequency cause a faster response in the system, adsorption processes overcome slower 

oxidation reactions, that in that case CO and H2O coverages increase blocking active Pt sites. 

Thus, the flip to the second quadrant is not surprising, establishing a negative impedance. It is 

a clear sign for the HN-NDR region, where the potential dependent adsorption of H2O is 

responsible and hidden by the concomitant CO adsorption. On the positive side of the main 

oxidation peak of formic acid oxidation in presence of a highly oxidized Pt surface the 

semicircle flips back to the first quadrant also entering the fourth quadrant suggesting the 

influence of an inductor, which has been reported previously as well [162]. The same features 

for pH 1 in Figure 51a) are plotted for pH 13 in Figure 51b). As the insets show, all 

impedance spectra are dominated by positive resistance, revealing a tendency to the second 

quadrant at the lowest potentials studied. Thus, the existence of the hidden HN-NDR and the 

presence of COad is indicated by these results as well, but playing a minor role as discussed 

above. 

Figure 51: Steady state voltammogram of Pt in 0.4. M K2SO4 + 0.2 M HCOOH with 

impedance spectra carried out under potentiostatic conditions at the indicated potentials. pH a) 

1.01, b) 13.05. 
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As the potential increases, the spectra remain solely in the first quadrant with no tendency to 

the second one. This fact is in very good agreement to the found galvanostatic profiles in 

alkaline media, plotted in Figure 34e) and f), where formic acid oxidation undergoes instable 

pattern formation in at potentials between 0.2 and 0.5 V. Additionally to that, the pH 

dependent voltammetric formic acid oxidation showed significant changes in activity and a 

transition in the anodic sweep, as well as the ceasing of oscillation patterns, which must be 

related to that (see Figure 30 and 34). 

7.3 Methanol oxidation 
 

As Seland et al. reported for methanol oxidation, the impedance spectra can scatter 

and change the quadrant due to erratic behaviour, which is found in our data as well. Yet, the 

spectra seem in agreement and show a reasonable tendency [148]. Thus, on the cathodic side 

of the oxidation peak, all spectra show first quadrant behaviour and may enter the fourth, 

again indicating the influence of an inductor. In the anodic branch of the oxidation peak, the 

spectra were found to flip to the second quadrant until the oxide coverage plays a dominant 

role above 1 V [148]. Surprisingly, no negative impedance could be found, although it could 

be expected, since methanol oxidation is known to undergo potential oscillations in this 

potential range and also includes a HN-NDR region. Yet, as mentioned, in this potential 

region a non-negligible error may occur, that an entry of the spectra is possible, but cannot be 

seen in all experiments [148]. At 1.1 V the impedance turns back to positive values, which is 

also the case for our data. The same data, carried out in alkaline media, show very similar 

results to acidic media, which is again in great contrast to formic acid and can be explained by 

the above made conclusions. On the other hand, the spectra at mid potentials demonstrate the 

negative impedance as well, confirming the existence of a HN-NDR, propably more 

pronounced at pH 13 due to the more active reactions by one order of magnitude, suggesting 

the possibility of potential oscillations under that conditions, which were not found in any 

chronopotentiogram of methanol oxidation in alkaline solutions. Since the impedance appears 

to be instable and potential oscillations were found to be susceptible for any change in the 

applied conditions, it could be possible, that the potential instabilities could not be meet due 

to not suitable parameters, like current density or pH. The Comparison of the impedance 

spectra of formic acid and methanol oxidation has already been reported previously, which 

revealed significant contrast due to different rate determining steps, labelling formic acid 
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oxidation as the more active reaction [149], which could be reproduced in these studies (see 

Figure 51 and 52).  

Figure 52: Steady state voltammogram of Pt in 0.4. M K2SO4 + 0.2 M HCOOH  with 

impedance spectra carried out under potentiostatic conditions at the indicated potentials. pH a) 

1.01, b) 13.05. 

 

Yet, their existence, as it was the case for formic acid oxidation may be possible in the pH 

range above 14. The pH dependent impedance spectra at 0.9 and 1.1 V in Figure 53 also 

suggest that possibility.  

7.4 Partial conclusions 
 

As Wang et al. found, the electrochemical impedance spectra of formic acid and 

methanol oxidation demonstrate important differences [149]. Seland et al. attributed these 

results to the importance of two species in formic acid oxidation, namely COad and surface 

oxides, meanwhile the formation of CO is the rate-determining process in methanol oxidation 

[148,162]. Since the afore displayed spectra could reproduce the reported behaviour, the made 
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conclusions can be assumed to be valid in this work as well. The spectra following the found 

dependence of formic acid and methanol oxidation under voltammetric and galvanostatic 

conditions and the interpretation from the literature confirming the drawn ones above in good 

agreement are other signs for the accuracy. Consequently, the changes in the spectra due to 

the bulk solution pH can be related to the pH dependent formation of CO and (H)xO, which 

have already explained the ceasing of potential oscillations at pH 3 and the significant 

changes of the activity for the oxidation of both molecules. 
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8.ATR-SEIRAS and 

differential 

reflectance 

spectroscopy 

 

 

 

In this chapter are discussed the simultaneously recorded ATR-SEIRA and 

differential reflectance spectra along the galvanostatic oxidation of formic 

acid on Pt. The data reveal a complex dependence of formic acid oxidation 

on all surface process taking place in the electrochemical interface, namely 

the three indicated pathways and the adsorption of the active intermediates 

and their precursors, anion adsorption and the formation of surface oxides. 
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8.1 Introduction 
 

As it was mentioned in the introduction, in situ infrared spectroscopy is a powerful technique 

to probe the present species absorbed on the surface and the electrochemical interface, which 

fit in the selection rules (see for example [163] and references in there). Yet, most of the 

studies were carried out by an infrared reflection spectroscopy. This technique uses an 

electrochemical cell in a thin layer configuration with a electrolyte of 10 µm to avoid any 

contributions of the solution in the spectra as much as possible. In that case diffusion and 

other mass transport processes are limited and can cause misleading conclusions in the data 

analysis [163]. Such limitations can be decreased by performing measurements in a cell in 

attenuated total reflection configuration. The infrared photons are reflected on the opposite 

side of the surface, which is deposited on a silicon prism (see Figure 23). Diffusion limitation 

can also be cut off by applying a flow cell, as it has been reported by Behm and co-workers, 

which allows an uninfluenced diffusion of reactants, solution species and (by-)products from 

and to the surface [68,80]. It also has to be considered, that this setup is less sensitive to 

reactive intermediates and has a non-negligible effect on the oxidation of methanol and formic 

acid. Since the present study focused on a free mass transport and high sensitivity, a 

stationary bulk solution was preferred. It is well established, that bridge-bonded formate and 

