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Abstract: The increasing concentration of CO2 in the atmosphere has contributed significantly
to global warming and its associated environmental effects. Electrochemical conversion has
emerged as a promising approach for CO2 capture, storage, and utilization to produce value-
added chemicals. However, the inherently low solubility of CO2 in aqueous solutions presents a
major challenge to the efficiency of process. Unlike previous studies that focused on increasing
CO2 solubility by lowering the temperature or using non-aqueous solvents, this work explores
the use of smaller gas bubbles to enhance CO2 retention time in solution. The objective is to
prolong the residence time of CO2 bubble in the electrolyte, allowing for gradual dissolution,
sustained saturation, and improved interaction with the cathode surface. Under the same oper-
ating voltage, the bubble stone sparger, produces bubbles with diameters of 6.18 and 3.26-times
than those generated by the atomizer and air stone, respectively, achieved 29.23% and 15.23%
higher current efficiency. Similarly, the formic acid yield increased by 50.70% and 28.21%,
compared to the other sparger types. The highest current efficiency (11.60%) and formic acid
yield (0.122%) were obtained using the bubble stone sparger with a cathode length of 2.5 cm,
a cathode-sparger distance of 0.5 cm, and an operating voltage of 6 V. These findings highlight
the potential of using smaller bubble sizes to improve the electrochemical reduction of CO2 by
enhancing gas-liquid interaction and mass transfer performance.
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1. Introduction

Global warming has demonstrated severe impacts on the environment, largely driven by
the continued reliance on fossil fuels, which are the primary contributors to carbon dioxide
(CO2) emissions, the dominant greenhouse gas. In 2023, global CO2 emissions reached 37.4
gigatons (International Energy Agency, 2024). As parts of its carbon mitigation strategy, the
Indonesian government has set ambitious targets, achieving a 23% renewable energy mix by
2025 and reaching carbon neutrality by 2060, particularly in the energy sector remains heavily
relies on fossil fuels (Institute for Essential Services Reform, 2021). Indonesia plans to cut
29% of CO2 emission by 2030, with 15 CCUS project will start from 2026 (Ramadhan et al.,
2024). To accelerate the process, Indonesia Ministry of Energy and Mineral has regulated the
CCUS through Regulation 2/2023. The Presidential Regulation 14/2024 further expands the
scope for allowing CO2 capture in industries outside oil and gas. By 2021, a 12.77% renewable
energy mix had been achieved in the power generation sector (Mudassir, 2021). Effort toward
decarbonization have also been extended to other sectors such as maritime transport (Whulanza
et al., 2024; Hadi et al., 2025). However, these achievements remain insufficient to meet the 2030
emissions reduction target and the 2060 net-zero target of 2060 (The International Renewable
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Energy Agency, 2022).
Carbon capture, utilization, and storage (CCUS) technologies aim to reduce atmospheric

CO2 concentrations. Carbon capture has been extensively applied in the oil and gas industries
through technologies such as pressure swing adsorption and amine absorption. Once captured,
CO2 can be stored underground, for instance, in enhanced oil recovery operations or beneath
bed rock formations. It can also be utilized in the food and beverage industries for carbonation,
cooling and freezing, or inert blanketing of food products.

Among utilization pathways, converting CO2 into value-added chemicals such as formic acid
through electrochemical reduction is particularly attractive option (Irabien et al., 2018; Jia et al.,
2022; Chang et al., 2023). Other target products include methane, methanol, diethyl carbonate
(Anggerta et al., 2025), and ethanol have been developed. Formic acid offers several advantages:
it serves as hydrogen carrier for fuel cell electric vehicles (FCEVs), is low in toxicity, and remains
in liquid form under ambient conditions (Moret et al., 2014). Hydrogen can be efficiently released
from formic acid at low temperatures and pressures using gold-based catalysts (Wang et al.,
2018), simplifying energy storage for FCEVs. Additionally, formic acid is widely used as a
reducing agent in textile dyeing to improve colorfastness and fix dyes, as a degreasing agent in
leather tanning, and as a preservative in the food industry due to its antimicrobial properties.
While conventional formic acid production methods such as hydrolysis, catalytic oxidation, and
hydrogenation exist (Moret et al., 2014; Bulushev and Ross, 2018), electrochemical synthesis
offers distinct advantages due to its mild operating condition.

