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ABSTRACT 

In this work we have investigated for the first time the electrochemical activation of a 

catalyst for the ethanol reforming reaction. For that purpose, a Pt-KβAl2O3 

electrochemical catalyst has been prepared, characterized and tested under ethanol 

reforming reaction conditions. The electrochemically supply of potassium ions under 

negative polarization step, strongly increased the hydrogen production rates leading to a 

reversible and controllable promotional effect. It has been attributed to the enhancement 

of the kinetic of ethanol dehydrogenation reaction, due to the strengthening of the 

chemisorptive bond of intermediate ethoxy molecules. It will increase the stability of 

this intermediate, thus favoring its formation, which initiates the ethanol reforming 

process. However, a large amount of carbonaceous species were formed on the catalyst 

surface during the negative polarization step that causes a continuous decrease in the 

catalytic activity under long polarization times. Under these conditions, the application 

of a catalyst potential of 2 V leads to a complete removal of the previous deposited 

carbonaceous molecules which allows further electrochemical activation steps. The 

obtained catalytic results have been supported by in-situ temperature programmed 

oxidation analysis and ex-situ Raman spectroscopy and Scanning Electron Microscopy. 

These techniques, in conjunction with the obtained catalytic results, have demonstrated 

the interest of the EPOC phenomenon for in-situ tuning the adsorption of reactants 

molecules on catalyst surface and its application in the hydrogen production technology, 

improving catalyst conversion and selectivity. 

 

KEYWORDS. Electrochemical promotion, ethanol reforming, Hydrogen production, 

carbon deposition, catalyst regeneration.  
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1. INTRODUCTION 

The search for sustainable energy systems has encouraged, among several 

alternatives, the development of hydrogen-based technologies to reduce the impact of 

non-renewable sources. In fact, hydrogen, although it is not found in its elemental form,  

is the most abundant element on the world and possesses the highest specific energy 

content of all conventional fuels [1]. In order to not increase the amount of greenhouse 

gases, the utilization of biomass derived material such as alcohols is one of the 

promising solutions for the hydrogen production. 

Ethanol steam reforming (ESR) has become an attractive route for hydrogen 

production, attending to the overall stoichiometric equation: 

C2H5OH + 3H2O → 2CO2 + 6H2               (1) 

Ethanol, compared to other molecules like methanol or dimethyl ether, offers many 

favorable features such as safety in storage, handling and transportation, lack of 

toxicity, lower volatility, high hydrogen content and availability from renewable 

resources [2, 3]. These features, joint to their chemical energy, favor the use of ethanol 

for hydrogen production through different technologies including partial oxidation, dry 

and steam reforming or autothermal reforming [4, 5].  

Consequently, catalytic steam reforming has been widely studied using different 

types of catalysts and support materials. Noble metals (Au, Pd, Pt, Rh, Ru) [6-9] and 

transient metals (Co, Cu, Ni) [5, 10-13] catalysts have been tested, as well as 

combinations between them, creating bimetallic [3, 14, 15] catalysts. These metallic 

catalysts have been supported on different materials, such as SiO2, CeO2, Al2O3. 

Ce0.6Zr0.4O2, Nb2O5, ZnO, HAp [16-19]. Different studies [14, 17, 20, 21] have also 

used different kind of promoters to enhance the catalytic activity by adding species to 

the catalytic active phase. However, and despite all efforts made, there are currently no 



4 
 

available commercial catalyst to ethanol steam reforming [22]. The development of an 

efficient catalyst, capable of overcoming by-product formation, catalytic deactivation 

[23], and the continuous heat supply (due to the strongly endothermic behaviour) [24] is 

one of the main remained challenges [25].   

The phenomenon of electrochemical promotion of catalysis (EPOC), also known as 

non-faradaic electrochemical modification of catalytic activity (NEMCA), discovered 

by Stoukides and Vayenas in 1981 [26], has recently shown to be an alternative way to 

promote and enhance catalytic reaction rates. It is based on the activation of a catalyst 

by the electrochemical supply of promoter ions from an electro-active catalyst support 

(solid electrolyte) by means of the application of electrical polarizations on a solid 

electrolyte cell. Hence, the electrochemical promotion phenomenon allows to control in 

a continuous and reversible manner the in-situ addition or removal of promoters to the 

catalyst under reaction conditions. This effect makes possible a fast and precise 

evaluation and optimization of the promoter coverage on the catalyst surface [27]. 

