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 Low-Voltage Hydrogen Production From Formic Acid: The Role of 

Different Electrolysis Parameters 

Highlights 

❖ The Zn/Zn electrodes outperformed Pd/Pt, achieving four times higher current density.  

❖ Electrolysis at 2 V and 50°C produced pure hydrogen at the cathode with 92% Faradic efficiency. 

❖ H₂SO₄ enabled the highest current density of 5.18 mA/cm² at 1 V, proving its effectiveness in electrolysis. 

❖ The study highlights the use of cost-effective Zn electrodes and mild conditions for H2 production. 

 

Graphical Abstract 

This study investigated formic acid electrolysis using Pd/Pt and Zn/Zn electrodes, with Zn/Zn outperforming Pd/Pt. 

Under optimized conditions (2 V, 50°C), pure hydrogen was produced at 0.4 mL∙min⁻¹ with 92% Faradaic efficiency, 

demonstrating a cost-effective, sustainable approach. 

 

 

Figure. Schematic diagram of the experimental system 

 

Aim 

The aim of this study is to investigate the electrolysis of formic acid for hydrogen production, focusing on optimizing 

electrolysis conditions, evaluating the effect of different electrode materials, and assessing the impact of parameters 

such as voltage and temperature. 

Design & Methodology 

Experiments were conducted using a basic electrolysis cell to evaluate parameter effects on current density, followed 

by a two-chamber membrane cell to analyze gas composition. Optimal conditions were identified, and various 

electrode materials were tested under different electrolytes. 

Originality 

This study highlights the efficient electrolysis of formic acid at low voltage and mild conditions using affordable 

electrodes, offering a sustainable alternative for hydrogen production. 

Findings 

This study demonstrates that formic acid electrolysis enables efficient hydrogen production at low voltage (2 V) and 

mild temperature (50°C), with Zn/Pt electrodes achieving high current density and 92% Faradaic efficiency. 

Conclusion 

This study demonstrates the successful electrolysis of formic acid using a Zn/Pt electrode pair, achieving efficient 

hydrogen production at low voltage and temperature, with high Faradaic efficiency and promising cost-effectiveness 

for large-scale applications. 

Declaration of Ethical Standards 

The author(s) of this article declare that the materials and methods used in this study do not require ethical committee 

permission and/or legal-special permission. 



Politeknik Dergisi, 2025; 28(6) : 1853-1864  Journal of Polytechnic, 2025; 28(6) : 1853-1864 

   

1853 

Low-Voltage Hydrogen Production From Formic Acid: 

The Role of Different Electrolysis Parameters 
Araştırma Makalesi / Research Article 

Özgü YÖRÜK1*, Duygu UYSAL2, Özkan Murat DOĞAN3 
1*,2,3 Gazi University, Faculty of Engineering, Chemical Engineering Department, Ankara, Turkey 

(Geliş/Received : 11.03.2025 ; Kabul/Accepted : 14.04.2025 ; Erken Görünüm/Early View : 26.04.2025 ) 

 ABSTRACT 

This study investigates the electrolysis of formic acid for hydrogen production, focusing on the effects of various parameters and 

materials. In the first phase, experiments were conducted using a single-compartment electrolysis cell with Pd/Pt electrodes at 

20°C. The effect of formic acid concentration, electrolytes, and electrode materials on current density was analyzed. The highest 

current density (5.18 mA/cm² at 1 V) was achieved with H₂SO₄ as an electrolyte. The Zn/Zn electrode pair significantly 

outperformed Pd/Pt, yielding four times higher current density. In the second phase, electrolysis conditions for hydrogen production 

at low voltage (2 V) and temperature (50°C) were optimized. Pure hydrogen was obtained at the cathode, confirming the successful 

hydrogen production under these conditions. Faradic efficiency reached 92% at 2 V, with a high hydrogen production rate. The use 

of cost-effective Zn electrode, along with mild electrolysis conditions, enhances the practicality and sustainability of the process. 

These findings highlight that formic acid electrolysis is a promising and efficient method for pure hydrogen production, offering 

an economical and sustainable alternative for hydrogen generation.  

Keywords: Formic acid, hydrogen, electrolysis, Faradic efficiency. 