COad are found in the IR spectra as adsorbates in formic acid and methanol oxidation, which 

may have a crucial role in the oxidation mechanism, as discussed above 

[26,47,66,72,76,80,81,164]. Recent literature also mentioned monodentate formate adsorbed 

on the surface as possible active intermediate, which could not be detected or cannot be 

differentiated from HCOOB [59,69,73]. It should also be noted, IR spectroscopy is less 

sensitive regarding the detection of solution species like adsorbed anions and adsorbed 

oxygenated species, which can be better analysed by differential reflectance spectroscopy 

[165–173], but has not been studied under oscillating conditions far from equilibrium to the 

best of our knowledge. Thus, the influence of the two latter species can be studied in the 

potential oscillation regime, to find further information on the impact of these adsorbates on 

in the reaction network of the electro-oxidation of formic acid. 
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8.2 Formic acid oxidation under potentiodynamic conditions 

accompanied by differential reflectance spectroscopy 
 

Figure 53 displays the steady state voltammograms of formic acid oxidation in a) sulphuric 

acid and b) perchloric acid in the well-known profile, respectively, together with the 

corresponding differential reflectance. As the data clearly show, the reflectance varies around 

a constant baseline in the low overpotential range and decreases drastically in the potential 

region, where the surface oxidation is the dominant process. It should also be noted, that the 

reflectance in sulphuric acid already shows the decline ~0.1 V earlier than in perchloric acid, 

which is a clear sign for the influence of sulphate adsorption on the reflective response of the 

Pt surface. In backward scan direction the reflectance remains low until ~0.9 V in both 

electrolytes, where the lifting of the oxide layer takes place, followed by a steep incline to the 

baseline. The level of the baseline may deviate slightly due to changes in the surface 

morphology caused by place-exchange processes, but will not be further discussed in here. 

Figure 53: Steady state voltammograms of Pt(111) single-crystal disk (black) and the 

simultaneously recorded differential reflectance on the Pt(111) surface in a) 0.5 M H2SO4 + 1 

M HCOOH and b) 0.5 M HClO4 + 1 M HCOOH. 

 



 
100 

Concluding, no other surface processes than sulphate and oxide adsorption have an 

effect and formic acid oxidation and CO formation have no influence on the reflectance, 

which is in good agreement with the literature and highlights the advantage over IR 

spectroscopy. Yet, the latter processes have a potential dependent influence on the coverage 

of sulphate and (H)xO, which was studied in chronopotentiometry and will be discussed in the 

following together with the ATR-SEIRAS data in acidic solution. 

8.3 Oscillating surface coverages of CO, HCOOB, surface oxides 

and adsorbed sulphate at acidic pH along the galvanostatic 

formic acid oxidation 
 

Figure 54: Potential oscillation pattern of formic acid oxidation on a Pt single-crystal disk 

immersed in 0.3 M K2SO4 + 0.1 M H2SO4 + 0.4 M HCOOH for an applied current of a) 1 mA 

cm
-2

, b) 2 mA and c) 2.5 mA and the simultaneously recorded relative change in the 

reflectance of the Pt(111) face at  = 250 nm. 

 

The potential time series of a solution of 0.4 M HCOOH in 0.5 M H2SO4 and an applied 

current of 1 mA, 2 mA and 2.5 mA are plotted together with the simultaneously recorded 

reflectance of the Pt(111) plane of the  disk electrode in Figure 54a), b) and c), which was 
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used for the sake of simplicity, respectively. The graph shows a perfect overlap of a drop in 

the differential reflectance with the potential increase in each oscillation cycle. A deep insight 

in one oscillation cycle of the series of 2 mA is given in Figure 55, which emphasizes the 

synchronous changes of potential and reflectance. Thus, it can be clearly seen, that the 

reflectance drops after the initial potential increase, where the Pt surface is mostly covered by 

COad, to the minimum. The reflectance minimum coincides with the potential maximum, 

where the adsorbed oxides and specially sulphate are very present as well. The following 

potential decrease is very steep, meanwhile the reflectance changes slower. This can be seen 

in particular in the inset, where the derivative of the differential reflectance is plotted together 

with the potential oscillation cycle. 

Figure 55: Expanded scale of Figure 54b) between 600 and 700 s. The inset shows a potential 

oscillation (black) and the derivative of the synchronous reflectance oscillation (red). 

  

Figure 56 shows typical ATR-SEIRA spectra carried out along the time series at 

distinct points of the potential cycle, as indicated. As it was previously found by Samjeské et 

al., COad and HCOOB are the only detected species on the surface related to formic acid 

oxidation and oscillate in dependence on the potential along the chronopotentiometric time 

series (see [81] and references in there). The derived spectra in Figure 56 are in good 
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agreement to their publications. Figure 57 demonstrates a complete chronopotentiogram 

together with the simultaneously measured band intensities of linear adsorbed CO (COL) at 

2070 cm
-1

 and  HCOOB at 1320 cm
-1

, which clearly show the changing intensities of both 

species during every potential oscillation. 

Figure 56: Typical SEIRA spectra of 0.3 M K2SO4 + 0.1 M H2SO4 + 0.4 M HCOOH on Pt 

carried out at 364 s (red) 367 s (red) of the chronopotentiogram as indicated in the inset. 

 

The panels on the right side of Figure 57 give a deeper insight in the content of the adlayer on 

the Pt surface at each potential of the oscillation pattern. Thus, it is found, that the CO band 

intensity (ICO) decreases at the potential spike concomitant with an increase of band of 

HCOOB (IHCOO), what is again in good agreement with previously published results [81]. At 

that point the potential decreases slightly and ICO remains constant, until the potential and ICO 

decrease sharply to their minimum, which again coincide. Meanwhile ICO increases rapidly to 

a constant level until the next spike, the potential has a constant but steady incline. IHCOO 

responds accordingly and increases first rapidly then more slowly, where ICO is on a lower 

level and decreases as well in intensity before the spike. Here it is worth to mention, that 

IHCOO can be assumed to be proportional to the coverage of HCOOB (HCOO), while the ICO has 

been shown to be proportional to the COad coverage (CO) only at sufficiently low coverages 
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[141,174]. Similar behaviour was found in the series of other applied current densities, which 

confirm the interpretation. As the UV reflectance data show, adsorbed anions like sulphate 

can impact the changes in the adlayer by occupying and blocking adsorptions sites, which 

may be the reason, that CO does not drop immediately to its minimum with the potential, but 

shows a delay of an intermediate level for a few seconds. 