Additionally, on the last years this phenomenon has been shown to be an useful tool to 

modify the reversible oxidation state of a catalyst [28, 29], to prevent poisoning effects 

[30] or even to regenerate the catalyst from carbon deposition during the course of the 

catalytic reaction [31]. 

The application of the EPOC phenomenon in hydrogen production reactions has 

been already studied in different catalytic systems. For instance, it has been studied on 

the water-gas shift (WGS) reaction using Pt as catalyst and yttria-stabilized zirconia 

(YSZ, O2- conductor) [32] as solid electrolyte, and Ni supported on K-β”Al2O3 (K+ 

conductor) [33]. The methane steam reforming reaction has also been studied on Ni and 

Pt, both supported over YSZ solid electrolyte [34, 35]. On the other hand the EPOC 

effect has also been studied on the steam reforming of methanol using Ni and Cu 
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supported over K-β”Al2O3 [30, 36]. All these studies have shown a great interest of the 

application of EPOC phenomenon in the hydrogen production technology with a great 

significance and many interesting issues which have recently been reviewed in a recent 

work [37].   

The aim of the present work is to investigate for the first time in literature, the 

EPOC phenomenon in the ethanol steam reforming reaction. For that purpose, a Pt-

KβAl2O3 electrochemical catalyst has been prepared, characterized and tested under 

ethanol reforming reaction conditions. The obtained results show potential for the 

application of the EPOC phenomenon for the enhancement of catalytic activity and 

selectivity in hydrogen production from ethanol reforming as well as for the in-situ 

catalyst regeneration from carbon deposition. The use of EPOC, coupled with different 

in-situ and ex-situ characterization techniques, allows to study the mechanism of 

ethanol reforming reaction leading to valuable conclusions for the scientific catalysis 

community. 

 

2. EXPERIMENTAL 

2.1. Electrochemical catalyst preparation 

An electrically continuous Pt film (geometric area of 2.01 cm2) was deposited on a 

20-mm-diameter, 1-mm-thick K-βAl2O3 (Ionotec) solid electrolyte disc using Au as 

counter and reference electrodes on the solid electrolyte cell. Firstly, Au counter and 

reference electrodes were deposited on one side of the K-βAl2O3 disc by applying thin 

coatings of gold paste (Gwent Electronic Materials), followed by calcination at 800 ºC 

for 2 h (heating ramp of 5 ºC/min). Au was chosen due to its catalytically inactive 

properties for the ethanol reforming reaction as verified by blank experiments. Then, the 

active Pt catalyst / working electrode (W) was deposited on the other side of the solid 
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electrolyte, as described in detail elsewhere [38], by the impregnation of a H2PtCl6 

solution, followed by calcination at 800 ºC for 2 h (heating ramp of 5 ºC/min). The final 

Pt metal loading on the solid electrolyte cell was 1.05 mgPt·cm-2. Before the catalytic 

activity measurements, a temperature programmed reduction treatment was performed 

under a 5 % H2 stream (Ar balance, total flow = 100 mL/min (Standard Ambient 

Temperature and Pressure, SATP)) from room temperature to 450 ºC (ramp of 5 

ºC/min).  

 

2.2. Catalytic activity measurements 

The catalytic activity measurements were carried out in an experimental setup used 

in previous studies [38], using a single chamber solid electrolyte cell reactor 

configuration [39]. The reaction gases (Praxair, Inc) were certified standards (99.999 % 

purity) of Ar (99.999 % purity, carrier gas), H2 (99.999 % purity, reducing agent) and 

O2 (99.999 % purity, oxidizing agent). Ethanol (Panreac, 99.8 % purity) and water 

(distilled and deionized) were fed by sparging Ar through thermostated saturators and a 

set of mass flowmeters (Bronkhorst EL-FLOW) controlled the gas flow rates.  