 Formik Asitten Düşük Voltajlı Hidrojen Üretimi: 

Farklı Elektroliz Parametrelerinin Rolü 

ÖZ 

Bu çalışma, hidrojen üretimi amacıyla formik asidin elektrolizini incelemekte olup, çeşitli parametrelerin ve malzemelerin 

etkilerine odaklanmaktadır. İlk aşamada, 20°C’de Pd/Pt elektrotlar kullanılarak tek bölmeli bir elektroliz hücresinde deneyler 

gerçekleştirilmiştir. Formik asit konsantrasyonu, elektrolit türleri ve elektrot malzemelerinin akım yoğunluğu üzerindeki etkisi 

analiz edilmiştir. En yüksek akım yoğunluğu (1 V'ta 5,18 mA/cm²), elektrolit olarak H₂SO₄ kullanıldığında elde edilmiştir. Zn/Zn 

elektrot çifti, Pd/Pt’ye kıyasla dört kat daha yüksek akım yoğunluğu sağlayarak önemli bir üstünlük göstermiştir. İkinci aşamada 

ise, düşük voltaj (2 V) ve sıcaklık (50°C) koşullarında hidrojen üretimi için elektroliz şartları optimize edilmiştir. Katotta saf 

hidrojen elde edilerek bu koşullarda başarılı bir hidrojen üretimi doğrulanmıştır. 2 V'ta Faradik verim %92’ye ulaşmış ve yüksek 

bir hidrojen üretim hızı sağlanmıştır. Uygun maliyetli Zn elektrot kullanımı ve yumuşak elektroliz koşulları, sürecin 

uygulanabilirliğini ve sürdürülebilirliğini artırmaktadır. Bu bulgular, formik asit elektrolizinin saf hidrojen üretimi için ekonomik 

ve sürdürülebilir bir alternatif sunduğunu ve umut vadeden, verimli bir yöntem olduğunu ortaya koymaktadır. 

Anahtar Kelimeler: Formik asit, hidrojen, elektroliz, Faradik verim. 

 
1. INTRODUCTION 

Currently, the majority of hydrogen is derived from fossil 

fuels. This is primarily due to the accessibility, 

abundance, and lower cost of fossil fuel-based processes 

[1, 2]. However, as fossil fuel reserves continue to 

deplete rapidly, not only will production costs rise, but 

the long-term sustainability of human development will 

also be at risk [3]. Therefore, the exploration of 

alternative, renewable pathways for hydrogen production 

has become increasingly critical to ensure both energy 

security and environmental sustainability [4]. 

Today, various methods are available for hydrogen 

production [5-7]. One of these methods, water 

electrolysis, requires a relatively high theoretical cell 

voltage and energy consumption, prompting the search 

for alternative feedstocks [8-10]. Alcohols such as 

methanol and ethanol have been considered as potential 

substitutes since their electrolysis requires significantly 

lower voltages than water, leading to reduced energy 

consumption during hydrogen production [11-13]. In this 

context, formic acid has emerged as a promising 

alternative, as its electrolysis also requires lower voltages 

compared to water, offering potential advantages in terms 

of energy efficiency and hydrogen production rates. 

Formic acid (HCOOH) is a versatile organic compound 

extensively utilized in various industrial applications due 

to its unique chemical properties. It is primarily 

synthesized through two main processes: the oxidation of 

methanol and the reaction of carbon monoxide with 

sodium hydroxide [14, 15]. This compound plays a 

crucial role in multiple sectors, including agriculture, 

where it serves as a preservative for silage and livestock 

feed; in the leather industry, where it is used in the 

tanning process; in the food industry, where it acts as a 
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preservative; and in the chemical sector as a solvent [16].  

Additionally, formic acid is a key precursor in the 

production of formate salts, esters, and other industrial 

chemicals. Despite its broad utility, large quantities of 

waste byproducts associated with formic acid are 

generated, particularly in industries such as agriculture, 

leather production, and textiles [17]. In these sectors, 

significant waste arises from the use of formic acid in 

various processes, including preservation, tanning, and 

dyeing, resulting in spent acids, chemical effluents, and 

residual byproducts [18, 19]. The proper management 

and disposal of these wastes are critical to minimizing 

their environmental impact [20]. Therefore, utilizing 

formic acid and its solutions for hydrogen production 

offers two major benefits: pollution mitigation and clean 

energy generation [19, 21, 22]. 

Hydrogen production from formic acid is typically 

achieved through thermal/catalytic decomposition or 

electrochemical methods. In thermal dehydrogenation, 

metal catalysts such as Pt, Pd, and Ru facilitate the 

decomposition of formic acid into H₂ and CO₂ [23-25]. 