Several factors influence the performance of electrochemical CO2 reduction into formic acid,
including the type of cathode (Zhu et al., 2016; Altaf et al., 2024), electrolyte composition (Fan
et al., 2020; Marcandalli et al., 2022; Zhao et al., 2023), reactor design (Bagemihl et al., 2022;
Ewis et al., 2023), and CO2 concentration (Kim et al., 2015; Zhong et al., 2017). Tin-based (Sn)
cathodes have demonstrated high current efficiency for CO2 reduction (Daiyan et al., 2017), while
lead (Pb) cathodes offer lower overpotential and superior durability compared to Sn (Zhao et
al., 2019; Yang et al., 2020). Furthermore, KHCO3 electrolytes have been found to yield optimal
performance for formic acid production (Wu et al., 2012).

Various reactor types for CCUS, such as fixed bed, fluidized bed, slurry, membrane, and
microchannel reactors have been evaluated in prior studies (G. Gao et al., 2023). This study
focuses on the bubble reactor due to its simplicity, scalability, and low maintenance and oper-
ating costs (Lin et al., 2020; Garćıa and Mejia, 2021; Ewis et al., 2023; Kartohardjono et al.,
2024; Madani et al., 2024). Although commonly used in wastewater treatment, its applica-
tion for CCUS remains limited. Bagemihl et al., 2022 highlighted the mass transfer limitations
of dissolved CO2 in aqueous system and proposed gas-liquid Taylor flow to improve reactor
performance, achieving Faradaic efficiencies over 90% at current densities up to 500 mA cm−2

(Bagemihl et al., 2022). Factor such as film thickness and void fraction were shown to signif-
icantly affect efficiency. While Taylor flow reactors offer high mass transfer and can operate
under elevated pressures, their complex flow control make them less practical for industrial use.
To ensure optimal performance in bubble reactors, it is crucial to consider parameters such
as bubble hold-up time and bubble diameter, which influence CO2 diffusion into the electrolyte
(Zhong et al., 2015; Angulo et al., 2020; Widiatmoko et al., 2021). Reactor dimensions including
diameter, length, and the ratio of bubble to reactor diameter, also play critical roles (Temesgen
et al., 2017).

The objective of this research is to identify the optimal bubble reactor configuration for
converting CO2 into formic acid by investigating the effects of sparger type, cathode length, and
sparger to cathode distance. The low solubility of CO2 in aqueous solutions is a well-known a
limiting factor. To address this, smaller bubble sizes are employed to increase CO2 retention
time, thus maintaining saturation levels in the electrolyte and enhancing diffusion toward the
cathode. Variations in cathode length and its distance from the sparger also affect hydrodynamic
and diffusion processes. Therefore, this study aims to elucidate the effects of these parameters
on the overall efficiency of the electrochemical CO2 reduction process.
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2. Methods

The experimental set up is shown in Figure 1. An H-type electrochemical cell was used,
each chamber having a diameter of 5 cm and a height of 20 cm. Both chambers were filled with
electrolyte to a height of 15 cm. A DC power supply provided the electrical input for electrolysis,
while a voltmeter and ammeter were used to measure the applied voltage across the electrodes
and the current passing through the system. The flow rate of CO2 gas was monitored using
flowmeter.

Figure 1 Schematic diagram of the experimental setup for electrochemical CO2 reduction.