Figure 57: Potential oscillation pattern for a current density of 0.15 mA cm
-2

 applied to a Pt 

film deposited on a Si prism (a) and integrated band intensities of COL (b) and HCOOB (c) 

obtained from a simultaneously recorded series of ATR-SEIRA spectra. The electrolyte was a 

0.3 M K2SO4 + 0.1 M H2SO4 + 0.4 M HCOOH solution. The panel on the right is an 

expanded view of the oscillation between 820 and 850 s. The background spectrum was 

recorded at 0.10 V in the absence of formic acid. 

 

Taking the interpretations of UV reflectance and ATR-SEIRAS data in account, it is possible 

to give a more detailed insight in the processes in the oscillating regime of formic acid 

oxidation, than it has been done before [81,175]. Thus, all spectroscopic data show constant 

behaviour in the low potential part of the oscillation pattern, where the potential increase 

slightly, but steadily. In first sight this facts contradict each other, since a potential increase 

must result from a decrease of the available, active surface due to higher blockage by the 
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adsorption of site-blocking species like COad and/or sulphate. Since the coverage of CO is 

high at the lower overpotentials of the oscillation and increasing, it may be beyond the linear 

relation to the IR signal, that a further increase is not monitored by ATR-SEIRAS, but visible 

in the increase of the potential. Along this auto-inhibiting process the potential visits the range 

of surface oxidation, where CO can be removed from the surface, what is indicated by the 

drop of ICO at the potential spike. The increasing band of HCOOB suggests the partial 

replacement of CO by that species, but is too less to be the only adsorbing species in that 

potential range. Additionally the reflectance data just changes drastically in the profile, where 

the CO coverage can be assumed to decline, that free surface sites become occupied mainly 

by sulphate and partially (H)xO than HCOOB. Right after the sharp potential increase, the 

potential changes slower, but the R/Rmax decreases fast, what also suggests a rapid sulphate 

adsorption, that perturbs the CO oxidation via Langmuir-Hinshelwood mechanism, This 

interpretation explains the intermediate level of the CO coverage and the not immediate drop 

until surface oxides and COad are removed, where the steep decrease of potential and band 

intensities as well as the increasing reflectance are found. The latter also suggests the 

replacement of sulphate by CO. It should also be mentioned, that CO is assumed to form from 

HCOOad, whose coverage consequently cannot be zero. 

Considering the newly received information about the surface coverage under 

galvanostatic control at pH 1, the studies were extended to the same measurements at pH 3 

and 13 (see Figure 58 and 60, respectively). As it is shown in Figure 54 very well in 

agreement to Figure 31 and 33, the possibility to find oscillation patterns with low frequency 

in this pH range exists and can be visited, if the applied parameters allow the establishment of 

the necessary instability. It can also be seen, that no changes in the band intensity of COL are 

found in the absence of pattern formation. Yet surprisingly, comparing Figure 58 and 33 the 

dependence on the applied current density is the contrary, which may be related to the 

different range of applied currents and to different time windows. Meanwhile Figure 33 

displays the potential oscillations disappearing at higher currents, Figure 58 demonstrates the 

beginning of the oscillation regime at higher currents. It is likely, that the slightly different 

system parameters and here mainly the greater area of the working electrode by one order of 

magnitude in the case of the ATR-SEIRAS have a crucial impact here. However, the data 

clearly explain the behaviour at pH 3, since both cases show that CO formation is not 

favoured in this pH range, because of the faster and more dominant direct pathway or CO 

formation is too slow to block the Pt surface sufficiently, as seen in Figure 58. Thus, it can 
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occur, that the time series ends too early due to the concomitantly uninhibited adsorption of 

(H)xO and the place-exchange or the time window is not visited to find possible oscillations, 

respectively. 

Figure 58: Potential oscillation pattern for a current density of 0.4 mA cm
-2

 (left panels) and 

0.8 mA cm
-2

 (right panels) applied to a Pt film deposited on a Si prism (a) and integrated band 

intensities of COL (b) and HCOOB (c) obtained from a simultaneously recorded series of 

ATR-SEIRA spectra. The electrolyte was a 0.3 M K2SO4 + 0.4 M HCOOH solution (pH 3). 

 

It should also be noted, that the band intensity of HCOOB in both cases remains quite 

constant, but on different levels. It leads to the conclusion, that the coverage of bridge-bonded 

formate is very small, since its formation is slow and is the intermediate in the CO formation. 

Different baselines in the IR spectra are seen here, which depends on the more active anion 

adsorption and the different reflectivity of the Pt surface (see above). This fact will be 

discussed in further detail with the results of the ATR-SEIRAS data of pH 13 in Figure 59 

and 64. The newly found oscillation patterns of formic acid oxidation in alkaline media could 

be reproduced on the deposited Pt layer along the ATR-SEIRAS, which allowed the 

simultaneous study of the adsorbates in the complete time series. Although the profile of the 

oscillation cycle is different (compare Figure 60 with  Figure 34), which may not be related to 
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different mechanistic processes, but spatial coupling, the comparison and some conclusions 

are possible [176]. Figure 59 shows two representative ATR-SEIRA spectra recorded at 

distinct points in the chronopotentiogram, as indicated in the inset. Both spectra only show the 

known broad water bands at 1600-1700 and 3000-3700 cm
-1

 and a band at ~ 1450 cm
-1

, which 

may be related to formate in the solid-liquid interface [26]. It should be especially 

pronounced, that no CO or HCOOB bands were detected above the trace level, which suggests 

a very different adsorption layer than in the acidic pH range. 

Figure 59: Typical SEIRA spectra of 0.3 M K2SO4 + 0.4 M HCOOH (pH 13) on Pt carried 

out at 364 s (red) 367 s (red) of the chronopotentiogram as indicated in the inset 

 

As the comparison of the spectra above show, the baseline of the spectra strongly depends on 

the current potential and as the potential increases, the complete spectra shifts upwards. This 

behaviour was already found partly in the spectra at pH 3 and can be related to the changing 

reflectance due to anion adsorption in dependence on the potential. In Figure 60 the 

galvanostatic measurement is plotted together with the simultaneously recorded band intensity 

at 1630 and 2070 cm
-1

, which show a perfectly synchronous dependence in phase. As the 

reflectance and IR data show, water species and sulphate are adsorbed to a dominant coverage 

in alkaline media, which are responsible for changes in the reflectivity of the Pt surface. As it 
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has been reported by Osawa and co-workers, COad and HCOOB  just appeared with lower 

coverages in media with pH beyond 6, which explains the higher activity of formic acid 

oxidation and the visible N-NDR region as it is discussed above [72]. As the demonstrated 

data along the time series under conditions far from equilibrium show, none of the both 

species can be detected, but yet may be present in very low coverages. In the visited potential 

range surface oxidation may not be the most active process, but rather the adsorption of an 

ions, as it was argued in the discussion of the differential reflectance results, that in great 

contrast to acidic media an oscillating adsorption layer of sulphate anions in phase with the 

potential is found, which is removed slowly by the surface oxidation. 