Alternatively, different catalysts can promote 

dehydration, leading to CO and water formation. Early 

studies on formic acid decomposition over heterogeneous 

catalysts, dating back to the 1930s, did not focus on 

catalyst optimization or CO evolution from side reactions 

[26, 27]. Most research was conducted in the gas phase 

at temperatures above 100°C or required an inert carrier 

gas, adding complexity to practical applications. To 

address this, liquid-phase dehydrogenation has gained 

interest, with research exploring both noble and non-

noble metal nanoparticles for improved catalytic 

performance [28, 29]. Numerous studies have been 

conducted on hydrogen production from formic acid and 

the studies conducted for the dehydrogenation method 

have focused on developing highly active and stable 

catalysts for selective H₂ and CO₂ production under mild 

conditions [30, 31]. Various metal complexes including 

Ru [32, 33], Rh [34, 35], Fe [36-38] and Ir [38-40] have 

been extensively investigated. In addition to metal 

complexes, carbon materials have also been widely 

studied as catalyst supports due to their stability in acidic 

and basic media, tunable porosity, adjustable 

hydrophilicity, and ability to incorporate heteroatoms 

[41, 42]. Their structural versatility allows for further 

functionalization, enhancing catalytic performance [42]. 

However, designing efficient and selective 

heterogeneous catalysts for this process remains a 

significant challenge [27, 43].  

In electrochemical methods, formic acid undergoes direct 

electrolysis using suitable electrode materials and 

electrolytes to generate hydrogen [21]. These methods 

enable formic acid to serve as a portable hydrogen source 

and a hydrogen carrier in fuel cells [44]. Among the 

hydrogen production methods from formic acid, 

electrolysis stands out for its low energy consumption 

[27, 45]. In electrochemical processes, formic acid is 

directly decomposed into hydrogen and carbon dioxide 

using appropriate electrode materials and electrolytes. 

This method consumes up to 31% less energy than 

conventional water electrolysis, making it a promising 

option for sustainable hydrogen production [46].  

Aqueous formic acid solutions have been explored for 

hydrogen production through catalytic decomposition 

and electrolysis using solid polymer electrolytes. If these 

solutions can be directly used for hydrogen generation 

via electrolysis, the required energy or power input 

would theoretically be lower than that of water 

electrolysis, making the process more cost-effective [19, 

47-49].  

The electrochemical reactions for the electrolysis of 

formic acid solutions primarily occur as follows [20, 50, 

51]:  

Anode reaction:      HCOOH → CO₂ + 2H+ + 2e⁻     (1) 

Cathode reaction:   2H+ + 2e⁻ → H₂                          (2) 

Overall reaction:    HCOOH → CO₂ + H₂                  (3) 

In this process, formic acid undergoes electrochemical 

decomposition, producing hydrogen and carbon dioxide. 

While hydrogen is obtained in pure form at the cathode 

compartment, carbon dioxide gas is released from the 

anode compartment [52, 53]. To prevent the mixing of 

gases, electrolysis cells with membrane-separated anode 

and cathode compartments are used [54]. This method 

not only enables the production of pure hydrogen but also 

allows the direct collection of pure carbon dioxide from 

the anode, offering a significant advantage.  

The theoretical potential required for water electrolysis is 

1.23 V, while for formic acid electrolysis, it is 0.25 V. 

However, due to factors such as overpotential in real 

experimental conditions, the process occurs at a higher 

voltage [53, 55]. Nevertheless, it still requires a lower 

potential compared to water electrolysis. This indicates 

that formic acid could enable hydrogen production with 

lower energy input, which may contribute to more 

economical hydrogen generation under certain 

conditions.  

Formic acid, derived from renewable sources such as 

biomass, presents a sustainable pathway for hydrogen 

production. Its electrolysis can be conducted at low 

temperatures and atmospheric pressure, minimizing 

energy consumption while enabling direct hydrogen 

generation, making it an efficient method [56-58]. 

Electrochemical approaches offer high selectivity and 

process control, with performance significantly 

influenced by electrode materials [52, 59]. Current 

research focuses on enhancing the efficiency of formic 

acid electrolysis through the development of advanced 

electrode and catalyst materials [44, 53, 60, 61]. In 

particular, innovative catalysts such as graphene-

supported metal nanoparticles improve reaction kinetics, 

increase hydrogen production efficiency, and contribute 

to the economic feasibility of the process [44, 62-65].  

Although hydrogen production via formic acid 

electrolysis offers several advantages, certain drawbacks 

must also be considered. The catalysts used in the 

electrolysis process often contain precious metals such as 
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palladium (Pd) or platinum (Pt), making high costs a 

limiting factor for large-scale commercial applications 

[66-68]. Additionally, the source of formic acid is a 

critical factor; if derived from fossil fuels, the process 

may lose its low-carbon emission advantage [49]. Energy 

efficiency varies depending on the electrode materials 

and system design, highlighting the need for the 

development of more efficient and cost-effective 

electrodes. Furthermore, the gradual degradation and 

corrosion of electrodes during electrolysis pose 

significant challenges for long-term system durability, 

increasing maintenance requirements and overall 

operational costs [69, 70]. Besides all this, an increase in 

temperature is anticipated to improve the kinetics of CO2 

reduction, increase CO2 diffusivity, while simultaneously 

decrease CO2 solubility [71, 72]. However, the impact of 

temperature on the performance of formic acid 

processing in an aqueous electrolyte has been 

insufficiently explored to date.  