During the experiment, CO2 gas (99%, CV Sangkuriang, Indonesia) was bubbled into the
reactor through a sparger, both prior to before and during electrolysis. Three types of spargers
were employed: an air stone, an atomizer (Simple type D-531, Up-Aqua), and a nano bubble
stone (Nano CO2 diffuser, Bray Deep). The bubble size distribution generated by each sparger
was analyzed using an optical camera and ImageJ software, capable of detecting bubbles larger
than 0.16 mm with an error margin below 10%. All reactions were carried out at atmospheric
pressure (698±2 mmHg) and ambient temperature (27±3◦C). The cathode consisted of a Pb-
Sn alloy wire (Yosinogawa SW600688 - 40/60, 0.8 mm dia.) and the anode was a Pt-Ir alloy
wire (Herman Paulsen Cat. No. AP 4-4746, 0.5 mm dia.). Both the cathode length and the
distance between the cathode and the sparger were varied. A 0.5 M KHCO3 solution was used
as the catholyte and a 0.1 M H2SO4 solution as the anolyte. All solutions were prepared using
pro-analysis grade chemicals from Merck (Germany). A Nafion 212 membrane was employed as
the separator (Widiatmoko et al., 2020)

Prior to electrolysis, the catholyte was saturated with CO2 by bubbling the gas for 1 hour.
The electrolysis process was conducted for 3 hours under continuous CO2 bubbling at a flow rate
of 50 mL/min. Only upward motion of the gas bubbles cause mixing within the reactor. The
cathode length was varied between 2.5 cm and 4.5 cm and the cathode-sparger distance was set
at either 0.5 or 1.5 cm. This resulted in four experimental configurations: (a) 2.5 cm-0.5 cm, (b)
2.5 cm-1.5 cm, (c) 4.5 cm-0.5 cm, and (d) 4.5 cm-1.5 cm. To assess the effect of sparger type on
formic acid production, experiments were conducted using different spargers while keeping the
cathode length and cathode-sparger distance constant. An overpotential of 1 V was maintained
across all experiments, determined from the initial current observed on the I-V curve specific to
each sparger configuration.

The concentration of produced formic acid was determined by analyzing the liquid phase
products using High-Performance Liquid Chromatography (Agilent PL Hi-Plex H column,
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United States of America). Gas phase products were analyzed using Gas Chromatography
(Shimadzu GC-2014, Japan). The morphology and surface condition of the cathode before and
after electrolysis were examined using a Scanning Electron Microscope (SEM, Hitachi SU3500,
Japan). X-ray diffraction (Bruker D2 phaser, Germany) was employed to identify crystalline
phase and detect any structural or compositional changes on the cathode surface resulting from
the electrochemical reaction.

3. Results and Discussion

3.1 Effect of CO2 Bubble Size

CO2 gas was introduced into the KHCO3 catholyte by bubbling it from the bottom of
reactor. Three types of spargers, i.e. air stone, atomizer, and bubble stone were used, each gen-
erating CO2 bubbles with different sizes. The bubble size distributions are presented in Figure
2(a). The air stone produced a wide distribution of bubble sizes predominantly in the millimeter
range, with a peak between 1 - 2 mm. In contrast, the atomizer and bubble stone generated
bubbles in both the millimeter and sub-milimeter ranges, although with distinct distribution
patterns. The atomizer exhibited two prominent peaks at approximately 0.5 mm and 1 mm,
with a broader size distribution than that of the bubble stone. The bubble stone produced a
narrower distribution, with a dominant peak around 0.2 mm. These sizes fall within the transi-
tion range between macrobubbles (diameter ¿ 1 mm) and microbubbles (0.001 - 1 mm). Upon
release from the spargers, the bubbles tends to coalesce, forming larger bubbles due to surface
tension effect.