Figure 60: Potential oscillation pattern for a current density of 0.12 mA cm
-2

 (left panels) and 

0.33 mA cm
-2

 (right panels) applied to a Pt film deposited on a Si prism (a) and integrated 

band intensities of COL (b) and HCOOB (c) obtained from a simultaneously recorded series of 

ATR-SEIRA spectra. The electrolyte was a 0.3 M K2SO4 + 0.4 M HCOOH solution (pH 13). 

 

Thus, the open question remains, which species is active in the negative feedback loop in 

absence of COad, that establishes conditions for pattern formation and self-organization. All 

data do not give a clear evidence for any species, that just assumptions can be made. As the 

ATR-SEIRA spectra in Figure 59 suggests, formate is very present in the electrochemical 
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interface weakly adsorbed on the Pt surface, which is the precursor in the most active pathway 

in formic acid/formate oxidation (see section 6.2). Consequently a fast oxidation of these 

present active species can be assumed, which is concomitant to the formation of H
+ 

on the 

surface, which can interact with sulphate or water/oxygenated species and cause a shift in the 

interfacial pH. In both ways the adsorption equilibrium of sulphate anions can be influenced 

[143].  

8.4 Partial Conclusions 
 

The simultaneous study of formic acid oxidation by chronopotentiometry with ATR-SEIRAS 

and differential reflectance spectroscopy allowed a deep insight in the adsorption layer along 

the autocatalytic evolution of potential oscillations, which showed a complex interaction of 

adsorbed carbonaceous species, namely COad and HCOOB, sulphate, and oxygenated species. 

It was found, that the adsorption of anions such as sulphate in this case pertubes the reaction 

of COad and surface oxides in the high potential range of the oscillating formic acid oxidation, 

what results in an intermediate CO coverage at higher overpotentials a delay in its complete 

removal. The coverage of all named species depends strongly on the applied bulk solution pH. 

Thus, the pH has a crucial impact in the existence of potential oscillations, as well as their 

characteristics, which are differentiate fundamentally in alkaline and acidic solutions. In 

acidic media pattern formation occurs due to the oscillating coverages of the above mentioned 

adsorbates, where COad is clearly present and its coverage synchronously oscillating out-of-

phase in relation to the potential. Yet, in alkaline solutions, oscillation patterns occur along 

the evolving ocverage of absorbed oxide and anions, where COad and HCOOB could not be 

detected. Consequently it remains hidden, which species is responsible for the removal of the 

oxides and the negative feedback loop, which is essential condition for pattern formation. It 

can be assumed, that formate or protons in the solid/liquid interface may have a crucial role 

here. 
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9. Synergy of formic 

acid and methanol 

electro-oxidation 

 

 

 

This chapter demonstrates the simultaneous oxidation of formic acid and 

methanol with different content over Pt studied by steady state 

voltammetry and chronopotentiometry. The voltammetric profiles showed 

a synergetic oxidation, where the highest activity was found in the solution 

containing a molar fraction of 0.8 for formic acid and 0.2 of methanol, and 

a transition from formic acid profile to methanol. The same transition was 

found in the oscillating regime. All data lead to the conclusion, that 

carbonaceous species formed by methanol blocked surface sites for CO 

formation and thus, enhance the direct oxidation of formic acid. 
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9.1 Introduction 
 

In the recent decades, enormous work has been done and a vast literature exists to find a cost-

effective catalyst for the application in fuel cells. Yet, in the recent time some groups reported 

an enhancing effect of small alcohols added to the formic acid solution [177–181]. This 

promotion was attributed by El-Deab et al. to the adsorption of carbonaceous species, that 

inhibit the formation of COad for a more active direct pathway in formic acid oxidation [177]. 

On the other hand Behm and co-workers discovered a synergetic effect of the partly oxidized 

byproducts, namely formaldehyde and formic acid, on the methanol oxidation [182,183]. 

Thus, a systematic study of solutions containing formic acid and methanol with different 

composition were performed under voltammetric and galvanostatic conditions. 

9.2 Steady state voltammetry 
 

The steady state voltammograms of methanol and formic acid oxidation are plotted in Figure 

61a) and c), respectively, in the temperature range of 10 to 50 degree. Both reactions show 

their well-known profile, as it is described in the previous sections and reported in literature 

[66,89]. The graph highlights the characteristic similarities, namely and increasing activity in 

the potential region of surface oxidation, a potential hysteresis and the (partially) hidden N-

NDR due to the potential dependent adsorption of water [25].  

Figure 61: CVs of Pt in 0.5 M H2SO4 + a) 2 M H3COH, b) 1 M H3COH/1 M HCOOH and c) 

2 M HCOOH at various temperatures. Scan rate 0.05 V s
-1

. 

 

Yet, there can also be seen drastic differences like similar currents in positive and negative 

scan direction with a shoulder before the anodic peak for the electro-oxidation of methanol, 

meanwhile formic acid oxidation shows higher currents in the cathodic sweep, which remain 
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above the anodic one until the hydrogen region [94]. Figure 61b) displays the 

potentiodynamic curves of Pt in a solution of equal concentration of methanol and formic acid 

and otherwise the same conditions, which indicate the transition from one to the other profile. 

Yet, it should be especially noted, that the maximum current densities in both scan directions 

are found to be significantly higher as each species separately [177]. Figure 62a) and b) shows 

the steady state voltammograms of all applied solutions of different contents at 25 degree. 

Meanwhile the addition of small concentrations of methanol did not show any significant 

differences in the shape of the potentiodynamic curve, except an increase in the current 

density, as seen in Figure 62a), the addition of 10% of formic acid changes the profile 

significantly, which manifests itself in a potential shift of the main anodic oxidation peak and 

reveals the characteristic features of formic acid oxidation. 