Until now, many studies have explored hydrogen 

production from formic acid via catalytic and 

electrochemical methods, most focus on catalyst 

development or reaction mechanisms rather than 

practical system efficiency. Previous research has 

primarily examined noble metal catalysts or specific 

operating conditions without a comprehensive evaluation 

of cost-effective electrode materials, anode 

compositions, or electrolysis cell designs. In this study, 

we systematically investigate the impact of economical 

electrode choices, anode material selection, temperature 

variations, and electrolyte conditions on hydrogen 

production efficiency. Our findings indicate that material 

selection and process parameters significantly influence 

overall performance, highlighting the importance of 

reducing both material costs and energy consumption, 

emphasizing the need for a cost-effective yet efficient 

approach to hydrogen production [73]. Additionally, by 

evaluating different electrolysis cell configurations, we 

provide novel insights into optimizing hydrogen 

production rates. These aspects distinguish our study 

from previous works and contribute to the development 

of a more sustainable, economically viable hydrogen 

production process. 

 

2. MATERIAL and METHOD 

2.1. Experimental Systems 

Experiments on the electrolysis of formic acid for 

hydrogen production were conducted using two different 

electrolysis cells. In the first stage, a basic 0.25 L 

electrolysis cell (Fig. 1) was used to investigate the 

effects of various parameter changes on current density.  

The system operated with continuous stirring at 50.26 

rad/s (480 RPM) using a magnetic stirrer with a heating 

function. The distance between electrodes was adjusted 

to approximately 1 cm. The current density was 

determined by varying the applied voltage, utilizing a 

power source unit (GW Instek brand, PSP-405 model) 

connected to the electrode. Electrolysis process was 

performed under increasing temperature conditions 

ranging from 20°C to 80°C, as well as at a constant 

temperature of 20°C, to assess the system’s response. 

Under atmospheric conditions, the boiling point of the 

formic acid solutions used is around 100.8°C [74]. At 

higher temperatures, water molecules would evaporate, 

leading to deviations in the diffusion-controlled process 

and a decrease in current values [75]. 

 

Figure 1. Single-compartment electrolysis cell experimental 

setup: (1) Magnetic stirrer with heating function, (2) 

Electrolysis cell, (3) Cathodic electrode, (4) pH 

measurement device, (5) Thermometer, (6) Anodic 

electrode, (7) Power source. 

Therefore, temperatures above 80°C were not tested. 

Additionally, to prevent concentration variations due to 

evaporation, the electrolysis cell was sealed with 

parafilm, allowing the evaporated solution to condense 

back into the system.  

To evaluate the impact of formic acid concentration on 

current density and determine the optimal solution 

concentration, experiments were conducted using tap 

water and six different concentrations of formic acid 

solutions. Various metal electrodes in plate and 

cylindrical forms, with active surface areas ranging from 

7 to 19 cm², were utilized. The selected electrode 

materials, commercially available, included Platinum 

(Pt), Palladium (Pd), Zinc (Zn), Copper (Cu), Stainless 

Steel (SS), Aluminum (Al), Lead (Pb), Graphite (C), and 

Titanium (Ti). The experiments were performed under 

both acidic and basic conditions. In this context, sulfuric 

acid (H₂SO₄), hydrochloric acid (HCl), and potassium 

hydroxide (KOH) were used as electrolytes to examine 

the impact of electrolyte type on the electrolysis of 

formic acid. In all experiments, pure commercial formic 

acid was used.  

In the second stage, a specially designed two-chamber 

electrolysis cell constructed from Pyrex glass was 

utilized, featuring separate anode and cathode sections 

separated by a membrane [76]. The experimental setup, 

illustrated in Fig. 2, maintained the optimal parameters 

identified in the first stage. The main objective was to 

examine the gas composition produced. Each chamber 

held 750 mL of liquid, giving a total volume of 1500 mL. 

To ensure uniform solutions, continuous stirring and 

temperature regulation were provided by heated 

magnetic stirrer (VELP Scientifica ARE model). The 

anode and cathode chambers were connected by a 

removable, shielded spherical neck. 