The catalytic experiments were carried out at atmospheric pressure and a 

temperature ranging from 400 to 500 ºC, with an overall gas flow rate of 100 mL/min 

(SATP) and a composition of C2H5OH / H2O = 3 % / 9 % (Ar balance). Reactant and 

product gases were online analyzed by using a double channel gas chromatograph 

(Bruker 450-GC) equipped with Hayesep and Q-Molsieve 13X consecutive columns 

and a CP-Wax 52 CB column, along with thermal conductivity (TCD) and flame 

ionization (FID) detectors, respectively. The detected products were: H2, CO2 and 

acetaldehyde (C2H4O). 
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The three electrodes were connected to an Autolab PGSTAT320-N potentiostat-

galvanostat (Metrohm Autolab) using gold wires (Alfa Aesar, 99.95 % purity). The 

EPOC experiments were carried out by applying different electrical currents measured 

between the working and counter electrodes; and potentials, measured between the 

working and reference electrodes (VWR), according to the procedure generally used in 

conventional three-electrode electrochemical cells [28]. 

 

2.3. Electrochemical catalyst characterization 

Different techniques were used for the in-situ and ex-situ characterization of the 

electrochemical catalyst to support the obtained catalytic results. 

In the first place, temperature programmed oxidation (TPO) experiments were in-

situ performed using a 2 % O2 stream (Ar balance, total flow = 100 mL/min (SATP)) 

and temperature range from 150 to 550 ºC (heating ramp 2 ºC/min) in order to evaluate 

the presence of carbon formed on the catalyst surface during catalytic experiments. 

Raman spectra of the Pt catalyst film after EPOC experiments were also obtained 

from the Pt catalyst surface with a SENTERRA spectrometer with a grating of 600 lines 

per mm and a laser wavelength of 532 nm at a very low laser power level (<1 mW), to 

avoid any heating effect. The Pt film after catalysis testing was also studied with 

Scanning Electron Microscopy (SEM) (Phenom ProX) with a field emission gun with a 

resolution of 15 kV and a magnification of 2000x. Elemental analysis was carried out 

with Energy-dispersive X-ray spectroscopy (EDX) (Phenom ProX). 
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3. RESULTS AND DISCUSSION 

3.1. Electrochemical promotion of the Pt catalyst 

The phenomenon of Electrochemical Promotion was firstly investigated by a 

combined galvanostatic-potentiostatic transient at 500 ºC. Figure 1 shows the response 

of the hydrogen production rate and the catalyst potential (VWR) vs. time during the 

application of different potentiostatic and galvanostatic transients: a positive potential 

(VWR = +2 V) for 62 min, a negative current (I = -10 µA, current density: j = -4.97 

µA·cm-2) for 88 min, open circuit potential (OCV) for 62 min and a final positive 

potential (VWR = +2 V) for 25 min.  

As typically found with electrochemical catalysts based on alkaline ionic 

conductors [40], such as K-βAl2O3 (present case), positive alkali ions may have 

thermally migrated from the solid electrolyte to the catalyst surface during the catalyst 

preparation and reduction step [41]. Hence, at the beginning and at the end of each 

experiment, a positive potential (VWR = +2 V), higher than the open circuit potential, is 

applied in order to remove from the catalyst the possible migrated ions leading to a 

clean Pt catalyst film, free of promoter, established as a reference state (unpromoted). 

During the negative galvanostatic step, potassium ions were electrochemically 

transferred to the catalyst surface at a rate I/nF = 1.04·10-10 molK+·s-1 according to the 

Faraday equation. It can be observed that the increase on the potassium supply enhanced 

the hydrogen production rates leading to an electrophilic behaviour according to the 

rules of electrochemical promotion of catalysis [42], i.e. its rate increases with 

decreasing catalyst potential and hence catalyst work function. This enhancement can be 

attributed to an increase of intermediate chemisorbed species (ethoxy molecules) and its 

further dehydrogenation as will be explained below. At the same time, a decrease in the 

potential measured between the working and reference electrodes (VWR) was observed 



9 
 

during the application of the negative current following the same trend than previous 

studies with alkali solid electrolytes [43, 44]. Then it is clear that the back-spillover of 

potassium ions onto the catalyst film under the applied negative current led to a strong 

activation of the catalyst that can be quantified by the following electrochemical 

promotional parameters: ρ (reaction rate enhancement ratio) and Λ (Faradaic 

efficiency), which are defined according to the following equations [42]: 

ρ = r
r0

                    (2) 

     Λ = r - r0
I 

 n·F�
            (3) 

where r and r0 denote the promoted (VWR < +2 V) and unpromoted (VWR = +2 V) 

catalytic reaction rates, respectively; I the applied current (A), n is the potassium ion 

charge (+1, in this case), and F is the Faradaic constant (96485 C). 

