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Abstract The electrochemical reduction of carbon diox-

ide into formate was studied using gas diffusion electrodes

(GDE) with Sn as electrocatalyst in order to overcome

mass transport limitations and to achieve high current

densities. For this purpose, a dry pressing method was

developed for GDE preparation and optimized with respect

to mechanical stability and the performance in the reduc-

tion of CO2. Using this approach, GDEs can be obtained

with a high reproducibility in a very simple, fast, and

straightforward manner. The influence of the metal loading

on current density and product distribution was investi-

gated. Furthermore, the effect of changing the electrolyte

pH was evaluated. Under optimized conditions, the GDE

allowed current densities up to 200 mA cm-2 to be

achieved with a Faradaic efficiency of around 90 % toward

formate and a substantial suppression of hydrogen pro-

duction (\3 %) at ambient pressure. At higher current

densities mass transport issues come into effect and

hydrogen is increasingly produced. The corresponding

cathode potential was found to be 1.57 V vs. SHE.

Keywords Carbon dioxide � Electrochemical CO2

reduction � Gas diffusion electrodes � Formate � Formic

acid

1 Introduction

In light of the ever-increasing energy demands due to a

growing population and a constant rise in living standards

around the world, the accumulation of the greenhouse gas

CO2 in the atmosphere constitutes a severe challenge for

modern society. Approaches to alleviate emissions are

manifold. They range from the employment of clean and

more efficient technologies with lower carbon footprint to

the development of processes that utilize CO2 as feedstock.

One attractive way for existing plants to reduce their

footprint is to capture and process effluent streams rich in

CO2, and to subsequently convert the unwanted greenhouse

gas into valuable products [1, 2]. Processes that produce

relatively pure CO2 streams, and are, therefore, particularly

qualified are, e.g., the ammonia or ethylene oxide synthe-

sis, biogas purification or certain refinery, and fermentation

processes [3]. By means of electrochemical cathodic acti-

vation, among other methods, CO2 can serve as carbon

source to produce formic acid, CO or methane according to

Eqs. 1–3 (E0 vs. SHE at 25 �C and pH 7.0 [4]), while water

can serve as a proton and electron donor on the opposing

anode side.

CO2 þ H2O þ 2 e� � HCOO� þ OH�

E0 ¼ � 0:43 V
ð1Þ

CO2 þ H2O þ 2 e� � COþ 2 OH�

E0 ¼ � 0:52 V
ð2Þ

CO2 þ 6 H2O þ 8 e� � CH4 þ 8 OH�

E0 ¼ � 0:25 V
ð3Þ

Given the finiteness and increasing price of petroleum

and natural gas, this is an increasingly attractive route that

is currently encouraging a lot of research effort, in both
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fundamentals and applications [5–11]. In this respect, for-

mic acid is a particularly convenient product, as its current

production route is neither straightforward nor environ-

mentally benign, and because it is a suitable hydrogen

donor for fuel cells. Thus, its electrochemical production

would allow for the storage of electricity in chemical form

with formic acid as a non-toxic energy carrier that is easy

to store and handle and which can later be decomposed to

hydrogen or directly fed into direct-formic acid fuel cells to

produce electricity when it is needed [12, 13]. Yet, for this

approach to be reasonable, formic acid has to be produced

from CO2 efficiently in the first place. The corresponding

reaction has been studied extensively on several electrode

materials in order to show its feasibility and to elucidate

mechanistic aspects. For formic acid/formate production

(at commonly employed pH values, formate is the major

product), Sn, Hg, Pb, In, Cd, and Cu have been shown to be

favorable electrocatalysts [14, 15]. This is due to their high

overpotentials toward the hydrogen evolution reaction

(HER, Eq. 4) which, in aqueous electrolytes, occurs within

the same potential range and is therefore the main side

reaction that decreases selectivity at certain reaction

conditions:

2 H2O þ 2 e�� H2þ 2 OH� E0 ¼ �0:415 V ð4Þ

Using the above, metals allows for the production of

formate with a high Faradaic efficiency (FE, percentage of

charge going into the desired product) around 90 % [16].