Figure 62: steady state voltammograms of HCOOH/H3COH (x/y M) a)  2/0, 1.8/0.2 and 

1.6/0.4, b) 1.4/ 0.6 – 0/2 in 0.5 M H2SO4, c) peak maximum current densities. Temperature 25 

°C. d) apparent activation energy vs x(H3COH). c), d) anodic (black) and cathodic sweep 

(red).  

 

These results emphasizes a non-additive behaviour of both oxidation processes, and labels 

formic acid not surprisingly as the more active reaction species, as the activation energies 
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indicated (see above). Reichert et al. reported the same effect for already smaller 

concentrations of formic acid on methanol oxidation and attributed it to the a changing CO 

coverage [182,183]. Figure 62c) and d) emphasize the changing peak current maxima at 25 °C 

and activation energies of positive and negative sweeps in dependence on the solution 

composition. Both graphs depict the mentioned differences of current densitiy and activation 

energy in both sweeps for solutions of high formic acid concentration, which diminishes, as 

the presence of methanol increases. It was also found that the current evolves differently in 

anodic scan direction, where it reaches a plateau at a molar fraction of 20 % of methanol, 

meanwhile the overall highest currents were found at this solution composition in the cathodic 

sweep declining to higher and lower concentrations of methanol. The activation energy on the 

other hand shows a very similar evolution in both scan directions in dependence for a molar 

fraction of methanol from 0 to 0.9, where it increases to higher plateau from 0.2 to 0.5 and a 

lower one from 0.6 to 0.9 molar fraction of methanol. Thus, it is surprising, that the highest 

activities found take place under conditions, which reveal a similar high activation energy as a 

the 2 M methanol solution for both sweeps. As it was mentioned in the mechanistic discussion 

of section 6.2 and 6.3, methanol oxidation requires the presence of adsorbed oxygenated 

species for a successful oxidation to CO2 in direct and indirect reaction pathway, that its 

activity is limited to high overpotentials. On the other hand, the active dehydrogenation 

pathways of formic acid oxidation do not show this behaviour, that high activities are possible 

in a wider potential range, but are inhibited by the adsorption of CO in the anodic sweep. 

Thus, again changes in the CO coverage may be responsible for the changing current and 

activation energy. A deeper analysis of the voltammetric profiles was done by deconvolution 

in 3 peaks, shown in Figure 63a)-c) fitting all voltammograms in good agreement, as it has 

been reported earlier for the steady state voltammogram of Pt in 2 M H3COH [94]. Since 

deconvolution peak II results from the overall most active process, it can be attributed to the 

direct oxidation pathway of formic acid and methanol oxidation. Peak III propably results 

from the same processes, but may contain a contribution of the surface deactivation by oxide 

formation. This interpretation is supported by the independent peak potential of peak II and 

III, as shown in Figure 63f). The deconvoluted peak I on the other hand is to be seen 

differentiated, since the potential of the peak maximum strongly depends on the solution 

composition and undergoes a constant increase with the molar fraction methanol. The detailed 

analysis gives a deep insight in differences and similarities of the electro-oxidation of 

methanol and formic acid and the influence of both molecules on each other. Thus, it was 

found, that the peak maximum potential of deconvolution peak II and III above 0.9 V 
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decreases slightly (see Figure 63f), as methanol becomes more present, which is not 

surprising, since the surface processes take place in the presence of surface oxides. 

Figure 63: Deconvoluted sweeps of positive scan direction from the steady state 

voltammograms of x/y M HCOOH/H3COH in 0.5 M H2SO4 (a) 2/0, b) 1/1, c) 0/2) and the 

derived d) charge distribution, e) peak maximum current density and f) peak maximum 

potential vs. molar fraction of H3COH. 

 

As mentioned various times above, adsorbed oxygenated species have more site-blocking 

character for the direct pathway of formic acid oxidation, which is the most active reaction in 

the system and responsible for the major charge transfer in the electrochemical interface, even 

if it is just present in small concentration. On the other hand, the peak potential of peak 

maximum I shifts more positively already at a molar fraction of 10% of methanol and 

increases slightly until 90%, followed by a sharp increase of more than 0.1 V. This behaviour 

indicates, that the deconvolution peak I at 2 M formic acid solution is represented by the 

direct oxidation pathway under the influence of COad. The positive shift by adding methanol 

indicates, that the same pathway takes place in presence of more adsorbed carbonaceous 

species than COad, as it was reported by El-Deab et al. and peak I is solely represented by the 

oxidation of these adsorbates by (H)xOad in 2 M H3COH, as found earlier [94,177]. These 

interpretations get support in the transferred charge of all peaks in dependence on the molar 
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fraction of methanol, which is plotted in Figure 63d). The maximum current densities of each 

deconvolution peak are shown in Figure 63e), which show the same tendency, as it was found 

in the steady state voltammograms and it appears, that methanol enhances the formic acid 

oxidation via the dehydrogenation pathway, reaching the highest currents at 0.3 molar fraction 

of methanol [177]. Surprisingly, the maximum current density of peak II remains at this level 

until the molar fraction of 0.8, which differs from the results in Figure 62c). 

9.3 Oscillations 
 

For further insight, the influence of methanol on formic acid oxidation was studied under 

galvanostatic conditions at a normalized current density of 0.5 at all temperatures. Since 

several surface reactions are probed at the same time and take place in a complex network, 

solutions containing both species showed a great variety of S- and L-patterns were found, that 

made a deep analysis difficult. Figure 64 shows 5 oscillations cycles of a time series in each 

solution for 25°C, where a complex influence of methanol is found under oscillating 

conditions, which manifests itself especially in the strongly changing time scale. The 

oscillations in mixed solutions show a constant transition from the formic acid- to the 

methanol-type, which will be discussed in detail along Figure 65 and 66.  

Figure 64: Time series of characteristic potential oscillations in dependence on the molar 

fraction of methanol and formic acid in 0.5 M H2SO4 + x/y M HCOOH/H3COH at 25 °C. 

Normalized current density = 0.5.  
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Meanwhile the potential oscillations for formic acid and methanol oxidation show the well-

known profile, as it has been described in section 2.1 and 2.2., the high potential part in each 

oscillation cycle becomes more pronounced in the oscillations in mixed solutions, as the 

molar fraction of methanol increases until 0.8.  

Figure 65: a) dE/dt profiles of characteristic oscillation cycles vs. electrode potential in 

solutions containing different molar fractions of methanol and b) high and low limits of the 

cycles vs. x(H3COH). x(H3COH). x(H3COH): 0 (black), 0.2 (red), 0.5 (green), 0.8 (blue), 1 

(light blue). 

