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The specific identity of electrolyte cations has many implications in various electrochemical reactions.

However, the exact mechanism by which cations affect electrochemical reactions is not agreed upon in

the literature. In this report, we investigate the role of cations during the electrochemical reduction of

CO2 by chelating the cations with cryptands, to change the interaction of the cations with the com-

ponents of the electric double layer. As previously reported we do see the apparent suppression of CO2

reduction in the absence of cations. However, using in situ-SEIRAS we see that CO2 reduction does

indeed take place albeit at very reduced scales. We also observe that cations play a role in tuning the

absorption strengths of not only CO2 as has been speculated, but also that of reaction products such as

CO.

Electrochemical processes involve charge transfer at the elec-
trode–electrolyte interface which aid chemical reactions such
as water splitting and CO2 reduction (ECO2R). These interfaces
play a crucial role in determining the activity and selectivity of
the electrochemical reactions. Changes to the electrode com-
position, electrode morphology, electrolyte composition, cell
architecture, etc., all lead to changes in the electrode–electro-
lyte interface, thus affecting the reactions.

The identity of the cations used in the electrolyte during
electrochemical CO2 reduction has been shown to affect most
electrochemical reactions.1–6 Specifically, as the ionic size of
the alkali cation increases, previous works have shown that
ECO2R selectivity at the cathode increases towards CO (on Au
and Ag)1 and towards C2 products (on Cu).4–6 In these cases, it
was reported that cation with the largest ionic radius (Cs+) pro-
vided the greatest activity for ECO2R while the smallest (Li+)
provided the least enhancement. Cations accumulate at the
electric double layer (EDL), due to the negatively charged
cathode, with concentrations reported to be as much as ∼80
times the bulk concentrations (at bulk concentrations ∼0.05
M).7–10 This condensed layer of cations at the cathode surface
is important for understanding mechanisms for ECO2R, and

thus must be included in fundamental understanding and
optimization of this reaction.

Many hypotheses have been put forth to describe the role
of cations during ECO2R, however a consensus still has to be
reached on how cations and their hydration shells can alter
the reactions taking place in the EDL. Specifically adsorbed
cations are thought to have stabilizing effects on *CO2 and
*COOH−, enabling further protonation and electrochemical
reduction.4,11,12 Cations can also change the concentration
profiles of CO2 at the electrode–electrolyte interface, and can
also displace reaction intermediates to more stable reaction
sites.13–15 Another theory suggests that the cations directly
affect the surface charge density and hence the interfacial elec-
tric field thus tuning the adsorption strength of reaction inter-
mediates and also driving the concentration of CO2 at the
interface.5,16 The key take away from these theories is that the
interaction of the cations with the molecular components of
the electric double layer (EDL) has a profound effect on the
reaction mechanisms and thus activity and selectivity of
ECO2R.

In order to understand the exact nature of the cation’s role
in electrochemical processes, researchers have used chelating
compounds such as crown ethers to change the interaction of
the cations with the components of the EDL.17,18 Crown ethers
are 2D cyclic compounds that bind selectively to cations. Their
high selectivity for cations is due to the size of their cavity
matching the ionic size of the cation. However, another class
of compounds called cryptands form much more stable com-
plexes with cations compared to crown ethers. Cryptands are
bi or poly-cyclic ethers that also selectively bind to cations.
Their higher stability compared to crown ethers is due to their
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3D structure that provides a more rigid structure caging in the
cation, called a cryptate (Fig. 1). The complexation rate of
these cryptands with the cation in an aqueous solution, com-
pared to the rate of dissociation is much higher (∼106 times),
indicating that in a solution with cations and cryptands, at any
given moment the cryptate is the dominant component.19

In this report, we elucidate the role of cations in ECO2R by
changing how they interact with the reaction environment by
chelating them with cryptands. The cryptands used in this
report (Kryptofix [2,2,2]) bind to K+ ions with very high selecti-
vity and stability due to a match in the ionic size of the K+ ion
and the size of the cavity of the cryptand.19,20 We study the
effect of slowly chelating the cations in the electrolyte with
cryptands, during CO2 reduction over an Ag catalyst in an
aqueous H-cell, where we observed that cations seem to be
very crucial for ECO2R to take place. Using in situ-surface
enhanced infrared spectroscopy (SEIRAS) we find that cations
directly aid in stabilizing CO2 onto the surface of the catalyst.
We also find that cations may have important interactions
with other reaction intermediates and products.