However, the achievable current density on flat electrodes

is limited to approximately 5 mA cm-2 by the amount of

CO2 that is dissolved in the electrolyte. In contrast, for

industrial application high space–time yields are manda-

tory what requires current densities above 100 mA cm-2

[7]. Apart from the use of high pressure or organic elec-

trolytes, both of which increase the amount of dissolved

CO2, an approach that has been shown to circumvent sol-

ubility limitations is the use of gas diffusion electrodes

(GDE), first introduced for this reaction by Mahmood et al.

[17]. The porous electrode comprises a high surface area

matrix of carbon support and a hydrophobic binding agent

into which the catalyst is dispersed. This allows the inter-

facial area to be formed within the material of the electrode

and the three-phase boundary gas/electrolyte/catalyst

where the reaction takes place to be massively enhanced.

Furthermore, solubility issues are reduced since the gas

molecules only have to diffuse through a very thin layer of

electrolyte in order to reach the electrode surface. As the

effective area is much larger than the geometric area, the

observable reaction rates are usually an order of magnitude

higher than on conventional flat electrodes. Accordingly,

partial current densities up to 130 mA cm-2 for formate

production at ambient pressure have been reported using

GDEs [17–19] and even higher values for gaseous products

[20–22]. Besides FE and current density, from an energetic

point of view another essential parameter that determines

the efficiency of the process is the necessary overpotential

to drive the reaction at a given rate. Thus, its minimization

is a key challenge that must be approached, e.g., by catalyst

optimization and by the minimization of resistances toward

mass transport and electron transfer inside the GDE.

In order to approach this goal, different technologies

exist for the GDE preparation which are suitable for

industrial production to different degrees. In most of the

scientific work published, GDEs are prepared via wet

deposition methods in which an ink, usually consisting of a

highly concentrated suspension of the catalyst, carbon

material and binding agent (mostly PTFE) must be pre-

pared, then sprayed or screen-printed on a support and

dried [23]. This is a time-consuming procedure for which

scale-up to mass production is suggested to be difficult

[24]. In this study, a dry pressing method that greatly

simplifies the GDE production procedure is introduced and

optimized. The components simply have to be mixed

physically, pressed onto a carbon paper support, and sin-

tered. The absence of a solvent, reduction of process steps,

and amount of parameters to be optimized make this

approach both economically and environmentally sound,

and easy to scale-up. Based on this approach, in the

framework of this work, the emphasis was put on the

feasibility of the electrochemical formate production

within an industrial environment. To take this into account,

the non-toxic and inexpensive tin was chosen as catalyst

and an aqueous solution of KHCO3 used as electrolyte. At

the anode, water electrolysis is responsible for the supply

of electrons to the cathode; a previous hydrogen formation

step and the handling of molecular hydrogen are thereby

omitted. While the overall goal of the project is to incor-

porate the obtained results into a continuous reactor setup,

the reported results herein should act as a starting point to

evaluate and optimize the performance and the pressing

procedure of the GDE in order to demonstrate the advan-

tages and importantly the efficiency of the approach cho-

sen. Furthermore, important parameters such as the Sn

metal loading and the influence of the electrolyte pH were

investigated.

2 Experimental section

2.1 GDE preparation

The GDE was prepared using a newly developed dry

pressing approach. The electrode comprises a mixture of

acetylene black (Alfa-Aesar, 99.9 %), graphite (Timrex,

T150), and PTFE (TF 9207Z, Dyneon) with a ratio of

4:1.5:3, and the active metal Sn (Sigma-Aldrich,
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nanopowder, \150 nm, [99 % trace metals basis). The

components were physically mixed in a knife mill (IKA

M20 Universal mil) to obtain a homogeneous mixture,

750 mg was filled in a mask and pressed with a pressure of

11 kN cm-2 for 1 h on a 11.35 cm2 hydrophobic gas dif-

fusion layer (SGL, Sigracet GDL 35BC). The electrode

obtained was sintered in an oven at 340 �C, slightly above

the melting point of PTFE for a period of 10 min in a

nitrogen atmosphere.

