


























































































Chapter 2

Selective Electrochemical CO2

Reduction to CO Using In-Situ

Reduced In2O3 Nanocatalysts

Previously published in: Journal of Materials Chemistry A, Volume 5, Pages 22743–22749

2.1 Abstract

Both metallic indium and indium oxide electrocatalysts typically have high selectivity for pro-

ducing formate via the electrochemical reduction of CO2 in aqueous media. It has been suggested

that under highly negative potentials, i.e. potentials typically sufficient to reduce indium ox-

ide to In0, the native oxide layer on metallic indium or indium oxide particles is not reduced to

In0 when exposed to CO2-saturated electrolytes. This meta-stable oxide layer is crucial in the

mechanism for producing formate via the two-electron, two-proton reduction of CO2, however it

prevents the catalysis from occurring on In0. Herein, we report that by electrochemically reduc-

ing In2O3 nanocatalysts in Ar-saturated electrolytes in-situ, prior to CO2 exposure, will remove

this metastable oxide layer and create a In0-In2O3 composite. This In0-In2O3 composite material

changes the selectivity and is able to electrochemically reduce CO2 to CO with near 100% selectiv-

ity at relatively low overpotentials (c.a. -1.0 V vs Ag/AgCl). We attribute the change in selectivity

to the direct exposure of In0 to CO2 in solution that typically does not exist to due to the native
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oxide layer that forms on In metal. In addition, we observed that the first electron-transfer step to

form the surface adsorbed intermediates is highly reversible on the In0-In2O3 composite, however

it is irreversible on an In foil electrode. We also report the utilization of Substrate Generation-Tip

Collection Scanning Electrochemical Microscopy (SG-TC SECM) to measure the production of

CO as function of applied potential. This technique allows for the collection of CO in-situ during

the voltammetry experiment as it is produced on the catalytic electrode, which results in accurate

potential dependent measurements of CO production.

2.2 Introduction

The efficient conversion of CO2 feedstocks into value-added products is a grand challenge in sus-

tainability science.1–5 Since the reduction of CO2 occurs through proton-coupled electron-transfer

processes, electrocatalysts can electrochemically reduce CO2 at room temperature because the

energy needed to overcome the activation barrier can be delivered in the form of an electrical

potential.6–11 Converting CO2 to CO with high selectivity is of great interest because it could

potentially be combined with existing industrial processes (e.g. Fischer-Tropsch-type processes) to

produce liquid fuels and chemicals from CO2 feedstocks.12–14 However, achieving high selectivity

for electrochemical CO2 reduction is a major challenge in catalyst development. This is because

numerous carbon products can be obtained (e.g. CO, formate, alcohols, etc.),15–17 and the elec-

trochemical reduction of CO2 must also compete with the electrochemical reduction of protons

(and/or water) to hydrogen (i.e. the hydrogen evolution reaction or HER), which typically occurs

at less negative potentials on most electrodes.18,19 In heterogeneous electrocatalysis, one of the

most common techniques to improve the selectivity towards carbon products is to use metal elec-

trodes or oxide-derived metal electrodes that have high HER overpotentials (e.g. Cu, Sn, Au).20–23

However, there is still great interest in understanding how to better control the selectivity of the

carbon products produced from electrochemical CO2 reduction and to design catalysts in which

the product selectivity could be finely tuned.24

Indium (In) is one of the least active metals for the HER,25 and the Bocarsly group has shown

that In and indium-oxide nanoparticles can produce formate with high selectivity in aqueous envi-

ronments.26–28 The Bocarsly group26–28 has also demonstrated that the native surface oxide layer
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on In metal electrodes and In2O3 nanoparticles will be electrochemically reduced to In0 in the

absence of CO2. However, in the presence of CO2, indium oxide is not reduced to In0. Instead,

an In-CO3 surface adsorbed intermediate forms on the oxide layer, which is responsible for pro-

ducing formate through the two-electron, two-proton reduction. Because of the vital role of the

oxide layer in the mechanism for producing formate on In-based catalysts, we hypothesized that if

electrochemical CO2 reduction could occur directly on a In0 surface (e.g. by reducing the surface

oxide layer to In0 in-situ prior to exposure of CO2), the product selectivity may change. There

exists prior evidence that this may be the case. For example, Li and co-workers demonstrated that

indium-based catalyst, prepared via in-situ electrodeposition, was able to selectively reduce CO2 to

CO in acetonitrile containing an imidazolium ionic liquid.29 In addition, In2O3 have also recently

been shown to be a photocatalyst for converting CO2 to CO and CH4 when coated with carbon

and combined with Pt catalysts.30

Here, we show that the selectivity of electrochemical CO2 reduction on In-based electrocatalysts

can be tuned to produce CO, as opposed to formate, at lower potentials (onset potential around -1.0

V vs. Ag/AgCl) in aqueous electrolytes. By electrochemically reducing In2O3 nanoparticles in-situ

prior to exposure of CO2 we observed the formation of a In0-In2O3 composite. Then when exposed

to CO2, the In-based composite nanocatalysts will electrochemically convert CO2 to CO with near

100% selectivity. We attribute the increased CO selectivity to the direct exposure of In0 to CO2

in solution that typically does not exist to due to the native oxide layer that forms on In metal.

We also report the utilization of Substrate Generation-Tip Collection Scanning Electrochemical

Microscopy (SG-TC SECM) to measure the production of CO as function of applied potential.

SECM has been widely used in the study of water-splitting electrocatalysis,31–35, but has been

underutilized in studying electrochemical CO2 reduction. Here we show that by using a Pt SECM

tip electrode, we can selectively collect CO in-situ during the voltammetry experiment as it is

produced on the catalytic electrode to obtain accurate potential dependent measurements of CO

production.
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2.3 Materials and Methods

2.3.1 Chemicals

Indium (III) chloride (>99.9% Chem-Impex International), acetylacetone (>99.0+ TCI), Sodium

sulfate (>99.0%, ACS Reagent, Fisher), ethanol (99.9% Decon Labs), UHP Argon and UHP CO2

(Matheson) were all used as received without additional purification. 18.2 mΩ (Millipore) water

was used in all syntheses and solutions.

In(acac)3

In(acac)3 Coating

InCl3 +
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In 250 0C 45 min
525 0C
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Figure 2.1. Schematic of the synthesis route for producing the In0-In2O3 composite structure.

2.3.2 Catalyst Synthesis

Indium-oxide nanoparticles were synthesized by modifying the method reported by Alam and

Cameron for producing indium-tin oxide.36 Briefly, an In(acac)3 solution was synthesized by adding

25 mL of acetylacetone to a roundbottom flask with Teflon boiling beads and a stir bar, to which

5.0 g of Indium(III) chloride were then added. Subsequently, an additional 50 mL of acetylacetone

was added. The roundbottom flask was fitted with a water cooled condenser and refluxed at 60

◦C while stirring vigorously. During the refluxing period the solution first turned pale yellow then

darkened. After 3 hours the solution was allowed to cool to room temperature and 36 mL of

absolute ethanol was added. The In(acac)3 solution was dropcast onto fluorine-doped tin oxide

(FTO) glass (Sigma-Aldrich) and then dried at 250 ◦C for 3 hours. Prior to dropcasting, the FTO

glass was cleaned with a dilute soap solution, rinsed with water, rinsed with ethanol, and then

sonicated in ethanol for 15 minutes. The dropcast In(acac)3 coated electrodes were then annealed

at 525 ◦C for 3 hours to produce In2O3 nanoparticles. The In0-In2O3 composite structure was

formed by 10 sequential cyclic voltammetry experiments performed at 100 mV/s from -0.6 to -1.3

V vs Ag/AgCl in 0.1M NaSO4¸ pH 5.6 after purging the cell with Ar gas. The cell was allowed to
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reach open circuit potential prior to each scan.

2.3.3 Materials Characterization

Scanning electron microscope (SEM) images were obtained using a FEI Versa 3D Dual Beam

SEM. X-ray Diffraction (XRD) data were obtained with a Panalytical Empyrean X-ray diffrac-

tometer with a 0.013◦ step size and CuKα radiation (λ= 1.54 over a 2θ range of 10.0◦ - 90.0◦.

2.3.4 Electrochemical and Product Characterization

All electrochemical measurements were obtained via a CH Instruments (Austin, TX) potentio-

stat. The Scanning Electrochemical Microscopy (SECM) experiments were performed on a custom

built SECM as described previously.37 Cyclic Voltammetry was performed in a custom Teflon cell

with 0.1 M Na2SO4 at an initial pH of 5.6 under both Ar and CO2 atmospheres. All potentials

were referenced to the saturated Ag/AgCl electrode with a porous Teflon tip (CH Instruments).

A 200 µm Pt wire (Electron Microscopy Instruments) was used as the counter electrode for CV

experiments. The size of all working electrodes for cyclic voltammetry experiments was 0.154 cm2.

Indium foil (99.99% Alfa Aesar) was used as received with native oxide coating. All bulk electrolyses

were performed in a custom gas tight cell as shown in the Supporting Information with a tungsten

counter electrode compartment separated from the working electrode with a Nafion membrane.

Aqueous electrolysis products were analyzed on a Bruker AVIIIHD 400MHz NMR. Gas phase

product characterization was performed with a Shimadzu 2014 GC with a Restek ShinCarbon ST

Micropacked column, ID 1.0 mm, Length 2 m, Mesh 100/120.

2.4 Results and Discussion

2.4.1 Materials Synthesis and Characterization

The In0-In2O3 composite was synthesized (Scheme 2.1) by first refluxing InCl3 in actylacetone

to form an In(acac)3 metal complex. The In(acac)3 complex was dropcast on a FTO-coated glass

electrode, which was subsequently thermally annealed to form In2O3 nanoparticles. X-ray diffrac-

tion (XRD) data (Fig. 2.2a - black trace) confirms the In2O3 crystal structure of the untreated
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Figure 2.2. X-ray Diffraction data of the In0-In2O3 composite structure (top) and the untreated In2O3

nanoparticles (bottom) showing the presence of both In0 (blue arrows) and In2O3 in the composite structure,
but only In2O3 in the untreated nanoparticles (a). Ten consecutive cyclic voltammograms (1st cycle - black
trace, 10th cycle - blue trace) of the In2O3 nanoparticles in Ar-saturated 0.1 M Na2SO4 at 100 mV s−1showing
that the In2O3 reduction peak increases with each subsequent cyclic voltammogram (b). SEM images of the
untreated In2O3 nanoparticles (c), the In0-In2O3 after voltammetry cycling in Ar-saturated Na2SO4(d), and
In0-In2O3 after voltammetry cycling in CO2-saturated Na2SO4(e).

nanoparticles, and Scherrer analysis combined with SEM images (Fig. 2.2c) show a network of

In2O3 nanoparticles that are c.a. 20 nm in size.

As stated above, our goal was to reduce the In2O3 nanoparticles to In0 in-situ, to allow CO2

reduction to occur on In0. In order to create the In0-In2O3 composite, 10 consecutive cyclic-

voltammograms were performed on the In2O3 nanoparticles in Ar-saturated Na2SO4 (Fig. 2.2b).

During the first potential sweep (black trace of Fig. 2.2b), we observed that the typical In2O3/In0

reduction peak26 was not present, but the oxidation wave was present on the reverse scan. Sub-

sequent cycles (red through blue traces of Fig. 2.2b) show an increase in both the reduction and

oxidation wave of the In2O3/In0 redox couple. During these potential sweeps in Ar-saturated

Na2SO4, the reduction and oxidation peaks grow asymmetrically, with the reduction peak growing

larger with each cycle compared to the oxidation peak (See Supporting Information Figure S1a for

details ). This asymmetry in the cyclic voltammetry allows for the formation of the In0 to grow

on the surface and thus producing the In0-In2O3 composite structure where the In0 is exposed to
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the electrolyte. SEM images of the In0-In2O3 composite structure after voltammetry cycling in Ar-

saturated Na2SO4 show very little change in the overall structure of the catalyst. However, when

cyclic voltammetry was performed in CO2-saturated Na2SO4, the particles a become a metallic-gray

color in appearance as opposed to the white color of the untreated In2O3 nanoparticles (Supporting

Information Figure S1b). In addition, SEM images show that upon exposure to CO2, crystal ag-

gregation was observed as shown by the SEM image of the In0-In2O3 composite (Fig. 2.2e). XRD

data on the In2O3 nanoparticles after electrochemical reduction via cyclic voltammetry cycling in

Ar-saturated NaSO4 and exposure to CO2 (Fig. 2.2a - red trace) show the formation of new peaks

at c.a. 32◦ and 38◦, indicative of the formation of In0 and confirming the creation of the In0-In2O3

composite structure.

2.4.2 Electrochemical Characterization

Figure 2.3. Cyclic voltammagrams of the In0-In2O3 composite structure, a In foil electrode, and untreated
In2O3 nanoparticles. Comparison voltammograms of the In0-In2O3 composite structure and an In foil
electrode at 10 mV s−1 in CO2-saturated 0.1 M Na2SO4 (a). Comparison voltammograms of untreated
In2O3 nanoparticles an In foil electrode at 50 mV s−1 in CO2-saturated 0.1 M Na2SO4 (b). Comparison
voltammograms of the In0-In2O3 composite structure in CO2-saturated and Ar-saturated 0.1 M Na2SO4

at 10 mV s−1 (c). Comparison voltammograms of the In foil electrode in CO2-saturated and Ar-saturated
0.1 M Na2SO4 at 10 mV s−1 (d). Comparison voltammograms between the 1st cycle and 6th cycle of the
In0-In2O3 composite structure in CO2-saturated 0.1 M Na2SO4 (e).

Cyclic voltammograms of the In0-In2O3 composite structure, In foil electrodes, and untreated

In2O3 nanoparticles are shown in Figure 2.3. Comparing the voltammograms of the In0-In2O3

composite material to a standard polycrystalline In foil electrode (Fig. 2.3a) shows that the onset

potential for electrochemical CO2 reduction is c.a. 500 mV lower for the In0-In2O3 composite

material compared to the standard In foil electrode. To illustrate that creating the In0-In2O3
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composite improves the electrocatalysis for CO2 reduction, Figure 2.3b shows the voltammagrams

of the untreated In2O3 compared to the In foil electrode. For both the In-foil electrode and the

untreated In2O3 nanoparticles, the typical In2O3/In0 redox wave that occurs around -1.0 V vs.

Ag/AgCl in Ar-saturated aqueous environments is not present. This is presumably due to the

In-CO3 surface adsorbed intermediate that forms on the oxide layer, which is a key intermediate in

the production of formate. Also, the onset potential for CO2 reduction electrocatalysis decreases

from about -1.6 V vs Ag/AgCl on the In foil to about -1.2 V vs Ag/AgCl on the untreated In2O3

nanoparticles as expected (Fig. 2.3b)26,28 However, by simply pretreating the In2O3 nanoparticles

by performing cyclic voltammetry in Ar-satured electrolytes, and then directly exposing the catalyst

to CO2, we observed a decrease in the onset potential for CO2 electrolysis by over 200 mV (c.a.

-1.0 V vs Ag/AgCl) compared to the untreated In2O3 nanoparticles.