To first understand the effects of chelating K+ with cryp-
tands, the electrochemical performance of Ag was tested by
applying a constant potential in the range of −1.4 to −1.9 V
(vs. Ag/AgCl) in an aqueous H-cell configuration (complete
description of the experiments can be found in the

Experimental section). The performance (current density and
faradaic efficiency) of the Ag catalyst was measured with
increasing concentrations of the cryptand to determine its role
in driving the reaction activity and selectivity. To understand
the baseline activity, the electrochemical performance of Ag
was tested in a 0.1 M KHCO3 electrolyte. The selectivity for CO
gradually increases in this potential range, with the hydrogen
evolution reaction (HER) concomitantly being suppressed
(Fig. 2a). With an electrolyte of 0.05 M cryptands in 0.1 M
KHCO3, where a 2 : 1 ratio of K+ to cryptands was achieved
(∼0.5 M K+ concentration), the faradaic efficiency (FE) of CO
decreased to <10% at all applied potentials (Fig. 2b). This
sudden and large suppression of ECO2R could indicate that
the cryptates move preferentially to the catalyst surface.
Chelating all the cations by using an electrolyte with the ratio
of K+ to cryptands being 1 : 1 (∼0 M K+ concentration), comple-
tely suppressed the formation of CO, while HER continued
(Fig. 2c). A similar phenomenon where this complete suppres-
sion of ECO2R in the absence of cations have been previously
reported.15,21

Analyzing the partial current densities with no cryptands in
the electrolyte, the partial current density of CO ( jCO) gradually
increased while the partial current density of hydrogen ( jH2

)
remained constant. When cryptands were introduced into the
electrolyte and their concentration gradually increased, it was
observed that the jCO reduces to 0, while the jH2

almost
doubles at all potentials (Fig. S1†).

In order to understand the mechanism behind ECO2R sup-
pression and HER promotion in the presence of cryptands,
SEIRAS experiments were conducted to observe the effect of
the cryptates on the reaction intermediates at the catalyst
surface. A cell specially designed to probe the reaction inter-
mediates was used with Ag deposited onto a Ge crystal.22

Experiments were conducted with a 0.1 M KHCO3 electrolyte,
and the cryptands concentration was slowly increased to 0.2 M
(1 : 2, K+ : cryptand, ideally 0 M K+ concentration) by injecting

Fig. 1 Schematic representation of a potassium cation (a) chelating
with Cryptand [2,2,2] to form a K+ Cryptate (b).

Fig. 2 Faradaic efficiencies recorded in the H-cell on an Ag catalyst deposited on Ti foil with 0.1 M KHCO3 as the electrolyte, (a) with no cryptands,
(b) with 0.05 M cryptands, (c) with 0.1 M cryptands.
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a concentrated cryptand solution into the cell after each experi-
ment (more details of the experiments are provided in
Experimental section).

The SEIRAS spectra obtained on an activated Ag catalyst
showed multiple distinct vibrational modes. Positive peaks
indicate an increase in the concentration of the species
whereas negative peaks indicate the depletion of certain
species compared to their concentrations during the back-
ground scan. The area of these peaks give quantitative infor-
mation about the species and the position of the peak center
provides information on the interaction between the molecule
and the catalyst surface.

The CO2 vibrational mode was observed at ∼2340 cm−1 as
has been previously reported.22 The peak area of CO2 however
reduces with the increasing concentration of cryptands, indi-
cating a reduced consumption of CO2 for ECO2R. However,
CO2 is consumed at all concentrations of cryptands indicating
that ECO2R has surprisingly not been completely suppressed
as indicated by the H-cell experiments.

Cations have been proposed to stabilize the adsorbed CO2

molecule on to the catalyst surface enabling its conversion to
various products.12,14,16 The reduction in CO2 peak area with
increasing cryptand concentrations, suggests that lower quantities
of CO2 is being reduced to CO. This reduction in CO2 consumption
with increasing cryptand concentration, could strengthen the
theory of cations stabilizing the *CO2 molecule on to the catalyst.
The forward scans (Fig. 3) also show that the presence of the CO2

peak appears at more negative potentials as the cryptand concen-
tration increases, helping to emphasize that cations do help in sta-
bilizing CO2 on the catalyst surface. However, the mechanism of
this stabilizing effect cannot be observed in SEIRAS.