The values of these parameters shown on Figure 1, clearly demonstrate the strong 

promotional effect induced during the negative polarization step, which allows to 

increase the hydrogen production rate in more than 3 times vs. the unpromoted catalyst 

surface. Hence, the high value of Faradaic efficiency demonstrates the strong 

promotional effect of K+ ions in the catalytic reaction. Similar electro-promotional 

values have been reported in previous studies of EPOC in hydrogen production 

reactions with alkaline solid electrolytes. For instance, the reaction enhancement ratio 

(ρ) values of 2.5 for the partial oxidation of methanol and 3.4 for the reaction of steam 

reforming of methanol have been reported in a previous work [45].  

On the other hand, it is also interesting to notice that once the current application 

was interrupted (open circuit conditions, at t = 150 min), a decrease in hydrogen 

production rates occurred. Under these conditions, potassium ions were partially 

removed from the catalyst surface (thermal back-diffusion, sublimation…) [31, 36], 
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decreasing the hydrogen production rate. The final application of 2 V at t = 212 min 

forced the fast migration of K+ promoters back to the solid electrolyte, leading to a 

strong decrease in the hydrogen production reaction until the unpromoted catalytic 

activity was again attained, achieving a complete reversible EPOC effect. This 

observation is in very good agreement with a recent study which has shown the 

immediate disappearance of the K2p signal from a Ni catalyst film supported on K-

β”Al2O3 under the application of 2 V studied by in-situ XPS measurements [46]. This 

fact points out the fully reversible character of the observed promotional effect as well 

as the stability of the catalyst film during the different polarization steps, i.e., the same 

catalytic activity at the beginning and at the end of the experiment was achieved under 

application of 2 V. 

The variation of the different products reaction rates: H2, CO2, C2H4O vs. time was 

investigated at different potentiostatic transients at 450 ºC, as shown in Figure 2. In this 

case, different potentials were applied starting from the unpromoted state (VWR = +2 V) 

and applying lower electrical potential values for 115 min of duration each one. In this 

experiment, unlike the previous one, a steady state catalytic rate value was obtained 

after few minutes at each potential, since a fixed coverage of promoter is attained after 

few minutes at potentiostatic polarization [46]. 

It can be observed that a decrease in the applied potential below 0 V led to an 

increase in the different obtained product rates. In good agreement with the previous 

experiment, the electrochemical supply of K+ ions at potentials lower than 0.5 V 

strongly activated the ethanol reforming activity on the Pt catalyst. 

Attending to the obtained product rates, it is noticeable that the maximum hydrogen 

production rate was increased up to 5 times under application of -1 V vs. the 

unpromoted rate (2 V). It is interesting to note that this increase was more pronounced 
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than the corresponding increase of the carbonaceous product rates (CO2 and C2H4O). In 

fact, the ratio between the hydrogen production and the carbonaceous products rate 

(
rH2

rCO2 + rC2H4O 
) in the unpromoted state (2 V) was 1.56, while at electro-promoted state (-1 

V) this ratio was 3.53. At this point it should be noticed that the formation of new 

products were not detected by the GC analysis. This important difference indicates that 

some carbonaceous products may remain adsorbed on the catalyst surface during the 

negative polarization step. This kind of carbonaceous products have already been 

identified in previous works of catalytic steam reforming of ethanol in conventional Pt 

catalyst [47]. Hence, one could expect that a higher duration of the negative polarization 

steps may probably lead to a catalyst deactivation as will be shown later. 

According to previous studies, during the ethanol steam reforming reaction, there 

are several reaction pathways that could take place depending on the catalysts used and 

their characteristics (metal dispersion, thermal stability, metal-support interaction, 

particle size) as well as operational parameters such as reaction temperature [48, 49]. 

The ethanol adsorption on the catalyst surface (reaction 4) is the first step in the reaction 

mechanism of ethanol reforming [48, 50]. Once ethanol is adsorbed, the 

dehydrogenation is produced by two consecutive reactions: ethanol is firstly 

dehydrogenated to an intermediate ethoxy molecule (reaction 5) and then into 

acetaldehyde (reaction 6) [25]. Hydrogen can be produced via recombination of H 

adsorbed atoms (reaction 7) and via acetaldehyde steam reforming reaction (reaction 8). 