Comparing the voltammograms of the In0-In2O3 composite in both Ar-saturated Na2SO4 and

CO2-saturated Na2SO4 (Fig. 2.3c) shows that the catalytic wave is observed only when CO2 is

present, thus suggesting a high selectivity towards carbon products compared to hydrogen. Voltm-

metry experiments performed in pH 4.5 Ar-saturated acetate buffer show that the pH change that

occurs when the electrolyte is saturated with CO2 is not responsible for the increase in catalytic

current (see Supporting Information Figure S5). In addition, the typical In2O3/In0 redox wave is

present around -1.0 V vs Ag/AgCl in Ar-saturated Na2SO4 but is not present in CO2-saturated

Na2SO4. However, instead of being electrochemically silent, we observed a new redox feature (at

c.a. -0.75 V vs Ag/AgCl) on the In0-In2O3 electrode that is only present when the electrode is

exposed to CO2-saturated electrolyte. We attribute this redox feature to the formation of a surface-

adsorbed intermediate on the active-site of the In0-In2O3 composite structure. The difference in

voltage between the cathodic peak and anodic peak (∆Ep) of this redox wave is c.a. 50-60 mV,

which is indicative of a reversible one-electron process.38 On the In foil electrode, we also observed

the expected In2O3/In0 redox wave present around -1.0 V vs Ag/AgCl in Ar-saturated Na2SO4,

and again this feature is not present in CO2-saturated electrolyte (Fig. 2.3d). While the In foil

electrode is electrochemically silent when cycled from -0.8 V to -2.0 V vs Ag/AgCl (Fig. 2.3b) as

expected,26 when it is allowed to reach -0.6 V vs Ag/AgCl, we observed a similar redox feature at

c.a. -0.75 V vs Ag/AgCl only when the electrode is in CO2-saturated electrolyte. However, on the

In foil electrode the ∆Ep is c.a. 120 mV suggesting a irreversible electron-transfer step. It should
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be noted, however, that the redox-feature on the In0-In2O3 is not reversible on the first few cycles,

but becomes reversible as the electrode is cycled in CO2-saturated electrolyte (Fig. 2.3e).

Scheme 2.1. Schematic of the reaction pathways for the reduction of CO2 where CO –
2 generically refers

to any adsorbed carbon intermediate

Pt SECM 
Electrode

HCOO- CO CO2

e-

ETip

ESub

+0.2V

In0-In2O3 Composite	on	FTO
FEP	Mask FEP	Mask

(a) (b) (c)

Figure 2.4. Schematic of the SG-TC SECM experiment showing the collection of CO but not COOH–

on a Pt tip electrode (a). Collection tip current vs time as a function of the potential applied to the In0-
In2O3 electrode in CO2-saturated 0.1 M Na2SO4 (b). Product collection charge density as a function of the
potential applied to the catalytic electrode for both the In0-In2O3 composite and the In foil electrode in
both CO2-saturated and Ar-saturated 0.1 M Na2SO4 (c).

We attribute the improved kinetics (i.e. lower overpotential) for electrochemical CO2 reduction

on the In0-In2O3 composite compared to an In foil electrode to the reversibility of this first electron-

transfer step (Scheme 2.1). While, to the best of our knowledge, this is the first time this has

been reported on an In-based electrode, the concept of a metallic coating on an oxide increasing

the kinetics of the first electron-transfer step has been reported by Kanan and co-workers.10 The

Kanan group showed that an oxide-derived Au electrode had a reversible first electron-transfer

step, while with a polycrystalline Au electrode the first electron-transfer step was rate determining.

Although both the oxide derived Au electrode and polycrystalline Au electrode produced CO as

the major product, the oxide-derived electrode showed vastly improved kinetics. Here, we show

a similar In0-In2O3 composite electrode also has a reversible first-electron transfer step and faster

kinetics for electrochemical CO2 reduction. In addition, by allowing the reduction to occur on the
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surface of In0 not only does the first electron-transfer step to become reversible, but the selectivity

changes such that CO is produced instead of formate.

2.4.3 Product Detection and Scanning Electrochemical Microscopy

The voltammetry data shown in Figure 2.3a suggests that on the In0-In2O3 composite material,

there is a first electron-transfer step to form surface adsorbed intermediates at c.a. -0.8 V vs

Ag/AgCl followed by catalysis at -1.0 V vs Ag/AgCl. In addition, because of the change in the

reversibility of the first electron transfer step and the much lower onset potential for catalysis, we

hypothesized that this material may be producing CO instead of formate–the typical product on In-

based electrocatalysts. To test this hypothesis, one could perform bulk electrolysis experiments over

a wide range of potentials and collect gas products for analysis by gas chromatography. However,

this can be a very time intensive experiment. Here, we report a novel utilization of Scanning

Electrochemical Microscopy where CO can be selectively detected from formate on the tip of a

SECM electrode in-situ during a voltammetry experiment. We anticipate that this technique could

be widely used in studying CO2-reducing electrocatalysts.

It is possible to selectively oxidize CO and not formate on a Pt electrode at +0.2 V vs Ag/AgCl

(See Supporting Information Figure S2). Thus, to determine the potential dependent formation of

CO on the In0-In2O3 composite, we utilized a masked electrode technique as we have previously

reported.33 Here a FEP mask with a c.a. 100 µm diameter center void was placed on the In0-In2O3

composite electrode and a 200 µm Pt electrode was approached such that the tip /substrate distance

was c.a. 10 µm. (Fig. 2.4a). Then a potential pulse was applied to the In0-In2O3 composite

electrode for 20 s per potential over a wide range of potentials to generate the CO2 reduction

products. After the 20 s potential pulse, the In0-In2O3 composite electrode was brought to open-

circuit while simultaneously applying +0.2 V vs Ag/AgCl to the Pt tip electrode. Performing this

experiment allows us to electrochemically collect any CO and or H2 (See Supporting Information

Figure S2) that is produced on the catalytic electrode because formate is not electrochemically

active at this potential.

Figure 2.4b shows the current vs. time data for the collection on the Pt tip electrode at a series

of potentials that were applied to the In0-In2O3 composite electrode. Similar SECM experiments

were performed on the In0-In2O3 composite electrode in Ar-saturated Na2SO4, and on the In foil
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electrode in both CO2-saturated and Ar-saturated Na2SO4 (See Supporting Information Figure S3).

By integrating the net current versus time, we are able quantify the amount of charge collected on

the Pt tip electrode as a function of applied potential on the In0-In2O3 composite electrode (Fig.

2.4c). Comparing Figure 2.4c to the voltammagram shown in Figure 2.3a reveals several insights

about the electrochemistry of the In0-In2O3 composite electrode in CO2-saturated Na2SO4. First,

because we observed no collection on the Pt tip electrode in the potential range of -0.6 V to -0.9

V vs Ag/AgCl, we can conclude that the redox feature that we observed at that potential in the

voltammetry is not producing either CO or H2. Second, because we see the onset and increase in

collection on the Pt tip after -1.0 V, as we observed in the voltammagram proves that the onset

wave at -1.0 V vs Ag/AgCl is in fact electrocatalysis of CO2. Moreover, since we are able to collect

the product on the Pt tip electrode, it shows that formate can not be the major product, because

it is not electrochemically active on Pt at +0.2 V vs Ag/AgCl. SECM experiments on the In0-

In2O3 composite electrode in Ar-saturated Na2SO4 show no collection of products, even though H2

oxidation will occur at +0.2 V vs Ag/AgCl (See Supporting Information Fig. S2). This indicates

that the In0-In2O3 electrocatalyst is highly selective for producing carbon-based products. Finally,

SECM measurements on the In foil electrode show no collection of products in either CO2-saturated

or Ar-saturated electrolytes, demonstrating that the In-foil electrode does not produce CO within

the potential range investigated.

To validate the results of our SECM experiment, we performed bulk-electrolysis experiments on

the In0-In2O3 composite electrode in CO2-saturated Na2SO4 at -1.3 V vs Ag/AgCl (See Supporting

Information Figure S4 for details). Gas phase products were measured by gas chromatography and

liquid phase products were measured by proton NMR. Gas phase measurements confirmed that CO

is the only quantifiable gas phase product produced with only trace (i.e. non-quantifiable) amounts

of H2 observed. Proton NMR on the liquid phase products show no liquid phase products including

formate. Thus, we can conclude this material can electrochemically reduce CO2 to CO with near

100% selectivity. However, quantification of the GC data does show a potential drawback of this

catalyst in terms of faradaic efficiency. We measured a faradaic efficiency of CO production of

36 ± 3 % on the In0-In2O3 composite electrode (See Table S1 for reproducibility measurements),

but since we have confirmed that no other products are being formed, further work is required to

determine how the additional electrons are being consumed. For example, it may be possible that
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further reduction of In2O3 may be occurring simultaneously with reduction of CO2. In addition,

we may be observing resistive losses in our bulk-electrolysis electrochemical cell, and further work

in this area will be in cell optimization. However, this highlights the advantage of using SECM to

characterize products to those who are interesting in the materials development of electrocatalysts,

due to the effort needed to properly perform bulk-electrolysis experiments.

2.5 Conclusions

Herein we demonstrated that by electrochemically reducing In2O3 nanoparticles in-situ prior to

exposure of CO2 we could create a In0-In2O3 composite. Then, when exposed to CO2, the In-based

composite nanocatalysts will electrochemically convert CO2 to CO with near 100% selectivity. This

demonstrates that the CO2-reduction products on In-based catalysts can be tuned based on the

oxidation state of the In that is exposed to the electrolyte. We attribute the increased CO selectivity

to the direct exposure of In0 to CO2 in solution that typically does not exist to due to the native

oxide layer that forms on In metal. In addition, we observed that the first electron-transfer step in

the electrochemical reduction of CO2 on the In0-In2O3 was reversible, while it was irreversible on a

standard In-foil electrode, suggesting that the mechanisms may be different on these two materials.

We also report the utilization of Substrate Generation-Tip Collection Scanning Electrochemical

Microscopy (SG-TC SECM) to measure the production of CO as function of applied potential.

By using a Pt SECM tip electrode, we can selectively collect CO in-situ during the voltammetry

experiment as it is produced on the catalytic electrode to obtain accurate potential dependent

measurements of CO production. While this catalyst was able to produce CO with near 100%

selectivity, future work will focus on improving the faradaic efficiency of In-based catalysts.
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2.7 Supporting Figures

Figure 2.5. Ratio of the peak area of the reduction wave over the oxidation wave for consecutive voltamme-
try cycles of the In2O3 nanoparticles in Ar-saturated Na2SO4. Inset is a photograph of the In2O3 electrode
showing the coloration change (black circle) that occurs after cycle in CO2 saturated Na2SO4.
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Figure 2.6. Current as a function of time for a 200 micron diameter Pt SECM tip electrode in Ar-saturated,
CO-saturated, H2-saturated 0.1 M Na2SO4 along with 0.1 M NaCOOH at +0.2 V vs Ag/AgCl. This shows
that CO and H2 can be collected on a Pt tip electrode while COOH– can not be collected.

Figure 2.7. Current as a function of time for a 200 micron diameter Pt SECM tip electrode in Ar-saturated,
CO-saturated, H2-saturated 0.1 M Na2SO4 along with 0.01 M NaCOOH in 0.1 M Na2SO4 at +0.2 V vs
Ag/AgCl. This shows that CO and H2 can be collected on a Pt tip electrode while COOH– can not be
collected.
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Figure 2.8. Schematic showing the cell used for the bulk electrolysis measurements (a). Example gas
chromatography data showing the detection of CO and non-quantifiable detection of H2 (b).

36



-0.6 -0.7 -0.8 -0.9 -1 -1.1 -1.2 -1.3

Potential vs. Ag/AgCl [V]

-1

0

1

2

C
u
rr

e
n

t
D

e
n
s
ity

[m
A

cm
-2

]

Indium Oxide Nanoparticles Ar

Indium Oxide Nanoparticles CO
2

Indium Foil Ar

Indium Foil CO
2

Figure 2.9. Cyclic voltammetry data of CO2-saturated and Ar-saturated 0.1 M Na2SO4 in pH 4.5 acetate
buffer taken at 5 mV s−1 on both a thinly coated In0-In2O3 composite sample and on In foil. This demon-
strates that the pH change that occurs when the electrolyte is saturated with CO2 is not responsible for the
increase in catalytic current.

Table 2.1. Reproducibility results showing the faradic efficiency of CO2 reduction on In0-In2O3 composite
structure.

Experiment Charge Passed [C] Quantity of CO [µ mol] Faradaic Efficiency [%]
Run 1 5.23 1.05E-5 38.75
Run 2 13.55 2.44E-5 34.75
Run 3 9.67 1.70E-5 33.97
Average 35.82
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Chapter 3

Enhanced Electrocatalytic CO2

Conversion in Pressure-Tunable

CO2-Expanded Electrolytes

3.1 Abstract

Electrochemical CO2 conversion to fuels and chemicals could improve industrial sustainability,

as the process is readily powered by renewable energy sources. However, limited CO2 solubility in

conventional liquid phases starves active electrocatalysts of substrate and results in low conversion

rates. Here, we show that multimolar CO2 concentrations can be achieved in an organic solvent

containing supporting electrolyte at relatively mild CO2 pressures (<5 MPa) and ambient temper-

ature, a phenomenon driven by working with CO2 near its critical temperature (31.1 C). We term

such CO2-rich, supporting electrolyte-containing solutions as CO2-eXpanded Electrolytes (CXEs),

as significant volumetric expansion of the liquid phase accompanies CO2 dissolution. CXEs rep-

resent a continuum of pressure-tunable media characterized by various concentrations of dissolved

CO2 and supporting electrolyte that enable electrochemistry and electrocatalysis to be performed

at high CO2 concentrations. Cathodic polarization of a model polycrystalline gold electrocatalyst

in CXE media enhances CO2 to CO conversion rates by up to an order of magnitude compared

to those attainable at near-ambient pressures. The observed enhancement in catalytic rates stems
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from markedly increased CO2 availability. At the highest CO2 pressures measured (> 2.8 MPa),

electrocatalysis is significantly attenuated, ascribable only in part to increased solution resistance

and occurring despite modestly improved mass transport characteristics. Taken together, these

studies reveal that pressure-tunable CXE media could improve the performance of many known

electrocatalysts by alleviating substrate starvation. Simultaneously, the non-monotonic enhance-

ment of CO2 reduction with pressure suggests that pressure is a crucial variable in maximizing the

efficiency of electrocatalytic CO2 conversion.