 



 
117 

It can also be seen, that the oscillation profile remains in the formic acid-type until the molar 

fraction of 0.8, which labels formic acid oxidation again as the more active and dominant 

process also under galvanostatic conditions, sustaining the majority of the applied current. 

This result is in good agreement with the ones from the steady state voltammetry, which again 

indicates a higher coverage of carbonaceous species, that require high overpotentials for 

oxidation, as the conclusion. All characteristic oscillation variables will be discussed in detail 

along Figure 65 and 66. Figure 65 shows some representative dEdt
-1

 profiles for different 

molar fractions of methanol and formic acid, summarizing the mentioned influence of 

methanol on formic acid oxidation, such as a positive shift of the visited potential and the 

transition of the shape. Thus, the potential dependent oscillation derivative evolves slowly in 

the positive part of the cycle, meaning slow surface poisoning, followed by a steep change to 

negative values, meaning a fast removal of inhibiting species. The presence of methanol  

leads to a more reversible cycle by a diminishing difference of the extrema of potential and 

derivative, where the general trend is highlighted in Figure 66a) and b). Thus, it can be seen, 

that the potential of the maximum poisoning rate is the highest for the solution of methanol, 

which confirms the most active formation of carbonaceous site-blocking adsorbates from 

methanol, which also are effectively removed. 

Figure 66: a) potential of the maximum dEdt
-1 

rate and b) dEdt
-1

 of the positive part of the 

derivatives from Figure 65. 
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This fact is not surprising, since direct and indirect pathway share partially the same 

intermediates and an active formation of oxygenated species on the surface in the visited 

potential rage in the oscillation cycle, which are responsible for the main charge transfer 

sustaining the applied current density and establish the oscillation patterns. The maximum 

poisoning rate in formic acid solution is found at a close potential, since the initial potential 

increase due to COad leads to oxide adsorption. The formed oxides cannot free the surface 

effectively and also have rather site-blocking character, that the highest poisoning rate lies in 

that potential range. On the other hand, the mixed solutions show the maximal surface 

poisoning in a similar range below 0.7 V, which is at least 0.05 V lower than for formic acid 

and methanol, which indicates a faster formation of the carbonaceous species. This point can 

be seen in the oscillation profiles, where the high potential part becomes more pronounced 

with presence of methanol. This conclusion gets further support in the higher poisoning rates 

compared to formic acid, again showing an incline seen in Figure 66b), which increase from 

almost 0 to 0.6 Vs
-1

. Yet, it seems surprising, that the maxima of the derivative maxima 

indicate three different levels in dependence on the molar fraction of methanol, namely from 0 

to 0.3, 0.6 to 1 and a medium branch from 0.4 and 0.5, where the latter unfortunately just 

consists of 2 points. This behaviour emphasizes strongly the non-additive oxidation of formic 

acid and methanol, a complex network of formation and oxidation of adsorbates in various 

surface processes far from equilibrium, what makes it difficult to find a clear mechanistic 

explanation for this behaviour. A similarly complex behaviour is display for the oscillation 

frequency for 3 different temperatures in Figure 67. As expectable, methanol oxidation 

showed the overall highest oscillation frequency, which diminishes, as the temperature 

increases and leads to the absence of any oscillation pattern at 50 °C, as it has been discussed 

above and reported by our group [94]. This might also be the reason for the higher oscillation 

frequency at a molar fraction of 0.8 and 0.9 than 0.7. This suggests, that although formic acid 

is the more active process as seen in the oscillation profiles and steady state voltammetry, 

methanol oxidation takes place non-negligible under conditions far from equilibrium and high 

presence as well, which is again confirmed by the longer oscillation cycle at high 

overpotentials. Yet, it can also be seen, that there is a local maximum in the range from 0.2 to 

0.3 molar fraction of methanol at all temperatures (at 50 °C a global maximum). The steady 

state voltammetry also showed the highest activities in that region, that again a high activity 

and an efficient oxidation of methanol and especially formic acid can be assumed here. The 

oscillatory regime has already been reported to be the more effective region for the electro-

oxidation of small organic molecules, that those interpretations are reasonable [49].  
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Figure 67: Oscillation frequencies, against the molar fraction of methanol for a) 10, b) 25 and 

c) 50 
o
C. Other parameters are the same as in Figure 65. 

 

A high oscillation frequency can be seen as indicator for fast formation of carbonaceous 

surface poisoning, coinciding with an active oxidation via direct pathways, and also fast 

adsorption of oxygenanted species, what guarantees a good interaction via Langmuir-

Hinshelwood mechanism and the consequently fast removal. 

9.4 Partial Conclusions 
 

Table 4 highlights the importance of methanol and formic acid, whose oxidation received 

much attention in literature. Their application in fuel cells shows advantages and 

disadvantages and lead to the study of their simultaneous oxidation (see reference 169 and 

references in there). As it has been reported earlier, this worked showed a synergetic, non-

additive oxidation of formic acid and methanol, where the highest activity was found for a 

solution containing 1.6 M HCOOH and 0.4 M H3COH [177,182,183]. The systematic study 

of the electrochemical response in all solutions by chronopotentiometry confirm the 

supporting effect of methanol for formic acid oxidation, where the solution containing a molar 

faction of 0.2 and 0.3 showed the highest oscillation frequency besides the solutions of high 

methanol content. In general, steady state voltammetry and potential oscillations show a 
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constant transition between the profiles of purely containing methanol and formic acid 

solutions and label the latter as the more active process. The deeper analysis of the 

deconvoluted voltammograms and derivatives of oscillation cycles indicate, that methanol 

influences formic acid oxidation via the adsorption of other carbonaceous species than just 

COad, which may inhibit CO formation, consume adsorbed oxygenated species and thus, 

allow a more active formic acid oxidation via its direct oxidation pathway, as previously 

reported by El-Deab et al. [177]. Yet, the potential time series in all mixed solutions showed 

various patterns in different time scales, which suggests a complex response and interaction of 

all surface processes, that makes a deep understanding and insight difficult.  
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10. Concluding remarks 

This section summarizes the results and the corresponding conclusions, 

which were achieved in this work 
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The principal objective of this work was the detailed study of formic acid and methanol 

oxidation in dependence on temperature and pH in a wide range, which was done by steady 

state voltammetry, impedance spectroscopy and with special focus on the oscillatory regime 

under galvanostatic conditions. Aside these investigations formic acid oxidation was studied 

on PtAu alloys of different contents and under the simultaneous electro-oxidation of 

methanol. Thus, the following conclusions could be achieved: 

 Results from literature in the pH dependent, potentiodynamic oxidation of formic acid 

could be reproduced and indicated weakly adsorbed formate as main active species in 

the direct oxidation pathway. Besides this fact, formic acid oxidation showed a linear 

dependence of the peak maximum current in the cathodic voltammetric sweep 

indicating a possible third pathway with a non-negligible contribution in the acidic pH 

range beyond the pKa. Bridge-bonded formate is a possible active intermediate in this 

third reaction pathway. 