Finally, the water gas shift reaction (reaction 9) occurred leading to the further 

production of H2 and CO2.  

CH3CH2OH ⇄ (CH3CH2OH)
a
                         (4) 

(CH3CH2OH)
a
→  (CH3CH2O.)

a
 + H.                          (5) 

(CH3CH2O.)
a
 →  (CH3CHO)

a
 + H.                   (6)   
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 H·+ H·→ H2                     (7) 

(CH3CHO)
a
 + H2O→  3H2 + 2CO                   (8)  

CO + H2O→  CO2 + H2                (9) 

According to the obtained results one can suggest that under unpromoted conditions 

(2 V), the ethanol dehydrogenation reactions (reactions 5-6) which initiated the process 

were the rate-determining step [51]. Under these conditions, the hydrogen production 

was limited by the presence of a low coverage of intermediate ethoxy and acetaldehyde 

adsorbed molecules, leading to a low hydrogen production rate and almost a 

stoichiometric 
rH2

rCO2 + rC2H4O 
 value [52]. On the other hand, the presence of K+ during the 

negative polarization steps, at the promoted conditions, activated the ethanol 

dehydrogenation reactions (reactions 5-6). The observed electrophilic behavior can be 

explained considering the strengthening of the chemisorptive bond of electron acceptor 

molecules, i.e., intermediate ethoxy molecules, with decreasing catalyst work function. 

It increases the stability of these intermediates and favors their formation. A similar 

electrophilic effect has been reported for the case of methanol decomposition 

considering the electron acceptor character of intermediate methoxy molecules formed 

in these previous cases [30, 53]. Under these conditions, the hydrogen production rate 

may have probably increased via reaction 7 while very likely a large amount of ethoxy 

species and acetaldehyde molecules remained adsorbed on the Pt active sites, which 

explains the increase in the 
rH2

rCO2 + rC2H4O 
 ratio during the negative polarization step.  

This Electrochemical Promotion mechanism is schematized on Figure 3 and further 

supported by the influence of the partial pressure of water (pH2O) (Figure 4a) and 

ethanol (pC2H5OH) (Figure 4b) on the steady-state H2 production rate at 450 ºC, upon the 
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imposition of two different potentials: +2 V (unpromoted state) and -1 V (promoted 

state).  

It is clear that under all the explored reaction conditions, the activity of the catalyst 

for hydrogen production was enhanced under the negative polarization due to the 

previous mentioned activation of dehydrogenation reaction steps (reactions 5-6). On the 

other hand, it can be observed that under absence of promoter the hydrogen production 

remained nearly constant vs. the partial pressure of water, showing a zero apparent 

reaction order with respect to water, in good agreement with previous studies [54]. 

Under these conditions, as already mentioned, the process is limited by the initial 

dehydrogenation reaction steps and, hence, by the low coverage of ethoxy and 

acetaldehyde adsorbed molecules, leading to an almost negligible effect of water 

coverage. However, under promoted conditions (-1 V), a positive order of water 

molecules is initially observed due to the higher coverage of adsorbed ethoxy and 

acetaldehyde adsorbed molecules under presence of potassium, which activated the 

hydrogen production via reaction 8. At higher values of partial pressure of water (pH2O > 

0.08 bar) reaction 8 started to be limited by a high relative coverage of 

water/acetaldehyde molecules, leading to a negative order of water molecules. This 

competitive adsorption between water and acetaldehyde justifies the presence of an 

optimal coverage at a partial pressure of 0.09 bar, typical of Langmuir-Hinshelwood 

mechanism where the two molecules are competitively adsorbed on neighboring sites 

[55].  

The partial pressure of ethanol, under absence of promoter, barely affects the 

hydrogen production as happened in the case of the partial pressure of water. Under 

these conditions, the increase in the coverage of ethanol adsorbed molecules is not 

enough to initiate the process since the dehydrogenation reactions rates were limited 
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under absence of promoter. It demonstrates again that the process is limited by reactions 

(5) and (6) and not by the initial adsorption of ethanol (reaction 4). Under promoted 

conditions (-1 V), an increase in the partial pressure of ethanol led to an initial positive 

effect on the hydrogen production. As already commented, the presence of promoter 

activated the stabilization of ethoxy intermediate species which initiated the process, 

thus leading to hydrogen production via reaction 8. Under these conditions, 

acetaldehyde steam reforming reaction became the rate-determining step. At higher 

values of partial pressure of ethanol (pC2H5OH > 0.03 bar) the reaction mechanism was 

limited by the high coverage of ethoxy and acetaldehyde molecules which remained 

adsorbed on the catalyst surface. Therefore, the lower relative coverage of 

water/acetaldehyde led to a negative effect on hydrogen production.  