3.2 Introduction

Carbon dioxide (CO2) emissions from fossil fuel combustion, industrial processes, and human

activities are accelerating at an unsustainable rate. Because of the serious risks associated with

anthropogenic climate change1, a variety of strategies are being considered to curtail CO2 accumu-

lation in the atmosphere.2–4 One of the most attractive strategies involves capture and conversion

of CO2 (as a C1 source) to valorized chemicals and fuels.5–7 However, this approach is challenging

because CO2 is a thermodynamically stable and kinetically inert molecule.8,9 Electrochemical CO2

conversion is appealing as it can be readily powered by clean, renewable energy (e.g., solar, hydro-

electric, wind)10–12 and may be carried out at near-ambient temperatures, lower than those required

by thermal conversion processes.13,14 However, the development of practically viable electrochemi-

cal CO2 conversion systems remains elusive. Significant challenges still remain in the development

of highly active, stable, and durable electrocatalysts. In addition, there are major unmet needs in

designing reactor systems that can provide high CO2 concentrations to the electrocatalytic surface

such that practically viable conversion rates can be realized.15

Low CO2 availability at the electrode surface plagues the development of new electrocatalytic

CO2 conversion systems, especially with water as solvent.16–20 Water accommodates relatively low

CO2 concentration (34 mM) under near-ambient headspace pressures of CO2 gas (e.g., bicarbonate

buffered solution, 100 kPa of CO2).
16 Because of low substrate CO2 availability, there is a ceiling

on achievable steady-state CO2 reduction rates.16,21 Further, the low CO2 solubility and sluggish

kinetics of CO2 reduction,22 combined with high H+ availability, often contribute to direct H2

evolution, leading to low Faradaic yields of carbon-containing products. A variety of strategies are
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being pursued to alleviate CO2 starvation at electrode surfaces. These include the development of

structurally complex gas-diffusion electrodes for use in flow cells23,24 polymer electrolytes25,26 and

ionic liquids27 that leverage tailored electrode-contacting phases to favor high CO2 availability. In

some cases, these approaches rely on sensitive interfacial phenomena28 and involve preparation of

membrane-electrode assemblies. Alternatively, supercritical CO2 (scCO2) has been investigated for

CO2 reduction electrocatalysis.29,30 However, scCO2 is a poor conductor and, even upon pairing

with co-solvents, the solubility of supporting electrolytes is too low (≤35 mM) to facilitate high

current densities and Faradaic efficiencies.31–34 Furthermore, the high operating pressures needed

to achieve supercritical conditions (>7.38 MPa) pose practical challenges and increase costs. De-

velopment of new reaction media could help in overcoming these challenges by enabling (1) high

CO2 concentrations at modest pressures, (2) sufficient conductivity to engender rapid electron-

transfer, (3) high mass transfer rates of CO2 to the electrode surface, and (4) controlled proton

(H+) concentrations that may disfavor parasitic hydrogen evolution. To address these needs, we

now report the development and use of new CO2-rich electrolytes for electrochemistry and electro-

catalysis. Nonaqueous electrochemical studies35 and molecular electrocatalysis of CO2 reduction36

are commonly conducted in acetonitrile solvent at near-ambient CO2 pressure with the supporting

electrolyte tetrabutylammonium hexafluorophosphate (TBAPF6). However, it is known from the

reported binary phase behavior of the CO2/acetonitrile system that multimolar CO2 concentrations

can be attained at 298 K at relatively mild pressures (1.5-5 MPa).37,38 Here, we have exploited

this phase behavior to achieve high liquid-phase CO2 concentrations (up to ca. 15 M) in solu-

tions containing TBAPF6, such that the liquid phase retains sufficient conductivity for effective

electrochemistry and electrocatalysis. Using a polycrystalline gold electrode, we observe up to an

order of magnitude enhancement in the CO2 conversion rate in these new media compare to that

observed at near-ambient pressure. Our results suggest that these previously unexplored media

enhance CO2 conversion by alleviating the longstanding challenge of substrate starvation near an

electrode-catalyst.
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3.3 Experimental

3.3.1 General considerations

All manipulations were carried out in dry, N2 filled gloveboxes (Vacuum Atmospheres Co.,

Hawthorne, CA) or under an Ar atmosphere in a glovebag (NPS Corp., Spilfyter) unless otherwise

noted. All solvents were of commercial grade and dried over activated alumina using a PPT Glass

Contour (Nashua, NH) solvent purification system prior to use, degassed and then stored over

molecular sieves. All chemicals used were from major suppliers and used after extensive drying.

3.3.2 Vapor-liquid equilibrium (VLE) studies

Initial volumetric studies were conducted with a Jerguson view cell under isothermal conditions

using a thermostatic water bath. In these experiments, changes in liquid volume were measured with

a Digimatic Height Gauge (Mitutoyo). For quantitative measurements of [CO2] in liquid phases,

VLE studies were carried out in a custom-built apparatus reported by Ren and Scurto.39 Briefly, an

Isco 100 DM syringe pump held at constant temperature and pressure was used to transfer a known

volume of CO2 into a custom high-pressure view cell held at constant temperature through stainless

steel lines held at constant temperature and pressure. The data were acquired with Labview 8.2

software and analyzed using data from the REFPROP database (v 8.0) in Microsoft Excel.

3.3.3 Electronic absorption spectroscopy

UV-visible spectroscopy experiments were carried out in a 50-mL stainless-steel reactor (Parr

Instrument Co.) equipped with a pressure transducer and a high-pressure, 1-cm path length view

cell equipped with sapphire windows. The homogeneous mixture in the reactor was circulated

with a micro circulation pump (Micropump Co., U.S.A.) and measurements taken at various CO2

pressures with a USB 2000+ UV-vis spectrometer with DH-2000 deuterium-halogen light source

(Ocean Optics Inc., Dunedin, Florida).

3.3.4 Electrochemical experiments

All electrochemical experiments were conducted in a 50-mL reactor (Parr Instrument Co.)

equipped with a custom-machined lid outfitted with gas-tight electrical leads as well as a tem-
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perature probe and pressure transducer (sensitivity ± 50 kPa). The temperature and pressure

remained stable across the time course of all experiments (temperature 25 ± 0.05 ◦C,± pressure 14

kPa). The supporting electrolyte used was 0.4 M tetra(n-butylammonium) hexafluorophosphate

(TBAPF6; Oakwood Chemical Co.) prior to expansion. Measurements were made with a Gamry

Reference 3000 Potentiostat/Galvanostat using a standard three-electrode configuration. In all

pressurized electrochemical experiments, by virtue of the construction of our high-pressure cell,

ferrocene was included as an internal standard. No noticeable shift in the position of the internal

standard relative to the reference electrode was observed over the time course of bulk electrolysis

experiments (Figures 3.11 and 3.12).

Experiments to interrogate CO2 reduction were carried with either a 200 µm diameter gold

microelectrode (A = 0.0003 cm2) or with a coil of 0.1mm gold wire (A = 1.16 cm2) (Alfa Ae-

sar, 99.95%). Gold working electrodes were cleaned between experiments by soaking in hydrogen

peroxide (52%) for one hour then rinsed with acetone and dried.

Experiments to examine the electrochemical properties of metallocenes were conducted with the

basal plane of highly oriented pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo Grove, Ill.; A

= 0.09 cm2). A copper wire (Alfa Aesar, 99.9%, 1.5mm diameter) immersed in electrolyte was used

as a pseudo-reference in these experiments and stored in a separate, fritted chamber (Vycor frit,

Bioanalytical Systems, Inc.) from the working solution. The counter electrode in all experiments

was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter). Electrolyte

containing ferrocene was loaded into the electrochemical reactor under an argon atmosphere in

a glovebag. Prior to experiments, the reactor was purged three times by repeated pressurization

and depressurization cycles (ca. 800 kPa to 200 kPa) to exclude trace water and oxygen from

the system. To achieve liquid expansion, the reactor was brought to the required pressure, stirred

only until equilibrium was established, and then closed off from the gas supply. Electrolyte was

quiescent during all electrochemical measurements.

3.3.5 Sample preparation for gas chromatography

Following electrolysis, gas contained within both the expanded liquid and reactor headspace

was collected by expansion of the headspace into an evacuated steel cylinder. At low pressures

(<0.5 MPa), a 40 mL vessel was used and at high pressures a 1 L vessel was used. The connection
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of the larger volume reverses the expansion of the liquid due to the drop in pressure to near-

ambient (typically 100-900 kPa) pressures. This method allows for a gas sample to be taken that is

representative of all gas present in the system. The pressure and temperature of the system were

allowed to equilibrate before closing the connection and removing the cylinder for analysis.

3.3.6 Product detection by gas chromatography

Analysis of gas samples was performed with a Shimadzu GC-2014 Custom-GC gas chromato-

graph with a thermal conductivity detector and dual flame-ionization detectors. A custom set of 8

columns and timed valves enable quantitative analysis of the following gases: hydrogen, nitrogen,

oxygen, carbon dioxide, carbon monoxide, methane, ethane, ethylene, and ethyne. Argon serves

as the carrier gas. The instrument was calibrated prior to experimental runs with a standard

checkout gas mixture (Agilent 5190-0519) to obtain qualitative information regarding detection of

H2 and CO. Calibration curves over a range of 100–10,000 ppm for H2 and 90–9,000 ppm for CO

were constructed with prepared mixtures of H2 or CO in N2 to enable quantitative measurements.

Quantification was accomplished using gas handling that accounts for sample dilution during post-

electrolysis gas collection. These methods were carried out assuming that all gases involved behave

as ideal gases. This is a reasonable assumption, as the pressure of the system at all times during

these manipulations was < 900 kPa. Analysis of the liquid phase was achieved by injection of a

sample of the electrolyte following electrolysis into an Agilent 6890 Gas Chromatograph fitted with

a CP-Wax 58 (FFAP) CB column. The sample was filtered over silica to remove excess electrolyte

and then analysis carried out with the FID detector on the instrument.

3.4 Results and Discussion
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Figure 3.1. CO2 expansion of electrolytes. (a) Change in volume of a 10 mL sample of MeCN (black) and
MeCN initially containing 0.4 M TBAPF6 (blue) upon CO2 pressurization. (b) Increasing CO2 concentration
as the volume expands with increasing pressure. MeCN (black) and MeCN initially containing 0.4 M TBAPF6

(blue). The CO2 concentration in the expanded liquid asymptotically approaches the concentration of liquid
CO2 (gray dashed line). (c) Cyclic voltammetry of metallocene complexes in CO2-expanded electrolyte
solution (3.18 MPa CO2). 0.4 M TBAPF6 present in acetonitrile prior to expansion. Redox couples of
ferrocene (Ep,1/2 = 0 V), decamethylferrocene (Ep,1/2 = –0.5 V) and cobaltocene (Ep,1/2 = –1.34 V)
shown. Working electrode was the basal plane of highly-oriented pyrolytic graphite (HOPG, 0.09 cm2).
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At the relatively mild pressures mentioned above (1.5-5 MPa), the mild critical properties of

CO2 (Tc = 304.1 K; Pc = 7.38 MPa) drive an exponential increase in liquid-phase CO2 solubility

with pressure in organic solvents such as acetonitrile, resulting in high CO2 concentrations as well as

volumetric expansion of the liquid phase by nearly threefold at 5 MPa.40–42 And, while the pressure-

tunable properties of these media have been exploited in chemocatalysis in a variety of ways,43,44

the enhanced CO2 solubility in such media has not been previously harnessed to enhance organic

electrocatalysis of CO2 conversion. In order to develop an electrochemical system that leverages

non-linear increases in liquid phase CO2 concentration with pressure, we first set out to determine

if acetonitrile containing supporting electrolyte remains homogeneous upon isothermal (298 K)

volumetric expansion with CO2. We confirmed that TBAPF6 at an initial concentration of 0.4 M

in acetonitrile remains dissolved up to CO2 pressures of 5.3 MPa, corresponding to a volumetric

expansion of ca. 300 percent (Figures 1a and 1b).

Thus, acetonitrile can simultaneously support high concentrations of liquid-phase CO2 and sup-

porting electrolyte. Related quantitative electronic absorption measurements with Re(CO)3(bpy)NCMePF6

as a soluble chromophore confirm both the homogeneity and volumetric expansion characteristics

of this electrolyte system. (See ESI for details.) We term this continuum of pressure-tunable

CO2-eXpanded Electrolytes as “CXEs,” as these solutions support enhanced CO2 concentrations

and transport properties for performing electroanalytical and electrocatalytic studies. Quantitative

vapor-liquid equilibrium (VLE) data provide a direct measure of the concentration of dissolved CO2

as a function of pressure, and reveal that CXEs manifest a similar relationship between liquid-phase

CO2 mole fraction and pressure (Figure 1b) as CO2-expanded acetonitrile.39 In accord with the

notion that near-critical CO2 can readily dissolve in acetonitrile, but not in the TBAPF6, CXEs

can be considered to be a pseudo-binary CO2/acetonitrile system because of the relatively small

concentrations of the supporting electrolyte in the liquid phase and virtually no electrolyte in the

gas phase. Appealingly, the liquid-phase CO2 concentration in CXEs reaches approximately 12

M at 5 MPa, approaching that of neat liquid CO2 (16.1 M; dashed line in Figure 1b) at identical

pressure and temperature41 In contrast, aqueous systems at ambient temperature can only support

CO2 concentrations of ca. 0.8 M at ca. 5 MPa CO2 pressure.45

These phase behavior studies provide reliable knowledge of the preferred operating conditions

for performing electrochemical reactions in CXEs and thereby guide reactor design. A high-pressure
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reaction vessel (Parr Instrument Co.) was fitted with a custom cap featuring ports for multiple

electrodes that enable electrochemical experiments to be carried out. Additional ports for gas

transfer, and a mechanical stirrer were also included (see ESI for details). We first measured

the approximate thermodynamic potentials in CXEs for common redox reagents. Specifically, we

adopted the 1e– ferrocenium/ferrocene redox couple (denoted hereafter as Fc+/0) as our reference

potential, in line with most electrochemical work in acetonitrile.46,47 Using cyclic voltammetry,

we measured the midpoint potentials for the cobaltocenium/cobaltocene couple at –1.34 V vs.

Fc+/0 and for the decamethylferrocene/decamethylferrocenium couple at –0.5 V vs. Fc+/0 at 3.18

MPa (Figure 1c). These results compare well with literature values for the reversible potentials

of these metallocenes in acetonitrile (–1.33 V and –0.48 V, respectively), demonstrating that the

CO2-expanded acetonitrile medium behaves similarly to common organic solvents.48 Scan rate-

dependent studies of the voltammetry confirm that both the oxidized and reduced forms of these

compounds are dissolved and freely diffusing in the liquid phase; these results are confirmed by in

situ UV-visible spectra collected on ferrocene in CXEs (see ESI for details).34 Cyclic voltammetry

carried out with solutions containing cobaltocene, decamethylferrocene, and ferrocene across the

0-5 MPa range indicates that the midpoint potentials of the other metallocenes with respect to

the ferrocenium\ferrocene couple are essentially invariant (see ESI). While we did observe a slight
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Figure 3.2. Cyclic voltammetry of the Fc+/0 redox couple and extracted experimental diffusivities as a
function of CO2 pressure in CXEs. (a) Experimental (solid dark lines) and simulated (transparent shade
lines) cyclic voltammetry of ferrocene conducted under various CO2 pressures at 25 ºC. Black: 0.79 MPa
of CO2. Blue: 3.2 MPa of CO2. Red: 5.2 MPa CO2. Working electrode was the basal plane of highly-
oriented pyrolytic graphite (HOPG, 0.09 cm2). Scan rate 100 mV/s. (b) Diffusion coefficients of ferrocene
as obtained from the cyclic voltammetry data as a function of CO2 pressure. Error bars were calculated
directly from experimental data for gray points, and from variance in low-pressure curve fits for black
points. Black: Obtained from simulation of voltammetry. Gray: Determined experimentally via double-step
chronoamperometry. The gray line is only intended to guide the eye.
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inhibition in the electron-transfer rate kinetics (as estimated from the peak-to-peak separations,

∆ Ep), CXE media are still able to support fast electron transfer even at the highest pressures.