Dissolved CO2 is the active species in the electrochemical reduction reaction, rather than
bicarbonate (HCO−

3 ) or carbonate (CO−
3 ) ions (Kumar et al., 2012; Fang et al., 2024). Under

ambient pressure and temperature conditions, the size of CO2 bubbles significantly influences its
solubility in the catholyte solution (Bang et al., 2015), primarily due to variations in gas hold-up
time. Larger CO2 bubbles exhibit high terminal velocities, which reduce their residence time in
the electrolyte and subsequently lower CO2 dissolution (see Figure 2b). The terminal velocity
of the bubbles (v) can be theoretically estimated using Stoke’s Law, as shown in Equation 1.

v =
(

ρfluid − ρbubble

ρfluid

)
g

2
9r2 (1)

(a) (b)
Figure 2 (a) Bubble size distribution generated by different sparger types: air stone,

atomizer, and bubble stone. (b) The average theoretical terminal velocity of CO2 bubbles
produced by each sparger type, indicating differences in buoyancy-driven rise behaviour

The use of spargers that produce smaller CO2 bubble results in lower average terminal
velocity of bubbles in the catholyte solution (Temesgen et al., 2017; Widiatmoko et al., 2021).
Among the sparger tested, the bubble stone produced the smallest bubbles with the lowest
estimated terminal velocity of 0.059 m/s, followed by the atomizer at 0.626 m/s, and the air
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stone at 2.253 m/s. Consequently, the bubble stone is expected to provide gas hold-up compared
to the air stone and atomizer (Moshtari et al., 2009).

At a constant overpotential, the effect of sparger type on the activation potential becomes
apparent. The observed operating voltages were 6V for the air stone, 5.6 V for the atomizer, and
5.4 V for the bubble stone. This trend shows that larger bubble sizes lead to increased operating
voltage, likely due to enhanced mass transfer resistance of CO2 at the electrode surface.

The effect of the sparger type on current efficiency under constant overpotential is presented
in Figure 3. In general, the trend of formic acid yield follows that of current efficiency. While
the air stone consistently shows the highest formic acid yields and the bubble stone the lowest,
an exception occurs under the configuration of a 2.5 cm electrode length and a 0.5 cm sparger
to electrode distance. In this case, the bubble stone delivers both higher current efficiency and
yield compared to the other spargers. This indicates that smaller bubbles can enhance reaction
performance but due to their low terminal velocity, diffusion is only effective at short distance.
The results from the 4.5 cm-0.5 cm configuration, where the atomizer outperforms the other
spargers in terms of current efficiency, supports the phenomena. The relatively larger bubbles
produced by the atomizer are able to travel farther and interact more effectively along the full
length of the 4.5 cm electrode. These findings shows that when employing spargers that generate
smaller bubbles, the distance between the sparger and electrode must be carefully optimized to
ensure effective gas diffusion and maximum electrochemical performance.

(a) (b)

(c) (d)
Figure 3 Effect of sparger type on current efficiency and formic acid yield at different cathode

lengths and cathode-to-sparger distances Results are shown for:(a) cathode length of 2.5 cm
and cathode to sparger distance of 0.5 cm (b) cathode length of 2.5 cm and cathode to sparger
distance of 1.5 cm (c) cathode length of 4.5 cm and cathode to sparger distance of 0.5 cm (d)

cathode length of 4.5 cm and cathode to sparger distance of 1.5 cm
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3.2 Effect of Cathode Configuration

The experimental variations investigated in this study include the cathode-to-sparger dis-
tance and cathode length, both of which are expected to influence bubble-induced mass transfer.
At greater distances from the cathode, larger bubbles are more likely to reach the electrode sur-
face effectively due to their higher terminal velocity, potentially enhancing the reaction. Likewise,
a longer cathode is expected to benefit from larger bubbles, as they can maintain contact over a
longer vertical span. The effect of these geometric parameters on current efficiency and formic
acid yield are presented in Figure 3.

Positioning the cathode closer to the sparger (0.5 cm) generally results in higher current
efficiency and formic acid yield across most conditions. However, smaller bubbles tend to coalesce
or break up after traveling a distance approximately equivalent to their diameter (Gemello et al.,
2018). As such, increasing the sparger-to-cathode distance diminishes the advantage offered by
smaller bubble size. Nevertheless, when the distance is extended to 1.5 cm, the negative impact
is less significant, particularly with longer cathodes (4.5 cm), suggesting that cathode length
can partially compensate for reduced CO2 diffusion rates.