Özgü YÖRÜK, Duygu UYSAL, Özkan Murat DOĞAN / POLİTEKNİK DERGİSİ Politeknik Dergisi, 2025; 28(6) : 1853-1864 

 

1856 

 

Figure 2. Two- chamber electrolysis cell system (1: DC power 

source, 2: electrolysis cell, 3: electrode connection 

point, 4: heated magnetic stfirrer, 5: pH meter) 

In the second phase of the study, a membrane-based 

electrolysis system was used, maintaining the parameter 

values that yielded the greatest current density in the 

simple electrolysis cell. The anode chamber contained a 

solution of 2 M formic acid and 0.004 M H₂SO₄, while 

the cathode chamber contained 0.004 M H₂SO₄ solution. 

Both solutions were stirred at 480 rpm during the entire 

experiment, the temperature was kept at 50°C. Based on 

the results obtained from the simple electrolysis cell, a Pt 

electrode, which demonstrated the highest current 

density, was selected as the cathode for hydrogen 

evolution. The anode electrode was varied in the 

experiments, and commercial Zn/Pt, Pd/Pt, Cu/Pt, and 

Ti/Pt electrode pairs were used. 

2.2. Membrane Activation 

In this study, a commercially available Nafion 

membrane, known for its proton conductivity and 

thermal stability, was utilized. Nafion membranes act as 

cation-exchange membranes and have active sites with a 

negative charge, facilitating H⁺ ion transport [77]. Their 

structure comprises a hydrophobic perfluorinated 

backbone and hydrophilic sulfonic acid groups [78]. The 

hydrophilic regions enable proton and water transport, 

while the hydrophobic backbone provides structural 

stability and water insolubility. Water molecules in the 

membrane create weak interactions with protons, 

facilitating ion movement from the anode to the cathode. 

To enhance performance, Nafion membranes require 

activation through acid treatment, which increases water 

content and conductivity [79]. While activation improves 

proton permeability, it does not alter surface morphology 

or functional groups [80]. Various activation methods for 

Nafion membranes are described in the literature [81-84]. 

In this study, the membrane was activated by immersing 

it in a 2 M H₂SO₄ solution for 24 hours, followed by 

rinsing in distilled water for another 24 hours [85]. This 

procedure was found to enhance proton conductivity 

while preserving the membrane’s structural integrity [73, 

85]. The hydrogen peroxide treatment commonly used in 

some studies was not preferred in this work due to its 

potential to generate highly reactive radicals that may 

degrade the membrane structure and reduce proton 

conductivity [86, 87]. 

 

 

3.  RESULTS AND DISCUSSION 

3.1. Single-Compartment Electrolysis Cell 

Experiments 

3.1.1. Effect of solution concentration 

During the experiments, the solution temperature was 

consistently maintained at 20°C. A palladium (Pd) plate 

(5.5 × 1 cm) was utilized as the anode, while a platinum 

(Pt) plate of the same dimensions was employed as the 

cathode. The electrolysis was performed under potential-

controlled conditions, where varying potentials were 

applied to the electrodes, and the corresponding current 

density values were recorded. The relationship between 

potential and current density for different concentrations 

of formic acid solutions, stirred at 480 RPM and 

maintained at 20°C, is presented in Fig. 3. Additionally, 

the changes in current density with concentration at a 

constant voltage of 1 V is shown in Fig. 4. 

 
Figure 3. Current density change at constant temperature of 

20oC for formic acid solutions of different 

concentrations 

 

Figure 4. Current density change with concentration at 1 V 

constant voltage 

At a constant voltage of 1 V, the highest current density 

was observed at a 2 M formic acid concentration among 

all concentrations. Since the highest current density (1.7 

mA/cm² at 1 V) was obtained with 2 M formic acid, 

further parameter studies in the study were continued 

with the 2 M concentration. 
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3.1.2. Effect of electrolyte type 

The electrolysis of formic acid was studied in different 

electrolyte environments and at varying pH levels. While 

the onset potential in the electrooxidation of formic acid 

was not significantly affected by pH, the product 

distribution was directly dependent on the pH. In this 

study, the effects of NaOH and KOH were examined as 

electrolytes for working under basic conditions, while the 

effects of H₂SO₄ and HCl were investigated for working 

under acidic conditions. The impact of different 

electrolytes on current density was presented in Fig. 5. 

 

Figure 5. Effect of different electrolytes on current density 

In experiments conducted using a Pd/Pt electrode pair 

with the addition of 10 mL of 1 M base and acid to a 2 M 

formic acid solution, the highest current density value 

was obtained when H₂SO₄ was used. The electrochemical 

modification of the solution was investigated in an 

alkaline environment with 1 M NaOH and KOH 

solutions separately in the 2 M formic acid solution, but 

lower current density values were obtained compared to 

the acid-based solutions (for 1 V: NaOH: 1.63 mA/cm², 

KOH: 2 mA/cm²). This suggests that under basic 

conditions, the electrochemical reconfiguration of formic 

acid using the Pd/Pt electrode pair is not suitable 

compared to acidic conditions [88]. 