This is notable, because the liquid phase concentration of CO2 at 5 MPa is ca. 12 M. In line with

these findings, measurement of the solution resistance as a function of pressure at our graphite

working electrode show an increase at the highest pressures (see ESI), consistent with significant

dissolution of CO2. However, these studies also confirm that the TBAPF6 remains dissociated in

the electrolyte and continues to function as an effective ionic conductor at our higher pressures.

An advantage of utilizing gas-expanded liquid media in chemocatalysis is improved mass transfer

rates in comparison to neat organic solvents.40 Therefore, we anticipated that CXEs might en-

gender enhanced diffusion rates to/from the electrode surface. To investigate this possibility, we

performed voltammetry on the Fc+/0 redox couple as a function of CO2 pressure, and simulated

the experimental current-voltage curves using COMSOL Multiphysics simulation software (see the

SI for details). Diffusion coefficients were extracted from simulations of the experimental data,

which were optimized by holding concentration and scan rate constant and numerically optimiz-

ing the simulated curves over the full data set. The experimental and simulated voltammograms

show good agreement (Figure 2a), confirming that the conventional equations that govern organic

electrochemistry are valid in CXE media.49,50 Importantly, we find that the diffusion coefficient of

ferrocene (shown in Figure 2b) is pressure-tunable in CXEs. Specifically, the diffusivity of ferrocene

increases from 2.4 x 10–5 cm2 s−1 in pure acetonitrile (in agreement with prior work51,52) to 3.16

x 10–5 cm2 s−1 in CXE at 5.1 MPa CO2 pressure (Figure 2b). Direct determination of diffusion

coefficients from double-step chronoamperometry experiments follow the same pressure-dependent

trend as the simulated values.53 This increase in diffusivity, in accord with prior computational

modeling,36 can be rationalized by the decreased liquid-phase viscosity caused by dissolution of the

gas-like CO2 molecules at near-critical pressures.54,55 Thus, in addition to increasing enhanced CO2

availability, the use of CXEs can modestly augment the rate of substrate delivery to the electrode-

catalyst surface. With these fundamental characterizations in hand, we moved to investigate CO2

electroreduction in CXEs as a function of CO2 pressure. Polycrystalline gold was chosen as the

electrode material for this study, as it is known to selectively produce CO from CO2 under a variety

of conditions, including with acetonitrile as solvent56 Cyclic voltammetry carried out on a polycrys-

talline gold microelectrode (A = 0.031 mm2) in contact with acetonitrile solution containing 0.4

53



M TBAPF6 under a headspace CO2 pressure of 300 kPa (ca. 3atm) shows onset of an irreversible

catalytic response near –2.5 V vs. Fc+/0, consistent with prior results (Figure 3a). Notably, we

observe a plateau in the voltammogram, indicative of significant CO2 depletion at the electrode

surface and onset of a diffusion-limited regime at ca. –2.74 V.34 Under CXE conditions, we observe

enhancement of the catalytic current as the CO2 pressure is increased, reaching a maximum at ca.

3.2 MPa. The voltammogram shape is typical for a robust catalytic response, with little hysteresis

on the return, anodic sweep. This suggests enhanced replenishment of substrate near the electrode

due to the increased CO2 concentration in the liquid phase. Consistent with this hypothesis, the

current does not exhibit a plateau region as observed at near-ambient pressures, providing further

evidence that diffusion limitations are alleviated in CXEs. Indeed, this response is indicative of an

increased rate of catalysis as the electrode is polarized to increasing driving force, much like that

observed for H+ reduction to H2 in acidic water.57 The current-voltage profile is also consistent

with insignificant electrode poisoning or product inhibition on the voltammetric timescale. For a

typical electrocatalytic process, the catalytic current is expected to increase linearly with substrate

concentration up to a maximum, plateauing value.58 However, we observe a maximum in the elec-

trocatalytic current with increasing CO2 pressures. Interestingly, the CO2 conversion rate (i.e.,

current density) decreases at CO2 pressures beyond ca. 3.2 MPa, trending back toward the modest

values measured at near-ambient CO2 pressures (Figure 3b). However, the voltammetric responses
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Figure 3.3. Electrochemical current response as a function of potential and pressure in CXE media. (a)
Cyclic voltammetry conducted under varying pressures of CO2 (Red: 0.3 MPa; Blue: 3.2 MPa; Black: 5.2
MPa; Gray: Control under 0.3 MPa of Ar gas. Au disk microelectrode; A = 0.031 mm2; scan rate: 100 mV/s.
(b) Steady-state currents with the same electrode at –2.5 V as a function of CO2pressure. Following initial
agitation to achieve equilibrium CO2 dissolution in the electrolyte phase, solution was quiescent during the
cyclic voltammetry experiments. The gray line is parabolic and intended only to guide the eye.
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obtained at the highest pressures (for example, 5.2 MPa) show a unique shape when compared to

data obtained at 300 kPa (Figure 3a). Specifically, the response is very sharp, showing virtually

no hysteresis—indicating a resistor-like behavior. Thus, although the current densities are similar,

the nature of the factors controlling charge transfer at 5.2 MPa appears to be different than those

observed at near-ambient pressures. Further, much like at 3.2 MPa, substrate mass-transport is

not limiting, as no plateauing currents are observed. Consistent with the resistive appearance of

the voltammetry at 5.2 MPa, measurement of the solution resistance with the gold working elec-

trode shows an increase at the highest pressures (ca. 2600 Ω at 0.3 MPa vs. ca. 12,700 Ω at 5.1

MPa) (see ESI, Figure S6). Similar to the case of the graphite electrode, decreased polarity of

the electrolyte due to the high liquid-phase concentration of CO2 (11.7 M at 5.1 MPa) results in

the measured increase in solution resistance. Thus, the interplay of (i) increased substrate CO2

availability and (ii) decreased solvent polarity results in a non-monotonic dependence of catalytic

rate on CO2 concentration. Notably, the modest improvement in mass transport (vide supra) is not

directly observed in catalytic performance, due to the interference of increased solution resistance.

Bulk electrolysis experiments with a gold coil working electrode (A = 1.2 cm2) were carried

out to confirm the production of CO and examine the possibility of formation of other, unexpected

reduction products (Figure 4a). Quantitative gas chromatography shows that CO is the major

gaseous product with an estimated Faradaic efficiency of ca. 40 percent at 0.3 MPa CO2 pressure

and 80 percent at 3.2 MPa CO2 pressure (Figure 3.4b, See ESI for details). H2 was detected

following electrolysis at 0.3 MPa, corresponding to a Faradaic efficiency of ca. 5 percent. Remark-

ably, no H2 could be detected following electrolysis at the optimum pressure of 3.2 MPa (see ESI

for details). In line with the reasonably high faradaic yield of CO, no liquid-phase products were

detected by GC analysis. CO2 reduction to CO is thus clearly enhanced by an order of magni-

tude at 3.2 MPa, in terms of steady-state current density (12 mA cm–2 at 0.27 MPa vs. 138 mA

cm–2 at 3.2 MPa; Eapp = –2.5 V). The modest deficit of detected product CO (≤ 20 percent of
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charge passed at 3.2 MPa) could arise from cyclic ferrocenium/ferrocene electron transfer occurring

in our one-compartment reactor. In such a pathway, ferrocene oxidized at the counter electrode

(anode) could migrate to the working electrode (cathode) and be promptly reduced under electro-

catalytic conditions. However, we note that gold is commonly found to produce ca. 80 percent

faradaic yield of CO with organic electrolytes.55 Additionally, the primary anodic half-reaction

occurring during electrolysis is likely not ferrocene oxidation, as the concentration of ferrocene in

the working solution (≤ 3 mM) is insufficient to support the current densities measured. Thus,

we anticipate that hexafluorophosphate anion or acetonitrile may be serving as sacrificial reduc-

tant. Mass balance dictates that cathodic CO production should initially generate an equivalent

of O –
2 . Often, explicit inclusion of protic compounds provide equivalents of protons that serve to

assist in co-generation of H2O with CO.59 Under our conditions, prior work suggests that omission

of an acidic additive leads, initially, to formation of CO3
2−.60 However, tetrabutylammonium is

known to undergo Hofmann degradation upon exposure to the strongly basic conditions present

at the cathode. The net result of this reactivity is known to result in opportunistic scavenging

of protons from tetrabutylammonium.61 Products of Hofmann degradation of TBAPF6 under our

conditions should thus include butene, tributylamine and bicarbonate. However, tributylamine

and bicarbonate are not detected by GC analysis, suggesting that these species are likely unstable

during prolonged electrolysis in CXEs. In accord with the voltammetry results, time-dependent

measurements of CO production and Faradaic efficiency show that the system is stable over at least

eight hours. At near-ambient CO2 pressures, the rate of CO production is ca. 70 µL/h(volumes

measured at ambient pressure); at 3.2 MPa, the rate of CO production increases by one order of

magnitude to ca. 700 µL/h. This result mirrors the one order of magnitude increase in the current

density between 0.3 MPa and 3.2 MPa as measured in the voltammetry experiment (Figure 3b),

and confirms that the minor variations observed across chronoamperometric experiments do not

affect the yield of CO. At higher CO2 pressures, the CO production rate markedly decreases to

levels observed at near-ambient pressures. The resulting volcano-shaped profile (Figure 4c) reveals

that the pressure-tunable properties of CXEs can be used to maximize the rate and efficiency of

CO2 electroreduction. As our findings suggest that use of very high pressures does not provide the

highest catalytic turnover rate, energy costs may be saved by judicious selection of operational pres-

sure in practical reactors. Moreover, the occurrence of maximum catalytic rates at relatively mild
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Figure 3.4. Enhancement of electrochemical CO2 reduction in CXE media. (a) Plot of charge passed and
CO detected by gas chromatography for different bulk electrolysis times, using a 1.2 cm2 Au coil electrode.
Dark circles represent charge passed in coulombs and light circles CO detected in µmol under 3.2 MPa
CO2 (blue) and 0.3 MPa CO2 (black).(b) Faradaic efficiency following various bulk electrolysis times with
respect to CO detected. Error bars are calculated based on replicate experiments across the full pressure
range. Blue: 3.2 MPa CO2. Black: 0.3 MPa CO2. Lines shown are linear fits, assuming efficiency for CO
production remains constant with time. (c) Pressure dependence of CO formation following bulk electrolysis
for 8 h. Gray line is parabolic and intended only to guide the eye. The electrolysis experiments were
performed at –2.5 V vs Fc+/0 without stirring.
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pressure (3.2 MPa) should favor CXE process economics. The observation of an optimal, order-of-

magnitude increase in the pressure-dependent catalytic CO2 reduction rate was thus confirmed by

measurements of both current flow and CO production. Significant increases in the liquid-phase

CO2 concentration result in a balance between (i) enhanced substrate CO2 availability (enhancing

performance) and (ii) decreased solvent polarity (diminishing performance) (see ESI, Figure S25).

However, we note that measurements of solution resistance show significantly higher values for the

gold electrodes that for the carbon electrodes. Thus, we anticipate that the nature of the interface

between CXEs and solid electrodes is dependent upon the identity of the chosen electrode material.

Thus, our future efforts are focused on understanding these electrode- and media-dependent effects

in greater detail, including approaches based on modeling and use of impedance spectroscopy.

Conclusions

Here, we have demonstrated that forming CXEs with acetonitrile at modest CO2 pressures

(≤ 3.2 MPa) vastly improves substrate availability and results in up to an order of magnitude

improvement in the rate of CO2 conversion compared to those measured at near-ambient conditions.

Modest improvements to mass transport rates can also be achieved through use of CXEs. Based

on these findings, we anticipate that CXEs may not only unlock the potential of conventional

electrocatalysts that may have been considered insufficiently active in prior studies, but also open

opportunities in design of catalysts that can take advantage of high substrate concentrations. Such

advances could help realize practically viable electrochemical processes for CO2 conversion powered

by renewable energy.
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3.6 Supporting Information

3.6.1 Reactor Design for Studies Involving CO2-Expanded Electrolytes

Our group has designed a high-pressure electrochemical reactor cell to conduct the electrochem-

istry experiments described in this report. The reaction vessel itself is composed of a 50-mL reactor

(Parr) lined with a Teflon insert rated to a maximum pressure of 20.7 MPa and a maximum temper-

ature of 350ºC. A magnetically coupled drive (Parr Instrument Co.) is used to provide agitation in

the solution to speed equilibration or enhance mass transport to the electrodes. A custom-machined

reactor cap features seven threaded ports and an O-ring seal (PTFE, Parr) that makes contact at

the periphery of the cap to the reactor body. During use, the reactor cap is clamped to the re-

actor with a split-ring cover clamp (Parr Instrument Co.). Seven threaded ports in the reactor

cap interface four electrical connections, gas inlet and outlet valves, thermocouple and pressure

transducer connections, and a sampling port with the inner volume of the reactor. An emergency

pressure release valve is connected to the gas-sampling port, to avoid over-pressurization of the

reactor during operation. The thermocouple extends below the liquid-gas interface to achieve accu-

rate electrolyte temperature determination. Thermostatic control during experiments is achieved

with a recirculating heater/chiller (Fisher Scientific). Reactor pressurization was carried out with

high-pressure CO2 gas from a commercial cylinder (Matheson, Research Grade CO2, 99.999%, 5.52

MPa). A high-pressure two-stage manifold (Matheson) and needle valve (Swagelok) are used to

control input gas pressure and flow rate. A check valve prevents solvent contamination of the gas

cylinder. The electrical feedthroughs (CeramTec) for the electrode connections are rated to 27.6

MPa, and are composed of an inner conducting copper lead interfaced with an outer ceramic body.

The electrodes are then attached to the copper leads using gold plated clips. (Figure 3.5 and 3.6)

Reactor Performance for Electrochemical Experiments

To confirm that the custom built reactor was suitable for electrochemical experiments a series

of experiments was carried out. Figure 3.7 shows the pressure stability of the reactor over time,

while Figure 3.8 shows the temperature stability of the reactor.
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Figure 3.5. CAD drawing of reactor vessel. (1) 50 mL Parr reaction vessel. (2) Teflon liner. (3) Stir Rod.
(4) Custom reator cap with PTFE O-ring seal. (5) Ceramtec electrical feedthrough. (6) Split-ring clamp.
(7) Magnetic drive adaptor. (8) Parr magnetic drive.

Figure 3.6. CAD drawings of cap assembly. (a) Assembled cap with feedthroughs. (b) Custom cap. (c)
Ceramtec electrical feedthrough.
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Figure 3.7. Pressure stability within reactor over time. Plot showing low pressure variance within the
reactor (¡ 50 kPa) over a period of over twelve hours

Figure 3.8. Temperature stability within reactor over time. Plot showing low temperature variance within
the reactor (¡ 0.2 K) over a period of over twelve hours.
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3.6.2 Supporting Electrochemical Experiments

As GXEs have not been previously characterized for electrochemistry, numerous supporting

experiments were carried out to both characterize the system and ensure its suitability for electro-

chemical experiments.