A peak corresponding to the vibrational mode of CO
observed in the range of 1990–1970 cm−1 for the baseline

experiment without cryptands, which is similar to previously
reported values (Fig. 3).22,23 As the concentration of cryptands
was increased, the CO peaks did not completely vanish from
the spectra, as would be expected from the H-cell results
(Fig. 3). On the contrary, CO peaks were observed at all concen-
trations of cryptands. There is a stark difference between the
CO peak area in the scans with and without cryptands
(Fig. 4a), where increasing concentration of the cryptands had
no noticeable effect on the area of the peak. The CO peak
areas also only diverge at potentials more negative than −1.4 V
vs. Ag/AgCl, which is the potential at which CO is detected in
the H-cell experiments (Fig. 4a). The lower peak areas observed
with cryptands in the electrolyte could be the result of lower
concentrations of CO2 consumed in the EDL.

The peak centers of CO shifted to lower wavenumbers at
more negative potentials. This phenomena has been previously
observed and can be attributed to multiple phenomena such
as the increased coverage of CO molecules leading more
dipole–dipole interactions and well as the Stark tuning
effect.16,22–26

What was more evident was the shift in the peak centers of
CO to lower wavenumbers (∼15 cm−1 at −1.9 V vs. Ag/AgCl) as
the cryptand concentration increased (Fig. 4b and c). With
higher concentrations of cryptands the surface charge density
induced by the cations is lowered and there exists a lower
shielding of the negatively charged metal. Therefore, the metal
is better equipped to support the adsorbed CO through a more
effective pi-backbonding. This causes an increase in bonding
strength between the catalyst and the adsorbed CO, which in
turn decreases the bond length. The implications of this
would lead to an increase in the bond length between the
carbon and oxygen atom causing the peak centers of CO to
shift to lower wavenumbers. This suggests that the CO mole-

Fig. 3 In situ infrared spectroscopy of the electrode surface with different cryptand concentrations, showing the forward scans obtained through
applied potentials −1.0 V to −1.9 V, revealing the peaks for CO2 and CO with increasing concentrations (0 2 M to 0.2 M) of cryptands (a–d).
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cule is more strongly bound to the metal substrate in the
absence of solvated K+ cations (or by encapsulating the cations
in cryptands we prevent the cations from directly interacting
with the reaction intermediates and products).

To further understand the observed spectroelectrochemical
trends, the difference in areas of the CO peaks with and without
the cryptands was compared, finding a distinct but narrow
change. In the H-cell experiments conducted using electrolytes
without cryptands, CO was clearly detected with the GC. The
small difference in the peak areas which indicate a small differ-
ence in the CO concentrations, implies that CO should have
been detected at all concentrations of cryptands. These results
thus indicate that the CO molecules remain adsorbed onto the
catalyst surface in the absence of K+ cations.

To confirm the strong adsorption of CO adsorption on the
surface, the CO peak areas were monitored during the reverse
(going from more negative applied potentials to less negative
applied potentials) scans in the SEIRAS (Fig. S2†). These data
showed that there is no discernable difference in the onset of
the reduction in peak area. It was also not possible to cycle at
positive potentials in order to observe CO oxidation peaks, as
this would damage the catalyst layer on the Ge crystal.22

Furthermore, we observed a very small consumption of CO2

(Fig. 3) in electrolytes with cryptands, but a constant increase
in the peak area of CO which is disproportional to the con-
sumption of CO2. This could further strengthen the theory
that CO concentration is increasing due to it being adsorbed
on the catalyst surface and without desorbing.

In summary, we studied the effects of chelating electrolyte
cations with cryptands to gain further understanding of the
role of cations during the electrochemical conversion of CO2.
We report that by reducing the free cation concentrations in

the electrolyte, ECO2R appears to shut down. Using SEIRAS, we
see that the absence of cations does not in fact inhibit ECO2R,
but lowers surface charge density causing the reaction pro-
ducts such as CO to strongly bind to the catalyst surface
restricting its desorption. This lowered surface charge density
also is seen to lower CO2 consumption which can be expected
from previous literature.