The steady state variation of the ethanol conversion and catalyst selectivity vs. the 

applied potential were evaluated at different reaction temperatures, as shown in Figure 

5. In these experiments, different potentiostatic transients were applied (from +2 V to –1 

V, returning to +2 V), for 115 min each one until a steady state catalytic rate value was 

achieved. The ethanol conversion and the hydrogen selectivity were calculated as 

follows: 

xC2H5OH(%)= 
�FC2H5OH, in- FC2H5OH, out�

FC2H5OH,  in
·100                  (10) 

sH2(%)= 
FH2, out

6·�FC2H5OH, in- FC2H5OH, out�
·100            (11) 

where Fi,in and Fi,out are the molar flow rate of the i species at the inlet and outlet of the 

reactor, respectively.  

Firstly, it can be observed that under all the explored reaction temperatures, the 

catalytic activity of the system was enhanced decreasing the applied potential, i.e., an 

electrophilic EPOC behavior was obtained in the whole temperature range [42]. On the 
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other hand, the ethanol conversion increased with the reaction temperature due to the 

increase in the reaction kinetics. It can also be observed that the electrochemical 

activation effect was higher at higher reaction temperatures. This behaviour can be 

easily explained considering the exponential effect of reaction temperature on the 

dehydrogenation kinetics (reactions 5 and 6).  On the other hand, it can be observed that 

an optimal potential value of -0.5 V was achieved at 500 ºC. The application of more 

negative potentials led to an excess of promoter coverage on the catalyst surface (the 

ionic conductivity of the electrolyte and hence the ion migration increased with the 

reaction temperature at fixed potentials). It may poison catalytic active sites as it has 

been already observed in previous studies of EPOC with alkaline conductors on 

methanol reforming reactions [36]. From these experiments, it is clear that EPOC 

allows to optimize the amount of potassium coverage on the catalyst surface at varying 

reaction conditions, which is not possible with conventional catalytic promoters [52, 

56]. On the other hand, it can be observed that ethanol conversion was kept below 4% at 

all the explored reaction temperatures. It is due to the low geometric area of the catalyst 

film (2.01 cm2), a high reactant bypass to the catalyst surface on the used single 

chamber reactor cell and to the low catalytically active surface area of the catalyst film 

[38]. This kind of reactor configuration is suitable for lab scale studies. However, other 

reactor designs, e.g., the monolithic electro-promoted reactor (MEPR), should be used 

for practical applications, in order to get higher catalyst-surface area and higher 

catalytic conversions values [57]. Regarding the catalyst selectivity to hydrogen 

production, it is also interesting to note the positive effect of the electrochemical 

promoter. As already explained, it is due to the increase in the kinetic of the 

dehydrogenation reactions (reactions 5 and 6), which allows to produce a higher relative 

amount of hydrogen vs. carbonaceous molecules. The possibility of modifying in situ 
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the product selectivity of the catalyst is also one of the main interests of the EPOC 

phenomenon and it has been studied in a large number of catalytic reactions such as 

CO2 hydrogenation [58], selective catalytic reduction of NOx [38] or methanol partial 

oxidation [30].  

 

3.2. Stability study and characterization of the Pt catalyst 

In order to check the stability of the catalyst, Figure 6 shows a mild term negative 

polarization step (VWR = -1.5 V) which was applied for 15 h at 400 ºC. The inset of the 

figure also depicts the variation of the current vs. time during the negative potentiostatic 

polarization step.  

As already observed in previous studies [46],  the migration of the potassium ions 

occurred during the first seconds of the potentiostatic polarization, as can be observed 

from the trend of the current vs. time, which leads to faradaic ions migration rate (I/nF). 