Figures 3.9 and 3.10 show data from a series of experiments designed to test the electrical

conductivity of the system. For a carbon electrode (A=0.09 cm2) a slight increase of resistance is

observed. In contrast, the resistance of the system to gold increases at an exponential rate. The

precise mechanism for this startling change in resistance, particularly in light of the carbon data, is

unknown. It is possible that the adsorption of CO2 on gold creates an insulating surface. Further

research is necessary to understand this phenomenon more fully.

Figures 3.11, 3.12, 3.13 and 3.14 show data to confirm that the electrochemical properties for a

series of model metallocene compounds do not change with the expansion of the acetonitrile base

solvent. Figures 3.11 and 3.12 show that the midpoint potentials do not change. Figures 3.13 and

3.14 show that the current dependence upon scan rate for decamethyl ferrocene is also unaffected

by expansion. The lack of change suggests that the electrochemical properties of the acetonitrile

are still dominant in GXEs.

The necessity of excluding water from the system forces reliance upon a psuedoreference elec-

trode. In Figure 3.15 the potential of the ferrocene couple against the psuedoreference electrode is

shown to be essentially invariant, proving the stability and suitability of the reference for electro-

catalytic experiments.

The increase in the catalysis for the optimum pressure is shown in Figure 3.16 where the blue

chronoamperometry curve at 3.2 MPa of CO2 is much greater than the curves at both ambient and

5.1 MPa CO2. The individual curves for the unexpanded and optimum pressure in Figure 3.16 are

shown in Figures 3.19 and 3.20.

In addition to the product detection chronoamperometry experiments, to confirm that cyclic

voltammetry was not being overly affected by transient effects a series of chronoamperograms were

taken at varying potentials at the main pressures. In Figure 3.17 the steady state current is plotted

against the transient CV current and shows good agreement. In Figure 3.18 a representative set of

these chronoamperograms is shown.
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Figure 3.9. Measurements of solution resistance as a function of pressure on carbon. Data were collected
with a commercial script provided with the potentiostat; this script relies on controlled-potential electro-
chemical impedance spectroscopy (EIS) to determine the solution resistance by interpreting collected data
using a model circuit. The data points shown are average values collected on an HOPG working electrode
(A = 0.09 cm2) across quadruplicate measurements at four different potentials (–0.2 V, –0.5 V, –0.9 V and
–1.2 V vs. Fc+/0). Thus each data point and error represents sixteen unique measurements. Error bars are
shown as ±1σ
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Figure 3.10. Measurements of solution resistance as a function of pressure on gold. Data were collected with
a commercial script provided with the potentiostat; this script relies on controlled-potential electrochemical
impedance spectroscopy (EIS) to determine the solution resistance by interpreting collected data using a
model circuit. , The data points shown are average values collected on an gold working microelectrode (A
= 0.031 mm2) across quadruplicate measurements at four different potentials (–0.2 V, –0.5 V, –0.9 V and
–1.2 V vs. Fc+/0). Thus each data point and error represents sixteen unique measurements. Error bars are
shown as ±1σ
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Figure 3.11. Cyclic voltammetry of metallocenes at ambient and high pressures. Cyclic voltam-
metry of the ferrocenium/ferrocene (∆Ep,atm = 82 mV, ∆Ep,5.2MPa = 159 mV), decamethylferroce-
nium/decamethylferrocene (∆Ep,atm = 91 mV, ∆Ep,5.2MPa = 130 mV) and cobaltocenium/cobaltocene
(∆Ep,atm = 76 mV, ∆Ep,5.2MPa = 122 mV) quasi-reversible redox couples under ambient pressure of N2
in a glovebox (gray) and at 5.2 MPa in the high pressure cell (black). HOPG working electrode (0.09 cm2),
100 mV/s scan rate.
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Figure 3.12. Pressure dependence of the relative midpoint potentials of metallocenes. Plot of the deviation
in the midpoint potentials of cobaltocene and decamethylferrocene as a function of CO2 pressure. Note
there is no distinguishable difference even at the highest pressures, suggesting the medium’s behavior is still
dictated primarily by the properties of acetonitrile.
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Figure 3.13. Current dependence on scan rate at elevated pressure with Cp2Fe. Plot demonstrating
diffusional behavior of ferrocene in CO2 expanded electrolyte via application of the Randles-Sevcik equation
on variable scan rate data. Linear fits of the observed current versus the square root of scan rate are
forced through zero. Reactor was initially charged with 2 mM ferrocene and 0.4 M TBAPF6 before being
pressurized to 3.7 MPa CO2. HOPG working electrode (0.09 cm2).
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Figure 3.14. Current dependence on scan rate at elevated pressure with Cp*2Fe. Plot demonstrating
diffusional behavior of ferrocene in CO2 expanded electrolyte via application of the Randles-Sevcik equation
on variable scan rate data. Linear fits of the observed current versus the square root of scan rate are forced
through zero. Reactor was initially charged with 2 mM decamethylferrocene and 0.4 M TBAPF6 before
being pressurized to 3.7 MPa CO2. HOPG working electrode (0.09 cm2).
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Figure 3.15. Potential of ferrocene internal standard before and after electrolysis. Cyclic voltammetry
of the ferrocenium/ferrocene redox couple at 3.2 MPa CO2, both before (black) and after (gray) 14 h of
polarization at –2.5 V vs. Fc+/0. The redox couple is originally +694 mV versus reference, and after
electrolysis there is a minor 30 mV shift to +664 mV vs. reference.

Figure 3.16. Current response as a function of pressure in CXE media. Chronoamperometry performed
under variable pressures of CO2. Black: 0.24 MPa of CO2. Red: 5.1 MPa CO2. Blue: 3.2 MPa. 1.16 cm2

Au coil electrode, potential held at –2.5 V vs. Fc+/0.
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Figure 3.17. Steady-state current response as a function of pressure in CXE media. Cyclic voltammetry
conducted under variable pressure of CO2. Blue: 3.2 MPa of CO2. Red: 5.2 MPa CO2. Black: 0.3 MPa
CO2. 200 µm Au disk electrode, scan rate 100 mV/s for CVs. Squares are the steady-state currents for the
electrode at a given potential after 100 seconds of polarization.

Figure 3.18. Representative current response as a function of potential in CXE media. Chronoamperometry
performed at various potentials under 3.2 MPa of CO2. Potentials reported in V vs. Fc+/0. 200 µm Au disk
electrode
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Figure 3.19. Current response with time in nonexpanded media. Chronoamperometry performed for 8
hours under 0.24 MPa of CO2. 1.16 cm2 Au coil electrode, potential held at –2.5 V vs. Fc+/0.

Figure 3.20. Current response with time at elevated pressure. Chronoamperometry performed for 8 hours
under 3.2 MPa of CO2. 1.16 cm2 Au coil electrode, potential held at –2.5 V vs. Fc+/0.

72



3.6.3 Electronic Absorbance Spectroscopy Supporting Experiments

To confirm the expansion data, as well as set up future experiments with homogeneous catalysts,

UV-Vis experiments were conducted with [Re(CO)3(bpy)MeCN][PF6]. In Figure 3.21 the baseline

UV-Vis spectrum in unexpanded acetonitrile was taken to establish extinction coefficients for the

complex. Figures 3.22 and 3.23 show a series of UV-Vis spectra for the complex at increasing

pressures of CO2. Using the extinction coefficient calculated from Figure 3.21 the concentration of

the Re catalyst was calculated at various pressures. In Figures 3.24 and 3.25 the concentrations

are plotted with the expansion data. The excellent correlation confirms that the expansion data

was accurate.

Figures 3.26, 3.27, and 3.28 show the same series of UV-Vis experiments but with ferrocene

instead of the Re catalyst.

Figure 3.21. Electronic absorbance spectrum of [Re(CO)3(bpy)MeCN][PF6]. UV-visible spectrum taken
in the absence of CO2 to determine the extinction coefficient of the complex’s absorption bands. 80 µM
[Re(CO)3(bpy)MeCN][PF6], 0.4 M TBAPF6 in MeCN.
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Figure 3.22. Charge transfer band of [Re(CO)3(bpy)MeCN][PF6] in MeCN. UV-visible spectroscopy per-
formed initially with 80 µM [Re(CO)3(bpy)MeCN][PF6] in MeCN at progressively increasing pressures of
CO2. Reduction in the absorption value corresponds to dilution of the metal complex taking place during
volume expansion at higher pressures. Features present include π − π∗ (ca. 320 nm) bands and a broad
MLCT band (ca. 350 nm).
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Figure 3.23. Charge transfer band of [Re(CO)3(bpy)MeCN][PF6] in electrolyte. UV-visible spectroscopy
performed initially with 80 µM [Re(CO)3(bpy)MeCN][PF6] and 0.4 M TBAPF6 in MeCN at progressively
increasing pressures of CO2. Reduction in the absorption value corresponds to dilution of the metal complex
taking place during volume expansion at higher pressures.

Figure 3.24. [Re] concentration change with volume expansion. Relationship between volumetric expansion
and dissolved complex concentration with increasing pressure of CO2. Black line: Volumetric expansion curve
of MeCN. Black squares: Concentration of rhenium complex was initially 80 µM [Re(CO)3(bpy)MeCN][PF6],
and determined from the absorption of the [Re] species at 316 nm.
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Figure 3.25. [Re] concentration change with volume expansion in electrolyte. Relationship between volu-
metric expansion and dissolved complex concentration with increasing pressure of CO2. Blue line: Volumetric
expansion curve of MeCN initially supporting 0.4 M TBAPF6. Blue squares: Concentration of rhenium com-
plex in electrolye, initially 80 µM [Re(CO)3(bpy)MeCN][PF6] and 0.4 M TBAPF6 , and determined from
the absorption of the [Re] species at 316 nm.

Figure 3.26. Electronic absorption spectrum of ferrocene. UV-visible spectrum taken in the absence of
CO2 to determine the extinction coefficient of the complex’s different absorption bands. 8 mM ferrocene,
0.4 M TBAPF6 in MeCN.

76



Figure 3.27. d-d band of ferrocene. UV-visible spectrum of ferrocene showing the extinction coefficient of
a d-d band of interest. 8 mM ferrocene, 0.4 M TBAPF6 in MeCN.

Figure 3.28. Response of d-d band with increasing CO2 pressure. UV-visible spectroscopy performed
initially with 8 mM ferrocene and 0.4 M TBAPF6 in MeCN at progressively increasing pressures of CO2.
Reduction in the absorption value corresponds to dilution of the metal complex taking place during volume
expansion at higher pressures.
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3.6.4 Gas Chromatography Supporting Figures

The quantitative analysis with error bars of the products from the electroreduction are shown

in Figures 3.29 and 3.30. It is especially important to note that the product amounts formed match

the increase in current that the CV data shows. The types of products found are also important

Despite efforts to keep the solution air and water free, it appears that some stray water entered the

system which lead to the production of hydrogen at near ambient pressures of CO2. This parasitic

production of hydrogen is not present at high pressures of CO2.

The GC readouts from the headspace gasses at representative pressures are shown in Figures

3.31 through 3.36. Figures 3.37 and 3.38 show readouts from the electrolyte. No product peaks are

present which confirms that gold does not change its products at high pressures of CO2. The final

two GC readouts show the high purity CO2 used in all experiments.

Figure 3.29. Production of CO as a function of CO2 pressure. Mirroring the figure in the main text, this
is a plot of the observed rates of CO production, determined from gas chromatography, as a function of CO2

pressure. Error bars are calculated from the standard deviation of replicate measurements.
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Figure 3.30. Quantification of detected carbon monoxide at various pressures. Bar plot depicting the
average quantity of gas products generated at different pressures following 8 h bulk electrolysis at –2.5 V vs.
Fc+/0. 1.16 cm2 Au coil electrode used. Trace amounts of methane (nmol quantities) were detected in all
experiments from an impurity in the CO2 gas supply.

Figure 3.31. FID gas chromatogram of near-ambient pressure electrolysis headspace. Gas chromatogram of
headspace gas from an 8 h electrolysis at –2.5 V vs. Fc+/0 on Au wire, 0.4 MPa CO2, FID with methanizer.
Inset shows a detailed view of CO signal. No other products were detected by the methanizer-equipped FID.
Peak intensities are large enough that valve changes are not visible.
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Figure 3.32. TCD gas chromatogram of near-ambient pressure electrolysis headspace. Gas chromatogram
of headspace gas from an 8 h electrolysis at –2.5 V vs. Fc+/0 on Au wire at 0.4 MPa CO2, TCD. No other
products were detected by the TCD.

Figure 3.33. FID gas chromatogram of mid pressure electrolysis headspace. Gas chromatogram of
headspace gas from an 8 h electrolysis at –2.5 V vs. Fc+/0 on Au wire at 3.2 MPa CO2, FID with methanizer.
Inset shows a detailed view of CO signal. Peak intensities are large enough that valve changes are not visible.
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Figure 3.34. TCD gas chromatogram of mid pressure electrolysis headspace. Gas chromatogram of
headspace gas from an 8 h electrolysis at –2.5 V vs. Fc+/0 on Au wire at 3.2 MPa CO2, TCD. Inset
shows a detailed view of H2 and N2/O2 signals. No other products were detected by the TCD.

Figure 3.35. FID gas chromatogram of high pressure electrolysis headspace. Gas chromatogram of
headspace gas from an 8 h electrolysis at –2.5 V vs. Fc+/0 on Au wire at 5.2 MPa CO2, FID with methanizer.
Inset shows a detailed view of CO signal. Peak intensities are large enough that valve changes are not visible.
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Figure 3.36. TCD gas chromatogram of high pressure electrolysis headspace. Gas chromatogram of
headspace gas from an 8 h electrolysis at –2.5 V vs. Fc+/0 on Au wire at 5.2 MPa CO2, TCD. Inset shows
absence of an H2 signal. No other products were detected by the TCD.

Figure 3.37. FID gas chromatogram of electrolyte liquid. Gas chromatogram of liquid sampled from elec-
trolyte solution, FID. Inset shows a detailed view of the only signal observed, associated with the electrolyte
itself. Peak intensities are large enough that valve changes are not visible.
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Figure 3.38. FID gas chromatogram of liquid from mid pressure electrolysis. Gas chromatogram of liquid
sampled from an 8 h electrolysis on Au wire at –2.5 V vs. Fc+/0, 3.2 MPa CO2, FID. Inset shows a detailed
view of the only signal observed, associated with the electrolyte itself. Peak intensities are large enough that
valve changes are not visible.

Figure 3.39. FID gas chromatogram of CO2 gas. Control gas chromatogram of high purity CO2 gas used
in all other experiments, FID with methanizer. Besides trace amounts of methane impurity, no other gases
were detected. Peak intensities are large enough that valve changes are not visible.
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Figure 3.40. TCD gas chromatogram of CO2 gas. Control gas chromatogram of high purity CO2 gas used
in all other experiments, TCD. Aside from the response at ca. 5 min retention time, no other signals were
observed.