For acidic conditions, the electrochemical 

reconfiguration of solutions formed by adding 10 mL of 

1 M H₂SO₄ and HCl solutions separately to the 2 M 

formic acid solution was investigated, resulting in higher 

current density values (for 1 V: H₂SO₄: 5.18 mA/cm², 

HCl: 3.91 mA/cm²). In this case, the highest current 

density for acidic conditions was observed with H₂SO₄. 

3.1.3. Effect of different electrode materials 

The current densities for different electrodes in the 

electrolysis of formic acid were investigated. In this 

context, the performance of electrode pairs such as Pd/Pt, 

Zn/Zn, Cu/Cu, SS/SS, Al/Al, Pb/Pb, C/C, Ti/Ti, Zn/Pt, 

and C/Pt were examined in the electrolysis of formic acid 

for a 2 M solution. The experiments used a solution 

composed of 2 M HCOOH and 1 M H₂SO₄. In 

experiments conducted at a stable temperature of 20°C, 

the impacts of various electrode materials pairs on the 

electrolysis of formic acid, as shown in Fig. 6. 

 
Figure 6. Impact of various electrode pairs on current density 

The highest current density at a constant voltage of 1 V 

was obtained with the Zn/Zn electrode pair. At a constant 

voltage of 1 V, the Zn electrode pair can yield 4 times 

higher current density compared to the Pd/Pt electrode 

pair. Based on these results, the decision was made to use 

Zn/Zn as the electrode in the later stages of the study. 

3.1.4. Effect of temperature 

The electrolysis of a 2 M HCOOH and 1 M H₂SO₄ 

solution with the Zn/Zn electrode pair was studied at 

various temperatures, as shown in Fig. 7, which 

illustrates the impact of different temperatures on current 

density. The experiments were performed between 20°C 

and 80°C, and the change in current density over time 

was observed at these temperatures. The highest current 

density was achieved at 50°C. Higher temperatures were 

avoided due to concerns regarding system safety and cost 

[89]. Based on these findings, a working temperature of 

50°C was selected for the subsequent experiments. 

 

Figure 7. Effect of temperature changes on current density 

Fig. 8 displays how current density changes with 

temperature at a constant voltage of 1 V. As the 

temperature increases, the current density rises, reaching 

its maximum at 50°C. Based on these findings, 50°C was 

determined as the operating temperature for the further 

stages of the study. 
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Figure 8. Variation of current density with temperature under a 

constant voltage of 1 V 

3.2. Two-Chamber Electrolysis Cell Experiments 

The working concentration of FA was determined to be 

2 M based on the results from the single-compartment 

electrolysis cell experiments and was maintained 

throughout the two-chamber electrolysis cell 

experiments. Each experiment was conducted at 50°C 

with a stirring rate of 480 rpm. The pH of the 

environment in the anode compartment containing FA 

was measured as 2.4. 

3.2.1. The role of different anode materials in the 

electrolysis process 

Due to the acidic environment in PEM electrolyzers, 

noble metals are essential as catalysts for both the anode 

and cathode [90]. Noble metal oxides, such as IrO₂ and 

RuO₂, are typically used as anode catalysts, while more 

stable noble metals like platinum (Pt) and palladium (Pd) 

are preferred for the cathode [73, 91]. To enhance 

hydrogen production efficiency in two-chamber 

electrolysis cell, where the cathode electrode, a 

commercially available Pt electrode with proven catalytic 

activity and stability, was kept constant, while the anode 

electrode was varied to test different combinations. In 

this context, zinc/platinum (Zn/Pt), copper/platinum 

(Cu/Pt), titanium/platinum (Ti/Pt), and 

palladium/platinum (Pd/Pt) electrodes were tested in an 

acidic environment to determine the impacts of different 

anode electrodes on current density and, directly, 

hydrogen production. The impact of various anode 

electrodes on current density is shown in Fig. 9. 

The Zn/Pt electrolyte pair yielded the highest current 

values. At 2 V, Pd and Cu showed almost the same 

current density, but the Zn electrode produced a 33% 

higher current density compared to the Pd and Cu 

electrode pairs. 