Interestingly, the use of a shorter cathode (2.5 cm) produced higher current efficiency and
formic acid yield in all tested configurations compared to the 4.5 cm cathode. This result may
appear counterintuitive, as a larger electrode surface area is typically expected to offer more
active sites. However, area under constant applied voltage, the current density decreases with
increasing electrode area, leading to less intense electrochemical reaction. Moreover, longer
electrodes may suffer from uneven current distribution, further reducing their electrochemical
performance (Popov et al., 2005; Bagotzky, 2006).

3.3 Effect of Bubble Size at the Same Operating Voltage

Operating the system under constant overpotential conditions resulted in different operating
voltages for each sparger type. Previous studies have highlighted that precise control of applied
voltage is crucial for optimizing electrochemical cell performance. Lower overpotentials typically
promote the production of both formic acid and hydrogen, whereas moderate overpotentials
enhance current efficiency for formic acid production, while suppressing hydrogen evolution, up
to an optimum point. It has also been reported that operating voltage above 5.4 V can increase
current efficiency to a certain extent (Ewis et al., 2023). To further confirm the effect of bubble
size, additional experiments were conducted at a fixed operating voltage of 6 V as the highest
operating voltage among variation. The results are presented in Figure 4.

Figure 4 Effect of sparger type on current efficiency and formic acid yield under constant
operating voltage of 6 V, with cathode length of 2.5 cm and a cathode-to-sparger distance of

0.5 cm. Red bars represents formic acid yield, while blue bars indicate current efficiency

The findings indicate a clear trend, both current efficiency and formic acid yield increase
with decreasing bubble size, with the bubble stone sparger showing the best performance.
Smaller bubbles exhibit excellent mass transfer characteristics due to their increased surface
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area and the tendency for enhanced breakage and dissolution within the liquid phase (Baum-
gartner et al., 2023). The relationship between mass transfer and bubble size has been reported
in several models (Temesgen et al., 2017; Suwartha et al., 2020). Specifically, mass transfer effi-
ciency is govern by the specific surface area between the gas and liquid phases, which is influenced
by the bubble volume and diameter (Sacco et al., 2019; Bagemihl et al., 2022). Furthermore,
smaller bubble diameters are associated with higher surface tension, leading to the shrinking
of micro- and nanobubbles and an increase in internal bubble pressure (Liu and Tang, 2019).
These combined effects enhance CO2 dissolution and availability at the electrode surface. Based
on these observations, there remains significant potential to further improve electrochemical
performance in bubble reactors by reducing the bubble size into the nanometer range.

Table 1 shows the selectivity of the electrochemical reaction using different sparger types.
Under identical conditions, including cathode length, cathode-to-sparger distance, and operating
voltage, the bubble stone demonstrates superior performance. Specifically, it yields a 29.23%
and 15.23% increase in current efficiency, and a 50.70% and 28.21% increase in formic acid yield
compared to the air stone and atomizer, respectively. These findings support the hypothesis
that smaller bubble sizes can enhance the CO2 reduction reaction, particularly by improving
gas diffusion in the catholyte and maintaining the solubility of CO2 (Widiatmoko et al., 2020).

When compared with previously reported values in the literature (see Table 2), the Faradaic
efficiency achieved in this study remains relatively low. This is likely due to the limited CO2
hold up time in the electrolyte. It is therefore proposed that design of reactor should be further
optimized to intensify gas-electrode contact. Future studies will explore the use of 3D-structured
cathodes and side-mounted spargers to enhance gas diffusion and utilization.

Table 1 Product Selectivity and CO2 Conversion Efficiency Using Different Sparger Types

Parameter Unit Air Stone Atomizer Bubble Stone
Product Selectivity

- HCOOH % 92.45 91.53 94.38
- H2 % 0.14 0.59 0.55
- CO % 7.42 7.88 5.07

CO2 Conversion % 23.07 26.47 32.56

Table 2 Comparison of CO2-to-Formic Acid Conversion from Selected Studies

Method Cathode
Material

Faradaic
Effeciency
(FE, %)

Yield
(%)

Selectivity
(%)

Ref.