3.6.5 COMSOL Modeling

COMSOL (COMSOL Multiphysics v. 5.3) simulations were performed to compute the diffusion

coefficient of ferrocene as a function of CO2 pressure. The COMSOL geometry utilizes a 2D axial-

symmetric domain scaled to the electrode size (100 µm radius) and reactor dimensions (3 cm

radius, 4 cm height). To create the simulation mesh, a free triangular grid with COMSOL’s built-

in “normal” element size was used for the bulk of the reactor, with a “finer” mesh used for a

total area of 1 cm2 around the electroactive surface. To create a fine mesh around the electrode

surface, an edge grid was incorporated into the overall pattern with a minimum element of size of

2 x 10–5 cm2 and a maximum element size of 2 x 10–4 cm2. The current at the electrode surface

was simulated via the COMSOL Electroanalysis module. This module computes the concentration

of the oxidized and reduced species in solution and the current on the electroactive boundary as

a function of applied potential by coupling the Butler-Volmer equation with Fick’s Second Law

of Diffusion. Simulations assumed an electron-transfer rate constant of 1 cm s–1 and a transfer

coefficient, α, of 0.5 for the ferrocenium/ferrocene redox reactions. The bulk concentration of
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ferrocene was determined using the volumetric expansion data obtained for the electrolyte media

at the relevant pressures. The diffusion coefficients were then determined by minimizing the total

error between the experimental voltammograms and the simulated data.

Figure 3.41. Reactor mesh for COMSOL Cp2Fe diffusion simulations.
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Figure 3.42. Reactor mesh near surface for COMSOL Cp2Fe diffusion simulations. Outer rectangle of
electrode is modeled as an insulating sheath to capture the electrode shape.
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[26] Endrődi, B., Bencsik, G., Darvas, F., Jones, R., Rajeshwar, K., and Janáky, C. (2017)
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Chapter 4

Insights Into the Pressure Dependent

Reaction Rates for the

Electrochemical Reduction of CO2 in

CO2 Expanded Electrolytes

Abstract

Electrochemical CO2 reduction has been limited by the solubility of CO2 in conventional aqueous

solvents. CO2 Expanded Electrolytes (CXEs) have the ability to tunably solvate multi-molar

amounts of CO2. By utilizing this tunablity to generate cyclic voltammograms at widely separated

concentrations of CO2 it was found that on multiple catalysts the catalytic rate has an optimal

concentrations of CO2 (3.1 MPa), beyond which the rate decreases. Using COMSOL modeling of

CO2 electrochemical reduction on gold we show that the maximum value for catalysis is a result of a

decrease in the rate of an elementary reaction step at high concentrations of CO2. This insight into

the relationship between CO2 concentration and catalytic rate will guide the future development

of electrochemical CO2 reduction systems.
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4.1 Introduction

The development of new methods to capture and convert CO2 into value-added fuels and chem-

icals is a grand challenge in sustainability science due to the need to mitigate anthropogenic climate

change and utilize new carbon feedstocks.1–4 Of the many ways to convert CO2, the electrochem-

ical reduction of CO2 is a promising method because it operates at low temperatures and can be

powered by carbon free renewable energy such as solar or wind.5–7 Even though several large-scale

electrolysis technologies have been commercialized (e.g, the production of chlorine via the chloral

alkali process and the extraction of metals via electrowinning), the large scale industrial adoption

of electrochemical reduction of CO2 has some major obstacles which thus far have stymied any

adoption.8 A major roadblock for electrocatalytic CO2 conversion is the poor solubility of CO2 in

conventional aqueous solvents.9 At ambient pressure, the solubility CO2 in aqueous electrolytes is

only 0.034 M, which causes low CO2 conversion rates. Per Henry’s Law, it is possible to linearly

increase CO2 concentration in such media by simply increasing the head-space pressure.10 However,

even at elevated pressures, the CO2 concentration is still too low in aqueous solvents to achieve

industrial relevant reactions rates.11

Major inroads have been made in CO2 conversion rates by improving mass transfer through

the utilization of gas diffusion electrodes.12–16 Gas-diffusion electrodes allow for CO2 reduction

to be operated at current densities ca. ten times higher than those achieved using planar metal

electrodes.15 Another approach to increase the rate of reaction is to engineer the catalyst surface

to increasing surface area and number of catalytically active sites. Many techniques have been used

to accomplish this. For example, in-situ reduced Au oxide derived catalysts have also shown great

promise.17 The reduced surfaces show higher porosity, which leads to greater surface area and more

exposed active sites. Other nanostructuring techniques have also been utilized to increase catalytic

rates of CO2 reduction by increasing surface area, exposing specific crystal facets,18 increasing edge

sites,19–21 and grain boundary engineering.22

However, with all of these systems, the low concentration of CO2 still limits the reaction rates.

To circumvent this problem, our groups recently have shown that in organic electrolytes, liquid-

phase CO2 concentration is non-linear with CO2 head-space pressure.23 In this system, we have

observed multi-molar liquid-phase CO2 concentrations approaching the concentration of pure liquid-
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CO2. During pressurization of these organic electrolytes, the electrolyte volume will increase with

CO2 pressure, hence we have termed these high-pressure organic electrolytes as CO2-eXpanded

Electroltyes (CXEs). In our previous report, we have shown that at multi-molar CO2 concentrations

the supporting electrolyte (tetrabutylammonium hexaflourophosphate) remains in solution and fast

outer-sphere electron-transfers (e.g., ferrocene/ferrocenium) are supported in this media across a

wide range of CO2 concentrations. Most interestingly, we observed a non-monotonic trend between

the rate of electrochemical reduction of CO2 to CO on polycrystalline Au and CO2 pressure in the

CXE media. Specifically, we observed a maximum CO2 reduction rate at a CO2 pressure of 3.1

MPa. At pressures exceeding this optimum, the electrochemical CO2 activity decreases to values

similar to that of ambient pressure CO2 reduction.

Here, we have set out to perform a micro-kinetic modelling study to understand the competing

factors that give rise to this optimum in electrocatalytic activity. Understanding the mechanism and

rate-determining steps for the electrochemical reduction of CO2 under elevated CO2 pressure is vital

to the development of new catalysts and to the eventual industrial relevance of this technology.24,25

4.2 Materials and Methods

Electrochemical data was collected in a custom pressure cell as previously described.23 Briefly,

a custom cap with threaded electrical feedthroughs was mated to a 50 mL Parr reactor to create the

body of the cell. Pressure from a commercially supplied CO2 bottle (Matheson, Research Grade)

was used to pressurize the vessel. Electrochemical data was collected using a Gamry Reference 3000

Potentiostat/Galvanostat. Cyclic voltammogram data for CO2 reduction on a gold microelectrode

(0.000314 cm2) were used as published in Shaughnessy23. Cyclic voltammograms on copper were

collected using a 0.0177 cm2 disk electrode (Alfa Aesar, 99.9%)

COMSOL (COMSOL Multiphysics v. 5.3) simulations were used to model the CO2 electrore-

duction on the gold microelectrode. The simulated reactor geometry was created as a 2D axial-

symmetric domain with the electrode size (100 µm radius), insulating sheath size (10 µm width)

and reactor dimensions (1 cm radius, 2 cm height). A mesh with a free triangular mesh using

COMSOL’s built-in “normal” element size was used for the bulk of the reactor, with an “extremely

fine” mesh used for the area near the electrode (1.5mm x 2.5mm). An edge mesh was incorporated
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with a maximum mesh element of 2x10−5 cm and a minimum mesh element of 2x10−6 cm for max-

imum resolution near the electrode. The current was simulated in the COMSOL Electroanalysis

module. This module simulates the concentration of the oxidized and reduced species in solution

and the current on the electro-active boundary as a function of applied potential by coupling the

Butler-Volmer Equation with Fick’s Law of Diffusion. The COMSOL Surface Reactions physics in

the Chemical Reaction Engineering Module was used to model the CO2 reduction. The potential

dependent nature of the first and third reaction steps was taken into account by incorporating the

Butler-Volmer equation into the rate expression.

For all simulations the diffusion coefficients at various expansions were used as calculated by

Laird and coworkers.26 The exact potential applied in the experiment was used in the simulation.

The concentration of CO2 in the bulk solution at the various pressures was found using data

from Shaughnessy et al.23 The resistances at various pressures were found using electrochemical

impedance spectroscopy.

4.3 Results and Discussion

Several physical properties of CXE’s (much like the chemocatalysis analogs CO2-eXpanded Liq-

uids) can be tuned by changing the CO2 head-space pressure. Figure 4.1 shows the progressive

changes in several key properties that affect electrocataytic rates as a function of CO2 pressure.

First, Figure 4.1a shows the volumetric expansion of the electrolyte as a function of CO2 pressure.

The expansion of the electrolyte occurs as CO2 dissolves into the liquid phase. CO2 is extremely

soluble in acetonitrile, and as the head-space pressure increases above ca. 3 MPa, the solvent con-

tains such high concentrations of CO2 that that the liquid-phase volume expands exponentially

up-to three times its initial state. The concomitant increase in liquid-phase CO2 concentration

(as measured using previously described techniques) is shown in Figure 4.1b.23 We observed that

the concentration obtained in the CXE far exceeds what is possible in aqueous electrolytes. For

example, given that the Henry’s law constant of CO2 in water is 0.034 mol kg−1 bar−1, the con-

centration of CO2 in water is 1.0 M at 3 MPa and 1.7 M at 5 MPa. Whereas, in the CXE the

concentrations are 5 M and 13 M at 3 MPa and 5 MPa, respectively. In fact, in the CXE media,

the liquid-phase molar concentration CO2 approaches that of pure liquid CO2 (15.1 M) at pressures
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exceeding 5 MPa. Note, when the CO2 head-space pressure reaches the condensation pressure of

CO2 at the reaction temperature, the system then becomes biphasic with a layer of liquid CO2

above the expanded liquid.

In addition to the concentration increasing with CO2 head-space pressure, the diffusion coeffi-

cient of CO2 also increases with CO2 pressure. Figure 4.1c shows the diffusion coefficient for CO2

in acetonitrile, computationally determined by Laird and coworkers.26 As the expansion of the

electrolyte begins to rapidly rise, the electrolyte becomes more “gas like” with a drop in viscosity.

This change drives an increase in the diffusion coefficient.

Figure 4.1. Pressure dependant properties of CO2-eXpanded Electrolytes. (a) Volumetric Expansion, (b)
CO2 concentration, (c)Diffusion Coefficent of CO2, (d) Solution resistance.

The increase in diffusion of CO2 to the electrode surface and the increase in CO2 concentration

should provide an increase in the electrocatalytic rate of CO2 conversion. However, in addition to

these effects, we observed that the resistance of the system also increases as the head-space CO2-
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pressure increases as shown in 4.1d. The resistivity of the system at various pressures was measured

by electrochemical impedance spectroscopy (SI Figs 4.10 - 4.12). This increase in resistance should

have the opposite effect and inhibit the overall electron-transfer rates of electrochemical CO2 re-

duction at high pressures.

Cyclic voltammograms for the electrochemical reduction of CO2 as a function of CO2-pressure

for both polycrystalline gold and copper catalysts show that this non-monotonic relationship be-

tween CO2 reduction activity and CO2 pressure is a property of the acetonitrile-based CXE (Figure

4.2). For both electrode materials, we observed modest CO2 reduction activity at near ambient CO2

pressure(0.17 MPa). When the CO2 pressure is increased to 3.13 MPa, there is dramatic increase

in the measured current for electrochemical CO2 reduction. When the pressure is increased further

to 5.10 MPa, instead of the current increasing and then plateauing as catalytic sites became the

limiting factor, there was a startling decrease in current at higher concentrations of CO2. Catalytic

current was seen to diminish to the same magnitude of current response found at near ambient

pressures of CO2. In addition, an apparent change in the onset potential was observed.

Deconvoluting the effects of each individual property changes is difficult. To accomplish this

task we turned to COMSOL modeling. COMSOL modeling is typically used to model diffusion

of species in complex environments. It also has the capability to model electrochemical reaction

kinetics. To obtain an understanding of the system we decided to go beyond the typical one electron

transfer approximation used in COMSOL to develop a micro-kinetic model which simulates each

elementary reaction step in the electrocatalytic conversion of CO2 to CO.

Figure 3. Illustrative reaction mechanism for the electroreduction of CO2

Table 1. Reaction equations for the electroreduction of CO2 to CO on gold

CO2 + S⇤ + e�
r1��! CO2

•�
(ads) r1 = k1[CO2][S

⇤] k1 = k0
1e

�↵f(E�E0)

CO2
•�

(ads) + CO2 +
r2��! OCOCO2

•�
(ads) r2 = k2[CO2

•�
(ads)][CO2] k2 = k2

OCOCO2
•�

(ads) + e�
r3��! CO(ads) + CO3

2� r3 = k3[OCOCO2
•�

(ads)] k3 = k0
3e

�↵f(E�E0)

CO(ads) +
r4��! CO + S⇤ r4 = k4[CO] k4 = k4

Where k0 = Electron transfer kinetic rate constant, ↵ = The transfer coe�cient, f = F/RT, E =
Applied Electrode Potential, E0 = Standard Potential

3

Scheme 4.1. Illustrative reaction mechanism for the electrochemical reduction of CO2 on Au.

In the accepted mechanism for CO2 reduction on polycrystalline gold in aprotic, nonaqueous

media, the first step is the transfer of an electron to CO2 to form CO2 · – (Scheme 4.1).11 This radical

intermediate is stabilized by adsorption to the surface of the catalyst. A second CO2 molecule then

reacts with the adsorbed radical to form a OCOCO ·–
2 species. A subsequent electron transfer then
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Figure 2. Cyclic voltammograms for the reduction of CO2 to CO in GXEs on a gold microelectrode
(0.000314 cm2)(a) and a copper disk (0.0177 cm2) (b). 35 psi Black, 455 psi Red, 740 psi Blue?

2

Figure 4.2. Pressure dependant cyclic voltammograms. (a) CO2 reduction on polycrystalline Au, (b) CO2

reduction on polycrystalline Cu, (c) Current density as a function of CO2 pressure at -2.7 V.

forms free CO 2–
3 and an adsorbed CO. With the desorption of this CO, the site is again available

for catalysis. It should be noted, that this mechanism is not the traditional two-electron, two-proton

transfer that typically occurs in aqueous electrolytes. Importantly, this model does not rely upon

protons to be oxide acceptors. Thus, carbonate, which is a strong base under reaction conditions

is free to produce protons via Hoffman degradation with the supporting TBAPF6 electrolyte in a

non rate determining step. However, because our reaction conditions attempt to be as devoid of

proton as possible, this mechanism fully captures CO2 reduction in the CXE media.

To perform the micro-kinetic model, we created a geometry in COMSOL that exactly mimics

our experimental setup (SI. Figures 4.6 and 4.7). We simulated mass-transfer of CO2 to and from

the electrode surface using Fick’s Diffusion. Our previous results on simulating outer-sphere 1-

electron transfer show that Fick’s Diffusion accurate captures mass-transfer of redox active species

in the CXE environment. Table 4.1 shows the equations used to describe the reduction of CO2 on
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Table 4.1. Detailed mechanism for the electrochemical reduction of CO2 on Au.