The enhanced current density seen with the Zn electrode, 

in comparison to Pd and Cu, is due to various factors. Zn 

exhibits lower overpotential for the hydrogen evolution 

reaction (HER), enhancing its electrochemical efficiency 

[92, 93]. Its surface reactivity facilitates proton reduction 

more effectively. Partial dissolution of Zn in the 

electrolyte creates a dynamic surface that promotes 

hydrogen evolution [73, 94]. Additionally, Zn provides a 

more favorable electron transfer rate at the electrode-

electrolyte interface, accelerating reaction kinetics [89, 

95]. 

 

Figure 9. The effect of different anode materials on current 

density 

3.2.2. Long-term performance test of Zn electrode 

When selecting the potential range for the study, it was 

anticipated that increasing the potential would enhance 

the reaction rate on the electrode surface, leading to a rise 

in current density. However, excessively high potentials 

were also considered to potentially induce side reactions 

and cause damage to the electrode surface. Additionally, 

applied high potentials could result in gas bubble 

formation on the electrode surface, leading to a transition 

from homogeneous to heterogeneous reactions. 

Therefore, a 4-hour long-term performance test was 

conducted in a two-chamber electrolysis cell to evaluate 

the Zn electrode pair performance in the electrolysis of 

formic acid. Fig. 10 presents the current density curves 

obtained under constant voltages of 1 V and 2 V during 

the experiment. 

 

Figure 10. Long-term (4-hr) performance curve of Zn electrode 

pair  

The current density at 1V increased by approximately 

10% in the first 30 minutes, stabilizing after one hour 

with no significant decrease observed until the 

completion of the experiment. At 2V, the current density 

showed an initial rise of about 6%, followed by 

stabilization after one hour with no noticeable decline. 

However, by the end of the performance test, signs of 

electrode surface wear were detected. This wear was 

attributed to the gradual reduction of the active surface 

area and the depletion of formic acid over time [89, 95]. 

To further investigate this effect, Zn test was conducted 

to determine the amount of dissolved Zn in the electrolyte 

using gravimetric analysis. 
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3.2.3. Gravimetric determination of Zn electrode 

A gravimetric analysis was performed to determine the 

Zn loss from the electrode during the electrolysis process. 

The method involves precipitating zinc as ammonium 

zinc phosphate, which is then converted to zinc 

pyrophosphate for constant weighing [96, 97]. In this 

process, the solution containing zinc ions is treated with 

concentrated HCl, heated, and diluted with water. After 

adding NH4Cl and acetic acid, the solution is heated in a 

water bath, followed by the addition of (NH4)2HPO4 and 

NH3. Precipitation occurs when the solution turns yellow, 

and the precipitate is allowed to mature in a water bath 

before being filtered, washed, and heated to 900°C to 

obtain Zn2P2O7 for weighing. 

The analysis results indicate a total mass loss of around 

10% from the electrodes after the 4-hour long-term 

performance test. 

3.2.4. Determination of hydrogen generation and gas 

analysis 

For gas analysis, 2 M formic acid and 0.004 M H₂SO₄ 

were placed in the anode chamber, while the cathode 

chamber contained 0.004 M H₂SO₄. The hydrogen 

evolution rate for formic acid with Zn/Pt electrodes was 

then measured with a mass flow meter (Cole-Parmer) 

with single-digit precision. Hydrogen production 

occurred at a rate of about 0.4 mL·min⁻¹ when a constant 

voltage of 2 V was applied. These findings align with 

those observed in comparable research, suggesting that 

higher hydrogen production rates are achievable [73, 98, 

99]. These experimental results were further evaluated by 

comparing them with those reported in similar studies in 

the literature. A summary of hydrogen production rates 

under various conditions from related works is presented 

in Table 1, providing a broader context for assessing the 

performance of the present system. 

A gas chromatography (GC) system with a thermal 

conductivity detector (TCD) was used to analyze the gas 

products formed during these experiments. The analysis 

was performed with the SRI Instruments brand and SRI 

310C model, utilizing a 6″ silica gel column. In the 

experiment conducted for gas analysis, it was observed 

that pure H₂ was obtained from the cathode chamber 

using a Nafion XL membrane with formic acid in a two-

chamber electrolysis cell, as expected. This result 

demonstrates the potential for producing 100% pure H₂ 

through electrolysis of formic acid. Additionally, the 

analysis showed that hydrogen production is achievable 

at a relatively low voltage of 2 V and a moderate 

temperature of 50°C. Although H₂ was produced at the 

cathode chamber, CO was formed at the anode instead of 

the expected CO₂. This is likely due to several factors. 

The high applied potential favored the formation of CO 

over CO₂, as CO requires less energy to form [101, 102]. 

Additionally, the acidic environment, the electrode 

material, and the temperature conditions promoted 

intermediate reactions, leading to CO formation [103-

105]. These factors caused the reaction pathway at the 

anode to shift under the given conditions, resulting in the 

formation of CO instead of CO₂. 