Experimental methods
Thin-film cathode preparation

Thin-film cathodes were deposited on 60° Ge ATR crystals (Pike
Technologies, 013-3132). These crystals were polished using
alumina powder suspensions of decreasing grain-size (1.0 µm,
0.3 µm and 0.05 µm) and then sonicated for 5 minutes in iso-
propyl alcohol and deionized water. Before mounting in the DC
magnetron sputtering setup, crystals were wiped with acetone
using cotton swabs. Deposition of the Ag catalyst layer was per-
formed in a magnetron sputtering system (PEVAC Project 229),
at a chamber pressure of 25 µbar, argon flowrate of 15 sccm and
power rate of 25 W, for a deposition rate between 0.013 and
0.014 nm s−1 and thickness of 40 nm. Presence of the catalyst
was confirmed both optically and by measuring the resistance
over the film using a multimeter, which was between 3 and 4 Ω.
This procedure is strongly based to one reported in previous lit-
erature, but avoids air- or argon-plasma cleaning of the target
while delivering comparable results.22,27

Electrochemical SEIRAS routines

Electrochemical SEIRAS measurements were performed in a
proprietary H-cell which accommodates the crystal as working

Fig. 4 Analysis of CO peak (a) CO peak areas changing with potential (b) shift in CO peak at −1.9 V at different cryptand concentrations (c) change
in CO peak centers with potential at constant cryptand concentration (d) & (e) schematic representation of cations and cryptates near the catalyst
surface.
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electrode. A graphite rod (Alfa Aesar, 99.9995% metals basis)
served as the counter electrode, whilst the reference was a 3 M
NaCl Ag/AgCl miniaturized electrode (BASI, MF-2052). The
electrolyte used was 0.1 M KHCO3 (Sigma-Aldrich, 99.7% ACS
reagent), to which a 0.5 M cryptand (Kryptofix [222] Sigma
Aldrich 99%) solution was added to achieve the target
concentration.

SEIRAS spectra were collected in a Brucker Vertex 70 modi-
fied FT-IR spectrometer, averaged over 72 scans at a resolution
of 4 cm−1. These spectra were collected as reflectance of the
signal and transformed to absorbance units (a.u.) using the
relation: A = log(R/R0). The sample chamber accommodates the
proprietary cell and an additional N2 purge. Electrochemical
routines were performed using a BioLogic SP-200 potentiostat.
Before any spectroscopic measurement, the cell was purged for
30 min using 99.999% pure CO2 gas (5 sccm). This purge was
also active during electrochemistry. Before starting SEIRAS
experiments, the Ag thin film was activated by applying 6
cyclic voltammetries from +0.2 V to −1.1 V vs. Ag/AgCl. After
this, background scans were collected at −0.5 V vs. Ag/AgCl,
and consecutive scans every 50 mV during a linear sweep vol-
tammetry at 2 mV s−1. At −1.9 V, the potential was held for 7
scans before being reversed to OCV at the same scan-rate.

Electrochemical measurements

The electrochemical reduction of CO2 was conducted in a
homemade custom H-cell. The cell’s body was made of
Polymethyl methacrylate (PMMA) with Pt as the anode and a
cation exchange membrane (Nafion NM 115 from Ion Power),
separating the anode chamber from the cathode chamber. A
CO2 purge stream was constantly fed to both the anolyte and
catholyte at 10 sccm each. The electrolyte used was 0.1 M
KHCO3 saturated with CO2. Electrolytes with Cryptands
(Kryptofix[222] Sigma Aldrich 99%) were prepared in 0.1 M
KHCO3 solutions and fresh electrolytes were used after every
experiment. The reference electrode used was Ag/AgCl and the
catholyte was constantly stirred with a magnetic stirrer to
improve mass transport. Experiments were conducted by
applying a constant potential (−1.4 V to −1.9 V) and measuring
the current over the span of 60 minutes. The overhead gas
space of the catholyte was sampled every 10 minutes by an
online Gas Chromatograph (GC) (Compact GC 4.0, GAS) to
determine the gaseous products formed.
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