 The pH dependence of methanol oxidation demonstrated a linear behaviour of the 

peak maximum current density in the complete range, which can be related to a crucial 

role of formic acid as active side product in the afore mentioned mechanism in the 

overall oxidation of methanol. 

 Potential oscillations in the known form from literature are limited for both molecules 

to the pH range from 0 to 3, which are governed particularly by the pH dependent 

adsorption of COad and HCOOB, but also anion adsorption and surface oxidation, as it 

was found in ATR-SEIRA and differential reflectance spectroscopy. Different 

oscillation patterns were newly found along formic acid oxidation in alkaline media, 

where the simultaneous recorded SEIRA spectra showed an oscillating coverage of 

water species. Yet, the complete oscillation mechanism in this pH range remained 

hidden. 

 The results of pH and temperature dependent voltammetric and galvanostatic 

oxidation of formic acid and methanol could give more insight in the role of 

oxygenated species in the reaction mechanism, that must be seen differentiated and 

labels surfaces oxides either as active adsorbate or site-blocking inhibitor. 

 Formic acid oxidation on Au-alloyed Pt nanoparticles and in presence of methanol 

demonstrated an enhanced activity, where an effective COad suppression can be 

assumed by ensemble effects or the adsorption of other carbonaceous species. 
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 The simultaneous electro-oxidation of methanol and formic acid reveal an enhancing 

effect, due to the adsorption of carbonaceous spieces, that can inhibit CO formation 

and contribute to the overall oxidation current. Under oscillating conditions a more 

effective interaction of carbonaceous and oxygenated species is found, but requires 

higher overpotentials because of the faster surface poisoning than in absence of 

methanol. 

Summarizing, the electro-oxidation of formic acid and methanol oxidation take place in a 

complex network of various, directly or indirectly related adsorption processes, each of 

them being sensitive to the applied parameters, such as potential, current density, 

temperature, pH, surface configuration and time amongst others.   
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11.Perspective and 

outlook 

 

 

 

This chapter is meant to highlight the mechanistic insight that can be given 

by studying electrochemical systems far from equilibrium and give a short 

outlook to possible future works. This is also done by the brief discussion 

of other oscillating systems, which have been studied in the oscillating 

regime in parallel to this work, namely the electro-oxidation of 

formaldehyde over PtxAuy nanoparticles of different composition and 

formic acid oxidation over A Pd bulk electrode. 
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11.1 Introduction 
 

Recent studies in steady state and far from equilibrium, in theory and experiment, from our 

group and other institutes could deepen the understanding of the surface processes on Pt-

based electrodes and their role in the electro-oxidation mechanism of methanol and formic 

acid (see references). Yet, there remain several challenges to face, that allow a successful 

application of fuel cells as a sustainable, commercially profitable alternative of high 

performance to other energy converters. Especially the lack of long term stability, efficiency, 

fuel availability and product management are to mention here amongst others. This section 

should give a concise overview on briefly studied systems regarding the electro-oxidation of 

small organic molecules. 

11.2 Galvanostatic oxidation of HCOH on PtxAuy 

 

The applied PtAu alloyed nanoparticles on formic acid oxidation (see section 5) were also 

used to study the electro-oxidation of formaldehyde by steady state voltammetry (performed 

by the collaborators from Universidade Federal de São Carlos and not shown) and 

chronopoteniometric measurements, which are shown in Figure 68. Previous publications on 

galvanostatic oxidation of formaldehyde over Pt showed several types of potential oscillation, 

including the displayed patterns in Figure 68a), which thus, were used as reference for the 

alloying effect of Au [16,18,51,184–190]. Yet, the literature reported mixed mode oscillations 

of higher period along the galvanostatic formaldehyde oxidation, where the surface coverage 

changes accordingly, depending on the applied parameters and time [18,51]. In our case, just 

period-1 oscillations could be observed, propably due to the greater electro-acitve area on Pt 

nanoparticles than conventional bulk electrodes. Generally, formaldehyde is known to get 

oxidized via the described dual-pathway mechanism, forming CO2, where the indirect 

reaction pathway takes place via the inhibiting intermediate COad and just becomes oxidized 

by activated oxygenated species at high overpotentials. On the other hand the intermediate in 

the direct pathway still remains under discussion, where the hydrated form of formaldehyde 

CH2(OH)2 is thought to be active. It is likely, that formic acid, formed as sideproduct has an 

influence on both pathways, as it was described above for methanol oxidation. Consequently, 

potential instabilities occur due to the afore described mechanism for methanol and formic 

acid oxidation. As Figure 68b)-e) and Table 5 highlight, the alloying with Au has impacts in 
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the same fashion on the potential oscillations of formaldehyde oxidation on the alloyed 

nanoparticles,  as it was found for formic acid oxidation, namely an increasing amplitude and 

oscillation frequency and a diminishing time scale. Also as for formic acid oxidation, no 

potential oscillations were found on the nanoparticles of high Au content. So the same ligand 

and electronic effects can be assumed to be active, which suppress CO formation, leading to a 

higher oxidation efficiency via the direct pathway. Yet, differently to the oscillations in Figure 

28, the oscillation profiles show a more pronounced part on Pt3Au and PtAu than for Pt. Since 

the measurements were carried out under similar experimental parameters, this behaviour 

must have its origin in mechanistic differences between formaldehyde and formic acid and 

suggests the adsorbance of other carbonaceous species than CO on the surface, which require 

higher overpotential for their removal via the oxidation by surface oxides. This has already 

been reported and described above for methanol oxidation as well as formaldehyde, where 

HCO and COH were suggested as possible candidates [16,18,93]. As Figure 68b)-e) and 

Table 5 highlight, the alloying with Au has impacts in the same fashion on the potential 

oscillations of formaldehyde oxidation on the alloyed nanoparticles,  as it was found for 

formic acid oxidation, namely an increasing amplitude and oscillation frequency and a 

diminishing time scale.  

Figure 68: Potential time series of HCOH oxidation on nanoparticles of a) Pt, b) Pt3Au, c) 

PtAu, d) PtAu3 and e) PtAu9. The panels on right in Figure a), b) and c) show an expanded 

view of the oscillation patterns. Applied normalized current density 0.2. 
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Table 5: Oscillation parameters obtained from Figure 68. 