As already observed from previous experiments, the electrochemical supply of 

potassium enhanced the hydrogen production rate. However, a continuous decrease in 

the catalytic activity along the time can be observed during the mild term polarization 

step. As already mentioned, it could be attributed to the continuous formation and 

adsorption of intermediate carbonaceous species, which block the Pt active sites, 

induced by the fixed coverage of potassium ions achieved at the beginning of the 

polarization [59].  As already mentioned, the presence of the electrochemical promoter 

activated dehydrogenation reactions (reactions 5 and 6) which initiated the ethanol 

reforming mechanism, leading to the formation and adsorption of a growing amount of 

carbonaceous molecules that cause the observed deactivation. However, it can also be 

observed that the application of an electric potential of 2 V allowed to regenerate the 

catalyst from such carbonaceous species, i.e., the electro-promoted catalytic activity was 
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fully recovered in the second polarization step at -1.5 V (at t = 1200 min), leading to a 

fully reversible effect. The application of +2 V allowed to achieve the initial coverage 

of reactant species (un-promoted catalyst state) in agreement with the experiment of 

Figure 1, i.e., the enhancement of intermediate ethoxy molecules chemisorption and 

adsorption stopped, achieving the initial catalytic activity at the beginning of the 

experiment (t = 0-100 min). It allows to recover a catalyst surface free of adsorbed 

carbonaceous molecules that can be again electrochemically activated in a second 

negative polarization step at t = 1200 min.  

Similar activation/regeneration cycles induced by the applied polarization have 

already been demonstrated on previous studies on reforming and partial oxidation of 

methane [31]. These results can be supported by in-situ temperature programmed 

oxidation experiments (TPO) performed just after each polarization step denoted as 

following: state 1 after the initial polarization at 2 V at t = 100 min, state 2 after the 

polarization at -1.5 V at t = 1090 min and state 3 after the second polarization at 2 V at t 

= 1200 min. Figure 7 shows the CO2 production rate obtained during the temperature-

programmed oxidation experiments performed between 150 and 550 ºC under 2 % O2 

Ar balance, stream. From the obtained results, it can be observed that under state 1 and 

state 3, the catalyst surface was free from carbonaceous products due to the absence of 

CO2 during the TPO experiment. It implies that the application of 2 V allows to obtain a 

catalyst surface free of intermediate carbonaceous molecules. In contrast, after 15 hours 

under application of -1.5 V (state 2), the temperature-programmed oxidation showed a 

large amount of CO2 coming from the presence of carbonaceous species deposited on 

catalyst surface. The formation of this large amount of carbon molecules is, therefore, 

induced by the negative polarization, i.e., the presence of K+ activate dehydrogenation 

reactions (reactions 5 and 6) via strengthening of ethoxy intermediate molecules 



18 
 

chemisorption and stabilization. These conclusions were further confirmed by two ex-

situ characterization techniques: Raman Spectroscopy (Figure 8) and SEM-EDX 

(Figure 9) analysis performed on the Pt catalyst film under state 2 and 3.  

Raman spectroscopy is considered a very interesting tool in the study of formation 

of carbon species during catalytic experiments [60]. Three different analysis can be 

observed in Figure 8: one of them shows the spectrum of the catalyst surface under state 

3, and the other two show the spectra of the catalyst surface under state 2. On this latter 

case (state 2), two regions were clearly observed: a first region corresponding to an 

apparently clean electrode zone (region 1) and the second one in a darker zone (region 

2), where carbonaceous species deposition was visible at first sight. While the spectra 

corresponding to state 3  and region 1 of state 2 did not show any peak, the spectra 

obtained on region 2 of state 2 showed two peaks, one of them at 1348 cm-1 (D band) 

and the other at 1595 cm-1 (G band), identified as the disordered graphitic lattice and 

ideal graphitic lattice, respectively. This kind of adsorbed carbonaceous products have 

been identified as the main cause of the deactivation of reforming catalysts, and their 

structure is determined by the hydrogen/hydrocarbon ratio in the feed, and the nature of 

the metallic phase. The spectrum corresponding to the region 2 of state 2  resemble  a 

carbonaceous structure closely of pregraphitic carbon observed in Pt catalysts [61]. The 

D band has been often ascribed to the vibrations of CH3 group, vibration of olefin and 

aromatic species and the G band to the stretching vibrations of highly ordered sp2 

graphitic [62], although it could be also attributed to olephinic chains in carbonaceous 

deposit [63]. 