Figure 3. Illustrative reaction mechanism for the electroreduction of CO2

Table 1. Reaction equations for the electroreduction of CO2 to CO on gold

CO2 + S⇤ + e�
r1��! CO2

•�
(ads) r1 = k1[CO2][S
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Where k0 = Electron transfer kinetic rate constant, ↵ = The transfer coe�cient, f = F/RT, E =
Applied Electrode Potential, E0 = Standard Potential

3

the electrode surface.

The rate of the first reaction step, electron transfer to and adsorption of CO2 on the catalyst

surface was taken to be first-order with respect to the concentration of CO2 at the electrode surface

and first-order with respect to the number of available sites, S* on the catalyst surface. Given the

total site density, the model is able to calculate the number of available sites to calculate the rate

of Reaction 1. The potential dependent nature of this reaction step taken into account by incor-

porating the irreversible Butler-Volmer equation into the rate expression, k1 = k01 = e−αf(E−E0),

where k01 is the electron-transfer rate constant, α = 0.3 is the transfer coefficient, F is the Faraday

constant, E is the potential of the electrode, E0 is the reduction (set to -1.15V vs Fc/Fc+, CCO2

is the concentration of CO2 at the surface of the electrode, and SS is the concentration of surface

sites.

The rate of the second reaction step, radical addition of the adsorbed CO2 · – with CO2 at the

electrode surface to form OCOCO2 · – , is also taken to be first order in CO ·–
2 (ads) and first order

in CO2 concentration at the electrode surface. Here k2 is the effective rate constant for Reaction 2

and is not potential dependent since it is not an electron-transfer reaction. The rate of the third

reaction step, the electron transfer to the adsorbed OCOCO ·–
2 (ads) radical to form CO with the

release of carbonate, and is taken to be first order in OCOCO ·–
2 (ads). Analogous to reaction 1, k3 is

dependent on the potential of the electrode per the irreversible Butler-Volmer reaction. Concluding

the mechanism is the desorption of CO is which first order with respect to CO(ads).

Using this model, we can simulate the cyclic voltammetry data to regress the kinetic parameters

for each reaction step as a function of CO2 pressure. Here, we inputted into the model the known

diffusion coefficients, concentrations of CO2, scan rate, and resistances at each pressure. For each

pressure we also used a transfer coefficient (α) of 0.3 and a site density of 1.2 × 10−4mol m−2. We
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then floated the k values for each reaction step as well as the E0 for the first and third reaction

steps. Using this method, we were able to obtain excellent fits of the voltammetry data for CO2

pressures of 0.17, 1.44, 3.13, 4.48, and 5.10 MPa as shown in Figure 4.3. The known, as well as the

regressed parameters are shown in Table 4.2
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Figure 4. Experimental and simulated electrochemical CO2 reduction in CO2 eXpanded Electrolytes
modeled using Hori reaction mechanism (Black 25 psi, Orange 210 psi, Red 455 psi, Green 650 psi Blue
740psi, Solid lines are experimental, Dashed lines are modeled.)

4

Figure 4.3. (Pressure dependant cyclic voltammograms for the electrochemcial reduction of CO2 on Au.
(a) Experimental, (b) Simulated, (c) Combined. (Black 0.17 MPa, Orange 1.44 MPa, Red 3.13 MPa, Green
4.48 MPa, Blue 5.10 MPa

The model, incorporating all the known and regressed parameters, reveals several important

points for future development of CO2 electrochemical reduction systems. First, the obvious answer

that the increasing resistance is the culprit for the decreased catalysis is not the whole story. The

increased resistance is responsible for the decrease in the slope of the catalytic wave but is not

responsible for the change in the onset potential to more negative potentials. (Supporting Fig 4.9)

Secondly, as expected, the rate constants for the second, third, and fourth elementary reaction steps
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Table 4.2. Input and regressed parameters for the COMSOL model.Table 2. Parameters for COMSOL Model

Pressure Dependent Parameters (⇤Input Parameters †Regressed Parameters)

Pressure C0 [M]⇤ D [m2 s�1]⇤ Rsol [⌦]⇤ k0
1 [m3 mol�1 s�1]†

0.17 MPa 0.08 6.9 ⇥ 10�9 2856 2 ⇥ 10�8

1.44 MPa 1.47 6.95 ⇥ 10�9 3500 2 ⇥ 10�8

3.13 MPa 5 7.3 ⇥ 10�9 4085 2 ⇥ 10�8

4.48 MPa 9.64 8.52 ⇥ 10�9 8000 0.2 ⇥ 10�8

5.10 MPa 13 12 ⇥ 10�9 12666 0.1 ⇥ 10�8

Parameters Constant for All Pressures
E0

1 = �1.15 V;E0
3 = �1.15 V; ↵ = 0.3; k2 = 100 m3 mol�1 s�1; k3 = 8 · 10�5 s�1; k4 = 500 s�1 Site density

1.2 ⇥ 10�4 mol m�2

5

are constant over the pressure range tested. Also, the E0
1 and E0

2 do not change as the concentration

of CO2 due to CO2 reduction gold catalyst being highly irreversible. Unexpectedly, the first rate

constant (k01) is not constant as a function of pressure, but in fact decreases with increasing CO2

pressure. The order of magnitude drop (Fig. 4.4) in k01 at high concentrations of CO2 is the driver

in the negative shift in the onset potential.

To show the sensitivity of the system to changes of the various individual kinetic rates, sim-

ulations across five orders of magnitude were carried out at 0.17, 3.13, and 5.10 MPa for all rate

constants (Supporting Figure fgr:ks). It was found that k1 changes the observed onset potential

for all pressures. The effect of k2 varies with the concentration of CO2. At low concentrations the

effect of k2 is much more pronounced than at high concentrations where the overabundance of CO2

at the electrode surface reduces the effect of any change in the rate constant. Changes in k3 are

unimportant at low concentrations of CO2 when there are sites readily available. k3 can become a

limiting rate as the surface sites become more saturated with CO2 at higher pressures. k4 can only

be a limiter in the process but cannot accelerate it.

Qualitatively, that a change in the reaction rate of the first reaction step will change the overall

reaction rate is obvious. The first electron transfer to create the charged intermediate is thermody-

namically the most difficult. Thus this step is considered to be the rate limiting step, so a decrease

in this rate will impede the rest of the process. Why the rate should decrease however, is more

nonintuitive.

We believe that the change in the environment at the surface of the electrode that occurs when

the polar acetonitrile in solution becomes displaced by the increase in concentration of nonpolar CO2

is the reason for this decrease. As the amount of CO2 near the surface of the electrode increases,

the decrease in the polarity means that the transition state when the charged intermediate forms is
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less supported by the partial charges. When the amount of acetonitrile near the surface decreases

to a certain point, the transition is no longer adequately supported. This makes the transition

more difficult which is then reflected in the rate constant.

The major conclusion from this modelling work, is it definitely shows the optimum pressure at

which to operate any heterogeneous electrocatalysts in an acetonitrile-based electrolyte–ca. 3 MPa,

which is right at the onset of major electrolyte expansion. At pressures below this optimum, the

increase in CO2 pressure outweighs any inhibitions due to the larger solution resistance. However,

once the electrolyte begins to expand significantly (i.e. at pressures above 3 MPa), the decrease in

the electron-transfer rate constant, and the increase in solution resistance outweigh any benefits

from the increase in CO2 concentration (Figure 4.4).
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Figure 1. Expansion behavior of 0.4 M Acetonitrile vs Pressure and calculated k1 vs Pressure

1

Figure 4.4. Relationship between volumetric expansion and k1 as a function of CO2 pressure

4.4 Conclusion

This is the first time that a rate constant for the electrochemical reduction of CO2 on gold

has been evaluated in a medium that has progressively changing polarity. These results raise the

question of how to best tune the effective rate constant by changing the polarity of the solvent. It

is possible that with a different solvent the decrease in rate constant could be pushed out to higher

concentrations of CO2. This would enable even higher rates of reaction.
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The existance of an optimum CO2 concentration to avoid a decrease in k01 while ensuring the

largest supply of CO2 to the surface possible, regardless of the reason, has important implications

for designing electrochemical CO2 reduction systems. This inflection point means that there is an

upper limit to the amount of CO2 desirable in solution for maximum catalytic rates. This indicates

that operating electrochemical reduction catalysts in liquid CO2, quite aside from any concerns

about resistivity, would be contraindicated for optimal rates of reaction. Moreover, we have shown

that this optimum pressure (3.13 MPa) is quite mild compared to many industrial processes, making

the use of CXEs for electrochemical CO2 reduction in organic media an important area to investigate

further.
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4.5 Supporting Information
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Figure 4.5. Model sensitivity for the elementary rates of reaction over five orders of magnitude. (k1:
Red: 2 × 10−10 Orange: 2 × 10−9 , Green: 2 × 10−8 Blue: 2 × 10−7 Violet: 2 × 10−6 mol−1 s−1 m3)(k2:
Red: 1 × 103 Orange: 1 × 102 Green: 1 × 101 , Blue: 1 Violet: 1 × 10−1 mol−1 s−1 m3)(k3: Red: 8 × 10−7

Orange: 8 × 10−6 Green: 8 × 10−5 Blue: 8 × 10−4 Violet: 8 × 10−3 s−1)(k4: Red: 5 Orange: 5 × 101

Green: 5 × 102 Blue: 5 × 101 Violet: 5 × 104 s−1) Black: Experimental for all cases
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Figure 4.6. Comsol mesh reproducing the geometry of the reactor for CO2 reduction simulations

Figure 4.7. Comsol mesh reproducing the geometry of the reactor for CO2 reduction simulations zoomed
into the area around the electrode
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Figure 4.8. Cyclic voltammograms for CO2 reduction on gold in CXEs corrected for resistance. (Red: 3.13
Mpa, Blue: 5.10 MPa, Black: 0.17 MPa, Solid: Experimental with IR correction, Dashed: Simulated with
IR correction)
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Figure 4.9. Utilizing the calculated k1 for atmospheric [CO2] for all pressures (Red: Simulated 3.13 Mpa,
Orange: Simulated 0.17 MPa, Green: Simulated 5.10 MPa, Black: Experimental at all presures)
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Figure 4.10. EIS data and fits for 5.10 MPa CO2 on 200 µm diameter Au disk electrode. Insert is a zoom
of region critical for finding solution resistance.
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Figure 4.11. EIS data and fits for 3.13 MPa CO2 on 200 µm diameter Au disk electrode. Insert is a zoom
of region critical for finding solution resistance.
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Figure 4.12. EIS data and fits for 0.17 MPa CO2 on 200 µm diameter Au disk electrode. Insert is a zoom
of region critical for finding solution resistance.
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Chapter 5

Insights Into the Kinetics of

Re(CO)3(bpy)Cl for the

Electrochemical Reduction of CO2 in

CO2 Expanded Electrolytes

5.1 Abstract

The kinetic understanding for electrochemical CO2 reduction of homogeneous catalysts has been

limited by the difficulty in adjusting the concentration of CO2 in conventional aqueous solvents.

CO2 Expanded Electrolytes (CXEs) have the ability to tunably solvate multi-molar amounts of

CO2. The kinetics of an extensively characterized homogeneous catalyst, Re(CO)3(bpy)Cl, were

investigated by utilizing this tunablity to generate cyclic voltammograms at widely separated con-

centrations of CO2. The observed rates increased until a plateauing rate with increasing concen-

tration of CO2. These rates match well with the Michealis-Menten model for enzymatic catalysis.

Using the Michealis-Menten equation, the kinetic rate constant for electrochemical reduction was

found. After the plateau a reduction in the catalytic rate was observed at the highest degree of

expansion, consistent with what has previously been observed for heterogeneous catalysts. The use

of CXEs to investigate the relationship between CO2 concentration and catalytic rate will guide
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the future development of electrochemical CO2 reduction systems.

5.2 Introduction

The rising levels of CO2 in the atmosphere and their concomitant effects on the environment

have prompted considerable interest in methods to mitigate or reduce emissions. One method

that seems promising is the electrochemical reduction of CO2 to value added chemicals. This

approach is attractive because it can operate at ambient temperatures and can readily be powered

by renewable sources such as solar or wind. Unfortunately the industrial adoption of this technique

is hampered by a, thus far, unsolved problem. For electrochemical conversion the CO2 must be

dissolved in a conductive media. In most solvents the solubility of CO2 is too low to support high

current densities. Recently it has been demonstrated that CO2 eXpanded Electrolytes (CXEs)

can overcome this limitation for heterogeneous catalysts.1 We now demonstrate that it is possible

to utilize CXEs to increase the CO2 concentration available to a homogeneous catalyst in CXEs.

In addition, we also show that the tunabilty of the CXE media allows an investigation into the

intrinsic kinetics of CO2 reduction with homogeneous catalysts.

The catalyst selected to show the increase in rate possible for homogeneous catalysts through

using CXEs is Re(CO)3(bpy)Cl. This catalyst was selected for this study due to the extensive

studies carried out for both it and its deriviatives in both photochemical and electrochemical

reduction of CO2.
2–12 Fairly stable in air, this family of catalysts are known to be selective for

the conversion of CO2 to CO. The extensive characterization of this catalyst gives a good baseline

to evaluate the effectiveness of CXEs upon the catalysis for a homogeneous, molecular system.

However, this catalyst has not previously been studied for electrocatalytic reduction of CO2 at high

concentrations of CO2 due to the difficulty in increasing the concentration of CO2 in conventional

solvents. In line with other electrocatalysts, this difficulty in increasing CO2 concentrations forces

limited current density due to diffusion of the CO2 from the bulk to the surface of the electrode.

In addition, the normal method to understand the kinetics of a catalyst through manipulat-

ing substrate concentration has been unavailable. Previously Smieja and Kubiak have worked on

overcoming this limitation via electrochemical modeling software. They established the rate con-

stant to be 1000 M−1s−1 for this catalyst in CO2 saturated acetonitrile at ambient pressure.8 The
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ability of CXEs to tunably increase CO2 concentrations will contribute to overcoming the problem

of diffusion to the surface of the electrode. In addition it will open a new pathway to understand

catalysts for CO2 reduction.

5.3 Experimental

5.3.1 Reactor

All experiments were carried out in a custom built high pressure electrochemical cell previously

described in Shaughnessy et al.1 Briefly, a custom cap was constructed for a 50 mL Parr reactor.

Feedthroughs were threaded into the cap to allow electrical contact, and electrodes were attached

to the feedthroughs by gold coated clips.

5.3.2 Materials

Re(CO)3(bpy)Cl was synthesized via methods previously described by Lehn and coworkers.13

Tetrabutylammonium hexafluorophosphate (TBAPF6) (Oakwood Chemical) was purified by recrys-

tallization from ethanol. Acetonitrile was purified by a Pure Process Technology solvent system and

stored over molecular sieves to exclude water. Electrochemical experiments were conducted with

the basal plane of highly oriented pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo Grove,

Ill.; A = 0.09 cm2). A copper wire (Alfa Aesar, 99.9%, 1.5mm diameter) immersed in electrolyte

was used as a pseudo-reference in these experiments and stored in a separate, fritted chamber

(Vycor frit, Bioanalytical Systems, Inc.) from the working solution. The counter electrode in all

experiments was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 99.99%, 0.5 mm diameter).