 Pt Pt3Au PtAu 

Amplitude / V 0.53-0.78 0.53-0.74 0.51-0.91 

Frequency / mHz 38 33 26 

Min/Max dE dt
-1

 /mV s
-1

  -0.07/0.02 -0.03/0.02 -0.12/0.03 

 

Also as for formic acid oxidation, no potential oscillations were found on the 

nanoparticles of high Au content. So the same ligand and electronic effects can be assumed to 

be active, which suppress CO formation, leading to a higher oxidation efficiency via the direct 

pathway. Yet, differently to the oscillations in Figure 28, the oscillation profiles show a more 

pronounced part on Pt3Au and PtAu than for Pt. Since the measurements were carried out 

under similar experimental parameters, this behaviour must have its origin in mechanistic 

differences between formaldehyde and formic acid and suggests the adsorbance of other 

carbonaceous species than CO on the surface, which require higher overpotential for their 

removal via the oxidation by surface oxides. This has already been reported and described 

above for methanol oxidation as well as formaldehyde, where HCO and COH were suggested 

as possible candidates [16,18,93].  

Figure 69: Derivatives of distinct oscillation cycles from Figure 68 against the measured 

potential. Pt (black), Pt3Au (red), PtAu (green). 
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The derivatives of distinct oscillation cycles on Pt, Pt3Au and PtAu are plotted in Figure 69, 

which show a double sided effect of Au, similar as for formic acid oxidation. Thus, the 

oscillations Pt3Au visit a smaller range of potentials and the decreasing cycle in the negative 

half, meanwhile the positive part remains the same shape. This result suggests, that the 

smaller active area due to the presence of Au has a more pronounced influence than ligand 

and electronic effects and leads to a faster surface poisoning and a slower autocleaning 

process. On the other hand on PtAu a wider potential amplitude can be seen besides higher 

poisoning rates in a higher potential range and significantly more efficient removal of 

poisoning species in the negative half of the cycle, which again indicate a successful 

suppression of CO formation on the PtAu nanoparticles. Interestingly, the profile of the 

limiting cycle for PtAu adjusts to the shape of formic acid oxidation, as it is demonstrated in 

Figure 17b). The importance of formic acid as reactive side product has already been 

discussed for methanol oxidation and may surface here as well and finds its relevance here 

along formaldehyde oxidation as well. 

11.3 HCOOH oxidation on Pd 
 

Since Palladium shows besides Pt the highest activites in hydrogen evolution and 

oxidation, Pd-based catalysts are considered as a promising candidates for an application as 

anode in fuel cells. Considering the higher availability and less costs in production, Pd 

electrodes may be the favoured, noble metal compared to Pt. Yet, to the best of my knowledge 

there are no studies on the electro-oxidation of small organic molecules on Pd in the 

oscillatory regime, except few for formic acid [84,191,192]. The steady state voltammograms 

of a Pd bulk electrode in 0.5 and 2 M HCOOH+ 0.5 H2SO4 are plotted in Figure 70. As it can 

be clearly seen, the potentiodynamic profiles differ drastically from the ones of Pt. Formic 

acid oxidation is active in the complete double layer region between 0.2 and 0.8, where it is 

limited by the underpotential deposition of hydrogen and surface oxidation, respectively. 

Contrary to Pt, the voltammograms reveal one main oxidation peak with its maximum 

between 0.3 and 0.5 V and a shoulder at more positive potentials between 0.7 and 0.8 V in 

dependence on the formic acid concentration in good agreement to earlier studies 

[84,191,192]. Meanwhile the main peak may represent the active formic acid oxidation via 

the direct pathway, the side peak may be related to oxidation of trace COad, which suggests a 

minor activity of the indirect pathway. This interpretation is supported by the slight hysteresis 
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between anodic and cathodic scan, suggesting a highly reversible, almost uninhibited formic 

acid oxidation as it is found on Au electrodes [76]. This behaviour also is reported in literature 

and highlights the catalytic advantages of Pd over Pt [192].   

Figure 70: Steady state voltammograms of Pd in 0.5 (black) and 2 (red) M HCOOH + 0.5 M 

H2SO4.  

 

The performed galvanostatic measurements for the oscillatory analysis of formic acid 

oxidation on Pd are plotted in Figure 71a) and b) for both applied concentrations, which 

confirm the interpretations from the steady state voltammetry. At 0.5 M HCOOH only some 

potential instabilities can be seen at 0.2 mA cm
-2

, which show a chaotic and aperiodic 

behaviour and could not be found at 0.33 mA cm
-2

. Again this behaviour indicates, that the 

formation of COad is present, but not sufficient to block the dehydrogenation pathway and just 

require overpotentials around 0.6 V, where the surface oxidation on Pd starts, to be removed. 

Yet, by increasing the formic acid bulk concentration, periodic oscillations could also be 

found, which show a wide amplitude between 0.25 and 1 V and period 200-300 s. Both 

parameters are significantly higher than on Pt. The absence of any oscillation pattern at higher 

applied current densities and the oscillating behaviour are in good agreement to the literature 

and are sign again, that CO formation is not a highly active process like on Pt and the surface 

is faster covered by oxygenated species, leading to a fast increase to potentials in the oxygen 

evolution [84,192]. 
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Figure 71: Potential time series of a) 0.5 M HCOOH + 0.5 M H2SO4 with applied current 

densities of 0.2 (black) and 0.33 mA cm
-2

 (red) and b) 0.5 M HCOOH + 0.5 M H2SO4 with 

applied current densities of 0.13 (black) and 0.2 mA cm
-2

 (red).  

 

As it has been shown in this work and others, the oscillatory regime can allow another 

point of view on the electro-oxidation of small organic molecules and shed more light in the 

complex reaction mechanism and related processes. Meanwhile the efforts of the last decades 

may have revealed the most important facts on the oxidation mechanism of formic acid and 

other C1-species to some extend, many problems for an effective application of fuel cells 

need to be solved, such as the tailoring of a cheap and efficient anode catalyst. There already 

is a vast literature on bi- and ternary Pt-alloy catalysts (see for example reference [193] and 

references in there), but few studies were done far from equilibrium [44,45,111]. As it also 

has been shown, there are possibilities in tailoring the solution characteristics, that allow an 

enhancement in effectivity [177,181]. Since the oxidation under oscillating conditions was 

proven to be the more effective one compared to conventional stationary methods, it may be a 

promising field for further studies with the power to solve the energy problem of our time. 
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