2.2 Electrochemical reactor and experimental

procedure

Experiments were conducted in a semi-batch cell sche-

matically depicted in Fig. 1. It consists of a cathode and

anode chamber which are separated by a proton conducting

membrane (Nafion� 117, DuPont), so the produced for-

mate can be accumulated on the cathode side, preventing it

from being oxidized on the anode and to ensure the

transport of cations from anode to the cathode. As counter

electrode at the anode side, a Pt foil was utilized for the

oxidation of water. The gas diffusion electrode (partially

masked by plexiglas to obtain a geometric surface area of

1 cm2) was used as cathode. CO2 (Westfalen, 99.995 %)

was continuously fed to the gas side at 3 mL min-1, while

the electrolyte was filled into cathode and anode chamber

before the experiment. The cathode chamber was filled

with 10 mL of 0.1 M aqueous KHCO3 (Sigma-Aldrich,

[99.99 % trace metal basis, water: Sigma-Aldrich, HPLC-

grade) solution, the anode chamber with 18 mL 1 M

KHCO3. The electrolyte was always pre-electrolyzed for

4 h at a voltage of 2 V to minimize contamination of the

electrode surface by impurities and metal traces. For the

experiments investigating the influence of the pH value, the

pH was adjusted by adding KOH solution (Sigma-Aldrich).

Experiments were carried out at room temperature

(25 ± 2.5 �C) and ambient pressure and run for 1 h; Far-

adaic efficiencies are thus averaged over this time period.

Current density was controlled and kept at a constant value

with a potentiostat (Gamry, Reference3000), while the

potential was evaluated over time. All potentials reported

herein are potentials of the working electrode and com-

pensated for the voltage drop in the electrolyte between

working and reference electrode by the Gamry software via

iR-drop measurements automatically conducted after each

datapoint. As reference electrode, a Hg|HgO, 0.1 M

KHCO3 electrode was used (E = 98 mV vs. SHE at pH 14

and 25 �C).

2.3 Analytics and characterization

The amount of formic acid produced was quantified using

high pressure liquid chromatography with an Agilent

Technology type 1200 equipped with a Nucleogel Sugar

810H column (Macherey–Nagel) and an RI detector. In

order to evaluate gas phase composition online, gas chro-

matography was utilized on an Agilent Technologies 7890.

Samples were injected through a HP-Plot Q (Agilent J&W)

column equipped with an FID and through a Poropak Q

and Molsieve 5A connected to the TCD. Combining both

GC and HPLC, the current selectivity could be closed in

between 5 % for all experiments. N2physisorption mea-

surements were performed on an Autosorb-3B (Quanta-

chrome) and evaluated by a multi-point method in the

pressure range p/p0 = 0.05–0.3 to obtain the BET surface

area. The sample was outgassed at 110 �C for 16 h. In

order to evaluate the dispersion of the catalyst, scanning

electron microscopy (SEM) images have been taken at the

Fig. 1 Sketch of experimental

set-up (RE = reference,

W = working, C = counter

electrode)
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DLR with a Zeiss ULTRA plus microscope equipped with

an AsB (angle selective backscattered electron) detector.

3 Results and discussion

3.1 GDE preparation and optimization

Since literature on the dry deposition of GDEs is relatively

scarce [24, 26], an elaborate investigation and optimization

was conducted in order to develop a simple, straightfor-

ward, and reproducible method for their preparation. The

optimization of the composition (namely, the ratio of the

components and type of carbon allotrope), the mixing, and

the pressing procedure were conducted with the primary

objective to obtain stable and reproducible electrodes with

a maximum FE to CO2 reduction. The exact preparation

procedure is reported in the experimental section, while the

approach is described in the following. As it was already

suggested in literature, acetylene black exhibits very good

performance characteristics as carbon substrate for GDEs

because of its favorable channel network, pore distribution,

and high electrical conductivity [27]. This is the case even

though it exhibits a rather small surface area (BET:

75 m2 g-1) compared to other carbon materials such as

activated carbon. The corresponding BET surface area of

the GDEs prepared by the method reported herein was

16 m2 g-1 at a metal loading of 5 mg cm-2. Problems

arising in the ability to press the powder mixture onto the

gas diffusion layer with satisfactory mechanical integrity

were solved by the addition of graphite. The graphite with

its soft texture decreases the brittleness of the pressed

samples and makes them suitable for the experiments in the

first place. As its addition further decreases the available

surface area, it should not be employed at a ratio beyond

what is necessary for successful pressing. The same

accounts for PTFE as binding agent which is required to

provide hydrophobicity to the pore system and to supply

the matrix with stability by sticking the carbon and catalyst

particles together. Just as for graphite, its amount was kept

at a minimum to ensure these prerequisites without

decreasing the performance of the GDE by making it too

hydrophobic (impeding its wettability) and by the profuse

blockage of diffusion channels. A concluding sintering step

was added, at 340 �C slightly above the melting point of

PTFE, as it further increases the stability of the GDE and

allows for the deeper penetration of the PTFE into the

pores. The development of this simple preparation proce-

dure offers the opportunity for easy testing of GDEs with

different compositions and their optimization. In this

respect, the ratio of components that was determined to be

the most suitable and thus employed in the following

experiments constitutes as 4:1.5:3 with regard to acetylene

black, graphite, and PTFE. The investigation of the tin

content is discussed below.

3.2 Electrochemical reduction

In the next sections, the performance of the prepared GDEs

is evaluated. Therefore, galvanostatic semi-batch experi-

ments were conducted as described in the experimental

section. All the experiments reported have been reproduced

at least twice to ensure that results were significant and not

object to experimental deviations. The only products

observed were formate, hydrogen, CO, and traces of

methane. The sum of the corresponding FEs closed within

5 % at all times. Three such galvanostatic experiments are

represented in Fig. 2 for current densities of 10 mA cm-2,

25 mA cm-2, and 100 mA cm-2 at a pH value of 8.4 and a

metal loading of 5 mg cm-2. The current density was set to

a fixed value and the resulting iR-compensated potential,

i.e., the potential corrected for the ohmic drop in the

electrolyte between working and reference electrode, was

recorded over the course of each 1 h experiment. Addi-

tionally, the cathode potential without iR compensation for

the 100 mA cm-2 experiment is shown (dashed line) to

provide information on its magnitude. As one can see, the

difference between the two graphs, the iR compensation,

decreases rapidly over time. This is due to the conductivity

of the electrolyte increasing as formate is being accumu-

lated. As a consequence, the ohmic drop also becomes

smaller.

The first observation that the graph reveals is the time

resolved behavior of the GDE potential which was con-

sistently observed for all the experiments. After a short

inductive period with a steep increase of the potential

(getting less negative) linked to the polarization of the

electrode, the rise of the potential slows down, yet still is

Fig. 2 Recorded iR-compensated cathode potential over time for

different current densities and potential without iR compensation at

100 mA cm-2 (dashed line), metal loading 5 mg cm-2, pH 8.4
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slightly and continuously increasing with time. This effect

is more pronounced at higher current densities, thus, the

potential difference for different current densities decreases

over time. The fact that the GDE is indeed becoming

increasingly active with time (less overpotential needed for

the same current density) is a common phenomenon that

has also been observed for GDEs in alkaline fuel cells. It

can be attributed to changes in the hydrophobic network

induced by the electrochemical stress and the resulting

improvement of wettability of the electrodes by the elec-

trolyte [28]. Yet, one should keep in mind that this can only

proceed up to a certain point after which profuse flooding

of the matrix occurs.

A problem which has been discussed in literature is the

potential re-oxidation of formed formate at the anode.

Although this can be mitigated by the use of a Nafion

membrane separating anode and cathode space, it cannot

be entirely prevented, as formate can still cross the mem-

brane to the anode chamber in small amounts [29, 30]. This

could give rise to incorrect results, especially at higher

current densities and formate concentrations, thus, pro-

ducing incorrect conclusions. However, if this was the case

it would be noticed in the employed set-up as the sum of

the FEs would no longer add up to 100 % because of the

missing formate. In order to verify that this holds true, an

experiment was conducted in which the reaction was

started with a specified amount of formate already in the

cathode chamber, and with nitrogen instead of CO2 flowing

on the gas side of the GDE. Accordingly, after the exper-

iment no formate could be found on the anode side, while

its concentration remained unchanged on the cathode side.