Figure 9 shows the SEM micrographs along with its corresponding EDX analysis 

of the Pt film under state 3 (Figure 9 a) and state 2 (Figure 9 b) of the Pt catalyst film.  
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The first micrograph (Figure 9 a) shows a homogeneous and porous clean Pt 

surface. However, two different regions are observed in the second micrograph 

corresponding to state 2. According to the EDX analysis, the lighter region corresponds 

to Pt, while the darker region corresponds to a carbonaceous surface compound, 

probably a combination of adsorbed carbonaceous species, as already observed in 

previous studies [59]. All these results confirm the electrochemical promotion 

mechanism proposed for the Ethanol Steam Reforming Reaction and the possibility of 

using this phenomenon for the in-situ activation of catalytic activity and selectivity of 

hydrogen production, as well as the possibility of catalyst regeneration from carbon 

deposition.  

 

4. CONCLUSIONS 

The following conclusions could be drawn from this study: 

- The obtained results showed the interest of electrochemistry to improve the 

activity and selectivity of a Pt catalyst in the H2 production from ethanol via steam 

reforming (ESR).  

- The electrochemical supply of potassium ions to a Pt catalyst film allows to 

strongly enhance the hydrogen production rate. This promotional effect has been 

attributed to the enhancement of the kinetic of ethanol dehydrogenation reaction, due to 

the strengthening of the chemisorptive bond of intermediate ethoxy molecules. It 

increases the stability of these intermediates and favors their formation, which initiates 

the ethanol reforming process. 

- Under presence of the electrochemical promoter, intermediate carbonaceous species 

remained adsorbed on the catalyst surface, leading to a catalyst deactivation. However, 
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these species were completely removed by applying a positive potential of 2V as 

supported by different in-situ and ex-situ characterization techniques.  

- The EPOC phenomenon serves as an additional tool to study the mechanism of 

catalytic reactions as well as to tune the adsorption of reactants molecules on the 

catalyst surface. This latter may have strong importance in hydrogen production 

technology for the in-situ controlling hydrogen production rates in non-stationary 

process (e.g., in-situ hydrogen production in mobile applications). 
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FIGURE CAPTION 

Figure 1. Variations of H2 production rates vs. time upon different potentiostatic and 

galvanostatic transitions. Ethanol steam reforming conditions: C2H5OH/H2O = 3% / 9%, 

Ar balance. T = 500 ºC. 

Figure 2. Variations of H2, CO2 and C2H4O production rates vs. time upon different 

potentiostatic transitions. Ethanol steam reforming conditions: C2H5OH/H2O = 3% / 

9%, Ar balance. T = 450 ºC. 

Figure 3. Mechanism reaction scheme on the Pt catalyst surface: (a) unpromoted state 

(2 V), (b) promoted state (-1 V). 

Figure 4. Effect of the H2O (a) and C2H5OH (b) partial pressures on the H2 under 

unpromoted (+2 V) and promoted (-1 V) conditions. Ethanol steam reforming 

conditions: C2H5OH/H2O = 3% / 9%. T = 450 ºC. 

Figure 5. Steady state C2H5OH conversion (a) and H2 selectivity (b) vs. applied 

potential (VWR) at different reaction temperatures. Ethanol steam reforming conditions: 

C2H5OH/H2O = 3% / 9%. 

Figure 6. H2, CO2 and C2H4O production rates variation vs. time for a long EPOC 

experiment during a mild-term. Ethanol steam reforming conditions: C2H5OH/H2O = 

3% / 9%. T = 400 ºC. 

Figure 7. CO2 production rates vs. temperature in a temperature programmed oxidation 

at three different states (pointed out in Figure 6.). O2 = 2 % (Ar balance), heating ramp 

2 ºC·min-1. 
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Figure 8. Raman spectra (a) of Pt catalysts after different applied potentials at Figure 6 

reaction conditions and microscopy images after different states: state 3 (b) and state 2 

(c). 

Figure 9. Top surface SEM micrographs of the Pt catalysts after EPOC experiments 

(C2H5OH/H2O = 3 % / 9 %, 400 ºC) at state 3 (a) and state 2 (b), along with the 

corresponding EDX analysis of the shown region. 

 

 

 

 

 

 

 

 