Bubble reactor Pb-Sn 11.60 0.122 92.45 This work
Three-electrode Sn 63.00 - - Wu et al., 2012
- Unspecified MOF 90.50 - - Jia et al., 2022
Solid state reactor nBuLi-Bi 95.00 - - Fan et al., 2020
Filter press reactor Sn 70.00 - - Ewis et al., 2023

3.4 Morphological Analysis

The surface of the Pb-Sn alloy cathodes before and after use are presented in Figure 5.
Noticeable differences in color and texture are observed following the reaction. The initially
shiny surface of fresh cathode becomes visibly darker and rougher after use. This transformation
is attributed to the formation of an oxide layer on the cathode surface. Despite difference in
bubble conditions, all three cathodes exhibit a similar change in surface appearance.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)
Figure 5 Scanning Electron Microscopy of the Pb-Sn cathode surface before use (a-c) and

after electrochemical reduction of CO2 using different sparger types: (d-f) bubble stone, (g-i)
atomizer, and (j-l) air stone.

The XRD analysis presented in Figure 6 confirms the formation of SnO2 layer on the cathode
surface after electrolysis. The present of this oxide layer is believed to enhance the efficiency
and stability of CO2 electroreduction. Cathodes containing SnO2 have been reported to exhibit
higher partial current densities compared to other Sn-based catalysts (Duarah et al., 2021).
Several studies have demonstrated the selective conversion of CO2 to formic acid using SnO2,
achieving Faradaic efficiency as high as 97% (Liang et al., 2018). The catalytic mechanism of
SnO2 in CO2 electroreduction remains a subject of ongoing discussion. Choi et al. proposed that
SnO2 contributes to improved electrical conductivity and catalytic activity (Choi et al., 2016).
In contrast, Salvini et al. using computational simulations, reported that the SnO2 (110) surface
itself does not actively involve in the catalytic process. Instead, under electrochemical conditions,
SnO2 undergoes partial reduction to form a bilayer structure composed of metallic tin atop the
oxide surface (2SnSnO2), which is believed to be the active phase responsible for high selectivity
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toward formic acid (Salvini et al., 2022). It is important to note that complete reduction of
SnO2 to metallic Sn shifts the selectivity toward hydrogen evolution, thereby reducing formic
acid yield (T. Gao et al., 2019). Thus, maintaining a stable combination of Sn and SnO2 phases
is essential for optimizing yield, selectivity, and long-term stability of reaction. This observation
aligns with our previous work, where the presence of SnO2 contributed to stable performance
over 7 hours of continuous operation (Widiatmoko et al., 2020).

Figure 6 X-ray diffraction (XRD) patterns of the Pb-Sn cathode before use (blank) and after
electrochemical CO2 reduction using different sparger types: bubble stone, atomizer, and air

stone. Reference patterns for PbSn, Sn, SnO2, and Pb2SnO4 phases are also included for phase
identification.

4. Conclusion

Smaller bubble size demonstrated superior performance in the electrochemical reduction of
CO2. The bubble stone sparger, which generates bubbles with diameters 6.18 and 3.26 times
smaller than those produced by atomizer and air stone, respectively, resulted in 29.23% and
15.23% higher current efficiency. Correspondingly, the formic acid yield was 50.70% and 28.21%
greater compared to the other sparger types under the same operating voltage. A shorter
distance between the sparger and the cathode generally led to higher current efficiency and
formic acid yield, and this trend was also consistently observed with shorter cathode across all
experimental conditions. Future studies should further investigate the use of microbubbles and
nanobubbles to determine the optimal bubble size range. Microbubbles may offer advantages
due to their slower dissolution rates of CO2, while nanobubbles could enhance reactivity through
their high surface energy resulting from significant surface tension. Additionally, reactor design,
particularly the distance between sparger and cathode, should be optimized, considering the low
terminal velocity of micro- and nanobubbles, which may influence mass transfer and gas-liquid
contact efficiency.
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