This supports the above argument.

3.3 Effect of metal loading

Serving as the active component to promote the formation

of formate and to suppress HER, Sn powder is added to the

GDE mixture. Although the amount of metal used is a

critical factor for the economic evaluation, only a few

studies investigating the influence of metal loading on this

reaction more extensively have been reported so far [8, 31].

In order to determine the optimum metal loading, and to

elucidate its influence, GDEs with different amounts of

metal ranging from 0 mg cm-2 to 15 mg cm-2 have been

prepared, and their performance, i.e., the relationship

between potential and current density, as well as the cor-

responding product specific FE, examined.

One important trend for increasing metal loadings is an

increase in activity indicated by a higher current density at

a given overpotential. This effect is shown in Fig. 3 for

GDEs loaded with 1 mg cm-2, 5 mg cm-2, and 15

mg cm-2 for which potentiodynamic scans have been

conducted (scan rate 5 mV s-1) after 1 h of reaction at

50 mA cm-2. Here, the current density is plotted over the

iR-corrected potential. As can be seen, the onset of the

reaction is approximately at the same potential (-1.0 V vs.

SHE). However, at more negative potentials, the current

density rises significantly faster for higher loadings, indi-

cating that higher reaction rates can be achieved for the

same applied reactor voltage. The small peak observed

around -0.75 V can be attributed to the partial reduction

of a thin tin oxide layer on the surface of the metal particles

[32]. It is especially noticeable at higher loadings where

more metal has to be reduced, see magnification.

The measurement of total current density alone does not

give a sufficient assessment of the GDE performance as the

partial current toward the desired product is in fact the

crucial parameter. Hence, to calculate the respective FE the

product distribution must be determined. Accordingly, the

FE is depicted in Fig. 4 for an intermediate current density

of 50 mA cm-2 as a function of the metal loading. As can

be seen, already in the absence of Sn, CO2 reduction is

observed with an FE of approximately 35 % toward for-

mate and 2 % to CO, whereas the remainder accounts for

HER. Electroreduction of CO2 in the absence of metal

catalyst has already been observed before [33, 34]. Due to

the high overpotential toward the latter reaction, the addi-

tion of only small amounts of Sn substantially suppresses

HER while CO2 reduction is promoted. As can be seen, for

a current density of 50 mA cm-2 a loading as low as

0.2 mg cm-2 was enough to increase the FE of formate to

93 %. It must be noted, however, that this minimum

amount of metal depends on the desired productivity. For a

current density of 200 mA cm-2, e.g., and a loading of

0.2 mg cm-2, the FE of hydrogen still accounts for 22 %

(not shown here). At this current density, a loading of at

least 1 mg cm-2 was necessary to suppress HER below

3 %. At 50 mA cm-2 and loadings up to 5 mg cm-2, the

Fig. 3 Potentiodynamic Scan (5 mV s-1) for GDEs with different Sn

loading and magnification of Sn reduction peak, pH 10

J Appl Electrochem (2014) 44:1107–1116 1111
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FE for formate remained near 90 %, below 10 % for CO

and 3 % for hydrogen. Beyond this loading, however,

formate production was found to decline; to 82 % at

10 mg cm-2 and 80 % at 15 mg cm-2. The corresponding

standard deviations for a loading of 5 mg cm-2 are 1.02,

1.36, and 0.18 % for formate, CO, and H2 FE, respectively

(calculated for 6 GDEs). These small deviations in the

results demonstrate both the reliable reproducibility of the

preparation procedure but also that the decline in formate

FE is significant, and not due to experimental uncertainties.

Analysis of the product distribution shows that HER is still

mostly suppressed, and that the decline of formate selec-

tivity goes in favor of CO production which increases

consistently.