Faradaic efficiency was calculated for the experiment. 

Under a constant potential of 2 V, at room temperature, 

and over a duration of 3.5 hours, a constant current 

density of 1.63 mA/cm² was achieved. Under these 

conditions, the Faradaic efficiency was calculated to be 

92%. 

 

4. CONCLUSIONS 

This study presents an energy-efficient electrochemical 

method for hydrogen production via formic acid 

electrolysis using two distinct electrode configurations. 

In the first electrolysis cell, a Zn electrode pair was found 

to achieve four times the current density compared to a 

commercial Pd/Pt electrode pair. In the second 

electrolysis cell, where Zn was used as the anode and a 

more stable Pt electrode was employed at the cathode, the 

Zn anode electrode exhibited 33% higher current density 

compared to the Pd catalyst, which is commonly 

preferred as an anode catalyst in electrolysis processes. 

By utilizing formic acid as both the proton source and 

anodic reactant, the process resulted in a significant 

reduction in the required operational voltage-achieving 

hydrogen generation at only 2 V and a moderate 

Table 1. Comparative overview of hydrogen production rates in FA and similar electrolysis studies 

Electrolysis 

raw material 
Electrolyte Electrode Type 

Applied Voltage 

(V)/ current 

density (mA/cm2) 

Hydrogen 

Production 

Rate 
Ref. 

3 M FA 2.5 M NaOH Pt (anode-cathode) 8 mA/cm2 53 µmol/h [20] 

Methanol-

water solution 

Polymer electrolyte 

membrane 

Pt (anode) 

IrO2 (cathode) 
160 mA/cm2 30 mL/min [100] 

Glycerol-water 

solution 

Polymer electrolyte 
membrane 

20% Pt on Ru–Ir oxide (anode) 
Pt (cathode) 

10 A/m2 10 m3 day-1 m-3 [98] 

0.4 M glycerol 

0.04 M H2SO4 

Polymer electrolyte 

membrane 

Zn pair  (anode-cathode) 2 V 0.2 mL/min [99] 

Coal-water 

slurry 

0.004 M H2SO4 

Polymer electrolyte 
membrane 

Zn pair  (anode-cathode) 2 V 0.3 mL/min [73] 
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temperature of 50°C. These conditions were found to be 

substantially milder than those required in conventional 

water electrolysis systems, marking a notable 

advancement in the field of low-energy hydrogen 

production. 

The system demonstrated a current density of 1.63 

mA·cm⁻² and a hydrogen production rate of 0.4 

mL·min⁻¹, with a sustained Faradaic efficiency of 92% 

over 4 hours of continuous operation. These performance 

metrics, which were found to be consistent with values 

reported in the literature, validate the stability of the 

Zn/Pt-based electrochemical setup. Notably, the use of 

zinc, a low-cost and earth-abundant material, was shown 

to provide a promising alternative to noble metal 

electrodes, thereby enhancing both the economic and 

environmental feasibility of the process. 

A notable aspect of this study is the utilization of formic 

acid as an anodic reactant, which has been shown to play 

a significant role in reducing the overall cell voltage 

required for hydrogen evolution. This is largely attributed 

to the relatively low oxidation potential of formic acid 

compared to water, which results in a lower energy 

threshold for the electrochemical reaction. The results 

obtained support the practical applicability of this 

approach in low-temperature and low-voltage formic 

acid-based electrolysis systems. This strategy offers a 

complementary alternative to conventional water 

electrolysis, particularly in scenarios where mild 

operating conditions or alternative feedstocks -such as 

biomass- derived formic acid- are preferred. 

Despite a 10% mass loss from the Zn/Pt electrodes due 

to dissolution of zinc ions and reduction in active surface 

area, the overall stability of the system was maintained. 

These findings indicate that the Zn/Pt electrode system, 

particularly with the inclusion of zinc as a relatively low-

cost material, offers a practical approach for hydrogen 

production from formic acid under low-voltage 

conditions. Moreover, as the European Green Deal and 

global sustainability initiatives increasingly emphasize 

the transition to low-carbon technologies, the 

development of such alternative, energy-efficient 

hydrogen production methods becomes even more 

crucial. In this context, formic acid electrolysis -

especially when the feedstock is derived from biomass or 

industrial waste- offers a promising pathway to reduce 

energy consumption and carbon emissions. Hence, the 

insights provided by this study contribute not only to the 

advancement of electrochemical hydrogen technologies 

but also to broader climate goals by supporting cleaner 

and more sustainable energy solutions. 
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