5.3.3 Electrochemical reaction proceedures

Electrolyte containing Re(CO)3(bpy)Cl and ferrocene was loaded into the electrochemical reac-

tor under an argon atmosphere in a glovebag. Prior to experiments, the reactor was purged three

times by repeated pressurization and depressurization cycles (ca. 800 kPa to 200 kPa) to exclude

trace water and oxygen from the system. To achieve CO2 equilibrium, the reactor was brought to

the required pressure, stirred only until equilibrium was established, and then closed off from the

gas supply. Electrolyte solution was quiescent during all electrochemical measurements. Reactor
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pressurization was carried out with high-pressure CO2 gas from a commercial cylinder (Matheson,

Research Grade CO2, 99.999%, 5.52 MPa).

5.3.4 Product detection by gas chromatography

Bulk electrolysis experiments were carried out with the rhenium catalyst over a five hour time

period at a potential of –2 V vs. Fc+/0 , and across various pressures, in order to begin assaying

the selectivity and efficiency of the system for CO2 reduction to CO.

For product detection experiments following electrolysis, gas contained within both the ex-

panded liquid and reactor headspace was collected by expansion of the headspace into an evacuated

steel cylinder. At low pressures (<0.5 MPa), a 40 mL vessel was used and at high pressures a 1 L

vessel was used. The connection of the larger volume reverses the expansion of the liquid due to

the drop in pressure to near-ambient (typically 100-900 kPa) pressures. This method allows for a

gas sample to be taken that is representative of all gas present in the system. The pressure and

temperature of the system were allowed to equilibrate before closing the connection and removing

the cylinder for analysis.

Analysis of gas samples was performed with a Shimadzu GC-2014 Custom-GC gas chromato-

graph with a thermal conductivity detector and dual flame-ionization detectors. A custom set of 8

columns and timed valves enable quantitative analysis of the following gases: hydrogen, nitrogen,

oxygen, carbon dioxide, carbon monoxide, methane, ethane, ethylene, and ethyne. Argon serves

as the carrier gas. The instrument was calibrated prior to experimental runs with a standard

checkout gas mixture (Agilent 5190-0519) to obtain qualitative information regarding detection of

H2 and CO. Calibration curves over a range of 100–10,000 ppm for H2 and 90–9,000 ppm for CO

were constructed with prepared mixtures of H2 or CO in N2 to enable quantitative measurements.

Quantification was accomplished using gas handling that accounts for sample dilution during post-

electrolysis gas collection. These methods were carried out assuming that all gases involved behave

as ideal gases. This is a reasonable assumption, as the pressure of the system at all times during

these manipulations was < 900 kPa.
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5.4 Results and Discussion

Figure 5.1. Cyclic voltammetry of the rhenium catalyst. (upper left) Forward sweep of cyclic voltammetry
experiments performed on the rhenium system at various pressures (black 0.44 MPa, dark gray 0.61 MPa,
light gray 0.79 MPa). The initial visible reduction event (Ep,c = –1.75 V) corresponds to a primarily ligand-
centered reduction of the [Re] complex, after which the onset of catalysis is observed. A kinetic potential shift
can be seen in the data, where with increasing pressure (and concomitantly concentration of CO2), the onset
potential of catalysis is moving toward more positive values. (upper right) Full range of the voltammetry at
0.44 MPa. (lower) Reversible electrochemistry of the rhenium catalyst in the absence of CO2, at ambient
conditions inside a glovebox. All experiments were conducted with 2 mM [Re], [TBAPF6]initial = 0.4 M,
and an HOPG working electrode (A = 0.09 cm2) at a 100 mV/s scan rate.

The electrochemistry of the Re(CO)3(bpy)Cl complex agrees with that observed in the literature

(Figure 5.1, lower panel). In a cyclic voltammetry experiment inside a glovebox, as the potential

is swept cathodically, we pass through an initial, chemically reversible and electrochemically quasi-

reversible wave. This has been attributed previously to the ligand-centered reduction of bipyridine.

At more negative potentials, an irreversible reduction is observed, which has been assigned as metal-

centered. The irreversibility of this event is due to the loss of chloride following reduction, and in

the presence of CO2 it is this second reduction from which catalytic current grows. Other minor
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features may be observed in the voltammetry but are not of relevance to the catalysis investigated

here.

Promisingly, voltammetry conducted on Re(CO)3(bpy)Cl at the increased pressures afforded by

our reactor exhibit very high current densities relative to what is observed under ambient conditions

with the same electrode (Figure 5.1, upper right panel). The quasi-reversible redox couple seen

in control experiments is unperturbed by the presence of high concentrations of CO2, providing

evidence that the catalyst appears to be behaving the same at high pressure as in more traditional

experiments. Inspection of the data further reveals that there is a pressure dependence for the onset

of catalysis, with higher concentrations of CO2 leading to more positive onset potentials (Figure

5.1, upper left panel). This kinetic potential shift represents another distinct advantage of using

CXEs for molecular electrocatalysis.

The conditions afforded by the use of CXE media (high substrate concentration) enable us for

the first time to perform full analysis of the kinetics of Re(CO)3(bpy)Cl. However, the absence of a

plateauing feature in the catalytic wave observed in cyclic voltammetry makes quantifying the rate

of the reaction difficult. To over come this difficulty, Foot Of the Wave Analysis (FOWA) was used

to find the reaction rate for Re(CO)3(bpy)Cl at various concentrations of CO2 in the CXE. FOWA

has extensively been used by Saveant and coworkers for benchmarking homogeneous catalysts.14–18

FOWA avoids many of the issues in electrocatalytic reduction of CO2 that make kinetic analysis

difficult. These issues include consumption of the CO2 substrate, deactivation of catalyst, and

product inhibition.15 FOWA avoids these issues by analyzing a cyclic voltammogram at the “foot”

of the catalytic wave, the very first region where the catalyst shows activity. By analyzing this

region the catalyst has not yet had enough time to create any problems for analysis.
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Figure 5.2. Representative Re(CO)3(bpy)Cl catalytic sweep at 3.13 MPa (a), Linearization of this sweep
using FOWA (b)

The measurement of a kinetic rate constant at the foot of a catalytic wave by FOWA is accom-

plished by plotting i/i0p against (1+exp[f(E−E0
cat)])

−1 where i0p is the peak current of the catalyst

in the abscence of substrate, f = nF/RT , and E0
cat) is the standard catalyst potential.19 This pro-

duces a straight line, as shown in Figure 5.2, with a linear region slope of 2.24
√

RT
Fv 2kC0

A where v

is the scan rate.15 This allows the calculation of the apparent rate constant. Plotting the observed

rates against the concentration of CO2 in the CXE reveals a rapid increase and then plateauing

as the concentration of CO2 increases. A decrease in the apparent rate when the expansion of the

solvent becomes significant is then observed as shown in Figure 5.3.
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Figure 5.3. Observed rates of electrocatalytic reduction by Re(CO)3(bpy)Cl in CO2 expanded acetonitrile
at various concentrations of CO2. Re(CO)3(bpy)Cl concentration for all experiments calibrated to 2 mM
after expansion, working electrode was the basal plane of highly-oriented pyrolytic graphite (HOPG, 0.09
cm2). 0.4 M concentration of TBAPF6 prior to expansion. Error bars are calculated from the error of a
linear fit applied to replicate experiments at multiple scan rates.

Bulk electrolysis was carried out to confirm the CV data. Table 5.1 tabulates some of this

data, exhibiting the Re complex’s precedented selective formation of CO, but now under our new

CXE conditions. Notably, as seen in the CV data, there is a drop off in charge passed at the

highest degree of expansion. Like in the heterogeneous gold system studied previously, this may

arise from changes in electron transfer kinetics as the pseudo-binary solution becomes more liquid

CO2-like, or in this case may come from yet-unidentified problems with catalyst solubility at high

concentrations of CO2.
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Table 5.1. Product Characterization Data for Re(CO)3(bpy)Cl

Pressure (P) [CO2] [M] Charge Passed (Q) Volume CO (mL) F. Y. (%)
0.23 MPa 0.15 4.63 C 0.4 75% ± 10%
0.51 MPa 0.3 14.37 C 1.2 73% ± 10%
4.16 MPa 8.2 9.0 C 1.2 110% ± 10%

Table 5.1. Table summarizing data from a series of bulk electrolysis experiments. An HOPG electrode

was polarized at –2 V vs. Fc+/0 for 5 h, after which gas was collected into a steel cylinder and quantified

by gas chromatography. 2 mM [Re] catalyst, 0.4 M TBAPF6 prior to expansion, electrode area 0.09 cm2.

No products besides CO were detected at any pressure.

The plateauing behavior seen in the observed rate for Re(CO)3(bpy)Cl resembles the Michaelis-

Menten kinetic model used in enzyme catalysis, where mixed-order kinetics describe a given cat-

alytic system. This model assumes that at low substrate concentration a first-order dependence is

present and at high substate concentration (where the catalyst is “saturated”) a zero-order depen-

dence is present. As our catalyst is homogeneous, like enzymes are, the analogy seems fitting. For

our analysis using the Michaelis-Menten kinetics we assume that the Re(CO)3(bpy)Cl reduction

of CO2 can be understood as a reaction where the Re(CO)3(bpy)Cl reacts reversibly with CO2 to

form a complex, which then reacts irreversibly to create CO and release the catalyst for further

reactions as shown in Figure 5.4.

E + S
kf

kr
ES E + P

Figure 5.4. Reaction used for Michaelis-Menten kinetic model where E is the catalyst, S is CO2, ES is the
catalyst\CO2 complex, and P is CO
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Figure 5.5. Rhenium concentration dependence of kinetics under zero-order conditions for CO2. (left) Con-
centration dependence of rhenium on the calculated observed rate, determined from FOWA. Cell pressurized
to 2.5 MPa CO2 ( 3.5 M CO2), working electrode was the basal plane of highly-oriented pyrolytic graphite
(HOPG, 0.09 cm2). 0.4 M concentration of TBAPF6 prior to expansion. (right) Normalized concentration
dependence exhibiting linear behavior. Error bars are calculated from the error of a linear fit applied to
replicate experiments at multiple scan rates.

If this reaction scheme is broadly correct, then the Michaelis-Menten equation as shown in

Equation 5.1 will apply. To confirm the reaction scheme as first order in [Re(CO)3(bpy)Cl], a series

of experiments varying the initial concentration of Re(CO)3(bpy)Cl at a set concentration of CO2

were performed. Finding the apparent rates of reaction by FOWA confirms a first order dependence

on the concetration of Re(CO)3(bpy)Cl as shown in Figure 5.5.

[h]v =
d[P ]

dt
= Vmax

[S]

KM + [S]
= kcat[E]0

[S]

KM + [S]
(5.1)

Equation 5.1. Michaelis-Menten equation for enzymatic catalysis. P is product, S is substrate, Vmax is

the maximum rate of reaction KM is the Michaelis constant which the concentration of substrate when the

reation rate is half of Vmax, kcat is the reaction rate constant, and [E]0 is the initial concentration of enzyme

or catalyst present

From Equation 5.1 it can be seen that when [S] << KM then the equation will become v =

kcat[E0]
[S]
KM

which is a first order reaction. As [S] >> KM then the reaction order goes to zero.

Fitting the Michaelis-Menten model to the observed rates obtained by FOWA an excellent

fit was obtained as shown in Figure 5.6. Vmax, the maximum rate of reaction, was found to be

5.4x104Ms–1 KM , the concentration of subtrate at which half Vmax is observed, was found to be
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166 mM CO2. Using Vmax, kcat was then found from the equation Vmax = kcat[Re] where the

concentration of Re(CO)3(bpy)Cl = 2mM to be kcat = 2.67×10−7s−1. As the Michaelis-Menten is

typically used for enzymes, to compare the activity of Re(CO)3(bpy)Cl to enzymes kcat was divided

by the Michaelis constant, KM , to find an activity of 1.58×108M−1s−1. This value approaches the

upper limit of what is possible for specificity constants (on the order of 108 to 109M–1s–1), and

suggest that like a highly efficient enzyme, under our conditions the rhenium catalyst operates in

a diffusion-limited regime. In other words, the catalyst is operating at its maximum intrinsic rate,

limited only by the time it takes for a substrate molecule of CO2 to diffuse into contact with it.20

Figure 5.6. Kinetics of electrocatalysis by the rhenium complex. Rate of electrocatalysis determined by
foot-of-the-wave analysis performed on cyclic voltammetry data as a function of CO2 concentration (i.e.
with increasing pressure). The red line is a nonlinear regression of the data, modeled by Michaelis-Menten
kinetic model. Error bars are calculated from the error of a linear fit applied to replicate experiments at
multiple scan rates.
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It is believed that the decrease in catalysis seen at the highest concentrations of CO2 derives

from a change in the electron transfer coefficient as seen in the work presented in Chapter 4 on

the catalytic reduction of CO2 on gold. The change in the polarity of the solvent is most probably

responsible for this change although a decrease in catalyst solubility cannot be ruled out at this

time. Further work is necessary to confirm this hypothesis.

5.5 Conclusion

The use of CXEs had previously been shown to be immensely beneficial both for the electro-

chemical reduction of CO2 on heterogeneous catalysts and for elucidating key mechanistic data.

For the first time these benefits have been applied to a homogeneous catalyst in a CXE. It was

found that the increase in catalytic rates found for heterogeneous catalysts also applies to homoge-

neous systems. Also similar to heterogeneous catalysts there is an optimum concentration of CO2

for the catalytic reduction of CO2 by Re(CO)3(bpy)Cl. Before the possible change in the electron

transfer rate becomes significant, the apparent rate of reduction obeys Michaelis-Menten kinetics.

Extracting the kinetic rate constant shows that Re(CO)3(bpy)Cl is equivalent to a diffusion lim-

ited enzyme. This is the first time that this has been shown for a homogeneous catalyst through

changing the concentration of CO2.
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5.7 Supporting Figures
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Figure 5.7. Scan rate dependence of 0.2 mM Re(CO)3(bpy)Cl at 0.17 MPa. Working electrode was the
basal plane of highly-oriented pyrolytic graphite (HOPG, 0.09 cm2). 0.4 M concentration of TBAPF6 prior
to expansion. (Green:50 mV/s, Red:100 mV/s, Blue:150 mV/s, Purple: 200 mV/s, Orange: 250 mV/s,
Black: 300mV/s
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Figure 5.8. Scan rate dependence of 0.2 mM Re(CO)3(bpy)Cl at 2.46 MPa CO2. Working electrode was
the basal plane of highly-oriented pyrolytic graphite (HOPG, 0.09 cm2). 0.4 M concentration of TBAPF6

prior to expansion. (Green:50 mV/s, Red:100 mV/s, Blue:150 mV/s, Purple: 200 mV/s, Orange: 250 mV/s,
Black: 300mV/s
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Figure 5.9. Scan rate dependence of 0.2 mM Re(CO)3(bpy)Cl at 2.46 MPa CO2. Working electrode was
the basal plane of highly-oriented pyrolytic graphite (HOPG, 0.09 cm2). 0.4 M concentration of TBAPF6

prior to expansion. (Green:50 mV/s, Red:100 mV/s, Blue:150 mV/s, Purple: 200 mV/s, Orange: 250 mV/s,
Black: 300mV/s
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