It is suggested here that the shift in product distribution

from formate to CO is attributed to the electrochemical

characteristics of the electrode. As shown in Fig. 3, the

metal loading has a significant influence on the resulting

overpotential at a given current density. In the potentio-

dynamic experiment above for example, the difference at

50 mA cm-2 between 1 mg cm-2 and 15 mg cm-2 is as

high as 0.4 V (–1.3 V / –1.7 V vs. SHE). Conversely, the

reaction rates for different reactions (here: CO vs. formate

vs. hydrogen production) are influenced by the potential to

various degrees which results in the known fact that dif-

ferent product distributions are obtained depending on the

applied potential. In literature, it has been shown that for

different formate producing catalysts, at moderate and high

overpotentials formate dominates over CO production.

However, going to lower overpotentials the FE toward CO

increases [13, 35] as it is observed here when higher metal

loadings are employed. The same trend can also be seen for

experiments at low current density which are described

below (see Fig. 5). Thus, the fact that higher loadings result

in a lower cathode potential can explain the shift toward

CO production. Finally, also the results for subsequent

experiments performed on one GDE and even consecutive

GC measurements during one experiment are consistent

with this explanation: as the cathode potential constantly

decreases with time, the product distribution of CO2

reduction slightly but steadily shifts toward CO in the same

manner. This fact might constitute a severe challenge that

must be approached in further studies of the GDE perfor-

mance that will be performed in the near future.

Another point that needs to be addressed regarding the

metal loading is the utilization of the catalyst and the metal

dispersion. Fig. 5 shows an SEM image of the GDE after

sintering. Using an AsB (angle selective backscattered

electron) detector allows one to distinguish between the

components on the image of a sample as heavier elements

appear brighter, in this case the tin particles. As one might

already expect, due to the way the catalyst is introduced

into the GDE, and the fact that the sintering temperature is

above the melting point of tin (340 �C vs. 232 �C), the

images show that the catalyst distribution is very non-

uniform and the nanoparticles agglomerate to particles up

to several lm. In contrast, a very high dispersion is aimed

for as one wants to minimize the amount of metal catalyst.

This cannot be achieved with the current method and

leaves room for improvement. However, even though this

is the case, the GDE gives very promising results also at

low loadings that are typical for GDEs. Supporting the

nanoparticles on the carbon black before pressing the GDE

could be a practical way to ensure a high dispersion and to

increase the utilization of the catalyst, an approach which

will be investigated in the near future.

Fig. 4 Faradaic efficiency toward formate (black), CO (gray), and H2

(white) as a function of the Sn metal loading at 50 mA cm-2 and pH

10
Fig. 5 SEM image of GDE (5 mg cm-2) taken with an AsB detector

to visualize tin dispersion (white color), bar says 20 lm, beam energy

15 kV, magnification 200x
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The above results show an ‘‘optimum’’ metal loading

depends on several parameters, in the end constituting a

compromise that must be assessed by an economic evalu-

ation. For monetary reasons, the mass of metal should be

kept at a minimum, whereas low loadings come with the

drawback of low electrode activity and require higher

overpotentials for a given conversion. Furthermore, its

influence on the product distribution is of crucial impor-

tance. In this respect, when a loading above 5 mg cm-2 is

to be employed, the benefit of low overpotentials is over-

come by the problem that the FE increasingly shifts from

formate to CO production at a given current density.

Therefore, as a trade-off a loading of 5 mg cm-2 has been

chosen in the following for further investigation.

3.4 Current density, applied potential, and faradaic

efficiency

An important characteristic of an electrochemical system is

the relationship between potential, the resulting current

density, and the corresponding FE. Because the advantage

of GDEs is their ability to overcome mass transport limi-

tations, the current density up to which the system can

operate without a substantial loss of FE is of particular

interest. All of these parameters can be extracted from

Fig. 6a, b. The cathode potentials that correspond to the

specific current densities are taken from the potentiody-

namic scan described earlier. As can be seen in Fig. 6a, the

product distribution for 50 mA cm-2 can be maintained

very constantly also at higher current density up to

200 mA cm-2. Only above this value mass transport lim-

itations do become an issue, resulting in an increase of

HER to about 27 % at 250 mA cm-2. At this current

density, the reaction rate becomes so high that the diffusion

of the reactants to the active site cannot keep up anymore

and hydrogen production proceeds instead. On the other

hand, at low potentials and current densities a slight

decrease of formate production in favor of CO is evident

(79 % formate, 17 % CO at 10 mA cm-2); HER also

slightly increases. This is in accordance with the observa-

tion above which suggested that CO production is favored

on GDEs with high loadings because of their low cathode

potentials. Indeed, the corresponding potential of -1.28 V

at 25 mA cm-2 is very close to the above -1.30 V at

50 mA cm-2 and 15 mg cm-2 loading, both resulting in an

FE of around 80 %. These results are very promising as a

current density as high as 200 mA cm-2 and 90 % FE at

the same time has not yet been reported for the production

of formate at ambient pressure. The corresponding cathode

potential was measured to be 1.57 V vs. SHE what is in the

range of what has been reported before.

Although the stability over a longer period of time is a

basic requirement of any application and has to be evalu-

ated at some point, the actual long-term behavior of the

GDE performance is not subject of this study. However, in

order to show that the electrode does not exhibit fast initial

deactivation, and that one can maintain the yield of formate

Fig. 6 Faradaic efficiencies for HCOO-, CO, and H2 (a) and

potential (b) as a function of current density, at metal loading of

5 mg cm-2 and pH 8.4

Fig. 7 Faradaic efficiencies for HCOO-, CO, and H2 for consecutive

experiments using the same GDE (5 mg cm-2) at 200 mA cm-2 and

pH 10
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for a few hours, consecutive experiments have been con-

ducted using the same GDE at 200 mA cm-2 and pH 10. In

between these experiments, the electrolyte has been chan-

ged and the reactor rinsed with distilled water. The FE over

the course of these experiments is shown in Fig. 7. One can

clearly see that the reaction can be operated with a rela-

tively stable performance over at least 5 h. The FE toward

formate stays nearly constant and only slightly decreases

from 87 to 82 % in this time period. As mentioned above,

this shift of product distribution over time goes in favor of

CO production and not HER. Even though this is already a

promising result, long-term stability still has to be dem-

onstrated, as done for example in [36, 37].

3.5 Effect of pH value on product distribution

The choice of the electrolyte is a crucial parameter in the

reduction of CO2 that has been investigated extensively

[25, 41]. While ambiguity exists, KHCO3 has been sug-

gested by several authors to be advantageous due to its

ability to buffer the pH near the cathode surface and the

effect it has on production rate and FE [18, 38]. Thus,

KHCO3 was chosen as electrolyte in this study. In addition

to the identity of the electrolyte, it has been sufficiently

demonstrated that its pH value has a substantial effect on

the product distribution which varies according to the

electrolyte used and the system studied [18, 25, 39].

However, the conclusions from literature on the choice of

the optimum pH differ and even contradict each other to a

certain degree. In basic aqueous media dissolved CO2 is

converted into the HCO3
-/CO3

2- equilibrium according to

Eq. 5. These species are considered to be inactive or at

least not active to a significant degree for CO2 reduction

[4].

CO2 þ OH� � HCO�3 ð5Þ

This seems to suggest that CO2 reduction should be

conducted in acidic to neutral solution, where the electro-

chemically active species CO2,aq prevails. Yet, the pH also

influences the competing HER, as its potential in acidic to

neutral media is proportional to proton activity [40].

Accordingly, at low pH HER is suggested to dominate over

CO2 reduction [41]. Due to the complex interaction of the

above influences, especially when a buffer solution such as

KHCO3 is employed, there is an obvious difficulty in

predicting the ideal pH concerning productivity. Therefore,

the effect of pH on the product distribution was examined

as part of this study. This was done in order to determine if

the GDE performance can be further improved by the

adjustment of the pH, and to see how robust the system is

toward pH gradients. These gradients are often problematic

in applications where they commonly occur over the length

of the electrochemical reactor due to accumulation of

products. It should be noted here that during the reaction

the local pH near the surface may deviate substantially

from that of the bulk, as studied by Gupta et al. [42].

However, the scope of this study was not to elucidate pH

influences for mechanistic aspects but rather to evaluate the

formerly mentioned points.

The pH was adjusted with KOH between 8.4 and 12 and

the FE evaluated for different current densities. The

obtained results are depicted in Fig. 8. The results show

that the product distribution is not as significantly affected

by the pH value in the system at hand as it was in other

studies. Only a very slight trend is noticeable that suggests

the FE undergoes a small optimum at a pH value of 10,

especially noticeable in the low current density region.

Since all the experiments have been conducted at least

twice and the results averaged, this finding cannot be

attributed to experimental uncertainties alone, keeping in

mind the low standard deviation reported above. It supports

the above argument that the choice of the pH marks a

compromise between the different factors governing the

pH influence, and must be evaluated for each system sep-

arately. Conversely, the reason why this influence was

almost negligible here can be explained by the fact that

HER, the reaction on which the pH has an effect on, was

almost entirely suppressed to very low values and has

therefore no significant influence on the overall product

distribution. Furthermore, compared to conventional elec-

trolysis, CO2 in a GDE is fed in the gas phase from which it

directly diffuses to the three-phase boundary where it is

being converted. Thus, it only diffuses rather small dis-

tances into the electrolyte, and is not substantially impaired

by the OH- concentration, as it would be the case in CO2-

saturated electrolyte where the pH determines the amount

of electro-active species. This holds especially true since

conversion with OH- (Eq. 5) is known to happen at rather

Fig. 8 Faradaic efficiency as a function of the applied current density

for different pH values, metal loading 5 mg cm-2
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slow rate [4]. Finally, it must be kept in mind, as mentioned

above, that the pH near the cathode surface can strongly

deviate from the bulk and also from the starting pH,

because of the products produced and the buffer solution

employed. This means that for the experiments the differ-

ence in the actual pH at the cathode surface during the

electrolysis can be much different to the difference of the

starting pH (e.g. 8.4 vs. 12).

Nevertheless, this insensitivity of the system toward pH

gradients is of great interest for technical application since

local pH gradients in electrochemical reactors are a com-

mon problem for electrochemical processes that might

occur due to product accumulation over the length of the

reactor.

4 Conclusion

The work presented in this study has demonstrated the

development of the preparation procedure of GDE from a

powder mixture of Sn, acetylene black, graphite, and PTFE

via a dry deposition method. This procedure comes with

the advantage of preparing GDEs with a high reproduc-

ibility in a very easy, fast, and straightforward manner

without the use of any solvent. In this respect, also the

influence of the metal loading has been investigated. It has

been shown that the amount of metal has not only an

influence on the necessary overpotential for a given current

density but also on the product distribution. This is due to

the effect the amount of metal has on the necessary over-

potential of the reaction. A low metal loading gives high

FE toward formate (up to 93 % at 50 mA cm-2) but

introduces the drawback of higher reactor voltage for a

given current density. Conversely, at high metal loading

lower reactor voltages can be obtained at the same current

density but as a result the product distribution shifts from

formate to CO. The minimum loading to substantially

suppress HER at the highest current density of

200 mA cm-2 was 1 mg cm-2 of Sn. Furthermore, the

influence of the starting pH value of the electrolyte has

been examined in the basic regime using KHCO3 as the

electrolyte. The results suggest that this system is relatively

insensitive to pH gradients but still shows a slight maxi-

mum for formate FE at pH 10. At this value, the GDE

utilization allows for the production of formate at current

densities up to 200 mA cm-2 with a FE of around 90 %,

the rest accounting for CO (&8 %) and H2 at a loading of

5 mg cm-2. The obtained results herein are promising as

such a high current density toward formate combined with

the simultaneous suppression of HER at ambient pressure

has not yet been reported. The corresponding iR-compen-

sated cathode potential was at 1.57 V vs. SHE. Although

these results are very promising, they can only serve as

basis for further investigation. Importantly, further work

must investigate the feasibility of transferring this approach

from semi-batch mode to continuous mode of operation

and evaluate the long-term stability of the GDE

performance.
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